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Hidden Markov models for detecting steering
events and evaluating fatigue damage

Roza Maghsood

Division of Mathematical Statistics
Department of Mathematical Sciences
Chalmers University of Technology and University of Gothenburg

Abstract

For fatigue design of vehicles, the external loads need to be assessed. One
source of variation in the loads is the driver’s behaviour. This behaviour can
be characterized as driving events. In this study we use hidden Markov models
(HMMs) for identifying the driving events. The idea is that one can see the
driving events as hidden states and construct the Markov model based on
them. The steering events such as curves and maneuvers are detected using
on-board logging signals available on trucks. We test our proposed method for
both discrete and continuous observation processes. The EM algorithm has
been used for estimating the HMM parameters. Also a recursive EM algorithm
has been proposed for on-line estimation. A fatigue damage index is computed
by using the extreme forces occurring during those steering events. An explicit
formula for the expected damage is found using vehicle independent driving
events for steering components.

Keywords: Hidden Markov models (HMMs), online EM algorithm, fatigue
damage, vehicle independent load models, steering events, on-board logging
signals, lateral loads.
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1. Introduction 1

1 Introduction

From an industrial point of view, reliability means that the products comply
to customer demands. Companies want to design a vehicle based on customer
usage. By enabling the optimization of vehicles with regard to the use, the
companies obtain benefits such as increased capacity, reduced fuel consumption,
reduced material consumption in production and reduced road wear. All these
points can be summarized as reducing environmental impact. Knowing the
customer driving habits — like the average number of left and right turns — is
very important in vehicle design. These behaviors together with the expected
damage caused by an event can be used to design a robust component.

A driver can affect the load by changing the speed, braking or adapting to
the curves. These behaviors are characterized as driving events. In general,
the customer behavior is unknown and needs to be estimated. To identify the
events we need to use the information available for all vehicles by means of CAN
(Controller Area Network) bus data. Since the driving events are not recorded
in CAN data, we develop a method for identifying the driving events, their
frequency for different uses of the vehicle. In addition, finding the distribution
of severity within each event is of interest. For example, for curves the damage
can be calculated by finding the distribution of maximum forces for each event.

There are different methods for modeling driver actions and identifying driving
events. For instance, Nilsson et al.| (2014) have developed an on-line cycle
detection algorithm to identify driving events during vehicle operation, by using
only production sensors. [Karlsson| (2007)) has described customer usage by
classifying the type of roads. This is important since different aspects of the
customer usage are relevant in order to determine the fatigue damage in service.
Such aspects are the type of roads, transport mission, driver’s behavior and
different kind of maneuvers they perform.

In this thesis, a method is presented to detect the driving events using Hidden
Markov Models (HMMSs), see e.g. [Rabiner] (1989) and |Cappé et al.| (2005) for a
general description of HMMs. The HMMs are the reliable and robust methods
for event recognition. The idea of using HMMs to identify driving events is not
new and it has been used in many applications, see for example Mitrovi¢| (2004}
2005|) and |Berndt and Dietmayer| (2009). They constructed one HMM for each
type of driving event such as left and right curves, left, right and straight on
roundabout. In our study, we have used a single HMM for describing all driving
events.

We detect the steering events using an HMM, where the hidden process is the
driving states and the observations are derived from CAN signals. We test our
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2. Vehicle independent driving events 2

proposed method for both discrete and continuous observation processes with
univariate and multivariate distributions. In the continuous version, the gener-
alized Laplace model (GAL) is proposed as the distribution of the observation
sequence in the HMM. Laplace models have previously been used to describe
road roughness and responses measured on driving vehicles, see |[Kvanstrom
et al.| (2013)) and |Bogsjo et al.| (2012).

We use two types of parameter estimation methods for HMMs, which are off-
line and on-line EM algorithms. The on-line algorithm gives us the opportunity
to track the driver’s actions over time. We use an on-line EM-algorithm for
parameter estimation, which is a modification of the usual EM algorithm. In
order to achieve this goal, a recursive implementation of the EM algorithm will
be used to construct a method which never stops the adaptation.

In our study, we are interested in the number of occurrences of steering events
for a costumer. Together with the forces generated by the events, one can
calculate the expected damage of a component for a specific vehicle. We in-
vestigate the damage caused by driving events and we compute the expected
damage using the on-line estimation of the transition matrix.

Vehicle independent load description is presented in Section 2. In Section 3, we
describe the concept of HMMs. Damage definition and the proposed model to
calculate the expected damage are described in Section 4. Summary of papers
are given in Section 5. Conclusions are presented in Section 6.

2  Vehicle independent driving events

For vehicle companies, it is important to characterize the usage of the trucks
independent of the vehicle. To have components that are strong enough, they
need to describe the load environments. The loads will be different for different
usage of trucks and for different driver’s behavior. Measuring the load on
each truck is expensive. However, the companies want to measure and identify
activities of the driver and specify the relevant events occurring on the road. By
counting the number of driving events, they can estimate the fatigue damage
caused by the same kind of events.

Due to the lack of storage capability, gathering and storing all information
about the customers and measurement signals is not possible. Finding the
vehicle independent part of the load, e.g. frequencies of driving events, is an
important part of the description of vehicle independent service loadings. In
this study we are interested in vehicle independent driving events such as curves
and maneuvers which are relevant for steering components. These kinds of
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events are called steering events and generate high forces in the steering arms.

2.1 Vehicle logging data

In this study a method will be proposed for detection of steering events such
as curves and maneuvering using on-board logging signals available on trucks.
This information is available for all vehicles and can be obtained from CAN
(Controller Area Network) bus data. Since the driving events are not recorded
in CAN-data, one needs to estimate them. If we define the events by using the
information from CAN-data, we can detect the number of events that occur in
customer vehicles.

There are more than 80 signals from CAN bus data that can be used to identify
the driving events. The signals we have used from CAN-data are:

e Steering wheel angles,

e Vehicle speed,

e Yaw rate.
The steering wheel is the wheel we hold in our hands while we drive and the
angle is defined as the angle deviation from driving straight ahead.

The yaw rate contains information about steering events only for a non-zero
speed. By steering, the entire vehicle will shift direction and this will happen
at a certain angular velocity, which is the yaw rate.

We have used the yaw rate and speed to get an accurate lateral acceleration
signal which is computed by the following formula:

"lateral acceleration” = "speed” - "yaw rate”.

The lateral force is proportional to the lateral acceleration in turning events.
For most components these loads are not as damaging as the vertical loads,
but they have a large impact on steering components [Karlsson| (2007)).

2.2 Steering events

In this study we are interested in steering events that are relevant for steering
components. We divide the steering events into curves and maneuvers:
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e The curve events give rise to lateral forces through lateral acceleration
and occur when the vehicle drives at a speed higher than about 10 km/h.
We limit the analysis to three cases: right turn, left turn and straight
forward for turns.

e The maneuvering events generate high forces due to steering at low speed,
typically lower than 10 km/h, e.g. driving in or out of a parking lot,
standing still but turning steering wheel. Three maneuvering events are
considered: steering right, steering left and straight forward for maneu-
vers.

3 Hidden Markov models

Hidden Markov models are statistical models often used in signal processing,
such as speech recognition and modeling the financial time series, see for in-
stance [Cappé et al.| (2005) and |Frithwirth-Schnatter| (2006). An HMM is a
bivariate Markov process {Z, Y}}:io where the underlying process Z; is an un-
observable Markov chain and is observed only through the Y;. The observation
sequence Y; given Z; is a sequence of independent random variables and the
conditional distribution of Y; depends only on Z;.

The main parameters in an HMM are the transition matrix, the emission dis-
tribution, and the initial state distribution. All parameters must be estimated
to characterize the model.

Definition 1. (Transition matrix) Let Z; takes values on a discrete space
{1,2,...,N}. The transition probabilities between the hidden states are de-
fined by transition matrix Q = (¢(4,j)), where:

q(l,]):P(Zt+1:j|Zt:Z), Z’J:1a257N (1)
is the probability of transition from state 7 to state 7 and Z;V=1 q(i,j) = 1.

Definition 2. (Emission distribution) The emission distribution is the con-
ditional distribution of observations Y; given states Z;. The observed variable
Y; can be a discrete, continuous, univariate or multivariate variable. For a dis-
crete Y;, the emission distribution is a probability distribution of observation
symbols, while for a continuous Y; it can be described by the parameters of the
conditional distribution of Y; given Z;.

Definition 3. (Initial state probabilities) In an HMM, the state where the
hidden process will start is modeled by the initial state probabilities © = (m;),
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where ; is:
. N
with > .0 m = 1.

3.1 HMDMs for steering events

The principle aim of this study is to estimate the number of steering events,
such as curves and maneuvers, occurring on the road. We propose using HMMs
to detect steering events by using on-board logging signals available on trucks,
such as lateral acceleration, vehicle speed and steering wheel angle.

Suppose that there are three driving states right turn (1 = "RT”), straight
forward (2 = ”SF”) and left turn (3 = "LT”). The idea is to construct an
HMM based on these three states and to identify the activities of the driver
and specify the relevant events. Figures [I] and [2] illustrate three hidden states
{RT, SF, LT} and the transitions between them with the emission distribution
of the observations.

3.1.1 Discrete model

In a discrete model, the observation process is discretized by using thresholds.
Let the sequence of observation have the possible values V' = {V1, V5, ..., Vs }.
The probability distribution of observation symbols in each state is usually
presented by the emission matrix, B = {b;(Vj)}, where

bj(Ve) =PY, =W|Zy=3), k=1,2,.,. M, 5=1,2,..,N

and 224:1 b;(Vi) = 1. Figure |lfillustrates an HMM with three hidden states
{RT, SF, LT} which can emit three discrete symbols V' = {A B, C}. For
instance, the lateral acceleration signal which is used to detect the curves, can
be translated into predefined classes V = {A, B, C}, as follows:

e A= {”lateral acceleration” < —0.2 m/sg}7
e B= {70.2 m/s? < "lateral acceleration” < 0.2 m/sQ},
e C= {”lateml acceleration” > 0.2 m/sQ}.
where the threshold 0.2 m/s? has been chosen based on experience. This kind

of clustering will create a sequence of observation symbols which will be the
observation sequence {Y;},~, .
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Figure 1: An HMM with three hidden states {RT, SF, LT} which can emit
three discrete symbols V={A, B, C} at time ¢t. The parameter ¢(i,j) is the
conditional probability of transition from state i to state j, and b;(y,) is the
emission probability of symbol y; given state j.

3.1.2 Continuous model

In a continuous version of HMMs, the actual observation sequence {Y;},- will
be used. The continuous model has two main advantages over the discrete ver-
sion. Firstly, in the discrete model one has to manually set the threshold levels,
whereas the continuous model is entirely estimated from the actual data. Sec-
ondly, the continuous model can easily be extended to incorporate multivariate
sources of information, which is not easy in the discrete threshold approach.

The conditional distribution of Y; given Z; is denoted by:
ge(iayt) = fo(yt|Zt = 1,0), 1= 1;2a "'aNa Yt S R, (3)

where 0 represents the parameter vector of distribution, and y; is the observed
value of ;. Figure[2]illustrates the construction of an HMM with three hidden
states {RT, SF, LT} where the actual lateral acceleration signal has been used
as observation Y;. In our case, the Laplace distribution is used to model the
observations in each state. The generalized asymmetric Laplace distribution

(GAL) is defined in Section
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Figure 2: An HMM with three hidden states {RT, SF, LT} which the obser-
vation has Laplace distribution in each state. The parameter ¢(i,7) is the
conditional probability of transition from state i to state j, and ge(i,y:) is the
conditional distribution of Y; given state 1.

3.1.3 A combination of continuous and discrete distributions

As mentioned above, the observations can be multivariate random variables.
The aim is to estimate the model parameters which maximize the likelihood
function. In order to do this, we need to find the conditional distribution of
Y; given Z;. Suppose that the observation Y; = (Y;1,...,Y;,q) is a multivari-
ate time series with d = d; + d2 dimensions. The first d; random variables
(Yi1,..., Y q,) are continuous with their observed values (yi.1,...,Y,q,), and
have the joint probability density function fym,__”yt)d1 Yty s Ytody |2 = 15 07).
We assume that the last d observations (Y; 4,11, ..., Y2 4,) are discrete variables
and have the joint probability mass function P(Y; 4,41 = Yt.di+1s -, Ye,dy =
Yt.dy | Zt = 1;02). For the sake of simplicity we assume that the continuous and
discrete variables are conditionally independent given the hidden state. Then,
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the likelihood function of Y; given Z; for a set of parameters 6 = (61, 05) is as
follows:

go(@?h) = f}/t,ylpu,}/f,,dl (yt,lv"'vyt,dllzt 22701)
P(Yidi+1 = Yt.di41, s Yedy = Yt,d| 22 = 1;62), (4)

where y; = (Y11, .-, Yr,a) is the observed value of Y; and ¢ = 1,2, ..., N.

Note that any continuous or discrete distributions can be used in Eq. . In
our study, different on-board logging signals can be used as observations Y;
and some of them are discretized into the predefined levels. In papers I, IT and
III, we separate the curve and maneuvering events and construct two different
models, HM M¢ for the curves and HM M), for the maneuvers. Another ap-
proach can be to combine the two models into a larger HMM containing both
curve and maneuvering events. In paper IV, we investigate the usefulness of
HMMs with multidimensional observations, for detection of all simultaneously
steering events.

To identify all steering events, we use a single HMM with a combination of
continuous and discrete distributions for observations. We consider six states
as follows: right turn (1 = ”"RT”), straight forward for turns (2 = "SFT”)
and left turn (3 = "LT”), steering right (4 = ”"SR”), straight forward for
maneuvers (5 = "SFM”) and steering left (6 = ”SL”). We use three signals:
lateral acceleration (Y7 1), steering angle speed (Y;2) and vehicle speed (Y;3).
We assume that Y; ; and Y; 2 are independent random variables with Laplace
distribution and we discretize Y; 3 into the three levels:

e 1 ={0km/h < ”speed” < 1km/h},
o 2={1km/h < 7speed” < 10 km/h},
o 3 ={"speed” > 10 km/h}.

We use a combination of Laplace and discrete distributions for observations
and construct the HMM. Figure [3] shows an example of the measured lateral
acceleration, steering angle speed and speed signals with the corresponding
detected hidden states process. The signals are dedicated field measurements
from a Volvo Truck. The sequence of hidden states are reconstructed using the
Viterbi algorithm proposed by [Viterbi| (1967)).
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Figure 3: Lateral acceleration, steering angle speed and speed signals with the
corresponding steering states detected by HMM.

3.2 The generalized asymmetric Laplace distribution

The generalized asymmetric Laplace distribution (GAL), see Kotz et al.[(2001]),
is a flexible distribution with four parameters: 9§, location vector, g, shift
vector, v > 0, shape parameter, and ¥, scaling matrix, and denoted by
GAL(d, p,v,X). The probability density function (pdf) of a GAL(4, p, v, X2)
distribution is:
1/v—d/2
_ 1 (\/(y —0)"Y " 1(y — 5)) ’ (y—& 1u
9y) = e
L'(1/v)V2r C2

Ki/y—as2 (02\/(y —0)TE~(y — 5)) :

where d is the dimension of Y, c; = /2 + pTE "1y and Ky, _q/2(.) is the
modified Bessel function of the second kind. The normal mean variance mixture
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representation can give an intuitive feel of the distribution. This is a random
variable Y having GAL distribution, and the following equality holds:

Y L6+Tp+VIx/2Z,

where I' is a Gamma distributed random variable with shape 1/v and scale
one, and Z is a vector of d independent standard normal random variable. For
more details see |[Barndorfl-Nielsen et al.| (1982).

In this study, Laplace distribution has been fitted to lateral acceleration (Y1)
and steering angle speed (Y2). There are two choices for modeling the observa-
tions Y = (Y1, Ys) with Laplace distribution. We can either consider that Y3
and Y5 are dependent, which means that they have the same shape parameter
v, or we can assume that they are independent but with different v. Both cases
have been tested. It has been found that having separate v for Y7 and Y5 gives
better fit to data and also better estimation of the transition matrix.

3.3 Estimation of HMM parameters

As was mentioned previously, © = (Q, 8) denotes the set of HMM parameters,
where Q = (¢(i, 7)) is the transition matrix of Markov chain Z;, and 6 denotes
the parameters of the conditional distribution of Y; given Z;. We mainly fo-
cus on estimating the transition matrix @ of HMM based on the observation
sequences. The parameter 0 is estimated through a maximum likelihood es-
timation on a training set. This is because the conditional distribution of Y;
given Z; in our case study represents the vehicle specific data which can be
estimated under well-defined conditions on the proving ground. However, the
differences between types of roads can affect the transition probabilities and a
transition matrix describes the duration of the events. Therefore, it could be
relevant to update the transition matrix for a new signal to find the hidden
states.

We use the EM algorithm for parameters estimation. The EM algorithm is a
common method for estimating the parameters in HMMs. It is an optimiza-
tion algorithm used to find the parameters that maximize the likelihood. The
algorithm is both robust and often easy to implement.

We apply two types of EM algorithms: off-line and on-line estimations. In the
off-line algorithm, all observations Y; will be used to estimate the transition
matrix, while in the on-line version the parameters are updated recursively each
time a new observation is made. A forgetting factor will be used in the on-line
algorithm which represents the influence of the past data. Figure [ illustrates
both off-line and on-line procedures to estimate the transition matrix.
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. . on
Previous estimate Q¢
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new observation Y;
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Figure 4: Off-line vs on-line estimation.

3.3.1 EM algorithm

We want to estimate the model parameters which maximize the likelihood func-
tion. The expectation-maximization (EM) algorithm introduced by
is an iterative algorithm that maximizes the likelihood starting
from an initial guess. The EM algorithm can be used to estimate the HMM
parameters. In an HMM, we have two processes Z; and Y;, where Z; is not
possible to measure. Here, the sequence of hidden states Z; takes values on
a discrete space {1,2,...,N}. We assume that yo,...,yr are observed, and
20, ..., 27 are referred as hidden data. Therefore, the complete data likelihood
is given by:

P(Y0s -y Y5 205 -5 213 O) = T2, 9020, Y0) (20, 21) g0 (21, Y1) ---q(27—1, 27) g0 (27, Y1)

(5)

However, the likelihood available for estimating parameters is the joint proba-
bility density function of Yy, ..., Y, calculated by:

N N
L(G) = p(yO) ""yT; 6) = Z s Z p(y07 "'?yT7ZO7 "'7ZT; 6)' (6)
Z()=1 ZT=1

Computing the sums in the likelihood function L(©) is not numerically feasible.
Thus, direct maximization of the likelihood is not computationally tractable.
The EM algorithm provides a method for estimating the HMM parameters
by using the expected value of the complete data log-likelihood given known
observations and current parameters. The algorithm starts with an initial guess
of the parameters ©(®) and then iteratively updates the current parameters by
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maximizing:
(@ @ 71) =K |:10gp YO)~"7YT;ZOv"'7ZT;6)|y07"'7yT;@(n)]

=F |:1Ogﬂ-zo|y07' 7yTa®(n :|
1

+

T—
Z E [log q(z, zl+1)|y0, s YT 9(”)]
0

+

M=

E [logge(2l7yl)|y0a ~ YT @(n):| l

N
Il
=}

for n = 0,1,2, ... until convergence. Thus, the n'” iteration of the EM algorithm
consists of the following two steps:

e The E-step, where the expected complete log-likelihood T (@,@(”)) is
computed,

e The M-step, where the maximum likelihood estimate of the parameter
O+ = argmaxg 7 (6,0™) is computed.

For our specific model, the parameter of interest is @ = (¢(i,7)). In this case,
the E-step consists of computing P(Z;_1 = i, Z; = j|yo, ..., yr; Q), which is
the conditional probability of being at state ¢ at time ¢ — 1 and state j at time
t when the observation sequence and the parameters are given. Further, the
M-step uses the conditional probability to compute the transition probabilities
as follows:

(n+1)(» ) ?Expected number of transitions from state i to j”
q 1,7) =

” Expected number of visits to state i”
o P(Z1 =i, 2111 = jlyos -y Q™)
Zl:() (Zl :Z|y07"'ayt;Q(n))

3.3.2 EM algorithm for exponential family

Here, we describe the EM algorithm for exponential family following |Cappé
et al.| (2005). Suppose that the distribution of complete-data (Z;,Y;) given
Zi—1, p(2t,9y¢|z:—1), belongs to an exponential family, then

p(Zt, yt|zt—1) = h(ztv yt)e'rp (<w(@)7 S(Zt—la 2t yt)> - A(@)) ’

where (-,-) denotes the scalar product, s(Z;_1,Z;,Y;) is the complete-data
sufficient statistic, and 1(0) and A(O) are known functions of parameter. As
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a property of the exponential family, if the maximum likelihood estimate of
parameter O exists, it will be a function of the sufficient statistics. In the case
that the parameter of interest is ¢(i, j), the sufficient statistics will be I(Z;_; =
i, Zy = j) where I(-,-) is the indicator function. Assume that S:(i,j) denotes
the conditional expectation of the sufficient statistics given the observation
sequence 1o, ...,y and ©. Then, the n'" iteration consists of the following two
steps:

e The E-step, where the expected number of transitions from state i to
state j given yo, ...,y and O is computed,

t
nt1) s L j j
SN0 = 3B | (F =i 2= )
=1

yUa"'ayt;@(n)‘| ’ (7)

e The M-step, where the new parameter value Q("*Y is calculated using
St(nﬂ) and which can be formulated as Q1) = f(St(nH)) and is given
by:

SICY) )

N n N

Zj:l St( H)(%J)

¢tV (i, j) =

3.3.3 On-line EM algorithm

An advantage of the on-line algorithm, compared to the usual EM algorithm, is
that the parameters are updated each time a new observation is made without
the need to store the previous observations.

The on-line EM-algorithm is a modification of the EM algorithm. In order to
achieve this goal, a recursive implementation of the EM algorithm will be used,
see |Zeitouni and Dembo| (1988]). The conditional expectation of the complete-
data sufficient statistics, Si(i,7), can be computed recursively. To see this,
define:

oi(k) = P(Zy = klyo, ... y; ©), 9)

t
. 1 ) .
pt(27]7k) = ;E lgl I(Zl—l = Zazl :,7) Yo, "'aytazt = ka®

- (10)

for t =0,1,.... It is clear that S:(i,j) = chv:l oe(k)pe (1,7, k).

We want to estimate the transition matrix @ given some observations o, ..., yt.
In n** iteration of EM algorithm, all elements in ¢, ¢, ..., ¢; and p1, pa, ..., ps
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depend on Q™). Thus, for updating @ in (n+1)*" iteration, all elements of the
two quantities ¢; and p; need to be recalculated. Therefore, one needs to store
the entire observation vector to use the EM algorithm. The on-line EM algo-
rithm remedies the issue of requiring the entire observation vector by using Qt
rather than Q). This is because one can not compute more than one iteration
at each time point ¢ for the on-line EM. As a new observation is made at time
t, we update Q; according to Eq. where gt(i,j) = ZIJLI qgt(k:),ét(i,j, k) and
both ét and p; are updated recursively according to the Eqs. .

To compute the auxiliary function p;, we use a fixed forgetting factor v in the
on-line EM algorithm. The forgetting factor specifies how quickly the algorithm
forgets past information. It is needed for changing frequency of driving events
over time, since for example the frequency of driving events is not the same on
a highway or in a city. |Cappé| (2011) proposes a diminishing forgetting factor
to ensure that the EM algorithm converges to a stationary point. However,
this is not the goal here and we do not want the algorithm to converge to a
stationary point but rather never stop adapting.

Usually, the driving conditions can change over time and a single trip may
contain different road types such as city and highway. Therefore, using an on-
line algorithm that adapts to a changing environment is of interest. Figure [7]
shows the estimated diagonal elements of the transition matrix of driving states
{RT, SF, LT} for one simulated signal. The simulated signal represents a jour-
ney on a city road, highway and then back to a city road and again highway
over 10° seconds (= 28 hours), where the sampling period is 1/2 seconds. The
straight thick black lines show the diagonal elements of true transition matrices
which are used for simulating city and highway roads.
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City road + Highway + City road + Highway
y=1/t"- for 0=0.9 y=0.01

Prob.
Prob.

a g
[ oS 09
o o
0.85
qL.1)
08 a2.2)
0 2 4 6 8 q(3.3)
Time x 10°

Figure 5: Diagonal elements of on-line estimated transition matrix, simulated
signal from City road+Highway+City road+Highway, with four different values
of forgetting factor . Straight thick black lines show the diagonal elements of
true transition matrices Qcity and Qpighway-

It can be seen that the on-line algorithm with variable forgetting factor v can
not follow the changes of the parameters well and that the adaption dimin-
ishes over time, as is to be expected. The fixed forgetting factor, however,
seems to adapt well to the chaining environment. If a vehicle should change
the environment (city/highway) more frequently, higher values of v would be
chosen.

3.4 Estimating the number of events

Driver behaviors cause variations in the load by changing the speed, braking,
and adapting to curves. The aim of this work is to develop a method for iden-
tifying the steering events and their frequency. We are mainly interested in
the number of occurrences of driving events for a costumer. Together with the
forces generated by the events, one can calculate the expected damage of a
component for a specific vehicle. Since the steering events are not recorded in
CAN data, we estimate them using a hidden Markov model (HMM), where the
hidden processes represent the driving states and the observations are derived
from the CAN signals.
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In papers I and II, the Viterbi algorithm was used to detect the steering events.
However, the Viterbi algorithm requires access to the entire data sequences
and thus can not be used for on-line estimation when the data is not stored.
Instead we compute the expected number of events using the on-line estimated
transition matrix.

3.4.1 Detecting the driving events

The Viterbi algorithm, see [Viterbi| (1967)), is an important algorithm in HMMs
and is used to find the most probable sequence of hidden states for a new
signal. Suppose that we have an observation sequence yq, y2, ..., yr. We would
like to find driving events for this new observation. It means that we should
find a sequence of hidden states which maximizes the probability of observing
this specified observation. The Viterbi algorithm determines the most likely
sequence 2o, ..., 27 of hidden (driving) states, which maximizes the conditional
probability of the observation sequence for given parameters O:

(20 .oy 27) = argmax, .. p(Yo, - Yrl20, ..., 217; O).

By using the Viterbi algorithm, we reconstruct the sequence of driving states
and count the number of events. Figure [6] shows a lateral acceleration signal
and the corresponding reconstructed hidden states process using the Viterbi
algorithm.

Lateral Acceleration
5 T

LatAcc(m/sZ)
o

_5 L L L L L
0 200 400 600 800 1000 1200

Time(s)

Hidden process Zt

LTH 1

SF

States

L L L L L
0 200 400 600 800 1000 1200
Time(s)

Figure 6: Lateral acceleration signal and the corresponding reconstructed hid-
den states.
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3.4.2 Calculating the expected number of events

As mentioned above, the Viterbi algorithm requires the entire data sequences
and thus can not be used when one does not store the data. Instead of detecting
the driving events, one can calculate the expected number of events using a
transition matrix of driving states.

Suppose that at each time ¢, the Markov chain {Z;} has transition matrix Q.
By solving the equation (Q; — I)w; = 0, one gets the stationary distribution of
Q;. The expected number of i event for {Zt}tho is equivalent to the number
of times that transitions j — ¢ for all j # i occur. The intensity of visiting
state 7 is & (¢t) = Zj#I(Zt,l =4, Zy=14),fort=1,..,Tandi,j=1,2,..,N.
In addition, one should consider the state at time zero, Zy, which can also be
i. Therefore, the expected number of 3" event up to time T is:

T T
ni(T) = E[I(Zo = )]+ E[>_&®)] =m0+ > m;a(j.9)- (11)

t=1 t=1 j#i

In the off-line model the formula is simplified to:

ni=m+TY mq(,1).
i

4 Estimation of fatigue damage

Fatigue is a process of material deterioration caused by variable stresses. For
a vehicle, stresses depend on environmental loads, e.g. road roughness, vehi-
cle usage and driver’s behavior. Time to failure of a component is a random
variable that depends on many factors such as stress variability, material prop-
erties and the shape of components. Often, the so-called rainflow damage is
evaluated to describe the severity of the load environments. The damage is a
nondecreasing random process. In practice, the expected damage is an impor-
tant parameter which is used to estimate the risks of fatigue failures. In this
section we give a short introduction to the rainflow method and introduce some
concepts needed to compute the expected damage for a random load.

4.1 Rainflow cycles and expected damage

The rainflow cycle count algorithm is one of the most commonly used methods
to compute fatigue damage. The method was first proposed by Endo, see Mat-
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lsuishi and Endo| (1968). Here, we use the definition given by Rychlik (1987)
which is more suitable for a statistical analysis of damage. The rainflow cycles

are defined as follows.

Assume that a load Ly, the processes up to time 7', has N local maxima. Let
M; denote the height of the i** local maximum. Denote by m; (m; ) the min-
imum value in forward (backward) direction from the location of M; until Ly
crosses level M; again. The rainflow minimum, m:f ¢, is the maximum value
of m; and m; . The pair (m:f €, M;) is the i*" rainflow pair with the rainflow
range h;(Lp) = M; — m;f . Figure EI illustrates the definition of the rainflow
cycles.

Figure 7: The rainflow cycle.

By using the rainflow cycles found in Ly, the fatigue damage can be defined
by means of Palmgren-Miner (PM) rule, see Palmgren| (1924)), [Miner| (1945),

N
Dg(Lr) =« Z hi(Lt)", (12)

=1

where «, 3 are material dependent constants. The parameter o' is equal
to the predicted number of cycles with range one leading to fatigue failure
(throughout the article it is assumed that « equals one). Various choices of
the damage exponent 8 can be considered, like § = 3, which is the standard
value for the crack growth process or § = 5 which is often used when a fatigue
process is dominated by the crack initiation phase.

The rainflow damage, given in Eq. (12), can also be computed using the number
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of interval up-crossings N°%¢(u,v), viz.

+oo v
Dg(Ly) = p(B — 1)[ [ (v— u)ﬁfZNosc(u,v) dudv, (13)

as was proved in |Rychlikl (1993). Note the formula is only valid for g > 2.

If Ly is a random process, one uses the expected damage as a tool to describe
damage. The damage intensity of a processes is defined as:

ds = lim - E[Dy(Lr)] (14)

Finally, using Eq. , we get that

—+o0 v
dg = B(B — 1)/ / (v — u)? =2 (u, v) du dv, (15)
where ose
MOSC(U’ 1}) _ Th_r}loo FE [N T(Uy 'U)] ) (16)

which is called the intensity of interval up-crossings.

4.2 Reduced load and expected damage

Modelling of the external loads is an important aspect in durability studies of
vehicle components. The approach taken here is to approximate the load by
a vehicle independent sequence of steering events, here representing left and
right turns (LT, RT) or left and right steering (SL, SR). In both cases the
two events are separated by a section when wheels have approximately zero
turning angle, which is called straight forward (SF). Thus, a reduced load can
be defined by keeping the extreme value for each left and right turn and set to
zero in between.

We describe how to construct a reduced load from steering events left and right
turns. However the method could be generalized to other driving events. Let
{Z:}I_, be the hidden processes in an HMM, with three possible driving states
right turn, left turn or straight forward. Assume that we have N turns. We
denote the i*" turn by Z;, which equals one if the turn is a left turn, and two
if the turn is a right turn. Note that each Z} corresponds to a time interval
[ti.start, ti,stop), Which represents the start and stop points of ith turn.

Now to create the reduced load, from the sequence of driving events, assume
that M; and m; are the " maximum and minimum load during a turn. Then,
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the reduced load {Xi}?ivo is defined as follows

0, if 7 is odd integer,
Xi=q M, if Z7), =1,iis even integer, (17)
myg, if Z;‘/Q = 2,1 is even integer.
Here the zeros are inserted since between each left and right turn event there

must be a straight forward event. Figure [§] illustrates a lateral load and the
corresponding reduced load.

Load

2L 4

%5 T i T 30
03tart 0,stop 1,start 1,stop

Time(s)

Figure 8: Reduced load represented by dots where the observed load is repre-
sented by the irregular solid line.

To compute the damage intensity dg, per driving event, one needs the interval
up-crossing intensity p°%¢(u,v) of random reduced load. An explicit formula
for p°°¢(u,v) has been found for a Markov model of the reduced load. We
approximate the process Z by a Markov chain with transition matrix P =
(p(k,j)) (it can be estimated from transition matrix @ in the HMM). Further,
we assume that {M;};° and {m;};°, are sequences of i.i.d. random variables.
Then, it can be shown that the interval up-crossing intensity u®*¢(u,v) is:

) s P(my < u), u<v <0,
%€ (u,v) = 3 w5 P(m1 < u)pa(u,v), u<0<uw, (18)
7} P(My > v), 0<u<w.

1
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where w* = (77, 7}) is the stationary distribution of the P and ps(u,v) can be
derived from the equation system:

pj(u,v) =p(j, 1) P(My > v) + P(My <v)p(4, 1) p1(u, v)
+}D(Wll > U)p(j, 2)p2(u7v)7 .7 = 172' (19)

For more details see [Maghsood et al.| (2015]).

4.3 Validation of the model

To validate the proposed load model, we compare the expected damage index
with the damage index estimated from the measured data. The main steps to
calculate the expected damage are as follows:

e Use the HMM to detect the steering events,

Estimate the transition matrix P,

e Estimate the distribution of the extreme forces M; and m;,

Compute the interval up-crossing intensity p°*¢(u,v) given by Eq. ,

Compute the expected damage by using Eq. .

We use the dedicated field measurements from a Volvo Truck as our data
set. Three maneuvering events are considered: steering right, steering left
and straight forward. The link rod force is used as the measured load L°%* for
damage calculation. Based on detected steering events, the reduced load x is
estimated by the sequence of the extreme loads during steering right and steer-
ing left and zeros for driving straight. The Rayleigh distributions are fitted to
the maximum (M;) and minimum (m;) values.

The measured load and the reduced load with the corresponding detected ma-
neuvering events are shown in Figure [Jp. In the figure, the stars are the ex-
treme values of load occurring during maneuvering events and constituting the
reduced load z. Figure [Ob demonstrates the rainflow cycles for the measured
link rod force and the reduced load. It can be seen that all large cycles can be
captured by the reduced load.
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Figure 9: (a) Top: solid irregular line is the measured link rod force while
stars represent the reduced load. Bottom: Detected maneuvers. (b) Dots -
the rainflow cycles found in the measured link rod force. Circles - the rainflow
cycles counted in the reduced load.

Table |1/ shows a comparison of the damage indexes Dg(LObs) computed for the
measured load, Dg(z) for the reduced load and the expected damage index
E[Dg(X)] for the random model of the reduced load. The results indicate
that the damage calculated from the sequence of the extreme forces occurring
during events is close to the total damage value. As expected, the damage
indexes Dg(L°") and Dg(z) are almost identical. We conclude that the reduced
load models the variability of the measured load well. The expected damage
E[Dg(X)] is larger than Dg(x). Whether this difference is significant is shown
in Figure

Table 1: Comparison of damage indexes Dg(L°*) computed for the measured
load, Dg(x) for the reduced load and the expected damage index E[Dg(X)].

Ds(L") Dg(x) E[Ds(X))]
B=3 14.8 - 103 14.3 - 103 15.5- 103
B=5 2.3.106 2.2-106 2.7-106

In Figure [I0h, the load spectra estimated from the measured link rod force and
the reduced load are compared with the theoretical load spectrum. As can be
seen in Figure [10b, where the load spectra for 10 simulated loads are compared




“main” — 2016/5/20 — 10:41 — page 23 — #32

4.3 Validation of the model 23

with the theoretical load spectrum and the load spectrum of the reduced load,
the differences between the measured spectrum and the expected one are small.

(a) (b)

Load spectra Load spectra
30 30
25 1 25
20} 1 20
[} ()
g’ 15 g’ 15
3 3
o @
10 1 10
5 5
0 0 1 2 3 4 5 0 0 1 2
10 10 10 10 10 10 10 10 10
Cumulative frequency of cycles Cumulative frequency of cycles

Figure 10: (a) The regular solid line is the theoretical load spectrum. The
stair-like functions are the load spectra found in measured link rod force and
the reduced load. (b) Load spectra for 10 simulated loads compared with the
theoretical load spectrum and the load spectrum of the reduced load (the thick
stair-like line).

4.3.1 Damage investigation based on on-line algorithm

In this section we compute the damage intensity per kilometer based on on-
line estimation of transition matrix . We use one simulated lateral acceleration
signal in order to calculate the damage. The simulated signal represents a
journey during a city road, highway and then back to a city road and again
highway over 10° seconds, where the sampling period is 1/2 seconds. The speed
of the vehicle is considered to be 50 kilometers per hour and the mileage is 1000
km. We split the signal into 1000 equally sized frames. For each frame, the
expected number of turns are computed by Ang = nx — nr—1, where 7, is the
estimated number of turns occurring over the first k kilometers. The expected
damage based on turns for each frame is calculated by:

Ady = Angdy,

where dy, is the expected damage per turn and calculated by means of Egs.
and ([18). The empirical distribution of M; and m; is used to calculate the inten-
sity of interval crossings 1°°¢(u,v). We use the on-line estimation of transition
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matrix @ with forgetting factor v = 0.002 to estimate the transition matrix P.
The result for damage exponent 5 = 3 is shown in Figure[l1] The straight thick
red line shows Ady(Q¢rue), which is the damage intensity computed using the
model transition matrices for city and highway. We can observe the change
in damage between highway and city road. As might be expected the damage
intensities (per km) estimated for the city are higher than for highway, since
the number of turns occurring in a city road is larger than on highways.

On-line algorithm with y=0.002
p=3

4000 T T T
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Figure 11: Damage intensity per km according to the on-line estimation of
transition matrix with v = 0.002. The plot shows the results for damage expo-
nent 8 = 3. The straight thick red line shows Ady(Q¢rve), which is the damage
intensity computed using model transition matrices for city and highway.

5 Summary of papers

5.1 Paper I: Detection of Steering Events based on Vehi-
cle Logging Data using Hidden Markov Models

Hidden Markov models (HMMs) have been proposed for detection of steering
events such as curves and maneuvering using on-board logging signals available
on trucks, such as lateral acceleration, vehicle speed and steering wheel angle.
The idea is to consider the current driving event as the hidden state and con-
struct the model based on them. To estimate the parameters of the model, we
have considered two different methods. In method 1, we have estimated the
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transition and emission matrices from the training set, while in method 2 the
emission matrix has been fixed from the training set and the transition matrix
has been re-estimated based on the test set. The differences between roads can
affect transitions between states. The emission matrix describes the property
of the events given certain hidden states, while the transition matrix describes
the sequence and duration of the events. Therefore, it could be relevant to
update the transition matrix for a new signal to find the hidden states.

In order to compare methods 1 and 2, we have calculated both type I (false
positive) and type II (false negative) errors. If we find an event that does
not exist, we get a false positive error. However, if we can not detect the true
event, the false negative error will happen. The simulation study indicates that
method 1 is quite robust to changes in the transition matrix, since it is possible
to detect the events even though the transition matrix in training and test sets
are different. Method 2 can be used when we have a large enough test set to
accurately estimate the transition matrix.

5.2 Paper II: Modeling Extreme Loads Acting on Steer-
ing Components using Driving Events

In this paper the damage index is calculated based on identified driving events
such as curves and maneuvers. The sequence of the most extreme forces oc-
curring during driving events will form the largest cycles and are consequently
the most essential parts of the load. We have modeled the sequence of driving
events with a Markov chain and reduced load by keeping the extreme value for
each left and right turn and zero for the straight forward event. A formula for
the expected damage index is computed using reduced load.

The proposed models were validated using measured data from a Volvo truck.
The results show that all large rainflow cycles found in measured load were
found in the reduced load. Hence, the fatigue damage of steering components
can be predicted by reduced load. The proposed load model accurately de-
scribes the variability of the rainflow ranges for the considered measured load.
Further, using the model the expected damage could be predicted.

5.3 Paper III: Load Description and Damage Evaluation
using Vehicle Independent Driving Events

In this paper, we investigated the main parameters of the load model proposed
in Paper II. The proposed random model depends only on four parameters. A
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sensitivity study was conducted to see how much the expected damage depends
on the variability of parameters of the proposed model.

5.4 Paper IV: Detection of Steering Events using Hidden
Markov Models with Multivariate Observations.

In this paper, we have proposed a method to identify the steering events, such
as curves and maneuvers, using an HMM with multivariate observation se-
quences. We considered six driving states: right turn (RT), straight forward
for turns (SFT), left turn (LT), steering right (SR), straight forward for ma-
neuvers (SFM) and steering left (SL), to construct the HMM. It is shown that
hidden Markov models with a combination of continuous and discrete distribu-
tions for observations can be used to find the steering events. Both simulated
and measured signals are used to identify the steering events and validate the
model.

5.5 Paper V: On-line Estimation of Driving Events and
Fatigue Damage on Vehicles

In this article, we estimated the number of steering events using a hidden
Markov model where the model parameters are estimated by using an on-
line EM algorithm. An advantage, compared to the usual EM algorithm, is
that the parameters are re-estimated each time as a new observation is made
without the need to store the previous observations. The driving conditions
can change over time and a single trip may contain different road types such
as city and highway. Therefore, we propose an algorithm that adapts to a
changing environment. Further, we compute the expected damage caused by
driving events using an on-line algorithm.

By determining the number of events that occur in customer vehicles, it is
possible to estimate the fatigue damage caused by the same kind of events. We
have shown how to compute the expected damage according to the reduced
load using an on-line estimation of transition matrix.

6 Conclusion

It has been found that the HMMs can be used to recognize the steering events
such as curves and maneuvers based on vehicle logging data. We estimate the
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steering events using an HMM, where the hidden process is the driving states
and the observations are CAN signals. We use the EM algorithm to estimate
the HMM parameters. The parameters of the HMM are also estimated using
an on-line EM algorithm. The on-line algorithm is a modification of the EM
algorithm which allows for an adaptive parameter estimation method. By
using an on-line algorithm, the parameters can adapt over chaining driving
environment.

Damage calculation is investigated for steering components. The sequence of
the most extreme forces occurring during driving events will form the largest
cycles and are consequently the most essential part of the load. The sequence of
driving events which is modeled by a Markov chain, forms the vehicle indepen-
dent part of the load. The load is approximated using the vehicle independent
sequence of driving events, here representing left and right turns or left and
right steering. In both cases the two events are separated by a section when
wheels have zero turning angle, which is called Straight forward. Thus, a re-
duced load can be defined by keeping the extreme value for each left and right
turn and zero between each event. An explicit formula is found for the ex-
pected damage according to the reduced load. We conclude that the proposed
random load accurately describes the variability of the rainflow ranges for the
measured loads in question.
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SP Technical Research Institute of Sweden, working with statistical methods for
load analysis, reliability and fatigue.

This paper is a revised and expanded version of a paper entitled ‘Detection of the
curves based on lateral acceleration using hidden Markov models’ presented at
5th Edition of the International Conference on Fatigue Design, Senlis, France,
27-28 November, 2013.

1 Introduction

For fatigue design, the loads need to be assessed. One approach is to describe the load
environment and the customer usage, which together with the vehicle dynamics define
the load conditions, see Edlund and Fryk (2004) for heavy truck applications, Karlsson
(2004, 2007) for curve characteristics, and Johannesson and Speckert (2013) for general
information. The characteristics of driving events used for describing customer usage can
be defined using measurements obtained from specially equipped vehicles on a test track.
On the other hand, customer vehicles in general have no access to measurements dedicated
to durability, and using specially equipped vehicles in service is difficult and expensive.
Thus, for on-board logging of events we need to use the information which is available for
all vehicles by means of controller area network (CAN) bus data.

For a typical heavy truck, there are more than 80 signals from the CAN bus and some
of them, such as steering wheel angles, vehicle speed, yaw rate and lateral acceleration, are
really important to identify the driving events. The steering wheel is the wheel turned by
the driver while driving and the angle is defined as the angle deviation from driving straight
ahead. The yaw rate is the angular velocity. The lateral acceleration is proportional to the
lateral force in turning events. For most components these loads are not as damaging as the
vertical loads, but they have a large impact on steering components (Karlsson, 2007).

A dataset is available from Volvo Trucks, and the important events have been defined
based on dedicated test track measurements. The problem is to identify the events and their
frequencies from CAN data. In this study we propose a method using HMMs to detect
steering events such as curves and manoeuvring based on vehicle logging data. The idea is
to use the driving events, i.e., straight forward and turns, as the hidden states and construct
an HMM based on them.

The HMMs have been widely used in signal processing to recognise the events and also
to predict them in the future, see e.g., the overview by Rabiner (1989) with applications to
speech recognition. Mitrovi¢ (2004, 2005) and Berndt and Dietmayer (2009) used HMMs
to detect driving events. They constructed one HMM for each type of driving event such
as left and right curves, left, right and straight on in roundabouts. They created a training
set by identifying events manually to build the models and evaluate them. Then for a new
observation sequence, they computed the observation likelihoods based on all models and
chose the driving event type with respect to the highest likelihoods.

The parameters in an HMM are the transition probability matrix, the emission matrix
and the initial state distribution. They must be estimated to characterise the model. In
our suggested method, we have used a single HMM for describing all events instead of
constructing several different models where each HMM describes a single event. It should
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be easier to estimate the parameters of one model than a large number of parameters of
different models.

In an HMM, a training set is used to estimate the parameters of the model, while a test
set is used to validate the model. A training set consists of all necessary information for
estimating the model parameters. In our study, the training set contains all history about the
steering events such as the start and stop points.

Lateral acceleration signals have been used to detect the curves. We have simulated
different lateral acceleration signals with different lengths and different number of curves
(events) to have some controlled training and test sets. We have also used the same technique
to detect the manoeuvres such as static steering. The measured steering wheel angle signal
has been used instead of lateral acceleration.

In Section 2, we describe the concept of HMMs and present two methods for detection
of curves. For method 1 the parameters of the HMM are estimated from the training set,
while for method 2 the transition matrix is re-estimated based on the test set. Examples with
results for simulated and measured data are shown in Section 3. Conclusions are presented
in Section 4.

2 Hidden Markov models

Hidden Markov models are probabilistic models that can be used for detection of patterns or
events in a signal. The setup is that there are two processes. The interesting process Z;, which
describes the events, is not possible to measure. It is thus called hidden and modelled as a
Markov chain. However, what can be observed is a process Y;, whose statistical properties
depend on the value of Z;. The problem at hand is to estimate the parameters of the HMM.
Based on an observation of Y, it is then possible to reconstruct the most probable hidden
process and identify events.

First, three events, right turn (RT), left turn (LT) and straight forward (SF) have been
considered. The idea is that one can see these three events as three hidden states and
construct the HMM based on them. Figure 1 illustrates three hidden states, the transitions
between them and a sequence of observations that can be generated based on the probability
distribution of observation symbols.

Figure 1 The hidden state sequence is modelled by a Markov chain and the observation sequence
is modelled by the emission probabilities (see online version for colours)
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Let {Z;},-, be a Markov chain where Z; denotes a hidden state at time ¢ and has possible
values S = {51, 52, ..., Sn}. The transition probabilities between the hidden states are
defined by the matrix A = {a;; }, called transition matrix, where

a’Zj:P(Zt+1:S]|Zt:SL)7 ivj:172a"'7N

and Zjvzl Q5 = 1.

Further, there is another process {Y;},-, where Y; denotes the observation symbol at
time ¢. The sequence of observation has the possible values V' = {V;, V5,..., Vs } and is
observable. The probability distribution of observation symbols in each state is given by
the emission matrix, B = {b,(V%)}, where

bj(Vi) =P, =Vi|Zy = 95;), k=1,2,...,.M

and Y00 b; (Vi) = 1.
The state where the hidden process will start is modelled by the initial state probabilities,
which are denoted by m = {m1, 72, ..., 7N} where

wi:P(leSi), Z.:].,Qw..,N

and Zf\;l m = 1.

It has been demonstrated that a discrete HMM can be good in pattern recognition, see
Rabiner (1989). We have also used a discrete HMM A = (A, B, 7), where A represents
model parameters which contain the transition matrix, the emission matrix and the initial
state distribution.

As mentioned above, we have three hidden states S = {RT, SF, LT} denoting the three
events right turn, straight forward and left turn, respectively. In order to estimate the
parameters of the HMM, we have used the lateral acceleration signal where we also have an
observation of the hidden process Z;. This will be our training data containing observations
of both the Y -process and the hidden Z-process. We have considered lateral acceleration
values as our data and thus we need to translate this continuous feature into predefined
classes. Here, three classes will be used, V' = {A, B, C}, which are defined as follows:

o A= {“lateral acceleration” < —0.2 m/s2}
e B= {—0.2 m/s? < “lateral acceleration” < 0.2 m/sQ}

o C= {“lateral acceleration” > 0.2 m/s2}.

This kind of clustering will create a sequence of observation symbols which has been used
to estimate the emission matrix in our model.

To estimate the transition probabilities, we have just counted the number of transitions
between the three states and normalised each row of the transition matrix to one. To estimate
the emission matrix, we have counted the number of times that each observation symbol
has been seen in each state.
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2.1 Model evaluation

The aim of this study is to find a probabilistic model to recognise the curves. The parameters
of the HMM have been estimated by using a training set and evaluated by using different new
sequences of observations as our test set. To identify the curves for a new lateral acceleration
signal, we have considered two different methods as follows:

e  Method 1: Use the estimated transition and emission matrices from the training set to
detect events in the test set.

o  Method 2: Use the emission matrix from the training set but re-estimate the transition
matrix based on the test set, and then detect events in the test set.

The main reason for considering method 2 is that differences between types of roads can
affect the transition probabilities between states. The emission matrix describes the property
of the curves given certain hidden states. However, the transition matrix describes the
duration of the events. Thus, it could be reasonable to update the transition matrix for a new
signal to find the hidden states.

2.1.1 Method 1

Here, we have used a training set to estimate the parameters A = (A, B, 7) of the HMM.
The Viterbi algorithm, see Viterbi (1967) and Forney (1973), has then been used to find the
most probable sequence of hidden states for a new signal.

Suppose that we have classified the new lateral acceleration values with length n and
have the observation sequence y1, ya, . . . , Y. We would like to find driving events for this
new observation. It means that we want to find a sequence of hidden states which maximises
the probability of making this specified observation. The Viterbi algorithm finds the state
sequence 21, 29, . . . , 2, out of the 3" possible sequences of length n, which maximises:

PYi=wvy1,.... Yo =yn|lZ1 = 21,. .., Zn = 23 A).

In fact, the Viterbi algorithm gives a state sequence 21, 23, . . . , 2, Which maximises the
conditional probability of the observation sequence for given parameters A = (A4, B, 7).
The result will give the most likely sequence of hidden states from which it is possible to
identify the driving events.

2.1.2 Method 2

In this approach, we have fixed the emission matrix from the training set and re-estimated
the transition matrix for each new signal. To estimate model parameters based on an
observation sequence when the hidden sequence is unknown, we have used the Baum-
Welch algorithm, which was introduced by Baum et al. (1970). It is a special case of the
expectation-maximisation (EM) algorithm, see Dempster et al. (1977). The Baum-Welch
algorithm is one of the most well-known methods for estimating the model parameters in
HMMs on unlabelled sequences. It is an iterative maximum likelihood method and starts
with initial parameters that in our case are set based on training data. The algorithm uses
a forward-backward procedure to estimate the model parameters for a given sequence of
observations.
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For completeness, we will describe the Baum-Welch algorithm following Rabiner
(1989), and then we will explain how it has been used in method 2.

Consider an observation sequence y1, 2, - - - , yr with length 7" and suppose that we have
N hidden states S = {51, 52, ..., Sn}. We will estimate parameters A = (A4, B, 7). The
algorithm will start by initial parameters Ao = (A, Bo, 7). It will compute the conditional
probability such that:

§(i,j) = P(Zy = Si, Zyw1 = Sj[Y1i =y, ., YT = y1; A)

which is the probability of being at state ¢ at time ¢ and state j at time ¢ + 1 when the
observation sequence and the parameters are given.

To compute the probabilities, the forward-backward factors will be used which are
defined as the following:

at(i) P(Yl:yla--wYt:tht:Si;)\)
B (i) = P(Ye41 = Yeq1, .-, Yo = yr|Ze = Sis A).

The formulas for forward-backward recursion are:
N
as1(j) = [Z atman] b (1)
i=1
N
Bi(i) = > aizbi (yer1) B (4),
j=1

wheret =1,2,...,T — 1. - o
To update the model parameters A = (A4, B, ), two steps will be considered:

o FE-step:
In the E-step, we will compute & (4, j). Based on the definition of forward-backward
factors, &;(4, j) can be written as follows:

(1) aijb; (yYe+1)Bit1(4)
(Yl :yl,...,YT :yT;A)
_ () aijb; (Ye+1) Be+1(5)
Sy 3y an(§)asby (Yer1) B (5)

gt(%]) = P

)

where Zthl (1, 7) is the expected number of transitions from state i to j. Let’s
define v (i) = P(Z; = S;|Y1 = 1, ..., Yr = yr; A). Then it should be clear that
V(i) = >, &(4, ) and Zthl ~: (@) is exactly the expected number of transitions
from state <.

o  M-step:
In the M-step, the parameters A = (A, B, 7) will be updated. Both forward and
backward variables will be used to re-estimate model parameters by using the
following formulas:
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7; = “Expected number of times in state ¢ at time t = 1”

= 71(9).
“Expected number of transitions from state ¢ to 57

ai; = =
" “Expected number of transitions from state 4
T-1, (. .
_ 2 &)
T T T-1_
Zt:1 Y (4)
5 (Vi) “Expected number of times in state j and observing V;”
i\Vk) =

“Expected number of transitions in state 5~
T )
. thl (observinng),yt (])

Sy ()

By iterating the above procedure, we can improve the probability of a particular
observation sequence being generated by the model with given parameters.

In method 2, we did not update the probabilities b; (V4) in the Baum-Welch algorithm since
we have fixed the emission matrix B = Bj aining. We have just re-estimated the transition
matrix and the initial state distribution for a given observation sequence. Then we have used
the Viterbi algorithm to find the most likely hidden states based on given parameters.

3 Examples

We have tested our models with simulated and measured datasets. In the first example,
we have simulated different lateral acceleration signals as our training and test sets and
evaluated the detection of driving events. In the second example, we have used measured
data, which is dedicated field measurements from a Volvo Truck.

3.1 Simulated lateral acceleration signal

We need a training set to estimate the parameters and a test set to evaluate the model. For
this purpose, we have simulated different lateral acceleration signals with a sampling period
of 0.5 s. Figure 2 shows an example of the simulated lateral acceleration signal and the
corresponding hidden states. These two simulated signals will be our training set. Next, we
will describe how the simulation has been performed.

First we have generated the events by using a Markov chain in our simulation. We
supposed that the probabilities of going from a right turn to a left turn and vice versa are
quite small. Most often we will have straight forward after a right turn or a left turn. Thus,
we have considered a transition matrix for the sequence of events such as

R S L
R/AO0 1—-p p
S105 0 05
L\p 1-p O

where p = 0.1 and represents the probability of going from a right turn to a left turn. We
have simulated a Markov chain with three states which represent our sequence of events.
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Figure 2 Simulated lateral acceleration signal and the corresponding hidden states (see online
version for colours)
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Since we are going to model the length of each straight and each curve, we have chosen
the start and stop points of each event(i), i = 1,..., K as follows:

“Start point for event(¢)” = “Stop point for event (i — 1)”,
“Stop point for event (7)” = “Start point for event(z)” + L;.

where Start point for event(1) =0. The length (duration) of each event L; is random
according to specified distributions, namely:

e ifevent(7) is a curve (right or left turn), then L; ~ U(2, 8) since each turn may take
2-8s

e ifevent(:) is straight, then L; ~ exp(6), where § = 20 shows the average duration of
each straight.

The result will be our simulated hidden process Z;. Note that the constructed Z; is not
a Markov chain, since the lengths of the curves are uniformly distributed, which is more
realistic than the exponential case.

To generate a lateral acceleration signal, we have used a model suggested by Karlsson
(2006, 2007). The measured lateral acceleration can be split into two load processes, which
are the centripetal acceleration and a residual.

Let a(t) be the value of the lateral acceleration at time ¢, ayrap(t) the centripetal
acceleration, and a,es(t) the residual, which is a combination of different factors such as
driver, road, vehicle and velocity. The model is formulated as:

a(t) = atrap(t) + ares(t),
Arap (t) = v2(t) x C (1),
ares(t) = sign(r(t)) x (r(t)2)7

where 7(t) ~ Normal(0,0.5) and C(t) is the curvature. In fact, for any curve j, the
maximum centripetal acceleration is @rap,; = v X C; where v; indicates the constant
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speed over curve j and C) is the maximum curvature. Further, the curvature is modelled by
introducing the transformation:

YCj = ]-/C] — Tturn,

where log Y¢; ~ Normal(p, 02), and 7'y, is the turning radius of the vehicle.

By considering suitable values of parameters p = log(1/100) and o = 0.5 taken from
Karlsson (2007), we can generate reasonable lateral acceleration signals. To get the Y;
process, we have translated lateral acceleration values into the symbols V' = {A, B, C} as
described on page 4.

3.1.1 Estimate of parameters from training set

It should be remembered that in this example the signal in Figure 2 will be our training set.
The signal contains 100 events and we have considered the value § = 20 to get the duration
of each straight. Figure 2 illustrates 1200 s (2400 samples) of the training set.

Even though the simulated hidden process is not a Markov chain, we will use the HMM
methodology to estimate parameters and to detect events. To estimate the transition matrix,
we have counted the number of transitions between the three states. Finally, we have counted
the number of times that each observation symbol (A, B, C) has been seen in each state to
estimate the emission matrix.

o  The transition matrix:

R S L
R /0.910 0.075 0.015
S | 0.010 0.979 0.011
L \0.007 0.092 0.901

o  The emission matrix:

A B C

R /0.970 0.022 0.008
S| 0.185 0.638 0.177
L \0.014 0.034 0.952

3.1.2 Model evaluation

To recognise the curves for a new simulated lateral acceleration signal, we have considered
two different methods. We have generated a new lateral acceleration signal as our test set
to compare the two methods. The new signal is shorter than the training set and we have
considered the value § = 20. The simulation contains 28 curves.

Method 1

Here, we have estimated both transition and emission matrices from the training set. Then,
the Viterbi algorithm has been used to find the most probable sequence for the new signal.
Figure 3 shows the true and detected states based on our model. It can be seen that, for this
example, the method can recognise left turn and right turn without any misclassification
errors.
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Figure 3 Detection of events using method 1 (see online version for colours)
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Method 2

Here, we have used the estimated emission matrix from the training set, but we have
re-estimated the transition matrix from the new signal based on the EM algorithm.
The re-estimated transition matrix:

R S L

R /0.872 0.100 0.028
S | 0.029 0.957 0.014
L \0.032 0.089 0.879

The true and detected states for the new signal are shown in Figure 4, where we can see that
there are some misclassifications, and hence the misclassification error rate in this case is
higher than in method 1.

Comparison between method 1 and 2

To get the misclassification error rates, we have calculated both type I (false positive) and
type II (false negative) errors. If we find an event that does not exist, we get a false positive
error. However, if we cannot detect the true event, the false negative error will happen.

Most of the time, the duration of the detected events is not the same as the real events.
Therefore, we have considered the middle time of each detected event and we have compared
its label with the true label (hidden state) at that time. The number of times that we got
different labels divided by the number of events will be the false positive error rate. Further,
to get the false negative error, we have considered the true label of each event at the middle
and we have compared it with the detected label.
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Figure 4 Detection of events using method 2 (see online version for colours)
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We have simulated signals with different numbers of events as our test sets (n = 10, 100),
in order to investigate the sensitivity to the sample size. We have changed the parameters
for the test sets to check how much they affect the results. For each case, we performed
1000 simulations to get an average of error rates. Three cases of straights of different
duration have been considered by setting § = 4, 20, 100. For instance, by using § = 100
we can illustrate a highway. Note that the length of the simulated signal depends both on n
and 6. The modified transition probabilities for the Markov chain is:

R S L
R/0 1—p »p
S105 0 05
L\p 1-p O

where the value p = 0.01, 0.1, 0.25. If we have a larger value of p it means we have more
curves in our simulations.

Figure 5 shows the error rates with regard to the different parameters. It can be seen
that if we change the p value then the figures will not change very much but if we change
the value of 6 then there is quite a great change between the errors. When we have a small
test set, for method 2, the false positive error increases while the false negative decreases.
It means that we will detect more events that do not exist.

Generally, the type I error is lower for method 1, but the type II error is higher. If we
have a test set of only 10 events, then method 1 should be preferred since we do not have
enough data to estimate the parameters.

The simulation study does not give any clear observations, but it gives some indications.
If the parameters of the test set is similar to the ones in the training set, then method 1 should
be preferred. The emission matrix is expected to be similar for all road types. However, the
transition matrix should depend on the type of the road. For example if we have a lateral
acceleration signal from a city road as our training set and we want to detect events based
on a lateral acceleration signal from a highway, then the transition matrix from the training
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set cannot be good and it should be re-estimated from the new signal. Hence, method 2
should be used.

Figure 5 Type I and Type II errors (see online version for colours)
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The simulation study indicates that method 1 is quite robust to changes in the transition
matrix, since it is possible to detect the events even though the transition matrix in training
and test sets is different. Method 2 can be used when we have a large enough test set to
accurately estimate the transition matrix.

3.2 Comparing HMMs with a simple method

Here, we have used a simple naive algorithm for detection of events and compared its result
with the HMM detection. The aim is to demonstrate the benefit of the HMM approach
compared to a simple threshold-based method.

The method detects the curves by using pre-defined thresholds for lateral acceleration
signals. If the absolute value of lateral acceleration is larger than 0.2 m/s® for more than
1.5 s, then the algorithm will detect the event as a turning event.

We have just considered method 1, and the simulated lateral acceleration signal has
been used for this comparison. Figure 6 shows the results. It can be seen that HMMs work
much better than the simple algorithm to recognise the turning events.

3.3 Measured lateral acceleration signal

The measured data that we have used are field measurements coming from a Volvo Truck.
We have used the measured signal from the CAN bus and we have manually detected the
events by looking at video recordings from the truck cabin to see what happened during
the driving. By having the start and stop points of each event, we have created the hidden
Z-process.
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Figure 6 Comparing HMMs with a simple method (see online version for colours)
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For the Y -process, we need a lateral acceleration signal which we have computed by using
the following formula:

“lateral acceleration” = “speed” - ““yaw rate”.

To remove the high frequency noise, we have used a low-pass filter with 0.5 Hz cut-off
frequency. To reduce the amount of data, we have split the data into frames (the duration of
each frame is 0.5 sec) and calculated the mean value for each frame. We have translated the
continuous feature (mean value) into the predefined symbols in each frame by three classes
A, B and C where

e A= {“lateral acceleration” < —0.5 m/s2},

e B ={-05m/s? < “lateral acceleration” < 0.5 m/sQ},

e  C = {“lateral acceleration” > 0.5 m/s”}.

Compared to the earlier clustering, we have changed the threshold from 0.2 to 0.5 in our
clustering in order to improve the detection results.

The signal that is considered has the length of 3800 s, which we have divided into two
parts as our training and test sets. The training set has a duration of 2000 s and the test
set 1800 s. Figure 7 shows the training part of the signal and the corresponding manually
detected hidden states.

Method 1

First, we have used method 1 and estimated transition and emission matrices from the
training set, resulting in the transition matrix
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R S L

R /0.945 0.055 O
S | 0.001 0.997 0.002
L 0 0.048 0.952

and the emission matrix

A B C
R /0.418 0582 O
S | 0.031 0.957 0.012
L 0 0363 0.637

The detected states based on method 1 for the test set are shown in Figure 8, where we can
compare them with the manually detected states.

Figure 7 Training part of measured lateral acceleration signal and the corresponding manually
detected hidden states (see online version for colours)
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It can be seen that the misclassification error rate is quite high. In all cases, the method can
recognise the manually detected curves. However, we have a false positive error since the
method has found five right turns that are not in the manual detection. One reason could be
that the manual detections are not completely correct because of the visual errors and the
low quality of videos used for the manual detection. There is also a sharp left turn at the
end which could not be detected since the speed is low (about 10 km/h), thus giving low
lateral acceleration, and making it hard to recognise the curve correctly. However, this last
curve is on the borderline between curve and manoeuvring events, see below.

Method 2

In method 2, the transition matrix has been re-estimated based on the EM algorithm
resulting in the estimated transition matrix

R S L
R /0.895 0.105 O

S [ 0.004 0.995 0.001
L 0 0.033 0.967
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Figure 9 shows the results based on method 2. It can be seen that the results are the same
as for method 1. Since the road type of the test set is similar to the one in the training set,
methods 1 and 2 performed similarly to detect the events.

Figure 8 Detection of events in the measured signal using method 1 (see online version for colours)
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Figure 9 Detection of events in the measured signal using method 2 (see online version for colours)
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3.4 Detection of manoeuvring events

For many steering components the so-called manoeuvring events generate the highest forces.
The manoeuvring events are considered as the events which will happen at speed less than
about 10 km/h. For instance, driving out of the parking lot and turning to the right and left,
reversing and manoeuvring into the parking lot and standing still but turning the steering
wheel are typical manoeuvring events.

We have applied the same technique as for the curves to detect manoeuvring events by
using HMMs. Three events steering right (SR), steering left (SL) and straight forward (SF)
have been considered as our hidden states (process Z;). We have considered the steering
angle speed signal as our data and translated this continuous feature into predefined classes
(process Y;). Three new classes have been used as follows:

e A = {“Steering angle speed” < —0.75 deg/s},
e B ={-0.75deg/s < “Steering angle speed” < 0.75 deg/s},
e C = {“Steering angle speed” > 0.75 deg/s}.

where the threshold 0.75 deg/s has been chosen based on experience.

Figure 10 shows the detected events based on HMMs and the corresponding manually
detected hidden states for a measured signal from the CAN bus data. For the estimation of
the HMM parameters, we have used method 1, i.e., the parameters are estimated based on
the manual detection as the training set. It can be seen that the HMM detection of events
agrees quite well with the manual detection. As mentioned before, the manual detections
are not completely correct because of the visual errors and the low quality of videos.

Figure 10 Detection of steering events in the measured signal (see online version for colours)
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4 Conclusion

The examples in this study indicate that the HMMs can be used to recognise steering
events such as curves and manoeuvring based on vehicle logging data. We have considered
the steering events, i.e., right turn, left turn and straight forward, as the hidden states and
constructed the model based on them. The parameters of the model have been estimated
by considering two different methods. In method 1, we have estimated the transition and
emission matrices from the training set, while in method 2 the emission matrix has been
fixed from the training set and the transition matrix has been re-estimated based on the
test set. The results of the simulation study show that method 1 should be preferred if the
parameters of the test set are similar to the ones in the training set, i.e., the characteristics of
the roads are likely to be similar. The emission matrix is expected to be similar for all road
types. However, the transition matrix should depend on the type of the road. For instance,
if we have a lateral acceleration signal from a city road as our training set and we want
to detect events based on a lateral acceleration signal from a highway, then the transition
matrix from the training set cannot be good and it should be re-estimated from the new
signal. In that case method 2 should be used.

In this study, we have separated the curve and manoeuvring events and constructed
two different models, HMM for the curves and HMM), for the manoeuvres. Another
approach can be to combine the two models into a larger HMM containing both curve and
manoeuvring events. In that case there will be several essential signals which will increase
the number of classes in the Y -process.
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1. Introduction

Fatigue is a process of material deterioration caused by variable
stresses which may lead to failures of metallic components. Only
parts of loads causing large oscillations influence the fatigue life.
Knowledge about the variability of external loads can be used to
design market specific vehicles. In this study we consider steering
components for which the large stress oscillations occur during
turnings which will be called driving events.

The paper deals with two problems: The first is development of
methods to estimate some market specific statistical character-
istics of driving events, e.g. the frequency of events. The second is
computation of the expected damage for a steering component.

There exist a large number of different markets and customer
types for which one would like to know the load acting on ve-
hicles. Field measuring of forces is both time consuming and
costly. Thus it is proposed to use statistics of occurrences of driving
events to describe load environments encountered by vehicles. In
this paper we present means to estimate driving events statistics
using CAN (Controller Area Network) bus data, which is available
for all vehicles. Since the driving events are not recorded in CAN
data we extract them using a hidden Markov model (HMM) [6],
where each event represents a hidden state.

The idea of using HMMs to find driving events is not new, see
Maghsood and Johannesson [18,17], Mitrovi¢ [21,22] and [1]. The
novelty of our approach is to use a multivariate generalized
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E-mail address: rozam@chalmers.se (R. Maghsood).

http://dx.doi.org/10.1016/j.probengmech.2015.04.002
0266-8920/© 2015 Published by Elsevier Ltd.

Laplace model (GAL) as the distribution of the observation process
in the HMM. Recent results show that Laplace models are well
suited to describe responses measured on driving vehicles, see
[27,16,4]. In previous works, the observation process has been
discretized by using thresholds. The continuous model, used here,
has two main advantages over the discrete version. First, in the
discrete model one has to manually set the threshold levels,
whereas the continuous model is entirely estimated from the ac-
tual data. Second, the continuous model can easily be extended to
incorporate multivariate sources of information, which is not easy
for the discrete threshold approach.

Using the hidden states above, we get a sequence of driving
events, which we model with a Markov chain (MC). The MC is
specific to the market or customer type, and since it is vehicle
independent we use it to describe the variability of expected load
environment. However, fatigue life depends on vehicle responses
and properties of the steering component used. Consequently gi-
ven a model for load environment, one needs to evaluate expected
damage for a component. This is done as follows: using laboratory
tests or designed measurements on test trucks, a distribution of
loads acting on a component during a driving event is found. By
attaching independent random variables, with the event specific
distributions derived above, on each steering event, we have
constructed a reduced load model. By the Markov property for the
reduced load model a closed form formula for the expected da-
mage is derived. Modeling load sequences by Markov chains is not
new, see e.g. [3,8-11,13,15,25,28]. However, the presented formula
was not given previously in the literature and the stringent proof
of the result is presented in the Appendix.
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Finally, we validate our method on a real data set, with field
measurements of loads acting on a steering component in a Volvo
truck. First, we show that the steering events found in CAN data
are responsible for the large oscillation of forces acting on steering
component. This is done by constructing a reduced load, which
consists only of the extreme load values occurring during steering
events. If the damage from the reduced load is close to the ob-
served damage computed using continuously measured forces, we
conclude that the steering events accurately capture the variability
of the load. Second, we verify that the expected damage of the
reduced random load is close to the observed damage.

The paper is organized as follows. The theory and some pre-
liminaries are presented in Section 2. The proposed load model
and the way for detecting driving events are presented in Section
3. In Section 4, measured data are used to validate the models and
to illustrate the results.

2. Theory and preliminaries

In this section, theory and known results needed in this paper
are presented. We start with a short description of HMMs and the
generalized asymmetric Laplace distribution used to detect the
sequence of driving events in CAN data. Further counting rainflow
cycles procedure is presented in Section 2.2, while definition of
damage index is given in Section 2.3.

2.1. Event identification using HMMs with Laplace distribution

Hidden Markov models [6] are one of the most useful statistical
models to identify the patterns in signals. The model consists of
two processes: a hidden, that is not observed, Markov chain {& }2,
and a observed process (¥ }2g. Conditioning on {% }2, the ob-
served process {¥ }2, is a sequence of independent random vari-
ables with distributions depending only on S,.

In this paper, Y; has the generalized asymmetric Laplace dis-
tribution (GAL), see [14]. As mentioned in the Introduction the
Laplace distribution has recently been successfully used to de-
scribe the loads acting on vehicles.

The GAL distribution is defined by the following parameters: &
- location vector, u - shift vector, v > 0 - shape parameter, and X -
scaling matrix and denoted by GAL (6, u, v, X). The one-dimensional
GAL distributions dependences on the shape parameter, v, is il-
lustrated in Fig. 1. An important property of the GAL(S, u, v, X)
distribution is that it has an explicit formula for the probability
density function (pdf), namely

SR (v-d[2)/2
1 [ V- Y- ] =)zl
(&)

K_gpz|cy(y — &)=y - 8) |,

where d is the dimension of Y, ¢ = /2 + 4=y and K_qgj2(. ) is
the modified Bessel function of the second kind. A convenient
representation of a random variable Y having GAL distribution is

Y=6+Iu+JTx2Z,

where I is the Gamma distributed with shape v and scale one,
while Z is a vector of d independent standard normal random
variables.

2.2. Rainflow cycle

The rainflow cycle count algorithm is one of the most com-
monly used methods to count cycles. The method was first pro-
posed by Matsuishi and Endo [19]. Here, we shall use the defini-
tion given in [24] which is more suitable for statistical analysis of
damage index. Assume that a load x has N local maxima. Let M;
denote the height of ith local maximum. Denote by m;* (m;") the
minimum value in forward (backward) direction from the location
of M; until x crosses M; again. The rainflow minimum, m/©, is the
maximum value of mi* and m;". The pair (m™, M) is the ith rain-
flow pair and ki (x) = M — m{fc. Fig. 2 illustrates the definition of
the rainflow cycles.

Counting rainflow cycles is equivalent to counting the number
of interval upcrossings by a load, denoted by N°¢(u, v), see [26,2]
for multivalued loads.

Remark 1. Note that some local maxima cannot be paired with
any of local minima in x. It will happen when the corresponding
rainflow minimum m;’ lies before or after the period that load
was measured. The sequence of maxima and minima which could
not be paired by means of rainflow method is called the residual
and has to be handled separately. Here, we let maxima in the re-
sidual form cycles with the preceding minima in the residual.

2.3. Fatigue damage index

The most common way to define fatigue damage, using rain-
flow cycles, is the Palmgren—-Miner (PM) rule [23,20]

N
D =a ) h(x)”,
s (X) E (x) 1)

where q, g are material dependent constants. The parameter a ™'
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Fig. 1. The figures illustrates the one-dimensional GAL pdf dependence of the shape parameter v. For the figure to the left the parameter yx is zero giving symmetrical pdf,

while to the right u is negative.
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Fig. 2. The rainflow cycle.

is equal to the predicted number of cycles with range one leading
to fatigue failure (throughout the paper it is assumed that « equals
one). Various choices of the damage exponent / can be considered,
like g = 3 which is the standard value for the crack growth process
or g =5 which is often used when a fatigue process is dominated
by the crack initiation phase.

The rainflow damage, given in Eq. (1), can also be computed
using number of interval upcrossings N°(u, v) , viz.

Dy(x)=p(p-1) [;m [; (v — u)#-2Nosc(u, v) du dv, @)

as was proved in [26]. Note that the formula is only valid for g > 2.
For a discrete random load X = (Xj, ..., Xy ), the damage D (X) is
a random variable. The average growth of the expected damage

.1
dy = lim - E[D, (X)]. (3)

is an important parameter describing severity of the random load.
The average dj will be called the damage index. Note that due to
nonlinearity of rainflow counting method one has that

E[D; (X)] < n-dy.

Finally, using Eq. (2), we get that

dp=p(p-1) [ [ v e v duay, @
where
et = im L (5)

which is called the intensity of interval upcrossings. Note that
Nos¢(u, v) is a function of X and hence also of n.

3. Reduced load

Let x(t) denote a load acting on a steering component. In order
to define the reduced load, first suitable driving events causing
large load oscillations need to be defined. In this paper steering
events are right turn, left turn and straight forward (RT, LT, ST).
The reduced load {x; }¥, consists of the extremal loads during the
turns.

More precisely, denote the ith turn by Z; which equals one if the
turn is a left turn, and two if the turn is a right turn. Note that each
Z; corresponds to a time interval [£; seart, & stop |, Which represents the
start and stop points of ith turn.

Next, let
M = max  x(t), m = min  x(t),

te[ti,start ,ti,stop | te[ti,start ti,stop |
i.e. the ith maximum and minimum load during a turn. Further, it
is assumed that a vehicle is driving straight forward (SF) between
two turns and we let the reduced load be zero. Thus, the reduced

25

Lateral Acceleration(m/sz)

-25
t&s(an t0,slop t1 ,start t1,stop 80

Time(s)
Fig. 3. Reduced load x represented by dots compared with observed load x°%
(lateral acceleration) represented by the irregular solid line.

load is defined as follows:

0 if i is odd integer,
x =<4 M2 ifZ =1, iiseven integer,
myp ifZ =2, iiseven integer. (6)

Finally, Fig. 3 illustrates a measured lateral load x°s(t), say, and the
corresponding reduced load x;.

3.1. Markov model for reduced load

Environmental loads acting on vehicles often vary in an un-
predictable way. This property can be modeled by means of ran-
dom processes, i.e. one assumes that the measured load x(t) is a
realization of a random load X(t). Consequently the reduced load
defined in (6), denoted now by {X }%2, is a sequence of random
variables.

Here, we approximate the process Z; in (6) by a Markov chain
with two states, 1:="LT", 2:="RT”, and transition matrix P = (p; ).
Further, assume that {M }2, and {m;}2, are independent and
identically distributed random variables. (M; and m;, which are
vehicle dependent, may have different distributions.) The reduced
random load X; is now defined by means of (6).

3.2. Damage index for reduced load

For random reduced load X = (Xo, X, ...) the damage index dg,
defined in (3), is given by d; = limn_,w%E [Ds (X)]. The damage in-
dex can be computed using (4) whenever the interval upcrossing
intensity u°¢(u, v) is known. In this section we give an explicit
formula for x°¢(u, v) for a Markov model of the reduced load. In
order to evaluate the intensity x°¢(u, v) one first need to compute
probabilities p; (u, v),i=1, 2, where p;(u, v) is the conditional
probability that given Zp = i, the sequence of extreme loads will
visit the set (v, + o) before it visits ( — o, u). It will be shown in
the Appendix that the probabilities satisfy the following equation
system:

p(u, v)=p P(M1 > v) + P(Mi<v)py py + P(mi 2 u)pppy, i=1,2. (7)

An explicit formula for the interval upcrossing intensity by X; is
given in the following theorem.

Theorem 2. For X; defined in Eq. (6), u¢(u, v) is given by
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mP(my < u), u<v<o,
uose(u, v) = % mP(mi <u)p,(u, v), u<0<y,
mP(My > v), O<ux<yv, (8)

where p,(u, v) is a solution to the equation system in (7).

Proof of the theorem is given in the Appendix.
3.3. Event reconstruction

In Section 3, Eq. (6), a reduced load was defined. In order to
create {x }¥, one needs to find the number of driving events N, the
variables  sart, tistop and Z;, fori =1, ..., N. In this section, we will
discuss the challenging task of finding sequence Z; in a, possible
multivariate, signal {) }/_;. In this paper the signal {) }/_; comes
from CAN data.

We start by formulating an HMM with multivariate GAL dis-
tribution on the signal {y }/_;. We denote the hidden states {§ }/_;,
which represent the driving events, LT, RT, and SF.

The model has two different types of parameters that need to
be estimated. The first type is the parameters in the distribution of
y¢ given S;, which for our model is GAL. In this paper, these para-
meters are found by maximum Likelihood estimation on a training
data set where the driving events are known (such information is
not included in CAN data). The second type is the transition matrix
of {§ }I_;, which is obtained from the signal y; using an expectation
maximization (EM) algorithm, see [7,6]. Using the Viterbi algo-
rithm, see Viterbi [29], we recover the most likely sequence, §[ of
events given the data and the estimated parameters.

The elements Z; used in (6) is created as follows: First, let {, }i;

denote the indices when § switches its values that are the indices
where §,,< +* §k_1. Further, for k = 1, ..., N+, define

0 if S, = SF,
Zp =41 ifS, =IT,
2 if S, = RT.

Finally, the sequence of events {Z }Y, is defined as {Z;}{", with the
zero elements removed. The time intervals (fsware, tistop) €qual

(&, tir1) where k is the index of Z; in {Z; }i=;.

4. Example

In this section, we study lateral acceleration loads on a Volvo
truck. The lateral load is known to cause damage on steering
components. The measurements come from CAN data, and to
construct the lateral acceleration signal, we plug the yaw rate and
speed from CAN data into the following formula:

_ speed-yaw rate
- 36 ’ 9)

The latent events used are steering events occurring when
vehicle is driving with speed higher than 10 km/h, e.g. when
driving in curves. Three events right turn (RT), left turn (LT) and
straight forward (SF) are assessed in this study. From these event
we construct a reduced load, and then calculate the damage index.

The lateral acceleration signal from CAN data is proportional to
the lateral loads and is used to identify the steering events and
damage calculation.

It is important to point out that typically the related load acting
on steering components is not the same as the signal used for
detection. For instance, the maneuvering events, e.g. driving in or
out of a parking lot, standing still but turning steering wheel,

X

generate the highest forces in steering components. To detect the
maneuvers, the steering angle speed from CAN data is used while
for damage calculation the link rod force is used. The link rod force
is not included in the CAN data and it has been separately mea-
sured. The model proposed in this paper was also used in this case
and the derived reduced model gave very accurate estimates of the
damage index. Unfortunately, this example will not be presented
in this paper, since the data set was very small and thus we could
not use it for a rigorous statistical analysis.

4.1. Detection of steering events using HMMs

In order to find the steering events we set a HMM model on the
lateral acceleration. A training set is used to estimate the para-
meters of HMM and a test set is used to validate the model. In our
study, the training set contains all necessary information about the
events such as the duration of the curves, whereas for test set we
use only the lateral acceleration.

We manually identified the events by looking at video re-
cordings from the truck cabin to create the training and test sets.
By having the start and stop points of each event, we have created
the sequence of steering events. We split up the data into training
and testing sets. For the training set, we fitted the generalized
Laplace (GAL) distribution for observations within each state. This
gives us the conditional densities of the observed lateral accel-
eration for each steering events. The fitted distributions for lateral
acceleration values within each event are shown in Fig. 4.

On the test data we get, using the EM-algorithm, the estimated
transition matrix:

RT SF LT

RT (0.948 0.049 0.003
SF 10.003 0.994 0.002
LT 10.002 0.032 0.966

Finally, we detected 34 turns in the signal using Viterbi algo-
rithm. The measured lateral acceleration signal and the detected
steering events based on HMM for the test set are shown in Fig. 5,
where we can compare the detection result with the manually
identified events.

It can be seen that the HMM algorithm can recognize most of
the manually detected turns. However, the manually identifica-
tions are not completely correct because of the visual errors and
the low quality of videos.

4.2. Validation of reduced load

In this section we investigate if the random load approximates
the measured load x°” sufficiently well. Based on the detected
steering events, the reduced load x = (xo, ..., X, ) is estimated by
the sequence of the extreme loads during right and left turns and
zeros for driving straight.

To evaluate the accuracy of the proposed load model, two is-
sues should be investigated:

(I) Whether the reduced load x contains all large rainflow cycles
that were found in the load x°. By this we control whether
the assumption that load is zero when the vehicle is driving
straight forward is not too crude and whether the HMM al-
gorithm detects correctly the steering events.

(II) Whether the random load X = (Xo, ..., X; ), defined in Section
3.1 using Eq. (6), is accurately describing the variability of
rainflow ranges counted in the reduced load x.

We investigated the problem (I) by comparing the rainflow
cycles found in the measured load x°”* and in the reduced load x.
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Fig. 4. (a), (b) and (c) represent the Laplace distributions fitted on lateral acceleration values for right turns, straight forward and left turns respectively.

Furthermore the damages Dy (x°), Dy (x) and the expected damage
E[Ds (X)), for p =3, 5, are evaluated.

The problem (II) is addressed by studying the variability of the
damage Dg (X) and checking whether Dg(x) does not differ sig-
nificantly from samples of Dy (X). In addition the rainflow range
spectrum, see Eq. (11), found in x is compared with the expected
spectrum and with the simulated spectra, i.e. found in samples of
X.

4.2.1. Comparison of rainflow counts

The sequence of detected right and left turns are modeled by a
Markov chain. The transition matrix P is estimated, by counting
the number of transitions between the turns, to

(0.32 0.68)
0.86 0.14)

The extreme values of load occurring during the steering events

are modeled by independent Rayleigh distributed variables. The
Rayleigh distributions are fitted to the maximum value of x°”
during a left turn and minimum value of x°” during a right turn
giving

P(my < u) = e-(112)W/072 y <0,

(10)

P(M; > v) = e~(1/2/08)2 y > 0,

The matrix P and the parameters of Rayleigh distributions define
together the reduced random load X.

As mentioned above, the lateral acceleration is used as the load
x°%, The load is shown in the top plot of Fig. 6(a) as a solid irre-
gular line. In the figure, the stars are the extreme values of load
occurring during right and left turns and constituting the reduced
load x. Rainflow cycles have been found both in the load and in the
reduced load and are compared in Fig. 6(b). The rainflow cycles
found in the measured load are marked as dots having coordinates
(m', M). One can see that there are few large cycles and many
small ones. The rainflow cycles found in the reduced load are

Lateral Acceleration
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Fig. 5. Top: lateral acceleration signal. Middle: manually detected steering events. Bottom: detected events based on HMM.
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Fig. 6. (a) Top: solid irregular line is x°** (lateral acceleration) while the thin red line is x (reduced load). Stars represent the extreme values of load occurring during the
steering events. Bottom: detected curves. (b) Dots - the rainflow cycles found in x°”. Circles - the rainflow cycles counted in x. (For interpretation of the references to color in

this figure caption, the reader is referred to the web version of this paper.)

presented as circles. As can be seen in Fig. 6(b), the largest cycles
are counted both in lateral acceleration and in the reduced load.
However there are also many moderate size rainflow cycles found
in the lateral acceleration which are missing in the reduced load
rainflow count. We conclude that the largest cycles found in both
the lateral acceleration signal and the reduced load are not of
higher order of magnitude than cycles occurring during the event
SF. Hence, we can expect that the damage computed for the lateral
acceleration signal will be higher than the damage estimated for
the reduced load.

The damages evaluated for the load (lateral acceleration), re-
duced load and the expected damage are compared in Table 1. The
numerical integration in (4) as well as the rainflow cycle counting
has been done using the WAFO (Wave Analysis for Fatigue and
Oceanography) toolbox, see [5,30,31], which can be downloaded
free of charge.

Since the largest rainflow cycles are found both in lateral ac-
celeration and reduced load, the damages Ds(x°) and Ds(x) are
almost identical. The large number of moderate size cycles found
when the vehicle was driving straight forward is contributing to
D3(x°bs) and not to D3(x) and hence there is larger difference be-
tween values of these two damages. The expected damage
E[Dg (X)] is larger than Dy (x). Whether this difference is significant
will be investigated next.

4.2.2. Comparison of load spectra

We investigated whether the variability of the reduced load x is
well modeled by the random load X. It is well known that the
cycles with small ranges do not contribute much to the fatigue
damage and hence their distribution not need to be accurately
modeled. However these may heavily influence the ranges cdf
leading to rejection of practically “good” model. In engineering

Table 1
Comparison of damages Dy (x°)5) computed for the measured load, Dy (x) for the
reduced load and the expected damage E [Dy (X)].

Dy (x95%) Dy (x) E[D; (X)]
p=3 336 247 26.9
p=5 53.7 51.6 79.7

one often prefers to use the so-called load spectra to compare
rainflow cycles distributions. The load spectrum is defined as
follows:

Consider a load y having N rainflow cycles and the rainflow
ranges with the cdf F(h). Let H be a random variable having cdf
F'f(h). Then, the damage is

Dy (y) = NE[H?] = pN- [ P(H > h)hv~" dh.

If for two loads the functions N-P(H > h) = N(1 — F'®(h)) are close
for high and moderate values of h, then for any g > 1 the damage
indices are close too. Traditionally, one defines the load spectrum S
(h) to be the inverse of function of N(1 — F'f¢(h)). Then, the plot of
load spectrum (h, S(h)) coincides with the graph of the following
line:

(N(1 = Fe(h)), h), h20, (11)

see [12] for more details.

The load spectrum in (11) was found for the lateral acceleration
x°’* and reduced load x. The expected load spectrum was also
evaluated by integrating n-u°¢(u, v) over suitable regions. In Fig. 7
(a), the load spectra for the lateral acceleration, reduced load x and
the random load X are compared. The observed load spectrum
contains much more small and moderately high ranges than the
remaining two spectra. Further the expected load spectrum,
shown as a smooth line, is close to the load spectra of the reduced
load.

In Fig. 7(b), the expected load spectrum is compared with 10
load spectra computed from simulated samples of the random
load. In the figure, the smooth solid line is the expected load
spectrum evaluated using n-u%¢(u, v) while the thick stairs looking
like line is the load spectrum found in the reduced load. Except
cycles with very small ranges, one can see that the load spectrum
of x does not differ significantly from the simulated load spectra.

5. Conclusion

In this paper, we have proposed an hidden Markov model
(HMM) for detection of steering events using on-board logging
signals available on trucks. Using the model we have shown how
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Fig. 7. (a) Comparison of load spectra (rainflow ranges). The regular solid line is the theoretical spectrum computed from n-x°5¢(u, v), n=68. The stairs like functions are the
observed load spectra in measured load (lateral acceleration (9)) and the reduced load (b). Comparison of load spectra found in simulations of random load X, see (6), with
theoretical load spectrum and the load spectrum of the reduced load (the thick stairs like line).

to construct a reduced load, by keeping the sequence of the most
extreme forces during steering events. We further proposed a
random load model by first, modeling the sequence of steering
events, which is vehicle independent information, with a two
states Markov chain. Then, assuming that the extreme forces oc-
curring during the steering events, which is vehicle specific in-
formation, are independent random variables. An explicit formula
for the expected fatigue damage was presented.

The proposed models were validated using measured data from
a Volvo truck. The results show that all large rainflow cycles found
in measured load were found in the reduced load. Hence, the fa-
tigue damage of steering components can be predicted by reduced
load. By simulations, we showed that the observed load spectrum
did not significantly differ from the load spectra found in the si-
mulated loads. It can be concluded that the proposed load model
accurately describe the variability of the rainflow ranges for the
considered measured load. Further, using the model the expected
damage could be predicted.
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Appendix A
Proof of Theorem 2

Consider the stationary time series X; defined in Eq. (6). Let k be
the number of maneuvers and random load X ={X;:i=0, ..., n},
n=2k. We recall that > (u, v) = E[N*(u, v)] is the expected
number of upcrossings of the interval [u, v] found in X while the
intensity of interval upcrossings

pose (1, v) = lim 0.9 (u, v).
n—-oo
We begin with a definition of No*(u, v). Consider a load starting
at time zero, i.e. infinite sequence x = (xo, X1, ...) of real numbers.
For fixed u, v,u <v,i>0 and j > i + 1 define the following sets:

A ={x <u}n{xs1 > v},
Aj={x <u}n{x;>vin{u<x <vforallli<I<j} (12)

Let 14 (x) be the indicator function of A, i.e. equal to one if x € A
and zero otherwise. Now for fixed u <v, m > 2 and x € R™+! we
will denote the number of upcrossings of interval [u, v] found in x,
i.e. Nyy(u, v), by Nim(x). Using the sets A; and Ay, defined in Eq. (12),
one obtain that

m-1 m-2 m
14 (x) + 1y (%).
i+2

i=0 i=0 j=i (13)

Now, we turn to evaluation of x,**(u, v) = E[N;, (X)] for n = 2k.
The domain of u;* is divided into three regions; u<v <0,
O<u<vandu<0<v.

Region u < v < 0: Since X;=0 for all odd indices then N,(X) is
equal to number of Xy <u<0, 0<i<k-1 Consequently
w2 (u, v) = kmP(my <u) and p%¢(u, v) = %ﬂzP(Tm <u). (Recall
that m;, M; are independent sequences of iid random variables.)

Region 0 <u <v: Similarly Ny(X) is equal to number of
Xoi >v>0 and hence p>(u,v)=kmP(M; >v). Consequently

uos(u, v) = %mP(M > V).

Region u < 0 < v: Computation of »*(u, v) and p*¢(u, v) when

u < 0 < v is more complex. Let Y; denote the sequence of extreme
loads:

oM oitz=1,

L m ifz =2 (14)
The number of crossings of intervals [u, v], u < 0 < v found in

sequences X;, i=0,...,n,and Y;,i=0, ..., k, are equal, i.e.

N (X) = Ne(Y), ¥ =Xai.

Now from the definition of Ni(Y) in Eq. (13), it is easy to see that



20 R. Maghsood et al. / Probabilistic Engineering Mechanics 41 (2015) 13-20

k-2 k
Z Z (Y e hy).

k-1
u(u,v)= Y P(Y€A)
i=0

Since Y; is a stationary sequence hence P(Y € A ) = P(Y € Ao)
and P(Y € Aj) = P(Y € Agj-y) for any j > i + 2. Consequently, with
PB=P(YeAp)and R =P(Y € Au), [ =2, 3,

k=2 k—i

kP1+Z ZP“ kP; + ZZH > (k—i+1)R.

i=0 j=i+2 i=0 I= i=1

OSC (u V

Hence the intensity ux°¢(u, v) is given by

k

.1 .1 1
0sC — 0sc _ — — —
uoe(u, v) = lim—pu, ’llm E (1-(3G-1)k)PR 2

n—ooll -2 i1

P

"MS

by dominated convergence theorem (}2; B < 1). Next we will
employ Markov property to evaluate u%¢(u, v).

Let introduce the following sequence of events B;, i > 1:
B] = {Y] > V}

B={Y>vandu<Y<vforalll<l<i}, i>1. (15)

Using B; the sum Y, B can be written as follows:

2 R=P(
i=1

> P(Y € Agi and Zo = 2)

i=2

YeApand Zp=2) +

P(B1Zo=2,Yy <V)P(Yo <Vv,Zo=2)

b"m

I
—_

i

=mP P(B1Zy = 2).
2 (mo<u)§ (B1Zo = 2) (6

Since probabilities p; introduced in Section 3.2 are given by

pj(u,v) = EPBIZO_) j=1,2,

i=1
one has that 2,
Eq. (8).
Finally we demonstrate that p,(u, v) is the solution of Eq. (7).
Using Markov property one can evaluate p; in the following way:

B = mP(m < u)p,(u, v). This finishes the proof of

P(Yi > viZo =) + ZP (Blu<Yi<v,Zi=1,2o=j)
1=1i=2

Py, v) =

MI\J
DMz

PlusVi<v,Zi=lZy=j) =PV > viZo =) + P(BIZ1=1)
I=1i=2
2
Pu<Yi<vzi=lp; =PYi>vZo=j)+ ) Pu<¥i<vizi=1)
=1

2

i L P(BIZo=1)=P(¥; > viZo=J) + Y P(u < Y < vizy =)
i=1 I=1

pjl b (u! V).

This completes the proof.
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Abstract

We consider the loads that are related to steering events, and focus on the events that cause high forces on steering components.
The load is simplified by keeping the extreme force value for each driving event. We define a simplified stochastic model for the
load by modeling the extreme value for each driving event by a random variable. We give formulas to compute the theoretical load
spectrum and the expected fatigue damage caused by the driving events. Further, in a sensitivity study we investigate how much
the expected damage depends on the variability of parameters of the proposed model.
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1. Introduction

In vehicle engineering, durability is an important aspect of designing a vehicle with high quality in its components.
Therefore, considering the service loading conditions is necessary. In addition, in fatigue design the loads need to be
assessed. By describing the load environment, the customer usage and the vehicle dynamics one can define the load
conditions [1].

* Corresponding author. Tel.: +46 31 772 53 79.
E-mail address: rozam@chalmers.se

1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the Czech Society for Mechanics

doi:10.1016/j.proeng.2015.02.026


http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2015.02.026&domain=pdf

Roza Maghsood et al. / Procedia Engineering 101 (2015) 268 — 276 269

Nomenclature

A hidden Markov model parameters d 5 damage intensity

D,(x)  damage index E LD/‘ (x)] expected damage index

a,p material constants for Palmgren—Miner’s rule N"(u,v) rainflow counting distribution
u,v lower and upper ranges for cycle range 17 (u,v) intensity of interval crossings

For vehicle companies, it is important to characterize the way that the trucks have been used. They want to describe
the usage of the trucks in a way that it is independent of the vehicle. The loads will be different for different usage of
trucks and for different driver’s behavior. A driver can affect the load by changing the speed, braking or adapting to
the curves. These behaviors can be characterized as driving events and can be assessed using measurements obtained
from specially equipped vehicles on a test track. Measuring the load on each truck is expensive. However, they want
to measure and identify activities of the driver and specify the relevant events occurring on the road. To identify the
events we need to use the information available for all vehicles by means of CAN (Controller Area Network) bus data.
If we define the events such as static steering by using the information from CAN data, we can detect the amount of
events that are occurring in customer vehicles. Then, it is possible to calculate the forces generated from the same kind
of events by repeating the loads under well-defined conditions on a proving ground. By using the force signal we can
clarify which occasions will generate high forces.

We have proposed a stochastic model of loads related to the steering events such as curves and maneuvers, which
cause large forces acting on steering components. An explicit formula for calculating the expected fatigue damage
based on identified driving events is given, see also Maghsood and Rychlik [2]. The expected damage depends on the
frequencies of driving events and the expected value of the extreme force during an event. The model consists of two
parts; description of the sequence of steering events and the model for the extreme loads occurring during the events.
The sequence of steering events is modeled by means of a Markov chain. This is a vehicle independent part of the
load. For simplicity, the extreme forces during the events are assumed to be statistically independent. Their
distributions may depend on the type of steering event, e.g. (left, right) cornering, slow maneuver to the right or to the
left etc. The parameters of the distributions are vehicle dependent and need to be estimated using dedicated
measurement campaigns or test track measurements. In the examples in Sections 5 and 6, the Rayleigh distribution
will be used to describe the variability of extreme forces. Further, the uncertainty in fatigue damage due to model
parameters will be discussed.

The paper is organized as follows. In Section 2 hidden Markov models (HMMs) based algorithm to detect the
steering events is reviewed. The proposed model for loads and means to calculate the expected damage are described
in Sections 3 and 4. Examples and their results for measured data are shown in Section 5. In Section 6 the sensitivity
analyses are investigated. Conclusions are presented in Section 7.

2. Detection of the steering events

Hidden Markov models (HMMs) have been proposed for detection of steering events such as curves and
maneuvering using on-board logging signals available on trucks, such as lateral acceleration, vehicle speed and
steering wheel angle. The idea is to consider the current driving event as the hidden state and set up the model based
on them, see Maghsood and Johannesson [3, 4].

We have used a discrete HMM, A = (4, B, 7) where A represents model parameters which contain the transition
matrix, the emission matrix and the initial state distribution. The parameters must be estimated to characterize the
model, see Rabiner [5] for more details.

In an HMM, a training set is used to estimate the parameters of the model, while a test set is used to validate the
model. A training set consists of all necessary information for estimating the model parameters. In the examples, the
training set contains all history about the curves such as the start and stop points of them. Fig. 1 shows a lateral
acceleration signal and the corresponding identified hidden states process.



270 Roza Maghsood et al. / Procedia Engineering 101 (2015) 268 — 276

5
=]
S o
—
_5 A ‘ s A A

o 200 400 600 800 1000 1200
& LTF 4
=
s L | ]
g SF
38
% RT B
o L L L L L

o 200 400 600 800 1000 1200

Time(s)

Fig. 1. Lateral acceleration signal and the corresponding detected events.

3. Random model of lateral loads based on steering events

Modeling of the external loads is an important aspect in durability studies of vehicle components. The approach
taken here is to approximate the load by a vehicle independent sequence of steering events, here representing Left and
Right steering (SL, SR) or Left and Right turns (LT, RT). In both cases the two events are separated by a section when
wheels have approximately zero turning angle, which is called Straight forward (SF). Thus, a reduced load can be
defined by keeping the extreme value for each left and right event and set zero for each straight forward event. The
most extreme value of the load will be modeled by a random variabley, . First the variability of the sequence of

steering events is modeled by a Markov chain Z, having two states "1" and "2", then the values of extreme forces
during events will be modeled. The Markov chain is defined by a transition matrix P = (p g )rinj =12, where p;

denotes the transition probabilities between the states.
Let M ,,i = 0,1,2,... be a sequence of independent and identically distributed (iid) positive random variables

while m,,i =0,1,2,... denotes the negative random variables. Assume that the three sequences {Z{. }ZO, {M ; }ZO and
{m[ }ZO are independent. The process Z, is vehicle independent while A/, and m, depend on the vehicle, driver etc.

The sequence of extreme loads Y, ,i = 0,1,2,..., is defined by:

Y = M, if Z =]
lm, if Z =2.

1

(1)

Finally, we can define the random load x Li=0,1,2,... by adding zeros between y . and Y., for each straight

forward event:

X[Z{O’ if i is odd, @

Y.,,, otherwise

4. Fatigue damage index

The aim is to compute the expected damage based on the detected driving events. To evaluate the model, we will
compare the estimated damage index from the measured forces using rainflow method with the expected damage from
the proposed load model. To calculate the damage, we have used forces which are measured from specially equipped
vehicles on a test track. First we will review some models and methods on fatigue damage.

Assume that the measured load X is given in form of time series x,,i = 0,1,2,..., n . The risk for fatigue failure in
the material is often measured by means of a damage index which can be computed by Palmgren-Miner rule [6, 7],
viz.
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where N, is the number of cycles having ranges /, to failure estimated in constant amplitude tests and presented in

form of S-N curve.. The parameter « is the fatigue strength of the material and £ is the damage exponent.

The variability of the load is modelled by means of random processes. Therefore, the measured load ~is one of
many possible realizations of the process. For the random loads, the rainflow ranges become random variables and
the damage index is a random quantity too. The variability of the rainflow cycles can be described using a cumulative

histogram N * (u,v) which is called the rainflow counting distribution. The rainflow counting distribution

N (u,v) is equal to the number of times that the load x,,i = 0,1,2,...,n , crosses an interval [u,v] in upward

direction, denoted by N ** (u,v) . The equality between the rainflow counting distribution and the interval crossing

was shown independently in [8] and [9].

The damage intensity can be used to measure the severity of the random load and it can be computed using the

intensity of interval crossings:

) E NOSL‘ ,
7 vy = tim EIVE )] @
n—>0 n
then the damage intensity is
d,=p(B-1) j j O =)’ 1™ (u, v)dudy. Q)
The main result is an explicit formula for x4 (u,v) based on the random load X, :
7, P(m, <u), u<v<0
1 (u,v)y ==, P(m, <u)p,(u,v), u<0<v (6)
T, P(M, >v), O<u<v

where p, (u,V) is the solution to the equation system
p(u,v)=p P(M, >v)+P(M, <v)p, p,(u,v)+ P(m 2 u)py, p,(u,v), (7

Py (u,v)=py P(M, >v)+ P(M, <v)p, p,(u,v)+ P(m; 2u)py, p,(u,v).
see [6] for more details and prof of formula (6).

5. Example

The results are presented for maneuvering events. The curves were also studied in [2] but the results will not be
presented here. The maneuvering events, i.e. driving in or out of a parking lot, standing still but turning steering wheel,

1.5

Lateral Acceleration(m/sz)

,
o 10 20 30 40 50 60
Time(s)

Fig. 2. Reduced load represented by dots compared with observed load, lateral acceleration, represented by the irregular
solid line.
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are considered as the events which will happen in speed less than about 10 km/h. Here, three maneuvering events are
considered; Steering Left (SL), Steering Right (SR) and Straight Forward (SF). The measured loads are denoted by

x First, the steering events were detected using HMM algorithm, then the extreme loads during events were found.
We assume that each event follows by a driving straight section. The signal consisting of the extreme loads during

steering events and zeros for section when vehicle is driving straight will be denoted by X = ()CO,)Cl ,...,xn) and called

obs

the reduced load. In Fig. 2 part of measured load x
reduced load X by dots.

The link rod force is used as the load and it is shown in the top plots of Fig. 3a. The extreme forces are negative,
positive and zero in the three states SR, SL and SF, respectively. In the figure stars are the extreme rod forces,
occurring during maneuvers, constituting the reduced load. In the lower plot of Fig. 3a, the detected time periods with
21 detected maneuvering events are shown.

(a) (b)

Link rod

(lateral acceleration) is shown as the solid line while the

Rainflow cycles

Load

) 20 40 60 80 100
Time(s)

Detected maneuvering events

States
2

0 éo 46 éo a;o 160 —20 -10 0 10 20
Time(s) Min

Fig. 3. (a) Top: solid irregular line is the measured link rod force while stars represent the reduced load. Bottom: Detected maneuvers.
(b) Dots - the rainflow cycles found in the measured link rod force. Circles - the rainflow cycles counted in the reduced load.

The rainflow cycles have been found both in the load and in the reduced load and compared in Fig. 3b. The rainflow
cycles found in the measured link rod force are marked as dots. One can see that there are few large cycles and many
very small ones. The rainflow cycles found in the reduced load are presented as circles. As can be seen in Fig. 3b, all
large cycles found in the link rod force are also found in the reduced load and hence one can expect that the damage
index computed for the measured load and the reduced load should be very close.

The estimated transition matrix according to the detected maneuvers is

0 1
pP= .
[0.9 O.J

The Rayleigh distributions have been fitted to positive and negative values, respectively. The estimates of the
parameters of Rayleigh distributions were very close. The difference between the parameter values were not
significant hence the average value (6.1) of the parameters have been used.

Table 1 shows a comparison of the damage indexes Dy(x™) computed for measured load, D, (x) for the reduced

load and the expected damage index E[D 5 (X )J for the random model of the reduced load. Damage indices D,y(x™)
and D, (x) are given in columns 2 and 3. As expected these are almost identical. We conclude that the reduced load

models well the variability of the measured load. Further, the expected damage of the model is quite close to the
measured one.
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Table 1. Comparison of damage indices D/} ( ¥ ) computed for the measured load, D/; (o) for the reduced load and the expected damage
index f I.Dﬁ (X)J .

Damage Dﬁ(x“b*) D4 (x) ElDﬁ(X)J
B=3 939 x10° 934 x10° 835x10°
B=5 1.70 x10° 1.70x10° 1.47 x10°

In Fig. 4a, the load spectra estimated from the measured link rod force and the reduced load are compared with the
theoretical load spectrum. As can be seen in Fig. 4b, where the load spectra for 10 simulated loads are compared with
the theoretical load spectrum and the load spectrum of the reduced load, the differences between the measured
spectrum and the expected one does not seem to be significant.

(a) (b)
Load spectra Load spectra
35 40
30 35
25 30
° ° 25 Ny
2% 2 0=
= S 20—
o 15 o
15
1
° 10
5 5
0 1 2 3 4 0 0 1 2
10 10 10 10 10 10 10 10
Cumulative frequency of cycles Cumulative frequency of cycles

Fig. 4. (a) The regular solid line is the theoretical load spectrum. The stairs like functions are the load spectra found in measured
link rod force and the reduced load. (b) Load spectra for 10 simulated loads compared with the theoretical load spectrum and
the load spectrum of the reduced load (the thick stairs like line).

6. Sensitivity analysis of the damage index

As it was mentioned before, the sequence of steering events is modeled by a Markov chain with transition matrix
P . This sequence is a vehicle independent part of the load. The extreme forces during the events are assumed to be
statistically independent, but their distributions depend on the type of steering event. The parameters of the
distributions are vehicle dependent and need to be estimated using dedicated measurement campaigns or test track
measurements. In the examples, Rayleigh distributions have been fitted to positive and negative values. Now suppose
that both distributions have the same parameter o, viz.

1. v, 1 u,

,7(7) _(—
PM,>v)=e?° ,v20 P(m <u)=e?° ,u<0 (8)
then the load can be written as a scaled standard load, X = ¢X , where X is a reduced load with standard Rayleigh
-r?/2

random variables, P(R > r) = e

osc N osc u v
H (H,V) =H (797) (9)
O O

. Therefore, the oscillation intensity can be written as a scaled one, namely

Further, the damage index can be calculated as d 5= o’ .d ﬁ,where d P is the expected damage computed by the

standard Rayleigh distribution. This means that the expected damage index is a factor of the parameter O to the power

g -
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Here, we will consider two types of uncertainties. The variability of the load environment will manifest in the
transition matrix P and the vehicle dependent variability in the parameter O of the Rayleigh distribution. In the
following subsections we will study how much the expected damage will vary because of variability of matrix P and
parameter o . We will also investigate the statistical uncertainty of the estimation of 0 . In fatigue reliability
evaluation using the load-strength concept often the log-normal distribution is used, see [1, Chapter 7]. Therefore, the
uncertainty in damage will be measured in terms of the standard deviation of the logarithmic damage, which
corresponds to the relative uncertainty in damage (or fatigue life).

6.1. Variability of the transition matrix P

To examine how much the expected damage will depend on the transition matrix P , three different Markov chains
have been used to model the sequence of driving events.
e  First, assume that we always go from left to left. This would be the case with the smallest possible
damage, since all minima are equal to zero. The expected damage is E[D |= nE [R 4 ], where n denotes

the number of turns and R represents the standard Rayleigh random variable for the maximum force.
e Second, consider that the events change each time. In this case, p,, = p,, =1, and we will get the

maximum damage for this type of Markov chain. The oscillation intensity z * (u, v) given in Eq. (6)

can be simplified to

P(m, <u), u<v<0
osc 1 P(M] > V)P(m] < u)

H(u,v)=— >

4 |1-PM,<v)P(m, 2u)
P(M, >v), O<u<v

e Finally, assume that left and right turns occur independently of the past with probabilities p; =0.5,

and Eq. (6) simplifies to (see also [10])

(10)

us0<vy

P(m, <u), u<v<0
o oy = L] POL PO <) (an
4 | P(M,>v)+ P(m, <u)
P(M, >v), O<u<v

The expected damage values for the three different cases have been summarized in Table 2. Here, we have
considered standard Rayleigh distributions for negative and positive values and the number of eventsisn = 100 .

Table 2. Expected damage calculated from the three different Markov chains.

Damage Minimum Independent Maximum
p=3 0.05x10° 0.14x10° 0.17x10°
p=5 0.06 x10° 0.72x10° 0.80 x10°

The two extreme cases will be used to calculate the uncertainty in damage by assuming a uniform distribution
between the minimum and maximum values, viz. for § =3

Ind__—Ind_.  1n0.17-1n0.05
_ max min_ _ =0.35 (12)
12 J12

which can be interpreted as corresponding to 35% relative uncertainty in damage, as the natural logarithm is used.

Tp
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6.2. Statistical uncertainty of parameter O

Suppose that we estimate the parameter & based on 7 observations, then we may ask how much the estimation
uncertainty of parameter o impacts the damage. The estimate of parameter o for a Rayleigh distribution is

¢ = /2 / z X and its distribution is approximately normal A (o, a-z o ?) - Thus, the uncertainty in damage can
nr

be approximated using Gauss’ approximation formula, viz.
4-r
nr
with an example for a short signal with # = 30 maneuvering events and f# = 3 , corresponding to a typical length

T = Var [lndﬂ]z ,B-Var[lnd]z S

o ,stat

=0.29. (13)

of the measurements.
6.3. Variability of parameter O

For different measurements of maneuvering events, we have found different estimates of parameter o , say
0,,0,,...,0, for [ different measurements. The uncertainty in damage due to the variability in the estimated o is

computed as the sample standard deviation, viz.
z,=std(lno”)= A -std(lno)=3-0.18 = 0.56 (14)
for an example with = 3 and estimated o -values 6.15, 6.05, 9.40, 8.96, 7.76, 6.37, 6.72. However, the uncertainty

7. includes both the variability and the statistical uncertainty of ¢ . Thus, the pure variability can be estimated as
— |2 2 —
7'-a,var - TU - To‘,stat - 046 .

7. Conclusion

A reduced load, i.e. a sequence of the most extreme forces during steering events, was introduced. A random load
modeling the variability of the reduced load was proposed. The sequence of steering events, which is vehicle
independent information, was modeled using a two states Markov chain. The extreme forces occurring during the
steering events were modeled by means of independent Rayleigh distributed variables. For the model, an explicit
formula for the expected fatigue damage was presented. The proposed random model depends only on four parameters
which could be used to classify and compare the severity of driving environments.

The results were validated using measured data. The slow speed maneuvering events were detected. All large
rainflow cycles found in measured load were also counted in the reduced load. Hence the reduced load can be used to
predict fatigue damage of steering components. The observed load spectrum did not significantly differ from load
spectra found in the simulated loads. We conclude that the proposed random load accurately describe the variability
of the rainflow ranges for the considered measured loads.

A sensitivity study was conducted to see how much the expected damage depends on the parameters of the proposed
model.
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Abstract

In this article we propose a method to identify steering events, such as
curves and maneuvers for vehicles. We use a hidden Markov model with
multidimensional observations, to estimate the number of events. Three
signals, lateral acceleration, steering angle speed and vehicle speed are
used as observations. We demonstrate that hidden Markov models with a
combination of continuous and discrete distributions for observations can
be used to detect steering events. Further, the expected number of events
is estimated using the transition matrix of hidden states. The results from
both measured and simulated data show that the method works well and
accurately estimates the number of steering events.

Keywords: Hidden Markov models (HMMs); Laplace distribution; discrete
distribution; EM algorithm; steering events.

1 Introduction

For vehicle companies, the durability assessment of vehicle components is an
important aspect of the design process to produce a vehicle with high quality of
its components. Therefore, describing the service loading independent of vehicle
properties is appreciated at the design stage of the components. In addition, for
fatigue damage the loads need to be assessed. The load environment, the cus-
tomer usage and the vehicle dynamics affect the load distribution, Johannesson
and Speckert (2013).

One of the main sources of variation in the loads is the driver’s behavior.
A driver can affect the load by changing the speed, braking or adapting to
the curves. These behaviors are characterized as driving events. In general,
the customer behavior is unknown and needs to be estimated. To identify the
events we want to use the information available for all vehicles by means of CAN
(Controller Area Network) bus data. Since the driving events are not recorded



in CAN data, we model them using a hidden Markov model, Cappé et al. (2005),
where the states are the driving events and the observations are CAN signals.

There are different methods for modeling driver actions and identifying driv-
ing events. For instance, Nilsson et al. (2014) have developed an on-line cycle
detection algorithm to extract detailed information from customers’ vehicles
during operation, by using only production sensors. Karlsson (2007) has de-
scribed customer usage by classifying the type of roads. This is important since
different aspects of the customer usage are relevant in order to determine the
fatigue damage in service. Such aspects are the type of roads, transport mission,
driver’s behavior and different kind of maneuvers they perform.

Hidden Markov models are probabilistic models often used in signal process-
ing for detection of patterns or events in a signal. The HMMs are the reliable
and robust methods for event recognition. The idea of using HMMs to identify
driving events is not new and it has been used in many applications. Mitrovié¢
(2004, 2005) and Berndt and Dietmayer (2009) have constructed one HMM for
each type of driving event such as left and right curves, left, right and straight
on in roundabouts. In our study, we have used a single HMM for describing all
driving events.

In Maghsood and Johannesson (2013, 2016), a discrete HMM was used to
detect steering events, either curves or maneuvering, based on vehicle logging
data. The discretization of the observation process was obtained by using pre-
defined thresholds, and then the probability distribution of observation symbols
are considered in each hidden state. Two separate HMMs were constructed,
one for detection of curves based on lateral acceleration, and another one for
detection of maneuvers (steering activities at low speed) based on the steering
angle speed.

It is also possible to use a continuous HMM for detecting steering events,
as described in Maghsood et al. (2015). Here, also two separate HMMs for
detection of curves and maneuvers are needed. However, there are two main
advantages of using continuous HMM over a discrete version. Firstly, there is
no need to choose the thresholding levels. Secondly, the continuous model can
easily be extended to incorporate multivariate sources of information, which is
not as easy for the discrete threshold approach.

In this study, we want to investigate the usefulness of HMMs with multidi-
mensional observations to identify both the curves and the maneuvers in a single
HMM. We use an HMM with a combination of continuous Laplace distributions
and discrete distributions for observations. The multivariate observation con-
sists of the lateral acceleration, the steering angle speed and the discretized
vehicle speed, all calculated from CAN data. Both simulated and measured
signals are used as examples to identify the steering events and validate the
model.

The paper is organized as follows: In the second section, the HMM and the
estimation method are presented. In the third section, the HMMs for steering
events are introduced while the data is described in Section four. The examples
are presented in Section five. The final section contains the conclusions of the

paper.



2 Model description and estimation

We investigate the usefulness of HMMs for finding different driving events. Us-
ing a combination of continuous and discrete distributions for multidimensional
observations in HMM is of interest. We start with a short description of HMMs
and the multivariate distribution of observations. Then, we define the general-
ized asymmetric Laplace distribution (GAL) and the discrete distribution used
to detect the sequence of steering events. Further, a method for estimating
HMM parameters is presented in Section 2.3, while estimating the number of
events is given in Section 2.4.

2.1 Hidden Markov models

Hidden Markov model is a bivariate Markov process {Z;,Y;},-, where the
underlying process Z; is an unobservable Markov chain and is observed only
through the observation sequence Y;, see Cappé et al. (2005). The observation
Y; given Z; is a sequence of independent random variables and the conditional
distribution of Y; depends only on Z;.

In this article, the sequence of hidden states Z; takes values on a discrete
space {1,2,...,N}. The HMM is characterized by two sets of parameters. The
first set is the transition matrix Q = (¢(i,4)) of Markov chain Z;, where the
transition probabilities ¢(i, j) are given by:

Q(Zvj):P(Zt+1:j|Zt:Z)v Z,]:17Qa7N (1)

The second set is the parameters, 8, of the conditional distribution of Y; given
Zti
ge(zvyt):fYt(y”Zt:Z’e)v Z:]-,viN (2)

The observation sequence Y; can be a univariate or multivariate variable.
In an HMM, the state where the hidden process will start is modeled by the
initial state probabilities w = (;), where ; is denoted by:

Wi:P(ZQZi), i:1,2,...,N (3)

and Zi\il m = 1.

2.2 The distribution of observations

In this article, we propose using a combination of continuous and discrete dis-
tributions for observations. To estimate the parameters we use the maximum
likelihood method. Therefore, we need to find the conditional distribution of Y;
given Z,. Suppose that the observation Y; = (Y; 1, ..., Y, 4) is a multivariate time
series with d = d; +d» dimensions. The first dq random variables (Y1, ..., Yy q,)
are continuous with their observed values (y;.1, ..., Yt.4, ), and have the joint prob-
ability density function fy,, v, ., (U1, Ye.d,|Z: = i;61) within each state.
We assume that the last da observations (Y 4,41, ..., Y3,4,) are discrete variables



and have the joint probability mass function P(Yia,41 = Yt.di+1s - Yerds =
Yt.dy|Zr = 1,02) in each state.

For the sake of simplicity we assume that the continuous and discrete vari-
ables are conditionally independent given the hidden state. Then, the frequency
function of Y; given Z; for a set of parameters 8 = (61, 603) is as follows:

99(i7 yt) = fYt,hm,Yf,,dl (yt,l, o Yt,dy |Zt =1 01)
P(Yidi4+1 = Yt,di+1s - Yeodo = Yt,do| Ze = 15602) (4)

where ¥ = (Yt,1, ---, Yt.a) is the observed value of ¥; and i =1,2,..., N.

Note that any continuous or discrete distributions can be used in Eq. (4). In
our case study, on-board logging signals are used as observations Y; and some of
them are discretized into the predefined levels. We model the continuous obser-
vations by Laplace distributions and use a discrete distribution for discretized
signals.

2.2.1 Multivariate generalized Laplace distribution

The multivariate generalized asymmetric Laplace distribution (GAL) for a d-
dimensional random vector Y is denoted by GAL(d, u,v,X), where § is the
location vector, p is the shift vector, ¥ > 0 is the shape parameter and ¥ is
the scaling matrix. The probability density function (pdf) of a GAL(4, p, v, )
distribution is

1/v—d/2

fyly) = 1 <\/(y —0)TE "y - 6)) ’ 6(2!*5)2’1#

I(1/v)V2r C2

Kip-ags (/0= 072 0= ) )

where d is the dimension of Y, ¢z = /2 4+ pTE" 1y and Ky/,_4/2(-) is the
modified Bessel function of the second kind. The normal mean-variance mixture
representation can give an intuitive feel of the distribution. This is a random
variable Y having GAL distribution, and the following equality holds:

Y L6+Tp+ VIx/2Z,

where I' is a Gamma distributed random variable with shape 1/v and scale one,
and Z is a vector of d independent standard normal random variable. For more
details see Barndorfl-Nielsen et al. (1982).

2.2.2 Discrete distribution

Assume that Y; is a univariate discrete random variable and that it has the
possible values {1, 2, ..., M'}. The probability distribution of observation symbols
in each state is given by the emission matrix, B = {b; ;}, where

bij=PYy=jlZ:=1),i=1,2,.,N, j=1,2,.. M

where EJJMZI b@j =1.



2.3 Estimation of HMM parameters

In our study, we mainly focus on estimating the transition matrix @ of HMM
based on the observation sequences. The reason for this is that the conditional
distribution of observations given a certain hidden state, describes the property
of driving events which is constant over time and can be assumed to be known.
However, the frequency and duration of events, which is described by the tran-
sition probabilities, are likely to depend on the type of road. Therefore, it is
relevant to update the transition matrix for a new signal to find the hidden
states.

We use the EM algorithm for parameter estimation. The EM algorithm is a
common method for estimating the parameters in HMMs. It is an optimization
algorithm to find the parameters that maximize the likelihood. The algorithm
is both robust and is often easy to implement.

2.3.1 EM algorithm

The expectation-maximization (EM) algorithm, introduced by Dempster et al.
(1977), is an iterative algorithm for finding the parameters that maximize the
likelihood function. The EM algorithm can be used to estimate the HMM
parameters. Let © = (Q, 0) denote the set of parameters in an HMM, where
Q = (q(i,7)) is the transition matrix of Markov chain Z; and 6 denotes the
parameters of the conditional distribution of Y; given Z;. Here, the sequence of
hidden states Z; takes values on a discrete space {1,2,..., N}. We assume that
Y0, ---, YT are observed, and z, ..., zp are referred as missing data. The complete
data likelihood is given by:

P(Y0, - Y5 205 -5 213 O) = T2, 9020, Y0) (205 21) g0 (21, Y1) ---q(27—1, 27) 90 (27, Y1)

(5)

The likelihood of interest is the joint probability density function of Yy, ..., Yr,
given by:

N N
L(@) :p(y077yT7@) = Z Z p<y07 "'7yT7207"'7ZT;@)' (6)
20:1 ZT:].

Computing the sums in the likelihood function L(©) is not numerically feasible.
Thus, direct maximization of the likelihood is not computationally tractable.
The EM algorithm provides a method for estimating the HMM parameters
by using the expected value of the complete data log-likelihood given known
observations and current parameters. The algorithm starts with an initial guess
of the parameters ©(?), and then iteratively updates the current parameters by



maximizing:

T(@a G(n)) =F |:10gp(Y07 ) YT7 ZOa ) ZT7 6)}y07 s YT @(n):|
= B [log 2y [y, - yr; 0|
T-1
+> E {IOgQ(Zz,ZlH)}yo’ YT @(")}
=0
T
+ ZE [10g99(2l7y1)|yoa e Y7y G(n)i| )

1=

[}

forn =0,1,2, ... until convergence. Thus, the nt* iteration of the EM algorithm
consists of the following two steps:

e The E-step, where the expected complete log-likelihood 7 (@, @(")) is com-
puted,

e The M-step, where the maximum likelihood estimate of the parameter
et = argmax (0,0(™) is computed.

For our specific model, the parameter of interest is @ = (¢q(4,7)). In this
case, the E-step consists of computing P(Z,_1 = i,Z; = jlyo,...,yr: Q™),
which is the conditional probability of being at state ¢ at time ¢t — 1 and state j
at time ¢t when the observation sequence and the parameters are given, and the
M-step uses the conditional probability to compute the transition probabilities
as follows:

(n+1)( ” Expected number of transitions from state i to j”
q

b)) = ” Expected number of wvisits to state i”
_ Yt P(Zi=i, 2101 = jlyo, -y Q™)

S P(Z1 = ilyo, -y ye; Q)

2.4 Estimating the number of events

Recall that the hidden Markov chain Z; represents the steering states. Let Q
denote the estimation of transition matrix @ computed by EM algorithm. We
consider two possible ways to estimate the number of steering events:

1. The sequence of hidden states is reconstructed using Q and the Viterbi
algorithm, Viterbi (1967), and the steering events are counted.

2. The expected number of steering events are computed based on the esti-
mated transition matrix Q.



2.4.1 Detecting the driving events

The Viterbi algorithm, see Viterbi (1967), is an important algorithm in HMMs
and is used to find the most probable sequence of hidden states given the obser-
vation sequences. Suppose that we have an observation sequence g, ¥y, ..., Y7
and would like to find driving events for this observation. It means that we
should find a sequence of hidden states which maximizes the probability of ob-
serving this specified observation. The Viterbi algorithm determines the most
likely sequence Z; of hidden states which maximizes the conditional probability
of the observation sequence for given parameters O:
(20, ..oy 27) = arg max p(yYo, .., Y7|20, -y 275 O).
2055 2T

By using the Viterbi algorithm, we reconstruct the sequence of hidden states
using the estimated parameters © = (Q, 0) where Q is the estimated transition
matrix. In order to count the number of events, we count the number of times
that Z; switches its values.

2.4.2 Expected number of events

Instead of reconstructing the sequence of driving events, it is possible to compute
the expected number of events using the transition matrix. Suppose that the
Markov chain {Z,;},2, has transition matrix Q. The expected number of ith
event for {Zt}tTZO is equivalent to the number of times that transitions j — i
for all j # i occur. The intensity of visiting state 4 is §(t) = >_;; [(Zi—1 =
J, Zy = 1), for t = 1,2,...,T. In addition, one should consider the state at time
zero, Zy, which can also be i. Therefore, the expected number of 3" event is:

T
ni=E[(Zo =0+ E))_ &M =m+TY mq(j,i), i,j =1,2,..N (7)
t=1 J#i

where w = (my,7a,...,my) is the stationary distribution of @ computed by
solving equation (Q — I)w = 0.
The expected number of events is estimated by replacing Q by Q.

3 HMM for steering events

The steering events are important since they generate high forces in the steering
components. We divide the steering events into curves and maneuvers. The
curve events give rise to lateral forces through lateral acceleration and occur
when driving at speeds higher than about 10 km/h, while the maneuvering
events generate high forces due to steering at low speeds, typically lower than
10 km/h, e.g. driving in or out of a parking lot, standing still but turning steering
wheel.

We use a single HMM to detect both the curves and maneuvers. In order to
identify the events, we consider six states for the hidden Z-process as follows:



right turn (1 = ?RT”), straight forward for turns (2 = ?SFT”) and left turn
(3 = ”LT”), steering right (4 = ”SR”), straight forward for maneuvers (5 =
"SFM”) and steering left (6 = ”SL”). Three signals, lateral acceleration (Y7 1),
steering angle speed (Y;2) and vehicle speed (Y} 3) are used as observation in
the HMM. We assume that Y; ; and Y; s are continuous observations and we
discretized Y; 3 into the three levels:

e 1 ={0km/h <"speed” < 1km/h},
e 2={1 km/h <”speed” < 10 km/h},
e 3={"speed” > 10 km/h}.

We use a combination of Laplace and discrete distributions for observations
and construct an HMM to identify the steering events.

4 Vehicle logging data

In this section we illustrate the on-board logging signals available on trucks.
This information is available for all vehicles and can be obtained from CAN
(Controller Area Network) bus data. There are more than 80 signals from CAN
bus data that can be used to identify the driving events. The signals we have
used from CAN-data are named:

e Steering wheel angles,
e Vehicle speed,
e Yaw rate.

The steering wheel is the wheel the driver holds in his or her hand while
driving and the angle is defined as the angle deviation from driving straight
ahead.

The yaw rate contains information about steering events only for a non-zero
speed. By steering, the entire vehicle will shift direction and this will happen
at a certain angular velocity, which is the yaw rate.

We have used the yaw rate and speed to get an accurate lateral acceleration
signal, which is computed by the following formula:

?lateral acceleration” =" speed” - ”yaw rate”.

The lateral force is proportional to the lateral acceleration in turning events.
For most components these loads are not as damaging as the vertical loads, but
they have a large impact on steering components, Karlsson (2006).



5 Example

Recall that the aim of this study is to estimate the number of events in measure-
ments. We use a single HMM to identify both the curves and the maneuvers.
The number of curves and maneuvers are estimated by two different methods.
In the first approach, the estimated transition matrix and the Viterbi algorithm
are used to reconstruct the most likely sequence Z; of steering states and then
the number of events is counted. In the second approach, the expected number
of events are estimated using the estimated transition matrix and Eq. (7).

A measured data set is used to demonstrate the proposed algorithm. In a
second study, a number of simulated data sets are used to check how well the
estimation algorithm works. We especially assess the statistical properties of
the estimators, such as bias and variance.

5.1 Measured data

As mentioned above, a real data set is used to demonstrate the algorithm. We
use the dedicated field measurements from a Volvo Truck as our data set. We
divide the data into two equal portions as our training and test sets. We use the
training set to estimate the parameters of the model and the test set to validate
the model.

In our case study, the training set contains all history about the steering
events such as the start and stop points. By using this information of the training
set, the parameter @ of the conditional distribution of observation given the
hidden state is found through maximum likelihood estimation.

We use an HMM to re-estimate the transition matrix @ and to detect the
steering events from the test set. The estimated parameters from the training
set are used for the conditional distribution of observations. This is because
the conditional distribution of Y; given a certain hidden state Z; describes the
property of driving events which is assumed to be vehicle specific data that can
be estimated under well-defined conditions on the proving ground. However, the
differences between types of roads can affect the transition probabilities and the
duration of the events. Therefore, it could be relevant to update the transition
matrix @ of HMM based on a new observation sequence.

5.1.1 Training set

To create training data, the steering events are detected manually by looking at
video recordings from the truck cabin. Then, the start and stop points of each
event are extracted to create the hidden Z-process. As mentioned above, three
signals: lateral acceleration, steering angle speed and the discretized speed are
the observations in our HMM. Figure 1 shows the training data which contain
the measured lateral acceleration, steering wheel angles, vehicle speed and dis-
cretized vehicle seed with the corresponding manually detected steering states.
This training set has been used to estimate all parameters of the model.
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Figure 1: The training data contain the measured lateral acceleration (Y1),
steering angle speed (Y3) and vehicle speed (Y3) with the corresponding manu-
ally detected steering states.

We have two choices for modeling observations Y; and Y2 with the Laplace
distribution. We can either consider that Y7 and Y5 are dependent, which means
that they have the same shape parameter v, or we can assume that they are
independent but with different v. Both cases have been tested. It was found that
having separate v for Y7 and Y5 gives better fit to data and also better estimation
of the transition matrix. Thus, we assume that Y; and Y5 are independent
variables, each having a Laplace distribution. The histograms and the fitted
distributions for lateral acceleration and steering angle speed for each state are
shown in Figure 2.
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Figure 2: The histogram of observation and the fitted Laplace distribution for

curves and maneuvers.

The parameter of the Laplace distributions given the hidden state, is found
through maximum likelihood estimation. The estimated parameters for steering

states are given in Table 1.
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Table 1: The estimated parameters of Laplace distributions fitted for lateral
acceleration (Y7) and steering angle speed (Y3).

State(i) | 1="RT” 2="SFT” 3="LT” 4="SR” 5="SFM” 6="SL”
5; 0.04 -0.04 -0.04 3.02x107% | —5.59x107¢ | —3.02x107°
Y1 i -0.26 —8.21 x 107* 0.26 -0.003 0.003 0.003
Vs 0.31 1.73 0.31 6.17 7.56 6.17
o2 0.07 0.13 0.07 0.04 0.04 0.04
5; -0.20 1.36 x 1072 0.20 7.63x 107% | =381 x107° | —7.63x 107*
Ys i -0.01 0.01 0.01 -3.27 0.02 3.27
v 1.78 3.33 1.78 1.07 5.75 1.07
o2 7.54 0.71 7.54 0.08 23.73 0.08

The estimated probabilities of discretized speed (Y3) in each state is given
by the emission matrix B:

1 2 3
RT 0 013 0.87
SET 0 0 1
LT 0 021 0.79

B=gr |o017 083 o

SEM | 0.44 056 0
SL 022 078 O

5.1.2 Test set

Here, we evaluate the proposed method using the test set. We use the esti-
mated parameters for conditional distribution of observations from the training
set, and estimate the transition matrix @ based on the test set for detecting
the events in the test set. The EM algorithm is used to estimate the transition
matrix Q, and the estimated matrix is:

RT SET LT SR SFM SL

RT 0.9274 0.0574 0.0108 0.0005 0.0006 0.0032
SET [ 0.0082 0.9834 0.0075 0.0001 0.0003 0.0004
LT 0.0117 0.0661 0.9190 0.0032 0.0000 0.0000
SR 0.0131 0.0100 0.0000 0.8369 0.0198 0.1202
SEM | 0.0000 0.0037 0.0002 0.0231 0.9501 0.0228
SL 0.0008 0.0000 0.0147 0.1023 0.0441 0.8380

By using the estimated transition matrix and Viterbi algorithm, we recon-
struct the most likely sequence Z; of steering states to find the frequency of
events. The estimated number of events from the Viterbi algorithm are given

&>
Il
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by #;. Further, we estimate the expected number of events, 7j;, calculated from
the estimated transition matrix using Eq. (7). The results are presented in
Table 2.

Table 2: The estimated number of events &; from the Viterbi algorithm and the
expected number of events 7; using estimated transition matrix Q.

Event(i) 1="RI” 2="SFI” 3="LI" 4="SR” 5="SFM" 6="SL
Ri 137 220 137 96 37 101
i 150 245 143 95 46 104

One can conclude that the expected number of right and left turns estimated
from the transition matrix Q is larger than the number of turns found by the
Viterbi algorithm. However there is no significant difference between the number
of maneuvers estimated from both methods. Figure 3 shows the testing data
and the corresponding detected states based on HMM and Viterbi algorithm.
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Figure 3: The testing data contain the measured lateral acceleration (Y7), steer-
ing angle speed (Y3) and vehicle speed (Y3) with the corresponding steering
states detected by HMM.
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5.2 Simulated data

The goal of the simulation study is to investigate the properties of the estimates
of the number of events. We use two approaches to estimate the number of
steering events. In the first approach, we use the Viterbi algorithm to count the
number of events. In the second approach, we estimate the expected number of
events using the estimated transition matrix Q We investigate the properties
of these two different estimates through a simulation study. In order to assess
the performance of the algorithm, we estimate four different errors, which are
defined in the following table.

k; | Observed number of i** event for i = 1,2, ...,6

k; | Estimated number of i’ event from the Viterbi algorithm
n; | Expected number of i*" event using true transition matrix Q

7; | Estimate of 7; using estimated transition matrix Q
e1,i | Errorl = &; — Ky
€1,; | Brror2 = &; —
ez, | Errord =9; — k;
€2,; | Errord = 79; —n;

We first generate the sequence of steering states by using a Markov chain.
We construct an HMM based on six steering states with the transition matrix:

RT SFT LT SR SFM SL
RT 0.90  0.09 0.005 0 0.005 0
SFT | 0.0225 0.95 0.0225 0 0.005 0
LT 0.005 0.09  0.90 0 0.005 0

Q= SR 0 0.005 0 0.90 0.09 0.005
SEFM 0 0.005 0 0.0225 0.95 0.0225
SL 0 0.005 0 0.005 0.09 0.90

Three signals: lateral acceleration (Y; 1), steering angle speed (Y7 2) and vehicle
speed (Y;3) are simulated as observation sequences. We assume that Y; ; and
Y, 2 are independent random variables with a Laplace distribution. We simulate
the lateral acceleration and steering angle speed where the parameters are given
in Table 3.
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Table 3: The parameters of Laplace distributions for lateral acceleration (Y7)
and steering angle speed (Y3).

State(i) | 1="RT” | 2="SFT” | 3="LT” | 4="SR” | 5="SFM” | 6="SL”
3 -1 0 1 0 0 0
Y i -0.5 0 0.5 -0.003 0.003 0.003
v; 0.1 2 0.1 5 8 5
a? 0.2 1 0.2 0.04 0.04 0.04
5 -0.4 0 0.4 -0.003 0 0.003
Ys i -0.01 0.01 0.01 -5 0.004 5
v; 2 3 2 1 5 1
o3 7 0.6 7 0.2 10 0.2

The vehicle speed is considered a discrete observation with three levels
{1, 2, 3}, as described on page 8. We simulate a sequence of discretized speed
(Y ,3) by using the following emission matrix:

1 2 3
RT 0 02 08
SFT 0 02 08
LT 0 02 08

B=gr |02 08 o

SFM | 02 08 0
SL 02 08 O

The simulated signals represent a journey on a city road over 10* seconds
(= 3 hours), where the sampling period is 1/2 seconds. We perform 1000 simu-
lations of city road to estimate the number of steering events. Since we consider
the parameters corresponding to the conditional distribution of observations
given a hidden state as fixed, we use the EM algorithm to estimate the transition
matrix given three simulated signals as observation process Y; = (Y31, Yz 2, Yz,3).

For each simulation, the number of events has been estimated based on two
approaches. In order to investigate the properties of the estimators, we compute
four different errors. The first two errors e;; and €;,; correspond to the first
approach, while e ; and €3 ; are computed based on the second approach. Errors
e1,; and € ; represent how much the estimated number of events from the Viterbi
algorithm (&;) differs from the observed number of events (k;) and the expected
number of events (7;), respectively. Error es; is the difference between the
estimated expected number of events (7);) and the observed number of events,
while €3 ; indicates the difference between the estimated and true values of the
expected number of events. We compute the mean and the standard deviation
of errors over 1000 simulations. The 95% confidence intervals are indicated in
the parenthesis. The results are presented in Table 4.
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Table 4: The estimated number of steering events. The mean and the standard
deviation of errors with the 95% confidence intervals.

Event (i) 1="RT” 2="SFT” 3="LT” 4="SR” 5="SFM” 6="SL”
mean (r;) 81 172 82 80 168 79
std(r;) 13.2 22.9 13.4 13.6 23.1 14
i 80 170 80 80 170 80
mean (&;) 84 178 83 76 156 76
std(&;) 13.6 23.2 13.5 13.5 22.2 13.8
mean(7);) 81 172 82 83 174 82
std(7:) 13.4 23.1 13.5 15.1 25.2 15.5

mean(ey ;) 2.8 (£0.1) 5.8 (£0.2) 0.9 (£0.1)  -3.2 (£0.3) -11.8 (£0.5) -3.2 (+0.4)

std(e ;) 2.4 3.3 1.8 5.5 8.1 5.6
mean(e; ;) 3.7 (£0.9) 7.9 (£1.5) 2.3 (£0.9) -4 (+0.9) <14 (£1.4) 4.3 (£0.9)
std(er,;) 13.6 23.2 13.5 13.6 22.2 13.8
mean(ez ;)  0.01 (£0.1)  0.01 (£0.2) 0.02 (£0.1) 2.9 (+£0.3) 6.3 (£0.5) 3 (40.3)
std(esz,;) 1.8 3 1.8 5.3 7.9 5.4
mean(ez;) 0.9 (£0.8) 2.1 (£1.5) 1.3 (£0.8) 2.1 (+0.9) 4.1 (£1.6) 1.8 (£1.0)
std(ez.;) 13.4 23.1 13.5 15.1 25.2 15.5
corr(i, i) 0.98 0.99 0.99 0.92 0.94 0.92
corr (s, ki) 0.99 0.99 0.99 0.94 0.95 0.94

Approach one with errors e; ; and €; ; gives bias for estimation of x; and n;,
respectively. As can be seen from the 95% confidence intervals, we have positive
bias for turns and negative bias for maneuvers based on the first approach. Ac-
cording to the second approach and error ey ;, there is only bias for maneuvers,
while error €3 ; indicates a small bias.

The standard deviations of the errors calculated from both approaches are
almost the same, while the bias of the second approach is smaller than the first
one. Therefore, the second method should be preferred to estimate the number
of events.

It can also be seen that k; is highly correlated with &; and 7;, which is
expected since the standard deviations of e; ; and es ; are small.

6 Conclusion

A method is proposed to identify steering events (curves and maneuvers), using
an HMM with multivariate observation sequences. We considered six driving
states: right turn (RT), straight forward for turns (SFT), left turn (LT), steering
right (SR), straight forward for maneuvers (SFM) and steering left (SL), to
construct the HMM. Three signals: lateral acceleration, steering angle speed
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and speed are used as observations. It is shown that hidden Markov models with
a combination of continuous and discrete distributions for observations can be
used to find the steering events. Both simulated and measured signals are used
to exemplify the identification of steering events. Two different approaches
have been used to estimate the number of events. In the first approach, the
number of events have been counted based on the Viterbi algorithm. In the
second approach, we estimate the expected number of events from the transition
matrix estimated by the EM algorithm. The bias and variance of estimations
are investigated. The standard deviations of the errors computed from both
approaches are almost the same, while the bias of the second approach is smaller
than the first one. Therefore, one can conclude that the second approach, using
the expected number of events, can accurately estimate the number of steering
events and outperform the Viterbi algorithm.

The proposed model can be extended for detecting more steering events such
as static steering or slow reverse steering. This can be done by increasing the
number of driving states and also the number of observation sequences in the
HMM. For instance, to distinguish between forward and reverse maneuvers, we
need to use a current gear signal as an extra observation.
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Abstract

Driving events, such as maneuvers at slow speed and turns, are impor-
tant for durability assessments of vehicle components. By counting the
number of driving events, one can estimate the fatigue damage caused
by the same kind of events. Through knowledge of the distribution of
driving events for a group of customers, the vehicles producers can tai-
lor the design, of vehicles, for the group. In this article, we propose an
algorithm that can be applied on-board a vehicle to on-line estimate the
expected number of driving events occurring, and thus be used to estimate
the distribution of driving events for a certain group of customers. Since
the driving events are not observed directly, the algorithm uses a hidden
Markov model to extract the events. The parameters of the HMM are
estimated using an on-line EM algorithm, with a fixed forgetting factor
to address chaining driving conditions.

Keywords: Hidden Markov models; EM algorithm; on-line EM algorithm;
driving events; expected damage; fatigue damage.

1 Introduction

When designing vehicles components it is important to know the distributions
of loads expected to act on them. The life time of a component in a vehicle—
such as control arms, ball joints, etc.— is determined by its strength and the
loads acting on it. Where the effect of a given force acting on a component is
well known, the distributions of loads, and hence forces, are more random. This
is because the distribution of the loads depends on the driving environment,
driver’s behavior, usage of the vehicle, and other things. For a more detailed
description of loads acting on vehicles, see Johannesson and Speckert (2013).
Although it is not financially possible to design a vehicle for specific cus-
tomer, it is important to tailor the design for groups of customers, depending
on, for instance, geographical regions and usage. Obviously, components weakly
designed for the specific environments leads to increased costs due to call-backs



and badwill for the company, while too heavily designed components give in-
creased material cost and unnecessarily heavy vehicles.

Traditionally, one has used a specially equipped test vehicle to study the
distributions of customer loads. This gives very precise measurements, but with
disadvantage of a statistically small sample size for the studied group. In addi-
tion, it is a very expensive way of acquiring data. However, all modern vehicles
are equipped with computers measuring many signals, known as Controller Area
Network (CAN) bus data, where the signal is for instance speed and lateral ac-
celeration. The goal of this article is to develop a statistical algorithm that uses
these signals, to extract information about the driving events for the specific
vehicle. This data can then be collected from several vehicles to generate a load
distribution for groups of customers.

The desired algorithm needs several key properties to be practically useful:
First, it obviously needs to be able to extract the driving events from the CAN
data. Second, since the data will be extracted over long periods of time the
computational cost of estimation of the driving events needs to be low. It
is also desirable that the method does not require the storage of all the data.
Finally, the algorithm should allow for changing frequency of driving events over
time, since the frequency of driving events changes depending on the driving
environment such as highway driving or city driving.

To address the first property, our algorithm uses a hidden Markov Model
(HMM) to extract the driving events from the CAN data. More specifically
each state in the HMM represents a driving state where we define a driving
event as a sequence of consecutive driving states. The CAN data for a given
driving state is assumed to follow a generalized Laplace (GAL) distribution.
Laplace distributions are well known methods to describe responses measured
on driving vehicles, see Bogsjo et al. (2012); Kvanstrom et al. (2013). The
idea of using HMMs to identify driving events has previously been used in for
example Maghsood and Johannesson (2013, 2016), Mitrovi¢ (2004, 2005) and
Berndt and Dietmayer (2009).

For the HMM we divide the parameter into two sets: the transition matrix,
which is vehicle type independent, depending rather on the driving environment,
the driver’s behavior etc. The parameter of the GAL distribution is vehicle type
specific, and can thus be found in laboratory tests or in proving grounds. Thus
the second property, in the case of an HMM, is equivalent to efficiently esti-
mating the transition matrix of driving states. In previous articles, the EM
algorithm has been used successfully to estimate the transition matrix, Magh-
sood et al. (2015); however an iteration of the algorithm has computational
complexity O(n) (where n is the number of observation) and is thus not prac-
tically feasible. Here, we instead propose using the on-line EM algorithm from
Cappé (2011) to estimate the matrix. This gives the desired computational
efficiency, since one iteration of the algorithm has a computational cost of O(1).

The final property is addressed by using a fixed forgetting factor in the on-
line EM algorithm. Cappé (2011) proposes a diminishing forgetting factor to
ensure that the EM algorithm converges to a stationary point. However, this is
not the goal here and we do not want the algorithm to converge to a stationary



point but rather be an adaptive algorithm. The usage of forgetting factors
is a well-studied area in automatic control, time series analysis and vehicle
engineering, see Arvastson et al. (2000); Lennart and Soderstrom (1983); Vahidi
et al. (2005).

Further, the algorithm also calculates on-line the expected damage for a
given component. This could be useful for the specific vehicle, on which the
algorithm is applied, by using the expected damage to tailor service times to
specific vehicle and components.

The paper is organized as follows: In the second section, the HMM and the
proposed on-line algorithm are presented. In the third section, the method for
estimating the fatigue damage is proposed. In the forth section, the algorithm
is applied to simulated data to verify its performance, and it is also evaluated
on real data, CAN data from a Volvo truck. The final section contains the
conclusions of the paper.

2 Hidden Markov models

Hidden Markov models are statistical models often used in signal processing,
such as speech recognition and modeling the financial time series, see for instance
Cappé et al. (2005) and Frithwirth-Schnatter (2006). An HMM is a bivariate
Markov process {Z;,Y;},-, where the underlying process Z; is an unobservable
Markov chain and is observed only through the Y;. The observation sequence
Y; given Z; is a sequence of independent random variables and the conditional
distribution of Y; depends only on Z;.

In this article, all HMMs are such that Z; takes values on a discrete space
{1,2,...,m}, and the HMM is determined by two sets of parameters. The first
set is the transition probabilities of Markov chain Z;:

q(i,7) = P(Zys1 = j|Z4 = i), i,j =1,2,...,m. (1)

The second set is the parameter vector, 8, of the conditional distribution of Y;
given Z;:
99(i7yt) = fYt (yt‘Zt = 170)7 i = 172a ce Ty Yt eR. (2)
Here, we denote the set of parameters by © = (Q,0) where Q = (q(4,7)) for
i,j=1,2,....,m.
In an HMM, the state where the hidden process will start is modeled by the
initial state probabilities w = (;), where ; is denoted by:

with > m = 1.

2.1 Parameter estimation

For the parameter estimation in this article we use the EM (expectation maxi-
mization) algorithm, which is described below. The principle aim is to estimate



the transition matrix @ based on an observation sequence. For this, we use an
on-line EM algorithm, derived in Cappé (2011). To introduce the algorithm we
first describe the EM algorithm and then describe the modification needed for
on-line usage of the algorithm.

In our study, the parameter 0 is not estimated recursively, but rather found
through maximum likelihood estimation on a training set. This is because the
conditional distribution of Y; given Z; in our case study represents the vehi-
cle specific data which can be estimated under well-defined conditions on the
proving ground.

2.2 The EM algorithm

Here, we present the EM algorithm following Cappé (2011). The EM algo-
rithm is a common method for estimating the parameters in HMMs. It is an
optimization algorithm to find the parameters that maximize the likelihood.
The algorithm is both robust — it does not diverge easily— and is often easy to
implementation.

The EM algorithm is an iterative procedure. If the distribution of complete-
data (Z;,Y:) given Zy_1, p(2¢,y:|2¢—1), belongs to an exponential family, then
the n'" iteration consists of the two following steps:

e The E-step, where the conditional expectation of the complete-data suffi-
cient statistics, s(Z;—1, Z¢, Y:), given the observation sequence yo, y1, ..., Yt
and O™ is computed,

ZS(Zl—tha}fl) yOa"'ayt;@(n) ) (3)

=1

1
St(n+1) - EE

e The M-step, where the new parameter value ©*1 is calculated using
St("H), which can be formulated as O™+ = f(SgnH)).

The sequence O™ converges to a stationary point of the likelihood function,
for more details see Cappé (2011).

For our specific model, where the parameter of interest is Q = (q(3, 7)),
the sufficient statistics will be I(Z;—1 = 4, Z; = j) where I(-,-) is the indicator
function. Then, the E-step is:

t
S = 1B |31 =i 2 =)
=1

y07"'7yt;®(n) . (4)

Thus S; (%, j) is the expected number of transitions from state i to state j given
Yo, ---, Yyt and O. For Q = (¢(7, 7)), the M-step is given by:

S VGg) -

(n+1) s -\ _
")) =
Zj:l St( +1)(Z7J)




2.2.1 Recursive formulation of the E-step

Zeitouni and Dembo (1988) noted that the conditional expectation of the complete-
data sufficient statistics Sy can be computed recursively. To see this, define:

(bt(k) :P(Zt :k|y077yta®)a (6)
¢
. 1 . ‘
pt(Z,],k) = %E ZI(ZZ,1 =1, Zl = j) Yo, -5 Yty Zt - ka 6] ) (7)
1=1
then Sy(i, j) can be written as Sy(i,7) = Y 1, ¢¢(k)pe (i, j, k).
Note that (¢:)r = ¢¢(k) is an N-dimensional (row) vector. For a vector a, let

D(a) be a diagonal matrix where D(a)xr = ar. The recursive implementation
of the EM algorithm, using the observation sequence yg, y1, ..., yr, is initialized

with
by = Dok, y0)
(

) o
(D (ga(kyo)) 1 polij, k) =0,

for all 1 < i,j,k < m. Let g@(yt) = gG(Lyt),gG(Q,yt),-~-,g@(m,yt)) and 1 =
(1,1,...,1). Then, for n'" iteration and ¢ > 1, the components are updated as
follows:

oy — _LD()Q" D(go(y:)) @®
" 1(D(¢:)Q™ D(gg(y:)))1"

pesa (i g k) = (G = R)rea (il7) + (U= ve41) Y pieli 4, K )rea (K| k)9)
k=1

where 7,11 = D(¢¢./1(D(¢p,)Q™))Q™ and ./ represents the element-wise
division of two matrices. The forgetting factor, ¢, equals 1/t.

Note that in n'" iteration of EM algorithm, all elements in ¢1, ¢o, ..., ¢; and
p1: P25 -, pr depend on Q™). Thus, for updating Q in (n + 1)** iteration, all
elements of the two quantities need to be recalculated. Therefore one needs to
store the entire observation vector to use the EM algorithm.

2.3 On-line estimation of HMM parameters

As we will see soon, the on-line EM algorithm remedies the issue of requiring
the entire observation vector to estimate parameters. Here we use the notation
Qt rather than Q®. This is because, as we will see, one can not compute more
than one iteration at each time point ¢ for the on-line EM.

The terms (]30 and po(, 7, k) are initialized the same way as in the regular
EM algorithm. For ¢ = 0,1,... the components are updated as follows: (the



E-step)

b1 = 1(D(¢t)QtD(90(yt))) ’ (10)
1(D(¢t)QtD(90(yt)))1'
pra (i k) = LG = k)Pra (i) + (U= vu41) D peli, 4 K )Pea (K KLL)

k'=1

where 7111 = D(¢./1(D(¢:)Q+))Q;. And in the M-step, the transition matrix
Qt+1 = (G+1(4, 7)) is updated by:

S’t+1(ivj>
> i S (i )

where §t+1(iaj) = Z:lzl éf;t+1(k)ﬁt+1(i,j7 k).

Ge1(1,7) = (12)

As can be seen, Egs. (10) and (11) are the modifications of Egs. (8) and (9)
where (2)1, (ﬁg, ...,qAbt and p1, p2, ..., p¢ did not depend on the parameter ), but
rather Qt, and thus do not need to be recalculated.

In the proposed on-line EM algorithm by Cappé (2011), a decreasing se-
quence of forgetting factors {y:}$2; is chosen such that Y o, v = oo and
ey 7? < oo. The choice of 44 strongly affects the convergence of the pa-
rameters. To converge to a stationary point one can choose v = 1/t* with
0.5 < a < 1, which is the common choice suggested in Cappé (2011). By set-
ting ¢ to a fixed value, the algorithm will never converge to any fixed point
but behave like a stochastic processes. As we will see later, this can be useful
when the data comes from a non-stationary process, where the parameters are
not fixed over time.

2.3.1 Setting forgetting factor

When using a fixed value for v, (= ) it is crucial that this value is well chosen.
A smaller v gives a more stable parameter trajectory, at the price of a slower
adaptation. In the present form, it can be hard to see what a reasonable value
of v is. To show this more clearly, we introduce two explanatory parameters
(K, R), which represent the weight, R, that is put on the K latest observations,
when estimating Q. So for instance, if K = 100, and R = 0.9, then the weight
given to the hundred latest observations is such that, they represent 90% of the
information from the data used to estimate the parameters.

To link the parameters K and R to 7, note that (11) is approximately a
geometric series with ratio ~, thus approximately it holds that

K .
¥y (1—9)' =R (13)
1=0

This gives an explicit y for each (R, K).



A further issue is that in general, one observation does not contain equal
information about all the entires in @, some states (events) might occur rarely
and thus most observations contain no information about the corresponding
column in the transition matrix. To address this, one can set a separate y for
each column. One way is to set v, ; = 7-(7;); where 7, is the averaged stationary
distribution vector defined below.

2.4 On-line estimation of the number of events

In previous work, see Maghsood et al. (2015), the Viterbi algorithm introduced
by Viterbi (1967) was used to calculate the number of driving events. However,
the Viterbi algorithm requires access to the entire data sequences and thus can
not be used for on-line estimation when the data is not stored. Instead we
compute the expected number of events as follows.

Suppose that at each time ¢, the Markov chain {Z; } has transition matrix Q.
By solving the equation (Q; — I)m¢ = 0, one gets the stationary distribution of
Q:. The expected number of i*" event for {Zt}tTZO is equivalent to the number
of times that transitions j — ¢ for all j # ¢ occur. In addition, one should
consider the state at time zero, Zy, which can also be i. Therefore, the expected
number of i** event up to time T is:

T T
ni(T) = E[I(Zo = 1)] + E[Z &(t)] = mos + Z Zﬂt,j(h(j, i), (14

t=1 t=1 j#i

where &(t) = 2,4, [(Zi—1 = j, Zy = ).
The above formula works if we substitute Q; with the on-line estimate Qt

for each t. Then, one can compute and update the number of events based on
each new observation.

2.5 HMDMs with Laplace distribution

As mentioned in the introduction, we set the conditional distribution of Y; given
Zy, denoted by ge(i,y:), to be a generalized asymmetric Laplace distribution
(GAL), see Kotz et al. (2001). The GAL distribution is a flexible distribution
with four parameters: §— location vector, pu— shift vector, v > 0— shape param-
eter, and X— scaling matrix and denoted by GAL(d, i, v, ¥). The probability
density function (pdf) of a GAL(4, u, v, X) distribution is

1/v—d/2

1 <¢<y—6>Tzl<y—6>> T weoma

99 = Tivae e

K (el =075 =) )

where d is the dimension of Y, c2 = /2 4+ pTX "1y and Ky/,_4/2(.) is the
modified Bessel function of the second kind. The normal mean variance mixture



representation can give an intuitive feel of the distribution. That is a random
variable Y having GAL distribution, and the following equality holds:

Y L5+Tp+ VIxY/2Z,

where T" is a Gamma distributed random variable with shape 1/v and scale one,
and Z is a vector of d independent standard normal random variable. For more
details see Barndorff-Nielsen et al. (1982).

3 Estimation of fatigue damage

Fatigue is a random process of material deterioration caused by variable stresses.
For a vehicle, stresses depend on environmental loads, like road roughness, ve-
hicle usage or driver’s behavior.

Often, the rainflow cycles are calculated in order to describe the environ-
mental loads, and the fatigue damage is then approximated by a function of the
rainflow cycles.

Typically, the approximations are done in order to reduce the length of the
load signals storing only the events relevant for fatigue. The reduced signal is
then used to find the fatigue life of components in a laboratory (or to estimate
the fatigue life mathematically). The reduction is mainly done in order to speed
up the testing which is very expensive (or simplify calculations).

In this section, we present a method to approximate the environmental load
using driving events. The method is similar to a well-known method in fatigue
analysis, the rainflow filter method, see e.g. Johannesson and Speckert (2013).
We show that one can explicitly calculate the expected damage intensity (which
describes the expected life time of a component) on-line.

We start with a short introduction to rainflow cycles and expected damage,
then show the approximation method that uses the driving event to derive the
expected damage.

3.1 Rainflow counting distribution and the expected dam-
age

The rainflow cycle count algorithm is one of the most commonly used methods
to compute fatigue damage. The method was first proposed by Matsuishi and
Endo (1968). Here, we use the definition given by Rychlik (1987) which is more
suitable for a statistical analysis of damage. The rainflow cycles are defined as
follows.

Assume that a load L, the processes up to time 7', has N local maxima.
Let M, denote the height of the i*" local maximum. Denote by m; (m; ) the
minimum value in forward (backward) direction from the location of M; until

7¢ is the maximum value of

Ly crosses M; again. The rainflow minimum, m;
m; and m; . The pair (m:fc, M) is the i*" rainflow pair with the rainflow range

hi;(Lt) = M; — mzfc. Figure 1 illustrates the definition of the rainflow cycles.



Figure 1: The rainflow cycle.

By using the rainflow cycles found in Ly, the fatigue damage can be defined
by means of Palmgren-Miner (PM) rule, see Palmgren (1924), Miner (1945),

N
Dg(Lr) = az hi(Lr)?, (15)
i=1
where «, 3 are material dependent constants. The parameter a~! is equal to the
predicted number of cycles with range one leading to fatigue failure (throughout
the article it is assumed that « equals one). Various choices of the damage
exponent [ can be considered, like 8 = 3, which is the standard value for the
crack growth process or § = 5 which is often used when a fatigue process is
dominated by the crack initiation phase.
A more convenient representation, from computational viewpoint, of damage
is:

+oo v
Ds(Lr) = B(6 — 1) / / (v — w)P 2N (u,v) dudv,  (16)

where N°%¢(u,v) is the number of interval ([u,v]) up-crossing by a load, see
Rychlik (1993) for details.

Since L7 is a random process, one uses the expected damage as a tool to
describe damage. The damage intensity of a process is

ds = Jim - E[Dy(Lr)] a7
Finally, using Eq. (16), we get that
4z =55 -1) [ - [ - wr e duas (18)
where o
() = tim ZINT 0] (19)

which is called the intensity of interval up-crossings.



3.2 Reduced load and expected damage given driving events

In general the lateral loads are not available and will vary between vehicles. The
reduced load, we propose below, is constructed using estimated frequencies of
driving events from the HMM, and the distributions of extreme loads associated
with driving events, which can be measured on testing grounds or in laboratories.

We now describe how to construct a reduced load from the driving events left
turn, LT, and right turn, RT (the method could of course be generalized to other
driving events); these events are known to cause the majority of the damage for
steering components. Let {Z;}]_, be the hidden processes in a HMM, with
three possible driving states right turn, left turn or straight forward, at time
t. Define Z; as the driving event representing the it" turn, occurring in the
time interval [t; siart, ti stop)- We assume that ZF equals one if the turn is left,
and two if the turn is right. The relation between the two sequences {Z}}Y
and {Z;}, is that the event {Z; = 1}( or {ZF = 2}) is equivalent to that
Lty crarss s Lt are all equal to, the same driving state, left turn (or right
turn).

Now to create the reduced load, from the sequence driving events, assume
that M; and m; are the i* maximum and minimum load during a turn, that is

i,stop

M; = max Ly, m; = min Ly, (20)
tel; tel;

where I; = [t; start, Ui stop] T€Presents the start and stop points of i" turn. The
reduced load {Xi}?ivo is defined as follows

0, if 7 is odd integer,
Xi =< My, if Z;‘/2 = 1,4 is even integer, (21)
myg, if ZZ.*/2 = 2,1 is even integer.
Here the zeros are inserted since between each left and right turn event there

must be a straight forward event. Figure 2 illustrates a lateral load and the
corresponding reduced load.
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Figure 2: Reduced load represented by dots where the observed load is repre-
sented by the irregular solid line.

To compute the damage intensity dg, per driving event, one needs the interval
up-crossing intensity ;%¢(u,v) of {Z}¥ . Assuming that both {M;}Y, and
{m;}}N, are sequences of i.i.d. random variables, and that {Z}}¥ , is a Markov
chain with transition matrix P = (p(k,7)) (it can be derived from transition
matrix @ in the HMM, see Appendix), one gets the closed form solution

w5 P(my < u), u<v <0,
1 (u,v) = 5 75 P(my < u) pa(u,v), u<0<uw, (22)
w1 P(My > v), 0<u<w.

Here 7* = (#},7}) is the stationary distribution of the P and ps(u,v) can be
derived from the equation system:

pj(u,v) =p(j,1)P(My > v) + P(My <) p(j, 1) p1(u,v)
+ P(my > ) p(4,2) p2(u,v), j = 1,2. (23)

For more details see Maghsood et al. (2015).

4 Examples

We evaluate the proposed algorithm with simulated and measured data sets.
We consider the steering events occurring when the vehicle is driving at a speed
higher than 10 km/h, e.g. when driving in curves. We estimate the number of
left and right turns for a costumer. We further investigate the damage caused by
steering events and compute the expected damage using the on-line estimation
of transition matrix.

11



In our simulation study, a training set is used to estimate the parameters of
the model which contains all steering events. We also use the simulation study
to show the effects of different values of forgetting factor .

Finally, we use the measured data which is dedicated field measurements
from a Volvo Truck. The measured signals come from the CAN (Controller
Area Network) bus data, which is a systematic data acquisition and contains
customer data.

4.1 Simulation study

We want to imitate a real journey during different road environments, such as
city streets and highways. This is done by first generating a sequence of steering
states using a Markov chain. We consider three states right turn (RT), left turn
(LT) and straight forward (SF'). We set these events as three hidden states and
construct the HMM based on them as follows: We assume that the probabilities
of going from a right turn to a left turn and vice versa are small and most
often we will have straight forward after a right or a left turn. It has been also
assumed that the average duration of straight forward during a city road is less
than highway. Two different transition matrices Qcity and Qrighway have been
considered for city and highway respectively:

RT SF LT RT SF LT

RT /085 0.1 0.05 RT /090 0.08 0.02
Qeity = SF | 0.025 0.95 0.025 |, Quighway = SF | 0.005 0.99 0.005
LT \ 005 0.1 085 LT \ 0.02 0.08 0.90

Second, we use Laplace distribution to simulate the lateral acceleration sig-
nal, ;. The Laplace parameters (6, u, v, ) for each state are set as follows:

® Opr = —orr = —1, dsFr =0,
e purr = —prr = —0.5, psrp =0,
e vpr =vpr = 10, vgp = 0.5,
o Spr=Sir =02, Nep=1.

The fitted distributions for lateral acceleration values within each state are
shown in Figure 3.

12
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Figure 3: (a), (b) and (c) represent the Laplace distributions fitted on lateral
acceleration values for right turns, straight forward and left turns respectively.

We compare four different values of =, for the estimation of the transition
matrix. First, we set vz = 1/t* where @ = 0.9. This value of forgetting factor
satisfies the convergence conditions given by Cappé (2011). Second we use three
different values of fixed ~y, 0.01, 0.002 and 0.001-corresponding to R = 0.9 and
K = 200,1000 and 2400 (which corresponds to a duration 2 min, 10 min, and
20 min) in Eq. (13). Figure 4 shows the estimated diagonal elements of the
transition matrices for one simulated signal. The simulated signal represents a
journey on a city road, a highway and then back to a city road and again highway
over 10° seconds, where the sampling period is 1/2 seconds. The straight thick
black lines show the diagonal elements of true transition matrices Qs and
thghway~
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Figure 4: Diagonal elements of on-line estimated transition matrix, simulated
signal from City road+Highway+City road+Highway, with four different values
of . Straight thick black lines show the diagonal elements of true transition
matrices Qcity and Qrighway-

In Figure 4, one can see that the on-line algorithm with variable v can not
follow the changes of the parameters well and that the adaption diminishes over
time, as is to be expected. The fixed forgetting factor, however, seems to adapt
well to the chaining environment.

Expected number of events

Here, we compute the expected number of turns. We simulate independently
hundred signals in order to investigate the accuracy of the on-line algorithm
with different forgetting factors . In that case, we choose as before four dif-
ferent values for the forgetting factor. The values of the fixed forgetting factors
correspond to R = 0.9 and K = 200, 1000 and 2400 in Eq. (13).

We perform 100 simulations and estimate the intensities of occurrences of
turns by Eq. (14):

T
ner =mos+ Y (m20¢(2,3) + m16i(1,3)), (24)
t=1
T
NRT = To,1 + Z(Wt,zlft@, 1) +m3G:(3,1)). (25)
t=1

In order to validate the results, we compute an error rate which is the difference
between the estimated and observed number of turns in each simulation. The
expected number of turns from the model (using Qcity and Qrighway) are nrr =
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nrr = 2840. The average number of observed left and right turns are nyr =
2834 and nrr = 2836, respectively. The average and the standard deviations of
errors for 100 simulations are computed. The results are presented in Table 1.
According to the average error, the forgetting factor v = 0.002 performs the
best. However there is, surprisingly, only a small difference between all the fixed
forgetting factors.

Table 1: The expected number of turns estimated by on-line algorithm and
Egs. (24), (25). The errors are the average of the differences between the esti-
mated and observed number of turns.

On-line algorithm
Yt 1/t09 0.01 0.002 0.001
Turns nLT NRT nLT NRT nLT NRT nLT NRT
Mean Est. 3236 3241 2928 2932 | 2882 2886 | 2920 2924
Mean Error | 402.48 405.30 | 94.40 96.46 | 48.45 49.93 | 86.84 88.68
Std Error 28.45 33.78 1541 15.79 | 16.61 17.77 | 20.65 21.43

In our previous work, an HMM combined with a Viterbi algorithm, see
Viterbi (1967), has been used to identify the driving events. The Viterbi algo-
rithm gives a reconstructed sequence of events which maximizes the conditional
probability of the observation sequence. In that approach, all data has to be
used to estimate the driving events and is thus not suitable to on-board usage in
a vehicle. However, in order to compare the previously proposed approach with
the on-line estimation and to evaluate the frequencies of driving events, we also
compute the number of turns by the Viterbi algorithm for each simulation. The
counted number of turns from the Viterbi algorithm are on average nyr = 2923
and nrr = 2925. One can see that the Viterbi algorithm overestimates the
number of turns.

Damage investigation

In this section we compute the damage intensity per kilometer based on on-line
estimation of transition matrix. We use one of the simulated lateral acceleration
signal in order to calculate the damage. The speed of the vehicle is considered
50 kilometers per hour and the mileage is 1000 km (for a sampling period of 1/2
seconds). We split the signal into 1000 equally sized frames. For each frame,
the expected number of turns are computed by An, = nx —nr—1 where ny, is the
estimated number of turns occurring over the first k£ kilometers. The expected
damage based on turns for each frame is calculated by:

Ady, = Angdy,

where dy, is the expected damage per turn and calculated by means of Egs. (18)
and (22). The empirical distribution of M; and m; are used to calculate the
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intensity of interval crossings p°¢(u,v). We use the on-line estimation of tran-
sition matrix @ with v = 0.002 to estimate the transition matrix P by using
Egs. (.28) and (.27), see Appendix. The result for damage exponent 8 = 3
is shown in Figure 5. The straight thick red line shows Adg(Q¢rye), which is
the damage intensity computed using the model transition matrices Qt, and
Qhighway for city and highway respectively. We can observe the change in dam-
age between highway and city road. As might be expected the damage intensities
(per km) estimated for the city are higher than for highway, since the number
of turns occurring in a city road are larger than on a highway.

On-line algorithm with y=0.002
B=3
4000 T T T

——Ad

k
3500 ; —24d(Q

M

true

3000

2500

2000 -

Adk

1500

1000

500 -

0
0 100 200 300 400 500 600 700 800 900 1000
Distance(km)

Figure 5: Damage intensity per km according to the on-line estimation of tran-
sition matrix with v = 0.002. The upper plot shows the results for damage
exponent 8 = 3. The straight thick red line shows Adg(Q¢rye) which is the
damage intensity computed using model transition matrices Q ity and Qnighway
for city and highway, respectively.

Further, the expected damage from the model (theoretical damage) is com-
pared with the total damage and the damage calculated from the reduced load.
One can see that the expected damage for the whole signal — based on on-line
estimation of transition matrix— is equal to Zi(ff Ady. The total damage is
calculated from the lateral acceleration signal using the rainflow method. The
damage evaluated for the load (lateral acceleration), reduced load and the ex-
pected damage is compared in Table 2. The numerical integration in (18) as well
as the rainflow cycle counting has been done using the WAFO (Wave Analysis
for Fatigue and Oceanography) toolbox, see Brodtkorb et al. (2000); WAFO
Group (2011a,b).
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Table 2: Comparison of damage computed for the simulated load, the corre-
sponding reduced load and the expected damage.

Expected
Damage Total Reduced load On-line with ~ = 0.002
8=3 1.88-10° 1.68 - 10° 1.68 - 10°
=5 1.77-108 1.72-108 1.67- 108

Figure 5 and Table 2 demonstrate high accuracy of the proposed approach
to estimate the expected damage for the studied load. Obviously this load is a
realistic mathematical model of a real load. In the next section we will apply our
method to estimate the steering events and compute the damage for a measured
load on a VOLVO truck.

4.2 On-board logging data from Volvo

To evaluate the method on a real data set, we study field measurements coming
from a Volvo Truck. We use the measured lateral acceleration signal from the
CAN (Controller Area Network) bus data.

We fit the Laplace distribution for the lateral acceleration within each steer-
ing state. To estimate the Laplace distribution parameters considered, we need
a training set which contains all history about the curves. We detect the events
manually by looking at video recordings from the truck cabin to see what hap-
pened during the driving. The manual detections are not completely correct
because of the visual errors and the low quality of videos used for the manual
detection.

The on-line algorithm is used to count the number of left and right turns.
Figure 6 shows the estimation results using on-line algorithm with v, = 0.0008,
(R = 0.8, K =2000) for the measured signal. It is interesting to note that there
is a sudden change in the driving environment after around 5000 sec.
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On-line algorithm with y=0.0008
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Figure 6: Diagonal elements from on-line estimation of transition matrix with
¢ = 0.0008 for measured data

The expected number of left and right turns computed by on-line algorithm
are nrr = 228 and nrr = 241 respectively.

Damage investigation

Here, we compute the damage intensity based on the model. In order to do
that we split data into the frames containing 250 seconds (approximately 4-5
km) of measurement and we compute the distance based on the average speed
in each frame. Figure 7 shows the expected damage based on turns computed
by Ady = Angdr where Ang = nx — nx—1 and ny is the estimated number of
turns occurring over the first k kilometers. Here, the results are based on the
damage exponent 5 = 3.
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Figure 7: Damage intensity with damage exponent 3 = 3 regarding mileage.
The on-line estimation of transition matrix with v = 0.0008 has been used to
estimate the expected damage.

The total expected damage using on-line estimation of transition matrix
can be computed by Y, _; Ad,. The damage evaluated for the load (lateral
acceleration), reduced load and the expected damage is compared in Table 3.
The Rayleigh distributions which have been fitted to positive and negative values
of the reduced load are

(21%3)2, u < 0.

SIS

v 2
P(M; >v):e_%(ﬁ) , v >0, P(my <u)=e"

Table 3: Comparison of damage values computed from the measured load, the
corresponding reduced load and the expected damage.

Expected
Damage Total Reduced load On-line with + = 0.0008
B=3 8.1-103 7.4-10° 7.7-10°
B=5 1.5-10° 1.5-10° 1.9-10°

We also compare the damage accumulation process from the model, >, ;| Ady,
with the empirical accumulated damage in the signal. The expected damage
based on fitted model will be called the theoretical damage. Figure 8 shows the
theoretical and observed accumulated damage processes. It can be seen that
the accumulated damage from the model is close to the observed damage and
there are two damage rates in both theoretical and observed damage processes.
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Figure 8: The theoretical and observed accumulated damage processes for dam-
age exponent 8 = 3. The on-line estimation of transition matrix with v = 0.0008
has been used to estimate the expected damage.

Results shown in Figure 8 and Table 3 demonstrate the accuracy of the
proposed methodology for this measured load.

5 Conclusion

In this article, we have derived a method to estimate the number of driving
events for a vehicle using the CAN data through the use of an HMM. The
method uses an on-line EM algorithm to estimate the parameters of the HMM.
The on-line version has three major advantages over the regular EM algorithm,
making it possible to implement the method on-board a vehicle: the computa-
tional complexity of each iteration of the algorithm is O(1), making it a com-
putationally tractable method; the parameters are estimated without the need
to store any data; the formulation of the on-line algorithm allows for an adap-
tive parameter estimation method, using a fixed forgetting factor, so that the
parameters can adapt over chaining driving environment.

The proposed estimation algorithm was validated using simulated and mea-
sured data sets. The results show that the on-line algorithm works well and can
adapt to a chaining environment when the driving conditions are not constant
over time.
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Appendix

Derivation of transition matrix of driving events

To construct the sequence {Z;}¥ , of driving events, let {tx}2_, be the indices
in {t : Ztk 7é Ztk,1 N Ztk 7é SF}, then

Z;;:{

Assume that Z* has transition matrix P = (p(k,j)). Note that the hidden
process {Z;}1_, in HMM has three states 17 = RT, ”2” = SF and ”3” = LT.
One can now derive the transition matrix P from the transition matrix of the
HMM Q as follows:

1, if Z, =LT,

: (-26)
2, if Z, =RT.

o q(3,2)4(2,3)
p(L,1) = (1-4(2,2))(1—4(3,3))’ o
o q(1,2)q(2,1)
P2 = T )0 - a 1) -

As proof, we consider for instance the probability of going from LT to RT in Z}
which can be computed as follows:

p(1,2) = P(Z7, =2|Z] =1)
= P(Zt; cruritioiop = 3 Zti sroptTitisn srari—1 = 25 Zti 1 cpareitiss,aop = 1)
+ P(Zti,stwt:ti,stop =3, Zti+1,sta’rt:ti+1,stop = 1)7
=(4(3,2) (1+d(2,2) +4*(2,2) +...) 4(2,1) + 4(3,1))
(14+4¢(3,3) +4¢%(3,3) + ...),

a2 )
1—q(2,2) ’ 1-4(3,3)’
where Zy; _,...:t: .10, T€PTESENES the sequence of consecutive driving states Z, ...,
ey Ly

i,stop "
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