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Title of Invention: BIAS ESTIMATION APPARATUS AND
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METHOD
Field

Embodiments described herein relate generally to a bias estimation apparatus
and method and failure diagnosis apparatus and method.
Background

A failure in which a constant error (bias) occurs in measured values by a sensor
is referred to as a “bias failure”. When an amount of the bias generated in the bias
failure is estimated, in a case where the measured values are disturbed by an external
factor, there has been a problem in that an accuracy of an estimated value decreases as
affected by the disturbance.
Brief Description of Drawings
[fig.1]Fig. 1 is a block diagram of a function configuration of a bias estimation
apparatus according to a first embodiment;
[fig.2]Fig. 2 is a diagram of an exemplary measurement data group;
[fig.3]Fig. 3 is a block diagram of a hardware configuration of the bias estimation
apparatus in Fig. 1;
[fig.4]Fig. 4 is a flowchart of an operation of the bias estimation apparatus in Fig. 1;
[fig.5]Fig. § is a diagram of an unstable part and stable part of measured values;
[fig.6]Fig. 6 is a diagram of an exemplary estimation result of biases;
[fig.7]Fig. 7 is a diagram of a schematic configuration of a neural network according to
a second embodiment;
[fig.8]Fig. 8 is a block diagram of a function configuration of a bias estimation
apparatus according to a fourth embodiment;
[fig.9]Fig. 9 is a diagram of an exemplary measurement data including a qualitative
variable; |
[fig.10]Fig. 10 is a flowchart of a data conversion method;
[fig.11]Fig. 11 is a block diagram of a function configuration of a failure diagnosis
apparatus according to a fifth embodiment;
[fig.12]Fig. 12 is a diagram of an exemplary threshold data group;
[fig.13]Fig. 13 is a diagram of another example of the threshold data group;
[fig.14]Fig. 14 is a flowchart of an operation of the failure diagnosis apparatus;
[fig.15]Fig. 15 is a diagram of an exemplary diagnosis result of bias failures; and
[fig.16]Fig. 16 is a block diagram of a function configuration of a failure diagnosis
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apparatus according to a sixth embodiment.
DETAILED DESCRIPTION

Embodiments will now be explained with reference to the accompanying
drawings. The present invention is not limited to the embodiments.

A “sensor” in the following description outputs a single kind of measured values.
Therefore, sensor does not always correspond to a physical device for measurement
one-on-one since the device may output multiple kinds of measured values in a single
measurement action. A device outputting multiple kinds of measured values are
described by a plurality of sensors in the following description.

A bias estimation apparatus according to an embodiment estimates a bias
included in measured values by a sensor. The bias estimation apparatus includes a
reference model builder, a temporary bias generator, a corrected measured value
calculator, a similarity calculator, a similarity selector, a score calculator, and an
estimated bias determiner. In the following description, measured values by sensors in
a single measurement action are referred as a "measured value pack”. The reference
model builder builds a reference model of the measured value packs. The temporary
bias generator generates a temporary bias for each sensor and outputs them as a
temporary bias pack. A temporary bias is a temporary estimated value of the bias
included in measured values by a sensor and a bias pack means a group of each
sensor's bias. The corrected measured value calculator calculates a corrected measured
value pack for each measured value pack by using the temporary bias pack. The
similarity calculator calculates a similarity of each corrected measured value pack
relative to the reference model. The similarity selector selects a part of the similarities
according to their values from among the similarities calculated for each corrected
measured value pack. The score calculator calculates a score indicating a similarity of
the whole corrected measured value packs relative to the reference model based on the
selected similarities. The estimated bias determiner determines an estimated bias for
each sensor. An estimated bias is an estimated value of the bias included in measured
values by a sensor.

(First embodiment)

A bias estimation apparatus and method according to a first embodiment will be
described with reference to Figs. 1 to 6. The bias estimation apparatus and method
according to the present embodiment estimate a bias included in measured values by a
sensor. The bias is a constant error included in the measured values. The sensor, of
which the bias is to be estimated, includes any sensors such as a temperature sensor
and a humidity sensor.

First, the bias estimation apparatus according to the first embodiment will be
described with reference to Figs. 1 to 3. Fig. 1 is a block diagram of a function con-
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figuration of the bias estimation apparatus according to the present embodiment. As il-
lustrated in Fig. 1, the bias estimation apparatus includes a measurement data storage
1, a data extractor 2, a reference data storage 3, a target data storage 4, a reference
model builder 5, a reference model storage 6, a temporary bias generator 7, a corrected
measured value calculator 8, a similarity calculator 9, a similarity selector 10, a score
calculator 11, an estimated bias determiner 12, and an estimated bias storage 13.

The measurement data storage 1 stores measured value packs obtained by a
plurality of times of measurements. As described before, the measured value pack is
the measured values by sensors in a single measurement action. Each measured value
pack and the corresponding related information pack are linked and stored in the mea-
surement data storage 1 as a measurement data. A single or a plurality of information
related to a measurement action is referred as a "related information pack." The mea-
surement data storage 1 stores a plurality of measurement data as a measurement data
group.

Fig. 2 is a diagram of an exemplary measurement data group stored in the mea-
surement data storage 1. In Fig. 2, the measurement data group includes six mea-
surement data having measurement numbers 1 to 6. Each measurement data includes
the measured value pack with four measured values by sensors A to D and the related
information pack with three related information A to C. In this way, each mea-
surement data includes one measured value pack and one related information
pack. The related information is, for example, a measured date and a measured
state. However, the related information is not limited to these.

The data extractor 2 extracts a reference data group and a target data group from
among a plurality of the measurement data stored in the measurement data storage 1.

The reference data group is a part of the measurement data group whose
measured value packs are assumed to include almost no bias or no bias since the corre-
sponding sensors normally operated. The reference data group is used as a reference
to estimate the bias for each sensor. The data extractor 2 extracts, for example, a
plurality of measurement data in a predetermined period immediately after the in-
spection of sensors as reference data group. Here, a period when measurement data is
extracted as a part of the reference data group can be optionally set. The reference data
group extracted by the data extractor 2 is stored in the reference data storage 3.

The target data group is a part of measurement data group to be a bias estimated
target or a failure diagnosis target to be described. The bias estimation apparatus
estimates the biases included in measured value packs in the target data group. The
data extractor 2 extracts, for example, a plurality of measurement data in a recent pre-
determined period as target data group. Here, a period when measurement data is
extracted as a part of the target data group can be optionally set. The target data group
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extracted by the data extractor 2 is stored in the target data storage 4.

The reference model builder 5 builds the reference model based on the reference
data group stored in the reference data storage 3. The reference model is a math-
ematical model which can be used to calculate a similarity between a measure value
pack and the measured value packs in the reference data group in the similarity
calculator 9.

The reference model builder 5 can build the reference model by using any
methods such as principal component analysis and a neural network when a condition
is satisfied that the method can be used to calculate the similarity. A method for
building the reference model by the reference model builder 5 will be described
below. The reference model built by the reference model builder 5 is stored in the
reference model storage 6.

The temporary bias generator 7 generates a temporary bias for each sensor and
outputs them as a temporary bias pack. The temporary bias is a temporary estimated
value of the bias. The bias estimation apparatus evaluates a plurality of temporary
bias packs according to the score to be described and determines the estimated bias
pack from among the temporary bias packs. The estimated bias pack is composed of
the estimated biases and the estimated bias is an estimated value of the bias obtained as
an estimation result by the bias estimation apparatus.

The temporary bias generator 7 generates the temporary bias pack with the same
dimension as that of the measured value pack of the target data. That is, when the
measured value pack of the target data includes n measured values and is expressed by
an n-dimensional vector, the temporary bias pack is also an n-dimensional vector. At
this time, a measured value by a sensor i becomes the i-th element of the vector corre-
sponding to the measured value pack, and a temporary bias of the sensor i becomes the
i-th element of the vector corresponding to the temporary bias pack.

For example, when the target data is the measurement data illustrated in Fig. 2,
the measured value pack in the target data includes four measured values. Therefore,
the measured value pack is expressed by a four-dimensional vector. In this case, the
temporary bias pack is also expressed by the four-dimensional vector. For example, a
measured value by a sensor A (i = 1) becomes a first element of the vector corre-
sponding to the measured value pack, and a temporary bias of the sensor A becomes a
first element of the vector corresponding to the temporary bias pack.

The temporary bias generator 7 can generate the temporary bias pack by using
any methods such as genetic algorithm and particle swarm optimization. A method for
generating the temporary bias pack by the temporary bias generator 7 will be described
below.

The corrected measured value calculator 8 calculates the corrected measured
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value packs by correcting the measured value packs in the target data group stored in
the target data storage 4, according to the temporary bias pack generated by the
temporary bias generator 7. The corrected measured value of a sensor is a value
obtained by subtracting the temporary bias of the sensor from the measured value of
the sensor. In the following description, a data composed of a corrected measured
value pack and the related information pack linked to the measured value pack which
is used for calculating the corrected measured value pack is referred as a corrected
data. The corrected measured value calculator 8 generates a plurality of corrected data
as a corrected data group.

The measured value pack of the corrected data has the same dimension as that of
the measured value pack of the target data. That is, when the measured value pack of
the target data is n dimension, the measured value pack of the corrected data is also n
dimension. Also, since the corrected measured value calculator 8 generates the
corrected data relative to each target data, a plurality of corrected data as many as the
target data included in the target data group is generated.

The similarity calculator 9 calculates a similarity between each corrected data in
the corrected data group generated by the corrected measured value calculator 8 and
the reference data group by using the reference model stored in the reference model
storage 6. The higher calculated similarity means that the measure value pack in the
corrected data and those in the reference data group are more similar.

It is considered here that each measured value in a measured value pack in the
target data be obtained as the result that a bias is added to a measured value including
no bias. The measured value pack in a corrected data is a result that the temporary bias
pack is subtracted from the measured value pack in a target data. Therefore, the higher
similarity of the measured value pack in the corrected data means the closer distance
between the bias pack included in the measured value pack of the target data and the
temporary bias pack.

The similarity calculator 9 calculates the similarity for each corrected data. The
similarity calculator 9 generates a similarity data including the similarity and the
related information pack which is same as that of the corrected data used in calculating
the similarity. Since the similarity calculator 9 generates the similarity data for each
corrected data, a plurality of similarity data (similarity data group) as many as the
corrected data included in the corrected data group is generated. The similarity can be
calculated by the similarity calculator 9 by using any methods. A method for cal-
culating the similarity by the similarity calculator 9 will be described below.

The similarity selector 10 selects a plurality of the similarity data calculated by
the similarity calculator 9 according to their similarities. The group of similarity data
selected by the similarity selector 10 is used to calculate the score as to be
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described. The method for selecting the similarity data by the similarity selector 10
will be described below.

The score calculator 11 calculates the score based on the similarity data group
selected by the similarity selector 10. The score is a value in which the similarity
between the measured value packs of the corrected data group and those of the
reference data group is evaluated based on the reference model in the reference model
storage 6. The score is, for example, an average value, a median, and a mode of the
similarities included in the selected similarity data group. However, the score is not
limited to these. A method for calculating the score by the score calculator 11 will be
described below.

The estimated bias determiner 12 determines the estimated bias pack from
among a plurality of temporary bias packs generated by the temporary bias generator 7
based on the score calculated by the score calculator 7. Specifically, the estimated bias
determiner 12 makes the temporary bias generator 7 repeatedly generate the temporary
bias pack until a predetermined termination condition is satisfied, and then, determines
the temporary bias pack having the maximum score from among the generated
plurality of temporary bias packs as the estimated bias pack. That is, the estimated bias
determiner 12 determines the estimated bias pack by searching for the temporary bias
pack with the maximum score. The estimated bias pack determined by the estimated
bias determiner 12 is stored in the estimated bias storage 13 as the estimation result by
the bias estimation apparatus.

Next, a hardware configuration of the bias estimation apparatus according to the
present embodiment will be described with reference to Fig. 3. The bias estimation
apparatus according to the present embodiment is configured by a computer device 100
as illustrated in Fig. 3. The computer device 100 includes a CPU 101, an input
interface 102, a display device 103, a communication device 104, a main storage
device 105, and an external storage device 106, and these are connected with each
other with a bus 107.

The central processing unit (CPU) 101 executes a bias estimation program in the
main storage device 105. The bias estimation program is a program for realizing the
above-mentioned function configurations of the bias estimation apparatus. The CPU
101 executes the bias estimation program, and accordingly, each function con-
figuration is realized.

The input interface 102 inputs an operation signal from an input device such as a
keyboard, a mouse, and a touch panel to the bias estimation apparatus. The input
interface 102 is, for example, an USB and the Ethernet. However, the input interface
102 is not limited to these. Information on the periods of the reference data and the
target data and the like can be input to the bias estimation apparatus via the input
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interface 102.

The display device 103 displays a video signal output from the bias estimation
apparatus. The display device 103 is, for example, a liquid crystal display (LCD), a
cathode-ray tube (CRT), and a plasma display (PDP). However, the display device
103 is not limited to these. Information such as the estimated bias pack stored in the
estimated bias storage 13 can be displayed by the display device 103.

The bias estimation apparatus is wirelessly or wiredly communicated with an
external device by the communication device 104. The communication device 104 is,
for example, a modem and a router. However, the communication device 104 is not
limited to these. Information such as the measurement data, the reference data, and the
target data can be input from the external device via the communication device 104. In
this case, it is not necessary for the bias estimation apparatus to include the mea-
surement data storage 1, the data extractor 2, the reference data storage 3, and the
target data storage 4.

The main storage device 105 stores the bias estimation program, a necessary data
to execute the bias estimation program, a data generated by the execution of the bias
estimation program, and the like. The bias estimation program is executed in the main
storage device 105. The main storage device 105 is, for example, a RAM, a DRAM,
and a SRAM. However, the main storage device 105 is not limited to these. The mea-
surement data storage 1, the reference data storage 3, the target data storage 4, the
reference model storage 6, and the estimated bias storage 13 may be constructed in the
main storage device 10S.

The external storage device 106 stores the bias estimation program, the
necessary data to execute the bias estimation program, the data generated by the
execution of the bias estimation program, and the like. These programs and data are
read out and stored in the main storage device 105 when the bias estimation program is
executed. The external storage device 106 is, for example, a hard disk, an optical disk,
a flash memory, and a magnetic tape. However, the external storage device 106 is not
limited to these. The measurement data storage 1, the reference data storage 3, the
target data storage 4, the reference model storage 6, and the estimated bias storage 13
may be constructed in the main storage device 105.

The bias estimation program may be previously installed to the computer device
100 and may be stored in a storage media such as a CD-ROM. Also, the bias es-
timation program may be uploaded on the internet.

Next, the bias estimation method according to the present embodiment will be
described with reference to Figs. 4 to 6. Fig. 4 is a flowchart of an operation of the bias
estimation apparatus according to the present embodiment. The bias estimation
apparatus determines the estimated bias pack by a plurality of times of searches. The
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operation of the bias estimation apparatus will be described below in detail by using a

specific example.
First, when a first search starts, the reference model builder 5 builds the

reference model in step S1. First, the data extractor 2 extracts the reference data group
and the target data group from the measurement data storage 1, and then, respectively
stores them in the reference data storage 3 and the target data storage 4. The measured
value packs of the reference data group and the target data group respectively stored in
the reference data storage 3 and the target data storage 4 are expressed as follows.

formula 1

measured value packs of reference data group: X = [%,%,,,%]7 € R
measured value packs of target data group: X := [x,x2,,xy]" € RNxn

In the above-mentioned formula, K indicates the number of the reference data,
and N indicates the number of the target data, and n indicates the number of the
sensors. Also, the respective elements (for example, x;) of the respective measured
value packs are n-dimensional vectors including n measured values.

Next, the reference model builder S obtains the reference data group from the
reference data storage 3 and obtains principal components of the measured value packs
of the reference data group and eigenvalues corresponding to the principal components
according to principal component analysis. The principal components and the
eigenvalues are expressed by the following formulas.

formula 2

principal components : P, : = [p1, Pz, Pn] € R™"
eigenvalues: L,:=[A;, Az, 4, )  ER" s.t. 13 22,2 24,

In the above-mentioned formula, the i-th element p; of the principal components
corresponds to the i-th element A; of the eigenvalues. The reference model builder 5
extracts the eigenvalues in the top 85% from the largest value and builds a reference
model P below from the principal components corresponding to the extracted
eigenvalues.
formula 3

P :=[p,ps " Pm] ERP™ st m<n, -@ﬁ?ﬁf_lz 0.85
(i1 20)

The reference model P built in this way is stored in the reference model
storage 6. The reference model is not limited to the above-mentioned reference model
P and may be built by using other method. Also, the extracted eigenvalues are not

limited to the top 85%.
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In step S2, the temporary bias generator 7 initializes variables b, b;, MS, TS, and
IC as follows.
formula 4

b < [0,0,--,0]T € R"
b, < [0, 0,--,0]T e R"
MS «~Inf€R
TS<0€R
IC~0€R

The variable b is a variable for the latest temporary bias pack generated by the
temporary bias generator 7. The variable by is a variable for the temporary bias pack
with the maximum score. As described above, since the temporary bias pack has the
same dimension as that of the measured value pack of the target data, the variables b
and by are n-dimensional vectors. The i-th elements of the variables b and b, are the
temporary biases of the sensor i.

Also, the variable MS is a variable for the maximum score. The value -Inf
means a négative infinity in a value calculation. The variable TS is a variable for the
latest score calculated by the score calculator 11. The variable IC is a variable for
increment. The variable IC is used to determine a termination condition of processing.

The corrected measured value calculator 8 generates the corrected data group in
step S3. As described above, the measured value pack in a corrected data is generated
by subtracting the temporary bias pack from the measured value pack in the target
data. Therefore, the corrected data group is expressed as follows.

formula 5

measured value packs of target data group: X := [x,,x,,---, xy]” € R¥*?
measured value packs of corrected data group:
X=[x; —b,x;—b,-,xy—b]" = [¥,%,,-,%y]"€ RV "

The similarity calculator 9 calculates the similarity of each corrected data
included in the corrected data group relative to the reference model in step S4. First,
the similarity calculator 9 calculates an error of each corrected data relative to the
reference model. The error is expressed as follows.

formula 6

error of the i-th corrected data: ¢; = | % — PPT |l €R
errors in corrected data group: E = [e;,e;, -, ey]" € RY

Next, the similarity calculator 9 calculates the similarity of each corrected data
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relative to the reference model based on the above-mentioned error. The similarity is
expressed as follows.
formula 7

. . s . R — —];_—
similarity of the i-th corrected data: s, := T ER
similarities in corrected data group: S = [s1,5;,-,sv]T € RV

Accordingly, a similarity s; of each corrected data is calculated, and a similarity
group S is generated. The similarity is not limited to the above-mentioned similarity s;
and may be calculated by using other method.

In step S35, the similarity selector 10 selects the similarities in the 10% from the
largest value from among the similarity group S. The selected plurality of similarities
is substituted into a variable R.

The score calculator 11 calculates a score TS of the temporary bias pack b in
step S6. In the present embodiment, an average value of the similarities included in
the variable R is calculated as the score TS. That is, the score TS is the average value
of the similarities in the top 10% of the similarity group S. By calculating the score TS
in this way, an estimation accuracy of the bias can be improved in the condition where
the measured values by the sensor are as follows.

As illustrated in Fig. 5, a condition is considered in which the measured value
packs of the target data group are separated into two parts, i.e., an unstable part where
the measured value packs drastically change according to external factors and a stable
part which can be frequently observed in the measured value packs of the measurement
data group stored in the measurement data storage 1 because of almost no external
factor or no external factor.

Under this condition, it is more difficult to correctly estimate the bias pack from
the unstable part compared with the stable part. This is because it is possible that
noises from external factors act in a direction to make the bias hard to be estimated.
Therefore, it is preferable that the score TS be calculated by using the similarities in
the stable part in order to improve the estimation accuracy of the bias pack.

Here, it is considered that the similarity in the stable part has a strong tendency
to be the similarity with larger value from among the similarities included in the
similarity group S. This is because the stable part indicates measured value packs
observed frequently and it is highly possible the reference data group includes the
similar measured value packs to those in the stable part of the target data group.

On the other hand, it is considered that the similarity in the unstable part has a
strong tendency to be the similarity with smaller value from among the similarities
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included in the similarity group S. This is because the unstable part indicates measured
value packs observed rarely and it is highly unlikely the reference data group includes
the similar measured value packs to those in the unstable part of the target data group.

Therefore, as the present embodiment, the effect by the unstable part can be
reduced and the estimation accuracy for the bias pack can be improved by calculating
the score TS by using the similarities with the larger values, that is, the similarities in
the stable part from among the similarities included in the similarity group S.

In step S7, the estimated bias determiner 12 compares the score TS calculated by
the score calculator 11 with the maximum score MS. In the first search, since the
maximum score MS is initialized to the negative infinity as described above, MS < TS
(step S7: YES). The procedure proceeds to step S8.

In step S8, the estimated bias determiner 12 updates the variables 1C, MS, and b

as follows.

formula 8
IC«0€ER
MS « TS

That is, the estimated bias determiner 12 initializes the variable IC, sets the
maximum score MS to the score TS, and sets the temporary bias pack b; corresponding
to the maximum score MS to the temporary bias pack b corresponding to the score
TS. Accordingly, the first search ends.

After that, the estimated bias determiner 12 requests in step S9 the temporary
bias generator 7 to generate a new temporary bias pack b. The temporary bias
generator 7 generates the new temporary bias pack b by adding a predetermined noise
to the current b;. The bias estimation apparatus starts a second search.

An n-dimensional random number vector can be used as a noise to generate the
new temporary bias pack b. For example, the random number vector is generated from
a normal distribution

formula 9

N (0, €?) of average zero and standard deviation e.

In the second search, when the score TS is equal to or less than the maximum

score MS (step S7: NO), the procedure proceeds to step S10.
In step S10, the estimated bias determiner 12 updates the variable IC as follows.

formula 10

IC<IC+1
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That is, the estimated bias determiner 12 adds one to the variable IC. At this
time, the maximum score MS and the temporary bias pack b; corresponding to the
maximum score MS are not updated.

In step S11, the estimated bias determiner 12 determines whether the variable IC
exceeds 100. In a case of IC £ 100 (step S11: NO), the procedure proceeds to step
S9. Whereas, in a case of IC > 100 (step S11: YES), the procedure proceeds to step
S12.

In step S12, the estimated bias determiner 12 determines the temporary bias pack
b;, which has been set at that time, as the estimation result by the bias estimation
apparatus, that is, the estimated bias pack.

That is, the bias estimation apparatus repeats the generation of the temporary
bias pack and the evaluation according to the score and searches for the temporary bias
pack with the maximum score until the termination condition is satisfied. Then, the
bias estimation apparatus outputs the temporary bias pack with the maximum score as
the estimated bias pack.

The estimated bias pack determined in this way is stored in the estimated bias
storage 13. The estimated bias pack stored in the estimated bias storage 13 can be
displayed by the display device 103.

Here, Fig. 6 is a diagram of an exemplary estimation result displayed on the
display device 103. As described above, the estimated bias pack has the same
dimension as that of the measured value pack. Therefore, as illustrated in Fig. 6, the
values included in the estimated bias pack can be displayed with respect to each sensor
(sensors A to D).

As described above, the bias estimation apparatus and method according to the
present embodiment calculate the score by using the similarities in the stable part and
can determine the temporary bias pack with the maximum score as the estimated bias
pack. Therefore, reduction in the estimation accuracy caused by the external factors
can be prevented, and the estimation accuracy of the bias pack can be improved.

Also, since the estimated bias pack obtained as the estimation result has the same
dimension as that of the measured value pack, a user can easily recognize which sensor
the measured values by is estimated to include the bias from the estimation
result. Therefore, the user can easily use the estimation result for decision making and
failure diagnosis.

In step S5, the similarities selected by the similarity selector 10 are not limited to
the similarities in the top 10%. The similarity selector 10 may select, for example, the
similarities in the top 20% and the similarities equal to or more than a predetermined
threshold.

Also, in step S6, the score calculated by the score calculator 11 is not limited to
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the average value of the selected similarities. The score may be a median and a mode

of the selected similarities.
In addition, the termination condition in step S11 is not limited to IC > 100 and

may be IC > 10 and IC > 1000. Also, the termination condition may be determined by
the total number of times of searches. In this case, in step S8, it is preferable that the
IC be not reset and

formula 11
IC<IC+1

be satisfied.
(Second embodiment)

A bias estimation apparatus and method according to a second embodiment will
be described with reference to Fig. 7. In the present embodiment, a reference model is
built by using a neural network. Other components are similar to those of the first em-
bodiment.

Fig. 7 is a diagram of a structure of the neural network used in the present em-
bodiment. The input layer and output layer of the neural network have the same n
dimension as that of the measured value pack of the measurement data. The re-
strictions on the other structures of the neural network, that is, a structure of interlayers
can be optionally set according to the usage. For example, "Autoassociative Neural
Network" disclosed in "Nonlinear principal component analysis using autoassociative
neural networks, " AIChE Journal, vol. 37, no. 2, pp. 233-243, 1991. written by
M. A. Kramer can be used as the neural network.

In the bias estimation apparatus according to the present embodiment, a
reference model builder 5 makes the neural network in Fig. 7 learn measured value
packs of a reference data group. Specifically, the reference model builder 5 builds the
neural network to make an input to it and the resulting output be the same when the
input is a measured value pack in the measured value packs of a reference data
group. The learning of the neural network by the reference model builder 5 may
have purposes other than the purpose to make the input and the resulting output be the
same. One of the purposes is, for example, to prevent parameters of neural network
from taking extreme values. In the present embodiment, the reference model is the
neural network resulting from the learning by reference model builder 5.

Here, the bias estimation method according to the present embodiment will be
described. First, the reference model builder 5 builds a reference model f in step
S1. The reference model f is the neural network, which has performed the learning,

expressed as a function. Both an input to the reference model f and the resulting
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output have the same dimension.
After that, the procedure before step S3 is similar to that of the first em-

bodiment. That is, the corrected measured value calculator 8 generates a following
corrected data group in step S3.
formula 12

measured value packs of target data group: X :=[xy,x,,-,xy]" € R¥*®
measured value packs of corrected data group:
X~ == [x1 - b,xz - b,"‘,xN b b]T = [’fl,’fz,"',iN]TE ]Ran

The similarity calculator 9 calculates the similarity of each corrected data
included in the corrected data group relative to the reference model f in step S4. First,
the similarity calculator 9 calculates an error of each corrected data relative to the

reference model. The error is expressed as follows in the present embodiment.

formula 13

error of the i-th corrected data: ¢; = || %, — f(Z)IZ €R
errors in corrected data group: E = [e;, e, -, ex]” € RV

Next, the similarity calculator 9 calculates the similarity of each corrected data
relative to the reference model f based on the above-mentioned error. The similarity is
expressed as follows, which takes the same form as the first embodiment.

formula 14

similarity of the i-th corrected data: s; = — € R

13

similarities in corrected data group: S = [s;,53,-,sy]” € R¥

Accordingly, a similarity s; of each corrected data is calculated, and a similarity
group S is generated. Each step after this is similar to that of the first embodiment.

As described above, according to the present embodiment, the reference model
can be built by using the neural network. Also, the reference model according to the
usage can be easily built by adding purposes other than the purpose to make the input
to the neural network and the resulting output be the same.

(Third embodiment)

A bias estimation apparatus and method according to a third embodiment will be
described. In the present embodiment, a score is calculated by using the maximum
value and the median value of similarities. Other components are similar to those of
the first embodiment.

In the bias estimation apparatus according to the present embodiment, a
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similarity selector 10 selects the maximum similarity and the median similarity from

among the similarities calculated by a similarity calculator 9. A score calculator 11

calculates the score based on the two similarities selected by the similarity selector 10.
Here, the bias estimation method according to the present embodiment will be

described. Operations of the bias estimation apparatus according to the present em-
bodiment in steps S1 to S4 are similar to those of the first embodiment. In step S4, it is
assumed that a following similarity group S be obtained similarly to the first em-
bodiment.

formula 15
similarities in corrected data group: § := [s;,s;,-,sy])” € R¥

In the present embodiment, the similarity selector 10 selects the maximum value
s, and the median value s, from among the similarity group S in step S5.
The score calculator 11 calculates the score as follows based on the two simi-

larities s, and s, selected by the similarity selector 10 and substitutes it in a variable TS.

formula 16

RN o c

By calculating the score in this way, the estimation accuracy of the bias can be
improved under the condition to be indicated below.

A condition is considered where the effects by external factors on the measured
value pack reduce the similarity relative to the reference model. Under this condition,
when an appropriate bias estimation is performed, it is expected that outliers from the
median value s, in the similarity group S are distributed on a side less than the median
value s, and outliers on the side higher than the median value s, are unlikely.
Therefore, when the difference between the median value s, and the maximum value s,
in the similarity group S is large, a possibility that the bias estimation is inappropriate
is considered high.  However, even when the median value s, is close to the
maximum value s,, the estimation 1s not considered as a correct estimation in a case
where s, and s, themselves are small. Therefore, the difference between the square root
of s,and the square root of s, is employed as the score in order to reduce the difference
between s, and s, and to increase the values of s, and s,

As described above, according to the present embodiment, the score can be
calculated based on the median value s, and the maximum value s, of the similarity
group S. The score of the present embodiment may be used alone and may be used
together with the score described in the first embodiment.

(Fourth embodiment)
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A bias estimation apparatus and method according to a fourth embodiment will be
described with reference to Figs. 8 to 10. In the present embodiment, a measured value
pack includes qualitative variables and their biases are estimated by converting them
into the corresponding quantitative variables.

Here, Fig. 8 is a block diagram of a function configuration of the bias estimation
apparatus according to the present embodiment. As illustrated in Fig. 8, the bias es-
timation apparatus further includes a data converter 14. Other components are similar
to those of the first embodiment.

The data converter 14 converts the qualitative variables included in a mea-
surement data group stored in a measurement data storage 1 into the quantitative
variables. The qualitative variable is a variable which cannot be expressed as a
quantity such as an object name ("human", "car", and the like) and a state ("present”,
"absent", and the like).

Fig. 9 is a diagram of an exemplary measurement data group including the
qualitative variable. As illustrated in Fig. 9, each measurement data of the mea-
surement data group includes a measured date, an object name, an X-coordinate, and a
Y-coordinate. The measured date is in a related information pack, and the object
name, the X-coordinate, and the Y-coordinate are in a measured value pack. The mea-
surement data group of Fig. 9 is obtained, for example, from an image sensor.

The object name in Fig. 9 indicates the name of an object taken in the image
sensor, and the X-coordinate and the Y-coordinate are Cartesian coordinates whose
origins are located at points on the image and indicate a position of the object taken in
the image sensor. Since the object name such as “human” and “car” cannot be
expressed as a quantity, the object name is the qualitative variable. On the other hand,
since the X-coordinate and the Y-coordinate can be indicated as a quantity, they are the
quantitative variables. That is, the measurement data group in Fig. 9 includes both the
quantitative variable and the qualitative variable.

The data converter 14 obtains the measurement data group as that in Fig. 9 from
the measurement data storage 1 and converts the qualitative variables included in the
measurement data group into the quantitative variables. The conversion from the
qualitative variables into the quantitative variables by the data converter 14 can be
realized according to an optional method such as a one-hot representation. The mea-
surement data converted by the data converter 14 is stored in the measurement data
storage 1 as a new measurement data. The bias estimation apparatus can estimate the
bias included in the measured values of a qualitative variable by using the mea-
surement data group converted by the data converter 14.

For example, in the image sensor, when “human” is frequently measured in a

reference state and “car” is frequently measured in a case where the measurement by
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the image sensor includes a bias, the data converter 14 converts qualitative measured
values “human” and “car” into the measurement frequencies of “human” and “car”.
The measurement frequencies are quantitative and can be used to estimate the bias of
the image sensor indirectly.

Here, a conversion method from the qualitative variables into the quantitative
variables will be described with reference to Fig. 10. Fig. 10 is a flowchart of an
operation of the data converter 14.

First, in step S13, the data converter 14 obtains the measurement data group
from the measurement data storage 1 and divides the measured value packs of the
obtained measurement data group into a qualitative variable part and a quantitative
variable part. Here, it is assumed that the measured value packs of the measurement
data group obtained from the measurement data storage 1 by the data converter 14 be
expressed by a table Xr of N rows and n columns including the measured values
measured by the n sensors for N times.

The data converter 14 extracts a table Xc of N rows and m columns from the
table Xr. Xc includes only the qualitative variables and the number m indicates the
number of the qualitative variables. Also, the data converter 14 extracts a table Xv of
N rows and (n-m) columns from the table Xr. Xv includes only the quantitative
variables and the number (n-m) indicates the number of the quantitative variables. Ac-
cordingly, the table Xr is divided into the table Xc including only the qualitative
variables and the table Xv including only the quantitative variables.

In step S14, the data converter 14 converts the table Xc into the one-hot repre-
sentation and creates a table Xw of N rows and h columns. The number h depends on
the number of possible values of each qualitative variable included in the table Xc. For
example, when the table Xc has N rows and one qualitative variable “object name” and
it takes a value from two possible values, i.e., “human” and “car”, the table Xw
becomes a table of N rows and two columns.

In step S15, the data converter 14 connects the table Xw with the table Xv and
creates a table Xz. The table Xz has N rows and (n - m + h) columns.

In step S16, the data converter 14 groups the respective rows of the table Xz for
each optional period (for example, one hour or one day) by using the measured date on
which the values in each row of Xz are measured. The measured dates for grouping the
rows are extracted from among the related information packs of the measurement data
group obtained from the measurement data storage 1. When the table Xz is grouped
for each day, for example, a group of 01/01 to 01/02 is Xz[0] and a group of 01/02 to
01/03 is Xz[1] in a case where it is assumed that the i-th group be Xz[i].

Next, the data converter 14 creates a table of one row and (n - m + h) columns

for each group. In the present embodiment, the created table for Xz[i] stores the
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average value of each column of Xz[i]. The data converter 14 creates a table Z in
which the created tables are connected. When M groups have been created, the table Z
has M rows and (n - m + h) columns.

In step S17, the data converter 14 creates related information packs corre-
sponding to the table Z by using the related information packs of the measurement data
group obtained from the measurement data storage 1. For example, when the first row
of the table Z represents the average measured values from 01/01 to 01/02, the related
information such as “measured period: 01/01 to 01/02” is created and it is associated as
the related information of the first row of the table Z. Accordingly, a new mea-
surement data group is created which has the table Z as the measured value packs and
the above-mentioned related information from the original measurement data group as
the related information packs. The created new measurement data group is stored in
the measurement data storage 1.

With the above structure, according to the present embodiment, the bias of the
sensor of which the measured value is qualitative such as the image sensor can be
estimated. Also, even when the measured value packs of the measurement data
includes both qualitative variables and quantitative variables, the bias of each sensor
can be estimated by converting the qualitative variables into the quantitative variables.

(Fifth embodiment)

A failure diagnosis apparatus and method according to a fifth embodiment will
be described with reference to Figs. 11 to 15. In the present embodiment, a failure of
the sensor is diagnosed based on the estimated bias estimated by the bias estimation
apparatus and method according to the embodiments described above. Here, Fig. 11 is
a block diagram of a function configuration of the failure diagnosis apparatus. As il-
lustrated in Fig. 11, the failure diagnosis apparatus includes a bias estimation
apparatus, a threshold storage 15, a failure diagnoser 16, and a diagnosis result storage
17.

The bias estimation apparatus can be optionally selected from among the bias es-
timation apparatuses according to the embodiments described above. In Fig. 11,
regarding the structure of the bias estimation apparatus, components other than the
estimated bias storage 13 are not shown in the figure.

The threshold storage 15 stores a threshold to determine whether a bias failure
occurs in the sensor. The threshold has the same unit as that of the measured value by
the corresponding sensor and is set by the user according to specifications of the sensor
and the like. The threshold storage 15 stores the threshold with the corresponding
sensor name and the unit of the measured value as a threshold data. Here, Figs. 12 and
13 are diagrams of a plurality of exemplary threshold data stored in the threshold
storage 15. Each threshold data includes the sensor name, the threshold, and the unit in
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Fig. 12. That is, in the threshold data in Fig. 12, a single threshold is set for each
sensor. For example, a threshold of a sensor A is 1°C.

In the threshold data in Fig. 13, each threshold data includes the sensor name,
the season, the threshold, and the unit. That is, a plurality of seasons is set for each
sensor, and the threshold is set for each season. For example, a threshold of the sensor
A in the summer is 1°C, and that in the winter is 3°C. In this way, when the related in-
formation corresponding to a sensor is available, the threshold of the sensor may be set
for each value of the related information. Accordingly, the accuracy of the failure
diagnosis can be improved.

The failure diagnoser 16 diagnoses whether the bias failure occurs in each sensor
based on the estimated bias of each sensor stored in the estimated bias storage 13 and
the threshold of each sensor stored in the threshold storage 15. The failure diagnoser
16 makes a diagnosis that the bias failure occurs in the sensor when the estimated bias
is larger than the threshold. The diagnosis result by the failure diagnoser 16 is stored
in the diagnosis result storage 17.

Each function configuration of the failure diagnosis apparatus can be realized by
making a computer device 100 execute a failure diagnosis program similarly to the
bias estimation apparatus.

Next, the failure diagnosis method according to the present embodiment will be
described with reference to Figs. 14 and 15. Fig. 14 is a flowchart of an operation of
the failure diagnosis apparatus according to the present embodiment.

In step S18, the failure diagnoser 16 extracts the threshold of the sensor to be
diagnosed from the threshold storage 15. When the number of the sensors to be the
diagnosis target is n, n thresholds are extracted. The failure diagnoser 16 substitutes
each extracted threshold into a variable referred as H.

In step S19, the failure diagnoser 16 extracts the estimated bias of the sensor to
be diagnosed from the estimated bias storage 13. When the number of the sensors to
be diagnosed is n, n estimated biases are extracted. The failure diagnoser 16 sub-
stitutes the absolute value of each extracted estimated bias into a variable referred as
ba. By using the absolute value of the estimated bias, the failure diagnosis can be
performed without considering whether the estimated bias is positive or negative.

In step S20, the failure diagnoser 16 diagnoses whether the bias failure occurs in
the sensor by comparing the variable H of the sensor with the variable ba of the
sensor. The failure diagnoser 16 makes a diagnosis that the sensor of which the
variable ba is larger than the variable H has the bias failure. On the other hand, the
failure diagnoser 16 makes a diagnosis that the sensor of which the variable ba is equal
to or less than the variable H is in the normal condition. The diagnosis result by the
failure diagnoser 16 is stored in the diagnosis result storage 17. The diagnosis result
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stored in the diagnosis result storage 17 can be displayed by the display device 103.

Here, Fig. 15 is a diagram of a plurality of exemplary diagnosis results displayed
by the display device 103. In Fig. 15, the diagnosis result of each sensor includes the
sensor name, the estimated bias, the threshold, and the unit. For example, since the
estimated bias of the sensor A is 2°C and the threshold is 1°C (H < ba), the sensor A is
diagnosed as having the failure.

As described above, according to the present embodiment, the bias failure of the
sensor can be diagnosed by using the estimated bias by the bias estimation apparatus
and method described above.

In step S19, the original value of the estimated bias not the absolute value of the
estimated bias may be substituted into the variable ba. In this case, the upper
threshold limit value or the lower threshold limit value for the failure diagnosis of the
sensor may be set in the threshold storage 15. Also, the two thresholds, i.e., the upper
threshold limit value and the lower threshold limit value may be set. In these cases, the
failure diagnoser 16 may diagnose that the bias failure occurs when the value of the
estimated bias is outside the range defined by the upper and/or lower threshold limit
values.

(Sixth embodiment)
A failure diagnosis apparatus and method according to a sixth embodiment will

be described with reference to Fig. 16. In the present embodiment, a failure of sensors
or devices measured by the sensors is diagnosed based on a score. Here, Fig. 16 is a
block diagram of a function configuration of the failure diagnosis apparatus. As il-
lustrated in Fig. 16, the failure diagnosis apparatus includes a measurement data
storage 1, a data extractor 2, a reference data storage 3, a target data storage 4, a
reference model builder 5, a reference model storage 6, a similarity calculator 9, a
similarity selector 10, a score calculator 11, a threshold storage 15, a failure diagnoser
16, and a diagnosis result storage 17. Since the failure diagnosis apparatus does not
estimate a bias of the sensor, it is not necessary for the failure diagnosis apparatus to
include the temporary bias generator 7, the corrected measured value calculator 8, the
estimated bias determiner 12, and the estimated bias storage 13 unlike the failure
diagnosis apparatus according to the fifth embodiment.

In the present embodiment, the similarity calculator 9 calculates similarities
based on a reference model stored in the reference model storage 6 and a target data
group stored in the target data storage 4. Here, the lower calculated similarity means
higher possibility that some failures occur.

The similarity calculator 9 calculates the similarity for each target data. The
similarity calculator 9 generates a similarity data including the similarity and related

information which is same as that of the target data used in calculating the
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similarity. Since the similarity calculator 9 generates the similarity data for each target
data, a plurality of the similarity data (similarity data group) as many as the target data
included in a target data group is generated. A method for calculating the similarity by
the similarity calculator 9 is as described above.

The similarity selector 10 selects a plurality of the similarity data calculated by
the similarity calculator 9 according to their similarities. The group of the similarity
data selected by the similarity selector 10 is used to calculate a score. A method for
selecting the similarity data by the similarity selector 10 is as described above.

The score calculator 11 calculates the score based on the similarity data group
selected by the similarity selector 10. The score is a value in which the similarity
between the measured value packs of the target data group and those of the reference
data group is evaluated based on the reference model in the reference model storage
6. The score is, for example, an average value, a median, and a mode of the simi-
larities included in the selected similarity data group. However, the score is not limited
to these. A method for calculating the score by the score calculator 11 is as described
above.

The threshold storage 15 stores a threshold to determine whether some failures
occur in the sensors or the devices measured by the sensors. The threshold is for the
score and is optionally set by a user. The threshold is stored in the threshold storage 15
as the threshold data. The threshold data is conditioned according to related in-
formation such as kinds of the sensors to be diagnosed. For example, when the sensors
to be diagnosed include a thermometer and a hygrometer, the corresponding threshold
may be 1.0. When the sensors include only the thermometer, the corresponding
threshold may be 2.0. When the condition indicated by the related information pack of
the target data group matches only the one stored in the threshold storage 15, the
threshold related to the condition is used for the failure diagnosis of the target data
group. On the other hand, when the condition of the target data group matches a
plurality of conditions stored in the threshold storage 15, the threshold used for the
failure diagnosis of the target data group is generated according to a predetermined
method. The threshold to be generated is, for example, the maximum value, the
minimum value, and the average value of the thresholds corresponding to the matched
conditions. However, the method to generate the threshold is not limited to these.
Also, the threshold data used for failure diagnosis in any condition may be prepared by
a user and stored in the threshold storage 15.

The failure diagnoser 16 diagnoses whether some failures occur in the sensors or
the devices measured by the sensors by using the score calculated by the score
calculator 11 and the threshold of the score extracted from the threshold storage 15
based on the condition of the target data group. When the calculated score is smaller
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than the threshold, the failure diagnoser 16 makes a diagnosis that some failures occur
in the sensors or the devices measured by the sensors. The diagnosis result by the
failure diagnoser 16 is stored in the diagnosis result storage 17.

The failure diagnosis apparatus can make the diagnosis that some failures occur
in the sensors or the devices measured by the sensors by performing the processing in
steps S1, S4 to S6, S18, and S20 described above.

That is, the reference model builder 5 builds the reference model in step S1. In
step 54, the similarity calculator 9 calculates the similarity of each target data included
in the target data group base on the reference model. In step S5, the similarity selector
10 selects the similarities in the top 10% of the similarity group S. The score
calculator 11 calculates a score TS of the target data group in step S6. In step S18, the
failure diagnoser 16 extracts the threshold of the score from the threshold storage 15
based on the condition of the target data group. In step S20, the failure diagnoser 16
diagnoses whether the failure occurs in the sensors or the devices measured by the
sensors by comparing the score with the threshold.

As described above, according to the present embodiment, the failure of the
sensors or the devices measured by the sensors can be diagnosed by using the score.

While certain embodiments have been described, these embodiments have been
presented by way of example only, and are not intended to limit the scope of the in-
ventions. Indeed, the novel methods and systems described herein may be embodied
in a variety of other forms; furthermore, various omissions, substitutions and changes
in the form of the methods and systems described herein may be made without
departing from the spirit of the inventions. The accompanying claims and their
equivalents are intended to cover such forms or modifications as would fall within the

scope and spirit of the inventions.
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Claims

A bias estimation apparatus for estimating a bias included in a
measured values by each sensor, comprising:

a reference model builder configured to build a reference model of
the measured value packs each of which is measured values by sensors
in a single measurement action;

a temporary bias generator configured to generate a temporary bias
pack which is temporary estimated values of the biases of sensors;

a corrected measured value calculator configured to calculate
corrected measured value packs each of which is the measured value
pack corrected by the temporary bias pack;

a similarity calculator configured to calculate a similarity of each
corrected measured value pack relative to the reference model;

a similarity selector configured to select a part of the similarities
according to their values from among the similarities calculated by the
similarity calculator;

a score calculator configured to calculate a score which indicates a
similarity of the whole corrected measured value packs relative to the
reference model based on the selected similarities; and

an estimated bias determiner configured to determine an estimated
bias which is an estimated value of the bias for each sensor based on
the score.

The apparatus according to claim 1, wherein

the similarity selector selects the similarities in an order from the
largest value.

The apparatus according to claim 1 or 2, wherein

the score calculator calculates any one of an average value, a
median, and a mode of the selected similarities as the score.

The apparatus according to any one of claims 1 to 3, wherein

the temporary bias generator generates the plurality of temporary
bias packs, and

the estimated bias determiner determines the temporary bias pack
with the maximum score as the estimated bias pack of which each
element is the estimated bias of a sensor from among the plurality of
temporary bias packs.

The apparatus according to any one of claims 1 to 4, wherein

the reference model builder builds the reference model by using
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principal component analysis.
[Claim 6] The apparatus according to any one of claims 1 to 4, wherein
the reference model builder builds the reference model by using a
neural network.
[Claim 7] The apparatus according to any one of claims 1 to 6, wherein
the similarity selector selects the similarity with the value which is
the maximum value and the similarity with the value which is the
median.
[Claim 8] The apparatus according to claim 7, wherein
the score calculator calculates a difference of square roots of the
selected similarities as the score.
[Claim 9] The apparatus according to any one of claims 1 to 8, further
comprising:
a data converter configured to convert qualitative variables into
quantitative variables, wherein
the measured value packs include the quantitative variables
converted from the qualitative variables by the data converter:
[Claim 10] A bias estimation method for estimating a bias included in
measured values by each sensor, comprising:
building a reference model of the measured value packs each of
which is measured values by sensors in a single measurement action;
generating a temporary bias pack which is temporary estimated
values of the biases of sensors;
calculating corrected measured value packs each of which is the
measured value pack corrected by the temporary bias pack;
calculating a similarity of each corrected measured value pack
relative to the reference model;
selecting a part of the similarities according to their values from
among the similarities calculated by the similarity calculator;
calculating a score which indicates a similarity of the whole
corrected measured value packs relative to the reference model based
on the selected similarities; and
determining an estimated bias which is an estimated value of the
bias for each sensor based on the score.
[Claim 11] The method according to claim 10, wherein
the similarities are selected in an order from the largest value in
selecting the similarities.
[Claim 12] The method according to claim 10 or 11, further comprising:
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converting qualitative variables into quantitative variables, wherein
the measured value packs include the quantitative variables
converted from the qualitative variables.
[Claim 13] A failure diagnosis apparatus for diagnosing failures of sensors,
comprising:
the apparatus according to claim 1; and
a score calculator configured to calculate a score which indicates a
similarity of the whole corrected measured value packs relative to the
reference model based on the selected similarities; and
a failure diagnoser configured to diagnose failures of sensors based
on the score.
[Claim 14] The apparatus according to claim 13, further comprising:
a temporary bias generator configured to generate a temporary bias
pack which is temporary estimated values of the biases of sensors; and
a corrected measured value calculator configured to calculate
corrected measured value packs each of which is the measured value
pack corrected by the temporary bias pack, wherein
the similarity calculator calculates a similarity of each corrected
measured value pack relative to the reference model,
the similarity selector selects a part of the similarities according to
their values from among the similarities calculated by the similarity
calculator,
the score calculator calculates a score which indicates a similarity
of the whole corrected measured value packs relative to the reference
model based on the selected similarities,
the estimated bias determiner determines an estimated bias which
is an estimated value of the bias for each sensor based on the score, and
the failure diagnoser diagnoses failures of the sensors based on the
estimated biases.
[Claim 15] A failure diagnosis method for diagnosing failures of the sensors ,
comprising:
the method according to claim 10; and
diagnosing failures of the sensors based on the score.
[Claim 16] The method according to claim 15, further comprising:
generating a temporary bias pack which is temporary estimated
values of the biases of sensors; and
calculating corrected measured value packs each of which is the

measured value pack corrected by the temporary bias pack, wherein
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a similarity of each comrected measured value pack relative to the
reference model is calculated,

a part of the calculated similarities are selected according to their
values,

a score which indicates a similanty of the whole corrected
measured value packs relative to the reference model is calculated
based on the selected similarities,

an estimated bias which is an estimated value of the bias is de-
termined for each sensor based on the score, and

failures of the sensors are diagnosed based on the estimated

biases.



