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Featured Application: Lubricating Oil Diagnostics and Prognostics.

Abstract: In this study, we present a state-based diagnostic and prognostic methodology for lubricat-
ing oil degradation based on a nonparametric Bayesian approach, i.e., sticky hierarchical Dirichlet
process—hidden Markov model (HDP-HMM). An accurate health state-space assessment for diag-
nostics and prognostics has always been unobservable and hypothetical in the past. The lubrication
condition monitoring (LCM) data is generally segregated as “healthy or unhealthy”, representing a
binary state-based perspective to the problem. This two-state performance-based formulation poses
limitations to the precision and accuracy of the diagnosis and prognosis for real data wherein there
may be multiple states of discrete performance that are characteristic of the system functionality. In
particular, the reversible and nonlinear time-series trends of degradation data increase the complexity
of state-based modeling. We propose a multistate diagnostic and prognostic framework for LCM
data in the wear-out phase (i.e., the unhealthy portion of degradation data), accounting for irregular
oil replenishment and oil change effects (i.e., nonlinearity in the degradation signal). The LCM data
is simulated for an elementary mechanical system with four components. The sticky HDP sets the
prior for the HMM parameters. The unsupervised learning over infinite observations and emission
reveals four discrete health states and helps estimate the associated state transition probabilities. The
inferred state sequence provides information relating to the state dynamics, which provides further
guidance to maintenance decision making. The decision making is further backed by prognostics
based on the conditional reliability function and mean residual life estimation.

Keywords: sticky HDP-HMM,; Dirichlet process; health state estimation; hidden Markov model;
diagnostics; prognostics; lubricating oil

1. Introduction

The use of statistical models is on the rise for condition-based maintenance (CBM)
over system-specific models. Lubricating oil degradation is a slow process that involves
irregular oil replenishment and oil change.

1.1. Lubricating Condition Monitoring (LCM)

The degradation data from oil wear condition monitoring (CM) can provide informa-
tion on the health status of both the oil and the machine itself. In the literature, wear-based
health status identification has been widely explored for several industrial applications. To
assess machine health status, LCM is primarily based on a subjective evaluation of wear
debris quantity, size, morphology, and chemical structure that requires specific domain
expertise, thereby limiting the utility and application of LCM [1]. In addition, the wear
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debris concentration (WDC) in lubricating oil is affected by oil changes and replenishments,
resulting in negative spikes in the degradation signal [2].

Various researchers have harnessed the importance of wear state identification for
effective diagnosis, prognosis, and health management. One of the studies by Wu et al. [3]
proposed a wear state identification model considering wear states as degradation features.
Two states, i.e., normal and abnormal wear, were classified using a binary-class method,
and a support vector data description method was used to study the evolution of these
states. Cao et al. [4] also proposed a model to identify wear states using multiple sensor
information fusion with the binary class method for the normal and abnormal states.
The wear state identification approach of Peng et al. [5] combined wear rate and wear
mechanism using the mean shift algorithm. The sample data were clustered, and a chart
was prepared for wear rate and wear mechanisms to define and classify the traits of each
wear state. This wear state identification method was further extended by considering the
severity of wear and the wear rate and wear mechanism by Wang et al. [6].

An adaptive mean shift algorithm with a binary class method was then proposed
to model wear-state evolution. Run-in, quasi-stationary, and break-down phases were
considered for wear data quantification and segregation based on the debris particle size.
The quasi-stationary phase provided information on the dominant wear mode, whereas
wear particle quantity governed the transition from the quasi-stationary phase to the break-
down phase [7]. In another attempt, three operational states based on flow in dual filters
were proposed by Henneberg et al. [8]. Mohamed et al. [9] that predicted the remaining
useful life of lubricating oil, considering the first passage time approach for degradation
trajectory and continuous-time Markov chain for the dynamic operating environment.
The study also assumed that the number of operating states is known. The work of these
researchers above highlights the limitations of the existing approaches: predefined state
space, inability to accurately estimate the state space, binary classification model forcing
the system to dwell in only two states, the nonlinearity of degradation signal, which
complicates the analysis, and the necessity for data segregation/clustering with the mean
shift algorithm for any state classification. The “system-based” wear state identification
models may provide effective diagnosis, but they cannot be used for prognostics and health
management. Given that the wear state cannot be directly observed, the wear model may
not accurately identify the health status in the context of LCM.

The use of data-driven state-space models provides an effective solution to this prob-
lem. For example, the state-space model of oil degradation data traverses through a discrete
set of states with a certain set of transition probabilities. Thus, the oil degradation data
provides an observation sequence for an unobservable stochastic process or hidden states.

1.2. Diagnostics and Prognostics Using Hidden Markov Model (HMM)

The hidden Markov model (HMM) has been applied to forecast health status based
on observations in Refs. [10-13]. HMM has also been a vital modeling tool in the field of
bioinformatics [14], speech [15], image [16], and handwriting recognition [17], as well as
financial time series predictions [18]. Scholars have lately identified and explored HMM
also for its diagnostic and prognostic (DP) capabilities. In an early attempt at HMM for
diagnostics, Smyth et al. [19] introduced HMM as part of a hybrid model with a neural
network providing prior temporal correlations to develop a probabilistic framework for
antenna health diagnosis. The Markov model’s ability to capture probabilistic changes
in the degradation parameters was then realized by Monplaisir and Arumugadasan in
Ref. [20]. They used a discrete-time Markov chain to estimate the probable transitions
through seven degradation states to assess the lubricant condition to support maintenance
decision making. Given the apparent gain in using Markov-based modeling for degrading
systems, researchers started exploring the tool for mechanical system diagnosis and prog-
nosis (DP). Figure 1 shows the count of research articles published relating to HMM-based
DP of mechanical components, namely, bearings, rotating shaft, drill bits, wind turbines,
turbofans, boilers, etc. Two pertinent review works are included in this count.
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Figure 1. Trend showing the number of publications on HMM-based diagnostics and prognostics
over the past three decades, focusing on mechanical components such as bearings, shafts, turbofans,
and turbines.

The first review by Li et al. [21] on rotating machinery prognostics discussed Kalman
filter, particle filter, stochastic filter, artificial neural network, HMM, etc. In addition,
the authors briefly reviewed HMM with its computational limitations and application to
remaining useful life (RUL) prediction. The second review by Mor et al. [22] discussed
HMM in the context of the systematic evaluation of HMM variants and their applications
over the years. However, the review does not deal with any studies on applications of
HMM in the field of diagnosis and prognosis.

There is an increasing interest in applying HMM to fault diagnosis and failure prog-
nosis over the past decade [22]. However, HMM for lubricating oil degradation modeling
has not yet been fully explored. The recent studies by Du et al. [23] and Zhu et al. [24]
on lubricating oil RUL prediction used wear debris level as the lubricating oil degrada-
tion feature and provided a physical model for the relationship between oil degradation
and particle contamination. A vector autoregressive model [23] was considered as an
observation process to generate input for the three-state HMM. The authors of that study
focused on a healthy portion of the data and classified the states as healthy, unhealthy, and
failed. This experience and assumption-based discrete state classification may not provide
adequate maintenance decision support in a practical scenario, more so for relatively new
technologies with limited data history. A detailed review by Wakiru et al. [25] listed out
the various diagnostic and prognostic approaches for lubricating oil condition monitoring,
but again, it cited few studies on the use of HMM. Khaleghai and Makis [26] presented
a prognostic model for dependent failure modes of a system. The authors considered a
standard three-state HMM model with Marshal-Olkin bivariate exponential distribution
for the joint distribution of the dependent failure modes. Their model, though quite pow-
erful, cannot track the low degradation level increments. A review of the data-driven
approaches by Si et al. [27] can be referred to for work relating to HMM for prognostics.
The authors in their article had also reviewed the different variants of HMM, including
hidden semi-Markov model (HSMM), hidden hierarchical Markov model (HHMM)), facto-
rial hidden Markov model (FHMM), etc. for numerous applications. However, their work
did not address HMM'’s application in lubricating oil diagnosis and prognosis. A recent
work by Kim et al. [28] also recommended using the healthy portion of the oil data, due to
the unavailability of optimal segmentation techniques, for the nonstationary time series.
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There exists a research gap on optimal state-space identification in the context of fault
diagnosis and failure prognosis. Based on existing research explorations, the limitations of
HMM-based lubricating oil diagnosis and prognosis may be listed as follows:

1. The state space is prespecified based on experience, assumption, or data segmentation;

2. There is no possible update to the state space based on the trend of the degradation

data second item;

The number of parameters is limited;

4. The analysis is based purely on the healthy portion of the oil data with minimal
inherent nonlinearity.

@

Though advanced variants of HMM have been widely explored in the fields of
speech [15] and handwriting recognition [17], music recognition and classification [29]
profile analysis in structural biology [30], etc., studies that focus on their application to diag-
nostic and prognostic case studies are still lacking. In this study, we propose a state-based
lubricating oil diagnosis and prognosis using the hierarchical Dirichlet process (HDP)-
HMM to overcome the limitations of the standard HMM. HDP-HMM is a nonparametric
Bayesian approach that solves the identification of the number of states, state updating,
and the limitation on the number of parameters. Our work here provides a practical LCM
approach, compared to other nonparametric Bayesian methods, i.e., multi-output Gaussian
process regression (MO-GPR), which we have explored earlier in Ref. [31]. Our previous
work based on the MO-GPR method to predict lubricating oil RUL faced the following
limitations:

RUL prediction requires one or more historical degradation time-series patterns;
Nonlinearity and nonmonotonicity of degradation trends affect the RUL prediction
accuracy;

e  Degradation states and state evolution trends cannot be extracted and estimated.

The HDP-HMM overcomes all of these above limitations by estimating the degrada-
tion states even for nonlinear trends without the availability of any historical data sets. In
machine learning, HDP is a nonparametric Bayesian method to cluster data, which uses
the Dirichlet process for clustering. The Dirichlet process is a generalization of the Dirichlet
distribution, which is defined as a distribution over distributions of N outcomes. Therefore,
any draw from a Dirichlet distribution is a probability distribution in itself. The Dirichlet
process also follows the same characteristic, except that the number of observations, N, can
reach infinity.

Initially, a speaker diarization problem was solved by Fox et al. using HDP-HMM [32].
The authors used a sticky HDP-HMM to segmentize the audio recording without prior in-
formation on the speakers’ number. The sticky HDP-HMM resolved the over-segmentation
problem posed by the standard HDP-HMM. The authors in Ref. [32] further developed
the blocked Gibbs sampler to estimate the state sequence considering a nonparametric
emission distribution. The emission or output probability for hidden states, Zr, is defined
as P(y; € A}}1 Z; = z;), where y; is the observation at time ¢. The latest work by Sun and
Zhang [33] discusses bearing health status identification using HDP-HMM. The HDP-
HMM is improved by replacing the ergodic topology of transition from the emission state
to all other states, with the left-to-right model having state transition to itself and to one
other unique state only.

The proposed work aims at estimating the hidden number of states for a given oil
degradation trajectory using sticky HDP-HMM. It uses HDP-HMM to model unknown
state space learned from degradation data. A range of hyperparameters is then set to train
the model with a truncated approximation for HDP. The model then estimates the optimal
number of hidden states for the given oil degradation trajectory. The number of states will
vary according to the observed trajectory.

The wear debris concentration (WDC) in lubricating oil provides a vital degradation
feature that indicates the lube oil and system health status. Here, we simulate realistic
traces of the degradation signal based on WDC by utilizing the wear model proposed
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by Fan et al. [34]. The relation of wear rate with wear debris concentration is defined
using a system-based model in their work. The authors [34] simulated WDC for the severe
wear rate phase of the operating system. The severe wear rate (wear-out) phase of the
operating system generates more wear debris and will require more oil replenishments and
oil changes to avoid breakdown. The other two phases in a typical lifecycle bathtub curve,
i.e., burn-in, and steady-state wear rates see fewer oil replenishments and oil changes,
generating an almost linear or monotonic oil degradation trajectory with random noise.
The previous work of several researchers [26,32,33,35] has already proven the efficacy of
HDP-HMM with different trajectories. The focus of our work is to check the ability of the
HDP-HMM model to identify hidden states of lubricating oil degradation with irregular
replenishments and oil changes. The criticality of the operating system and lubricating oil
degradation in the wear-out phase motivated this study.

This study also introduces degradation drops due to external interference events,
namely, oil replenishment and oil changg, to the simulated data. The effect of these events
is evident in the experimental work by Wu et al. [2]. In addition to oil replenishment and
oil change, lubricating oil degradation can be influenced by contamination, operating con-
ditions (air, moisture, water, gas, radiation, etc.), storage conditions, operating temperature
and pressure, speed of tribological component, oil selection, change in chemical properties,
etc. The proposed method considers lubricating oil contamination, i.e., wear debris, to
assess the lubricating oil remaining useful life, and it can be utilized for any system where
contamination is continuously monitored, and lubricant is under regular replenishments.

Based on the above discussions and context of our work here, the subsequent sections
address the following aspects. Section 2 presents the simulation methodology for data
generation, along with the theory and application of the Dirichlet process (DRP), HMM
and, sticky HDP-HMM in the context of the oil wear data. In Section 3, the remaining useful
life (RUL) to oil replacement is predicted using the conditional residual function (CRF) and
mean residual life (MRL). Finally, Section 4 summarizes the study and its outcomes and
presents some ideas for future work leveraging our proposed framework.

2. Model Framework and Methodology

This section starts with the simulation model for oil wear degradation phenomena
and then introduces the formulation and application of the HMM, DRP, and sticky HDP-
HMM using the simulated oil data set that represents the real-life nonidealities due to
replenishment and oil change.

2.1. Simulation of Degradation Data

The wear of contact surfaces in mechanical components is measured in terms of wear
debris concentration (WDC) in lubricating oil. The online monitoring of WDC provides
information on the wear rate of the component. WDC and wear rate follows a relationship
in the lubrication system. The lubrication system has a cyclic oil flow with continuous
removal of wear debris due to oil filtration, oil loss, sedimentation, and debris sticking to
the surface. Therefore, the WDC formulation assumes the wear debris production rate to
be equal to the wear rate. The evolution of WDC comprises three stages with different wear
rates, as described in detail by Fan et al. [34]. Lubricating oil is assumed to be frequently
added to sustain the oil level in the lubrication system. Therefore, WDC degradation
data need to be simulated, accounting for the effect of frequent oil replenishment and oil
change. Our study here considered a mechanical system comprising four basic components:
tribological component, oil filter, oil pump, and oil tank. The assumptions that we made to
carry out the WDC simulation are listed as follows:

5. Oil replenishment is an external event, and oil consumption is precisely equal to
oil replenishment;

Wear production rate is equal to wear rate;

Wear debris are homogeneously distributed in the oil with negligible mixing time;
8.  The system is in the wear-out (abnormal) phase of its life cycle;

N
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9.  Oilis changed every time the WDC reaches a threshold of 40 ppm.

The quantity WDC is defined as C(t), a function of wear rate and is given by the
following equation based on the model presented in Ref. [34]:

(C’iisk) (ec(t*h) — e*k(t*tl)> + fti eik(tiu)dWF(u)

C(t) =
() Vot+ Vixt—Vyxt

)

where we define V, = V;, and V; is the oil replenishment quantity, V,, is the oil consumption
quantity, V) is the initial volume of oil in the tank, c is the wear mode, and (¢ > 0) for
wear-out phase, m; is the steady-state wear rate, Wr(t) denotes the white Gaussian noise,
and k is the attenuation coefficient. Therefore, the expression for WDC becomes

t

_ o ms c(t—t) —k(t—t) i/ “k(t—u)
C(t) Cr v (e Ve 1) Vot e AWE(u) (2)
1

(S N

Here, By is the beta ratio, i.e., filter efficiency, a ratio of WDC before filter to the WDC
after the filter, ¥ is the wear debris loss factor, and Q is the oil flow through the filter.

The oil replenishment and oil change cause abrupt negative jumps (spikes) in the
degradation trajectory, and the WDC trend continuously evolves. The degradation pattern
is simulated for the abnormal state, using experimental parameters for the lubrication
system given by Fan et al. [34]. The model parameters are ms = 25 mg/min, V = 40-L,
mgy = 0.4975, WF'(t) ~ N(0,1.5), ¢ = 0.028, k = 0.0001, V, = V; = 0, t; = 0 sec, and the oil
replenishment effects are added as negative ppm values in the model.

The complete life cycle of the system comprises several oil life cycles (OLC). In
this work, we considered four OLC for the wear-out phase of the oil and the system.
As mentioned earlier, Kim et al. [28] studied a healthy portion of the oil data, citing
limitations for optimal data segregation. Figure 2 illustrates the complexity in the WDC
data generated for the 4 OLCs with oil changes occurring every time WDC reaches the
40-ppm threshold criterion as well as random oil replenishments based on minimal oil
quantity to be maintained in the operating system. One of the simulated WDC time series
traces with negative jumps due to oil replenishment, and oil change is plotted in Figure 2.

where

k=

IS
o

Degradation Level (ppm)
- N N [ w o
[¢,] o (5.} o [3,] o

1 1 1 1 1

-
o
I

(3]

Oil Life Cycle
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Oil Change

!

50 100 150
Time(Hours)

250 300

Figure 2. One of the simulated traces of the degradation level (wear debris concentration) trend with respect to time using

the WDC model formulation presented in Section 2.1.
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The simulated degradation trajectory here is used as the input to the state-based
Dirichlet process. In the following subsection, we discuss the state-based stochastic model,
ie, HMM.

2.2. Hidden Markov Model (HMM)

Lubricating oil degradation trajectory with a prespecified number of states is widely
modeled using a stochastic technique called the hidden Markov model (HMM). In general,
the state space for lubrication degradation is discretized based on experience [23,26]. HMM
has proved its efficiency in the field of diagnostics. HMM assumes that the states are
hidden for observed values. Zt’s hidden state for observation Y; at time ¢ is assumed to
evolve through K possible states. The new state, Zy = 0, depicts the new oil and initial state
of degradation. The chain rule then gives the state sequence probability [10]

P(Z) = P(Zt, Zt—1/---'Z1;)\)/ (4)

IR
P(Z) = P(Zi| Zi—1;A) X P(Zy—1| Zi—2;A) ... P(Za| Zi;A) X P(Z4] Zo;A) ()

where A is the state transition matrix given by

M1 A Az Ak
A Ax Az ... Ak

A= Ajj = . . . . (6)
A1 Ak2 Akz ... Ak

HMM hypothesizes that the observation of emission sequence is generated from
hidden states traversing over time. In the case of lubrication degradation, the hidden state
can traverse to “any state” with “continuous observations”. However, HMM requires a
“discrete state space” for hidden states that need to be “defined and specified in advance”.
Considering these inherent restrictions, HMM cannot directly provide an optimal prog-
nostic and health management (PHM) strategy for practical real case scenarios, more so,
for new systems with insufficient knowledge. An advanced variant of the HMM with
an infinite-state transition matrix needs to be considered to model this. A prior over-the-
transition matrix is achieved using the hierarchical Dirichlet process (HDP), which will be
discussed in the next subsection.

2.3. Hierarchical Dirichlet Process (HDP)-HMM

The HDP-HMM is a nonparametric Bayesian approach to extend HMM to infinite
state space. The HDP prior over an infinite state space requires a brief overview of the
Dirichlet process. Figure 3 shows the generative model for HDP-HMM, where Z; shows
the hidden state sequence, Y; represents the observation sequence and is drawn from the
observation distribution, f. The HDP prior over infinite transition matrices has each 77; as a
Dirichlet process draw depicting the transition distribution from j. The Dirichlet process,
DRP (v, H), is a stochastic process consisting of a set of discrete probability distributions.
Here, v is a scalar parameter known as the concentration parameter, and H is the and base
distribution with parameter space 0.

A sample from the Dirichlet process is a distribution over 6 and is defined as Gy,
given by

Go ~ DRP(y, H), %
Go(6) = )_ ro(6 — 6;) ®)
k=1

O ~ H, k=1,...,00, p ~ GEM(7) ©)
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Figure 3. State-space diagram representative of the sticky HDP-HMM with DRP prior and state-
specific transition distributions.

To obtain a discrete set of locations, repeated sampling of the base measure, H, is
carried out, and location weights are obtained using the stick-breaking process denoted as
GEM(y) and GEM (from Griffiths, Engen, and McCloskey) [32], and 8 is the state-specific
observation distribution parameter. The weight vector, i, given by

k-1

o= Ja-8) (10)
=1

Bi ~ GEM(7) 11)

Equation (10) represents the division of a unit length stick by weights, Bx. The kth
weight is a random proportion p’y of the remaining stick after the previous (k—1) weights
have been defined. Subsequently, the random draw G ~ DRP (v, H) with a probability of
one can be expressed as [32]

K
Gj= Y md(6— 6 K — oo (12)
k=1

6 ~ H, tj ~ DRP(a,B), p ~ GEM(7) (13)

where the notation ¢ (8 — 6;) indicates a Dirac delta at 6 = 6. From this definition, it is
evident that the DRP defines a distribution over a discrete probability measure. The HDP
then consists of (at least) two layers of DRP as shown in Figure 3, which can be expressed as

G; ~ HDP(y,a, H) (14)

Go ~ DRP(, H) (15)

where v is the concentration parameter for upper-level DRP and « is the concentration pa-
rameter for the lower-level DRP. Since G]- is discrete, Gy is also discrete. Equations (12)—(15)
represent the hierarchical sampling of Gj values from Gy. The DRP and HDP are used
to generate priors for data likelihood parameters. These priors are further used for esti-
mating the value of the HMM parameters. The state transition distribution in the sticky
HDP-HMM is then given by
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(16)

DC,B*FSéj
x—+s

ﬂja,ﬁ ~ (oc +s,

where s is the sticky parameter. The next section explains the sticky HDP-HMM is over-
coming the limitations (i.e., parametric treatment for transition and emission distributions)
of the standard HMM and HDP-HMM.

2.4. Sticky (HDP)-HMM

The HDP-HMM is also known as a Bayesian HMM or infinite HMM because it
represents the same framework that models the transitions among hidden states given
the observations generated by those states. The HMM assumes that the state at any time
t is independent of all the previous states before time (f — 1) and depends only on the
state at a time (f — 1). In the HMM, the observations belonging to the discrete hidden
states can either be discrete or continuous. The need for sticky HDP-HMM over HMM
and HDP-HMM is discussed next. The realization of the number of hidden states (K) is a
prerequisite to learn HMM.

The HDP-HMM works with an infinite state space but has unrealistic fast dynamics
allowing state sequences to have a much wider posterior probability. In other words,
HDP-HMM does not differentiate its self-transitions from transitions between different
states. In such a case, the identifications on observation of a model with redundant states
can be hindered. In contrast, the DRP-HMM relaxes this limitation by providing a prior
over the infinite states with infinite transition matrices. Thus, with the limitations of HMM
and HDP-HMM, the sticky HDP-HMM appears to be an elegant Bayesian model for an
infinite number of states for any given practical data set.

Any draw from DRP (7, H) is a discrete distribution that helps to build the DRP-HMM
such that the emission parameters define the distribution, H, and the DRP (v, H) defines
the infinite subsets of the parameters. Thus, DRP (-, H) represents a prior over each infinite
transition matrix row as a separate draw from the Dirichlet process (DP).

However, there is a chance that if H is a continuous distribution, the transition matrix
progress through unique states (that have never occurred before) for all the transitions,
which limits the DRP suitability to many applications. Therefore, the HDP replaces the
continuous distribution of H with the discrete distribution, H’, by drawing from the upper-
level DRP and forcing the lower-level DRP to generate an output distribution with the
same parameters. Thus, the HDP interpretation after applying it to Markov chain can be
expressed as

T
Zyr, p(Z1:T) = P(Zl)Ht _ o P(Zi|Zi1) (17)

where Z; denotes the state of oil at time f and T is the number of observations. Then, the
transition matrix A; as one separate row of the Markov chain is given by

/\j:{Ajk},kzl...K (18)

Though HDP-HMM can give specific priors to the transition matrices, it is not enough,
as in some cases, the changes in the hidden states are negligible. HDP-HMM also has
limitations, namely, over segmentation of data, creating redundant states, rapid switching
among states, and inability to differentiate self-transition from transitions between different
states [32]. These limitations might cause erroneous estimation of state space and transition
probabilities in a small data set scenario. Therefore, a weightage parameter s is intro-
duced to avert rapid switching among redundant states, as shown in Equation (16). From
Equations (11) and (16), the more intuitive transition distribution can now be written as

a« GEM(y) + s§j> 19

i, B~ [ a+s,
P ( * a+s
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The above formulation is the sticky HDP-HMM and is based on the stick-breaking
process as defined in the previous DRP section. Figure 4 illustrates the state-space diagram
for the sticky HDP-HMM with DRP emissions. Equation (19) infers the states for the
simulated degradation data set plotted in Figure 2. In the HDP and the HDP-HMM,
inference and learning are usually achieved simultaneously by estimating the posterior
distribution of the parameters and hidden variables. Our aim is to decode Z; hidden
variables. The sampling structure used in this work explicitly samples parameters g, 7;,
(distribution over the initial states of the Markov chain), 6y, Y, and « by way of hyperpriors:

p(Zv.r, 01k, g, B, Y|yiT)-

Figure 4. State-space diagram representation of the HDP-HMM with the DRP emissions.

A sampling of the above parameters jointly is impractical; therefore, Gibbs sampling
offers an alternative. Several Gibbs samplers for the HDP are available in [32,35,36] In this
work, we use the approach introduced by Fox et al. [36]. The data likelihoods are simply
chosen to be Gaussian, and all priors are conjugate to their respective likelihoods to allow
for closed-form computation of the posteriors.

3. Model Evaluation

The oil degradation data set described in Section 2.1 was used to experiment with the
proposed sticky HDP-HMM methodology.

3.1. Hyperparameter Optimization

In this work, the HDP-HMM hyperparameters («, v, s) were optimized using a global
optimization technique, i.e., Bayesian optimization. The optimization predetermines the
hyperparameter range before model training. The log-likelihood function is considered as
the convergence metric. The Mann—Kendall entropy [37] of log-likelihood at each iteration
is calculated as the objective function, as given in Equations (20) and (21). The Gamma
distribution is chosen as the prior to « (lower-level DRP concentration parameter) and
v (upper-level DRP concentration parameter). The sticky parameter, s, has a significant
impact on the model convergence time and convergence effect. The objective function and
Mann-Kendall entropy are expressed as

argmaxf(a, 7, s) (20)
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d d sgn(Li — L;)
f(“/%S)ZZI Z ‘(fj—fi)*géil (21)

i=1j=1,j>i
C =dx d—1
—-1,x <0 (22)
sgn(x) = 0, x=0
1, x>0

where d is the log-likelihood length.

The hyperparameters are then used to train the HDP-HMM on the degradation dataset.
Here, we consider a multivariate Gaussian distribution for the emission distributions and
an individual Gaussian distribution for the prior over the mean and the variance parameter.
The weak limit parameter, L, i.e., the state truncation level, is set to 20. The hyperparameter
search range is set to (1,10), (1,10), and (1,50) for &, B, and 7y, respectively, with 300 iterations,
and the log-likelihood convergence is shown in Figure 5.
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Figure 5. Log-likelihood convergence trend with an increasing number of data samples correspond-
ing to the number of iterations. The trend converges and saturates towards a global optimum.

3.2. State-Space Estimation

After training the HDP-HMM, we obtained the state sequence, as shown in Figure 6.
The scatter plots in Figure 6a,b illustrate data after sampling, as described in Section 2.3.
The x-axis represents the observations that form clusters, and the y-axis represents the
distances at which these clusters merge. The colored bars represent the individual states.
Knowing that the wear rate follows a relation with WDC as described by Equation (1),
the wear states should also be capable of tapping the WDC fluctuation in lubricating oil.
The state sequence shows a unique starting state. The effects of oil replenishments and oil
changes on the state sequence change are visible from the different color bars.

The blue color bars indicate the states related to oil replenishments and oil changes,
the red color depicts the initial degradation state, and the cyan and the yellow colors depict
the least degraded and most degraded intermediate states between oil replenishments
and oil change in Figure 6a. Figure 6b shows the estimated state sequence at the 100th
iteration, and the scatter plot shows simulation of 300 observations drawn from HDP. Each
observation within the cluster is drawn independently from the multivariate Gaussian
distribution. Figure 7a shows the inferred hidden states corresponding to the observations.
The impact of irregular oil replenishments and oil changes are evident from the expected
transition in the degradation states. The corresponding state transition probability for
the estimated state-space matrix is plotted in Figure 7b. The matrix quantifies all the
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probable transitions from a given state to the next state. The rows in the matrix represent
pretransition states, and the columns represent post-transition states. Since state 1 is the
default initial state, there is a high probability of transition from state 1 to states 2 and 3.
The high probability values along the diagonal are representative of the sticky HDP-HMM
algorithm’s bias towards self-transition. The remaining values in the matrix are indicative
of the possible nonzero, non-negligible, and nonsequential state transitions. With the
inferred state sequence as shown in Figure 7a, we shall now present our approach of
predicting the residual life of the system in the next section below.
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Figure 6. (a) Observed “true” state sequences corresponding to the simulated WDC evolution trend
in Figure 2. The scatter plot shows observed data; (b) the observation distribution scatter plot, and
the estimated states sampled at the 100th iteration.
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Figure 7. (a) Inferred hidden states for lubricating oil degradation with irregular oil replenishments
and oil changes; (b) state transition probability matrix for estimated state space.

4. Prediction of Residual Life

As described in detail above, the degradation process is defined by HDP-HMM with
an estimated state space consisting of Z = {1, 2, 3, 4}. The state sequence can be inferred
from Figures 6b and 7a, and the corresponding state transition matrix is obtained from
Figure 7b. This procedure of state estimation and representation is rare in LCM DP since
most of the focus in the past has been towards HMM, as mentioned earlier in Section 1.
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Following the state diagnosis above, for prognosis, we used the posterior probability
to define a conditional reliability function (CRF) and the mean residual life (MRL) functions.
Since degradation data filtration is required in most cases to remove the random noise in
the data, the refined samples were then considered for DP. The present work used DRP
and a stick-breaking process for sampling. After state estimation, we considered the data
points as sampling epochs. The samples were collected at time intervals of A =1 h, and
n =300 samples were collected, and Y;,5 denotes the observation process. Assume that the
lubrication oil does not fail at a decision epoch, n, i.e., > An, ¢ is the observation time.
The posterior probability statistic, 7, is then used to express CRF and MRL, representing
the likelihood that the oil is in a warning state given all the information until time nA and
defined as [23]

Ty = P(ZnA =1 > nh, YA, Yop ... YHA) (23)

The CRF denoting the probability of non-failure by nA+t, is then defined as

t
R(T[> = P(E>nA+1t5>nDYp,....... , Youu, TTh) (24)
n

Using the CRF expression, the MRL() at the nth epoch can then be extracted as

s = [ Rt (25)

We can predict the RUL making use of the CRF function and the MRL value, as sug-
gested by Khaleghei and Makis in Ref. [26], estimated by applying Equations (24) and (25)
to the degradation data set. Figure 8a plots the conditional reliability estimated at all the
sampling epochs for the degradation data. The reliability drops significantly around the
120th, 180th, and 240th sampling epochs when the oil is changed. The reliability drops
flicker between 0.965 to 0.865 since the degradation is constantly affected by irregular oil
replenishments and oil changes. The effect of oil replenishment and oil change is evident
from the more minor reliability transitions in the plot. The reliability may decline drastically
in the absence of oil replenishments.
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Figure 8. (a) Trend of the conditional reliability as a function of the sampling epoch estimated at the
100th iteration; (b) the posterior probability trend of transition to warning state for the oil degradation
data with frequent oil replenishments and oil changes.

Figure 8b plots the posterior probability of lubricating oil degradation data presented
in Figure 2. The posterior probability is estimated using Equation (23), taken from Ref. [23].
It may be inferred from the plot that the lubricating oil healthy state continues for a pro-
longed time between the 10th and 250th sampling epoch. Moreover, the oil has transitioned
to the warning states several times between the 100th to 300th sampling epoch prior to oil
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changes. This shows a high probability that the lubricating oil state can change and that oil
replenishments need to be initiated following such inspections.

5. Conclusions

In order to examine the extent of degradation in oil debris, online condition monitor-
ing technology is commonly used to provide real-time information on the oil state and
equipment wear state without disassembling the equipment. We documented in this study
that there has been limited research on state-based oil degradation modeling initiatives
in the past. The key contribution of work lies in introducing a multistate modeling ap-
proach to lubrication degradation trajectory, citing the complexity and inability to trace
the trajectory with a stochastic model [31]. The proposed work can effectively classify
the multiple states. The probabilistic progression of the wear state under frequent oil
replenishments and oil changes is also provided by a state-based prognostic model. While
the hidden Markov model (HMM) with a prior preassigned state count (N) is widely used
for multistate modeling to quantify the probabilistic changes in the degradation parameters.
This estimate of state count is purely based on experience and assumption, limiting its
application for complex systems with nonmonotonic and singular (spiky) degradation
traces with frequent external intentional or unintentional interferences into the system.

With this scenario in mind and with the limitations of HMM and HDP-HMM,, the
sticky HDP-HMM appears to be an elegant Bayesian model for an infinite number of
states [32]. We presented the hierarchical Dirichlet process—hidden Markov model (HDP-
HMM) framework with its nonparametric properties to infer the system’s unknown state
space size based purely on the degradation time series data. The sticky HDP-HMM helped
further refine the data learning capability of the model, where the degradation data (i.e.,
wear debris concentration in oil) was simulated for the system considering multiple oil
replenishments and oil changes. The remaining useful life (RUL) is indirectly evaluated in
terms of the CRF and MRL to estimate the time for an oil change. Our analysis proves that
the experience and assumption-based states’ classification is not effective for real-time oil
diagnosis and prognosis.

The state-based Dirichlet process for lubrication condition monitoring still needs more
intense research explorations in the near future. The HDP-HMM can improve state-based
DP for various industrial systems. In the future, though the sticky HDP-HMM follows a
state persistence approach, our work needs to be extended by considering the HDP-hidden
semi-Markov model (HSMM) to learn nongeometric state durations with natural priors
over state duration. A comparative analysis for estimated state space, state evolution over
time, and estimated RUL will need to be carried out with the HDP-HMM, HDP-HSMM,
and HDP-Hierarchical hidden Markov model (HHMM) for the same WDC time series data
set. Various sampling algorithms in parallel with the sticky algorithm will also be explored
in the context of their state estimation capability. While the present work estimates the
instantaneous wear state space based on current WDC data, the work will also be extended
to investigate cumulative wear state-space estimation to detect system wear state. The RUL
will be predicted using CRF and MRL for comparative analysis with another nonparametric
Bayesian approach, i.e., MO-GPR.

Author Contributions: Conceptualization, M.T. and N.R.; methodology, M.T.; software, M.T.; valida-
tion, M.T,, N.R,, and H.P.; formal analysis, M. T.; investigation, M.T. and N.R.; resources, M.T., N.R.,
and H.P; data curation, M.T.; writing—original draft preparation, M.T.; writing—review and editing,
N.R. and H.P; visualization, N.R. and H.P,; supervision, N.R.; project administration, N.R.; funding
acquisition, N.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Education (MOE), Singapore Academic
Research Fund (AcRF) under the Tier-2 Grant Call No. MOE-2017-T2-1-115. The corresponding author
additionally acknowledges the support of Industry Postgraduate Fund Grant No. IGIPAMD1801 for
payment of the article processing charges (APC).

Institutional Review Board Statement: Not Applicable.



Appl. Sci. 2021, 11, 6603 15 of 16

Informed Consent Statement: Not Applicable.
Data Availability Statement: Not Applicable.

Acknowledgments: The authors would like to acknowledge the financial and logistical support
provided by the Ministry of Education (MOE), Singapore Academic Research Fund (AcRF) under the
Tier-2 Grant Call No. MOE-2017-T2-1-115.

Conflicts of Interest: The authors declare no conflict of interest regarding the publication of this paper.

References

1. Kumar, M.; Mukherjee, P.S.; Misra, N.M. Advancement and current status of wear debris analysis for machine condition
monitoring: A review. Ind. Lubr. Tribol. 2013, 65, 3-11. [CrossRef]

2. Wu,J;Mi, X,; Wu, T,; Mao, J.; Xie, Y.-B. A wavelet-analysis-based differential method for engine wear monitoring via on-line
visual ferrograph. Proc. Inst. Mech. Eng. Part | |. Eng. Tribol. 2013, 227, 1356-1366. [CrossRef]

3. Wu, T,;Peng, Y,; Wu, H,; Zhang, X.; Wang, ]J. Full-life dynamic identification of wear state based on on-line wear debris image
features. Mech. Syst. Signal Process. 2014, 42, 404-414. [CrossRef]

4. Cao, W; Dong, G.; Chen, W,; Wu, J.; Xie, Y.-B. Multisensor information integration for online wear condition monitoring of diesel
engines. Tribol. Int. 2015, 82, 68-77. [CrossRef]

5. Peng, Y; Wu, T.; Wang, S.; Peng, Z. Wear state identification using dynamic features of wear debris for on-line purpose. Wear
2017, 376-377,1885-1891. [CrossRef]

6. Wang, S;; Wu, T.; Wu, H.; Kwok, N. Modeling wear state evolution using real-time war debris features. Tribol. Trans. 2017, 60,
1022-1032. [CrossRef]

7.  Henneberg, M.; Eriksen, R.L.; Jorgensen, B.; Fich, ]. A quasi-stationary approach to particle concentration and distribution in gear
oil for wear mode estimation. Wear 2015, 324-325, 140-146. [CrossRef]

8.  Henneberg, M.; Eriksen, R.L.; Fich, ]. Modelling and measurement of wear particle flow in a dual oil filter system for condition
monitoring. Wear 2016, 362-363, 153-160. [CrossRef]

9.  Tambadou, M.S.; Chao, D.; Duan, C.; Chaoqun, D. Lubrication Oil Anti-Wear Property Degradation Modeling and Remaining
Useful Life Estimation of the System Under Multiple Changes Operating Environment. IEEE Access 2019, 7, 96775-96786. [CrossRef]

10. Yan, L.; Chen, J.; Yu, P; Yu, Y,; Cao, K.; Huang, S. Model parameter estimation and residual life span prediction of pneumatic
diagram pump based on hidden Markov model in intelligent spraying. Intell. Manuf. Robot. 2019, 16, 1729881419874636.

11. Telford, R.; Galloway, S. Fault classification and diagnostic system for unmanned aerial vehicle electrical networks based on
hidden Markov models. IET Electr. Syst. Transp. 2015, 5, 103-111. [CrossRef]

12. Mba, C.U.; Makis, V.; Marchesiello, S.; Fasana, A.; Garibaldi, L. Condition monitoring and state classification of gearboxes using
stochastic resonance and hidden Markov models. Measurement 2018, 126, 76-95. [CrossRef]

13. Sadhu, A.; Prakash, G.; Narasimhan, S. A hybrid hidden Markov model towards fault detection of rotating components. J. Vib.
Control 2017, 23, 3175-3195. [CrossRef]

14. Choo, K.-H,; Tong, J.C.; Zhang, L. Recent applications of Hidden Markov models in computational biology. Genom. Proteom.
Bioinform. 2004, 2, 84-96. [CrossRef]

15. Najkar, N.; Razzazi, F; Sameti, H. A novel approach to HMM-based speech recognition systems using particle swarm optimization.
Math. Comput. Model. 2010, 52, 1910-1920. [CrossRef]

16. Li,J.; Najmi, A.; Gray, R. Image classification by a two-dimensional hidden Markov model. IEEE Trans. Signal Process. 2000, 48,
517-533. [CrossRef]

17.  Bunke, H.; Roth, M.; Schukat-Talamazzini, E. Off-line cursive handwriting recognition using hidden markov models. Pattern
Recognit. 1995, 28, 1399-1413. [CrossRef]

18.  Zhang, M; Jiang, X; Fang, Z.; Zeng, Y.; Xu, K. High-order Hidden Markov Model for trend prediction in financial time series.
Phys. A Stat. Mech. Appl. 2019, 517, 1-12. [CrossRef]

19. Smyth, P. Hidden Markov models and neural networks for fault detection in dynamic systems. Pattern Recognit. 1994, 27, 149-164.
[CrossRef]

20. Monplaisir, M.H.; Arumugadasan, N.S. Maintenance decision support: Analyzing crankcase lubricant condition by Markov
process modelling. J. Oper. Res. Soc. 1994, 45, 509-518. [CrossRef]

21. Li, X,; Duan, E; Mba, D.; Bennett, I. Multidimensional prognostics for rotating machinery: A review. Adv. Mech. Eng. 2017, 9,
1-20. [CrossRef]

22. Mor, B.; Garhwal, S.; Kumar, A. A Systematic Review of Hidden Markov Models and Their Applications. Arch. Comput. Methods
Eng. 2021, 28, 1429-1448. [CrossRef]

23. Du, Y,; Wu, T.; Makis, V. Parameter estimation and remaining useful life prediction of lubricating oil with HMM. Wear 2017,
376-377,1227-1233. [CrossRef]

24. Zhu,].; Yoon, ].M.; He, D.; Bechhoefer, E. Online particle-contaminated lubrication oil condition monitoring and remaining useful

life prediction for wind turbines. Wind Energy 2015, 18, 1131-1149. [CrossRef]


http://doi.org/10.1108/00368791311292756
http://doi.org/10.1177/1350650113492597
http://doi.org/10.1016/j.ymssp.2013.08.032
http://doi.org/10.1016/j.triboint.2014.09.020
http://doi.org/10.1016/j.wear.2017.01.012
http://doi.org/10.1080/10402004.2016.1243746
http://doi.org/10.1016/j.wear.2014.12.012
http://doi.org/10.1016/j.wear.2016.05.017
http://doi.org/10.1109/ACCESS.2019.2929007
http://doi.org/10.1049/iet-est.2014.0042
http://doi.org/10.1016/j.measurement.2018.05.038
http://doi.org/10.1177/1077546315627934
http://doi.org/10.1016/S1672-0229(04)02014-5
http://doi.org/10.1016/j.mcm.2010.03.041
http://doi.org/10.1109/78.823977
http://doi.org/10.1016/0031-3203(95)00013-P
http://doi.org/10.1016/j.physa.2018.10.053
http://doi.org/10.1016/0031-3203(94)90024-8
http://doi.org/10.1057/jors.1994.78
http://doi.org/10.1177/1687814016685004
http://doi.org/10.1007/s11831-020-09422-4
http://doi.org/10.1016/j.wear.2016.11.047
http://doi.org/10.1002/we.1746

Appl. Sci. 2021, 11, 6603 16 of 16

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.
36.

37.

Wakiru, ].M.; Pintelon, L.; Muchiri, PN.; Chemweno, P. A review on lubricant condition monitoring information analysis for
maintenance decision support. Mech. Syst. Signal Process. 2019, 118, 108-132. [CrossRef]

Khaleghei, A.; Makis, V. Model parameter estimation and residual life prediction for a partially observable falling system:
Parameter estimation and residual life prediction. Nav. Res. Logist. 2015, 62, 190-205. [CrossRef]

Si, X.-S.; Wang, W.; Hu, C.-H.; Zhou, D.-H. Remaining useful life estimation—A review on the statistical data driven approaches.
Eur. J. Oper. Res. 2011, 213, 1-14. [CrossRef]

Kim, M.].; Makis, V,; Jiang, R. Parameter estimation for partially observable systems subject to random failure. Appl. Stoch. Model.
Bus. Ind. 2012, 29, 279-294. [CrossRef]

Qi, Y; Paisley, ].W.; Carin, L. Music Analysis Using Hidden Markov Mixture Models. IEEE Trans. Signal Process. 2007, 55,
5209-5224. [CrossRef]

Eddy, S.R. Hidden Markov models. Curr. Opin. Struct. Biol. 1996, 6, 361-365. [CrossRef]

Tanwar, M.; Raghavan, N. Lubricating Oil Remaining Useful Life Prediction Using Multi-Output Gaussian Process Regression.
IEEE Access 2020, 8, 128897-128907. [CrossRef]

Fox, E.B.; Sudderth, E.B.; Jordan, M.I; Willsky, A.S. The sticky HDP-HMM: Bayesian nonparametric hidden Markov models with
persistent states. In MIT Laboratory for Information and Decision Systems Technical Report; P-2777; MIT LIDS: Cambridge, MA, USA,
2009; pp. 1-59.

Sun, Z.; Zhang, N. Analysis of the Health Status of Railway Vehicle Bearings Based on Improved HDP-HMM. In 2018 5th
International Conference on Systems and Informatics (ICSAI), Proceedings of the 2018 5th International Conference on Systems and
Informatics (ICSAI), Nanjing, China, 10-12 November 2018; IEEE: Washington, DC, USA, 2018; pp. 507-513.

Fan, B,; Li, B.; Feng, S.; Mao, J.; Xie, Y.-B. Modeling and experimental investigations on the relationship between wear debris
concentration and wear rate in lubrication systems. Tribol. Int. 2017, 109, 114-123. [CrossRef]

Teh, YYW.; Jordan, M.L.; Beal, M.].; Blei, D.M. Hierarchical Drichlet Process. |. Am. Stat. Assoc. 2006, 101, 1566—1581. [CrossRef]
Fox, E.B.; Sudderth, E.B.; Jordan, M.I; Willsky, A.S. An HDP-HMM for systems with state persistence. In Proceedings of the 25th
International Conference on Machine Learning, Helsinki, Finland, 5-9 June 2008.

Sheng, Y. Comparison of the power of the t test, Mann-Kendall and bootstrap tests for trend detection. Hydrol. Sci. ]. 2004, 49, 1-37.


http://doi.org/10.1016/j.ymssp.2018.08.039
http://doi.org/10.1002/nav.21622
http://doi.org/10.1016/j.ejor.2010.11.018
http://doi.org/10.1002/asmb.1920
http://doi.org/10.1109/TSP.2007.898782
http://doi.org/10.1016/S0959-440X(96)80056-X
http://doi.org/10.1109/ACCESS.2020.3008328
http://doi.org/10.1016/j.triboint.2016.12.015
http://doi.org/10.1198/016214506000000302

	Introduction 
	Lubricating Condition Monitoring (LCM) 
	Diagnostics and Prognostics Using Hidden Markov Model (HMM) 

	Model Framework and Methodology 
	Simulation of Degradation Data 
	Hidden Markov Model (HMM) 
	Hierarchical Dirichlet Process (HDP)-HMM 
	Sticky (HDP)-HMM 

	Model Evaluation 
	Hyperparameter Optimization 
	State-Space Estimation 

	Prediction of Residual Life 
	Conclusions 
	References

