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algorithm is presented for detecting common non-linearity faults without using reference
sensors. The study introduces a model-based fault diagnosis framework that is imple-
Keywords: mented within a pair of wireless sensors. The detection of sensor nonlinearities is shown
Wireless sensor networks to be equivalent to solving the largest empty rectangle (LER) problem, given a set of
;ac:ﬂfl?:;:;tsn features extracted from an analysis of sensor outputs. A low-complexity algorithm that
Distributed systems gives an approximate solution to the LER problem is proposed for embedment in resource
constrained wireless sensors. By solving the LER problem, sensors corrupted by non-
linearity faults can be isolated and identified. Extensive analysis evaluates the perfor-
mance of the proposed algorithm through simulation.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Wireless sensor networks (WSNs) have been widely adopted in many engineering domains and applications including in
structural monitoring [1], environmental monitoring [2], battlefield surveillance [3] and animal tracking [4]. Interest in
WSNss is directly attributed to the benefits of not having to install wires in a system and to the mobility offered when
untethered. For reliable system monitoring and subsequent data-based decision making, it is necessary to have accurate
sensor measurements. However, in order to reduce the cost and size of wireless sensors, commercial off-the-shelf
components are typically used in their design; these components can be vulnerable in harsh field settings. Given the fact
that WSNs are usually deployed in demanding operational environments, wireless sensors are potentially more prone to
failure than wired counterparts. Hence, automated sensor diagnosis algorithms that allow wireless sensors to self-diagnose
errors in their measurements are direly needed.

A great deal of research has been conducted over the past decade to develop sensor diagnosis methods with many of
them designed explicitly for WSNs. Sensor malfunctions can be classified into two broad categories: sensor failure and
sensor faults. Sensor failure refers to a sensor's inability to report its data or to respond to user commands. The causes of
sensor failure can be the breakdown of the hardware components or simply from the depletion of available power in the

* Corresponding author at: Department of Civil and Environmental Engineering, University of Michigan, Ann Arbor, MI 48109-2125, USA. Tel.: +1 734 615 5290.
E-mail addresses: chunlo@umich.edu (C. Lo), jerlynch@umich.edu (J.P. Lynch), mingyan@umich.edu (M. Liu).

http://dx.doi.org/10.1016/j.ymssp.2015.05.011
0888-3270/© 2015 Elsevier Ltd. All rights reserved.

Please cite this article as: C. Lo, et al, Distributed model-based nonlinear sensor fault diagnosis in wireless
sensor networks, Mech. Syst. Signal Process. (2015), http://dx.doi.org/10.1016/j.ymssp.2015.05.011



www.sciencedirect.com/science/journal/08883270
www.elsevier.com/locate/ymssp
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
mailto:chunlo@umich.edu
mailto:jerlynch@umich.edu
mailto:mingyan@umich.edu
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
http://dx.doi.org/10.1016/j.ymssp.2015.05.011
http://dx.doi.org/10.1016/j.ymssp.2015.05.011

2 C. Lo et al. / Mechanical Systems and Signal Processing 1 (1151) 1ni—ima

case of battery-operated sensors. The method of detecting failed sensors is to send a query to the sensor and to check
whether the sensor responds. Highly efficient and accurate failed sensor detection algorithms have been published in recent
years [5-7]. The second type of sensor malfunction is sensor fault, which refers to a situation where a sensor is able to report
its observations but the reported data is corrupted. Sensor faults are significantly more difficult to detect than failure
because investigation of the correctness of the reported observations (i.e., measurements) is required. The process of sensor
fault diagnosis can be classified into four steps: (1) detection (detecting whether there are any faulty sensors in the system),
(2) isolation (determining which sensor(s) is(are) faulty), (3) identification (determining the type of faults that occurred)
and (4) recovery (estimating the correct output of the faulty sensors). Most of the published studies only focus on the
detection and isolation steps; comparatively, few have emphasized fault identification and recovery. The main approach
being used for detecting sensor faults is to utilize analytical redundancies that exist in the system [8]. This general strategy
assumes that sensors deployed to the same physical system should be correlated to some extent. This correlation can
therefore be exploited for the diagnosis of sensor faults.

The sensor fault detection schemes proposed in the literature can be further classified into two more categories: model-
based and model-less methods. Model-based sensor fault detection methods rely on knowledge of the underlying system in
the form of a model that offers analytical redundancies [9-13]. The system model can be acquired by the physical properties
of the system (i.e., physics-based) or learned from the historical data of the system (i.e., data-driven). Data-driven methods
are specially valuable when the system being monitored is too complex to be modeled analytically. The acquired system
model then acts as a fundamental reference system for sensor fault diagnosis. For example, Da and Lin [9] and Kobayashi
and Simon [10] both proposed a centralized sensor fault diagnosis method that uses a bank of Kalman filters to represent
the system. Both methods assume that the system is linear with the system model formulated in a state-space form. For a
network of N sensors, an N-Kalman filter system is established such that the ith Kalman filter is based on all but the ith
sensor. Assuming that there is only one faulty sensor in the network, exactly one Kalman filter (out of the N Kalman filters)
behaves differently from the others. Therefore, the faulty sensor can be detected and isolated. The difference between these
methods is that Da and Lin's method measures the discrepancies on the sensor observations while Kobayashi's method
measures the discrepancies on the state vector of the state-space model. In Xu et al. [12], a sensor fault diagnosis method
based on artificial neural network (NN) models is proposed. A NN model is used to capture the correlations between a group
of sensors based on the sensors’ historical data. When one sensor (or a small number of sensors) becomes faulty, its output
will be inconsistent with predictions of that sensor's output based on the other sensors’ outputs. Dunia et al. [13] and
Kerschen et al. [14] proposed a fault detection method based on Principal Component Analysis (PCA) models. Their studies
assumed that the sensors are highly correlated and that their outputs can be captured in a more compact dimensional space
(which is regarded as the principal components) than the original observation space. When the dynamics of a sensor's
observations are not concentrated on the principal components, the sensor is regarded as potentially faulty. Dunia et al. [13]
further analyzed how different types of faults affect the PCA residuals, thereby providing a tool to identify the fault types
occurring in the faulty sensors. All of these model-based methods are centralized methods where a base-station has
knowledge of the system model, collects observations from the sensors, and performs the fault diagnosis.

A challenge of model-based methods for fault detection in WSNs is that communication of data in the network consumes
a large amount of energy. Due to the limited energy available at each wireless sensor, reduction of communication between
sensor nodes is preferred. As a result, numerous studies have explored distributed fault diagnosis methods that generally
require less data transmissions [15-18]. These methods tend to be model-less methods where a simple assumption is made:
sensors in close proximity will observe similar signals. Because of this assumption, the diagnosis algorithm is usually easily
formulated in a distributed fashion. For instance, Ding et al. [17] assumed that sensors in close proximity should have similar
outputs. Therefore, their method has each sensor comparing its output with the mean output value of its neighboring
sensors. If the sensor output is much bigger than that of its neighboring sensors, the sensor is regarded as faulty. Another
model-less distributed method was proposed by Luo et al. [18] for event-detection WSNs. In this study, each sensor reports
the occurrence of an event. Assuming sensor faults are stochastically unrelated, a final decision of the event state is made by
a majority vote from the individual decisions of a group of sensors. Sensors that frequently give different results are
considered to be faulty. The study also determined the optimal number of sensors in a group and the optimal threshold for
majority voting based on the probability for a sensor to be faulty. Although these model-less diagnosis methods are
distributive and have lower energy requirements, they also often impose limitations based on the assumptions made in
their derivations.

In this study, a model-based distributed sensor fault detection method is proposed. The proposed method fills the gap
between model-based centralized methods and model-less distributed methods. To fill this gap, the strategy presented will
be tailored to search for a specific fault type. This allows the fault diagnosis algorithm to be capable of performing the first
three steps: detection, isolation and identification. The proposed fault diagnosis algorithm specifically focuses on identifying
non-linearity faults that exist in the sensor's transfer function. Non-linearity faults are a multiplicative error which means
that the error is a function of the true signal. In this study, a sensor that suffers from a non-linearity fault (i.e., a nonlinear
transfer function) has normal and abnormal operating regions. A sensor gives correct measurement when the true signal is
within the normal region and gives distorted measurement when the true signal falls in the abnormal region. This is a
common characteristic in many sensors. For instance, some sensors (e.g., amplifiers) suffer from nonlinear distortions when
the input signal is close to their operating limits. Piezoelectric sensors also observe a large (undesired) gain in their transfer
function when the input signal gets close to the sensors’ resonant frequencies [19]. Nonlinearities can also be introduced
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when a sensor is not properly mounted to the system being observed. For example, high amplitude responses can induce
relative motion between a sensor and a structure if the sensor is not properly bonded to the surface of the structure.
Operating in an abnormal region of a sensor is usually prevented by examining the characteristics of the sensor and
ensuring it remains in its normal operating region. However, the characteristics of a sensor could change with time or by
unexpected events leading to operation in the abnormal region. For example, piezoelectric sensors could experience
degradation over time in the bond between the sensor and the structure [20]. Amplifier-based sensors suffer from narrower
linear operating ranges when their supply voltages drop. Moreover, the characteristics of a sensor can be significantly
affected by operating environment (e.g., temperature) and component aging [21]. Therefore, keeping the operation of a
sensor in the normal range cannot guarantee the elimination of non-linearity faults in sensors.

A methodology which is able to detect and identify non-linearity faults is essential to ensuring the quality and
functionality of WSNs. In this paper, preliminaries of the proposed decentralized sensor fault detection method and the
characteristics of non-linearity faults are presented in Section 2. The methodology of the fault detection and identification
algorithm is presented in Section 3. Section 4 quantitatively evaluates the algorithm performance through simulation
studies. Finally, Section 5 presents the study's conclusions and discusses future research directions.

2. Sensor observations and non-linear fault models

Previous work [22] showed that if the system being monitored is linear, a direct linear relationship exists between the
output of any pair of sensors. Consider a linear system that is represented by a state-space model in the Z-domain:

zX(2) = AX(2)+BU(2) (1

Y(2) = CX(2)+DU(2) (2)

where X(z) e R" is the state vector of the system, U(z) e R is the input vector, and Y(z) e R™ is the output vector of the
sensors. Furthermore, A e R™" is the state transition matrix which defines the transition of system states, Be R™ is the
input matrix which represents the relationship between the input and the system state, C e R™" is the output matrix, and
D e R™! is the feed-through matrix.

By eliminating X(z) in (2) using (1), the transfer function H,q(z) between the outputs of sensors p and q, Y,(z) and Yy(z)
respectively, can be represented by

Yp(2) (Cp(zZ1-A)"'B+Dp)U(2)
Y@ (Cyzl—A)" 'B+Dy)U(2)

Hpq(2) = 3)

where the subscript p (or g) on C and D represent the pth (or qth) rows of these matrices. Eq. (3) can be equivalently written
as

Zjn: 0(25 _1 Uiy

7o o(Xi=1 Uify2)
where the coefficients o and g (i=1,...,landj=1,...,n), are determined by the state-space model matrices (i.e., A,B,C
and D). Therefore, the relationship between any two sensors depends on their historical observations and the excitation

inputs to the system. If the excitation inputs can be aggregated as a single source (i.e., [=1), the relationship is independent
of the system input:

Hy(2) =

C))

Yp(2) anZ'+an_ 12"+t onz+ag
Yo@) Pz +P 12"+ 4Pz + By

Modeling system inputs as a single source is quite common in many engineering systems. For example, building structures
exposed to ground motions (e.g., earthquakes) and mechanical systems excited by ambient Gaussian inputs reduce to a
single input system. In order to simplify the discussion, a single-input system is assumed in the rest of the study. However,
the discussion remains valid for multiple-input systems if the inputs are known or measurable.

When a system is too complex (or it is too expensive) to acquire the complete state space model parameters, the
relationship (transfer function) between a pair of sensors, y, and y,, can be captured by a time series model (such as an
autoregressive with exogenous input (ARX) time-series model [23]) trained from historical sensor outputs:

)

> aygk—i) =" fy,(k—i). (6)
i=0 i=0

where v and v, are the orders of the model.

An ARX model is a low complexity model that can be easily implemented in wireless sensors as has been done in the past
[24]. Fast iterative ARX model fitting algorithms are also available [25]. The execution of these methods is based on the Yule-
Walker equations, which is a bi-Toeplitz system (a matrix consisting of 2 x 2 block Toeplitz matrices) for the ARX model.
Based on the structure of the bi-Toeplitz system of successive system orders, the model parameters of a system can be
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calculated from the parameters of the next lower-order system. This method requires O((m-+mn)?) calculations and O(m+n)
storage on the wireless sensor.

Non-linearity faults are multiplicative measurement errors which depend on the sensor output. A non-linearity fault can
be represented by a nonlinear transfer function between the true signal and the output of the sensor. The function (Fig. 1)
has two regions: normal and abnormal. When the actual signal is within the normal region, the measurement correctly
reflects the actual signal. When the sensor signal falls into the abnormal region, the sensor transfer function is altered
leading to errors in the measurement. In this study, two simplified non-linearity models are used. The first one is the
bilinear model of Fig. 1. Within the normal region, the measurement is exactly equal to the true signal. Within the abnormal
region(s), which is the compliment of the normal region, the function between the measurement and true signal follows
another linear function with a different slope. The mathematical expression of the bilinear model is

X if p,<x<ry,
y= tan (61)(x7r1)+r1 if x> r1, (7)
tan (@,)(X—13)+1> if x<r,.

where x is the actual signal, y is the sensor measurement and r; > 0,1, <0 define the boundaries of the normal region.
Moreover, the slopes @, and 6, have the range [0,7/2). The parameters of the bilinear model are the normal region
boundaries, r; and r,, and the slope of the linear profile in the abnormal region, 6. A non-linear model can have either one-
sided or two-sided abnormal region(s). For example, if r; < oo and r, = — oo, we have a one-sided abnormal region. The
measurement-true signal transfer function of (7), as illustrated in Fig. 1, is used to model the measurement of a sinusoidal
signal with unit amplitude. The bilinear fault is assumed to be one-sided with r;=0.6 and r, = — oo; also, 61 = 30°. As shown
in Fig. 2, the faulty signal is evident in the positive amplitude with the amplitude lower than the true signal amplitude.

The second non-linear model uses exponential functions to model the sensor's abnormal region(s). Within the normal
region, the measurement is equal to the actual signal. Within the abnormal region, the function between the measurement
and true signal follows an exponential profile as defined by

)] if I, <rq,
max{r, — (exp(y|r,—r1)—1),.L In l—l}—/+r1 +1) if r;>ry, Type 1

Ty

y={ max{ry+(expy|ra—r)—1), =L Int4Lir,—1) if ry <ry, Type T 8)
a4+ (expy|ra —ri))—1) if r;>ry, Type II
ry—(expylra—ri)—1) if ry <1y, Type II.
Measured
signal

&) ‘ry True
: : signal
0.
Abnormal Normal region Abnormal
region region

Fig. 1. Bilinear non-linear sensor fault model.
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Fig. 2. A unit amplitude sinusoidal signal and the corresponding non-linearity faulty measured signal with r;=0.6, r, = —co and 6; =30°.
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where y, 1 and r; (with ry > 0 and r, < 0) are the parameters of the model. Compared to the bilinear model, the function of
the exponential model has a gradual change from the normal region to the abnormal region. Fig. 3 shows the functions of a
one-sided exponential with varying model parameter y and with normal region boundary set at r; =30. The output
saturation problems of amplifier-based sensors, where measurements are smaller than the actual signal, are best modeled
by the exponential nonlinear fault model (Type I). On the other hand, excessive gain problems (such as sensor resonance),
where measurements are larger than the actual signal are best model by Type II exponential functions.

3. Non-linearity fault detection and identification methodology

Consider a N-sensor WSN where each sensor has the potential to suffer from non-linearity faults but the network has no
knowledge of which sensors are normal. The WSN is partitioned into peer-to-peer sensor pairs as shown in Fig. 4 (e.g.,
Y2—Y4,¥1—Y3, Y5 —Ys and yg —y7). As mentioned in the previous section, the relationship between any pair of sensors can be
captured by an ARX model trained using sensor outputs and (6). The model parameters can be learned from the historical
data by a fast iterative algorithm [25] when the sensors are working normally. Fig. 5 provides an overview of the detection
method proposed to detect and identify non-linearity faults within a pair of sensors. There is no a priori knowledge of the
health of sensor 1 or 2 in this approach (i.e., both could be faulty). The first sensor, S;, transmits it output, y,, to the second
sensor, S,. S, then uses its measured output, ,, to predict S;'s output, ¥, using a previously trained ARX model between the
S1—S, pair. The difference between the estimated signal, y,, and measured signal, j;, constitutes a cross-error function,
which represents the signal measurement accuracy of the sensor pair. As will be described, this error function will be
analyzed to extract feature points (say Ps, and Ps,) which are useful for fault detection and identification. Under the largest
empty rectangle (LER) identification process, the faulty sensor(s) within the sensor pair can be isolated and the non-linear

100

80

Type |
60

40

Measured signal

20

g . e : ;
-20 0 20 40 60 80 100
True signal

Fig. 3. Exponential non-linearity sensor fault model (one-sided version shown).
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Fig. 5. Overview of detecting and identifying non-linearity faults within the S; —S, pair.
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fault model parameters can be identified. This fault diagnosis process can be carried out in parallel between each sensor pair
and thus the proposed fault diagnosis method is scalable as the size of a WSN grows. In the rest of this section, each
component of the fault diagnosis methodology will be discussed in detail.

3.1. Cross-error function

Using the stored ARX model with v coefficients, the prediction of S;'s output, y(k), at time k can be calculated by the
measured outputs of y; and y,:

v

14
10 =" —ay(k—=i+ Y by(k—i). )
i=1 i=o0
where a; = a;/ag and b; =ﬂj/a0 fori=1,...,v,and j=0,...,v.
As previously mentioned, S; and/or S, may be faulty. Let e;(k) be the observation error of S; at time k, then the
observation of Sy, y;(k), is equal to y,(k)+e;(k). Define the cross-error function, eq,(k), to be the difference between the
observed output and estimated output, we have

e1a(k) =y (k) —y1(k) (10)
e12(k) = XU: aje1(k—i)— XU: biex(k—1i) (1
izo iZo

The cross-error function represents the discrepancy between a pair of sensors. As a result, general faults can be detected
by monitoring whether the cross-error function exceeds a threshold. It should be noted that the cross-error function
reduces error information from the two sensors into a scalar value. As a result, it is difficult to identify which sensor is faulty
and what type of fault it belongs to when there is a lack of additional information (e.g., definition of a fault-free reference
sensor). In the following subsection, a method that is able to isolate the faulty sensor and that identifies the non-linearity
fault is presented.

3.2. Feature point calculation

Before introducing the non-linearity identification method, the sensor output is assumed to transgress into the abnormal
region of the non-linearity fault model occasionally. In other words, the normal region of the sensor covers a significant
portion of the signal range. This assumption is valid for most systems if appropriate sensors (with large enough dynamic
range) are chosen for the monitoring task. In (11), the cross-error function utilizes past outputs of S; and S, over a time
window from time O to time — v (relative to the discrete-time index, k, of the cross-error function in (11)). The cross-error
function is non-zero whenever a measurement error (i.e., where the abnormal range is entered) occurs within the ARX lag
window on any sensor. It should be noted that it is possible that errors between two sensors can cancel each other out, but
this is an extremely rare event. Therefore, when the cross-error function is zero, it is almost certain that there is no fault
within the time window. However, when the cross-error function is non-zero, it is uncertain when and which sensor the
error occurred in unless it is the first time the cross-error function output deviates from zero (or near zero). This is because
the cross-error function output can only be non-zero due to an error initiating at time k in one or both of the sensors. The
measurement value of the faulty sensor at the time the cross-error function experiences its first non-zero value should fall
in the abnormal region and thus have magnitude bigger than r; or r, if the sensor is corrupted by a non-linearity fault.
However, it is not clear which sensor(s) is (are) faulty as the normal region boundaries (r{,r,) of the non-linearity model
remain unknown. As such, a feature point, P, is defined as P = (Ps,, Ps,), where Ps, and Ps, are the measurement values of
both sensors (J; and y,) at the time the cross-error function first deviates from zero and exceeds a pre-defined threshold.
Therefore, the total number of feature points available is equal to the number of times the cross-error function exceeds the
threshold. Fig. 6 shows an example of how the feature points are extracted. In this example, S; is faulty with a non-linearity
fault and S, is normal. Fig. 6(a) and(b) are the true signals of sensors 1 and 2 (denoted as S; and S,), respectively. Fig. 6(c) is
the (corrupted) signal measured by faulty sensor 1, ;, and Fig. 6(d) is the calculated cross-error function. As can be seen,
four feature points are available in this example.

After a set of feature points, g, are generated over a time history, they can be plotted on a 2-dimension plane with the x-
axis corresponding to S; (Ps,) and the y-axis corresponding to S, (Ps, ). The plot will have the patterns shown in Fig. 7 when
the errors are caused by a non-linearity fault. In Fig. 7, the dotted lines represent the boundaries of the normal region of a
non-linearity model (if the sensor is faulty). When S; is corrupted by a non-linearity fault and S, is normal, the x-coordinates
of the set of collected feature points fall in the abnormal region while the y-coordinates of the feature points can have any
value. Therefore, the feature points only fall into the region highlighted in Fig. 7(a). Similarly, Fig. 7(b) shows the region
where the feature points should fall when S; is normal and S, is corrupted by a non-linearity fault. When both sensors are
corrupted by a non-linearity fault, the collected data should fall in the highlighted regions in Fig. 7(c).

Consequently, if the sensor pair under investigation can be classified into one of the 3 different patterns in Fig. 7, the
faulty sensor(s) can be isolated even if there are no reference sensors. Furthermore, as corrupted measurements should have
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Fig. 6. Abnormal signal detection and feature point extraction: (a) true signal of S; (y;), (b) true signal of S, (y>), (c) measured signal from S; (¥,), (d) the
predicted S; output (¥,), and the (e) cross-error function (e;») of the sensor pair.
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Fig. 7. Location (shaded area) of extracted feature points when: (a) S; is faulty and S, is normal, (b) S; is normal and S; is faulty and (c) both S; and S, are
faulty. The dotted lines correspond to the boundaries between the normal and abnormal regions.

values outside the normal region, the normal region boundaries can also be detected from the collected data. In fact, this
classification problem can be modeled as the largest empty rectangle problem (LER) with a query point [26,27]. Given a set
of points and the boundaries in a 2-D space, the largest empty rectangle problem is to find the largest rectangle (with sides
parallel to the axes) that does not contain any of the given points but contains the query point. Moreover, this rectangle
should locate within the boundaries which can be set to be slightly larger than the maximum amplitudes of the given
points. The non-linearity fault isolation and identification problem is equivalent to identifying the largest empty rectangle
that contains the origin. The sides of the largest empty rectangle which intercept with the x-axis (y-axis) illustrate the
parameters (i.e., 1 and ) of the non-linearity fault in sensor 1 (sensor 2). When a side is collocated with the boundary, it
means no fault is detected on that region given the collected data; otherwise the coordinate of the side represents the range
of the normal region of the non-linearity model.

3.3. Largest empty rectangle (LER) problem

Finding the largest empty rectangle is an important problem in many applications including VLSI layout optimization [28]
and database management [27]. Given its ubiquitous nature, many algorithms have been developed to solve this problem.
However, even one of the faster algorithm [26] requires O(N¢)(N) log4(N)) operations, where N is the number of given points
and ¢(N) is the slowly increasing inverse Ackermann function [29]. This requirement is quite demanding for low power
wireless sensors when the size of the collected data is large. Therefore, a more efficient algorithm that finds an approximate
largest empty rectangle containing the origin is proposed. The main concept of the algorithm is to first find a small rectangle
that does not contain any given points and then to enlarge the rectangle by expanding the sides separately. The proposed
method, which requires O(N) operations, is shown in Algorithm 1. In the algorithm, ¢ is the set of collected feature points
(Xmax> Xmins Ymax and Ymin) define the boundaries and v, (v,) represents the x-coordinate (y-coordinate) of a point v.
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Algorithm 1. Approximate largest empty rectangle algorithm.
Require - Xmax: Xmin> Ymax> Ymin

Calculate the shortest distance d of the points in the set g from the origin: d = min { /P§1 +P§2 P e g}
Construct an empty rectangle with sides: Xjos = d, Xneg = —d, Ypos = d, Ypeg = —d
Subroutine 1:
Q={ve ?".Vpos =Vy Zyneg}
x;,os = MiN{Xmax, {Vx € Q|Vx > 0}}
Xpeg = MaX{Xmin, {Vx € Q|Vx < 0}}
Q ={Ve @IXpss = Vx = X}eg}
y;os = Min{Yyqy. {vy eQlvy = 0}}
y:le,g = max{Y, {vy € Qvy < 0}}
A= (X;ms 7X1]u’g) x (Y;us 7y}wg)
Subroutine 2:
Q={ve §|Xpos = Vx = Xneg}
Vios = MIN{Y gy, (Vy € Qlvy = 0})
y%eg = max{ypmin, {Vy € Qlvy <0}
Q=1{Ve@Iyios = Vy > Vio,)
X205 = MiN{Xiax, {Vx € Q|Vx > 0}}
X = MaX{Xmin, {Vx € Q|vx < 0}}

— (x2 2 2 2
Az = (X505 = Xiieg) X Vpos —Vireg)

if A > Ay
then

Output LER with sides: {X}o. Xieg» Vposs Ve
else

Output LER with sides: (X2, X2z, Vaos: Vaeg)
end

As can be easily verified, the rectangles calculated from subroutines 1 and 2 do not contain any feature points but do
contain the origin. Each side of the rectangle either touches at least one data point or is collocated with one of the
boundaries (X;,qx and/or ymqx). The difference between subroutines 1 and 2 is the direction (x- or y-directions) the rectangle
expands first. The bigger rectangle is used for fault isolation and identification.

The assumption declared at the outset assumes that the normal region of the faulty sensors covers a significant dynamic range
of the signal. As a result, the area of the discovered largest empty rectangle should be comparable to the product of the maximum
signal amplitudes of the two sensors (due to large r; and r,). If the corruption of measurement is not due to a non-linearity fault,
errors can occur at any signal amplitude and the largest empty rectangle found by the proposed algorithm would have a small area
if the number of collected data points is large enough. An illustration of this property can be found in Section 4.3.

Fig. 8 shows an example of how the proposed largest empty rectangle algorithm identifies non-linearity faults. The data
shown in the figure is extracted from a simulation experiment; the details of the experiment can be found in Section 4. In
Fig. 8, the circular markers represent the set of feature points, P. The solid lines of the outer rectangle represent the
boundaries of the largest empty rectangle problem. The dotted rectangle represents the final identified LER by Algorithm 1.
As the top and bottom sides of the rectangle are collocated with the outer rectangle boundaries, there is no fault on S.
However, S; is corrupted by non-linearity faults and the normal region of the fault is defined by the x-coordinates of the left
and right sides of the rectangle.
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Fig. 8. Illustration of the sub-optimal LER detection algorithm proposed to identify non-linear fault types in the two sensors.
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4. Simulation and results

In this section, the performance of the proposed algorithm is investigated including validation of its ability to detect and
isolate sensors with non-linearity faults. The detection performance will be evaluated over different system excitations and
under different non-linearity models. The diagnosis algorithm performance using the optimal LER and the proposed sub-
optimal LER algorithms will be investigated. Also, the relationship between the detection accuracy and the number of
collected feature points will be explored.

4.1. System for validation

A 5-degree-of-freedom lumped mass dynamical system (Fig. 9) is adopted for simulation experiments. A lumped mass
dynamical system is able to model different type of physical systems, such as bridges, vehicles, machines, among others
[30,22]. The masses, m;, are connected via discrete springs and viscous dampers with spring constants, k;, and damping
coefficients, c; respectively. An external force, u;(k), is applied to each mass. Each mass also has a translational degree-of-
freedom, x;. In this study, similar model parameters used in [30] are adopted: each mass is set to 1 kg with each spring
constant and damping coefficient set to 10 kN/m and 10.5 Ns/m, respectively. Under these model parameters, the system
has natural frequencies at 4.52, 13.22, 20.84, 26.78, and 30.54 Hz. Each mode of vibration is under-damped with damping
ratios of 1.5%, 4.4%, 6.8%, 8.8%, and 10.1% for mode 1 (4.52 Hz) through 5 (30.54 Hz), respectively. The vibration of the
system is recorded as the acceleration of each degree-of-freedom (y; = %;) with a sampling rate of 200 Hz. The excitation
inputs on each degree-of-freedom are from a single source u(k) but with different levels of magnification:
u; =5u,up; =1u,u3 =0.2u,uy = — 1.5u,us = 12.2u.

4.2. Simulation methodology

In this experiment, two types of excitation are used. The first excitation is a double-tone harmonic signal. The two
frequencies of the signal are randomly chosen between 2 and 8 Hz using a uniform distribution. In a similar fashion, the
magnitude of each tone is also randomly and uniformly chosen between 10 and 13 N. The second excitation is a white noise
signal. When fitting ARX models between sensor pairs, the order of the ARX model is set to v = 20.

For each simulation, whether a sensor is faulty or not is decided with equal probability (p=0.5). Also, it is decided at the
outset what non-linearity fault model will be used (bilinear versus exponential). However, whether the non-linearity is one-
sided on the positive side, one-sided on the negative side, or both-sided is determined randomly with equal probability
assigned to each case. The ARX coefficients are trained by sensor outputs when independent white noise excitations are
applied. During performance evaluation, a pair of sensors is randomly chosen and then the proposed algorithm for fault
diagnosis is applied. A threshold on the cross-error function is used to determine whether there are discrepancies between a
pair of sensors. In the following experiments, the threshold is set to the maximum amplitude of the cross-error function
output when both sensors are functioning normally (or during the training of the ARX model). The proposed sub-optimal
LER algorithm is used for all the experiments except when evaluating the differences in performance between the optimal
and sub-optimal LER algorithms. For all of the experiments, unless another noise value is explicitly stated, a zero-mean
Gaussian white noise with variance of 0.5% of the maximum amplitude of the sensor measurements is superimposed to
simulate measurement noise.

4.3. Simulation results

In the first experiment, the detection performance of the proposed algorithm is evaluated over different parameters of
the bilinear and exponential non-linearity models. Three performance criteria are evaluated. The first criterion is the
percentage of faulty sensors that are correctly detected to be faulty (i.e., detection rate and denoted as “DR” in the legends of
the figures). The second criterion is the percentage of normal sensors falsely detected as faulty (i.e., false alarms and denoted
as “FA” in the legends of the figures). The third criterion is, among the correctly detected faulty sensors, the accuracy of
detecting the abnormal region(s) of the non-linearity model. As the abnormal region can be one-sided or two-sided, we
evaluate each side separately. For example, if an abnormal region appears on the positive side and the algorithm detects it
correctly, a correct detection is recorded. This accuracy measure is denoted as abnormal region detection rate (i.e., “Abn.
region DR” in the legends of the figures).

Fig. 10(a) shows the performance when a bilinear non-linearity model is used. The x-axis of the plot represents the
degree @ of the slope in the abnormal region (note that a normal slope is 45°). As can be seen, the proposed algorithm

ui (k) up(k) uz(k) uy(k) us(k)

N ﬁ}_@d(’»‘})ﬁz ] -'l'fz(k'): ﬁ}_g;(k) %HM?])CS %}Jn(k‘)

Fig. 9. Five degree-of-freedom (DOF) spring-mass-damper system for validation of the non-linearity fault diagnosis method.
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Fig. 10. Faulty sensor detection accuracy versus (a) different slope degree ¢ (bilinear model) and (b) variations in the exponential model parameter y.

achieved over a 90% detection rate and less than a 4% false alarm rate for most of the slope degrees when a white-noise
excitation signal is used to excite the system. When a double-tone harmonic excitation is used, the detection rate is about
75% and the false alarm rate is about 7%. The difference in performance is because the sensor measurements of the white-
noise excited system falls into the abnormal region rapidly and frequently. Consequently, the algorithm yields a more
sensitive cross-error function and has better diagnosis accuracy. The detection rate decreases as the deviation is very close to
the normal condition, (i.e., 45°). This result is expected as the non-linearity error is also getting smaller and thus more
difficult to detect from the cross-error function. The detection rate remains very high (at greater than 85%) when the slope
deviates more than 10 ° from normal for white-noise excitations; this detection rate is greater than 65% for double-tone
harmonic excitations. For detecting the abnormality type (i.e., one-sided on the positive side, one-sided on the negative side,
or two-sided) of the non-linearity model, the algorithm is able to achieve an accuracy of 90% for every deviation degree and
for both system excitations. Note that for zero faulty sensor detection rate, the abnormal type detection rate is simply set to
0.

The same experiment is repeated using the exponential non-linearity model with the results shown in Fig. 10(b). Similar
to the bilinear model, white-noise excitations achieve better results than double tone harmonic excitations. When exciting
the system harmonically, detection rates of 95% or greater are found. However, the double tone harmonic has a detection
rate between 60 and 90% depending on y. When white noise excited, the detection rate does not show a significant drop in
performance when the non-linearity model function is close to the normal function (ys). However, when excited by the
harmonic signal, the detection rate increases as the exponential nonlinearity is more dominant. Note that the x-axis of
Fig. 10(b) represents various exponential model parameters y but the distance between them is not related to the error
magnitude.

Apart from detecting and isolating the faulty sensors, another important capability of the proposed method is its ability
to detect the boundary values of the normal region. Fig. 11 shows the histogram of boundary estimation accuracy under the
bilinear non-linearity model with parameter @ =30° and white-noise excitation. Fig. 11(a) represents the white-noise
excitation under the bilinear model, Fig. 11(b) represents harmonic excitation under the bilinear model, Fig. 11(c) represents
the white-noise excitation under the exponential model and Fig. 11(d) represents the harmonic excitation under the
exponential model. The estimation error is normalized (i.e., the estimation error is divided by the actual boundary value). As
can be seen, 95% of the estimations are within 2% of the actual boundary value for white-noise excitations and 80% of the
estimations are within 3% of the actual boundary value for double-tone excitations. Most of the boundary estimations
(except the harmonic excitation under the bilinear model case) are higher than the actual boundary value because the
magnitude of the faulty measurements (thus the corresponding value of the selected feature points) is always larger than
the true normal region boundary value. Therefore, the boundary values detected by the LER method are usually larger than
the actual boundary values. This error can be reduced by using more feature points and avoiding unnecessarily large
thresholds on the cross-error function. For the harmonic excitation under the bilinear model (Fig. 11(c)), more than half of
the estimations are smaller than the actual boundary values. This is mainly because the feature points collected from the
less sensitive cross-error function have lower accuracy. As can be seen from the results, the proposed algorithm is able to
achieve high accuracy on the boundary value estimation, which is important in signal recovery or for preventing the sensor
from being used in the abnormal region in the future.

The proposed sub-optimal LER method is used in all of the previous experiments. This method has much lower
complexity than the optimal LER method but it does not guarantee the largest empty rectangle. Therefore, a comparison is
performed to reveal differences in the accuracy of these two methods. The experiment is performed under the bilinear non-
linearity model with white-noise excitations. The results (Fig. 12) show that the proposed low complexity LER method is
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Fig. 11. Normalized normal region boundary detection accuracy: (a) White noise excitation under bilinear model, (b) harmonic excitation under bilinear
model, (c) White noise excitation under exponential model and (d) harmonic excitation under exponential model.
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Fig. 12. Comparison of detection performance between using the optimal LER method and the proposed low complexity LER method.

able achieve similar detection rates as the optimal LER method. Although the optimal method achieves a higher level of
accuracy when the non-linearity error is small (i.e., when @ is close to 45°), the optimal method generally has a higher false
alarm rate. Similar results are also observed for the exponential non-linearity model. Therefore, for detecting non-linearity
faults, the proposed low complexity LER method is deemed sufficient.

The proposed algorithm diagnoses faulty sensors using the feature points extracted from the sensor outputs based on the
cross-error function crossing a defined threshold. Only one such data point is collected every time the sensor output falls
into an abnormal region. One or two feature points are not enough to reliably identify the faulty sensors and the
corresponding fault characteristics. For systems whose signal changes slowly, it may take a long time to collect a large
number of required data points. As a result, it is necessary to know the relationship between the number of feature points
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available and the corresponding detection accuracy, especially in identifying the fault pattern in Fig. 7 and estimating the
boundaries of the normal regime of a faulty sensor. Two simulation are conducted using the bilinear fault model with & set
to 20° and the exponential model with y set to 0.1. Both double-harmonic and white noise excitations are evaluated. As
shown in Fig. 13 and as expected, the detection rate and fault region detection rate increase when the number of available
feature points increases. The detection rates plateaus when the available feature points reach 10 for the bilinear model and 6
for the exponential model. The result implies that the proposed algorithm is able to detect sensors with non-linear faults
using only a small number of feature points (e.g., 10 or more). If a cross-error function always has a large output and the
algorithm obtains only a few feature points, it suggests that either the sensor(s) is(are) affected by other type of faults (such
as excessive noise) or the dynamics of the structure falls mainly into the non-linear operation region of the sensor(s).
Next, the algorithm performance is evaluated when measurement noise exists in the sensors. The simulation is
conducted using the same bilinear fault model with € set to 30° and the same exponential model with y =0.1. Random
white Gaussian noise with different noise variance is superimposed to the sensor measurements. The noise variance ratio in
Fig. 14 is defined as the ratio of the noise variance to the maximum magnitude of the sensor measurements. As can be seen
in Fig. 14, the detection rate decreases as the measurement noise variance increases in both non-linear models. For white-
noise excited systems using the bilinear non-linearity model, the fault detection rate is 90% or greater when the noise
variance is within 5% of the sensor measurement magnitude. Typical sensor noise is significantly less than 5% for common
sensors. Similarly, white-noise excited systems using the exponential model achieved detection rates of 90% or greater
under the same noise variance level. As was observed in the previous experiments, the accuracy of the algorithm on double-
tone harmonic systems is slightly lower than that of white-noise excited systems. The detection rate on double-tone
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Fig. 14. Detection accuracy versus sensor measurement noise when using (a) bilinear model and (b) exponential model.
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harmonic excited systems drops to 60% when the noise variance reaches 5% of the sensor measurement magnitude for
bilinear models. For exponential non-linear models, the same detection rate drops to under 60% when the noise variance is
larger than 15% of the sensor measurement magnitude. For the abnormal region detection of the correctly detected faulty
sensors, the detection rate remains at about 90% of accuracy on different noise variances (for both excitation types and for
both non-linear models). This implies the abnormal region detection is less affected by the measurement noise once the
faulty sensor is correctly detected.

The influence of the maximum amplitude of the faulty signal relative to boundary, r, is evaluated. Fig. 15 shows the
detection rate and false alarm rate as a function of the signal amplitude-normal region boundary (r) ratio for the bilinear and
exponential models. The x-axis value is defined as the mean of the maximum sensor output each time the actual signal
exceeds the normal region boundary divided by the normal region boundary. As shown in the figure, the fault detection
accuracy increases in tandem with the average ratio reaching its maximum when the average ratio is 10% or higher.

As mentioned in Section 3.3, the proposed fault detection algorithm is able to distinguish non-linearity faults from other
types of faults by examining the area of the detected largest empty rectangle. This property is illustrated by applying the LER
algorithm to sensor data in which S1 is corrupted by spike faults, mean drift faults and excessive noise faults, respectively.
These faults are common in sensors. Spike faults are sparse impulses superimposed on normal sensor measurements. Mean
drift faults preserve the output dynamics but not its mean value. This type of fault generates outputs whose mean drifts
away from the true mean of the signal slowly as compared to the output dynamics. Excessive noise refers to a large amount
of Gaussian noise in the output of a sensor. The results of the LER algorithm on the sensor data corrupted by these faults are
shown in Fig. 16. All the detected LERs have very small areas (compared to the maximum amplitude of the sensor data). This
is because the feature points associated with these faults are not always bigger than a fixed boundary. These feature points
can locate anywhere in the 2-D plane and thus do not follow any of the patterns in Fig. 7. As a result, non-linearity faults can
be distinguished from other types of faults by examining the area of the largest empty rectangle.

5. Conclusion

In this study, a model-based decentralized sensor fault diagnosis algorithm that is designed to target non-linearity faults
is proposed. The algorithm is carried out locally within a pair of sensors and thus saves significant amount of data
transmission power compared to centralized fault diagnosis methods. This is a crucial characteristic for being able to be
applied in power-limited wireless sensor networks. The work verified through simulations that the proposed method is able
to identify non-linearity faults accurately. The algorithm generally achieves 90% or greater detection rates and obtains
accurate values for the boundaries of the normal region of the non-linearity models. A low-complexity sub-optimal LER
algorithm is suggested and is found to have similar performance as the optimal LER algorithm in non-linearity fault
detection. The proposed algorithm is able to distinguish the non-linearity faults from the other types of faults. Having the
ability to identify fault types is important as it provides information on the fundamental cause of the sensor fault. Also,
knowing the fault type helps to recover the corrupted data and thus reduces the sensor replacement cost. Future work
includes developing a recovery algorithm which recovers the true signal from the signal corrupted by non-linearity faults.
Another possible direction is to develop an identification method for other fault types, such as mean-drift faults, under the
same decentralized model-based framework.
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Fig. 15. Detection accuracy versus abnormal signal amplitude when using: (a) bilinear model and (b) exponential model.
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Fig. 16. Illustration of the detected LER when one of the sensors is corrupted by: (a) spike faults, (b) mean-drift faults, and (c) excessive noise faults.

This study assumes that the structure being monitored is healthy throughout the diagnosis period. If the structure is
damaged, the cross-error function may exhibit some sensitivity to the structure damage. However, the nature of the system
damage may not affect the ability to find nonlinear sensor faults. Specifically, the change of structure characteristics would
only affect the sensor fault algorithm if the damage affects the system output when the output is larger than a particular
value. Clearly, additional work is needed to explore how structural damage may affect the proposed nonlinear sensor fault

method.
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