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Abstract Aiming at the problems that the lack of theoretical basis for the selection of par-
ticle set sampling variance and the resampling methods in traditional particle filter algorithms,
and sampling process is easily disturbed by noise, an uncertainty structural response recon-
struction method based on the information fusion of multi-source particle filters is proposed.
Firstly, the sampling variance of particle set is analogous to the accuracy index of sensors, and
a number of independent particle filtering samples from different sources are performed to en-
sure the independence of particles. Then, abnormal filters are screened and eliminated accord-
ing to relative percentage error (RPE) threshold of preliminary reconstruction, and the state
estimation results of remained particle filters are fused by the multi-source sensors information
fusion technique to approximate to the real state values with high accuracy. Finally, the fused
state values and the state space models are employed to reconstruct the responses of key
positions, and the effectiveness of the proposed method is verified by numerical example of the
space truss structure and the cantilever beam test. The results show that the proposed method
can reduce the influence of the above uncertainties on reconstruction results, effectively im-
prove the particle impoverishment problem, the filtering stability is good and the reconstruction
accuracy is high.

1. Introduction

In engineering, the response data collected by sensors is the basis for structural dynamic
analysis, especially for health monitoring techniques in the structural safety assessment [1, 2],
where the completeness of measurement data directly influences the structural performance
evaluation. However, due to the complexity of actual engineering structures, the position and
the number of measurement points are limited by economic conditions and installation condi-
tions. It is difficult to obtain complete measurement data. Therefore, the structural response
reconstruction technique, which uses the limited measurement data to reconstruct the re-
sponses at the positions which are difficult to measure or where sensors are missing or dam-
aged, is of great research significance [3, 4].

At present, structural response reconstruction techniques are divided into the two main cate-
gories: the deterministic method and the uncertainty method. The former mainly includes the
empirical modal decomposition method [5, 6], the transmissibility method [7, 8], and the modal
analysis method [9], etc. The prerequisite for the application of deterministic methods is to es-
tablish a finite element model with high accuracy, but it is hard to establish an accurate finite
element model for the actual engineering structure, which greatly limits the application of de-
terministic methods. The later can reduce the influence of modeling errors and measurement
noise on the response reconstruction, which is mainly based on the Kalman filter (KF) algorithm
[10]. Zhang et al. [11] proposed a method based on KF algorithm for the optimal arrangement
of multi-type sensors, and reconstructed the responses of key nodes using the measurement
data. Dong et al. [12] proposed a sensor optimization method based on meta-heuristic. Fortu-
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nately, the particle filter (PF) algorithm [15] cannot only per-
form well in the non-linear and non-Gaussian system, but can
handle the colored noise better. But it was found that the tradi-
tional PF algorithm is susceptible to uncertainties and suffers
from particle impoverishment and particle degradation prob-
lems [16]. In recent years, scholars have also carried out re-
lated researches on the improvement and application of PF
algorithm [17-20], but most of the researches are aimed at the
sampling radius of a single particle set. It should be noted that
the sampling radius of particle set is a key factor to the state
estimation accuracy. When sampling radius is different, the
spatial range of particle distribution is also different, and the
filtering results will occur corresponding deviations. When
sampling radius is too small, the obtained particles will quickly
concentrate on a certain value, that is, the “tight” distribution of
particles and the number of true state values will drop rapidly.
When sampling radius is too large, the “loose” distribution of
particle is easy to occur, resulting in the sample points cannot
fully reflect their real state properties. At the same time, the
resampling method is also the key factor affecting the sam-
pling quality [21]. Particle sets are reorganized by eliminating
the particle with small weight to improve the particle degrada-
tion problem. However, the selection of resampling methods
often lacks the theoretical basis, resulting in poor filtering ef-
fect.

Fortunately, information fusion technique [22-27] can fully
consider the influence of the above uncertainties, such as the
modeling errors, sampling radius of particle set, and resam-
pling method. It can synthesize the multi-source data by
mathematical analysis and computer technique, and improve
the information quality and reduce the impact of uncertainties
using the complementarity of multi-source data. The purpose
of information fusion estimation is to perform a comprehensive
processing on different observation vectors to obtain a more
accurate state parameter vector than the original observation
vector, which can avoid the problem of improper selection of
sampling variance and sampling method of particle set. Thus,
the information fusion technique is adopted to the response
reconstruction process to obtain the high-quality state estima-
tion result.

In the above context, a new structural response reconstruc-
tion method based on the information fusion technique and the
multi-source particle filters is proposed in this paper. Firstly, PF
algorithm is introduced to design and implement the multiple
independent particle filter sampling process. The initial re-
sponse reconstruction is carried out and abnormal particle filter
is eliminated according to the relative percentage error (RPE)
threshold. To obtain high-quality state estimates, the multi-
source sensors grouping weighted fusion algorithm is intro-
duced to fuse the state estimates from the screened particle
filters. Then, the fused state result is adopted to response re-
construction to reduce the influence of uncertainties and to
improve the particle impoverishment problem. Finally, the ef-
fectiveness of the proposed method is verified by numerical
example of the space truss and the cantilever beam test.

The rest of the paper is organized as follows. In Sec. 2, the
state space model theory and PF algorithm are discussed. In
Sec. 3 the multi-source sensors grouping weighted information
fusion algorithm, reconstruction equation, and our multi-source
particle filters information fusion scheme is presented in detail.
Sec. 4 shows the results of two cases. Finally, Sec. 5 con-
cludes the manuscript.

2. Theoretical basis
2.1 State space model

The second-order dynamic equation for the structural system
can be expressed in the modal coordinate system as

where ¢ is the modal coordinate; & is the damping matrix;
, is the modal frequency matrix; @ is the displacement
mode shape matrix; L is the mapping matrix of excitation
load; u is the external excitation vector in modal coordinate
system.
Transforming Eq. (1) into state space model and discretizing
it, the process can be expressed as
x,, =Ax, +Bu, +a, 2
{yk =Cx, +Du, +v, @

where x, is the discrete state vector; y, is the discrete ob-
servation vector; u, is the discrete external excitation vector;
A and B are the discrete state matrix and the external exci-
tation input matrix, respectively; C and D are the observa-
tion output matrix and the direct transmission matrix, respec-
tively; a, is the process noise of the system to account for
errors due to modelling uncertainties; v, is the measurement
noise of sensors. The matrices in the state transfer equation
can be expressed as

x, =m 3)
q;
A= J-wﬁ atn 4)
0 17 0
B= {—wj —26(1)0} (- I)LDTL} ' ©)

C and D of the observation equation are related to the
signal category being observed. When the observation catego-
ries are displacement and acceleration, ¢ and D can be
expressed as
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2.2 Particle filtering

Particle filtering is an approximate Bayesian filtering algo-
rithm based on the Monte Carlo simulation, which can be em-
ployed to any state space model. The core of PF algorithm is to
represent the posterior probability density function of the sys-
tem state by the discrete random samples with weight.

PF algorithm takes a set of random samples with corre-
sponding weight from the prior probability distribution to ap-
proximate the posterior probability density function, transforms
the integration operation into the summation operation over a
finite number of samples, and performs the weighting and the
recursive operation according to the Bayesian criteria to obtain
the system state estimation. This process can be expressed as

:f(xk aatm) (7)
= g(xkﬂ > vm)
where x,, is the state vector at k+1 moment; f(-) is the
system state equation, representing the relational function of
state vector iterative from the kK moment to the k+1 moment;
a,, is the system process noise; y,, is the observation
vector; g(-) is the system observation equation, representing
the relational function of the transformation from the state vec-
tor at k moment to the observation vector at k+1 moment; v, ,,
is the measurement noise of sensors.

It is assumed that the system state conforms to the Markov
process [13], that is, the current state is only related to the pre-
vious state. Firstly, the prior probability distribution of the sys-
tem state at k moment is obtained by the prediction step, and
the system state prediction equation can be expressed as

‘ylkl '[p ‘xkl kl‘ylkl) k-1 (8)

Then, combining the observation values y, at k moment,
the posterior probability distribution of the system state is ob-
tained by the updating step. The updating equation of system
state is

_ p(yk xlc)p(xk‘y]:kfl) 9
p(xk‘y]:k)_ p(y/c yl:/cfl) ©)
p(yk‘yl:kfl)=J.p(yk‘xk)p(xk‘yl:k—l)d'xk' (10)

The prior probability distribution p(x, |y, ) is calculated by
the posterior probability distribution p(x,_, |y, ), the transfer
probability density p(x,|x,.,), and the state prediction equa-
tion. Then, the posterior probability distribution p(x, |y, ) is
calculated by the prior probability distribution of the current
state and the state updating equation.

In solving the posterior probability distribution, the standard
PF algorithm combines Monte Carlo simulation and sequential
importance sampling methods to solve the problem of high-
dimensional integration and the difficulty of sampling in the

posterior distribution. The easily implemented prior probability
density function is selected as the importance function, which
can be expressed as

n(xk‘x(]:k—l,ylzk):p(xk xk—l)' (11)

The posterior distribution, also known as the state transfer
equation, obtained by estimating after importance sampling
can be expressed as

Pl ]3) =2 wio(x ~x)). (12)

i

On the basis of the first-order Markov assumption, the weight
recurrence form can be simplified as

p(yk \x,()p(xk \xH)

”(x/\' ‘x():/\'—] > yl:/.-)

p(yk |x, )p(xk \xH)

p(xk \xk_,)

x). (14)

kT kA

k=1

w(f)
k

= wl(ci)lp(yk

3. Structural response reconstruction

3.1 Multi-source sensors information fusion al-
gorithm

Information fusion technique uses the complementarity of
multi-source data to reduce the influence of uncertainties,
which can improve the fault tolerance of system while ensuring
the information confidence, and is widely used in the state
estimation field. Therefore, the information fusion technique is
introduced to improve the state estimation accuracy, which can
get the better result which is difficult to obtain by a single filter.

At present, there are many kinds of sensor information fusion
algorithms, such as the probabilistic methods, neural networks,
and group weighting fusion methods, etc. Among them, the
group weighted fusion algorithm is more mature, with unbiased,
real-ime, and simple numerical operation, thus the multi-
sensors group weight fusion algorithm is introduced to perform
the fusion of multi-source filters.

Assuming n sensors, the observation equation of the system
state can be expressed as

y=hx+9 (15)

where x is state quantity to be measured, represents a state
value to be measured; A=(11---1)" is the n-dimensional
drive constant vector; y=(y, y,---y,)" is the measurement
vector. ¥#=(& & --- ) is an n-dimensional error vector,
containing redundant information of the sensor, namely the
internal noise of the sensor and environmental interference
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noise. Assuming that the redundant information from each
sensor is independent of each other and follows a normal dis-
tribution, thus # ~ N(O,R), R(i=12---n) is the measure-
ment variance of the i-th sensor.

The sensors are randomly divided into m groups, and the
number of sensors in each group must meet the request that
p 22, and the measurement average y, of each group sen-
sors is used to replace the multiple sensors in the group to
participate in information fusion.

i=1,2,,m (16)

where y, is the measured value of the j-th sensor in the i-th
group.

Thus, the observation equation of the system state can be
described by the measurement mean values of all groups. Eq.
(15) can be further expressed as

y=hx+9 17)
where y=(3, ¥, ---y,)" is the measurement mean vector
of m groups sensors; h is the n-dimensional drive constant
vector; and ¢ is the n-dimensional error mean vector. Since
the sum of mutually independent normal distributions still
obeys normal distribution, thus # ~ N(O,R), R(i=12---m)
is the mean value of the measurement variance of the i-th
group of sensors, thus, y,~ N(x,R),and y(i=12---m) is
independent of each other, so y ~ N(hx,R) .

Under the condition of measuring the state variable x, the
probability density of y can be expressed as a function of x ,

and the corresponding likelihood function can be expressed as
28]

L(¥|x) = —%ln@n) —%ln(detf() —%@ —hx)" R (¥ - hx)
(18)

where R=diag(R, R, --- R,) is the variance matrix of each
group measurement, R(i=12---m) is the mean value of
measurement variance of the i-th group. Maximizing the likeli-

hood function L(y|x) to obtain an estimation state %, which
is also the weighted fusion formula of the mean measurement.

=& (19)

To consider the process properties of the measurement vari-
ance for each group, the group variance estimation learning
algorithm [21] is employed to dynamically and recursively ob-
tain the real-time measurement variance of each group, which
can be expressed as

different-source particle filters
Perform the initial response
reconstruction and calculate the
corresponding RPE value

:>| Construct N groups of

Predict the particle set at the
moment k+1

Update the importance
weights of particles

Conduct particle resampling and
estimate the target state values

Remove the
Retain the normal| | abnormal particle
particle filters filters

Perform optimal grouping for
The screened particle filters

!

Conduct the dynamic information
fusion on the filtered state vectors

Reconstruct the responses at the key
locations

Complete response
reconstruction

Fig. 1. Flow chart of structural response reconstruction.

R™ = L‘lgtwn + lgw) m=1,2,- (20)
m m

where R™ is the measurement variance of sensors in the /-
th group at the m-th measurement. Let the measurement vari-
ance in the ith group at the first measurement be R = 0,
substitute Eq. (20) into Eq. (19) to obtain the fusion state % at
the m-th sampling.

3.2 Reconstruction equations

The responses of key structural positions can be recon-
structed by discrete state space model, and the fused predic-
tive state vector obtained by multi-source sensors information
fusion method in Sec. 3.1, which can be expressed as

(21)
yi.=Cx +Du

{y/i =C.x,+Du,
where y; and y, are the fused reconstructed responses
and the true computed responses, respectively; C, and D,
are the submatrices of C and D, respectively; C, is the
observed output matrix; D, is the direct transmission matrix;
x, is the computed state vector; x, is the fused state vector.

The displacement and acceleration responses at key posi-
tions can be reconstructed by the following equation

AR 0o 1. 0
y"{ak}{—q)wg —2q)§wjxk+{q)¢u}"*' (22)

The widely used relative percentage error (RPE) is intro-
duced to test the accuracy of reconstruction results, which can

”
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be expressed as

RPE =S40 =) 10004 (23)
std(y")

where std is the standard deviation; y° is the reconstructed
response vector; y” is the true response vector.

The specific process of structural response reconstruction
based on the fusion information of multi-source particle filters is
shown in Fig. 1.

4. lllustrative examples

4.1 Analytical problem: simulation analysis of
the space truss

The space truss structure widely used in engineering is em-
ployed to test the response reconstruction process. The truss
structure is divided into three parts: the upper chord, the web
rod (straight rod and diagonal rod), and the lower chord, and
the basic parameters are listed in Table 1. The truss structure
consists of 66 rod units with 28 nodes, which are articulated.
Vibrations only in Y and Z directions are considered at each
node and the four support nodes are fixedly constrained, the
whole structure has 48 degrees of freedom and its specific
node numbers are shown in Fig. 2.

The random white noise excitation is applied in Y-direction at
the 26th node of the space truss structure to simulate the ran-
dom excitation at mid-span position. In general, the lower
modes contain the main information of the structure, reflecting
the dynamic behavior of the structure. Therefore, the first 6

Table 1. Basic parameters of the space truss structure.

Rod units Elastic modulus Densit3y Cross-sectioznal
/(GPa) I(kg/m®) area/(mm?®)
Top chords 285 7800 85.5
Straight rods 380 7800 141.0
Diagonal rods 380 7800 45.0
Lower chords 228 7800 85.5

70mm

-

Excitation position u

Measurement position

L4 Reconstruction position

Fig. 2. Space truss model.

orders of modal frequencies are used for reconstruction. The
frequencies are 18.19Hz, 30.90 Hz, 50.58 Hz, 70.97 Hz,
90.06 Hz, and 95.21 Hz. Considering the structural constraints
of the truss structure, that is, the positions of its nodes 17, 22,
23, and 28 (referred to as the key nodes) are difficult to install
sensors. Thus, the displacement and acceleration responses
of the above key nodes are reconstructed by the acceleration
responses at 8 nodes: 2, 7, 10, 15, 18, 21, 24, and 27, which
are easy to measure. At the same time, considering that the
Gaussian white noise assumption is difficult to meet the engi-
neering reality, so the 3 % colored noise is added to the calcu-
lated responses to simulate the measured responses, and its
spectrum is shown in Fig. 3.

It can be seen from the previous section, the sampling radius
of particle set determines the state estimation accuracy, which
is also known as the sampling variance of particle set (SVPS).
It can be given by the following expression

SVPS =Q-sqrt( x,)- Ra (24)

where O s the control coefficient, which is used to adjust the
sampling radius of particle set; x, =(x,, X, --- x,,)" is the
base state vector, consisting of the mean magnitude order of
each calculated state component; Ra is the random matrix
obeying Gaussian distribution.

To fully consider the influence of uncertainties due to resam-

Table 2. Parallel experimental design of filters.

Classification Filter number Experimental design

1 System resampling

Resampling methods Polynomial resampling

Residual resampling
Q=6x10°
Q=4x10°
Q=3x10°
Q=2x10"

8 Q=1x10°

SVPS control coefficient

N|ojoalb~|lw N

Note: Q is used to control the sampling radius of the particle set, the larger
the value the looser the particles, the smaller the particles are tighter; the
first three sets of filters have parameters Q = 1x10%, the last five sets of
filters for random resampling.

Amplitude/(W/Hz)

0 50 100 150 200 250
Frequency/Hz

Fig. 3. Spectrum of colored noise.
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Fig. 4. Fused reconstruction results of displacement.

pling methods and sampling radius of particle set in traditional
PF algorithms, the experimental design of filters is carried out.
Firstly, the results of the preliminary response reconstruction
are analyzed, and the approximate interval of the SVPS control
factor corresponding to the convergence of the reconstruction
is determined, and then the SVPS control factor of the filter is
randomly obtained in the interval. The specific design scheme
is listed in Table 2.

In addition, abnormal filters can affect the final fusion results
and even lead to the scattered fusion result. Therefore, before
the information fusion, the filters are screened through the dis-
placement RPE threshold, and if the RPE is larger than 5 %,
the filters are judged as abnormal filters and are eliminated,

Fig. 5. Fused reconstruction results of acceleration.

otherwise, they are retained. Then, the mean displacement at
each key node is used as the indicator to optimally group the
remained filters according to the optimal grouping principle [22].
The information fusion of state estimates is performed by Egs.
(19) and (20).

The displacement and the acceleration responses at key
nodes 17, 22, 23, and 28 are reconstructed by the fused state
results and the state space model, the reconstructed results
are shown in Figs. 4 and 5, respectively. It can be seen that the
reconstructed displacement and acceleration responses at
nodes 17, 22, 23, and 28 can fit well with the real responses,
which indicates that the proposed method can reconstruct the
structural responses of key nodes with high accuracy.

To verify the effectiveness of the proposed method, the RPE
values of single filter reconstruction methods and the proposed
method are calculated and compared, and the results are
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Fig. 7. Relative percentage errors at all nodes.

shown in Fig. 6. It can be clearly seen that the RPE values by
the proposed fusion reconstruction method are significantly
lower than those by the other signal filter methods, and the
reconstruction accuracy by the proposed method is signifi-
cantly better than that by the standard PF algorithm.

To further verify the stability of the proposed method, the
RPE values of fused reconstruction results for displacement

'f‘ﬁllir:anl_ﬂlld,llf__ § SR A ¥

N

(a) Actual structure of the cantilever beam

Measurement position

(L)

o Reconstruction position

(b) Finite element model of the cantilever beam

Fig. 8. Cantilever beam.

and acceleration at all nodes are calculated, and the results are
shown in Fig. 7. It can be seen that the RPE values at nodes 1,
8, 9, and 16 are zeros due to their fixed constraints, and the
RPE values of displacements and accelerations at remaining
nodes are lower than 0.6 % and 0.2 %, respectively, indicating
the robustness of the proposed method.

4.2 Engineering problem: cantilever beam test

In actual engineering analysis, many engineering machinery
components can be simplified as cantilever beams, which dy-
namic characteristics directly affect the structural stability.
Therefore, the proposed method is experimentally verified by
the cantilever beam structure as shown in Fig. 8(a).

The main design material parameters are that the mass den-
sity is 6440 kg-m* and the modulus of elasticity is 128 GPa.
The cantilever beam is divided into 12 units and only the Y-
directional degree of freedom at each unit node are considered.
In practical engineering, the end position of the cantilever beam,
that is the node 13, vibrates most severely when subjected to
external forces. Therefore, a hammering excitation is applied at
the node 13, and the responses at nodes 9 and 13 are recon-
structed by the responses at 2 nodes, 7 and 10. The specific
excitation F and node positions to be reconstructed are shown
in Fig. 8(b).

The test is performed by the INV3062-C2(L) network distrib-
uted acquisition instrument system and the DASP-v11 signal
analysis software package, which are used to complete the
acceleration signal acquisition and the modal analysis. By ap-
plying the vertical excitation to cantilever beam using the MSC-
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Table 3. Parallel experimental design of filters.

Classification Filter number Experimental design

1 System resampling

Resampling methods Polynomial resampling

Residual resampling
Q=5x10"
Q=5x10°
Q=1x10°
Q=5x107

SVPS control coefficient

O |IN|O[fOa|dM|lWIN

Q=1x10?

Note: The first three sets of filters have parameters Q = 1X10? and the last
five sets of filters for random resampling.
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Fig. 9. Time history curve of the excitation.

3 elastic force hammer, the acquisition system records both the
excitation force signal and the acceleration signal at measure-
ment points, and subsequently identifies modal responses
such as frequencies and mode shapes of the structure using
the DASP software package. The first five-order modal fre-
quencies are 20.39 Hz, 121.32 Hz, 342.33 Hz, 657.43 Hz, and
1080.88 Hz, respectively, and the time-history curve of the
excitation is shown in Fig. 9.

To reduce the effects of uncertainties including resampling
methods and sampling variances of particle sets, the filters are
designed as listed in Table 3. Due to the actual measurement
errors, the filters are eliminated by the acceleration RPE
threshold MAX = 50 %, then the response reconstruction is
carried out according to the flow shown in Fig. 1.

The acceleration responses at nodes 9 and 13 of cantilever
beam are reconstructed using the fused state results and the
state space model. The time-history fitting curves are shown in
Figs. 10(a) and (b), respectively. It can be seen that the meas-
ured responses at nodes 9 and 13 are basically close to the
reconstructed responses obtained by the proposed method.

The fitted curves of the Fourier spectrum amplitudes for ac-
celeration responses at the node 9 and the node 13 of cantile-
ver beam are shown in Figs. 11(a) and (b), respectively. It can
be seen that the Fourier amplitudes of the reconstructed accel-
eration and the measured acceleration maintain good agree-
ment, which indicates that the proposed method can recon-
struct the structural responses with high accuracy.

To further verify the effectiveness of the proposed method,
RPE values of the single filter methods and the proposed
method are calculated and compared, respectively, and the
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Time/s
(b) Acceleration at the 13rd node
Fig. 10. Fused reconstruction results of acceleration.
" — Measurement
30 ‘ - - - - Reconstruction
2
220}
= i
& fl
<10t l ‘
gl _/L_ A A
0 500 1000 1500
Frequency/Hz
(a) 9th node
50
—— Measurement
40 + | - - - - Reconstruction
Q
EXI
Ex n
< I
100 l I
I S| —
0 500 1000 1500
Frequency/Hz
(b) 13rd node

Fig.

200 T

o)

100 |

Acceleration/(m/s
-

-100 |

Wﬁﬂﬁ

b

Measurement
Reconstruction

1Wxﬂwi'mﬁ!wwmWWV‘WVWNMWW

0.15 0.2

0.25
Time/s
(a) Acceleration at the 9th node
Measurement
—~ 400 3
58 Reconstruction

Acceleration/(m/s

| %‘mﬁ \U W%W ﬂ’MWWMmWWMWWMMM

0 0.05

i

0.1 0.15

11. Fourier spectrum of acceleration.

X

%

050

S
R

-
R85

T
R
X

R

0%

XA
26%%%%

S8R
I,

r K
<M
23

>

T
0.0.0.0
.
2
NN

1
KRS
NN\

>
XXX

s
22
%%

N

9th node 13th node
72 NO.1 XX NO.2 &N NO3 [XX NO4 [Z4 NO.S
NO.6 XX NO.7 [ZA4 NO.8 &N Fusion

Fig. 12. Relative percentage errors of key nodes.

638



Journal of Mechanical Science and Technology 37 (2) 2023

DOI 10.1007/s12206-023-0108-3

results are shown in Fig. 12.

It can be clearly seen that the RPE of the reconstruction re-
sults based on information fusion are significantly lower than
those of single filter methods, indicating that the proposed
method can reconstruct the responses at difficult measurement
positions more stably, and the fused reconstruction results are
more accurate than those of the single filter, and have a certain
degree of error tolerance.

5. Conclusion

A new structural response reconstruction method based on

the information fusion of multi-source particle filters is proposed.

The following conclusions are mainly obtained:

1) The introduction of information fusion technique can effec-
tively reduce the influence of uncertainties such as the sam-
pling variance of particle set and the improper selection of re-
sampling methods, which provides a new idea for solving the
problem of uncertainty structural response reconstruction.

2) The proposed method can increase the diversity of parti-
cles and improve the particle impoverishment problem while
ensuring better reconstruction accuracy. At the same time, it
can effectively avoid the tight and the loose distribution of parti-
cles in single-filter methods.

3) It can maintain good reconstruction results even in the
case of colored noise pollution, and has good fault tolerance,
which has certain reference value for engineering practice.

The method proposed in this paper requires the external ex-
citation of the known structure. In view of the problem that the
load is difficult to obtain in the actual situation, the author will
focus on Bayesian theory to further solve the problem of un-
known load in the future research.
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Nomenclature

: Modal coordinate

: Damping matrix

: Modal frequency matrix

: Displacement mode shape matrix
: Dapping matrix of excitation load
: Discrete state matrix

: External excitation input matrix

: Observation output matrix

: Direct transmission matrix

: Measured mean of each group sensor
: Measured value

: Discrete state vector

5

SIDOWDFE R/ YR

S

>
K

Y, : Discrete observation vector

u, : Discrete external excitation vector

a, : Process noise of the system

v, : Measurement noise

() : System state equation

g() : System observation equation

p(x,|y,) :Posterior probability distribution

p(x,|yy.,) : Prior probability distribution

p(x,|x,) : Transfer probability density

u : External excitation vector in modal coordinate
h : Drive constant vector

v : Error vector

R : Variance matrix of each group measurement
X : Fused estimation state

y° : Reconstructed response vector

y’ : True response vector

Q : Control coefficient

Ra : Random matrix obeying gaussian distribution
Acronyms

Std : Standard deviation

RPE : Relative percentage error

SVPS : Sampling variance of particle set
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