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Abstract

With the aim to improve the safety assessment of mechantieaitsres, this work presents refined results in the framieweb the
dynamical integrity analysis of dynamical systems. Thaokthe use of the parallel computing with a distributed menapproach,
the resolution of the analysis and the dimension of the systebe investigated numerically can be enhanced. This altowndertake
new appealing and useful studies, among which the followaiggdeveloped in this work: i) the extension of integrityfjles, usually
built only for “discrete” values of the varying parameter,“tontinuous” curves by building a huge number of basinstwéetion, ii)
the computation of the full four-dimensional (4D) domainattraction for a linear oscillator coupled with a nonlinadsorber. This
latter part is aimed to provide insights into the reliakilif integrity measures for a two mechanical degrees-afdoen system, by
accounting for the full, or for sections of, the real phagac®.
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1. Introduction 2. Applications

In practical application, the actual capabilities of theigaed By exploiting the advantages given by the parallel comput-
structure cannot be estimated by means of the mere conciyat of ing in terms of CPU time and resources administration, wevsho
classical theoretical stability [1]. Although small, fimilynam-  some higher dimensional basins of attractions, and rekgtpt-
ical perturbations and imperfections can largely modify be-  cations, which are necessary for global analyses.

haviour leading to severe outcomes. The ability to acconateod 21 | . iation of basins of .
tolerably large variation in the domain of the initial cotishs ~ 2-1- Seamiess parametric variation of basins of attraction

without undesirables issues, i.e. the “practical stafilitepre- The two-well/bistable Duffing oscillator is investigategt b

sents the true safety of the designed structure. performing a “continuous” parametric analysis of the syste
In order to visualize how the response of the systems changes

due to finite perturbations, a global analysis is requiretitesins
of attraction must be constructed. Describing basins odetibn -2
and quantifying their sizes and conformations has bothréieo R
cal and practical significance. Thus, it is vital to asselkéftiasin

is large and compact enough to resist the noise and perimmbat

leading the system to preserve its safe dynamical behaf2pur N

Actually, the common approach in the literature is to evaua h
the dynamical integrity of the system on the base of bidimen-
sional sections of the full, high dimensional, phase-spabés is
due to the massive number of numerical integrations negessa
evaluate the long-term dynamics, and to limitations in them
ory allocation of higher-dimensional grids.

The goal of this work is to provide a glimpse of the achieve-
ments that can be obtained by overcoming these constraths wi
reasonable computational time. Here, an algorithm basetieon
message passing interface protocol is used to split the atamp
tion and the memory allocation across a large number of com-
putational process units [3]. This contribution presemiigaaces
in the evaluation of integrity profiles usually sketchedyofdr @
few values of the control parameter. In addition to a majsr re
olution, and thus a better understanding, this permits teate
sudden jumps of the dynamical integrity, caused by the appea
ance of new attractors, and rare attractors. Finally, amogp
to the global dynamics of multi-degrees-of-freedom systésn
presented. The multidimensional analysis permits to Unigi
means of 3D plots, the very complex organization and tagglin
of the full basins of attractions.

Figure 1: 3D variation of the LIM for both left and right attra
tors. For the present analysis a linear viscous dampirg).025
is considered, whereas other constant parameters afe 1,
Q = 1.2. Only 2D sections { = const) are proper basins of
attraction.
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The governing equation in the state space formulation reads  Dynamical integrity measures are performed by accounting
for 2, 3 and 4 dimensions of the basin. The computation of the
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g1 = q2,

{ G2 = —2Cq2 + q1 — 7qi + f cos (Q) .

The excitation amplitudef( € [0.02, 0.135]) is chosen as driving
parameter for the analysis with a small st&f = 0.000254154
between different states of the system. A discretizatidd gr
of the phase-spacfy:, g2} composed 05007 cells is utilized.
Three-dimensional sweeps for Local Integrity Measure (LIM
the radius of the largest hyper-sphere entirely containethé
basin centred at the attractor (circle in 2D), are shown @ Fi

It can be observed the sudden reduction of the values for th
non-resonant attractors, in connection with the appearand
growth of the resonant attractors, which then also disappe=a

a longer parameter interval. The characterization of safkw
ing regions, based on three-dimensional integrity madsfols
an added-value to the mere integrity profiles. Indeed, iuatas
the magnitude of the integrity measure, combined with itaalc
space localization, as function of a design parameter. Mare
the parametric analysis performed with a reduced stepysito
visualize the continuous metamorphosis of the basins. ptere
sents a new useful feature for the determination of crittwash-
olds towards dynamically non-integer domains.

@)

2.2.  Multi-dimensional dynamical integrity measures

The system under investigation is composed of a linear-oscil
lator (primary oscillator) coupled with a second, nonlin@scil-

lator (secondary oscillator or absorber) [4]:
@ =gqz,

G2 = —271q2 — 269N (q2 — q1) — @1 — €% (q1 — g3)
—F?eQ% (@1 — g3)° + sin (wT) |

q3:q47

o = —29n (g1 — @2) — (g3 — ) — F*Q% (a3 — q0)”.

@
The considered parameters aie= 0.02, ¢ = 0.1, 4n = 0.002,
Q=0,F=0.35Qny =0.09 andw = 1.8.

Basins of attraction are completely determined in all the
phase space dimensiogsfor i = 1, .., 4, bounded i—80, 80].
The discretization of the domain with a step size0d§04020
leads to a total grid of’600'000'000 cells. The analyzed con-
figuration for the two mechanical degrees-of-freedom syste
presents three stable attractors, two of period-1 and operiafd-

3; it retraces that explained in detail by Eason et al. [5].e Th
attractor shown in Fig. (2) presents a compact central reglio-
rounded by a large region where the other basins intermixiin a
apparently fractal way.

80 80

Local Integrity Measure (LIM) [1] reveals that lower diméms
sections always overestimate the “true” measure, so thgtate

not on the safe side. In some cases this overestimation dam be
portant also from a quantitative point of view. Conversédythe
Integrity Factor (IF) [1], whose measure is not constraittethe
attractor, additional dimensions of the phase-space septdur-
ther degrees of freedom for the hyper-sphere entirely aoedan

the basin. Thus the IF computed on the full dimensional phase
space converges to a value not necessary less than thatioéced

analysis.
a Yy

3. Conclusions

Extending the actual limits in the computation of basins of
attraction, improved results for the integrity dynamicakly-
sis have been obtained. The presented results, compuatiifion
expensive, have been obtained using a parallel algoriththan
framework of a distributed memory approach, which is consid
ered a viable tool for the global analysis of dynamical syste
A parametric investigation has been performed with a redluce
step size, getting a nearly seamless evolution of integni&a-
sures. The study of the basins erosion through the disioibof
the integrity measures in phase-space with respect to iieglr
parameter permits to visualize and to identify safe regions

Furthermore, dealing with higher-dimensional systems,
basins’s topology and more reliable integrity analyses lsan
achieved only accounting for the full phase-space. A marsecl
view on the real shape of multidimensional basins can be ob-
tained, this helps to understand the proper capabiliti¢seosys-
tem based on multidimensional safe manifolds. It is fourat th
in general the integrity measures computed on low dimeasion
sections of the full basins do not estimate properly the @mtp
part surrounding the attractor, and thus the underestigafty
of the system.
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Figure 2: A 3D section of the calculated 4D basin. The figure

is carved at the position of the attractor: period-1 atteadd-
cated agy” = {—0.014478, —0.802737, 0.000993, 0.000019};
section showrj—0.014478, -, -, ].



