Anticipating Bifurcations for Identifying Dynamic Characteristics
of Complex Systems

by

Amin Ghadami

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Mechanical Engineering)
in the University of Michigan
2019

Doctoral Committee:

Professor Bogdan I. Epureanu, Chair
Professor Carlos E. S. Cesnik

Professor Charles R. Doering

Assistant Research Scientist Eleni Gourgou
Professor Kon-Well Wang



Amin Ghadami
aghadami@umich.edu
ORCID iD: 0000-0001-5883-4153

© Amin Ghadami 2019



To my parents and my wife,
for their unconditional love and support.



Acknowledgements

I have been extremely fortunate to be able to study at the University of Michigan. During
my Ph.D. studies, I grew considerably both on an academic and a personal level. To all the people
who provided me with support, guidance, and encouragement, I would like to express my heartfelt
gratitude.

First and foremost, I would like to express my sincere gratitude to my advisor Prof. Bogdan
Epureanu, for giving the opportunity to study at University of Michigan, and his continuous
support as I walked down the path to my Ph.D. degree. I thank you for providing me the
opportunity to explore different subjects during my Ph.D., being encouraging and inspiring during
our meetings, and for teaching me greatly in the process. Thank you for making me feel welcome
all these years. This research would not have been possible without your continuing support and
encouragement.

I would also like to thank my doctoral committee, Prof. Carlos Cesnik, Prof. Kon-Well
Wang, Prof. Charles Doering, and Dr. Eleni Gourgou, for their insightful comments, mentorship
and advice which made this dissertation possible, and for their continued support to my study and
career. I am especially thankful to Prof. Carlos Cesnik for dedicating his precious time in
supporting and revising my work related to the fluid-structural systems. Moreover, I am indebted
to Dr. Eleni Gourgou for all her efforts in teaching me about experimental biology. Without her
help and support, I would never have been able to conduct my research in the field of experimental

biology.



I am also grateful to my colleagues and friends of Applied Nonlinear Dynamics of Multi-
Scale Systems Laboratory, including Woochul Nam, Seunghoon Baek, Kiyoung Oh, Jauching Lu,
Mainak Mitra, Weihan Tang, Adegbenga Odofin, Chenyu Yi, Kejie Chen, Andrea Lupini, Mert
Egilmez, Mohammad Khodabakhsh, Ehsan Mirzakhalili, Mohammad Ravandi, Sean Kelly, and
Cristina Riso for their insights and suggestions.

I am forever thankful to my amazing family for their unconditional love and support, and
instilling in me a passion for learning and pursuing my goals. Lastly, I would like to thank my
wife, Neda, for her love and encouragement. Thank you, Neda, for being always supportive with
your helpful advice and positive thoughts and inputs.

Finally, I am thankful to all my friends in Ann Arbor for being supportive and encouraging
during these years. Without them, I would not have been able to enjoy my life here at Ann Arbor

throughout many winters and summers



Table of Contacts

DediCAtiON cccciiiiiinnnneiiiiiiiciiiiinnntteteiieiiiinnsteeteteecissssssssseessssssssssssssssesssssssssssssssssessssssssssssssasasses ii
ACKNOWICAZEIMENLS ..ceeeeeeereerreeeeeeeemeeeneeneeeemeeemmeeeemmmemseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssses iii
LISt Of FIGUI@S.cuueeereeenenennnnnnnnnennnnennnenneennemememmeeeseememsmsmsessssssssssssssssssssssssssssssssssssssssssssssssssssssssss viii
LSt Of TADIES «ccuunnneneeiiiiiiiiiiiinttiteiiiiciiinnnnntteteieccisinsnteeetessssssssssssssseessssssssssssssssesssssssssssssse xvil
ADSIFACE cacceiiiiiiiiinnntetitiiciiiiinnttteetiecsiissssstetetescssssssssssssseesesssssssssssssssssssssssssssssssssssssssssssssses xviii
Chapter 1 INErOdUCTION. ccviiieiiiiiiiiiiiiiiniiiteneeeenteeeeeeeiemeeeeeeeeesesseensesssssssssssessssssssssssssssssssssssses 1
1.1 IMIOTIVALION .ttt ettt e e ettt e e e ettt e e ettt eeeeanbbeeeeeanbteeeeenns 1
1.2 Dissertation contributions and oUtline ..............ccceoiiiiiiiiiiiiiiiii e 5
Chapter 2  Forecasting Flutter in Fluid-Structural Systems ........ccceeeeeeeeeeeeneeeeeeeeeeeeeeeennen 9
2.1 INELOAUCTION ... e et e e et e e e ettt e e e eabaeeeeeaes 9
2.2 Forecasting MeEthOd.........cooiiiiiiiiiiee e e e e e e eraeaeee e 12
2.3 Forecasting Hopf bifurcations in large dimensional systems.............cccccceevevvvvveeeennnn. 18
2.4 Two-degree-of-freedom aeroelastic model ...........ccccvvvveiiieiiiiiiiiiiii e, 23
2.4.1 Results and diSCUSSION........oeiiiiiiiiiiiiiiii e 25
2.4.1.1  Supercritical bIfurcations.............ooeeeuviiiiiieeeiiiiiiieeee e e 26

2.4.1.2  Subcritical bifurcations. ...........c.ueiiiiiiiiiiiiiie e 30

2.5 Forecasting three-dimensional bifurcation diagrams...............cccccvvvviireeeeniiciineeeeennnn. 32
2.6 Three-degree-of-freedom aeroelastic model ............cccoeveeeieiiiiiiiiiiiiiiieee, 36
2.6.1 Forecasting two-dimensional bifurcation diagrams............cccceecuvvvvieeeeeeeencennnen. 39
2.6.2 Forecasting three-dimensional bifurcation diagrams..............ccccuvvveeeeeeeerncnnnnne. 44
2.6.3 Effects of measurement NOISE.........oouueeiiiiiiiiiieiiiiiie et 48

2.7 CONCIUSIONS ...ttt ettt e et e e ettt e e e et e e e e anbbeeeeeanbaeeaeaans 49

Chapter 3 Forecasting the Post-Bifurcation Dynamics of Large-Dimensional Slow-

Oscillatory Systems Using Critical Slowing Down and Center Space Reduction................ 51
3.1 INELOAUCTION ... ettt e e et e e et ee e 51
3.2 Forecasting MethOd.............uviiiiiiiiiiiiee e e e e e e e e e 54

3.2.1 Forecasting bifurcations in non-oscillatory or fast-oscillatory systems............... 54
3.2.2 Bifurcation forecasting in slow-oscillatory Systems ............cccceevviviieeeeeeencnnnnnn. 58
33 Aeroelastic MOAEL ........cooiuiiiiii e 66
3.4 Results and diSCUSSION ....uviiiiiiiiiiiiiiiiiee e et e e e 70



3.4.1 Supercritical DIfurcations............ccccuvviiiiiieee e 70

3.4.2 SUDCIILICAL DIfUICATIONS. ... eeee et 75
343 Effects Of MEaSUIrEMENT NOISE .. cunneeen e e e e e e eee e e 77
3.5 CONCIUSIONS .ttt e e e e e e e e e e e eaeans 79

Chapter 4  Forecasting Critical Speed and Post-Critical Dynamics in Large Dimensional

Fluid-Structural SYSTEIMS ....ccccviiiiiiiiiiiiiniiiiiiiiiiiiiiiiiniiiimemeeiemiseeeeesseesssssssssssssssssssssssssssssssssssssss 81
4.1 INELOAUCTION ... ettt e e et e e et ee e 81
4.2 Forecasting MethOdOIOZY ........uvviiiiiiiiiiiiiiiiee e e e e e 84
4.3 Model fOrmMUIAtIONS. ....cceiiiiiiiiiiiiii et e s 91
4.4  Forecasting bifurcation diagrams of a flexible high-aspect-ratio cantilever wing....... 95
4.5 Discussions and CONCIUSIONS ........eeiiiiiiiiiiiiiiiee it e e 104

Chapter 5  Forecasting the onset of traffic congestions on circular roads ..................... 107
5.1 INELOAUCTION ...t e e et e et e e e 107
5.2 Forecasting Methods ..........cuiiiiiiiiiiiiiiiiiiee et e e e ee e e e e e e e 109

5.2.1 Early warning indictors/signals ...........cccvviieieeeeiiiiiiiiiiee e 109
5.2.2 Bifurcation forecasting methods .............ovvvviiiiiiiiiiiii e, 110
53 Model fOrmMUIAtIONS. ....ccoiieiiiiiiiiiiee e e 113
54 Results and diSCUSSION .......eeiiiiiiiiiiiiiiiiiee ettt e et e e e aaeeee s 117
5.4.1 Forecasting the onset of traffic jam using early warning indicators................... 117
54.2 Forecasting the onset of traffic jams and post-traffic dynamics using bifurcation
forecasting MEthOd .........coouiuiiiiiiie e e e e e e e e et e e e e e e e e e enees 119
5.5 CONCIUSIONS ..ttt ettt e ettt e e e ettt e e e ettt e e e e abteeeeeaabeeeeas 125
Chapter 6  Forecasting Critical Transitions and Future Stability of Natural Populations
126
6.1 INELOAUCTION ...t e e et e et e e e 126
6.2  Forecasting MethOd OVEIVIEW........cceeiiiuiiiiiiieee et e e e e arareeee e 129
6.3 Experimental ProCeaUIe .............eiiiiiiiiiiiiiiiiiiie et e e e e e e 133
6.3.1 CalIDTAtION CUTVE. ....eiiiiiiiiie ettt ettt e ettt e e e st e e e snbeeeaeeaas 135
6.3.2 Verification of existence of saddle-node bifurcation in the system.................... 136
6.3.3 Experimental points on the bifurcation diagram............c...cceeeecviviiiieeeeinninnnnne. 137
6.3.4 Model calibration not used for forecasting............ccccvvvveeeeeeeerciiiiiieeee e 139
6.4  Experimental forecasting reSults .........ccvvviiiiiiiiiiiiiiiiiiee e 142
6.5 Forecasting the bifurcation using the buddying yeast population model.................... 150

vi



0.0 DISCUSSION ittt e e et e e e et e e e ettt e e e e ettt e e e eaabteeeeenneee 154
Chapter 7  Data driven Identification of the Most Reliable Sensor Species to Predict

Ecological Regime Shifts ......ceeeeeeeeeeeeeemeeneiemmeneminnniiniiiiiiiiimiiiiiiiieiiiiiimmimimsmsssssssssssssssssssssssssssss 157
7.1 INELOAUCTION ...t ettt e e et e e e aaaeee s 157
T2 IMEENOMS ...t e e et e e e e 159

7.2.1 Early-warning si@nals..............euiiieieiiiiiiiiiiieee et e e e e e e e e s e 160
7.2.2 Data-driven algorithm to identify eigenvectors..........ccccveeeeeeeciiiiiieeeeeeeeseninee, 161
7.3 Results and diSCUSSION ......eeiiiiiiiiiiiiiiiiie e 164
7.3.1 Two species competition MOodel.............uvviiiiiiiiiiiiiiiiiieee e 164
7.3.2 Network of four Interacting SPECIES ......cevcvvvvririieeeeeeiiiiiiireeeeeeeeesiirrreeeeeeeeenees 168
7.3.2.1 Robustness of early warning signals to data analysis parameters................... 171
7.3.3 Spatial harvesting Model ............ccccuvviiiiiiiiiiie e 173
7.4 Complications arising from the best-indicator node ranking procedure..................... 179
7.4.1 Challenges with large-dimensional SyStems...........cc.evveeeeeeeeiiciiiiiieeeeeeeecenieeee, 180
7.4.2 Variation of eigenvectors and a false alarm ...............ccccoeeeeiiiiiiiiiii e, 182
7.5 CONCIUSIONS ..ttt ettt e e e ettt e e e ettt e e e eabt e e e e eanbeeeaas 187

Chapter 8  Conclusions and future WOIrkK.........ccceeeeeeeeeiineiiienneniieneneenneeneeeeeneeeeeeeeeeeeesesseees 189
8.1 001100 F: 1 oy 2 189
8.2 CONITTDULIONS ...ttt et e ettt e e e ettt e e e ettt e e e e abeeeeeeanbeeeeas 194
8.3 Challenges and [MItAtioNS ..........ceeeeeiiiiiiiiiireee e et e e e e e eesaareeeeeeeeeeseeraaneeeaaeens 195
8.4 Future ReSEarCh .........coiiiiiiiiiiiii e 196

DN 1Y 071 0 0, 199

L3 10 L T0T e 1 1) 1 203

vii



List of Figures

Figure 2.1: (a) Schematic of the response of the system during the recovery from a perturbation,
(b) Recovery rate vs. bifurcation parameter and the value obtained for the forecasted p, (¢)
Forecasted bifurcation diagram.............ccccuiiiiiiiieiiiiiiiiiieeee e e e e e e e e e 15

Figure 2.2. Schematic of the change in the rate of recovery from perturbations in a system
approaching flutter; oscillations last longer when the system is closer to the flutter speed. 16

Figure 2.3. Schematic of proposed forecasting method procedure: 1) System recoveries are
measured after perturbations, and the recovery rate is estimated using nonlinear
optimization for the local maxima of the measurements. 2) The estimated recovery rates for
a fixed amplitude at each measured parameter are analyzed. 3) The parameter u where the
recovery rate becomes 0 at amplitude r is determined using a low order polynomial. 4)
Steps 2 and 3 are repeated for several amplitude values r, and the bifurcation diagram is
constructed using the forecasted pairs of values (L,7). ....cooeveevriiiiiiiieiiiiee e, 18

Figure 2.4. Eigenvalues of the fixed point at the origin as a function of the bifurcation parameter
......................................................................................................................................... 19

Figure 2.5. Schematic of the system dynamics on the inertial manifold and its projection on the
CONTET SPACE. 1eeeeieieieieeeeeeeeeeeeee e eeee e e e e e et e e et e e e e e et e e et e e et et e e e e e e e e e eaeeeaeeaeeeaeeeeeaaeaaaeaaaeaeeaeeeeeeeeeeeeeees 20

Figure 2.6. Two-degree-of freedom aeroelastic model showing an airfoil of chord 2b, its
aeroelastic axis (EA), its center of mass (CG) (at a distance xab from the EA), and the pitch

and plunge coordinates @ and A .............uvvviiiiiiiiiiiiiiee e 23
Figure 2.7. Measured system responses to perturbations in pitch displacement at 3 non-
dimensional flow speeds U *= 7.45, 7.50, and 7.55 in supercritical case. ........................ 27
Figure 2.8. A versus LCO amplitude for different flow speed values. ...........ccccovvvveeeieieinnnnnnn. 28
Figure 2.9. A versus flow speed U * for prediction of post-bifurcation regime for several pitch
20001 0] B L2016 (<3RS PURR TP 28
Figure 2.10. Forecasted bifurcation diagrams () for (a) pitch and (b) plunge displacements in a
SUPCTCIIEICAL CASE. 1riiiiiiiiiiiiiiiiieeeeee ettt e e e e e e ettt e e e e e e e e settaaeeeeaeeeeeasnnasareeeaeeeeannnnssenees 28
Figure 2.11. Forecasted(x) and exact (-) pitch bifurcation diagram without applying modal
4 [S16707 001 1013 15 10 s U PRRR P 29
Figure 2.12. Comparison between system gust response for (a) pitch and (b) plunge
displacements before (solid line) and after (dashed line) modal decomposition................. 30
Figure 2.13. Forecasted (x) and exact (-) bifurcation diagram for (a) pitch and (b) plunge
displacements N SUDCIItICAL CASE.......ccuuviiiiiieeeeiiiiiiiieee et e e e e e e 31
Figure 2.14. Measured system responses to large perturbations in pitch displacement at 3 non-
dimensional flow speeds U *= 7.45, 7.50, and 7.55 in subcritical case. ............cccceuueneeee. 32
Figure 2.15. Forecasted (x) and exact (-) bifurcation diagram for (a) pitch and (b) plunge
displacements in subcritical case for larger perturbations. ...........cccceeeeeeiciiiiiieeeeeeeeeiieee, 32

Figure 2.16. Procedure of forecasting three-dimensional bifurcation diagrams: a) select a phase
in x1-x2 plane at measured recoveries. b) forecast bifurcation diagrams of x1 and x2 at the
selected phase using forecasting procedure (Fig. 2.3), ¢) combine the pair of forecasted

viii



diagrams to construct a curve in three-dimensional space. The procedure is repeated for
different phases to construct complete three-dimensional bifurcation diagram in yu —x1-x2
] 012 [+ R 34
Figure 2.17. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-pitch-pitch
velocity space for a system that exhibits a supercritical bifurcation. Dashed lines are
forecasted bifurcation diagrams at different phases, solid circles are the forecasted value at a
few selected flow speeds, and solid lines are the exact limit cycles of the system computed
at the selected flow speeds. (b)Forecasted limit cycles at U *= 7.65 in pitch-pitch velocity
plane for a system that exhibits a supercritical bifurcation. Solid line is exact limit cycle and
circles are forecasted VAlUES. .........cooiuiiiiiiiiiiiiiie e 35
Figure 2.18. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-pitch-pitch
velocity space for a system that exhibits a subcritical bifurcation. Dashed lines are
forecasted bifurcation diagrams at different phases, and solid lines are the exact limit cycles
of the system computed at the selected flow speeds. (b)Forecasted limit cycles at U *= 7.57
in pitch-pitch velocity plane for a system that exhibits a supercritical bifurcation. Solid line

is exact limit cycle and circles are forecasted values. ...........ccccvvvieiiieiiiiiiciiiiiee e, 36
Figure 2.19. Schematic of a 3-DOF airfoil with a control surface.............cceecevvvviiieeeeeinnnnnnee. 37
Figure 2.20. System responses to perturbations in plunge displacement at 3 non-dimensional

flow speeds U *= 4.40, 4.50, and 4.60...........cooeiomririiiieeieeiiiieee e 39
Figure 2.21. Recovery rate vs. plunge amplitude for a case of supercritical bifurcations. Non-

dimensional values of the flow speeds are ShOWN............ccoovviiiiiiiiiiiiiiiie e, 40

Figure 2.22. Second order approximation in the A — U * plane for several plunge amplitudes.
Each curve corresponds to a different plunge amplitude. Symbols (*) show recovery rates
obtained using the data in Fig. 2.21........oviiiiiiiiiiie e e 40

Figure 2.23. Exact (solid line) and forecasted (solid circles) bifurcation diagrams of maximum
limit cycle amplitudes for (a) plunge displacement, (b) pitch angle, and (c) flap angle
displacements in a system which exhibits a supercritical bifurcation using measurements at
U x=4.40,4.50, and 4.60.........ooeiiiieiiie ettt e 41

Figure 2.24. Exact (solid line) and forecasted (solid circles) bifurcation diagrams of maximum
limit cycle amplitudes for (a) plunge displacement, (b) pitch angle, and (c) flap angle
displacements in a system which exhibits a supercritical bifurcation using measurements at
U x=4.52,4.56, a0d 4.60.........coemiiieiiieiee et 42

Figure 2.25. Recovery rate vs. plunge amplitude for the system with a subcritical bifurcation .. 44

Figure 2.26. Exact (solid line) and forecasted (solid circles) bifurcation diagrams for (a) plunge
displacement, (b) pitch angle, and (¢) flap angle displacement in a system which exhibit a
SUDCTIHICAl DIfUICAtION. ....eiiiiiiiiiii i e e e e e 44

Figure 2.27. Forecasted three-dimensional bifurcation diagrams in (a) flow speed-pitch-plunge,
(b) flow speed-pitch-pitch velocity, and (c) flow speed-plunge-plunge velocity space for a
system that exhibits a supercritical bifurcation. Dashed lines are forecasted bifurcation
diagrams at different phases, solid circles are the forecasted value at a few selected flow
speeds, and solid lines are the exact limit cycles of the system computed at the selected flow
)11 (PP PRRR P 46

Figure 2.28. Forecasted limit cycles at U *= 4.65 in (a) pitch-plunge, (b) pitch-pitch velocity,
and (c) plunge-plunge velocity planes for a system that exhibits a supercritical bifurcation.
Solid lines are exact limit cycles and circles are forecasted values. .........ccccceeeeeeeriinnnnnne. 46



Figure 2.29. Forecasted three-dimensional bifurcation diagrams in (a) flow speed-pitch-plunge,
(b) flow speed-pitch-pitch velocity, and (c) flow speed-plunge-plunge velocity space for a
system that exhibits a subcritical bifurcation. Dashed lines are forecasted bifurcation
diagrams at different phases, and solid lines are the exact limit cycles of the system
computed at the selected fIOW SPEEAS. .......eviieeiiiiiiiiiiiiiie e 47

Figure 2.30. Forecasted limit cycles at U *= 4.58 in (a) pitch-plunge, (b) pitch-pitch velocity,
and (c) plunge-plunge velocity planes for a system that exhibits a subcritical bifurcation.
Solid lines are exact limit cycles and circles are forecasted values. .........ccccceveeeeeriinnnnnene. 47

Figure 2.31. (a) Approximated recovery rates of maximum plunge amplitudes at three flow
speeds U *= 4.60, 4.56 and 4.52. Each line represents the approximated recovery rate
using a separate set of noisy measurements. Dashed lines are average recovery rates at each
flow speed, which are employed for forecasting. (b) Forecasted bifurcation diagram using
the AVETAZE TECOVEIY TALES. ....uuuriiiiiieeeeeeeiitiiie et e e e e e e eittreeeeeeeeessnaabaraeeaeeeesssssnsaaneeaaeeeeannes 49

Figure 2.32. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-plunge-plunge
velocity space for a system that exhibits a supercritical bifurcation and in presence of 10%
measurement noise. Dashed lines are forecasted bifurcation diagrams at different phases,
solid circles are forecasted value at a few selected flow speeds, and solid lines are exact
limit cycles of the system computed at the selected flow speeds. (b) and (¢) demonstrate
exact and forecasted limit cycles at U x= 4.65 and U *= 4.70, respectively. Solid lines are

exact limit cycles, and circles are forecasted values. ...........cccccvviiiiiiiiiiiiiciiiieee e, 49
Figure 3.1. Conceptual example of a system recovery without oscillations over time from an

INTtIAL PEITUIDALION. L.eiiiiiiiiiiiiiieiee et e e e e e e e e e e e e e naeraeeeeeeeeeennnnnsenes 57
Figure 3.2. recovery rate vs. parameter and fOrecasting [u..........ccecvvvveeeeeeeeeeiiiiiiiieeeeeeeeeeeneee 57
Figure 3.3. Forecasted bifurcation diagram..............cccccuviiiiiieeiiiiiiiiiiiieeee e e e e 57
Figure 3.4. Conceptual example of a system recovery with oscillations over time from an initial

J o001 o 15 10 ) s F PRSP PPRR 57

Figure 3.5. Real and imaginary parts of the eigenvalues of the system dynamics near a fixed
point that is involved in a Hopf bifurcation; the change in the imaginary part is small when
the eigenvalues traverse the zero real part aXiS........ccccvvveieeeeeeiriiiiiiiieee e eeeieeee e e e e 59
Figure 3.6. Schematic of the system dynamics on the inertial manifold and its projection on the
center space; several regions are labeled and for forecasting using the piecewise modal
decOmMPOSILION APPTOACK .....uvviiiiieeeeiiiiiiiiiee e e e e ettt e e e e e e e e e e e e e e e aaraeeeeaeeeeennsssenes 60
Figure 3.7. Schematic of the three dimensional bifurcation diagram showing the limit cycle
oscillations in post bifurcation regime at each bifurcation parameter y; blue lines show the
entire diagram, whereas the red lines show the separately forecasted diagrams for x1 and x2
] 11 TP TSP PP PP UPPPPPPPPN 65
Figure 3.8. Two-degree-of freedom nonlinear aeroelastic model showing an airfoil of chord c.

EA is aeroelastic axis (at a distance a,b from the mid-chord), CG is center or mass (at a

distance x b from the EA), and « and # are the pitch and plunge coordinates. ................ 66
Figure 3.9. Approximated amplitude r(t) for pitch at U *= 7.45 ........c.ccevviiiiiiiiiiiieiieeee, 72
Figure 3.10. Recovery rate A versus free-stream flow speed U* for prediction of the post-

bifurcation dynamics at several pitch amplitudes .............cceveeiiiiiiiiiiiiiiiie e, 72
Figure 3.11. Exact (-) and forecasted (¢) bifurcation diagrams for pitch (left) and plunge (right) in

A SUPETCTIEICAL CASC...eiiiiiiiiiiiiiiiiee e e e ettt e e e e e ettt e e e e e e e e attbaeeeeeeeeeassansareeeaeeeeenssssenees 72

Figure 3.12. Three dimensional bifurcation diagram showing the limit cycle oscillations in the
post bifurcation regime at each free-stream flow velocity (left); and a view of the pitch-



plunge plane of the diagram (right); blue lines show limit cycles at each free-stream flow
velocity; red lines show separately forecasted pitch and plunge diagrams ......................... 73
Figure 3.13. Approximated amplitude r(t) for pitch at U *= 9.28 for a slow-oscillating system
1N @ SUPETCIILICAL CASC...ceiiiiiiiiiiiie et e ettt e e e e e ettt e e e e e e e et e e e eeeeessnaarareeeaeeeeennnssenees 74
Figure 3.14. Exact (-) and forecasted (¢) bifurcation diagram for pitch (left) and plunge (right)
displacements for a slow-oscillating system in a supercritical case..........cccccveeeeeerencnnnnenn. 74
Figure 3.15. Exact (-) and forecasted (¢) bifurcation diagrams for pitch (left) and plunge (right)
displacements in a subcritical case without partitioning the inertial manifold; blue and red
lines show stable and unstable parts of the bifurcation diagrams, respectively................... 76
Figure 3.16. Exact (-) and forecasted (¢) bifurcation diagrams for plunge displacements in a
subcritical case with partitioning the inertial manifold; blue and red lines show stable and

unstable parts of the bifurcation diagram, resSpectively .......ccccccveeeviiiiiiiiiiiiieeeeeeiiieeeeee, 76
Figure 3.17. Noisy decaying function of the pitch displacement in the presence of 10%

measurement noise measured at U x= 7.55. ... 78
Figure 3.18. Comparison of the approximated decaying functions from noisy measurements and

the approximated function from noiseless measurements as reference.............cccceeeeeeeennnes 78

Figure 3.19. Exact and forecasted bifurcation diagrams for the pitch displacement in supercritical
case and in presence of 5% (left) and 10% (right) measurement noise. Forecasted results are
shown as mean values with standard deviation error bars obtained from 20 separate
FOTECASES. ettt ettt e e sttt e e ettt e e et e e et e e e e baeee s 78

Figure 3.20. Exact and forecasted bifurcation diagrams for the pitch displacement in subcritical
case and in presence of 5% (left) and 10%( right) measurement noise. Forecasted results are
shown as mean values with standard deviation error bars obtained from 20 separate
FOTECASES. ettt ettt e e ettt e e ettt e e et e e et e e e e aaaeee s 79

Figure 4.1. Schematic of the forecasting method for aeroelastic systems. Bifurcation diagrams
are forecasted (black dots) by measuring a limited number of system responses to gust
perturbations before the instability boundary. ..........ccoooooiiiiiiiiiiiii e 84

Figure 4.2. Schematic of the change in the rate of recovery from perturbations in a system
approaching bifurcation; oscillations last longer when the system is closer to the flutter
) 115 PP PRRR PP 86

Figure 4.3. Schematic of proposed forecasting method procedure: 1) System recoveries are
measured after perturbations, and the recovery rate is estimated using nonlinear
optimization for the local maxima of the measurements. 2) The estimated recovery rates for
a fixed amplitude at each measured flow speed are analyzed. 3) The flow speed V where the
recovery rate becomes 0 at amplitude r is determined using a low order polynomial. 4)
Steps 2 and 3 are repeated for several amplitude values r, and the bifurcation diagram is

constructed using the forecasted pairs of values (V,7). c...cooooeiiiiiiiiiiiiiiee e, 90
Figure 4.4. Schematic of flexible wing, frames and coordinates used in the structural model
include an inertial frame G, a body fixed frame B, and a local frame w.................cc........ 91

Figure 4.5. Schematic of the equilibrium position of the wing at 125m/s flow speed and 2-deg
root angle of attack. The position of a point on the beam reference axis at the wing tip is

shown before and after the deformation of the wing due to aerodynamic forces. ............... 96
Figure 4.6. Variation of gust speed With tIMe...........ccccviiiiiiiiiiiiiiiiiieee e 97
Figure 4.7. System recoveries from perturbations at 125 m/s in (a) y direction and (b) z direction,

recorded for a point at the WING tIP. ....cccoeuviiiiiiei e errre e e e e e e e 97

Xi



Figure 4.8. System recoveries filtered to separate the effects of the bifurcating mode from
measurements. Same recoveries are used as those shown in Fig. 4.7. Envelope lines

approximate the decay function of local maxima. ............cccccuvviiiiiiieeiiiiiiee e, 98
Figure 4.9. Recovery rate variation with amplitude for the horizontal (y) displacement of the
wing tip at different air SPEEAS. .......uviiiiiieieiiiiiiieee e a e 99

Figure 4.10. Second-order approximation in the A — V plane for several horizontal (y)
displacement amplitudes of the wing tip. Each curve corresponds to a different amplitude.
Symbols (e) show recovery rates shown in Fig. 22..........coooiiiiiiiiiiiiiiiiiiiieeee e, 99

Figure 4.11. Bifurcation diagrams for (a) the horizontal (y) displacement and (b) the vertical (z)
displacement of the wing tip. Solid lines are forecasted results corresponding to the limit
cycle amplitudes in the post-flutter regime, while dashed lines are unstable fixed points in
the post-flutter regime. Symbols () are reference limit cycle amplitudes computed by direct
nonlinear time-marching SOIUtIONS. ..........uuviiiiiiieiiiiieee e e e e e e e 100

Figure 4.12. Bifurcation diagrams for (a) the horizontal (y) displacement and (b) the vertical (z)
displacement of a point at a distance of 4 m from the tip. Solid lines are forecasted
bifurcation results corresponding to the limit cycle amplitudes in the post-flutter regime,
while dashed lines are unstable fixed points in the post-flutter regime. Symbols (e) are
reference limit cycle amplitudes computed by direct nonlinear time-marching solutions..100

Figure 4.13. Bifurcation diagrams for (a) the horizontal velocity (y) and (b) the vertical velocity
(z) of the wing tip. Solid lines are forecasted results corresponding to the limit cycle
amplitudes in the post-flutter regime, while dashed lines are unstable fixed points in the
post-flutter regime. Symbols (e) are reference limit cycle amplitudes computed by direct
nonlinear time-marching SOIUtIONS. ..........uuviiiiiiieiieiiiieee e e e e e e e 102

Figure 4.14. Three-dimensional view of bifurcation diagrams of a point on the wing tip (a) in the
V — y — y space, and (b) in the V — z — z space. Thick lines are forecasted bifurcation
diagrams, and thin lines made of small circles are reference limit cycle results obtained
from the nonlinear time-marching SOIUtION. ..........cccuvviiiiiiiieiiieee e 103

Figure 4.15. Bifurcation diagrams for the horizontal (y) displacement of the wing tip in presence
of 2% (left) and 5% (right) measurement noise. Forecasted results are shown as mean
values with standard deviation error bars obtained from 20 separate forecasts. The mean
values are connected by solid (blue) lines. Symbols (e) show the exact maximum limit cycle
amplitudes computed by nonlinear time-marching SOIUtions. ...........cccceeeevvcvviiviieeeeenennns 104

Figure 4.16. Bifurcation diagrams for the vertical (z) displacement of the wing tip in presence of
2% (left) and 5% (right) measurement noise. Forecasted results are shown as mean values
with standard deviation error bars obtained from 20 separate forecasts. The mean values are
connected by solid (blue) lines. Symbols () show the exact maximum limit cycle

amplitudes computed by nonlinear time-marching SOIUtions. ...........cccceeeeevciviiieeeeeeeeennns 104
Figure 5.1. Schematic of the variation of early warning signals as the system approaches a

saddle-node or @ HOpf bifurcation. ............cceeeeeiiiiiiiiiiiee e 110
Figure 5.2. Schematic of the bifurcation forecasting method. System measurements before the

critical point are employed to forecast the bifurcation diagram. ..............cccccvvvvieeeeeennnnnnn. 111

Figure 5.3. Procedure to forecast the bifurcation diagram of limit cycle amplitudes: (a) measure
the system response to perturbations at several parameter values, (b) approximate the
recovery rate of local maxima (minima) from time series measurements, (c) identify the
parameter value u at which the recovery rate for a specific amplitude r is zero, (d) repeat

Xii



steps (b) and (¢) for several amplitude values r, and construct the bifurcation diagram using

the PAITS OF VAIUES ([L,77). ceeeeeiiiiiiiiiee ettt e e e e e et e e e e e e e e snraraaaeeaeeeennnnes 113
Figure 5.4. Schematic of cars flowing on a circular road.............cccccvvvereeeeeeniiiiiiiieeee e, 114
Figure 5.5. Graph of V' versus L/N and stability boundaries for V' = B. .....ccccccoovvviveeieenennn. 116
Figure 5.6. Stable and unstable regions of system with an OVF given by Eq. (7) and vmax =

0.0 et et e et e e at e e et e e e et te e e teeeetaeeebteeeneeeeneeean 116

Figure 5.7. Recorded stochastic headway values between two consecutive cars used for
computing early warning signals. The car density on the road is gradually decreased over
time, and it approaches its critical Value............ccovveiiiiiiiiiiii e 118

Figure 5.8. Variation of early warning signals with the bifurcation parameter. As the bifurcation
parameter decreases, the system approaches a bifurcation. The coefficient of variance (left)
and the autocorrelation (right) of the recorded signal increase as the system approaches the
bifurcation, i.e. the traffic Jam..........cccccooiiiiiiiii e 118

Figure 5.9. Recorded headways between two consecutive cars arbitrary selected after a
perturbation from the equilibrium state at three parameter values in the pre-bifurcation
regime. Dynamics of the system slows down as the system approaches the bifurcation....120

Figure 5.10. Forecasting using measurements depicted in Fig. 9. (a) recovery rate versus
amplitude for local maxima of the data at each parameter (L) is computed to forecast the
upper branch of bifurcation diagram. (b) Extrapolated recovery rates at selected amplitudes
to forecast the corresponding parameter at which the recovery rate is zero. (c) Exact and
forecasted bifurcation diagrams of the SyStem...........c...eeiiiiiiiiiiiiiiiiiiee e 120

Figure 5.11. (a) Measured variation of standard deviation ¢ of the headways versus time around
the quasi-stationary equilibrium after a perturbation. Measurements are collected at
parameter values before the onset of the traffic jam. (b) Exact and forecasted bifurcation
diagrams for the macroscopic variable o using measurements shown at Fig. 5.11(a) and the
bifurcation forecasting Method..............ccooviiiiiiiiiiiiii e 122

Figure 5.12. Forecasted bifurcation diagram using bifurcation forecasting method and data
recorded at three different set of parameters. The forecasting accuracy increases using
measurements at parameter values which are closer to the bifurcation..............ccccceeenn. 123

Figure 5.13. Exact and forecasted bifurcation diagram of the system that exhibits a subcritical
bifurcation. (a) Recovery rate versus amplitude for the measured macroscopic variable
measured after perturbations applied to the system at three parameter values in the pre-
bifurcation regime. (b) Exact and forecasted bifurcation diagrams of the system.............. 124

Figure 6.1. Schematic of a natural population subject to a critical transition. The state of the
system changes abruptly from one equilibrium to another due to a slow change in the
L0011 1< RPN 128

Figure 6.2. Schematic overview of the bifurcation forecasting method. Measurements from
perturbations in pre-bifurcation conditions (a) are employed to forecast the upcoming
transition (black dots). As the system approaches a bifurcation, the rate of system’s
recovery is decreased. At a fixed amplitude, the recovery rate decreases when the system
approaches the bifurcation. At a fixed parameter, the smallest recovery rate corresponds to
the amplitude which is closest to the actual bifurcation diagram. The future stability of the
system is forecasted considering this change in the recovery rates. The system has two
critical points (c1 and c2) which determine the boundaries of the bi-stability region. Cases
(a) and (b) demonstrate the schematic of forecasting procedure for the system operating at
either side of the critical points, and are addressed in the experimental study. .................. 130

Xiii



Figure 6.3. Steps followed to forecast the bifurcation diagram: (a) measure the system response
to perturbations at several parameter values, (b) approximate the recovery rates from time
series measurements, (c) identify the parameter u at which the recovery rate for a specific
amplitude 7 is zero, (d) repeat steps (b) and (c) for several amplitudes r, and finally
construct the bifurcation diagram using pairs of (L,7). ..eeeeeeeeeeiiiiiiiiiiee e e 131

Figure 6.4. Overview of the experimental procedure. Starting from an initial population density,
buddying yeast is cultured on 96-well microplates, in an orbital shaker at 30°C, 300rpm.
After 23 hrs of growth, population density is measured using a photometer. Using a selected
dilution factor, a fraction of population is then transferred to fresh media and is left to grow
for another 23 hours. The procedure is repeated every day until the population is extinct, or

it reaches 1ts eqUIlIDITUM STALE. ......ceiieiiiiiiiiiiee e e e e e e e e 135
Figure 6.5. Calibration curve mapping the measured 620nm optical density to the actual cell
4153 115 1 25U PPPPRR 136

Figure 6.6. Results of the experiments performed to verify the existence of bifurcation and bi-
stability in the system. Each line corresponds to a separate experiment. We observe bi-
stability at the dilution factor of 1400 and extinction at the dilution factor of 1600, which
verifies the existence of saddle-node bifurcation in the system..........ccccccoeeeviviiiiieeennnnn. 137

Figure 6.7. Results of the experiments performed to identify the stable fixed points of the
bifurcation diagram. Three sets of experiments are run at each dilution factor. The stable
values at each dilution factor are approximated by averaging the populations over the period
during which they remain at the equilibrium state. Each line in the plots corresponds to a
SEPATALE EXPEITIMNCIIL. .uuiiviiiireeeeeeeeiiiiiteteeeaeeeeasaaattreeeeaeeeaaasssaseeeeaeesssssssnsssreeeeeessanssssseees 138

Figure 6.8. Results of the experiments performed to identify the unstable fixed points of the
bifurcation diagram. At each dilution factor, the region between two initial conditions
resulting in survival and extinction of the population is selected as the region containing the
UNStAble fIXEA POINL. ...vvviiiiiiieiiiii e e e e e e et e e e e e e e e snaaraaeeeaeeees 139

Figure 6.9. Estimating the time lag before population growth. Experiments are initiated from 2
sets of different initial conditions, and the population growth is monitored for 4.5hrs. Each
solid line represents a separate experiment, and the estimated time lag is marked by a
dashed line on €ach fIGUIE..........coiiiiiiiiiiiiiiiieee e e e e e e e e 141

Figure 6.10. Experimental results of estimating yhigh and K. A population started from
intermediate initial density was observed over 17hrs. Experimental results are demonstrated
by mean and standard deviation error bars of 48 simultaneously performed replications. .142

Figure 6.11. (a) Estimated bifurcation diagram of the buddying yeast system. Circles represent
experimentally measured stable population densities at selected dilution factors obtained by
averaging the populations which are at equilibrium over at least five days. Vertical bars
represent experimentally approximated regions containing unstable fixed points at selected
dilution factors obtained by monitoring the population growth starting from several initial
densities and identifying the region between two initial conditions resulting in survival and
extinction of the population. (b) and (c¢) depict the experiments performed at the dilution
factor of 1,200 to identify the corresponding stable and unstable fixed points on the
bifurcation diagram. The dashed line is the approximated bifurcation diagram using the
calibrated model. The dilution factor at the tipping point is approximately 1,505. This
bifurcation diagram is used as a reference to validate the forecasting results presented in the
TOIOWING SECHIOMS. ..eeiiiieiieiiiiiee et e e e e ettt e e e e e ettt e e e e e e e e s aaabaaaeeeeeeeessssnrasaeaeaaeeeannnnes 144

Xiv



Figure 6.12. Measured recoveries of the yeast population from perturbations at: (a) a dilution
factor 1,200; (b) a dilution factor 1,300, while the system approaches to the tipping point
from parameter values smaller than the critical parameter. Each line represents a separate
experiment, and each experiment has 7 replications which are performed simultaneously
using the same source of materials at exactly the same experimental conditions. The system
slows down while approaching the critical transition, namely as the dilution factor increases
from 1,200 to 1,300 (changing from (a) to (b)). These measurements are used to forecast the
bifurcation diagram which corresponds to the schematic shown in case (a) of Fig. 2........ 145

Figure 6.13. Forecasting using experimental measurements at dilution factors of 1,200 and 1,300
corresponding to case (a) shown in Fig. 6.2. (a) Recovery rates and quadratic polynomial
fits at each amplitude estimated from the measurements shown in Fig. 6.12. (b) Example of
extrapolated recovery rates at selected amplitudes to forecast the dilution factor at which the
recovery rate is zero for each population density. (c) Forecasted bifurcation diagram (blue
line). Circles and vertical bars represent experimentally approximated stable and unstable
points on the bifurcation diagram, respectively. The dashed line is the approximated
bifurcation diagram using the calibrated model..............ccccceviiiiiiiiiiiiii e, 147

Figure 6.14. Forecasting using measurements at dilution factors of 1,600, 1,700 and 1,800
corresponding to case (b) shown in Fig. 6.2. (a) Measured recovery of the yeast population
from perturbations at three selected dilution factors for the system approaching the tipping
point from parameter values greater than the critical parameter. Each line represents a
separate experiment, and each experiment has 7 replications which are performed
simultaneously using the same source of materials at exactly the same experimental
conditions. (b) Recovery rates at each amplitude computed from measurements shown in (a)
and quadratic polynomial fits. (c) Forecasted bifurcation diagram (solid blue line). Circles
and vertical solid bars represent experimentally approximated stable and unstable points on
the bifurcation diagram. The dashed line is the approximated bifurcation diagram using the
calibrated MOdEl. ........cooouiiiiii e 149

Figure 6.15. Simulation results and forecasting of the bifurcation diagram using the budding
yeast population model (Eq. 6.1) for the system approaching to the tipping point from
dilution factors smaller than the critical value. .............cccooiiiiiiii e, 151

Figure 6.16. Simulation results and forecasting of the bifurcation diagram using the budding
yeast population model (Eq. 6.1), for the system approaching to the tipping point from
dilution factors greater than the critical value...............ccccceeiiiiiiiiiiii e, 153

Figure 7.1. Bifurcation diagram for the two-species Lotka—Volterra competition model. Blue and
red lines represent stable and unstable fixed points, respectively. Arrows show the critical
tranSItion CONSIACTE. .....oouuiiiiiiiiiiie et e et e e et e e e 165

Figure 7.2. Noisy system recoveries from perturbations at K1 = 1.1 used as an input to the data-
driven algorithm to identify the eigenvectors of the two-species Lotka—Volterra model...166

Figure 7.3. (a) Exact (reference) eigenvectors and approximated eigenvectors obtained using the
data-driven algorithm. (b) Early-warning signals recorded using each one of the two

species. Both species provide a good early-warning signal of critical transition. .............. 167
Figure 7.4. Bifurcation diagrams for each node in a network of four interacting species in a chain
configuration. A critical transition occurs at f = 6.8. ........cooviiiiiiiiiiiieeeieeee e 167

Figure 7.5. Early-warning signals recorded using each node in a network of four interacting
species in a chain configuration. Species 2 and 3 provided the most significant early-

XV



warning signal of the critical transition. The vertical dashed line represents the critical
19601153 12 (o) 1 DU TSP P R ORPPPRO 169
Figure 7.6. Distribution of computed Kendall’s 7 of early-warning signals recorded at each node
for 100 independent simulations with random measurement and process noise. Species 2
and 3 were the best to monitor because they provided the most significant increasing trend
in their early-warning SIgNalS. ..........coooviuiiiiiiiieieeeciee e e e e e e e srrrreee e e e e e e enees 170
Figure 7.7. Examples of system recoveries from perturbations at u = 4.5 used as input to the
data-driven algorithm to identify the slowest eigenvector of a network of four interacting
SPIECIES. 1 eeeeiiititteeeeeeeee e ittttaeeeeeeeea e aaaaaaeeeeeeeeaaaa——taaaaeaeeeaaannbaaaaaaaeeeeaannraaaaeaaeeeeaannrnrreees 171
Figure 7.8. Slowest eigenvector of the system estimated using the proposed approach and the
exact eigenvector (reference). The data-driven approach correctly identified nodes 2 and 3
as the ones with the most contribution and node 1 as the one with the least contribution to
the dOMINANT CIZENVECTOT. ......uviiiiiieeeeeeeiiiiieee e e e e eee ettt e e e e e e e sebrarreeeeeeeesararaaeeeaeeeennnnes 171
Figure 7.9. Measured Kendall’s 7 using the recorded signal of each of the four species of
example 7.3.2. For a single observation of system dynamics as it approaches to the critical
transition, Kendall’s 7 is approximated using measurements taken at each of the four

species for different set of sampling resolutions and window Sizes...........ccccceeeeeeeernnnnene. 174
Figure 7.10. Measured Kendall’s t for the time series used to construct Fig. 7.9 with an added
measurement uncertainty to each data Point............cccccvviviiieiiiiiiiiiiiiiee e 174

Figure 7.11. (a) Bifurcation diagram of the spatial harvesting model. Only the stable branches are
shown in this figure. (b) The value of the growth rate ri, j in each region. (b) The value of
the carrying capacity Ki, j in each region. (d) The value of the harvesting rate ui, j in each
(720 0] 4 PP PPPPPRN 176

Figure 7.12. The slowest eigenvector obtained using (a) theoretical formulation, (b) data-driven
algorithm by measuring all regions, and (c¢) data-driven algorithm measuring only the
regions along the top and left edges of the 2D domain. Regions that were not measured are
shown in white; no information is available for these regions. Results from all analyses
suggest that region 1 was the best indicator r€ZION. .........ccecviiiiiiieeeeiiiiiieee e, 178

Figure 7.13. Distribution of computed Kendall’s T of early-warning signals for the spatial
harvesting model discussed in Sec. 7.3.3. Signals were recorded at regions 5, 13, and 21 for
100 independent simulations in the presence of random heterogeneous measurements and
PTOCESS TIOISE. 1ereeeeeeuiiriirreeeeeeesaiuurtereeeaeeeeaaasssssseeeaeeeesaassnsssseeaaesessassssssssesaaeessssnssssssseeeeeens 179

Figure 7.14. Eigenvalues corresponding to the 5 X 5 spatial harvesting model discussed in Sec.
4.1 and their variation with increasing harvesting rate..............ccccevvrereeeeenriiiiiieeeeee e 181

Figure 7.15. Eigenvector corresponding to the 5 X 5 spatial harvesting model discussed in Sec.
4.1. (a) the first dominant eigenvector, (b) the second dominant eigenvector.................... 182

Figure 7.16. Distribution of computed Kendall’s T of early-warning signals for the spatial
harvesting model discussed in Sec. 7.4.1. Signals were recorded at regions 5, 13, and 21 for
100 independent simulations in the presence of random heterogeneous measurements and
PTOCESS TIOISE. 1ereeeeeeuieriirreeeeeeesaaeuratreeeaeeeeaassssaseeeeeeeesaasnsssseeeaasesssnssssssseaeaeesessnssssssseeeeeens 182

Figure 7.17. (a) Change in the dominant eigenvector of the example system as the system
approached the transition at u = 0, (b) early-warning signals measured from system
COMPONEILS. 1eeiiiiiiiiiiiieiieeeeee et ee e e e e e e e e e e e e et e e e e e e e e e e e e e eeeaeaeeaaeaeeaaeaeaaaeeaeeaaeeeeeeeeeeeeeeaeeees 186

Figure 7.18. (a) Change in the dominant eigenvector of the example system as the system
approached the transition at u = 0, (b) early-warning signals measured from system
COMPONEILS. 1eeiiiiiiiiiiiieiieeeeeeee et e e ee e e et e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeaeeaaeaaeaaeeaeeeaeeeeaeeeaeeeeeaeeees 187

XVi



List of Tables

Table 4.1: Geometric and structural properties of the high-aspect-ratio wing.............cccceeee.... 95
Table 6.1: Calibrated model parameters using experimental data and a genetic algorithm........ 140

XVii



Abstract

Complex systems are at risk of critical transitions when the system shifts abruptly from
one state to another when a threshold is crossed. Recent studies have revealed that a variety of
systems, ranging from systems examined by engineering, physics, and biology, to others related
to climate sciences, medicine, social sciences, and ecology are susceptible to transitions leading to
drastic re-organization or collapse. Such an unexpected transition is usually undesirable, because
it is often difficult to restore a system to its pre-transition state once the transition occurs. It is
exceedingly difficult to know if a system comes close to critical transitions because typically no
easily noticeable changes can be observed unless the transition happens. Furthermore, accurate
models are often not available, and predictions based on models of limited accuracy face
difficulties. Hence, we are still ill-equipped to predict critical transitions, and there is an acute need
for reliable methods to predict such catastrophic events.

In this research, a data-driven, model-free approach is introduced to forecast critical points
and post-critical dynamics of complex dynamical systems using measurements of the system
response collected only in the pre-transition regime. Based on observations of the system response
to perturbations only in the pre-transition regime, the method forecasts the bifurcation diagram
and discovers the system’s stability after the transition. The forecasting approach is based on the
phenomenon of critical slowing down, referring to the slowing down of a system's dynamics when

approaching a tipping point. The rate of the system’s recovery from perturbations decreases when
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the system approaches the transition. Thus, the rate of recovery from perturbations can be used as
an indicator, and is correlated to the distance to the transition.

The method is employed to forecast critical transitions in several classes of complex
systems including flutter instabilities in fluid-structural systems, collapse of natural populations in
ecological systems, and the onset of traffic congestions in vehicular traffic flow systems. The
theoretical and experimental results of this study address important challenges in forecasting safety
and stability of complex systems. The capabilities of the methods proposed make them unique

tools for analysis of complex systems in both computational and experimental studies.
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Chapter 1

Introduction

1.1 Motivation

Bifurcations occur in the dynamics of complex systems, from natural ecosystems to
engineered systems. Such phenomena lead to various types of stability issues and can cause
dramatic changes in the dynamics. Therefore, forecasting such bifurcations, i.e. predicting
bifurcations and the bifurcation diagram with measurements only from the pre-bifurcation regime
is a significant challenge and an important need. This is especially important for complex large-
dimensional systems when an accurate model of the system is not easily available or when the
system properties/parameters are unknown.

Numerous studies have revealed the variety of systems that are at risk of undergoing
bifurcations and critical transitions [1,2], ranging from systems examined by engineering [3,4],
chemistry [5,6], physics [7,8], and biology [9—11], to others related to climate sciences [12—14],
medicine and disease [15-17], social sciences [18-20], and ecology [21-23]. Spontaneous
systemic failures such as epileptic seizures in medicine, market crashes in finance, abrupt climate
changes in earth science, collapse of natural populations in ecology, and flutter instability in
engineering are a few examples of such transitions. Such an unexpected change in the equilibrium
state is usually undesirable, because it is exceedingly difficult to restore a system to its pre-

transition state once the transition occurs [24,25]. Hence, it is necessary to develop methods



capable of forecasting the upcoming transition, as part of a preventive plan against possible
detrimental consequences.

Forecasting bifurcations can be straightforward if a mathematical model exists for the
system. However, accurate predictive modeling can be challenging, especially when the system is
complex (e.g., it has many agents with nonlinear interactions). For complex nonlinear dynamical
systems, it is usually not possible to have a model of the system accurate enough to predict
bifurcations of the system without performing measurements in the post-bifurcation regime.
Moreover, even when a mathematical model is introduced, it may be incomplete or inaccurate due
to assumptions and uncertainties in modeling and parameter values. Hence, predictions based on
models of limited accuracy face substantial difficulties [26]. As a result, researchers have focused
on developing model-free approaches to extract early warning signals from observed time series,
and several indicators have been introduced for this purpose [26-33].

Recent studies demonstrate that even without knowing the system equations, tipping points
in the dynamics can be forecasted using early warning indicators which can be extracted from
observed time series of system behavior in the pre-bifurcation regime [32—40]. Several early
warning signals based on the analysis of measured time series have been developed and can
successfully provide an alarm when a system approaches a critical transition. These methods are
applicable to systems with small fluctuations around the equilibrium state resulting from stochastic
perturbations. The most important clues that have been suggested as indicators of whether a system
is getting close to a critical threshold are related to a phenomenon known in dynamical systems
theory as critical slowing down [2,12,34-36]. As the system approaches a threshold, rate of its
recovery from perturbations decreases and the time required for the system to return to its

equilibrium state is increased. This implies that the system becomes more correlated with its past,



which leads to an increase in autocorrelation. Furthermore, the perturbations accumulate which
lead to an increase in the size of the fluctuations and as a result, an increase in variance would be
observed. In summary, the phenomenon of critical slowing down leads to three possible early-
warning signals in the dynamics of a system approaching a bifurcation: slower recovery from
perturbations, increased autocorrelation and increased variance. Such features are observed in
recoveries in the vicinity of catastrophic bifurcation points, and analyses of models exposed to
stochastic forcing show that if the system is gradually approaching to a catastrophic threshold, an
increase in these indicators usually may be detected well before a tipping point [22—24,40]. Several
other indicators have been also explored as early warning signals such as the noise-induced
spectrum [37], the skewness of the probability distribution [30], and the flickering between basins
of attraction before bifurcations [38] (see also ref. [2] for a review).

The advantage of applying early warning indicators to successfully rise the alarm when
approaching a tipping point has been described in many recent studies [26—33,35]. However,
predicting key aspects of the system’s future stability and dynamics still remains a challenge. For
example, although the indicators start to increase as the system approaches the tipping point, it is
necessary to know how much is the quantitative distance to the upcoming transition to better
evaluate and therefore manage the system. Second, it is pivotal to know the type of upcoming
transition, i.e. whether the system is approaching to a catastrophic or a non-catastrophic transition.
Based on nonlinear systems theory, critical slowing down and increase in most of the early warning
indicators is also possible in non-catastrophic transitions, such as transcritical and supercritical
pitchfork bifurcations. Finally, to plan for future management actions, it is important to predict the
equilibria of the system before and after the transition, by using knowledge of the current system

condition. A forecasting method capable of addressing these questions would be of great



importance as it would help to assess the existence of crucial thresholds and to evaluate the future
consequences of surpassing them [41].

To address these limitation, bifurcation forecasting methods were introduced by Lim and
Epureanu [8]. This method uses the recovery rate of the system from perturbations in the pre-
bifurcation regime to forecast the bifurcation diagram of the system. The method resolves main
disadvantages of stochastic methods. However, it was developed for one dimensional manifolds
and simple systems, and still has limitations which cannot be applied to a lot of cases consist of
more complex and large dimensional systems.

The main goal of this research is to remove limitations of existing bifurcation forecasting
methods and develop a method for large dimensional systems and for systems with more complex
dynamics. We consider the main features of dynamical systems and different types of the
bifurcations and develop the forecasting method to the point that it can be applied to real complex
systems with good accuracy. Based on observations of the system response to perturbations only
in the pre-transition regime, the method forecasts the bifurcation diagram which discovers the
system’s stability and equilibria in upcoming conditions. The forecasting approach is based on the
phenomenon of critical slowing down, referring to the slowing down of a system’s dynamics
around its equilibrium when approaching a tipping point. We show that rate of recovery from
perturbations at each amplitude can be used as an indicator, and is correlated to the distance to the
bifurcation. This finding is used to predict the bifurcation diagram which discovers the system’s
stability and equilibria. In this research, we focus on developing the forecasting method for several
classes of complex nonlinear systems. Theoretical and experimental results of this study address

some of the most important challenges in forecasting safety and stability of complex systems.



1.2 Dissertation contributions and outline

In this dissertation, a set of unique techniques, called bifurcation forecasting methods, are
proposed to predict instabilities and bifurcation diagrams of nonlinear dynamical systems without
analyzing system equations. Constructing such a diagram using conventional numerical or

experimental methods needs accurate models, or massive computational or experimental efforts.

Below is the summary of dissertation contributions and outline. The chapters of this
dissertation are compiled from a collection of manuscripts published, accepted or submitted to
scientific journals. Therefore, some of the background materials as well as mathematical

developments are repeated in various chapters.

1.2.1 Forecasting flutter in fluid-structural systems

An important class of nonlinear complex engineering systems prone to critical transitions
is fluid-structural systems. Subcritical and supercritical flutter can occur in fluid-structural systems
and can cause dramatic changes in the dynamics resulting in damage and failure. Hence, one of
the demanding topics of research in fluid-structure interactions is determining the flow speed
above which the system becomes unstable, i.e. determining the flutter speed, and the dynamics
beyond the flutter speed. In this study, we develop a model-free forecasting method which is able
to forecast both the flutter speed and post-flutter dynamics in fluid-structural systems using a
limited number of measurements in the pre-flutter regime. This approach minimizes the effort
required for a comprehensive nonlinear stability analysis of the system. For example, high-fidelity
finite element models of complex fluid-structural systems often have millions of degrees of
freedom. Stability analysis and extracting bifurcation diagrams for such models using theoretical

and classical computational methods is very difficult. Furthermore, experimental methods to



analyze the stability of the system and to determine the bifurcation diagram place the system in
the post-bifurcation regime. This can result in the collapse of the system, which is dangerous if the
test is done in real operating conditions. The proposed forecasting method is effective in both
experimental and theoretical analyses. Details of this study are included in Chapters 2 to 4 where
novel techniques are introduced to forecast the flutter speed and post-flutter dynamics of complex

fluid-structural systems.

1.2.2 Forecasting the onset of traffic congestions on roads

Study of traffic flow dynamics has a long tradition. However, predicting traffic jams before
they occur is still a challenge. In this study, we introduce recently developed tools of tipping point
forecasting in complex systems, namely early warning indicators and bifurcation forecasting
methods, and investigate their application to predict traffic jams on a circular road. The main
advantage of the proposed methods is that they are model-less. The methods are based on
exploiting the phenomenon of critical slowing down which occurs in dynamical systems near
certain types of bifurcations, such as traffic jams. One can forecast the onset of traffic jams and
the dynamics of the traffic after the bifurcation by using a few traffic measurements before the
tipping point occurs. The measurements required for forecasting are recorded headways between
cars in traffic. Forecasting approaches are applied to several simulated traffic flow conditions and
the onset of traffic jams and the traffic dynamics after this critical point are forecasted while no
model of the system is required. The proposed approach represents a substantial advantage for
complex systems such as traffic flow systems where an accurate mathematical model is not easily

available. The introduced approaches and ideas can be used as a basis for more developments to



address some of the challenges related to the complexity of traffic dynamics. Details of this study

are included in Chapter 5.

1.2.3 Forecasting critical transitions in natural populations

Regime shifts in ecological systems have received a growing attention since the cumulative
human impact on the environment is increasing the risk of ecological regime shifts. Possible
consequences include the collapse of natural populations which inhabit the ecosystem. Hence, it
is necessary to develop methods capable of forecasting upcoming transitions, as part of a
preventive plan against possible detrimental consequences. For example, there is a need for
methods to predict catastrophic events in populations of plants and animals because such events
can lead to irreversible consequences such as extinction of species. The potential impact of such
methods is high also when applied to disease eradication (populations of infectious diseases).

To address this important topic, we develop and experimentally evaluate a unique
forecasting method to forecast critical transitions in ecological systems and natural populations.
We evaluate the method using as a model ecological system a population of budding yeast with
cooperative growth which exhibits a catastrophic transition as the environment deteriorates,
resembling an ecological collapse. This system shares similar dynamics with many natural
ecological systems which exhibit a catastrophic transition. The goal of this study is to forecast
crucial information about the future system’s safety and stability, such as the quantitative distance
to upcoming transition (collapse), the type of upcoming transition (i.e., catastrophic/non-
catastrophic) using some observations of system dynamics in the safe pre-transition regime.

Developing such approach is exceedingly important in ecological management. Details of this



experimental study are included in Chapter 6 where we explain how we developed and evaluated

a method to forecast the bifurcation diagram and stability of a model ecological system in the lab.

1.2.4 Identification of the best indicator species in ecological systems

Critical slowing down indicators can alarm approaching to an impending transition in
ecological systems. However, in a network of interacting components, not all the components
provide the same level of information to detect a system-wide transition. Identifying the best
indicator species in complex ecological systems is a challenging task without a model of the system
available. Here we propose a data driven approach to rank the elements of ecological system based
on their reliability in providing the best early warning indicators of critical transitions. The system
response to perturbations are recorded and employed as an input to experimental modal analyses
techniques which are common tools in identifying dynamical systems features. Taking advantage
of the proposed approach, the dominant eigenvectors of the system are approximated and the best
indicator species/regions of abrupt transitions are recognized. The approach is applied to several
models of ecological systems with different number of species, different dynamics and
connectivity pattern, and the system species/regions are successfully ranked based on the reliability
of their provided early warning signals of catastrophic regime shifts. The challenges associated
with ranking the nodes in networks of interacting components are also studied and some conditions
resulting in false early warning signals are analyzed. Details of this study are included in Chapter

7.



Chapter 2

Forecasting Flutter in Fluid-Structural Systems

2.1 Introduction

Bifurcations occur in the dynamics of nonlinear systems and lead to various types of
stability issues [2,42,43]. Forecasting such bifurcations with measurements only from the pre-
bifurcation regime is of great interest. This is especially important for complex large-dimensional
systems when accurate models are not easily available or when their parameters are unknown. A
common type of bifurcations in engineering systems is Hopf bifurcations. Subcritical and
supercritical Hopf bifurcations have been observed in a variety of systems such as fluid-structural
systems [44—47], automotive dynamics [48], machine tools [49,50], nonlinear circuits [51], etc.
Such bifurcations can cause dramatic changes in the dynamics and failure. In supercritical Hopf
bifurcations above the bifurcation point, the system exhibits limit cycle oscillations that gradually
increase with the parameter. For systems exhibiting subcritical bifurcations, possible jump
phenomena (bi-stability) exist even below the (linear) bifurcation point.

There are many studies focused on the identification of the bifurcations and the system
dynamics in the post-bifurcation regime. These studies use mathematical models of the system and
methods such as harmonic balance [52,53], multiple scales [54,55], normal forms and nonlinear

normal modes [56,57] to analyze their stability and determine the bifurcation diagrams.



Furthermore, there exist numerous numerical methods regarding construction of bifurcation
diagrams of systems using the system equations [58,59]. Based on these techniques, several
software are also developed to construct bifurcation diagrams in different types of systems (e.g.
AUTO [60], MATCONT [61], DDE-BIFTOOL [62], and PDDE-CONT [63]).

These analytical and computational methods work very well in determining bifurcations
and bifurcation diagrams; however, they are model-based methods and require a known and
accurate model of the system to analyze the stability. This causes two main drawbacks that make
the methods difficult or impossible to use in a large class of realistic applications. First, extracting
a model for the desired system is sometimes not feasible especially when the system is complex
(e.g., it has many components with nonlinear interactions). Second, even when a mathematical
model is established, it may be incomplete or inaccurate due to assumptions and uncertainties in
modeling and parameter values. Hence, predictions and real results may be different.

Experimental methods to analyze the stability of the system and to determine the
bifurcation diagram place the system in the post-bifurcation regime. This is a demanding task, and
can result in the collapse of the system, which is dangerous if the test is done in real operating
conditions.

An important class of nonlinear complex engineering systems prone to subcritical and
supercritical Hopf (flutter) bifurcations is the fluid-structural interaction [43,64-69]. These
phenomena can cause dramatic changes in the system dynamics typically resulting in loss of
performance is possible is total failure. Hence, one of the demanding topics of research in fluid-
structure interactions is determining the speed above which the system becomes linearly unstable,
1.e. determining the flutter speed. Furthermore, identifying the flutter type (supercritical and

subcritical) and the limit cycle amplitude beyond the flutter speed are also important especially
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when operating close to the linear flutter boundary. Because of the existing challenges in analyzing
the stability of nonlinear systems, new methods capable of forecasting the bifurcation point and
post-bifurcation dynamics of fluid-structural systems is necessary. To address this challenge and
due to the importance of the topic, we introduce a new method of forecasting bifurcations in fluid-
structural systems. The approach is based on the phenomenon of critical slowing down which
accompanies many bifurcation phenomena including flutter, i.e. when the systems is close to the
bifurcations, perturbations lead to long transient oscillations before the system reach to its stable
state. This approach is capable of forecasting not only the distance to bifurcations but also the
dynamics of system in the post-bifurcation regime. The unique feature of the method is that it is
model-less: no mathematical model of the system is required for forecasting. Hence, it is applicable
to complex nonlinear systems where a model of the system is not available, or where analysis
would require massive computations. To forecast the bifurcation diagrams using this method, one
measures several system responses to perturbations in the pre-bifurcation regime. As a result, the
method is computationally efficient and is safe in real applications since the system is never placed
in the potentially dangerous post-bifurcation regime.

To demonstrate the proposed method and to highlight its advantages, the approach is
employed to determine bifurcation diagrams of two- and three-degree-of-freedom (DOF) fluid-
structural systems with cubic nonlinearity. This system is composed of a typical airfoil section in
pitch and plunge, equipped with a trailing-edge control surface. Instead of experimental
measurements, we use surrogate data obtained as time series from simulation of the model as input
to our method. To reflect realistic situations, gust loads are applied as disturbances to the system
while system recoveries are measured. These perturbations mimic better the actual behavior of the

system compared to simply choosing different initial conditions in position or velocity coordinates.
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Note that in general, the forecasting method works based on measurements not on model
equations. In this study, these measurements are surrogate measurements generated using a
theoretical model. Surrogate data are used so that we can show the applicability of the proposed
method while at the same time we have knowledge of the exact behavior of the system. The exact

behavior of the system is used to validate the forecasting method.

2.2 Forecasting method
Consider a system that exhibits Hopf bifurcations. The system oscillates during its recovery
from perturbations in the pre-bifurcation regime. When the system is close to the bifurcation,
perturbations lead to long transient oscillations before the system reaches its equilibrium position.
This phenomenon is known as critical slowing down. This means that the rate of the system’s
recovery from perturbations decreases when the system approaches the bifurcation. Therefore, the
recovery rate of the system from perturbations can be used as an indicator, and is correlated to the
distance to the bifurcation.
Consider a co-dimension one nonlinear system with the parameter » and amplitude of 7.
The change rate of system amplitude can be generally written as
r=flur) (2.1)
Using a Taylor series around the bifurcation point (4 = p.), the recovery rate can be expressed as
F=r{0) +a (M@ — p) + ax () — p)? + HOT), (2.2)
where p(r), a,(r) and a,(r) are polynomial functions independent of parameter u. This relation
means neither that the dynamics of the system have been linearized in state space nor that the
dynamics have small amplitudes. The linearization is only in the parameter space about the critical

value p, of the parameter. Thus, we are not restricted to small perturbations.
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For parameter values close to the bifurcation, in this study we assume that the system has
second order polynomial dependence on the parameter, and higher order terms can be neglected.
However, depending on the application, one may use higher order terms in the approximation
especially when the forecasting is used at parameters far from the tipping point (¢.). Now consider

that a perturbation is applied to the system. The recovery in Eq. (2.2) can be written as

T
A,r) === p() +ar (N = pe) + @ () = pe)*, (2.3)
Here, A(u, 7) is the rate of system recovery from perturbations expressed as

AW@:%?' (2.4)

The polynomial used in Eq. (2.3) determines the minimum number of measurements
required for forecasting the bifurcation diagram. Since in this study we use a second order
polynomial, forecasting is possible using at least three measurements in the pre-bifurcation regime
(i.e., recoveries at three values of the bifurcation parameter). That being said, generally the more
measurements are available in the pre-bifurcation regime, the more accurate the forecasting is.

Using measurements of the amplitude of the dynamics, one can employ the following
finite-difference approximation to estimate A(u, ) (see also Fig. 2.1 (a)) as

A(U: T') — d(cl;r) ~ lnr+2;ltnr_ ’ (2‘5)

where At is the time between samples, 7, is the value measured at time t + At, and 7 is the value
measured at time t — At. The recovery rate plays the most important role in the forecasting
method. The critical slowing down phenomenon at the bifurcation point influences the dynamics
near that point also. Specifically, the recovery rate decreases when the system approaches that
point. At a fixed system amplitude r, the farther the system is from its corresponding post-

bifurcation regime, the weaker the critical slowing down and the faster the recovery rate of the
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system is at that amplitude. This is used for predicting the post-bifurcation regime (namely the
bifurcation diagram).

Suppose that we collect time series during recoveries at several different parameter values
U1, Uz, -, Up. At a given parameter value p, (withk =1, ...,n), we can choose a value r = 7 and
compute A(uy, ) using the measurements. Therefore, n equations are obtained from Eq. (2.3), one
for each k, in the form

A, ) = p(F) + ay (F) (e — ) + az (A (e — 1) (2.6)

The values of A(uy, 7) in Eq. (2.6) are obtained from measurements using Eq. (2.5). Fitting a 2"
order polynomial to these values in the u — A(u, ) space, the unknown constants a, (), a,(#)
and pu. can be found. Individual values of A(u, ) and the resulting fitted curve are conceptually
shown in Fig. 2.1 (b). The intersection at u = fi of the fitted curve with the u axis corresponds to
a zero recovery rate. That is the most important point, and represents the forecasted parameter for
the corresponding #* value. This means that a fixed point exists in the post-bifurcation regime at 7
when the parameter value is fi. This procedure can be repeated for different values of 7 and hence
the bifurcation diagram is predicted. This is conceptually shown in Fig. 2.1 (c). Note that in this
procedure the measurements are collected only in the pre-bifurcation regime, and the bifurcation

diagram is predicted without any measurements in the post-bifurcation domain.
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Figure 2.1: (a) Schematic of the response of the system during the recovery from a perturbation, (b)
Recovery rate vs. bifurcation parameter and the value obtained for the forecasted i, (¢) Forecasted
bifurcation diagram

This procedure can be easily used in the cases that the system recovers from perturbation
without oscillations. However, in fluid-structural systems with flutter bifurcations, the system
oscillates during its recovery in response to perturbations in the pre-bifurcation regime (Fig. 2.2).
In this case, Eq. (2.5) cannot be used for all of the data collected in measurements. That is because
the motion is essentially two-dimensional and data points may be adjacent to each other but they
do not necessarily have the same phase. The simple solution for this problem is to fix the phase by
selecting the local maxima of the recovery data and using only those measured values in the same
procedure (as for the non-oscillating case). This is a good approximation in the cases where the
system oscillates with high frequencies. However, in the case of low frequency oscillations, there
may not be enough samples available to have a good approximation.

To overcome this limitation we enhance the forecasting method to obtain recovery rates by
nonlinear optimization. At each parameter value, the recovery rate is assumed to be represented

by a polynomial of order p in r. One obtains

A, ) = Ag() + A, (Wr(p, t) + -+ 4, (WrP (u, t), (2.7
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Figure 2.2. Schematic of the change in the rate of recovery from perturbations in a system approaching
flutter; oscillations last longer when the system is closer to the flutter speed.

where in general the coefficients A; (i = 0, ..., p) are dependent on the bifurcation parameter. At a
fixed parameter value (u), these coefficients are constant over time. Using the definition of
Alu,r) = 7/r from Eq. (2.3), one may re-write Eq. (2.7) as
=1 + 47 + -+ A,7P). (2.8)

For a set of given values of the coefficients A; (i = 0, ..., p), Eq. (2.8) can be integrated in time to
obtain r(t). When the coefficients A; are accurate, the values obtained for r(t) from the integration
match the values 7, (t) obtained from measurements. In particular, this match has to hold for the
local peak values in the measurements. Hence, the coefficients A; can be obtained at each y value
using a nonlinear least squares optimization which minimizes the difference between 1, (t) and
r(t) for all t values which correspond to local peak responses at that u value.

Using this method, a more precise approximation of recovery rate A can be obtained when
the time history has low oscillation frequency and only a few peaks. The order p of the polynomial

has to be chosen via a convergence test. In the current work we used a value of 4 which was
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sufficient to capture both supercritical and subcritical bifurcations. The forecasting procedure is
shown in Fig. 2.3.

There are several requirements for the forecasting method to be accurate. A first
requirement is that the system is close enough to the bifurcation as to exhibit measurable slowing
down in its recoveries. Moreover, measurements containing identifiable parts are on the inertial
manifold to ensure that changes in the recovery rates are due to the slowing down phenomenon.
The inertial manifold is an invariant set where the dynamics is slowest in time and contains main
features of the system. Thus, this manifold is the slowest, and if the system starts from a state in
this set, it remains in that set at all times. A second requirement is that the system dynamics and
its inertial manifold vary smoothly with the bifurcation parameter, which is the flow speed in the
current study. The assumptions made in the forecasting method, although restrictive, do not reduce
the method applicability to just a few special cases. Many biological, ecological, engineering
systems exhibit bifurcations such as Hopf, saddle node, pitchfork and transcritical bifurcations
which satisfy the method assumptions. Examples are bifurcations in population dynamics, fluid-
structural systems, periodically forced systems in engineering systems and disease dynamics,
nonlinear circuits, to name a few. However, note also that critical slowing down does not exist in
all types of bifurcations. For example, systems undergoing period doubling cannot be forecasted

using the proposed approach.
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Figure 2.3. Schematic of proposed forecasting method procedure: 1) System recoveries are measured
after perturbations, and the recovery rate is estimated using nonlinear optimization for the local maxima
of the measurements. 2) The estimated recovery rates for a fixed amplitude at each measured parameter
are analyzed. 3) The parameter fi where the recovery rate becomes 0 at amplitude 7 is determined using
a low order polynomial. 4) Steps 2 and 3 are repeated for several amplitude values 7, and the bifurcation
diagram is constructed using the forecasted pairs of values (fi,7).
2.3 Forecasting Hopf bifurcations in large dimensional systems
In the previous section, the forecasting method was developed for a single degree of
freedom system oscillating during its recovery from perturbations. However, in large dimensional
systems there might be a large number of active spatial coherences (e.g., modes) in a measured
recovery from perturbations. In the great majority of Hopf bifurcations, including flutter, only one
pair of conjugate eigenvalues is involved in the bifurcation (as shown in Fig. 2.4). This means that

only one of the existing modes is involved in the instability, and the effect of other modes can be

expressed as a function of this key mode thus being removed from the measurements to achieve
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maximum accuracy in forecasting. This is exploited in the proposed forecasting method to enhance
the accuracy of bifurcation prediction.
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Figure 2.4. Eigenvalues of the fixed point at the origin as a function of the bifurcation parameter

In the aeroelastic systems, the inertial manifold near flutter is generally a two-dimensional
nonlinear manifold. This manifold is tangent to the (two-dimensional) center space of the system
(Fig. 2.5). Hence, the center space is a good approximation of the inertial manifold near the
bifurcation and the coordinate of the mode involved in the bifurcation captures the entire dynamics
near the bifurcation point. Thus, we project the dynamics of the system on the center space. In this
two dimensional space, we can capture and study the critical slowing down behavior for
forecasting when the system is close to the bifurcation. A basis in the center space is obtained as
linear modes by using a measurement-based modal decomposition technique. This technique
allows us to identify and separate the effects of the mode which exhibits critical slowing down
from the other modes. Hence, the dynamics of the system is projected onto the space spanned by

the eigenvectors of the bifurcating mode while unwanted modes are filtered out. That leads to more
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accurate data for the mode which does have critical slowing down, and that enhances the precision

of forecasting the post-bifurcation regime.

Center space

Figure 2.5. Schematic of the system dynamics on the inertial manifold and its projection on the center
space.

There are several modal identification approaches which can be used to extract mode
shapes of a system from measured responses of the system to perturbations [70,71]. Since we apply
the forecasting method close to the bifurcation, the mode corresponding to the pair of eigenvalues
with the smallest real part is the one which experiences critical slowing down and is most closely
involved in the bifurcation. Here, we use an eigensystem realization algorithm (ERA) [72-75].
This ERA is designed for linear modal analysis and provides an approximation for the spatial
correlations in the dynamics close to the bifurcation point. This approximation has acceptable
accuracy for the aeroelastic system we consider and for the range of perturbations which occur in
this system.

ERA is a time domain MIMO algorithm to identify modal parameters of the system based
on the Hankel matrix and its singular value decomposition. The fundamentals of this method can
be found in the literature [72—75]. Here, only the major steps of the algorithm are presented as
related to the aeroelastic system of interest. Specifically, ERA starts with the state-space

representation of the system as
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x(t) = Ax(t) + Bu(t) (2.9)
y(t) = Cx(t) + Du(t)’
where x is an N-dimensional vector of state variables, y is an n-dimensional vector of measured
state variables, u is an m-dimensional excitation vector, and A, B, C, and D are state space matrices
(constant over time).

Consider that the system 1is exposed to an initial gust which provides a
perturbation/excitation of the type usually occurring during the system operation. The solution of
Eq. (2.9) for the system recovering from this perturbation with u(t) = 0 from the initial conditions
Xo can be expressed as

y(t) = CP()x, , (2.10)
where ®(t) is the state transition matrix from state x,, at time t = 0 to state x(t) = ®(t)x, at time
t. Further consider that the response of the system measured in time and is sampled with a Ar time
increment. Equation (2.10) at time t = k At (for k = 0,1,2, ...) can be written as

yi (t) = CO*(At)x, . (2.11)
Repeating the measurements for a sequence of [ distinct non-zero initial conditions
Xo = [Xo,1> X2, -+, X0, and letting S = ®(4t), Eq. (2.11) can be rewritten as

Y, (t) = CSkX,, (2.12)
where Y, 1s a matrix with dimension n X [.

The objective of the ERA is to find S, X, and C such that Eq. (2.9) is satisfied as closely
as possible by using a sequence of experimentally measured Y, (for k =0,1,2,..). The

measurements are organized in generalized Hankel matrices for each k as follows
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Y(k) Yk+1) .. Yk+v-1)

Hio = | YRFD Y+ - Y+ w) ’ (2.13)

Yk+r—-1) Y(k+r) - Yk+r+v-=-2) .,

where r and v are chosen depending on the particular application.

The singular value decomposition of H(0) can be written as H(0) = _ZlT, with the

singular values in Z ordered in decreasing order. Only the first N of them are nonzero. These

singular values are grouped in a truncated version of Z denoted by Z. Matrices ] and P are truncated

accordingly to obtain ] and P by keeping only their first N columns. It can be shown that one

solution for the matrices S, X, and C can be expressed as

S=2Zz"Y2PTHQ)]Z 3

X, = Z'*)TE,,
C = ETpz1/2, (2.14)
where Ef =[, 0, O, .. O,] and Ef =[I;, O, O, .. O], while I; and O; are

identity and zero matrices of order i, respectively.

Equation (2.14) is not a unique solution. For example, for any nonsingular matrix T,
S=T71ST, X, = T~'X,, and C = CT are also a solution. Letting T be the eigenvector matrix of
S, and transforming the computed matrices to modal coordinates, it can be shown that C contains
the mode shapes of the system [75]. Furthermore, natural frequencies and damping ratios of
continuous system can be obtained as follows

N =0; fiwg = iln (80, (2.15)

where §; is the i diagonal element of matrix S (which is a diagonal matrix).
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2.4 Two-degree-of-freedom aeroelastic model

The proposed forecasting method is applied to an aeroelastic system. The system is modeled
as a 2D airfoil oscillating in pitch and plunge as shown in Fig. 2.6. The free stream velocity is the
bifurcation parameter in this demonstration of the forecasting approach. The system is considered
to be exposed to gusts which create perturbations. The recovery of the system from these

perturbations is measured and used for forecasting.

Mean position=~. _

Figure 2.6. Two-degree-of freedom acroelastic model showing an airfoil of chord 2b, its aeroelastic axis
(EA), its center of mass (CG) (at a distance x,b from the EA), and the pitch and plunge coordinates a
and h
An actual model of this system is not needed for forecasting. However, a model can provide
simulated or surrogate measurement data. Closely following [65], the equations of motion for this

system can be written as

E + xqii + 25

(%) 6 =-L2-p @,

2((1 U*z M( ) — ZCM(T) + Qg(T) (216)

where «a is the pitch angle, h is the plunge displacement, & = % is the non-dimensional plunge

displacement, T = % is the non-dimensional time, and the overdot indicates differentiation with

respect to 7. U is the free stream velocity, and U* = U/(bw,) is the non-dimensional free stream
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velocity. @ = wg/wy is the ratio of the natural frequencies of uncoupled plunge and pitch modes,
namely wg and wg. The damping ratios for the pitch and plunge are ¢, and {¢, and 1, is the radius

of gyration about the elastic axis. M (a) and G (&) are the structural elastic torque and elastic force
created by the pitch and plunge motions. They are considered decoupled and nonlinear to account
for structural nonlinearities as follows

M(a) = mia + mya® + msa®,

(2.17)

G(§) = 91§ + 938° + g58°,
where m; and g; (i = 1,3,5) are coefficients characterizing the airfoil elasticity in pitch and
plunge, respectively.
The effects of the aerodynamics are modeled by C, (7) and C,,(7) which are the coefficients of lift

and moment. These coefficients are given for incompressible flow by Fung [76]. The effects of

the gust are modeled by F;(7) and Q4 (7) which are the lift force and pitch moment due to a gust

profile, and are given by the following expressions [77]
20,
P (r)= ;jl//(l’ -o)wg(o)do
’ (2.18)

0,(1)=—5 (G +a) (-0, (0)do>
lura 2 0

where wg (1) is the vertical gust velocity distribution, and 1 is the Kussner function [77].

The aerodynamic states are contributing many degrees of freedom to the system, and that
is reflected in the existence of the integral terms in the model for the aerodynamic forces (such as
the terms in Eq. (2.18) involving the Kussner function). For enhanced computational efficiency,
new variables (augmented states) and some simplifications can be introduced [65]. These

transform Eq. (2.15) into a set of 8 first order ordinary differential equations as follows

24



x=f(xU"1) (2.19)
where X = [xq, X5, ..., xg] is the vector of state space variables, namely x; = a, x, = d, x3 = &,
Xy =&, X5 = Wy, Xg = Wy, X; = W3, Xg = W,. The augmented variables w; are defined as [65]

T T
w, = f e 1(=Dq(c)do ,w, = f e~ 2= g(g)do
0 0
(2.20)
T T
wy = f e 1= ¢(g)do ,w, = f e~ 2= ¢ (g)do
0 0
where €; = 0.0455 and €, = 0.3 are parameters obtained to approximate the properties of the
integral terms in the aerodynamics (such as the ones involving the Kussner function).
Equation (2.19) is used to simulate the dynamic of the system and obtain recovery data
from perturbations (gusts) in the pre-bifurcation regime. These data are used as surrogate
measurements to demonstrate the forecasting method. Note that the actual model in Eq. (2.19) is

not needed for the forecasting, but only for generating surrogate measurement data.

2.4.1 Results and discussion

In this section, the forecasting method is demonstrated in a numerical example. The
parameters used for the aeroelastic system are 7, = 0.7, @ = 0.2, a, = —0.5, x, = 0.25,
pu =100, = {, = 0. A wind gust of (1-cos) type is used as perturbation to the system [77]. The

vertical gust velocity distribution is zero except for 0 < 7 < 2t; where it is given by

w T
wg (1) = 70(1 - cosT—), (2.21)
G

where w,, is the gust intensity, and 7 is the gust gradient expressed in half-chord unit length.
After the airfoil passes the gust, i.e. after T = 21, the system starts to recover from the

perturbation caused by the gust. This response of the system can be obtained by solving Eq. (2.19)
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in time, and the results can be used as surrogate data to demonstrate the forecasting method. Also,
depending on the structural nonlinearities, the system may face supercritical or subcritical Hopf

bifurcations. The forecasting method is applied for each case in the next two sections.

2.4.1.1 Supercritical bifurcations

For supercritical bifurcations, the coefficients of the elasticity of the airfoil in Eq. (2.17)
are selected asmy =1, my = 1.5, my; =0, g, = 2, g3 = 0 and g5 = 0. Based on Eq. (2.3), we
discuss results obtained using the lowest number of measurements (i.e., three measurements).
Three parameter values (U* = 7.55,7.50, and 7.45) are chosen in pre-bifurcation regime, and time
histories of the dynamics of the aeroelastic system in response to gust perturbations are obtained
by solving the equations of motion numerically (Fig. 2.7). We confirm that the forecasted
bifurcation diagrams have good accuracy. Note that increasing the number of measurements does
not change these results.

The applied gust parameters are chosen as wy = 0.1 and 7, = 5 for all three flow speeds.
Note that in the proposed method, the perturbations do not have to be all the same and they do not
have to be dependent on the bifurcation parameter. For the aeroelastic system that means that the
intensity of the gusts which provide the perturbation does not have to be the same and the gusts do
not have to be related to the far field flow speed. In addition, perturbations do not have to have the
same source (e.g., gust). They could be caused by any perturbation (e.g., maneuvering). However,
each perturbation creates an amplitude for the resulting (perturbed) dynamics. The largest
forecasted amplitude in the forecasted bifurcation diagram cannot be larger than the amplitude
created by these perturbations. For the aeroelastic system, we used only gust perturbations. Also,

since the gust intensity can be any value, we used the same value.
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To extract the modal parameters of the system, the ERA method is used. We assume that

the measured states in the aeroelastic system are pitch, plunge and their velocities (i.e., a, &, ¢,

and ). Therefore, the vector y in Eq. (9) is y(z) = [a(7), ¢ (1), (1), & (T)]T. The parameters r and
v are chosen to have a value of 500 in this study, and At = 0.5.

The modal parameters are only computed at the largest flow speed value and used for all
measurements (at all flow speeds). That is consistent with the assumption made in the forecasting
method that the inertial manifold varies slowly with the bifurcation parameter. Therefore, we only
need to find the center space at the nearest parameter value to the bifurcation point and use that for

the entire forecasting procedure.
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Figure 2.7. Measured system responses to perturbations in pitch displacement at 3 non-dimensional flow
speeds U* = 7.45, 7.50, and 7.55 in supercritical case.

The forecasting method is applied to obtained time series data of pitch and plunge
displacements. Figure 2.8 shows the recovery rate A versus pitch amplitude obtained for a fixed
flow speed value. Figure 2.9 shows the plot of U* — A for the pitch displacement. In this figure,
the intersection between each curve and the horizontal axis is the forecasted flow speed U™ value

in the post-bifurcation regime for its corresponding amplitude.
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Figure 2.10 shows the actual and the predicted bifurcation diagrams of pitch and plunge

displacements, demonstrating that the method predicts the post-bifurcation regime accurately.
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Figure 2.10. Forecasted bifurcation diagrams (+) for (a) pitch and (b) plunge displacements in a
supercritical case.

To understand the importance of applying the modal decomposition and projection to the
center space, the forecasted bifurcation diagram of the pitch displacement when these are not

applied is shown in Fig. 2.11. The prediction is not accurate especially at large amplitudes which
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are affected more by the modes that are not involved in the bifurcation. The smaller amplitudes
have better accuracy since they correspond to later times in the recovery, when the components of
the response which do not have critical slowing down are lower (they had time to decay). This
effect can be observed in Fig. 2.12, where the system response of pitch and plunge displacements
are compared before and after modal decomposition. The difference between the signals used for
forecasting at small amplitudes is negligible. However, at large amplitudes the difference is larger
and affects the forecasting accuracy. Note in Fig. 2.12(b) that the plunge amplitudes greater than
0.1 cannot be predicted using original data because these values are highly affected by the modes
without critical slowing down. These results show the importance of separating modes for Hopf

bifurcation predictions.
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Figure 2.11. Forecasted(») and exact (-) pitch bifurcation diagram without applying modal decomposition

29



Pitch (degree)
Plunge (non-dimensional)

Z L L . . ’ ) . . .
0 200 400 600 800 100¢C o 200 400 600 800 1000

(a) (b)

Figure 2.12. Comparison between system gust response for (a) pitch and (b) plunge displacements before
(solid line) and after (dashed line) modal decomposition

2.4.1.2 Subcritical bifurcations

Prediction of subcritical bifurcations has an even greater importance than supercritical ones
because it can cause sudden and dramatic change in the LCO amplitude. To demonstrate the
forecasting method in such a case, the coefficients of Eq. (2.17) are chosenasm; = 1, m3 = —1.5,
ms = 50, g, = 2, g3 = 0 and g5 = 0. Then, gust perturbations are applied to the system and data
is collected in recovery periods at flow speeds U* = 7.55,7.50, and 7.45 in the pre-bifurcation
regime. These surrogate measurement data is used to forecast the bifurcation diagram for pitch and
plunge displacements as shown in Fig. 2.13. In this figure, the very largest amplitudes in the
bifurcation diagram could not be predicted accurately because these very large values of
amplitudes are not present in the recovery time series. In fact, gust perturbations of low intensity
are not strong enough to perturb the system into such large amplitudes. Nonetheless, the important
fact is that the forecasting method can predict the bifurcation diagram sufficiently to indicate that

the system is approaching a subcritical bifurcation.
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As the gust intensity is increased, larger perturbations are created and the forecasting
method predicts larger ranges of the bifurcation diagram (Fig. 2.14). As an example, the forecasted
post-bifurcation regime for pitch and plunge displacements are shown in Fig. 2.15.

In summary, the results show that the proposed method is able to forecast both supercritical
and subcritical bifurcation diagrams for both pitch and plunge displacements with a good accuracy.
When large amplitude perturbations are not available, the method predicts accurately the linear
bifurcation point as well as the type of bifurcation (supercritical or subcritical). This is an important

advantage of the proposed method compared to other techniques such as the ones based on

variance [30,37,38].
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Figure 2.13. Forecasted () and exact (-) bifurcation diagram for (a) pitch and (b) plunge displacements
in subcritical case
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Figure 2.14. Measured system responses to large perturbations in pitch displacement at 3 non-
dimensional flow speeds U* = 7.45, 7.50, and 7.55 in subcritical case.
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Figure 2.15. Forecasted () and exact (-) bifurcation diagram for (a) pitch and (b) plunge displacements
in subcritical case for larger perturbations.

2.5 Forecasting three-dimensional bifurcation diagrams

In a large class of oscillatory systems, the inertial manifold of the system close to Hopf
bifurcations is a two-dimensional manifold containing states at different phases. In the previous
section, the maximum limit cycle amplitudes of pitch and plunge displacements in the post-

bifurcation regime were forecasted. Each of these forecasted bifurcation diagrams corresponds to
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a fixed phase on the inertial manifold which is the phase at which the post-bifurcation limit cycles
exhibit their maximum amplitudes for the corresponding state variable.

The proposed forecasting method successfully forecasts the maximum limit cycle
amplitudes, but not the entire limit cycles (i.e., the response at all phases in the inertial manifold).
In this section, we include the phase difference between system states in an improved forecasting
procedure to forecast three-dimensional bifurcation diagrams where the dimensions are:
parameter, position state, and velocity state. Therefore, the new approach allows us to forecast
more comprehensively the post-bifurcation dynamics, i.e. the limit cycle amplitudes of system
states at all phases. This is a significant advantage since constructing these bifurcation diagrams
using conventional numerical or experimental methods needs accurate models, or massive
computational effort, especially for complex large dimensional systems.

The forecasting idea proposed in Sec. 2.2 can be generalized to forecast three-dimensional
bifurcation diagrams of nonlinear oscillatory systems for a large category of systems which exhibit
a Hopf bifurcation with a two-dimensional inertial manifold. Therefore, the dynamics of the
system can be studied using any two coordinates on the inertial manifold. Moreover, choosing any
phase in the two dimensional manifold reduces the system to a one-dimensional nonlinear map
and the described forecasting method can be used. Thus, we can choose any arbitrary phase in the
center space, i.e., the x; — x, plane in Fig. 2.16, where x; and x, are any two arbitrary system
state variables (coordinates), and separately forecast the bifurcation diagrams of x; and x, at this
phase using the described forecasting method. Alternatively, one may forecast one of the states
and relate that to the other state using the selected phase. This pair of forecasted diagrams is a
curve in the 4 — x; — x, space, which is the forecasted bifurcation diagram at the selected phase.

Repeating this procedure for different phases, the complete three-dimensional bifurcation diagram
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in the 4 — x; — x, space is forecasted. This procedure can be interpreted as choosing different
phase lines on the inertial manifold, and forecasting the bifurcation diagram for the selected phase
(Fig. 2.16). The same procedure can be followed for any combination of state variables to forecast
three-dimensional bifurcation diagrams for other coordinates.

Note that forecasting three-dimensional diagrams does not require an increased number of
recoveries. However, more measurements are needed so that all desired phases are measured and

the bifurcation diagrams are forecasted for different phases of the measured recoveries.

X2 A

®n

(a) (b) (©)
Figure 2.16. Procedure of forecasting three-dimensional bifurcation diagrams: a) select a phase in x1-x,
plane at measured recoveries. b) forecast bifurcation diagrams of x; and x, at the selected phase using
forecasting procedure (Fig. 2.3), ¢) combine the pair of forecasted diagrams to construct a curve in three-
dimensional space. The procedure is repeated for different phases to construct complete three-
dimensional bifurcation diagram in g —x;-x, space
Following the described forecasting procedure, three-dimensional bifurcation diagrams of
the two-degree-of-freedom airfoil of Sec. 2.4 are forecasted. For the considered system in
Sec. 2.4.1.1, bifurcation diagram for supercritical bifurcation in flow speed-pitch-pitch velocity

space is computed and the results are shown in Fig. 2.17(a). Figure 2.17(b) shows the forecasted

limit cycle amplitudes at U* = 7.65 for the bifurcation diagrams of Fig. 2.17(a). It can be observed
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that the forecasting method accurately predicts the limit cycle amplitudes at different phases.
Three-dimensional bifurcation diagrams for any other combination of state variables can be
obtained similarly.

Similarly, three-dimensional bifurcation diagrams can be forecasted for systems exhibiting
subcritical bifurcations. The bifurcation diagrams in flow speed-pitch-pitch velocity space for the
two-degree-of-freedom airfoil considered in Sec. 2.4.1.2 is forecasted and the results are shown in
Fig. 2.18. Results show that the dynamics of the system is comprehensively forecasted in the post-
bifurcation regime. Constructing these bifurcation diagrams using the forecasting method is a
substantial advantage compared to conventional numerical or experimental methods that need

massive experimental campaigns or computational efforts.
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Figure 2.17. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-pitch-pitch velocity
space for a system that exhibits a supercritical bifurcation. Dashed lines are forecasted bifurcation
diagrams at different phases, solid circles are the forecasted value at a few selected flow speeds, and
solid lines are the exact limit cycles of the system computed at the selected flow speeds. (b)Forecasted
limit cycles at U* = 7.65 in pitch-pitch velocity plane for a system that exhibits a supercritical
bifurcation. Solid line is exact limit cycle and circles are forecasted values.
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Figure 2.18. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-pitch-pitch velocity
space for a system that exhibits a subcritical bifurcation. Dashed lines are forecasted bifurcation
diagrams at different phases, and solid lines are the exact limit cycles of the system computed at the
selected flow speeds. (b)Forecasted limit cycles at U* = 7.57 in pitch-pitch velocity plane for a system
that exhibits a supercritical bifurcation. Solid line is exact limit cycle and circles are forecasted values.

2.6 Three-degree-of-freedom aeroelastic model

The proposed method is employed to forecast the bifurcation diagrams of a nonlinear fluid-
structural system composed of a 3-DOF typical aeroelastic section with a trailing-edge control
surface schematically shown in Fig. 2.19. This system may experience both supercritical and
subcritical Hopf (flutter) bifurcations depending on the system parameters. The equations of

motion of this system can be written as follows [78]

&+ xa0 + xpP + Zz‘twlf + ( 1) Ge(§) = CL(T)

zza rh+(cp—ap)xg c a(r)
L 7 Ga(@) == (2.22)
2{p® ré+(cp—ap)xgp .. o Cmp (T)
R R R £+ (2) 6p(8) =

T8

where « is the pitch angle, ¢ = h/b is the non-dimensional plunge displacement, £ is the flap

angle, T = Ut /b is the non-dimensional time, and the overdot indicates differentiation with respect
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to 7. U is the free stream velocity, and U* = U/(bw,) is the non-dimensional free stream velocity,
which is used as bifurcation parameter in this study. @, = wg/wq is the ratio of the natural
frequencies of uncoupled plunge and pitch modes, and @, = wg/wq is the ratio of the natural

frequencies of uncoupled flap and pitch modes. The damping ratios for the pitch, plunge and flap

are { , (¢ and {g. 1, and 1y are the radius of gyration about the elastic axis and flap hinge. G, (a),
Gg(B) and G¢ (&) are the structural elastic torques and elastic force created by the pitch, flap and
plunge motions. C;, is the aerodynamic lift coefficient, and Cy, and CMB are pitching moment
coefficients about elastic axis and flap hinge, respectively, and are given in reference[79] for

incompressible flow. p = m/pmh? is the mass ratio, where m is the total mass of the airfoil and p

is the air density.

Figure 2.19. Schematic of a 3-DOF airfoil with a control surface

The equations of motion for this system, including a reduced order model of the
aerodynamics, can be written as a set of 12 first-order ordinary differential equations [78]

x=f(x,U",1), (2.23)

where X = [xq, X5, ..., X15]7 is the vector of state space variables defined as x; = @, x, = &, X3 =

fa Xg = fa Xsg =ﬂ> Xe =ﬂ> X7 = W1, Xg = Wy, X9 = W3, X19 = Wy, X117 = W5, X1 = W, with
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w; to wg being augmented states resulting from model for the aerodynamics. These six augmented
variables are defined as
wy = fOT e 1= (o)do, w, = fOT e €29 q(g)do,

Wy = f; e_el(r_a)f(()')d()', w, = f; e_GZ(T_G)f(O')dO', (2.24)

Wg = f()T e—ﬁ(f—a)ﬂ(o-)do-’ W = fOT e_GZ(T_a)ﬂ(O')dO'.

where €; = 0.0455 and €, = 0.3 [76]. The function f(x,U*,7) in Eq. (2.23) is a complex
nonlinear vector function of the 12 state variables that contains the effects of the structure and the
aerodynamics. Details about this formulation can be found in refs. [52,78].

To demonstrate the forecasting method for this system, Eq. (2.23) is solved numerically to
produce surrogate recovery data from perturbations in the pre-bifurcation regime. To reflect
realistic situations, and instead of randomly perturbing the initial conditions (such as position or
velocity) of the system, a “/-cos” type gust load is applied as disturbance to the system. The
system response to this gust is used for forecasting. It is worth mentioning that the actual model in
Egs. (2.22) - (2.24) is only used for generating surrogate measurement data, and is not required for
the proposed forecasting approach.

Equations (2.22) and (2.23) govern the dynamics of an aeroeleastic system which can
exhibit Hopf bifurcations (flutter). When we choose a specific phase of the oscillations, for
example in the pitch-plunge plane, we in fact reduce the system to a one dimensional system
similar to Eq. (2.1), which represents conceptually the one-dimensional nonlinear system
exhibiting pitchfork bifurcations. The forecasting procedure is applied to forecast the bifurcation

diagram at that specific phase.
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In this example, the parameters considered for the aeroelastic system are w; = 0.5, w, = 3.5,
p=100, ¢,=06, a,=-05 - x,=025 x=0.0125 1, =05 13=0.05
{¢ = {o = {g = 0, and the structural elastic functions considered are G¢(§) = ¢ and Gz(B) = f.

The system is perturbed using gust loads at three flow speeds in the pre-bifurcation regime,
ie. U* =4.40, 4.50, and 4.60. The equations of motion are solved numerically to generate
surrogate measurement data in the form of system responses to perturbations at these flow speeds.
The time series are recorded and used as inputs to the proposed forecasting method. In following

sections, “measurements” refers to “surrogate data” instead of experiments.

2.6.1 Forecasting two-dimensional bifurcation diagrams

In this section, we consider first the forecasting of two-dimensional bifurcation diagrams
separately for supercritical and subcritical bifurcations. Thus, first we consider a system which has
G, (@) = a + 10a3, which means that the airfoil has cubic nonlinearity in the pitch displacement.
In this case, the system faces supercritical Hopf (flutter) bifurcations. Figure 2.20 shows that the
plunge displacement in response to perturbations at the three flow speeds considered. As it can be
observed, the slowing down phenomenon is present in the recorded measurements, as revealed by

the increasingly long recovery times as the flow approaches the flutter speed.
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Figure 2.20. System responses to perturbations in plunge displacement at 3 non-dimensional flow speeds
U* = 4.40, 4.50, and 4.60.
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dimensional values of the flow speeds are shown. Each curve corresponds to a different plunge
amplitude. Symbols (*) show recovery rates
obtained using the data in Fig. 2.21.

Here, we first forecast two-dimensional bifurcation diagrams corresponding to maximum
amplitudes of the post-bifurcation limit cycles for each degree of freedom. For this purpose, we
select local maxima of the measured recoveries, and forecasting approach is used as described in
Sec. 2.2. This means we have chosen a specific value of the phase in the plane x — x, where x is
the considered state variable (pitch, plunge or flap angle). We consider this as reference for the
phase, i.e. phase is zero. Following the forecasting procedure, curves of A — r are obtained for the
plunge displacement as shown in Fig. 2.21. Using these curves and Eq. (2.6) for each amplitude,
A — U™ curves are obtained (as shown in Fig. 2.22), and the bifurcation diagram of the system for
plunge displacement is forecasted. Similarly, the bifurcation diagrams for other DOFs, i.e. pitch
and flap-angle, are forecasted as shown in Fig. 2.23.

These results show that the method forecasts bifurcation point and bifurcation type
(supercritical) accurately. Moreover, the bifurcation diagrams at lower amplitudes are forecasted

accurately, while the accuracy decreases for larger amplitudes in the diagram, as expected. From
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these results, one can identify the maximum limit cycle amplitudes that each of the plunge, pitch
and flap degrees of freedom exhibit in post-bifurcation flow speeds. For example, it is forecasted
that plunge displacement reaches to the maximum amplitude of 0.0726 (non-dimensional) during
its oscillations at U™ = 4.7.

The decreased forecasting accuracy at higher amplitudes in the bifurcation diagrams in Fig.
2.23 is expected and can be explained by examining the forecasting approach. Generally, the parts
of the bifurcation diagram that are farther from the pre-bifurcation regime are forecasted with less
accuracy because the accuracy of the Taylor series in Eq. (2.2) is lower. This issue can be alleviated
by using parameter values closer to the bifurcation. For example, Fig. 2.24 shows the forecasting
results using measurements collected at flow speeds of U* = 4.52, 4.56, and 4.60, which are
closer to bifurcation compared to the data used to obtain the results in Fig. 2.23. As it can be

observed comparing Figs. 2.23 and 2.24, bifurcation diagrams are forecasted more accurately.
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Figure 2.23. Exact (solid line) and forecasted (solid circles) bifurcation diagrams of maximum limit cycle
amplitudes for (a) plunge displacement, (b) pitch angle, and (c) flap angle displacements in a system
which exhibits a supercritical bifurcation using measurements at U* = 4.40, 4.50, and 4.60.
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Figure 2.24. Exact (solid line) and forecasted (solid circles) bifurcation diagrams of maximum limit cycle
amplitudes for (a) plunge displacement, (b) pitch angle, and (c) flap angle displacements in a system
which exhibits a supercritical bifurcation using measurements at U* = 4.52, 4.56, and 4.60.

In this example, parameters which are used for forecasting are equal or greater than 95%
of the critical speed (i.e. Uz, = 4.634), and the bifurcation diagrams are forecasted up to 5% after
the critical parameter. However, there is no general conclusion about these boundaries. Forecasting
accuracy and the forecasted region of the bifurcation diagrams depend on several factors and could
vary from system to system depending on their dynamics. First, the accuracy depends on how close
the parameters used for forecasting are to the bifurcation. Closer parameters to the bifurcation
result in more accurate forecasting. Forecasting accuracy also depends on the characteristics of the
dynamics around the bifurcation. Specifically, if the inertial manifold of the system remains
(almost) unchanged in a larger parameter region prior and after the bifurcation, then parameters
father from the bifurcation can be used for forecasting, and a larger parameter region of the
bifurcation diagrams can be forecasted accurately. Forecasting results depend also on the
intensity/magnitude of the perturbations. For example, if the parameters used for forecasting are
close to the bifurcation but the perturbations are very small, then only small amplitudes of the
bifurcation diagram can be forecasted. This is because the largest forecasted amplitude in the

forecasted bifurcation diagram cannot be larger than the amplitude created by perturbations.
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Next, we consider a system, with a different nonlinear structural elastic behavior in pitch
displacement. Specifically, we consider a system where G,(a) = a — 2.5a% + 75a®. Note that
this system has the same linear behavior as the previous system studied. The only difference is in
the nonlinear terms. This system exhibits subcritical bifurcations. Similar to the previous case, the
system is perturbed using a “/-cos” type gust at three flow speeds U* = 4.46, 4.50, and 4.54.
Surrogate system responses are obtained by solving Eq. (2.23). The forecasting procedure is the
same as in the previous example for forecasting the maximum post-bifurcation limit cycle
amplitudes. However, the 4 — r curves obtained are considerably different, as expected.

Consider, for example, the plunge displacement. The slowest recovery rate corresponds to
a non-zero amplitude, as shown in Fig. 2.25. This amplitude corresponds to the saddle node
bifurcation of cycles (the turning point in the bifurcation diagram). Identifying the flow speed for
this bifurcation is usually very difficult and is essential for ensuring safety and guaranteeing
stability. This speed is the beginning of the bi-stable region, where a large perturbation may cause
dramatic changes in the dynamics of the system even though the flow speed is below the linear
flutter speed. The forecasted bifurcation diagrams for the pitch, plunge and flap angle are shown
in Fig. 2.26. These results show that the method forecasts the bifurcation point (flutter speed) and
the post-bifurcation regime accurately. More importantly, the type of bifurcation is (correctly)
forecasted to be subcritical. Therefore, one should expect that the system dynamics has a dramatic
change beyond the linear flutter speed or even below the flutter speed, in the bi-stable region,
which can result in catastrophic consequences for the structure. According to the results, the
method forecasts all points on the bifurcation diagram regardless of their stability. Both the stable
and unstable parts of the bifurcation diagrams are forecasted using the same procedure. However,

the method does not identify which point is stable and which point is not, although that can be
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easily determined when interpreting the results simply by noting that solutions between outer

branches are unstable.
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Figure 2.25. Recovery rate vs. plunge amplitude for the system with a subcritical bifurcation
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Figure 2.26. Exact (solid line) and forecasted (solid circles) bifurcation diagrams for (a) plunge
displacement, (b) pitch angle, and (c) flap angle displacement in a system which exhibit a subcritical
bifurcation.

2.6.2 Forecasting three-dimensional bifurcation diagrams

In the previous section, the maximum limit cycle amplitudes of pitch, plunge and flap
displacements in the post-bifurcation regime were forecasted. Each of these forecasted bifurcation

diagrams corresponds to a fixed phase on the inertial manifold which is the phase at which the
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post-bifurcation limit cycles exhibit their maximum amplitudes for the corresponding state
variable. This phase is the reference zero phase in the x — x space, where x is one of the considered
state variables (pitch, plunge or flap) because x is maximum when X is zero.

In this section, we extend the approach to a much comprehensive bifurcation diagram, not
only for the maximum amplitudes. Specifically, we focus on forecasting three-dimensional
bifurcation diagrams, defined as diagrams in the U* — x — x space, where x can be the pitch,
plunge, or flap angle.

To construct such bifurcation diagrams, we follow the procedure described in Fig. 2.16.
For the considered system, bifurcation diagrams for supercritical bifurcations in flow speed-pitch-
pitch velocity, flow speed-plunge-plunge velocity, and flow speed-pitch-plunge spaces are
computed and the results are shown in Fig. 2.27. Figure 2.28 shows the forecasted limit cycle
amplitudes at U* = 4.65 for the bifurcation diagrams of Fig. 2.27. It can be observed that the
forecasting method accurately predicts the limit cycle amplitudes at different phases. Three-
dimensional bifurcation diagrams for any other combination of state variables can be obtained
similarly.

Similarly, three-dimensional bifurcation diagrams can be forecasted for systems exhibiting
subcritical bifurcations. The bifurcation diagrams in flow speed-pitch-plunge, flow speed-pitch-
pitch velocity and flow speed-plunge-plunge velocity spaces are forecasted and the results are
shown in Figs. 2.29 and 2.30. As it can be observed from the results, the dynamics of the system
is comprehensively forecasted in the post-bifurcation regime. Constructing these bifurcation
diagrams using the forecasting method is a substantial advantage compared to conventional
numerical or experimental methods that need massive experimental campaigns or computational

efforts.

45



Pitch velocity (rad/unit time)

0.008

0,004

0,004

0.008

.

4.64
4.66

Fl
OW speed (non~d:mensnonal}

(b)

Plunge (non-dimensional)

4.64
4.66
Floy, )
§
Peeq (non.. dimep,. a7
SIDna/)

(a)

o
&
N
$
&

0.04

///

004

0.08

Plunge velocity (1/unit time)

0015

001

0.005

0

0.005

001

0015

462

0
0
&
S
Q{k

o4
S
&

Flow speeq (non-dimensional)

©

Figure 2.27. Forecasted three-dimensional bifurcation diagrams in (a) flow speed-pitch-plunge, (b) flow
speed-pitch-pitch velocity, and (c¢) flow speed-plunge-plunge velocity space for a system that exhibits a
supercritical bifurcation. Dashed lines are forecasted bifurcation diagrams at different phases, solid
circles are the forecasted value at a few selected flow speeds, and solid lines are the exact limit cycles of
the system computed at the selected flow speeds.
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Figure 2.28. Forecasted limit cycles at U* = 4.65 in (a) pitch-plunge, (b) pitch-pitch velocity, and (c)
plunge-plunge velocity planes for a system that exhibits a supercritical bifurcation. Solid lines are exact
limit cycles and circles are forecasted values.
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2.6.3 Effects of measurement noise

Noise can contaminate measurements, thus influencing the forecasting accuracy. Accuracy
is expected to decrease as noise increases. One possible solution to this issue is to increase the
number of measurements. The number of measurements needed depends on the level of noise and
on the level of the desired accuracy. These measurements should be collected at multiple parameter
values (more than just the three used in the deterministic case). Also, several recoveries should be
measured at each parameter value.

To investigate the effects of noise on the forecasting results in the case of supercritical
bifurcations, 10% noise is added to the measurements, and the forecasting procedure is applied
without any noise filtering. At each flow speed, the system response to ten separate perturbations
is measured. The recovery rates corresponding to each separate measurement are computed (as
described in Sec. 2.2). The recovery rates are then averaged to obtain the average measured
recovery rate at each amplitude. This procedure is repeated at several flow speeds. Finally, the
average recovery rates for each flow speed are used in the forecasting procedure. As an example,
Fig. 2.31 shows the computed recovery rates and forecasted bifurcation diagram using the
averaged recovery rates for the maximum plunge amplitudes, i.e. zero phase in plunge-plunge
velocity plane. By using the same set of measurements, this procedure is repeated for different
phases to forecast three dimensional bifurcation diagrams. The bifurcation diagram in flow speed-
plunge-plunge velocity space is forecasted using noisy measurements at U* = 4.60, 4.56 and 4.52,
and the results are shown in Fig. 2.32. The bifurcation diagrams for all other combinations of state

variables can be obtained similarly.
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Figure 2.31. (a) Approximated recovery rates of maximum plunge amplitudes at three flow speeds U™
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Figure 2.32. (a) Forecasted three-dimensional bifurcation diagrams in flow speed-plunge-plunge velocity
space for a system that exhibits a supercritical bifurcation and in presence of 10% measurement noise.
Dashed lines are forecasted bifurcation diagrams at different phases, solid circles are forecasted value at
a few selected flow speeds, and solid lines are exact limit cycles of the system computed at the selected
flow speeds. (b) and (c) demonstrate exact and forecasted limit cycles at U* = 4.65 and U™ = 4.70,
respectively. Solid lines are exact limit cycles, and circles are forecasted values.

2.7 Conclusions

In this chapter, a unique approach of forecasting supercritical and subcritical flutter (Hopf
bifurcations) was presented. The proposed method was developed based on the critical slowing
down phenomenon present in oscillating systems near certain types of bifurcations. The recovery

rate of the system was extracted using an optimization approach which improves the forecasting
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accuracy especially when the system has transient recoveries with low frequency oscillations.
Moreover, it was shown that applying modal decomposition to the collected transient recovery and
keeping only the effects of the mode involved in the bifurcation can increase the forecasting
accuracy. The forecasting method relies on local maxima in the measurements, and the accuracy
of these measurements is enhanced by the ERA.

To demonstrate the proposed method and to highlight its advantages, the approach was
applied to determine bifurcation diagrams of two fluid-structural systems with cubic nonlinearity.
The systems were composed of a typical airfoil section in pitch and plunge, equipped with a
trailing-edge control surface. Instead of experimental measurements, we used surrogate data
obtained as time series from simulation of the model as input to our method. To reflect realistic
situations, gust loads were applied as disturbances to the system while system recoveries are
measured.

Results show that the proposed method accurately predicts the bifurcation point (i.e., the
flutter speed) and the post-bifurcation regime (i.e., the bifurcation type and the limit cycles) of the
considered fluid-structural systems despite the fact that it does not use a model of the system. Two
and three dimensional bifurcation diagrams were accurately forecasted in both supercritical and
subcritical cases. Since bifurcations can cause dramatic changes in system dynamics, this type of
forecasting which does not require exploring the post-bifurcation regime provides great advantages

to a variety of applications especially when safety and maximum system performance is needed.
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Chapter 3
Forecasting the Post-Bifurcation Dynamics of Large-Dimensional Slow-Oscillatory

Systems Using Critical Slowing Down and Center Space Reduction

3.1 Introduction

Hopf bifurcations are common and important types of bifurcations which have been
observed in a variety of systems such as aeroelastic systems [43], machine tools [49], automotive
dynamics [48], predator—prey systems [80], nonlinear circuits [51], neuron systems [81], to name
a few. Such phenomena lead to various types of stability issues and may cause catastrophic system
dynamics. Therefore, forecasting such bifurcations, i.e. predicting bifurcations with measurements
only from the pre-bifurcation regime, is an important challenge to overcome. The importance of
forecasting methods is even higher when dealing with complex and large-dimensional systems
since accurate models of such systems is not easily available. In particular, forecasting methods
for Hopf bifurcations have not been studied much [2] although such bifurcations have been
observed and studied in various systems. Thus, developing a forecasting method for this class of
bifurcations is necessary for this important type of bifurcations.

Several indicators have been explored as early warning signals such as the noise-induced
spectrum [37], the skewness of the probability distribution [30], and the flickering between basins
of attraction before bifurcations [38] (see also [2] for a review). Based on these indicators, several

forecasting methods using observation of system recovery from perturbations have been proposed
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[8,32,34,82-87] (see [2] for a review). In particular, critical slowing down (CSD) is one of the
most important indicators used for bifurcation forecasting. These forecasting methods can be
classified into two groups: (a) stochastic methods, and (b) bifurcation forecasting methods.
Stochastic methods use features of the dynamics such as an increased variance, increased
autocorrelation and flickering. Such features can be observed in recoveries in the vicinity of
catastrophic bifurcation points. These methods can forecast tipping points; however, they cannot
identify the distance to the bifurcations or the type of bifurcations. To address that limitation,
bifurcation forecasting methods have been developed [8,84,88]. These methods use the recovery
rate of the system from perturbations in the pre-bifurcation regime and the CSD phenomenon to
forecast the post-bifurcation dynamics. Although these methods resolve some of the main
disadvantages of stochastic methods, they still have to be developed for forecasting bifurcations

in more complex and large-dimensional systems.

There are several challenges in forecasting Hopf bifurcations which make forecasting more
complicated. First, systems can recover to equilibrium with oscillations in the pre-bifurcation
regime. Since the phases of measurements of the dynamics during one or multiple recoveries are
not the same, one cannot directly use all of the time data measurements in the forecasting
algorithms. The common way of solving this problem is to use local maxima of the system
recovery from perturbations and to approximate the recovery rate using these peaks [84]. However,
this approach does not have enough accuracy especially for low-frequency oscillations when only
a few peaks are available before reaching the noise floor in recoveries. Furthermore, Hopf
bifurcations often occur in large-dimensional systems, where several modes are involved in the
dynamics. The large-dimensionality makes forecasting substantially more complicated and

increases the forecasting error. Moreover, methods able to forecast large ranges of the bifurcation
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diagram with a good accuracy are desirable. This is especially important for subcritical

bifurcations since the stable region of post-bifurcation regime has large amplitudes.

In this study, we present a unique approach to forecast Hopf bifurcations in large-
dimensional systems to resolve the above-mentioned challenges. The proposed method builds on
the work of Lim and Epureanu [8] in that the approach is based on the phenomenon of CSD which
accompanies such bifurcations, i.e. when the systems is close to the bifurcation point, perturbations
lead to long transient oscillations before the system reach to its stable state. Similar to previous
work [8], the bifurcation diagram is forecasted based on observations of the system only in the
pre-bifurcation regime. Moreover, the method is model-less and does not require a mathematical
model of system for forecasting the bifurcation diagram. The method is not limited to small
perturbations and is not based on linearization. Hence, it can use recoveries from large
perturbations for bifurcation forecasting. However, distinct from previous work [8], the proposed
method is able to provide accurate forecasts even in the case of systems with low-frequency
oscillations and large dimension. To deal with large-dimensional systems, the proposed technique
uses a data-based modal decomposition approach to extract the mode involved in the bifurcation.
Therefore, the accuracy of the forecasts increases especially at larger amplitudes in the bifurcation
diagram. Even more importantly, a modal coordinate method is introduced to enable the use of all
measurements in the oscillating recovery data (and not just the peaks) for forecasting. This is a
great advantage which considerably increases the forecasting accuracy especially for noisy
measurements and for system recoveries with low frequency oscillations (in contrast to using only

local maxima of the system recovery [8,89]).

To demonstrate the method and to highlight its advantages, we use surrogate

measurements, namely time-series obtained from simulations of a complex nonlinear aeroelastic
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system that can experience different operating conditions and bifurcations. While the system has
only two mechanical degrees of freedom, the aerodynamic part of the model leads to a more
complex 8-dimensional nonlinear aeroelastic system. Instead of using random perturbations, gust
loads are applied as disturbances to the system. System recoveries from gust perturbations are
measured and used as surrogate data. These perturbations are similar to the actual behavior of
many aeroelastic systems. The proposed method is applied to forecasting both supercritical and
subcritical bifurcations. It is shown that the method can predict the type of bifurcation as well as

the bifurcation diagrams using transient data collected only in the pre-bifurcation regime.

3.2 Forecasting method
In this section, the key aspects of the proposed forecasting method are presented. First, the
general method which is applicable to non-oscillating systems is introduced. Next, this method is

extended to forecasting bifurcations in large-dimensional oscillatory systems.

3.2.1 Forecasting bifurcations in non-oscillatory or fast-oscillatory systems

In this section we briefly review the approach used for forecasting bifurcations in non-

oscillatory or fast-oscillatory systems [8,84]. Consider a nonlinear system with a parameter £ and

an amplitude 7 which represents the distance from the current state to the equilibrium state. The

time rate of change the of the amplitude can be written as

= fur). G-

Using a Taylor series with respect to the parameter around the bifurcation point (4= /,), the

system can be expressed as
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7 =rp@) +a; (M@ —u) + a,(r)(w— pu)?* + HOT), (3.2)

where p(r), a,(r) and a,(r) are polynomial functions considered to be independent of the
parameter pu, and HOT represents higher order terms in u — u.. Note that this relation means
neither that the dynamics of the system have been linearized in state space nor that the dynamics
have small amplitudes. Only the parameter is assumed to have small variations. Therefore, we are
not restricted to use small perturbations, but the analysis is applied near the critical value u. of the
bifurcation parameter u. Also, neglecting terms of order higher than 2 when the system is close to
the bifurcation means that a second order polynomial dependence on the parameter value is used.
Mathematically, using more terms in the Taylor series approximation in Eq. (3.2) results in a more
accurate approximation. However, using higher order terms does not have a considerable effect on
the forecasting results according to our recent studies. For flutter, the optimum order of the
approximation appears to be the second order, as used in the study. There are many possible
reasons for this. First, it may so be that the first two terms dominate the dynamics. Second is that
there are other effects affecting the dynamics as data is collected farther from the bifurcation point,
which have more dominant effects on the forecasting procedure than the order of the

approximation in Eq. (3.2).

The rate A(u, r) at which the system recovers to its equilibrium after a perturbation depends on the

amplitude and the parameter value, and is defined as

- d(l
/1(#,7”)=;= (drtlr)' (3.3)

Therefore, the dynamics of system can be re-written using Egs. (3.2) and (3.3) as
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Mpsr) = p(r)+ o, (r) (1 = 1) + oy (r) (1 = p1,)’ (3.4)

Using time-series of measured system recoveries from perturbations, one can employ the following

approximation to approximate A(u, r) as

d(nr) Inr,—Inr (3.5
dt 24t

Alp, 1) =

where At is the time between samples, ;. is the value of the amplitude measured at time t + At,
and 7_ is the value of the amplitude measured at time ¢t — At. The recovery rate plays the most
important role in the forecasting method. When the system is close to a bifurcation, the recovery
rate is decreased. At a fixed system amplitude r, the farther the system is from its corresponding
post-bifurcation steady state behavior, the less is the recovery rate of the system. This fact is used

for predicting the post-bifurcation dynamics.

Note that the fundamental limitation of this method is that measurements area available in
large numbers and for small values of At. That holds for systems which recover without
oscillations and where the amplitude is an actual value of a measured state variable of the system.
This also holds for systems that recover with fast oscillations, where the time interval between
consecutive peaks in the system dynamics is in fact A7 and small. Such systems were discussed in

[8,84].

Consider that system recoveries from perturbations are measured at several different
parameter values pyy, Uy, ..., Uy For each fixed parameter value (u;,), one can choose a value of the
amplitude r = 7 and estimate A(uy, ) using the time-series measurements (Fig. 3.1). Using the

expression in Eq. (3.4), one can fit a second order polynomial to the estimated values of A in the
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1 — A(u, 7) plane. The most important point in Fig. 3.2 is the intersection of the fitted curve with
the u axis. That intersection represents the forecasted parameter value ji for the corresponding
post-bifurcation dynamics of amplitude 7 (Fig. 3.3). This procedure can be repeated for different

values of 7, and the overall bifurcation diagram can be predicted.
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Figure 3.3. Forecasted bifurcation diagram
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3.2.2 Bifurcation forecasting in slow-oscillatory systems

Distinct from previous work, in this study, we are considering Hopf-bifurcations where the
system oscillates (potentially with low frequency) during its recovery from perturbations in the
pre-bifurcation regime (Fig. 3.4). Hence, we cannot use Eq. (3.5) for all of the points in the
measured system recovery since data points adjacent to each other are in different phases. The
common solution of this problem is to choose local maxima of the recovery data and use the same
procedure as for the non-oscillatory case. This is an acceptable approximation when the system
oscillates with high frequencies. However, for low frequency oscillations, there are not enough
samples to have a good approximation and forecasting. Hence, Eq. (3.5) does not hold. Therefore,

existing forecasting methods [8,84] fail to predict the post-bifurcation regime.

To address this issue, a novel method is proposed in this section. This method approximates
the instantaneous recovery rate using all of the points in the measurements not only the local
maxima. Hence, unlike previous approaches, forecasting is possible for system recoveries with
low-frequency oscillations. Furthermore, the proposed method is generalized for forecasting
bifurcations in large-dimensional systems that resolves another limitation of previous methods.

For this purpose, the proposed approach uses a data-based modal decompositions technique.

In general, in a large-dimensional nonlinear system there can be several active modes in
the measured system recovery from perturbations. However, in the great majority of Hopf
bifurcations, only one pair of conjugate eigenvalues is involved in the bifurcation. That means
only one of the system modes causes the bifurcation (Fig. 3.5). This holds for a large category of
systems experiencing co-dimension one bifurcations. Hence, one mode experiences CSD whereas

the other modes do not. Thus, the effects of these other modes are detrimental for forecasting.
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Their presence distorts the analysis of the part of the dynamics that critically slows down. Hence,
these models should be filtered out and neglected in forecasting. Filtering is done to enhance the

accuracy of forecasting especially for large-dimensional systems.

For most co-dimension one Hopf bifurcations observed in practice, the center space is two-
dimensional, namely only one complex conjugate pair of eigenvalues of the Jacobian of the
dynamics crosses the imaginary axis (Fig. 3.5). The two-dimensional center space leads to a two-
dimensional inertial manifold (a two-dimensional nonlinear manifold). This manifold is tangent to
the (two-dimensional) center space of the system. The center space is a good approximation of the
inertial manifold near the bifurcation. Thus, one can project the dynamics of the system on the
center space, and capture and study the CSD behavior in this space for forecasting when the system

is close to the bifurcation (Fig. 3.6).
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Figure 3.5. Real and imaginary parts of the eigenvalues of the system dynamics near a fixed point that is
involved in a Hopf bifurcation; the change in the imaginary part is small when the eigenvalues traverse
the zero real part axis
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Figure 3.6. Schematic of the system dynamics on the inertial manifold and its projection on the center
space; several regions are labeled and for forecasting using the piecewise modal decomposition approach

A basis in the center space can be obtained by using the linear modes of the system close
to the bifurcation. Note that the forecasting method is model-less. That means that a mathematical
model of the system is not needed (or not available) for forecasting. Hence a data-based /
measurement-based modal decomposition technique is employed to obtain a basis for the center
space. Once the basis is found, the bifurcating mode can be analyzed separately from the other
modes. The bifurcating mode is a complex eigenvector computed at the bifurcation parameter that
is closest to the bifurcation point. This mode is used for the other parameter values. The implication
is that the center space and the inertial manifold are assumed to vary only weakly with the
parameter. Hence, the dynamics of the system is projected onto the space spanned by the real and
the imaginary components of the complex eigenenvector so that the unwanted modes (not involved

directly in the bifurcation) are filtered out.

There are several measurement-based approaches that can be used to extract modal

parameters and mode shapes. In this study, we use the eigensystem-realization algorithm (ERA).
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ERA is a time domain multiple-input multiple-output algorithm based on the Hankel matrix of the
dynamics and its singular value decomposition. The fundamentals of this method can be found in
the literature [71,74,75]. Since we apply the forecasting method close to a bifurcation, the mode
corresponding to the pair of eigenvalues with the largest real part represents the mode that causes

the bifurcation.

Now, consider a nonlinear dynamical system. Let ® be the matrix of eigenvectors of the system

extracted from a measurement-based modal decomposition as

¢ = [¢1,R b1 P2r P21 - b1 D2 ]: (3.6)

where ¢;p and ¢;; are real and imaginary parts of the eigenvector corresponding to the i

oscillating mode, and ¢,, is the eigenvector corresponding to the n” non-oscillating mode of the

system. Using Eq. (6) one can define the transformation
x =®@q, (3.7

where x is a vector of measured states of system, and q is a vector of modal coordinates expressed

as

q= [%,R(t) q,1 () @2r() q2; () ... q1(t) q2(t) ]T (3-8)

In Eq. (3.8), q; g (t) and q; ;(t) are real and imaginary parts of the modal coordinate corresponding
to the i oscillating mode, and q,, is the modal coordinate corresponding to n” non-oscillating
mode. For example, in the next section we consider a nonlinear aeroelastic system where x contains

the pitch and plunge displacements and their velocities as measured states.
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Suppose that the i oscillating mode is the mode involved in a Hopf bifurcation. To

separate the effect of this mode from the other modes in the state variables one can define a vector

of decomposed state variables as

xi(t) = ¢irqir(t) + ¢i,q:, (1), (3.9)

q;r(t) and gq;;(t) contain an exponential decay and oscillations at w; which is the identified
frequency of bifurcating mode. In mechanical systems, q; z(t) and q;;(t) form a spiral in the

qdi r — q;; plane, and they have the same decay rate. Here, one may define a function h(t) as

A(E) = [%(0) + g5(0). (310

The function h(t) can be interpreted as a modal amplitude in the q;  — q;; plane. Moreover, h(t)
decays at the same rate as q; g and q; ;. The corresponding vectors ¢; g and ¢; ; may be chosen in
such a way that g, z(t) and g, ;(t) are in quadrature by simply selecting them as the real and
imaginary parts of the complex eigenvector. Then, h(t) is a non-oscillatory function which has
the approximate form of h(t) = hye?™?, where A(h) is the recovery rate. This rate is very
important since it contains the CSD information. For a mechanical system (governed by a system
of second order differential equations for the generalized coordinates), q;r and q;; are in
quadrature when the bases of the center space are chosen to be position and velocity. Thus, the
modal coordinates involved in the bifurcation may be approximated in the following form (see

Appendix A for more details)
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qir(®) = a(t) cos(w;t — B(t)),
G.11)
qi,,(t) = a(t) sin(w;t — B(D)).

Note that h(t) computed from Eq. (10) may have small oscillations due to nonlinearities and the
presence of multiple harmonics in the modal coordinates. These oscillations, although small, may
cause difficulties and errors in the forecasting procedure. To resolve this issue and ensure that the
function h(t) is free of oscillations, a frequency filter (using Fourier transforms) is used to separate
the components of frequency of w; from g;z(t) and g;,(t), and to filter out the effects of the

higher frequencies.

Using Egs. (3.9), (3.10) and (3.11), an amplitude 7j(t) can be defined such that it passes through

the local maxima of the j” degree of freedom (i.e., position and velocity) of the decomposed

(filtered) state vector x;(t) as

ri(t) = h(t) f(].')i]:RZ + qbl.J:IZ , (3.12)

where h(t) is expressed as in Eq. (3.10), while qbl] r and qbl] ; is the j” element of the vectors ¢; g

and ¢;; which correspond to the j” degree of freedom . All values on the right hand side of

Eq. (3.12) are extracted from measurements (after modal decomposition). Therefore, 7j(¢) can be

identified using measured data. The factor / l’ RZ + ¢>l’ ,2 in Eq. (3.12) is a constant, and h(t)

contains the recovery rate and the CSD information of the system. In addition, r;(t) is a non-

oscillating decaying function containing the CSD information that passes through the local

maxima of the j# degree of freedom with a good accuracy.
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Next, the forecasting method described for non-oscillating recoveries is applied to 7;(t)

functions obtained from system recoveries at different parameter values u to forecast the post-
bifurcation dynamics of the / degree of freedom. The important feature of this method is that 7;(t)
is approximated using all of the measurements, not only the local maxima. This approach has the
significant advantage of being applicable in cases of low-frequency oscillations where using local
maxima does not provide enough data for estimating the recovery rate. The proposed approach
separates the effects of the bifurcating mode from the measurements by using the shapes of the
modes. That holds even if modes very close in frequency to the bifurcating mode. Nonetheless,
one may also use other experimental techniques to approximate 7;(t) depending on the application,
such as a method presented in ref. [90], when the active modes in measurements are separated

enough in frequency.

For a mechanical system, the decaying amplitude 7;j(t) and the corresponding recovery is
estimated for each degree of freedom. Choosing this amplitude implies use of local maxima
(peaks) which is equivalent to choosing a fixed phase of the spiral trajectory of the system in the
center space during a recovery. Since the inertial manifold is assumed to change very little with
the parameter in the forecasting region, it is expected that the maximum amplitudes of the post-
bifurcation limit cycles occur at the same chosen phase. Figure 3.7 shows schematically a
bifurcation diagram in three dimensions for a two-degree of freedom system, where x; and x, are
the degrees of freedom, and p is the bifurcation parameter. The red lines are the usual (two
dimensional) bifurcation diagrams for x; and x, which correspond to the local maxima (peaks) in
the time series for x; and x,. The proposed approach forecasts separately these two red lines by

using time series for x; and x,, respectively.
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X2

Figure 3.7. Schematic of the three dimensional bifurcation diagram showing the limit cycle oscillations
in post bifurcation regime at each bifurcation parameter u; blue lines show the entire diagram, whereas
the red lines show the separately forecasted diagrams for x; and x, states.

For very large perturbations, forecasting the bifurcation diagram based on the projected
dynamics on the center space may have errors for large state amplitudes. This is because the motion
at larger amplitudes corresponds to regions of the inertial manifold that are farther from the fixed
point (contact point between the center space and the inertial manifold) as shown in Fig. 3.6. As a
result, the difference between the inertial manifold and the center space may not be negligible at
large amplitudes. Note that this does not mean that the center space does not capture the system
dynamics and the CSD for large amplitudes. Using projection on the center space still results in an
accurately forecasted bifurcation type, post bifurcation dynamics for smaller amplitudes, and all
of the critical speeds. However, forecasted larger amplitudes in the bifurcation diagram may have

errors compared to the actual behavior of the system in the post-bifurcation regime.

To address this, one may use a piecewise modal decomposition approach. In this approach,
the inertial manifold is divided into several regions (3 are shown as an example in Fig. 3.6) based

on the maximum amplitudes of the dynamics. For each region, one may apply a separate modal

65



decomposition using ERA and obtain a basis for the tangent space of that region. Then, the
dynamics is projected to the tangent space spanned by this basis in each region. This approach
gives a better approximation for the larger state amplitudes since the difference between each
region and the approximated tangent space is less than using the center space for all regions. Note
that the tangent space for the last region (region 3 in Fig. 3.6 containing smaller amplitudes) is the

same as previously defined center space.

3.3 Aeroelastic model

The proposed method is applied to forecast supercritical and subcritical flutter in a
nonlinear aeroelastic system. The parameters and notation used in the analysis are shown in Fig.
3.8. The system oscillates in pitch and plunge. In Fig. 3.8, & is the pitch angle and / is the plunge
displacement. The free-stream velocity is the bifurcation parameter. The system is exposed to gusts
that create perturbations the equilibrium of the airfoil. The recovery of the system from these

perturbations is measured and used for forecasting. The equations can be written as [65]

b <

Mean position=-~

Figure 3.8. Two-degree-of freedom nonlinear aeroelastic model showing an airfoil of chord c¢. EA is
aeroelastic axis (at a distance ahb from the mid-chord), CG is center or mass (at a distance xab from

the EA), and « and % are the pitch and plunge coordinates.
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s‘ + Xl + (3) G(§) = ===~ Py (D), (3.13)
28a 2¢
5 + M) = M“>+Qg(r)
where a is the pitch angle, ¢ = — is the non-dimensional plunge displacement, 7 = 7 is the

normalized time, and the overdot indicates differentiation with respect to 7. U is the free-stream
velocity, and U* = U/(bw,) is the non-dimensional free-stream velocity, which is used as

bifurcation parameter. @ = wg/w, 1s the ratio of the natural frequencies wg and w, of the
uncoupled plunge and pitch motions. {, and {; are the damping ratios in the structure. 7, is the

radius of gyration about the elastic axis. G(¢) and M () are the structural elastic torque and elastic

force created by pitch and plunge ; they contain structural nonlinearities of the system as

M(a) = a + mga® + mga®, (3.14)

G =§+958° + 958"
Functions C, (1) and C),(7) are the lift and pitching moment coefficients. These coefficients are
given by Fung et al. [76] for incompressible flow as
1
C,() = (€ — apar + @) + 21 <a(0) +6O +(5-an) a(0)> $(1)

. 1
+ 2nf0 d(x— o) <a(0) +E(0) + <§ - ah> a(0)> do,

Cu(@ =1 (% + ah) (a(O) +E0) + (% - ah) a(0)>¢(f) (3.15)
+7T(%+ ah) ford)(T —0) (a(a) +¢(0) + (%— ah) a(0)> do

s s

+n ( ) (1 )
Zahf apa 50|52~

where ¢ (1) is the Wagner’s function. A well-known approximation for ¢»(7) is given by [76]
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¢(@) =1—-Ae 1" — Ae™ 7, (3.16)
with A; = 0.165, A, = 0.335, ¢; = 0.0455 and €, = 0.3.

P, (7) and Q4(7) in Eq. (13) are the lift force and pitch moment due the gust profile, and are given

by the following expressions [77]

P (7)= Ej.l//(‘[' -o)w,(o)do ,
Ho (3.17)
2 1 t
0,() = +a)[y(r -0, (0)do
Iura 2 0

where wy; is vertical gust velocity distribution, and ¥ is the Kussner function [77].

Because of the existence of the integral terms in these governing equations, it is difficult to study
the dynamic behavior of the system analytically. Instead, a system augmentation is used by

introducing four new augmented variables as follows [65]

T T
wy =f e 1(=Dg(g)do ,w, =f e~ 2= g(g)do,
0 0
(3.18)
T T
ws =f e 1= ¢(g)do ,w, =f e~ 2= ¢ (g)do.
0 0

Now, one may introduce a state variable vector X = [xq, X5, ..., Xg]7, with namely x; = a, x, = d,
X3 =&, x4 =&, Xs =Wy, Xg = Wy, X7 = W3, Xg = w,. With this notation, Eq. (3.13) can be

written as a set of 8 first order ordinary differential equations as follows
x=fxU"1), (3.19)

The components of this set of augmented governing equations can be written as follows
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X =Xy, X3 =Xy

. 1 . 7]
X, =ayx, +(ay —2jc, F)xz +ayxy +(ay, + 2/do§5 F)x4 T @5 Xs T e X + Ayy X + AyeXg
. 7] 1 .
+J [do (?)2 G(x;)—¢, (?)ZM(XI )j +J (Cog(r) - dof(f))a

(3.20)

. 1 . o
x,=a,x +(a,+2jcd, ?)x2 +a,x; +(a, —2jd,¢, ?))@ + A5 X5 + QX + gy Xy + AueXg
. 1 @ .
+J (Cl (?)ZM(xl) - d] (?)2 G(xs)J +J (dlf(T) - Clg(‘[)),

Xy =X —EXs, X=X —EX, X=X -6x, X=X -6X,
and where coefficient a;; can be found in [65], and the functions f(7) and g(7) are given by

fo)=2 «% —a,)a(0)+ EO) (e ™ + dyere ™)~ P, (1) = f'(2) - P.(2),

o (3.21)

£(0)= —a;—if”)f’(r) £0,(0).
The aerodynamic part of the model raises the dimensionality of the system from a two-degree-of-
freedom system to to a more complex 8-dimensional nonlinear one. In the following, Eq. (3.20) is
used to obtain surrogate measurements of time-series of recoveries from the perturbations induced

by gusts in the pre-bifurcation regime. The effects of the gust (i.e., F;(7) and Q,4(7)) are applied

and the system response to gust is collected after the gusts subside.

It is worth recalling that the actual model in Eq. (3.20) is not needed for forecasting the
bifurcation diagram. The only input to the algorithm is the transient time data measured from
sensors (or surrogate data from numerical simulations). Hence, the actual model in Eq. (3.20) is

used only for generating surrogate measurement data to demonstrate the forecasting method.
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3.4 Results and discussion
In this section, the forecasting method is demonstrated for the nonlinear aeroelastic system
presented in the previous section. Depending on the values of the structural nonlinearities, the

system may face supercritical or subcritical flutters. Each are considered next.

To perturb system in the pre-bifurcation regime, wind gusts of a “/-cos” type are used as
perturbations [91]. The vertical gust velocity distribution is zero except for a time interval 0 < 7 <

2t; where it is given by

w T
wg (1) = 70(1 — cos T—), (3.22)
G

where W (7) is the vertical gust velocity at /4 chord, W, is the gust intensity, and 74 is the gust

gradient. Then, the governing equations in Eq. (3.20) are solved by time marching.

After the airfoil passes the gust, i.e. at times after T = 27, the system response to the gust
perturbation is recorded. This transient response can be used as surrogate data to demonstrate the

forecasting method.

For modal decomposition, we measure the pitch and plunge and their velocities (i.e., a, &, &, and

§). These values are input to the ERA method to extract the modal parameters of the system.

Hence, the vector x in Eq.(3.7) is x = [a (1), a(r),€é(1), é(‘r)]T.

3.4.1 Supercritical bifurcations

In this case, the parameters used for the aeroelastic system are 1, = 0.7, @? = 0.08,

ap = —0.5, x4 = 0.25, p =100, {f = {, = 0. The nonlinearity is described by parameters
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msy =2, ms =0, g3 =0 and g5 = 0 in Eq. (3.14). This set of parameters create supercritical
bifurcations in the system. Three free-stream velocities are considered in pre-bifurcation regime,
namely U* = 7.55, 7.50 and 7.45. The applied gust parameters are chosen to be w, = 0.2 and

T = 10.

For modal decomposition, the ERA approach is used at U* = 7.55 as that is the available
free-stream velocity closest to the bifurcation point. The modal properties (e.g., frequencies, mode
shapes) obtained from the ERA approach are used for other flow speeds as well. Next, the
forecasting steps presented in Section 2 are applied to collected measurements of pitch and plunge.
Figure 3.9 shows the decomposed pitch displacement and the corresponding pitch amplitude r(t)
at U* = 7.45. The amplitude r(t) follows the local maxima of the time data with good accuracy.
This function is obtained for all of the parameter values that are used for forecasting, as described
in Section 3.2. Figure 3.10 shows the plot of U* — A obtained from Eq. (3.6) for pitch. In this
figure, the intersection of each curve and the horizontal axis is the forecasted U* in the post-

bifurcation regime for its corresponding pitch amplitude.

Figure 3.11 shows the actual and the predicted bifurcation diagrams for pitch and plunge
displacements. As the results show, the proposed method predicts the post-bifurcation dynamics
accurately. Figure 3.12 shows the exact three-dimensional bifurcation diagram of this system in
the pitch-plunge-tflow-speed space. The forecasted diagrams shown in Fig. 3.11 correspond to the
maximum pitch and plunge amplitudes of limit cycle oscillations (similar to the bifurcations shown

in Fig. 3.12 for a generic two-degree of freedom system with displacements x; and x).
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Figure 3.9. Approximated amplitude r(t) for pitch Figure 3.10. Recovery rate A versus free-stream
at U* =745 flow speed U* for prediction of the post-
bifurcation dynamics at several pitch amplitudes
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supercritical case
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Figure 3.12. Three dimensional bifurcation diagram showing the limit cycle oscillations in the post
bifurcation regime at each free-stream flow velocity (left); and a view of the pitch-plunge plane of the
diagram (right); blue lines show limit cycles at each free-stream flow velocity; red lines show separately
forecasted pitch and plunge diagrams

As another example, we consider next an aeroelastic system that oscillates with low
frequency while recovering from perturbations in the pre-bifurcation regime. The system
parameters used for this system are 1, = 0.4, @? = 0.01, a, = —0.5, x, = 0.25, u = 300,

(¢ = o = 0 and the coefficients of the nonlinearities are parameters ms; = 2, ms = 0, g3 = 0,

95=O.

Similar to the previous example, the system is perturbed using a gust load at three
bifurcation parameter values U* = 9.32, 9.30 and 9.28. The system recovery from perturbations
at U* = 9.28 is shown in Fig. 3.13. It can be seen that the system oscillates with a lower frequency
during its recovery compared to the previous case. Hence, methods based only on the local maxima
fail to predict the actual recovery rate of the system. However, the proposed method works and is

applied to forecast the post-bifurcation regime. The forecasting results are shown in Fig. 3.14.
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Figure 3.13. Approximated amplitude r(t) for pitch at U* = 9.28 for a slow-oscillating system in a
supercritical case
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Figure 3.14. Exact (-) and forecasted (¢) bifurcation diagram for pitch (left) and plunge (right)
displacements for a slow-oscillating system in a supercritical case
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3.4.2 Subcritical bifurcations

Forecasting subcritical bifurcations such as subcritical flutter has a great importance since
this type of bifurcations causes sudden changes in the dynamics of the system. To demonstrate the
effectiveness of the proposed forecasting approach for subcritical flutter, the values of the
coefficients in Eq. (3.14) are chosen as m; = —1.5,mg5 = 50,93 = 0, g5 = 0, and the system
parameters are chosen as 7, = 0.7, @* = 0.08, a, = —0.5, x, = 0.25, u = 100, (s =0, =0.
Perturbations are applied to the system at U* =7.55, 7.50 and 7.45 in the pre-bifurcation regime.
In this case, the system is perturbed with a large intensity, which induces larger perturbations

enabling the proposed method to forecast a larger range of the bifurcation diagram.

To forecast a bifurcation diagram, the dynamics in the pre-bifurcation regime are projected
on the center space, and the forecasting method is employed. Results obtained for pitch and plunge
displacements are shown in Fig. 3.15. The exact bifurcation diagrams contain unstable limit cycles.
These limit cycles were obtained using a shooting method [92,93]. It can be observed that the
bifurcation diagram for pitch is forecasted accurately. However, the bifurcation diagram forecasted
for plunge has some error at large amplitudes.

The error at large amplitudes is not large and can be further reduced by partitioning the
inertial manifold in several regions and using separate projections based on modes determined by
ERA in separate amplitude ranges. When the applied perturbations are large, the response of the
system to the perturbations is large as well. Therefore, the forecasted large amplitudes of the
bifurcation diagrams for some of the degrees of freedom may have errors, and a local modal
decomposition can be used to improve forecasting accuracy. Here, three regions are considered
(as shown in Fig. 3.6) based on the measured amplitudes of pitch and plunge. Using the forecasting

method, the forecasted bifurcation diagram for plunge displacement is shown in Fig. 3.16. As the
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results show, the post-bifurcation dynamics for plunge is forecasted accurately in this case. It can

be observed also that the type of bifurcation is clearly predicted to be subcritical. This is an

important advantage of the forecasting method because in the case of subcritical bifurcations the

system stability will change dramatically, and that may result in system damage. Forecasting the
critical points and the type of upcoming bifurcations is a significant result.
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Figure 3.15. Exact (-) and forecasted (¢) bifurcation diagrams for pitch (left) and plunge (right)
displacements in a subcritical case without partitioning the inertial manifold; blue and red lines show
stable and unstable parts of the bifurcation diagrams, respectively
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Figure 3.16. Exact (-) and forecasted (*) bifurcation diagrams for plunge displacements in a subcritical
case with partitioning the inertial manifold; blue and red lines show stable and unstable parts of the
bifurcation diagram, respectively
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3.4.3 Effects of measurement noise

Measurement noise are an inseparable part of experiments. In this section, the accuracy of
the forecasting method is examined in presence of measurement noise. In the case of supercritical
bifurcations (e.g., the case where m; = 2, mgs = 0, g3 = 0 and g5 = 0), 5% and 10% noise is
added to the measurements, and the forecasting procedure is followed without noise filtering.
Figure 3.17 shows the decaying function r(t) computed for the pitch amplitude in the presence of
10% measurement noise at U* = 7.55. To approximate the smooth decaying function from this
noisy data, an approximation is used [3], where it is assumed that the recovery rate depends on the
amplitude at a fixed bifurcation parameter as:

7

A=<=y + 47 + 1,72, (3.23)

r

where coefficients A; are constants chosen using optimization algorithm such that calculated r — t
solution of Eq. (3.23) best fits the data points available in the measured time history. Using this
approach, a more precise approximation of recovery rate A can be obtained, and a smooth decaying
function is obtained as shown in Fig. 3.18. The approximation can be compared to the actual values
(where there is no noise in the system), as shown in Fig. 3.18. As it can be observed, the results
are very close to each other. Moreover, the decaying function obtained by simply connecting the
local maxima of the noisy measurement is also shown in Fig. 3.18 to reveal that using only the
local maxima for forecasting does not lead to accurate results in noisy measurements (in addition
to the issues introduced by the low frequency oscillations discussed before).

The forecasted bifurcation diagrams of the pitch displacement are shown in Fig. 3.19. The same
procedure is followed for subcritical bifurcations, and results are presented in Fig. 3.20. All results
are presented as mean values with standard deviation error bars obtained from 20 separate

forecasts. It is observed that the results match very well the exact bifurcation diagrams.
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Figure 3.19. Exact and forecasted bifurcation diagrams for the pitch displacement in supercritical case
and in presence of 5% (left) and 10% (right) measurement noise. Forecasted results are shown as mean
values with standard deviation error bars obtained from 20 separate forecasts.
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3.5 Conclusions
A novel forecasting method was presented to forecast Hopf bifurcations using measured

system recoveries from perturbations only in the pre-bifurcation regime. The method is based on
the critical slowing down phenomenon for oscillatory systems. A modal coordinate approach was
introduced to extract smooth non-oscillating recovery of the system and the forecasting method
was applied to this approximated recovery. The proposed technique can be used for forecasting
bifurcations in large-dimensional systems and has high accuracy for forecasting bifurcations from
large perturbations. Unlike previous approaches, the proposed method uses all measurements in
oscillating recoveries (and not just local maxima) to find the recovery rate and forecast the
bifurcation diagram. This ability results in higher accuracy in forecasting bifurcations when the
system recovers to its stable state with low-frequency oscillations where the number of local
maxima is not enough to have a good approximation for the recovery rate. Furthermore, this

approach is more robust to measurement noise that affects especially the local maxima (peaks).
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The method was applied to a nonlinear aeroelastic model in response to gust perturbations.
Numerical simulations show that the method accurately predicts the bifurcation point and the post-
bifurcation dynamics in both supercritical and subcritical cases despite the fact that it uses only
pre-bifurcation regime data and it does not use a model of the system. Since dramatic changes can
occur in the system dynamics at bifurcations, predicting the bifurcation type (i.e., its supercritical
or subcritical characteristics) without placing the system in the post-bifurcation regime is a notable
advantage. This forecasting opens the door to a variety of applications where knowledge of nearby

bifurcations is important for safety and maximum system performance.
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Chapter 4
Forecasting Critical Speed and Post-Critical Dynamics in Large Dimensional
Fluid-Structural Systems
4.1 Introduction

A pervasive need for engineered systems when creating new designs is to improve the
efficiency of existing systems while ensuring safety and reliability. Such new designs may be
complex both in shape and dynamics, and often exhibit nonlinear behavior.

Studying the dynamics of nonlinear structures is an important engineering topic because
such systems can exhibit a wide variety of possible behaviors. Hence, the dynamic response of
such systems needs to be accurately evaluated under different operational conditions. More
specifically, it is important to study the dynamic stability of systems when some of their parameters
are varied, and that includes the study of their bifurcations. Bifurcations occur in the dynamics of
complex nonlinear systems and lead to different types of instability problems.

There are many studies focused on analysis and identification of bifurcation diagrams in
nonlinear systems. These methods apply to systems with a known model and vary from common
time-marching [94,95], to normal forms and nonlinear normal modes [56,96], to multiple scales
[54,97], and to harmonic balance [52,53], to name a few. Although these methods are well capable
of identifying bifurcations and build their diagrams, they have drawbacks that make them difficult
or impossible to use for a variety of large dimensional systems frequently encountered in real
applications. First, these methods are model-based and creating an accurate model for the desired

system can be infeasible or impractical especially when the system is exceedingly complex.
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Second, even if a mathematical model is established, due to complex dynamics and nonlinearity,
massive theoretical and numerical computations are required to analyze its dynamics. Furthermore,
models may be incomplete or inaccurate due to assumptions and uncertainties as well as due to
parameter variations over time, making the accurate representation of the system a challenge in
itself.

Similar to theoretical and computational methods, experimental methods to determine
bifurcations and bifurcation diagrams of complex systems have their own challenges. For example,
some methods are only capable of predicting the bifurcation point [98]. Other methods include
nonlinear analysis and system identification [99,100], but they need large sets of data and have
difficulties in identifying complex nonlinear system parameters. Other approaches include set-and-
observe methods [100], i.e. place the system in different operational conditions including the post-
bifurcation regime to construct the bifurcation diagram. However, this is not an easy task and may
also result in the collapse of the system.

Therefore, nonlinear analysis of large dimensional complex systems is still a unique
challenge. To address this challenge and due to the importance of the topic, a new method of
forecasting bifurcations has been introduced [8], and further developed [3] for large dimensional
oscillatory systems. The approach is based on the phenomenon of critical slowing down which
accompanies many bifurcation phenomena including flutter, i.e. when the systems is close to the
bifurcations, perturbations lead to long transient oscillations before the system reach to its stable
state. This approach is capable of forecasting not only the distance to bifurcations but also the
dynamics of system in the post-bifurcation regime. The unique feature of the method is that it is
model-less: no mathematical model of the system is required for forecasting. Hence, it is applicable

to complex nonlinear systems where a model of the system is not available, or where analysis
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would require massive computations. To forecast the bifurcation diagrams using this method, one
measures several system responses to perturbations in the pre-bifurcation regime. As a result, the
method is computationally efficient and is safe in real applications since the system is never placed
in the potentially dangerous post-bifurcation regime. In those previous studies, the bifurcation
forecasting method was applied to forecast bifurcation diagrams in a feedback controlled beam [8]
and ecological systems [88]. These have a different physical behavior than oscillatory, aeroelastic
systems. The forecasting method was developed further to be applied to systems exhibiting Hopf
bifurcations [101,102]. Challenges related to oscillatory systems were addressed. For example, the
co-existence of several active modes the measurements was addressed in [89,101], and the need
for a precise approximation of the recovery rate of slow oscillatory systems where the number of
local peaks is very small and not enough for an accurate forecasting was accounted for in [102].

An important class of nonlinear complex engineering systems prone to subcritical and
supercritical Hopf (flutter) bifurcations is the fluid-structural interaction [43,64-67]. These
phenomena can cause dramatic changes in the system dynamics typically resulting in loss of
performance is possible is total failure. Hence, one of the demanding topics of research in fluid-
structure interactions is determining the speed above which the system becomes linearly unstable,
1.e. determining the flutter speed. Furthermore, identifying the flutter type (supercritical and
subcritical) and the limit cycle amplitude beyond the flutter speed are also important especially
when operating close to the linear flutter boundary.

This research focuses on the forecast study to the problem of Hopf bifurcations in fluid-
structural systems. The bifurcation forecasting method is employed to forecast bifurcation
diagrams of a complex large dimensional fluid-structural model. The method is applied to forecast

the flutter speed and bifurcation diagrams of a cantilever flexible high aspect ratio wing as an

83



example of nonlinear large dimensional fluid-structural systems with complex fluid-structural
interaction. The large dimensionality of the system causes modal interactions and allows for much
more complex physical behaviors that those explored in [3,103]. Schematic of the forecasting
approach is demonstrated in Fig. 4.1. The goal is to forecast the flutter speed and post-flutter
dynamics of this large dimensional system using a few responses of the system to gust

perturbations only in the pre-flutter regime.
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Figure 4.1. Schematic of the forecasting method for aeroelastic systems. Bifurcation diagrams are
forecasted (black dots) by measuring a limited number of system responses to gust perturbations before
the instability boundary.
4.2 Forecasting methodology

In this section, a bifurcation forecasting approach is introduced and adjusted to enable

forecasting flutter bifurcations based on observations of the transient response of large-

dimensional fluid-structural systems in the pre-bifurcation regime. Here, only the main changes
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made to previous approaches, and the main concepts and steps of the new forecasting method are
described.

In fluid-structural systems with Hopf (flutter) bifurcations, the system oscillates during its
recovery in response to perturbations in the pre-bifurcation regime. Its recovery rate from
perturbations depends on the distance to the bifurcation, i.e. the difference between the current
flow speed and the flutter speed. When system approaches the bifurcation, transient oscillations
last longer before the system reaches equilibrium, which means that the rate of recovery decreases.
This phenomenon is known as critical slowing down (Fig. 4.2). The proposed method uses this
phenomenon to identify the distance to the bifurcation.

There are several requirements for the forecasting method to be accurate. A first
requirement is that the system is close enough to the bifurcation as to exhibit measurable slowing
down in its recoveries. Moreover, measurements containing identifiable parts are on the inertial
manifold to ensure that changes in the recovery rates are due to the slowing down phenomenon.
The inertial manifold is an invariant set where the dynamics is slowest in time and contains main
features of the system. Thus, this manifold is the slowest, and if the system starts from a state in
this set, it remains in that set at all times. A second requirement is that the system dynamics and
its inertial manifold vary smoothly with the bifurcation parameter, which is the flow speed in the

current study.
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Figure 4.2. Schematic of the change in the rate of recovery from perturbations in a system approaching
bifurcation; oscillations last longer when the system is closer to the flutter speed.

For large dimensional nonlinear systems, there might be a large number of active spatial
coherences (e.g., modes) in a measured recovery from perturbations. When flutter occurs, one pair
of complex conjugate eigenvalues of the Jacobian of the dynamics (computed at the equilibrium
state) moves to the right of the imaginary axis. This means that only one of the existing modes is
involved in the instability, and the effect of other modes can be expressed as a function of this key
mode thus being removed from the measurements to achieve maximum accuracy in forecasting.
This is equivalent to requiring that the center space of the equilibrium at the bifurcation state is
two-dimensional, and the coordinate of the mode involved in the bifurcation captures the entire
dynamics near the bifurcation point.

To filter out the effects of the modes not involved in the critical slowing down, two methods
can be employed. The first method is to separate the bifurcating mode using frequency-filtering.
In a measured recovery, one can consider the frequency of oscillations at the end of the signal as

the frequency of the bifurcating mode. This idea comes from the fact that the system is close to
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the bifurcation and, hence, all modes but one are damped out at the end of the measurement. A
band pass filter can be used to separate the desired frequency range from the measurements.

The second method is to project the dynamics of the system onto the center space of its
dynamics [103]. In Hopf bifurcations, the inertial manifold near flutter is a two-dimensional
nonlinear manifold, and the corresponding center space is tangent to it. One can experimentally
determine the center space basis from measurements and study the slowing down behavior for
forecasting on this space when the system is close enough to the bifurcation.

Although the frequency-filtering method is simpler, the center space projection method is
more accurate when there are several modes with frequencies close to the frequency of the
bifurcating mode. Details and a discussion of benefits and drawbacks of bifurcation forecasting
using center space projection can be found in refs. [3,102].

When a system oscillates during its recovery from perturbations, measurements are
collected at different phases of the oscillation. As a result, the recovery rates (computed at each
instant when measurements are collected) have different phases. They cannot be compared to each
other unless the phase is known, which is difficult or impossible, depending on the available
measurements. An alternative solution is to use a specific phase on the inertial manifold and
forecast the bifurcation diagram for that phase. Since the inertial manifold is two-dimensional,
choosing a specific phase on the inertial manifold means to construct a Poincaré section and reduce
the system to a one-dimensional nonlinear map at each phase. To forecast the maximum amplitude
of the limit cycles in the post-bifurcation regime, one has to choose local maxima of the measured
system recoveries for forecasting.

Consider a one-dimensional nonlinear system corresponding to a chosen fixed phase on

the inertial manifold of a fluid-structural system prone to flutter. The flow speed V is the
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bifurcation parameter, and r is the amplitude of the dynamics. This amplitude can be that of any
state variable of the system. The rate of change of the amplitude can be written as

r=f,r). 4.1
In general, f in Eq. (1) can be a complex function of the bifurcation parameter V. For simplicity,
it is considered that the amplitude is measured with respect to equilibrium. Hence, r = 0 is a stable
state before the flutter point located at V = V.. Using a Taylor series with respect to the parameter
(not with respect to the state) around the bifurcation point (V = V), and retaining the first three
terms, the governing equation can be expressed as

Fr=r(p@)+a, () V-=Vo)+a,(r) V-Vz)2)+H.0.T., 4.2)
where p(r), a,(r) and a,(r) are polynomial functions which are independent of the flow speed
V. Equation (4.2) considers the first three terms in the Taylor series. For the flow speeds close to
the flutter speed in this study, a second-order polynomial dependence on the parameter as shown
in Eq. (4.2) provides good accuracy, and higher order terms can be neglected. Nonetheless, one
can use higher order terms (especially when the forecasting is used at flow speeds far from the
flutter point).

To characterize the recovery, we define the recovery rate as

AV, 1) = % - - (4.3)

Therefore, Eq. (2) can be re-written as
A1) =p@) + a; ()W = Vi) + a,(r)(V = V)2 (4.4)
The recovery rate is computed at each amplitude r using measured system recoveries.
Forecasting is based on this computed recovery rate. At a fixed amplitude 7, the recovery rate
decreases when the system approaches bifurcations. Similarly, at a fixed flow speed V, the smallest

recovery rate corresponds to the amplitude which is closer to the actual bifurcation diagram.
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To forecast the bifurcation diagram, system recoveries from perturbations at several
different flow speeds V;, V,, ..., V,, are measured. Note that the order of the polynomial in
Eq. (4.4) used for approximating the recovery rate determines the minimum number of
measurements required for forecasting the bifurcation diagram. In this study, a minimum of three
measurements are needed, all in the pre-flutter regime.

For a fixed amplitude r = #, one can compute A(V,7), k = 1,2, ...,n and use a second-
order approximation for the data collected in the V — A(u, ) plane according to Eq. (4.4). The
intersection of the fitted curve with the V axis (V = V) corresponds to a zero recovery rate which
is the forecasted flow speed for the chosen amplitude 7 in the post-flutter regime. This process is
repeated for several values of 7 to forecast the bifurcation diagram at the chosen phase. The
forecasting procedure is conceptually shown in Fig. 4.3.

To increase the forecasting accuracy especially for low frequency oscillations, one can use
methods such as nonlinear optimization [3] and center space reduction [102] to approximate the
recovery rate more accurately. In this study, the nonlinear optimization approach is employed. In
this method, the recovery rate is approximated in the following form

7

A===A + 41+ -+ A,7P, (4.5)

r

where coefficients A; are constant coefficients. These coefficients are chosen using optimization
such that the calculated r(t) solution of Eq. (4.5) best fits the local maxima available from the
measured time history. The idea behind this method is that a p"-order polynomial in the A — r
plane is sufficient to approximate recovery rate of systems with either supercritical or subcritical
bifurcations. This approach gives a more accurate and smooth approximation of recovery rates
than simply using discrete derivatives of local maxima. In this study, good accuracy is obtained

when p = 4 is selected. It is worth mentioning that in the presented forecasting method, there is
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no assumption about the type of bifurcations a priori. The forecasting method can uncover
bifurcation diagrams of both supercritical and subcritical bifurcations following exactly the same
procedure.

The method is applied to forecast the flutter speed and bifurcation diagram of an elastic
high aspect ratio wing that has a complex dynamics caused by fluid-structure interactions and large
elastic deformations. Instead of experimental measurements, surrogate time-series are used as
input to the forecasting method. The surrogate data is obtained from simulation of the highly

flexible wing formulation described below.
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Figure 4.3. Schematic of proposed forecasting method procedure: 1) System recoveries are measured
after perturbations, and the recovery rate is estimated using nonlinear optimization for the local maxima
of the measurements. 2) The estimated recovery rates for a fixed amplitude at each measured flow speed
are analyzed. 3) The flow speed VV where the recovery rate becomes 0 at amplitude # is determined using
a low order polynomial. 4) Steps 2 and 3 are repeated for several amplitude values 7, and the bifurcation
diagram is constructed using the forecasted pairs of values (V).
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4.3 Model formulations

Modeling the interaction between structures undergoing large deflections and the flow
requires a geometrically nonlinear formulation rather than a traditional linear one. Cesnik and co-
workers [104,105] have developed a nonlinear aeroelastic formulation coupled with the flight
mechanics to perform simulations of very flexible aircraft in free flight. In this framework, the
structure is based on a strain-based geometrically nonlinear beam finite element[106], allowed for
fully coupled three-dimensional bending, twisting, and extensional deformations. A finite-state
unsteady potential flow airloads model [107] with stall, compressibility, and tip effect corrections
is integrated into the system equations. This whole formulation is implemented in Matlab and
makes the so-called University of Michigan’s Nonlinear Aeroelastic Simulation Toolbox
(UM/NAST)[69,104]. An overview of the formulation implemented in UM/NAST is described
below.

Consider the body frame defined as wing right (+x), towards wing leading edge (+y) and

normal to beam surface (+z) as shown in Fig. 4.4.

w, (s, t)

wy (s, t) waffp -

Figure 4.4. Schematic of flexible wing, frames and coordinates used in the structural model include an
inertial frame G, a body fixed frame B, and a local frame w.
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Each beam element has three nodes with four degrees of freedom: extensional, twist and
two orthogonal bending strains about the beam reference line. The strain vector within each beam

element is assumed constant and is denoted by

Ee=[<‘5x Kx Ky KZ]T- (4.6)

As shown in Fig. 4.4, the position and orientation of each point can be described by a position

vector, namely p,,, and three directrix vectors, namely w,, w,,, w,, resulting in 12 components.

For a point at location s from the origin along the beam, one has:

h(s) = [pu(s) we(s) wy(s) wy(s)]'. 4.7)

The rigid body motion of the body frame origin is described by the three linear and three angular

velocities, denoted by

B=1Ivs wsl (4.8)
Given nodal direction vectors (wy, wy,, w,), the direction cosine matrix € ™ from the local beam
frame w to the body frame B can be expressed as:

C =[wy w, w,], (4.9)

which implies that an arbitrary column vector {u},, expressed in the beam reference frame can be

transformed to the body frame by:
{ulp = CPuly, . (4.10)

The position and orientation h(s) can be recovered from the strain &, and boundary condition h,

using the kinematic relationship

h(s) = eKG=s0)p, = eGp,, 4.11)
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where

0 1+¢ O 0
160 0 K; —Ky
K=|p —x, 0 K. . (4.12)
0 Ky =Ky O 12x12

Nodal displacement can then be computed by marching Eq. (4.11) from root to tip between
connecting beam elements.

To model unsteady aerodynamic loads, a 2-D finite state acrodynamic theory is used [107].
The theory is developed for calculating aerodynamic loads on a two-dimensional thin airfoil with
large motions in inviscid and incompressible flow. The aerodynamic lift, moment and drag of a

thin airfoil about its aerodynamics center can be written as
Lae = mpb3 (=7 + Y& — dd) + cigpbey? [ 2+ (05b - DS -2 |,

Mo =mpb3 [-27 = yi — (%= %) & | + 2pcmob?y?, (4.13)

dac = —pCaobcy?,
where b, is semi-chord, d is the distance between the mid-chord and the reference axis, c,,, and
cq0 are moment and drag coefficient of zero angle of attack, respectively, and c;, is the lift curve
slope. Moreover, y and Z are the velocity components along and perpendicular to the chord,
respectively, and «a is the angle of attack.

The inflow velocity parameter is given by
Ao =75 ZN1bpln, (4.14)

where the b,, coefficients are given in ref. [107], and inflow states A,, can be obtained using the
following final form of the differential equation:

& g

2=F1{é}+F2{é}+F3A, (4.15)
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Where the F;s are influence matrices [104].

Finally, to obtain the elastic equations of motion, the principle of virtual work is used. The
virtual work of the system consists of the effect of inertial forces, internal strains and strain rates,
and external loads. The structure is divided into several elements with length ds, and the virtual
work is computed for each element. Summing up the internal and external work of all elements

results in the following elastic equations of motion [104]

Mpp(e)  Mpg(e)](€) | [Crr(e,&B) Cra(e & B (€) | [Ker O](€
Mpr(e) Mgg(e) {B}-I_[CBF(Ewé»ﬁ) Cpp(e,€,B) {ﬂ}-l_[ SF O]{b}
_ (4.16)
_ {RF(E, 88,8 A c,u)}
" \Rp(e, 6,88, 8,0, w)

where the attitude is defined by a set of quaternions, { = [{y, {1, {2, {317, which relates rotation from

the inertial frame to the body frame. The quaternion { is governed by [104] :

¢ =—-0:(p)¢, 4.17)
and the propagation of the body reference system by:

Py = [C°E(Q) 0] B. (4.18)
The matrices ¢ () and C GB(¢) in Eqgs. (4.17) and (4.18) are body rotations about the reference
frame and reference coordinate transformation matrix, respectively, which are defined in ref.
[104].

The set of equations are integrated numerically to obtain the vehicle response. The
UM/NAST framework is used as the source for surrogate measurements required for the proposed
forecasting method. It is worth recalling that the mathematical model is not needed for the
forecasting method. The only input to the algorithm is the transient time data measured from

sensors (or surrogate data from numerical simulations). Hence, the actual model introduced in this
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section is used only for generating surrogate measurement data to demonstrate the forecasting

method.

4.4 Forecasting bifurcation diagrams of a flexible high-aspect-ratio cantilever wing
In this section, the proposed approach is used to forecast the flutter speed and the
bifurcation diagrams of a very flexible high-aspect-ratio cantilever wing modeled using the

formulation in Sec. 4.3. The geometric and structural properties of the wing are provided in

Table 4.1.
Table 4.1: Geometric and structural properties of the high-aspect-ratio wing
Semi-Span 16 m
Chord (c) I m
Root Angle of Attack 2 deg
Airfoil Thin plate
Number of Inflow States per Strip 6
Beam Reference Axis 0.5c
Center of Gravity 0.5¢c
Mass / Span 0.75kg/m
Cross-Section Mass Moment of Inertia about y-axis (lyy) 0.05 kg m
Cross-Section Mass Moment of Inertia about z-axis (I.,) 0.05 kg m
Torsional Stiffness (GJ) 3 10° Nm?
Bending Stiffness about y-axis (EI) 6 10° Nm?
Bending Stiffness about z-axis (EI,) 1.5 10 Nm?
Stiffness Proportional Damping Factor 22110

The material of the structure is linear, but its elastic deformation is large because of the
high aspect ratio. Hence, the study of this nonlinear large-dimensional system using traditional
methods offers unique challenges. In contrast, using the bifurcation forecasting approach for this
system can dramatically reduce the efforts required for its comprehensive nonlinear stability

analysis
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To forecast flutter, system responses to perturbations are measured at several flow speeds
in the pre-flutter regime. Surrogate measurements are generated using the proposed formulations
in the previous section as input to the forecasting method. Specifically, three flow speeds of
123 m/s, 125 m/s and 127 m/s were chosen. This is the minimum number of required measurements
for forecasting. At each flow speed, the static aeroelastic equilibrium for the wing at 2-deg root
angle of attack resulting from the applied aerodynamic forces is obtained (which in this example
was computed using a quasi-static solution process [104]). Figure 4.5 schematically shows the

static equilibrium position of the wing obtained from quasi-static solution at 125 m/s flow speed.

(15.62,-0.028,3.231) m

Figure 4.5. Schematic of the equilibrium position of the wing at 125m/s flow speed and 2-deg root
angle of attack. The position of a point on the beam reference axis at the wing tip is shown before and
after the deformation of the wing due to aerodynamic forces.

Next, perturbations are applied to the system to measure recoveries required for
forecasting. In general, perturbations can be of any type. In this study, we use “/-cos” type gusts.
The applied gust has a maximum vertical amplitude of 40 m/s and a period of 0.06 s (as shown in
Fig. 4.6), and acts on the entire wingspan. After the gust passes, the wing starts to recover from
the disturbance caused by the gust. At each flow speed, the response of the system after the gust
encounters is recorded along the three directions at several points along the span. As an example,

the recorded gust response of the wing tip in the horizontal (y) and vertical (z) directions at the
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flow speed of 125 m/s are shown in Fig. 4.7. These data and similar measurements recorded at
several flow speeds in the pre-flutter regime are used as inputs to forecast the flutter speed and the
bifurcation diagram. It is worth recalling that the proposed forecasting approach is model-less, and

hence the system model is used only for generating surrogate measurements.

Gust amplitude (m/s)

0 0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

Figure 4.6. Variation of gust speed with time
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Figure 4.7. System recoveries from perturbations at 125 m/s in (a) y direction and (b) z direction,
recorded for a point at the wing tip.
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Since the system has many degrees of freedom, there exist many possible active modes in the
recoveries, while only one of them is involved in the flutter phenomenon. The filtered

measurements containing the separated bifurcating mode are shown in Fig. 4.8.
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Figure 4.8. System recoveries filtered to separate the effects of the bifurcating mode from measurements.
Same recoveries are used as those shown in Fig. 4.7. Envelope lines approximate the decay function of
local maxima.

To build the bifurcation diagram of limit cycle amplitudes, local maxima of the filtered
signals are used. To ensure that the data used for forecasting are on the inertial manifold, the first
second of measurements is not used. Bifurcation diagrams of the wing in each direction and for
each point along the span can be forecasted separately. Following the forecasting procedure, curves
of recovery rate of local maxima of y displacement for the wing tip are computed and shown in
Fig. 4.9. Using these curves together with Eq. (4.4), A — V curves are obtained for each amplitude
as shown in Fig. 4.10. The intersection of each curve with the I/-axis corresponds to a zero recovery
rate, which is the forecasted flow speed in the post-flutter regime for the chosen amplitude. A
similar procedure can be followed for negative peaks of measured recovery to forecast the lower

branch of the bifurcation diagram when signals are asymmetric. Following this approach for
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several amplitudes, the bifurcation diagram is constructed as shown in Fig. 4.11(a). Bifurcation
diagrams show maximum amplitudes of limit cycle oscillations measured from mean position of
the oscillations as function of flow speeds. Similarly, the bifurcation diagram for the wing tip
deflection in the z direction is forecasted and shown in Fig. 4.11(b).

Fully-nonlinear aeroelastic simulations were conducted at given post-flutter speeds to
obtain the reference limit cycle amplitudes. They are shown in Figs. 4.11(a) and 4.11(b) using
solid circles and they are compared with the forecasted curves. To find the reference limit cycle
amplitudes, time-marching is used to solve the equations of motion detailed in Sec. 4.3. To that
aim, the system is perturbed at the corresponding post-flutter speed, and the model equations time

marched until the oscillations converge to the stable limit cycle.

-0.2
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-05F 1
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y (m) Flow speed (m/s)

Figure 4.9. Recovery rate variation with amplitude Figure 4.10. Second-order approximation in the
for the horizontal (y) displacement of the wingtip A—V plane for several horizontal (y)
at different air speeds. displacement amplitudes of the wing tip. Each
curve corresponds to a different amplitude.
Symbols () show recovery rates shown in Fig. 22.
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Figure 4.11. Bifurcation diagrams for (a) the horizontal (y) displacement and (b) the vertical (z)
displacement of the wing tip. Solid lines are forecasted results corresponding to the limit cycle amplitudes
in the post-flutter regime, while dashed lines are unstable fixed points in the post-flutter regime. Symbols
(e) are reference limit cycle amplitudes computed by direct nonlinear time-marching solutions.
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Figure 4.12. Bifurcation diagrams for (a) the horizontal (y) displacement and (b) the vertical (z)
displacement of a point at a distance of 4 m from the tip. Solid lines are forecasted bifurcation results
corresponding to the limit cycle amplitudes in the post-flutter regime, while dashed lines are unstable
fixed points in the post-flutter regime. Symbols (e) are reference limit cycle amplitudes computed by
direct nonlinear time-marching solutions.
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Using the same forecasting procedure, bifurcation values for other points along the span
can be obtained. As another example, bifurcation diagrams of a point on the wing reference axis
at a distance of 4 m from the tip are shown in Fig. 4.12. According to the forecasted bifurcation
diagrams (Figs. 4.11 and 4.12), flutter is expected to occur at the speed of 128.7 m/s. Furthermore,
flutter is forecasted to be supercritical. Results show that the method can effectively forecast the
bifurcation diagrams of the system.

Note that since local maxima of measurements are used for forecasting, the forecasted
bifurcation diagrams correspond to local maxima of limit cycle oscillations (limit cycle
amplitudes) in the post-flutter regime. These bifurcation diagrams correspond to a fixed phase of
the spiral trajectory on the two-dimensional inertial manifold (that is the phase where the post-
flutter limit cycles exhibit their local maxima) in the y or z directions. This phase corresponds to
states where velocities y and Z are zero. Since the inertial manifold changes little with the flow
speed near the bifurcation, it is expected that the amplitudes of the post-flutter limit cycles occur
at approximately the same phase.

Bifurcation diagrams can be forecasted for any other system states using the same
approach. For example, identifying maximum velocities of points along the wingspan in the post-
flutter regime is also of importance. Following the same forecasting procedure, the velocity of the
tip in the y and z directions at flow speeds of 123 m/s, 125 m/s and 127 m/s are recorded. The
bifurcation diagrams of maximum velocities are forecasted using the forecasting method and

shown in Fig. 4.13.

101



y velocity (m/s)
z velocity (m/s)

10 . . . | | | 14 | | | | |
128 1282 128.4 1286 128.8 129 1292 129.4 129.6 129.8 130 130.2 128 1282 128.4 1286 128.8 129 1292 129.4 1296 129.8 130 1302
Flow speed (m/s) Flow speed (m/s)

(a) (b)
Figure 4.13. Bifurcation diagrams for (a) the horizontal velocity (y) and (b) the vertical velocity (2) of
the wing tip. Solid lines are forecasted results corresponding to the limit cycle amplitudes in the post-
flutter regime, while dashed lines are unstable fixed points in the post-flutter regime. Symbols () are
reference limit cycle amplitudes computed by direct nonlinear time-marching solutions.

To gain better insight into the usefulness of the proposed approach, forecasted bifurcation
diagrams are shown in the form of three-dimensional plots in the V — y — y space and separately
the V — z—Z space in Fig. 4.14. Since for flutter the inertial manifold is generally two-
dimensional, choosing any two independent coordinates on this manifold would determine the
dynamics of the system and the bifurcation diagram can be constructed. As it can be observed in
Fig. 4.14, forecasted diagrams are the maximum displacement and velocity amplitudes of limit
cycles corresponding to the local maxima (peaks) in the time series.

Note that to forecast other bifurcation diagrams for any point on the wing, and for any
desired state such as displacement or velocity, it is not required to perturb the system separately.
It is sufficient to perturb the system at few flow speeds, and record the displacements and velocities
of all desired degrees of freedom in response to a disturbance. Hence, a comprehensive nonlinear
analysis for the entire system is possible measuring only three system recoveries from

perturbations.
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Figure 4.14. Three-dimggional view of bifurcation diagrams of a point on th(eb\)zving tip (a) in the V —
y — y space, and (b) in the V — z — Z space. Thick lines are forecasted bifurcation diagrams, and thin
lines made of small circles are reference limit cycle results obtained from the nonlinear time-marching
solution.

When measurements are contaminated by noise, the forecasting accuracy is expected to
decrease. Noise with higher intensity makes it difficult to estimate the recovery rates and as a
result, the forecasting accuracy is decreased. In such cases, the number of measurements may be
increased to enhance accuracy. To investigate the effect of noise on the forecasting results, 2% and
5% white noise is added to the measurements, and the forecasting procedure is followed without
any noise filtering. Figures 4.15 and 4.16 show the forecasting results for the wingtip in horizontal
() and vertical (z) directions. All results are presented as mean values and standard deviation error
bars obtained from 20 separate forecasts. Results show that increasing the noise intensity leads to
larger variations in the forecasting results. Thus, forecasting using only one set of measurements

is not accurate especially when the noise intensity is high. Therefore, more measurements are

required to increase the forecasting accuracy.
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Figure 4.15. Bifurcation diagrams for the horizontal (y) displacement of the wing tip in presence of 2%
(left) and 5% (right) measurement noise. Forecasted results are shown as mean values with standard
deviation error bars obtained from 20 separate forecasts. The mean values are connected by solid (blue)

lines. Symbols (e) show the exact maximum limit cycle amplitudes computed by nonlinear time-
marching solutions.
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Figure 4.16. Bifurcation diagrams for the vertical (z) displacement of the wing tip in presence of 2%
(left) and 5% (right) measurement noise. Forecasted results are shown as mean values with standard
deviation error bars obtained from 20 separate forecasts. The mean values are connected by solid (blue)

lines. Symbols (o) show the exact maximum limit cycle amplitudes computed by nonlinear time-
marching solutions.

4.5 Discussions and conclusions
A novel bifurcation forecasting approach was employed to obtain the flutter speed and
post-bifurcation limit cycle behavior of fluid-structural systems, exemplified by a flexible high-

aspect-ratio wing. The forecasting method uses the fact that in Hopf bifurcations, the rate of the
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system’s recovery from perturbations decreases as the system approaches the bifurcations, known
as the critical slowing down phenomenon. To forecast the bifurcation diagrams, the only required
measurements are the system response to perturbations in the pre-bifurcation regime. More
importantly, the method is model-less and is applicable for complex large dimensional systems
where extracting a model for the system is difficult or impossible.

Using the forecasting method, bifurcation diagrams for displacements and velocities of
points along the wingspan were obtained. Surrogate data was used instead of experimental data,
obtained from numerical simulation using an efficient geometrically nonlinear aeroelastic solver
(UM/NAST). Gust disturbances were applied to the wing to create perturbations to the system to
reflect practical excitation situations. Results show that the method successfully forecasts the
flutter speed and the post-flutter dynamics of the considered large dimensional fluid-structural
system despite the fact that it uses only pre-bifurcation regime data and it does not use a model of
the system.

Valuable information can be extracted from the forecasted bifurcation diagrams that can
be of importance for design and safety purposes. First, the flutter speed, which defines the stability
boundary, is forecasted. Furthermore, the flutter type can also be forecasted. The effect of noise
on the forecasting results was also investigated. It was observed that when measurements are
contaminated by noise, the forecasting accuracy is decreased. The forecasting accuracy can be
enhanced by increasing the number of measurements depending on the level of noise and the level
of desired accuracy.

The forecasted bifurcation diagrams predict the amplitudes of limit cycle oscillations in the
post-flutter regime. Maximum displacements around the mean position as well as maximum

velocity of points along the wingspan are forecasted in different directions and at different flow
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speeds of the post-flutter regime. It is worth noting that all bifurcation diagrams were forecasted
using only three measurements of the system response to perturbations. This type of forecasting
opens the door to linear and nonlinear dynamical analysis of complex systems, in both theoretical
and experimental problems, and is important in safety analysis of complex systems.

It is worth mentioning that despite the advantages of the proposed method, there are situations
when the forecasting method does not have enough accuracy. The main assumption in the proposed
forecasting method is that the system exhibits a slowing down and is close enough to the
bifurcation for the slowing down to be observable its recoveries. However, critical slowing down
does not exist in all types of bifurcations. For example, systems undergoing period doubling cannot
be forecasted using the proposed approach. Moreover, for systems which do exhibit slowing down,
the region where the system exhibits a slowing down varies from system to system and is not
generally known a priori. There are examples of systems which do not exhibit a measurable
slowing down until parameters are significantly close to the instability boundary. In aeroelastic
systems, for example, there are cases where the linear eigenvalues of the system do not show any
decreasing trend (slowing down) unless the air speed is significantly close to the flutter speed when
a sharp decrease is observed in one of the eigenvalues. Hence, in order for the forecasting method
to work, measurements need to be available in a narrow parameter regime where slowing down is
observed, which is a challenging task especially in experimental systems due to presence of noise

and uncertainties.
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Chapter 5

Forecasting the onset of traffic congestions on circular roads

5.1 Introduction

Ground car traffic jams are a serious issue which can cause significant economic and
environmental problems. Hence, the study of complex nonlinear dynamics in traffic have attracted
a wide interest for decades [108—113]. The ultimate goal of these studies is to alleviate and prevent
traffic jams. Interactions among cars lead to the formation of a nonlinear system which experiences
complex dynamics. Mathematical modeling of the complex traffic flow dynamics has a long
tradition. Various approaches have been presented to model the complex dynamics of vehicular
dynamics and traffic phenomenon [114—116]. Taking advantage of developed models, numerous
efforts have been devoted to stability analysis of the equations governing the flow to identify the
onset and type of traffic jams on a road [117-119]. Previous studies have shown that traffic jams
is the result of a bifurcation where the traffic dynamics loses stability once passing a tipping point
[117,120]. The stability of traffic models and the bifurcation diagram revealing the system
dynamics after passing the tipping point can be investigated using linear and nonlinear stability
analysis techniques, provided that accurate models of the system are available [120-124].
However, traffic jams are fundamentally affected by a variety of factors, from driver behavior to
weather, which are hard to model [120]. As a result, accurate models are very difficult to obtain.
Recently, novel techniques have been developed in complex systems theory to enable forecasting

the emergent behavior in nonlinear systems. In this work we discuss how to use such techniques
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to forecast the onset of traffic jams in vehicular traffic flow systems. A great advantage of these
methods is their model-less feature. One only needs to monitor system behavior in pre-transition
(stable) regime to identify how close the system is to an instability (i.e., close to a traffic jam).
These methods can be classified into two groups: (a) stochastic methods, also referred to as early
warning indicators/signals, and (b) bifurcation forecasting methods. All these methods rely on
critical slowing down, i.e., the fact that, as the system approaches a bifurcation, perturbations to
the dynamics lead to ever longer transient recoveries to the equilibrium position. The consequence
of the critical slowing down in stochastic systems is an increased in variance and autocorrelation,
and the appearance of flickering [2,11,28,35]. Such features observed in recoveries in the vicinity
of several types of bifurcations are used in early warning indicators/signals. Using these methods,
one can forecast that the system is approaching a tipping point; however, the distance to the
instability is not identifiable. Bifurcation forecasting methods, however, are able to forecast both
the distance to the bifurcation and a portion of the bifurcation diagram, provided that large enough
perturbations are applied to the system [3,8,84,88,125—127]. These methods use measured
recovery rates of system from perturbations in the pre-bifurcation regime for forecasting.

In this research, we examine the application of early waning indicators/signals and
bifurcation forecasting methods to predict traffic jams on a circular road. To generate surrogate
measurements of the system, microscopic modeling of traffic flow is employed. The required
measurements for forecasting is the relative distance (headway) between two or more cars on the
road. Results show that traffic jams are forecasted successfully. Therefore, model-less forecasting
approaches are highly advantageous because traffic flows are complex and mathematical models

capable of capturing their complete dynamics are not available generally.
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5.2 Forecasting Methods
In the following, two main approaches of forecasting tipping points in complex systems
are introduced; however, the main focus of this study is on bifurcation forecasting methods. These

methods are employed to forecast traffic jams in car-following model in section 4.

5.2.1 Early warning indictors/signals

Early warning indicators are statistical indicators which reveal proximity to a tipping point.
These methods are applicable to systems with small fluctuations around their equilibrium state
resulting from stochastic perturbations. As a system approaches a bifurcation which exhibits
critical slowing down, the rate of recovery of the system from perturbations decreases and the time
required for the system to return to its equilibrium state increases. Thus, the system becomes more
correlated with its past, which leads to an increase in autocorrelation. Furthermore, perturbations
can accumulate, which leads to an increase in the size of the fluctuations and as a result, an increase
in variance [11]. The increase in the value of early warning indicators may be detected sometimes
well before a tipping point. In particular, an increase in variance and autocorrelation of fluctuations
of the system has been well studied and observed in numerous theoretical and experimental
complex systems [11],[16,36,128,129]. Figure 5.1 schematically shows the variation in an early
warning indicator as a system approaches a saddle-node or Hopf bifurcation. Several other
indicators have been explored as early warning signals such as the noise-induced spectrum [37],
the skewness of the probability distribution [30], and the flickering between basins of attraction
before bifurcations [38] (see also [2] for a review). In this work we focus only on the variance and

autocorrelation as these are the most widely used indicators in the literature.
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Figure 5.1. Schematic of the variation of early warning signals as the system approaches a saddle-node
or a Hopf bifurcation.

5.2.2 Bifurcation forecasting methods

Distinct from stochastic methods, bifurcation forecasting methods can forecast both the
critical point (i.e., the distance to the tipping point in the parameter space) and the post-critical
dynamics in nonlinear systems [8,84], i.e. the bifurcation diagram. Unlike early warning
indicators, this group of methods use recoveries from large perturbations at several parameter

values for forecasting (Fig. 5.2).
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Figure 5.2. Schematic of the bifurcation forecasting method. System measurements before the critical
point are employed to forecast the bifurcation diagram.

For clarity, consider the simplest case of a co-dimension-one bifurcation of a one-dimensional
nonlinear system given by

P =fur), (5.1
where u is the parameter, and r is the amplitude. Assume that the system has an tipping point at a
parameter value u = u.. If the system is operating close to this tipping point, Eq. (5.1) can be
expanded using a Taylor series approximation with respect to the parameter around y = p,

7 =rlp) + a () (u—p) + a, (- p)* +H.0.T.], (5.2)
where p(r), a,(r) and a,(r) are polynomial functions independent of the parameter u. The order
of the polynomial in Eq. (5.2) depends on the number of parameter values at which measurements
are available. In many cases, using a first or second order approximation leads to acceptable results.

From Eq. (5.2), we define recovery rate at each amplitude as

A1) = ;; _In (Tt+At;;1tn (re—at) ’ (5.3)
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which can be approximated using measurements of the system recovery from perturbations. The
rate of recovery can be used as an indicator, and is correlated to the distance to the bifurcation. At
a fixed amplitude 7, the recovery rate decreases when the system approaches the bifurcation, and
is zero when the system is at the equilibrium state . This fact is used to forecast bifurcation diagram
of the system (Fig. 5.3).

In this forecasting approach, system recoveries from perturbations at several different
parameter values pyq, Uy, ..., U, are measured. The recovery rate is computed at a fixed amplitude
7 and using different set of measurements, i.e. A(u,,7), k = 1,2, ...,n. Data in the u — A(u, 7)
plane are approximated using a low order polynomial to identify the parameter u = fi at which the
recovery rate is zero. fi is the forecasted parameter on the bifurcation diagram for the chosen
amplitude 7. This process is repeated for all amplitudes measured in the recovery rate to forecast
the complete bifurcation diagram of system (Fig. 5.3).

In a car-following model, the traffic flow system undergoes a Hopf bifurcation from
microscopic point of view meaning that cars experience stop-and-go traffic once the car density
reaches a critical value u.. If one measures the headway between two consecutive cars after a
perturbation, one obtains a recovery which decays with oscillations to an equilibrium state (Fig.
5.3(a)). Therefore, the slow manifold of the dynamics is two-dimensional while the described
forecasting method considers a system with a one-dimensional manifold. Thus, we choose local
maxima/minima of the measured system recovery for forecasting. This reduces the system to one-
dimension, and the forecasting method can be employed to forecast the maximum/minimum
amplitudes of limit cycle oscillations after the critical point [3,102,130]. Hence, the bifurcation

diagram of the system can be forecasted.
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The main advantage of the bifurcation forecasting methods is their ability to forecast the
distance to the tipping point and also the bifurcation diagram. However, these methods are not
applicable to cases where perturbations are very small and stochastic. Instead, early warning

indicators are best suited when the system is highly stochastic with small fluctuations around its

equilibrium.
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Figure 5.3. Procedure to forecast the bifurcation diagram of limit cycle amplitudes: (a) measure the
system response to perturbations at several parameter values, (b) approximate the recovery rate of local
maxima (minima) from time series measurements, (c) identify the parameter value i at which the
recovery rate for a specific amplitude 7 is zero, (d) repeat steps (b) and (¢) for several amplitude values
7, and construct the bifurcation diagram using the pairs of values (fi,7).

5.3 Model formulations

The focus in this section is on the general formulation of a microscopic car-following-

model. The simulation results of this model are used as surrogate measurements in the forecasting

algorithms.

Consider a system of N cars moving on a circular road of length L as shown in Fig. 5.4.

Cars are labeled by i = 1, ..., N. Specifying an arbitrary origin on the ring, the equation of motion

of each car can be written as

(5.4)
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where x; denotes the position of the i car, and an overdot represents the time derivative. h; is the

headway defined as the bumper-to-bumper distance between the i and the i + 1% cars, i.e.

h; = %;,, — %;. Constant %; represents the reaction time of the i driver. Function V is the so-
called optimal velocity function (OVF) which depends on the headway and satisfies some special
properties [35]. In this study, all drivers are assumed identical, and therefore ¥; = ¥ and V; = V for

i=1,2,..,N. Equation (4) is a set of coupled ordinary differential equations, but despite its

simplicity, it can reproduce the dynamics involved in traffic jams [111,117].

X3
Yi-19"
x; @ '
B —0
Xi+1@

Figure 5.4. Schematic of cars flowing on a circular road.

Equation (5.4) can be non-dimensionalized defining the following variables [117]

t L T5, ~
6=, L=2Vi(x) = -Vi(ak) (5-5)
where a is an arbitrary length value, e.g. length of a car. With these new variable, Eq. (5.4) can be

written in state space form as

{xl_yi =12, ..N (5.6)
g =) -y 1T Ve '

where hy = x; —xy + L.
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The OVF is the source of nonlinearity and there have been various forms proposed for this function

[117,131-134]. In this study, we choose the following function [117]:

2
V(h) = Viax 75 - (5.7)

Equation (5.7) possesses a solution x; (t) where all cars have the same velocity v*, constant over
time. This uniform flow equilibrium, called quasi-stationary equilibrium, is expressed as
hi=h*=L/N, v,(t) =v*=V(h"). (5.8)
Performing a linear stability analysis of the system around this quasi-stationary equilibrium, one
obtains the following characteristics equation [117]
A +21+p)N -pY =0, (5.9)
where B =V'(h*), V' = Z—Z, and A is the eigenvalue of the linearized system. Considering the

critical eigenvalues A(h%,.) = t+iw, we can obtain the stability curves

Vi(hi) = —— .k =1,2, % (5.10)

1+cos (T)
The couple of complex conjugate eigenvalues that first cross the stability boundary correspond to
k = 1. This corresponds to the emergence of a stop-and-go traffic jam which we wish to predict.

Figure 5.5 schematically shows V' versus y = L/N. Based on common assumptions made for

OVFs, V' is generally a bell-shaped function. If 1,,, < s, there is no solution for Eq.

1
1+cos (W)

1
27T >
1+cos (W)

(5.10), and the system is always stable (i.c., no traffic jam occurs). However, if 1}, ,,, >
there exist two critical values y; and y,. The system is stable when y < y; or y > y,, and is
unstable otherwise. These critical values correspond to critical car densities on the road p; = 1/y,

and p, = 1/y,. Traffic jam emerge when the density of cars on the road hits one of the boundaries

p1 or p,. One can assume a road on which the number of cars (and therefore the density) is
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gradually increasing, and at some point, a traffic jam emerges on the road.

The stability of the system can be explored in the N — L plane as shown in Fig. 5.6 for the OVF
given by Eq. (5.7) with v,,,, = 0.9. This diagram shows where the system loses its linear stability
and traffic jams occur. In addition, a nonlinear analysis can show that the system undergoes
supercritical/subcritical Hopf bifurcations depending on the system parameters.

The bifurcation parameter can be chosen to be d = L/N or p = N/L. Alternately and
without loss of generality, N can be fixed (for convenience in simulations), and L can be selected
as the bifurcation parameter. Thus the goal in this study is to forecast the critical value L, at which
a traffic jam occurs. This is analogous to forecasting the critical car density on the road. Note that
in the following sections, the mathematical model is used only to generate surrogate

measurements. The forecasting approaches are data-driven methods, and do not require a model.

20
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) > 0
Y1 Y2 y=L/N

Figure 5.5. Graph of V' versus L/N and stability Figure 5.6. Stable and unstable regions of system
boundaries for V' = . with an OVF given by Eq. (7) and v,,4, = 0.9.
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5.4 Results and discussion

5.4.1 Forecasting the onset of traffic jam using early warning indicators

In this section, we implement the early warning signals to forecast the onset of traffic jams
using measurements of the system dynamics in the stable traffic flow regime. We use the model
described in Section 3 to generate surrogate measurements for the data-driven forecasting. L is the
bifurcation parameter.

Consider first a system where N = 12, and v,,,4,, = 0.9. According to theoretical results
(Fig. 5.6), the critical parameters for this system are L, = 4.82 and L, = 9.58. Here, we focus on
forecasting L. = 9.58 using parameters L > L., which corresponds to forecasting the critical
density of cars on a road with data from smaller densities.

When the system is at equilibrium, the headway between any two consecutive cars is L/N.
We assume that small stochastic accelerations occur for each car, which creates small fluctuations
in the headway around the equilibrium value. The bifurcation parameter L is gradually varied from
L = 18to L = 9.7. The resulting variance and lag 1-time unit autocorrelation of recorded headway
data between two arbitrary selected consecutive cars on road is collected over time. A sample
recording of the headway is shown in Fig. 5.7. The computed variance and autocorrelation of this
signal are shown in Fig. 5.8. It is observed that both the variance and the autocorrelation increase
as the density of cars on the road (p = N/L) increases and the system approaches an instability,
1.e. a traffic jam. The indicator predicts that a traffic jam is approaching, as shown by the change
in the value of the indicator in the vicinity of the linear stability boundary. As discussed earlier,
this method does not provide information about the critical parameter value L, where a traffic jam

occurs and does not predict the dynamics of the system after the onset of the instability. However,
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this method provides valuable information about an impending instability, and it is useful
especially when all that can be measured is the stochastic oscillation in one of the system states

around its equilibrium.
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Figure 5.7. Recorded stochastic headway values between two consecutive cars used for computing
early warning signals. The car density on the road is gradually decreased over time, and it approaches
its critical value.
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Figure 5.8. Variation of early warning signals with the bifurcation parameter. As the bifurcation
parameter decreases, the system approaches a bifurcation. The coefficient of variance (left) and the
autocorrelation (right) of the recorded signal increase as the system approaches the bifurcation, i.e. the
traffic jam.
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5.4.2 Forecasting the onset of traffic jams and post-traffic dynamics using bifurcation
forecasting method

Next, we focus on bifurcation forecasting methods for predicting both the tipping point and
the bifurcation diagram of the system. To use bifurcation forecasting methods efficiently,
perturbations are required to be larger than the noise (stochasticity) in the system and the
measurements. Large perturbations are not unexpected in traffic flow systems, and can be observed
during normal operational conditions. For example, when one of the drivers suddenly reduces the
car speed by a moderate or large value, a perturbation is created in the system dynamics and can
be used for forecasting.

To demonstrate the method, we first consider the same system parameters as in the previous
example, i.e.: N = 12, v, = 0.9. This system has a critical parameter value of L, = 9.58, and
exhibits a supercritical Hopf bifurcation (Fig. 5.10). To collect surrogate measurement data,
simulated cars start moving from a random initial condition. We focus on the headway between
two arbitrary selected consecutive cars on the road. The headway is recorded at three parameter
values prior to the transition, i.e. L = 11, L = 10.5 and L = 10, as shown in Fig. 5.9. The local
maxima (minima) of the collected measurements are used to forecast the maximum (minimum)
amplitudes in the bifurcation diagram using the bifurcation forecasting approach. Following the
forecasting method described in Section 5.2.2, recovery rates of local maxima (minima) of the
collected measurements are estimated. Figure 5.10(a) shows the variation of recovery rate versus
amplitude for the local maxima. A similar plot can be obtained for the local minima of the
oscillations. The recovery rates at each amplitude are then extrapolated to find the parameter at
which the recovery rate is zero, as shown in Fig. 5.10(b). Figure 5.10(c) shows the forecasted
bifurcation diagram. The results show that the forecasted value of L where the system loses its

stability is L. = 9.58, where a traffic jam occurs. This result is in great agreement with the
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theoretical computed critical parameter value. Furthermore, the bifurcation diagram of the system
is forecasted, which is of importance also. The approach forecasts that the system faces a
supercritical bifurcation, and the amplitudes of the limit cycle oscillations in the headway are
forecasted. The method successfully forecasts both the critical parameter at which the traffic jam
occurs and the post-bifurcation dynamics of the system despite the fact that only three
measurements of the headway between two cars in the pre-bifurcation regime were used in the
forecasting procedure.

Slowing down
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Figure 5.9. Recorded headways between two consecutive cars arbitrary selected after a perturbation from
the equilibrium state at three parameter values in the pre-bifurcation regime. Dynamics of the system
slows down as the system approaches the bifurcation.
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Figure 5.10. Forecasting using measurements depicted in Fig. 9. (a) recovery rate versus amplitude for
local maxima of the data at each parameter (L) is computed to forecast the upper branch of bifurcation
diagram. (b) Extrapolated recovery rates at selected amplitudes to forecast the corresponding parameter
at which the recovery rate is zero. (¢) Exact and forecasted bifurcation diagrams of the system.
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Considering only one of the headways for forecasting is an advantage. For example, a driver
can forecast that a traffic jam is approaching by monitoring its distance to the car in the front. This
type of forecasting, however, is not as accurate if there is uncertainty in the system. For example,
the driver in the front might not perfectly follow the OVF or may have a stochastic behavior. In
such cases, a single headway may contain a large amount of noise, and cannot be used for accurate
forecasting. To address this issue, a macroscopic variable capturing the system dynamics using
information obtained from multiple cars can be used. The macroscopic variable which is used here
is the standard deviation of all headways with respect to the quasi-stationary equilibrium, which

can be written as follows [135]

1

U(t) = AN §V=1(hi(t) - havg)2> (5-11)

N-1
where hg,,, is the quasi-stationary equilibrium given by hg,,; = L/N, N is the number of cars on
the road, and h;(t) is the i*"* headway (Fig. 5.4).

This macroscopic variable takes all headways into account. It can be shown that o (t) exhibits a
pitchfork bifurcation corresponding to the Hopf bifurcation in the microscopic variables [135].
The pitchfork bifurcation occurs at a value L. of the bifurcation parameter that corresponds to the
onset of the traffic jam. Before the parameter reaches its critical value L., the equilibrium point of
the system is at 6*=0 meaning that variation of headways from quasi-stationary equilibrium is
zero. However, this value is not zero when the system passes the stability boundary.

The variation of o(t) versus time for L = 11, L = 10.5 and L = 10 is computed and results are
shown in Fig. 5.11(a). The slowing down behavior is observed in g(t) as the system approaches
the critical parameter value. Note that it takes longer for the system to reach to its equilibrium state
after a perturbation is applied. Using measurements of system recovery from initial perturbations

(Fig. 5.11(a)) and following the bifurcation forecasting method in Section 5.2.2., the onset of a
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traffic jam and the bifurcation diagram are forecasted as shown in Fig. 5.11(b) which provides
information about the macroscopic dynamics of the system near and after the onset of the

instability.
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Figure 5.11. (a) Measured variation of standard deviation ¢ of the headways versus time around the
quasi-stationary equilibrium after a perturbation. Measurements are collected at parameter values before
the onset of the traffic jam. (b) Exact and forecasted bifurcation diagrams for the macroscopic variable
o using measurements shown at Fig. 5.11(a) and the bifurcation forecasting method.

Note that the largest forecasted amplitude in the forecasted bifurcation diagram cannot be
larger than the amplitude created by the perturbations. If the only purpose of the analysis is to
forecast the critical parameter value L. and not the bifurcation diagram, then large perturbations
are not required. Furthermore, the forecasting accuracy of the bifurcation forecasting method is
increased as the parameter values used for forecasting are closer to the critical value, especially
when the purpose is to forecast the complete bifurcation diagram and not only the critical point.
The variation of forecasting accuracy versus distance from the critical point can be examined in
Fig. 5.12. Measurements at three different sets of parameter values L are used for forecasting.

These sets are {12.5, 12, 11.5}, {12, 11.5, 11}, and {11, 10.5, 10}. The results show that the
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forecasting accuracy decreases when the parameter values used for forecasting are farther from the
bifurcation point. This is expected because the forecasting is based on extrapolating the recovery
rates and the accuracy of the extrapolation decreases with the distance to the bifurcation. The
challenge is that the distance at which the forecasting method provides accurate results is not
known in priori, and depends on the system dynamics. More importantly, there is no prior
knowledge about the value of critical point when the forecasting method is applied. Hence, the
current state of the system might be far from the bifurcation point which may result errors in the
forecasting results. However, the forecasting result is still valuable because it provides a
preliminary approximation of the critical parameter value, and the results can be updated with

increased accuracy as the system approaches to bifurcation. Recall that the closer the system is to

the bifurcation, the more accurate the forecasting is.

0.25 :
02
0.15 .
X
) . X
L
X
01 % x i
% X%
L X
* x
0.05 Exact diagram v x 4
x  Forecasted using L=12.5,12,11.5 * X
®* Forecasted using L=12,11.5,11 T =
,|_® Forecasted using L=11,10.5,10 - X
8 8.5 9 9.5 10

L

Figure 5.12. Forecasted bifurcation diagram using bifurcation forecasting method and data recorded at

three different set of parameters. The forecasting accuracy increases using measurements at parameter
values which are closer to the bifurcation.

In the next example, the maximum velocity of cars in the OVF is increased to vy,

1.05. In this case, the system exhibits a subcritical bifurcation meaning that the system might jump
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to another stable attractor while the parameter has not yet passed the linear stability boundary. In
the car following model, this means that a large perturbation, e.g. when one of the drivers suddenly
reduces the speed for a short period of time, might result in a persistent traffic phenomenon even
before the road reaches to its critical car density limit computed from a linear analysis.

The goal is to forecast the bifurcation diagram and predict that the system is approaching
a sharp transition (i.e., heavy stop-and-go traffic). Figure 5.13(a) shows the recovery rates
computed using measured recoveries from perturbations at parameters L = 12.6, L = 12.3 and
L = 12.0. The forecasted bifurcation diagram is shown in Fig. 5.13(b), where the results match
the exact ones computed directly using system equations. These results show that the forecast
successfully predicts that the system experiences a subcritical bifurcation with a bi-stable region,

where jumps in the dynamics are possible even before the linear critical density.
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Figure 5.13. Exact and forecasted bifurcation diagram of the system that exhibits a subcritical bifurcation.
(a) Recovery rate versus amplitude for the measured macroscopic variable measured after perturbations
applied to the system at three parameter values in the pre-bifurcation regime. (b) Exact and forecasted
bifurcation diagrams of the system.
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5.5 Conclusions

The onset of traffic jams on a circular road was forecasted using early warning
indicators/signals and bifurcation forecasting methods. Forecasting approaches were applied to a
microscopic model of cars on a circular road. Results show that forecasting approaches can
successfully predict the critical parameter value at which traffic jams occur. Furthermore, the
bifurcation forecasting method can be used for forecasting both the critical point (i.e., the onset of
traffic jams) and the post-critical dynamics of the system (i.e. the bifurcation diagram). These
results are particularly valuable when the state of the system after the bifurcation is of interest.

The forecasting approaches are model-free. That represents a substantial advantages for
complex systems such as traffic flow systems where an accurate mathematical model is not easily
available. All that is needed for forecasting is to collect measurements of the system dynamics in
the pre-bifurcation regime (before traffic jams occur). Moreover, forecasting can be highly
advantageous also for theoretical or computational analyses of traffic flow models where
employing traditional methods for computation of bifurcation diagrams are computationally
intense. Recall that only a few time series are needed to forecast a large portion of the bifurcation
diagram, which contrasts the amount of calculations needed to simulate the system dynamics at
each parameter value in the post-bifurcation regime (i.e., the many time series) needed to construct
the bifurcation diagram by traditional methods.

The methodologies presented can be extended to analyze the stability of more complex
traffic models. Although the model used to generate surrogate data in this study is a simple traffic
model compared to real systems, and although some of the data used for forecasting cannot be
easily recorded in real situations, the approaches and ideas presented can be used as a basis for

more developments to address some of the challenges related to the complexity of traffic dynamics.
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Chapter 6
Forecasting Critical Transitions and Future Stability of Natural Populations

6.1 Introduction

Numerous studies have revealed a variety of systems that are at risk of undergoing critical
transitions [1,2], ranging from systems commonly examined in engineering [4,101], chemistry
[5,6], physics [7,8], and biology [9-11], to others related to climate sciences [12—14], medicine
and disease [15-17], social sciences [18-20], and ecology [21-23]. Specifically, regime shifts in
ecological systems have received growing attention as the cumulative human impact on the
environment has increased the risk of ecological regime shifts [21-23,36,136—-139] (Fig. 6.1).
Consequences include the collapse of natural populations which inhabit the ecosystem at risk [11],
and these consequences are important because typically it is exceedingly difficult to reverse the
system to its pre-transition condition [24,25] after a critical transition occurs. Hence, it is necessary
to develop methods capable of forecasting the upcoming transition, as part of a preventive plan
against possible detrimental consequences.

The need to forecast critical transitions has triggered much research in the recent years and
has resulted in developing early warning signals to mark such undesirable transitions [35].
Anticipating critical transitions can be straightforward if a mathematical model exists for the
system. However, accurate predictive modelling can be challenging, especially when the system
is complex (e.g., it has many agents with nonlinear interactions). Moreover, even when a
mathematical model is introduced, it may be incomplete or inaccurate due to assumptions and

uncertainties in modeling and parameter values. Hence, predictions based on models of limited
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accuracy face substantial difficulties [26]. As a result, researchers have focused on developing
model-less approaches to extract early warning signals from observed time series, and several
indicators have been introduced for this purpose [26—-33]. The most widely used early warning
signals such as increasing variance [29,32] and autocorrelation [12,29], are built on the basis of
critical slowing down. This phenomenon refers to the slowing down of a system's dynamics
around its equilibrium when approaching a tipping point [34]. Recent observations have indicated
the existence of critical slowing down before a tipping point in natural ecosystems [129,140], a
finding which highlights the importance of methods developed based on this feature.

The advantage of applying early warning indicators to successfully raise the alarm when
approaching a tipping point has been described in several recent studies [26—33,35]. However,
many open questions remain. For example, although the indicators start to increase as the system
approaches the tipping point, it is necessary to know quantitatively the distance (in the parameter
space) to the upcoming transition to allow a better management of the system. Second, it is pivotal
to know the type of the upcoming transition, i.e. whether the system is approaching a catastrophic
or a non-catastrophic transition. However, based on nonlinear systems theory, critical slowing
down [2,12,34-36] and an increase in most available early warning indicators do not predict the
type of transition because they occur in both catastrophic and non-catastrophic transitions, such as
transcritical and supercritical pitchfork bifurcations. In addition, management actions often require
estimates for the future equilibrium points of the system before and after the transition. Such
estimates have to be obtained using knowledge of the pre-transition system behavior. A forecasting
method capable of addressing these questions would be of great importance for the management
of ecosystems, as it would help to assess the existence of crucial thresholds and to evaluate the

future consequences of surpassing them [41].
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—
Parameter

Figure 6.1. Schematic of a natural population subject to a critical transition. The state of the system
changes abruptly from one equilibrium to another due to a slow change in the parameter.

In this work, we introduce a model-free approach, referred to as the bifurcation forecasting
method [4,8], to address the aforementioned questions. Based on observations of the system
response to perturbations only in the pre-transition regime, the method forecasts the bifurcation
diagram which characterizes the stability and equilibria of the system in upcoming conditions
(Fig. 6.2). The idea of the bifurcation forecasting method has been successfully evaluated using
simulations and experiments in some engineered systems [4,8,101]. The aim of this work is to
introduce and investigate the application of the bifurcation forecasting method in living systems.
The forecasting approach described herein uses the phenomenon of critical slowing down, namely
the slowing down of the dynamics around an equilibrium when the system approaches a tipping
point [34].

Determining the conditions under which the forecasting method is reliable in ecological

and biological systems requires experimental validation. To this end, we use a budding yeast

128



population with cooperative growth, with sucrose as the carbon source which is known to exhibit
a critical transition as the environment deteriorates [11]. The existence of the Allee effect [141]
leads to bi-stability and a fold bifurcation at which the yeast population exhibits a catastrophic
transition, accompanied by a critical slowing down phenomenon as the environment deteriorates,
resembling an ecological collapse. The bifurcation parameter of the system is selected to be the
mortality rate, which represents real environmental conditions, e.g. mortality because of predation.
As the mortality rate increases, the system is pushed toward a critical transition resulting in
population extinction.

The present study is the first experimental validation of bifurcation forecasting method for
ecological systems which are inherently complex. The main focus of this study is to demonstrate
and experimentally validate the suggested forecasting method, using a real living system. The
forecasting method is also investigated theoretically, using the yeast population as a model system,

as described below in more detail.

6.2 Forecasting method overview

The bifurcation forecasting method is a model-free approach and is based on time-series
measurements of the system's response to perturbations (only) in the pre-transition regime. The
method is based on the critical slowing down phenomenon, and is able to forecast the bifurcation
diagrams of systems exhibiting this phenomenon, such as systems approaching to a fold, pitchfork,
Hopf or transcritical bifurcation. Forecasting the bifurcation diagram enables us to identify the
distance to upcoming transitions, the type of the transitions (catastrophic/non-catastrophic) and

future equilibrium points of the system in study.
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Figure 6.2. Schematic overview of the bifurcation forecasting method. Measurements from perturbations
in pre-bifurcation conditions (a) are employed to forecast the upcoming transition (black dots). As the
system approaches a bifurcation, the rate of system’s recovery is decreased. At a fixed amplitude, the
recovery rate decreases when the system approaches the bifurcation. At a fixed parameter, the smallest
recovery rate corresponds to the amplitude which is closest to the actual bifurcation diagram. The future
stability of the system is forecasted considering this change in the recovery rates. The system has two
critical points (¢; and ¢;) which determine the boundaries of the bi-stability region. Cases (a) and (b)
demonstrate the schematic of forecasting procedure for the system operating at either side of the critical
points, and are addressed in the experimental study.

Close to the bifurcation point, external perturbations lead to a long transient before the
system reaches its stable state, which means that the system’s recovery rate decreases. Therefore,
the system's recovery rate from perturbations can be used as an indicator, and is correlated to the
distance to bifurcations. The total recovery time from perturbation is a good indicator of the
distance to the tipping points [142]. However, it should be mentioned that the recovery rate is
different at different amplitudes, and the rate of recovery at each amplitude cannot be compared
with that in the other amplitudes. Taking this difference into account results in more accurate
estimation of the future stability of the system. At a fixed amplitude, the recovery rate decreases
when a system approaches bifurcation. Similarly, at a fixed parameter, the smallest recovery rate

corresponds to the amplitude which is closer to the actual bifurcation diagram. This idea is
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employed in the bifurcation forecasting method and results in forecasting the bifurcation diagram
of the system, which reveals the type of the transition and the future fixed points of the system.
We define the recovery rate as A = 7 /r, where r is the system amplitude and the over-dot
represents the time derivative. The recovery rate is a function of both the system's parameter and
of the amplitude. For example, in an ecological system, the amplitude can be the population density
and the parameter is an environmental feature, such as temperature, mortality rate or any other
index representing a specific environmental condition. We measure the system's recovery from
perturbations at least at two system parameters, and recovery rates are approximated for the
available amplitudes at each parameter. At each amplitude computed recovery rates are
extrapolated to identify the parameter at which the system is expected to have a zero recovery rate.
A zero recovery rate corresponds to a fixed point on the bifurcation diagram, regardless of its
stability. Repeating this procedure for different measured amplitudes enables us to approximate
the bifurcation diagram of the system. Hence, the system's future stability can be approximated

using the forecasting method (Fig. 6.3).
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Figure 6.3. Steps followed to forecast the bifurcation diagram: (a) measure the system response to
perturbations at several parameter values, (b) approximate the recovery rates from time series
measurements, (c) identify the parameter fi at which the recovery rate for a specific amplitude 7 is zero,
(d) repeat steps (b) and (c) for several amplitudes 7, and finally construct the bifurcation diagram using
pairs of ({I,7).

We forecast the bifurcation diagram of the yeast population using measurements from one

side of the bifurcation diagram. We demonstrate the forecasting method separately for each side

131



(see cases (a) and (b) in Fig. 6.2). Each case corresponds to a type of transition which is commonly
reported for many systems. One is the extinction case, where the population is approaching a
critical transition which results in the collapse of the population, as is observed in ecological
systems [1,24,34] (case (a) in Fig. 6.2). The second is the emergence case, where a sudden increase
in the population occurs, as is observed in outbreaks of infectious diseases [143—145] (case (b) in
Fig. 6.2).

To forecast the bifurcation diagram, one needs measured recoveries at two or more
parameter values in the pre-transition regime. In general, increasing the number of measured
parameter values and the number of measured recoveries at each parameter value alleviates the
effect of noise and enhances the forecasting accuracy. Both small and large perturbations can be
used for the forecasting purpose. However, one should note that all forecasted amplitudes in the
bifurcation diagram must be included in the measured system’s response to perturbations. Since
the approach is not restricted to small perturbations, one can forecast the critical points which have
amplitude far away from the current equilibrium point of system. For instance, in a saddle node
bifurcation, there is a tipping point which has large amplitude, also known as turning point. Both
the amplitude and the parameter at which this critical point occurs can be forecasted, an
achievement of great importance since this point marks the beginning of the bistability region
(Fig. 6.2).

There are a number of requirements for the forecasting method to be accurate. First, it is
required that the system is close enough to the bifurcation to exhibit a measurable slowing down
in the recorded recovery. The interpretation of “close enough” may vary for different systems, and
depends on the system dynamics. Second, the obtained measurements have to contain identifiable

parts on the inertial manifold to ensure that changes in the recovery rates are due to the slowing
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down phenomenon. The inertial manifold is an invariant set where the dynamics is the slowest in
time and contains key dynamic features of the system [146,147]. This manifold is the slowest, and
if the system starts from a state in this set, it remains in that set at all times. This fact needs more
attention for large dimensional systems, where the fast dynamics of the system needs to be filtered
out [101]. A third requirement is that the dynamics and the inertial manifold should vary smoothly
with the bifurcation parameter. If the change in dynamics between two measured parameters is

significant, the forecasting is not accurate [§].

6.3 Experimental procedure

The core design of our experiments is based on the system introduced by Dai and
colleagues [11], and used successfully in other experimental studies of catastrophic transitions and
early warning signals [148—151]. The system is an ecological system designed by exploiting the
cooperative growth of budding yeast in sucrose. The yeast system is used because it is easy to
manipulate and displays key similarities with many natural populations.

We culture a selected yeast (Saccharomyces cerevisiae) strain under well-controlled
conditions. The strain BY44741 is selected based on its auxotrophic properties and cooperative
growth [152]. Saccharomyces cerevisiae displays cooperative growth, where individual cells use
metabolites produced extracellularly by neighbor cells [ 149]. Hence, the system possesses a strong
Allee effect [141], which can cause bi-stability and lead to catastrophic transition. The cell density
is an important factor affecting population growth in this system. On one hand, at low densities it
is difficult for cells to cooperate and produce enough resources to survive. On the other hand, the

resources are not enough at high densities, and the growth rate is decreased due to competition
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among cells. Therefore, at intermediate densities, the per capita growth rate is maximal, while it is
negative at low and high densities [11].

All experiments were performed on 96-well flat bottom sterile polystyrene microplates,
Corning Falcon, USA, at 200uL volume, in IncuShaker orbital shaker, Denville Scientific, USA,
at 30°C, 300rpm, in synthetic growth medium of BD Difco Dehydrated Culture Media Yeast
Nitrogen Base (YNB) without amino acids, with the addition of Complete Supplement Mixture
(CSM), Sunrise Science, USA, and 2% sucrose made from 20% sucrose stock solution in 1mM
Tris buffer, pH 8.0, UV and filter sterilized, added fresh daily to the YNB/CSM mixture. All
experiments in the same series were performed with the same solutions, to avoid variations in the
experimental system. The bifurcation parameter of the system was selected to be the mortality rate
introduced to the system by dilution. Namely, only a fraction of the population was transferred
into fresh media every day. This corresponds to a population that is affected by an incident
occurring periodically, such as predator invasion or the breakout of a disease, at which only a
fraction of the initial population survives. Dilutions were performed every 23 hours, in predefined
dilution factors, after the population density was monitored in a Cytation 1 Cell Imaging Multi-
Mode Reader, BioTek, USA, by measuring the optical density at 620nm. For each dilution factor,
we performed 6 to 10 parallel experiments. Furthermore, each experiment had technical 7
replications using the same source of materials at the same experimental conditions. To this end,
we prepared every day the initial sample and distributed it into 7 wells of a 96-well microplate,
200uL each. Perturbations were applied to the system using randomly selected initial population
densities, and the recovery from perturbations was measured until the population returned to its

equilibrium state.
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Results show that at low mortality rates and after a perturbation, the population recovers to
its non-zero equilibrium with a high recovery rate. Furthermore, the population can survive from
large perturbations since the cooperative growth of cells dominates over the effect of mortality on
the system. As the mortality rate increases, the system is pushed toward a critical transition
resulting in population extinction. The reverse occurs as the mortality decreases, leading to

emergence. The schematic of the experimental procedure is demonstrated in Fig. 6.4.

Day 1 Day 2
Dilution to fresh media Dilution to fresh media
(mortality rate) (mortality rate)

23 hrs 23 hrs

Initial condition

Figure 6.4. Overview of the experimental procedure. Starting from an initial population density,
buddying yeast is cultured on 96-well microplates, in an orbital shaker at 30°C, 300rpm. After 23 hrs of
growth, population density is measured using a photometer. Using a selected dilution factor, a fraction
of population is then transferred to fresh media and is left to grow for another 23 hours. The procedure
is repeated every day until the population is extinct, or it reaches its equilibrium state.

6.3.1 Calibration curve

Cell density was tracked by measuring the optical density of the yeast population at
620nm. A calibration curve was constructed, showing the corresponding cell density for every
measured optical density. To this aim, a series of yeast samples with different densities were

prepared, at 200uL final volume. The optical density of each sample was measured using the
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Cytation 1 Cell Imaging Multi-Mode Reader, BioTek, USA. Next, the actual cell density of each
sample was measured using the Scepter 2.0 Handheld Automated Cell Counter, EMD Millipore,
USA. Measured values are shown in Fig. 6.5 by square markers. A low order polynomial is fitted

to the data and used as the calibration curve in the performed data analysis.

0.8

0.6

Optical density (620 nm)

0.4

021

O Measured values
C | | | |—Fitted curve

0 0.5 1 1.5 2 2.3

Cell density (x10°%/uL)

Figure 6.5. Calibration curve mapping the measured 620nm optical density to the actual cell density.

6.3.2 Verification of existence of saddle-node bifurcation in the system

In this part, we performed some experiments to verify that our experimental procedure
results in a system exhibiting a bifurcation. Below are the experimental results at two selected
dilution factors as the bifurcation parameters. It is observed that at the dilution factor of 1400, the
population survives starting from large enough initial conditions, while in other cases the
population undergoes extinction. Therefore, the system has bi-stability at this parameter which
verifies the existence of Allee effect in the system. On the other hand, we observe that at the
dilution factor of 1600, the only equilibrium point of the system is the extinction state, where no

population exists (Fig. 6.6). Based on these observations, we conclude that the system exhibits a
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saddle-node (catastrophic) bifurcation, and the critical dilution factor which is the starting point of
the bi-stability region (c; in Fig. 6.2) is between 1400 and 1600.
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Figure 6.6. Results of the experiments performed to verify the existence of bifurcation and bi-
stability in the system. Each line corresponds to a separate experiment. We observe bi-stability
at the dilution factor of 1400 and extinction at the dilution factor of 1600, which verifies the
existence of saddle-node bifurcation in the system.

6.3.3 Experimental points on the bifurcation diagram

A series of experiments were performed to identify several stable and unstable fixed points
on the bifurcation diagram. We selected the dilution factors o800, 1,000, 1,200, 1,300 and 1,400
to identify the non-zero stable values of population density at these parameter values. For this
purpose, we started the experiments from selected initial population densities, and the system was
monitored until the populations reached and stayed at their equilibrium state for several days. The
stable values on the diagram were obtained by averaging the populations over the period during
which they remained at their equilibrium state (Fig. 6.7).

Approximating unstable fixed points is more challenging since the system diverges from
them. To approximate the values on the unstable branch, we considered dilution factors of 1,000,

1,200, 1,300 and 1,400. At each dilution factor, we monitored the population growth starting
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from several initial conditions. The region between two initial conditions resulting one in survival
and one in extinction of the population was selected as the region containing the unstable fixed
point (Fig. 6.8). Although the value of the unstable fixed points is not determined with high
accuracy, this procedure provides an acceptable approximation of the unstable branch. This is
required in order to evaluate the forecasting results, as well as to conduct the model calibration

described in the next section.
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Figure 6.7. Results of the experiments performed to identify the stable fixed points of the bifurcation
diagram. Three sets of experiments are run at each dilution factor. The stable values at each dilution
factor are approximated by averaging the populations over the period during which they remain at the
equilibrium state. Each line in the plots corresponds to a separate experiment.
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Figure 6.8. Results of the experiments performed to identify the unstable fixed points of the bifurcation
diagram. At each dilution factor, the region between two initial conditions resulting in survival and
extinction of the population is selected as the region containing the unstable fixed point.

6.3.4 Model calibration not used for forecasting

The forecasting method is a model-free approach, suitable for systems for which no
mathematical model is available. However, based on the model suggested for the yeast growth by
Dai et al. [11], we use the experimental data to find the best model parameters which match our
experiments. This is done for two reasons. First, we build a model as close as possible to the
experimental data to show that the proposed forecasting method can be successfully applied when
no measurement or process noise is available in the system. Second, measuring stable and unstable
fixed points close to the tipping point is practically not feasible in experiments due to noise and

stochasticity in the dynamics. Since the focus of the proposed method is on the forecasting of
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tipping points and the parameter values close to these points, approximating the bifurcation
diagram theoretically helps better interpret the results.

The two-phase mathematical model is in the following form [11]:

1dN _

YViow O<N<Nc
th_{

Yrign (1-%)  Ne<N<K .1
where N is the population density, K is the carrying capacity, ¥,y and yp;gn are the per capita
growth rates for population densities smaller and greater than a threshold N.. Moreover, there is a
lag before the cells start to grow after they are transferred to a new media. In the simulations, this
time lag is included in the 23hrs time period which is considered for the cells’ growth.

To approximate the five unknown parameters of this model, we fed the experimental

measurements of the bifurcation diagram into a genetic algorithm, and the model parameters best

matching the experiments were extracted as shown in Table 6.1.

Table 6.1: Calibrated model parameters using experimental data and a genetic algorithm

K Yiow Yhigh N, Time Lag
Cells/uL (hr™1) (hr™1) (Cells/ulL) (hr)
Model fitting | 0.923 x 10° 0.255 0.419 174 1.38
. 5 No No
Experiment | 0.854 X 10 measurements 0.503 measurements 1.33

We have also computed the three parameters K, yy;4, and the time lag experimentally to evaluate
the validity of the genetic algorithm results. To approximate the time lag before population growth,
several experiments were initiated starting from different initial conditions. We started recording
the population growth right after the initiation of the experiment using the plate reader. The plate
was placed in the plate reader, with the temperature set to 30°C and the orbital shaking speed at

300rpm. The optical density was measured every 10min for a total of 4.5hrs. The results depicted
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in Fig. 6.9 show that the population starts an exponential growth after approximately 80min, which

represents the experimentally defined time lag.
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Figure 6.9. Estimating the time lag before population growth. Experiments are initiated from 2 sets of
different initial conditions, and the population growth is monitored for 4.5hrs. Each solid line
represents a separate experiment, and the estimated time lag is marked by a dashed line on each figure.
To approximate y;4, and K, we monitored the population growth starting from an initial
density of 0.188 x 10> cells/uL , which is expected to be greater than N,. The experiment was
initiated several hours in advance to make sure that the population was in the exponential growth
phase (log phase). The population was then monitored for 17hrs until it reached and stayed at its
saturated state (stationary phase) for about Shrs (Fig. 6.10). We prepared the initial sample in a
large volume and aliquoted the homogenous solution into 48 wells of a 96-well microplate, 200uL

each. Results are shown in Fig. 6.10. Considering a logistic growth for the population, the

parameters are found to be yp;4n, = 0.503 hr~! and K =~ 0.854 x 10° cells/ulL.
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Figure 6.10. Experimental results of estimating yp;4, and K. A population started from intermediate

initial density was observed over 17hrs. Experimental results are demonstrated by mean and standard
deviation error bars of 48 simultaneously performed replications.

Comparing the directly measured parameters to those obtained by using the genetic
algorithm (in Table 6.1), it is observed that they are in the same range. The calibrated model is
used to generate the bifurcation diagram of the system as a reference to be compared with the

forecasting results.

6.4 Experimental forecasting results

We monitor the effects of different dilution factors (mortality rates) on the density of the
yeast population and on its ability to recover from perturbations. Figure 6.11 shows the
approximated bifurcation diagram of the system based on experimental measurements.
Experimental results show that the population becomes extinct at a dilution factor of 1,600, and is
stable at a high density at a dilution factor of 1,400. Hence, the tipping point is expected to be
between dilution factors 1,400 and 1,600. In general, the effects of noise, stochasticity, and the

slowing down make it particularly challenging to measure stable and unstable fixed points close
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to the tipping point. The closer the system is to the tipping point, the worse the signal to noise ratio
becomes, and the longer the system has to be observed to determine its stability. To address this
challenge, we feed the experimental data into a genetic optimization algorithm to calibrate a simple
two-phase growth model suggested by Dai and Gore [11]. The bifurcation diagram of the
calibrated model which matches best the experimental observations is constructed, as depicted in
Fig. 6.11. Based on the calibrated model, the dilution factor at the tipping point is estimated to be
approximately 1,505. Although this approximation provides an estimation of the system stability,
it contains uncertainty and may not necessarily represent the true dynamics of the system. The
approximated bifurcation diagram using the model does not quite agree with the location of the
experimental fixed points. Therefore, any mismatch between the forecasting results in the
following sections and the model-based estimation of the bifurcation diagram is not solely due to
the forecasting accuracy. Note also that this model-based estimation of the bifurcation diagram is
used only as a reference to validate the forecasting results presented in the following sections;
forecasting does not require any model of the system and any bifurcation diagram a priori.

We forecast the bifurcation diagram of the yeast population using measurements from one
side of the bifurcation diagram. We demonstrate the forecasting method separately for each side

(see cases (a) and (b) in Fig. 6.2).
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(a) Estimated bifurcation diagram of the buddying yeast system. Circles represent
experimentally measured stable population densities at selected dilution factors obtained by averaging
the populations which are at equilibrium over at least five days. Vertical bars represent experimentally
approximated regions containing unstable fixed points at selected dilution factors obtained by monitoring
the population growth starting from several initial densities and identifying the region between two initial
conditions resulting in survival and extinction of the population. (b) and (c) depict the experiments
performed at the dilution factor of 1,200 to identify the corresponding stable and unstable fixed points
on the bifurcation diagram. The dashed line is the approximated bifurcation diagram using the calibrated
model. The dilution factor at the tipping point is approximately 1,505. This bifurcation diagram is used

as a reference to validate the forecasting results presented in the following sections.

values closer and closer to the critical one (i.e. 1,505), as shown in case (a) in Fig. 6.2. The dilution
factor is the bifurcation parameter, and the goal is to forecast both the type of upcoming transition
and the dilution factor at which the extinction transition occurs. For forecasting we measure
recoveries of the system from perturbations at two dilution factors (all prior to the transition).
Specifically, we perturb the system using randomly selected initial population densities smaller

than the stable values, at dilution factors of 1,200 and 1,300. Recoveries at other dilution factors

As a first step we study extinction, which occurs as the dilution factor increases and has

can be used also. Figure 6.12 shows measured recoveries from perturbations.
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Figure 6.12. Measured recoveries of the yeast population from perturbations at: (a) a dilution factor
1,200; (b) a dilution factor 1,300, while the system approaches to the tipping point from parameter values
smaller than the critical parameter. Each line represents a separate experiment, and each experiment has
7 replications which are performed simultaneously using the same source of materials at exactly the same
experimental conditions. The system slows down while approaching the critical transition, namely as the
dilution factor increases from 1,200 to 1,300 (changing from (a) to (b)). These measurements are used to
forecast the bifurcation diagram which corresponds to the schematic shown in case (a) of Fig. 2.

Figure 6.13(a) shows the recovery rates estimated from measurements. Note that the
computed recovery rates in practical applications are noisy due to uncertainty in experiments (e.g.,
observe Figs. 6.13(a) and 6.14(b)). To alleviate the effect of noise and stochasticity, we exploit the
idea that for amplitudes close to a bifurcation point, the change in the recovery rates with amplitude
can be approximated by a second order polynomial. We smoothen the measured recovery rates
using a second order polynomial in the amplitude (r)-recovery rate (1) plane. This idea comes
from the observation that recovery rates correlate with the distance to fixed points on the
bifurcation diagram, with a peak value at the critical amplitude (see the schematic in Fig. 6.2, and

the recovery rates computed in Figs 6.13(a) and 6.14(b) for further clarification). This
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approximation holds for both supercritical and subcritical bifurcations, although the accuracy may
vary for different systems.

As expected, results show that the recovery rates decrease at all densities as the system
approaches the tipping point. More importantly, the recovery rate at each population density is
correlated to its distance from the bifurcation diagram. The system has its maximum recovery rate
at a population density around 0.400 X 10° cells/uL, meaning that this density is the farthest
point on the bifurcation diagram from the current dilution factor. Using the approximated recovery
rates, one can extrapolate data in the dilution factor - recovery rate plane to approximate the
dilution factor (j) at which the recovery rate for a specific density (#) is zero (Fig. 6.13(b)). The
point (fi,7) is therefore a forecasted fixed point on the bifurcation diagram. This procedure is
repeated for all available values of population densities, and the overall bifurcation diagram is
forecasted (Fig. 6.13(c)). Based on the forecasting results, it is evident that the system is
approaching a catastrophic fold bifurcation. Furthermore, the transition is forecasted to occur at a
dilution factor of 1,582 where the population density is 0.420 X 10° cells/uL. The upcoming
stable and unstable fixed points after the critical transition are forecasted also.

Using such results, one can approximate the maximum perturbations that the system can
tolerate in the upcoming environmental conditions. For instance, it is forecasted that at the dilution
factor of 1,400, the population density would be stable at 0.575 x 10° cells/uL, and if a
perturbation pushes the population below the density of 0.248 x 10° cells/uL, the population will

not survive.

146



Recovery rate ()\)

Figure 6.13. Forecasting using experimental measurements at dilution factors of 1,200 and 1,300
corresponding to case (a) shown in Fig. 6.2. (a) Recovery rates and quadratic polynomial fits at each
amplitude estimated from the measurements shown in Fig. 6.12. (b) Example of extrapolated recovery
rates at selected amplitudes to forecast the dilution factor at which the recovery rate is zero for each
population density. (¢) Forecasted bifurcation diagram (blue line). Circles and vertical bars represent
experimentally approximated stable and unstable points on the bifurcation diagram, respectively. The
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dashed line is the approximated bifurcation diagram using the calibrated model.

As a next step we study emergence, which occurs as the dilution factor decreases and has
values closer and closer to the critical one (i.e., 1,505), as shown in case (b) in Fig. 6.2. In this
case, the system has only one equilibrium (at zero density), and perturbations in the density cannot
lead to a transition. In this case, the system does not exhibit a bifurcation; however, if the parameter
decreases below the critical value, the system enters a region of bi-stability where a perturbation
may push the system to a large non-zero equilibrium. Using measurements of the system behavior

before entering the bi-stability region, the goals are (a) to forecast the parameter value at which
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the bi-stability region begins and (b) in general, to forecast the bifurcation diagram which identifies
the type of the upcoming transition and the system dynamics in at upcoming parameter values.
This type of forecasting might be of interest in many cases, as in ecological systems [153,154],
cancer dynamics [155,156] and outbreaks of a disease [143—145], where a system with a low
density equilibrium may jump to a highly populated state.

In the experiments performed in this study, the critical dilution (and the beginning of the
bi-stability region) is approximately 1,505 (Fig. 6.11). To forecast the upcoming bi-stability and
possible transition, we monitor the population dynamics of buddying yeast in response to external
perturbations at three larger dilution factors, namely 1,800, 1,700 and 1,600.

The measured recoveries (Fig. 6.14(a)) show that the system undergoes slowing down as
the dilution factor decreases from 1,800 to 1,600, namely it takes more days for the system to
return to its equilibrium when the dilution factor decreases. Mathematically, this means that the
recovery rate of the system (A1) decreases. The recovery rates are computed based on system
responses and are shown in Fig. 6.14(b). The plots of recovery rates at all dilution factors exhibit
a local maximum at the population density around 0.390 X 10° cells/uL, which means that the

system has the slowest recovery rate around this value.

148



Cell density (x10°%/uL)

Dilution factor: 1800

Dilution factor: 1700

Cell density (x10%/uL)

Dilution factor: 1600

e
©

o
o

o
kS

o
)

12 3 4 5 6 7 8 9 1011 12 13 14 15 16

12 3 45 6 7 8 9 10111213 14 15 16
Day Day Day
Slowing down
——
(a)
0 . 09
o [~ ==
- 03 P
®_ 0. 2 g O — T e
—_ 02 o 5 ~ - ~
o . N o = 07 ~_ e
< & PR o = e
0.3+ o - N 0% ') ~ 9
Q o’ P Sa o 06 ~
’ s @ * [-NNEN —
E -0.4 - & 7 o e _ k] I X
Z’ ‘e & oo {.,—‘ ‘xt* \ < 05f
S o5t ’ p 68, .~ b \ >
7 o ’ = L
> 06t ,00 on }, . N N » 04
8 e o o * \ qc,
o) O Gy /% \ o 03f
o 07 % Su# . =
A D o2t I -
-0.8 , % ! _— (&) —
WY O Dilution factor:1600 -
09 F 7’;‘ o Dilution factor:1700 01r o m— m
; * * Dilution factor:1800 ==
0 : ; . . . . . . . .
0 0.1 0.2 0.3 04 0.5 0.6 0.7 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

Dilution factor

Cell density (x10%uL)
©
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Figure 6.14. Forecasting using measurements at dilution factors of 1,600, 1,700 and 1,800 corresponding
to case (b) shown in Fig. 6.2. (a) Measured recovery of the yeast population from perturbations at three
selected dilution factors for the system approaching the tipping point from parameter values greater than
the critical parameter. Each line represents a separate experiment, and each experiment has 7 replications
which are performed simultaneously using the same source of materials at exactly the same experimental
conditions. (b) Recovery rates at each amplitude computed from measurements shown in (a) and
quadratic polynomial fits. (¢) Forecasted bifurcation diagram (solid blue line). Circles and vertical solid
bars represent experimentally approximated stable and unstable points on the bifurcation diagram. The
dashed line is the approximated bifurcation diagram using the calibrated model.

The forecasting method therefore predicts that the closest non-zero equilibrium has a
density of 0.390 x 10° cells/uL. Hence, we expect a jump in the population density to this value
(or greater values) when the dilution factor is further decreased. Using the approximated recovery
rates, the bifurcation diagram is forecasted, as is depicted in Fig. 6.14(c). Results predict that the
system 1is approaching a fold (catastrophic) bifurcation, at the critical dilution factor of 1,547

where the critical population density is 0.390 X 105 cells/uL, which lies within the expected
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range based on direct observations of the system. Furthermore, the population densities on the
stable and unstable branches of the diagram are also approximated for a small region around the
tipping point. The forecasting results predict that if the dilution factor is decreased to values smaller
than 1,547, a large perturbation can change the system equilibrium from zero to a high population

density.

6.5 Forecasting the bifurcation using the buddying yeast population model

To demonstrate the application of the proposed forecasting method when no measurement
and no process noise is present, the method is evaluated theoretically using the simple population
growth model (Eq. (6.1)). The model parameters are approximated using genetic algorithm to fit
best the experimental system (Table 6.1). The simulations are performed similarly to the
experimental procedure. We measure the simulated population every 23hrs, including the time lag.
After each measurement, the selected dilution, which accounts for the mortality rate, is applied to
the current population, and the new population density is simulated to grow for the next 23hrs. The
model predicts that the population experiences a catastrophic transition at the dilution factor of
1,505. We forecast the bifurcation diagram assuming that the system approaches the transition
from dilution factors first all larger, and then separately all smaller than the critical value. Thus,
we examine separately the forecasting approach in the extinction and the emergence cases.

Consider a population which is approaching an extinction tipping point as the
environmental conditions change. At a fixed dilution factor, the population recovers to its
equilibrium after a perturbation is applied. The rate of recovery from perturbation depends on the
distance to the tipping point. Figure 6.15(a) shows the system response to perturbations at two

parameter values. Following the forecasting procedure, the recovery rates are computed, as
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demonstrated in Fig. 6.15(b). It is observed that the recovery rates at all amplitudes decrease as
the system approaches the tipping point. Furthermore, the slowest speed of recovery is observed
for the population amplitudes which are closest to the bifurcation diagram. In this example, the
maximum recovery rate corresponds to the tipping point, which is the point on the bifurcation

diagram that lies the furthest from the current parameter value (dilution factor 1,300 in this case).
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Figure 6.15. Simulation results and forecasting of the bifurcation diagram using the budding yeast
population model (Eq. 6.1) for the system approaching to the tipping point from dilution factors smaller
than the critical value.

The forecasting results are presented in Fig. 6.15(c) which shows that the fixed points of

the system are successfully forecasted. The tipping point is forecasted to occur at the dilution factor
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of 1,470. Importantly, it is evident from the results that the upcoming transition is catastrophic.
Furthermore, one can identify the basins of attraction of the stable equilibria in the upcoming
parameter values. For example, at the dilution factor of 1,415, it is forecasted that the minimum
population density at which the system maintains its ability to recover to the non-extinct state is
0.250 x 10°cells/uL. A perturbation which would push the population below this boundary
would lead to extinction.

The same procedure is applied for the emergence case, when the system is approaching the
bifurcation from dilution factors greater than 1,505. The system responses to large perturbations
are demonstrated in Fig. 6.16(a), at three different dilution factors. One can observe from
Fig. 6.16(b) that at each dilution factor the recovery rate is fast at first, then it slows down, and
after passing a specific population density it speeds up again. It is also shown that the slowest
recovery rate corresponds to population values around 0.400 X 10°cells/uL (as shown in Fig.
6.16(b)). Hence, the closest fixed point to the current state of the system has a non-zero amplitude
which is a feature of subcritical (catastrophic) bifurcations. The forecasting results are shown in
Fig. 6.16(c). The closest tipping point is forecasted correctly at the dilution factor of 1,470, where
the system enters to a bistable region and a large perturbation can push the system from one
equilibrium to another. The forecasted bifurcation diagram shows that the system is approaching
a catastrophic transition where a jump may occur between equilibrium points. The forecasted
bifurcation diagram is in agreement with the diagram computed directly from Eq. 6.1 (as shown
in Fig. 6.16(c)).

It should be noted that the maximum forecasted amplitude in the bifurcation diagram
cannot be greater than the maximum amplitude caused by perturbations. If, for example, the

perturbations cause a change in cell density smaller than 0.400 X 10° cells/uL, the tipping point
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cannot be forecasted. However, it can still be identified from the forecasted portion of the diagram

that the upcoming transition is catastrophic.
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Figure 6.16. Simulation results and forecasting of the bifurcation diagram using the budding yeast
population model (Eq. 6.1), for the system approaching to the tipping point from dilution factors greater
than the critical value.

These results show the applicability of the forecasting approach theoretically when no
source of noise and uncertainty exists. In experimental applications, one needs more measurements
to increase the accuracy and alleviate the effect of noise. However, the method is still expected to

successfully forecast future stability of system, as was shown in the previous section.
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6.6 Discussion

Previous research has shown that several indicators based on changes in ecological time
series can successfully ring the alarm when a system of interest approaches a critical transition.
Our work highlights that by monitoring the system's response to perturbations it is possible to gain
even more information about the future stability of the system. The proposed method requires
larger perturbations compared to the small fluctuations around the equilibrium state which are
required in early warning methods. However, we demonstrate that when such data can be obtained,
the bifurcation diagram can be successfully extracted using the proposed forecasting method,
leading to a deeper understanding of the system's future stability.

Close to the bifurcation point, external perturbations lead to long transients before the
system reaches its stable state, which means that the system’s recovery rate decreases. Therefore,
the system's recovery rate from perturbations can be used as an indicator, and is correlated to the
distance to bifurcations. The idea of relating the system recovery from perturbations to the
upcoming ecological transitions has been also applied in some recent studies [142,157]. Those
studies demonstrate that the increase in total recovery time from a perturbation is a good indicator
of approaching a tipping point. In contrast, here we show that examining individual recovery rates
at each amplitude instead of the total recovery time reveals more information about the system
stability, such as the distance (in the parameter space) to the tipping point, the type of the transition
and future stable and unstable equilibria.

The experimental data presented in this study are in agreement with the forecasting results,
despite the fact that no mathematical model was used for forecasting, and all measurements were

performed prior to the transition. Also, an important finding of the forecasting method is that the

154



points of the bifurcation diagram which are closer to the current state of the system are forecasted
with more accuracy compared to the rest of the diagram. For instance, in Fig. 6.14(c) the most
accurately forecasted point is the tipping point, and the accuracy decreases for the points of the
diagram that are farther. Similarly, it is expected that the forecasted points on the bifurcation
diagram in the Fig. 6.13(c) have the best accuracy around the dilution factor of 1,300, and the
accuracy decreases toward the tipping point. Hence, one should account for this effect while
interpreting forecasting results. Note that this variation in accuracy was expected from the theory
of the proposed forecasting method (see Methods), since the points on the bifurcation diagram are
forecasted by extrapolating the recovery rates. Therefore, the highest accuracy corresponds to
amplitudes with the recovery rates closest to zero, i.e. the amplitudes closest to the bifurcation.

The use of parameters close to the tipping point generates more accurate forecasting results,
since a more pronounced slowing down is observed close to transitions. For systems with low
noise, a few measurements at each parameter value are sufficient for an accurate forecasting.
However, in systems strongly affected by measurement and/or process noise, the more
measurements are obtained, the higher the forecasting accuracy becomes. Also, the larger the
perturbation is, the larger the noise intensity can be for a similar accuracy. For example, the method
loses accuracy when the noise intensity is very high and the perturbations are very small. In such
cases, one may choose to evaluate the system’s stability using previously developed early warning
signals [26-33,35].

The perturbations required for forecasting do not need to have the same intensity or the
same source. They could be caused by various sources, either natural or anthropogenic. However,
depending on the source of the perturbations, each perturbation might create different amplitudes

for the resulting (perturbed) dynamics. The amplitudes in the forecasted bifurcation diagram
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cannot exceed the amplitudes experienced by the system in these perturbations. Moreover, if
perturbations are applied by an external intervention, one should be cautious of applying
excessively large perturbations. Such perturbations might result in jumping to another equilibrium
state if the system is operating in the region of bi-stability. This is of higher importance for complex
ecosystems, which contain several connected states. In that case, perturbing a single state might
affect the dynamics of other states as well as the ecosystem as a whole. Smaller perturbations can
still be used to forecast the bifurcation diagram; however, the larger the perturbation is, the larger
the region of the diagram that can be forecasted is.

The forecasting approach is advantageous for complex systems which are at risk of
catastrophic transitions, where there is a pressing need for information about upcoming thresholds.
This work provides a tool to evaluate the stability of complex systems in more detail than early

warning signals, and aids in the management of fragile ecosystems.
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Chapter 7
Data driven Identification of the Most Reliable Sensor Species to Predict Ecological

Regime Shifts

7.1 Introduction

Complex systems might undergo abrupt transitions from one stable state to another [24].
Rapid degradation of grazelands [158], sudden collapse of global financial markets [159], failures
in large-scale electric power transmission systems [160], abrupt climate changes [12,13], and
collapse of populations in ecosystems [11,126] are examples of such dramatic changes.
Anticipating such abrupt transitions is challenging, especially when they are caused by slow,
gradual changes in underlying conditions. Moreover, the complexity of such systems makes it
difficult to develop detailed and accurate models to predict when critical transitions might occur.

To overcome this challenge, numerous studies have focused on developing model-free
approaches to detect early-warning signals of impending critical transitions [2,33,88,161]. Most
existing approaches are based on the phenomenon of “critical slowing down,” which is defined as
the slowing down of the dynamics around an equilibrium when a system approaches a tipping
point [162,163]. Some manifestations of critical slowing down, i.e. increasing variance and
autocorrelation, in the temporal dynamics of a system have been proposed as model-free early-
warning signals to anticipate critical transitions [2,27,33,164]. The advantages of applying early-

warning signals to successfully predict when a system is approaching a tipping point have been
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investigated in recent studies [26—33,35]. However, the application of such early-warning signals
to large-dimensional systems (such as spatially-distributed systems with many components),
remains a major challenge. The main challenging attributes of such systems are their complex
dynamics involving large numbers of interacting components. Recent studies have shown that not
all system components provide the same signal strength for predicting upcoming transitions [ 165—
167]. However, owing to practical constraints, it is not feasible to measure the dynamics of all
components of a system to detect these early-warning signals. The utility of the information
gleaned from system components in regard to critical slowing down depends on both the topology
and dynamics of the system in question. Measuring only a subset of system components may lead
to critical transitions remaining undetected, because the measured components may not provide a
strong enough signal to detect the upcoming transition. Thus, determining which system
components to monitor and how to interpret the measurements to obtain accurate early-warning
signals is an important consideration.

Critical slowing down is associated with the dominant eigenvalue of the locally linearized
system, which suggests that the states most closely aligned with the corresponding dominant
eigenvector are among the best candidates for measurements to extract early-warning signals (14).
Mathematically, this is because the dynamics along the direction of the dominant eigenvector are
at their slowest as the system approaches the critical transition. It is not feasible, however, to
estimate the dominant eigenvector of a complex system in the absence of an accurate model. The
dominant eigenvalue of a covariance matrix generated from system measurements has been
proposed as an approximation [168] for cases where the system is close to the critical transition,
and the system is subject to homogeneous noise (14). However, these requirements reduce the

wide-spread efficacy of this approach.
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Herein, we propose a data-driven approach to rank the species in an ecosystem (or the
regions of a spatially distributed ecosystem) based on their reliability in providing a strong early-
warning signals of critical transitions. For this purpose, a data-driven algorithm, known as the
eigensystem realization algorithm, was employed to approximate the eigenvectors of systems, and
as a result, to identify the best states to monitor to extract the most reliable early-warning signals
of critical transitions. The system response to perturbations was used as input to the algorithm to
approximate its dynamical properties. System recoveries from large perturbations contain richer
information of the system dynamics than its response to continuous small perturbations
[88,130,169]. Moreover, system dynamics at relatively large amplitudes are used to mitigate the
effects of small continuous heterogeneous perturbation noise. Several numerical examples were
studied and the species in the considered ecosystems were ranked based on their capability to
provide adequate early-warning signals. The challenges associated with ranking the nodes in
complex systems and several conditions resulting in false early-warning signals were analyzed as

well.

7.2 Methods

Many large-dimensional natural and physical systems are constantly affected by random
environmental perturbations. Thus, it is common to model this type of system using first-order
differential equations with noise terms. Consider a p-dimensional nonlinear dynamical system

with a vector x(t) of state variables described by first-order stochastic differential equations:

dx; = fi(x)dt + o;dW;, (7.1)
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where i = 1,2,...,p. The force vector f(x) is a vector composed of all functions of f;, which
models the deterministic evolution of the system, and o; is the noise level at state variable x;. Time
series data can be obtained from model simulations. Next, the best indicator species to monitor
(i.e., the species with the best early-warning signals) were identified using a data-driven algorithm
to identify the slowest eigenvector of the system dynamics. To check that the species obtained do
provide the best early-warning signals, the dynamics of all species was measured (i.e., by
measuring all state variables x; obtained from simulations). Then, all early-warning signals of
critical transitions were calculated to determine the best one, which was then compared with the

one obtained from the proposed approach based on the data-driven algorithm.

7.2.1 Early-warning signals

Early-warning signals are statistical indicators that reveal proximity to a tipping point.
These signals are applicable to systems with small fluctuations around their equilibrium state
resulting from stochastic perturbations. As a system approaches a bifurcation that exhibits critical
slowing down, the rate at which the system recovers from perturbations decreases, and the time
required for the system to return to its equilibrium state increases. Thus, the system becomes more
correlated with its past, which leads to an increase in autocorrelation. Furthermore, perturbations
can accumulate, which leads to an increase in the size of the fluctuations and as a result, an increase
in variance [11]. Sometimes, the increase in the value of early-warning signals may be detected
well before a tipping point ([11][16,36,128,129]).

Early-warning signals are estimated from time measurements of each state variable x;
obtained from simulations. The most important factor in using early-warning signals is the way

the trend in these signals is interpreted and the way this trend is monitored as system parameters
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gradually change. In this study, trends in the early-warning signals prior to the critical transition
were estimated based on the non-parametric trend statistic Kendall's 7, which is a measure of the
correlation between the rank order of the observed values and their order in time [170,171].
Kendall's 7 takes value from —1 to 1, where —1 represents a monotonic negative trend, and 1
represents a monotonic positive trend. A large positive Kendall's 7 typically indicates that the
system is approaching a transition. By comparing the Kendall’s 7 of an early-warning signal
calculated from different state variables, we can verify the reliability ranking obtained from the

data-driven algorithm analysis.

7.2.2 Data-driven algorithm to identify eigenvectors

In this study, we used data-driven techniques that are traditionally used for experimental
modal analysis in engineering combined with the early-warning signals to identify the best
indicator species in a connected system and to select early-warning signals with good reliability
for predicting critical transitions. In particular, we used a data-driven algorithm known as the
eigensystem realization algorithm, which is an effective method for identifying system dynamic
characteristics using time domain measurements of the system dynamics [74]. This time domain
multi-input multi-output algorithm provides estimates of modal parameters of the system (i.e.,
eigenvalues and eigenvectors of a system in the vicinity of its equilibrium) using measurements of
system responses to external inputs and perturbations.

Consider a situation in which a stable system is exposed to an initial perturbation that
results in a free response (i.e., decay) to its equilibrium state. Let y denote an n-dimensional vector
of measured state variables as the system recovers from perturbation. The system may have more

than n states. Then consider that the measured response is sampled with a At time increment, and
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y(k) denotes the measured state variables at t = k At, k = 0,1,2, ...,. If the measurements are
available from m independent perturbations, one can define Y(k) as a sequence of experimentally
measured state variables as t = k At, i.e. Y(k) = [y, (k) y,(k) ... yju(k)]. The first step in the

algorithm was to form generalized Hankel matrices from the discrete measurements as follows

[74,75]:
Y(k) Y(k+1) .. Ylk+v—1)
H(k) = Y(k:r 1) Y(k:r 2) Y(k + V) ’ (7.2)
Yk+r—-1) Yk+r) - Yk+r+v-=-2) ..,

where parameters 7 and v are chosen depending on the particular application and can be tuned for
optimal accuracy by convergence studies. The singular value decomposition of H(0) can be

written as H(0) =P Z 1T, with the singular values in the diagonal matrix Z ordered in decreasing

order (largest on the first row). The rank of the Hankel matrix is determined by the number of
nonzero singular values in Z. However, the presence of measurement noise and/or (weak)
nonlinearities leads to additional nonzero singular values of small magnitude [75]. Selecting the

first N largest singular values (i.e., the dominant ones), matrices Z, |, and P are truncated and

denoted by Z, ], and P, respectively. Next, the state transition matrix S can be defined as follows
[75]:

S=7"12pTH(1)]Z V2. (7.3)
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Note that matrices Z, ], and P are obtained from H(0), while S is obtained also using H(1). Next,
denote by T, the matrix of eigenvectors of S. Matrix T can be used to transform S into the diagonal
matrix S as follows:

S =T~1IST, (7.4)
where the i diagonal element of matrix S is ;. It can be shown that the system eigenvalues are:

N =5-In(5) = 0; £ iwg, (1.5)
Furthermore, the matrix C contains the corresponding eigenvectors of systems as follows:

¢ = (ETPZ'/?)T, (7.6)
where ET = [I, 0O, O, .. O0.];I, and O, represent the identity and zero matrices of order
n, respectively.

Based on this approach, our goal was to approximate the dominant eigenvector of
dynamical ecosystems without a priori knowledge of the underlying system equations (i.e.,
without a mathematical model of the system, but using only time-series measurements of some of
its states). The system is exposed to perturbations from various sources, either natural or
anthropogenic. The response of each species in the ecosystem to such small/large perturbations
were measured and used to generate the matrix Y(k). Next, the slowest eigenvalue ng and its
corresponding eigenvector cg were obtained using Eqns. (7.5) and (7.6). Once ¢, was determined,
it was not necessary to monitor/measure all species. Thus, only a subset of the species was
monitored. The subset of species that corresponded to the largest absolute values in c; were the
most reliable in providing early-warning signals of critical transitions because those species have
the most participation in the eigenvector where the slowing down of the dynamics occurs. For
example, consider that only one species was monitored. The species that corresponds to the entry

with the largest absolute value in ¢, would be the optimal species to monitor.
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An important consequence of using data along c is that the analysis is more robust to the
presence of heterogeneous noise in the system compared with other methods. One should note
that, although the eigensystem realization algorithm and other similar data-driven methods provide
estimated eigenvalues, these estimated eigenvalues are not certain and are sensitive to system and
algorithm parameters such as noise and dataset length. In contrast, the estimated eigenvectors are
more robust and reliable. Thus, we focused on the estimated eigenvectors in our analysis.

In the present study, we evaluated this approach by ranking the reliability of the components
of several well-known ecological models and comparing the ranking results with the early-warning

signals computed from the time-series measurements.

7.3 Results and discussion
Three ecological models with increasing complexity due to increasing dimensionality were studied

to gain insights and to evaluate the proposed approach.

7.3.1 Two species competition model

The first model we considered was a two-species Lotka—Volterra competition model, which
considered two interacting populations at time t. The dynamics of the system with random
excitations from the environment can be studied using the following stochastic differential

equations [172,173]:

dx, = [xl (1 —xﬁgsz) + ul] dt + o;dW,,

1

(7.7)

dx, = [xz (1 - %jlxl) + uz] dt + o,dW,,
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where x; is the population density of each species, K; is the carrying capacity of the i species,
and «;; is the competition coefficient representing the effect of species j on species i. We assumed

a small immigration term u; to prevent species from reaching extinction, following a previous

study [174].
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Figure 7.1. Bifurcation diagram for the two-species Lotka—Volterra competition model. Blue and red
lines represent stable and unstable fixed points, respectively. Arrows show the critical transition
considered.

We employed the data-driven algorithm discussed in Sec. 7.2 to identify the slowest eigenvector
and determined the best indicator species. System recoveries from perturbations were the only
input to the algorithm. The carrying capacity K; of the first species was chosen as a bifurcation
parameter. As K; decreased, the system approached a catastrophic transition at K; = 0.85, as
shown in Figure 7.1. We used small perturbations of the system in the pre-bifurcation regime as

shown in Figure 7.2, for instance at K; = 1.1.
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Figure 7.2. Noisy system recoveries from perturbations at K; = 1.1 used as an input to the data-driven
algorithm to identify the eigenvectors of the two-species Lotka—Volterra model.

Figure 7.3(a) shows the exact eigenvectors of the system at the tipping point (i.e., the reference
eigenvectors computed using the model in Eq. (7.7)) as well as the approximated eigenvectors of
the system. The approximated eigenvectors match the reference eigenvectors, indicating that the
data-driven algorithm works well in this case. Thus, a system model is not required to estimate the
slowest eigenvector of the system, which simplifies the procedure for identifying which indicator
species to monitor to extract reliable early-warning signals.

Figure 7.3(b) shows the variance of each species (taken separately) and the corresponding
Kendall’s 7 obtained from noisy measurements collected for increasing values of the bifurcation
parameter K;. These results show that it is possible to extract reliable early-warning signals by
measuring the population density of either species. Nevertheless, measuring the population density
of the first species has a slight advantage. However, one should note that the dominant direction
approximated at this system parameter is different from the one estimated at the critical parameter,
i.e. at K; = 0.85. In general, the eigenvectors may vary with the parameter as the system

approaches the transition. In which case, the approximation can be updated if the system is
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operating at parameters significantly far from the parameter corresponding to the initial

approximation. This topic is discussed in more detail in Sec. 7.4.
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Figure 7.3. (a) Exact (reference) eigenvectors and approximated eigenvectors obtained using the data-
driven algorithm. (b) Early-warning signals recorded using each one of the two species. Both species
provide a good early-warning signal of critical transition.
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Figure 7.4. Bifurcation diagrams for each node in a network of four interacting species in a chain
configuration. A critical transition occurs at u = 6.8.
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7.3.2 Network of four interacting species

We considered a network of four connected species in a chain configuration (Fig. 7.4). The goal
of the analysis was to rank the species of this system (i.e., a ranking of the nodes) based on their
reliability in providing early-warning signals of the upcoming critical transition. The dynamics of

each species are governed by the following stochastic differential equation:

d; = [ (1= 2550) | de + g, i) = 1,234, (7.8)

14

where 7; is the maximum intrinsic growth rate, K; the carrying capacity of species x;, and
competition between species is defined by coefficient @;;. The values for r;, K;, and a;; were
randomly chosen from the intervals [0.6,1], [5,15], and [0,1.5], respectively. Moreover, a small
immigration term u; is assumed in the population of each species to mimic dispersal that prevents
species from reaching extinction and negative values [174,175].

The parameter u was introduced following a previous study [175] to reflect the effect of
environmental change on the system by modifying the carrying capacity of each species as K'; =
K; (1 + n; w). The parameter n; was selected randomly from the interval [0,1] for each species,
reflecting the fact that the change in the environment does not affect all species in the same way.
By increasing the parameter u, the system underwent a critical transition (Fig. 7.4).
Theoretical analysis of the equations showed that the exact dominant eigenvector of the system at
the critical transition was v, = [—0.002,0.734,—0.661,0.158]7, reflecting that species 2 and 3
were the best ones to be monitored for identifying the upcoming transition. In contrast, species 1
and 4 participated the least in the dominant eigenvector. Thus, if the system stability was evaluated

by monitoring species 1 and/or 4, then only a weak signal would be detected until the system is

168



extremely close to the transition. To observe this phenomenon, the model in Eq. 7.8 was simulated
using numerical methods to obtain surrogate measurements taken from each node and their
performance assessed through comparison. Heterogeneous random excitations were modeled by a
random walk process. The parameter u was started at u = 3.5 and was gradually increased toward

the critical value, 1.e. u = 6.8.
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Figure 7.5. Early-warning signals recorded using each node in a network of four interacting species in a
chain configuration. Species 2 and 3 provided the most significant early-warning signal of the critical
transition. The vertical dashed line represents the critical transition.

Figure 7.5 shows the variance measured from the dynamics of each node. Species 2 and 3
showed the most significant signal of approaching a transition, while species 1 and 4 did not
provide much useful information. This procedure was repeated 100 times using random
heterogeneous measurements and process noise. The distribution of the measured Kendall’s T for
the signal recorded at each node was computed. The results clearly show that species 2 and 3
provide the strongest Kendall’s T in most cases (Fig. 7.6), indicating that they are the best indicator
species in this system, while species 1 and 4 did not provide reliable early-warning signals. This
example demonstrates the importance of identifying the best indicator species in a system.

To identify the best indicator species for this system without a model of the system, we applied
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the data-driven algorithm to identify the slowest eigenvector of the system using only measured
system recoveries to small perturbations. We considered the recoveries obtained at u = 4.5. A
sample of the recovery data used in the algorithm is shown in Figure 7.7.

Figure 7.8 shows a comparison of the exact dominant eigenvector computed using
theoretical formulations and the approximated eigenvector by the data-driven algorithm. The
results suggest that the best indicator species can be identified using this model-free approach. The
algorithm successfully ranked the species based on their importance regarding the extraction of
reliable early-warning signals using some measurements of the system response to perturbations.
The algorithm correctly ranked species 2 as the best indicator species and species 3 as the second-
most reliable option, while it indicated that measuring species 1 would not provide a strong signal

of approaching an upcoming critical transition.
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Figure 7.6. Distribution of computed Kendall’s T of early-warning signals recorded at each node for
100 independent simulations with random measurement and process noise. Species 2 and 3 were the
best to monitor because they provided the most significant increasing trend in their early-warning
signals.
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Figure 7.7. Examples of system recoveries from perturbations at u = 4.5 used as input to the data-
driven algorithm to identify the slowest eigenvector of a network of four interacting species.
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Figure 7.8. Slowest eigenvector of the system estimated using the proposed approach and the exact
eigenvector (reference). The data-driven approach correctly identified nodes 2 and 3 as the ones with
the most contribution and node 1 as the one with the least contribution to the dominant eigenvector.

7.3.2.1 Robustness of early warning signals to data analysis parameters

The decision regarding the stability of a system is taken looking at the trend of extracted
early warning signals as the system parameter is gradually changing. Kendall’s t coefficient is the
one which is often used to study the trend of statistics related to the critical slowing down
phenomenon [170,171]. Because the sequence of the statistics are estimated from the time series,
the value of Kendall’s t are affected by parameters such as window size, sample rate and etc.

Therefore, the choice of data analysis parameters will affect the correlation in data, and thus affects
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the distribution of Kendall’s 7. In this section, we study how sensitive are the extracted Kendall’s
T from measuring the dynamics of each species to the choice of different set of data analysis
parameters, and how robust are the identified Kendall’s 7 against measurement errors.

For the four interacting species studied in Sec. 7.3.2, we recorded system time series as it
gradually approaches to the transition. We calculated the Kendall’s T of measured variance for a
range of sampling resolutions and window sizes for each of the four species, and the results are
shown in Fig. 7.9. It is observed that the Kendall’s T recorded from measuring species 2 and 3 are
a smooth function of time resolution and the window size. However, looking at the plot of species
1, the recorded Kendall’s t shows a completely random behavior for different choice of
parameters. For species 4, however, the plot is not significantly smooth or random, and lies
between that of species 1 and species 2 and 3. Comparing the plots with the ranking results of Sec.
7.3.2., it is inferred that the uncertainty associated with the plots for each species is directly related
to its contribution to the dominant eigenvector.

To analyze how robust are the reported Kendall’s 7 in Fig. 7.9 for each species, we added
a small measurement uncertainty to the recorded time series and calculated the Kendall’s t for
extracted early warning signals from measurements taken from each species. Comparing the
results of this analysis (Fig. 7.10) with the previous results shown in Fig. 7.9, it is observed that
the reported values of Kendall’s 7 for species 2 and 3 are robust to measurement uncertainties and
the trend of the early warning signals recorded from these species remains almost the same as the
case of clean measurements. The values of Kendall’s 7 recorded from species 4 has been
significantly affected by the added measurement uncertainty, even in the regions where there are
high resolution data available and a wide window is selected. Species 1, as of before, shows a

completely random behavior and its reported early warning signals are not reliable.
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Based on above analysis, it is observed that early warning signals recorded from the
identified most reliable species, i.e. species 2 and 3, are more robust to data analysis parameters
and measurement errors. Results of Figs. 9 and 10 show that for the same system observation, the
reported Kendall’s T by species 1 can take values from large positive to large negative numbers
depending on the choice of data analysis parameters, meaning that this species is completely
uncertain about an upcoming regime shift. The uncertainty significantly decreases if we monitor
the best indicator species, i.e. species 2 and 3, and they confirm existence of an increasing trend in
the measured early warning signals in all set of studied parameters. This shows the significance of
identifying the best sensor species to predict regime shifts since the predictions are more robust to
the choice of data analysis parameters as well as uncertainties in measurements.

Note that this study does not provide the time resolution and window size which would be the best
to extract early warning signals. To draw such a conclusion, a more detailed analysis of system

statistics is required, as what is done in [40].

7.3.3 Spatial harvesting model

Identifying the best species to monitor in a system of higher dimensions, or the area to
monitor in a spatially-distributed system, is of particular importance. When the system is spatially
distributed and has a large dimension owing to a large number of interacting regions, it is costly
and often infeasible to monitor the dynamics of the whole system. Therefore, it is desirable to
identify a subset of indicator regions that can provide reliable early-warning signals of upcoming
critical transitions. Such indicator regions are viewed similar to indicator species in the previous

examples.
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Figure 7.9. Measured Kendall’s T using the recorded signal of each of the four species of example 7.3.2.
For a single observation of system dynamics as it approaches to the critical transition, Kendall’s 7 is
approximated using measurements taken at each of the four species for different set of sampling

resolutions and window sizes.
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In this section, we considered a 2D spatially distributed ecosystem (a harvesting model),
which was discretized in a grid of interconnected regions. The spatial harvesting model was as

follows:

2
dxij _ Xij *ij
= Tii%ij (1 “ky) T Rz + D (Xign + Ximrj + Xy jr + Xy i1 — 4y ) + 0y dW g, (7.9)

where K; ; is the carrying capacity in region (i, ), ¢;; is the harvesting rate in region (i, ), D is
the dispersion rate, x; ; is the biomass in region (i, j) (i.e., a scalar state variable for each region),
1;; is the maximum growth rate in region (i,j), and g;; is the standard deviation of the noise
excitation in region (i,j), fori = 1,...,P, and j = 1, ...,Q, with P and Q being the number of
nodes in the two dimensions of the spatially-distributed system. The dynamics in each region (i, j)

are affected by a reaction process described by the nonlinear deterministic term

2

riixi ;i (1-=2)— ¢; ;== Each region also interacts with its neighboring regions (with periodic
LjAij K b x? 41

boundary conditions) through a diffusion process with the dispersion rate D. We assumed that
independent random excitations existed in each region, represented by the random walk process
dW; ;. We defined the harvesting rate in region (I,j) as ¢;; = l; jCmax. Where y; j € [0.7,1],
meaning that the harvesting is non-uniform among different patches. By increasing the harvesting
rate Cpqx, the system exhibited a critical transition from an underexploited condition (a high-

population equilibrium) to overexploitation (a low-population equilibrium).
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Figure 7.11. (a) Bifurcation diagram of the spatial harvesting model. Only the stable branches are shown
in this figure. (b) The value of the growth rate 7; ; in each region. (b) The value of the carrying capacity
K; j in each region. (d) The value of the harvesting rate y; ; in each region.

The proposed data-driven approach was applied to identify the best indicator regions in
this large-dimensional ecosystem. Consider P = Q = 5, which results in a 25-dimensional system.
The bifurcation diagram of the system is depicted in Figure 7.11(a). The dispersion rate was
selected to be D = 0.2 for all patches. To introduce spatial heterogeneity to the system, the growth
rates (r;;), carrying capacities (K;;) and harvesting rates (u; ;) of each region were selected
randomly from the intervals [0.8,1], [7.5,10] and [0.7,1], respectively (Fig. 7.11).

Identifying the best indicator regions in this system is important because monitoring all
regions would require an excessive cost and effort. Thus, the proposed data-driven approach was

employed with the measured system responses to small perturbations at a harvesting rate of
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Cmax = 2. In this example, instead of a single perturbation, system responses to 5 separate small
perturbations were used to accurately identify the slowest eigenvector of the system. A larger
number of perturbations was required because a single perturbation might not excite the whole
dynamics of the system, i.e. it may not create dynamics along enough eigenvectors owing to the
large-dimensionality of this system. A lack of sufficient dynamics can lead to less accurate
estimations of the slowest eigenvector.

Theoretical analysis of the system showed that the slowest eigenvector of the system was
that shown in Figure 7.12(a). Thus, the best indicator regions for this system were those around
the bottom left corner of the field. The results of this model-free, data-driven approach are shown
in Figure 7.12(b), and were consistent with the theoretical predictions. The results indicate that the
most important regions in this spatially-distributed system can be accurately estimated without any
knowledge of the underlying system equations. Region 21 was identified as the most-favorable
region to be monitored, while the regions in the top right corner were correctly identified as the
least-favorable regions to be monitored.

In spatially-distributed systems, it might be challenging to measure the entire system to
approximate the dominant eigenvector. Furthermore, even if the best indicator region is known, it
might not be accessible or feasible before long-term measurements to extract early-warning signals
for critical transitions. Hence, it is important to identify the best indicator regions among those that
are accessible for measurement. In the next example, we assumed that only some of the regions
were accessible for measurements in the spatial harvesting model. For instance, we assume that
the regions in the bottom and left edges of the system were the only measurable ones, and their
response to small random perturbations was employed in the system identification algorithm.

Figure 7.12(c) shows the ranking result for the measured patches. Results of this data-driven
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approach correctly identified that region 21 was the best indicator region compared with the other
measured regions.
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Figure 7.12. The slowest eigenvector obtained using (a) theoretical formulation, (b) data-driven
algorithm by measuring all regions, and (c) data-driven algorithm measuring only the regions along the
bottom and left edges of the 2D domain. Regions that were not measured are shown in white; no
information is available for these regions. Results from all analyses suggest that region 1 was the best
indicator region.

The model of Eq. (7.9) was simulated using numerical methods to compute early-warning
signals using measurements taken from each region and their performance was compared. Random
heterogeneous excitations with standard deviation o;; were considered. In addition, random
measurement noise was added to the measured signals. The harvesting rate c,,,, started at
Cmax = 1.5 and gradually increased toward the critical value of ¢,,,, = 2.35. Figure 7.13 shows
a comparison of the measured Kendall’s 7 for the early-warning signals extracted from selected
regions. The results indicate that measuring region 21 provided the best indicator of the critical
transition in this system, while regions 13 and 5, for instance, did not provide as much useful

information for predicting the critical transition.
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Figure 7.13. Distribution of computed Kendall’s T of early-warning signals for the spatial harvesting
model discussed in Sec. 7.3.3. Signals were recorded at regions 5, 13, and 21 for 100 independent
simulations in the presence of random heterogeneous measurements and process noise.
7.4 Complications arising from the best-indicator node ranking procedure
In the procedures discussed in previous sections, we focused on identifying the best indicator
nodes in ecosystems using measured system dynamics at several nodes. The ranking procedure
was mainly based on the direction of the dominant eigenvector, which is a valid assumption when
the system is reasonably close to the transition. However, ranking the system components can be
more complicated and requires a more detailed analysis of its underlying dynamics. Unfortunately,
performing such a detailed analysis might not be feasible in practice. However, it is important to

be aware of the factors affecting the reported early-warning signals to accurately interpret the

results.
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7.4.1 Challenges with large-dimensional systems

In large-dimensional systems, the system has a large set of eigenvalues. In such systems,
several eigenvalues other than the dominant one might slow down and approach zero as the system
approaches the transition. Hence, there may be several eigenvalues slowing down and affecting
the early-warning signals, particularly those with a close value to the dominant eigenvalue. In such
cases, the system state that contributes the most to the dominant eigenvector would still be among
the best to be measured. However, small entries in the dominant eigenvector do not necessarily
mean their corresponding states do not provide measurable early-warning signals.

As an example, the same harvesting model was considered, but with a different parameter
distributions. Figure 7.14 shows the trend in eigenvalues of this system as it approaches the
transition, which occurs at the harvesting rate of c¢,,,, = 2.17. The eigenvalues were closely
spaced, and they were all slowing down as the harvesting rate increased and, as a result, more than
a single eigenvalue was affecting the early-warning signals. In this case, the dominant eigenvector
did not necessarily reflect the ranking of the nodes based on the reliability of their early-warning
signals, unless the system was extremely close to the transition. To correctly rank the regions in
this system, at least the first two dominant eigenvectors should be considered because their
corresponding eigenvalues are close for a wide range of parameters before the transition occurs.
Figure 7.15 shows the first two dominant eigenvectors of the system close to the transition. The
dominant eigenvector shows that region 5 was the best to be measured. Moreover, based on the
dominant eigenvector, region 21 would not provide measurable slowing down and should not be
measured. However, Figure 7.15(b) shows that region 21 contributed the most to the second

eigenvector of the system, which indicates that it may be a good candidate for monitoring.
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We performed numerical methods to compute early-warning signals using measurements
taken from each region and compared their performance. Figure 7.16 shows the results of a
comparison of the measured Kendall’s t for the extracted early-warning signals among
measurements from regions 5, 13, and 21. Results show that measuring region 5 provided a strong
signal for the risk of critical transitions. Interestingly, one region 21 also provided comparably
reliable early-warning signals and effectively captures the upcoming transition. However,
considering only the dominant eigenvector does not confirm that. Moreover, although region 13
had almost the same value as region 21 in the dominant eigenvector, it was not a good candidate
to be monitored because its contribution to the second dominant eigenvector was insignificant as
well (Fig. 7.16). The results showed that, in large-dimensional systems, the effect of more than a
single eigenvector should be considered to successfully rank the importance of species in the

system for providing accurate early-warning signals.

Amplitude

Eigenvalue index

Figure 7.14. Eigenvalues corresponding to the 5 X 5 spatial harvesting model discussed in Sec. 4.1 and
their variation with increasing harvesting rate.
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Figure 7.15. Eigenvector corresponding to the 5 X 5 spatial harvesting model discussed in Sec. 4.1. (a)
the first dominant eigenvector, (b) the second dominant eigenvector.
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Figure 7.16. Distribution of computed Kendall’s 7 of early-warning signals for the spatial harvesting
model discussed in Sec. 7.4.1. Signals were recorded at regions 5, 13, and 21 for 100 independent
simulations in the presence of random heterogeneous measurements and process noise.

7.4.2 Variation of eigenvectors and a false alarm

Early-warning signals, including increases in variance and autocorrelation, can signal that

a system is approaching a transition. However, for this statement to be completely valid, the system
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must be close enough to the critical point so that the effect of changing system dynamics on the
results can be ruled out. The issue, however, is that it is not clear how far a system is from
transition. Early-warning signals are a function of both eigenvalues and eigenvectors of a system.
Consider a simple two-dimensional linear system with parameter u, eigenvalues A (u) and 4, (1),
and the right eigenvectors v, and v,, respectively. The dynamics of the system would be as

follows:

dx(t)
dt

= A(w)x(t) + f(t) (7.10)

where x is the state vector, A is the system coefficients matrix, and f is the forcing term that is
considered to be a stochastic excitation in this case, i.e. f = [y;dW,, y,dW,]T. The transformation
® = [v; v,], where v; and v, are the right eigenvectors of matrix A, can be defined as:
x(t) = @q(t), where q is the vector of modal coordinates. If variance is considered to be the early-
warning indicator, then in the steady state dynamics, the variance of the states x; and x,, denoted

by o¢, and gy;,, can be defined as follows:
2 _ 2 2 2 2 2
Ox, = V1,104, t Vi20q, + 2011012044,
(7.11)
2 _ 2 ;2 2 2 2
Ok, = V2,104, T V2204, +2V2,1V2204,q,
where 051 is the modal variance containing the information regarding the variance of the dominant
eigenvalue A, (u), 052 contains information of the variance of the second eigenvalue 4, (1), and

‘751612 is the covariance of the modal coordinates. Moreover, v; ; represents the it" element of the

Jjt" eigenvector. Modal variances were calculated as follows:
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2 hl(ZLVLVZ)
Oq; = >

A
2 hZ(ZZI]/l:yZ)
0g, = (7.12)
2 _ h3(21,22,¥1,Y2)
Oq1q, = ,
142 A1+,

where z; and z, are the left eigenvectors of the system matrix A, and h;s are scalar functions.
Considering the system has a dominant eigenvalue, the modal variance 051 contains
important information regarding the upcoming transition because it is inversely proportional to the
dominant eigenvalue of the system. Taking the variance of x; as an early-warning signal and
assuming A, (1) > A, (u) for simplicity, a rise in the early-warning signal can be observed from
Eq. (7.11) due to two main reasons: 1) the dominant eigenvalue approaching zero, which increases
the modal variance 051, and 2) change in the eigenvectors of the system. Note that 051 is the
quantity that contains information of the upcoming transition (since it includes the dominant
eigenvalue), and measuring/identifying the modal variance 051 would provide a value that is
independent of the system states and should be used as the early-warning signal of the upcoming
transition. Identifying this quantity, however, requires a detailed knowledge of the system,
including measurements of all state variables. Equation (7.11) shows that a significant change in
the dominant eigenvector by parameter (1) can reduce the efficacy of measured early-warning
signals by over- or underestimating its actual value. In some situations, change in the eigenvectors
can result in raising a false critical-transition alarm. In dynamical systems, change in the
eigenvectors with parameter is unavoidable, and the consequences for approximated early-warning

signals must be examined to properly process and interpret the results.
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As an example, we considered a simple two-dimensional system consisting of two
interacting nodes with u as the parameter. The linear instability occurs at ¢ = 0. The system was
designed to have a dominant eigenvalue approaching zero. For simplicity, the other eigenvalue
selected was large enough (|A,(1)|= 10|A;(w)]) so the effect of the second eigenvalue and its
corresponding eigenvector on the recorded early-warning signal was negligible. Figure 7.17(a)
shows the change in the dominant eigenvector as the system approaches the instability. We
observed that, although the component corresponding to node 1 (x;) in the dominant eigenvector
was always greater than that of node 2, it decreased toward its final value at the critical parameter.
Conversely, the contribution of node 2 to the dominant eigenvector of the system was always less
than that of node 1; however, its contribution was increasingly significant as the system
approached the transition. If only the amplitudes of the dominant eigenvector at a fixed parameter
were considered, then node 1 might be identified as the best indicator of the upcoming critical
transition. Figure 7.17(b) shows the computed variance of each node as the system gradually
approaches the transition. We observed that node 2 provided a more accurate prediction of the
upcoming transition. For the parameter values up to u = —0.5, node 1 did not identify the
upcoming transition, while the early-warning signal corresponding to node 2 exhibited a
significant increasing trend. Notably, however, neither of the nodes provided correct early-warning
signals because the signals provided by nodes 1 and 2 under- and overestimated the system
distance to the transition, respectively. This was due to a significant change in the contribution of

each node to the dominant eigenvector (Fig. 7.17(a)).
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Figure 7.17. (a) Change in the dominant eigenvector of the example system as the system approached
the transition at u = 0, (b) early-warning signals measured from system components.

In the next example, we demonstrated a situation in which, change in the dominant
eigenvector with parameter resulted in a completely false alarm. We considered a simple system
of two interacting nodes, approaching a transition at ¢ = 0, in which the dominant eigenvector
changed with parameter as shown in Figure 7.18(a). Figure 7.18(b) shows the recorded variance
of the nodes as the system approached the transition. We observed that a change in the eigenvector
can lead to a false alarm as reported by node 2 at u = —2.5.

We have provided two simplified examples with a low-dimensional system and only a single
dominant eigenvalue. The examples reveal the challenges that might be associated with
interpreting early-warning signals. Further complications were found with large-dimensional
systems with several close eigenvalues, and the well-known assumptions of early-warning signals
are only maintained when the system is reasonably close to the transition. Theoretically, the
solution to this issue would be to perform an eigenvalue decomposition and filter out the effect of
all changes in the system except the change in the dominant eigenvalue. However, this would

require continuous identification of left and right eigenvectors of the system. Although there are
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experimental procedures for identifying such properties [70,71], applying them to real systems,
especially ecosystems, is costly and difficult. A data-driven algorithm such as the eigensystem
realization algorithm could be used to approximate the dominant eigenvector of the system at
several parameter values when possible and monitor its changes over time to get an idea of how
the dominant modes vary with the parameter and how reliable the computed early-warning signals
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Figure 7.18. (a) Change in the dominant eigenvector of the example system as the system approached

the transition at 4 = 0, (b) early-warning signals measured from system components.
7.5 Conclusions

Detecting early-warning signals of critical transitions for large-dimensional complex

ecosystems is a challenging task owing to the complex system dynamics involving many species.
In such complex systems, to determine where to measure the system and how to interpret the
measurements to achieve the most accurate early-warning signals of an upcoming transition is an
important requirement. Herein, we propose a data-driven approach to rank the elements of a system

based on their reliability in providing the best early-warning signals of critical transitions. We used
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experimental modal analysis techniques, which are widely used in engineering, combined with the
early-warning signals to identify the best-indicator nodes in a connected system and extract the
most reliable early-warning signals of critical transitions. The system response to perturbations
was recorded and used as an input for the proposed technique, which is a common tool for
identifying dynamical system features.

Numerical examples demonstrated that not all the species in an ecosystem provide reliable
early-warning signals of a system approaching a transition, and the proposed technique was able
to successfully rank the species/regions in the studied ecosystems based on the accuracy of their
early-warning signals. In addition, results indicated that, to correctly rank species and interpret the
recorded early-warning signals in an ecosystem, other dynamical features of the system should
also be considered. For instance, we observed that gradual change in the system eigenvectors
resulted in over- or underestimating trends in the recorded early-warning signals. Moreover, the
results verified that, in large-dimensional systems, the effects of several eigenvectors other than
the dominant one must be considered to successfully rank the importance of the species in the

system.
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Chapter 8

Conclusions and future work

8.1 Summary

It is becoming increasingly evident that many complex systems, ranging from ecological
to engineered systems, are at risk of critical transitions at which the system shifts abruptly from
one state to another. Such an unexpected change in the equilibrium state is usually undesirable,
because it is often difficult to restore a system to its pre-transition state once the transition occurs.
Hence, there is an acute need for reliable methods to predict such catastrophic events. It is notably
difficult to predict critical transitions because the state of the system may show little change before
the tipping point is reached. Moreover, models of complex systems are usually not accurate enough
to predict reliably where critical thresholds may occur.

The focus of this research was on forecasting critical transitions in complex dynamical
systems with application in several fields, from engineering to population dynamics. The main
goal of this research was to create a novel method to quantitatively forecast critical transitions as
well as the pre- and post-transition dynamics using some measurements of system before the
transition occurs. Novel techniques were introduced to assess the existence of crucial thresholds
in complex dynamical systems and to evaluate the future consequences of surpassing them. Based
on observations of the system response to perturbations only in the pre-transition regime, the
method forecasts the bifurcation diagram which discovers system’s stability and equilibria in

upcoming conditions. The forecasting approach was based on the phenomenon of critical slowing
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down, referring to the slowing down of a system’s dynamics around its equilibrium when
approaching a tipping point. This means that the rate of the system’s recovery from perturbations
decreases when the system approaches the bifurcation. Therefore, rate of recovery from
perturbations at each amplitude can be used as an indicator, and is correlated to the distance to the
bifurcation. This finding was used to predict the bifurcation diagram which discovers system’s
stability and equilibria in upcoming conditions.

The proposed bifurcation forecasting method is model-free, i.e. it is only required to
measure a few system responses in the safe stable regime to forecast the bifurcation diagrams
(without analyzing system equations). The method addresses some challenges which exist in
complex systems where using classical methods is not possible (e.g., when a model of the system
is not available, or is inaccurate) or is challenging (e.g., when the full model is very expensive
computationally). Specifically, the forecasting method is developed and advantageous for two
main cases. First, when a nonlinear system is studied experimentally, and there is no model of this
system available to be analyzed using traditional methods. This is particularly important when
there are a lot of unknowns and interactions in the system which makes developing and calibrating
an accurate model of system difficult or impossible. The forecasting method makes it possible to
forecast the bifurcation diagrams using measurements of the system response to perturbations in
the pre-bifurcation regime without developing a model for the system. Second, the method is also
advantageous when there exists a model for system, but the system is large dimensional and
constructing the bifurcation diagram using theoretical methods is very expensive computationally.
A common example of such a case is when a complex system is modeled using high-fidelity finite
elements and the bifurcation point, bifurcation type and bifurcation diagram needs to be

investigated. Such models often have millions of degrees of freedom. Identifying the post-
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bifurcation dynamics for such models using theoretical methods (e.g., center space reduction) is
very difficult. More direct numerical methods such as time marching is very time consuming
because the system has to be simulated many times, at many parameter values in order to construct
the bifurcation diagram. In contrast, using the presented forecasting method the bifurcation
diagrams can be constructed using only 2 or 3 simulations.

Supercritical and subcritical Flutters are observed in a variety of fluid-structural systems.
Such phenomena lead to various types of stability issues and can cause dramatic changes in the
dynamics. Therefore, forecasting such bifurcations, i.e. predicting bifurcations and the bifurcation
diagram with measurements only from the pre-bifurcation regime is a significant challenge and an
important need. This is especially important for complex large-dimensional systems when an
accurate model of the system is not easily available or when the system properties/parameters are
unknown. In this research, a unique forecasting approach was introduced to forecast bifurcation
diagrams and post-bifurcation limit cycles in fluid-structural systems. The forecasting method was
employed to forecast the flutter speed and bifurcation diagrams of nonlinear fluid-structural
systems including two- and three-degree-of-freedom airfoils and large dimensional high aspect
ratio wings using as few as three measured system recoveries from perturbations collected only in
the pre-bifurcation regime. Numerical results shows that the method can accurately forecast the
bifurcation diagram of the system although no mathematical model of the system is required for
forecasting. Furthermore, the method identifies the type of bifurcation, i.e. supercritical or
subcritical, and forecasts the complete dynamical behavior of the system in the post-bifurcation
regime. This type of forecasting opens the door to a variety of applications where knowledge of

nearby bifurcations is important for safety and maximum system performance.
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Stop-and-go traffic jams can often be observed in real-life traffic situations. Although
Study of traffic flow dynamics has a long tradition, predicting traffic jams before they occur is still
a challenge due to the complex nature of the traffic phenomenon. Prediction of traffic congestions
may allow implementation of effective dynamic control strategies. In this research, the onset of
traffic jams on a circular road was forecasted using early warning indicators/signals and bifurcation
forecasting methods. Forecasting approaches were applied to a microscopic model of cars on a
circular road. Results show that forecasting approaches can successfully predict the critical
parameter value at which traffic jams occur. Furthermore, the bifurcation forecasting method can
be used for forecasting both the critical point (i.e., the onset of traffic jams) and the post-critical
dynamics of the system (i.e. the bifurcation diagram). These results are particularly valuable when
the state of the system after the bifurcation is of interest. Moreover, forecasting can be highly
advantageous also for theoretical or computational analyses of traffic flow models where
employing traditional methods for computation of bifurcation diagrams are computationally
intense. The approaches and ideas presented can be used as a basis for more developments to
address some of the challenges related to the complexity of traffic dynamics.

Regime shifts in complex ecological and living systems have received a growing attention
since the cumulative human impact on the environment is increasing the risk of ecological regime
shifts. Anticipating such critical transitions is an important need because it is often difficult to
restore the system to its pre-transition state once the transition occurs. Hence, it is necessary to
develop reliable methods capable of forecasting upcoming transitions, as part of a preventive plan
against possible detrimental consequences. To address this important topic, we introduced and
experimentally evaluated a unique forecasting method to forecast critical transitions in ecological

systems and natural populations. The method forecasts critical points and post-critical dynamics
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of the system using measurements of the system response collected only in the pre-transition
regime. The method was evaluated using as a model ecological system a population of budding
yeast with cooperative growth in the lab which exhibits a catastrophic transition as the environment
deteriorates, resembling an ecological collapse. The experimental results of this study are
promising and address important challenges which exist in forecasting safety and stability of
natural populations. Results highlight that by monitoring rate of recovery of the system's response
to perturbations, it is possible to gain crucial information about the future system’s safety and
stability, such as the quantitative distance to upcoming transition (collapse), the type of upcoming
transition (i.e., catastrophic/non-catastrophic) and future equilibria of the system. We envision this
approach to be used in stability and safety analysis of natural populations, which is exceedingly
important in ecological management.

Detecting these early-warning signals of critical transitions for large dimensional complex
ecosystems is a challenging task due to the complex dynamics of systems and the large number of
species involved in the system. In such complex systems, to determine where to measure the
system and how to interpret the measurements to achieve the most accurate early warning signals
of an upcoming transition is an important need. We proposed a data driven approach to rank the
elements of the system based on their reliability in providing the best early warning indicators of
critical transitions. We employed experimental modal analysis techniques which are widely used
in engineering in combination with the early warning indicators to identify the best-indicator nodes
in a connected system and extract the most reliable indicators for critical transitions. The system
response to perturbations are recorded and employed as an input to proposed technique which are
common tools in identifying dynamical systems features. Numerical examples show that not all

the species in an ecological system provide reliable early warning sign of approaching to a
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transition, and the proposed approached has successfully ranked the species/regions in the studied
ecological systems based on the accuracy of their provided early warning signals. In addition,
results show that to correctly rank the species and interpret the recorded early warning signals in
an ecological system, one might consider other dynamical features of the system as well. For
instance, it was observed that gradual change in the system eigenvectors would result in an
overestimated/underestimated trend in the recorded early warning signals. Moreover, results verify
that in large dimensional systems, one need to consider the effect of several eigenvectors other
than the dominant one to successfully rank the importance of the species in the system.

8.2 Contributions

The major contributions of this dissertation are summarized as follows.

e A set of unique techniques, called bifurcation forecasting methods, are proposed to predict
instabilities and bifurcation diagrams of nonlinear dynamical systems without analyzing
system equations. Constructing such a diagram using conventional numerical or
experimental methods needs accurate models, or massive computational effort.

e A novel forecasting method is introduced to predict the flutter speed and post-flutter
dynamics of fluid-structural systems using a few system responses to gust perturbations in
the pre-flutter regime.

e Techniques are introduced to increase forecasting accuracy in case of large dimensional
systems by identifying and separating the effect of bifurcating mode in the measured
recoveries from perturbations.

e Techniques are introduced to increase forecasting accuracy in case of noisy measurements

and insufficient data.
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The phase difference between system states is included in an improved forecasting
procedure to forecast three-dimensional bifurcation diagrams of fluid-structural systems,
representing stable and unstable limit cycle amplitudes of system states at all phases.

Rate of recovery from perturbations is shown to contain crucial information about future
stability of natural populations which are at risk of catastrophic transitions.

The bifurcation forecasting method is employed and experimentally validated to predict
bifurcation diagrams and catastrophic transitions of an experimental ecological system
monitoring system response to perturbations.

Bifurcation forecasting methods and early warning indicators are proposed as effective
tools to analyze the stability of vehicular traffic on roads, suggesting a strong potential for
practical applicability of this approach in traffic engineering.

The reliability early warning signals of critical transitions recorded from ecological
networks is analyzed. It is shown that the reliability of early warning signals and robustness
of early warning signals to data analysis parameters varies among different species in a
network.

Ranking of species/regions of ecological systems based on their reliability in providing the

best early warning indicators of critical transitions is analyzed.

8.3 Challenges and limitations

The results of this research opens a door to a variety of numerical and experimental

applications by introducing unique model-free tools for stability analysis of complex systems.

However, there are several requirements for the proposed methods to be accurate. A first

requirement is that the system exhibits slowing down as it approaches to transition. Many
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biological, ecological, engineering systems exhibit bifurcations such as Hopf, saddle node,
pitchfork and transcritical bifurcations which satisfy the method assumptions. Examples are
bifurcations in population dynamics, fluid-structural systems, periodically forced systems in
engineering systems and disease dynamics, nonlinear circuits, to name a few. However, note also
that critical slowing down does not exist in all types of bifurcations. For example, systems
undergoing period doubling cannot be forecasted using the proposed approach. A second
requirement is that the system dynamics and its inertial manifold vary smoothly with the
bifurcation parameter. The critical point and the bifurcation diagram can be forecasted if the
system is close enough to the transition to exhibit measurable slowing down in its recoveries. The
challenge is that some systems do not exhibit any slowing down unless at parameters which are
significantly close to the instability boundary. Hence, in order for the forecasting method to work,
measurements need to be taken in a narrow parameter regime where slowing down is observed,
which is a challenging task specially in experimental systems due to presence of noise and
uncertainties in experiments.

In addition, noise can contaminate measurements, thus influencing the forecasting
accuracy. Techniques were proposed to increase the forecasting accuracy when measurement noise
exists in system. However, forecasting remains challenging if the noise level is high, if there are
no enough measurements available and if stochasticity exists in both system parameters and

measurements.

8.4 Future Research

The work presented in this dissertation can be extended in several directions.
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1.

Current research focused on forecasting bifurcation diagrams for deterministic systems and
systems affected only by measurements noise and small stochasticity in their dynamics.
However, the techniques might face a challenge if applied to systems which are highly
stochastic. Therefore, it would be beneficial to study bifurcation diagrams and forecasting
approaches in stochastic systems.

To study the stability and identify the post-flutter dynamics of large dimensional fluid
structural systems using traditional methods is a great challenge, specifically if one needs
to perform a parametric study to study the effect of change in the design parameters on the
stability of systems. Up to date, there have been few studies on the impact of design
parameters on post-flutter response, and only for highly simplified models. This is because
post-flutter calculations are currently too demanding for design due to both nonlinear
modeling challenges and the lack of analysis methods for computing bifurcation diagrams
directly. The proposed forecasting method, however, provides an efficient tool to identify
the bifurcation diagram of system with minimum number of simulations, which identifies
necessary information required to analyze system stability. In the next step, the proposed
forecasting method can be used to identify the bifurcation diagrams of large dimensional
fluid-structural systems, e.g. flexible wings, for different set of design parameters. This
approach provides a detailed understanding of the system dynamics around its stability
boundary which is costly to be explored without the proposed forecasting approach.

Early warning signals and bifurcation forecasting methods were introduced to forecast the
onset of traffic congestion and bifurcation diagram of traffic flow systems using
microscopic traffic flow models. The forecasting method can be developed to forecast

traffic congestions and bifurcation diagrams of macroscopic traffic flow models.
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4. Current forecasting methods are developed in the context of autonomous systems.
However, critical transitions and recorded system responses might be accompanied by
periodic fluctuation of the environment/system parameters [176—178]. Critical transitions
in disease dynamical systems are examples of these systems. Development of forecasting

methods and early warning signals for such systems is beneficial for practical applications.
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Appendix A. Supplementary Information for Chapter 3

Consider the following damped single degree of freedom nonlinear system. For clarity, the

nonlinearity is assumed to be cubic as
¥+ cx + w?x = yx5. (A.1)

Writing this equation in state space form gives

(=10 Lal+le) (A2)

where the states are chosen to be position and velocity.
Next, define the following transformation
X = Qy, (A.3)

where x is the state variables vector(x = [x x]7), y is vector containing the complex modal
coordinates y = [y; y,]7, and @ is the matrix of complex mode shapes of the system. Matrix ®

can be written as

N (A.4)
“"[zl L)

where A; = (—c —ir)/2,and r = V4w? — c?.

Substituting (A.3) into (A.2), solving for y; and y,, and defining a = A; + iw, one obtains the

following expressions which can be used in the normal form theory
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) . Y
Vi = —iwy; +ay; + ————; + 3’2)3;

A=Ay
. . ~ % 5 (A.S5)
Y2 = —lwy, +ay, =7 (1 +32)%,

1~ A2
a=0.
Next, one may introduce the following nonlinear change of coordinates
=u; + (—Lu3 +3—yu us +Lu3)

Y1 1 42 T2tttz Tg G2 ) (A6)

_ Y 5,3 ¥V g
Vo, = Uy + (—muz +mu2u1 + Wul .
Using normal form theory, one can show that the system can be transformed using Eq. (A.6) into

the following normal form up to 3™ order

. . 3iy ,
U, = —lwuq + auy + ——uju,,
2w (A.7)
. ot + B + 3y ,
U, = —lwuy + auy, + —usuyq.
2 2 2T 5 ket

The solution of above system of equations is in the following periodic form

Uy = U, = uge °t/2el®t, (A.8)

where u, is a complex number, and @ is real number in the following form

—wuouo . (A9)

Now, using Eq. (A.8) and Eq. (A.6), one may observe that y; and y, are complex conjugates.
Substituting Eq. (A.8) into Eq. (A.6) and assuming small nonlinearities, one can obtain an

approximation for the modal coordinates in the following form
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y1 = ¥, = (wy(t) cos(wt) — w, (t) sin(wt)) + i(w,(t) sin(wt) + w,(t) cos(wt)), (A.10)

where w; (t) and w, (t) are functions of time containing exponentially decaying functions and the
recovery rate of the system. Following the same procedure as in Eq. (A.10), one finds that both
w;, (t) and w, (t) have the same decay rate. The real and imaginary parts of the expression on the
right hand side of Eq. (A.10) correspond to g; and g, used in the text as real valued modal

coordinates, i.e.

q, = w;(t) cos(@t) — w,(t) sin(@t),
(A.11)
q, = wy(t) sin(@t) + w,(t) cos(@t).
Note that g;and g, are in quadrature and form a regular spiral in the g; — g, plane; the same form

as expressed in Eq. (11). Note also that this conclusion came from the fact that the modal bases

were chosen to be position and velocity.

The above procedure can be extended to higher order systems and nonlinearities. More details can

be found in refs. [56,179,180].
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