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Keywords: Some aspects of engineering dynamics, such as nonlinearities and transient motion of many
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Complex network methods, already present in many scientific disciplines, provide a tool set
complementary to conventional methods of system analysis. This work aims at providing a
new, function-based view on mechanical systems by generating functional networks. To this
end, a network algorithm is applied to sets of cyclically coupled Duffing oscillators as a
common example of a complex nonlinear mechanical system. In the functional network, each
node represents an oscillator while the direction of the network edges represents a functional
coupling. Results show that the network method is capable of identifying dynamical transitions
and synchronization between components, as well as determining the number of different
states present within a system. Additionally, the time evolution of the component interactions,
especially in response to a disturbance, is studied via a sliding-window approach. The results
of this analysis might hopefully open new ways for a more efficient system analysis through
optional sensor placement, and for effective countermeasures against unwanted dynamics
through improved analysis of transient dynamics.

1. Introduction

Engineering dynamics studies large machines, which consist of many connected moving parts. The analysis of these systems is
often challenging in practice [1]. Large deformations of machine parts [2], joints [3], friction [4,5], or material nonlinearities [6,7]
cause nonlinear effects. These nonlinearities, as well as transient loads and motion, combined with a large number of degrees
of freedom, still pose challenges to state-of-the-art system understanding and modeling approaches. At the same time, the need
for lightweight structures that can withstand large and unsteady environmental loads is growing. Examples of such structures
are offshore wind turbines, satellites, and space antennas. To avoid unwanted and potentially harmful vibrations, for example,
in the blade of a turbine, a deeper understanding of the dynamics of these systems becomes crucial. Transfer path analysis [8] and
operational deflection shape analysis [9] provide a tool set for studying the dynamics of composed structures. The accuracy of the
former relies on accurate measurements and suitable sensor placement to collect appropriate data for the analysis [10]. Despite
the available techniques, the identification and analysis of functional dependencies, and especially the study of transient motion,
remain challenging for engineers. This work provides a complementary view of these issues in structural machine dynamics by

* Corresponding author.
E-mail address: charlotte.geier@tuhh.de (C. Geier).

https://doi.org/10.1016/j.jsv.2024.118544

Received 1 December 2023; Received in revised form 27 May 2024; Accepted 28 May 2024

Available online 30 May 2024

0022-460X/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/jsvi
https://www.elsevier.com/locate/jsvi
mailto:charlotte.geier@tuhh.de
https://doi.org/10.1016/j.jsv.2024.118544
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsv.2024.118544&domain=pdf
https://doi.org/10.1016/j.jsv.2024.118544
http://creativecommons.org/licenses/by/4.0/

C. Geier et al. Journal of Sound and Vibration 590 (2024) 118544

representing the mechanical structure as an alternative network model. Classical, geometry-based models represent these mechanical
systems as components which are connected via springs and dampers based on their geometrical coupling or, in other words, their
geometrical proximity. In our functional networks, each node also represents a component of the mechanical structure. In contrast
to the mechanical model, the edges of the network represent functional interrelations obtained from a network-based approach.
These functional interrelations are based on the dynamical interaction of the components, instead of their geometrical proximity.
This approach opens the door for a variety of new network-based tools.

Network methods are popular in many fields of science, such as mathematics, physics, biology, computer science, the social
sciences, medicine, and climate research [11-15]. Common examples of networks include the internet, neural networks [16], social
networks [11], or power grids [17,18]. The investigation of dynamical systems as a network provides complementary tools for time
series analysis [11,15] by generating a network from (measurement) time series data. This transformation from time- to network
domain makes it possible to study the time series through the properties of the resulting network [19,20]. Based on this approach,
network analysis has been used to identify coupling properties between different system components of a dynamical system [21-23],
detect anomalies [24] and distinguish various dynamical states [25-28]. Aspects of transient motion of the system can be studied in
the network domain, such as regime changes [29] and types of synchronization [28,30-33]. A detailed review of network methods
for the study of dynamical systems and their possibilities can be found in [15].

In this work, network analysis with the inter-system recurrence network (ISRN) method [21] is applied to a classical toy model
for a mechanical systems, a set of coupled Duffing oscillators, to generate a functional network. ISRN analysis has been used to
identify the direction of links between two weakly coupled Rossler systems and to study the interrelation between two paleoclimate
time series in [21], making it an appealing candidate for analyzing the functional dependencies between distinct components. The
nonlinear Duffing oscillator, or sets of coupled Duffing oscillators, are a model system in many engineering applications such as
forced coupled pendulums [34], alternating current electric fields [35], or vibrating bladed discs [2,36-38] which exist for example
in aircraft or wind turbines [2]. The obtained functional network is then used to study functional dependencies within the mechanical
system at different dynamical states, as well as the evolution of the network structure during transient processes.

The remainder of this work is structured as follows: In Section 2, the model system used in this study is presented, followed by
an introduction of the applied network methods in Section 3. Section 4 includes the results for the functional network and analysis
of a transient system. A discussion of the results is provided in Section 5. The paper closes with a conclusion in Section 6.

2. Coupled duffing oscillators

The Duffing oscillator is a well-known dynamical system whose dynamics have been described extensively in several works [36,
39,40]. In engineering, a single Duffing oscillator represents a common model for systems with nonlinearities due to material
nonlinearities, or large deformations or motions. Example of these systems are a nonlinear pendulum [34], systems with a nonlinear
spring [2] or a single blade [2,36-38]. More complex structures such as bladed disks in turbines, wind turbines, or space antennas,
can be modeled by coupling several Duffing oscillators [2]. In these models, one machine component can be represented by a
single oscillator. The Duffing oscillator exhibits rich dynamical behavior [36,39-41]. For specific parameter combinations, the single
oscillator exhibits bi-stability [2,39], and chaotic behavior [39,40]. Correspondingly, sets of coupled oscillators may exhibit multi-
stability. The bi- or multi-stability property can give rise to potentially harmful localized vibrations in coupled systems [2], where a
single oscillator or a group of oscillators vibrates at a much higher amplitude than the overall system. In practice, this phenomenon
can lead to system failure, for example if a turbine blade breaks due to high stress induced by high-amplitude oscillations.

A single, forced Duffing oscillator [39] is described by

ms + dx + kyx + kx> = £(0), @

where m is the model mass, d the damping coefficient, k; and k,, the linear and nonlinear spring stiffness. The system displacement
is given by x, its velocity by the time derivative x and the acceleration by %. The forcing f(r) = Fcos(2t) is defined as harmonic
forcing with amplitude F and angular frequency Q. The damping is defined as Rayleigh damping d = am+ fk, with mass- and spring-
proportional factors a and g, respectively. In this work, the parameter values are chosen such that the system exhibits bi-stability
and the excitation frequency lies in the bi-stable regime. An overview of the parameters is given in Table 1. Fig. 1 illustrates the
bi-stability behavior and hysteresis of the system for the given parameter settings. When the forcing frequency £2 is increased from
zero, the amplitude % of the system response follows the path marked by red triangles and increases to £ = 1.72 m at 2 = 2.17 rad
s~!, where it suddenly drops to values around % = 0.3 m. On the other hand, if the forcing frequency is decreased, the amplitude
follows the lower branch, marked by blue crosses, and jumps to a higher value of £ = 1.55 m at 2 = 1.89 rad s~!. The area between
1.89 < 2 < 2.17 rad s7! defines the bi-stability region. In this work, the oscillator is excited at a frequency €2 = 2 rad s~! within
that region, marked by a black dashed line. The right panel of Fig. 1 shows the time response of the Duffing oscillator with the
given parameter settings for two different initial conditions. The initial conditions are defined as x,, = [x,, vy], where x is the initial
displacement and vy is the initial velocity of the oscillator. When starting from x,; = [1, 0], the mass oscillates with a much higher
amplitude than when starting at x, = [0.1,0].

For the purpose of studying a mechanical system made of several oscillators through a functional network, a system of M = 5
cyclically coupled Duffing oscillators with nearest-neighbor coupling is implemented, see Fig. 2. Similar systems are used as minimal
models in engineering to model bladed disks, as described in [2,36,42]. The equation of motion for the nth oscillator is given by

mit, + d%, + kX, — ke(X,_; + X, —2x,) + kyx2 = £(), (@)
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Table 1

Model parameters. Overview of the model parameters used in this study, unless specified otherwise.
Measure Symbol Unit Value
Mass m kg 1
Damping prop m a 57! 0.1
Damping prop k p s 0
Linear spring ky N m™! 1
Nonlinear spring ket N m™ 2
Coupling spring k. N m™! 0.1
Forcing amplitude F N 1
Forcing frequency Q rad s7! 2
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Fig. 1. Duffing oscillator with given parameter settings. The amplitude of the system response % follows two different paths for an upward- (red triangles) and
downward (blue crosses) frequency sweep over the forcing frequency €. The bi-stability region is located at £ =[1.89,2.17] rad s~!, where two stable solutions
exist. The dashed line marks the chosen excitation frequency 2 =2 rad s~!. On the right, the system responses for two different initial conditions x,, = [1,0]
(red), x,, = [0.1,0] (blue) are shown, illustrating the dependence of the oscillation amplitude and phase on the initial conditions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

kic fni) — kc .fn :L'n_) kc .fni) —

kl m kfl m kfl m
knl knl knl
d HH d HH d HH

Fig. 2. Model system composed of a chain of M = 5 cyclically components. Each component is represented by a Duffing oscillators with nearest-neighbor
coupling. The figure shows a only section of the entire model, using three oscillators to illustrate the nearest-neighbor coupling. The system is described by
model masses m, the Rayleigh damping d = am + fk;, linear and nonlinear springs k, and k,, and the connecting linear springs k.. The displacement is given by
x,, and each mass is driven by an harmonic forcing f,(t) = Fcos(£2r).

ns

where k, describes the linear nearest-neighbor coupling spring. These types of coupled systems are known to exhibit complex
dynamic behavior, such as nonlinear vibration localization [2], where a subsystem oscillates with much higher amplitude than
the remainder of the system. This phenomenon is known to be caused by manufacturing imperfections (mistuning), but has also
been shown to arise in fully homogeneous and symmetric structures due to bifurcations [2], as is the case for the model system at
hand. The resulting high-amplitude oscillations cause a large amount of stress in the affected system components. This stress can lead
to component and even system failure. Localization is therefore a potentially harmful phenomenon in the engineering context [2].

Eight different dynamical states of the five-oscillator system are studied, see Fig. 3. Each panel shows the dynamics of the entire
five-oscillator system over time. Within a panel, a row represents a single oscillator of the system and the x-axis represents time.
The deflection of each mass is mapped to a color bar. The first four states (a) to (d) are achieved solely by variation of the initial
conditions, while the latter four (e) to (h) require variations from the system parameters in Table 1. The states in (a) and (b) show
a uniform motion with all oscillators in low or high amplitude, respectively. Panels (c) and (d) show localized harmonic vibrations
with one and three masses at high amplitudes, while all other masses vibrate at low amplitudes. Localized vibrations with higher
periods are achieved by increasing the forcing amplitude to F = 35 N, see panels (e) and (f). By changing the forcing frequency
from well within the bi-stability region to values at the border regions 2 = 1.873 rad s~' in panel (g) and 2 = 2.295 rad s~! in
panel (h), fronts are created [43], which propagate a specific state depending on the initial conditions. The initial conditions are
presented in the Appendix.
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Fig. 3. Dynamics of the Duffing oscillator chain with M = 5 masses. The system parameters are as listed in Table 1, unless specified otherwise. (a) uniform
oscillation at low amplitude, (b) uniform oscillation at high amplitude, (c) localized harmonic vibration: one oscillator with high amplitude, (d) localized
harmonic vibration: three oscillators with high amplitudes, (e) localized higher-periodic oscillation: one oscillator in higher-periodic oscillation, where F, =35 N,
(f) localized higher-periodic oscillation: of three oscillators, where F,;, = 35 N, (g) transient motion: front at lower end of bi-stability region, where @2 = 1.873 rad
s~ and (h) transient motion: front at upper end of bi-stability region, where @ = 2.295 rad s~!. The initial conditions x,; for the ith case are given in the
Appendix. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Although the studies in this work are limited to a homogeneous system composed of components with two states each, the
approach would be equally valid for a system with components with any number of states, or even a heterogeneous system where
the individual components have different numbers of states. The method focuses on the analysis of time series data, which could
also be obtained from a system described by a partial differential equation, as long as a discretized time series is available.

The time series data used in the following studies is generated by integrating Eq. (2) using the integrator ‘dopri5’ in Python
Scipy [44]. ‘Dopri5’ is an explicit Runge-Kutta method of order 4(5) with step size control and dense output [45]. The resulting
time series have a length of = 100 s and are discretized with a step size of dr = 0.05 s.

There is a large variety of well-established tools that can be employed to study data from complex nonlinear models. Most of these
methods are based in time- or frequency domain. This work aims at building a complementary perspective, given by a functional
network. This alternative view on the dynamics of a mechanical system focuses on functional dynamical relationships rather than
geometrical proximity. The following section introduces the inference of functional networks based on a specific network algorithm,
the inter-system recurrence network.

3. Inter-system recurrence networks and functional networks inference

In recent years, a number different methods for inferring networks from time series have been developed [15]. One group of
methods are recurrence-based networks (RN) [46-50], which generate a network based on the mutual proximity of two observations
in phase space. A particular recurrence-based network algorithm for the study of bi-variate data is the inter-system-recurrence
network (ISRN) [15,21], which is the subject of this study. This section is dedicated to introducing the idea of RN in general and
ISRN in particular, as well as an expansion of the ISRN-method to multi-variate data which is developed as part of this work to
generate functional networks. An overview of the work flow for the generation of functional networks is shown in Fig. 4.

3.1. Recurrence networks

Recurrence networks are derived from recurrence plots [51]. The concept of recurrence in dynamical systems, prominent for
example in recurrence quantification analysis, has developed into a well-studied field of research [52]. As an extensive amount of
literature on this topic is already available, for example in [51,53], only a short introduction will be given in this section. Following
the notation in [21], a recurrence plot is computed as follows. Measurements are taken from a dynamical system X at distinct times
t,(i = 1,...,N%X). The dynamical system can be deterministic or stochastic [15]. By denoting x; = X(¢,), a time series {x,-}i’i )1( is
obtained. In the case of this study, the time series x; represents the solution to a dynamical system represented by a second order
differential equation. If the underlying system X is time-discrete, the time series data can be used directly. Time series data from
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model system: M components edges: ISRN-based network
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Fig. 4. Overview of the network generation process. Each of the M components of the model system becomes a node of the functional network. Here,
each component is represented by a single Duffing oscillator. The direction of the edges between the nodes is determined via an iterative approach using ISRN
measures. For every possible combination of two components (or, accordingly, nodes), time series measurements are obtained, an inter-system recurrence network
is computed and the cross-clustering and transitivity measures are used to infer the direction of the edge between those two nodes. If Cgy < —p, Tyir < —pt, the
coupling direction is from X to Y, for Cgg > u, Ty > p, it is Y to X, and for —u < Cyye < p,—p < Ty < p bi-directional coupling is defined. This process is
repeated until each component has been compared with each other component, yielding M!/(2(M —2)!) combinations in total. The resulting functional network
is directed, but not weighted.

a time-continuous dynamical system has to be sampled with a finite frequency. A recurrence plot is defined as a matrix RX with
entries

RX(e) = R¥ (x;.x;1e¥) = 0¥ — d(x;.x,))). (&)

where d(x;,x;) = ||x; —x; || measures the supremum norm between two observations in phase space, O is the Heaviside function, and
£X is a fixed distance measure. This threshold defines a fixed volume of the phase space, within which two observations are counted
as recurrent. Alternatively, it is also possible to perform the analyses using the reconstructed phase space of the discrete time series
obtained through delay embedding, at the cost of introducing two additional hyperparameters, namely the embedding dimension
and the time delay. The recurrence network is obtained by interpreting the resulting recurrence matrix RX as the adjacency matrix
AX of a network [47,49,50]. To exclude self-loops, the main diagonal of the adjacency matrix is set to zero with

1, i=j

0, i#j’ )

X Xy _ pX( X -
AXE) = RE(¥) -5, 6 _{
where §; is the Kronecker delta. The resulting network has N* nodes, which are connected if they lie within a fixed phase space
volume £X of each other. Because the recurrence is defined through a fixed volume of the phase space, the network is called an
e-recurrence network. The resulting network is unweighted and undirected.

3.2. Inter-system recurrence networks

Inter-system recurrence networks [21] form an extension of the RN concept for bi-variate time series data. The following
presentation follows the notation introduced in [21]. A description of the algorithm can also be found in [15]. To study the bi-
variate case, a second dynamical system Y is introduced. The two dynamical systems X and Y should share the same physical units
and phase space dimension to obtain physically meaningful results [15,21,51]. Applications of the inter-system recurrence theory to
cases where systems do not share the same physical units or phase space are possible using specific transformation approaches [21].
However, results from these comparisons but should be interpreted carefully, as there is no mathematical foundation for the
treatment of the conceptual problems that arise [21]. Analogously to the above description of a time series {xi}ﬁ )1( of a dynamical
system X, the second dynamical system Y is measured at times #;(j = 1,..., N Y) to generate a second time series {y ;) j\’= Yl The time
series length and sampling frequency of the two time series {x;} I’i )1( and {y;} j"= yl do not need to be identical, as the method does
not make use of time information directly, but leverages geometric properties of the system. Accordingly, both time series have to
sample a sufficient part of the underlying attractor. For each of these time series, the corresponding adjacency matrices AX and A
are obtained as defined in Egs. (3) and (4), with fixed volumes £X and " of the phase space. Additionally, a cross-recurrence plot
is computed as

ch;Y(eXY) = 0(X" —d(x;,y;)). ®)

where d(x;,y;) = ||x; — y;|| denotes the supremum norm between two observations of the two different time series. In contrast to the
cross-recurrence plot, which requires two dynamical systems with identical phase space and physical units, but allows for arbitrary
time series length and sampling points, an alternative method, exists. The joint recurrence plot requires identical time series length
and sampling points, but allows for different phase space dimensions and physical units. The cross-recurrence matrix CRXY defines
the connectivity between two nodes of different networks [21]. As in an adjacency matrix, two nodes are connected if the respective
entry in CRXY equals one, and disconnected if the entry is zero. Due to the symmetry of the problem, the second cross-recurrence
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matrix is the transpose of the first, CRYX = [CRXY]T. The ISRN is set up by combining the adjacency matrices AX and AY derived
from each time series with the cross-recurrence matrices CRXY and CRYX to an adjacency matrix

AX(g‘X) CRXY(E‘XY)

AISRN — ,
(6) CRYX(SXY) AY(EY)

(6)
where £ = [¢X,eY,eXY] comprises the fixed phase space thresholds for each individual computation. This inter-system recurrence
network embodies a network with two sub-networks. The two adjacency matrices AX and AY represent networks from the two
individual systems, while the two cross-recurrence matrices CRXY and CRYX constitute the connections between the two networks.

The ISRN method requires a choice of the threshold parameters . There are a number of studies on the determination of a
suitable threshold parameter, for example in [46-48,54]. The threshold parameter ¢ determines the recurrence rate RR in the
recurrence plot, and therefore the link density of the resulting recurrence network. For practical considerations, it is common to
fix the recurrence rate instead of the threshold parameter in the context of recurrence networks [21]. Ideally, the recurrence rate
is large enough such that most of the nodes in the resulting network are connected within one large component, but small enough
to keep the overall connectivity small. For many systems, RR < 0.05 is a good choice [21]. To obtain an ISRN that represents two
connected networks rather than one large network, there have to be more intra-system than inter-system connections. That is, the
intra-system recurrence rates RR* and RRY, defined by

1
RR=— 2 R;; 7
1
have to be larger than the inter-system recurrence rate, which is given by

xy _ _ 1 Xy
RRY = — ;CRij . ®)

as recommended in [21,46,48]. The inter-system recurrence rates RRXY and RRYX are kept identical, as the symmetry of these
components is crucial to the proposed method, as described in the following section. Studies have shown that network measures
depend on the choice of threshold parameter [47]. However, the method proposed in this work does not require exact quantities,
but relies on the asymmetry of two network-based measures, which will be introduced in the next section. Therefore, it can be
assumed that the exact choice of ¢ is not crucial for this method. In this work, the phase space thresholds in ¢ are chosen such that
the recurrence rates are RRX = 0.03, RRY =0.03 and RR¥Y = 0.02, based on the parameters given in [21]. The computation of the
inter-system recurrence network and the related measures is performed using the pyunicorn package [55] in Python. Numerically
expensive computations are performed in compiled C, C++, or FORTRAN code, rendering the computations relatively efficient. For
example, computing a cross-clustering coefficient in Eq. (10) from a 2000 x 2000 adjacency matrix takes 0.17 s on a 12-core Intel
Core i7 CPU with 2.6 GHz running Ubuntu 20.04.

3.3. Inference of functional interrelations

Two properties of the ISRN, namely the global cross-correlation coefficient C and the global cross-transitivity T, can be used to
infer functional interrelations between two components X and Y [21]. A short definition and background of these two measures,
based on the descriptions in [21,56], is given in this section. For more detailed information on general network properties,
see [14,15]. The network measures are defined for a network G = (V, E) with edges E and nodes V = {1, ..., N}. In the case of the
ISRN, the network consists of the sub-networks VX and V7. For the following description, consider a single node in sub-network
VX which is called v and two exemplary nodes of V¥ which are called p and ¢. The global cross-clustering coefficient CXY describes
the probability of a node v € VX to have pairs of mutually connected neighbors in V7. It is calculated as the average over all local
cross-clustering coefficients

XY _ ISRN ISRN ISRN
c? kXY(kXY z AN AISRN 4 9)
pqEVY
such that

where kXY =¥ v A}EJRN denotes the cross-degree. On the other hand, the cross-transitivity TXY defines the probability that two

nodes p, g in sub-network VY are connected if they are both connected to a node v in sub-network VX, It is computed as
Y oer X g ISRN ISRN
Xy _ ZveVT.r7aE ISRN ISRN 4ISRN
XY o SOSVIRE T 4SRN ST AISRN ISRN an

A
pa veV X ptqevY

counting the number of “cross-triangles” over the number of ““cross-triples”. Both measures are not invariant under the permutation
X < Y, such that CXY # CYX and TXY # TYX.

In our functional network, the direction of an edge between two nodes represents a functional relationship between the
corresponding components. The basic idea of inferring a functional interrelation between two components using an ISRN is presented
in [21]. In the case of uni-directional and attractive diffusive coupling from X to Y, the trajectory of Y is likely dragged towards
the trajectory of X, increasing the probability of finding triangles x — x — y, which add to TY* and CY¥, but not to T*¥ and
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Table 2
ISRN measures and related functional dependencies. A small threshold x = 0.02 is introduced to avoid wrong
detection of coupling direction due to small asymmetries which may arise due to small system detuning or

rounding.
Network measure Functional dependency
Caitr < —H: Taige < —p X onY
Caiet > W Taiee > 4 Y on X
=1 < Cyie < py—p < Tgige < p Bi-directional or no dependency

CXY, The opposite is true for the inverse dependency. Therefore, T¥X > TXY and CYX > CXY is expected for a uni-directional
interrelation X — Y, and, accordingly, the opposite for the inverse dependency direction. For clarity, the differences are defined
as Cgg = CXV — CYX and Ty = TXY — TYX in this work, such that Cgys > 0 and Ty > O implies a dependency of Y on X,
and Cg < 0 and Ty < 0 implies dependency of X on Y. In the case when the two systems are not interrelated, the measures
can be interpreted as arising randomly, such that Cy ~ 0 and Ty ~ 0. If the two systems share a symmetric bi-directional
interrelation, an equal attraction between the two time series is expected, and thus TYX = TXY and CYX = CXY, such that Cyi =0
and Ty = 0. Unfortunately, the method does not yield a clear distinction between the case of no interrelation and bi-directional
dependency. For the purpose of this work, these ambiguous cases are always regarded as a bi-directional connection. The definition
of Cyier = Tyiee = O for no or bi-directional dependency is found to be too strict in the given use case, since even small detuning, for
example in the natural frequencies of the two coupled systems, can lead to small asymmetries [15]. Therefore, a small threshold
u = 0.02 is defined, such that —u < Cyp < p, —p < Tgje < p define bi-directional or no interrelation, Cyir < —p, Tyier < —p represents
the X on Y- dependence case, and vice versa. A summary of the network measures and the corresponding functional dependencies
can be found in Table 2.

This method of inferring the functional interrelation, or edge direction, between two dynamical systems from ISRN measures has
a number of applications in literature, including the detection of coupling direction in a system of two coupled Rdossler systems and
paleoclimate data [21], and the study of oil-water flow states [25-27]. In this paper, the method is used in an iterative manner to
generate a functional network from mechanical systems with more than two degrees of freedom. The procedure will be presented
in the following section.

3.4. Generation of functional networks

Generating functional networks from a system of multiple connected components is the goal of this work. To achieve this, the
method for inferring the functional interrelation between two components is applied in an iterative manner, as illustrated in Fig. 4.

The starting point in this study is a model system composed of five forced nonlinear Duffing oscillators, as introduced in Section 2.
A single Duffing oscillator represents one component of the model system. Each of the M components of the dynamical system
becomes a node in the functional network. To compute the connectivity of the nodes, the ISRN-based approach is taken. Every
possible pairing of components is listed. By picking a pairing, for example, x, and x,,, and defining the measured displacement
time series from these components as x, = x and x,,; = y, the ISRN analysis can be performed as described in Section 3.2. The
edge direction between the two corresponding nodes n and n+ 1 is then determined according to the procedure in Section 3.3. This
process is repeated until every combination of components (or nodes) has been analyzed. The resulting network has M nodes and
M!/Q2((M —2)!)) unweighted, directed edges. Per definition, there is an, either uni- or bi-directional, edge between each node and
each other node.

In case of a 5-component or model system, the resulting network has five nodes, and can be described by an adjacency matrix
AISRN € R3S An exemplary network is shown on the left in Fig. 5, and the corresponding adjacency matrix A'SRN is given in Eq. (12).
To get a clearer image of the resulting network, a network condensation is performed in a last step. Bidirectionally connected nodes
that share the same in- and out-edges, such as the nodes “3” and “4” in the aforementioned graph, are combined into a single node
“34”. Once all nodes are combined in this way, the edges between them are derived from the edges in the original graphs. The
resulting condensed network has a number of edges E < N. For the exemplary network, the condensed version is shown on the
right-hand side in Fig. 5, and the respective adjacency matrix A°"d € R> is presented in Eq. (12). This visualization scheme is
related to community detection algorithms [57], and allows for a better overview over the connections and symmetries within the

graph.
To summarize, the networks in Fig. 5 are described by the adjacency matrices ASRN and A°d as
o 1 1 1 1
1 0 1 1 1 0o 1 1
ASRN =10 0 0 1 1f|-a4a*=[0 0 1], (12)
0 0 1 0 1 0O 0 0
0 0 0 0 O

where the nodes in the second matrix A°°™ are ordered by “12”-“34”-5", Each of the nodes in the condensed network represents a
“functional cluster”, the nodes within exhibit similar dynamical behavior. For example, the node “12” combines nodes “1” and “2”
together, indicating a dynamical similarity between the two. Links, or edges, between these functional clusters represent a functional
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Fig. 5. Condensation of a five-dimensional network to a lower dimensional one. Bidirectionally connected nodes with identical in- and out-edges are combined
into one node, allowing for a better overview of the graph structure. The corresponding adjacency matrices A'SRN and A®" are given in Eq. (12).

relationship between these components. Each non-zero entry in the adjacency matrix defines an edge, such that A[i, j] describes an
edge from node i to node ;. Note that the diagonal of the adjacency matrix is always zero in this work, since self-loops, or links
from one node to itself, are not allowed. Both the original and the condensed adjacency matrix are typically non-symmetric in this
study, as the networks are directed. The description of the system dynamics as a functional network allows for studying a number
of node-related as well as global network measures.

For example, the network size is defined by the number of nodes in the network, which is given by N for the original and by
E < N for the condensed network. Node properties can be studied in terms of in- and out-degree. The former, defined as

E
— d
Kipp = Y, AL (13)
q=1
for the pth node, describes the number of in-links to a specific node. The out-degree represents the number of out-links from a node,
and is given by

E
koul,p = 2 A‘C;(,;nd (14)
gq=1

for the pth node. Each degree-measure can be summarized to a global network characteristic, the average in- or out-degree, which
is defined as

E
kg =1/E Y k,, (15)
p=1

where k can be k;, or k. A large number of additional network measures, such as clustering, efficiency, or average shortest path
length, exist [15]. An in-depth study of these additional measures on the functional network is left for future work, as larger systems
will likely make these analyses especially interesting.

4. Results

This work seeks to complement the geometry-based view of a mechanical dynamical system as a set of components and their
geometric connections by a functional perspective. In our functional networks, each node represents a mechanical component, and
an edge between two components indicates the functional connection between them. We thus hope to uncover a functional structure
for the underlying dynamics, revealing some more insight into the inner workings of the system. Such a functional structure could
yield insight into how the mechanical components interact with each other, and which of the components dominate the systems
dynamics. To this end, the iterative network-based approach described in Section 3.4 is applied to time series data obtained from
the model system of five cyclically coupled Duffing oscillators of Section 2. Two studies are performed: In the first study, functional
networks are generated from each of the dynamical states presented in Fig. 2. Two versions of the study are performed, one using
the entire time series and one discarding the transients, such that only the steady-state dynamics are considered. Thus, networks
from both transient and steady-state dynamics are obtained. The second study focuses on networks from transient dynamics. The
first front-like dynamics (panel (g) in Fig. 3), where an initial disturbance is propagated through the system, is investigated in more
detail. To do so, consecutive smaller samples are taken from the time series, and functional networks are computed for each sample,
unveiling the evolution of the functional dependencies over time. The results are shown in the following.

Fig. 6 shows the resulting networks for each of the system dynamics presented in Fig. 2. For every dynamical state, three different
networks are shown. On the left-hand side, the functional network inferred from the entire time series is shown in black, and the
network obtained when discarding the first 1500 time steps as transients in blue in the middle. On the right, the condensed networks
obtained following the procedure described in Section 3.4 are shown in red. Where the first two networks are not identical, two
condensed networks are shown.

Per definition of the method, there is an edge between each node and each other node in all networks. The functional networks
differ only in direction of the edges, which can be uni- or bidirectional. In contrast, the reduced networks vary in both size E
and link direction, as described by the node in- and out-degrees k;, and k.. Table 3 summarizes the results in terms of network
measures of the condensed network.

out*
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Fig. 6. Functional networks from systems of five Duffing oscillators with nearest-neighbor coupling operating in different dynamical states. For each state, the
functional network generated from the entire time series is shown in black on the left, the network obtained when discarding the first 1500 time steps of each
time series as transients in blue in the middle, and the smaller networks, where similar nodes are combined for clarity, as shown in red in the right panel.
Images correspond to the dynamics shown in Fig. 3: Uniform oscillation with (a) low and (b) high amplitude, localized harmonic vibrations of (c) one and (d)
three oscillators, localized higher-periodic vibrations of (e) one and (f) three oscillators, front like dynamics (g) one and (h) two. For the last two cases (g) and
(h), where the networks with and without transients are not identical, two condensed networks as shown. The edge color of the nodes in the reduced network
shows which larger network it relates to. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 3

Network measures: analysis of the condensed functional networks.
Case Size E Node list In-degrees k;, Out-degrees k,,
(@) 1 [“123457] - -
(b) 1 [“12345”] - -
(© 3 [“127, “35”, “4”] 2,1, 0] [0, 1, 2]
(d) 2 [“157, “2347] [1, 0] [0, 1]
(e) 3 [“127, “35”, “4”] [2, 1, 0] [0, 1, 2]
® 2 [“157, “2347] [1, 0] [0, 1]
(g1 2 [“17, “2345”] [1, 0] [0, 11
(g.2) 2 [“1257, “34”] [0, 11 [1, 0]
(h.1) 3 [“17, “257, “347] [2, 0, 1] [0, 2, 11
(h.2) 3 [“17, “257, “34”] [1, 0, 2] [1, 2, 0]

The top two cases (a) and (b) show functional networks generated from uniform oscillation with low and high amplitude,
respectively. Both functional networks are fully connected with all bi-directional edges, resulting in a functional network of size
E,;, = 1. The corresponding condensed network has a single node “12345”, since all nodes with bi-directional links that share the
same in- and out-edges get combined into one. There is no difference between the networks obtained with and without transients.

The system with a localized vibration of one oscillator at high amplitude in (c) yields a less homogeneous functional network. The
functional networks generated from the full and the truncated time series are the same. Most of the edges become uni-directional,
except for bi-directional edges between the nodes “1” and “2”, and “3” and “5”, which are integrated into functional clusters.
Accordingly, the size of the condensed network is E, = 3, with nodes [“12”, “35”, “4”]. The node list captures the symmetry
within the system: node “4” corresponds to the component that vibrates at high amplitude, and the remaining nodes are combined
in accordance with their distance to this component. The lists of in- and out-degrees encodes a functional hierarchy within the
network. The node “4”, the node with the lowest in- and highest out-degree, appears as leading node with edges to “12” and “35”.
An additional edge from “35” to “12” can be observed, making node “12” the one with the highest in- and lowest out-degree.
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The localized vibration with three masses at high amplitudes (d) results in a slightly different functional network. Additional
bi-directional edges between “2” and “4”, and “3” and “4” produce a reduced network with two nodes and size E; = 2. Two
functional clusters represent the masses at high amplitude “234”, and the masses at low amplitude “15”once again capturing the
symmetry within the system. In accordance with previous results, the edge between the two points from the higher to the lower
amplitude, that is from “234” to “15”, as can be observed from the respective list of in- and out-degrees in Table 3.

The cases with higher-periodic motion (e) and (f) yield the same results as their counterparts in localized harmonic motion, (c)
and (d). For all four cases, the inclusion or omission of the transients does not appear to have an impact on the resulting functional
network.

The bottom panels (g) and (h) show the two different functional networks generated from the front-like dynamics. For all previous
cases (a)-(f), dropping the transients had no impact on the result. For front 1 and front 2, the functional networks from the full
time series and from the truncated time series differ. The color of the node edges indicates which time series they relate to. In
Table 3, (g.1) refers to the black-edged network from the full time series, while (g.2) refers to the blue-edges network from the
truncated time series. The same notation applies for the case (h). In the first case, the number and location of the bi-directional
edges changes. The result are two different condensed networks with two nodes each. The functional network obtained from the
full time series is described by the node list [“1”, “2345”], and in-degrees [1, 0], indicating a link from node “2345” to node “1”.
The network from the truncated time series has two different nodes “125” and “34”, with an edge from “125” to “34”. Both the
functional clustering of the nodes as well as the dominant link directionality change over time. In the case of the second front-like
dynamics, the bi-directional edges do not change, such that the combination of nodes to functional clusters remains unchanged. The
links between the nodes differ, as the different node in- and out-degrees show. While both networks share edges from “25” to “1”
and “34”, the network from the full time series has an edge from “34” to “1”, which inverts its direction in the network from the
truncated time series. This observation motivates a detailed study of the transient dynamics in the following.

In the second study, the analysis is performed by windowing the time series into 5 s samples, from each of which a functional
network is generated. The front-like dynamics in Fig. 2(g) are generated by excitation with a frequency 2 = 1.873 rad s~! at the
border of the bi-stability region. Only the first mass is displaced initially. Due to the particular excitation frequency at the border of
the bi-stability region, the high-amplitude state propagates through the system, until all masses oscillate in synchrony at the high
amplitude.

Fig. 7 shows exemplary functional networks in full and condensed form as well as the corresponding dynamics for exemplary
samples during the synchronization process. It can be observed that the condensed network size E, .75 = 3 is constant most of the
time, but drops to E,_.1o5 = | as the model components synchronize. The partition into functional clusters “1”, “25” and “34”,
which remains constant through the process, until all nodes merge into one functional cluster “12345” at + = 125. This consistent
division into three parts stands in contrast to the two different partitions into two parts obtained when using a longer section of the
time series. Similarly to the case with a localized mass, the network encodes the symmetry of the dynamics. Node “1” corresponds
to the mass that is initially displaced, while the remaining components are divided into nodes according to their proximity to the
single node. The direction of the links between the nodes changes over time, and with it the in- and out-degrees of the nodes. In
Fig. 7, black arrows indicate edge directions where both measures agree, as before. In some cases, the two network measures Cy;¢
or Ty do not agree on the direction. The edge directions according to Cg;¢; are shown in orange, the ones according to Ty in blue.
Only the out-degrees of the nodes will be listed in the following, counting solely the links that are indicated by both measures.

The first image for 0 < 7 < 5 on the left depicts a functional network analogous to the one for the case of a single mass oscillating
at high amplitude in panel (c) in Fig. 6. In the dynamics of the sample, the first mass oscillates not only with higher amplitude, but
also with higher frequency, and starts pulling the other masses towards its dynamics. The edge direction in the network, encoded
in the list of out-degrees ko = [2,1,0], can be interpreted as representing this fact. At 17.5 < t < 22.5, all masses oscillate with
similar, higher amplitude, but heterogeneous frequencies. The out-degrees change to k,, _175 = [2,0,0], indicating that the two
edges pointing away from node “1” remain the same. For the edge between “25” and “34”, the two network measures do not agree
on the link direction. This discrepancy can be interpreted as an indicator for the onset of change: In the next, overlapping sample
20 <t < 25, the affected edge “25”—“34” has changed direction, resulting in new out-degrees k, - = [1,0,2]. The “1” to “25”
link is still unchanged, while the “1” to “34” link inverts. According to the measure Cg;, there is a bi-directional link between
“1” and “34”, probably as a result of the transition in link direction. In the dynamics of the corresponding sample, the third and
fourth oscillator vibrate with the highest frequency, the other masses following with a phase lag. Oscillator 2 and 5 appear to have a
slightly slower frequency than the first oscillator. In the fourth sample, the masses have almost synchronized at the high amplitude,
but masses 3 and 4 are, in terms of their phase, visibly ahead of the other masses. This phenomenon is visible in the corresponding
network, where the “34” node now “pulls” the other nodes, and in the out-degrees list, which now reads k475 = [0, 1,2]. All
edges have changed direction compared to the initial functional network on the left, inverting the functional hierarchy of model
components. The fifth panel shows a transition phase, where the two networks measures only agree on a minority of link directions
indicated by k,—;5 = [1,1,0]. This phenomenon seems to be an expression of the transition process, as the system moves to full
synchronization in the right and last panel. As expected from previous results, the corresponding functional network for uniform
motion is a fully connected network with all-bidirectional edges. Accordingly, the node out-degrees are given by k. _125 = [2,2,2].
In accordance with previous explanations, the reduced network would be a single “12345”-node as shown in panels (a) and (b) of
Fig. 6, but to stay consistent with the remainder of this figure, the three-wise split has been kept.

In summary, the condensed networks shown in Fig. 6, which are obtained from different global system states, encode dynamics-
based, functional dependencies within the system. Functional clusters, formed by merging similar nodes of the functional network
together, correspond to components with similar dynamics. Links between these clusters represent functional dependencies within
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Fig. 7. Functional networks generated from time series samples of 5 s length illustrate the synchronization mechanism. The model system consists of five Duffing
oscillators with nearest-neighbor coupling, excitation at frequency 2 = 1.873 rad s! at the border of the bi-stability region and initial displacement of a single
mass (“17”). The networks are generated as before. Black arrows indicate edges where the two metrics Cy; or Ty agree on the direction. Where the measures
do not agree, the coupling directions according to Cy; are shown in orange, the ones according to Ty in blue. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the system. The observation that including the transients in the data does not affect the resulting functional networks in cases (a)-(f)
is likely due to the fact that these transients represent only a relatively short section of the time series data. The results indicate that
the network analysis filters out dominant functional relationships over the given time period, and that the comparatively short-lived
transients live on a time scale that is too small to be resolved. The data underlying cases (g) and (h) is dominated by transient motion
on a larger time scale, which is captured by the analysis of even these relatively long time series sections. The second part of the
analysis, which focuses on small samples of the time series in (g) at a time, resolves the functional structure on a smaller time scale.
This change in the time resolution of the analysis yields different functional clusters and functional dependencies within the system,
depending on the time scale to be resolved.

5. Discussion

This study uses ISRN metrics to generate functional networks to study the complex dynamics of a mechanical model system
composed of nonlinear Duffing oscillators. Within the functional network, each node represents a mechanical component, and the
edges correspond to functional dependencies between the respective components. Per definition of the iterative process, the resulting
networks have an edge between each node, the direction of which is identified from the network metrics cross-clustering coefficient
and cross-transitivity. This approach provides an alternative perspective onto multi-dimensional nonlinear systems, which focuses
on function-based interrelations rather than geometrical proximity. As this study presents a novel approach at an early stage, there
are still numerous compelling avenues for exploration and interesting paths to pursue.

The resulting reduced network shows the diversity of motion within a given system: In the case of uniform oscillation, there
is only one distinct system state. In the case of localized vibration with one mass, there are three different types of motion: The
oscillator with initial displacement is clearly in a different state than the other oscillators. The remaining oscillators are split into
groups according to their proximity to the perturbed mass, based on the different time evolution in their respective transient motion.
For the localized vibration with three masses, there are only two nodes in the reduced network, corresponding to the two distinct
states in the time series. The functional networks make no distinction of the specific dynamics of a single oscillator, there is no
difference in the results for a single-period localized vibration or a higher-periodic localized vibration. This finding is closely related
to studies concerning the detection of network size from sparse measurements [58,59], or data-based reduced order modeling [60,61]
and could be a starting point for further investigation. A novel reduced-order modeling approach could entail clustering degrees
of freedom according to their dynamical similarity instead of the geometrical connection, as for example in the combination “35”
in network (c) in Fig. 6. Perhaps the detected network size could also be a proxy for the complexity of the underlying dynamics,
indicating the number of active states. The identified number of system states yields useful information on how many sensors are
necessary to resolve the dynamics of the full system, as well as where to place them. For example, from network (a) in Fig. 6, it can
be assumed that a single sensor placed on any of the components is sufficient to get complete measurement of the system dynamics,
while for network (c), three sensors are required. This assumption is of course limited to cases such as the one presented here, where
number and combination of nodes in the condensed network does not change over time.

Additionally, the presented method can track the time evolution of inter-dependencies within a system, because only a short
time series is necessary for the setup of the network [21]. By exploiting this time-evolving network, the interplay of oscillators
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during the synchronization process can be made visible. In the case at hand, the mechanism is not simply defined by one mass
pulling the others along, but a more intricate process during which the hierarchy of oscillators changes, which ultimately leads to
all masses oscillating with the high amplitude. Based on these observations, this method could represent a possibility for developing
early warning strategies against dynamical transitions, which might be applied in structural health monitoring. Additionally, this
approach could also help understanding the dependencies within a machine and thus form the basis for interfering with the process
to avoid catastrophic events. Here, it could be possible to prevent the initial system disturbance from spreading over the entire
system by simply disrupting the process or changing one of the intermediate components. For example, further studies might help
to identify joints which are especially relevant for the system dynamics, such that modeling and design efforts can be focused
accordingly. A possible extension to the proposed method is the distinction between direct and indirect coupling [33], similar to
methods proposed in [62-64].

The results presented in this work are obtained from time series data with no added noise. For future application to real-world
data, which is generally noise contaminated, the effects of noise on the functional network will be taken into account. The effects
of noise on statistical features of the recurrence plot and respective analysis have been studied in detail for example in [65]. While
recurrence-based analyses are generally very susceptible to noise, reliable results can still be obtained for moderate noise levels
(below 20% of the standard deviation of the underlying time series), when the threshold parameter ¢ is chosen appropriately [15,65].
Even though detailed studies on the effect of noise on this specific recurrence-based method are still required, we are confident that
our method would work for low to moderate noise levels.

6. Conclusion

In this work, an approach for inferring functional networks from data obtained from mechanical model systems is introduced,
which hopes to complement conventional tools for the analysis of large multi-component systems. By assigning each physical
component one network node, and connecting the nodes based on inter-system network measures cross-clustering coefficient and
cross-transitivity, the functional network provides a new, function-based perspective on the dynamics of complex mechanical
systems. The method is applied to a system of five Duffing oscillators with nearest-neighbor coupling operating in different
dynamical states such as uniform oscillation, localized vibrations, and fronts. For each of these, a functional network is computed. By
concatenating “equivalent” nodes together, a condensed network is obtained, which allows for a number of different network-based
analyses. The size of the condensed network, given by the number of nodes, corresponds to the number of different dynamical states
within a system. Each of the nodes within the condensed network form a functional cluster of dynamically similar components,
and capture the symmetry within the system dynamics. Links between the clusters represent functional dependencies within the
dynamical system. These functional relationships encode the global system state. These analyses could provide a basis for better
sensor placement, insight into dynamic symmetries and thus a more efficient system analysis. The study of transient motion, or the
propagation of a disturbance through the system, is made possible with a sliding-window technique. By analyzing small samples
of the time series data over the course of time, the propagation of a disturbance through the dynamical system is studied. The
corresponding functional networks facilitate the analysis of the transient dynamics and the interplay of the system components over
time. We hope that this analysis of transient dynamics using network methods will pave the way for further studies, improved sensor
placement, early warning methods, and counter-measures against potentially harmful vibrations.
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Appendix. Initial conditions for numerical data

See Table A.1.
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Table A.1
Initial conditions for the numerical data generation presented in Section 2. The data resulting
data is depicted in Fig. 3.

Case Initial condition

(@ Xy, = 10,0,0,0,0,0,0,0,0,0]
(b) Xop = [1,1,1,1,1,0,0,0,0,0]
(@] X =1[0,0,0,1,0,0,0,0,0,0]
() xpq =10,1,1,1,0,0,0,0,0,0]
(e) Xy = [0,0,0,0,0,0,0,0,0,0]
® xo¢ = [0,0,0,0,0,0,0,0,0,0]
(€3] x,, = [1,0,0,0,0,0,0,0,0,0]
h) xop =10,1,1,1,1,0,0,0,0,0]
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