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Approximate Bayesian methods, or “likelihood-free” methods, have become a key component
of modern statistical methodology, providing a framework for inference, prediction, and
decision-making. Their versatility lies in their ability to handle parameter estimation, model
selection, and uncertainty quantification within a unified probabilistic framework. In this
work, Approximate Bayesian Computation (ABC) using an ellipsoidal Nested Sampling (NS)
approach is employed to deal with model updating and model comparison issues applied to
structural health monitoring. ABC methods rely essentially on the ability to simulate data
from a simulator/forward model, bypassing the need to write down an explicit likelihood
function, which is always far from trivial. These methods are particularly captivating because
of the modelling freedom they provide; in addition, they are flexible in the sense that
different discrepancy functions measuring the similarity between the observed modal data and
the corresponding model output can be used. However, Bayesian inference methods usually
require numerous forward model simulations to generate converged samples. To enhance
the computational efficiency of the sampler, the minimum-volume enclosing ellipsoid (MVEE) is
incorporated to better enclose the accepted particles and to guide the sampler more efficiently
towards the highest probability region. The performance and the robustness of the novel sampler
in structural model updating and model selection is demonstrated here via different numerical
studies using modal data.

1. Introduction

Model updating refers to an iterative process where the primary goal is to find the most probable parameters in a computational
model by minimising the discrepancies between the model predictions and the measured data from the physical structure [1].
The updated model gives engineering practitioners a variety of benefits in model-based tasks, such as damage detection, risk and
reliability assessment, structural control, and failure prognostics [2,3]. The quality of the model updating depends on the class of
mathematical model chosen, and the measurement errors. Consequently, a unified probabilistic framework handling parameter
calibration and model selection becomes a useful option for practitioners. While many studies have dealt with the subject of
model updating, relatively little attention has been given to model selection applied in the context of structural health monitoring
(SHM). Often several plausible models, each describing a different hypothesis could fit the data. These models can then be fitted
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to experimental data and systematically compared to each other, and this is the second topic touched in this paper in addition to
model updating for a single model.

As already mentioned, different approaches have been proposed in the literature to consider the problem of model updating,
which can be classified into two main categories. Deterministic approaches which provide single point estimate of the expected
values of parameter such that the discrepancies between model output and dynamic measurement data are minimised have been
successfully applied. An overview of deterministic updating techniques can be found in [4]. In the last two decades, the focus
has shifted to Bayesian methods for model updating. Bayesian methods provide a robust and coherent framework for updating and
uncertainty quantification of models by making use of measured response, following probability rules in the treatment of uncertainty.
For this reason, increasing attention has been given to probabilistic methods, among which the most common is Markov Chain
Monte Carlo (MCMC) sampling [5]. A general discussion of MCMC sampling in the scope of Bayesian updating of structural models
is given in [6]. Examples of MCMC methods and other variants thereof applied to Bayesian updating in structural dynamics include
Gibbs-sampling [7] or evolutionary MCMC methods [8-10]. Another useful alternative for Bayesian model updating is Transitional
Markov chain Monte Carlo (TMCMC) proposed by Ching and Chen [11]. TMCMC aims to sample from intermediate probability
density functions (PDFs) that gradually converge to the target PDF, rather than directly sampling from the target PDFs, which can be
challenging. Betz et al. [12] discussed the properties of TMCMC and proposed modifications to improve efficiency (see, e.g., [13,14]
for other recent developments). An alternative approach to MCMC is the Bayesian Updating with Structural reliability methods (BUS)
approach, which employs sampling-based structural reliability methods to sample from the posterior distribution [15]. Application
of the BUS approach combined with subset simulation to structural identification problems can be found in [15-17]. In Ref. [18],
a two-stage Bayesian model updating framework based on an affine-invariance sampling in TMCMC algorithm is proposed. Yang
et al. [19] developed an enhanced adaptive sequential Monte Carlo method (EASMC) to solve both Bayesian model updating and
model class selection in a unified manner. Monchetti et al. [20] investigated strengths and weaknesses of two different Bayesian
methods: Bayesian Model Updating (BMU) and Approximate Bayesian Computation (ABC) for model identification of masonry towers
using dynamic data. The authors conclude that the two procedures have achieved very similar results, even though there is no clear
winner in the comparison. Ereiz et al. [21] give a review of the most-used approaches in finite-element model updating (FEMU)
of civil-engineering structures, focusing on the iterative stochastic and deterministic methods and the process of their application.
Seung-Seop et al. [22] proposed a new FEMU method based on mixed-integer nonlinear programming (MINLP) which can explore
both model and parameter space simultaneously. The performance of the proposed method has been demonstrated on numerical
and experimental case studies and has been compared with conventional FEMU methods. Zeng and Kim [23] presented a novel
Bayesian model updating approach for damage detection, where a new likelihood function was introduced to address the coupling
effect between mass and stiffness parameters. Henikish et al. [24] proposed Bayesian model-updating to detect damage for a lab-scale
three-storey shear building using complex modal data and dynamic model reduction. Yuan et al. [25] proposed an active-learning
structural damage detection framework based on a Kriging surrogate model and Bayesian inference for a multisensory vehicle-bridge
system. In Ref. [26], the author proposed a practical framework for structural FEMU and damage prediction based on the Bayesian
regularisation with incomplete modal data. Kiran et al. [27] proposed a Bayesian model updating method for updating structural
FE models and damage detection using strain-based modal data. Here, dynamic model reduction is incorporated into the proposed
framework in order to reduce the dimensionality of the problem. An iterative Metropolis—Hasting (MH)-within-Gibbs sampler is
proposed to simulate the samples following the posterior PDF. Waeytens et al. [28] presented a comparative study of deterministic
and probabilistic model updating, considering different types of regularisation technique; such techniques include classical Tikhonov
regularisation, constitutive relation error-based regularisation, and Bayesian regularisation, all of which were applied to damage
detection.

Despite the widespread success of Bayesian inference in model updating in the context of SHM, several challenges remain. One
key limitation is the reliance on an explicit likelihood function, which is often difficult to evaluate or in some circumstances to
formulate, especially in complex models and data structures where the likelihood is intractable. In addition, the likelihood-based
approaches usually utilises MCMC to estimate posterior distributions, which requires a significant number of model runs to ensure
convergence. This makes MCMC computationally expensive, particularly for large-scale engineering structures. In recent years,
likelihood-free inference (LFI) such as approximate Bayesian computation has emerged as a viable alternative for cases where the
likelihood function is either unavailable or intractable; it is one of the most developed forms of likelihood-free inference. The ABC
algorithms bypass the need for explicit likelihood functions by using a simulator to generate synthetic data. In ABC, one compares
simulated data with real observations using an “accept-reject” mechanism based on predefined thresholds [29]. LFI methods rely
essentially on the ability to simulate data from a simulator/forward model bypassing the need to write down a likelihood function
which is always far from trivial. Simulator-based models are particularly captivating because of the modelling freedom that they
provide. In essence, any data-generating mechanism that can be written as a finite set of algorithmic steps can be programmed
as a simulator-based model. Moreover, different metrics from the time-domain or frequency-domain can be used to formulate the
discrepancy function. Since its inception, different variants have been proposed in the literature to improve the ABC efficiency.
Chiachio et al. [30] developed a new algorithm, called ABC-SubSim, by incorporating the Subset Simulation algorithm [31] for rare-
event simulation into the ABC algorithm. Later, Vakilzadeh et al. [32] applied the ABC-SubSim to infer unknown model parameters
and select models on nonlinear dynamic systems. Yang and Lam [33] applied an adaptive sequential Monte Carlo method for model
updating and damage detection in two experimental rigs. Zeng et al. [34] investigated a likelihood-free Bayesian inference method
named BayesFlow that approximates the posterior distributions by jointly training a conditional invertible neutral network (cINN)
for probabilistic damage inference. Ni et al. [35] proposed a likelihood-free Bayesian inference approach for structural condition
assessment with output-only vibration responses for which an adaptive Gaussian surrogate model is proposed to approximate the
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likelihood function. Fakih et al. [36] combined the ABC-SubSim method with ANN-based surrogate models for damage identification
in welded structures. Ben Abdessalem et al. [37] used the ABC-SMC method proposed by Toni et al. [38] to select the most suitable
model on a structural dynamics problem. Ritto et al. [39] combined the standard ABC algorithm with a reinforcement learning
technique to accelerate the sampler. The effectiveness of their method has been demonstrated through updating parameter estimation
and model predictions to time-varying systems. In this work, a simulation-based inference procedure based on Approximate Bayesian
Computation coupled with an ellipsoidal nested-sampling technique is employed to deal with model updating and model-selection
issues applied to structural health monitoring. The main novelty lies in the use of the concept of minimum-volume enclosing ellipsoid
to better enclose the drawn particles which map prior samples to posterior samples. In the paper, we go through various numerical
experiments to deal with model updating and model selection in the context of SHM, illustrating the versatile features of ABC in
practice.

The remainder of this paper is outlined as follows: Section 2 formulates the problem of structural model updating. Section 3
details the basic concepts of the ABC framework, and gives the implementation procedures with a focus on the main novelties to
enhance the computational efficiency. In Section 4, the computational efficiency of the improved ABC-NS sampler is demonstrated
via two engineering structures. Finally, a conclusion of the work is presented, with some future directions in Section 5.

2. Structural model updating formulation
2.1. Frequency-domain formulation

Frequency-domain approaches update a finite element (FE) model using measured modal properties such as natural frequencies,
damping ratios and vibration mode shapes. These modal properties can be obtained from vibration tests and compose the measured
data. A set of modal data is expressed as:

T
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where o' is the ith natural frequency, ¢} is the ith mode shape vector (superscript “m” refers to measured), and »,, is the number
of modes.

It should be noted that experimentally identified mode shapes {¢'} are only available at measured degrees of freedom (DOFs).
On the other hand, modal properties of the structure can be calculated by solving the generalised eigenvalue problem in structural
dynamics:

(K(e)-wa)(p,.:o, i=1,2,....n, @

where M and K are the mass and stiffness matrices, respectively; w; and ¢; are the ith natural frequency and mode shape of
the structure, respectively. It is important to note that only stiffness coefficients (denoted by the vector ) are considered model
parameters, and the mass is kept constant.

The FE model has a stiffness matrix K, parametrised here as follows:

nd
K@) =) 6,k ®
i=1
where k; is the ith element stiffness matrix, 6, is the ith element stiffness coefficient to be updated according to the observed data
D, and n, is the number of structural elements.
For a set of parameters 6, the parameter-to-modal properties map giving the simulated modal properties D,, is made via a

simulator/forward model; it is given as:

T
D, := Mw):{w;,pr,wg,((p;)T,...,w;:m,up;m)T} .=l “

The superscript/superscript “s” refer to simulated. The parameters of the model can be inferred by minimising the discrepancy
between simulated and experimental modal properties.

2.2. Definition of a discrepancy function

Besides the choice of the updated parameters, the formulation of the discrepancy function is another important ingredient in
the process of model updating. The discrepancy function compares the measured data with the data obtained from the simulator;
for this reason, it has to be sensitive to small changes in the structural behaviour. In this paper, model updating is based on the
natural frequencies and mode shapes, since these dynamic features can be obtained experimentally in relatively high quality. The
discrepancy function aims at achieving a close match between measured and predicted modal parameters and is given here by
Eq. (5) although other choices are also possible:

"M —@S@)\> Im
pD.D) =Y (%) +Y(1-MAC,®) (5)

i=1 i i=1



A. Ben Abdessalem et al. Mechanical Systems and Signal Processing 245 (2026) 113836

The first term measures the discrepancy between the measured and simulated frequencies. The second term determines the degree
of similarity between two mode-shape vectors in terms of the modal assurance criterion (MAC). The MAC value bounds a value of
0 to 1, is a widely-used metric to compare two mode shape vectors and is defined as:

2
mT s
i i

|
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where ¢! is the ith measured mode shape and @} = ¢}(9) is the ith simulated mode shape.

MAC (6)

i

2.3. Modelling of noise

Measurement data from experimental modal testing in the laboratory or field are usually prone to systematic errors because of
the inaccuracy of measurement devices, data processing errors or because of human factors. So, the natural frequencies and mode
shapes obtained numerically from the finite-element (FE) model here are polluted with noise to generate realistic measurements. In
this study, noise is added to the frequencies and modes shapes using Egs. (7) and (8), respectively.

@i = (1 + e, (2rand — 1))501' .

@ = (14 e,(2rand — D) ¢ .

where a);"”'“ is the ith natural frequency contaminated by noise and (p,’.""'” is the ith mode shape vector polluted by noise; (e, e,)
represent the degree of noise being added and “rand” represents a uniformly distributed vector of random numbers between [0, 1].

It is widely recognised that the natural frequencies are least contaminated by measurement noise and can generally be measured
with higher accuracy in comparison with mode shapes.

3. Bayesian-inference methods
3.1. Bayes formalism

Bayesian inference has proven very efficient to deal with parameter estimation and model selection in many disciplines. It consists
of assessing the relative plausibility of a set of candidate models M = {M,.,k = 1,...,k} as well as the parameters § within each
model (for simpler presentation, a subscript k on 6 is omitted) using a combination of one’s prior knowledge and a set of measured
data, D. Both levels of inference (i.e., parameter estimation and model selection) can be addressed via the sequential application of
Bayes’ theorem:

POID. My =~ ©)
P(D|M,)P(M
(M, |D) = % (10)

Evaluation of Eq. (9) requires the definition of the prior, P(6|M,), and the likelihood, P(D|6, M,). The prior is a subjective probability
distribution which describes one’s prior belief for the parameter values. The likelihood encodes the information contained in the
data according to model M, , with parameters 6. The denominator of Eq. (9) is a normalising constant which ensures that P(8|D, M)
integrates to unity. Successful evaluation of Eq. (9) gives the posterior parameter distribution, which describes the probability of
parameter vector 6, given the data D, and the chosen model structure M,.

With regard to Eq. (10), P(M,) is the prior probability of M,, that expresses the modeller’s judgement on the initial relative
plausibility of M, € M, before observing data D. Prior model probability P(M,) can be specified depending on the existing prior
knowledge about the credibility of model M,, or it can be given a uniform probability, P(M,) = 1/x, if not referring to any
information. IP(D) is a normalising constant and P(D|.M,) is equal to the evidence term on the denominator of Eq. (9). P(M,|D) is
a distribution describing the relative probability of different competing model structures conditional on the data, D.

3.2. Likelihood-free method

To deploy ABC methods, one needs to be able to simulate data from the model, and requires a distance function, p(D, D,), where

D, is the simulated data generated via the simulator/forward model. This distance function provides a measure of discrepancy

between the observed and the simulated data. After calculating p(D, D;), one accepts the particle § when p(D, D,) < ¢, where ¢ is

the tolerance threshold. This condition leads to a modification of the original Bayes theorem (see, Eq. (9), the model is dropped for
simplicity):

P(p(D, D;) < €|0)P(0)
P(p(D, D) <€)
For the prior probability distribution, P(9), a uniform prior will be assumed over the possible parameter set 4. By being able to

produce simulations from the simulator, inference for the parameters of interest subject to data D becomes possible. The tolerance

threshold ¢ determines the level of approximation; as € — 0, P(0|p(D, D,) < ) — P(0|D).

P6lp(D.D,) <€) = an
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Conversely to classical Bayesian inference, the ABC algorithm brings a straightforward solution to approximate P(M,|D)
(see [40,41]). Briefly, a model M, is sampled from the prior and the model is stored only if the difference between simulated data
and the observed data is less than a prefixed threshold. The posterior probability P(M, |D) is then approximated by the acceptance
frequency of M, . When no prior information is available for the preference of the models, one assumes that the prior on the models
follows a uniform distribution. As a result, comparing P(M,|D) is the same as comparing P(D|M,), and the model with the largest
value of P(D|M,,) should be selected. In the literature, P(D|M,) is known as the Bayesian evidence or the marginal likelihood under
model M,, and it has also been widely used for model selection (e.g., see [42,43]). The most elementary implementation of ABC
is ABC rejection sampling (ABC-RS) [44,45], (see, Algorithm 1 for parameter estimation and Algorithm 2 for model comparison).

Algorithm 1 ABC-RS FOR PARAMETER ESTIMATION

1: Input: Given a set of observations D, a simulator (model) M(), a tolerance level ¢, and a discrepancy metric p(s):
2: fori=1,...,Ndo
3: repeat
Generate 0* from the prior P(-)
Generate D, from the simulator/forward FE model M(-|6*)
Compute p; = p(D, D)
until p(D,D;) <,
Set 0, = 0*
: Output: A set of values (0, ..., 6y) from P_(0|D, M)

Algorithm 2 ABC-RS FOR MODEL SELECTION

1: Input: Given a set of observations D, a set of possible models {M,, M,, ..., M, }, a tolerance level ¢, and a discrepancy metric
p(e):

2: fori=1,...,Ndo

3 repeat

4 Generate M* from P(M,), k=1, ...,k

5 Generate 6* from P, (6,)

6: Generate D, from the simulator/forward FE model M(-|6*)

7 until p(D,D;) <€

8  Set MY = M* and 6 =67,

9: Output: A set of values (MD, ..., M™) and (0, ..., ™) from P, (M, |D) and P, ,(6,|D, M), for k =1, ..., k, respectively.

These algorithms are computationally inefficient, because they sample blindly over the model and parameter space and also
because always the highest posterior region defines a relatively small region of the parameter space which needs a significant
number of model runs. In recent years, several new variants have been developed in the literature to overcome this issue. In the
present study, the ABC algorithm coupled with an elegant nested sampling technique (ABC-NS) introduced in previous work [46]
is employed. The next section details the algorithmic implementation of the inference scheme with a focus on the main novelty.

3.3. Algorithmic implementation of the improved ABC-NS sampler

The ABC-NS algorithm is an advanced sampler to deal with parameter estimation and model selection in a unified probabilistic
framework. The algorithm explores the posterior distribution by producing a series of nested ellipsoids based on the accepted
particles which map prior samples to posterior samples by progressively decreasing a tolerance threshold. The pseudo-code given in
Algorithm 3 provides an overview of the iterative process in the ABC-NS sampler. The algorithm starts by selecting a model from the
candidate models supposed to be equally probable. A proposal particle is then sampled from the prior over the model parameters,
simulating the data using the simulator and keep the pair (model, particle) if the constraint p(s) < ¢, is satisfied. The simulations
are repeated until one gets N particles distributed over the candidate models. Weights are then calculated for each particle and
normalised according to each model using the kernel shown in line 13 [47]. The weighting function plays a crucial role in the
inference process. It promotes good solutions and it helps the algorithm to converge towards the highest probability density region.
The first iteration of the ABC-NS algorithm is similar to the vanilla ABC-RS algorithm 2 but with a large tolerance threshold value
to speed-up the algorithm in the first round.

The subsequent tolerance threshold is defined based on the discrepancy values ranked in descending order (highest on top, see,
line 14) as the (qyN)-th value where ¢, is an hyper-parameter defined by the user and which corresponds to the proportion of
rejected particles. After that, one normalises the weights of the remaining particles (see, line 17) and a weight of zero is assigned
to the rejected particles. From the remaining particles, a proportion equal to (f,N) are randomly selected and propagated to the
next population (f, is a second hyperparameter). The “alive” particles associated to each model are then enclosed in an ellipsoid
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in which the centre point and the covariance matrix are computed as follows:

| G
1) _ (i)
u) = = 29 (12)
Np &t
1 1 ZNﬁ ) 1 ) T
— 1
A()_Nﬂ—l (9f _”U>(9f _”()) 13
i=1

where N; is the number of alive particles and {9(1)} ”? denotes the vector of those particles. One denotes this ellipsoid by
ED = (uM, AD), Here, this enclosing ellipsoidal method is referred to the COV- approach.

The main novelty here in the improved ABC-NS sampler is to introduce the minimum-volume enclosed ellipsoid (MVEE) technique
to enclose the remaining particles which better delimits the parameter space. Basically, the MVEE is an important tool in robust
outlier detection in statistics. There are other methods that can be used for this purpose such as the Minimum Covariance
Determinant Estimator of [48] or distance-based methods as in [49]. Consider a set of N particles in an n-dimensional space:
S ={6,,...,0,} € R". Denote the MVEE of the set .§ by MVEE(S). The ellipsoid should have a positive volume and in centre form
is given by Moshtagh [50]:

ELA) = {OER” : (9—,0%(9—;:)31} (14)

where A is a symmetric positive definite matrix (A > 0) of order n x n and u represents its centre point (superscript/subscript are
dropped for simplicity).

The MVEE problem is then to find y and A that minimise the volume of £ subject to the constraint that all points 6, are contained
within €. The volume of € is given by the following formula:

7["/2
Vol(&(u,A)) =—r (15)
F(E + 1)4/det(A)
where det(-) denotes the matrix determinant, I'(-) is the Gamma function, and » is the dimension of the parameter space.

By definition, the MVEE is defined as the smallest ellipsoid (of minimum volume) that contains all the particles. Formally, from

Egs. (14) and (15) the problem of finding the MVEE can be formulated as:
Mlir;iomlilse det (A)

) N 16)

subject to (0,- —/4) A(G,- —;4) <LVi=1,...,m

This formulation features a simplified convex-optimisation problem [50]; therefore, the global optima can be determined by a
mathematical programming method. There are several different methods available in order to obtain a solution of the problem; the
one used here is the dual formulation method based on Khachiyan’s algorithm [50-55]. The Khachiyan algorithm finds the minimum
volume ellipsoid by an iterative procedure constructing a sequence of decreasing ellipsoids. For more details of the applied algorithm
and method, readers can look to the previous references where there is a complete analytical description.

In order to illustrate how the algorithm works, a synthetic data matrix of dimensions 3 x 200 was constructed with each column
a randomly generated vector from a normal distribution with zero mean and unit standard deviation. A tolerance parameter can be
used to allow a proportion of points to escape the ellipse which was set to 0.1 and the MVEE was calculated. Fig. 1(a) shows the
synthetic data, while in Figs. 1(b) and 1(c), one can see how each approach encapsulates the data points. Clearly the MVEE-approach
leads to a tighter boundary compared with the COV-approach. A computation of the ellipsoid volume gives a value of 153.62 for the
COV-approach against 116.25 with the MVEE-approach. A reduction in volume of almost 25%. Fig. 2 projects onto the data a 2D
plane to show the way that the points are enclosed using both approaches. The beauty of this approach is that it extends naturally
to high-dimensional data. Thus it is embedded in the ABC-NS sampler to better delimit the most important region in the parameter
space.

The subsequent tolerance threshold is defined based on the discrepancy values ranked in descending order (highest on top, see,
line 14) as the (ayN)-th value where «, is equal to 0.3. After that, one normalises the weights of the remaining particles (see, line
17) and a weight of zero is assigned to the rejected particles. From the remaining particles, a number of (§;N) are probabilistically
selected and propagated to the next population. The “alive” particles associated to each model are then enclosed in an ellipsoid.
Finally, the population is replenished by re-sampling particles inside the defined ellipsoid for each model (see lines 21-29) following
the scheme in [56] which consists to sample inside nested ellipsoids. In the subsequent steps, the threshold is updated adaptively
in the same way and sample selections are subjected to more stringent threshold. The priors on the models are also continuously
updated over the iterations. Through the populations and as ¢ — 0, a larger number of particles are selected for the most likely
model(s) and the samples for the parameters better reflect the real posterior distribution. Several stopping criterions could be used
to stop the algorithm. In this work, the algorithm is stopped when the difference between two successive tolerance threshold values
falls below a pre-specified value.

At the last population, the algorithm produces a Markov chain on (M, 6) for which the marginal distribution is P(M|D). Suppose
one has obtained (Mi{’),ei’)) with (i = 1,...,N,k = 1,...,k) at the last population; the posterior model probability can then be
estimated by:

N
PM, D) = %ZH(M("):M,(), k=1,...,x a7
i=1
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Fig. 1. Ilustrations of the ellipsoidal fitting using COV and MVEE approaches.

where I(-) denotes the indicator function.

Additionally, a shrinking factor is defined in order to eliminate much earlier non-promising particles on the boundary based on

the fact that the samples lying on or close to the boundary can be viewed as the samples with the highest distances. This factor is
decreasing over the iterations 7, and defined by the following equation:

G(t):Goexp<1— t’ )

max

18

where Gj is a constant and ¢, is the maximum number of iterations. In this paper, it is assumed that the total number of iterations

is fixed at 500. Consequently, G|, is calibrated to get G(r = 1) = 1. Algorithm 3 is run for 7,,,,, iterations used as an additional stopping
criterion.

Hyperparameter setup: all the numerical examples, consider N = 1000 particles, « = 0.3 (30% of the particles are dropped), # = 0.6

(60% is the percentage of the alive particles), 7.,,, = 500. Stopping criterion as being reached when the difference between two
successive tolerance thresholds is less than a predefined error &.

4. Numerical case studies

In this section, the improved ABC-NS sampler is verified via three different case studies with and without noise. The obtained

results are compared with the ones from original sampler. All numerical-simulation investigations are performed in the MATLAB®
environment on an Intel Core (TM) i7-12800H, 2.40 GHz CPU processor, 32 GB RAM.
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Fig. 2. Illustrations of the ellipsoidal fitting using the same data projected on 2D plane.
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Fig. 3. A clamped-clamped beam [57].

4.1. Case study I: Clamped-clamped beam

The finite element (FE) model of a clamped-clamped beam with 15 elements and 16 nodes pictured in Fig. 3, is established
based on Euler-Bernoulli beam theory. The mass density and elasticity modulus are 7810 kg/m® and 210 GPa, respectively. The
assigned exact stiffness coefficients to elements 3, 5, 8, and 13 are respectively 6, = 0.5, 6, = 1.0, 6; = 0.8, 6, = 1.0, as illustrated
in Fig. 3. In the context of model updating, those coefficients are taken as uncertain parameters: 6 = {6,,6,,05,0,}T € R*!, and
need to be updated to make the model fit to the observed modal data D. In this example, the first six natural frequencies and mode
shapes are considered to update the model. For simplicity, this example neglects any noise error.

The improved ABC-NS sampler and the original one are now employed by considering uniform priors over the stiffness
coefficients to be updated varying between 0.3 and 1.2. The stopping criterion is defined when the difference between two successive
tolerance threshold values falls below 10~°. Fig. 4 shows the convergence of the updated stiffness coefficients towards the exact
values over the populations for both samplers. The inferred values show a wider spread at the start of the first populations, but this
narrows over the iterations and the mean value converges surely to the exact values throughout after 49 iterations with the improved
sampler while 63 iterations are required to ensure convergence with the original ABC-NS sampler. Both samplers successfully provide
good estimates of the exact values.

Fig. 5 shows on a logarithmic scale the convergence histories, giving the evolution of the discrepancy function values over the
iterations. One can see that the improved ABC-NS sampler can bring down the number of iterations required for convergence. In
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Algorithm 3 ImprovED ABC-NS SAMPLER FOR PARAMETER ESTIMATION AND MODEL SELECTION

1: Input: Given a set of observations D, a set of possible models { M, M,, ..., M, }, a tolerance threshold ¢,, a discrepancy metric
p(e), a set of hyperparameters («,, f)), a number of iterations 7,

2: At iteration r =1
3: fori=1,...,Ndo
4 repeat
5: Draw M* from the prior P(M)
6: Sample 6* from the prior P(0| M™)
7: Simulate a candidate data set D, ~ f(-|0*, M*)
8: Compute pgl) =p(D,D,)
9: until p(D, D,) < ¢,
1. Store MV = M*, 60 = 6%, )V = p(D, D,)
11: end for
12: Store the first population P = (M*, 9%)
b 2
13: Compute the sample weight 1//,.(]) = i (l - <’£—1)> ) i=1,....,.N

14: Sort pgl) in descending order and store them.

15: Compute the next tolerance threshold ¢, = pf:gN
N _

16: Drop particles with p[(.l) 2e, {wy),l, =0 > A weight of zero is assigned to the dropped particles
(1-ag)N
. : : @ _
17: Normalise the weights so that Z v, =1
¢=1
18: Select fyN particles from the remaining based on the weights and store the pair (M*,6*) € AD
19: For each model, define the ellipsoid by its centre of the mass and covariance matrix 8;1) = {;4,((”, C,((”}, k=1,..x > The

covariance matrix Cf:) is obtained by multiplying the covariance matrix A by a shrinking factor G For all 2 <t <1 ..
20: fort =2, t... do

<0 fmax

21: for j=1,...,(1-py)N do

22: repeat
23: Sample M* from the prior P(M) > updated the priors on the models through the populations
24: Sample 6* inside the ellipsoid &EH)
25: Simulate a candidate data set D ~ f(-|6*, M™*)
26: Compute pgl) =p(D,Dy)
27: until p(D, D)) <¢,
28: Store M;’) = M* and 6;.’) =6* €SO
29: end for
Get the next population, P = A% y S® with their correspondent distance value p®

Sort p® and define ¢, = p\“"

Compute new weights for all particles as in line (13) and normalise them
Define the new set of alive particles A" as in line (18)

Update the hyper-parameters of the ellipsoids using A®, £0 = {;4,(:), Cl(;)}, k=1,....k > The covariance matrix is
obtained in the same way as in line (19)
30: end for

31: Output: Posterior model probabilities, Marginal distributions

addition, the improved sampler converges to a set of samples in a region with even the lowest discrepancy function values compared
with the original sampler as one can see from the same figure.

Fig. 6(a) and (b) show scatter plots and the marginal posterior distributions of the updated stiffness coefficients obtained from
the last population. One can see that the posterior samples were concentrated in a smaller range, leading to a peaked posterior PDF
well centred around the exact values. Each histogram has a clear peak, where the orange dashed lines in the plots on the diagonal
direction are the identified mean values of the posterior distributions of stiffness coefficients. The lower and upper triangular matrices
are the contour plots and scatter plots, respectively, given a pair of coefficients. Overall, one can see that stiffness coefficients are
well identified as the exact values.

Fig. 7 displays the updated samples from the improved ABC-NS sampler over some intermediate populations uniformly drawn
from the prior distribution in the range of [0.3 — 1.2]. One can see how the particles evolve progressively towards the relevant
regions of the parameter space by decreasing gradually the tolerance-threshold values. From the last population, one can see how
the obtained posterior samples are concentrated around the exact value (depicted by the large circle).

Fig. 8 shows a comparison between the posterior samples obtained from the last population for both samplers and how they
are enclosed in an ellipsoids following the COV and MVEE approaches. One can see how the posterior particle sets obtained from
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Fig. 4. Evolution of the mean values of the unknown stiffness coefficients over the populations obtained from the original ABC-NS sampler (on
the top), and the improved ABC-NS sampler (on the bottom).
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Fig. 5. Convergence histories of the discrepancy function using the original and improved ABC-NS samplers.

Table 1

Comparison between both samplers: computation time and model evaluations.
Sampler Computation time (s) Model evaluations
Original ABC-NS sampler 36.7172 49011
Improved ABC-Sampler 14.7103 21805

the improved sampler are more compact and concentrated in a smaller region compared with the ones obtained from the original
sampler.

Finally, Table 1 shows a comparison between both samplers in terms of computational time and model evaluations. One can see
a significant reduction in the computational time with a reduction in the number of model evaluations required for the inference
process.

4.2. Case study II: 2-D truss structure

4.2.1. ABC-NS for model updating

The 25-bar planar truss pictured in Fig. 9 is considered as the second numerical example. The FE model of the structure is defined
using planar 2-nodes truss elements and has 12 joints leading to a total of 21 degrees of freedom. The mass density and the modulus
of elasticity of the material are defined as 7500 kg/m*® and 210 GPa, respectively. All the elements of the structure are defined with
a cross-section area of 18 cm?. To discretise the mode shapes, five sensors monitoring x and y-directions are defined at nodes n,,

10
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Fig. 6. Probabilistic inference of the unknown stiffness coefficients using both samplers.

ny, ng, ng and n,; as indicated with red arrows in Fig. 9. The first eight frequencies and mode shapes are considered in this example

as the measured data. The performance of the improved ABC-NS sampler is further studied by considering different noise levels.
First, model updating is conducted in order to compare the samplers in terms of computational efficiency and accuracy. The

unknown parameters to be updated in this example are the stiffness coefficients of 15 bars randomly selected for the purpose of

this study. Those bars are numbered in the

model as follows:

{©0WWOWEEWOD W E ) e}
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o Population 1—¢; =1

o Population 4— &4, = 0.0609

o  Population 12— &1, = 0.0028

o Population 16— €5 = 6.6694 x 1074
e Population 20— €5 = 1.5239 x 1074
o Population 42— £49 = 4.3578 x 1078

04 06 0.8 1 1.2

Fig. 7. Evolution of the posterior samples over some selected populations using the improved ABC-NS sampler. The light grey lines indicate the
respective exact values.
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Fig. 8. Posterior samples obtained from the final population enclosed an ellipsoids using the original and improved ABC-NS samplers.

The assigned exact values of the 15 stiffness coefficients are given in the third column of Table 2. The prior distribution of
each of the 15 unknown parameters is assumed to be uniformly distributed over the identical interval [0.3 — 1.2]. To implement the
improved ABC-NS sampler, the hyperparameters were set as in the first example.

Table 2 shows the obtained results from the last population for the different noise levels. It can be seen from the fourth column
that for noise-free case, all the updated stiffness coefficients are identical to the exact values revealing an outstanding performance
of the novel sampler, the errors for all the stiffness coefficients presented in the fifth column are small; the maximum error of
0.5552 x 1073 is observed. The estimated mean values of the updated samples for the first noise level (e, = 1%, e, = 5%) are listed
in the sixth column. The errors between the estimated means of the updated samples and the exact values are given in the seventh
column, which are less than 2% except for 6,,, indicating that the algorithm can provide excellent predictions even when the data
are polluted. For the second noise level (e, = 1%, e, = 10%), it can be seen from the eighth and ninth columns that the performance

12
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Fig. 9. 2-D Truss structure (red arrows indicate the position and direction of the sensors) [58].

Table 2
Updated stiffness coefficients for different noise levels using the improved ABC-NS sampler.
Noise-free Level 1 Level 2
Bar No. Parameter Exact Mean Error® Mean Error Mean Error
(%) (%) (%)

® 0, 0.95 0.95 0.1077 x 1073 0.9458 0.4401 0.9588 0.9217
@ 0, 0.90 0.90 0.1069 x 1073 0.8963 0.4091 0.9019 0.2072
0, 0.95 0.95 0.0446 x 1073 0.9552 0.5448 0.9346 1.6208
®) 0, 0.87 0.87 0.0459 x 1073 0.8721 0.2451 0.8683 0.1991
@ 05 1.00 1.00 0.3678 x 1073 1.0045 0.4517 0.9645 3.5502
@ A 1.00 1.00 0.1208 x 1073 0.9964 0.3571 1.0061 0.6111
@ 0, 0.90 0.90 0.1262 x 1073 0.8975 0.2765 0.9002 0.0271
@ 0 0.92 0.92 0.1101 x 1073 0.9256 0.6040 0.9160 0.4307
0,y 1.00 1.00 0.1175 x 1073 0.9997 0.0318 0.9936 0.6394
@ 010 1.00 1.00 0.1439 x 1073 1.0025 0.2495 1.0005 0.0520
@ 0, 0.85 0.85 0.0927 x 1073 0.8584 0.9844 0.8327 2.0316
0,, 1.00 1.00 0.0088 x 1073 1.0031 0.3055 0.9901 0.9938
@ 03 0.95 0.95 0.1553 x 1073 0.9506 0.0592 0.9427 0.7722
@ 04 0.93 0.93 0.5446 x 1073 0.9609 3.3178 0.9187 1.2160
@ 05 0.90 0.90 0.5552 x 1073 0.8903 1.0822 0.9029 0.3231

16kxact ~Opredicted|

2 Error =

Okxact

of the improved ABC-NS sampler is still good and acceptable, the errors between the exact and predicted stiffness coefficients are
less than 4% at the worst case (for Bar 7), which demonstrates the robustness and efficiency of the improved ABC-NS sampler to
deal with model updating.

Fig. 10 shows the posterior probability distributions of the unknown stiffness coefficients obtained from the last population. One
can see that the PDFs are well peaked on the exact values with small uncertainty. The improved sampler recovers perfectly well
the real values. Fig. 11 shows the same results by considering noisy modal data using Level 1 from where one obtains a peaked
posterior PDFs with small uncertainty. Finally, it is worth mentioning that the original sampler provides good estimates of the exact
values, not shown here for brevity.

Next, both samplers are compared in terms of computational efficiency and accuracy. To this end, the number of iterations
required to achieve convergence will be compared, which is reported in terms of number of populations. Fig. 12 shows the
convergence histories of the discrepancy function in log-scale for both samplers. Again, one can see a remarkable performance
of the improved sampler, more pronounced for high-dimensional problems. Clearly the inclusion of the MVEE has significantly
improved the computational efficiency and convergence speed. The value of the top of the dashed line is the final tolerance value
achieved during the inference process. One can see that the new sampler allows to reach a region in which the posterior samples
have smaller discrepancy values meaning a better agreement with the observed data. Additionally, the impact of the shrinking value
G on the convergence speed is investigated. One can see from the same figure that when the G value is equal to 1, the number of
iterations required for convergence is increased to 191.

The accuracy of the novel sampler is evaluated quantitatively via the Closeness Index (CI) [59,60]. The CI compares the predicted
stiffness coefficients with the exact values as follows:

Cl=1-— ”05xact - 0Predicted”
IleExacL”

where 0g,,. and Op,.qi.q Tepresent the exact and predicted stiffness coefficient vectors, respectively. The closer a value of CI to 1
indicates a better prediction capability.

for 0<CI<ZI 19

13
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Fig. 10. Posterior distributions (histograms) of the predicted stiffness coefficients obtained from the last population (free-noise data).
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Fig. 11. Posterior distributions (histograms) of the predicted stiffness coefficients obtained from the last population (noisy data).

The CI compared in Fig. 13 confirms the performance of the improved sampler. One can see that the improved sampler reaches
the value of 1 more quickly meaning a better convergence speed towards the highest probability region compared with the original
sampler. The CI shows that both samplers provide good predictions (as CI — 1) with a clear advantage of the improved sampler in
terms of computational efficiency. Clearly the inclusion of the MVEE technique boosts the ABC-NS sampler without compromising
the accuracy of the posterior estimates.

In order to make a comparison between the improved ABC-NS sampler and a likelihood-based sampler, the transitional Markov
chain Monte Carlo (TMCMC) method [11] which belongs the class of the sequential particle filter methods [61] has been chosen as
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Fig. 13. Comparison between the computational accuracy and efficiency (free-noise data).

it is widely used in the literature. The TMCMC settings was done following [62] and the results are summarised in Table 3. Overall
both samplers provide good predictions.

4.2.2. ABC-NS for model selection and damage detection

To assess the effectiveness of the improved sampler to deal with model selection and structural damage detection, different classes
of competing models have been defined based on a preliminary sensitivity analysis reported in Fig. 14 [58]. In this analysis, the
stiffness of the bar elements of the structure were sequentially affected by a perturbation of 5%, to obtain the mean sensitivities in
terms of frequencies .S/ across the eight considered modes [58]. The results of the sensitivity study summarised in Fig. 14 guided the
definition of different model classes {M,, i = 1,...,5}, incorporating an increasing number of parameters of decreasing sensitivity.
Specifically, five different model classes have been defined as depicted in Fig. 15 and Table 4. Note that these model classes represent
nested models, wherein each subsequent class includes the parameters of the previous class. The defined competing models are
given in Table 4 with the corresponding stiffness coefficients associated to each bar. It is supposed that the stiffness coefficients
were unknown and were inferred using the improved ABC-NS sampler. In this example, the lower and upper bounds were 0.3 and
1.2, respectively. The candidate models are parametrised in the same way following the order appearing in the second column in
Table 4; for example, for model M,, 6, in the stiffness coefficient is associated to Bar (D while 0, is associated to Bar ®.

The improved ABC-NS sampler is now employed to deal with model-class selection and calibration of the stiffness coefficients.
The hyperparameters were set as in the previous case study. For all the numerical experiments, it is supposed that the candidate
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Table 3
A comparison between the updated stiffness coefficients using the improved
ABC-NS and TMCMC samplers under noisy modal measurements (Level 1).

Improved ABC-NS sampler TMCMC
Bar No. Parameter Exact Mean Error® Mean Error
(%) (%)
® 0, 0.95 0.9458 0.4401 0.9546 0.4836
® 0, 0.90 0.8963 0.4091 0.9040 0.4452
A 0.95 0.9552 0.5448 0.9443 0.6041
@ 0, 0.87 0.8721 0.2451 0.8705 0.0601
@ A 1.00 1.0045 0.4517 1.0229 2.2870
@ O 1.00 0.9964 0.3571 1.0019 0.1890
® 0, 0.90 0.8975 0.2765 0.8999 0.0084
@ b5 0.92 0.9256 0.6040 0.9588 4.2185
0y 1.00 0.9997 0.0318 0.9850 1.4960
®@ [0 1.00 1.0025 0.2495 0.9758 2.4194
©) 9, 0.85 0.8584 0.9844 0.8522 0.2603
@ 0, 1.00 1.0031 0.3055 0.9930 0.7012
©) 03 0.95 0.9506 0.0592 0.9488 0.1249
614 0.93 0.9609 3.3178 0.9281 0.2053
@ 0,5 0.90 0.8903 1.0822 0.8990 0.1079
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Fig. 14. Sensitivity of the truss structure’s bars in terms of frequency.

models are equally probable. To assess the performance of the sampler to recover the true model and to analyse its behaviour, five
numerical simulations were run, where in each simulation the true model from where the measured data were generated is changed.

Fig. 16(a)-(e) show the posterior model probabilities (PMPs) obtained over the populations required for convergence. Fig. 16(a)
shows the PMPs over the populations where the modal data were simulated from M, . The algorithm first eliminates overly complex
models M, and M5 and leaves M,, M, and M; to compete. The algorithm converges to the former models after 70 populations
with PMPs of 0.54, 0.32 and 0.16, respectively. When M, is the true model, the improved ABC-NS sampler rules out M, as it is
too simple to explain the observed modal data and converges to the remaining models with a preference to the generative model as
shown in Fig. 16(b). When the data were generated from M; and M,, the sampler behaves similarly, it eliminates simpler models
and keeps the models that could explain the measured data with a preference for the generative models as illustrated in Fig. 16(c)
and (d). In the same way, when the data were simulated from M which has the highest complexity among all models, the sampler
eliminates gradually the least likely models following the degree of complexity, and converges surely to the true model with a PMP
equal to 1.

To sum up, the sampler converges to the true model from which the data were generated in each case and eliminates progressively
the least likely model(s). One can see how the algorithm tends to select simpler models first then, when the model is unable
to capture the data, it switches to a more complex models. Clearly the parsimony principle is well embedded in the sampler by
favouring models with fewer parameters while maintaining their ability to effectively explain the observed data as previously shown
in Refs. [37,63,64] using the ABC method. A comparison between both samplers shows that the improved sampler converges more
quicker than the original ABC-NS sampler. The original sampler provides similar results and converges to the true model in each
case (not shown for brevity).
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Fig. 15. Definition of the candidate model classes.

Table 4
Candidate model classes defined based on a frequency sensitivity analysis.
Candidate model Damaged bars Stiffness coefficient @ bars Model size
M, )6 095 @ ® 2
090 @ D
M, OE®O 095 @ ®® 4
0900 @ OB
M; DEOBOOB® 05 e ®ADO 6
090 @ OB
085 @ (5
A, DOEOOOG 15 ¢ @AWW 10
GIoIGI®) 050 @ DO
0925 @ (12)
085 @ 5@
M; DE@®OOB® 05 e ®@O 31 13
PIIGI®) 090 @ DO
® 0925 @ (12)
085 @ B @

For illustrative purposes, Fig. 17 shows the posterior distributions of the updated stiffness coefficients when the assumed true
model is M;, obtained from the last population. The scatter plots in the upper triangular block represent the samples from the
improved ABC-NS sampler at the final stage. The diagonal plane presents the one-dimensional marginalised posterior distributions
of the updated stiffness coefficients. As one can see, the posterior uncertainty is very small and the histograms are well peaked on
the assumed true values indicated by a dashed orange line. The results are demonstrated only for M5, which has six parameters to
be updated, but similar trends was observed for the other cases.

The computations of the PMPs show some fluctuations because of the stochastic nature of the ABC-NS sampler. To get precise
estimates of the PMPs, one replicates the inference scheme 100 times for each case. Fig. 18 depicts the final estimated PMPs obtained
from the improved ABC-NS sampler. The final case where M is the true model is not shown because the sampler converges to the
true model with a probability equal to 1.

4.3. Case study III: A 25-bar truss structure

This section keeps the same 25-bar truss structure shown in Fig. 9 and revisits the previous case study, while model
comparison/selection is performed among models that are not nested inside each other. From this perspective, a “model” is just a
possible structural health state/condition of the structure. There is no general model that can reproduce all the different pathologies
a structure may present, but instead, specific models could be defined for specific failure mechanisms or assembly and construction
defects that have been defined by an experienced user. While in the first two case studies, the damage is simulated by only reducing
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Fig. 16. Evolution of the posterior model probabilities over the populations using the improved ABC-NS sampler.
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Fig. 17. Probabilistic identification of the unknown stiffness coefficients for model M; using the improved ABC-NS sampler.

the elasticity modulus values, in this case, the damage is simulated by reducing the elasticity modulus or the sectional area, meaning
the presence of manufacturing flaws at specific locations of the structure. The reduction in the elastic modulus of the members is
applied to simulate the assembly defects in the connected joints and imperfect support joints. In the context of this study, five
hypothetical models have been designed, in which each model is assumed to mirror a real health state that the structure may
experience. The competing models are enumerated in Table 5 with the corresponding number of parameters. For Ms5, the fact that
the reduction of the sectional area alter the mass and stiffness matrices need to be stressed. For simplicity, the same notation of the
model parameters is taken. The same hyperparameters were kept for the improved ABC-NS implementation.

Once the competing models have been defined, the sampler is run to select the most likely model from a set of competing models
based on measured modal data. As in the previous example, a model is chosen from which the data were simulated and the sampler
is run to see if it is able to recover the true model with the right stiffness coefficients. The competing models are supposed to be
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Fig. 18. Box-plots giving the posterior model probabilities using 100 independent replications.

Table 5
Definition of the candidate model classes.
Candidate model  Defect type Bars Changes Model size
M, Imperfect support joints n, 0]0) 10% reduction in elastic modulus 2
M, Imperfect support joints n; ® @ 5% reduction in elastic modulus 2
M, Assembly defect in ny ® 0O @ 5% reduction in elastic modulus 4
M, Assembly defect in nj @ @ @ @ 10% reduction in elastic modulus 4
M Manufacturing flaws ©) @ @ @ 10% reduction in area 4

plausible, that is, each model was considered as equally probable. We precise that 10% reduction in elastic modulus means that the
stiffness coefficients for damaged bars are equal to 0.9. Uniform priors were also used for the stiffness coefficients.

Fig. 19 displays the PMPs over the populations. One can see that the algorithm performs very well as it converges towards
the right model with a probability equal to 1 in each case. This is because the competing models considered in this example are
non-nested in comparison with the former study and the data is noise-free. For a better clarity of the figure, the PMPs are plotted
until the sampler converges to the right model with a probability equal to 1. The subsequent iterations are needed to refine the
posterior estimates of the stiffness coefficients.

Fig. 20 displays the evolution of the number of particles over the first ten populations until the sampler converges to the model
from where the modal data was simulated (M, in this case) and eliminates progressively the other competing models. During the
inference scheme, the tolerance threshold decreases over the populations and the least likely models are the ones for which their
populations die out over the iterations as shown in Fig. 20. To compare both samplers in terms of computational efficiency, Fig.
21 shows the convergence histories for the different scenarios. One can see that the improved ABC-NS sampler is computationally
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Fig. 20. Evolution of the number of particles over the populations where the true model is M,.

more efficient than the original ABC-NS sampler since it requires less iterations to ensure convergence, offering the possibility to
consider more candidate models to be simultaneously compared and inferred.

For illustrative purposes, the scatter plots are plotted for the cases where the modal data were simulated respectively, from M
and Ms;. The obtained results are visualised in Fig. 22(a) and (b), showing the correlation and variability of the stiffness coefficients
on the upper/lower diagonal plots. Those plots on the main diagonal show the marginal posterior distributions which are Gaussian

shaped. The estimated mean values with a dashed line in a orange are effectively indistinguishable from exact values represented
by black triangle.
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Fig. 21. Comparison between the convergence histories.

Table 6
Noise levels considered in this case study.
Noise level Frequency and mode shape
o (%) e, (%)
1 1 5
2 1 10
3 5 20
Table 7
Updated stiffness coefficients for different noise levels.
Level 1 (e, = 1%, e, = 5%) Level 2 (e, = 1%, e, = 10%) Level 3 (e, = 5% e, = 20%)
Bar No. Parameter Exact Mean Error Mean Error Mean Error
(%) (%) (%)
@ 0, 0.9 0.9007 0.0761 0.9019 0.2126 0.8991 0.0992
@ 0, 0.9 0.9042 0.4720 0.9031 0.3407 0.9104 1.1598
63 0.9 0.9070 0.7761 0.8913 0.9662 0.9772 8.5754
@) 0, 0.9 0.9028 0.3096 0.8964 0.4022 0.9287 3.1885

4.4. Noise effects

Finally, the focus is on the impact of noise. To do this, it is supposed that the true model from which the data was generated
is M,. Different noise levels have been considered in order to check the effects on the PMPs and also on the posterior estimates.
For the considered noise levels illustrated in Table 6, one can see from Fig. 23 that the improved ABC-NS sampler converges to the
true model. For a better visualisation, the evolution of the PMPs over the iterations are shown until they reach the value of 1 for
the first time. From the last population, the stiffness coefficients considering all the scenarios are recovered. The posterior estimates
are summarised in Table 7 from which one can see that even when the modal data is contaminated by noise, the sampler is able to
recover accurately the model parameters. The largest error value is less than 10%-observed for Level 3 (for bar )).

5. Conclusions
This paper introduced an improved ABC-NS sampler as a new alternative to deal with model updating and model selection applied
to structural health monitoring. The numerical experiments show that the ABC-NS sampler coupled with an elegant ellipsoidal

nested sampling technique using the concept of minimum-volume enclosed ellipsoid (MVEE) can provide worthwhile improvements
to sample-efficiency over the earlier ABC-NS sampler. By using the MVEE, the sampler has the ability to draw promising particles
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Fig. 22. Probabilistic inference of the stiffness coefficients using the improved ABC-NS sampler.

that are more likely to produce simulated data that provide a better agreement with the measured data. The resulting sampler
is conceptually simple, adaptable and gives from the last population a full characterisation of the uncertainties associated to the
unknown model parameters in a reasonable computational time. In addition, it has the ability to straightforwardly discriminate
between a set of competing plausible models/hypotheses giving to practitioners an all-in-one procedure of both model updating and

model selection as opposed to the conventional Bayesian approach.

The application of the improved ABC-NS sampler could be extended to other disciplines and inference problems because of its
versatility and adaptability. Future studies should include experimental and field data collected in changing operational conditions,
to further validate the effectiveness of the proposed model updating and model selection procedure in realistic scenarios.
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