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Abstract

Detecting changes in structural behaviour, i.e. anomalies over time is an important
aspect in structural safety analysis. The amount of data collected from civil structures
keeps expanding over years while there is a lack of data-interpretation methodology
capable of reliably detecting anomalies without being adversely affected by false alarms.
This paper proposes an anomaly detection method that combines the existing Bayesian
Dynamic Linear Models framework with the Switching Kalman Filter theory. The
potential of the new method is illustrated on the displacement data recorded on a dam
in Canada. The results show that the approach succeeded in capturing the anomalies
caused by refection work without triggering any false alarms. It also provided the
specific information about the dam’s health and conditions. This anomaly detection
method offers an effective data-analysis tool for Structural Health Monitoring.

Keywords: Anomaly Detection, Bayesian, Dynamic Linear Models, Switch Kalman Filter, Struc-
tural Health Monitoring, False Alarm, Dam.

1 Introduction

Around the world, civil structures are in poor condition [1,2]. As early as in the 1970s many
structures have been monitored to improve the understanding of their behaviour [3,4]. This
research field is known as Structural Health Monitoring (SHM). Quantities monitored on a
structure are typically displacements, strains, inclination or accelerations [5, 6]. Sensing
technology has evolved over the last decades and is now cheap and widely available. The
hardware developments led to an increase in the amount of available data. In this paper, we
focus on long-term condition SHM. Many methodologies from the field of applied statistics
and machine learning [7,8] have been proposed for interpreting the time-series data in order
to deduce valuable insights based on these data.

A first key aspect limiting the applicability of SHM is that there is currently a lack
of data-interpretation methodology capable of reliably detecting anomalies in time series
without also being adversely affected by false alarms. An anomaly is defined here as a change
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in the behaviour of a structure. A second key aspect is that in order to be financially viable
for practical applications, data-interpretation methods must be easily transferable from one
structure to another and from one measurement type to another. This second aspect is
mandatory if the objective is to deploy SHM systems across populations of structures. A
third key aspect is that no training sets with labeled conditions (normal and abnormal) are
available.

Existing Regression Methods (RMs) for SHM model the dependence between observed
structural responses and time-dependent covariates such as temperature and loading. In
the field of dam engineering, the most common regression method is the HST (Hydrostatic,
Seasonal, Time) method [9-11] and analogue derivations [12-14] that have been applied to
interpret dam behaviour through displacement, pressure, and flow-rate data. In addition
to the HST, Neural Network [15], Support Vector Machines [16,17], Boosted Regression
Trees [18] and others [19,20] are used for the same purpose. The first drawback of these
RMs is that once the model is built using a training set, it stops evolving as new data is
collected. The second drawback is that anomaly detection is based on a hypothesis-testing
procedure. A probability density function of the error between observation and the model
prediction is identified for the training set and then employed to detect anomalies. The
presence of the anomalies is tested based on the distance between the training set and
test-set confidence regions. This procedure tends to be prone to false alarms in the presence
of outliers.

Contrary to common RMs, State Space Models (SSMs) continue learning from the
new data after the training set. In the SSMs, the structural responses are modelled by
the superposition of hidden states that are not directly observed. An example for the
SSMs is Autoregressive Models (ARs) that are employed to classify damage scenarios on
experimental data for the IASC-ASCE benchmark a four-storey frame structure, the 724
bridge in Switzerland and the Malaysia—Singapore Second Link bridge [21]. The ARs are
also applied to damage detection on the Steel-Quake structure at the Joint Research Center
in Ispra (Italy) [22]. The limited predictive capacity of ARs hinders their widespread
applicability. Other dynamic modelling methods based on Kalman Filter variants [23,24]
are used to identify changes in the modal parameters such as the stiffness and damping
for detecting anomalies. Such as typically require detailed information about a structure,
which is not suited for a widespread deployment across thousands of bridges and dams that
are all different from one to another.

Bayesian Dynamic Linear Models (BDLMs) [25] based on the SSMs have shown to be a
promising solution in order to address the above limitations. The idea behind BDLM is
that the observed structural observation is decomposed into a set of hidden components.
The generic hidden components can be among others, a Local Level to describe the baseline
response of structures, a Periodic Component to describe periodic effects such as temperature,
an Autoregressive Component to capture time-dependent model approximation errors. In
the BDLM, the rate of changes in the evolution of the Local Level is characterized by a
Local Trend. If any changes occur in the Local Trend, a Local Acceleration component
must be added to model its rate of change. The key challenge here is that in its current
form, the BDLM can only model behaviour of structures under stationary, i.e. normal
conditions. In order to detect the occurrence of anomalies, it needs to be extended to
operate in non-stationary, i.e. abnormal, conditions.
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This paper proposes an anomaly detection method that combines the existing BDLM
with the Switching Kalman Filter (SKF) theory [26]. In the field of machine learning, the
SKF is used in many case studies [27-29] for handling non-stationary conditions. The key
features of the approach proposed is that:

e It enables early anomaly detection
e It is robust towards false alarms in real operation condition
e It does not require labeled training data with normal and abnormal conditions.

The paper is organized as follows. The Section 2 presents a summary of the SKF theory.
The Section 3 describes the methodology for anomaly detection. The section 4 illustrates
the potential of the new approach on displacement data recorded on a dam located in
Canada.

2 Switching Kalman Filter

This section presents the mathematical formulations for the combination of existing Bayesian
Dynamic Linear Model with the Switching Kalman Filter. A BDLM is defined by the
following linear equations:

Observation equation

yi ~ N(E[y:], cov[y:])
yi = Cixy + vy, x¢ ~ N (pr, i)
V¢~ N(O, Rt)

Transition equation
x¢ = A1 +wy, { Wi ~N(0,Q),

where y; is the observation vector at the time ¢t € (1 : T'), C; is the observation matrix
, X; is the hidden state variables that they are not directly observed, v; is the Gaussian
measurement error with mean zero and covariance matrix Ry, A; is the transition matrix,
and wy is the Gaussian model error with mean zero and covariance matrix Q. Equations
1 and 2 estimated using the Kalman Filter [30]. The specificity of BDLM is to build
model matrices Ay, Cy, Qi, Ry using a pre-defined sub-component structure [25]. The SKF
enables to model the different states of a system, each having its own set of model matrix
by estimating, over time steps, the probability of multiple model classes. Following the
notation from Murphy [26], the SKF algorithm is divided into the filter and collapse steps.

SKF-Filter step

The SKF-Filter step is equivalent to the Kalman filter employed for the existing BDLM.
However, the notation for Kalman filter (KF) algorithm needs to be adapted to include the
Markov-switching variable sy € {1,2,...,8}, each one corresponding to a distinct filtering
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model defined by its model matrices. The Markov-switching variables at time ¢ and ¢ — 1
are respectively s;_1 =i and s; = j. The superscript inside the parentheses “9) is employed
to denote the current state j at the time ¢ given the state ¢ at time ¢ — 1. For the SKF, the
prediction and measurement steps from the Kalman filter (KF) algorithm are rewritten as

KF-Prediction step

D (xi(j)|y1:t,1) = /\/'( i )7p,t|(tj)1, Ei‘(ﬁJ Prior state estimate

s
<
=

ll>

A} i7) ut 1t—1 Prior expected value

21(3) L A i(j )Ez

AN T .
f—1[t—1 (Al(] ) +Qi(]) Prior covariance

P (xi(j)|y1:t) = N ( z‘(tj), uz‘(g), 2;(5)) Posterior state estimate
“1|(5 ) = m t\(tzl + Kt( ')ri(j ) Posterior expected value
Eil(g ) = (I — Ki(j )Ci(j )> Ei‘(ﬁl Posterior covariance
ri(j ) A Yyt — yi(j ) Innovation vector
yi(j ) 2 Ely:|y1.t-1] = C; i7) “t|(i7 ) 1 Predicted observations vector
Ki(j) £ Eifﬁl (Ci(j)> (Gi(j)> - Kalman gain matrix

Gi(j) £ C (J)Et‘(t)l (Ci(j))T + Ri(j) Innovation covariance matrix.

i(7)

The Kalman gain matrix K represents the relative importance of the innovation vector

rt( ) with regard to the prior expected value p,t‘i )1 = E[xt \yl t—1]. The model uncertainty

is described by the model error covariance matrix Qt which depends on the state i at
time ¢ — 1 and the state j at time ¢. For the case where there is no state transition between
t — 1 and ¢, model classes are assumed to be dependent upon the arrival state j at time ¢
so that Qi(j ) = Q{. If between time steps ¢t — 1 and ¢ there is a transition from one state to
another, the matrix Qi(j ) needs to be identified i.e Qi(j ) #* Q{. For common cases, matrices
defining the transition and observation models are only dependent on the arrival state j at
time t,

A;(]) — A{, C;(J) — Ci Ri(]) — Ri

The Kalman filter algorithm described above is summarized in its short form as

(e =) ) = Filter(u]_y, (%, . AL CL QY RY) (3)

tt Ky q)t-1

4
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where ﬁi(j ) measures the likelihood that the state at time t — 1 was s¢t—1 = ¢ and that it
switches to s; = j. The likelihood of such as switch L’;(] ) is defined as

Ei(j) = p(yelst =J,80-1 =14, y14-1)
Nyl RS

Note that the Filter step presented in Equation 3 can either be performed using the
Kalman method as presented above or using the UD filter [25]. The UD method is equivalent
to the Kalman method, yet it is numerically more stable [31].

SKF-Collapse step

The mean vector u{| = E[x][y1./] and covariance matrix E{I = cov[x!|y1.] are computed by
collapsing the outputs from the filtering models according to their previous state probability,
likelihood and transition probabilities. In order to further describe the collapse step, we
introduce the notation

Pr(si—1 = ily1.4-1) = 7r§71|t71 Previous state probability
Pr(s; = jlsi—1=1) = A% Transition probability
Pr(si—1 =1,8 = jly1t) = Mtiijl),ﬂt Joint probability
Pr(si—1 =i|st = j,y14) = WZ£j1)|t State switching probability.

The joint probability of s; = j and s;_1 = i, given y1.; is evaluated as

. (3, 7i(§) i
i(5) _ Et\t 4 Ty—1|t—1
M “{ye = : (4)

i(3) . 7i(4) .1
It 220 ‘Ct|i Z (J>'7rt71|t—l

The denominator of Equation 4 is a normalization constant ensuring that >, > ;M Zijl) e =

1. The marginal probability of s; = j is obtained through marginalization following
i i(4)
7ri|t = Z M, 23 4 (5)
i

The collapsed mean vector “il , and covariance matrix 2; , are defined as a Gaussian mizture
so that

, i)
Wi Micn
_ 7
-1t ,

i i(4) i(4)
“i|t - Z “t|iy ’ Wt—]l\t
i (6)

_ i) j
m = p’t|tj _“§|t
2#It - Z [Wtzﬁjl)\t ’ (21|(tj) +mmT)|.

%
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The short-form notation for the collapse step is

) = Collapse(ui(j) () Wil ).

J J J
(”t\t’z & it et 0 YW1t

tler e

An illustration of the SKF-filer and -collapse steps employed for describing the transition
between two possible models is presented in Figure 1. The goal is to evaluate the mean vector

time t — 1 time t
R _: 1(1) ....................
: S e :
State 1 Filter with 1(1) State 1
11 : model 1 Et\t V[_
My g1 —_ Etll(tl) Hie :
: 1 p 1
g Etfl\tfl : ) Et\t
Pl ' R 1
P TP . . Hoyje T,
: Filter with 21(2)
model 2 tlt
£12)

F

State 2 Filter with 2(1) St?ate 5
12 5 model 1 e £_ §
M - ﬁtzl(tl) My
Z?—l\t—l 20 Collapse Ef\t
: 2 )

CT -1 ) Fyje it

: | Filter with £22) |
model 2 tlt

: 5 2(2)

e, : ‘Ct|t

Figure 1: Hlustration of the SKF algorithm for two states each having its own transition
model. ) indicates the filtering model being used for computation.

u{| , and the covariance matrix 2{‘ , for each model, j € {1,2} along with the probability

Wi‘ , of each model at the time ¢, given the same two models at time ¢ — 1. When going
from t — 1 to t, there are four possibilities of transitions from a starting state s;_1 =7 to an
(7) i(4)

i it and

arrival state s; = j, each leading to its own mean vector p,;’, covariance matrix 3

likelihood Ei(g ). In the collapse step, the prior probability of each origin state is combined
with the transition probability and the likelihood of each transition using Equation 4. The
end result of the collapse step is a mean vector, covariance matrix and a probability for

each model.

Combining the BDLM framework with SKF involves several unknown parameters that
need to be learned from data. In common SHM applications, only structural responses
y1. are available and the state of the structure s; remains a hidden variable (i.e. non-
observed). Therefore, the task of inferring s; from y;.; can be categorized as semi-supervised
learning [32]. In that context, the set of parameters P* is estimated employing the Mazimum
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Likelihood Estimation (MLE) technique where the log-likelihood function is

In(yrr|P) = Zlnp(}’t|Y1:t71,73)

T s
= Zln ZZ p(ye: 8¢ = Js $t-1 = ilyi-1,P)
=1 |j=1i=1
T [s s
= > I DD plyielse =g, se-1 =i, y1-1,P) X plse = j, s-1 = ilys-1,P)
=1 |j=1i=1
T [s s
= ZID ZZ p(yilst = j,s1-1 =4, yt-1,P) X p(st = jlse—1 =) ...
t=1 ]:1 =1
X p(st-1 = ily1:t-1,P)
T s '
1 S LR
t=1 j=11i=1

In this paper, the Newton-Raphson algorithm [33] is employed for estimating

P* = arg mgx In(yi.7|P).

3 Methodology for Anomaly Detection

This section presents an Offline Batch Procedure (OffBP) for anomaly detection applicable
for full-scale structures such as bridges and dams. The OffBP employs the entire dataset for
estimating the model parameters P using the MLE presented in Section 2. Because class
labels are not observed, only the structural responses are employed in a semi-supervised
learning context. In the OffBP, model parameters are assumed to be constant over time.
The key part of the OffBP anomaly detection lie in the model architecture employed
for each state as well as in the transition probability matrix describing the switch between
states. For the model architecture, each state has its own transition matrix A; and model
error covariance matrix Q. According to the SKF theory in Section 2, the parameters from
the matrix Qi(j) need to be identified both for the stationary cases, i.e. ¢ = j, and in the
case of a state transition, i.e. i # j. In common case, a state transition is defined by a
change in velocity and acceleration in the baseline behaviour. Therefore, the state transition
is considered to only affect the baseline behaviour of the structure, which is separated from
the external effects such as temperature and loading. The baseline behaviour regroups
the local level, trend, and acceleration components. In the presence of a state transition,
the model architecture must allow for an increase in the uncertainty for the local trend

), baseli
and acceleration components. For this purpose, the standard deviations in QZ(] AN are
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treated as an unknown parameter to be inferred from observations. An example for such as
this case will be illustrated in Section 4.2. The transition probability matrix Z; is identified
based on the number of states. For S states s; € {=1,2,3---,S}, the matrix Z; is defined
as

B 11 Z12 0 7 7
221 222 . Z2S
Z, =
ZSl Z82 ... gss

where Z¥ = Pr(s; = j|s;_1 = i) with Z?:l 74 = 1.

The performance of the Newton-Raphson (NR) algorithm in Section 2 for learning
parameters depends on (1) the initial parameter values P° and (2) the initial mean pq
and covariance X for the hidden states. The log-likelihood function is usually non-convex;
poor guesses for either initial parameter values or hidden state initial values are prone to
lead to a local maximum. In the case of anomaly detection, such a local maximum can
trigger false alarms. In order to overcome this limitation, random sets of initial parameter
values should be tested during the optimization procedure to ensure proper initial values.
The second limitation is addressed using what we define as the multi-pass technique. The
multi-pass recursively employs the Switch Kalman Smoother (SKS) [26] for estimating g
and covariance 3 for hidden states. Figure 2 illustrates the utilization of the multi-pass in
the OffBP. During training, the model is first built using the initial parameter values P",

A A A
R —

Newton-Raphson ]

algorithm
+
ﬁ . .
I prtl pntl Switching
S ’ Kalman Smoother
yes

converged rem(n+ 1, N) =0

Figure 2: Illustration of the offline batch procedure using the multi-pass. rem(n + 1, N)
indicates the remainder after dividing N into n + 1.
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initial values for hidden states {0, o}, and the training data D. The NR algorithm is thus
employed for estimating the model parameters P! and the corresponding log-likelihood
LT After N iterations, pi® and 33V are estimated using SKS and the index n is reset
to 0. To be accepted as new initial values, the log-likelihood evaluated using {pug®", 35"}
needs to be greater than £"*!. This procedure is repeated until the convergence criterion
is reached. The final output of the procedure is the set of optimal parameters P*. For
the practical applications, N should be chosen so that the convergence criteria is not met
before reaching N iterations. In common cases, N increases with the number of parameters
to be estimated. In order to increase efficiency, the amount of data employed for estimating
the initial values pj®" and 3G°" can be smaller than the training data employed for the
parameter optimization procedure.

4 Case-Study

In this study, the approach proposed for anomaly detection is applied to the displacement
data collected on a dam located in Canada. The sensor studied is located on the west
bank of the dam as shown in Figure 3. The displacement of the dam is monitored by an

Dam displacement
along the x-axis

Figure 3: Location plan of sensors deployed across the structure to monitor the dam
behaviour.

inverted pendulum system that provides the measurements in three orthogonal directions.
The X-direction points toward the West Bank, the Y-direction follows the water flow and
the Z-direction points upward.

4.1 Data Description

In order to examine the potential of the proposed anomaly detection method, this paper
studies the horizontal displacement data along the X-direction recorded over the period
of 13 years and 1 month (8364 time stamps) as shown in Figure 4. The observation error
standard deviation o® = 0.3 mm was provided by the instrumentation engineers. Based
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Figure 4: X-direction displacement data collected over the period of 13 years and 1 month.

on the raw data, one can observe a linear trend and a seasonal pattern with a period of
one year. The seasonal pattern reaches its maximum during winter and minimum during
summer and is non-harmonic because of the lack of symmetry with respect to the horizontal
axis. The non-harmonic behaviour can be explained by the dependence of the displacement
data on the water temperature [14,34], where its variation is not harmonic due to the
unbalanced duration between the reservoir warming and cooling periods. Figure 5 presents
the time-step length for the entire dataset. Time-step length varies in the range between

— 10 s ‘ = 36 days

= ) .

g P © o

;) 102} ° . o ¢ .

o, , ° o°co Ve ° S ° * o

% - ° o o om0 @ @00 oo S ool = 24 hours

o 100 © ° o o 2 —— = = 12 hours

g o $Ee B ° oo g

= e | v oo oo e — 1 hour
02-12 06-03 09-07 12-10 16-02

Time [YY-MM]

Figure 5: Time-step size is presented in a log scale.

1 hour to 36 days in which the two most frequent time steps are 12 and 24 hours. In
order to adapt with the non-uniformity of time steps, the parameters need to be defined as
a function of the time-step length where the reference time-step is selected by the most
frequent one [25].

4.2 Model Construction

The probability of a state switch is estimated for two model classes representing respectively
a state s; € {1 : Normal,2 : Abnormal}. The set of components employed in each model

10
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class is identical and follow

_ LL LT LA T1,S1 T1,S2 T2,51 T2,52 AR
- mt ) xt ) mt 7mt ’ 7wt ' ) mt ' 7‘Tt ' ’ xt (8)

~— ~—
local level local trend local acceleration cycle, p = 365.24 days cycle, p = 182.62 days AR

In order to differentiate models, the local acceleration component for the Normal model
class is forced to be equal to zero at every time step. This is done by assigning a value of
zero to the line and row corresponding to the local acceleration component in the transition
matrix A; and model error covariance matrix Q¢, see Appendix A for details. This constrain
forces the Normal model class to have a constant velocity, i.e. acceleration = 0, while still
allowing the Abnormal model to have a non-zero acceleration. The baseline behaviour is
defined as the interaction of the local level, trend, and acceleration components. For both
models, a superposition of two hidden harmonic components with a period of 365.24 and
182.62 days is used to describe the relationship between the displacement data and the
hidden non-harmonic seasonal effect observed in the data, i.e. water temperature. Also,
the AR component captures the time dependent model prediction errors.
The transition probability matrix is

le 212
Z= |: 221 222 :| ) (9)

where Z% = Pr(s; = j|s;_1 = i) with i, j = 1,2 is the prior probability of transitioning from
a state ¢ at time ¢t — 1 to a state j at time ¢. In order to be valid, this transition matrix
must satisfy > j Z% = 1. Given this constraint, only transition probabilities Z* need to be
defined as unknown parameters to be learned using MLE.

As presented in Section 3, the matrix Q; needs to be defined in the case where there is
a state transition between the previous state ¢ at time £ — 1 and the arrival state j at time
t. For this case-study, the local acceleration in the normal model is forced to be equal to
zero so that only the uncertainty on the local trend component in the baseline behaviour is
considered. In the case where there is no state transition from the state ¢ to the state j,
the model classes depend only on the arrival states j at time t. Therefore, the matrices
Qild)baseline 46 defined as

(o142 %762 0 0
Qtl(Q),baseline _ 0 (oMTT)2. ATt?’ 0
0 0 (d™*)? - At
Q?(2),baseline _ f,baseline
(oLT)2 . ATt?’ 0 0
Q?(l),baseline _ 0 (o1T2. At 0
0 0 0

1(1), baseline 1, baseline
Q; Q

11
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where o* € RT is local acceleration standard deviation for abnormal model, o7 € Rt is
local trend standard deviation for normal model, o™ € R* is local-trend transition (LTT)
standard deviation for the state transition models, and At is the time step at time ¢t. The
full matrix Q; employed in this case-study is presented in Appendix A. In this case-study,
we employ the UD method in the filter step presented in Equation 3.

4.3 Parameter Estimation

The convergence of the parameter optimization is reached when the log-likelihood between
two consecutive loops satisfies

[|log-likelihood,, — log-likelihood,, ;|| < 1077 x |[log-likelihood,, ||,

where n corresponds to n* optimization loop. The initial mean gy and covariance 3 for
hidden states are estimated using the multi-pass presented in Section 3 using a period of
5 years (1694 data points) and the number of iterations N = 30. This period is selected
because of the absence of the state switch which is causing numerical instabilities in the
Switching Kalman Smoother estimations. The set of unknown parameters P is defined as
follow

P— {le,Z22,¢AR’ULT,ULA7ULTT,UT17UT2,O_AR} ’ (10)

where the possible range for each parameter is: transition probabilities; Z% € (0,1),
autocorrelation coefficient; ¢** € (0,1), local trend standard deviation; o™ € R, local
acceleration standard deviation; o“* € RT, transition local trend standard deviation; ot™" €
R*, harmonic-component standard deviations for a period of 365.24 and 182.62 days;
{o™, 0™} € R* respectively, and autocorrelation standard deviation; o** € R*. Initial
parameter values are estimated based on engineering heuristics so that

PO = {0.9999,0.95,0.986,1.62 x 107%,4 x 107*,0.07,5.1 x 10~7,2.7 x 10~7,0.03} .

This optimization procedure employs the entire dataset (8364 data points) for estimating
the parameter values P*.

4.4 Results and Discussion

The set of parameters P is estimated with MLE for the entire dataset. The parameter
calibration is done on a computer with 32 Gb of Random Access Memory (RAM) and Intel
i7 processor. The computational time required for the calibration task is approximately an
hour and a half. The optimal parameter values identified are

= {1,0.912,0.996,3.65 x 107%,2 x 1078,7.4 x 107%,0.062, 1.9 x 1075,2.78 x 107°,0.021},

where the ordering of each parameter remains identical as in Equation 10. The log-likelihood
associated with this set of parameters is Inp(y1.7|P*) = 1784.3. Combining the BDLM
framework with SKF serves two purposes: (1) it enables the detection of anomalies without
triggering false alarms and (2) it decomposes the observations into their hidden components.
Figure 6 presents the probabilities of each model class estimated at each time step. The
method proposed identifies that there is an abnormal event occurring between July 8 and

12
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Figure 6: Probabilities of the two states are evaluated using SKF algorithm for the entire
dataset.

11, 2010. This anomaly was caused by refection work that took place on the dam in early
July. After the work was completed, the model identifies that the dam behaviour returns
to a normal behaviour. This example of application demonstrates how anomalies can be
detected without triggering any false alarm that would jeopardize the applicability of the
approach.

Figure 7 presents the hidden components estimated for the entire dataset. The solid
black line represents the mean values p and its +10 standard deviation interval is represented
by the shaded region. Figure 7a, b, and c show a sudden change in the local level, trend
and acceleration at the moment when the anomaly occurred. These three figures show
how the baseline behaviour of the structure can be isolated from the effect of external
factors. The external effect is modeled by a superposition of two harmonic components in
Figure 7d and e. The local trend and local acceleration show a stable behaviour before
the anomaly with estimated values of respectively —2.0 mm /year and —0.0054 mm /year?.
During the abnormal event, local trend and acceleration components indicate a discontinuity
before returning to a normal behaviour where the acceleration is zero. After the anomaly,
it is estimated that the rate of change in the structure displacement has increased in
magnitude from —2.0 to —2.9mm/year. Figure 7f shows that the autoregressive component,
as expected, follows a stationary procedure. If it would not be the case, the non-stationary
would indicate that either the component choice, or the optimal parameter identified are
inadequate. Note that the sudden jumps in uncertainty bounds in Figure 7b and c are
caused by prolonged duration without data as illustrated by the non-uniformity of time-steps
in Figure 5.

This case-study illustrates the potential of a combination of the BDLM framework with
SKF for detecting anomalies in the behaviour of structures. One limitation of the current
method is that the unknown parameters associated with the models are assumed to be
constant over time. Another limitation is that there is currently no quantitative guarantee
that the approach is suited for other types of anomalies not similar to the case studied
here. This aspect will need to be addressed in future work. The development of an online
anomaly detection methodology is the subject of current research.
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5 Conclusion

This paper presents a new approach combining the Bayesian Dynamic Linear Models
framework with the Switching Kalman Filter theory for detecting anomalies of the behaviour
structures. The key aspects are that (1) it enables early anomaly detection, (2) it is robust
towards false alarms in real operation condition, and (3) it does not require labeled training
data with normal and abnormal conditions. The approach is applied to the horizontal
displacement data collected on a dam in Canada. In the case study considered, the method
has shown that it was capable to detect the changes in the dam behaviour caused by the
refection work. It also provided the specific information about the dam behaviour over
time. This new approach offers a promising path toward the large-scale deployment of SHM
system for monitoring behaviour of a population of structures.
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Appendix A

The transition matriz (Ay), the observation matriz (Cy), the observation error covariance
matriz (Ry), and the model error covariance matriz (Q;) for normal model class and
abnormal model class are defined following

Normal model class

1 At 0
T . cosw™  sinw™ cosw™  sinw™™ 1R
A = blockdiag R —sinw™  cosw™ —sinw™  coswT™? X
0 0 O
Cl = [1,0,0,1,0,1,0,1]
R, = [(%)]
A2 A2
3 2 2 2
t1(1) — block diag (JLT)2. A2 Ap g [(aTl) 0 ] [(UTQ) 0 ] (O_AR)Q
2 ’ 2 | 2 |7
0 0 0 0 (O.Tl) 0 (O.TQ)
2 3
(ULT) 'ATt 0 0 T1\2 0 T2\ 2 0
2(1) o . 2 (U ) (U ) AR\ 2
; = blockdiag 0 (gLTT) At 0 | E 9 7(0 )
0 0 0 0 (O.Tl) 0 (O’T2)
Abnormal model class
At?
A2 — blockdi : Alt AT cosw™  sinw™ cosw™  sinw™ 1R
t = Dlockdag 0 Eo ] Zsinw™ cosw™ || —sinw™  cosw™ 34
0 0 1
c? = [1,0,0,1,0,1,0,1]
R} = [(")]
(ULA)Z ' % 0 0 T1)2 T2)2
1O _ plock diag 0 (gLTT)Q-ATtS 0 {(U ) 0 ] [(0 ) 0 ] (UAR)Q
b 2 b 2 b
( LA)2 . 0 (O.Tl) 0 (O.TZ)
0 0 o - At

A2 At A

wose (6™ 0 (@™)* 0
5(2) = blOdeldg (ULA)Q' A AP AR 7|: ]7|: ]7<JAR)2

8 3 2

3 A2
¢ o a

where At is the time step at the time ¢.
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