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Abstract
The automotive industry is moving towards shorter development cycles for new car
generations. This means that less expensive prototypes can be built and tested, and
that, increasingly, computer models must be used for decision making. Further, the
automotive industry is producing thousands of nominally identical cars which are known
to exhibit noticeable spread in their vibration characteristics. A car’s noise and vibration
behaviour is therefore not the same between nominally identical cars. This implies a
need for structural dynamic models considering uncertainties for robust decision making.
Due to the final products complexity a substructuring approach is considered in this
thesis, including experimental and computational methods, where predictive models of
components are created, to be assembled for a predictive system response.
The first part of this thesis considers the reduction of uncertainties introduced from
vibration experiments. A method for sensor placement in vibration experiments is developed, based on the method of effective independence, so that symmetric sensor positions
are rejected using system gramians. Further, a measurement system is developed in
MATLAB for fast and eﬃcient stepped sine excitation.
The second part considers the spread between nominally identical components and
the calibration, and an associated parameter uncertainty quantification, of industrial
finite element models of said components. Results are reported here for three front and
one rear subframe. For model calibration, a model updating procedure is employed that
uses a frequency response function based deviation metric and equalised damping. A
bootstrapping procedure is subsequently used to quantify parameter uncertainties with
respect to the measurement noise. Calibrations are performed for an ensemble of front
subframe components. Particular care is taken in the modelling of coupling elements and
for the rear subframe the elastic modulus in rubber bushings is estimated using a mass
loaded bushing boundary configuration.
In the automotive industry high fidelity models are common, with many interface
degrees of freedom decreasing the eﬃciency of component mode synthesis methods.
Therefore, a component mode synthesis interface reduction method is developed to speed
up the process, using coarse meshes.
Keywords: Uncertainty quantification, structural dynamics, model updating, substructuring, experimental design, sensor localisation, noise and vibrations, automotive industry
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1 Introduction
This chapter serves the purpose of creating a research context and further providing more
details about the topic of study. It ends with a short description of this thesis aims within
the topic. A more detailed description of many concepts will be given in subsequent
chapters.

1.1

Research context

Some of the most important areas for customers purchasing a car are safety, fuel consumption and comfort. Safety is still a subject in which good insight in mechanics is
important and with renewed interest now when composite structures are utilised to a
greater extent [19, 22, 66]. Safety issues are increasingly being handled by autonomous
systems with the goal to create crash free autonomous cars [15, 21]. Fuel consumption
is another area in a state of change, which is the main motivator for the shift from steel
and aluminium structures to composite structures in the design of lighter cars [19]. A
slow shift is also made from combustion engines to electric engines and drivelines [18].
Comfort is commonly related to the area of noise, vibration and harshness (NVH). In
NVH a car’s sound and vibration characteristics are studied and designed. This is an area
of great importance in the premium segment where customers have high expectations on
the perceived sound and vibration characteristics. Harshness deals with human subjective
perception involving the judgement of quality with respect to sound and vibration. This
makes it a diﬃcult quantity to measure. Furthermore, NVH is strongly influenced by the
use of composite materials and electric drivelines. Both bring in new challenges in the
form of computational predictability [72, 58] in general and in high frequency vibration
and sound predictability in particular.
In designing a car the vibration and noise sources are many, e.g. forces propagating
through the structure in form of vibrations from road contact, engine vibrations and
forces acting on the car from wind. These sources create structural vibrations that are
transformed into sound from the vibrating structure. Figure 1.1 illustrates some common
vibration sources and their perceived output in form of vibrations and sound. Forces
from road contact are propagated through the rear and front subframes, into the body of
the car causing noise. The vibrations are also propagated into the seats possibly causing
3

Body
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Road contact force
Figure 1.1: Vibration sources and their perceived outputs as noise and vibrations in a car.

discomfort. Engine forces are propagated through the front subframe and into the body,
too. Furthermore, wind turbulence at high speeds cause the body to vibrate resulting in
audible noise. All of these factors play an important role in the perceived premiumness
and comfort of the car. It has also been observed that high noise and vibration levels can
cause fatigue and health risks [88].
All of these mentioned issues need to be considered in the development of a new
car model, which relies heavily on computational models, in the use of computer aided
engineering (CAE). In this thesis CAE will mostly refer to finite element (FE) models,
but could, for example, also encompass computer aided design (CAD). In developing
a new car model the previous generation is often used as a reference. A simplified
schematic overview of the development of a new generation, from an NVH perspective,
is shown in Figure 1.2. Provided that a model already exists, improvements are proposed
after problems have been identified, e.g. when it has been found that road noise or
idle powertrain vibration and noise levels might be to high. Customer satisfaction and
benchmarking play an important role in the decision on which areas need to be improved.
When improvements are needed the interest turn to the redesign of components, e.g.
body, front and rear subframes. These areas are also influencing other attributes, e.g
safety and durability. In other words, the modified parameters must not only fulfil the
requirements on NVH, but also on levels of safety, durability and other attributes. Newly
introduced features also often affect NVH, e.g. a new safety system might produce sound.
This sound needs to fit into the overall sound design of the car. The next phase of the
project is related to CAE. In here the computational models are created and analysed for
various conditions, and decision are taken based on the results. If results from CAE are not
satisfactory further redesign is needed. When CAE results are considered acceptable the
project phase moves to the creation of a prototype, or prototypes, so that the simulation
results can be verified. If the prototype is considered adequate with respect to the sought
4

Start

Generation 1

Features

Attributes

Improvements

Design areas

Thesis content

End

Generation 2

yes

Prototype
OK?

yes

CAE
OK?

no

no
Figure 1.2: Simplified project flow, utilising knowledge from previous generations.

improvements, the new generation can be built. If it is decided that the requirements are
not satisfied further work is needed in finding problems and correcting them, which often
leads back to the CAE step. This loop is iterated until satisfactory results are reached.
The shaded area of the project chart indicates where this thesis content fit in, which will
be further explained below.

1.2

Predictive models

With the trend in decreased development time for each new car generation, meaning a
decrease in expensive and time consuming prototypes, a CAE model’s predictive accuracy
is crucial to the automotive design’s success. Today’s computer models are generally
very good in their predictive performance on component level. However, for complex
structures, built up of many components the computational predictions are often much
poorer. The joining parts between components are generally very hard to model and can
influence the results considerably. Furthermore, in the automotive industry thousands
of nominally identical but in reality slightly different products are produced. This will
undoubtedly introduce variations in NVH behaviour. The product variations are caused
by material variations, geometric variations and assembly tolerances. There have been
many studies, on fully assembled cars, showing the level of spread in the measured output
quantities such as frequency response functions, e.g [56, 57, 13, 73]. One single prototype
5

built for validation of CAE models will generally not provide knowledge about the spread
in dynamical properties. This is problematic as there exist requirements and regulations
on the noise and vibration levels. Since the levels can vary between nominally identical
products it is many times not known if the requirements have been fulfilled before the start
of production. Furthermore, CAE is of no help here due to its tendency to be simulated
for a single, nominal, model producing a deterministic output. One option to solve this
problem from a computational perspective is to perform stochastic simulations, later also
termed uncertainty propagation, where the input parameters, e.g. material constants and
geometry, have probability distributions associated with them, and in turn, the model
outputs of interest will also be distributed. Information about such distributions can be
used for more informed decision making. For this approach to work the input parameter
uncertainties must be quantified, and at least the most important parameters must be
identified and varied. Figure 1.2 indicates that the previous generation can be used as a
reference in a new car project. Therefore, the existing experimental data gathered from
the previous generation car models can be used, under the assumption that the previous
generation and the new generation are not too different in design. This gives a statistical
support in the quantification of model parameter variability.
Hence, for predictive simulation models the simulation results must be validated,
commonly with respect to experiments. Uncertainties must be considered here, which
can be, e.g. uncertainties associated with modelling or measurement errors. Variability
between components should also be included, and due to scarce experimental data for
new generation car models, measurements from previous generation car models can be
used as a source for quantifying model parameter variability.

1.3

Uncertainty quantification and model validation

Uncertainty, or uncertainty quantification (UQ), has been used rather vaguely so far,
and no formal definition has been given. One definition is given in [92] where it is
described as a “quantitative characterisation and management of uncertainties ... in
... both computational models and observational data”. Further, it mentions that UQ
“encompasses many different tasks, including uncertainty propagation, sensitivity analysis,
statistical inference and model calibration, decision making under uncertainty, experimental
design, and model validation”. Lastly, it is stated that “UQ has become an essential aspect
of the development and use of predictive computational simulation tools”. From this it
can be realised that uncertainties are not only related to variability in model parameters
between nominally identical components, but can be any type of uncertainty, e.g. modelling uncertainty and uncertainties associated with measurement noise. This is further
exemplified in [11] where the concepts of verification and validation are defined. Two
domains can be considered, a simulation and an experimental domain. On the simulation side, verification is the process of verifying that solutions from the implemented
computer model from a mathematical description are substantiated, e.g. no errors exist
in the software code and that FE mesh discretisation is suﬃciently fine for the models
6
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Figure 1.3: Simplified thesis workflow with paper contributions.

intended use. Sensitivity analysis can be used to investigate the model output sensitivities
to changes in the model input parameters. Uncertainty propagation can be employed, as
mentioned previously, to simulate a more realistic scenario where the input parameters
can be considered stochastic so that variations in the resulting quantities are obtained.
On the experimental side, UQ is the process of quantifying measurement noise and
variability between components. For example, in experimental design, computer models
are used in designing informative experiments such that experimental uncertainties can
be minimised. Lastly, validation is the process of substantiating that the simulated model
agrees with experimental results. If it does not, calibration (or model updating) can be
used to update the computational model parameters so that the results agree to a higher
degree. Most of these topics will be explained in subsequent chapters.

1.4

Aim and scope of research

This thesis is part of a project attempting to improve the predictability of complex industrial computational models built up of many components. The assumption that it is
not possible to fully validate and understand the dynamics of an overly complex system
(such as a car when fully assembled) is adopted here. Instead, a component approach is
considered where the uncertainties and variability in the components are quantified, the
models validated, and physical insight gained. The component models are then to be used
in an assembly. It is the aim of this project to develop methods to improve the predictions
of such assemblies, and in this thesis the first steps towards that goal are taken. This includes dealing with variability found between nominally identical components, and how
uncertainties in general can be incorporated in a simulation environment for informative
decision making, but also in quantifying and reducing experimental uncertainties.
The thesis content was outlined in Figure 1.2 and is shown in greater detail in Figure
1.3. The first aim of this thesis is to understand the cause of uncertainties and variations
7

(a) Parts of a Volvo XC90 (2015).

(b) Front and rear subframe.

Figure 1.4: The front and rear subframes of a Volvo XC90 (2015) considered in this thesis.

found between nominally identical components. Therefore, much effort is initially put
into obtaining good experimental data, so that uncertainties from experiments are reduced. A vibration measurement software, Software A, is developed enabling a stepped
sine procedure with multiple simultaneous frequencies to be used so that experimental
data can be acquired fast, and with low noise levels. Furthermore, a pretest planning
methodology dealing with sensor placement, Paper A, is also developed. It is based on
the widely used method of effective independence [45, 46], but extended so that sensor
positions containing similar information are not selected. This is also related to the goal
of obtaining good experimental data for use in validation and model updating.
The second goal of this thesis is to develop tools to handle the variations between
components in a simulation environment, including identifying uncertain parameters.
Therefore, two subcomponents of a Volvo XC90 (2015) are considered, seen in Figure
1.4. Three front subframe individuals and four rear subframe individuals have been
tested. Models of the considered components are manually updated from basic CAD
data to resemble to structures at hand, which Paper B and Paper C deals with. The FE
models are then updated using a stochastic model updating method [95, 52, 98] towards
experimental data in order to acquire better parameter estimates, quantify parameter
uncertainties relative measurement noise, understand the parameter variability between
components and identify sensitive and uncertain model parameters.
In future work the propagation of uncertainties in assembled components will be considered. Therefore, in Paper D an approach to an interface reduction for the component
mode synthesis method is given so that eﬃcient coupling of high fidelity FE models, as
dealt with in this thesis, is possible.
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2 Preliminary theory
In this chapter the theory that will serve as a basis throughout this thesis is presented.
The notations used in this chapter might be changed in subsequent chapters, but changes
should be obvious from the text.

2.1

Time domain models

In structural dynamics the linear dynamical behaviour of structures is commonly modelled as a discrete linear system through the use of second order ordinary differential
equations (ODEs). For complex systems, with complex geometry, the FE method is normally used [7], which yields such a system. Models of this type are refereed to as white
box or first principle models as the models are built up based on laws of physics, such as
Newton’s laws of motions and Hooke’s law [75, 27]. The equations of motion (EOMs) of
an 𝑚 degrees of freedom (DOFs) system, such as those acquired from the FE method, can
be written as
(2.1)

𝐌𝐪(𝑡)
̈ + 𝐕𝐪(𝑡)
̇ + 𝐊𝐪(𝑡) = 𝐟(𝑡)

where the dot notation is used for time differentiation and 𝐌, 𝐕 and 𝐊 ∈ ℝ𝑚×𝑚 represent
the mass, damping and stiffness matrices, respectively. The general displacement vector
is denoted by 𝐪(𝑡) ∈ ℝ𝑚×1 and the external force vector by 𝐟(𝑡) ∈ ℝ𝑚×1 . Displacement
outputs can be obtained as 𝐲(𝑡) = 𝐈𝐪(𝑡), with 𝐈 of appropriate dimension.
Systems on second order form, such as in Equation (2.1), can be cast into first order
form by forming a state vector [64]
𝐱(𝑡) = [

𝐪(𝑡)
]
𝐪(𝑡)
̇

(2.2)

which gives the state-space system
𝐱(𝑡)
̇ = 𝐀𝐱(𝑡) + 𝐁𝐮(𝑡)

(2.3a)

𝐲(𝑡) = 𝐂𝐱(𝑡) + 𝐃𝐮(𝑡)

(2.3b)

with 𝐀 ∈ ℝ𝑛×𝑛 , 𝐁 ∈ ℝ𝑛×𝑛𝑢 , 𝐂 ∈ ℝ𝑛𝑦×𝑛 and 𝐃 ∈ ℝ𝑛𝑦×𝑛𝑢 representing the system, input,
output and direct throughput matrices, respectively. The load vector 𝐟(𝑡) in Equation
9

(2.1) can be obtained from the input vector 𝐮(𝑡) ∈ ℝ𝑛𝑢 with the transformation matrix 𝐔
as 𝐟(𝑡) = 𝐔𝐮(𝑡). The relationship between the state dimension 𝑛 and degrees of freedom
𝑚 is 𝑛 = 2𝑚. The system matrices can be formed as
𝐀=[

𝟎
−𝐌−1 𝐊

𝐈
]
−𝐌−1 𝐕

and 𝐁 = [

𝟎
]
𝐌−1 𝐔

(2.4)

where 𝐂 and 𝐃 are formed appropriately so that linear combinations of the system states
𝐱(𝑡) and inputs 𝐮(𝑡) form the system outputs 𝐲(𝑡). The state-space system matrices are
commonly refereed to as the state-space matrix quadruple {𝐀, 𝐁, 𝐂, 𝐃}.

2.2

Frequency domain models

The Laplace transform of the displacement vector 𝐐(𝑗𝜔) = ℒ(𝐪(𝑡)), with 𝑗2 = −1, and
force vector 𝐅(𝑗𝜔) = ℒ(𝐟(𝑡)) yields the frequency domain formulation of the system in
Equation (2.1) [64]
𝐙(𝜔)𝐐(𝜔) = (−𝜔2 𝐌 + 𝑗𝜔𝐕 + 𝐊) 𝐐(𝜔) = 𝐅(𝜔)

(2.5)

in which 𝜔 is the angular frequency. Here 𝐙(𝜔) ∈ ℂ𝑚×𝑚 is identified as the dynamic stiffness matrix, from which the frequency response function (FRF) matrix can be computed
as 𝐇(𝜔) = 𝐙(𝜔)−1 .
Similarly, the Laplace transformation can be applied to the state-space system in
Equation (2.3) to yield the FRF matrix 𝐇(𝜔) as
(2.6)

𝐇(𝜔) = 𝐂(𝑗𝜔𝐈 − 𝐀)−1 𝐁 + 𝐃.

It is noted that the frequency domain formulation is easily computed from first principle
models. The reverse, however, is not true, which will be discussed in a following chapter.

2.3

Eigenvalue problem

Let 𝐪(𝑡) = 𝑒𝑗𝜔𝑡 𝝓 be the solution to the homogeneous undamped EOMs from Equation
(2.1). Inserting the solution, and eliminating the common time factor 𝑒𝑗𝜔𝑡 yields the
algebraic eigenvalue problem.
(𝐊 − 𝜔𝑖2 𝐌) 𝝓𝑖 = 𝟎,

(2.7)

𝑖 = 1, … , 𝑚

Here 𝜔𝑖 denote the i:th eigenfrequency and 𝝓𝑖 ∈ ℝ𝑚×1 the i:th eigenvector. The eigenvalues and eigenvectors can be put in matrix form 𝛀 = diag(𝜔1 , … , 𝜔𝑚 ) and 𝚽 =
[𝝓1 , … , 𝝓𝑚 ], respectively. Note that
𝜔
⎡ 1
diag(𝜔1 , … , 𝜔𝑚 ) = ⎢
⎢𝟎
⎣𝟎

𝟎
⋱
𝟎

𝟎
⎤
𝟎 ⎥
⎥.
𝜔𝑚 ⎦

(2.8)
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If the solution 𝐱(𝑡) = 𝑒𝜆𝑡 𝝆 is used in the first order state-space system in Equation (2.3),
the following eigenvalue problem is obtained.
𝐀𝝆𝑖 = 𝝆𝑖 𝜆𝑖 ,

(2.9)

𝑖 = 1, … , 𝑛

Now the eigenvalues 𝜆𝑖 and eigenvectors 𝝆𝑖 ∈ ℂ𝑛×1 are in general complex. In matrix
form the eigenvalues are 𝚲 = diag(𝜆1 , … , 𝜆𝑛 ) and the eigenvectors P = [𝝆1 , … , 𝝆𝑛 ].

2.4

Controllability and observability

State controllability for a linear system on first order form, as in Equation (2.3), can answer
whether all the system states can be controlled to be forced from one to another arbitrary
state by a stimuli 𝐮(𝑡). State observability, on the other hand, answers the question
whether all system states are observable from a known output 𝐲(𝑡) time history [2]. These
concepts are important in pretest planning of experimental work, which is the focus of
Paper A and will be further discussed in Chapter 3.
The controllability matrix 𝓒 ∈ ℝ𝑛×𝑛𝑛𝑏 can be formed from a system’s state and input
matrices as [2]
(2.10)

𝓒 = [𝐁, 𝐀𝐁, 𝐀2 𝐁, … , 𝐀𝑛−1 𝐁]

and the system is controllable if rank(𝓒) = 𝑛. The observability matrix 𝓞 ∈ ℝ𝑛𝑦𝑛×𝑛 can
be formed from a system’s state and output matrices as [2]
𝓞 𝑇 = [𝐂𝑇 , (𝐂𝐀)𝑇 , (𝐂𝐀2 )𝑇 , … , (𝐂𝐀𝑛−1 )𝑇 ]

𝑇

(2.11)

and is observable if rank(𝓞) = 𝑛. Here superscript 𝑇 denote the matrix transpose.

2.5

Black box models

In comparison to first principle models, it is possible to form models solely from the
system’s input and output relation, e.g. from measured FRFs. These models are commonly
denoted black box models where nothing is known beforehand about the model’s internal
structure. In structural dynamics this modelling technique is denoted experimental
modal analysis (EMA) in which the eigenstructure of the system under consideration is
determined from experiments. EMA is based on system identification in which many
methods exist, many of which are iterative in nature, see [60]. The most useful methods in
structural dynamics are non-iterative such as the eigensystem realisation algorithm (ERA)
[44] and numerical algorithms for subspace state space system identification (N4SID) [96,
63]. Other methods exist, and one very commonly used in industry is the polyreference
least squares complex frequency domain method (PolyMAX) [37]. In this thesis the N4SID
method, as implemented in MATLAB’s System Identification Toolbox, is used in Paper B
and Paper C.
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2.6

Reduced order models

High fidelity FE model solutions can take a very long time to solve. Therefore, it is
common to reduce the full FE model to a reduced order system. This is the basis of
most substructuring techniques, which is used in Paper D, and is further explained in
Chapter 4. In optimisation or uncertainty propagation procedures a parametric reduction
is necessary so that model parameters can be varied in the reduced model and results
obtained in reasonable time. In Paper B and Paper C a parametric model reduction is
used in the model updating procedure which is based on first order Taylor expansion,
see [24, 1]. The parametric model reduction is explained in Paper B and Paper C. For a
thorough review of model reduction see [4].
In structural dynamics the most commonly found methods for model reduction are
based on projection methods, such as modal truncation. From the EOMs in Equation (2.1)
the eigenvalue problem is solved as in Equation (2.7) so that the system’s modal matrix
𝚽 can be obtained. A subset of all modes can be selected in forming a reduction basis
𝐓 = [𝝓1 , … , 𝝓𝑛𝑟 ] with 𝑛𝑟 < 𝑚. The EOMs can now be reduced by defining 𝐪(𝑡) ≜ 𝐓𝜼(𝑡)
and premultiplying with 𝐓𝑇 , yielding
(2.12)

𝐌𝑟 𝜼(𝑡)
̈ + 𝐕𝑟 𝜼(𝑡)
̇ + 𝐊𝑟 𝜼(𝑡) = 𝐓𝑇 𝐟(𝑡)
with system matrices
𝐌𝑟 = 𝐓𝑇 𝐌𝐓,

𝐕𝑟 = 𝐓𝑇 𝐕𝐓

and 𝐊𝑟 = 𝐓𝑇 𝐊𝐓.

(2.13)

A similar reduction can be performed for the state-space system in Equation (2.3), or the
state-space quadruple can directly be formed from the reduced matrices in Equation
(2.13).

2.7

Cramér-Rao lower bound

For an unbiased estimator 𝜽 ̂ ∈ ℝ𝑝×1 of the parameters of a model deduced from noisy
experimental data the Cramér-Rao lower bound (CRLB) defines a lower bound on the
estimator variance. Assuming that the probability density function (PDF) of the random
variable 𝐳 ∈ ℝ𝑛𝑧×1 conditioned on the parameters 𝜽 ∈ ℝ𝑝×1 is 𝑝(𝐳; 𝜽) and that it satisfies
the regularity conditions
E𝐳 [

𝜕 ln 𝑝(𝐳; 𝜽)
]=𝟎
𝜕𝜽

(2.14)

∀𝜽

the covariance matrix 𝚺𝜽̂ ∈ ℝ𝑝×𝑝 , defined as
𝑇

𝚺𝜽̂ = E𝐳 [(𝜽 − 𝜽)̂ (𝜽 − 𝜽)̂ ]

(2.15)

for any unbiased estimator 𝜽,̂ satisfies
(2.16)

𝚺𝜽̂ − 𝓕 −1 (𝜽) ⪰ 𝟎
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where ⪰ 𝟎 denotes a positive semidefinite matrix. Here E𝐳 is the expected value over
𝑝(𝐳; 𝜽). The Fisher information matrix (FIM) 𝓕 ∈ ℝ𝑝×𝑝 is defined as follows.
𝜕2 ln 𝑝(𝐳; 𝜽) ⎤
−1
𝓕𝑖,𝑗
= − E𝐳 ⎡
⎢
⎥
⎣ 𝜕𝜽𝑖 𝜕𝜽𝑗 ⎦

(2.17)

The FIM can be interpreted as the average curvature sharpness of the PDF. The PDF with
higher curvature is said to be more informative, and at the same time less uncertain in that
it has a lower variance. An unbiased estimator 𝜽 ̂ that attains the CRLB, i.e. 𝚺𝜽̂ = 𝓕 −1 (𝜽),
is said to be eﬃcient, and hence is the minimum variance unbiased (MVU) estimator [50].
The concept of Fisher information is used in Paper B and Paper C in the parameter
selection, which was proposed in [1]. The CRLB also forms the basis of the widely used
method of effective independence (EfI) [45] which Paper A is based on. The CRLB will
further be discussed in Chapters 3 and 5.

2.8

Linear models

Linear models are an important class of models in estimation theory. The MVU estimator
can easily be found if the problem at hand can be structured as a linear in the parameters
problem such as
(2.18)

𝐳 = 𝐇𝜽 + 𝐰

with white Gaussian noise (WGN) model 𝐰 ∼ 𝒩(0, 𝜎 2 𝐈). Here 𝐇 ∈ ℝ𝑛𝑧×𝑝 is the observation matrix with 𝑛𝑧 > 𝑝 and rank(𝐇) = 𝑝, 𝜽 ∈ ℝ𝑝×1 is the parameter vector and 𝐳 ∈ ℝ𝑛𝑧×1
the experimentally obtained observations. The MVU estimator, which is eﬃcient, is then
simply [50]
−1

𝜽 ̂ = (𝐇𝑇 𝐇)

(2.19)

𝐇𝑇 𝐳.

Linear models form the basis of the EfI method [45] for sensor placement in vibration
measurements, which is used in Paper A. Linear models will also briefly be mentioned
in Chapter 5.

2.9

Least squares

The least squares estimator does not assume any probabilistic assumption about the data,
and therefore in general have no parameter variance optimality properties. The squares
objective can be written, for a parameter vector 𝜽 ∈ ℝ𝑝×1 , as
(2.20)

𝐽(𝜽) = (𝐳 − 𝐬(𝜽))𝑇 (𝐳 − 𝐬(𝜽))

where 𝐽(𝜽) is the error criterion whos value depend on the parameters. Here again
𝐳 ∈ ℝ𝑛𝑧×1 is the observed data vector and 𝐬(𝜽) ∈ ℝ𝑛𝑧×1 is the model output from
13

simulation of the same data. For a linear model, 𝐬(𝜽) = 𝐇𝜽, the solution is given by
Equation (2.19) [50]. In the case when 𝐬(𝜽) is a nonlinear function of 𝜽 iterative based
nonlinear regression methods have to be used, as in general no closed form solution can
be found [50]. Nonlinear regression will be considered further in Chapter 5 and is used
throughout Paper B and Paper C in the model updating procedure.
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3 Experiments
Vibration experiments have been an integral part of this thesis, and has resulted in the
MATLAB toolbox AbraDAQ, Software A, for vibration measurements. For a theoretical
review of vibration measurements see Ewins [20]. In this section a short overview of
the important subject of pretest planning is given, with focus on the method of effective
independence (EfI) [45]. Paper A develops a method, based on the EfI method, where
sensors giving redundant information are rejected. This redundancy was also noted and
investigated by Stephan [90]. The developed method is later used in Paper B and Paper C.
There exist many other methods for sensor positioning, e.g. gramian based methods [26],
and methods that account for uncertainties in sensor placement [70]. Further, it should be
noted that sensor placement is important in many fields which deal with control systems,
and there exist a vast literature related to it. This thesis is concerned with structural
dynamics, and in particular using experimental data with parametric models, to which
the discussion is limited. Also, no actuator placement method has been studied in this
thesis.

3.1

Sensor localisation

If there exist some discrepancy in system dynamics between FE models and experiments,
e.g. missing modes, it calls for further investigation which possibly will add new physical
insight. There might be a modelling error present in the FE model, or the experimental
data might lack some information. For FE model errors, model updating can be used to
update model parameters so that they represent the experimental data better, which is
further discussed in Chapter 5. If the experimental data lack some important dynamical
behaviour model updating cannot be used. Then more information rich experimental
data is necessary. Because experiments are time consuming and expensive, compared to
FE model analyses, it is of great importance to obtain good experimental data from the
beginning. Hence, pretest planning is an important step in the experimental work. In
particular, it is important to place the limited number of sensors and actuators correctly
so that the dynamical behaviour, in a frequency region of interest, can be observed and
controlled, in some optimal sense. This is especially important for complex structures, as
those found in the automotive industry, in which it can be hard to predict the dynamic
15

behaviour from experience or simplified models.
One of the earliest records of sensor placement for structural parametric identification
is the paper by Shah and Udwadia [79]. In [93] Udwadia and Garba developed a methodology for best identification of parameters, in the sense of minimising the covariance
matrix of the parameter estimate. This was further extended by Kammer [45] in which
the widely used method of EfI was developed. The method is derived from a linear
model, as proposed in [93], which is based on an FE model of the structure to be tested.
Therefore, the method assumes that a suﬃciently good model already exists. The method
also assumes that a candidate set of nodes for sensor placement have been preselected
by the user, from which it will find an sub-optimal set for well selected sensor locations.
In [49] Kammer and Tinker extended the method for triaxial accelerometers. Further, in
[46] Kammer improved the method’s eﬃciency, and ease of use, by letting the user select
the initial set and build up the final set from a candidate set. This method will briefly
be described below, and how it has been used in this thesis. Only the case of a linearly
independent initial set will be treated. The case when the initial set is linearly dependent
is more complicated, and described in [46].
It is assumed that a good FE model is available, governed by the EOMs in Equation
(2.1). Solving the associated undamped eigenvalue problem yields the modal matrix
𝚽. In industrial FE models it is infeasible to select all DOFs as candidates for ranking,
and many times most DOFs are not available for sensor placement in reality. That might
be due to sharp curvature in geometry, or positions not being reachable. Therefore, a
candidate set of positions are selected manually, such that 𝑛𝑒 DOFs are selected. Thus
only a subset of the full modal matrix 𝚽 is used, 𝚽𝑐 ∈ ℝ𝑛𝑒×𝑛𝑠 . Here 𝑛𝑠 stands for the
number of modes selected, i.e. how many modes are of interest to observe as good as
possible in the EfI sense. It should be noted that it is important that the initial candidate
set, i.e. the modal matrix 𝚽𝑐 , be linearly independent and thus is full rank. It is now
possible to state the sensor output equation
(3.1)

𝐪𝑠 = 𝚽𝑐 𝜼 + 𝐰

where 𝐪𝑠 are the outputs and 𝜼 the generalised DOFs. For simplicity the noise is assumed
to be uncorrelated white Gaussian noise (WGN) 𝐰 ∼ 𝒩(0, 𝜎 2 𝐈). The linear model in
Equation (3.1) has an eﬃcient estimator
(3.2)

𝜼 ̂ = (𝚽𝑇𝑐 𝚽𝑐 )−1 𝚽𝑐𝑠 𝐪𝑠 .
The covariance matrix of the estimator 𝜼 ̂ is
𝚺 = E [(𝜼 − 𝜼)̂ (𝜼 − 𝜼)̂ ] = 𝜎 2 [𝚽𝑇𝑐 𝚽𝑐 ]
𝑇

−1

= 𝓕 −1 .

(3.3)

The last inequality comes from that 𝜼 ̂ is eﬃcient. Therefore the Fisher information matrix
(FIM) 𝓕 is
𝓕=

1 𝑇
1
𝚽 𝚽 =
𝐐.
𝜎2 𝑐 𝑐 𝜎2 𝑐

(3.4)
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(a) Model.
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(b) First flexible mode.

1
3

3

2
(c) Second flexible mode.

Figure 3.1: Initial sensor position denoted with filled squares , candidate set denoted with circles (all
positions), and final set denoted with filled markings, i.e and .

The method of EfI seeks to maximising the FIM 𝐐𝑐 , so that the covariance matrix is
minimised. This is achieved with increasing the matrix determinant as candidates are
added to the final set. It will be assumed that 𝑛𝑑 uni-axial sensors are to be placed.
Therefore, the candidate modal matrix 𝚽𝑐 is partitioned accordingly, from which 𝐐𝑐 is
formed. The initial sensor set’s modal matrix is denoted 𝚽0 ∈ ℝ𝑛0×𝑛𝑠 , where 𝑛0 is the
number of initial sensors, with corresponding FIM
(3.5)

𝐐0 = 𝚽𝑇0 𝚽0

The candidate set now consist of 𝑛𝑠 − 𝑛0 positions, and the EfI method seeks to select the
best positions from that set for the remaining 𝑛𝑑 − 𝑛0 positions. The EfI measure can then
be formed as
𝐸𝑓 𝐼 =

|𝐐+ | − |𝐐0 |
|𝐐0 |

(3.6)

where
(3.7)

𝐐+ = 𝐐0 + 𝚽𝑇𝑐𝑖 𝚽𝑐𝑖 .

Here | ⋅ | denote the matrix determinant and 𝚽𝑐𝑖 denote the i:th row of the candidate
sensor set. The EfI ranking represent the fractional increase of the FIM determinant if
the i:th sensor is added. The procedure is iterative where a ranking of all the positions
available in the candidate set are performed, and the position providing the maximum
information increase is selected.
As an illustrating example in Figure 3.1 a simple model and its first two eigenmodes
are shown. Three uni-axial sensors are available for positioning of which two are placed
initially and the method of EfI used for the placement of the third. Every DOF in the two
dimensional model is available in the candidate set. It is noted first that sensor 1 is placed
such that mode 2 is not observable. This is the reason for a pretest planning procedure.
In this case sensor 2 can observe both modes and no such problem exist. However, it
is noted that the placement of sensor 3 by the EfI method is symmetric with respect to
position 2. This behaviour was noted and addressed by Stephan [90]. In Paper A another
approach to the rejection of such redundant positions is proposed. The example was
illustrated for a linearly independent initial set, but equal results are obtained for linearly
dependent initial sets.
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4 Substructuring
Dividing a problem into smaller portions is a frequently used strategy in many fields.
Within structural dynamics it is denoted substructuring and is a common technique used
in analysis of complex systems. It works by splitting a system into smaller systems, called
substructures, which are individually analysed and the solutions coupled into the global
solution. This approach brings very many benefits, such as easy parallelisation as each
substructure can be individually analysed, analysis of complex systems otherwise not
solvable in reasonable time and identification of local dynamic behaviour [97]. The last
argument is very important in the automotive industry where the full system is very
complex, consisting of thousands of components. A full system level analysis will seldom
bring much physical insight into local dynamical behaviour, which can be the cause of
too high vibration or noise levels resulting in ride discomfort. Using substructuring,
local systems can be analysed individually and even updated towards experimental data,
providing physical insight, and later assembled into the global solution. The flexibility
offered with this methodolgy allows for experimental substructures, i.e. models identified
from experimental data [55]. This is especially useful for hard-to-model components and
has recently gathered much research focus, e.g. see [62], and resulted in a large body of
literature, e.g. [82, 81, 76, 34, 59].
One of the most well-known and most used substructuring methods is the component
mode synthesis (CMS) method, which will be outlined in this chapter. It was first proposed
by Hurty [43, 42] and Gladwell [36]. This quickly resulted in the well-known Guyan
reduction method [38], and later in the Craig-Bampton method [6]. A common problem
encountered with high fidelity models, e.g. most models used within the automotive
industry, is associated with interfaces between subtructures consisting of many DOFs.
For such cases the CMS method will decrease in eﬃciency. Methods have been proposed
for reducing the interfaces which was initiated by Craig and Chang [16], and later further
developed by Balmés [5]. In Paper D an approach for eﬃcient interface reduction is
proposed.
In deriving the CMS method the EOMs from Equation (2.1) of some component (𝑠) can
be generalised for the external excitation vector which is split into an external excitation
vector 𝐟(𝑡) and an interface vector 𝐠(𝑡) containing counteracting forces from neighbouring
19

(a) Free interface mode.

(b) Fixed interface mode.

(c) Static constraint mode.

Figure 4.1: Three common mode types. Here denote interface boundary nodes and denote internal
nodes.

structures as follows.
(4.1)

𝐌(𝑠) 𝐪(𝑠)
̈ (𝑡) + 𝐕(𝑠) 𝐪(𝑠)
̇ (𝑡) + 𝐊(𝑠) 𝐪(𝑠) (𝑡) = 𝐟(𝑠) (𝑡) + 𝐠(𝑠) (𝑡)

Explicit time dependence (𝑡), and substructure (𝑠) notation is here on dropped for brevity.
It is now possible to partition the vector of DOFs in Equation (4.1) into a boundary (or
interface) set 𝑏 and an internal set 𝑖, with 𝑛𝑏 and 𝑛𝑖 DOFs each. The substructures can
then be split into boundary and internal representations.
[

𝐌𝑏𝑏
𝐌𝑖𝑏

𝐌𝑏𝑖 𝐪𝑏̈
𝐕
] [ ] + [ 𝑏𝑏
𝐌𝑖𝑖 𝐪𝑖̈
𝐕𝑖𝑏

𝐕𝑏𝑖 𝐪𝑏̇
𝐊
] [ ] + [ 𝑏𝑏
𝐕𝑖𝑖 𝐪𝑖̇
𝐊𝑖𝑏

𝐊𝑏𝑖 𝐪𝑏
𝐠
𝐟
] [ ] = [ 𝑏] + [ 𝑏]
𝐊𝑖𝑖 𝐪𝑖
𝐠𝑖
𝐟𝑖

(4.2)

What follows in this chapter are some commonly used modes for model reduction and
the formulation of the CMS reduction basis, followed by coupling in the physical domain
and the CMS assembly procedure.

4.1

Component modes

From the undamped eigenvalue problem of the EOMs for a substructure (𝑠) in Equation
(4.1) the system modes can be obtained. These modes can be categorised according
to their behaviour, and system boundary conditions. A very common type of mode
𝑓 𝑟𝑒𝑒
is the free interface mode 𝝓𝑖 in which the model interfaces are free, and in fact the
whole boundary is free. It can be seen in Figure 4.1a. This type of mode is also commonly
obtained from vibration measurements, and is therefore often used in correlation analyses
to FE data, such as in the modal assurance criterion (MAC) [3]. The free interface mode is
included here only because of its commonness.
The fixed interface modes are similarly obtained from the undamped EOMs, but here
the interfaces DOFs 𝐪𝑏 are fixed, and assuming that 𝐠 = 𝟎 and 𝐟𝑖 = 0 in Equation (4.2),
the EOMs reduces to the internal DOFs
(4.3)

𝐌𝑖𝑖 𝐪𝑖 + 𝐊𝑖𝑖 𝐪𝑖 = 𝟎.

Solving the associated eigenvalue problem gives the fixed interface modes 𝝓𝑖 , in matrix
form 𝚽𝑓 𝑖𝑥𝑒𝑑 ∈ ℝ𝑛𝑖×𝑛𝑖 . A fixed interface mode can be seen in Figure 4.1b. The free and fixed
𝑓 𝑖𝑥𝑒𝑑
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1

𝐠𝑏(1)

𝐠𝑏(2)

𝐟𝑏(1)

𝐟𝑏(2)

𝐟𝑏

𝐪𝑏(2)

𝐪𝑏(1)

2

(a)

1

2

𝐪𝑏
(b)

Figure 4.2: In (a) two substructures to be assembled are shown and in (b) their assembly. Here denote
internal nodes associated with 𝐪𝑖(𝑠) and denote boundary nodes associated with 𝐪𝑏(𝑠) . The black arrows
denote external forces 𝐟𝑏(𝑠) acting on the boundary while the grey arrows denote boundary forces
(𝑠)
𝐠𝑏 felt from neighbouring structures.

interface modes are vibration modes, i.e. the systems dynamical behaviour is accounted
for.
The last mode type discussed here is the static constraint modes, which describe the
interaction with neighbouring substructures. It is derived by decomposing the internal
𝑑𝑦𝑛𝑎𝑚𝑖𝑐
DOFs vector into a static and dynamic contribution 𝐪𝑖 = 𝐪𝑖𝑠𝑡𝑎𝑡𝑖𝑐 + 𝐪𝑖
. Further, for the
undamped EOMs in Equation (4.2) the accelerations are set to zero and assuming that
𝐠 = 𝟎 and 𝐟𝑖 = 𝟎 the EOMs are reduced to the boundary DOFs
(4.4)

𝐪𝑖𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐊𝑖𝑖−1 𝐊𝑖𝑏 𝐪𝑏 = 𝚿𝐪𝑏 .

This is in fact a Guyan reduction [38] and 𝚿 ∈ ℝ𝑛𝑖×𝑛𝑏 is the Guyan reduction basis. The
static constraint modes describe the static deformation for the DOFs in 𝐪𝑖 as a result of
displacement at one boundary DOF at a time. A static constraint mode can be seen in
Figure 4.1c.
Now the reduction basis for the CMS method can be formed from the static constraint
and fixed interface modes, as introduced by Craig and Bampton [6]. Let the internal
DOFs be defined as
𝑓 𝑖𝑥𝑒𝑑

𝐪𝑖 ≜ 𝚿𝐪𝑏 + 𝚽𝑛𝑟

(4.5)

𝜼𝑖

where 𝚽𝑛𝑟 ∈ ℝ𝑛𝑖×𝑛𝑟 consist of the 𝑛𝑟 lowest fixed interface modes selected from 𝚽𝑓 𝑖𝑥𝑒𝑑 .
Here 𝜼𝑖 are the generalised internal DOFs. The CMS reduction basis for substructure (𝑠),
𝐑(𝑠) ∈ ℝ𝑚×𝑛𝑏+𝑛𝑟 , can then be formed as
𝑓 𝑖𝑥𝑒𝑑

𝐪(𝑠) ≜ 𝐑(𝑠) 𝜼(𝑠) = [

𝐈
𝚿

𝟎
𝐪𝑏
𝑓 𝑖𝑥𝑒𝑑 ] [ ]
𝜼𝑖
𝚽𝑛 𝑟

(4.6)

where 𝜼 are the generalised DOFs.

4.2

Physical system synthesis

An assembly consisting of two equal, unreduced, substructures with EOMs as in Equation
(4.2) can be seen in Figure 4.2. For these two substructures the compatibility condition
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states that 𝐪𝑏(1) = 𝐪𝑏(2) and the equilibrium condition states that 𝐟𝑏(1) + 𝐟𝑏(2) + 𝐠𝑏(1) + 𝐠𝑏(2) =
𝐟𝑏(1) + 𝐟𝑏(2) = 𝐟𝑏 where 𝐠𝑏(1) + 𝐠𝑏(2) = 𝟎. Moreover, 𝐠𝑖(𝑠) = 𝟎, as neighbouring substructures
do not affect the internal nodes directly. Generalising the coupling procedure to any
number of substructures the primal physical assembly technique presented in [55, 97] is
adopted here. Hence, the EOMs of the 𝑠 = 1, … , 𝑛𝑚 substructure systems from Equation
(4.1) to be coupled can be written on block diagonal form
(4.7)

𝐌𝐪 ̈ + 𝐕𝐪 ̇ + 𝐊𝐪 = 𝐟 + 𝐠
with
𝐊(1)
⎡
𝐊 = diag (𝐊(1) , … , 𝐊(𝑛𝑚) ) = ⎢
⎢ ⋅
⎣ ⋅
𝐕 = diag (𝐕(1) , … , 𝐕(𝑛𝑚) ) ,
(1)

𝐠
⎡
⎤
𝐠=⎢
⎢ ⋮ ⎥
⎥
(𝑛 )
⎣𝐠 𝑚 ⎦

⋅
⋅

⎤
⎥
⎥,
(𝑛𝑚 )
𝐊
⎦
(1)
𝐌 = diag (𝐌 , … , 𝐌(𝑛𝑚) ) ,

(1)

𝐪
⎡
⎤
𝐪=⎢
⎢ ⋮ ⎥
⎥,
(𝑛𝑚 )
𝐪
⎣
⎦

⋅
⋱
⋅

(4.8)

(1)

and

𝐟
⎡
⎤
𝐟=⎢
⎢ ⋮ ⎥
⎥.
(𝑛𝑚 )
𝐟
⎣
⎦

The compatibility and equilibrium conditions can be generalised for the (𝑠) substructures
in matrix form as
𝐄𝐪 = 𝟎

and

(4.9)

𝐋𝑇 𝐠 = 𝟎

where 𝐄 ∈ {−1, 0, 1}𝑛𝑏×𝑚𝑛𝑚 is a signed Boolean matrix and 𝐋 ∈ {0, 1}𝑚𝑛𝑚×𝑛𝑢 is a Boolean
matrix, with 𝑛𝑢 unique DOFs for the coupled substructures. Here Boolean matrix means
a matrix possibly consisting of only ones and zeros, and signed Boolean matrix is an
extension containing negative ones, too. The matrix 𝐋 can be viewed as a localisation
matrix transforming the coupled substructures unique DOFs 𝐪𝑢 ∈ ℝ𝑛𝑢×1 to the coupled
substructures total DOFs 𝐪 as
(4.10)

𝐪 = 𝐋𝐪𝑢 .

The compatibility condition can now be express in terms of the unique set of DOFs 𝐪𝑢 as
(4.11)

𝐄𝐪 = 𝐄𝐋𝐪𝑢 = 𝟎

where 𝐋 = 𝑛𝑢𝑙𝑙(𝐄) as 𝐪𝑢 is in general not zero. Now the systems in Equation (4.7) can be
coupled by using 𝐪 = 𝐋𝐪𝑢 and premultiplying with 𝐋𝑇 giving
(4.12)

̃ 𝑢 = 𝐟̃
𝐌̃ 𝐪𝑢̈ + 𝐕̃ 𝐪𝑢̇ + 𝐊𝐪
with
𝐌̃ = 𝐋𝑇 𝐌𝐋,

𝐕̃ = 𝐋𝑇 𝐕𝐋,

𝐊̃ = 𝐋𝑇 𝐊𝐋

where 𝐋𝑇 𝐠 = 𝟎 has been utilised.
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and 𝐟 ̃ = 𝐋𝑇 𝐟

(4.13)

4.3

Component mode synthesis

In the CMS method reduced systems are being coupled. The reduction basis for a substructure (𝑠) defined in Equation (4.6) can be substituted into the EOMs for substructure
(𝑠) as
(4.14)

𝐌(𝑠) 𝐑(𝑠) 𝜼(𝑠)
̈ + 𝐕(𝑠) 𝐑(𝑠) 𝜼(𝑠)
̇ + 𝐊(𝑠) 𝐑(𝑠) 𝜼(𝑠) = 𝐟(𝑠) + 𝐠(𝑠) .
The reduction basis can be cast in block diagonal form as
𝐪 ≜ 𝐑𝜼,

with 𝐑 = diag (𝐑(1) , … , 𝐑(𝑛𝑚) ) .

(4.15)

The EOMs for all uncoupled substructures in Equation (4.7) can be reduced with the
introduced reduction basis and a premultiplication of 𝐑𝑇 so that
(4.16)

𝐌𝑚 𝜼 ̈ + 𝐕 𝑚 𝜼 ̇ + 𝐊 𝑚 𝜼 = 𝐟 𝑚 + 𝐠 𝑚
with
𝐌𝑚 = 𝐑𝑇 𝐌𝐑,

𝐑𝑚 = 𝐑𝑇 𝐕𝐑,

𝐟𝑚 = 𝐑𝑇 𝐟 and

𝐊𝑚 = 𝐑𝑇 𝐊𝐑,

(4.17)

𝐠𝑚 = 𝐑𝑇 𝐠.

Coupling of the reduced systems requires the compatibility and equilibrium conditions to
be enforced in the generalised DOFs. The compatibility condition can then be expressed
as
𝐄𝑚 𝜼 = 𝟎,

with 𝐄𝑚 ≜ 𝐄𝐑.

(4.18)

The generalised DOFs 𝜼 can be expressed in terms of a set of unique generalised DOFs 𝝃
for the assembled systems through a localisation matrix 𝐋𝑚 as
(4.19)

𝜼 = 𝐋𝑚 𝝃 .
Substituting Equation (4.19) into Equation (4.18) yields

(4.20)

𝐄𝑚 𝐋𝑚 𝝃 = 𝟎

with 𝐋𝑚 = 𝑛𝑢𝑙𝑙(𝐄𝑚 ). The coupling is now performed as in the physical domain by
substituting 𝜼 = 𝐋𝑚 𝝃 into the EOMs in Equation (4.16) and premultiplying with 𝐋𝑇 so
that the coupled system is obtained as
(4.21)

𝐌̃ 𝑚 𝝃 ̈ + 𝐕̃ 𝑚 𝝃 ̇ + 𝐊̃ 𝑚 𝝃 = 𝐟𝑚̃
with
𝐌̃ 𝑚 = 𝐋𝑇𝑚 𝐌𝑚 𝐋𝑚 ,
𝐟𝑚̃ = 𝐋𝑇𝑚 𝐟𝑚

𝐕̃ 𝑚 = 𝐋𝑇𝑚 𝐕𝑚 𝐋𝑚 ,

𝐊̃ 𝑚 = 𝐋𝑇𝑚 𝐊𝑚 𝐋𝑚

where the fact that 𝐋𝑇𝑚 𝐠𝑚 = 𝟎 has been used.
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and

(4.22)
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5 Uncertainty quantification
Uncertainty quantification is an essential tool in the process of developing predictive
models in CAE driven fields, such as the automotive industry. It is a vast area with
active research that spans most scientific fields. Therefore, it is not the intent of this
chapter to provide an overview of the whole field, but rather point towards some recent
developments within the field of structural dynamics. First a short summary is made of
the different types of possible-to-encounter uncertainties. Thereafter, a brief overview
of model updating is presented with focus on the particular method used in this thesis,
followed by a short summary of inverse uncertainty quantification, which can be seen
as a generalisation of model updating. Then a section is devoted to a short summary
of some possible techniques related to uncertainty propagation for forward predictions.
The last two sections are included mainly as a short review of the subject area.

5.1

Types of uncertainties

Many types of uncertainties can be encountered in simulation and experimental results.
It is commonly said that two categories of model uncertainties exist. One is reducible
uncertainty, also called lack-of-knowledge or epistemic uncertainty. The other being
irreducible uncertainty, also called random or aleatory uncertainty [53]. Essentially the
division into the two categories is left to the user for the problem at hand, if at all needed.
Take the example of measurement noise. If no other measurement method is available
the uncertainty can probably not be reduced and should be categorised as irreducible.
If other means of measurement exists the uncertainty can be categorised as reducible.
Another example is variability between components. If no control of the tolerances in
production exist the uncertainty should be treated as irreducible, and reducible if there
is. As can be noted the problem of categorising the uncertainty is not an easy task, and
not something this thesis will consider in great detail. What follows are definitions of
some types of model uncertainties, as defined by Kennedy and O’Hagan [51].
Parametric uncertainty describes the statistical knowledge associated with model
parameters when considering test data from a single individual from a population. In
an experiment the results obtained contain noise, and multiple experiments will never
produce exactly the same results. The estimated parameters from a model updating
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procedure will therefore be uncertain to some extent.
Model adequacy refers to how well the model at hand is capturing reality. Many
times simplifications are introduced, which might be overly crude and make the model
inadequate. For example, modelling a car’s body in white with beam elements might
be adequate in some situations where simple analyses are of interest. It is not adequate
in most situations, such as when the vibration predictability is of interest. In situations
of model inadequacy it is important not to update model parameters to account for
modelling simplifications. The obtained model parameters would act as surrogates for
other errors, and the obtained model would in most cases not be usable for predicting
other results.
Residual variability means that for a real process with specified inputs the outputs are
not necessarily always equal. Therefore, a model will not in general be able to predict the
output of a real process for some specified input condition. This is a consequence of either
a form of model inadequacy, i.e. some conditions are not modelled, or the process might
be inherently random. For example, between equal experiments the input conditions will
always vary to some degree, which are not captured by the model.
Observation errors are caused due to measurement noise, e.g. electronic noise in the
equipment or fluctuations in temperature. This type of uncertainty might be very hard to
separate from residual variability.
Parametric variability represent the actual variability of the physical properties. For a
mass produced component manufacturing tolerances will cause the nominally identical
components produced to always show some property variation. Such variation can be
captured as parameter variation after an update of model parameters that represent such
physical properties, e.g by updated geometry properties or the elastic modulus deviates
from nominal values.
Code uncertainty is related to the uncertainty associated with complex computer codes.
For most problems of interest complex models are used where no analytical solution exist.
Therefore, computer codes are used to obtain a numerical solution. The computer code
implementation is usually not free from errors, which can cause erroneous results related
to uncertainties.

5.2

Model updating

The forward problem, or forward propagation, was presented in Chapter 2 as a second and
first order system of ODEs. This problem deals with obtaining outputs from a model given
some inputs, and has in most cases a unique solution and is therefore well-posed. The
inverse problem however, which is that of obtaining model inputs from the model outputs,
is in general ill-posed, i.e. there may exist multiple solutions or no solution at all [25]. In
Figure 5.1 the two problem types are shown. Model inputs are commonly parameters 𝜽
and system inputs 𝐮, while outputs 𝐲 can be any quantity of interest, but will here most
often be FRFs. In both cases it has been assumed that the model is known. FE model
updating is an inverse problem and strives to update an FE model, or the input parameters
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Forward problem
Input
𝜽, 𝐮

Model

Output
𝐲

Inverse problem
Figure 5.1: Forward and inverse problems.

𝜽, so that the model outputs represent experimental data better. Early attempts to FE
model updating were made by direct updating where the elements of mass and stiffness
matrices were altered. While these methods could represent the measurement data
very precisely, the physical meaning of the obtained models was lost. Later approaches
considered updating of physically meaningful parameters where deviation functions
are minimised, e.g. deviations in modal data between FE and experimental models.
However, using modal data introduces the problem of identifying modal parameters
from experimental data. Using a deviation based on FRFs alleviates this problem, but
introduces problems associated with mode pairing. For a thorough background on FE
model updating see [68, 25]. In this thesis an FRF based model updating procedure with
equalised damping is used [1], to circumvent the mode pairing problem, and will be the
basis for this section presentation. Note that explicit frequency dependency is dropped
from the FRF matrices below, and the used frequencies are assumed to take discrete
values.
The discrepancy between the a model 𝐇𝑅 and the experimentally measured model
𝐇𝑋 can be denoted by 𝐍𝑜 [51, 80, 52, 98]. Further, the true model 𝐇𝑅 can be thought to
be composed of an FE model 𝐇𝐹𝐸 (𝜽) and the model prediction error 𝐍𝑚 .
𝐇𝑋 = 𝐇𝑅 + 𝐍𝑜 = (𝐇𝐹𝐸 (𝜽) + 𝐍𝑚 ) + 𝐍𝑜 = 𝐇𝐹𝐸 (𝜽) + 𝐍𝐺

(5.1)

Under the assumption that the bias introduced by the FE model is small, 𝐍𝐺 can be
modelled as an independent, zero mean, multivariate normally distributed random
variable with a known covariance matrix 𝚺.
The goal of the calibration is to estimate a calibration parameter setting 𝜽 ̂ that minimises
the deviation between the experimentally obtained FRFs 𝐇𝑋 and the FE model FRFs
𝐇𝐹𝐸 (𝜽) under some norm. In the method used in this thesis [1] the discrepancy between a
finite element model 𝐇𝐹𝐸 and an experimentally identified model 𝐇Σ is minimised instead.
The experimental model can be obtained by various system identification algorithms, e.g.
N4SID [63] or PolyMAX [37]. The damping can therefore be equalised in both models,
and the mode pairing issue is circumvented [1]. The deviation metric can be formed as a
nonlinear least squares problem, as in Equation (2.20), that is smooth and weights high
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and low structural responses equally.
𝜽 ̂ = arg min
𝜽

𝝐𝐻 (𝜽)𝝐(𝜽)
𝑁

(5.2)

𝝐(𝜽) = log10 vect(𝐇𝐹𝐸 (𝜽)) − log10 vect(𝐇Σ )
The superscript 𝐻 denote the conjugate transpose and vect(⋅) stands for the vectorisation
operation in which a matrix is transformed into a column vector by stacking the columns
of the matrix.
Model updating is used in Paper B to update model parameters towards three front
subframes, individually. In Paper C bushing rubber stiffness is estimated using model
updating of one rear subframe, together with other model parameters. The procedure is
deterministic and does not consider any types of uncertainty discussed above, other than
parametric variability in Paper A for the three components. Therefore, other methods
need to be used so that influences of noise and parameter variability can be accounted
for. This is discussed in the next sections.
The parameter selection is a non-trivial subject [25, 80]. Selecting too many parameters
easily renders the model updating problem ill-posed as all of the parameters might not be
identifiable from the observed data. Selecting too few might not yield satisfactory results.
Which parameters to select might be the hardest problem in a calibration procedure.
Ideally parameters that are not well known, or uncertain, should be selected. Geometric
parameters are recommended in [25]. Many times this is not possible, and parameters
considered uncertain might not be identifiable. Therefore, often a selection of surrogate
parameters has to be done. An identifiability study can be performed to exclude parameters that would render the model updating problem ill-posed. The CRLB can be used
where the FIM is computed from the output sensitivities relative the parameters [80, 50].
ℱ = 𝐉 𝐉 with 𝐉𝑖𝑗 =
𝑇

𝜕 [𝝐(𝜽)𝐻 𝝐(𝜽)]

𝑖

𝑁𝜕𝜽𝑗

(5.3)

Here 𝑖 = 1, … , 𝑁 where 𝑁 is the number of points in the deviation metric, and 𝑗 = 1, … , 𝑝
with 𝑝 representing the number of parameters. A parameter with very high variance
compared to other parameters should therefore be discarded, as model outputs are not
very sensitive to small changes to it.

5.3

Inverse uncertainty quantification

A deterministic calibration yields a point estimate in the parameter space, meaning that
no statistical description about the estimator exist. Performing predictions with such a
parameter setting is not best practice as no statistical confidence bounds in the results are
obtained. Therefore, methods exist to account for the uncertainties in the observed data.
Generally two viewpoints for the statistical inference problem exist, the frequentist and
Bayesian viewpoints [74].
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The frequentist view of probability is many times considered the traditional viewpoint.
Here the probability for en experimental outcome is interpreted as the relative frequency
of occurrence of that outcome in a long sequence of experiment repetitions [50, 74].
Thus, the estimator uncertainty is represented by the probability distribution obtained by
applying an estimator to the experiment repetitions. Parameters of interest are viewed
as deterministic but unknown. Structural dynamics methods taking the frequentist
approach is common, see [61, 95]. A common estimator used is the maximum likelihood
estimator (MLE) which gives a parameter setting that maximises the likelihood function
[50]. From Equation (5.1), assuming that 𝐡𝑋 = 𝑣𝑒𝑐𝑡(𝐇𝑋 ) and 𝐡𝐹𝐸 = 𝑣𝑒𝑐𝑡(𝐇𝐹𝐸 ), and with
the assumption that 𝐍𝐺 ∼ 𝒩(𝟎, 𝚺) the likelihood function can be formed as
1
𝑇
𝑙(𝐡𝑥 |𝜽) ∝ 𝑒𝑥𝑝 [− (𝐡𝑋 − 𝐡𝐹𝐸 ) 𝚺−1 (𝐡𝑋 − 𝐡𝐹𝐸 )] .
2

(5.4)

̂
Here ∝ denote proportionality between two expressions. The MLE estimator 𝜽𝑀𝐿𝐸
is
then found as
̂
𝜽𝑀𝐿𝐸
= arg max 𝑙(𝐡𝑥 |𝜽).

(5.5)

𝜽

̂
Under certain conditions the MLE estimator 𝜽𝑀𝐿𝐸
distribution can be shown to be [50]
(5.6)

𝑎
̂
𝜽𝑀𝐿𝐸
∼
𝒩 (𝟎, ℱ −1 (𝜽)) .

𝑎
Here ∼
denote the asymptotically distributed symbol.
Another approach to find the sampling distribution of the MLE estimator is based on
using bootstrapping [40, 52, 98, 95]. This approach is used in this thesis in Paper B and
𝑏
Paper C. The procedure works by repeatedly drawing random datasets 𝐡𝑋
with replacement from the original data set 𝐡𝑋 . The calibration procedure is then performed towards
𝑏
this new data set 𝐡𝑋
in Equation (5.2) so that a new calibration parameter setting 𝜽𝑏̂ is
obtained. This procedure is repeated 𝑛𝑏 times. Thus 𝑛𝑏 vectors of calibrated parameters
𝜽 𝑏̂ will be obtained, from which statistics can be computed [52, 98].
The Bayesian viewpoint, on the other hand, interprets probability as a degree of
plausibility. Therefore, the parameters are considered random variables and a prior belief
about their distribution can be used, if it exist. In structural dynamics much research is
presently focusing on Bayesian techniques and especially their computational challenge
using Markov chain Monte Carlo methods, see [9, 8, 14, 94]. The methods work by using
Bayes’ theorem [12]

𝑝(𝜽|𝐡𝑋 ) =

𝑝(𝐡𝑋 |𝜽)𝑝(𝜽)
𝑝(𝐡𝑋 )

(5.7)

where 𝑝(𝐡𝑋 |𝜽) is the likelihood function, 𝑝(𝜽) the prior distribution and 𝑝(𝐡𝑋 ) a normalisation constant so that the posterior distribution 𝑝(𝜽|𝐡𝑋 ) becomes a valid probability
density function. The posterior distribution is therefore associated with the prior distribution, but is updated with respect to the data, and so new information is incorporated
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in this framework. The posterior distribution can be used in an estimator. It is common
to use the maximum a posteriori (MAP) estimator [50].
̂
𝜽𝑀𝐴𝑃
= arg max 𝑝(𝜽|𝐡𝑥 )

(5.8)

𝜽

̂
This estimator selects a parameter setting 𝜽𝑀𝐴𝑃
that will maximise the posterior distribution, i.e. find the posterior distributions mode. Another common estimator is the
minimum mean squared error (MMSE) estimator [50].
̂
𝜽𝑀𝑀𝑆𝐸
= ∫ 𝜽𝑝(𝜽|𝐡𝑥 )𝑑𝜽 = E [𝜽|𝐡𝑥 ]

(5.9)

̂
Here the parameter setting 𝜽𝑀𝑀𝑆𝐸
is chosen so that the estimator minimises the mean
square error (MSE). For other estimators see [50]. The computational burden associated
with Bayesian techniques is very high for high dimensional parameter spaces (curse of
dimensionality) which is one of the drawbacks of the method. The method has also
been criticised as biased due to the prior distribution, which can sometimes be chosen
arbitrarily. Furthermore, the implementation is fairly complex compared to the simpler
frequentist methods.
Other approaches exist for the treatment of uncertainties and variability in model
parameters for the inverse problem. Non-probabilistic methods have surfaced recently,
such as the fuzzy set method [39, 80]. They have been introduced due to the inability of
probabilistic methods to account for epistemic uncertainty [67], i.e. uncertainty that very
little is known about or non-random uncertainty. In other words many authors propose
that probabilistic methods should be avoided when the uncertainties are epistemic, i.e.
lack-of-knowledge type uncertainties are present [10].

5.4

Forward uncertainty quantification

When uncertainties are associated with the simulation model one single deterministic
simulation will generally not be suﬃcient for predictive purposes. That is because no
confidence bounds for the results are present. In reality uncertainties about simulation
models are always present. For instance when no experimental data about the model exist,
or in cases when it is known that a particular parameter is representing a property created
by a production process with some randomness with a known probability distribution. In
such situations uncertainty propagation, or forward uncertainty quantification methods
can be used. The most well known method is the Monte Carlo method, which is also
often used as a reference for other methods. It can be seen as a brute force method in
which the deterministic simulation is run very many times with different realisations of
input parameters and controlled by the parameter distribution. Statistics about the output
quantities are then obtained which in turn provide more confidence in the simulated
results. This method is usually very computationally expensive as a single deterministic
simulation can take many hours, and many simulations are needed for just one varying
parameter. It is common to have hundreds of uncertain parameters, and hence a very
30

large parameter space. Therefore, other methods have been developed to circumvent this
problem. Good overviews of methods are given in [91, 77, 78, 78, 89]. It should be noted
here that the inverse quantification methods in the previous section generally solve the
forward problems many times, and so the output uncertainties are implicitly obtained.
For probabilistic finite element analysis uncertainty propagation methods using perturbation techniques exist [54]. These are normally based on Taylor series expansion, which
are generally well suited when the first and second moments, i.e. mean and variance,
of the outputs are sought [91]. From reliability engineering the first and second order
reliability methods exist which are well suited when the tail probabilities are sought [91],
e.g. to assess a structures probability of failure. Further, spectral finite element methods
exist [28] which strive to be suited for any type of problem. Although, these methods
are not well suited for nonlinear problems and can be computationally intensive [89].
Sensitivity analysis is another important part of stochastic mechanics, which was briefly
explained above where a local sensitivity analysis method was outlined in terms of the
CRLB. It can be used to asses the importance of parameters and hence reduce the cost of
simulations. Global sensitivity analysis on the other hand strives to quantify the output
uncertainty due to uncertainty in all input parameters combined [91].
Most of the focus so far has been on parametric methods, in which specific model
parameters are varied. Non-parametric approaches have surfaced recently based on
random matrix theory [84, 87, 85, 86, 83]. The main idea is that the EOMs system matrices
can be treated as random, i.e. the nominal model can be considered as the mean and
very few parameters are used to represent the uncertainties in the matrices. The obvious
disadvantage of the method is that no physical insight is usually retained, but on the other
hand all types of uncertainties might be considered. This has resulted in an application
for structural-acoustic modelling in automotive vehicles [17].
Possible ways of circumventing the computational burden of Monte Carlo methods is to
use reduced order models, or surrogate models, e.g. through a multi-fidelity approach [35,
71, 69]. Another approach relies on substructuring, or component mode synthesis, where
reduced order models are assembled to obtain system responses [41]. In comparison to
the non-parametric methods, substructuring methods will generally allow for a greater
physical insight as simpler components are coupled to form the complex system. Further,
surrogate techniques exist, such as Gaussian processes [23]. Many of these techniques
are computationally expensive in the creation of the surrogate models, but cheap in the
evaluation of the surrogate models. Therefore, the sometimes millions of runs required
by the Monte Carlo method can be performed cheaply. The drawback is that the surrogate
models need to be recreated for other parameter configurations, and that surrogate models
introduce errors in the system outputs.
Other approaches exist for the treatment of uncertainties and variability in model
parameters, e.g. non-probabilistic methods. Common methods are the convex interval
method [10] and the fuzzy set method [65]. These methods are especially useful in the
treatment of epistemic uncertainty, i.e. lack-of-knowledge uncertainty rather than random
uncertainty. The convex interval method is based on the assumption that many times the
parameter range is constrained and as such it tends to form a convex set which simplifies
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the analysis. The fuzzy set approach is based on fuzzy sets [99], which are sets where
elements have a degree of membership associated with them, i.e. the degree of belonging
to the set is defined by the membership function. The methods have surfaced due to
the many times arbitrary assumption of the probability density function governing the
uncertainties, e.g. when not enough data about the uncertain parameters exist which is
many times the case. Experiments tend to be time consuming and expensive and only a
limited number can be performed. These methods could thus be classified as a middle
ground between deterministic simulations and stochastic methods.
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6 Summary of appended papers
Paper A: Redundant information rejection in sensor localisation using system gramians
In this paper the method of effective independence (EfI) is shown to select redundant
sensor positions in symmetric models and very detailed finite element models. An extension of the EfI method is proposed where sensors are ranked by the EfI metric and sensor
positions containing redundant information are identified and rejected from the final
sensor set. The redundant sensor position criteria is based on system gramians and works
for sensors measuring in any direction. The method is verified on a simple symmetric
clamped plate.
Paper B: Calibration, validation and uncertainty quantification of nominally identical car
subframes
Vibration experiments of three nominal Volvo XC 90 (2015) front subframes are performed.
Experimental models are acquired through system identification. Sensor placement is
based on the method proposed in Paper A. The spread in dynamical and static properties
is reported. It is found that within certain frequency regions the spread in dynamical properties is considerable. The damping equalisation, frequency based, calibration method
FEMcali is used to calibrate 9 physical parameters for the three subframes in independent
calibrations up to 400 Hz towards the experimentally identified models. Considerable
improvement in model predictability is achieved. A bootstrapping procedure, towards
raw experimental data, is utilised in assessing the parameter uncertainty with respect to
the measurement noise. It is found that one parameter is sensitive to the measurement
noise for two components.
Paper C: Parameter estimation and uncertainty quantification of a subframe with mass
loaded bushings
One Volvo XC 90 (2015) rear subframe is considered. Vibration experiments, with sensor
placement based on the method proposed in Paper A, are performed with and without
33

mass loaded bushings. Experimental models are identified using system identification.
Model calibrations of configurations with and without mass loaded bushings are performed with the FEMcali method towards the experimentally identified models. High
fidelity bushings models are created and the rubber stiffness updated towards the mass
loaded experimental models. The updated subframe model is then further updated
towards the configuration without mass loaded bushings for various physical parameters.
Very good model predictability is achieved.
Paper D: A reduced interface component mode synthesis method using coarse meshes
A component mode synthesis (CMS) method with eﬃcient interface reduction is proposed.
CMS methods provide an eﬃcient modelling methodology for large scale structural
models. When a high density mesh is used, with detailed interfaces, the method’s
eﬃciency is reduced. It is proposed that coarse mesh models are used in forming a
reduction basis of the interface degrees of freedom. The method is verified on a simple
plate model consisting of two substructures.
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7 Conclusion and future work
This thesis deals with the development of methods for creation of predictive models
under uncertainties for use in structural dynamics. The goal is twofold. Minimising measurement uncertainties and enabling computational models to account for uncertainties.
The focus lies on complex industrial structures from the automotive industry. Therefore a
component approach is considered so that physical insight is retained. The more complex
system of interest can be obtained from an assembly of the individual components.
In reducing measurement uncertainties an existing procedure for sensor position selection, the method of effective independence, is extended for rejection of sensor positions
carrying similar information using system gramians. Further, a measurement software,
implemented in MATLAB, for faster stepped sine vibration experiments is developed
such that experimental data with low noise levels can be obtained relatively fast.
To quantify model parameter uncertainties a model updating method using frequency
response functions and equalised damping with a bootstrapping uncertainty quantification procedure is used on two automotive structures. A front and a rear subframe
are considered. Very good models are obtained, that can be used in a future synthesis.
Physical parameters are updated, but it is noted that geometric parameters are highly
desirable for a better parametrisation. It is found that the identification of an experimental
system is very diﬃcult, and tools for ease of use should be further developed. Spread in
dynamical properties between nominally identical components of the two structures is
also noted.
A component mode synthesis interface reduction method is also developed which
enables fast computations of high fidelity finite element models. The method is based on
the usage of coarse meshes to reduce the dimension of the linear system solved in a static
condensation.
For future work the assembly of components will be considered, and how the variability between nominally identical components propagate through such assemblies, in
both experimental and computational models. Some possible methods to consider for
propagation of uncertainties in built up structures are component mode based techniques
[41, 48, 47].

35

36

References
[1] T. J. S. Abrahamsson and D. C. Kammer. Finite Element Model Calibration Using
Frequency Responses with Damping Equalization. Mechanical Systems and Signal
Processing 62–63 (2015), 218–234. doi: 10.1016/j.ymssp.2015.02.022.
[2] T. Abrahamsson. Linear System Theory in Vibration Engineering. Applied Mechanics
Publication U72. Göteborg, Sweden: Chalmers University of Technology, 2000.
[3] R. J. Allemang and D. L. Brown. “A Correlation Coeﬃcient for Modal Vector Analysis”. Proceedings of the 1st IMAC. International Modal Analysis Conference. 1982.
[4] A. C. Antoulas. Approximation of Large-Scale Dynamical Systems. Philadelphia: Society
for Industrial and Applied Mathematic, 2005. 481 pp. isbn: 978-0-89871-529-3.
[5] E. Balmès. “Use of Generalized Interface Degrees of Freedom in Component Mode
Synthesis”. Proceedings of the 14th IMAC. International Modal Analysis Conference.
1996.
[6] M. C. C. Bampton and R. R. Craig Jr. Coupling of Substructures for Dynamic
Analyses. AIAA Journal 6.7 (1968), 1313–1319. doi: 10.2514/3.4741.
[7] K. J. Bathe. Finite Element Procedures in Engineering Analysis. Englewood Cliffs, N.J:
Prentice Hall, 1982. 736 pp. isbn: 978-0-13-317305-5.
[8] J. L. Beck and S.-K. Au. Bayesian Updating of Structural Models and Reliability
Using Markov Chain Monte Carlo Simulation. Journal of Engineering Mechanics 128.4
(2002), 380–391. doi: 10.1061/(ASCE)0733-9399(2002)128:4(380).
[9] J. L. Beck and L. S. Katafygiotis. Updating Models and Their Uncertainties. I:
Bayesian Statistical Framework. Journal of Engineering Mechanics 124.4 (1998), 455–
461.
[10] Y. Ben-Haim and I. Elishakoff. Convex Models of Uncertainty in Applied Mechanics.
Studies in applied mechanics 25. Amsterdam: Elsevier, 1990. 221 pp. isbn: 9780-444-88406-0.
[11] B.H.Thacker, S.W.Doebling, F.M.Hemez, M. C. Anderson, J. E. Pepin, and E. A.
Rodriguez. Concepts of Model Verification and Validation. LA-14167. Los Alamos
National Lab., Los Alamos, NM (US), 2004.
[12] C. M. Bishop. Pattern Recognition and Machine Learning. Information science and
statistics. New York: Springer, 2006. 738 pp. isbn: 978-0-387-31073-2.
[13] J. A. Cafeo, R. V. Lust, S. J. Doggett, D. J. Nefske, D. A. Feldmaier, and S. H. Sung.
“A Design-of-Experiments Approach to Quantifying Test-to-Test Variability for a
37

[14]
[15]
[16]
[17]

[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]
[26]
[27]

Modal Test”. Proceedings of the 15th IMAC. International Modal Analysis Conference.
1997, pp. 598–604.
J. Ching and Y.-C. Chen. Transitional Markov Chain Monte Carlo Method for
Bayesian Model Updating, Model Class Selection, and Model Averaging. Journal of
engineering mechanics 133.7 (2007), 816–832.
E. T. F. Connectivity and A. Driving. ERTRAC Automated Driving Roadmap. European
Road Transport Research Advisory Council, 2015, p. 48.
R. R. J. Craig and C. J. Chang. Substructure Coupling for Dynamic Analysis and Testing.
1977.
J.-F. Durand, C. Soize, and L. Gagliardini. Structural-Acoustic Modeling of Automotive Vehicles in Presence of Uncertainties and Experimental Identification and
Validation. The Journal of the Acoustical Society of America 124.3 (2008), 1513–1525.
doi: 10.1121/1.2953316.
ERTRAC. European Roadmap Electrification of Road Transport. European Road Transport Research Advisory Council, 2012, p. 43.
ERTRAC Working Group on Road Transport Safety and Security. European Roadmap
Safe Road Transport. European Road Transport Research Advisory Council, 2011,
p. 46.
D. J. Ewins. Modal Testing: Theory, Practice and Application. 2nd Edition. Baldock,
Hertfordshire, England; Philadelphia, PA: Wiley-Blackwell, 2000. 576 pp. isbn: 9780-86380-218-8.
D. J. Fagnant and K. Kockelman. Preparing a Nation for Autonomous Vehicles:
Opportunities, Barriers and Policy Recommendations. Transportation Research Part
A: Policy and Practice 77 (2015), 167–181. doi: 10.1016/j.tra.2015.04.003.
J. Främby. “On Eﬃcient Modelling of Progressive Damage in Composite Laminates
Using an Equivalent Single-Layer Approach”. Licentiate Thesis. Göteborg, Sweden:
Chalmers University of Technology, 2016. 80 pp.
T. E. Fricker, J. E. Oakley, N. D. Sims, and K. Worden. Probabilistic Uncertainty
Analysis of an FRF of a Structure Using a Gaussian Process Emulator. Mechanical
Systems and Signal Processing 25.8 (2011), 2962–2975. doi: 10.1016/j.ymssp.2011.
06.013.
M. I. Friswell. Candidate Reduced Order Models for Structural Parameter Estimation. J. Vib. Acoust 112.1 (1990), 93–97. doi: 10.1115/1.2930105.
M. I. Friswell and J. E. Mottershead. Finite Element Model Updating in Structural
Dynamics. Solid Mechanics and its Applications 38. Springer Netherlands, 1995.
isbn: 978-90-481-4535-5 978-94-015-8508-8.
W. Gawronski and K. B. Lim. Balanced Actuator and Sensor Placement for Flexible Structures. International Journal of Control 65.1 (1996), 131–145. doi: 10.1080/
00207179608921690.
M. Geradin and D. J. Rixen. Mechanical Vibrations: Theory and Application to Structural
Dynamics. 3rd Edition. Wiley, 2015. 616 pp. isbn: 978-1-118-90020-8.

38

[28]
[29]
[30]
[31]

[32]

[33]
[34]

[35]
[36]
[37]

[38]
[39]
[40]

R. G. Ghanem and P. D. Spanos. Stochastic Finite Elements: A Spectral Approach. New
York, NY: Springer New York, 1991. isbn: 978-1-4612-7795-8 978-1-4612-3094-6. doi:
10.1007/978-1-4612-3094-6.
M. Gibanica and T. J. S. Abrahamsson. AbraDAQ. url: https://github.com/mgcth/
abraDAQ (visited on 12/28/2016).
M. Gibanica and T. J. S. Abrahamsson. “Parameter Estimation and Uncertainty
Quantification of a Subframe with Mass Loaded Bushings”. Proceedings of the 35th
IMAC. International Modal Analysis Conference. Garden Grove, CA, 2017. In press.
M. Gibanica, T. J. S. Abrahamsson, and D. C. Kammer. “Redundant Information
Rejection in Sensor Localisation Using System Gramians”. Topics in Modal Analysis & Testing, Volume 10. Conference Proceedings of the Society for Experimental
Mechanics Series. Springer International Publishing, 2016, pp. 325–333. isbn: 9783-319-30248-5. doi: 10.1007/978-3-319-30249-2_29.
M. Gibanica, T. J. S. Abrahamsson, and M. Olsson. “Calibration, Validation and
Uncertainty Quantification of Nominally Identical Car Subframes”. Model Validation
and Uncertainty Quantification, Volume 3. Conference Proceedings of the Society for
Experimental Mechanics Series. Springer International Publishing, 2016, pp. 315–
326. isbn: 978-3-319-29753-8. doi: 10.1007/978-3-319-29754-5_31.
M. Gibanica, T. J. S. Abrahamsson, and D. J. Rixen. “A Reduced Interface Component Mode Synthesis Method Using Coarse Meshes”. X International Conference on
Structural Dynamics. EURODYN. Rome, 2017. Submitted.
M. Gibanica, A. T. Johansson, A. Liljerehn, P. Sjövall, and T. Abrahamsson. “Experimental - Analytical Dynamic Substructuring of Ampair Testbed: A State-Space
Approach”. Dynamics of Coupled Structures, Volume 1. Conference Proceedings of
the Society for Experimental Mechanics Series. Springer International Publishing,
2014, pp. 1–14. isbn: 978-3-319-04500-9. doi: 10.1007/978-3-319-04501-6_1.
M. B. Giles. Multilevel Monte Carlo Path Simulation. Operations Research 56.3 (2008),
607–617.
G. M. L. Gladwell. Branch Mode Analysis of Vibrating Systems. Journal of Sound
and Vibration 1.1 (1964), 41–59. doi: 10.1016/0022-460X(64)90006-9.
P. Guillaume, P. Verboven, S. Vanlanduit, H. Van Der Auweraer, and B. Peeters. “A
Poly-Reference Implementation of the Least-Squares Complex Frequency-Domain
Estimator”. Proceedings of the 21st IMAC. International Modal Analysis Conference.
Vol. 21. 2003, pp. 183–192.
R. J. Guyan. Reduction of Stiffness and Mass Matrices. AIAA Journal 3.2 (1965),
380–380. doi: 10.2514/3.2874.
T. Haag, S. Carvajal González, and M. Hanss. Model Validation and Selection Based
on Inverse Fuzzy Arithmetic. Mechanical Systems and Signal Processing. Uncertainties
in Structural Dynamics 32 (2012), 116–134. doi: 10.1016/j.ymssp.2011.09.028.
T. Hastie, R. Tibshirani, and J. Friedman. The Elements of Statistical Learning - Data
Mining, Inference, and Prediction. Springer Series in Statistics. Springer New York,
2009. isbn: 978-0-387-84857-0.

39

[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]

L. Hinke, F. Dohnal, B. R. Mace, T. P. Waters, and N. S. Ferguson. Component Mode
Synthesis as a Framework for Uncertainty Analysis. Journal of Sound and Vibration
324 (1–2 2009), 161–178. doi: 10.1016/j.jsv.2009.01.056.
W. C. Hurty. Dynamic Analysis of Structural Systems Using Component Modes.
AIAA Journal 3.4 (1965), 678–685. doi: 10.2514/3.2947.
W. C. Hurty. Vibrations of Structural Systems by Component Mode Synthesis.
Journal of the Engineering Mechanics Division 86.4 (1960), 51–70.
J.-N. Juang and R. S. Pappa. An Eigensystem Realization Algorithm for Modal
Parameter Identification and Model Reduction. Journal of Guidance, Control, and
Dynamics 8.5 (1985), 620–627. doi: 10.2514/3.20031.
D. C. Kammer. Sensor Placement for On-Orbit Modal Identification and Correlation
of Large Space Structures. Journal of Guidance, Control, and Dynamics 14.2 (1991),
251–259. doi: 10.2514/3.20635.
D. C. Kammer. Sensor Set Expansion for Modal Vibration Testing. Mechanical Systems
and Signal Processing 19.4 (2005), 700–713. doi: 10.1016/j.ymssp.2004.06.003.
D. C. Kammer and D. Krattiger. Propagation of Uncertainty in Substructured Spacecraft Using Frequency Response. AIAA Journal 51.2 (2013), 353–361. doi: 10.2514/
1.J051771.
D. C. Kammer and S. Nimityongskul. Propagation of Uncertainty in Test-Analysis
Correlation of Substructured Spacecraft. Journal of Sound and Vibration 330.6 (2011),
1211–1224. doi: 10.1016/j.jsv.2010.09.029.
D. C. Kammer and M. L. Tinker. Optimal Placement of Triaxial Accelerometers for
Modal Vibration Tests. Mechanical Systems and Signal Processing 18.1 (2004), 29–41.
doi: 10.1016/S0888-3270(03)00017-7.
S. M. Kay. Fundamentals of Statistical Signal Processing, Volume I: Estimation Theory. 1st
edition. Englewood Cliffs, N.J: Prentice Hall, 1993. 625 pp. isbn: 978-0-13-345711-7.
M. C. Kennedy and A. O’Hagan. Bayesian Calibration of Computer Models. Journal
of the Royal Statistical Society: Series B (Statistical Methodology) 63.3 (2001), 425–464.
doi: 10.1111/1467-9868.00294.
M. Khorsand Vakilzadeh. “Stochastic Model Updating and Model Selection with
Application to Structural Dynamics”. Doctoral Thesis. Chalmers University of
Technology, 2016.
A. D. Kiureghian and O. Ditlevsen. Aleatory or Epistemic? Does It Matter? Structural
Safety. Risk Acceptance and Risk Communication 31.2 (2009), 105–112. doi: 10.1016/
j.strusafe.2008.06.020.
M. Kleiber and T. D. Hien. The Stochastic Finite Element Method: Basic Perturbation
Technique and Computer Implementation. Wiley, 1993. 336 pp. isbn: 978-0-471-93626-8.
D. D. Klerk, D. J. Rixen, and S. N. Voormeeren. General Framework for Dynamic
Substructuring: History, Review and Classification of Techniques. AIAA Journal
46.5 (2008), 1169–1181. doi: 10.2514/1.33274.
M. S. Kompella and R. J. Bernhard. “Measurement of the Statistical Variation of
Structural-Acoustic Characteristics of Automotive Vehicles”. SAE Technical Paper
931272. Noise & Vibration Conference & Exposition. 1993. doi: 10.4271/931272.
40

[57]
[58]
[59]
[60]
[61]
[62]

[63]
[64]
[65]

[66]
[67]

[68]
[69]
[70]
[71]

M. S. Kompella and R. J. Bernhard. Variation of Structural-Acoustic Characteristics
of Automotive Vehicles. Noise Control Engineering Journal 44.2 (1996).
D. Lennström. “Assessment and Control of Tonal Components in Electric Vehicles”.
Doctoral Thesis. Luleå, Sweden: Luleå University of Technology, 2015.
A. Liljerehn. “Machine Tool Dynamics - A Constrained State-Space Substructuring
Approach”. Doctoral Thesis. Chalmers University of Technology, 2016.
L. Ljung. System Identification: Theory for the User. 2nd edition. Upper Saddle River,
NJ: Prentice Hall, 1999. 672 pp. isbn: 978-0-13-656695-3.
C. Mares, J. E. Mottershead, and M. I. Friswell. Stochastic Model Updating: Part
1—theory and Simulated Example. Mechanical Systems and Signal Processing 20.7
(2006), 1674–1695. doi: 10.1016/j.ymssp.2005.06.006.
R. L. Mayes. “An Introduction to the SEM Substructures Focus Group Test Bed
- The Ampair 600 Wind Turbine”. Topics in Experimental Dynamics Substructuring
and Wind Turbine Dynamics, Volume 2. Springer, New York, NY, 2012, pp. 61–70. doi:
10.1007/978-1-4614-2422-2_7.
T. McKelvey, H. Akcay, and L. Ljung. Subspace-Based Multivariable System Identification from Frequency Response Data. IEEE Transactions on Automatic Control 41.7
(1996), 960–979. doi: 10.1109/9.508900.
L. Meirovitch. Principles and Techniques of Vibrations. 1st edition. Upper Saddle River,
N.J: Pearson, 1996. 694 pp. isbn: 978-0-02-380141-9.
D. Moens and D. Vandepitte. A Fuzzy Finite Element Procedure for the Calculation
of Uncertain Frequency-Response Functions of Damped Structures: Part 1—Procedure. Journal of Sound and Vibration. Uncertainty in structural dynamicsUncertainty
in structural dynamics 288.3 (2005), 431–462. doi: 10.1016/j.jsv.2005.07.001.
H. Molker. “Failure Prediction of Orthotropic Non-Crimp Fabric Reinforced Composite Materials”. Licentiate Thesis. Göteborg, Sweden: Chalmers University of
Technology, 2016.
B. Möller and M. Beer. Engineering Computation under Uncertainty – Capabilities of
Non-Traditional Models. Computers & Structures. Uncertainty in Structural Analysis
- Their Effect on Robustness, Sensitivity and Design 86.10 (2008), 1024–1041. doi:
10.1016/j.compstruc.2007.05.041.
J. E. Mottershead and M. I. Friswell. Model Updating In Structural Dynamics: A
Survey. Journal of Sound and Vibration 167.2 (1993), 347–375. doi: 10.1006/jsvi.
1993.1340.
L. W. T. Ng and K. E. Willcox. Multifidelity Approaches for Optimization under
Uncertainty. Int. J. Numer. Meth. Engng 100.10 (2014), 746–772. doi: 10.1002/nme.
4761.
C. Papadimitriou. Optimal Sensor Placement Methodology for Parametric Identification of Structural Systems. Journal of Sound and Vibration 278 (4–5 2004), 923–947.
doi: 10.1016/j.jsv.2003.10.063.
B. Peherstorfer, K. Willcox, and M. Gunzburger. Survey of Multifidelity Methods in
Uncertainty Propagation, Inference, and Optimization, Technical Report. 2016.

41

[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]

[84]
[85]
[86]

T. P. Philippidis, D. J. Lekou, and D. G. Aggelis. Mechanical Property Distribution
of CFRP Filament Wound Composites. Composite Structures 45.1 (1999), 41–50. doi:
10.1016/S0263-8223(99)00012-4.
A. Pietrzyk. “Dispersion of Test-Based NVH Characteristics at Various Trim Levels”.
SAE Technical Paper 2011-01-1569. SAE 2011 Noise and Vibration Conference and
Exhibition. 2011. doi: 10.4271/2011-01-1569.
J. A. Rice. Mathematical Statistics and Data Analysis. 3rd ed. Duxbury advanced series.
Belmont, CA: Thomson/Brooks/Cole, 2007. 1 p. isbn: 978-0-534-39942-9.
Roy R. Craig Jr. and A. J. Kurdila. Fundamentals of Structural Dynamics. 2nd Edition.
Hoboken, N.J: Wiley, 2006. 744 pp. isbn: 978-0-471-43044-5.
M. Scheel and A. T. Johansson. “State-Space Substructuring with Transmission
Simulator”. Dynamics of Coupled Structures, Volume 4. Springer, Cham, 2016, pp. 91–
103. doi: 10.1007/978-3-319-29763-7_9.
G. I. Schuëller. Computational Stochastic Mechanics – Recent Advances. Computers
& Structures 79 (22–25 2001), 2225–2234. doi: 10.1016/S0045-7949(01)00078-5.
G. I. Schuëller. On the Treatment of Uncertainties in Structural Mechanics and
Analysis. Computers & Structures. Computational Stochastic Mechanics 85 (5–6
2007), 235–243. doi: 10.1016/j.compstruc.2006.10.009.
P. C. Shah and F. E. Udwadia. A Methodology for Optimal Sensor Locations for
Identification of Dynamic Systems. J. Appl. Mech 45.1 (1978), 188–196. doi: 10.1115/
1.3424225.
E. Simoen, G. De Roeck, and G. Lombaert. Dealing with Uncertainty in Model Updating for Damage Assessment: A Review. Mechanical Systems and Signal Processing
56–57 (2015), 123–149. doi: 10.1016/j.ymssp.2014.11.001.
P. Sjövall. “Identification and Synthesis of Components for Vibration Transfer Path
Analysis”. Doctoral Thesis. Chalmers University of Technology, 2007.
P. Sjövall and T. Abrahamsson. Component System Identification and State-Space
Model Synthesis. Mechanical Systems and Signal Processing 21.7 (2007), 2697–2714.
doi: 10.1016/j.ymssp.2007.03.002.
C. Soize. A Comprehensive Overview of a Non-Parametric Probabilistic Approach
of Model Uncertainties for Predictive Models in Structural Dynamics. Journal of
Sound and Vibration. Uncertainty in structural dynamics Uncertainty in structural
dynamics 288.3 (2005), 623–652. doi: 10.1016/j.jsv.2005.07.009.
C. Soize. A Nonparametric Model of Random Uncertainties for Reduced Matrix
Models in Structural Dynamics. Probabilistic Engineering Mechanics 15.3 (2000), 277–
294. doi: 10.1016/S0266-8920(99)00028-4.
C. Soize. Random Matrix Theory and Non-Parametric Model of Random Uncertainties in Vibration Analysis. Journal of Sound and Vibration 263.4 (2003), 893–916.
doi: 10.1016/S0022-460X(02)01170-7.
C. Soize. Random Matrix Theory for Modeling Uncertainties in Computational
Mechanics. Computer Methods in Applied Mechanics and Engineering. Special Issue
on Computational Methods in Stochastic Mechanics and Reliability Analysis 194
(12–16 2005), 1333–1366. doi: 10.1016/j.cma.2004.06.038.
42

[87]
[88]
[89]
[90]
[91]

[92]
[93]
[94]

[95]

[96]

[97]
[98]
[99]

C. Soize. Maximum Entropy Approach for Modeling Random Uncertainties in
Transient Elastodynamics. The Journal of the Acoustical Society of America 109.5 (2001),
1979–1996. doi: 10.1121/1.1360716.
S. A. Stansfeld and M. P. Matheson. Noise Pollution: Non-Auditory Effects on Health.
Br Med Bull 68.1 (2003), 243–257. doi: 10.1093/bmb/ldg033.
G. Stefanou. The Stochastic Finite Element Method: Past, Present and Future. Computer Methods in Applied Mechanics and Engineering 198 (9–12 2009), 1031–1051. doi:
10.1016/j.cma.2008.11.007.
C. Stephan. Sensor Placement for Modal Identification. Mechanical Systems and
Signal Processing 27 (2012), 461–470. doi: 10.1016/j.ymssp.2011.07.022.
B. Sudret. “Uncertainty Propagation and Sensitivity Analysis in Mechanical Models
- Contributions to Structural Reliability and Stochastic Spectral Methods”. Habilitation Thesis. Clermont-Ferrand, France: Université Blaise Pascal - Clermont II,
2007.
The Princeton Companion to Applied Mathematics. Princeton: Princeton University
Press, 2015. 1016 pp. isbn: 978-0-691-15039-0.
F. E. Udwadia and J. A. Garba. “Optimal Sensor Locations for Structural Identification”. Proc. JPL Workgroup on Identification and Control of Flexible Space Structures
(San Diego, CA). 1985, pp. 247–61.
M. K. Vakilzadeh, Y. Huang, J. L. Beck, and T. Abrahamsson. Approximate Bayesian
Computation by Subset Simulation Using Hierarchical State-Space Models. Mechanical Systems and Signal Processing. Recent advances in nonlinear system identification
84, Part B (2017), 2–20. doi: 10.1016/j.ymssp.2016.02.024.
M. K. Vakilzadeh, V. Yaghoubi, A. T. Johansson, and T. J. S. Abrahamsson. Stochastic
Finite Element Model Calibration Based on Frequency Responses and Bootstrap
Sampling. Mechanical Systems and Signal Processing 88 (2017), 180–198. doi: 10.1016/
j.ymssp.2016.11.014.
P. Van Overschee and B. De Moor. N4SID: Subspace Algorithms for the Identification of Combined Deterministic-Stochastic Systems. Automatica. Special issue
on statistical signal processing and control 30.1 (1994), 75–93. doi: 10.1016/00051098(94)90230-5.
S. N. Voormeeren. “Dynamic Substructuring Methodologies for Integrated Dynamic
Analysis of Wind Turbines”. Delft: Delft University of Technology, 2012.
V. Yaghoubi. “System Identification of Large-Scale Linear and Nonlinear Structural
Dynamic Models”. Doctoral Thesis. Chalmers University of Technology, 2016.
L. A. Zadeh. Fuzzy Sets. Information and Control 8.3 (1965), 338–353. doi: 10.1016/
S0019-9958(65)90241-X.

43

44

Part II

Appended Papers A–D

46

