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multi-oscillatory dynamics.

@ Algorithms developed by members of —
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Smelyanskiy, and Tomislav Stankovski.

@ The toolbox created by Gemma Lancaster, Sam McCormack, Julian Newman,
Valentina Ticcinelli, and Guru Vamsi Policharla.

@ My personal thanks to Ale¥ Zaloznik from the University of Ljubljana, for many
useful discussions on wavelets during my beginnings in 1996, and to all students,
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journey.
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Modelling and time-series analysis

@ Model-driven approach:

1 Gather the existing knowledge about the system in question.

2 Apply first principles to create a model.

3 Elaborate the model’s behaviour analytically (e.g. stability analysis) and
numerically.

4 Analyse the time-series resulting from the model numerically (e.g. using
MODA).

5 Obtain experimental measurements, and compare the results of the model and
the experimental results to validate the model.
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Gather the existing knowledge about the system in question.

Apply first principles to create a model.

Elaborate the model's behaviour analytically (e.g. stability analysis) and
numerically.

Analyse the time-series resulting from the model numerically (e.g. using
MODA).

Obtain experimental measurements, and compare the results of the model and
the experimental results to validate the model.

@ Data-driven approach:

1
2

~

Gather the existing knowledge about the system in question.

Select the most appropriate sensors to record the activity of the system. Take
into account their properties (e.g. dynamical response, potential interactions
between the sensors and the measured system).

Plan the protocol of measurements and collect time-series.

Apply time-series analysis methods (e.g. MODA).

Build a model, analyse its behaviour analytically and numerically, and plan
new experiments to verify it.
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Living systems are open systems

@ First principles are easy to apply to isolated systems (that do not exchange energy
or matter with the environment).

@ Relatively easy to apply to closed systems (that do exchange energy with the
environment).

@ Not easy to apply to open systems.

But Schradinger (“What is life?”, CUP, 1944) already pointed out that living systems
are open systems!
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Living systems are open systems

@ First principles are easy to apply to isolated systems (that do not exchange energy
or matter with the environment).

@ Relatively easy to apply to closed systems (that do exchange energy with the
environment).

@ Not easy to apply to open systems.

But Schradinger (“What is life?”, CUP, 1944) already pointed out that living systems
are open systems!

Q So, what is the solution?

A No general solution, but many existing approaches.
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Living systems cannot be switched on and off

Perturbation approach is not easy to apply.
They are dynamical systems.

Their parameters are not constant, but rather fluctuate around certain values.

The exchange of energy and matter happens at a certain rate, hence manifests on a
certain time-scale.

@ They are composed of subsystems that are mutually interacting.

Hence, we need methods to analyse their multiscale, dynamical, oscillatory properties.
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Frameworks for dynamical systems

Three general frameworks —
@ Stochastic: we describe them in terms of their probabilities.
o Plus  We do not need to bother whether the system is isolated, or closed, or

open.
e Minus We do not know why things happen, but only have the probability with

which they happen.
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o Plus  We do not need to bother whether the system is isolated, or closed, or

open.
e Minus We do not know why things happen, but only have the probability with

which they happen.

@ Deterministic autonomous
o External perturbations are considered as parts of the system.

e Time-reversal symmetry assumed.
e Chaotic systems are most the famous deterministic dynamical systems.

@ Deterministic nonautonomous

o Clear distinction between a system and an external perturbation.

o No time-reversal symmetry assumed.
e Explicit dependence on time, hence time-varying parameters.
o Takes explicit account of open systems.

If well formulated, deterministic models provide the possibility of gaining insight into why

changes occurred.
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Properties of MODA

@ Numerical methods for analysing signals recorded from real-world systems, to
help understand the time-evolving dynamics of the system from which they
were recorded.

@ Includes tools for analysing individual signals, as well as possible connections
between two simultaneous signals.

@ One of the algorithms, that for Bayesian dynamical inference, also enables
estimation of the stochastic contributions.
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Getting started

@ Preparation

o MODA requires a MATLAB installation. The latest version (R2019a) is
recommended but not required.
@ The following MATLAB toolboxes should be installed:
@ Signal Processing Toolbox
o Statistics and Machine Learning Toolbox
@ Wavelet Toolbox
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Getting started

@ Preparation

o MODA requires a MATLAB installation. The latest version (R2019a) is
recommended but not required.
@ The following MATLAB toolboxes should be installed:
@ Signal Processing Toolbox
o Statistics and Machine Learning Toolbox
@ Wavelet Toolbox

You can check which toolboxes are currently installed by running the "ver” command in the
MATLAB Command Window.
@ Running MODA

@ To use MODA, download the code and place it in a desired location.

o In your file explorer, double-click “"MODA.m" inside the MODA folder to open it
with MATLAB.

o MODA can then be started using the "Run” button in the MATLAB editor.
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MODA in action

|4 MODA v1.01

Nonlinear and Biomedical Physics Group
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Time-Frequency Analysis

Ridge Extraction & Fitering
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Multiscale Oscillatory Dynamics Analysis v1.01

Wavelet Phase Coherence

Wavelet Bispectrum Analysis

Dynamical Bayesian Inference

)

J Newman, G Lancaster and A Stefanovska, “Multiscale Oscillatory Dynamics

Analysis”, v1.01, User Manual, 2018.
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Time-Frequency Analysis
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Basic references:

1 D latsenko, P V E McClintock, A Stefanovska, “Linear and synchrosqueezed time-frequency
representations revisited: Overview, standards of use, resolution, reconstruction, concentration, and

algorithms”, Dig Sig Proc 42, 1-26 (2015).
104, 223-241. (2016).

physical systems”, Phys Rep 748, 1-60 (2018).
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Wavelet Phase Coherence

Basic references:
1 Bandrivskyy A, Bernjak A, McClintock P V E, Stefanovska A, “Wavelet phase coherence analysis:
Application to skin temperature and blood flow”, Cardiovasc Engin 4, 89-93 (2004).
2 Sheppard L W, Stefanovska A, McClintock P V E, “Testing for time-localised coherence in bivariate
data”, Phys. Rev. E 85, 046205 (2012).
Example applications:
3 Sheppard L W, Vuksanovi¢ V, McClintock P V E, Stefanovska A, Oscillatory dynamics of
vasoconstriction and vasodilation identified by time-localized phase coherence Phys Med Biol
56, 3583-3601 (2011).

4 A Bernjak, J Cui, S lwase, T Mano, A Stefanovska, D L Eckberg, “Human sympathetic outflows to skin
and muscle target organs fluctuate concordantly over a wide range of time-varying frequencies”, J
Physiol 590, 363-375 (2012).

5 P Kvandal, L Sheppard, S A Landsverk, A Stefanovska, K A Kirkebgen, “Impaired cerebrovascular
reactivity after acute traumatic brain injury can be detected by wavelet phase coherence analysis of the
intracranial and arterial blood pressure signals”, J Clin Monit Comput 27, 375-383 (2013).
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Ridge Extraction & Filtering

e e

Basic references:
1 D latsenko, P V E McClintock, A Stefanovska, “Nonlinear mode decomposition: A noise-robust,
adaptive decomposition method”, Phys Rev E 92, 032916 (2015).
2 D latsenko, P V E McClintock, A Stefanovska, "Extraction of instantaneous frequencies from ridges in
time-frequency representations of signals”, Sig Process 125, 290-303 (2016).
Some applications:
3 D latsenko, A Bernjak, T Stankovski, Y Shiogai, P J Owen-Lynch, P B M Clarkson, P V E McClintock,
A Stefanovska, “Evolution of cardiorespiratory interactions with age”, Phil Trans R Soc A 371,
20110622 (2013).
4 V Ticcinelli, T Stankovski, D latsenko, A Bernjak, A E Bradbury, A R Gallagher, P B M Clarkson, P V
E McClintock, A Stefanovska, “Coherence and coupling functions reveal microvascular impairment in
treated hypertension”, Front Physiol 8, 749 (2017).
5 YA Abdulhameed, G Lancaster, PVE McClintock, A Stefanovska, “On the suitability of laser-Doppler
flowmetry for capturing microvascular blood flow dynamics from darkly pigmented skin”, Physiol Meas,
40, 074005 (2019).
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Wavelet Bispectrum Analysis

Basic references:

1 J Jams3ek, A Stefanovska, P V E McClintock, “Wavelet bispectral analysis for the study of interactions
among oscillators whose basic frequencies are significantly time variable”, Phys Rev E 76, 046221
(2007).

2 J JamZek, M Palug, A Stefanovska, “Detecting couplings between interacting oscillators with
time-varying basic frequencies: Instantaneous wavelet bispectrum and information theoretic approach”,
Phys Rev E 81, 036207 (2010).

3 J Newman, A Pidde, A Stefanovska, “Defining the wavelet bispectrum”, submitted (2019).
Example application:
4 J Jam3ek, A Stefanovska, P V E McClintock, “Nonlinear cardio-respiratory interactions revealed by
time-phase bispectral analysis”, Phys Medicine Biol 49, 4407 (2004).
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Dynamical Bayesian Inference

Basic references:

1 V N Smel kiy, D G Luchinsky, A Stef: ka, P 'V E McClintock, “Inference of a nonlinear stochastic model of the cardiorespiratory
interaction”, Phys Rev Lett 94, 098101 (2005).

2 T Stankovski, A Duggento, P V E McClintock, A Stefanovska, “Inference of time-evolving coupled dynamical systems in the presence of noise”,
Phys Rev Lett 109, 024101 (2012).

3 T Stankovski, A Duggento, P V E McClintock, A Stefanovska, “A tutorial on time-evolving dynamical Bayesian inference”, Eur Phys J — Special
Topics 223, 2685-2703 (2014).

4 T Stankovski, T Pereira, P V E McClintock, A Stefanovska, “Coupling functions: Universal insights into dynamical interaction mechanisms”, Rev
Mod Phys 89, 045001 (2017).

5 Special issue of the Philos Trans Royal Soc A (2019) with contributions by Kuramoto end others.

Example application:

6 B Musizza, A Stefanovska, P V E McClintock, M Palug, J Petrovii¢, S Ribari¢, F F Bajrovi¢, “Interactions between cardiac, respiratory and
EEG-delta oscillations in rats during anaesthesia”, J Physiol 580 315-326 (2007).

7 T Stankovski, V Ticcinelli, P V E McClintock, A Stefanovska, “Coupling functions in networks of oscillators”, New J Phys 17, 035002 (2015).

8 T Stankovski, S Petkoski, J Raeder, A F Smith, P V E McClintock, A Stefanovska, “Alterations in the coupling functions between cortical and
cardio-respiratory oscillations due to anaesthesia with propofol and sevoflurane”, Philos Trans Royal Soc A 374, 20150186 (2016).

9 V Ticcinelli, T Stankovski, D latsenko, A Bernjak, A E Bradbury, A R Gallagher, P B M Clarkson, P V E McClintock, A Stefanovska, “Coherence
and coupling functions reveal microvascular impairment in treated hypertension”, Front Physiol 8, 749 (2017).
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