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Abstract
Finding the optimal number and location of measurement points for modal tests and virtual sensing
applications is a non-trivial task. The numerical mode shapes of the test object, if available, can assist in
picking the optimal sensor number and locations. As in any optimization problem, an objective function is
formulated. The typical objective functions are the determinant of the Fisher Information Matrix, the sum
of the off-diagonal elements of the AutoMAC matrix, the condition number of the mode shape matrix, etc.
The optimization problem is posed as distributing the given number of sensors in the candidate locations to
maximize (or minimize) the chosen objective function. This binary optimization problem is typically solved
by using sequential sensor placement or genetic algorithms. This study suggests the relaxation of the binary
optimization problem by introducing sensor density: in each candidate location, the sensor is allowed to
have a density varying from 0 (no sensor) to 1 (there is a sensor). In this case, the derivative of the objective
function with respect to sensor configuration exists, and powerful gradient-based optimization algorithms
can be employed. The study elaborates on the suggested method and demonstrates its advantages in
application to test objects of different complexity.

1

Introduction

When planning a campaign for structural dynamics measurements, it is always a task to find the optimal
number and location of measurement points. A common practice is to place a sufficient number of
measurement points in a fashion that generates a regular mesh on the test object [1]. The wireframe model,
built on top of the mesh, allows the test engineer to animate the operational deflection shapes and mode
shapes in a subjectively easy to comprehend way. If the number of measurement points exceeds the number
of available sensors, the sensor roving technique is employed: the available sensors are consequently moved
between the desired locations, thus the sensors shortage is compensated by the extended measurement time.
This approach is acceptable for in-situ and lab measurements, where the typical tasks are troubleshooting
and numerical model validation.
In the last decade, the increased availability of sensors, measurement channels, and data processing/storage
capacities made the permanent vibration monitoring of civil and mechanical structures feasible. In this
scenario, the sensors are permanently installed on the structure, and the data acquisition takes place during
the entire life of the structure. The main applications of vibration monitoring were structural health
monitoring (SHM) and condition monitoring (CM). More recently, following the overall digitalization trend,
vibration monitoring becomes an element of the digital twin (DT) concept, where, for example, the virtual
sensing methods provide the input to the fatigue evaluation algorithm and can be used for estimating the
remaining lifetime of the structures.
It is important to note the key difference between laboratory measurements and vibration monitoring. In the
former case, only one “instance” of the test object is only thoughtfully tested once. This can justify a big,
often redundant, number of measurement points placed in the nodes of a regular mesh. In the case of
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vibration monitoring, all manufactured units of the test object are monitored during their entire lifetime.
The measurement point redundancy is not economically justifiable in this case, and the minimum necessary
number of sensors must be used, and they need to be placed at the optimal locations.
The problem of optimal sensor placement (OSP) in structural dynamics was postulated in 1991. Kammer
[2] introduced the problem and established the classical OSP formulation: based on numerical mode shapes
(for example, those resulting from a FE model), by selecting “a given number of sensor locations from an
initial much larger set” to maximize some utility of the measurement system. It was also noted that the OSP
problem consists of two challenges:
1) Which utility to choose.
2) How to solve the binary (also known as discrete, boolean, and combinatorial) optimization problem.
Objective function. To answer the first question, one must refer to the application, namely, the purpose of
the measurement system. During the three decades since the OSP problem postulation, all the abovementioned structural vibration applications were attempted from the OSP viewpoint, and a vast number of
studies were published; a few are mentioned below: Kammer in [2] considered the experimental validation
of the FE model. Shih et al. [3] concerned the OSP to improve the modal identification. C. Papadimitriou
made a significant contribution to the generalization of the OSP in application to wide-ranging parametric
system identification problems, for example, [4], [5]. In [6], Mendler et al. optimized the sensor locations
to increase damage detectability for statistical damage detection. Other OSP formulations for SHM were
reviewed in [7]. The OSP for virtual sensing applications was studied in [8], [9], where the latter paper also
took the sensors' installation cost into considerations.
Optimization method. The second OSP challenge is how to solve the optimization problem. The difficulty
is that the optimization problem is binary: in any possible sensor location, there should be either a sensor or
no sensor, that is, the design variable at each possible sensor location 𝑖 is 𝛿𝑖 = {0; 1}. It means in
mathematical terms that the objective function is not a continuous function of the sensors’ distribution, its
gradient w.r.t. the latter does not exist, and fast gradient-based optimization algorithms cannot be applied to
this case. Different approaches were suggested to solve this problem. The exhaustive search (also known as
a brute-force method), where all possible sensor configurations are attempted, is not applicable as the
number of the possible combinations is astronomic even for small-size problems. When introducing the
OSP problem in [2], Kammer also suggested the algorithm for solving the optimization problem. Starting
from the full sensor configuration, where the sensors are placed at all possible locations, the algorithm
sequentially, one by one, removes the sensor that contributes least to the objective function. Later, this
approach was generalized by Papadimitriou, [10], who also introduced the term “sequential sensor
placement” (SSP) and suggested two SSP types: BSSP (backward SSP) and FSSP (forward SSP). As the
name suggests, the latter approach starts from a not instrumented test object and one by one adds a sensor
to the locations where it contributes most to the objective function. Study [9] suggested a combination of
the FSSP and BSSP techniques. The same study demonstrated a good performance of the SSP methods,
exemplifying this by comparing the SSP with the results of the exhaustive search on a relatively small OSP
problem. Kim and Park in [11] suggested a way to reduce the number of iterations that BSSP needs to
converge to an optimal solution and thus boost the performance of the technique.
Though the SSP-related methods are efficient and demonstrate good performance, they cannot guarantee to
find a global optimum of the objective function due to their sequential nature. In this sense, the genetic
algorithms (GA, also known as evolutionary algorithms) are an alternative to SSP. Since the first application
of GA to the OSP problem in [12], GA has successfully competed with SSP in OSP (for example, [13],
[14]).
Both SSP- and GA-based OSP can be extended to multi-objective optimization via the Pareto approach,
[15]. In this case, several objective functions can be mixed, and the algorithm will be able to capture several
optimal points along the Pareto front.
The present study employs a different, relaxed optimization approach: instead of the binary formulation
𝛿𝑖 = {0; 1}, we introduce the sensor density, which can continuously vary from zero (no sensor) to one
(there is a sensor): 𝜌𝑖 = [0; 1]. This approach was inspired by the achievements in topology optimization
(for example, www.topopt.dtu.dk) where the binary relaxation is employed for designing lightweight

structures and mechanisms with given static and dynamic properties. It turned out that the relaxation
approach has already been applied to the OSP problem; it was introduced in [16] under the name convex
optimization and applied to OSP for SHM in [17] and to Bayesian OSP in [18].
The presented paper is thought to represent a practicing test engineer’s view on the OSP. Assuming the
mode shapes are available from the FE analysis, it applies the BSSP and the senor density approach first to
a simple structure (a rectangular plate) and then to a typical 3D test object. The numerical mode shapes for
the latter test object are defined at about 24,000 nodes. The paper also addresses the choice of the optimal
number of sensors and the use of monoaxial sensors on 3D structures, focusing on their orientation. These
issues, though their practical importance, are often ignored in the OSP literature. Finally, the paper
demonstrates the application of the sensor density approach in more traditional engineering formulations
such as reducing the correlation between the modes (minimization of the off-diagonal elements of the
AutoMAC matrix) and solving the inverse problem. The latter is a common task in some engineering tools
for example, the orthogonality check.

2

Theoretical background

The presented study employs the objective function introduced in [2] and the paragraphs below briefly
describe it following its interpretation given in [5] for the binary formulation and then extend it to the sensor
density formulation.
Let us assume 𝚽 ∈ ℝ𝑁×𝑀 is a mode shape matrix built of 𝑀 mode shape vectors defined at 𝑁 degrees-offreedom (DOFs) and matrix 𝐋 ∈ ℕ𝑁𝑜 ×𝑁 is the observation matrix, where 𝑁𝑜 is the number of the observed
DOFs. Matrix 𝐋 is comprised of zeros and ones and can be constructed from the sensor configuration vector
𝜹 ∈ ℕ𝑁×1 with elements 𝛿𝑖 = 1 at the observed DOFs and 𝛿𝑖 = 0 otherwise, [4]. The matrix is constructed
in such a way that the product 𝐋𝚽 ∈ ℝ𝑁𝑜 ×𝑀 provides the mode shape vectors at the observed DOFs and
𝑑𝑖𝑎𝑔(𝐋𝑇 𝐋) = 𝜹. The Fisher Information Matrix (FIM) is defined as
𝐐 = (𝐋𝚽)𝑇 (𝐋𝚺t 𝐋𝑇 )−1 (𝐋𝚽),

(1)

where 𝚺t is the covariance matrix of the prediction error. Following Kammer [2], Papadimitriou [19], [4]
introduced the information entropy norm as the measure of the uncertainty in the experimental model
parameter estimation and showed that the information entropy depends on the determinant of FIM. He also
proved the important proposition implying that “the information entropy reduces as additional sensors are
placed in a structure”, [4]. It was proven that minimizing the uncertainty in the experimental model
parameter estimation is equivalent to maximizing the determinant of FIM. Thus, the determinant of FIM is
a popular objective function in OSP, and BSSP and GA are the popular algorithms to find the optimal sensor
configuration maximizing it.
The presented study employs the same objective function; however, it assumes that the sensors are placed
in all possible DOFs of the structure: 𝐋 = 𝐄𝑁×𝑁 , and each sensor is assigned with the sensor density 𝜌𝑖 that
can vary between 0 and 1: 𝜌𝑖 = [0; 1]. The sensor densities are organized in a vector 𝝆 ∈ ℕ𝑁×1 . The density
defines the sensing ability of a sensor by affecting its measurement uncertainty and thus affects the 𝚺t matrix.
It is assumed that 𝚺t = 𝚸 −2 , where 𝚸 = 𝑑𝑖𝑎𝑔(𝝆). For 𝜌𝑖 = 1, the corresponding element of the 𝚺t matrix
is 1 and for small values of 𝜌𝑖 the corresponding sensor measurement uncertainty is a big number. These
considerations yield
𝐐 = 𝚽 𝑇 𝚸 2 𝚽.

(2)

It is easy to show that in the limit case, when 𝜌𝑖 takes only 0 or 1 values, the FIM computed via (2) is the
same as via (1) (assuming 𝚺t = 𝐄).
The considered optimization problem that should lead to the optimal sensor configuration 𝝆∗ is formulated
as:
𝝆∗ = argmax(det(𝐐))
𝝆

(3)

subject to
𝜌𝑖 ∈ [0; 1]
𝟏𝑇 𝝆 ≤ 𝐶
The last constraint limits the amount of sensing to be distributed, though in the final designs it is not
necessary that 𝑁𝑜 = 𝐶. The list of the constraints can be extended by the application-specific constraints,
which will be discussed later.
As det(𝐐) is now a function of the continuous variables 𝝆, it is possible to analytically derive its sensitivities
w.r.t. 𝝆. It is convenient to present the determinant of 𝐐 as the product of its eigenvalues 𝜆𝑚 , 𝑚 = 1. . 𝑀:
𝑀

det(𝐐) = ∏ 𝜆𝑚 ,

(4)

𝑚=1

and the derivatives of the eigenvalues w.r.t. 𝝆 are readily available.
Efficient gradient-based optimization routines can now be employed; in the examples considered below, the
method of moving asymptotes (MMA) [20] was used.
The optimization starts with even distribution of the available amount of sensing to all DOFs: 𝜌𝑖 = 𝐶/𝑁,
thus the constraints in (3) are fulfilled. Normally, the algorithm converges to the solution with sensor
densities being ones and zeros. In some cases, when additional application-specific constraints are involved,
the sensor densities may have intermediate values between 0 and 1. Then, the final sensor system design
(𝑓𝑖𝑛)
𝜌𝑖
, 𝑖 = 1. . 𝑁, is formed by applying a threshold 𝜌𝑡ℎ𝑟 :
(𝑓𝑖𝑛)

𝜌𝑖

={

0,
1,

𝜌𝑖 < 𝜌𝑡ℎ𝑟
𝜌𝑖 ≥ 𝜌𝑡ℎ𝑟

(5)

This manipulation may cause a slight difference between the values of the objective function and the
constraint of the final design and those observed during the optimization process.

3

Application to a simple mechanical system

A freely supported uniform rectangular plate with the ratio of the long and short side 40/27 was modeled in
a FE software, and the first 10 flexural mass-matrix normalized mode shapes were obtained. Only the DOFs
normal to the plate surface were considered, and the dimension of the mode shape matrix was 3974×10. The
mode shapes were input to the two OSP algorithms: BSSP (implemented in HBK’s BK Connect® software)
and the presented sensor density-based algorithm. The resulting sensor configurations are presented in
Figure 1.
It appears that the two OSP algorithms generate almost identical 12-sensor designs, though the BSSP
produces the one with a slightly better objective function value. For comparison, a regular 4×3 sensors
configuration is shown as well, it is characterized by 50 times lower objective function and some inferior
off-diagonal term of the AutoMAC matrix.
It must be noted that the optimization formulation (3) does not involve any optimization for AutoMAC,
however, a reasonable AutoMAC matrix is a typical side effect of the uncertainty minimization pursued by
(3). The formulation (3) can be extended to pursue a better AutoMAC by adding a corresponding constrain,
which will be discussed later.

Figure 1: Optimized sensor configurations and the corresponding AutoMAC. Left: BSSP; middle:
sensor density approach; right: regular mesh

4

Application to a 3D structure

To demonstrate the algorithms on a more realistic test object, a FE model of a 3-dimensional object was
generated (Figure 2). Fourteen first numerical mode shapes (displacement, flexural, mass-matrix
normalized) defined in three directions in 23851 nodes, forming the mode shape matrix with dimensions
23851×3×14, were input to the two OSP algorithms.

Figure 2: Test object and its FE model (Femap / NX Nastran)

4.1

Placement of triaxial sensors

First, the algorithms were set to find the optimal locations for triaxial accelerometers, thus the optimization
problem had 23851 design variables: 𝜹 ∈ ℕ23851×1 for BSSP and 𝝆 ∈ ℝ23851×1 for the sensor densitybased algorithms.
The two algorithms generated almost identical configurations comprising 12 triaxial accelerometers (that is,
36 measured DOFs), Figure 3. Only the output of the sensor-density-based algorithm is shown.

4.2

Principal measurement directions

It is evident that some measurement directions are less informative than others. We have utilized this
knowledge in the plate example (Section 3), where we retain only the DOFs that are normal to the plate
surface. For the second example, the engineering intuition indicates that the Z-direction should be much less
informative than the X- and Y-directions and the test engineer could use 12 bi-axial accelerometers instead
of triaxial ones, saving 12 measurement channels, without any information loss. However, for complex 3D
structures with no apparent mass and stiffness distribution, such intuition-based judgments can be risky.
Below, a simple approach to evaluate the importance of measurement directions is outlined. The approach
is based on the principal component analysis of the mode shape matrix. The singular value decomposition
(SVD) is applied to the mode shape matrix: the matrix is reformulated as 𝚽 ∈ ℝ𝑁𝑛 ×𝐷×𝑀 , where 1 < 𝐷 ≤ 3
is the spatial dimensionality of the test object, in the considered case 𝐷 = 3 and 𝑁𝑛 is the number of nodes
where the sensors can be installed. Then for each node 𝑛 = 1 … 𝑁𝑛 , the 𝐷 × 𝑀 matrix 𝚽𝑛 is extracted, and
SVD is applied to it:
𝐔𝑛 𝐒𝑛 𝐕𝑛𝑇 = 𝚽𝑛 .

(6)

In the common case when 𝐷 ≤ 𝑀, the left singular vectors forming the matrix 𝐔𝑛 ∈ ℝ𝐷×𝐷 can be considered
as a new orthogonal basis defining the principal measurement directions (PMD) and the singular values
forming the diagonal of 𝐒𝑛 define the scaling of the principal directions. The latter can be used to denote
the relative importance of the principal directions. The 𝐔𝑛 matrix can also be considered as a rotation matrix
that converts the mode shapes 𝚽𝑛 to the new principal direction coordinate system, 𝚽𝑛𝑃𝐶 = 𝐔𝑛 𝚽𝑛 . Figure
4 shows the principal measurement directions for the optimal sensor locations.

Figure 3: The optimized sensor configuration for triaxial sensors according to the sensor-density
approach. The suggested accelerometer positions are shown as red dots and the measurement directions
as the red/green/blue lines.

Figure 4: Top: The optimized sensor configuration for triaxial accelerometers. The suggested
accelerometer positions are shown as red dots, the measurement directions in the principal coordinates
denoted as: red: the first principal direction; green: the second; blue: the third. Bottom insets: zoomedin views.
It becomes apparent that the first and most important principle measurement directions are close to the
vectors that are normal to the “wings” and “body” of the test object. As anticipated, the least important
measurement direction is along the Z-axis. Obviously, when looking for the optimal positions of triaxial
sensors, the output of the OSP algorithms is not affected by employing or not employing the principal
directions. However, the principal directions can be helpful when considering the OSP of monoaxial sensors,
which is considered in the following section. It is worth noting that the principal direction concepts can be
employed for both BSSP and the sensor-density approach.

4.3

Placement of monoaxial sensors

Though it is more convenient to use triaxial sensors, there are cases where a monoaxial accelerometer is the
preferable choice. This is especially the case in vibration monitoring, where the measurement system is
permanently installed on the monitored object, and the sensors and measurement channels count defines the
economic feasibility of the monitoring system.
In the case of monoaxial sensors, the OSP problem becomes a problem of finding the optimal placement
and orientation of the sensors (OSP&O). The method considered in the presented study is to exclude the
measurement directions from the optimization problem but attach them to some predefined coordinate
system(s) (CS), which is often called a measurement CS (MCS). For example, this could be the CS where
the mode shapes are defined (which is typically the global CS) or the CS defined by the PMD or some
other MCS.
In contrast to the case of triaxial sensors, now we consider all DOFs separately, and thus the optimization
problem size increases: 𝜹 ∈ ℕ71553×1 for BSSP and 𝝆 ∈ ℝ71553×1 for the sensor density-based algorithm.

The outputs of the BSSP and the sensor density approaches for different MCS formulations are shown in
Figure 5.
a)

b)

c)

d)

Figure 5: The optimized sensor configuration for monoaxial accelerometers. a) BSSP in global
CS; b) sensor-density approach in global CS; c) BSSP in PMD MCS; d) sensor-density approach
in PMD MCS.

When the sensor orientation is fixed to match the global CS, the results of both algorithms are slightly
counterintuitive (Figure 5a, b): the algorithms suggest using 16 sensors and orienting all of them along the
Y-direction. Visually the results are very close, but the resulting objective function is slightly better for the
BSSP algorithm.
In the case where the orientation of the sensor is fixed to the PMD, BSSP suggests a 15-sensor design (Figure
5c), and the sensor-density algorithm converges to a 16-sensor configuration (Figure 5d). It is interesting to
note that from the resulting objective function perspective, the 15-sensor configuration (Figure 5c)
outperforms the 16-sensor ones shown in Figure 5a, b. This does not contradict the proposition proven by
Papadimitriou in [4] as the configuration shown in Figure 5c uses the different (and more informative)
measurement directions.
The PMD is a valuable indicator of the measurement directions informativity. However, from the practical
viewpoint, it might be difficult to mount the sensors according to the PMD. In Figure 6a, the sensor
configuration from Figure 5c is shown from the top. It is noticeable that the directions of some sensors
mounted on the “body” are not normal to its surface and reproducing the suggested measurement direction
in practice will be challenging.
If it is possible to calculate the vectors normal to the test object surface at every node and construct the
MCSs based on these vectors, it is practical to use these MCSs for the OSP algorithm. Thus, the mode shapes
matrix 𝚽 in (2) shall be recalculated to transform the mode shapes to the selected MCS. Figure 6c shows
the optimized 15 sensors configuration based on such MCSs, Figure 6b is the top view, and Figure 6d the
corresponding AutoMAC. The value of the objective function for this configuration is slightly worse
compared to the one in Figure 5c, though the designs are very similar.

a)

b)

c)

d)

Figure 6: Optimal sensor configurations: a) PMD-based MCSs, top view; b, c, d) flush-mounted
sensors: top view, configuration, and AutoMAC, respectively.

a)

b)

c)

Figure 7: Sensor amount for BSSP. a) The utility function, the dots indicate the two configurations: b)
the recommended 15-sensor configuration; c) 21-sensor configuration (sensor clustering).
It is worth noting that the sensor-density approach can logically extend to the OSP&O problem. In this case,
the sensor orientation, expressed in the terms of Euler angles or quaternions, can be considered as an extra
design variable in addition to the sensor density. This is the field of future research.

5

Notes about the optimal sensor count

The two typical questions a test engineer may ask are: 1) how many sensors I need, and 2) where to place
them. The BSSP algorithm does not answer the first question: at each iteration, it produces a sensor
configuration and leaves the choice of the optimal one to the user. The sensor-density approach also requires
the “available amount of sensing” 𝐶 as the right-hand side of the last constraint in (3).
For the BSSP-based OSP, the present study suggests an empiric approach, which is based on the following
utility function computed at each iteration of BSSP:
−1

𝑢(𝑖) = ((𝟏𝑇 𝜹(𝑖) ) 𝜅(𝐋(𝑖) 𝚽)) ,

(7)

where the superscript (𝑖) indicates the iteration and 𝜅(… ) is the condition number of the argument matrix.
The function is the inverse of the product of the condition number of the mode shape vectors at the observed
DOFs and the number of the observed DOFs. The usefulness of the condition number as a measure of the
utility will be discussed later.
The peak of the utility function indicates the recommended configuration. This approach was employed for
all previous illustrations of the BSSP method, and it is implemented in HBK’s BK Connect® software. The

utility function computed for the last 28 iterations of the BSSP is shown in Figure 7a followed by two sensor
configurations, the recommended one with 15 sensors in Figure 7b and another configuration with 21
sensors, Figure 7c. In general, all configurations with a sensor count greater than 15 are like the
recommended one, but instead of placing the sensors in the not instrumented areas, the algorithm tends to
“cluster” more sensors around already placed ones (Figure 7c). This “sensor clustering” is a known artifact
of the FIM-based objective functions, for example, [21].
The same applies to the sensor-density approach. Selecting a high value of 𝐶 in (3) leads to sensor clustering.
It is recommended to attempt 𝐶 = 𝑀 and adjust the value if necessary.
To force the algorithm to place the sensors in the not instrumented areas, it is advisable to increase the
number of modes taken into consideration. Figure 8 shows the optimized sensor configurations for 𝑀=18,
22 and 24 obtained using the sensor-density approach.
a)

b)

c)

Figure 8: Sensor configurations by the sensor density approach and theirs AutoMAC. a) 20-sensor
for 𝑀 =18; b) 22-sensor configuration for 𝑀 = 22; c) 26-sensor configuration for 𝑀 = 24.

6

OSP for MAC and the condition number

Though the information entropy and FIM are valid objective functions for OSP, and this is rigorously
proven, for test engineers these terms are not easy to comprehend. Typically, test engineers evaluate the
informativeness of the sensor configuration by examining the mode shape matrix quality features such as
the off-diagonal elements of the AutoMAC matrix and/or the condition number (CN) of the mode shape
matrix 𝜅(𝐋𝚽), see (1). The former is the measure of the mutual correlation between the mode shapes, and
it, despite all its shortcomings [22], is perhaps one of the most popular tools of the experimental modal
analysis. The latter indicates the quality of the pseudoinverse (𝐋𝚽)+ in terms of the sensitivity of the inverse
problem to the measurement errors: a bigger CN may cause amplification of the measurement error when
solving the inverse problem. The abovementioned inverse problem is employed in common engineering
tools such as SEREP (System Equivalent Reduction Expansion Process) [23], orthogonality check [24] and
virtual sensing utilizing the Modal Decomposition and Expansion approach [25].
However, employing the off-diagonal elements of the AutoMAC matrix or the CN as the objective function
is rather difficult. Whilst adding an extra sensor at any point of the test object always increases the
determinant of FIM (as it follows from Proposition 1 proven in [4], p.930), this is not the case for the two
former features. Adding a sensor at any point of the test object can “worsen” the AutoMAC matrix and
increase the CN. Appendix 1 illustrates this with a simple example.
When solving an OSP problem by maximizing the determinant of FIM, we do not directly control the
AutoMAC matrix and the CN, however, the experience shows that they often converge to reasonable
numbers. However, if the results are not satisfactory, one can consider multi-objective optimization.
Papadimitriou in [15] suggested the Pareto approach to include other objectives to the OSP problem. The
presented paper suggests extending the sensor density method via adding extra constraints to the
optimization (3).
First, one can extend (3) by setting a constraint on the condition number:
𝜅(𝚸𝚽) ≤ 𝜅 ∗ ,

(8)

where 𝜅 ∗ is the requested condition number of the mode shape matrix. Figure 9a shows the sensor design
and the corresponding AutoMAC matrix for 𝜅 ∗ = 6. Compared with the initial 16-sensor design generated
without the constraint (Figure 5d), now the algorithm converges to a 19-sensor design, with the condition
number improved from 9.3 to 6.2. The optimization takes more iterations as the algorithm needs to balance
between maximizing the objective function and keeping the constraint fulfilled; the convergence history has
a typical sawtooth shape. The convergence histories for both cases are shown in Figure 9b.
As was mentioned before, due to the approach the final sensor system design is generated (5), the final
condition number may slightly differ from the requested one.
Along with the CN constraint, it is possible to introduce a constraint related to the off-diagonal terms of the
AutoMAC matrix. There are different constraint formulations such as
•
•
•

constraining the value of the specific element of the AutoMAC matrix. This is a good choice
when a “problematic” element of the matrix is identified, which needs to be improved.
constrain the biggest element of the AutoMAC. This choice can cause a problem when two or
more elements of the AutoMAC are of approximately the same values, and the optimization
routine can be confused by switching between them.
constrain the mean of the off-diagonal elements. In this case, the danger is that the optimization
routine can leave one of the elements relatively larger than the others while keeping the mean
below the set limit.

a)

b)

Figure 9: a) The 19-sensor configuration optimized for low condition number; b) corresponding
convergence history (red) vs. the convergence history without the CN constraint.
An example of the first constraint is given below. Without setting any constraints, the design shown in
Figure 5d is obtained. Examining the AutoMAC matrix, it was identified that the correlation between the
7th and 8th modes is too high, and the corresponding element of the matrix is 0.44. As the natural frequencies
of the two modes are close, the high mode shape correlation can cause problems with the stabilization of the
corresponding poles when using the stabilization diagram in modal analysis.
The optimization algorithm was re-set to constrain the problematic element to 0.3. The resulting 16-sensor
design and the corresponding AutoMAC matrix are presented in Figure 10, where the correlation problem
between the 7th and 8th modes is solved at the expense of worsening the objective function.

Figure 10: The 19-sensor configuration optimized to reduce the correlation between modes 7 and 8.

Conclusion
The paper introduces a sensor-density approach that allows relaxation of the binary optimization problem
typical in solving the optimal sensor placement problem. As the objective function for OSP, the study
employs the classical formulation, namely maximization of the determinant of the Fisher Information
Matrix, which leads to the sensor configuration minimizing the uncertainty in the experimental model
parameter estimation. The paper compares the results of the suggested approach with the conventional
backward sequential sensor placement algorithm.
The paper attempts to represent the view of a practicing test engineer and extends the OSP to the traditional
characteristics of the sensor configuration such as the AutoMAC matrix and the condition number of the
mode shape matrix.
The paper also discusses the choice of the optimal number of sensors and the use of monoaxial sensors on
complex 3D structures. For the latter case, the orientation of sensors is addressed, and the idea of principal
measurement directions is suggested.
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Appendix
Figure 11a displays the first two mode shapes of a simply supported uniform beam of a unit length
instrumented with three evenly spaced sensors denoted by the black dots. The dotted lines show the mode
shapes at the observed DOFs. Next to the figure, the values of the determinant of FIM, the condition number
of the mode shape matrix and the off-diagonal element of the AutoMAC matrix are shown.
In Figure 11b, an extra sensor is added at position 0.375 and the mode shape matrix features are displayed.
As it follows from Proposition 1 in [4], the determinant of the FIM increased as the number of sensors
increased. However, the off-diagonal element of the AutoMAC matrix, which was “perfect” before, became
worse. Same can be said about the condition number: with three sensors, the condition number was “perfect”
but the number of sensors increase makes it worse.
a)
det(𝚽 𝑇 𝐋𝑇 𝐋𝚽) = 4;
𝜅(𝐋𝚽) = 1;
AutoMAC12 = 0

det(𝚽 𝑇 𝐋𝑇 𝐋𝚽) = 6.71;

b)

𝜅(𝐋𝚽) = 1.29;
AutoMAC12 = 0.06

Figure 11: Illustration of how the sensor count increase may worsen the features of the mode
shape matrix.

Nomenclature
OSP

Optimal Sensor Placement

DOF

Degree-of-freedom

𝑁

Number of DOFs in the numerical model

𝑁𝑜

Number of the observed DOFs

𝑀

Number of taken into account modes

𝚽

Mode shapes matrix

𝐋

Observation matrix

𝐐

Fisher Information Matrix, FIM

𝜹

Sensor configuration vector, discrete formulation

𝝆

Sensor configuration vector, sensor-density formulation

𝜅(𝐀)

Condition number of a matrix 𝐀

