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RESUME

Les problemes d’ingénierie reposent sur des modeles pour prédire les phénomenes physiques
et il est essentiel, a des fins de prise de décision, que ces modeles soient probabilistes, afin que
nous soyons conscients de ce que nous ne savons pas a leur sujet. Les approches probabilistes
courantes incluent les modeles d’espace d’états utilisés pour prévoir les séries chronologiques,
et les réseaux de neurones Bayésiens utilisés pour effectuer des taches de régression. De tels
modeles impliquent des parametres inconnus non seulement pour modéliser des phénomenes
physiques mais aussi pour quantifier les incertitudes épistémiques et aléatoires du modele.
En pratique, I'estimation de ces parametres peut étre exigeante en termes de calcul, ce qui
empéche les modeles existants d’étre mis a 1’échelle pour étre utilisés dans des applications

d’ingénierie pratiques a grande échelle.

Par exemple, dans les modeles d’espace d’états, I'estimation des variables d’état cachées est
peu coliteuse en termes de calcul car nous pouvons nous appuyer sur une formulation analy-
tique pour effectuer l'inférence Bayésienne. D’autre part, 'incertitude aléatoire est quantifiée
par les parametres de variance dans les matrices de covariance des erreurs de processus (Q)
et d’observation (R), qui doivent étre connues avec précision pour une estimation exacte
des variables cachés. L’obtention d’estimations optimales pour ces parametres inconnus est
généralement la tache la plus exigeante en termes de calcul dans la procédure d’estimation
d’états cachés. Méme si la matrice R peut étre, dans de nombreuses situations, considérée
comme connue a partir des spécifications de I'instrument de mesure, il reste toujours un défi
de développer une méthode de calcul efficace capable d’effectuer une estimation en ligne de
forme fermée de la matrice Q pour plusieurs séries chronologiques. De plus, I'inférence en
ligne traitable analytiquement ne peut pas étre effectuée pour les modeles d’espace d’états
multiplicatifs qui permettraient de déduire les parametres du modele en tant qu’états cachés
a 'aide d’expressions algébriques de forme fermée. D’autre part, 'inférence de parametres
analytiques peut étre effectuée dans des réseaux de neurones Bayésiens en utilisant la method
tractable approximate Gaussienne Inference (TAGI), mais est uniquement limitée a la mod-

élisation de l'incertitude aléatoire homoscédastique.

Cette these contribue a développer des méthodes Bayésiennes analytiques traitables pour
I'inférence de parametres afin d’améliorer les performances et I’évolutivité des modeles prob-
abilistes dans le contexte des applications d’ingénierie. Les principales contributions sont :
a) une méthode analytique applicable aux modeles d’espace d’états multiplicatifs qui tire

parti de 'approximation multiplicative Gaussienne (GMA), b) une méthode de régression
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qui s’appuie sur GMA pour modéliser la dépendance non linéaire entre deux séries tem-
porelles et permettant I’estimation en ligne du coefficient de régression en fonction des valeurs
des variables d’états ainsi que des séries chronologiques interdépendantes, ¢) une méthode
d’inférence Bayésienne analytique appelée 'inférence approximative de la variance Gaussi-
enne (AGVI) qui permet d’effectuer une estimation en ligne sous forme fermée du terme de
variance de l'erreur de processus univariée, d) I'extension de la méthode AGVI pour déduire
les parametres de variance de l'erreur de processus multivariée, et e) 'application de I’ AGVI
pour modéliser analytiquement 'incertitude aléatoire hétéroscédastique pour les taches de ré-
gression utilisant TAGI pour les réseaux de neurones bayésiens. Les méthodes proposées sont
vérifiées avec des données synthétiques et validées avec des ensembles de données réels pour
les applications de surveillance de la santé structurelle ainsi que des ensembles de données de
régression de référence. Les méthodes proposées dans cette these dépassent les performances
des approches existantes en termes de capacité prédictive tout en étant jusqu’a des ordres de

grandeur plus rapides.
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ABSTRACT

Engineering problems rely on models to predict physical phenomena and it is critical for
decision-making purposes that these models be probabilistic, so that we are aware about what
we do not know about them. Common probabilistic approaches include state-space models
that are used for forecasting time series and Bayesian neural networks that are used for per-
forming regression tasks. Such models involve unknown parameters for not only modeling
physical phenomena but also for quantifying the model’s epistemic and aleatory uncertain-
ties. In practice, estimating these parameters can be computationally demanding, so that it
prevents existing models from being scaled up to be used in large-scale practical engineering

applications.

For instance, in state-space models, estimating hidden state variables is computationally
cheap because we can rely on an analytical formulation for performing Bayesian inference. On
the other hand, the aleatory uncertainty is quantified by the variance parameters in the pro-
cess (Q) and observation (R) error covariance matrices, which need to be known accurately
for an exact state estimation. Obtaining optimal estimates for these unknown parameters is
typically the most computationally demanding task in the state estimation procedure. Even
though in many situations the matrix R can be considered to be known from the measuring
instrument specifications, it still remains a challenge to develop a computationally efficient
online method which is able to perform the closed-form Bayesian estimation of the matrix
Q for multiple time series. Moreover, analytically tractable online inference cannot be car-
ried out for multiplicative state-space models which would allow model parameters to be
inferred as hidden states using closed-form algebraic expressions. On the other hand, analyt-
ical parameter inference can be carried out in Bayesian neural networks using the tractable
approximate Gaussian inference (TAGI) but is restricted to modeling only homoscedastic

aleatory uncertainty.

The contribution of this thesis is to develop analytically tractable Bayesian methods for pa-
rameter inference in order to improve the performance and scalability of probabilistic models
in the context of engineering applications. The main contributions are: a) an analytical
method applicable to multiplicative state-space models that takes advantage of the Gaussian
multiplicative approximation (GMA), b) a state-based regression method that builds upon
GMA to model the nonlinear dependency between two time series enabling online estima-
tion of the state-dependent regression coefficient as well as the interdependent time series, c)

an analytical Bayesian inference method called the approximate Gaussian variance inference
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(AGVI) which enables performing closed-form online estimation of the univariate process
error variance term, d) the extension of the AGVI method to infer multivariate process
error variance parameters, and e) applying AGVI to analytically model the heteroscedastic
aleatory uncertainty for benchmark regression tasks within the TAGI framework for Bayesian
neural networks. The proposed methods are verified with synthetic data and validated with
real datasets for structural health monitoring applications as well as benchmark regression
datasets. The methods proposed in this thesis are shown to exceed the performance of exist-

ing approaches in terms of predictive capacity while being up to orders of magnitude faster.
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CHAPTER 1 Introduction

1.1 Motivation

Engineering applications often rely on models to represent physical phenomena. In civil en-
gineering and more specifically in the context of structural health monitoring, data-driven
models are developed to assess the deterioration of infrastructures over time such that abnor-
mal structural behavior can be identified [17]. This is carried out by modeling the different
structural responses such as displacements, modal frequencies, stresses, and strains, etc. as a
proxy for the structure’s health [18]. These models involve parameters that define the model
structure used to represent the phenomenon. In general, the basic setup to learn these model
parameters relies on optimization methods that only provide a single optimal value, known
as point estimates. As a result, we also obtain point estimates for the model predictions.
Making informed decisions requires models that are probabilistic in nature, which provide

not only point estimates but also uncertainties associated with the model parameters.

Bayesian inference provides the mathematical framework for obtaining the conditional prob-
ability of a random variable given observation [19]. For continuous model parameters, such
a framework is used for evaluating their posterior probability density function (PDF) which
allows us to quantify two forms of uncertainty, i.e., epistemic and aleatory [19,20]. The
uncertainty associated with the model parameters that is reducible as more information is
collected is referred to as epistemic uncertainty. For an identifiable problem [21], where an
infinite amount of independent training data is available, the parameters’ posterior PDF ap-
proaches a Dirac delta distribution such that the function is zero everywhere except at the
true value. In practical cases where only a limited amount of data is available, epistemic

uncertainty remain over the parameters.

Moreover, in complex practical applications, a discrepancy always remains between the model
predictions and the reality. This may arise from misrepresentation of the physical phe-
nomenon as a result of a lack of understanding or availability of explanatory variables that
can fully describe a phenomenon. This form of uncertainty is referred to as aleatory; in the
context of a given model structure, it cannot be reduced regardless of the amount of training
data available as the model itself is inadequate [22]. Furthermore, the aleatory uncertainty
may vary as a function of the input values for which missing explanatory variables is a pri-
mary cause. Hence, it is important to quantify both epistemic and aleatory uncertainties
in order to understand whether the model’s uncertainty is due to a lack of data or model

inadequacy.



State-space models and Bayesian neural networks are key probabilistic models used for per-
forming time series forecasting and regression tasks, respectively. State-space models describe
dynamic systems through unobserved state variables referred to as hidden states that are in-
ferred from imperfect observations [20]. Bayesian neural networks provide a probabilistic
approach to the traditional neural networks with regard to quantifying uncertainty over its
parameters, i.e., the weights and biases using the Bayesian inference framework. Both these
approaches involve unknown parameters for not only modeling the phenomenon but also for

quantifying the model’s epistemic and aleatory uncertainties.

For instance, in state-space models, it is computationally cheap to estimate the expected
values and the covariance matrix that are quantifying the mean and the epistemic uncer-
tainties for the hidden state variables because we can rely on an analytical formulation for
performing Bayesian inference. In contrast, obtaining optimal estimates for the variance pa-
rameters in the process (Q) and observation (R) error covariance matrices that quantifies
the model’s aleatory uncertainties is typically the most computationally demanding task in
the state estimation procedure [20]. Even though in many situations the matrix R can be
considered to be known from the measuring instrument specifications, it remains a challenge
to develop a computationally efficient method which is able to perform closed-form online
estimation of the matrix Q for multiple time series. In Bayesian neural networks, analytical
parameter inference can be carried out using the tractable approrimate Gaussian inference
(TAGI), but it is restricted to modeling homoscedastic aleatory uncertainty quantified by a
constant observation error variance across the input covariate-domain. In practical regression
tasks, it is necessary to quantify the heteroscedastic aleatory uncertainty as a function of the

input covariates.

Furthermore, additional parameters that exist in the transition and observation equations of
state-space models can be inferred as hidden states using a multiplicative structure. However,
such an analytical formulation does not exist for multiplicative state-space models that would
allow closed-form inference of the model parameters as hidden states. A closed-form inference
is only possible with Bayesian dynamic linear models (BDLM) which are a type of state-space
models having linear transition and observation equations, and a Gaussian assumption for
the hidden states’ PDF. The Kalman filter is employed to obtain the closed-form posterior
moments for the hidden states. For multiplicative state-space models, we have to rely on
nonlinear filtering methods such as the cubature Kalman filter and particle filters [20, 23]
that use sampling-based approaches which are computationally expensive compared to the
Kalman filter. Such a closed-form analytically tractable formulation for the multiplicative
state-space model will not only allow model parameters to be treated as hidden states but

will also present the possibility of creating new generic components involving the product of



any two hidden states representing specific patterns in the data.

Additionally, the existing BDLM framework only allows for modeling linear relationships
between the independent and the dependent time series described by a constant regression
coefficient [21]. However, it is not possible to model a nonlinear relationship between two time
series in such a way that the regression coefficient is not a constant parameter, but depends
on the current value of the independent time series. To achieve this, we need a framework
that allow performing closed-form inference for the product of a regression coefficient with
the independent hidden state variable to obtain the interdependent state variable. Hence,
a key limitation to be addressed is to develop the mathematical formulation for obtaining

closed-form moments for the product of any two hidden states.

In practice, estimating the parameters defining the dynamic system in state-space models
and the variance parameters quantifying the aleatory uncertainties in both state-space models
and Bayesian neural networks can be order of magnitude more computationally demanding
than estimating the expected values and the parameters quantifying epistemic uncertainties.
The challenge associated with estimating these parameters prevents existing models from

being scaled up to be used in large-scale practical engineering applications.

1.2 Research Objectives

This thesis aims at developing analytically tractable Bayesian methods for parameter in-
ference in order to improve the performance and scalability of probabilistic models in the

context of engineering applications. The core objectives of this thesis are:

— Develop an analytical method to handle multiplicative state-space models.

— Formulate an analytical Bayesian inference method that will enable performing closed-

form online estimation of the process error covariance matrix Q for multiple time series.
— Derive a framework to analytically model the heteroscedastic aleatory uncertainty in

Bayesian neural networks.

1.3 Thesis Outline

The content of this thesis is organized as follows: Chapter 2 presents a literature review
on parameter inference methods for two key probabilistic models: the state-space models

and Bayesian neural networks. Chapter 3 introduces an analytical framework for handling



multiplicative state-space models by taking advantage of the Gaussian multiplicative approx-
imation (GMA) that explicitly provides closed-form equations for moment computation for
the product of two hidden states. Chapter 4 describes a state-based regression method that
builds upon GMA to model the nonlinear dependency between two time series enabling online
estimation of the state-dependent regression coefficient as well as the interdependent time
series. Chapter 5 presents an analytical Bayesian inference method called the approximate
Gaussian variance inference (AGVI) which enables performing closed-form online estimation
of the univariate process error variance term in the context of state-space models applied to
time series. Chapter 6 presents the extension of the AGVI method to infer multivariate pro-
cess error variance parameters in the full Q matrix for multiple time series and ensures that
the Q matrix is positive semi-definite at any instant of time. Chapter 7 provides a framework
to analytically model the heteroscedastic aleatory uncertainty in Bayesian neural networks
for regression tasks. Finally, Chapter 8 provides the thesis conclusions, its limitations, and

future research directions.

1.4 Co-Authored Papers
The list of co-authored papers that are part of this thesis is:

— Deka, B., Ha Nguyen, L., Amiri, S., & Goulet, J. A. (2022). The Gaussian multiplica-
tive approximation for state-space models. Structural Control and Health Monitoring,
29(3), €2904.

— Deka, B., Vuong, V. D., Goulet, J. A., Cété, P. & Miquel, B. (Submitted, 2022).
Dam Behavior Prediction Using an Ensemble of Bayesian Dynamic Linear Model and
Bayesian LSTM Networks. 16" International Benchmark Workshop on Numerical
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CHAPTER 2 Literature Review

2.1 Introduction

In engineering, we use parametric models to represent physical phenomena. In the most
basic setup, these model parameters are estimated using optimization methods that provide
a single optimal value i.e., a point estimate for each parameter. However, in order to express
the uncertainty associated with our predictions, we need methods that can quantify the

uncertainties associated with these model parameters.

Bayesian inference provides the mathematical framework for quantifying the posterior distri-
bution of the parameters given the data D = {;, y;}>_;, where D refers to the total number
of data points, and x; € R* are the input features, and y; € RY are the observations corre-
sponding to the i* data point. With Bayes rule, we can obtain the conditional probability

density f(+]-) for any two continuous random variables z and y such that

Flyle) - F (@)

f(zly) = W)

For continuous model parameters (@), we can use the Bayes rule to infer their posterior
probability density function (PDF) such that

/(D16) - £(6)
o)y

where the numerator f(D|0) - f(0) denotes the joint PDF obtained from the product of the
likelihood of data given the parameters f(D|@), and the prior PDF of the model parameters
f(0) and the denominator f(D) = / f(D|0) - f(8)dO denotes the marginal likelihood, which

is also referred to as the evidence. Using the posterior PDF f(8|D), we can compute the

f(0|D) =

posterior predictive PDF f(y|x, D) for the output random variables Y given the input values
@ by marginalizing the joint PDF f(y, 8|z, D) over all possible parameter values so that

fyle.D) = [ (y.62.D)d6 = [ f(yle.6)- f(6ID)do6.

where f(y|x,0) is the model that generates the outputs y given the inputs & and the pa-

rameters 6.

For an identifiable problem [21], where we have access to an infinite amount, i.e., D — oo, of

independent data, the parameters’ posterior PDF approaches a Dirac delta function shown



by f(0|D) =~ (0 — é) such that the function is zero everywhere except at the true value 6.
This is because we have reached a point where we have an exact knowledge of our model
parameters and as a result, we would also obtain point estimates for the model outputs.
This type of uncertainty that is reducible by collecting more data is known as epistemic.
In complex practical applications, regardless of how much data we collect, a discrepancy
typically remains between the predictions for our model and the real phenomenon that we
are trying to model. This often happens because we do not have a complete understanding
of all the possible explanatory variables that describe a physical phenomenon. The type of
uncertainty that arises because of model inadequacy is typically referred to as aleatory. Figure
2.1 shows the distinction between the epistemic and the aleatory uncertainty associated with
the model predictions represented by the green and the blue regions. As the number of
observation increases from D = 20 to 100, we observe that the epistemic uncertainty in
green shrinks to a negligible value while the aleatory one remains constant. An aleatory
uncertainty that is assumed to be constant over the domain of the explanatory variables is

known as homoscedastic [24].

Yt —g(x)=x-sin(x) —Hp =aleatory =epistemic

12 12

Figure 2.1 Visual interpretation showing the epistemic and the aleatory uncertainty associ-
ated with the model predictions represented by the green and blue regions respectively. The
model predictions are shown in black where the true function g(z) = = - sin(x) is shown in
red. As the number of observation increases from a) D = 20 to b) D = 100, we observe that
the epistemic uncertainty shrinks to a negligible value while the aleatory remains constant.

In most methods, the aleatory uncertainty is modeled as being homoscedastic. However, in
real-world problems this assumption does not hold and we often observe that the aleatory
uncertainty varies as a function of the input values. For example, Figure 2.2a shows a two-

dimensional plot where we consider two input variables x; and x5 to generate data using a



two-dimensional deterministic function given by g(z1, x2). If we consider that one of the input
variable is unavailable, let’s say x5, and rotate the plot to show the data only with respect to
x1 as shown by Figure 2.2b, we observe that the uncertainty associated with the data varies
as we move from —1 to 1 within the domain of z; as shown by Figure 2.2c. This type of
aleatory uncertainty that varies with the input values is known as heteroscedastic, for which
a primary cause in practical applications is the lack of access to some of the explanatory

variables.

g(xy,19)

2-D plot '
(8) po (b) Rotated 2-D plot (¢) 1-D representation

Figure 2.2 Heteroscedastic aleatory uncertainty as a result of missing explanatory variables.
Figure a) shows the 2-D plot generated using the function g(x,x2), b) shows the rotated
view of the 2-D plot in (a) to show the surface plot with respect to the z; axis, and c) shows
the varying uncertainty of the data as we move from —1 to 1 within the domain of x;.

For decision making, it is important to know whether the uncertainty is due to a limited
amount of data or because of model inadequacy. Therefore, we need probabilistic models
capable of producing reliable predictions and robust estimates for both the epistemic and
aleatory uncertainties. The subsequent sections will outline two key probabilistic models,
namely the state-space models and the Bayesian neural networks used for forecasting time

series and regression tasks in engineering problems.

2.2 State-Space Models

State-space models (SSM) [20, 21, 25] are probabilistic models used for modeling dynamic
systems that are indirectly observed through imperfect data [20]. Applications of such mod-
els can be found in fields such as navigation, aerospace, telecommunication and control-
engineering. In civil engineering, SSM find their applications in the monitoring of structural
degradation over time [21,26,27]. For instance, by observing a structure’s condition z,
we can obtain two new states: the degradation speed 2; and the acceleration 2, that are

indirectly observed [27].



To formulate a SSM, the first step is to define the dynamic model’s structure through un-
observed hidden states x; = [x1,29, -+ ,2x]], € R*, and the second step is to define the
relationship between these hidden states @, and the observations y; = [y1, %2, -+ , yyl¢, € RY
at a time step t. The dynamic model is defined using the Markov hypothesis according to
which the hidden states @x; are only dependent on x;_; considering that all the information
from the past time steps {0, 1, ...t — 1} are contained in @x; ;. Using the Markov hypoth-
esis, we can define the transition model f(x;|x;_1) that relates the hidden states x; and
@;_1 such that f(x;|®14_1) = f(xs|xi_1), Where we use a short-hand notation 1 : ¢t — 1 for
{1,2,--- ,t —1}. The relationship between the hidden states x; and the observations y; are
modeled using an observation model given by f(y;|x;). The generic form of a SSM can be

summarized as follows
x, = g(xe1,wy),

yr = h(z,vy), (21)

where @, is the hidden state vector, y; is the observation vector, g(-) and h(-) are the lin-
ear /nonlinear functions for the transition and the observation equation, w; is the process
error, and v, is the observation error. The main purpose of using SSMs is to perform hidden
state estimation where using the prior knowledge of the hidden states f(x;_1|y1..—1), the
transition model f(x;|x;—1), and the observation model f(y;|x;), and the observation y;, we

can employ Bayesian inference to obtain the posterior PDF f(a;|y;.;) such that

fyde:) - [ yie1)

f(wt‘ylzt) f(yt\ym—l)

, (2:2)

where the prior predictive PDF f(x|y1.4-1) = /f(a:t|wt,1) - f(x-1|y1.0-1)dx,—1 and the

evidence f(y¢|yi14-1) = /f(yt|a:t) - f(x¢|yr.4—1)dx;. SSMs can be linear or nonlinear based
on the functions g and h describing the transition and observation equations. For nonlinear
models, the inference step described by the Equation 2.2 might be either intractable or
computationally expensive [19,20]. The following section will describe the Bayesian dynamic
linear models (BDLM) which are a special type of SSM employing linear transition and

observation equations.



2.2.1 Bayesian Dynamic Linear Models

BDLM employs linear dynamic models together with additive errors such that the transition

and the observation equations are

r, = Az +w;, w:W ~N(0,Q),
Yy = th+vt7 'U:VNN(O,R)7

where A is the transition matrix, C is the observation matrix, Q is the process error covari-
ance matrix, and R is the observation error covariance matrix. BDLM may comprise one or
more generic components where each models a specific pattern having its own linear dynamic
structure. There are five main components namely the local level (LL), the local trend (LT),
the local acceleration (LA), the periodic (S), and the autoregressive (AR). In the context of
structural health monitoring, the local level, the local trend, and the local acceleration com-
ponents are used to model the baseline of any time series without the external effects such
as temperature or water level. These components capture the irreversible pattern which can
be used for anomaly detection [28]. The periodic or the kernel regression (KR) components
are used to identify any external effects having a periodic pattern that can be harmonic or
non-harmonic in nature [29]. The autoregressive component is used to capture the residuals
term that is not captured by the other components. Several components can be assembled to
model a wide range of patterns. Figure 2.3 shows such an example where the time series v, is
decomposed into three specific patterns using a local level, a periodic, and an autoregressive
component. For a full description of the mathematical formulation and application of the

generic components, the reader can consult the work of Goulet [18] and West [30].

For linear-Gaussian systems, exact inference can be carried out for the posterior PDF of the
hidden states using a recursive process called filtering. The Bayesian filtering techniques with
Gaussian assumption for the hidden states’ PDF comes under a special class known as the
Gaussian filters [20,31,32].

2.2.2 (Gaussian Filters

In the Gaussian filters, the prior PDF f(x;_1|y;.4_1) of the hidden states and the likelihood
f(ys]x;) are assumed to be Gaussian which makes the posterior f(x;|y;.) of the hidden states
also Gaussian [32]. When the dynamic model is linear, the process as well as the observation
errors are white, i.e., uncorrelated random variables having a zero mean and a finite variance,
and the errors are additive, i.e., they are added to the state or the observation variable, then

the Gaussian filter is equivalent to the filtering technique known as the Kalman filter [33].
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Figure 2.3 An example showing the generic components in BDLM for time series modeling.
The Figure a) shows the time series y; in red, (b) the local level, (c) the periodic, and (d)
the autoregressive component in black.

Kalman Filter

The Kalman filter is a recursive filtering method that provides closed-form solutions for
the first two moments of the hidden states in a linear-Gaussian dynamic system. Hence, the
Kalman Filter reduces to calculating the mean vector and the covariance matrices recursively
to get the exact Gaussian posterior PDF for the hidden states. The posterior mean vector
and the covariance matrix at time ¢ are obtained using a two-step procedure; the prediction
step and the wupdate step. In the prediction step, we compute the moments for the prior

predictive PDF of Xi|y14-1 = X1 ~ N (@4 pyje—1, Xee—1) given by

E[Xt\t—l] = Hijt—1 = Apy )i,
cov(Xy—1) = Bgp1 = AX1AT+Q,

where pt;_q—1 and 3;_q;—; are the prior moments of X;_;|yi.,—1 = X;_1;—1 obtained using

all the observations y1.;_1 up to the time step t — 1. Given that the observations at time ¢
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are available, we can obtain the posterior moments of X, using the update step shown by

f($t|y1:t) = N<$t; i)t Etlt)>
B = Pee—1 + Ky,
Et\t = (I - Ktc)zﬂt—l;
e = Y — Ui,
Y = CMt\t—l;
K; = Et|t—ICTG;17
G, = CX);;1C"+R,

where p,, and X, are the posterior mean vector and covariance matrix for Xy, r; is the
innovation vector, I is the identity matrix, K; is the Kalman gain matrix, and Gy is the
innovation covariance matrix. The Kalman filter method is carried out recursively from time

step t — 1 to t as new observations are collected and can be summarized as follows
(Ht|t, DIV L) = Kalman ﬁlter(utfl\tflz e-1,96A,Q,C, R), (2.3)

where L; is the log-likelihood obtained for the observations y; to be used for the parameter
estimation that will be discussed in Section 2.3. Hence, using the prior knowledge of the
hidden states at ¢t — 1, the A, Q, C, and R matrices that define the linear dynamic system,

and the observations y;.;, we obtain the posterior knowledge for the hidden states at time t.

The Kalman filter is an exact state estimator for linear dynamic systems. However, in many
real applications, the linear assumption may not hold. In the case of nonlinear dynamic
systems, closed-form solutions are not available and require approximations for the posterior
PDF leading to sub-optimal solutions [31]. There are two main approaches in the literature

for performing this approximation:

a. Local approach: In this approach, the posterior PDF is assumed to have a known
type and is computed using numerical approximations [32]. This approximation can
be performed either through linearisation of the nonlinear function, e.g., the extended
Kalman filter (EKF) [34] or by approximating the mean vector and the covariance

matrix of the posterior PDF directly using weighted samples, e.g., the unscented Kalman
filter (UKF) [35] and the cubature Kalman filter (CKF) [32].

b. Global approach: In this approach, there is no assumption made for the posterior PDF’s
type. The particle filter is one such example where the posterior PDF can have any
type and is approximated using Monte Carlo sampling methods [36]. This approach has

the limitation of having a high computational cost associated with the sampling and is
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inefficient for online state estimation in comparison with the exact Kalman filter [31].

The methods belonging to the local approach are discussed further owing to their advantages
of being accurate, analytically tractable as well as having a low computational cost as com-
pared to the global approaches. The aforementioned techniques approximate the following

moment integral for the expectation of X,

1= [ g(@) f(a)de,

— 00

where g(x) is the nonlinear dynamic model, and f(x) is a known PDF for the states which

can also be Gaussian. The numerical approximation reduces the integral to the form,
X
I~ w; - g(z),
i=1

where x; are the samples, X is the number of samples, and w; are the associated weights.
In the subsequent sections, two of the main Gaussian filters used for nonlinear functions,
namely the UKF and CKF, are reviewed.

Unscented Kalman Filter

The unscented Kalman filter (UKF) is a nonlinear filtering method that approximates the
posterior PDF using a set of samples called the sigma points and an unscented transform (UT)
[37] method for the associated weights [35]. The sigma points are generated symmetrically
around the prior mean vector which has a considerably higher weight than the other points.
These sigma points are propagated through the nonlinear model to estimate the posterior
PDF’s mean vector and covariance matrix which is accurate up to third order for the mean
and up to first order for the covariance associated with any polynomial function [20,35]. The
UKF is derivative-free and also a more accurate nonlinear filter than the EKF as it is not
based on a linear approximation at a single point but uses a set of points to approximate the

nonlinear function [20, 31].

The formulation of the UKF is described by considering a state vector @ of size X that
is transformed by a nonlinear function g(-) such that f(g(x)) = N(g(x); p,X) follows a
Gaussian PDF having the mean vector p and the covariance matrix 3. Note that the
UKF is not only restricted to the Gaussian case as it is applicable for any symmetric PDF.
A sigma matrix of 2X + 1 sigma point vectors, X = [Xy X; Xx.|T, and their weights,

w = [wy w; wxy,]T, are chosen such that the first two moments associated with the PDF
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f(g(x)) are matched accurately as shown by

2X
i=0
2X
o= ) wilX - p) (X — )
i=0

The sigma vectors forming the sigma matrix X and their corresponding weights w are de-

scribed by
Xo = pn, wo =
X, = p+(/X+rK)D);, w; = m,
Xevi = p—(VEX+R)X);,  wxy = 2(X1+,,b)7

where i = 1,2,...,X, ({/(X+ k)X); is the i" column of the matrix /(X + )X, and the
parameter k = (3 — X) is the scaling factor that controls the distribution of the sigma points
around the prior mean vector p. Using the sigma point sets and the weights, the UKF
approximates the posterior PDF f(x|y1.) = N (24; per, Bye) where the mean vector and the
covariance matrix are obtained using a two-step procedure as follows: In the prediction step,
the sigma point set X';_1;_; is propagated through the nonlinear transition function g(-) to
obtain the transformed state vector Xy,_;. Using this transformed vector and the associated
weights, we obtain the predictive moments pty;—; and 3,;_;. Similarly, the transformed
state vector Xy, is propagated through the nonlinear observation function A(-) to obtain
the predicted observations ¢;. In the update step, we first compute the innovation covariance
matrix 3y ;1 and the cross-covariance X xy ;-1 using the transformed state vector X',
and the predicted observations g, using which we obtain the posterior moments for f(a|y1.;).

Both steps for the UKF algorithm are summarized as follows:

Prediction step

X1 = (B X Xopiliape, Sigma-point set

X = g(Xi_1p-1), Transformed state vector
Hejt—1 = X, Wi X ft—15 Prior mean vector

i1 = Z?io w; [Xi,t|t—1 - Mt|t71] [Xi,t\tfl - Ht|t—1]T + Q, Prior covariance matrix
Viji-1 = h(Xy-1), Transformed observations

Yy = Z?io Wi Vi tt—15 Predicted observations
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Update step

Svae-r = YowilVigi—1 — Gel[Vig—1 — 9T+ R, Innovation covariance
2XY,t|t—1 = Zfio w; [Xi,ﬂt—l - ut\t_ﬂ [yz‘,t\t—l — ?)t]T, Cross-covariance

K; = EXY,t\tAE;m_l, Kalman gain

e = Myt—1+ Ki(y: — 9t), Posterior mean

e = Zyo1 — KDy 1KY, Posterior covariance

where EY,t|t—1 = COV(Yt|y1:t—1) and 2XY,t|t—1 = COV(Xt, Y;€|y1:t—1)~
Even though the UKF is better than the EKF considering both accuracy and efficiency, it

can suffer from instabilities and numerical inaccuracies [31,32]. The covariance matrix may
result in non-positive semi-definite (non-PSD) cases owing to round-off errors introduced by
sensitive numerical operations such as matrix square rooting, matrix inversion and covariance
update through matrix substraction. Hence, the square-root version of the UKF is often
necessary to prevent numerical ill-conditioning due to arithmetic imprecision even though
the computational complexity increases [32]. However, a stable version of the square-root
UKEF is still not guaranteed owing to the presence of negatively weighted samples to update
the posterior covariance matrix which can still result in non-PSD matrices. The cubature
Kalman filter is deemed to be more accurate and stable compared to the UKF which is

reviewed in the next section.

Cubature Kalman Filter

The cubature Kalman filter (CKF) is another nonlinear filtering method that approximates
the multivariate moment integral for f(x) = N (x; u, X) using a third-order spherical cuba-

ture rule [32] shown by

1 2X
[9(@)- f@)dz = 3" g+ VE &),
i=1
where 2X cubature points are generated by

5{\/§ei7 i :172)"'7}(7

—VXeix, i =X+1,X+2,---,2X,

where X is the size of the hidden state vector and e; is the i*" column of the identity matrix Ix.
1
Each cubature point is uniformly weighted by w; = o Also, the weights and the samples

of the cubature point set {w;, &} are only dependent on the size of the state vector and are
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independent of the nonlinear function g(x). Assuming a Gaussian PDF for the state vector
x at time ¢ — 1 such that f(x—1|y1.e—1) = N (%113 111, Z¢—11¢—1), the prediction and the

update steps in the CKF algorithm are given as follows

Prediction step

a1 = StquStT_l‘t_l, Factorize

X1 = Me—1ji—1 + Si—1p—1&is Cubature-point set

X1 = 9(X1p-1), Transformed state vector
Hj—1 = L3 Xy, Prior mean

DINMEY = % P xi,t‘t_lx;ﬂtfl — ut‘t_lp,;tfl + Q, Prior covariance

i1 = St\t—lstT‘t,l, Factorize

X*ip—1 = Syp—1&i + Baje—1, New cubature point set
Vi1 = h(X* 1), Transformed observations
a = L5 Vi, Predicted observations

Update step

Svair = g ook Va1 — 1Yy, + R, Innovation covariance
Sxvii-1 = 3% i X1V e 1 — Bee—13 11 Cross-covariance

K, = EXY,t\t—IZ;/%ﬂt,l’ Kalman gain

M|t = 1+ Ki(ye — 9e), Posterior mean

b = Y1 — KBy 1KY, Posterior covariance

The CKF formulation is derivative-free, numerically more stable than the UKF and has the
same computational complexity; hence the CKF is an efficient filtering method to be used

for nonlinear functions under the Gaussian assumption for the hidden state vector.

2.3 Parameter Estimation in State-Space Models

Modeling dynamic systems using the state-space models involve unknown parameters 8 €
RP in the transition and the observation equations along with the hidden states . These
parameters might be employed in the linear/nonlinear functions g(-) and h(-) or the error
covariance matrices Q and R used to model the process errors w : W ~ N (0, Q) and the
observation errors v : V.~ N(0,R). Hence, identifying the optimal parameters is critical to

the state estimation procedure.

The parameter estimation methods can be broadly classified into two groups: Bayesian
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estimation (BE) [20] and mazimum likelihood (MLE) or the mazimum a posteriori estimation
(MAP) [19,20]. The BE methods such as the Markov chain Monte Carlo (MCMC) [38] and
the Laplace approximation (LAP) [19] approximate the parameters’ posterior PDF. Moreover,
for specific combinations of the prior and the likelihood, the parameters’ posterior PDF can
be analytically computed. Such priors are known as the conjugate priors [19,25]. On the
other hand, the MLE and the MAP methods such as the gradient-based approaches [19,20,25]
and the expectation-maximization (EM) [39] are optimization methods that determine the
optimal set of parameters by either maximizing the likelihood function or the product of the

likelihood and the prior. The subsequent sections reviews the parameter estimation methods.

2.3.1 Bayesian Estimation

The full Bayesian joint estimation of the parameters and hidden states, requires considering

them as random variables in order to infer the joint posterior PDF such that

f(Yr1|xor, 0) - f(x0x|0) - £(O)

f(ywr) ’ (25)

f(xor, Olyi) =

where we choose the parameters’ prior PDF f(6) and evaluate the hidden states’ joint prior
PDF f(xo.r|0), the joint likelihood function f(y;.r|xo.r, @) and the joint evidence f(y;.r). We
can obtain the parameters’ posterior PDF f(0|y;.r) by marginalizing out the hidden states
xo.r from the joint PDF defined in Equation 2.5 such that

f(elylzT) = /f(mO:% 0|y1:T)dw0:T>

| F@islwos,6) - f(@o1(6) - £(6)dwon

f(ylzT) ’
f(Y110) - £(0)
f(yrr) ’
< f(y11|6) - f(0), (2.6)

where f(y;.1|0) is the joint marginal likelihood given the parameters € such that f(y;.1|0) =

f(yrr|®o.r, 0) - f(xo.r|@)dxor. In most practical situations, evaluating the joint evidence
f(y1.r) is computationally intractable, hence it is a common practice to evaluate the un-
normalized posterior PDF given by f(0|y;.r) < f(y1.1|0) - f(0) as shown in Equation 2.6.
Using the probability theory, the joint marginal likelihood defined in Equation 2.6 can be
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expressed as the product of conditional PDFs shown by

f(y1:2|0) = Hf Ye|Y1:-1,0), (2.7)

where the conditional PDF f(y|y;.4_1,60) is the marginal prior predictive PDF of the ob-
servations y; given y;., 1. Using the conditional independence of the observations y; and
Y141 given the states @x;, we can recursively compute the marginal prior predictive PDF

f(yt|y1.e-1, @) using the filtering procedure shown by

f(yt|y1:t71> 0) = /f(yt|33t7 9) : f(wt‘ylztfla G)dwta (2-8)

where f(y|xs, 0) is the observation model and f(xi|y;.4—1,0) is the prior predictive PDF
obtained by

f(xe|y1.i-1,0) /f xi|xi_1,0) - f(xi1|Y14-1,0)dxi 1, (2.9)

where f(x|@;_1,0) is the transition model and f(x; 1|y14_1,0) is the prior knowledge of
the hidden states at time ¢ — 1. In the case of BDLM, the PDF f(y;|y;.+—1,8) is obtained

using the Kalman filter procedure such that
F(ylyri-1,0) = N(ys; Cpyje—1, CEyy1CT + R).

The posterior PDF f(0|y;.r) defined in Equation 2.6 can be approximated using methods
such as the MCMC or in specific cases, by employing conjugate priors. The Laplace approxi-
mation can also be used to approximate the posterior using the MLE or the MAP estimates.
The subsequent sections review the Bayesian estimation using the MCMC method and the

conjugate priors.

Markov Chain Monte Carlo

For Bayesian estimation of parameters, the Markov Chain Monte Carlo (MCMC) methods
are used to generate parameter samples @, that are realizations from the target distribution
f(8) i.e., the parameters’ un-normalized posterior PDF f(0|yi1) o f(y1.1|0) - f(0). The
common algorithms for MCMC methods such as the Metropolis-Hastings (MH) [20] simulate
a Markov chain by first obtaining an initial state 8y and then using a proposal distribution
q(0'|0) to obtain a new state 8" from the current state . Depending on an acceptance ratio,

the new state is either accepted or rejected. This algorithm is recursively performed for a
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total of S steps, and once, convergence is reached we obtain parameters from a stationary
distribution equal to our target distribution. All the accepted samples are used to obtain the

empirical posterior moments I@[G!ym] and cov(0|y;.r) such that

S

2.6

1

0|~

I@[Hlym] =
17 S . R

ov(Olyrr) = g3 20~ ElOlyia) (0, ~ Blolya])"

The task of choosing a suitable proposal distribution is difficult as poor choices might lead
to highly correlated samples or a high rejection rate [20]. The Gaussian PDF is a common
choice for the proposal distribution such that ¢(8'|0) = N'(6'; 0, 3,), where the mean  is the
current location and the X, controls the random walk within the parameter space. Methods
such as the adaptive MCMC [40] and the robust MCMC [41] are capable of automatically

adapting the covariance matrix while performing the MCMC run.

The Hamiltonian Monte Carlo (HMC) [42] is another method that relies on Hamiltonian
dynamics to propose new parameters. The HMC method adds an auziliary momentum
variable r; to each parameter 6; to obtain the joint PDF of the parameters and the momen-
tum variables such that f(0,r|y..r) = exp([—H (0, 7)]), where using classical mechanics the

Hamiltonian function H (@, r) is given by

H@,7) = T(r)+V(0)
— —Inf(r) — In f(y14]6) — In £(6) (2.10)

where, assuming r and 6 are independent, T'(r) = — In f(r) is the kinetic energy and V' (0) =
—In f(y1.7|0) — In f(0) is the potential energy. Considering that the energy terms T'(r) and
V(0) are known, new samples for the parameters and the momentum variables are proposed

using a leapfrog method [20,42] that numerically solves the Hamiltonian equations shown by

dr

o 0
7 VoV (0)
do

Y = ’I‘T )
- V,T(r)

where V is the gradient operator. The proposed samples are then passed through an accep-

tance criteria 59 such that

#—in [, SO )

exp([—H (67, r7)])
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where the superscripts ¢ and ¢ + 1 denote the current and the proposed samples. Compared
to the Metropolis Hastings algorithm, the HMC is able to minimize correlation between the
accepted samples. However, tuning the parameters such as the step size and the number
of steps is critical to efficient exploration of parameters so that the method leads to accu-
rate simulations with less autocorrelation between the consecutive samples [26]. For details
regarding the various MCMC methods, the reader can refer to the work of Neal [42] and
Brooks [38].

The MCMC methods have shown their efficacy in estimating the parameters’ posterior PDF
in high-dimensional spaces when analytical implementations for obtaining the posterior are
not available. However, for specific cases, conjugate priors do exist that can be utilized to

analytically obtain the posterior PDF.

Conjugate Priors

For specific combinations of the prior PDF and the likelihood function, the posterior follows
the same type as the prior. Such a prior is known as the conjugate prior using which closed-
form solutions are available for the parameters’ posterior PDF and the posterior predictive
PDF for the outputs. A well-known example for demonstrating the use of conjugate priors
is for the Gaussian PDF with a known variance and a random mean. Let’s consider the
likelihood function to be a Gaussian PDF such that Y ~ N (y; M, 0?) with a known variance
0? and a random mean M ~ N (m; par, 02;), where py; and 02, are its hyper-parameters. The
Gaussian random variables Y and M can be represented in terms of the standard Gaussian

variable € and ( shown by

y = m+oe, e~N(0,1),

Considering the joint bivariate Gaussian PDF between Y and M, the posterior moments for

M|y are obtained using the Gaussian conditional equations

By = B+ D - EY)),
= MM+ UQMUfUz(y — Har),
ar = var _ cov(t, M)*
(M) = var() - S

= 5 2.12
0_12\4 +0_2a ( )
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where using Equation 2.11 and the properties of random variables, the marginalized moments

for Y and the covariance term cov(Y, M) are derived by

E[Y] = E[M]+MO = i,

0

var(Y) = var(M) + var(oe) —i—W = 0% +0?,

(
0
cov(Y,M) = cov(M, M)+ covlee; M) = o3,
in which the terms E[oe] and cov(M, o€) are zero as € has a zero mean and is independent
of any other random variable. Hence, for the specific combination of the Gaussian prior
f(m) ~ N(m; upr, 03;), and the Gaussian likelihood f(y) ~ N (y; M, 0?), the random mean’s
posterior PDF is also Gaussian shown by
2 2 .2
o oy O
My ~ N (m; + =M (y— : M).
|y K 0,12\4 + 02 (y MM) 0_%/[ + o2
Similarly for a known mean but a random variance, the conjugate prior for the variance is
an inverse gamma PDF which is combined with a Gaussian likelihood function to obtain an
inverse gamma posterior PDF itself. For the detailed analytical formulation involving the

conjugate priors, the reader can refer to the work of Gelman [19] and Murphy [25].

2.3.2 Maximum Likelihood Estimation

For complex models, Bayesian estimation using sampling methods are computationally ex-
pensive [21], and conjugate priors are only applicable for specific cases. Hence, for most
practical scenarios, we are forced to rely on point estimates for the parameters instead of a
posterior PDF. The point estimates are computed by either maximizing the likelihood (MLE)
or the product of the likelihood and the prior (MAP) as shown by

arg maxIn f(y;.7|0), MLE
0

arg maxIn [(y,1]0) f(8), MAP
0

0" = (2.13)

where a common practice is to use the log-likelihood instead of the likelihood in the objective
function f(0) = In f(y1.1|@) for maintaining numerical stability [21]. Note that for brevity,
we use the term log-likelihood instead of marginal log-likelihood. The MLE or the MAP
estimates can be evaluated using gradient-based approaches such as the gradient ascent [21]
and the Newton-Raphson [21,25] where we identify new parameters 6, by moving towards
the maximum point using the gradient Vg of the objective function evaluated at the old

parameters 6,q. The procedure for obtaining 6, using the gradient ascent and Newton-
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Raphson can be shown as follows

0 B eold + A ng(@old), Gradient Ascent
) @ — H[f(004)] " - Vof(Boa), Newton-Raphson

where )\ is the learning rate which, in the case of Newton-Raphson, is approximated using
the inverse of the negative Hessian matrix H of the objective function f () evaluated at the
old parameters given by H] f (044)]'. Compared to gradient ascent, the Newton-Raphson
method converges faster but has the additional cost of computing the Hessian [21]. For

further details on the various gradient-based approaches, the reader can consult the work of
Kelley and Carl [43] and Goodfellow [44].

Using the MAP estimate 6*, the Laplace approximation can be used to approximate the

parameters’ posterior PDF by a multivariate Gaussian such that
f(e‘ylzT) ~ N(ea 0*7 20*)-

for which the mean vector 8* is the MAP estimate and the covariance matrix g« is obtained
by the inverse Hessian matrix of the negative log-likelihood evaluated at the MAP vector 6*
shown by

Sg- = H|—In f(y14]0%)] ™"

However, such approaches are computationally expensive when employed for identifying a
large number of parameters as it involves computing the second-order derivatives of the
objective function with respect to the model parameters. Moreover, these are offline methods
that require retraining the entire model for updating the parameters as new data are collected.
Furthermore they are also sensitive to the initial set of parameters and produce sub-optimal

results in the presence of saddle points and local maxima [44].

Expectation-Maximization

When complete data is available, i.e., all the variables defining the model are fully observed,
computing the MLE or the MAP estimates is straightforward [20,25]. This is because di-
rect optimization is feasible as the marginal likelihood of the data can be computed [20].
However, when we have incomplete data, i.e., the observed variables are partially known or
involves unknown hidden variables [21], the marginal likelihood is intractable. For such cases,
when we cannot compute the likelihood function directly, the expectation-mazximization (EM)
algorithm [45] finds its application for obtaining the MLE or MAP estimates.
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Considering that the data D = {y;.r, zo.r,x € R* y € R'} is fully observed, the complete
data log-likelihood given the parameters @ is obtained by

5(0) = ln/f yl-TywO'T|0)dm0'Ta

— ln/q Zo.1) 1y T’mOT|0)d To.1, (2.14)
5130 T)

where g(xg.r) is an arbitrary PDF of the hidden variables xq.r. Unfortunately, the complete

data log-likelihood cannot be computed as the hidden variables are unknown. The EM

algorithm employs the Jensen’s inequality [25] in order to obtain a lower bound for the

likelihood function £(0) defined in Equation 2.14 such that

[ awoa) - Il f (g5, 202)16] = a(wox) - Inla(@or)ldaor,

> /Q(iUo:T) ~1n[f(y1:T, CUo:T)|0]d5130:T> (2-15)

£(6)

v

v

where the lower bound is simplified by removing the second term as it does not depend on
0. It can be shown that choosing a PDF such that q(xor) = f(xo.r|y1.r, @) satisfies the
inequality shown in Equation 2.15 [20,25], using which we can define the expected complete

data log-likelihood Q(6,0") at the current parameters 6° as shown by

0(6.6) = [ f(@oxly1.8) - 1nl (yrr. )| Bl (2.16)

where using the Markov hypothesis, the complete data log-likelihood can be formulated as

In[f(y1.1, 2o7r)|0] = In f(x0]0) - Zlnf Ty|x,_1, )~Zlnf(yt|zct,0).

In the case of BDLM, the expectations involved in Equation 2.16 can be computed in closed-
form using the Rauch-Tung-Streibel (RTS) smoother [46] while for nonlinear dynamic models
these have to be approximated using the Gaussian smoothers [47] or the particle smoothers
[20]. The EM algorithm is carried out by starting from an initial set of parameters 8) and

performing the following two steps for the ¥ iteration:

e E-step: obtain the expected complete data likelihood Q(, 8%) defined in Equation 2.16

given the current parameters 6°.

e M-step: find the new MLE estimates 8! by maximizing the expected complete data
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log-likelihood shown by 6! = arg max Q(6, 8).
0

It turns out that the EM algorithm is specifically advantageous for BDLMs as the optimiza-
tion at the M-step can be performed analytically by setting the gradient to zero such that
%@dm). Note that for computing MAP estimates, we need to maximize Q(8,80") + In f(8)
instead of Q(0,60"). Even though the EM algorithm monotonically increases the complete
data likelihood function, it is common to get stuck at local maxima or saddle points based

on initial choice of parameters [25].

The Bayesian estimation and the maximum likelihood estimation methods discussed in this
section are widely used for parameter estimation in state-space models. However, in existing
literature there are methods called the adaptive Kalman filters (AKF) specifically designed
for the estimation of the process error and the measurement error covariance matrices to be

reviewed in the following section.

2.3.3 Adaptive Kalman Filters

For linear dynamic systems, the Kalman filter is an exact state estimator if the process
error (Q) and the measurement error (R) covariance matrices are known [48]. In most
practical situations, the deterministic part of the model which includes the transition and
the observation models is formulated based on known system dynamics. In contrast, the
stochastic part representing the process and the measurement errors is either unknown or
only approximately known [48,49]. Previous studies have also shown that using incorrect error
covariance matrices may result in large estimation errors or even cause divergence [48,50,51].
Hence, the accurate estimation of the error covariance matrices is necessary for the exact
state estimation [50,52].

As presented in the Section 2.3.2, the unknown error variance parameters in the Q and the R
matrices can be obtained using the maximum likelihood estimation methods such as gradient-
based approaches [21,25] or the EM algorithm [45]. On the other hand, gradient-based
MLE methods are sensitive towards the initialization of the parameters, are computationally
demanding, and may provide sub-optimal estimates in case of small datasets and in the
presence of large number of parameters [53-55]. Even though the EM algorithm can be
utilized for complex models where computing the gradients is numerically infeasible [20] or
when data is missing [56], it cannot guarantee to provide an optimal set of parameters because
of its sensitivity to parameter initialization. Moreover such methods can only be applied
offline, and as a result, the entire model needs to be retrained to obtain new parameter

estimates as new data points arrive [25]. Online learning methods such as Rao-Blackwellized
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Particle Filtering (RBPF) [57] can provide reliable estimates for small datasets, but it is

computationally demanding for complex models [58].

The adaptive Kalman filters (AKF) were developed to estimate both the states and the
error covariance matrices together by adaptively adjusting the Kalman filter to the measured
data such that the estimation errors can be either bounded or reduced [50]. The AKFs
are broadly grouped as follows: 1) correlation methods [48,59-62], 2) covariance-matching
methods [63-65], 3) maximum likelihood methods [66,67], and 4) Bayesian methods [68-70].

Correlation Methods

The innovation correlation method (ICM) [48] is one of such approach which is based on the
fact that the innovation sequence is white for an optimal Kalman filter or otherwise, there
must be correlation between the innovations. The ICM method uses the auto-correlation
function of the innovations to form a system of linear equations involving the unknown
covariance matrices. A least-square method is used to solve these equations simultaneously
to obtain the estimates for the Q and the R matrices. The literature contain several other
correlation methods such as the measurement average correlation method (MACM) [60], the
direct correlation method (DCM) [61], and the measurement correlation method (MDCM)
[62]. However, these methods are strictly restricted to the case of linear dynamic models and
are only capable of providing point estimates [49,71,72]. Moreover, in order to ensure the
asymptotic convergence, the Q and the R matrices need to be updated over several iterations

utilizing the entire data [48], and hence the method can only be applied offline.

Covariance-Matching Methods

The basic idea in covariance-matching method (CMM) is to match the actual error covari-
ance matrices to the theoretical values computed by the filter. Considering that the process
errors W ~ N(q, Q) and the measurement errors V'~ N (r,R) are independent and iden-
tically distributed having a constant mean and a covariance, the CMM method provides an
unbiased estimator for the parameters g, r,Q, and R by computing the sample mean and
the sample covariance over the collected error samples. Myers and Tapley [63] proposed the
adaptive limited memory filter (ALMF) [63] that uses such a technique where sample covari-
ance matrices are computed at each time step for both the state prediction error and the
innovation sequence using either the entire past data or over a moving window. However,
such methods produce biased estimates for the covariance matrices and often fail to ensure

the positive-definiteness of matrices when the sample size of the data is small [61,73].
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Maximum Likelihood Methods

The maximum likelihood methods primarily uses a gradient-based or expectation-maximization
algorithm to estimate the error covariance matrices. Shumway and Stoffer [66] provided a
framework that uses the EM algorithm to obtain both the states and the error covariance
matrices even when the data is irregularly spaced. The main disadvantages of these methods

are its computational demand and the fact that these can be only applied offline [73].

Bayesian Methods

An extensive amount of literature exists for the AKF methods under the Bayesian category.
The Bayesian methods include state augmentation methods primarily relying on nonlinear
estimation techniques such as the EKF [73], the UKF [74], or the particle filters [54, 75]
for the joint estimation of both the states and the error covariance matrices (ECM). While
most methods in this category identify the error variances offline, Kontoroupi and Smyth [74]
provided an online estimation method by employing an approximation of the inverse gamma
conjugacy. The method enables the online estimation by using the mode of the inverse
gamma PDF as a point estimate to solve the intractable integral required for obtaining the
marginalized posterior moments for the hidden states. The method is also applicable for
multivariate cases where instead of the inverse gamma, the inverse Wishart PDF' is employed
to estimate the error covariance matrices. The method provides an effective technique for
accurately estimating both the mean and full covariance matrix associated with the observa-
tion error, but has a limited accuracy for the moments associated with the process error [74].
The primary cause for this inaccuracy is attributed to the approximation of using the resid-
uals from the UKF filter for updating the hyperparameters of the inverse-gamma or inverse
Wishart PDF at each time step. These residuals are intrinsically uncertain while the method

considers them to be deterministic values.

Another Bayesian method is the interactive multiple models [76] that defines multiple models
each having a separate dynamic model with its own ECM as well as the transitional proba-
bilities between one model i and another model j at any given time step . A set of several
Kalman filters are run on parallel to evaluate the state estimates for each model simulta-
neously. The model selection is performed according to the Bayes’ rule using the likelihood
obtained for each model given the ECM and the prior probabilities assigned to each model.
In order to obtain the combined state estimate, the posterior state estimates from each
model are weighted according to the updated model probabilities. This method is applicable
for both stationary and non-stationary error variances and has the potential of providing

exact estimates when an infinitely large numbers of models are considered. However, the
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computational cost makes it practically infeasible [68].

The variational Bayes (VB) methods have been proposed to approximate the intractable
joint posterior PDF of the states and the covariance matrices at a comparatively lower com-
putational cost than using the particle filters or the multiple model methods [49,68]. Sarkka
and Nummenmaa proposed the VB-AKF method [68] that attempts to estimate the approx-
imate joint posterior PDF of the states and the unknown diagonal R matrix by using an
inverse gamma prior for each of the error variance terms. This is because using an inverse
gamma prior combined with a Gaussian likelihood results in an inverse gamma posterior
itself, hence the conjugate prior choice for the unknown variance of a Gaussian PDF [19].
Sarkaa and Hartikainen [77] extended the VB-AKF method to obtain the full R matrix using
an inverse Wishart conjugate prior. The method can also be applied to nonlinear state-space
models using the available approximate Gaussian filters [68]. However, the method requires
an exact knowledge of the Q matrix which is not known for most practical applications [78§].
Moreover, the same methodology could not be applied to obtain the Q matrix, since it does
not appear in simple conjugate prior form, as opposed to the R matrix [77,79]. Furthermore,
a heuristic dynamic model is suggested for the error covariance matrix using a user-defined
forgetting factor p and the VB method requires a fixed-point iteration to estimate the scale
parameter of the inverse gamma PDF at each time step. Ardeshiri et al. [80] proposed a VB
based RTS smoother to obtain both the Q and R matrices, but it can only evaluate the error

covariance matrices offline [78,79].

Huang et al. [78] proposed an online VB-AKF method, referred to as VBAKF-PR, to directly
estimate the joint distribution of the states, the state prediction error covariance matrix, and
the R matrix by using the conjugacy of the inverse Wishart prior for the covariance matri-
ces. However, the method requires an accurate nominal Q matrix based on problem-specific
expertise without which the performance degrades drastically. Moreover, the method has
additional parameters such as the tuning parameter, the forgetting factor, and the number
of fixed-point iterations per time step that needs to be tuned. The sliding window variational
adaptive Kalman filter (SWVAKF) allows estimation of the Q and the R matrices by per-
forming three steps: a forward Kalman filtering step to obtain the state estimates by using
the error covariance matrices at the previous time step, a backward Kalman smoothing step
to obtain the smoothed PDF of the state estimates over a sliding window of discrete number
of time steps, and the online estimation of the Q and the R matrices using the smoothed
posterior PDF of the states. The SWVAKEF overcomes the limitation of the VBAKF-PR as
it is robust to the initialization of the nominal Q matrix and proved to be computationally
more efficient by avoiding the fixed-point iteration step. However, this method is only shown

to be applicable for linear dynamic models [81].
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As discussed in this section, there are several methods that have been proposed to estimate
the error covariance matrices. In general, most methods are capable of estimating the R
matrix [48,68] or can be identified directly from the measuring devices [73], however the Q
matrix is neither known in practice nor is it straightforward to estimate it using the available
methods [68,78]. Moreover, most methods are either offline in nature [48, 66], restricted to
linear dynamic systems [70, 78] or are computationally demanding [20,75,76]. Furthermore,
there is no closed-form method to obtain these matrices, and only a limited number of
methods can estimate time-varying error matrices, but only through a heuristic dynamic
model [78]. In addition, none of the available methods have demonstrated the capacity to
estimate a high-dimensional full Q matrix. Hence, there is still the challenge to develop
a method that performs closed-form online estimation of not only constant, but also time-
varying Q matrices for a linear as well as a nonlinear dynamic model and that is still scalable

to high-dimensional domains.

2.4 Bayesian Neural Networks

Bayesian neural networks (BNN) [82,83] are another class of probabilistic models that pro-
vides a Bayesian treatment for the neural network’s (NN) parameters. The typical NN uses
a deterministic set of model parameters to provide point estimates for the model predictions.
On the other hand, the BNN uses Bayesian inference to learn the posterior over the neu-
ral networks’ parameters. Hence, such a model provides predictive uncertainty, robustness

against over-fitting, and enables learning from smaller datasets [83].

For a supervised learning problem, neural networks are used to find a parameterized function
y = g(x, 0) given the data D = {x;, y;}>_;, where D refers to the total number of data points,
x; € R* are the input features, and y; € RY are the observations corresponding to the 7
data point. The model parameters @ = {w,b} comprise the set of deterministic weights
and biases that stores the information of the learned function g(-). Using this function, the
model predictions y are obtained for the given set of inputs . However in BNN, prior PDFs
are placed over the model parameters f(€) and the objective is to learn the posterior PDF
of the parameters f(6|D) that best describes the data D. Using Bayes rule, f(8|D) can be
obtained by

f(D]6) - f(6)
f(D)

where f(D|0) is the likelihood of data given the parameters, f(0) is the prior PDF of the
model parameters, and f(D) = /f(D|9) - f(0)d0 is the model evidence. Using the posterior

f(0|D) = : (2.17)
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PDF f(0|D), we can compute the posterior predictive PDF f(y|x, D) for the output random
variables Y given the input features & by marginalizing the joint PDF f(y, 8|z, D) over all

possible parameter values so that

fyle.D) = [ fy.0le. D)0 = [ f(yle.0)- f(OID)db. (2.18)

where f(y|x,0) is the model that generates the outputs y given the inputs & and the pa-

rameters 6.

However, solving the integrals to obtain the model evidence f(D) or the predictive PDF
f(y|x,D) as defined in Equations 2.17 & 2.18 is computationally intractable. As a re-
sult, several approximate methods were proposed for quantifying the predictive uncertainty
including wvariational inference [10, 11, 13|, sampling-based methods, [82,84] and ensemble
model combination [8,9]. The subsequent section provides a detail overview of the existing

approximate inference methods.

2.4.1 Approximate Inference Methods

Since exact Bayesian inference is computationally intractable for neural networks (NN), many
approximate inference methods have been proposed in the literature for employing Bayesian
neural networks (BNN) [8,9,85]. The Laplace approzimation [86] was used for obtaining
the posterior distribution of the parameters in NN. In its original form, this method is
computationally inefficient for large neural networks as it requires the computation of a full
inverse Hessian matrix. The Hamiltonian Monte Carlo (HMC) is a Monte-Carlo sampling
method that is considered as the reference for BNN [10,82]. For most practical applications,

the method lacks practical scalability and requires problem-specific parameter tuning [10].

A scalable wariational inference (VI) method [87] was proposed for estimating the poste-
rior distribution of the parameters in neural networks by maximizing the evidence lower
bound (ELBO) of the marginal log-likelihood. This required computing the intractable ex-
pected log-likelihood term of the ELBO using a Monte Carlo approximation and using the
stochastic gradient descent (SGD) approach to optimize the approximate lower bound [10,83].
However, VI tends to perform poorly for large datasets as the optimization procedure us-
ing SGD requires multiple passes through the entire data which is practically infeasible for
large datasets [10]. Probabilistic backpropagation (PBP) [10] uses expectation propagation
to estimate the parameters in BNN. Unlike backpropagation, PBP computes the posterior
distribution over the parameters by propagating backward the gradients of the marginal like-

lihood with respect to the parameters. PBP is accurate, more computationally efficient than
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any form of variational inference or Markov chain Monte Carlo (MCMC) method, and tunes

its hyper-parameters automatically [10].

Monte Carlo dropout (MC-dropout) uses dropout [88] as a Bayesian approximation for de-
riving an approximate predictive distribution. MC-dropout computes the predictive uncer-
tainty by averaging over an ensemble of neural networks where each network is trained using
dropout [8,9]. MC-dropout is orders of magnitudes faster than PBP but requires hyper-
parameter tuning unlike PBP [8]. MC-dropout motivated researchers to look into ensemble
methods in neural networks [9]. Deep ensembles [9] provided a simple and scalable method
that combines ensembling techniques and adversarial training for obtaining improved predic-

tive performance and out-of-distribution robustness [9].

Variational inference remains an active research area for BNN. Other notable works using
variational inference include Variational matriz Gaussian (VMG) [12] and probabilistic back-
propagation with the matriz-variate Gaussian (MVG) distribution (PBP-MV) [11]. VMG
uses matrix-variate Gaussian (MVG) [89] priors over the weights compared to PBP which
uses independent standard Gaussian priors. VMG shows a better predictive performance
compared to PBP and MC-dropout despite its slow convergence. On the other hand, PBP-
MYV was shown to outperform VMG and converge faster in regression and classification bench-
marks [11]. Moreover, Wu et al. pointed out that variational Bayes is limited in practical
applications because of its computational constraints and sensitivity to the definition of the
prior variances for weights [13]|. Deterministic variational inference (DVI) [13] was proposed
to counter these limitations. DVI provides analytically tractable moment computation and
an empirical Bayes [90] approach to automatically assign prior variances for the weights, but
has a high computational demand. Recently, the analytically tractable approrimate Gaussian
inference (TAGI) method [7] was proposed which allows for closed-form parameter inference
in BNN, without relying on backpropagation. The next section reviews the TAGI method in
detail.

2.4.2 Tractable Approximate Gaussian Inference

TAGI [7] performs analytical inference for the parameters in Bayesian neural networks. Here,
we summarize the key principles behind TAGI through a feedforward neural network (FNN)
architecture. We consider a FNN with L hidden layers for learning the relationship between
the input covariates @ = [x; 2o --- 2|7, € R* and the observed system responses y =
[y1 y2 -+ yy|T, € RY. Each of the L layer of this FNN consists of A hidden units zi(j),Vi €
()

%

{1,2,--- A} and V5 € {1,2,--- L} for which the corresponding activation units a

gb(zfj )) are obtained using an activation function ¢(-). The observation model describing the
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relationship between the observed system responses y and the model outputs is given by
y=294v, v:V~N0Zy), (2.19)

where z(® € RY represents the vector of hidden units on the output layer, and v represents
the vector of errors with mean zero and covariance matrix Xy,. Figure 2.4 shows a graphical
model representing the FNN for obtaining a single model output z(® as a function of the
input covariates . The green nodes represent the vector of hidden units and the directed
arrows show the flow of information from one node to another. The parameters between any
two layers j and j + 1 are represented by 89), j € {1,2,---,L}. The observation y, denoted

© and the error v in accordance to the

by the purple node, is connected to the output unit z
observation model in Equation 2.19.
In a generic form, TAGI requires propagating uncertainties from the activation hidden units

A ~ N(a); Mg)> Eg)) in hidden layer j to the i* hidden unit in layer j 4+ 1 given by
ZZ(J+1) _ Z M/i(jc)Al(@J) + Bi(J)7 (2.20)
k=1

where the parameters I/Vl(i) and Bi(j ) are assumed to be Gaussian random variables. Equation
2.20 involves the product of pairs of weights W and activation units A for which the exact
moments can be computed using the Gaussian multiplicative approzimation (GMA) [7,91]
described as follows: Consider X = [X; Xy X3 X4]T, a vector of Gaussian random variables
such that X ~ N (x; p, X), with mean vector p and covariance matrix X. Using the Gaussian
moment generating function [7], the following equations hold for the product of any two

Gaussian random variables such that

E[X1Xs] = pape + cov(Xy, Xs), (2.21)
var(X1Xs) = o205 + cov(Xy, Xo)?
+2cov (X1, Xo) iz (2.22)
oty + oapi,
cov(Xs3, X1 Xo) = cov(Xy, X3)pua + cov(Xa, X3)p, (2.23)
cov(X 1 Xo, X3Xy) = cov(Xy, X3)cov(Xy, Xy) (2.24)

+eov( Xy, Xy)cov(Xa, X3)

+cov (X1, X3)papua

+cov( Xy, Xy)pops + cov(Xa, X3) g
+cov(Xo, Xy) i3
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(a) Full representation

@—g(@) @—3(1) @_9<2> > e -9<L-1>>@_9<L>

(b) Compact representation where 8 = {w, b}

Figure 2.4 The (a) Full and (b) Compact representation of a FNN for obtaining a single
model output 2(® as a function of the input covariates . The network comprises of L hidden
layers having A hidden units in any layer j € {1,2,--- ,L}. The parameters between any two
layers j and j + 1 are represented by 8U). The observation y, denoted by the purple node, is
connected to the output unit 2(¥, and the error v in accordance to the observation model in
Equation 2.19.

In TAGI, the GMA Equations 2.21 - 2.24 are leveraged to obtain the moments for the product

of pairs of weights W and activation units A.

Even though the true distribution for the product of two Gaussian random variables is not
Gaussian, TAGI considers that the sum of a large number of independent product terms
approximately results into a Gaussian PDF under the central limit theorem (CLT), given
that all activation units A, are independent from each other. Moreover, using nonlinear
activation functions prohibits the analytical tractability for propagating uncertainty through
the network. Therefore, TAGI uses a 1%¢ order Taylor series approximation at the expected
value of the hidden unit N(Zji+1) to maintain the analytical tractability when propagating

uncertainty through the activation function. In order to maintain a linear computational
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complexity with respect to the number of parameters, first, the method employs a diagonal
covariance matrix for both the parameters @ and the hidden units Z. Second, it uses a
recursive layer-wise Gaussian inference approach that relies on the conditional independence
between the hidden units ZU—Y and ZU+Y given that the hidden units zU) are known and
that the parameters 8 are independent for each layer.

A two-fold inference step is used for obtaining the posterior moments for the parameters 6
and hidden units ZU). First, the posterior expected value and diagonal covariance matrix

for the output units are obtained such that

f(z(o)‘y) = N(z(o); Hz©)y, EZ(U)|y)7 (2-25)
Bzop = Bzo + 31,03y (Y —py), (2.26)
Y0y = Xzo — X102y Syzo, (2.27)

where 0 and py are the mean vectors for Z ©® and Y; = 7 is the prior covariance
matrix for Z©®, ¥y is the prior covariance matrix for Y, and Xy @ is the prior cross-
covariance between Z(© and Y. Second, the Rauch-Tung-Striebel (RTS) smoother [92] is
used to perform the layer-wise backward inference pass using the posterior knowledge for the
output units obtained by Equations 2.25 — 2.27. The posterior moments for the parameters

0 and the hidden units Z are obtained following

f(Zly) = N(z; pzyy, Zzy), f(0ly) = N(0; oy, Xopy),

Hzly = pz +Jz (Mz+\y - IJ»Z+) ) Moly = po + Jo (Mz+\y - Mz+) )
(2.28)
Zz‘y =3z+Jz (ZZ“’Iy — 2Z+) J}, 29|y =3+ Jy <2Z+|y — EZ+> JQT,

Jz = ZZZ+EE-1F7 J9 = 29Z+EE}H

where the short-hand notations for the parameters and hidden units in the j** and the
subsequent layer are {8+, Z} = {9U+) ZU+)) and {0, Z} = {69, ZU)}. The posterior
inference for the parameters @ shown in Equation 2.28 is done recursively using either a
single observation or a batch of them. Moreover, this recursive inference process is done over
multiple epochs E > 1 to overcome the limitation of having weakly informative priors for the
parameters f(8|n®) = N(6; ué@), Eg@)) for which the hyperparameters n© = {p,ée), Eé@)}
are defined using either the Xavier’s [93] or He’s [16] approach. Hence, multiple iterations are
carried out using a training set Dr and a validation set Dy, where the posterior parameters’

hyperparameter values at the i iteration n(® = { /,l,gl)DT, Eg‘)DT} are used as that of the prior’s



33

for the i 4+ 1'* iteration shown by
n*Y = TAGI(Dy, n™).

In order to avoid overfitting, the learning process is stopped using an early-stopping procedure
when the marginal log-likelihood for the validation set Dy reaches its maximum value. Using
multiple epochs to learn the optimal hyperparameters is equivalent to the empirical Bayes
approach [94], but the maximization of the marginal log-likelihood is performed implicitly

rather explicitly [7].

TAGI provides an analytically tractable method for inferring the posterior expected values
and diagonal covariance matrix of the neural network’s parameters. It was shown to provide
a competitive performance with regard to regression and classification benchmarks [7], as
well as on applications such as adversarial attacks, optimization, and continuous-action re-
inforcement learning [95]. However, a key limitation is that the original version of TAGI can
only handle homoscedastic aleatory uncertainty for which the error variance o% is considered
as a hyperparameter that needs to be identified separately from the analytical parameter

inference, which makes it computationally expensive to identify [7].

2.5 Conclusion

The literature review has covered key probabilistic models that can quantify predictive un-
certainty. First, the review examined the state-space models (SSM) used for modeling linear
and nonlinear dynamic systems comprising hidden states, and the filtering methods that
provide a probabilistic approach for updating the knowledge of these hidden states using
observations at any time. We can perform the exact inference using the Kalman filter under
the Gaussian assumption for the hidden states and the linear assumption for the transition
and observation models. However, we depend on nonlinear filtering methods such as the
unscented Kalman filter, cubature Kalman filter, and particle filters for handling nonlinear
models which are computationally expensive. Furthermore, parameter estimation is typi-
cally the most computationally demanding task in the state estimation procedure. This task
relies either on Bayesian methods such as the Markov Chain Monte Carlo (MCMC) which
are computationally expensive, or on maximum likelihood methods such as gradient-based
approaches, which are sensitive to parameter initialization, are computationally demanding,
and require model retraining with each additional data point. In particular, modeling the
process and observation errors associated with the transition and the observation models are

critical for an accurate hidden state estimation. These errors are quantified by the error
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variance terms in the error covariance matrices. The adaptive Kalman filter (AKF) methods
are specifically designed for estimating the error covariance matrices but it still remains a
challenge to develop a method able to perform closed-form online estimation of the process

error covariance matrix Q.

Second, the review investigated the Bayesian neural networks (BNN), which provide a prob-
abilistic approach to the traditional neural networks with regard to quantifying uncertainty
over the parameters and model predictions using a Bayesian framework. As exact Bayesian
inference is intractable in neural networks, there are many approximate methods employing
either variational inference, sampling-based methods or ensemble of models for quantifying
the predictive uncertainty. The tractable approximate Gaussian inference (TAGI) allows for
analytical parameter inference for BNNs and was shown to be competitive in comparison
to existing networks trained with backpropagation. However, in its current version, a key
limitation of TAGI is that it can only model homoscedastic aleatory uncertainty as quantified

by the constant error variance parameter.

Overall, the review identifies that the parameter inference step is critical for improving the
applicability and the scalability of our probabilistic models. The following chapters will de-
scribe methods that can overcome each of the aforementioned limitations related to parameter

inference for the state-space models and Bayesian neural networks.
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CHAPTER 3 The Gaussian Multiplicative Approximation
for State-Space Models

3.1 Introduction

This chapter presents how we propose to take advantage of the Gaussian multiplicative
approximation (GMA), see Section 2.4.2; in the context of state-space models. Using the
GMA, the closed-form solutions for the first t wo moments for t he product of t wo Gaussian
random variables can be obtained. The potential of combining the GMA with the Bayesian
dynamic linear models (BDLM) is illustrated through the development of generic components
called (1) the online autoregressive (OAR) that can estimate both the AR state (z**) and the
AR parameter (¢**) together; (2) the trend multiplicative (TM) for multiplicative seasonality
model to identify a non-harmonic periodic pattern whose amplitude changes linearly with
time; and (3) the double kernel regression (DKR) to identify non-harmonic periodic pattern

that involves the product of two periodic kernel regression components.

The chapter includes the detailed mathematical formulation for the proposed method and
the procedure to perform state estimation using the BDLM framework. Thereafter, three
applied examples are presented for showcasing the capacity of using the GMA for both real

and synthetic datasets. The main contributions of this chapter are to

e Provide an analytical method that is applicable to multiplicative state-space models by

providing explicitly the equations for moment computation of a product term.
e Enable the online estimation of model parameters as hidden states.

e Provide generic components called the online autoregressive, trend multiplicative and

double kernel regression in the BDLM framework.
e Validate and verify the proposed method with real and synthetic datasets.

e Provide a method that exceed the performance of the cubature Kalman filter in terms

of accuracy and computational cost as validated through the SHM-based case studies.

3.2 Gaussian Multiplicative Approximation

This section presents the Gaussian multiplicative approximation for computing the moments
associated with the product of two Gaussian random variables and demonstrates its applica-

tion in state estimation using BDLM.
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3.2.1 Moments of Product Term
Consider the case where the variables @ = [x; 3|7 are the input of the nonlinear function,
g(x) = x129. (3.1)

The goal is to infer the probability density function (PDF) of X indirectly, using an obser-
vation y that is defined such that,

y=g(@)+v, v:V~N(@v0,0), (3.2)
where V' is a random variable representing the observation error with zero mean and variance

2
Oy

The posterior PDF of X given an observation y can be estimated using Bayes theorem as in,

flzly) = N(x; pxpy, Xxy), (3.3)

which follows a Gaussian distribution with a mean vector p x|, and a covariance matrix X x|,

that are given by

Z:XY

Bxy = Mx+ —5(y— ),
Oy
Yxy - 2
Sxp = Zx - o XY (3.4)
Oy

As seen in Section 2.4.2, Equation 3.3 holds when f(x,y) is Gaussian. However, in the case
presented here, y is nonlinearly related to  through Equation 3.2 which makes the joint
prior PDF, f(«,y), non-Gaussian. For such a situation, the GMA can provide closed-form

inference. The prior moments pux and ¥x in Equation 3.4 are obtained as follows

px = E[X] =

Yx = var(X) = _ var(X1) cov(X1, Xo)
. | cov(Xo, Xq)  var(Xp) '
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The mean and variance of Y can be obtained by propagating the uncertainty associated with
X through the model described in Equation 3.2 so that

o= EY] = EgX)+EV] - B[XiX)
o2 = var(Y) = var(X;Xy) +var(V) = var(X;Xs) + oi.

Using the moment generating function (MGF) [96,97] for the multivariate Gaussian distri-
bution or 2"¢ order Taylor series expansion (TSE) [98] of the product of the two Gaussian
random variables, the first two moments associated with the product term X;X, can be
computed exactly using
E[X1X2] = Uil + COV(Xl, Xz), (35)
var(X1Xy) = oto5 + cov(Xy, Xo)* + 2cov(Xy, Xo) i + (3.6)
otz + o3,

and the covariance between X and Y is given by

EXY = COV(X,Y) =

COV()(l7 XlXQ)
COV(XQ,XlXQ) .

Similarly, we can also derive the exact solution for the covariance between the product term

X1 X5 and any other Gaussian random variable X3,
COV(X3, XlXQ) = COV(Xl, Xg),UQ + COV(XQ, X3>/L1. (37)

Finally, for the general case, the covariance between any two pair of product terms is given
by

cov(X1 X0, X3Xy) = cov(Xy, X3)cov(Xy, Xy) (3.8)
+cov(Xy, Xy)cov(Xa, X3) + cov(Xq, X3) s
+cov( Xy, Xy)pops + cov(Xa, X3) g
+cov(Xy, Xy)paps,

where X7 X5 and X3X, are the product terms of the Gaussian random variables X;, X5 and
X3, Xy, respectively. The derivation of the GMA equations using both the MGF and TSE
are presented in Appendix A and B.

Hence, the GMA approximates the distribution for the product term X;X; as a Gaussian
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random variable for which the expected value, variance and covariance can be calculated

exactly, under the assumption that X; and X, are themselves Gaussians.

3.2.2 State Estimation

In the context of state-space models, the state estimation for cases involving product terms
in the transition model can be performed by combining the linear estimation theory and the
GMA. Given the vector of hidden states @ = [z1 x3]T, a generic multiplicative transition

model involving the product of the hidden states x; and x5 is given by

2

Tip = Trp1Top +wiy, wy: Wi ~N(0,03,), (3.9)
2

Top = i1+ Way, wy = Wa ~ N(0, oy, ),

where w = [w; wy]T is the vector of error terms associated with the transition model. The
hidden states at time ¢ — 1 is assumed to follow a Gaussian PDF with mean vector and

covariance matrix given by
Xy i1 ~ N(iU; Hi—1)t—1, 2t—1|t—1)7

where Hi—1jt—1 = E[Xt—1|y1:t—1]7 Et—1|t—1 = COV(Xt—1|y1:t—1)> and Y41 = {yla . 7yt—1}~ In
its current form, the transition model as given by Equation 3.9 is nonlinear. However, the
nonlinear transition model can be formulated as a linear dynamic model by augmenting the

state vector & = [x 2P| so that

Xt—1|t—1 ~ N (&; i1, 21161,

where Bi1jt-1 = [ ﬁ:) ] and 2t—1|t—1 = [

pX cov(X, XP)
cov(XP, X) (oP)? t—1|t—1‘

t—1[t—1
The hidden state variable X? = X; X, represents the product term and is assumed to be

Gaussian with expected value pP = E[X;X;] and variance (oP)? = var(X;X3). The covari-

ance terms between X and XP in 2t_1|t_1 is given by

COV<X7XP) _ [ COV(Xl,XlXQ) ] ‘

COV(XQ, X1X2>
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Using linear algebra, the transition model in Equation 3.9 can be written as

T, = Az, 4, (3.10)
1 0 01 1
T = 010 To ;
TP 0 00 P

t t—1

where & = [z1 x9 2P]T. The augmented state vector Xt|t_1 follows a Gaussian PDF given by
Xt|t71 ~ N([l't\tfla ith‘/fl)) (311>

where f;;—1 = Aft;_1;—1 and iﬂt_l = Ait_”t_lAT + Q, considering that Q is the process
error covariance matrix. The variance terms in the Q matrix can be estimated using the

methods described in Section 2.3. The observation model is defined as
y=C&+ v, v:V~N(OR), (3.12)

where C is the observation matrix, v, is the observation error, and R = ¢? is the observation
error covariance matrix. Using Equations 3.11 and 3.12, both the prediction and the update
steps in the Kalman filter can be carried out for a nonlinear system having product terms.
Note that the application of the GMA equations is shown explicitly using a product term in
the state vector to simplify the use of the method, hence the last row in the A matrix has 0’s
as the product term xP is a placeholder. However, the GMA equations can also be applied
implicitly without the need to store the information specifically in a variable. At each step
t — 1 of the recursive procedure, the GMA Equations 3.5 — 3.8 are applied to compute the
moments of the product term X; X, using the moments of X; and X, obtained from the
Kalman filter. The method can also be extended to more than one product terms in the
state vector either by placing more placeholders as shown by Equation 3.10 or by computing
the moments implicitly. The case studies 2 and 3 in this chapter are examples of more than

one product terms in the state vector.

The computational complexity of using the GMA for estimating a state vector of size n is
O(3n?). When using either the UKF or the CKF (see Section 2.2.2) to perform the same
state estimation, the computational complexity is to the order O(14n3) [99]. The derivation

of the computational complexity for the GMA is provided in Appendix E.
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3.3 Applied Examples

This section presents three case studies comparing the performance of the GMA and the

CKF for the task of estimating the state variables in SSM having product terms.

3.3.1 Case Study 1: First-Order Online Autoregressive Process (0AR)

This case study presents the application of the proposed online estimation method for the
state and parameter of a first-order autoregressive process.

Model Formulation

Consider the transition model for a first-order autoregressive process (AR) given by

process error
AR AR AR AR AR . AR AR, AR\ 2
Ly :¢ xt—l_’_wt ; W W NN(’LU 707(0 ))7

transition model

where z** is the AR hidden state, ¢** is the AR coefficient, and TR is the zero-mean Gaussian
process error. The AR coefficient ¢*® can be estimated online by considering it as a hidden

state %. The new transition model is defined as

R N R Tl (3.13)
l‘f - l‘ffla
where the hidden states at time step ¢t — 1 are x;_; = [z** 2?]]_;. The linear transition

model for this case is given by Equation 3.10. The augmented mean vector ft;_i;—; and the

covariance matrix 3, _;,_; of &;_; are given by

B[ X"
Hi—1p—1 = E[X?] ;
| BX7XH] t—1[t—1
[ var(X™)  cov(X™®, X?) cov(X™® X XAR)
S = : var(X?) cov(X?, X?XR) :
Sy1m. . var(X?X4®)

L t—1)t—1
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where the elements of fi;_,—; and f)t_l‘t_l can be computed analytically using Equations

3.5-3.8. The observation model is given by
Y = C&y +v,v: V ~ N(v;0,0%),

where the observation matrix is C = [1 0 0].

Numerical Example

Simulated data is generated from a first-order AR process using the following parameters:
o, = 0.1, o*® = 0.05 and ¢** = 0.9. Five datasets containing 1000 data points are generated
using these parameters with a uniform time step of one unit. The prior knowledge of the

hidden states are initialized by

fo = [0oo,
o = diag([100 100 0]).

Both fi,; and f)ﬂt of &; are estimated using the GMA and the CKF methods. Table 3.1 shows
the average results along with their standard deviation for the mean square error (MSE) [25]
and log-likelihood (LL) [18,25] values for z** 2  as well as their joint log-likelihood. Figure
3.1 compares the actual and estimated hidden state values obtained using the GMA and the
CKF methods, which shows the convergence of the estimated states to the true values while
there is a slight difference early on in the state estimation. The results presented in Table 3.1
show that the predictive performance of both the methods using MSE and LL values have
negligible discrepancies. The LL values using the CKF are slightly higher than the GMA
owing to the difference in the state estimation at the initial stage, which disappears as the

state estimates merge together and move towards the true values.

Table 3.1 Comparison of the mean square error and log-likelihood estimates for the GMA
and the CKF

metric

MSE Log-likelihood, 7 In f(2;|y1./)
AR z® AR z® (xAR’ xqﬁ)

GMA | 3.3e-03 £1.9¢-04 2.9e-02 % 1.6e-02 1181.3 £34.2 2081.9 &+ 250.2 3281.4 + 263.2
CKF | 3.3e-03 £1.6e-04  3.3e-02+1.2e-02 | 1199.5 +30.15 2175.3 +198.8 3386.4 4 201.8
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Figure 3.1 Comparison of the GMA and the CKF method for estimating a) z** and b) z?.
The red solid line shows the observations, the black solid line and the green shaded region
shows the predictions and their +10 confidence regions using the GMA, and the blue solid
line and the pink shaded region shows the predictions and their 10 confidence regions using
the CKF. Note that Figure (a) is a close-up view from the actual plot showing the first 100
time steps.

3.3.2 Case Study 2: Trend Multiplicative Model (TM)

This case study is conducted on water infiltration flow-rate data [100-102] recorded on a
concrete gravity dam in Canada. Such data is employed by engineers as a proxy for a dam’s
health.

Data Description

The flow-rate data ranges from September 26" 2006 to December 31%¢ 2012. The raw data
is averaged daily to have 2289 data points. The data have an increasing baseline along with
a periodic component whose amplitude is increasing with time. A multiplicative model is the

classical approach [103] to handle periodicity that varies with time, which can be performed
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by the product of the baseline component with the static periodic component. The data
are divided into a training set (1618 points) and a test set (671 points) to evaluate the
predictive performance of the model. Figure 3.2 shows the entire dataset where the test set

is represented by the shaded region.

Training set

Flow rate |L/s]

[ N =

06-09 08-04 09-08 11-03 12-12
Time [YY-MM]

Figure 3.2 Plot showing the flow-rate data recorded on a concrete gravity dam. The test set
is represented by the shaded region.

Model Formulation

The components used for this model are a local trend (LT) that includes the level (L) and the
local trend (LT) hidden states to model the baseline of the time series, a periodic component
(S) that includes the amplitude (S;) to model the periodic pattern with a periodicity of one
year, an online first-order autoregressive component (0AR) to model the residual, and a new
component called trend multiplicative (TM) to model the increasing amplitude with time. The
TM component includes a new set of level (LP) and local trend (TP) hidden states to capture
the constant rate of change in the level of the periodic component. In this case, the transition
model has two placeholders for the two product terms represented by 2%, = {z**, -2 |} for
the OAR and 252 = {2%F - 2§} for the TM. The transition model for the new component TM is
given by concatenating the product term xP> to model the time-varying amplitude, with the

local trend component provided by

P 1 At 0 P
2 | =10 1 0 x™P
P2 0O 0 O P2
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The vector of 10 hidden states at time ¢ — 1 for all the components combined together is

defined as

=1 xS2
—_—
T = [xL xLT xsl ISQ I,AR I,¢ .Tpl xLP xTP xpz]l’_l’

S3

where x|, 7?; and x}*, are subsets of the vector a; ;. The prediction step in the Kalman
filter is carried out sequentially using the mean vector p,_1,—; and the covariance matrix

Zt—l\t—l of Xt—l given by

0n1><1
Lo fyg—1j—1 = pe—1e—1 + | E[XP] )

| Onaxa t—1)t—1

5]1,t71|t—1 =3 -1+ i Opxny  COV(X, XPY) O L71|t717
2. l‘ll,t|t71 = A/jlfl,tflhffla

21,t|t—1 = ASI,t—Ht—IAT + Q7

- - On 1
3. Ryji—1 = Page—1 + E[;(;] ] )

tt—1
- ~ 015 xn cov (X, XP2
By = By gpe-1 + o ( ) ’
cov(XP2 X53) var(XP2) o1

where in Step 1 we explicitly compute the expected value E[X?*] and the covariance matrix
cov(X, XPt) associated with the first product term xf*,, thereby computing the augmented
mean vector fi;,_1—1 and the covariance matrix flu,ut,l, in Step 2 we carry out the pre-
diction step using ft1;_1ji—1, iu_”t_l, and the matrices A and Q, and finally in Step 3, we
compute the moments for the second product term z* to obtain the predicted mean vector
fyi—1 and the covariance matrix it‘t,l. Using fyi—1, flm,l, and Equation 3.12, the update
step of the Kalman filter is performed. The complete model matrices A, C, Q and R required
for the state estimation using the Kalman filter are described in Appendix C. The vector of
unknown parameters which need to be estimated using an optimization algorithm [18,25,104]
are given by

0 = [oyr o o ov]T,

where ojj is the standard deviation of the local trend, off is the standard deviation of the AR

process, ofy is the standard deviation of the local trend (TP) in the TM, and oy is the standard
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deviation for the observation error. Using the initial parameters 6, = [107% 0.1 107¢ 1]T,
the optimized parameters 8* = [2.16 x 107 0.092 6.5 x 1077 0.054]T are obtained by
maximizing the joint log-likelihood [21] using the Newton-Raphson method [25].

State Estimation

Figure 3.3 shows the observed flow-rate data in red, the black solid line and the green shaded
region shows the predictions g, and the uncertainty bounds gy, &= oy using the GMA, and
in blue solid line and pink shaded region using the CKF, for both the training set and the test
set. The grey region shows the forecast period. Figure 3.4 shows the hidden state estimation
of the flow-rate data; where (a) represents the product of the level associated with the TM
and the periodic pattern 25, (b) represents the level component z'* associated with the TM
component, and (c) represents the periodic pattern z°'. Figure 3.4(d) represents the online
estimation of 2% associated with the 0AR. The black solid line and the green shaded region
shows the predictions and their +10 confidence regions.The test set mean square error (MSE)
and log-likelihood (LL) values obtained using the CKF and the GMA are {0.28, —541.5} and
{0.28, —541.6} respectively. These results show that the proposed methodology has the same
predictive capacity as that of the CKF and also provide interpretable sub-components of the

time-varying amplitude hidden state.

- Yt = Hy(GMA) =y ¢ £ oy (GMA)
— ty,4;(CKF) =y g £ oy )i(CKF)

) 8 Training set Forecast

= 6

@

= 4

E 2

= ool ‘ ‘ | |
06-09 08-04 09-08 11-03 12-12

Time [YY-MM]

Figure 3.3 Plot showing the estimated values for the flow-rate data using the GMA and the
CKF'. The red solid line shows the observations, the black solid line and the green shaded
region shows the predictions and their 10 confidence regions using the GMA, and the blue
solid line and the pink shaded region shows the predictions and their +1¢ confidence regions
using the CKF.
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Figure 3.4 Tllustration of the hidden state estimation for the flow-rate data. Figures (a)-(c)
represents the hidden states of the TM component; where (a) represents the product of the

level associated with the TM and the periodic pattern 25, (b) represents the level component

2 associated with the TM component, and (c) represents the periodic pattern z%'. Figure

(d) represents the online estimation of x¢ associated with the 0AR. The black solid line and
the green shaded region shows the predictions and their +1¢ confidence regions.

3.3.3 Case Study 3: Double Kernel Regression (DKR)

This case study is conducted on traffic-load data [29,105,106] recorded on the Tamar bridge
in the UK. In the context of structural health monitoring, modeling traffic data correctly is

important for removing its effect on structural responses.

Data Description

The data ranges from September 01 to October 21, 2007. The raw data have 2409 data
points with a uniform time steps of 30 minutes. The raw data shows a constant baseline and
two periodic components having a daily and a weekly periodicity. A multiplicative model is
used to capture the dual periodicity using the product of the two periodic components. The
data is divided into a training set (1649 points) and a test set (760). The entire dataset is

shown in Figure 3.5.
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Figure 3.5 Plot showing traffic-load data recorded on the Tamar bridge in the UK. The test
set is represented by the shaded region.

Model Formulation

The BDLM components used are the local level (LL) to model the constant baseline, two
kernel regression (KR) components [29] each having 50 non-uniform and 30 uniform control-
points to model the periodic patterns with periodicity of 7 days and 1 day respectively,
the online autoregressive component (0AR), and a new component called the double kernel
regression (DKR). The DKR is used to model the product of two periodic patterns represented
by the hidden states 25 and z52. The KR component for modeling the 7 day periodic pattern
requires more control points in the first two days due to a higher complexity in the sub-daily
pattern compared to the rest of the week. Note that increasing the number of control points
can further improve accuracy at the cost of increasing computational cost. In this case, the
transition model has two product terms represented by af*, = {x%,; -xf,l} for the DAR and
x5? = {ag x5}, for the DKR. The vector of hidden states at time ¢— 1 for all the components

is defined as

xSl xS2
R [t A S v vl A B vl HP (3.14)

=3

The prediction step in the Kalman filter is carried out sequentially using the mean vector
pi—1:—1 and the covariance matrix 3;_;;_; of X;_; as shown in Section 3.3.2. The complete
model matrices A, C, Q and R are described in Appendix D. The vector of unknown
parameters is given by

0 = o % 0% o oy]T,

where oy is the standard deviation of the local level, ¢** is the kernel length for the KR

component with a period of 1 day, /¥* is the kernel length for the KR component with a period
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of 7 days, off is the standard deviation of the AR process, and oy is the standard deviation
for the observation error. Using the initial parameter values 8y = [1075 0.05 0.5 0.1 0.1]T,
the optimized values 8* = [1.01 x 107% 0.359 0.24 0.275 1.93 x 1077]T are obtained using
the Newton-Raphson method [25].

State Estimation

Figure 3.6 shows the observed traffic-load data in red, the black solid line and the green
shaded region shows the predictions p; and the uncertainty bounds p; £ oy using the
GMA, and in blue solid line and pink shaded region using the CKF, for both the training
set and the test set. Figure 3.7 presents the hidden state estimation for the traffic-load

data; where (a) represents the product of the two product terms zg+ - 252, (b) represents

the periodic pattern z§ with a 7 day periodicity, and (c) represents the periodic pattern

ro? with a 1 day periodicity. Figure 3.7(d) represents the online estimation of 2% associated
with the 0AR. The black solid line and the green shaded region show the predictions and
their +10 confidence regions. These results show that using the GMA in BDLM has better
predictive capacity than the CKF. The predictive capacity is also compared to the results
presented in Nguyen et al. [29] for the same dataset while using a single KR component with
101 control-points having a periodicity of 7 days. Table 3.2 presents the test set mean square
error and the log-likelihood values as well as the training time using the DKR and the KR. The

results demonstrate that DKR has better predictive capacity than the KR component, fewer

- W = by r(GMA) Spy e T oy GMA)
g 1 Training set Forecast
?@ 8 [ ) 4 \ \ W\
< | (]
= 4 l
=R ‘ : ’
09-01 09-15 09-25 10-06 10-21

Time [2007-MM-DD]

Figure 3.6 Plot showing the estimated values of traffic-load data using the GMA and the
CKF'. The red solid line shows the observations, the black solid line and the green shaded
region shows the predictions and their +10 confidence regions using the GMA, and the blue
solid line and the pink shaded region shows the predictions and their +1¢ confidence regions
using the CKF.
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hidden states, and also has fewer parameters to optimize, which makes it computationally

faster.
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Figure 3.7 [llustration of the hidden state estimation for the traffic-load data. Figures (a)-(c)
represents the hidden states of the DKR component; where (a) represents the product of the

two product terms g - g2, (b) represents the periodic pattern 2§ with a 7 day periodicity,

and (c) represents the periodic pattern 5™ with a 1 day periodicity. Figure (d) represents
the online estimation of 2% associated with the 0AR. The black solid line and the green shaded

region shows the predictions and their +10 confidence regions.

Table 3.2 Comparison of mean square error and log-likelihood values for DKR and KR on the
traffic-load dataset.

metric | MSE | Log-likelihood, 3>/_; In f(:|y:.)

DKR 0.30 —616.96
KR 0.34 —656.30
CKF 0.32 —629.59
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3.4 Conclusion

This chapter presented an analytical approach to handle multiplicative state-space models
by leveraging the Gaussian multiplicative approximation (GMA). The method enables: (1)
the analytical inference of the mean vector and the covariance matrix for the product of two
hidden states in the transition and/or observation models using linear estimation theory, and
(2) analytically tractable online estimation of model parameters as hidden states. In the
first case study, the proposed method was validated and verified using synthetic data for a
first-order autoregressive process. A new generic component developed was called the online
autoregressive (0AR) to evaluate both the AR state and the AR parameter together. For the
second and third case studies, the proposed method was applied to SHM-based real data for
which new components were developed, namely the trend multiplicative (TM) and the double
kernel regression (DKR), in order to handle specific multiplicative models. The three case
studies confirm that the method match or exceeds the performance of the existing nonlinear
Kalman filter methods such as the cubature Kalman filter in terms of both predictive capacity

and computational complexity.



51

CHAPTER 4 Modeling Nonlinear Dependency Using State-Based Regression

4.1 Introduction

Bayesian dynamic linear models (BDLM) [18] are probabilistic approaches used for time
series analysis and that are capable of online learning (see Section 2.2.1). These models
consist of generic components that each capture a specific pattern and that can be grouped
together to model time series. With the existing BDLM framework, linear relationships
between independent and the dependent time series can be described by a constant regres-
sion coefficient [21]. Nevertheless, with the existing method, it is not possible to model a
nonlinear relationship between two time series in such a way that the regression coefficient
is not a constant parameter but a function of the current value of the independent time
series. This is particularly important in the context of dam health monitoring where the
displacement at various locations is most often nonlinearly related to the reservoir water
level [17]. Building upon the Gaussian multiplicative approximation described in Section
3.2, this chapter presents the state-based regression (SR) method to model the nonlinear de-
pendency between any two time series such that the state-dependent regression coefficient is
inferred using a new SR component within the BDLM framework. This component provides
an interpretable representation of how each nonlinear dependency explains specific patterns
in the interdependent time series. In addition, the chapter also describes the methodology
for performing state estimation using the SR method along with two case studies derived
from the 16" International Commission on Large Dams (ICOLD) Benchmark 2022 on dam

behavior prediction [107]. The main contributions of this chapter are to

e Provide the methodology for applying the state-based regression method to model the

nonlinear dependency between any two time series.

e Validate the method using two inverted pendulum datasets from the ICOLD workshop.

4.2 Methodology

This section provides the methodology for applying the state-based regression method to
model nonlinear dependency between two time series. First, a kernel method is employed to
obtain the probabilistic weights for a set of regression coefficients associated with the value of
an independent time series at a particular time instant. Thereafter, a weighted summation

of these regression coefficients is carried out in order to obtain the predicted regression
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coefficient using which the dependent value is obtained by multiplying the coefficient with the
independent value. Second, the SR component is created within the BDLM framework that
allows the regression coefficient and the dependent time series to be learned probabilistically

while maintaining analytical tractability.

4.2.1 Kernel Method

The state-based regression is a kernel method relying on a set of control-points, where each
consists of a reference variable x°P that is associated with a regression coefficient represented
by the hidden state 2". The reference variables are defined as a fixed set of values covering
the entire output range of the independent time series. The hidden state associated with each
control-point is modeled as a Gaussian random variable such that X¢" ~ N (z%"; u®*, (67")?),
where p?" is the expected value and (0?")? is the variance. Figure 4.1 shows the schematic
plot for a set of five control-points, (z°®, 2%");,Vi = 1 : 5, where each point is associated with

a value for z° as well as the expected value p® and uncertainty bound given by u?* + o#".

O (Z'CP’ M¢R)Z }—{/LQSR :I: 0—¢R

2,
A1
%%2 0l % //,?//
20 ‘ ‘
-2 0 2

Figure 4.1 Illustration of the set of control-points where each point marked in red circle
(z°P, u®"); is associated with a value for the reference variable 2P as well as the expected
value of the hidden state p®. The uncertainty bounds for the hidden state u?* + o are
shown by the black error bars.

The Gaussian radial basis function (RBF) kernel [25] is used to measure the similarity between
the hidden state associated with the independent time series 27%* and the reference variable

x? given by

(ZEref . wcp)Q 7 (41)




93

where k(z*®*, 2P) gives the kernel outputs as a function of the Euclidean distance between
the two covariates z7°* and x°P, and the kernel length /¢, Figure 4.2 shows an illustrative
example of the kernel outputs k(x*®*, xP) obtained using the independent time series z***f
marked in solid blue line and the set of control-points P marked in red circles that cover the
entire output range of 2™, i.e., [—1.5,1.5]. In Figure 4.2, 27° is the value of the independent
time series at the time instant ¢ denoted by the black asterisk. Following Equation 4.1, the
kernel outputs at time ¢ which are marked by red crosses are obtained using z7*f and the

control-points a°P.

OJZ‘CP sk l‘fef X]{?(I'fef, xcp)

1.5
&’a 0
-1.5

Timestamp k(aret x°P)

Figure 4.2 Illustrative example showing the process for obtaining the kernel outputs using

the independent time series 2¥*f and the set of control-points 2P at a given instant of time

t. The control-points are marked by red circles that cover the entire output range of z*°f,

i.e., [-1.5,1.5], the independent time series x*** is marked in solid blue line, the value of the

independent time series 27°f at time ¢ is marked by the black asterisk, and the kernel outputs

k(z*ef, xP) at time ¢ are denoted by red crosses. The Gaussian radial basis function (RBF)
is represented by the purple solid line as defined in Equation 4.1.

Furthermore, these kernel outputs are normalized in order to obtain probabilistic weights
for each hidden state ©%°. Thereafter, the hidden state associated with the state-dependent
regression coefficient ng is computed using a weighted summation of the normalized kernel
outputs l%(xref,chP) and the control-point’s hidden states x?". Finally, the hidden state
associated with the interdependent time series z° is obtained by multiplying the reference

variable 77°f with the state-dependent regression coefficient ¢ such that 2° = ¢ - z7f.

Given that the input X™f ~ N (z7°%; y*°f (67°f)?) is a Gaussian random variable due to the
fact that it is a hidden state inferred from the observations, the output of k(z*®*, P) from
Equation 4.1 is also a random variable. For maintaining the analytical tractability, the kernel

function is linearised using a 1! order Taylor series expansion at p*f such that

B, a%) v @ = (e, @) + (o ) (o7 — i), (42)
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where the random kernel outputs k(z*®*, P) are represented by the hidden state vector &
k(uret, xP), and k'(u*e*, x°P) represents the kernel output and the first-order derivative at
pret where pret = E[X ref]. Using Equation 4.2, the raw and the normalized expected kernel
outputs are obtained by

W = o | (0 - 2y (43)
~SK .USK
o= s

where p®* and o represents the raw and the normalized expected kernel outputs for the
ref

hidden state vector £ and 3. The normalized 1% order derivative of %% evaluated at

is given by

—1 ref wcp>2 . _(,uref — wCP> v}

k(7 @) = exp 2<£sx>2(“ (65%)2 L sE

(4.4)
Using Equations 4.2-4.4 and the variance of X*f  the variance and covariance terms in the

covariance matrix of X are given by

VaI‘(XiSK) — (k/( ref cp))Q_(o_ref)Q’
cov(XFXF) = B, al) R ) - (07

’ J

The cross-covariance between X and any other Gaussian random variable X is given by

cov(X, X)) = k' (™t P) - cov(X, X*°F).

The SR method also allows for modeling multiple pair of dependencies where more than one
independent time series can be used to model a dependent time series. In such cases, a
separate random variable is considered for the normalized kernel outputs associated with
each independent time series. The cross-covariance between the random variables X3 and

X5 for any k' and I"* time series is given by
cov(XE, XE) = B, a®) - P, ) - cov(XE, X7).

where {p55f, x5} and {4f$", 25} represents the expected values and the fixed set of points
for the two independent hidden states X;f and X[°*, and cov(X}®t, X7°f) represents the

covariance between them.
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4.2.2 State Regression Component

Within the BDLM framework, a new generic component called the state regression (SR) is
created so that nonlinear relationships between time series can be modeled and can also be
combined with other generic components while maintaining the analytical tractability. The
SR component provides the estimated values pi;; and their uncertainty bounds i, + oy for
the predicted regression coefficient X{f " and the predicted pattern for the dependent time

series XP. The SR component includes N hidden states for the normalized kernel outputs

such that % = [#3* 5% ...Z3¢]"; N + 1 hidden states for the regression coefficient that
includes N hidden states associated with the control-points, x? = [x‘fﬂ xg’R . .xﬁR]T and the

hidden state for the predicted regression coefficient ngR; the hidden state for the dependent

ref)

. . R s
time series, 2° = (xg -x**), and N product terms, xP = [zPt aP> ... 2P|T where, zP* =

(73 ~x?R); Vi =1:N. The GMA (see Section 3.2) is used to compute the moments associated

with the product terms. The predicted regression coefficient is computed using the weighted
summation of the normalized kernel outputs, 5 and the hidden states for the control-points
x? so that,

xgﬁ = jfxx‘fR + fi%f +...+ iﬁKxﬁR. (4.5)
Finally, the hidden states for the SR component can be grouped together as
2™ = (@) ()7 2 2° (@F)7T". (4.6)

The transition matrix for the SR component of size 3N + 2 is formulated as

Oy
Iy
AR =1 0 0 1y
O 01><N
| sym. ... ... ... Oy |

The hidden states for the control-points transition from ¢ — 1 to ¢t as a random walk, i.e.
z) = wtil +w!", as represented by Iy in AS*. Similarly to the procedure in Section 3.2.2,
the kernel outputs and the product terms are merely placeholders as represented by Oy to

simplify the use of the method. The observation matrix C** is given by

C* = [OITI><1 ngl 01 OITIXI] ) (47)



o6

where the only hidden state observable is the one associated with the dependent time series

ie., 2P

4.3 Applied Examples

This section presents two case studies illustrating the application of the SR method for each
of the two displacement datasets obtained from the 16" ICOLD Benchmark 2022 [14,107].
The data provides the radial displacement measurements in mm from inverted pendulums
placed within the dam. Figure 4.3(a) shows the front view of the concrete arch dam and
Figure 4.3(b) presents the elevation view showing the two inverted pendulums placed in
the dam’s central blocks 2 and 3 referred to as CB2 and CB3 [14]. In each case study, the
datasets involved and the pre-processing steps are described, followed by model forecasting

and interpretation.

Block CB
— Crestlevel239 - ‘ : ~ = o I s Emmeas 236 2L@ CB2

Upstream Downstream
81

S 220
A |20
/

_ 207 82

236-196

Right bank Left bank

196 195
CB3

172

(B3
195-161
161

161

(a) Front view (b) Elevation view

Figure 4.3 Illustration showing (a) the front view of the dam and (b) the inverted pendulums
placed in the dam’s central blocks 2 and 3 (CB2 and CB3) that measures the dam’s radial
displacement reproduced from the ICOLD Benchmark [14].

4.3.1 Case Study 1 — CB2 Time Series

This case study is conducted on the CB2 time series which measures the dam’s radial dis-
placement between the altitudes 236 m and 196 m, i.e., between under the crest and the toe
of the dam.
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Data Description

The CB2 dataset is available from the year 2000 to 2012 with an average data acquisition
frequency of one data point every 1.5 week. Moreover, the daily reservoir water level and the
air temperature time series are also available from the period 2000 to 2018; these two are
used as explanatory variables to build a prediction model for CB2. The TB dataset is selected
for the temperature as it takes into account the altitude of the dam and is also calculated by
interpolating from several measuring stations. The stationary seasonal pattern is removed
from the temperature time series and several moving averages such as {1,7,14,28,54} days
of the residuals are considered for taking into account the thermal inertia of the dam [17,108].
Furthermore, the water level time series is divided into two separate datasets to isolate the
effect of the average long-term trend and its short-term periodic pattern. Figure 4.4(a) shows
the raw CB2 data using red dotted points, Figure 4.4(b) presents the raw daily dataset for
water level in red solid line, and Figure 4.4(c) provides the mean-centered data showing the
short-term periodic pattern in blue solid line and the average long-term trend (z") in red
solid line. Figure 4.4(d) presents examples of moving averages (MA) for the residuals of
temperature such as 7 and 54 days. In addition, the raw water level data presented in Figure
4.4(b) is truncated to 196 m in order to account for the physical constrain associated with
the bottom of the dam. This step is carried out before centering the dataset as shown by the

lower flat regions in Figure 4.4(c).

Model Formulation

Each of the four time series, i.e., displacement, mean-centered water level, average long-
term trend, and temperature moving averages are modeled using set of BDLM components.
The mean-centered water level is modeled using the AR component that captures the short-
term periodic pattern while the average long-term trend (z%) is modeled using a local trend
component with a non-zero Q' matrix to allow the model to capture the non-stationary
pattern. The residuals for temperature are also modeled using the AR component with which
linear dependencies are considered through the regression coefficients 87" in order to model
the daily fluctuations in the CB2 data. Note that nonlinear dependencies with the temperature
did not improve the predictions and hence, are not considered in this study. Finally, the CB2
dataset is modeled using a local level to model the constant baseline, a kernel regression
to model the periodic pattern, two state regression (SR) components, i.e., SRy and SRy, to
model nonlinear dependencies of displacement on 1) mean-centered water level (WL1) and 2)
average long-term trend (WL2), and the AR to model the residuals. In this case study, 20

control-points are considered for both the SR and the KR components. The vector of hidden
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Figure 4.4 Tllustration showing the available CB2 dataset along with the reservoir water level
and examples of moving averages (MA) for the residuals of temperature (TB);(a) shows the
raw CB2 data using red dotted points, (b) presents the raw daily dataset for water level in
red solid line, (c¢) provides the mean-centered data showing the short-term periodic but non-
harmonic fluctuations in blue solid line along with the average long-term trend (a*) in red
solid line, and (d) presents 7 and 54 days MA for TB.

states for all the components combined together at time ¢ are

CB2 WL1 WL2 T—MA
—

mt: {I'LL (mKR)T IAR xL,WLll_LT (j':SKi)T (mqb?)‘r mg% IDi (wp1>‘|’ xAR,WLQ (iSKz)T (mqbg)]‘ xg% xDz (wpz)‘r (mAR)T];I'
Ny

I

2SRt SR2

N3

N2

(4.8)

R
where the hidden state vectors for the SR components &% = [(£5%)T (21)T 25" 2P (xP1)T]T
R
and %% = [(&5)T ()7 xl? gD (xP)T]T, are defined using Equation 4.6 for which the
reference hidden states are ™"“* and x**"2 for the nonlinear dependency with WL1 and WL2,

respectively.
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State Estimation

Using the prior knowledge of the hidden state vector  defined in Equation 4.8, the objective
is to obtain its posterior knowledge using the Kalman filter. This procedure can be done

analytically and is summarized as follows:

The first task is to obtain the prior moments for the normalized kernel outputs £ associated

with the SR component. This step is carried out using the procedure described in Section

4.2.1 that uses the moments for the hidden states X, b wlr_‘; , and Xf lellfl defined in the prior

moments pt;_q—; and X;_j;—;. The updated prior mean vector p;;_i;—; and covariance
matrix 3, ;_j;—; are obtained by

N - T

Kit—1t—1 = H—1jt—1 + [ (pSf)T (5%)T L—1|t—1 )

Elt 1jt—1 — 2t 1)¢— 1+2t 1|t— 1+(2t 1)t— 1) 5 (49)

where N; represents the total number of hidden states from z'* of CB2 up to 2T of WL1 in
the hidden state vector @ as shown in Equation 4.8, N is the total number of control-points
for the SR component, and the matrix X* is given by

E?—llt—l = [ cov(X, XSKl) cov(X, XSKZ) Lflh‘fl )

which consists of only the covariance terms between the state vector X and the hidden
states for the normalized kernel outputs, i.e., cov(X, X51) and cov(X, X%), along with
sub-matrices of zeros to make the matrix addition compatible. Note that X represents the

total number of hidden states in .

Using the moments for the normalized kernel outputs as shown in Equation 4.9 and the
Gaussian multiplicative approximation (GMA), the second task is obtain the moments for
the product terms Pt = & . 2% and P = 2 . % in the two SR components. The
updated prior moments pto;_1;—1 and g, 1,1 are

Mot—1jt—1 = M1t—1jt—1 + [ (pPr)T (pP2)T H_”t_l )

Bo-p-1 = D11 + 25 g + (B )T (4.10)

where N, represents the total number of hidden states from 2™ of CB2 up to 2°* of WL1 in the

hidden state vector « as shown in Equation 4.8 and the matrix X7 ;, | is given by

P -1 = cov(X, XP) cov(X, XP)

L—l\t—l )
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Using the prior mean vector pp; 1,1 and covariance matrix 3,;_;;—; defined in Equation
4.10, and the matrices A and Q, the next task is to perform the prediction step of the Kalman
filtering procedure (see Section 2.2.2). This task is further divided into two steps where first,
the predicted mean vector fi,;—; and covariance matrix f]wt_l at time step t are obtained

from

I:‘lfl,t\tfl = A“Q,tfl\tfla (4~11)
il,t\tfl =A% 1;11AT+Q, (4.12)

where A is the global transition matrix and Q is the process error covariance matrix associ-
ated with the process error terms. The mathematical formulation for the model matrices A,
C, Q, and R defining the transition and observation equations are presented in Appendix
F. By performing this step, the predicted regression coefficients, i.e., xfi and mg%, defined in
Equation 4.5 are automatically obtained because this information is embedded in the matrix
AS? within the global A matrix.

The final task in the prediction step is to leverage GMA for obtaining the moments of the

R
hidden states associated with the two interdependent time series, namely zP* = (:)3?;1 - ghWEL)

and 222 — (a?g% . pARAL2)
~ _ =~ D1 T Do T T
Hijt—1 = Pagfe—1 + [ (™) (1) L|t—1 ’
2t|t_1 = 21,t|t—1 + Ef\tq + (Eg\tA)T? (4.13)

R
where N3 represents the total number of hidden states from z" of CB2 up to ;1:351 in the hidden
state vector  as shown in Equation 4.8 and the matrix Ef‘t_l is given by
Egltfl — [ COV(X’ XDl) COV(X7 XDQ) :|t|t—1 :
Using the predicted moments fi;;—; and f)t‘t_l defined in Equation 4.13, the update step of
the Kalman filter is performed as described in Section 2.2.2. All the steps carried out at

a particular time step t for the proposed state-based regression method are summarized in
Algorithm 1.

Model Forecast

Figure 4.5(a) shows the observed data in red, the estimated values gt in black solid line and

their uncertainty bounds g, &= o, are shown by a green shaded region as obtained using
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Algorithm 1 One-time step of the state-based regression method
IHPUt: Hi—1)t—1, 2t71|t717 Y, A7 C> Q7 and R

Prior moments for Normalized Kernel Outputs ¢ :

T
L pg—aje-1 = Be—1fe-1 + [ (@s)T (1)1 ] 1] 1
t—1|t—

20 M- = Bp_qp—1 + Z?_utq + (2?—1\t—1)T‘

R R
Moments for the Product Terms zP! = 5% . % and aP = 5% . £ .

30 M2t—1ft—1 = MHig—1jt—1 T [ (puP)T (pP2)T ]:1|t1 )
4 Mgy qji—1 = p—qj—1 T+ Z?_1\t_1 + (2?—1\t—1)T‘

1°¢ Prediction Step:
5 [y gji—1 = Ao _1)e—1,
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the SR method. Figure 4.5(b) shows the raw water level time series which is available for
the entire duration. The validation and the test data are shown by the gray region; The
training data is from 2000 to 2010, the validation data is from 2010 to 2013 which is marked
by the region between the two dashed lines, and the test data is from 2013 to 2018. The
observations for the period 2013 to 2018 are retrieved from the summary results provided
by the ICOLD Benchmark formulators [107]. The forecasts are produced using the hidden
states for the local level, kernel regression, and autoregressive components associated with

the CB2 dataset, as well as the hidden states for the nonlinear dependency with the two
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Figure 4.5 Plots showing (a) the estimated values for the CB2 time series using the state-
based regression method and (b) the water level time series. The red solid line shows the
observations, the black solid line and the green shaded region shows the predictions and their
410 confidence regions. The validation and the test data are shown by the gray region; The
training data is from 2000 to 2010, the validation data is from 2010 to 2013 which is marked
by the region between the two dashed lines, and the test data is from 2013 to 2018.

water level time series and also through the linear regression coefficients associated with the

temperature’s residuals.

The results for the validation and the forecast period show that the method is capable of
accurately identifying the short-term as well as the long-term patterns in the CB2 time series.
However, there is bias in the predictions beyond the year 2016 as the observations have lower
values compared to the predictions. This behavior may be attributed to lower water levels
in the forecast period that are not seen during the training period. Moreover, the nonlinear
relationship between the water level and the displacement time series might also be different

in the forecast period than the one learned during training.

To better evaluate the advantage of identifying nonlinear dependencies, the method proposed
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is compared with a linear dependency model (1inear) in BDLM, where constant regression
coefficients are learned in relation to both water level time series. The linear model uses
the same BDLM components as the proposed method excluding the SR component. Figure
4.6(a) shows the forecast values for the CB2 time series using the SR method as well as the
linear model in BDLM for the period 2010 to 2018 and Figure 4.6(b) shows the residuals
collected by the AR component in each of the method. Table 4.1 shows the test RMSE and
the log-likelihood values obtained with the SR method and the 1inear model in BDLM for
the entire forecast period. Note that these metrics are evaluated using only the observations
available from the period 2010 to 2018. The results show that the linear model has a
poor predictive performance compared to the SR method in terms of both RMSE and log-

- Yt - e)¢(SR) =yt + 04)¢(SR)
—ut|t(11near) S|y £ at|t(11near)

2010 2012 2014 2016 2018
Time [YY-MM]

(a) forecast

o 0

<

&_10,
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(b) residuals

Figure 4.6 Plots showing (a) the forecast values for the CB2 time series using the state-based
regression (SR) method as well as the linear dependency (linear) model in BDLM for the
period 2010 to 2018 and (b) the residuals collected by the AR component in each of the
method. The red solid line shows the observations, the black solid line and the green shaded
region shows the estimated values and their £1¢ confidence regions obtained using the SR
method, while the blue solid line and the pink shaded region shows the predictions and their
+10 confidence regions obtained using the linear model.
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Table 4.1 Root mean square error (RMSE) and log-likelihood values obtained with the state-
based regression (SR) method and the linear dependency (linear) model in BDLM for the
CB2 dataset.

metric ‘ RMSE ‘ Log-likelihood
SR 2.80 —1793.38

Linear 5.92 —1302.90

likelihood. Moreover, there are significant patterns that remain in the residuals from the
linear model as opposed to the ones obtained from the proposed method. This shows that
the linear model is limited for identifying complex behavior in dam’s displacement that
may arise due to nonlinear dependencies with other explanatory variables such as the water

level.

Model Interpretation

Following the BDLM structure used in this case study, the hidden states that contribute to

P 28R P2 and 2*®*. Figure 4.7 summarizes the contribution of

the observations are z**, x
these hidden states to the prediction shown in Figure 4.5(a); where (a) demonstrates the
constant average value of the time series shown by the hidden state z", (b) represents the
pattern obtained by adding z' and the interdependent hidden state zP* associated with the
SR; component, (c¢) represents the pattern obtained by adding the kernel regression hidden
state representing the stationary periodic pattern zf* with the hidden states z' and 2™, (d)
represents total pattern captured by the addition of the hidden states ™, xz*, xf* and the
interdependent hidden state P associated with the SR, component, and (e) represents the
residuals captured by the AR component. The red solid line presents the observed data, the
black solid line and the green shaded region show the predictions and their £1¢ confidence
regions. The residuals from the CB2 dataset shown in Figure 4.7(e) demonstrate that the
SR method is able to capture the patterns from the data. Moreover, both the nonlinear
dependencies have a significant contribution to the predictions for CB2 in identifying the
non-stationary long-term trend as well as the periodic but non-harmonic fluctuations in the
time series.

Figure 4.8(a)-(d) present the hidden state estimations of the predicted regression coefficient
ng and the interdependent time series 2° for the two SR components. Figure 4.8(e) and (f)

show that the estimated regression coefficients are state-dependent as they vary from one
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Figure 4.7 Plot showing the contribution of each of the hidden states to the CB2 predictions
where (a) demonstrates the constant average value of the time series shown by the hidden
state z™, (b) represents the pattern obtained by adding 2" and the interdependent hidden
state 2P associated with the SRy component, (c¢) represents the pattern obtained by adding
the kernel regression hidden state representing the stationary periodic pattern zf* with the
hidden states 2™ and 2Pt (d) represents total pattern Captured by the addition of the hidden
states ™, 2P, zf* and the interdependent hidden state P2 associated with the SR, compo-
nent, and (e) represents the residuals captured by the AR component. The red solid line shows
the observations, the black solid line and the green shaded region shows the predictions and
their +10 confidence regions.

time step to another based on the values of the reference variables z'¥t' and z**"2. These

coefficients allow us to identify the non-stationary trend as well as periodic fluctuations in the
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CB2 dataset as illustrated in Figures 4.8(a) and (b) that arise due to nonlinear dependencies

on the water level time series.
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Figure 4.8 Plot showing the hidden state estimation of the predicted regression coefficient xOR
and the interdependent time series z° for the two SR components. The red solid line shows
the observations, the black solid line and the green shaded region shows the predictions and
their 10 confidence regions.

Figure 4.9 presents additional information that can be extracted from BDLM; (a) it presents
the relative importance of each component measured by the relative variance of each compo-

nent used and (b) it shows the extracted nonlinear relationships between the interdependent

L,WL1 L,WLl)

time series 2% and the long-term trend x shown by h(z , and between 2”2 and the

mean-centered water level z*®W-2 ARWL2)

shown by g(z The results in Figure 4.9(a) shows
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Figure 4.9 Illustration showing (a) the relative importance of each component used for model-
ing CB2 time series, and (b) the extracted nonlinear relationship between the interdependent
time series 2% and the long-term trend z™"“! represented by h(z™" ') in blue solid line, and
between z” and the mean-centered water level 2**"2 represented by g(x**"2?) in red solid
line.

the dominant relative importance of the mean-centered water level through the non-linear
dependency g(zarur2), and followed secondly by the periodic pattern z¢*. The third most
important contributor is the autoregressive component z** which represents the residual pat-
tern that cannot be explained by other components. Even though the relative importance of

L,WL1

the long-term trend in the water level x is significantly less than even the residual term,

it provides the non-stationary baseline for the CB2 time series.

4.3.2 Case Study 2 — CB3 Time Series

This case study is conducted on the CB3 time series which measures the dam’s radial dis-

placement in the foundation between the altitudes 195m and 161 m as shown in Figure 4.3.

Data Description

Similarly to the CB2 dataset as described in Section 4.3.1, the CB3 dataset is also available
from the year 2000 to 2012 with an average data acquisition frequency of one data point every
1.5 week. The water level and the air temperature time series are also used as explanatory
variables. The raw water level time series is further divided into two components to model the

nonlinear dependency of displacement with its average long-term trend and the short-term
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periodic pattern. Moreover, the water level is capped below 196 m to account for the bottom
of the dam. Also, moving averages of {1,7, 14, 28,54} days of the temperature’s residuals are
considered to model the daily fluctuations in the displacement data that occurs as a result
of thermal inertia of the dam [17,108].

Model Formulation

As described in Section 4.3.1, the same BDLM components are used to model the CB3 dataset
as used to formulate the prediction model for the CB2 dataset. The mean-centered water level
is modeled using the AR component that captures the short-term periodic pattern while the
average long-term trend (z%) is modeled using a local trend component with a non-zero
QM matrix. The residuals for temperature are also modeled using the AR component with
which linear dependencies are considered through the regression coefficients 8™ in order to
model the daily fluctuations in the CB3 data. Finally, the CB3 dataset is modeled using a
local level to model the constant baseline, a kernel regression to model the periodic pattern,
two state regression (SR) components, i.e., SRy and SRy, to model nonlinear dependencies of
displacement on 1) mean-centered water level (WL1) and 2) average long-term trend (WL2),
and the AR to model the residuals.

Model Forecast

Figure 4.10(a) shows the observed data in red, the estimated values p,; in black solid line
and their uncertainty bounds g, &= o, are shown by green shaded regions as obtained using
the SR method. Figure 4.10(b) shows the raw water level time series which is available from
the year 2000 to 2018. The validation and the test data are shown by the gray region; The
training data is from 2000 to 2010, the validation data is from 2010 to 2013 which is marked
by the region between the two dashed lines, and the test data is from 2013 to 2018. The
test data is retrieved from the results provided by the ICOLD Benchmark formulators [107].
The forecasts are produced using the hidden states for the local level, kernel regression, and
autoregressive components associated with the CB3 dataset, as well as the hidden states for
the nonlinear dependency with the two water level time series and also through the linear

regression coefficients associated with the temperature’s residuals.

The results for the validation and the forecast period show that the method is capable of
accurately identifying the short-term as well as the long-term patterns in the CB2 time series.
However, as seen in the CB2 dataset, there is a considerable bias in the predictions beyond
the year 2016 as a result of lower water levels in the forecast period that is not seen during

the trained period. Figure 4.11 illustrates the model predictions and the residuals obtained
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Figure 4.10 Plots showing (a) the estimated values for the CB3 time series using the state-
based regression method and (b) the water level time series. The red solid line shows the
observations, the black solid line and the green shaded region shows the predictions and their
+10 confidence regions. The validation and the test data are shown by the gray region; The
training data is from 2000 to 2010, the validation data is from 2010 to 2013 which is marked
by the region between the two dashed lines, and the test data is from 2013 to 2018.

using the SR method and the linear model for the CB3 time series where Figure 4.11(a)
shows the forecast values for the period 2010 to 2018 and Figure 4.11(b) shows the residuals
collected by the AR component in each of the method. Table 4.2 shows the test RMSE and the
log-likelihood values obtained with the SR method and the 1linear model. Note that these
metrics are evaluated using only the observations available from the period 2010 to 2018. The
results show that the 1inear model has a poor predictive performance compared to the SR
method in terms of both RMSE and log-likelihood. Moreover, there are significant patterns
that remain in the residuals from the linear model compared to the ones obtained from the
proposed method. Figure 4.11 illustrates the model predictions and the residuals obtained
using the SR method and the linear model for the CB3 time series where Figure 4.11(a)



70

- Yt - 14)¢(SR) i) + 04)4(SR)
- —,ut|t(1inear) =gy £ Jﬂt(linear)
3 2|
O
01 ‘ ‘ ‘ ‘
2010 2012 2014 2016 2018
Time [YY-MM]|
(a) CB3 forecast
6 .
2 L
g
K 21
6/ | | |
2000 2006 2012 2018

Time [YY-MM]
(b) residuals

Figure 4.11 Plots showing (a) the forecast values for the CB3 time series using the state-based
regression (SR) method as well as the linear dependency (linear) model in BDLM for the
period 2010 to 2018 and (b) the residuals collected by the AR component in each of the
method. The red solid line shows the observations, the black solid line and the green shaded
region shows the estimated values and their +10 confidence regions obtained using the SR
method, while the blue solid line and the pink shaded region shows the predictions and their
410 confidence regions obtained using the linear model.

Table 4.2 Root mean square error (RMSE) and log-likelihood values obtained with the state-
based regression (SR) method and the linear dependency (linear) model in BDLM for the
CB3 dataset.

metric ‘ RMSE ‘ Log-likelihood
SR 1.49 —1079.8

Linear 1.51 —1787.2
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shows the forecast values for the period 2010 to 2018 and Figure 4.11(b) shows the residuals
collected by the AR component in each of the method. Table 4.2 shows the test RMSE and the
log-likelihood values obtained with the SR method and the 1inear model. The results show
that the linear model has a poor predictive performance compared to the SR method in
terms of both RMSE and log-likelihood. Moreover, there are significant patterns that remain
in the residuals from the linear model compared to the ones obtained from the proposed
method. Even though the SR method has a better predictive capacity than the 1inear model,
the residuals still have non-stationary patterns which cannot be explained by the existing
model setup for the CB3 data. Hence, the prediction model provided by the SR method needs
to be combined with a regime switching approach [28] to detect such non-stationary patterns

in real time.

Model Interpretation

Figure 4.12 summarize the contribution of the hidden states to the predictions shown in
Figure 4.10(a); where (a) demonstrates the constant average value of the time series shown by
the hidden state 2, (b) represents the pattern obtained by adding #* and the interdependent
hidden state x* associated with the SR; component, (c) represents the pattern obtained by
adding the kernel regression hidden state representing the stationary periodic pattern xf®
with the hidden states xM and 2Pt, (d) represents total pattern captured by the addition of
the hidden states 2", 2, zf* and the interdependent hidden state z associated with the
SR, component, and (e) represents the residuals captured by the AR component. The red
solid line presents the observed data, the black solid line and the green shaded region shows

the predictions and their +10 confidence regions.

The results in Figure 4.12(d) and (e) show that even though significant patterns in the
CB3 dataset could be captured using the SR method, the residuals still have non-stationary
patterns which cannot be explained by the existing model setup. Hence, the prediction model
provided by the SR method needs to be combined with a regime switching approach [28] to

detect such non-stationary patterns in real time.

Figure 4.13 presents additional information that can be extracted from BDLM; (a) presents
the relative importance of each component measured by the relative variance of each com-
ponent used, (b) shows the extracted nonlinear relationships between the interdependent
time series 2®* and the long-term trend z""“* shown by A(xz™"™) and between 2”2 and the

mean-centered water level 2*%"2 shown by g(z**"2), (c)-(d) shows the state-dependent re-

LL,WL1 AR,WL2

gression coefficients that vary based on the values of the reference variables x and x

The results in Figure 4.13(a) shows the dominant relative importance of the mean-centered
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Figure 4.12 Plot showing the contribution of each of the hidden states to the CB3 predictions
where (a) demonstrates the constant average value of the time series shown by the hidden
state z, (b) represents the pattern obtained by adding M and the interdependent hidden
state 2P associated with the SRy component, (c¢) represents the pattern obtained by adding
the kernel regression hidden state representing the stationary periodic pattern z§* with the
hidden states a** and 2Pt (d) represents total pattern captured by the addition of the hidden
states o', 2P, 2E* and the interdependent hidden state 2" associated with the SR, compo-
nent, and (e) represents the residuals captured by the AR component. The red solid line shows
the observations, the black solid line and the green shaded region shows the predictions and
their +10 confidence regions.

water level through the non-linear dependency g(zagur2), and followed secondly by the peri—

odic pattern x§*. The third most important contributor is the autoregressive component z:*F
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which represents the residual pattern that cannot be explained by other components. The

LWLl

relative importance of the long-term trend in the water level x is comparatively less, but

it provides the non-stationary baseline for the CB3 time series.
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Figure 4.13 Illustration showing (a) the relative importance of each component used for
modeling CB3 time series, (b) the extracted nonlinear relationship between the interdependent
time series z° and the long-term trend z™"“! represented by h(z™" ) in blue solid line, and
between z” and the mean-centered water level z**"2 represented by g(z**"2?) in red solid
line, and (c)-(d) shows the state-dependent regression coefficients that vary based on the
values of the reference variables ™" and z**¥-2,

4.4 Conclusion

The state-based regression (SR) method proposed in this chapter enables modeling nonlinear
dependency between any two time series within the Bayesian dynamic linear model (BDLM)
framework. The SR method employs a Gaussian radial-basis kernel function to obtain the

probabilistic weights for a set of regression coefficients associated with the hidden state
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representing an independent time series at a particular time instant. Thereafter, a weighted
summation of the regression coefficients is carried out in order to infer the predicted regression
coefficient. Finally, the interdependent time series is obtained by the product of the hidden

state associated with the predicted regression coefficient and the independent time series.

A new SR component is developed in the BDLM framework using which the state-dependent
regression coefficient and the interdependent time series can be analytically inferred online as
hidden states by leveraging the Gaussian multiplicative approximation as described in Section
3.2. This component provides an interpretation of how each nonlinear dependency explains
specific patterns in the interdependent time series. Two case studies were conducted using
two of the dam’s radial displacement datasets obtained from the 16* ICOLD Benchmark
2022 [14,107]. The results for both the case studies show that the method is capable of
accurately identifying the short-term as well as long-term stationary patterns. The method
provides interpretable components such that the estimates and the uncertainties for the
hidden states involved in the prediction model are available at each instant of time. In
comparison to the linear dependency model available in the exiting BDLM framework, the
predictive performance for the SR method is superior in terms of both test RMSE and log-
likelihood.

However, the presence of non-stationary patterns in the residual for the CB3 dataset sug-
gests that the predictive model would require a regime switching framework to identify such
non-stationary patterns in real-time. Moreover, it might be worth investigating additional
explanatory variables that can identify specific dam behavior such as creep or creep-relief
effects [109]. Furthermore, a key limitation in the proposed method is the need for feature
engineering to pre-select the explanatory variables such as the average long-term trend, mean-
centered water level, and the moving averages of the air temperature’s residuals as shown in
the case studies that require domain specific knowledge and also can be time consuming. In
addition, the error variances representing the prediction model’s aleatory uncertainties need
to be obtained using offline gradient-based methods such as Newton-Raphson [25] which are

typically computationally demanding.
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CHAPTER 5 Approximate (Gaussian Variance Inference for

Univariate Process Error in the Context of State-Space Models

5.1 Introduction

In the context of state-space models, the process error represents the inaccuracy of per-
fectly modeling the change in a physical quantity over time. This chapter presents a novel
method called the approzimate Gaussian variance inference (AGVI) that enables analyti-
cal Bayesian inference of the variance term o3, associated with the univariate process error
W ~ N(w;0,0%). By definition, the expected value of the square of the process error W2
is equal to the error variance parameter, i.e., E[W?] = o3, given that W has a zero mean.
With the approximation that W2 is Gaussian such that W? ~ N (w?; E[W?], var(W?)), the
error variance parameter is same as the mean parameter for the probability density function
(PDF) of W2. Subsequently, considering that this mean parameter E[W?] is a random vari-
able itself, inferring its posterior will be analogous to computing the posterior for the error

variance term.

The method proposed utilizes this definition and formulates the relationship between the
process error W, the square of process error W2, and E[W?] by leveraging the Gaussian
multiplicative approximation (GMA) (see Section 3.2) that provides the exact moments for
W?2. Thereafter, the Gaussian conjugate prior (see Section 2.3.1) is used to analytically infer
the unknown mean parameter for W2, i.e., E[W?| = 03, using closed-form equations. This
chapter provides the detailed mathematical formulation and the methodology for applying
AGVI in the case of a univariate process error along with two applied examples. The main

contributions of this chapter are to

e Provide an analytical Bayesian inference method for performing closed-form online

estimation of the univariate process error variance term.

e Provide the mathematical formulation and the methodology of applying AGVT in the

Bayesian dynamic linear model (BDLM) framework.

e Validate and verify the performance of the AGVI using synthetic and real data.

5.2 Approximate Gaussian Variance Inference

This section presents the mathematical formulation of the AGVI for inferring the variance

parameter o3, associated with the univariate process error W ~ A (w; 0, 0%,) in the context



76

of state-space models.

5.2.1 Problem Formulation

Let us consider an N-dimensional hidden state vector at time ¢t — 1, @, 1 = [z 22 - - ay]{_4,
having a Gaussian PDF such that X;_1ji—1 ~ N (@1 pe—1)i—1, Zy—1je—1) where poy_qjp—1 =
E[X; 1|y14—1] is the prior mean and X;_y—; = var(X,_;|yi4—1) is the prior covariance
matrix. Note that for brevity, the notation X;_;,_; is used as a shorthand for X 1|y
The transition and the observation equations for the Bayesian dynamic linear models (BDLM)

(see Section 2.2.1) are given by

r, = Axi i+ wy, w : W ~ N(0,Q),

(5.1)
y, = Cx;+ vy, v V.~ N(O,R),

where A is the transition matrix, w; = [w; we - - -wN]I is a vector of process error terms for
which Q is the process error covariance matrix, y; is the observation, C is the observation
matrix, and v; is the observation error for which the observation error variance is R = o?.

The A and Q matrices are constructed by assembling S specific components given by

A = blkdiag(A!, A2, .- AS),
Q = blkdiag(Q', Q% -+, Q%), (5.2)

where blkdiag(+,-) refers to block diagonal assembly of the individual components. The Q

matrix in Equation 5.2 can be further described by

Q= blkdiag(Ql(a‘%Vl, At), Q2(a‘2,[,2, At), -+, Q%(ojy,, At)), (5.3)

where each component Qi(agvi, At) can be represented as a function of the error variance
parameter 012% and At. For example, consider that the BDLM comprises two generic com-

ponents, namely the local trend (LT) and the autoregressive (AR), for which the global Q

At A
2 4 2
Or " | A 0
b

At Af2
2

0 Oar

matrix is

(5.4)
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where the Q matrices associated with the local trend Q! and the autoregressive component

Q? are

At A
1_ 2 4 2 2 _ 2
Q =01 | A A2 | Q° = o,
2

where o2, and o3, are the process error variance terms associated with the LT and the AR
components, respectively [21]. Both matrices Q! and Q? are assembled in a block diagonal
arrangement to get the Q matrix as shown by Equation 5.4. Moreover, for a time series
consisting of a single observation variable y;, it is only possible to infer o3, for one component
Q’, while all other should be either known or 0. This is because only a single unknown
variable can be uniquely solved per equation. Hence, for each time series there is one unique
process error variance that can be inferred. The next section describes the various steps for

performing AGVI in order to obtain the posterior PDF for the error variance parameter.

5.2.2 Methodology

The proposed method considers the process error variance term o3, = E[IW?]| as a random

variable represented by W2 having a Gaussian PDF such that
W2~ N (w7, (a"7)?), (5.5)

where MW and (O'W)Q are the hyper-prior mean and variance for W2. Using Equation 5.5,
the PDF of W can be re-written as

W~ N (w;0,w?). (5.6)

Hence, the first objective is to obtain the marginal PDF of W such that the random variance
can be marginalized out. The following lemmas are invoked to show that the marginal PDF
of W can be obtained using the marginal PDF of W?2. The subsequent proposition uses these

lemmas to provide the prior predictive PDF for W at a time ¢.

Lemma 1. Given that W is Gaussian with a zero mean and W? is approximated as a

Gaussian random variable given by W2 ~ N (w?; ;iV*, (c"*)?) for which the exact moments

are provided by the GMA (see Section 3.2), it can be shown that the PDF of W? is dependent

only on the mean parameter uw2 so that
W2 ~ N(w2> MWZ’ Q(MW2)2))7

where the variance term (o™W™)? is equal to 2(u"V")2. As a result, the PDF f(w?|p"*, (6W*)?)
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can be shown by f(w?|p"?).

Proof. See Appendix G. n

Lemma 2. Given that the parameter i™° in f(w2|,uw2) is considered as a Gaussian random
variable W2 ~ N(w?; 1"*, (6"W*)?), the mean and variance of the prior predictive PDF of

Wt2|t—1 are given by

2 w2
PJHQ 1 = Mtwut 1
2 w2
(Um 1)2 = 3(02/‘/1# 1) +2<:U’t 1t— 1)27

we we , T
where 11",y and (01"}, ,)* are the prior moments for W2, 1.

Proof. See Appendix H. n

Proposition 1. Considering that the mean parameter ,uW2 is dtself a random variable W2
so that

— we we
W2 t—1t—1 "~ N(wi ;lu}t/zlhf—l? (031#—1)2)’

2 2
where ﬂKHt—l and (agl‘t_lf are the hyper-prior mean and variance for W2 the error

LY
variance o3, can be made equal to

0% = 1 - (5.7)

Proof. Using Lemmas 1 & 2, and considering the one-to-one relationship between the mo-

ments of W and W2, the prior predictive PDF of Wijt—1 can be formulated as

f(wt) = N(wt; 0, ”Ki\t—l)v
where by Lemma 2, the variance of Wy, is o3, = E[Wﬂt = ,LLE“A. O

Using Equation 5 7 the prior PDF for the process error W,_;;_; is reparameterized as
Wi_1je-1 ~ N(0, /th 1|t 1)

The next objective is to perform the prediction step in the filtering procedure (see Section
2.2.2) using the model matrices A, C, Q, and R defined in Section 5.2.1 and the prior

knowledge of a?,v. The transition model for w? is w2, = w?,_;, where the hidden state w? is

assumed to be constant from ¢t — 1 to ¢t. Using the prior knowledge for W, the augmented
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state vector h,_; at any time ¢t — 1 is given by
h, 1 =[x w]]_;. (5.8)
The prior predictive PDF of the hidden states H;;_; is given by
Hy; | ~ N (hy; Nﬁgqa Eﬁ—l)a

where, using Equations 5.1 & 5.7, the mean vector and the covariance matrix are given by

_AHt—l t—1
/"l’tI|thl = | )
0
L tlt—1
AS, 1, AT+Q XXW
25{5—1 - t(lzthi/V)T @ w2 (5'9>
K tt—1
The covariance term Efﬁ‘f’l between Xy,_; and Wy,_; in Equation 5.9 is formulated as
Et)ﬁm = cov(AX, 11+ Wi, Wye—1), (5.10)

= COV(W, W)t|t717

where Wy;_; is a vector of random variables representing the process error terms in the state
vector h. Moreover the hidden states X;_;;—; and the process error W;,_; are assumed to

be independent of each other. The mean and variance of Yj;_1 ~ N (y; piy, 0%) are given by

0
py = Cpy—1 + pv7
oy = CXy;1CT + or,

given that X and V are assumed to be independent of each other. The covariance term X gy

between Hy,_; and Yy;_; is
_ yVH T
Yy = Et\tleta

where the observation matrix is F; = [C 0].

The inference for the parameter o3, requires two update steps; In the first step, the posterior

PDF f(h¢|y1.) is estimated using the observation model defined in Equation 5.1 so that

b, vilyre
Pl = BB A 1) (.11
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which we approximate by a Gaussian distribution with a posterior mean vector uﬁIt and a
covariance matrix Efﬁ that are obtained using the predicted moments provided in Equation

5.9 and the Gaussian conditional equations such that

2HY
pie = wf o + = (g — ),
Oy
Yy - Zhy
zflft = 2{@,1—72 .
Oy

Now that we have the posterior PDF f(w;|y;.) from Equation 5.11, we move to the second
update step where we use this new information of W at time t to update our current knowl-
edge of W2. Figure 5.1 shows the graphical model representing the relationship between
the random variables Y1, Xyi—1, Wip—1, Wt2|t71 and Wt|2t—1'
pw = 0, the first moment of W? is equal to the second moment of W (under Lemma 1). In
this case, the knowledge of W is fully defined by the knowledge of W?, which is denoted in

Figure 5.1 by an undirected solid line between the nodes W?2 and W. Following the struc-

Note that while considering

ture depicted in Figure 5.1, the subsequent lemmas are provided for obtaining the posterior
knowledge of W2,

tlt

Figure 5.1 Illustration showing the graphical model for the online inference of the error
variance parameter. The hidden and observed state variables are denoted by green and
violet nodes. The double arrows on the nodes X and W2 represent that these variables are
learnt recursively over time. For brevity, the subscript ¢|t — 1 is dropped from each of the
variables.

Lemma 3. Considering the joint PDF' of the random variables Yy,_1, Wt2|t_1, and Wti&q’

and marginalizing out W? from the joint PDF, the posterior PDF of W2 can be obtained by
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the following integral
f(ﬁt‘yl:t) = /f(w152|y1:t) : f(WtW?,yl:tq)dw?-

Proof. See Appendix I. n

Lemma 4. The posterior mean and variance of Wt2|t are

2
e = () + (o),

(o )* = 2(o)* + 4o ()’
Proof. See Appendix J. n

The Lemmas 3 & 4 are used for proving the following proposition.

Proposition 2. The posterior mean and variance oth‘?t ~ N(,ufl[/?, (atvff)Q) are given by

w2 w2 2 2
fie = it + Ke(ully — i),
W2 w2 2 2
(o )* = (o4p—1)* + K2 (o) )* = (oy-1)°),
(U,}/Ki|t,1)2

(Utv|[ﬁ1)2 .

Kt:

Proof. See Appendix K. n

Both the update steps 1 and 2 are employed recursively as observations are collected in order
to first estimate the posterior knowledge of W and then use this to update our knowledge of
the expected value of W2, i.e., W2, which is a variable that is equal to o3, the parameter we
seek to infer. All the steps performed in a particular time step ¢ are summarized in Algorithm

2.

5.3 Applied Examples

This section presents two case studies illustrating the application of AGVI for inferring the
univariate process error variance. For the first case study, the online state estimation of the
error variance is provided along with statistical consistency tests for showcasing the opti-
mality of the filter, empirical validation of the uncertainty associated with the error variance
estimates, as well as the impact of the % ratio on the posterior mean estimate jirr of the error
variance. Moreover, the performance of the AGVI method is also compared to existing adap-

tive Kalman filtering (AKF) approaches namely the indirect correlation method (ICM) [48],
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the adaptive limited memory filter (ALMF) [63], and the sliding window variational adaptive
Kalman filter (SWVAKF) [70]. For the second case study, the AGVI method is applied to
the traffic-load data for which the predictive performance as well as the computational time

is compared with the Newton-Raphson method.

5.3.1 Case Study 1

For this case study, the first-order autoregressive process (see Section 3.3.1) is considered for
which the process error variance oz is unknown and needs to be inferred. Data is simulated

using the parameters ¢** = 0.9, oy = 0.01, and the true value of o%; is randomly selected

from the prior PDF of I/VOQ‘O such that
WOQK) ~ N(w(] ) M(%Qa (O.(‘)/K)Q) )7

where three different true values are generated by considering different prior initialization
for the pair of {,u0|0 , (JO|0 )2} such that the three cases are (a) {Mo\o 0.2, (O’O‘O )2 =0.01},
(b) {M0|0 =2, (O’O|0) = 1}, and (c) {No\o = 20, (O’O‘O) = 100}. Figure 5.2 shows the online
state estimation of the error variance term for each of the three cases. The true variance
value is shown by the red dashed line and the estimated values and their +10 uncertainty
bound are shown in black and green shaded area. These results confirm that the method is
able to perform online inference for different magnitudes of the error variance starting from

arbitrary initial estimates.

0.6
PRI e —
o)
0.2
0 1000 159 1000
¢ ¢
w2 w2 72 1172 w2 w2
(a) ngg =02, (0(% )2 =0.01 (b) ug|V0 =2, (ao% 2 =1 (c) &VO =20, (o glVO )2 =100

Figure 5.2 Online estimation of the error Variance term for each of the three cases for which
the dlfferent prior initializations are (a) [Lolo 0.2, (00|0 )2 =0.01, (b) ,u0|0 2, (00‘0 )2 =1,

and (c) No\o 20, (Jolo )2 = 100. The true o3, value in each case is shown in red dashed line,
while the estimated values and their 410 uncertainty bound are shown in black and green
shaded area.

The optimality of the filter is evaluated using two chi-square (x?) tests that rely on the
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Algorithm 2 One-time step of the proposed AGVI method

Input Ht—1)t—1, 2t—1|t‘—17 /'L}ﬁ/Ki‘t—h (O-Ki\t—l)27 Y, A7 07 Qa and O-X2/

Prior knowledge for the error variance parameter:

Wz
L oy = /L},/Kutfl
Prediction Step:

- Apy_qp1 . A 1 AT+ Q X
20 Pyjpq = ) 2t|t71 = ’

0 (E])(M/)T /Lﬁ?i
tlt—1 tt—1
Hy = Cﬂ't|t—17 012/ = CEt|t—1CT + U%/, Yuy = Eﬁ_ﬁ‘g

15t Update Step:

copH =y H Bgy (4 — H _ yH _ ZavZhy
30 My = My T o2 (Ye — py), X =2 o2

Posterior Moments for W?2:
2
4y = (g)* + (o),
2
(o) )2 =2(aff)" + 4(o)fy)*(uf)r)?
2"d Update Step:
5 W_W+K(W2_ WQ) (W)2_(W)2+K2(( W2)2_(W2)2>
C Mg = e e — Hyje—1)s Oy )7 = (O t Oyt O¢t—1)")>

w2 )2

(o
Kt — t—1|t—1
W2 2
(Uﬂt—1)

w2 W22
6: return gy, Sy, ), and (o))

normalised estimation error squared (NEES) and the normalised innovation error squared
(NIS) values [110]. These tests are conducted using 50 random simulations. Consider-
ing a 95% confidence interval (C.I.) and the degrees of freedom v = X = Y = 1, ie,
the size of the state and observation vector, the two-sided probability region is given by
[x2,(0.025) x2,(0.975)] = [32.3 71.4]. By dividing the range by 50, we obtain the probability
region for the average NEES and NIS values [0.647 1.428]. Figure 5.3 illustrates an example
of the 95% region marked by the green and red lines for both the average NEES and NIS
values in case (a). From the definition of the test, there should be approximately 5% of the

total number of points outside the 95% region. The length of the time series for the case



84

study is 1000 and hence, approximately 50 points should be outside the region. Table 5.1

1.428 1.428

NEES
NIS

0.647 0.647

t
(b) NIS

Figure 5.3 [llustration showing the average normalized state estimation error squared (NEES)
and the average normalized innovation squared (NIS) for the case study (a) with its 95%
probability region given by [0.647,1.428] is marked by the green and red lines.

presents the average number of points outside the probability region for both the NEES and
NIS tests in all three cases where each of the 50 runs are carried out five times in order to
compute the average value. The results verify that the filter is optimal and provide consis-
tent estimates for the error variance term, given that the number of points outside the 95%

probability region are in accordance to the theoretical results.

In order to check the statistical consistency for the variance of the error variance term, we
created 1000 simulated time series where the true values of the error variance in each time
series is generated from the prior knowledge of W(ﬁo.
the percentage of realizations () where the true value lies within the confidence interval

Figure 5.4 presents, for each time step,

(C.I) for 1, 2, and 3 standard deviations from the mean estimate in each of the three case
studies. The results in Figure 5.4 show that the v values match the theoretical C.I. quantities,
i.e., {68,95,99}%, for the Gaussian distribution supporting the hypothesis that the Gaussian

PDF for the error variance is adequate at each time step.

Also, we noticed the effect of % = Z—% ratio on the estimation accuracy. Figure 5.5 shows the
posterior mean estimate prjr and the confidence interval pirjr = o7r for the error variance after
T time steps with respect to different % values for the three cases, where T = 1000 is the total
length of the time series. The results validate that the AGVI method is accurate for % > 10.
For 1 < % < 10, the estimates are accurate with small biases in comparison to the true
values, whereas for % < 1, the estimates are inaccurate with large biases. This phenomenon

is explained by the fact that the Kalman gain has a higher value with an increase in the %
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Table 5.1 Average number of points outside the 95% probability region for the NEES and NIS
values in all the three cases, i.e., (a) {Nom 0.2, (00‘0) = 0.01}, (b) {No\o 2, (UO|O) =1},

and (c) {M0|0 = 20, (Uo|o) = 100}.

Average number of points | case (a) case (b) case (c)

NEES 52.2 52.0 50.6
NIS 53.8 53.8 50.6

pwto —p+20 —pu+3c

_® = % N
2 R ZZ 68 PMohbarsimmmtimusrmonger 2 B8 Pt mmiasinss
- - -
25 ‘ 25 ‘ 25 ‘
0 1000 0 1000 0 1000
t t t
(a) case (a) (b) case (b) (c) case (c)

Figure 5.4 Empirical consistency check for the variance of the error variance estimate, where ~y
is the percentage of realizations where the true value lies within the three C.I. for the cases (a)

{:“0|0 =0.2, (00|0) = 0.01}, (b) {N0|0 2, (‘70|0) =1}, and (c) {Mo\o = 20, (00|0> = 100}.

—Hrjr  =pprE o

0.2 20
“F 0.15 RS
0.1 100 N\
o w w M e w wte w o
/R Q/R Q/R
(a) case (a) (b) case (b) (c) case (c)

Figure 5.5 The posterior mean estimate and C.I of the error variance for different values
of £ for the cases (a) {,u0|0 = 0.2, (aolo) = 0.01}, (b) {,u0|0 = 2, (00|0) = 1}, and (c)
{,u0|0 20, (O’O‘O )2 =100}. Note that the z-axis is in log-scale.

ratio, given that the system is observable [23,111]; as a result, the Kalman filter put more

weight on the measurements. Hence, we obtain a better mean and variance estimate of W
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by learning from each measurement which in turn provide better estimates for W?2.

Table 5.2 compares the average RMSE values and computational time obtained using the
AGVI method and the existing adaptive Kalman filtering (AKF) methods for the three cases
where the true values are (a) o2; = 0.42, (b) o2 = 1.35, and (c) o2; = 18.75. The results
are averaged over five independent runs. Each of these AKF methods falls under separate
categories as described in Section 2.3.3, where ICM is a correlation method, ALMF is a
covariance-matching method (CMM), and the SWVAKF is a Bayesian variational method.
The hyper parameters for ICM include the stable Kalman gain (K) and the auto-covariance
lag parameter which are fixed to 0.99 and 1, whereas for ALMF, the initial Q matrix is chosen
as 1. For the SWVAKF, the same parameters are used as provided in the implementation
code [70]. The results show that AGVI outperforms all methods in terms of predictive ca-
pacity in case (b) and case (c), while ALMF has better performance in case (a). While being
an offline method, the ICM emerges as the fastest method among all others. In comparison
to SWVAKF which is both a Bayesian and an online estimation method, AGVI is more than
two order of magnitude faster. The offline methods, i.e., the ALMF and the ICM, are faster
compared to the Bayesian methods but can only provide point estimates. However, it is
necessary to quantify the epistemic uncertainties associated with the error variances in order
to understand if the amount of available data is sufficient to estimate them accurately. Fur-
thermore, it is crucial to have accurate and statistically consistent estimates of the posterior
mean and variance associated with the error variance terms at every time step when learning
sequentially from data. It enables faster convergence to the true values by extracting as much

information as possible from each new data point.

5.3.2 Case Study 2

For this case study, the AGVI method is applied to the traffic-load data as presented in
Section 3.3.3 for which the process error variance needs to be inferred. The raw data have
2409 data points which is divided into a training set (1649 points) and a test set (760). The
generic components used for modeling the data presented in Figure 3.5 are the local level
(LL), two kernel regression components each having 50 and 30 control points to model the
periodic patterns with periodicity of 7 days and 1 day respectively, the online autoregressive
component (0AR) to model the residuals, and the double kernel regression (DKR) to model the

product of the two periodic patterns.

Figure 5.6 shows an example of the online estimation of both the AR parameter and the
error variance o, for which the prior initialization for W2, oo 1s {Mom =4, (00|0 )? =1}. The

estimated values are shown by the black solid line and their +10 uncertainty bound is shown
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Table 5.2 Comparison of the average RMSE values and the computational time (in seconds)
obtained from each method in all three cases where the true values are (a) oz = 0.42, (b)
o2 = 1.35, and (c) o2; = 18.75. The results are averaged over five independent runs. Each
of the methods are picked from different AKF categories where AGVI and SWVAKF are
Bayesian methods whereas ALMF is a covariance-matching method (CMM) and ICM is a
correlation method.

Type Category | Methods RMSE Time (s)
o5 =042 0%, =135 o3 =1875

Online Bayesian AGVI 0.014 0.01 0.45 0.044

Online Bayesian | SWVAKF 0.060 0.09 2.07 4.640

Offline CMM ALMF 0.010 0.06 0.85 0.022

Offline | Correlation ICM 0.018 0.05 0.50 0.002

by the green shaded region. The results confirm that both parameters from the BDLM
framework can now be estimated online simultaneously using the Kalman filter. Table 5.3
compares the AGVI and the Newton-Raphson (NR) method to evaluate the error variance
using the average test log-likelihood (LL), the test mean square error (MSE), the optimization
time (in s), the training time (in s), and the final estimate of o,z. In the case of AGVI, the
average values were obtained using different prior initialization for WO?'O such that ,ug‘f? =a-1
and (0(%2)2 = 1, where a ranges from 1 to 6. Similarly, in order to compute the average
estimate using the NR method, the optimization was carried out starting from different initial
values such that oys = o - 1. The results show that AGVI has a similar predictive capacity

in terms of MSE and a marginally better LL value compared to the NR method. However,

0.95 0.3 l —pn —=puto
< 08 o 0.2
=
0.65 © 0.1
0
09

0.5 L. ‘ ‘ ‘ ‘ | ‘ ‘ ‘ ‘
09-01  09-15 0925 10-06  10-21 01 09-15 09-25 1006  10-21
Time [2007-MM-DD)] Time [2007-MM-DD)|

(a) 2 (b) o

Figure 5.6 Illustration showing the online estimation of both the AR parameter and the error
variance oz using the prior initialization {ug‘(; =4, (0(%2)2 = 1}. The estimated values are
shown by the black solid line and their +1¢ uncertainty bound is shown by the green shaded
region.
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the advantage of using AGVI is seen from its computational time, which is approximately 10
times faster than the NR method.

Table 5.3 Comparison of the average test mean square error (MSE), test log-likelihood (LL),
optimization time (in s), training time (in seconds), and the final estimate of o,z using the
AGVTI and Newton-Raphson (NR) for the traffic-load dataset.

method | MSE LL Optimization Training Time OaR
Time (s) (s)

AGVI | 0.302 | —610.47 0 4.39 0.282

NR 0.307 | —620.64 49.78 4.31 0.278

In the case of real data, only the chi-square test relying on normalized innovation errors
squared (NIS) values can be employed to check the optimality of the filter. The two-sided
probability region for a 95% C.I. having one degree of freedom, i.e., the size of the observa-
tion vector Y, is [0 5.02]. Considering that the total length of the training set is 1649, the
theoretical 5% value of the number of acceptable points outside the 95% C.I. is 82.45. Using
different prior initialization, the average number of points outside the probability region is
71 which is acceptable given the theoretical results. Hence, both the case studies show that
AGVI is a computationally efficient approach that provides competitive predictive capacity

and statistically consistent estimates for the error variance.

5.4 Discussion

In addition to the two case studies presented in this chapter, the AGVI method has already
been applied in Blanche Laurent’s master thesis [112] to a network-scale framework that is
used for monitoring the condition of transportation infrastructures over time. In the frame-
work, visual inspections are used to quantify the structural condition. These inspections have
been carried out by different individuals such that the inspections are subjective in nature
given that each inspector has a different capacity to perform the evaluation task. Hence, it
is critical to evaluate each of the inspector’s variance. A gradient-based framework [27] was
considered to estimate the variance of these inspectors. This process was computationally
demanding due to the large number of inspectors across the network of bridges. The AGVI
method successfully replaced the gradient-based framework with an analytical framework to
perform joint estimation for over 250 variance parameters associated with the inspectors. The

results show that the AGVI-based framework has reduced the computational time from 33
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hours to 20 minutes while maintaining a comparable predictive capacity. This independent
case study is another example showcasing the capability of the AGVI method for scaling up

existing models for practical engineering applications.

The AGVI method has promising results and can provide an efficient way of reducing the
computational time for estimating parameters associated with aleatory uncertainty in prob-
abilistic models. However, one key limitation of AGVI that is not addressed in this thesis
is the uncertainty associated with the error variance is not considered as o3, is shown to be
equal to uﬁ, i.e., the expected value of W2, as provided by Proposition 1. For example, if
we consider that W is a Gaussian random variable such that W ~ N (w; 0, W?2) for which the
variance parameter is a random variable shown by W2 ~ N (w?;10,4), it can be verified by
sampling from the PDF of W that the sample variance is 10 thereby ignoring the uncertainty
associated with the variance term. This limitation is attributed to the Gaussian assumption
for the variance term, for which inverse gamma PDF is the theoretical distribution. On the
other hand, closed-form inference from uncertain observations is not possible while starting
from inverse gamma priors for the error variance. A future work that could further improve
the AGVI method would be to consider inverse gamma priors for the error variance while

maintaining the analytical tractability during inference.

5.5 Conclusion

The approximate Gaussian variance inference (AGVI) method proposed in this chapter is an
analytically tractable online Bayesian inference method for state-space models that provides:
1) analytical inference of the univariate process error variance as a hidden state, 2) accurate
as well as statistically consistent estimates of the mean and the variance of the error variance
term at each time step, and 3) higher computational speed compared to the offline gradient-
based optimization approaches. The method was validated and verified with both simulated
and SHM-based real data.

The case study 1 shows the application of the AGVI method for obtaining the univariate
process error variance starting from different prior initialization. The statistical consistency
tests verify that the filter is optimal and that the AGVI method provide consistent estimates
for the mean as well as the variance of the error variance term. In comparison to the existing
adaptive Kalman filtering methods, the AGVI method provides better predictive capacity
in two out of the three cases. In comparison to SWVAKF which is both a Bayesian and
an online estimation method, it is more than two order of magnitude faster. The offline
methods, i.e., the ALMF and the ICM, are faster compared to the Bayesian methods but

can only provide point estimates which limits their applicability in decision-making tasks.
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The case study 2 shows that with AGVI the Bayesian dynamic linear models can bypass offline
optimization techniques such as the Newton-Raphson (NR) method for obtaining the error
variance estimates at an order of magnitude faster. Moreover, AGVI provides both the mean
as well as variance that gives us not only the estimate but also the associated uncertainty
at any instant of time. Both case studies demonstrate that AGVI is a computationally
efficient approach that provides a competitive predictive capacity and statistically consistent

estimates for the error variance.

Nevertheless, note that the observation error variance needs to be known and the % ratio plays
an influential role in the estimation accuracy of AGVI. The independent case study reviewed
in Section 5.4 shows that the AGVI method is applicable to existing models for quantifying
uncertainty associated with observations, which in this case, was visual inspections. The
results show that by leveraging the AGVI method, the computational time of the framework
could be reduced from 33 hours to 20 minutes while maintaining a comparable predictive

capacity.

One key limitation not addressed in this thesis is that the uncertainty associated with the
error variance is not considered as o3, is shown to be equal to ,uﬁ. A future work to
improve the AGVI method would be to consider inverse gamma priors for the error variance
so that the uncertainty of the error variance is taken into account for estimating the variance
parameter of the prior predictive PDF of the process error W while maintaining analytical

tractability.
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CHAPTER 6 Approximate (Gaussian Variance Inference for

Multivariate Process Errors

6.1 Introduction

For a network of sensors, the process errors associated with modeling different physical quan-
tities can be correlated. Hence, it is often incorrect to assume a diagonal process error co-
variance matrix (Q), as the model does require a full Q matrix with not only the error
variance terms but also the covariance between the error terms. However the factor limiting
the inference of higher dimensional Q matrix is related to numerical instabilities that occur
as the matrix becomes non-positive semi-definite (non-PSD). This chapter extends the math-
ematical formulation for the approximate Gaussian variance inference (AGVI) described in
Chapter 5 for the online inference of the multivariate process error variance parameters. Us-
ing AGVT for the multivariate observation model, one error variance term o3, is inferred for
each observation equation along with the covariance for each pair of error terms. The chapter
also provides a closed-form square-root filtering technique using the Cholesky decomposition
such that the Q matrix is always PSD. Finally, the chapter provides the methodology and
two applied examples where the first case study compares the performance of AGVI with
the existing adaptive Kalman filtering (AKF) approaches and the second case study shows
its application on real datasets from a concrete dam. The main contributions of this chapter

are to

e Provide the mathematical formulation and the methodology for applying AGVI in the

case of multivariate process errors.
e Provide a closed-form square-root filtering technique using the Cholesky decomposition.
e Compare the performance of AGVI with the existing AKF approaches and shows its

application on real datasets from a concrete dam.

6.2 Multivariate Process Errors

This section presents the mathematical formulation of the AGVTI for inferring multiple process

error variance parameters.
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6.2.1 Problem Formulation

Let us consider D observed time series for which the global state vector is z; = [z} z? -+ xP]T,
where &, Vj {1,2,---,D} refers to the concatenation of all S; generic components for
the j' time series. Similarly, the vector of correlated process errors is assembled following
w; = [w} w? ---wP]". The global transition, observation, process error covariance, and

observation error covariance matrices are assembled block diagonally as

A = blkdiag[A', A% ... AP,
C = blkdiag[C!, C?, ---,C"],
Q = blkdiag[Q', Q% -, Q"]
R = blkdiag[R', R? --- RP"].

Covariance matrices cov(W* Wn) exists between the process errors W* and W™ of the k'
and n'" time series respectively, where k,n € {1,2,--- ,D}. The process error covariance

matrix Q can be reformulated as follows

Ql Q1,2 . Ql,D
: 2 .. 2,D
Q= @ Q_ , (6.1)
I sym. - - QD |

where the covariance term cov(W¥*, Wn) is represented by Q®". The sub-matrices within
the matrix Q%" in Equation 6.1 are themselves represented by cov(Wik Wmn) = Qikmn,
where j € {1,2,---,8;} and m € {1,2,---,S,,} are the j and m'™ component of the k"
and n'" time series, respectively. As described in Section 5.2.1, each of the sub-matrices

jkmn( 2 2 : : 2
Q (05%> Ty A) can be represented as a function of the error variance parameters o7,
2

mn’

cov(W4k Wimn) which provides the covariance between the it process error term of the ;"

o and At. Moreover, each of the elements within the sub-matrix Q/*™" is given by
component in the k" time series, W%* and the [*" process error term of the m!* component
in the n" time series, Wj,,,. For example, let us consider two time series each modeled using

a local trend (LT) component as described in Section 5.2.1. The global Q matrix is assembled

Ql Q1,2
Q - [ Q2,1 QQ ] ’

block diagonally such that
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where Q! and Q? are the process error covariance matrices associated with their individual
local trend components and Q"2 is the cross-covariance matrix between the process errors of
the two time series. Each of these covariance matrices are defined as follows: Q' = oy, - J,
Q? = oy, - J, and QY% = o1, - J, where o7y, and o7y, are the two error variance terms for
each of the LT component, orr,, is the covariance term between the two process errors W
and W2, For a constant acceleration kinematic model [23,110], the matrix J is defined such
that

Attt A

J= 4 2
At?
AN
2

Hence, for this case the terms to be inferred are: o7y, ofy,, and oir,. Similarly, for mul-
tiple time series, the goal is to infer one error variance term per time series along with the

covariance terms for each pair of process error terms.

6.2.2 Methodology

Let us consider the multivariate process error term w = [w!w? -+ w’ -+ wP]", where
w', Vi € {1, 2, --- D} represents the one process error term for the i'* time series for
which the variance term has to be inferred. Given that the expected value of W is zero, the

covariance term between the i and j** process error is

cov(W, Wiy = E[WW] — Mﬁwﬁ' 0 E[WW9). (6.2)

Using Equation 6.2, the covariance matrix X% is given by

E[(WY)?] EW'W? ... E[W'WP
W _ E[(1?2)?] JE[W%WD] ’ (6.3)
| sym, o E[(WP)Y _

where var(W?) = E[(W%)?] is the error variance for the i* time series, and cov(W?® W7) =
E[W W] is the covariance term between the two process errors for the i and j* time series.
Similarly to the univariate process error, let us consider the approximation that each of the

product terms W*W7 is a Gaussian random variable such that

W~ N(whwls M (oW )2, (6.4)
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where E[IW W] = """ is the mean parameter and var(WW7) = (¢"W'W”)2 is the variance.

For D time series, there are a total of D- (D + 1) product terms which are represented by the

random vector w? = [(w')? (w?)? -+ w'w’ --- wPw*|T such that
WP ~ N (wP; pV", =),

where using Equation 6.4, the mean vector of WP is given by

1\2 2)\2
qu:[MW> (W2)

Ju

L M(wD)Z Mwle o WD_lWDi|T

kx1’

(6.5)

(6.6)

Similarly to Lemma 1, the covariance matrix 3X"” can be obtained in terms of the mean

parameters in """ such that

_ Q(N(Wl)Q)Q Q(MW1WZ)2 2MW1wD—1MW1WD
2<M(W2)2)2 . QMWQWD_llLWlWD
=W —
| Sym. e e (M(WD*1)2)2(M(WD)2)2 + (MWD’le)Q

kxk

where the variance var(WW7) and the covariance cov(W* W7, W*W™) terms for the product

of the errors Vi,j,k,m € {1, 2, --- D} are obtained using the GMA equations defined in

Section 3.2. The mean vector p"" defined in Equation 6.6 is considered to be random with

a Gaussian PDF given by
WP~ N (P 77, 577,

where the vector wP is

w” = [ @?? - @2 ww? - wted|

(6.7)
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The mean vector and the covariance matrix of WP are

NW _ _M(W1)2 w2 MWD—lWD T ’
kx1
[ (cW)?)2 0 0 |
: (cW?)?)2 0
=V = 0 ,
e e WPLWPY 2
| sym. (o )? ] ok

where the random variables in WP are assumed to be independent from each other as shown

by the covariance matrix >W” where the off-diagonal terms are zero.

Using the hyper-prior WP defined in Equation 6.7, the first objective is to obtain the covari-
ance matrix X% defined in Equation 6.3 by obtaining the prior predictive PDF of Wftft_l as

provided by the following lemma and proposition.

Lemma 5. Using the transition model wy = wy_,, the prior predictive PDF of W, is

given by
Vvtlrt—l ~ N(M’Xt/ilv Emfﬂa

. p . . . P .
where the mean terms in ,u,f“tip and the variance and covariance terms in 2:1‘;71 are given

by

EW' W/ = v,
var(W')?) = 3(c™%)? 4 2(uW%)2,
Var(Win) = (UWZWJ‘)2

(uV' )2
pW2 W22 (Ve

+ ptWE VDT (2,

COV(Win, Wle) _ MWiWZNWij + IuWinlquWl‘

+

5 ()

Proof. See Appendix L. n

Proposition 3. The prior predictive PDF of W has a zero mean vector and covariance



96

matrix Ef‘[t/_l defined by

PUREEN A MW‘
. w22 w2wp
: % %
25‘{_12 . . ' . (6.8)
N (T E
| sym. o i

Proof. Using Lemma 5, the covariance matrix X% for the prior predictive PDF of W is
obtained by substituting the terms E[JW'WW/] in Equation 6.3 by the mean parameters of
WP ie., uWin. O

In order to maintain positive semi-definiteness of 2:"‘{71 shown by Equation 6.8, the prior

—
information is built from a random vector LY that is defined in a Cholesky space as shown

by the following lemma.

Lemma 6. Any ij*" element of ¥V is obtained such that

- D
V" =E [Z ijLki] ;
=1

—
where all elements of LY are assumed to be Gaussian, L;; ~ /\/'(,uLij, O'%ij), and the expecta-
tion of the product terms are obta_z'izgd using the GMA equations. Moreover, any covariance

term between the random vectors LYW and WP given by Eﬁva{}Vip, can be shown as

D
cov(Lyj, WiW7) = cov(Lsj, Y LjkLy).
k=1

Proof. See Appendix M. n

Using the prior predictive PDF of W the next objective is to perform the prediction step.
Let us consider the augmented vector of hidden states h, ; = [x]_; w] {]T such that the
PDF of Hy—y ~ N(ht,ufﬁ_l,Eﬁ_l) has a mean vector p,fﬁ_l and a covariance matrix
37 defined by

.
B = [u;t_l 0] 7 (6.9)

AY, AT+ Q TXW

H o t—1Jt—1

>H ., = (W) W : (6.10)
tjt—1
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Where the covariance matrix 3" defined in Equation 6.8 is obtained using the prior knowledge
of LW defined in the Cholesky space as stated in Lemma 6. Similarly to Equation 5.10, the

covariance matrix between X and W is given by

ZJt|t 1 = cov(X, W)y

where Wy, = [W W? ... WPJl, 1, is a vector of random variables that includes one

process error term W from each of the D time series.

The inference for the covariance matrix %W requires two update steps. Using the Gaussian
conditional equations defined in Section 5.2.2, the first update step is performed to obtain
the posterior PDF of H so that

Hy, ~ N (hy, ll't|ta Zt\t) (6.11)

We now move to the second update step where we use the posterior PDF f(w;|y;.) obtained
from Equation 6.11, and the GMA equations to obtain the posterior PDF f(w?|y;.;) such
that

f(wllyre) = N(wi; “t\t 72t|t ")
The posterior PDF of WP is defined using the following lemma.

Lemma 7. The posterior mean, variance and covariance terms of WP are

ITHAE N THARIE S Sl (THARE AR

Et\t = Et|t 1T Kt(zﬂt 2t|t 1)KtTa
K, = Emp‘l}vp(xﬂt 1) )
EX'IZI{VP = Et|t 1
Proof. See Appendix N. O

_ —
Using the updated knowledge of WP in Lemma 7, the posterior moments for L" in the
Cholesky space is defined using the following proposition.
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. . _—%
Proposition 4. The posterior moments of LY are

— — S —
pie = i+ K — e,
— = T
S o= Sho+KHER -S)(KD)T
LWWr

KtL = Etlt—l (Emil)_l'
Proof. The proposition 4 is derived using the Lemmas 5, 6, and 7. O

Both steps are employed recursively in order to estimate the elements of the covariance matrix
W and then use this to update our knowledge of the mean vector of WP, i.e., WP. All the
steps performed in a particular time step ¢ are summarized in Algorithm 4 as provided in

Appendix O.

6.3 Applied Examples

This section presents two case studies illustrating the application of AGVI for multiple time
series. The case study 1 presents a simulated multivariate random walk model with a full
process error covariance matrix Q for which the performance of the AGVI method is compared
to the adaptive Kalman filter (AKF) methods, namely the indirect correlation method (ICM)
[48], the adaptive limited memory filter (ALMF) [63], and the sliding window variational
adaptive Kalman filter (SWVAKF) [70]. Each of these AKF methods falls under separate
categories as described in Section 2.3.3, where ICM is a correlation method, ALMF is a
covariance-matching method (CMM), and the SWVAKF is a Bayesian variational method.
The case study 2 shows the application of AGVI on real displacement datasets obtained from

a concrete dam in Québec, Canada.

6.3.1 Case Study 1 — Multivariate Random Walk Model

This case study is conducted using five simulated datasets of 1000 time steps with a transition
process error having a full covariance matrix Q. The vector of hidden states x; associated

with five time series is given by

. LL; . LLo
T, = |1

LLs ,.LLs ,.LLs]T
Ty =Xy~ Ty I

Ty
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The state transition matrix A and the observation matrix C are defined as A = Iy, and
C =I5, The Q and the R matrices are defined as

1 —03 —02 —0.1 0.25 |
03 3 035 04 045
Q = | —02 035 4 05 055,
01 04 05 08 06
025 045 055 06 2

R = 107*. I,

where the off-diagonal covariance terms in the Q matrix are selected arbitrarily such that it
is symmetric and positive-definite, i.e., the eigen values are positive. For AGVI, the prior
knowledge for the augmented hidden states fiop = [fto)o; ,ué‘?] and 530‘0 = blkdiag (X, EOL?)

are initialized by

Flop = (0§ 1.5-1F 0.1- 1],
S = diag([1} 0.1-1F 0.5-1]y]), (6.12)

where 0 and 1 represent vector of zeros and ones, respectively. The mean vector and the

covariance matrix for
w T
Lo\o = [Ln Loy -+ Lss Lo "'L45]0|0;

are given by

7

H0L|0 = [1.5-15 0.1- 1],
W
Yoo = diag([0.1-15 0.5-1{y]). (6.13)

For the AKF methods, the hidden states are initialized similarly to Equation 6.12 where
the mean vector is py, = 05 and the covariance matrix is g9 = I5. The hyperparameters
for ICM include the stable Kalman gain (K) and the auto-covariance lag parameter which
are fixed to 0.99 and 1, whereas for ALMF, the initial Q matrix is chosen as I5. For the
SWVAKF, the same parameters are used as provided in the implementation code [70]. Figure
6.1 compares the true values with the online hidden state estimates obtained using AGVI
for the four elements of the Q matrix, namely o2, 03,, 023, and o45. The true values for
each element is shown by the dashed red line and the estimated values are shown by the
black solid line and their £10 uncertainty bound is shown using the green shaded region.

Table 6.1 shows the average RMSE values over five independent runs for estimating some
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Figure 6.1 Online estimation of the error variance term (a) 025 and (b) o3, and the covariance
terms (c) 093 and (d) g5 from the full Q matrix compared to their true values marked by
the dashed red line. The estimated values are shown by the black solid line and their +1o
uncertainty bound is shown using the green shaded region.

of the elements chosen arbitrarily from the Q matrix as well as the average computational

time for each method. The results show that AGVI outperforms all methods in terms of

predictive capacity for most of the variance and covariance terms. In comparison to SWVAKF

Table 6.1 Comparison of the average RMSE values and the computational time (in seconds)
for each method. The results are averaged over five independent runs. Each of the methods
are picked from different AKF categories where AGVI and SWVAKF are Bayesian methods
whereas ALMF is a covariance-matching method (CMM) and ICM is a correlation method.

The variance terms and the covariance terms are represented by o2 and J?j, Vi,jel,---D.
Type Category | Methods RMSE Time (s)
032 U§3 055 012 024 035
Online Bayesian AGVI | 0.1633 0.1437 0.1567 0.0624 0.0641 0.0851 1.45
Online Bayesian | SWVAKF | 0.4670 0.3133  0.1618 0.0846 0.1177  0.1552 20
Offline CMM ALMF | 0.1824 0.3295 0.1773 0.0765 0.0662 0.1045 0.12
Offline | Correlation ICM | 0.2421 0.1476 0.1524 0.0863 0.0764 0.1280 0.04
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which is also both a Bayesian and an online estimation method, it is more than an order of
magnitude faster. The offline methods, i.e., the ALMF and the ICM, are faster compared
to the Bayesian methods but can only provide point estimates which limit their potential
in learning sequentially from data as described in Section 5.3.1. The RMSE values and the

plots for the remaining variance and covariance terms are provided in Appendix P.

For the consistency test using the normalized innovation square (NIS) values, the two-sided
probability region for a 95% C.I. having five degrees of freedom, i.e., the size of the observation
vector Y, is [0.831 12.833]. Considering that the total length of the training set is 1000, the
theoretical 5% value for the number of acceptable points outside the 95% C.I. is 50. The
different prior initialization are chosen such that MOL? = [a-1] §-1],]T, where a = {1.5 :
0.1:2} and g = {0.5: 0.1 : 1} while considering the same covariance matrix as defined in
Equation 6.13. Table 6.2 presents the axg_a}ge number of points outside the probability region
for the different prior initialization of L}, where the average value is computed using five
simulated datasets for each combination of {c, 5}. The results show that there are on average
~ 56 points that lie outside the 95% probability region which is comparable to the theoretical
value of 50, which verifies that the filter is optimal and provide consistent estimates for the

error variance and covariance terms of the full Q matrix.

Table 6.2 Average nuEEer of points outside the 95% probability region for the different

prior initialization of LB%. Each column presents the average value computed using the five
simulated datasets for one combination of {«, 5}.

| {15,05} {1.6,0.6} {1.7,0.7} {1.8,0.8} {1.9,0.9} {2,1} | Mean
NIS | 57.6 57 55.6 54.6 56.6 55.4 | 56.13

6.3.2 Case Study 2 — Dam Displacement

This case study is conducted on data collected by two sensors measuring the displacement
from a concrete dam in Québec, Canada. Figure 6.2 shows the displacement datasets along
all three orthogonal directions (a) X-axis, (b) Y-axis, and (c¢) Z-axis; where top plots present
the displacement datasets yp, that are available from April 2005 to February 2016 with a
total of 9995 points and bottom plots present the displacement datasets yp, that are available
from December 2009 to February 2016 with a total of 5667 points. A test set consisting of
1095 points is considered for all the datasets shown by the gray regions in Figure 6.2. Both
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Figure 6.2 Plots showing the displacement datasets in all three directions collected by two
sensors from a concrete dam in Canada.

datasets yp, and yp, are recorded with a non-uniform time-step size At as illustrated in
Figure 6.3. The vertical axis showing the time-step size is plotted with a log-scale where we
see that the most frequent time-step size is 12 hours for both datasets. Figure 6.3(a) shows
the time-step size for yp, that varies in the range of 1 to 2792 hours and Figure 6.3(b) shows

the time-step size for yp, that varies in the range of 1 to 1032 hours.

7 10 Edmr S o L ] 20y
% 101 R o rancasnss = 12h o 101 o = : = 12h
= 100 r — .o i H “1h = 100 - .o . 11h
g 2
50504 07-12 10-09  13-05  16-02 B 09-12 1106 1301 1407 16-02
Time [YY-MM] Time [YY-MM]
(a) yp, (b) Yo,

Figure 6.3 Plots showing the time-step size for the displacement datasets (a) yp, and (b) yp,.
The y-axis showing the time-step size is plotted in log-scale.

The Bayesian dynamic linear model (BDLM) components used to model the patterns in the
data are the local trend to model the baseline and the kernel regression component to model
the periodic pattern. The process errors are modeled by a zero-mean vector and a full process

error covariance matrix Q to be inferred using the multivariate AGVI method. For handling
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t*¢f is chosen such that it is the

non-uniform time-step size [113], a reference time-step A
most frequent time-step size in the datasets. The variance and the covariance parameters
in the Q matrix are estimated for the reference time-step At*®*, and for any time-step size
At different than At¥f, these parameter values are linearly scaled by the ratio between the

current time-step and the reference time-step shown by

tref

where Q% is the updated process error covariance matrix at the current time-step and Q4

is the covariance matrix for the reference time-step.

The prior knowledge for the hidden states are defined using the default values provided by
the OpenBDLM library [113] and the kernel length parameters for the three datasets from
each sensor are obtained by offline optimization using the Newton-Raphson method such
that {{x,, = 0.350, fy, = 0.362,¢z, = 0.347} and {lx, = 0.288, fy, = 0.289,(z, = 0.602}.
The observation error covariance matrix R is set to 107¢ - I3 such that the process errors
model the residuals considering that the measurements from the sensors are exact. Since
there are three time series from each sensor, the QQ matrix has a size of 3 x 3 with three

variance terms and three covariance terms to be evaluated. The prior mean vector and the

3

covariance matrix for Lo = [L11 Lo Lsg L1a L3 L23](TJ\07 are given by

o

v v
Boo = [1-13 1e-03- 15T, pow = [1105 1e-03- 15T,
20L|[E)1 = diag([ 1e-04 - 13 1e-02 - 13]), EOL|I62 = diag([ 1e-04 - 13 1e-02 - 13]).

Figure 6.4 shows the online estimation for one variance and two covariance terms in the full
Q matrix for both datasets yp, and yp,. The estimated values are shown by the black solid
line and their £10 uncertainty bound is shown using the green shaded region. The online

estimation for the remaining terms are provided in Appendix Q.

The predictive performance of using AGVI is compared with the one obtained using the
Newton-Raphson method where the variance parameters are learned offline through opti-
mization. Table 6.3 shows the test-set root mean square error (RMSE) and log-likelihood
values obtained using the AGVI and the Newton-Raphson method for the two displacement
datasets along all three axis. Table 6.4 compares the two methods in terms of computational
time required, i.e., optimization time and training time expressed in seconds. The results
show that AGVI has an accuracy comparable to the Newton-Raphson in terms of RMSE

and outperforms it in terms of log-likelihood. Moreover, AGVTI is orders of magnitude more
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Figure 6.4 Online estimation of the error variance and covariance terms in the full Q matrix
for both datasets yp, and yp,; where (a) 0335, , (b) 012p,, and (c) gasp,, (d) 0, p,, (€) O12,p,, and
(f) o13p,- The estimated values are shown by the black solid line and their +1¢ uncertainty
bound is shown using the green shaded region.

computationally efficient than Newton-Raphson as it facilitates online learning of the process
error variance and covariance terms, thereby avoiding the parameter optimization step. This
example shows that AGVI is applicable to real case studies for evaluating the full Q matrix

involving multiple time series.

Table 6.3 Root mean square error (RMSE) and log-likelihood values obtained with the AGVI
and the Newton-Raphson methods for the displacements datasets yp, and yp, along all three
axis.

RMSE Log-likelihood
method | AGVI ‘ Newton-Raphson AGVI ‘ Newton-Raphson
Xp, 0.598 0.622 —1576.8 —1585.1
Yp, 0.35 0.35 —556.76 —630.38
Zp, 0.64 0.64 —1031 —1034.1
Xp, 0.57 0.57 —992.81 —1069.2
Yp, 0.84 0.85 —1414.80 —2303.9
Zp, 0.17 0.17 372.37 361.43
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Table 6.4 Comparison of optimization time (in seconds) and training time (in seconds) using
the AGVI and the Newton-Raphson method.

Optimization Time (s) Training Time (s)
method | AGVI ‘ Newton-Raphson | AGVI ‘ Newton-Raphson
UYp, 0 2894 61 51
UYn, 0 961 34 26

6.4 Conclusion

In this chapter, the AGVI method is extended to the multivariate case so that the full process
error covariance matrix Q associated with multiple time series can be obtained. The chapter
also provided a closed-form square-root filtering technique using the Cholesky decomposition
that combines with the AGVI method such that the estimated Q matrix remain positive
semi-definite. The case study 1 shows the application of AGVI for a multivariate random
walk model with a full Q matrix and compares its performance with existing adaptive Kalman
filtering (AKF) methods. The results show that AGVI outperforms all methods in terms of
predictive capacity for most of the variance and covariance terms, and yields statistically
consistent estimates. In comparison to SWVAKF which is both a Bayesian and an online
estimation method, it is more than an order of magnitude faster. The offline methods, i.e.,
the ALMF and the ICM, are faster compared to the Bayesian methods but can only provide

point estimates which limits their applicability in decision-making tasks.

The case study 2 shows the application of AGVI on displacement datasets obtained by two
sensors along all three directions from a concrete dam in Canada. The predictive perfor-
mance obtained using AGVTI is compared with the one obtained using the Newton-Raphson
method where the variance terms are learned offline. The results show that AGVI has a com-
parable accuracy with Newton-Raphson in terms of RMSE and outperforms it in terms of
log-likelihood. Moreover, AGVT is orders of magnitude more computationally efficient than
Newton-Raphson as it facilitates online learning of the process error variance and covariance
terms, and bypasses the optimization step. Hence, the proposed method is capable of online
estimation of aleatory uncertainty in regard to state-space models involving multiple time

series as verified with synthetic and validated by real datasets.
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CHAPTER 7 Heteroscedastic Aleatory Uncertainty Quantification in

Bayesian Neural Network

7.1 Introduction

The tractable approzimate Gaussian inference (TAGI) method allows for analytical param-
eter inference in Bayesian neural networks. In its current form (see Section 2.4.2), TAGI
can only model homoscedastic aleatory uncertainty that is quantified by a constant error
variance across the input covariate-domain. This chapter extends the application of approx-
imate Gaussian variance inference (AGVI) method to model analytically the heteroscedastic
aleatory uncertainty for regression tasks with TAGI. This chapter provides the methodology
and presents its application on toy problems as well as on benchmark regression datasets
where its performance is compared with existing approximate inference methods. The main

contributions of this chapter are to

e Provide the methodology for applying the AGVI method to handle heteroscedastic

aleatory uncertainty within the TAGI framework.
e Validate the application of AGVI for heteroscedastic regression tasks.

e Provide a comparative analysis for benchmark regression datasets with existing approx-

imate inference methods.

7.2 Methodology

In this section, we apply the AGVI method described in Chapter 5 for analytically inferring
the error variance of within the TAGI framework. Similarly to the procedure described
in Section 5.2.2 for the process error variance in the context of state space models, the
methodology for inferring o can also be summarized in two steps; first, we establish the
relationship between the random variables describing the error V', the square of that error
V2, and the expected value of V2, to obtain the prior knowledge for the error variance o%;
second, we leverage these relationships, and use the posterior PDF of the error V' to obtain
the posterior knowledge for 0. Here, we describe AGVI through the univariate case having
a single 0% associated with the observation unit ¥ whereas without modification, it can be
extended for the multivariate case with diagonal covariance matrix Xy = diag(o?). For the

first step, the GMA is employed, as presented in Section 3.2 to model V? using a Gaussian
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random variable such that

f(0?) = N (0% pye, o). (7.1)

Using Equation 7.1, and given that V is zero-mean, the variance for V' is by definition equal
to the expected value for V2, so that the PDF of V is described by

fw) = N(v; 0, py2). (7.2)

Following Lemma 1 from Chapter 5, we show that the PDF of V? can be described using

only the expected value py2 following

F?py2) = N(0% vz, 2032), (7.3)

where using the GMA, the variance for V2 is 67, = 2. In order to maintain the analytical
tractability, we assume the hyperparameter py2 in Equation 7.3 to be a Gaussian random

variable described by V2 ~ N (v2; Pz 0‘2/—2), using which, Equation 7.3 can be re-written as
f@0?) = N(v*e?,2(0?)%), (7.4)

where the PDF of V2 is defined using the knowledge of v2. Figure 7.1 shows the graphical
model representing the relationships between the random variables V', V2, and V2, denoted
by the green nodes. The causal relationship between the nodes V2 and V? is shown by the
directed arrow as defined in Equation 7.4. The undirected solid line between the nodes V2
and V represents the one-to-one relationship between their moments as defined by Equations
7.1 & 7.2. Hence, we obtain the prior predictive PDF of V using the prior predictive PDF
of V2. Using Lemma 2 from Chapter 5, the moments for the prior predictive PDF of V2 are

M=
= GOROR0
V2
Figure 7.1 Graphical model representing the relationship between the random variables V,
V2, and V2, denoted by the green nodes. The causal relationship between the nodes V2
and V2 is shown by the directed arrow as demonstrated by Equation 7.4. The undirected

solid line between the nodes V2 and V represents the one-to-one relationship between their
moments as defined by Equations 7.1 & 7.2.
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given by
Hv2 = Hys, (75)
Oy = 300z + 2. (7.6)

Using Equations 7.2 & 7.5, the prior predictive PDF of V' is described by

f(0) = N(v; 0, pip),

where the variance of V' is o = piz. Therefore, we obtain the prior knowledge for o% by

using the prior PDF of V2 described by its moments iz and 0‘2/—2.

In order to obtain the moments for V2 as a function of the input covariates x, we use a
neural network having a two-headed output layer where the first output unit Z© models
the expected value of the system response and the second output unit is V2. This network
setup allows handling heteroscedastic aleatory uncertainty in regression tasks. Figure 7.2
shows the graphical model for a feedforward network where the two output units are the
random variables Z(® and V2. The output unit for V2 has its own set of parameters 0%
connected to the last hidden layer L as shown in red. This graphical model also shows the

© and V, as per the observation

causal relationship between the random variables Y, Z
model, along with the graphical model shown in Figure 7.1. This structure presents the flow
of information from V2 to V, and then to the observation unit Y. Note that in order to
restrict the possible values for v2 to the positive domain, the original values are transformed

using an exponential activation function exp(-). This lead to a log-normal PDF for which

closed-form expressions for the moments are available in [21, §4.2.1]. The moments for the
219
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Figure 7.2 Network architecture for TAGI having a two-headed output layer for obtaining the

random variables Z° and V2 as a function of the input covariates . The output unit for V2
has an additional set of parameters 0%) connected to the last hidden layer L as shown in red.

Also, it shows the extended graphical model representing the causal relationship between
the random variables Y, Z% and V/, as per the observation model, along with the graphical
model shown in Figure 7.1.
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transformed random variable V2 are shown by

o = XD (,uﬁ + 0.50‘2/—2) , (7.7)
0% = exp (QMW + 0‘2/—2> . (exp(a%) —1), (7.8)
cov(V2, ﬁ) = 0‘2/—2 - exp (MW + 0.50‘2/—2), (7.9)

where cov(V2,V2) is the covariance between the transformed random variable V2 and the

original V2.

In order to infer 0% following the structure provided in Figure 7.2, the process is divided into
two steps. Considering that the vector of output units is h = [2(® v]T, the posterior PDF
f(hly) is defined by

f(hly) =

Using the Gaussian conditional equations presented in Section 5.2.2, the posterior mean

vector pgr, and covariance matrix X gy, are obtained following

EHY
Mrly = ME+—5 (Y — Hy),
Oy
Sy - 3T
Sy = Sp-— X _ZHY (7.11)
Oy

Second, the current knowledge of V2 is updated using the posterior PDF f(v|y) derived from
Equation 7.11. Following Lemma 4 and Proposition 2, the posterior moments for V2 and V2

are given by

_ 2 2
M2y = :U’V\y + O-V\y7
2 _ 4 2 2
O-V2‘y o Q(O-V‘y) + 40—V|y/“LV\y7

fzy, = Mgzt k(v — pv2),

2 _ 2 20 2 2
O-W‘y — O-W+k (O-VQ‘y_O-VZ)’
2
= o7
o,
V2

The updated knowledge for Z(® and V2 are used to obtain the posterior for the parameters

and the hidden units using the layer-wise recursive inference detailed in Section 2.4.2. By
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combining the frameworks of TAGI and AGVI, we can perform the analytically tractable
inference of the neural network’s parameters as well as the error variance, and enable het-
eroscedastic aleatory uncertainty quantification for regression tasks. The proposed method
is referred to as TAGI-V.

7.3 Applied Examples

In this section, experiments are performed using the TAGI-V method for 1D toy problems
and for the UCI regression benchmark datasets [10]. A comparative analysis is provided with

other approximate inference methods used for the same regression tasks.

7.3.1 Toy Problem

The TAGI-V method is applied to a 1D heteroscedastic regression problem for y = —(z+0.5)-
sin(3mx) + v, such that v ~ N(0, %), where the heteroscedastic error variance is modeled by
0% = 0.45-(2+0.5)?. A total of 500 observations are generated that are sampled uniformly in
the range [—0.5,0.5] and a two-layer fully-connected network of 128 hidden units is used with
ReLU activation function. The prior weights and bias are initialized using He’s approach [16]
and the inference is carried out using one observation at a time. The TAGI-V is compared
with the homoscedastic original version of TAGI [7], a deterministic heteroscedastic neural
network trained with backpropagation [15], and the deterministic variational inference (DVI)
[13]. Figure 7.3 compares the true function used to generate the data with the predictions

described by the expected values and their +10 confidence regions for each of these methods.

The results in Figure 7.3(a) show that TAGI-V is capable of handling the heteroscedastic
error variance in the region where training data is available and is able to extrapolate the
confidence region outside the training data in order to represent a lack of knowledge. Fig-
ure 7.3(b) shows the learning curve representing the evolution of the test log-likelihood as
a function of the number of epochs. The optimal epoch for the toy problem is identified to
be E = 28 using an early-stopping procedure and patience of 5 epochs. In Figure 7.3(c),
we can see that the original TAGI method is not capable of handling heteroscedastic error
variance and can only model a constant one, both within as well as beyond the training
region. Figure 7.3(d) shows the predictions using a deterministic NN trained with backprop-
agation that can, to a certain extent, model heteroscedastic uncertainty where training data
is available but fails to extrapolate the uncertainty beyond the training region. As shown by

Figure 7.3(e), DVI is capable of handling heteroscedastic error variance and is better than
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Figure 7.3 Application of TAGI-V to a toy problem having a heteroscedastic error variance
modeled using o = 0.45 - (z 4+ 0.5)%. The training data points are plotted in magenta, the
true function y = —(x + 0.5) - sin(37x) + v, and their £1o0 confidence regions are shown by
the red solid line and red shaded region, and the model predictions and their +1¢ confidence
regions are shown by the black solid line and green shaded area. Figure (a) shows the
predictions using TAGI-V and (b) shows the learning curve providing the evolution of the
test log-likelihood as a function of the number of epochs. Figures (c¢)-(e) show the predictions
using the original version of TAGI [7], a deterministic neural network [15], and DVI [13].

TAGI-V at extrapolating the confidence interval to represent the lack of knowledge outside
the training region. However, DVI requires order of magnitudes more epochs (20000) for

achieving convergence compared to TAGI-V (28) as shown in Figure 7.3(b).

Figure 7.4 shows the heteroscedastic error variance estimation in three different cases where
the true variance in each case is modeled using (a) o3 = 0.45-(z+0.5)?, (b) 0% = 3 - 2* + 0.02,
and (c) 0% = ((1 + ) - sin(7z))? + 0.02. For each case, the top figure illustrates the true error
variance using the cyan solid line, the mean estimate of the variance using the black solid line
and their +10 confidence regions in green shaded area. Similarly to Figure 7.3, the bottom
figure presents the model predictions and the true observation function y = 2.5 - 23 + v along
with their confidence regions. A total of 10* training points are generated in the range [—1, 1]
and the same network setup is used as described for the toy problem in Figure 7.3. Early-

stopping is used with a patience of 5 to stop the training procedure. The results in Figure
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7.3 show that the method is capable of identifying the true error variance as shown for three

different functions with respect to the input z.

—0"/ (true) (true) =y =+ o (true) -observation —— —=uto
1
=
N
0.5
0+
-1 0
x T

1 0 1 1 0 1
T T T
(a) 07 = 0.45 - (z +0.5)° (b) o =32 +0.02 (c) 0%, = ((1+ ) - sin(m))? 4 0.02

Figure 7.4 Application of TAGI-V on three toy problems where the true heteroscedastic
error variance for each case is modeled using (a) o3 = 0.45- (2 +0.5)%, (b) 6% = 3 - 2* +0.02,
and (c) o& = ((1 + x) - sin(7z))? 4+ 0.02. For each case, the top figure illustrates the true
error variance using the cyan solid line, whereas the mean estimate of the variance is shown
by the black solid line along with their +10 confidence regions in green shaded area. The
bottom figures presents the training data points in magenta, the true observation function
y = 2.5- 2%+ v and the £10 confidence regions using the red solid line and red shaded area,
and the model predictions and their 10 confidence regions by the black solid line and green
shaded area. A total of 10* training points are generated in the range [—1,1] and the same
network setup is used as described for the toy problem in Figure 7.3.

Figure 7.5 shows the impact of the amount of available training data on the error variance
estimation. When the number of training data points are small, i.e., D = 10? as shown by
Figure 7.5(a), the mean estimate as shown by the black solid line is inaccurate and there is a
large epistemic uncertainty associated with the estimated values. But as the number of data
points are increased as shown by Figures 7.5(b) and 7.5(c), not only the epistemic uncer-
tainty shrinks but the mean estimate is also close to the true variance. Hence, the epistemic
uncertainty is crucial when few data points are available for learning the heteroscedastic error

variance.
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Figure 7.5 Illustration showing the estimated error variance in three different cases where
the number of training points are (a) D = 10% (b) D = 10, and (c) D = 10*. The true error
variance is shown using the cyan solid line, the mean estimate of the variance using the black
solid line and their 10 confidence regions in green shaded area.

As mentioned in Section 5.5, Figure 7.6 shows an illustrative example for highlighting the
limitation for the current TAGI-V formulation which comes from the mathematical formula-
tion of the AGVI method. It is seen that the epistemic uncertainty of the error variance does
not come into play for computing the predictive uncertainty of the model outputs. The top
plot in Figure 7.6(a) presents the original estimations of the error variance, while the bottom
plot shows the model predictions, whereas the top plot in Figure 7.6(b) displays the same
mean estimate for the error variance but with artificially increased epistemic uncertainty.
The predictive uncertainty shown in the bottom plot of Figure 7.6(b) do not differ from that

of (a) as the mean estimates are the same even when the epistemic uncertainties are different.

7.3.2 Regression Benchmarks

In this section, TAGI-V is compared with probabilistic backpropagation (PBP) [10], MC-
dropout [8,114], a deterministic neural network [15], ensemble of neural networks [9], DVI [13],
probabilistic backpropagation with the matriz-variate Gaussian (MVG) distribution (PBP-
MV) [11], Variational matriz Gaussian (VMG) [12], and the original version of TAGI [7]
for the small UCI regression datasets using the experimental setup provided by Hernédndez-
Lobato and Adams [10]. This setup has been extensively used in the literature to evaluate
the predictive capacity of the approximate inference methods which are reviewed in Section

2.4.1. The implementation details for each method is provided in Appendix R.
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Figure 7.6 Illustration showing the limitation of TAGI-V where it does not account for the
epistemic uncertainty of the error variance while computing the predictive uncertainty of the
model output. The top plot in (a) presents the original estimations of the error variance
and the bottom plot shows the model predictions. The top plot in (b) shows the same mean
estimate for the error variance while its epistemic uncertainty is artificially increased. As in
(a), the bottom plot in (b) shows the predictive uncertainty associated with the modified
epistemic uncertainty which remains unchanged.

Small UCI Datasets

Each dataset is randomly split into a training and test set having 90% and 10% of the data,
and the same indices are maintained in both sets for each method. A total of 20 data splits are
considered to compute the average test performance. For comparative purposes, a network
having a single hidden layer of 50 units is considered for each dataset except for Protein which
has 100 units. For TAGI-V, the data is normalized, a ReLLU activation function is used, and
the batch size considered is B = 32. The prior covariances for weights and bias are initialized
using He’s approach [16]. Note that the scaling factor associated with the prior variance of
the weights for the mean as well as the error variance are tuned for each dataset for proper
initialization. The details regarding the grid-search procedure are provided in Appendix S.
Moreover, an early-stopping procedure is used to identify the optimal number of epochs for
each dataset by dividing the training set into an 80 — 20% train-validation set, see details in

Appendix T.
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Two sets of comparison are provided. First, the epoch setting is presented, where each method
is trained for 100 epochs and the learning curves are plotted showing the average test log-
likelihood and test RMSE during training. Second, the time setting is considered, where the
learning curves are reported as a function of the average training time per epoch for each
method. The epoch setting allows assessing the performance for each method solely on the
basis of predictive accuracy. On the other hand, the time setting provides a better assessment

of the methods both in terms of accuracy and computational time.

For the epoch setting, the performance of each method is reviewed for all the datasets based
on the test log-likelihood and test RMSE over 100 epochs. Figure 7.7 shows the learning
curves for the datasets Boston, Kin8nm and Power under the epoch setting while the results
for the other datasets are presented in Appendix U. In general, there is not one method
that outperforms the others in all the datasets. While evaluating the absolute performance

in terms of the test log-likelihood, TAGI-V provides the best results in 3 out of 9 datasets,

= TAGI-V - TAGI —PBP MC-dropout —DVI —Ensemble NN
25 Lo —2.75
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— A A — =29
0 50 100 0 50 100
Epoch Epoch

RMSE
RMSE
RMSE
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Figure 7.7 Comparison for the test log-likelihood and test RMSE for the datasets a) Boston,
b) Kin8nm, and ¢) Power under the epoch setting. For each subset of figures, the top and
bottom graphs shows the learning curves for test log-likelihood and test RMSE respectively
for a total of 100 epochs. The horizontal axis shows the number of epochs and the vertical
axis shows the test log-likelihood (top figure) or the test RMSE (bottom figure). The colored
line plots are: TAGI-V (red solid line), PBP (blue solid line) [10], MC-dropout (green solid
line) [8], DVI (purple solid line) [13], deterministic NN (yellow solid line) [15], Ensemble
(black solid line) [9], and TAGI (brown dotted line) [7].
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namely Boston, Energy and Yacht, and second only to DVI in Concrete, and Naval. It
is seen that using an ensemble of neural networks outperforms a single neural network in
all datasets except in Naval. Also, Ensemble outperforms the other methods in 4 out of
9 datasets (Protein, Wine, Power, and Kin8nm). In terms of test RMSE, the PBP and
Ensemble provide the best results in 3 out of the 9 datasets. PBP provides the best test
RMSE in Yacht, Boston and Concrete, and Ensemble in Power, Kin8nm, and Wine. In
comparison with the original version of TAGI, TAGI-V provides similar test RMSE while
outperforming it in terms of test log-likelihood. It is to be noted that MC-dropout can
achieve a higher predictive performance than what is reported here for 100 epochs, if trained
until convergence (/~ 4000 epochs) [114]. Although the epoch setting presents the current
standard used by other authors for comparing predictive performances, it only shows the
predictive accuracy achieved over a fixed number of epochs, and not the computational time
required to achieve those results. To better assess the trade-off between predictive accuracy

and computational time, the methods need to be evaluated under the time setting.

Figure 7.8 shows the learning curves for the datasets Boston, Kin8nm and Power under the
time setting where the horizontal axis represents the training time (s) for each method. The
horizontal axis is presented in log-scale (base 10) for accommodating the large disparities
with respect to training time between the methods. The figures comparing the results for
other datasets are presented in Appendix U. The learning curves for PBP-MV and VMG in
Figures 7.8, U.3 and U.4 are provided by Sun et al. [11].

While comparing the average training time per epoch between the methods, TAGI-V is found
to be ~ 100 times faster than PBP-MV and VMG, =~ 10 times faster than PBP, and ~ 3
times faster than Ensemble. MC-dropout has an average training time per epoch equivalent
to TAGI-V but requires hyperparameter tuning (dropout rate and 7 parameter) and orders
of magnitude more epochs (/= 4000) to achieve the stated predictive performance [114]. The
deterministic NN is the fastest method by a factor of ~ 1.5 compared with TAGI-V, but it
provides a poor predictive accuracy as shown in Figure 7.8. The average training time per
epoch for all the methods is provided in the Table V.1 from Appendix V. In terms of absolute
predictive performance, PBP-MV reports the best test log-likelihood and test RMSE among
all methods in 8 out of the 9 datasets, while VMG outperforms PBP-MV in Power. Even
though PBP-MV and VMG produce state-of-the-art results in terms of predictive accuracy,
these methods take orders of magnitudes more computational time than all other methods
except DVI which has a similar computational demand. The details regarding the predictive

performance for each of the method is provided in Appendix W.

In order to further demonstrate the superiority of TAGI-V in comparison with approaches
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Figure 7.8 Comparison for the test log-likelihood and test RMSE for the datasets a) Boston,
b) Kin8nm, and ¢) Power under the time setting. The horizontal axis represents training
time (in sec) in log scale (base 10) and the vertical axis represents the test log-likelihood (top
figure) or the test RMSE (bottom figure) in linear scale. The colored line plots are: TAGI-V
(red solid line), PBP (blue solid line) [10], MC-dropout (green solid line) [8], DVI (purple solid
line) [13], deterministic NN (yellow solid line) [15], Ensembles (black solid line) [9], TAGI
(brown dotted line) [7], TAGI-V 2L (red dotted line) that represents a TAGI-V network of
two layers and 100 hidden nodes, PBP-MV (cyan solid line) [11], and VMG (magenta solid
line) [12]. The learning curves for PBP-MV and VMG are reproduced directly from the
original article [11].

such as PBP-MV that can reach a high accuracy at the expense of computational efficiency,
the performance of TAGI-V is tested by using 2 layers and 100 hidden nodes (TAGI-V 2L)
as represented by the red dotted lines in Figures 7.8, U.3 and U.4. The two-layer network
not only outperform PBP-MV and VMG for test log-likelihood in all datasets except in
Concrete and Wine, but while doing so remains two orders of magnitude faster than these
methods. For the test RMSE, the two-layer network exceeds the performance of PBP-MV
and VMG in 5 out of 9 datasets (Concrete, Energy, Kin8nm, Yacht and Power). These
results demonstrate that TAGI-V can achieve the state-of-the-art predictive accuracy by
using a larger neural network architecture while still being computationally faster than any

of the other approaches.
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Large UCI Datasets

The TAGI-V is tested for the large UCI datasets: elevators, keggdirected, keggundirected,
pol, and skillcraft. The experimental framework provided by Wilson et al. [4] is used. Each
dataset is randomly split into a training and test set having 90% and 10% of the data. The
experiment is carried out for 10 random splits for computing the average test RMSE and

normalized test log-likelihood as per the original setup by Wilson et al. [1,4].

On all datasets, except skillcraft, a network of five hidden layers is used where the number
of hidden units in each layer are: [1000, 1000, 500, 50,2]. For skillcraft, a smaller network
is used such that the structure is: [1000,500,50,2]. A ReLU activation unit is used, the
batch size considered is B = 10, and an exponential function is used for the error variance
output. The prior variances for weights and bias are initialized using He’s approach [16].
Similarly to the procedure for the small UCI datasets, the gain parameters associated with
the variances for all the hidden layers and the output layer connected to the mean and error
variance are tuned using a grid-search procedure. Also, an early-stopping procedure is used
to stop the training process with a fixed patience of 3 epochs. The hyperparameters used for

each dataset are provided in Table X.1 from Appendix X.
Tables 7.1 & 7.2 provides the test RMSE and normalized test log-likelihood for the large

UCI datasets. The direct comparison is made with the best performing sub-space inference
method [1] i.e., principal component analysis combined with variational inference (PCA+VI),
along with the stochastic weight averaging-Gaussian (SWAG) [2], the orthogonally decoupled
variational Gaussian Processes (Orth VGP) [3], the deep kernel learning with a spectral
mixture kernel (DKL) [4], the Bayesian final layers (NL) [5], the stochastic gradient descent
(SGD) obtained from Izmailov et al. (2020) [1], and the fastfood kernel Gaussian process
(FF) [6]. The test log-likelihood values shows that TAGI-V performs better than all the
methods in four of the five datasets except in Pol for which it is second best after SI. The

method is also competitive for RMSE values for which DKL is the best performing method.
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Table 7.1 RMSE comparison between the inference methods on large UCI regression datasets.
The direct comparison is made with the best performing sub-space inference method [1] i.e.,
principal component analysis combined with variational inference (PCA+VI), along with
the stochastic weight averaging-Gaussian (SWAG) [2], the orthogonally decoupled variational
Gaussian Processes (Orth VGP) [3], the deep kernel learning with a spectral mizture kernel
(DKL) [4], the Bayesian final layers (NL) [5], the stochastic gradient descent (SGD) obtained
from Izmailov et al. (2020) [1], and the fastfood kernel Gaussian process (FF) [6] (Rank
legend: ). The 4o represents one standard deviation computed over 10 splits. The
results for TAGI-V are averaged over 3 random seeds.

Datasets | TAGI-V | PCA + VI(SI) | SWAG DKL | Orth VGP | NL SGD FF
Elevators | 0.085+0.002 | 0.088+0.001 | 0.088 +0.001 0.0952 | 0.101+0.002 | 0.103 +0.035 | 0.089 + 0.002
KeggD | 0.129+0.005 | 0.1284+0.029 | 0.129 +0.029 0.119 | 0.13440.036 | 0.1324+0.017 | 0.12+0.00
KeggU | 0.122+0.002 | 0.16040.043 | 0.160 & 0.043 0.117 | 0.12040.003 | 0.186+0.034 | 0.120.00
Pol 2.737+0.135 3.11+0.070 | 6.617+0.00 | 4.30%0.20 | 4.380 +0.853 | 3.900 = 6.003 -
Skillcraft | 0.45+0.135 | 0.293+0.015 | 0.293 +0.015 - 0.253 4+ 0.011 | 0.288 + 0.014

Table 7.2 Normalized log-likelihood comparison between the inference methods on large UCI
regression datasets. The direct comparison is made with the best performing sub-space in-
ference method [1] i.e., principal component analysis combined with variational inference
(PCA+VI), along with the stochastic weight averaging-Gaussian (SWAG) (2], the orthogo-
nally decoupled variational Gaussian Processes (Orth VGP) [3], the deep kernel learning with
a spectral mizture kernel (DKL) [4], the Bayesian final layers (NL) [5], the stochastic gradient
descent (SGD) obtained from Izmailov et al. (2020) [1], and the fastfood kernel Gaussian
process (FF) [6] (Rank legend: , second). The +o represents one standard deviation
computed over 10 splits. The results for TAGI-V are averaged over 3 random seeds.

Datasets | ~ TAGI-V | PCA+VI(SI)|  SWAG | DKL | Orth VGP | NL SGD FF
Elevators —0.325+0.019 | —0.374 £ 0.021 —0.4479 | —0.698 £ 0.039 | —0.538 £ 0.108
KeggD 1.085+0.031 | 1.080+0.035 | - 1.0224 | 0.935+0.265 | 1.012+£0.154 | -
KeggU 0.757+0.028 | 0.7494+0.029 | - 0.7007 | 0.670+0.038 | 0.602+0.224 | -
Pol 0.718 +£0.108 15334+ 1.084 | — 0.1586 | —2.8440.226 | 1.073+0.858 | -

Skillcraft —1.179+£0.033 | —1.180 £ 0.033 - —1.002 £ 0.050 | —1.162 £ 0.032




120

7.4 Conclusion

The TAGI-V method proposed in this chapter provides an analytical method for handling
heteroscedastic aleatory uncertainty and overcomes the limitation of the original version of
TAGI which can only handle homoscedastic error variance. The method proposed combines
the TAGI framework that allows for the analytical inference of the parameters’ posterior
PDF in Bayesian neural networks, and AGVI that enables analytical inference of the error
variance. TAGI-V outperforms the original version of TAGI in terms of test log-likelihood
while providing similar test RMSE for all small UCI datasets. In comparison with other
approximate inference methods, TAGI-V is an order of magnitude faster and exhibits superior
predictive performance. The TAGI-V framework was also tested for large UCI datasets for
which it provided better log-likelihood for four out of five datasets compared to the benchmark
methods while providing competitive performance in terms of RMSE. However, the existing
framework cannot yet quantify aleatory uncertainties in a joint prediction model for multi-
output regression tasks. Moreover, the framework requires identifying the hyperparameters
associated with the initial variances for the weights and biases, i.e., the gain parameters «
and 3 using a grid-search procedure. A future work to further improve the framework would

be infer these gain parameters analytically.
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CHAPTER 8 Conclusion

8.1 Thesis Conclusion

This thesis proposes new analytical Bayesian methods for parameter inference in probabilistic
models. The methods developed improve the models’ predictive performance and scalability
in regard to practical engineering applications. The following section presents the conclusions

derived from this thesis.

State-space models and Bayesian neural networks involve unknown parameters for not only
modeling a physical phenomenon, but also for quantifying the model’s epistemic and aleatory
uncertainties. In the context of state-space models, parameters that exist in the transition
and observation equations can be inferred as hidden states using a multiplicative structure.
However, a key limitation in the existing framework is that an analytically tractable for-
mulation does not exist for multiplicative state-space models that would allow closed-form
inference of the model parameters as hidden states. To overcome this limitation, the the-
sis proposed an analytical method to handle multiplicative state-space models by leveraging
the Gaussian multiplicative approximation (GMA). The GMA provides closed-form moment
equations for the product of two Gaussian hidden states. The framework enables the analyt-
ical Bayesian inference for the hidden state vector in a multiplicative structure involving the
product of two hidden states in the transition and/or observation models. The framework en-
sures that the Kalman filter is still applicable for performing closed-form posterior inference
for a multiplicative structure which can now be represented by a Bayesian dynamic linear
model (BDLM). The proposed method is validated with synthetic as well as SHM-based real
datasets and have shown to exceed the performance of the cubature Kalman filter both in

terms of predictive capacity and computational complexity.

Additionally, the current BDLM framework is limited to modeling linear relationships be-
tween the independent and the interdependent time series described by a constant regres-
sion coefficient. For modeling a nonlinear dependency between two time series, the thesis
proposes the state-based regression (SR) method that allows closed-form inference of the
state-dependent regression coefficient as well as the interdependent state variable. The SR
method provides an interpretable representation of how each nonlinear dependency explains
specific patterns in the interdependent time series. The two case studies involving a dam’s
displacement datasets show that the predictive performance for the SR method is superior
both in terms of root mean square error (RMSE) and log-likelihood compared to the linear

dependency model in the existing BDLM framework.
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Another key feature of state-space models is that it is computationally cheap to estimate the
expected values and the covariance matrix that are quantifying the mean and the epistemic
uncertainties for the hidden state variables because we can rely on an analytical formulation
for performing Bayesian inference. In contrast, obtaining optimal estimates for the variance
parameters in the process (Q) and observation (R) error covariance matrices that quantifies
the model’s aleatory uncertainties is typically the most computationally demanding task
in the state estimation procedure. Even though in many situations the matrix R can be
considered to be known from the measuring instrument specifications, it remains a challenge
to develop a computationally efficient method which is able to perform closed-form online
estimation of the matrix Q. To overcome this limitation, this thesis proposes the approximate
Gaussian variance inference (AGVI) method that provides closed-form analytical inference
for the univariate as well as the multivariate process error’s variance and covariance terms.
The AGVI method is verified and validated using both synthetic and real datasets and have
shown to provide accurate as well as statistically consistent estimates for the mean and
variance of the process error’s variance and covariance terms in the Q matrix at each time
step. In comparison to the offline gradient-based optimization approaches and the existing
adaptive Kalman filtering (AKF) methods, the AGVI method has a better performance in

terms of its predictive capacity as well as a higher computational speed.

Analytical parameter estimation is feasible in Bayesian neural networks using the tractable
approximate Gaussian inference (TAGI) method. However, a key limitation of the TAGI
framework is that it is restricted to modeling homoscedastic aleatory uncertainty. The the-
sis provides the TAGI-V framework to model the heteroscedastic aleatory uncertainty in
Bayesian neural networks by combining the AGVI method with the TAGI framework. In
comparison to existing approximate inference methods applied to the small UCI regression
benchmark, the framework is an order of magnitude faster and exhibits superior predictive
performance. The TAGI-V framework was also tested for large UCI datasets for which it
provided a better log-likelihood for four out of five datasets compared to the benchmark

methods while providing competitive performance in terms of RMSE.

It is important to highlight that the GMA formulation is fundamental to all the analytical
methods developed in this thesis. Without the closed-form moment equations for the product
of two Gaussian hidden states, it would not have been possible to perform the parameter
inference step analytically. The simple algebraic expressions for the expected values, the vari-
ance, and the covariance terms have allowed us to obtain the moments associated with the
multiplicative terms. For instance, we could model parameters such as the autoregressive pa-
rameter in the first-order autoregressive process as a hidden state, generate new components

in the BDLM framework such as the trend multiplicative and the double kernel regression
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that models the product of a local trend and a periodic component and the product of two
periodic components. The state-based regression method relies on GMA to analytically in-
fer the product of the regression coefficient and the independent hidden state. The AGVI
method uses the GMA equations for formulating the relationship between the process errors,
the square of the process errors, and their expected values that allow closed-form posterior
inference of the full Q matrix in the context of state-space models. Moreover, the AGVI
method found its application in the context of Bayesian neural networks for analytically
quantifying the heteroscedastic aleatory uncertainty necessary for practical regression tasks.
Overall, the GMA is the thread line connecting each chapter of this thesis that has enabled

developing analytical inference methods for estimating parameters in probabilistic models.

In conclusion, the methods proposed in this thesis have addressed key limitations in esti-
mating parameters for state-space models and Bayesian neural networks. The case studies
presented in the context of state-space models focuses on structural health monitoring (SHM)
applications. However, the methods themselves are not restricted to SHM and are applicable
in general for time series forecasting and regression tasks in many other engineering fields
including navigation, aerospace, telecommunications, etc., where parameter estimation is
a necessary step. Finally, this thesis lay the groundwork for analytical tractability in pa-
rameter estimation which is at the core of advancing the existing methods for large-scale

implementation.

8.2 Limitations

This section examines the limitations that exist in the methods proposed in this thesis.
Resolving these limitations, can further improve the applicability of these methods for a

wide array of engineering applications.

8.2.1 The Gaussian Multiplicative Approximation

The Gaussian multiplicative approximation provides closed-form moments for the product of
two hidden states that could be leveraged to analytically model parameters as hidden states
in the context of state-space models. However, the closed-form moments are only available
for the product of two Gaussian random variables. The current formulation does not provide
closed-form moments for higher-order monomials or polynomials. This could allow handling
dynamic systems having general polynomial functions and not be restricted to the product

of two random variables.
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8.2.2 State-Based Regression

The state-based regression method is capable of identifying short-term and long-term sta-
tionary patterns in time series. However, as seen in the case studies, the method cannot
handle non-stationary patterns by itself and would require combining the SR method with a
regime-switching approach. This would enable identifying whether the model is in a normal
regime or an abnormal regime allowing the predictive model to identify anomalies in real-
time. Moreover, it might be worth investigating additional explanatory variables that can
identify specific dam behavior such as creep or creep-relief effects. Furthermore, a key lim-
itation in the state-based regression method is the need for feature engineering to preselect
the explanatory variables such as the average long-term trend, mean-centered water level,
and the moving averages of the air temperature’s residuals as shown in the case studies that
require domain specific knowledge. This aspect is currently the factor limiting the scalability

of the approach for analyzing large SHM databases.

8.2.3 Approximate Gaussian Variance Inference

The AGVI method has shown promising results and can provide an efficient way of reducing
the computational time for estimating the parameters quantifying aleatory uncertainties in
probabilistic models. However, one key limitation of AGVI is that the uncertainty associated
with the process error’s variance is not considered as o3, is shown to be equal to ,uﬁ, ie.,
the expected value of W2. This limitation is attributed to the Gaussian assumption for the
variance term, for which inverse-gamma PDF is the theoretical distribution. Moreover, in
complex practical applications, the Q matrix might be time-varying, i.e., the true values for
the variance and covariance terms in the Q matrix might vary as a function of time. The
existing framework cannot handle time-varying Q matrix and requires it to be stationary

over time.

8.2.4 TAGI-V

TAGI-V was successfully applied to quantify heteroscedastic aleatory uncertainty for single-
output regression tasks. However, the existing framework cannot yet quantify aleatory uncer-
tainties in a joint prediction model for multi-output regression tasks. Moreover, the frame-
work requires identifying the hyperparameters associated with the initial variances for the
weights and biases, i.e., the gain parameters a and [ using a grid-search procedure. A future

work to further improve the framework would be infer these gain parameters analytically.
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8.3 Future Research

This section provides two future research directions that builds upon the mathematical for-

mulations developed in this thesis.

8.3.1 Analytically Tractable Skewness Inference

One future case study is to analytically infer the skewness parameter along with the expected
value and the variance parameter for any skewed probability distribution. This would allow
describing generalized extreme value distributions (GEV) used to model the maxima or min-
ima of a sequence of random variables [115]. The GEV distribution is widely used to model
financial risks, as well as extreme events such as maximum precipitation, temperature, fire

hazards, etc.

Generalized Extreme Value Distribution

Given that Y ~ GEV(a, 3, (), where a € R is the location parameter, 5 € R is the scale

parameter, ( € R is the shape parameter. The moments for Y are shown by

ElY] = a+ (g1 — 1)?, for ¢ <1,
2
warY) = (g —g%>f2,

-3 2g3
skewness(Y) = 9s — 99241 + 91’ for ¢ >0,

(92 — g7)*?

where the mean, the variance, and the skewness are functions of «, 3, and (. The term
g = I'(1 — kQ), k € {1,2,3} is a gamma function. With the knowledge of these three
moments, we can identify the three parameters using which the GEV distribution can be
constructed. The mean and the variance parameters can be analytically inferred using the
AGVI method. But we do not have the mathematical formulation to infer the skewness

parameter.
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Skewness

The skewness of a random variable Y is the 3" standardized moment represented by iz and

defined as
y _ 3
/13 = E [( MY) ‘|7
Oy

E[Y? - 3uyoy — il
fis = [ M;)/ Y MY]. (8.1)
Ty

Using the observation model y = 2@ + v, v: V ~ N(0,0%), we can simplify the numerator

term in Equation 8.1 shown by

E[(Z© + V)] - 3E[ZO@var(Z® + V) - E[ZO]

fis = :
3 O'%/
E[(Z2© + V)| - 3E[Z@var(Z2®) — 3E[ZO]var(V) — E[Z(©)]? .
= =} : (8:2)
Using GMA, the term E [(Z © 4+ V)?’} can be simplified further using
3 2
E[(z®+V)] = E [(z°> LV 32072 4 3v<z°) 1 ,
3 0
= E l(z”) ] + E[V? + 3E[Z2°V?] 4 3EWZ%T,
= E[Z° + 3E[Z°)var(Z°) + E[V?] + 3E[Z°]|var(V). (8.3)
Using Equations 8.2 & 8.3, we re-write the expression for skewness as
N E[(Z2© + V)3 - 3E[Z@var(Z2®) — 3E[Z2O]var(V) — E[Z©)]?]
M3 = 3 )
Oy
_ E{ZT + 3E[Z%ar(2°] + E[V¥] + 3E[Z%ar(V] — 3E[Z@var(Z¥) — 3E[ZO}var(V) — ELZS
ot ’
i E[V3
T Uy (3.4)
Oy

Hence, the skewness of Y is a function of E[V?] and oy. The first-step for inferring the
skewness, would be to obtain the closed-form moments for the cube of the Gaussian random
variable V, i.e., E[V3] and var(V?3). Considering that term E[V?] is represented by the random
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variable V3, the next step would be to formulate the prediction and update equations similarly
to the AGVI method described in Section 5.2.2 of Chapter 5, but for the posterior inference
of V3.

8.3.2 Time-Varying Process Error’s Variance Inference

In the current AGVI formulation, the process error’s variance term is considered to be sta-
tionary over time. The transition model for the random variable representing the error’s

variance, i.e., W2 is constant from one time step to the next as given by

=w? . (8.5)

&

For modeling time-varying process error’s variance, the transition model shown in Equation

8.5 should include the random error term s shown by
?:7—1 + 51, 505 ~ N(0,0%),

where 0% is the variance parameter associated with the process error s. This variance term
can also be inferred with the current AGVI formulation. Let us represent the error’s variance
o2 by the Gaussian random variable S2. Similarly to the procedure shown in Section 5.2.2,
the Gaussian random variables S? and S? can be expressed in terms of the standard Gaussian

variable € and ( shown by

5?2 = S241/28%, e~ N(0,1) (8.6)
52 = ¥+, C~N(O,D). (8.7)

Starting from the prior knowledge for S2, the first objective is to obtain the marginalized
moments for 52, thereby providing the variance for S which would be equal to ;°*. Using

the prior knowledge for W2 and the variance term ,uST, the mean and variance for the prior

predictive PDF of Wf' ,_qare
— we
E[Wﬁtq] = N}Zutqa
— we 5z
Var(ﬂ/tft_l) = (O-Z/Kl\tfl)Q + :U’ﬁtfl‘

Using these moments, the same procedure taken for the AGVI method can be followed to
obtain the posterior PDF of W2 at any time t. Thereafter, the next objective would be

to formulate the update step for obtaining the posterior moments for S2 using the updated
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knowledge of W?2. Hence, for the time-varying case, the AGVI method needs to be applied
twice for each time step to obtain the posterior knowledge of the time-varying error’s variance

parameter.

8.4 Concluding Remark

The methods developed in this thesis are fundamental to the engineering community and
can be used in many future applications. Using the mathematical concepts developed in this
thesis, structured ideas can already be formulated as shown by the future research section.
Nevertheless, the limitations section confirms that these methods are still in a nascent stage

and that they can be improved significantly in the future.
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APPENDIX A THE GMA EQUATIONS USING GAUSSIAN MOMENT
GENERATING FUNCTION

Let X = [X;...X,]T be a vector of Gaussian random variables, X ~ N (zx; u,X), where p
is the mean vector, ¥ is the covariance matrix, and t = [¢;...¢,]T € RP, then the following
Equation [116,117] is held which analytically computes the multivariate moments encountered

in the nonlinear Kalman filter given by

(A.1)

t1=...=tp=0

ak
EX{ ... X}] = S B P (Ztl,uZ + = 5 Z titjcov(X;, X; ))

2,j=1

where k;’s are non-negative integers and k = > | k;. This Equation is derived from the

moment generating function of multivariate Gaussian;

ak akz p
S A 0 W A" exp< m)] A2
oth otk (&) otk . otk [ ; (4-2)
Gk p
= E|zF—F+— t: X,
o (5
P
= E [X{ﬂ . XP exp (Z thz)]
i=1
Setting t = [0...0]T, we obtain
k k o
E[Xll e pr] - mMm(tT>
Given Gaussian random variables, M, (t7) = E[e*'?] = IS (e following equations to
evaluate product terms can be directly obtained from Equation A.1.
]E[Xng] = Hil2 + COV(Xl, XQ)
EX1 X X5] = cov(Xy, Xo)ps + cov(Xy, X)pz + cov(Xa, Xs)p + papops,
E[X1XoX5X4] = cov(X1Xy)(cov(Xs, Xy) + prapia) + cov(X1 Xs) (cov(Xa, Xu) + propia) +

COV<X2X3) (COV(Xl, X4) + M1M4> + COV(Xl, X4)/LQ/L3 + COV(XQ, X4)/,L1/,Lg
+eov(Xs, Xy)papia + p1fiofizfis.
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APPENDIX B THE GMA EQUATIONS USING 2¥? ORDER TAYLOR
SERIES EXPANSION

Let us consider the function A(:) in two variables x; and 3, where h(xy,z5) = x1zo that
represents the product of two random variables. Using 2" order Taylor series expansion, we

express h(z1,x2) as

oh oh 0%h
h ~ h a - o - 5.2 —)?
(21, 22) (h1, p2) + Ay Mm(xl fi1) + 05 MM(@ p2) + 0.5 922 oy (BT HL)
0%h 0%h
0.5 = — 9)? + - — —
+ 022 .o (29 — p2)” + 02105 MM(% ) (w2 — p2),

N pape + pe(r — ) + (T2 — p2) + (21 — ) (22 — p2), (B.1)
where h(u1, o) = 1o, 8% e = 2 % oy = L and 8:88128]11‘2 s 1. Using Equation
B.1, the expected value E[X; X,] is

EX1Xo] = pupe +E[(X1 — ) (Xo — p2)],
= M2 + COV(Xl, XQ), (BQ)

where using the properties of random variables E[(X; — p1)(X2 — p2)] = cov(Xy, X3). The

variance term var(X;X3) is given by

var(X, Xp) = Var<,u1,u2 + p2( Xy — ) + p(Xa — pr2) + (X1 — pa ) (Xo — N2))a
= Var(#2(X1 — Ml)) + Var(ﬁbl(Xz — Mz)) + var((Xl — p)( X — M2))
+ QCOV<M2(X1 — p1), pa (Xo — M2)> + 2C0V<M2(X1 — 1), (Xy — ) (Xa — M2))
+ 2C0V<(I1 — 1) (X2 — p2), prn (X2 — MQ)),
= 3ot + pios + oos + cov(Xy, Xa)? + 2u1 pacov( X1, Xo), (B.3)

where the terms in Equation B.3 are evaluated as follows

var (X1 = ) (Xo = ) = BI(X = (X = pa)?] — E[(X1 = ju)(Xe = o)
= olo3 4 2cov(X1, Xo)? — cov(X1, X3)?,
= 0202 4 cov(Xy, X,)?, (B.4)
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where using Isserlis theorem [97], E[(X] — p1)*(X2 — p2)?] = 0%02 + 2cov(X;, X5)?. Similarly,

the covariance terms in Equation B.3 are given by

2C0V(,u2(X1 — 1), pr(Xo — ,u2)> = 2uipscov(Xy, Xs), (B.5)
2c0v (a1 = ). (X = )Xz = 1)) = 212 (B[ = ju)*(Xz = o)
0
- ELX=ilB{(X - ) (X - 1))
= 0, (B.6)
20 (11 (X = p2), (X1 = )Xz = 112) ) = 21 (B[ = (s = pu)

0
~ ELXe=alE{(X - u)(Xa — )] ).

= 0, (B.7)

where using Isserlis theorem, E[(X; — 11)%(Xo — p2)] = E[(Xa — p2)*(X1 — p1)] = 0 as the
expected values of the product of odd powers of Gaussian random variables of zero-mean

values are 0. The covariance between X3 and X; X5 is

cov(Xs, X1 Xp) = C0V<X3,M1M2 + p2( Xy — pr) + pa (Xa — po) + (X5 — 1) (X — Mz))7
= C0V<X3>M2(X1 — Ml)) + COV<X3»/~01(X2 - M2)>

+ cov(Xs, (X1 — p1) (X — #2)>a
= pgcov(Xs, X1) + pcov(Xs, Xo),

where similar to Equations B.6 and B.7, the term COV(Xg, (X1 — ) (X — ,u2)> =0 and

evaluated as follows

COV<X3, (X1 — ) (X2 — M2)) = E[X3(X1 — ) (X2 — p2)] = E[XG]E[(Xy — p1) (X2 — p2)],
= E[(X3 — pz + p3) (X1 — 1) (X2 — p2)] — pscov(Xy, Xa),
= E[(X5 — p3)(X1 — pa) (X2 — p2)] + E[(p3) (X1 — 1) (X2 — o))
— pgeov(Xy, Xo),
= 0+ pgeov(Xy, Xo) — uscov(Xy, Xo),
= 0.
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The covariance between the product terms X; X, and X3X, is given by

cov(X1Xp, X3X4) = COV<M1M2 + p2( X1 — pn) + pa(Xo — p) + (X1 — 1) (X2 — p2),
papis + pa(Xs — pz) + pis(Xa — pa) + (X — p3) (Xa — M4)),
= COV<M2(X1 — ), pa(Xs — Ms)) + COV<M2(X1 — ), pa(Xa — M4>

<M2(X1 — 1), (X3 — p3)( Xy — >
+ COV(Ml(Xz — fi2), pa (X3 — p3 ) 1 COV<;L1 2), H3( Xy — M4)>
+ COV(Ml(Xz — p2), (X3 — p3)( Xy — pg )
+ cov<(xl ) (X — 1), pa( Xy — g )

<(X1 — 1) (Xo — pa2), p3( Xy — M4)>

+ C0V<(X1 — 1) (Xo — pi2), (X5 — pz)(Xy — M4)>7
= cov(Xy, X3)cov(Xa, Xy) + cov(Xy, Xy)cov(Xa, X3) + papgcov(Xy, X3)
+ popzeov(Xy, Xy) + prpacov(Xa, X3) + ppgcov(Xa, Xy), (B.8)

where the terms in Equation B.8 are evaluated as follows

cov <M2(X1 — 1), pa( X3 — ,u3)> = papacov(Xy, X3),
cov <M2(X1 — 1), 3( Xy — ,u4> = pgpzcov(Xy, Xy),

00V<M2(X1 — 1), (X3 — p3)(Xy — M4)> = #2COV<(X1 — 1), (X3 — p3)( Xy — #4))7
= wE[(X1 — p1) (X3 — p3)(Xa — )]
— E[(Xy — ) |E[(X5 — p3)(Xa — pa)],
— 0
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COV(/M(X2 - M2 pa(Xs — ps ) = M1M4C0V(X2,X3),

COV(MI(X2 — ph2), p3( Xy — py ) = ppzcov(Xy, Xy),
COV(Nl(X2 — p2), (X3 — pi3) (Xa — pa ) = 0,
COV((Xl — 1) (X2 — p2), pa(Xs — g ) = 0,
COV((Xl — 1) (Xa — pr2), 3(Xa — pta ) = 0,
COV((Xl — 1) (X2 = p2), (X5 — p3) (Xa — pua ) = E[(X1 — 1) (X2 — p2) (X5 — p3) (X — p1a)]

— E[(X1 — p1) (X2 — p2)[E[(X5 — p3) (Xq — p1a)],
= cov(Xy, Xo)cov(X3, Xy)

+ cov(X7, X3)cov(Xa, Xy)

+ cov(Xy, Xg)cov(Xa, X3)

— cov(Xy, Xo)cov(Xs, Xy),
= cov(Xy, X3)cov(Xa, Xy)

+ cov(Xy, Xy)cov(Xa, X3),

where using Isserlis theorem [97], the expected value of the product of centered-Gaussian
random variables X;, X;, X, and X, is E[X; X; X, X,,| = 0:;0k + 0ik0jn + 0in0 i, considering
Oij = COV(Xi,Xj).
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APPENDIX C MODEL MATRICES FOR THE TREND MULTIPLICATIVE

Y _ 00 1 1 At 0
A = blockdiag s Smw] o10l.]0 1 ol],
1 —sinw cosw
000 0 0 0
C = [1000100001],
R = o7,
At3 At?
LT\2 Lﬁ M 2 1 O AR\ 2 1 O O TP\ 2 TtQ Tt O
Q = blockdiag | (o37)" | 5o & | (8)*| [ @) 000 0] ()| 4 A0
2 000 0 0 0

2w At
where frequency w =

with p = 365.24 days and At = 1 day. The prediction and

update steps in the Kalman filter are given by

[ﬁt\t—l; it\t—l] = Predict (Nt—l\t—l; Et—l\t—ly A, C,Q, R) )

(e, By¢] = Update (.at\tfla St\tfb A, C,Q, R) .
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APPENDIX D MODEL MATRICES FOR THE DOUBLE KERNEL
REGRESSION

0 01 ~ 5

R ] Sl AR |
0 00

C = [11000:x51 0131 1],

R = o7,

1
Q = blockdiag | (o1)?, (of8)* | 0 s O51x51, 031%31, 0
0

o O O
o O O
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APPENDIX E COMPUTATIONAL COMPLEXITY

Algorithm 3 Kalman filter algorithm with the GMA
Input: g 11,2 101

Output: gy, X,

Hiji—1 = Al‘%t71|t71-

Y1 = A AT+ Q.
K=%_1;1CT(CX;_1;_1CT + R)™.

Tt =Yt — Cﬂt\t—l-

Boje = pje—1 + Kry.

S = (I - KC)Xy—1.

Since the filtering method is recursive, it is enough to determine the computational complexity
of a single time step going from ¢t — 1 to t to evaluate the total complexity of the algorithm.
The computational complexity here refers to the time complexity of an algorithm which is
denoted by the big O notation. The time complexity (or from here on complexity) of the

matrix operations to be used in algorithm 1 are described as follows.

1. Matrix multiplication: The multiplication of two matrices of size n x n has a complexity
of O(n®). In general, matrix multiplication of two matrices of size n x m and m x p

has a complexity of O(mnp).
2. Matrix addition: The addition of matrices of size m x n has a complexity of O(mn).

3. Algebraic operations: Algebraic operations are considered to have constant complexity
or O(1) as these operations are unaffected by the size of state vector and will be

performed in the same time.

Considering the big O notation for the various matrix operations and the size of the state
vector to be n, the step-by-step complexity of algorithm 1 is presented.

Step 1: This step consists of multiplication of two matrices, [A],x, and [fi],x1 with a com-
plexity is O(n?). The complexity of computing f is O(n). Since, the GMA equations are
algebraic operations unaffected by the size of the state vector, these will have a complexity
of O(1). Hence the total complexity in Step 1 is O(n? + n).

Step 2: This step consists of two matrix multiplication and one transposition operation for
computing [Alnxn[E]nxn[A]lwnand one matrix addition. The complexity for this step is
O(2n® + n?).
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Step 3: This step consists of computing the terms [¥],+,[CT],x1 having a complexity of
O(0?) and [C]1xn[X]nxn[CT]nx1 having a complexity of O(2n?). Finally, the total complex-
ity of calculating the Kalman gain is O(3n? + n).

Step 4: This step consists of a matrix multiplication of [C];x,[tt]nx1 having a complexity of
O(n).

Step 5: This step consists of a matrix addition of [p],x1 and multiplication of a matrix by a
scalar, [K|,x1[r]ix1. The total complexity in this step is O(2n).

Step 6: The final step to compute 3;; consists of two matrix multiplication and one matrix
subtraction. The total complexity in this step is O(n® 4 2n?).

Hence, the total complexity of the Kalman filter algorithm using the GMA is of the order =
O(3n3).
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APPENDIX F BDLM STRUCTURE IN STATE-BASED REGRESSION

The model matrices for the local level LL, local trend LT, kernel regression KR, and autore-

gressive AR components [21] are as follows:

AKR —_ O ]%KR(t7 tKR) AAR — ¢AR (Fl)
’ 0N><1 IN ’ ’

1 At

ALL:1 ALT:
’ 0 1

where N represents the number of control-points for kernel regression and At = 1day. The

observation matrix C for these components are given by
C' =1, C"T =11 0], C®® =[10yy], C*=1. (F.2)

The process error covariance matrices QQ are

AN

At? At3
QLL . (O_LL>2 QLT o (ULT)Q Tt Tt
T Nw o \Vw A3 0 (O.¥R)2 .

7 QKR — [ (O-(}){R)2 0 . ] 7 QAR — (UfuR)2(F'3)

The transition matrix for the SR component of size 3N + 2 is formulated as

Ox
: Iy
AR =1 1 0 0 1y |- (F.4)
0 01><N
Csym. ... oo oo Oy
The observation matrix CS? is given by
C* = [Olgxl ngl 01 OITIX].] . (F5>

No process error covariance matrix is considered for the SR component and is given by
Q% = 0O3y42. Using Equations F.1 & F.4, the global transition matrix A is obtained by
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arranging each of the transition matrices block diagonally shown by

CB2/3 WL1 WL2 T—MA1 T-—MA7 T—MA14 T—MA28 T—MAb4
e Ranhve Nabue Yabve N

A = blockdiag | [A™, A, A™] [AT, A5 AR, AT] [AS] [A], TAM], (A%, TA™ |,

(F.6)

where WL1 and WL2 refers to the average long-term trend and the mean-centered water level,
and the nonlinear dependencies are modeled using the SR; and SR, components. Using

equations F.2 & F.5, the global observation matrix C; is given by

CB2/3 WL1 WL2 T—MA1 T—MA7 T—MA14 T—MA28 T—MA54
e Nanthve Nanthve Nabve Naabue

C = blockdiag | [C*, €, ¢, [C, ¢™], [c™, ¢, (e, e, fe), e, fe |

(F.7)

The Q and the R matrices are

CB2/3 WL1 WL2 T—MA1 T-—MA7 T—MA14 T—MA28 T—MAb54
—~ N N AN AN

Q = blockdiag | [Q™, QF, Q™,[Q™, Q*],[Q™, Q°*],[Q™],[Q"], [Q"]. [Q™], [Q™] |,

(F.8)
CB2/3 WL1 WL2 T—MA1  T—MA7 T—MA14 T—MA28 T—MA54
. 2 2 2 2 2 2 2 2
R = blOdelag [(UV1) ’ (UV2) ’ (Uvs) ) (UV4) ) (UV5) ’ (JVS) ) (UV7) ’ (UVS) ] ’ (Fg)

where oy, Vi = 1: 8 refers to the standard deviation of the observation error V' for each of

the time series.
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APPENDIX G PROOF FOR LEMMA 1

Proof. Given that W is Gaussian and has a zero mean, the moments of W can be derived

using a Gaussian moment generating function so that

o = E[(W — puw)?’] = E[W?] - E[W], (G.1)
= E[W2]7
EW?* = 3E[W??, (G.2)

where using Equations G.1 & G.2, we can define the variance of W2 such that
var(W?) = E[(W*)] — E[W?]? = 2E[W?]2, (G.3)

If we make the approximation that W?2 ~ N (w?; i'"”, (6"*)?) is a Gaussian random variable,

then the PDF can be fully defined by its mean and variance,

p = EW,
(@) = var(W?) = 2E[W?]?,

where by using Equation G.3, the variance var(IW?) can also be expressed in terms of the
expected value E[I¥?]. Hence, the PDF of W2 only depends on the unknown hyper parameter
1" such that

@™, (")) = f?l),
= N 1", 2(u"")). (G.4)
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APPENDIX H PROOF FOR LEMMA 2

Proof. Let us consider that the mean parameter ,uW2 is described by the random variable
W?2:w? € (0,00) for which

Fw?) ~ N (w2 ", (a77)2). (H.1)

Using (G.4) and (H.1), we can rewrite the PDF of W? as

£ [u?) = N (w’s w?, 2(a?)?). (12)
Using the acyclic graph in Figure 5.1, the joint PDF of Y;_1, X1, Wt2|t—1’ and V[/t‘?t | is
shown by
[y, o, w?vﬁﬂylzt—ﬂ I (el wt) J(@elyiie—1)
flwi|w?) - f(w?|yri1). (H.3)

Using Equation H.2 and marginalizing Yy, Xy;—1, and W2 from the joint PDF defined

tt—1
in Equation H.3, the prior predictive PDF of Wt2|t71 is

f(w]|y1e-1) /f Hw2y) - f(w2ilyre_1)dw?, (H.4)

= /N (wi; w?, 2(w?,)?) 'N(Wﬁﬂzzpb (Uzinfl)z)dﬁ#

The integration in Equation H.4 can be solved in closed-form (see Section 2.3.1). The equiv-
alent formulation to obtain this is to represent the Gaussian random variables W?2 and W2

in terms of the standard Gaussian variable € and ¢ shown by

W2 = W24+V2W?2, e~N(0,1) (H.5)

W2 o= Vo™ C~N(0,1). (IL6)
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Using Equations H.5 & (H.6), the mean and variance of the prior predictive PDF of Wt2|t—1

are given by

— — 0
E[I/Vt2|t—1] = E[WﬁHPF\@W

= ,U}t/lfl\t—lv (H.7)

Var(Wt2|t—1) = Var(VVt\Qtfl) + 2 Var(wﬁtﬂ €),

— 7 1
= (0 0)? + 2(var(W2,_, ) - vate)
1
+ varte) - E[WZ_, %),
= 3(02{;75—1)2"'2(#&21&—1)27 (H.8)

where the term var(V2?

A €) in Equation H.8 is obtained using the GMA equations,

var(W2

tlt—1

€) = var(W2

tlt—1

) - var(e) + var(e) - E[Wﬂ?tfl]?
Using Equations G.1 & H.7, the error variance term is given by

012/11 = MK21|t—1- (H.9)
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APPENDIX I PROOF FOR LEMMA 3

Proof. Let us consider the joint PDF of Y}, w2 and W2

tlt—17 {fi—1 as shown by Figure 5.1,

f(yt,wiﬁt\yl:tq) = f(yt\wf) ' f(wf\@t) : f(Wt|y1:t,1).
_ 2y fwi|w?) - fw?]yii-1)
= ) )

_ 2\ f(w?, w|yia1)
= Juehwr) f(wg’ylstfl)

= flyelwr) - f(w2ewi, yre—) - f(w Y1) (L.1)

'f(w?’ylst—l)a

: f(w?’ylst—l)a

By dividing both sides in Equation 1.1 by f(y:|y14—1) we obtain

Flyewi, wilynes) _ fQyelw?) - fwflyres)
fWelyr4-1) Wil yra-1)
Fwf, wilyie) = f(wilya) - fw?w?, yro-), (1.2)

: f(ﬁt|wt27 yl:t71)7

By marginalizing out W? from the joint PDF defined in Equation 1.2, the posterior PDF of
Wﬂt is obtained such that

f(ﬁt’ylzt) = /f(wt2|y1:t) : f(?ﬂwfa yl:t—l)dwz?‘ (1.3)

]
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APPENDIX J PROOF FOR LEMMA 4

Proof. Using the GMA equations in Section 3.2, the posterior PDF of W? can be shown by
Fwilyne) ~ N (wis s (o)), (J.1)
where the mean and variance of Wi, are

2
mp = () + (o)),

(o )* = 2(0f))" + Aoy (puge)*
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APPENDIX K PROOF FOR PROPOSITION 2

Proof. Given that the prior predictive PDF of both W? and W?2 are Gaussian, the joint

multivariate Gaussian PDF f(w?;, w?|y;.;_1) is shown by

— wit W2. W2 W2. W2
f(thaw?‘yl:tfl) :N<< w > l’l’m I/V azm_{/v )7 (Kl)

t

. W w?2
having a mean vector Fyjp s and a covariance matrix Eﬂt 1 * defined as

w2 w2
Fije1 {N% 1 Mt|t 1}
W22 (") cov(W2, WQ)tltfl
2t|1t 1= W2\2 ) (K.2)
COV( 7 )t|t71 (U )t|t—1

and where using the transition model w? = w? |, the mean and the variance of Wt2|t_1 =
Wt{1|t71 are given by Equations H.7 & H.8. The covariance term cov(W?, W2),,_; between
Wt2|t71 and W;“ , in Equation K.2 is obtained using Equations H.1 & H.5, and the GMA
equations from Section 3.2 so that

2 2
cov(Wt‘tfl, W,

t|t— )= (W2 W)tlt—b
= OV(‘/‘/2 + ﬁWG,W)ﬂt_l,

= var(W2),,_1 + V2cov(W2e, W2)yy;_,
= var(W2)y_1 + v2(cov(W2, WER ’
+ co 7)EO[W]),
(UZ}V i\t 1)2
Given that the joint Gaussian PDF is defined as shown by Equation K.1, the Gaussian
conditional properties are used to obtain the conditional PDF f(w?2|w?2, y1.;—1) which is part

of the integrand shown in Equation I.3,

—_— W2 w2 W2 W2
fw?|w}, yri1) = N(w? t5 Myt |1 7<Ot|t ‘1 )), (K.3)



for which the conditional mean and variance are

MIT;Q‘YW /%V\VT: + K (w] — N%il),
(Utv\[flrﬂ) = (Ug/rtﬂl)Q KQ( O)t— 1)27
K, = COV<Wt|t ;7Wt|t—1)7
(UX\Z 1)?
(@)
B (02/\‘221)2 '

Using Equations K.3 & J.1, Equation 1.3 is rewritten as

fwlyre) = /N(w t;MZﬁQ‘YVQ (U;‘ZQ‘YVQ) ) - N(wtaﬂt|t )
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(K.6)

(K.7)

Equation K.7 can be solved in closed-form having a Gaussian PDF with a random mean, i.e.,

w2|w?2 W2 w

fy;—y - and a constant variance, i.e., (O‘t‘t | ) , shown by Equations K.4 & K.5. Hence, the

PDF f (Wt]ym) is also Gaussian such that
— w2 W2
f(wztlylzt) = N(w ta:ut\t 7(0-1?\[1/; ) )’
for which the posterior mean and the variance are

W2 w2
= E |l + KW =l

w2
= iy + Kol — i),

(o ) = (o 1)* = K (og1)* + Kvar(Wi,),

= (of )2 + K20l = (off)?):

(K.8)
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APPENDIX L. PROOF FOR LEMMA 5

As described by Lemma 2 in Chapter 5 for the univariate process error, the expected value
E[(W?)?] and the variance terms var((W?)?),Vi € {1,2,--- ,D} for the prior predictive PDF
of WP are given by

B = ™,

var(W9)?) = 3(a™%)? 4+ 2(u")%,

Using the GMA equations, the mean and variance term of W*W/ are

E[W'WI] = cov(W! W) = wiw’, (L.1)
var(W'W7) = var(W")var(W?) + cov(W*, W7)?,
p I 4 (wiwd)?, (L.2)

where using Equation H.9 from Proof H, var(W?) = uW"*. Using Equations L.1 and L.2, the

Caussian random variable W/W7 ~ N (wiw’; wiwd, u™"* fW)? 4 (wiwd)?) can be represented

in terms of its standard Gaussian variable € by

w'w! = wiwd + \/,u(vw)2 WD (wiwd)2 e, e ~ N(0, 1),

The moments of the prior predictive PDF of W*W/ are given by

0
EWW| = B[] *Wwf o)
= vy (L.3)
var(WW9) = var(WITV3) + var(y/ P W07 + (W92 - ),
= var(WiW7) + var(\/M(Wﬂ?M(Wj)? + (WiW9)2),
2
+E[\/M(W”?MW”@(W”WJ')Q} : (L.4)

where using GMA equations the term Vau"(\/,u(Wi)Q,M(Wj)2 + (WiW7)2 - €) is obtained by

2

var (y 7 U7 < (TP )2e€) = var (/7 T 077 4 ()24 |07 077 4 (W72
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In order to simplify the notation in Equation L.4, let us consider u = wiw/ and t(u) =

\/ pWH2 (W2 4 (wiwd)2, so that using 1°¢ order Taylor series expansion we get

Eft(w)]? = t(B[U))? = w7 4 (TR, (L5)

var(t(u)) = (¢ (E[U]))? - var(U),

tW 2 S
= e (o)
ptV7 VT A (V)
Hence, combining Equations L.4, 1.5, and L.6 we get
. . T (MWZ'WJ')2 —
Var(W’Wj) — (O’W WJ)2+ ' (O_W WJ>2

plWO? W27 4 (V)2
+ M(Wi)QM(WJ')Q + (uWin)z_

Using the GMA equations, and Equations 6.2 and L.3, the covariance between the product
terms WWJ and W'W™, i,5,1,mV € {1,2,---D}, is given by

cov(W W3 WW™) = cov(W*, Whcov(W, W™) + cov(W*, W™)cov(W?, WH),
= E[W'WE[W/ W™ + E[W'W™|E[WIW,

_ WiWlE WIiwm Wiwm  WIiwl
=p +p s
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APPENDIX M PROOF FOR LEMMA 6

Proof. The covariance matrix % in Equation 6.3 can be reformulated in terms of the random

variables in WP given by

<W1)2 wWiw?2 ... WIiw?
L R ... W
cee D)2
| sym. (WD) Jies
where using Equation L.1, E[WWY] = W'WJ Vi, j € {1, 2, --- ,D}. Let us consider LW is

an upper triangular random matrix such that

Lll L12 LlD
LV — 0 L2 L_QD , (M.2)
0 - 0 Ly

where each of the term is assumed to be a Gaussian random variable given by L;; ~

N(pL,, O'%i]_). The elements of LW can be arranged in a random vector,

T
L = [Lll L22 LDD L12 e Lij e LD—l D]Tu

H . . .
such that LY is a Gaussian random vector given by

W i

LV ~ Nt ), (M.3)

AL PAL : . W
where uZ" and XL are the mean vector and the covariance matrix of LW . Let us reproduce
W using Equation M.2 such that

EW —_ (LW>TLW,

where each element WilVJ of ZW defined in Equation M.1 is obtained using matrix multi-
plication so that

D
WiWi =3 LjLy;, Vi, j € {1,--- D},

k=1
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where using Equation M.3 and the GMA equations we can determine the expected value, the

variance, and the covariance terms of any element W*W7 as follows,
D D
EWWi] =E [Z ijL;ﬁ-] , var(WiWi) =var(d_ LjxL;). (M.4)
k=1 k=1

Using Equation M.4, the elements of the prior predictive PDF of W defined in Proposition

3 can be computed as

I D
k=1

Similarly, the covariance between the random matrices, X% and LW, is equivalent to find-
ing the covariance between the random vectors LY and WP given by Xf" V", where any

covariance term is obtained by

D
cov(Ly;, WiW7) = cov(Lsj, Y LjkL;).
k=1
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APPENDIX N PROOF FOR LEMMA 7

Proof. The prior knowledge of WP is updated by using the same procedure as shown in
Section 5.2.2 which employs the prior VVf"t_1 and the posterior Wﬁl’t knowledge of WP such
that

f@mlyi) = N@h ) 2,

where using Equations K.6-K.8, the posterior mean, variance and covariance terms of W»

are

ITHAE S THASE S (A (THARE M AR
o= S+ K -2 )K]
K, = ZfOVEE)

WPWP WP
Et|t—1 Et|t—1'
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APPENDIX O ALGORITHM FOR THE AGVI METHOD IN CASE OF
MULTIVARIATE PROCESS ERRORS

Algorithm 4 One-time step of the AGVI method for multivariate process errors

PAL W
Inplﬂ: I'l’tfl|t717 Et71|t71a I-‘l’f—l‘t—h Ef_”t_l) Yt A7 Cv Qv and R

Prior Predictive PDF of Wy,_; ~ N (w;; 041, E:"‘g_l):
1: Any 5" element of X}, is obtained using yVW =R [22:1 ijLki}

Prediction Step:

- Apy_qp1 H A, AT+ Q XXV
20 My = , Et|t—1 = ’

0 <2XW)T EW
tlt—1 tlt—1

py = Cpyq, Xy =C3y1CT+R, Xgy = Efﬁ_lFtT, where F = [C 0]
1%t Update Step:

3 pufy = mli + 2avEy (v —py), B =3[, - Say Sy Shy

4: Obtain the posterior PDF, f(w}|yi:) = N(wf; pff", B}
2nd Update Step:

o Wl — Wl Kl -l SIS 4RSS - S K]
K, = Emi‘fﬁ@]mfl)_l» Emf‘lﬁ) = Exvfl

~ w
Posterior moments of L' :

W W W W w W W W
6: I“{Tt = M’tlft—l + KtL(l'l’m - l“’fﬁ—l)’ Etlft = E{Tt—1 + KtL(Em - Em—Q(KtL)Ta
LWWor (WP \—
K =3 (20

W W
7: return py, 3y, ufﬁ , and Eﬁt
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APPENDIX P TABLE COMPARING THE PREDICTIVE ACCURACY
BETWEEN THE AKF METHODS AND AGVI

Table P.1 Comparison of the average RMSE values and the computational time for each
method. Each of the methods are picked from different AKF categories where AGVI and

SWVBAKEF are Bayesian methods whereas ALMF is a covariance-matching method (CMM)
and ICM is a correlation method. The variance terms and the covariance terms are repre-

2

sented by o7 and o7,

Vi,7 € 1,---,D, respectively.

Variance terms RMSE
AGVI SWVBAKF ALMF ICM
o?, | 0.0534 0.1215 0.0418 0.0814
o2, | 0.0281 0.1671 0.0470  0.0344
o13 | 0.0536 0.1772 0.0532 0.1470
o1 | 0.0171 0.1336 0.0226  0.0288
o15 | 0.0229 0.1002 0.0266  0.0569
093 | 0.1368 0.3667 0.1692  0.3366
095 | 0.0851 0.2294 0.0988  0.1562
o34 | 0.0802 0.3013 0.1108 0.0683
o4 | 0.0495 0.1128 0.0620 0.0407
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APPENDIX Q ONLINE INFERENCE OF THE VARIANCE AND
COVARIANCE TERMS IN THE FULL Q MATRIX

0 1000

J12

014

0 1000 0 1000 0 1000

(d) o12 (e) o13 (f) oua

024

0 1000 0 1000

(i) o2

t t
(j) o34 (k) o35

Figure Q.1 Online estimation of the error variance term and the covariance terms from the
full Q matrix compared to their true values marked by the dashed red line. The estimated
values are shown by the black solid line and their +10 uncertainty bound is shown using the
green shaded region.
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Figure Q.2 Online estimation of the error variance and covariance terms in the full Q matrix

for both datasets yp, and yp,; where (a) 07, p,,, (b) 0355, , and (c) o13p,, (d) 0355, (€) 035, and

(f) oa3p,. The estimated values are shown by the black solid line and their +1¢ uncertainty

bound is shown using the green shaded region.
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APPENDIX R HYPERPARAMETERS FOR THE APPROXIMATE
INFERENCE METHODS

The approximate inference methods used for comparison are: PBP [10], MC-dropout [8,114],
deterministic NN [15], ensemble of neural networks [9], DVI [13], PBP-MV [11], VMG [12],
and TAGI [7]. This section provides the set of hyperparameters associated with each of these

methods.

The code for PBP is provided in [118]. PBP tunes its hyperparameter, namely the precision
(A), automatically for which a gamma hyper-prior is considered with the scale and inverse

scale parameters, ) = 33 = 6. The batch size used is B = 1.

The code for MC-dropout is provided in [119]. The optimal values for the hyperparameters
namely, the dropout rate d and the precision parameter 7 are identified for each data split
by performing grid-search over a range of (d,7) pairs. The batch size used is B = 128 and
the Adam optimizer used is with the default learning rate built-in Keras [120]. The number

of forward iterations (T) used for obtaining predictive uncertainty are 10%.

For the Ensembles method, an ensemble of 5 neural networks is implemented which is trained
with random initialization of weights and bias having a two-headed output layer that provides
the mean and error variance. A softplus activation function is used as suggested in [9]. The
batch size used is B = 128, the learning rate is 0.01, and the epsilon parameter for adversarial
training is set to 1%. A deterministic neural network is also implemented with only one

model having the same set of hyperparameters as the Ensembles.

For DVI, the set of hyperparameters for the toy problem are provided in the code by [121],
while for the regression benchmark they are provided by Wu et al. [13]. The results for
PBP-MV and VMG are directly used as presented in the article by Sun et. al [11].

The implementation code for TAGI is provided in the Github repository by Goulet et al. [122].
The original work identifies the optimal error variance o using a 5 fold cross-validation. The
batch size used is B = 10, and the prior covariance for bias is initialized using 0.01 - I, and

for the weights using the Xavier’s approach.



168

APPENDIX S INITIALIZATION OF THE NEURAL NETWORK’S
PARAMETERS

Using He’s approach [16], the prior covariance matrix for the weights W) and bias BY), in
any hidden layer j are given by Eg,) = Eg) = ﬁ - I, where n;_; represents the number of
hidden units in the previous layer 7 — 1. The He’s approach was modified by introducing a
scaling factor o [15] for the weights such that the new prior covariance matrix is 3 ) = Py

that are initialized according to the data. Also, a different scaling factor § is considered for
the weights connected to the 2" output node providing the error variance. The best pair of
values for these two hyperparameters (o« and () are identified using a validation set and a
grid-search procedure. The list of hyperparameter values over which the grid-search is carried

out are
patience : {3,5,10},

a : {0.1,0.5,1},
3 : {0.1,0.01,0.001},

where patience is the hyperparameter for the early-stopping procedure. Table S.1 shows the
optimal values for the hyperparameters used for each dataset. Figures S.1 and S.2 shows
the learning curves for TAGI-V using both the original and the modified He’s approach for
parameter initialization. The results shows that the modified He’s approach provides better

predictive accuracy in most datasets.
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Table S.1 Optimized set of hyperparameters identified using grid-search procedure. The
parameters « and 3, and patience are associated with the modified He’s approach and early-
stopping procedure, respectively. The grid-search is carried out using a validation set ob-
tained from the original training set by a 80 — 20 split ratio. The total computational time
(in s.) required for the grid-search procedure is also provided.

Datasets | « | @ | Patience | Total Time (in s.)
Boston 0.5 ] 0.01 5 591.63
Concrete | 0.5 | 0.01 ) 1225.83
Energy 0.5 ] 0.01 ) 420.30
Kin8nm 1 | 0.01 ) 3562.74
Naval 0.5 | 0.01 3 19570.24
Power 0.5 | 0.001 10 4805.74
Protein | 0.5 | 0.1 10 23299.31
Wine 0.1 ] 0.01 10 353.71
Yacht 0.1 ] 0.1 ) 648.60
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Figure S.1 The learning curves for test log-likelihood showing the comparative performance
between the original and modified He’s approach for parameter initialization. The black
and red solid line represents the performance using the original and modified He’s approach,
respectively. In the original He’s approach [16], the scaling factors are set to o = = 1,
but for the modified He’s approach the scaling factors are tuned for each dataset using a
grid-search procedure over possible set of hyperparameter values [15].
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Figure S.2 The learning curves for test RMSE showing the performance using the original and
modified He’s approach for parameter initialization. The black and red solid line represents
the performance using the original and modified He’s approach, respectively. In the original

He’s approach [16], the scaling factors are set to a =

B = 1, but for the modified He’s

approach, the scaling factors are tuned for each dataset using a grid-search procedure over
possible set of hyperparameter values [15].



172

APPENDIX T LEARNING CURVES FOR TAGI-V UNDER EPOCH
SETTING USING EARLY-STOPPING
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Figure T.1 The learning curves for TAGI-V under epoch setting showing the test log-
likelihood for the datasets Energy, Kin8nm, Naval, Power, Protein, and Yacht. The optimal
epoch is highlighted by the black dotted line found using early-stopping procedure.
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APPENDIX U LEARNING CURVES SHOWING TEST
LOG-LIKELIHOOD AND TEST RMSE UNDER THE EPOCH AND TIME

SETTING
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Figure U.1 Learning curves showing the test log-likelihood under the epoch setting. The
horizontal axis shows the number of epochs and the vertical axis shows the test loglikelihood.
The colored line plots are : TAGI-V (red solid line), PBP (blue solid line) [10], MC-dropout
(green solid line) [8], DVI (purple solid line) [13], deterministic NN (yellow solid line) [15],
Ensemble (black solid line) [9], TAGI (brown dotted line) [7], and TAGI-V 2L (red dotted
line) that represents a TAGI-V network of two layers and 100 hidden nodes.
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Figure U.2 Learning curves showing the test RMSE under the epoch setting. The horizontal
axis shows the number of epochs and the vertical axis shows the test RMSE. The colored
line plots are : TAGI-V (red solid line), PBP (blue solid line) [10], MC-dropout (green solid
line) [8], DVI (purple solid line) [13], deterministic NN (yellow solid line) [15], Ensemble
(black solid line) [9], TAGI (brown dotted line) [7], and TAGI-V 2L (red dotted line) that
represents a TAGI-V network of two layers and 100 hidden nodes.
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Figure U.3 Learning curves showing the test log-likelihood under the time setting. The
horizontal axis represents training time (in s.) in log scale (base 10) and the vertical axis
represents the test log-likelihood in linear scale. The colored line plots are : TAGI-V (red
solid line), PBP (blue solid line) [10], MC-dropout (green solid line) [8], DVI (purple solid
line) [13], deterministic NN (yellow solid line) [15], Ensembles (black solid line) [9], TAGI
(brown dotted line) [7], TAGI-V 2L (red dotted line) that represents a TAGI-V network of
two layers and 100 hidden nodes, PBP-MV (cyan solid line) [11], and VMG (magenta solid
line) [12]. The learning curves for PBP-MV and VMG are obtained directly from the original
article by Sun et al. [11].
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Figure U.4 Learning curves showing the test RMSE under the time setting. The horizontal
axis represents training time (in s.) in log scale (base 10) and the vertical axis represents the
test RMSE in linear scale. The colored line plots are : TAGI-V (red solid line), PBP (blue
solid line) [10], MC-dropout (green solid line) [8], DVI (purple solid line) [13], deterministic
NN (yellow solid line) [15], Ensembles (black solid line) [9], TAGI (brown dotted line) [7],
TAGI-V 2L (red dotted line) that represents a TAGI-V network of two layers and 100 hidden
nodes, PBP-MV (cyan solid line) [11], and VMG (magenta solid line) [12]. The learning
curves for PBP-MV and VMG are obtained directly from the original article by Sun et al.,
2017 [11].
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APPENDIX V. COMPARISON FOR COMPUTATIONAL TIME
BETWEEN THE APPROXIMATE INFERENCE METHODS

Table V.1 Comparison between the approximate inference methods for average training time
(in s.) per epoch (Rank legend: ). All the experiments are carried out using 12 core
3GHz CPU. For TAGI-V and TAGI, the codes are in MATLAB, and all others are written
in Python.

Datasets | TAGI-V | TAGI | MC-Dropout | Deep Ensembles | PBP | PBP-MV | VMG | DVI NN

Boston 0.025 0.099 0.041 0.061 0.25 37 18.6 12.86
Concrete | 0.038 0.134 0.066 0.129 0.55 28.57 35.71 2491
Energy 0.031 0.177 0.051 0.102 0.375 14.7 18.38 24.26
Kin8nm 0.309 0.814 0.434 0.642 3.65 158.73 222.22 277.31
Naval 0.493 1.934 0.631 0.881 5.375 271.26 271.26 | 579.689
Power 0.32 0.783 0.496 0.701 4.20 181.82 981.82 | 363.816
Protein 2.327 6.23 1.193 3.506 11.075 556 21296.00 | 1498.41
Wine 0.062 0.157 0.093 0.185 0.80 39.68 166.67 59.53
Yacht 0.012 0.102 0.0295 0.041 0.250 5.56 327.78 53.01
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APPENDIX W COMPARISON FOR TAGI-V’S PREDICTIVE
PERFORMANCE

Table W.1 Comparison between the inference methods for average test RMSE’s as mentioned
in the original work for TAGI [7], MC-dropout [8], Deep ensembles [9], PBP [10], PBP-
MV [11], VMG [12], and DVI [13] (Rank legend:
deviation computed over 20 splits. The results for TAGI-V are also averaged over 5 random
seeds. The results for DVI is left empty as it is not provided in the respective article by Wu

). The 4o represents one standard

et al. [13].

Datasets ‘ TAGI-V ‘ TAGI ‘ MC-dropout ‘ Deep Ensembles ‘ PBP PBP-MV ‘ VMG ‘ DVI
Boston 2.99+0.86 | 2.98+0.86 3.28 £1.00 3.01 £0.18 3.11+£0.15 | 3.18+0.19 -
Concrete | 5.944+0.51 | 5.72+0.52 6.03 £ 0.58 5.66 £0.093 | 5.08+0.14 | 5.18+0.16 -
Energy 1.94 +0.28 1.46 +0.22 1.08 +0.03 2.09 £0.29 1.804 £ 0.048 0.48 £0.01 -
Kin8nm | 0.102 +0.01 | 0.10 & 1e-03 | 0.09 & 0.00 0.09 £ 0.00 0.098 £ 0.00 -
Naval 0.005 £ 0.00 | 0.01 £ 6e-03 | 0.00 +0.00 0.00 £ 0.00 0.006 £ 0.00 | 0.00+0.00 | 0.00 =4 0.00 -
Power 4.11+£0.15 4.12£0.16 4.01 +£0.04 4.11+£0.17 4.124+0.034 | 3.91+£0.04 -
Protein 4.70 £0.03 | 4.70 +0.02 4.27 +£0.02 4.71 £0.06 4.734+0.013 | 3.94+0.02

Wine 0.63+0.04 | 0.63 £ 0.04 0.64 +£0.04 0.64 +£0.008 | 0.64+0.01 | 0.6440.01 -
Yacht 0.88+£0.40 | 1.02+0.42 1.58 +0.48 1.02 +£0.054 | 0.81+0.06 | 0.87+0.08 -

Table W.2 Comparison between the inference methods for average test log-likelihood’s as
mentioned in the original work for TAGI [7], MC-dropout [8], Deep ensembles [9], PBP [10],
PBP-MV [11], VMG [12], and DVI [13] (Rank legend:
deviation computed over 20 splits. The results for TAGI-V are also averaged over 5 random

). The £o represents one standard

seeds.
Datasets | TAGI-V |  TAGI | MC-Dropout | Deep Ensembles PBP PBP-MV VMG DVI
Boston | —2.51+0.30 | —2.58+£0.45 —2414+025 | 2574009 | —2.54+0.08 | —2.71+0.12 | —2.41 +0.02
Concrete | —3.134+0.13 | —3.17 +0.09 —3.06+0.18 | =3.16+0.02 | —3.04+0.03 | —3.07+0.04 | —3.06 +0.01
Energy | 1544040 | 1814014 | —1.21+0.01 | —1.384022 | —2.04£0.02 —0.914+0.01
Kin8nm | 1.004+0.04 | 0884004 | 1.14£0.01 1.20 £ 0.02 0.90 +0.01 1.24£0.00 | 1.1340.00
Naval 3824005 | 210057 | 4.45+0.00 5.63 4 0.05 3734001 | 4854006 | 2.47+0.00
Power | —2.8240.04 | —2.834+0.04 | —2.80£0.01 | —279+0.04 |—2.84+0.01 —2.80 £ 0.00
Protein | —2.8840.03 | —2.97 +:4e-03 | —2.87+0.00 | —2.8340.02 | —2.97+0.00 —2.78£0.01 | —2.85+0.01
Wine —0.95+0.09 | —0.96£0.06 | —0.93+0.01 | —0.94£0.12 | —0.97+0.01 | —0.97+0.01 | —0.99 £ 0.02
Yacht —0514+030 | —1.49+045 | —1.254+0.01 | —1.18+0.21 | —1.63+0.02 | —1.64+£0.02 | —1.46 £ 0.02
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APPENDIX X HYPERPARAMETER TUNING FOR LARGE UCI
REGRESSION DATASETS

The hyperparameters that needs to be learnt are the parameters a and [ associated with the
modified He’s approach and patience for the early-stopping procedure. The list of hyperpa-

rameter values over which the grid-search is carried out are as follows:

patience : {3,5,10},
a @ {0.1,0.5},
3 {0.1,0.01,0.001,0.0001},

where patience is the hyperparameter for the early-stopping procedure. Note that any combi-
nation of hyperparameters causing numerical overflow errors are omitted from the grid-search

procedure. Table S.1 shows the optimal values for the hyperparameters used for each dataset.

Table X.1 Optimized set of hyperparameters identified using grid-search procedure. The
parameters a and (3, and patience are associated with the modified He’s approach and early-
stopping procedure, respectively. The grid-search is carried out using a validation set ob-
tained from the original training set by a 80 — 20 split ratio.

Datasets ‘ Q ‘ 15} ‘ Patience
Elevators | 0.1 | 0.1 10
KeggD 0.1 |10~* 3
KeggU 0.1 0.1 10
Pol 0.5] 1073 3
Skillcraft | 0.1 | 0.1 3
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