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Abstract

In this paper, we introduce a new technique for the separation of physical and spurious modes based on an
initial clustering in frequency-damping space, followed by a self-learning classification algorithm. For the
classification, Least Squares Support Vector Machines are used, a Least Squares version of the theory of
Support Vector Machines which maps the classification problem to a high-dimensional feature space were
the data points are linearly separable.

1 Introduction

Separation of physical and spurious modes is a long-standing problem in the modal analysis community
[10]. It is widely known that in order to extract all relevant information from ambiently or directly excited
vibrating structures, a high model order should be chosen during the identification process. However, high
model orders will almost inevitably lead to the introduction of so-called spurious modes into the model, i.e.,
modes which are found in the model but have little to none physical relevance.

Various techniques have been suggested over the last few years to remove such spurious modes from a model.
The most popular approach is without any doubt the creation of a so-called stabilization diagram [10], which
is typically generated from a set of identified models with increasing model order. Modes which appear in
most of these models with consistent frequency and damping are considered physical. Modes which only
appear in some models are considered spurious.

Alternatively, in recent years, techniques have been proposed to remove spurious modes without genera-
tion of a stabilization diagrams. Examples include the analysis of pole/zero cancellations [15] and various
methods to assess the energy content of vibrational modes [1, 2]. Although these methods have been shown
to be quite succesful in many cases, the use of stabilization diagrams is still considered by many to be the
most reliable technique for mode classification. A major disadvantage of stabilization diagrams, however, is
that they involve a large amount of user interaction. Hence, analysis of stabilization diagram is a costly and
time-consuming process, and certainly unsuited for online applications, such as the monitoring of vibrating
airplanes in flight [3]. In recent years, automatic procedures for the analysis of stabilization diagrams have
been proposed which to a large extend try to mimic the decision making process of a human operator. Exam-
ples include the use of simple heuristic rules [7], fuzzy logics and clustering. A major drawback in all these
algorithms, however, is the fact that many thresholds and parameters need to be specified in advance.

In this paper, we introduce an automatic interpretation algorithm for stabilization diagrams which is based on
a simple clustering technique followed by a self-learning classification algorithm based on the theory of Least
Squares Support Vector Machines (LS-SVMs) [8, 9]. Due to the self-learning nature of the algorithm, all
thresholds and parameters are automatically tuned to the kind of measurement data that is available. Hence,
once the LS-SVMs are trained, the proposed method can be considered as fully automatic.

The outline of this paper is as follows: In Section 2, the main aspects of the algorithm are described and a
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Figure 1: Stabilization diagrams of a simple system with modes at 2 Hz and 6 Hz. The
picture at the left displays a classical order vs. frequency diagram. The picture at the right
a damping vs. frequency diagram. Note that the physical modes form two dense clusters in
the picture at the right.

concrete algorithm for the initial clustering step is proposed. In Section 3, LS-SVMs are introduced and used
for the classification of the clusters obtained in Section 2. In Section 4, finally, the performance of the new
technique is analyzed by means of a couple of examples.

2 Main building blocks of the algorithm

2.1 A stabilization diagram as a damping vs. frequency plot

Assume discrete input-output measurements {uy,yx},k = 0,..., N — 1, with u, € R™ y, € R", are
available and a set of linear models

Mi,i:nl,...,nh,nh>nl>0 (1)

has been obtained using system identification on the input-output measurements with orders i = ny, ..., n.
Assume further, that from each model M; a set of modes p; ; are obtained characterized by a frequency,
damping value and corresponding modal vector, denoted as f; ; € R*,d; ; € R and v; ; € R™ respectively,
with j ranging from 1 to the number of available modes in M, which we shall conveniently denote as n a4, .

Two common ways to depict these modes are displayed in Figure 1 for a simple system involving two
physical modes at frequencies 2H =z and 6 H z. The picture at the left displays a classical stabilization diagram
with on its vertical axis the model orders, and on its horizontal axis the frequencies f; ;,j = 1,...,ny, that
are obtained for each model order 7. The picture at the right displays the same information in a frequency-
damping plot, with d; ; plotted versus f; ; for each 7 and j such that n; <=1i <=nj; and 1 <= j <= n4,.

From the picture at the right, it is clear that the estimated modes corresponding to a physical mode form
dense clusters which could in principle be retrieved using classical clustering approaches such as the K-
means algorithm [4]. However, most of these algorithms assume that the number of clusters to find is well
known in advance, which is most often not the case. In this paper, we therefore propose to overestimate the
number of clusters and use a clustering algorithm which does not rely on an initial estimate of the number of
clusters to find. In a second step a self-learning classification algorithm trained on a set of cluster properties
such as the number of members, and the variances in their frequencies, dampings and modal vectors can
be used to distinguish between clusters representing physical modes and those representing spurious modes.
Hence, the main purpose of the clustering algorithm will be to perform some initial preprocessing on the



stabilization diagram. The final decision on the nature of a cluster and the modes within is taken by the
learning algorithm. We discuss a possible clustering algorithm in the following subsection.

2.2 Clustering based on the distance between individual datapoints

Probably the most straightforward way to cluster a set of data points, where the data points are in this case
the set of modes p; ;, is to start with one initial data point, and append all data points which are closer to this
point than a certain threshold +. This procedure is repeated for the newly acquired data points to include all
points which are mutually connected by a finite number of hops with distance smaller than 7. Once a first
cluster is constructed in this way, a data point which does not belong to the first cluster is chosen and the
procedure is repeated to form the second cluster. The procedure is continued until all data points belong to
exactly one cluster.

For the distance measure between two datapoints, in our case two modes p;, ;, and p;, j,, We Use:

. 1 1
dISt(pil,jwpiz,jz) = \/@(filyjl - fiQ,j2)2 + 5_d(di1,j1 - di27j2)27 (2)

where §¢ and 6,4 are two tuneable parameters which can be seen as a measure of what is considered “far” in
terms of distances between frequencies and dampings. Note the absence of the modal vectors in the distance
function. The modal vectors will be used in a later stage. As a threshold for the clustering algorithm we
choose = = 1. The most apparent disadvantages of this approach are:

e The clustering algorithm relies on the specification of two tuneable parameters ¢ ; and J,. A reliable
technique to extract §; and ¢, from training data is given in Section 3.

e The parameters 6 and d 4 are preferably chosen rather high to avoid breaking up groups of modes
which correspond to one physical mode (which would result in a physical mode being classified as
a spurious one, which is in general considered worse than the opposite). However, because of this
policy, a set of physical modes which are very densely packed can accidentally be grouped in one
single cluster, even if the modes are fundamentally different. A dedicated procedure to deal with this
situation is given in the next subsection.

As biggest advantages we have:

e A very fast implementation of this algorithm can be made as the decision process is fairly simple.

e The algorithm is non-recursive and there is no dependency on initial datapoints as is for instance the
case in K-means algorithms.

Results of the described clustering algorithm are shown on measurements obtained from a steel beam that is
part of a cellular phone network [5, 6]. 9 accelerometers were placed on the beam and their signals used as
outputs in a stochastic subspace identification algorithm [11, 12, 13]. As the beam was sufficiently excited
by the wind, no further artificial excitation was used. A stabilization diagram of the beam is shown in Figure
2 together with the results of an initial clustering algorithm with 6 ; = 0.04 Hz and 64 = 0.5%.

2.3 Dealing with closely spaced modes

A well known problem in the field of modal analysis is that of closely spaced modes. As the identification
order increases, modes in the stabilization diagram tend to split, and this for spurious as well as for physical
modes. Especially in the latter case it is often difficult to determine whether the splitting of a physical mode
corresponds to a real double mode, or is just an artefact of the artificially high model orders involved. An
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Figure 2: Stabilization diagrams (left) and initial clustering results (right) on a steel beam.
Clusters are indicated with arrows and were obtained setting 6 ; = 0.04 Hz and 64 = 0.5%.
Their centers and standard deviations in frequency and damping are displayed using red
Crosses.
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Figure 3: Closer look at the area around 1.175 Hz of the stabilization diagrams (left) and ini-
tial clustering results (right) displayed in Figure 2. Clusters are indicated using red crosses.
Note how a double mode is represented by one single cluster.

example of such a double mode is displayed in Figure 3 which gives a closer look at the frequency range
around 1.175 Hz in Figure 2. Note how the double mode was identified as a single cluster, although it is well
known to be a real double mode (see the experiments in [5, 6]).

The presence of two or more different modes in a cluster can easily be detected from the fact that for most
model orders, two or more poles identified at this model order are found within the cluster. As an algorithmic
rule we propose for a given cluster, to count for each model order n such that n; < n < nj the number of
modes p; ; present in this cluster so that ¢ = n. The rounded average of this number over all model orders in
the stabilization diagram is taken as a measure for the number of modes in the cluster.

The modes themselves are separated by looking at their MAC-values, which is a measure for the angle
between their respective modal vectors. For two modal vectors v;, ;, and v;, j, we have:

|U;'Z;,jlvi2,j2|

MAC (v & v =) =
Wivi Viasia) = o ol

Using this as a distance measure, a K-means clustering algorithm with the above mentioned number of modes
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Figure 4: Closer look at the area around 1.175 Hz of the stabilization diagrams (left) and
initial clustering results (right) displayed in Figure 2, after a K-means algorithm was applied
to separate the double mode using a MAC-distance measure. Clusters are indicated using
red lines and crosses

given is used to redistribute the poles in the original cluster over several new smaller ones.

Alternatively, and especially if the number of outputs is low, so that the extra information obtained in the
modal vectors is limited, the K-means algorithm can be run using the distance measure (2) based on frequen-
cies and dampings.

Applying the algorithm as explained above, the mode around 1.175 Hz is correctly split, as seen in Figure 4.

3 Learning and generalization

3.1 The need for learning techniques

In Section 2, an algorithm was introduced to divide the set of modes, obtained from identification on a
vibrating structure, in a finite number of clusters. In principle, one could now continue by ordering these
clusters according to decreasing number of members, set a threshold (based on a gap in the ordered member-
count), and declare modes inside clusters with a high number of members as physical, and the other ones as
spurious. Several objections to this strategy can however be noted:

1. The outcome of the algorithm might heavily depend on the choice of the tuning parameters §  and dq
in (2).

2. It is not guaranteed that a clear gap in the ordered member-count will appear. In this case, one needs
to define a threshold manually, which would constitute yet another tuning parameter.

3. A member-count as such is not a reliable method to distinguish between spurious and physical modes.
It is widely known that in stabilization diagrams, spurious modes can show stabilizing behavior as
well, to a certain extend, which could lead to them being classified as physical.

As an example of the stabilization of spurious modes, Figure 5 displays a more detailed view on the region
around 4.6 Hz in Figure 2, for the measurements on a transmitter beam. Only one mode around 4.6 Hz is
known to be physical, namely the second one from the left. Yet, several other spurious modes are seen to
form clusters with a considerable amount of members. However, one can clearly notice that the physical
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Figure 5: Closer look at the area around 4.6 Hz of the stabilization diagrams (left) and
initial clustering results (right) displayed in Figure 2, after a K-means algorithm was applied
to separate double mode using a MAC-distance measure. Clusters are indicated using red
lines and crosses

mode has a much better stabilization for the orders 40 to 60 than the spurious ones. These properties will be
exploited in a learning classification algorithm to make a distinction between physical and spurious modes.
First of all, learning techniques will allow us to make a good choice for the tuning parameters ¢ y and J; from
a so-called training data set. Secondly, learning classification algorithms can be trained on several properties
of clusters, such as the variance in frequencies, dampings and modal vectors of the modes within (which
are a measure for the quality of the stabilization). This will allow for a much better discrimination between
physical and spurious modes than what would be obtained using a member-count only.

3.2 Construction of a training dataset

Learning algorithms need training data. In this subsection, we briefly discuss the generation of such data.
Assume a vibrating structure is given with a set of known physical modes. The frequencies, dampings and
modal vectors of these modes will be denoted as follows:

e Frequencies: fp, k=1,...,nm
e Damping values: d?, k = 1,...,nu
e Modal vectors: v), k =1,...,nm

where M is used to denote the true system, and n x( symbolises the total number of known physical modes
in this system.

Suppose, based on a sequence of input-output or output-only data measured on the system described above,
identified models M; are obtained for n; < ¢ < nj. We again denote the set of extracted frequencies,
damping values and modal vectors as f; ;, d; ;, v; ;, in accordance with Section 2.

The idea of a learning algorithm is now to learn to extract the true modal parameters from the set of estimated
ones. In atypical industrial situation, the known physical modes would be extracted by a skilled engineer. In
this case, training the learning algorithm is equivalent with teaching it to mimic the decision making process
of the engineer. As outlined before, in a first step d, and d4 will have to be extracted from the training
data. In a second step, clustering will be performed on the extracted modal parameters. Finally, an LS-SVM
classification algorithm will be trained to make a distinction between clusters containing physical modes and
clusters containing spurious modes.



3.3 Extraction of §; and 4,

The extraction of good choices for 6y and 4 from one or more training data sets can be done using a simple
procedure. Given a physical mode with frequency f,? and damping d?, the following algorithm is used:

1. set ¢ as the closest integer to —"’12_’”
2. find aset of {j;},i =y, ..., ny, such that j; = arg min, || iz — 7|

3. Sort the obtained sequence {f; j,},i = n,...,ny according to increasing distance to the target fre-
quency f,g. Put the result in a vector F.

4. Calculate mean v and standard deviation o of the first ¢ elements in F, assuming that their distribution
is approximately Gaussian.

5. If F(t+1) is within a 30-bound of the Gaussian distribution calculated above, increase ¢ with one and
continue with step 4.

6. 6y = 3o0.

This procedure is repeated for all physical modes and all available training data sets, whereafter the maximal
value over all obtained d is chosen. A similar procedure can be used to make a choice for §;. Note that the
so obtained choices for ¢ and 54 will be rather conservative (given the wide 3o bound). This, as mentioned
earlier, mostly to avoid false negatives.

Another measure that could turn out to be usefull later is the expected deviation of estimated modal vectors
from the true modal vector. Using the procedure described above, a parameter 4., giving a threshold for the
MAC value between two modal vectors which are essentially describing the same physical mode, can easily
be constructed. A typical choice in the modal analysis community is to set 6, to 0.9 or 0.95.

3.4 Parametrization of the clusters and introduction to LS-SVMs

With the choices of 67,04, and d,, obtained in the former subsection, the clustering algorithm outlined in
Section 2 can be started, resulting in a set of clusters which can all be considered as physical mode candidates.
However, as noted before, due to the fact that the number of clusters will in general be higher than the number
of physical modes, many of the obtained clusters will have to be removed in a second step. In order to do this,
for each cluster, a set of parameters indicating the relevance of the cluster are constructed. For the examples
included in this paper, we chose the following set of parameters:

1. Number of modes in the cluster

2. Quality of stabilization: A mode p;, ;, is considered stable if a mode p;, 1 ;, is found in the same
cluster such that

|fivgi = fir—1gal <O, |diy gy — diy—1,3o| < da, MAC(v4, j,,0i-1,55) > Ov
For each stable mode, a quality parameter ¢; is calculated as follows:
@i = Go,(fir o — fir—142) + Gs,(diy ji — diy—1,5,) + G145, (|1 = MAC(v4y 4y, viy—1,55)1)

with G, the Gaussian density function with zero mean and standard deviation x. The sum of all quality
parameters is used as a measure for the quality of the stabilization.

3. Standard deviation of all the frequencies



4. Standard deviation of all the damping values
5. Standard deviation of all the frequencies devided by the average frequency

6. Standard deviation of all the damping values devided by the average damping value

The idea behind a classification algorithm is now to construct a mapping f : R6 — {—1, 1} classifying each
cluster as physical (1) or spurious (-1). In a self-learning classification algorithm, this mapping f is derived
from a set of so-called training data points for which the classes are known.

Many self-learning classification algorithms exist, of which various flavours of cellular neural networks are
probably the most widely known. However, in this paper, we chose an algorithm based on the theory of Least
Squares Support Vector Machines [8, 9], a least squares implementation of the theory of Support Vector
Machines introduced by Vapnik [14]. The main advantages of working with SVMs can be summarized as
follows:

1. Classifications for test data points are expressed as a function of those for the training data points (the
co-called primal dual framework). Hence, by construction, SVM classification algorithms zoom in
on those regions of the input-space were the training data is located. Assuming that training and test
data are of the same nature, this leads to greatly improved behavior over more classical classification
algorithms which spread their effort over the entire input space.

2. SVM techniques are more robust against the so-called curse of dimensionality. From the definition of
the 6 cluster parameters above, we might expect a lot of correlation between them. Hence, all data
points can be expected to lie on a manifold in RS of which the dimension might in fact be lower than 6.
Since SVM algorithms zoom in on those regions of the input-space were the training-data is located,
the effective dimension of the search space is often much lower for SVM algorithms than for most
classical classification algorithms, resulting in vastly superior performance.

A more rigorous introduction to the LS-SVM classification algorithm is given in the following subsection.
In Subsection 3.6, we apply the LS-SVM classification algorithm to the cluster analysis problem.

3.5 Derivation of the LS-SVM classification algorithm

The idea behind the LS-SVM classification algorithm, is to map the set of data points z; € R6,t =1,...,T,
to a high, possibly infinite dimensional, space where the two classes (y; = —1 and y; = 1) become linearly
separable. This mapping is performed using the so-called feature map:

¢ : RS — R
which is only implicitly defined through its inner-product, called the kernel:
K (wp, 21) = p(ax) (). ©)

Many choices for the kernel exist of which a linear kernel and a Radial Basis Function kernel are the most
widely known.

The LS-SVM training algorithm can be summarized as follows:

T
1 1
min J(w,b,e) = EwTuH—viZef 4)
t=1

w,b,e

such that yilwlo(z) +b)=1—e, t=1,...,T (5)



where the constraint can also be written as y; = sign[w” ¢(x) + b]. The Lagrangian for the problem (4) is

T

L(w,b,e;a) = J(w,b,e) — Zat{yt[chp(mt) +b —1+e}
t=1

where the oy values are the Lagrange multipliers. The conditions for optimality are:

ge=0 — w o oy ayep (),

92=0 — > =0,

a_f: — o=, t=1,...,T,

aaTi 0 — wlwlo(x)+b—1+e=0, t=1,...,T.

- T’ . .

Defining Z = [y1p(z1) wyop(z2) ... yre(zr)] v y=[m v ... wyr]  L=[1 1 ... 1],

T T .. . . .
e=le1 ez ... er] ,a=[ai,as...,ar] andeliminating w and e, one obtains estimates for  and

b from the following Karush-Kuhn-Tucker (KKT) system:

eeaiosinl ®

where Q = Z7'Z which can be calculated using the definition of the kernel 3. The classifier, finally, takes

the form:
T

y(x) = sign [Z oy K (z,x4) + b

t=1

: ()

The Kernel which will be used for the examples in this paper is the Radial Basis Function (RBF) kernel:

K (w, 1) = () () = exp(—|lz, — 2]l5/0?).

3.6 Applying the LS-SVM classification algorithm to the spurious mode rejection
problem

Given a set of clusters and their relevance parameters as defined in subsection (3.4) for a training data set,
training input vectors z; € RS and output vectors y; € R can be constructed. Hereby, we use the convention
that v, = 1 is used for a cluster containing physical modes and y; = —1 is used for a cluster containing
spurious modes. « and b are readily extracted from (6), whereby two hyper-parameters o and ~ are typically
tuned using validation techniques such as 10-fold cross validation.

Once « and b are obtained, equation (7), the so-called generalization, can be used to assess the nature of any
new cluster. The generalization performance of this type of classification algorithms is evaluated in the next
Section.

4 Performance

4.1 A simulated example

40 output-only datasets sampled at 27 Hz were generated, each with 9 outputs, and 5 to 13 physical modes
randomly distributed within the frequency range 0, ..., 7 Hz and damping range 0, ..., 5%. 10% of output
noise was added.

All datasets were identified using stochastic subspace identification and stabilization diagrams were gen-
erated for orders 20 ranging to 60. The clustering algorithm as introduced in section 2 was applied and
relevance parameter vectors x; € RS generated for every cluster. A random selection of 496 physical and
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physical and the spurious class as set by the learning classification algorithm on simulated
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spurious clusters was made, of whom half were used as training data, and half as test data to study the
performance of the self learning algorithm introduced in Section 3.

In a first test, only two relevance parameter for every cluster were used by the classification algorithm, namely
the number of poles and the quality of stabilization. This because working in two dimensions allows us to
show some figures, something which is not possible when working with higher dimensions. Figure 6, for
instance displays the results of a classification algorithm based on these two parameters, using the training
data. The ‘physical’ and “spurious’ region as found by the classification algorithm are clearly visible in the
figure. Scattered within these regions are symbols denoting the relevance parameters of the clusters in the
test set. A total of 98.8% of clusters in the test set were correctly classified by the algorithm.

As can be seen in the figure, some clusters in the test set can not be attributed to the right class based on the
two relevance parameters used above. When using all 6 parameters, on the other hand, the performance of
the test set increases to 100% on the test set.

Note from Figure 6 that in this simulated example, a mere distinction based on the number of modes in a
cluster would already have performed well. As a more realistic example, in the next subsection, the learning
algorithm is tested on data from a flight flutter test.
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4.2 A real-life example

As a real-life example, 5 datasets of an airplane in flight were used. Each dataset corresponds to a different
altitude and speed, and hence, a different linear model. The airplane was excited using a single input in a fly
by wire system. Vibrations were recorded using 12 accelerometers. The first 4 datasets were used to train the
classification algorithm. The fifth dataset was used as a test set. A stabilization diagram of the fifth dataset
is displayed in Figure 7, with the modes identified as physical by the classification algorithm indicated using
lines, crosses and arrows (see the caption with the figure). The frequency and damping scale on this figure
were not displayed for reasons of confidence. However, the recovered physical modes correspond nicely to
the ones specified by the engineers of the airplane (who’s judgement was also used as input when training
the classification algorithm), as will be noted by the reader upon looking at the stabilization diagram.

5 Conclusions

In this paper, we have introduced an automatic technique for the analysis of stabilization diagram. The
technique employs an initial clustering algorithm, followed by a learning classification algorithm to assess the
nature of the obtained clusters. Using this two step procedure many problems that are classicaly encountered
when analyzing stabilization diagrams, such as the need to choose a set of thresholds or have prior knowledge
on the number of modes to find, are avoided. The new algorithm was seen to perform well on simulated and
real-life datasets.
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