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Research on Optimal Design of Civil Sensors Based on Agglomerative Hierarchical
Clustering Algorithm

Xingyan CHENG?®, Linyan ZHU, Yimei CHENG

Abstract: In practical engineering, the sensor measurement points will have obvious clustering characteristics. Therefore, the cohesive hierarchical clustering algorithm is
introduced in this paper. Firstly, the degrees of freedom are classified according to the similarity of vibration features, and all degrees of freedom are divided into multiple
clusters, and disjoint subsets are formed between the clusters to avoid the concentration of measurement points. Secondly, the hierarchical clustering algorithm is improved,
and a single objective function sensor location search method is established with the minimum discomfort sensor location selection criterion and MAC pattern guarantee
criterion as objective functions. Different methods are used to search the best position of acceleration sensor. Finally, the empirical performance and scalability of the
proposed algorithm are verified by an example analysis. In this paper, a new branch direction of hierarchical clustering is studied, which provides a meaningful exploration
for the empirical performance and scalability of balanced hierarchical clustering, and provides new possibilities for structured data analysis and mining tools.
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1 INTRODUCTION

Inappropriate sensor layout will result in inappropriate
information collection, information duplication, and could
not effectively extract useful structural information, which
will affect the accuracy of the health status assessment in
the results. Theoretically, the more information about the
modal parameters of the structure, the more accurate the
actual state evaluation of the engineering structure will be
[1]. However, if the number of sensors installed in the
actual project is too large, it will lead to the high cost of
arranging a large number of sensors, the cost increases, and
the configuration and maintenance of sensors also require
great costs, resulting in unnecessary extravagance and
waste. In addition, too much sensor arrangement will
capture too much response information, which will cause
excessive burden on the storage and communication
system in the process of transmission, and eventually lead
to low transmission efficiency. The excessive processing
time of the obtained response data will be too long,
resulting in the delay of the structural diagnosis time,
which is not conducive to timely reflecting the engineering
structure information. Therefore, in engineering practice, it
is necessary to analyze many factors to find the optimal
position of sensor layout under the condition of reasonable
number of sensors. The following problems [2, 3] should
be considered to achieve discrete representation of 0 or 1
in the optimization results (where 0 means that no sensor
is arranged at this position, and 1 means that sensors are
arranged at this position). In this way, in the actual
engineering structural problems, there may be a lot of
information obtained at the arrangement points that are not
of great significance to the actual health monitoring.
Therefore, it is necessary to find more effective sensor
arrangement measuring points to meet the actual needs.
Excessive sensor arrangement will also lead to the
collection of massive data, which is a great challenge for
data collection and subsequent processing and analysis. It
is necessary to select the appropriate sensor layout criteria
to evaluate the sensor layout scheme according to the
engineering practice, and select the effective sensor layout
optimization method to optimize the sensor layout scheme.
This paper mainly focuses on sensor optimization layout

criteria and sensor optimization layout methods based on
relevant criteria. The first part of this paper is introduction,
the second part is related work. The third part is research
and application of cohesive hierarchical clustering in civil
engineering sensor optimization, The fourth part is optimal
layout design of cohesive hierarchical clustering of civil
sensors, the fifth part is simulation verification, and the
sixth part is conclusion.

2 RELATED WORK

It focuses on the choice of sensor layout position, and
establishes different sensor layout criteria. A method for
determining the location of sensor layout is established
[4, 5]. The core idea of this method is to make the mode
vector orthogonal, so to maximize the Fisher information
array. This method is the most widely used method in the
field of sensor layout at present, and is the cornerstone of
other sensor layout methods, with relatively mature
development. This method proposed for the first time that
the more sensors the better [6], too many sensors, not only
redundant information will interfere with the calculation
accuracy, but also reduce the calculation efficiency, a
reasonable number of sensor layout and sensor layout
location selection is equally important. After that, the
effective independence method was improved [7]. At the
same time, there would be errors between the model and
the actual structure, making this theoretical method more
practical. This method selects the sensor position by
identifying the contribution value of each sensor position
to the modal vector independence. The modal kinetic
energy method is established, and the energy of the
structure has great uncertainty at each position, so the
layout position of the sensor should be selected on the
degree of freedom containing large modal kinetic energy
[8], so to obtain a higher signal-to-noise ratio. Through
comparative study, it is found that modal kinetic energy
method is actually an iterative operation of modal kinetic
energy method. This method will first exclude the node
position [9], because the node position line vector product
value is small, and the defect of this method is also obvious,
and the sensor is usually concentrated in a certain area. The
method of adding modal vectors [10] is proposed. Its
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principle is to first obtain the modal matrix, then take the
absolute values of the elements in each vector of the modal
matrix, and then add them together. The position where the
absolute values sum is the largest is selected to arrange the
sensor. A modal assurance criterion is established [11]. The
sensors should be positioned in such a way that the Angle
between the spatial vectors is as large as possible. The
modal guarantee matrix MAC [12, 13] can be obtained
through pair-to-pair product calculation of modal vectors,
and the sensor should be arranged in the position where the
maximum non-diagonal element of the modal guarantee
matrix MAC is the minimum. A method for optimizing the
degrees of freedom [14, 15] is proposed, the principle of
which is to consider the sensitivity of the degrees of
freedom to the rate of stiffness change, and then select the
sensor on these optimized degrees of freedom. This paper
proposes a damage identification method that can analyze
the crack length [16]. The principle is that once the
structure is damaged, the structural parameters will
inevitably change, and the change of structural parameters
will inevitably change the structural modes, and then the
crack length can be analyzed through the change of
structural modes. In order to improve the efficiency of
calculation, relevant scholars began to apply intelligent
algorithms to the search of the optimal position of sensors.
It is then slowly cooled down so that the solid particles in
it become disordered when it heats up [17, 18] and ordered
when it cools down. When this algorithm is used to search
the optimal position of the sensor [19], it is found that
whether the final search converges to the global optimal
solution plays a crucial role in determining the initial
parameters. Genetic algorithm is applied to the optimal
position search of sensors [20, 21]. Genetic algorithm has
four processes of gene inheritance, gene variation, natural
selection and gene mutation, and the last remaining
population is the optimal population. The -effective
independence method was used as the objective function
[22], and the genetic algorithm was applied to the search of
the optimal position of the sensor, which was widely used
at that time. The Wolf pack algorithm was applied to the
sensor optimal location search [23]. The multi-subgroup
particle swarm optimization algorithm is applied to search
the optimal position of the sensor [24] and verified by
placing sensors on the Laxiwa arch dam. This kind of
method can better solve the constraints of related problems,
local optimal problems and other characteristics, and has
been developed in the field of sensor optimization
placement [25-27]. The Wolf pack algorithm is proposed
to avoid the problem of premature convergence [28]. The
intelligent optimization correlation algorithm uses
probabilistic random search optimization strategy to solve
the problem of deterministic optimization strategy [30, 31].
Recent studies have made a lot of improvements, but it is
difficult to make further breakthroughs in the current
relevant studies to get the final optimization results. In
essence, these algorithms continuously optimize the
objective function in a certain optimization direction
during the optimization process, which reduces the
complexity compared with the traditional methods to a
certain extent, and essentially belongs to a class of random
search methods. There are still many shortcomings in the
layout method. Therefore, it is hoped that the
characteristics of the objective function can be effectively

extracted through the representation ability of the
agglomerative hierarchical clustering algorithm, and an
efficient optimization strategy can be used to optimize the
objective function and find the optimal solution. Therefore,
the cohesive hierarchical clustering optimization algorithm
is introduced to optimize the sensor layout.

3 RESEARCH AND APPLICATION OF COHESIVE
HIERARCHICAL CLUSTERING IN CIVIL ENGINEERING
SENSOR OPTIMIZATION

3.1 Research Framework for the Optimal Design of Civil
Sensors Based on Cohesive Hierarchical Clustering

In the application of massive data mining, it is
necessary to pursue both effect and efficiency. In this paper,
a novel hierarchical clustering algorithm called condensed
nearest neighbor clustering is proposed. The basic
assumption and logic of the algorithm are different from
the traditional hierarchical aggregation clustering
algorithm and incremental clustering algorithm. It regards
the nearest neighbor data points as the core of the cluster
and is used to construct the hierarchical structure of the
data iteratively. This paper explores and researches the
basic framework and application of the algorithm, and how
to balance the empirical performance and scalability of the
algorithm. The main innovations and contributions are as
follows, and the logical relationship diagram is shown in
Fig. 1.
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Figure 1 Schematic diagram of optimal design logic of civil sensor based on
cohesive hierarchical clustering
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As shown in Fig. 1, a coherent hierarchical clustering
algorithm is proposed. Comparison experiments on real
world data show that the clustering accuracy is better than
other comparison algorithms in most cases. Aiming at the
potential complexity of data features, the cohesive
hierarchical clustering algorithm is optimized and
extended to the community detection application of
complex network data. The virtual root node is constructed
as the representative node in the community, and the
redundant communities are merged by calculating the
intermediate centrality of the potential connecting edges
between the communities, and finally the network nodes
are organized into a community with a tree structure. To
solve the problem of large-scale data clustering, an election
tree algorithm for large-scale data parallelization is
proposed. The election tree algorithm uses parallel
grouping clustering and then merges root nodes to
implement the clustering process. In the merging process,
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the relative position factor is used to realize fast cross
sampling of data boundary and leaf node exchange of
overlapping region, thus improving the quality of root
nodes, correcting the attribution error of cluster edge nodes
after group clustering, ensuring the accuracy of group
clustering results on large-scale data, and realizing the
clustering process with quasi-linear complexity.

3.2 Cohesive Hierarchical Clustering Model for Optimal
Layout of Civil Sensors

Due to the limited number of sensors arranged on the
structure, the interpolation method is used to obtain the
information of unknown measuring points according to the
information of known points, that is, the stress and strain
values of any point are fitted by using the output response
of measuring points on the structure, and the difference
error is obtained by comparing with the calculated values.
The error value will also change, and when the error value
changes to the smallest, it indicates that the optimization
scheme of the measuring point is the best. Set the target
parameter t by directly collecting data x, ..., x, decides that
if 0 represents the error of data set x and y represents the
error of target parameter ¢, then:

Y+ 1Y = y(x+6,% +6,,...,x,+53) 1)

Expand the above formula according to the Taylor
series:

;(Yza—Yé)‘1 +a—Y§2+....+8—Y§n 2)
ox, 0Ox, ox,,

The optimal layout of civil sensors is equivalent to
solving the two unknowns x and #» in the position range
according to the error minimum criterion, and obtaining the
optimal layout position x vector and the number of sensors
n, expressed as S. The optimization objectives are:

o
X

or
0Ox,

—0

ox,

+ +..+ 3)

min (7Y, )=

1 2 n

A small number of civil sensors are used to detect the
general area of damage, and then the sensor arrangement
measurement points are added in this area to obtain more
damage information, and the damage degree and loss
location of civil sensors are analyzed. It can be seen from
the structure dynamics that the natural mode of the
structure is a set of mutually orthogonal vectors. However,
due to many factors, the orthogonality of the measured
modes could not be guaranteed in practical measurement.
Therefore, in the structural dynamic test, the structural
modal vector must be linearly independent as much as
possible, and the original modal characteristics must be
retained as much as possible, which is the basic
requirement for modal recognition [29]. Moreover, linear
independence is particularly important when testing results
validate or update finite element models. Therefore, sensor
optimization is usually carried out with the maximization
of modal space intersection Angle as the optimization

criterion to ensure the original mode characteristics as
much as possible.

wac, - 9% “
©a)(e)

The O matrix condition number is as follows:
cond(0)=0]|o”| (5)

The optimal cluster number of the cohesive
hierarchical clustering algorithm is determined by the
function of compactness x, overlap degree v and separation
degree c. Compactness measurement:

c=> 21

o1 max”xj -V "

Q)

The compactness D;; from sample X; to class i is
defined as:

X, X 2 X
G = {0’ ' )

D represents the number of clusters and n represents
the total number of samples. Overlap measure:

C n

D= Z Z Dil,i2,j ®)

i=1 j=I

The overlap degree of sample X; between class L; and
class L, is:

1—(5. 5.

D'l,i2,j: 0 W lzj) )

l

Separation measure:

§= min;;, <

vl.—vj|| (10)

Considering the difference of data distribution, cos
function index value is introduced. The following
coherent-level clustering validity function is constructed:

ZC,-j

. j=ln
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max (x =V )
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i=1 j=1
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3.3 Optimization Algorithm of Civil Sensor Based on
Condensed Hierarchical Clustering

Fitness function is a criterion for evaluation and
selection based on the idea of classical algorithm. Each
gene corresponds to a fitness value, which promotes the
evolution of genes. The development of high fitness
chromosomes and the elimination of low fit chromosomes
make the whole population continuously develop towards
the optimal solution. The flow chart is shown in Fig. 2:

Civil sensor optimization
parameter

Computes hierarchical

Encode into string Clustering

| Adaptive function of coherent hierarchical clustering |

| Function values are mapped Calculate the fitness Selection and Random operator
to appropriate values value hierarchical clustering threshold

Number of target sensors

| Optimize one or more . Civil sensor Optimization results of |
Optimize fitness values vii sens 1
parameter sets. optimization civil sensors

Figure 2 Flow chart of aggregation hierarchical clustering algorithm

As shown in Fig. 2, Step 1: Initialize the cluster center
and set b = 0. Step 2: Update the classification matrix U,
step 3: update the cluster center V, step 4: When the
iterative operation reaches convergence, the cluster center
is output, and each node in the network belongs to a
different cluster and has the identity of each cluster.
Otherwise, if b = b + 1, go to step 3 and step 5: The
clustering result with the largest cos index value is the
optimal clustering result, and the corresponding cluster
number c value is the best cluster number, completing the
optimal clustering. Set the civil sensor base station in the
square area of (0, 0) 100 m x 100 m, and calculate the
optimal number of cluster center nodes, as shown in
Tab. 1:

Table 1 Optimal number of cluster center nodes
Cos / m
0.2659
0.1666
0.0643
1.2342
0.0186
0.0171
0.0065
0.0042

RN N[ W=

It can be determined from Tab. 1 that when ¢ = 4, the
maximum value of cos is obtained, that is, the optimal
clustering number is 4. Lt — 1, and Lt — 2 is the death time
of the first node and the death time of 30% node
respectively. The network life cycle of cohesive
hierarchical clustering is shown in Tab. 2:

Table 2 Network life cycle of cohesive hierarchical clustering

c Lt—1 Lt-2
1 36 71
2 38 81
3 38 84
4 40 86
5 38 83
6 38 82
7 37 78
8 36 74

As can be seen from Tab. 2, WSNs has the longest
lifetime when the number of CH nodes (Cluster Head
nodes) is 4. CH nodes usually have to transmit data to
distant CH nodes (relay nodes) until the data is transmitted
to the base station. When the number of CH nodes in the
network is too small, the distance between and within
clusters in the network will increase, which will overload
the energy consumption of CH nodes, and the member
nodes will consume more energy. When the number of CH
nodes is too large, the number of data transmission paths in
the network becomes more and more, resulting in
information redundancy and extra energy overhead.
Therefore, it is very important for WSNs to extend the
network life cycle by optimizing the number of CH nodes
in a suitable range. Fig. 3 compares the performance of
LEACH [24] algorithm and agglomerative hierarchical
clustering algorithm in terms of network life cycle.
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Figure 4 Residual energy of the network

As can be seen from Fig. 3 and Fig. 4, compared with
LEACH algorithm [24], the energy consumption of
agglomerative hierarchical clustering algorithm is more
stable, which makes the energy consumption of the
network more uniform and improves the performance of
the network. With fixed clustering method, when the
energy consumption of clusters is faster, nodes in the
clusters will die together. The cohesive hierarchical
clustering algorithm significantly improves the network
life cycle.

4 OPTIMAL LAYOUT DESIGN OF COHESIVE
HIERARCHICAL CLUSTERING OF CIVIL SENSORS

When two sensors obtain similar mode values in the
same direction, one sensor can be selected to represent the
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vibration state information in the same direction. The
aggregation hierarchical clustering algorithm is used to
automatically aggregate the degrees of freedom, and the
measurement points with less linear support for the target
mode are removed step by step by step, and the optimal
arrangement of the sensor is finally obtained. The process
of this method is shown in Fig. 5, and the specific
algorithm is described as follows.

Start H

‘ Resulting finite element
model

{Cluster number of samplesJ

Filter the initial center H ‘{ 12w
point , A
("Civil sensor classiﬁcalion'\‘ ‘[ SISO [ER7et: 5 it
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hierarchical clustering

Class i samples were extracted

Figure 5 Flow chart of optimizing layout of civil sensors

Step 1: Determine the degree of freedom, calculate the
mode work of each order of the structure, and select the
important mode number.

Step 2: Taking the modal values of important modal
vibration as the sample attributes, the cohesive hierarchical
clustering algorithm is used to automatically classify each
degree of freedom, and the standard measure function is
used as the criterion until the criterion function meets the

convergence conditions.

Step 3: For each cluster sample,

the effective

independence method is used to calculate the effective
measurement of the sensor to be selected. According to the

effective measurement size,

the measurement point

corresponding to the minimum effective independent
contribution value is deleted, and it is repeated until the

required number of measurement points is reached, so as
to obtain more structural vibration information with as few
sensors as possible. Modal confidence factor MAC
(Multiple Atomic Chain) is a good tool for evaluating the
intersection Angle of modal vectors [12], which can reflect
the correlation between two spatial vectors. MAC is
located between 0 and 1, where a value of 0 means that the
two vectors are orthogonal, and a value of 1 means that the
two vectors are completely related. Therefore, the larger
the non-diagonal elements of MAC, the greater the
correlation of vectors, and the lower the ability to reflect
the characteristics of the original structure. The smaller the
non-diagonal elements of MAC, the smaller the correlation
of the vector, and the better it reflects the original structure
characteristics. The optimized sensor arrangement can also
use the mode expansion method to construct the response
at the unmeasured points from the known finite points.
Through the numerical analysis of the finite element
software, the modal modes of the broken frame are
calculated as a set of theoretical data, so as to obtain the
effect value at any point of the structure. The modal
displacements at known measuring points were extracted,
and the modal displacements at non-measuring points were
obtained by cubic spline interpolation fitting as a set of
experimental data. The mean square error of these two
groups of data is used to evaluate the advantages and
disadvantages of the three methods in sensor optimization
layout, and the mean square error can be expressed as:

; (Q,, -0%)
S= zr—

i=1

(12)

The three optimization methods are optimized by
gradually deleting the measurement points with the
smallest diagonal element and the smallest modal energy
of the information matrix until the number of sensors meets
the requirements. Tab. 3 shows the sensor ordering results
of the three optimization methods when all measurement
points are retained, that is, sensors are set in all degrees of
freedom directions (The number of directions and angles
that can move independently in space, expressed by x and

y)-

Table 3 Optimization results of all test points are retained for comparison

Degree of Independent method Motion energy Cohesive hierarchical clustering
freedom Calculated value Sort Calculated value Sort Calculated value Sort
1x 0 21 0 21 0 21
2x 0.0786 18 0.1423 19 0.008 18
3x 0.1143 16 0.1153 18 0.014 16
4x 0.1352 15 0.1765 16 0.0208 16
5x 0.2435 13 0.2435 12 0.0567 12
6x 0.3507 5 0.3601 6 0.1182 6
7x 0.3565 4 0.3872 4 0.1427 5
8x 0.3276 7 0.3256 8 0.1236 8
9x 0.1876 14 0.1754 17 0.0269 16
ly 0 22 0 21 0 21
2y 0.4523 2 0.3657 5 0.1603 4
3y 0.312 8 0.3125 10 0.0843 10
4y 0.3125 12 0.3232 9 0.0897 9
Sy 0.4216 3 0.4786 2 0.1896 2
6y 0 23 0 23 0 20
Ty 0.1879 15 0.2145 13 0.0368 14
8y 0.3254 7 0.3367 7 0.1245 5
9y 0.3783 4 0.4125 4 0.1678 3
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According to the optimization results of the three
methods when 8 sensors are deployed, modal guarantee
criterion, mean square error minimum criterion and Fisher
information matrix criterion are respectively used to
evaluate. The MAC values of the three methods were
calculated, as shown in Tab. 4 and Fig. 6. It can be seen
that the total mean square error of MAC value and the
correlation of modal vector are also the smallest in the
cohesive hierarchical clustering algorithm, and the layout
method can reflect the structural characteristics better than
the other two methods.

Table 4 Comparison of modal assurance criteria of the three methods

MAC MAC
Op:;‘;fggon Order 1,2 | Order2,3 | Order3, | Orderd, | %
modes modes 4 modes | 5 modes q

error

Motion 0.003 0.0025 | 0.0073 | 4.87e-3 | 0.0257
energy

Independent |, 394 3.87e-6 | 0.0127 | 0.0043 |0.0078
method
Cohesive

hierarchical | 2.9103e=7 | 0.0002 | 3.6e—4 | 0.0068 |0.0046
clustering

30

25
0.06

20

1,2 modes

CHC

Figure 6 Comparison of MAC values of the three methods

As can be seen from Tab. 5 and Fig. 7, the minimum
total mean square error value obtained by the cohesive
hierarchical clustering algorithm is 0.0063, which indicates
that among the three methods, the fitting results from eight
measurement points are the closest to the ANSYS
numerical simulation results. The layout effect of the
cohesive hierarchical clustering algorithm is better than
that of the motion energy method and the effective
independent method.

30
25

20

Mean square error

1,2 modes

cHe
Figure 7 Comparison of the minimum mean square error of the three methods

Table 5 Comparison of the minimum mean square error values of the
three methods

Mean square error of all modes Total
Optimization Order Order Order Order mean
method 1,2 2,3 3,4 4.5 square
modes | modes | modes | modes error
Motion energy | 0.0236 | 0.0456 | 0.0092 | 0.0247 | 0.0271
Independent | 5135 | .0089 | 0.0036 | 0.0064 | 0.0076
method
Cohesive
hierarchical 0.0085 | 0.0013 | 0.0052 | 0.0022 | 0.0063
clustering

5 SIMULATION VERIFICATION

In order to better identify the damage, this paper
selects the layout index and the MAC minimum as the
objective function of optimizing the layout of civil sensors,
and determines the optimal location of the sensors through
the cohesive hierarchical clustering algorithm. The
structural monitoring system has the advantages of high
recognition accuracy and strong ability to reflect the
original structure information. Only acceleration sensors
are deployed, and the number of sensors is 3 - 20. The
calculation results are shown in Tab. 6.

Table 6 Calculation results of dual-target sensors with different numbers

Number of Calculation
acceleration Layout index MAC minimum .
time / s
sensors

3 186.34 0.9312 652.95
4 193.93 0.9321 663.36
5 178.56 0.8831 667.85
6 191.31 0.8624 671.28
7 183.56 0.8348 672.74
8 185.98 0.8199 673.89
9 179.82 0.9135 676.39
10 183.34 0.8223 678.38
11 183.98 0.8163 681.56
12 181.04 0.8415 683.69
13 184.78 0.8226 687.27
14 183.25 0.8252 691.91
15 187.54 0.7418 706.82
16 184.28 0.8034 707.45
17 184.43 0.8051 712.58
18 184.89 0.8166 72481
19 195.58 0.8478 725.85
20 189.62 0.7446 734.75

It can be seen from Tab. 6 that the optimization
calculation time of civil sensors in the cohesive
hierarchical clustering algorithm is related to the number
of acceleration sensors. The more the number of
acceleration sensors are deployed, the longer the
calculation time. At the same time, it can be seen that the
layout index of the optimal layout position and the
minimum value of MAC are different when different
number of acceleration sensors are deployed, which is very
crucial for the selection of the number of acceleration
sensors. The final objective function values of all decision
variables under different number of acceleration sensors
optimized by the cohesive hierarchical clustering
algorithm for civil sensors are shown in Fig. 8.

It can be seen from Fig. 8 that under different number
of acceleration sensors, the final result of the optimization
search of civil sensors through the agglomerative
hierarchical clustering algorithm is indeed the optimal
solution, and the two objective function values of layout
index and MAC minimum are comprehensively considered.
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5 acceleration sensor search results
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Figure 8 Dual-target sensor search results

With layout index, MAC minimum and cost as
objective functions, the sensor layout optimization with
three objective functions is carried out. The number of
acceleration sensors can be selected from 3 - 20. The
calculation results of optimized layout of civil engineering
sensors are shown in Fig. 9:

—4# Condensation level clustering optimal solution
——@ Algorithm solution set
Agglomerative hierarchical clustering front

MAC minimum

70000

50000

40000

Number of sensors Assign index values

50 30000

Figure 9 Calculation results of two types of sensors with three targets

As can be seen from Fig. 9, when the number of
equivalent strain sensors is 25, the layout index value is
37535.73, and the minimum MAC value is 0.1395, that is,
when the number of acceleration sensors is 2 and the
number of strain sensors is 35, the corresponding solution
is the optimal solution of the cohesive hierarchical

clustering of the three objective functions, which is the
optimal optimization of the three objective functions.
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Figure 10 Comprehensive evaluation of civil sensor optimization

Fig. 10 shows the comprehensive scores of the five
methods under the comprehensive evaluation system,
which is a comprehensive evaluation from five aspects. If
all evaluation indicators reach full marks, the
comprehensive evaluation score is 100 points, which is not
realistic. In engineering, it is impossible to arrange sensors
on all degrees of freedom, and all comprehensive
evaluation scores cannot reach full marks. As can be seen
from the figure above, although the method presented in
this paper cannot achieve all the optimal results in terms of
a single evaluation index, the comprehensive evaluation
score is still the highest with the increase of the number of
sensors. The results show that the proposed method can
guarantee the response, orthogonality, damage sensitivity
and so on, and can obtain a good comprehensive evaluation
effect. In order to evaluate the practicability of the cohesive
hierarchical clustering method proposed in this paper and
verify the practicability of this method, the average
acceleration frequency response function of 29 sensors is
calculated as shown in Fig. 11.
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Figure 11 Frequency response function of acceleration

6 CONCLUSION

In this paper, an optimization arrangement method of
civil sensors based on aggregation hierarchical clustering
is proposed. Each degree of freedom is automatically
classified, and the measurement point with the highest
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modal resolution is selected from each degree of freedom
by an effective independent method as the actual
measurement position. The cohesive hierarchical
clustering algorithm is established, and the optimal
arrangement of multi-objective single-type sensors and
multi-objective two-type sensors is carried out respectively
for the planar beam structure. The numerical examples
show that the multi-objective cohesive hierarchical
clustering algorithm can be well applied to the sensor
optimization layout of the three objective functions of
layout index value, MAC minimum value and cost. At the
same time, by comparing the layout results of a single type
sensor and multiple types of sensors, it is verified that the
layout of multiple types of sensors at the same time can get
better results than the layout of a single type of sensor. The
numerical results show that the cohesive hierarchical
clustering method is superior to the motion energy method
and the independent method, which can better reflect the
characteristics of the original structure and provide more
structural vibration information. The proposed method has
high iterative search efficiency and can provide a new way
for the sensor optimization of spacecraft with complex
structures. In this paper, only a few factors are considered
to determine the initial number of sensors, and the initial
number of sensors should be considered comprehensively
in combination with various factors.
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