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A METHOD OF ESTIMATING
DISPLACEMENT OF A BRIDGE AND AN
ELECTRONIC DEVICE TO ESTIMATE
DISPLACEMENT OF A BRIDGE

BACKGROUND

1. Technical Field

[0001] Embodiments relate to displacement estimation,
and more particularly relate to a method of estimating
displacement of a bridge based on a strain and an accelera-
tion of the bridge and an electronic device to perform the
method.

2. Description of the Related Art

[0002] Durability of a civil engineering structure, espe-
cially a bridge may be degraded due to loads of cars or wind.
Degradation of the durability, in a concrete bridge, results in
cracks in concrete, and it is very important to discover the
cracks in advance. However, discovering the cracks with
visual inspection requires much time and great human
resource and it is difficult to evaluate depth of the cracks and
influence due to the cracks. When the cracks occur in the
bridge, a neutral point of the bridge is changed. The neutral
point of the bridge denotes a position at which a strain is zero
in a cross-section.

[0003] Generally, because an upper portion of the bridge
experiences compression and a lower portion of the bridge
experiences a tension, a neutral point of the bridge is
estimated by installing strain gauges at an upper face and a
lower face of the bridge.

[0004] In addition, an unknown parameter is estimated by
a transforming a strain measured by the strain gauges into a
frequency domain, errors exists in view of a frequency
domain.

SUMMARY

[0005] Example embodiments provide a method of esti-
mating displacement of a bridge, capable of enhancing
accuracy.

[0006] Example embodiments provide an electronic
device to estimate displacement of a bridge, capable of
enhancing accuracy.

[0007] According to example embodiments, in a method
of estimating displacement of a bridge, a first displacement
including a low frequency component and a first high
frequency component is generated based on a strain that is
measured by a plurality of pairs of strain gauges installed at
a plurality of positions in a first direction from a reference
point, in a bridge, a second displacement including a second
high frequency component is generated based on an accel-
eration that is measured by an accelerometer installed at a
first position spaced apart from the reference point by a first
distance in the first direction, in the bridge, and a final
displacement of the bride is generated based on an unknown
parameter associated with the displacement, the low fre-
quency component of the first displacement and the second
high frequency component of the second displacement. The
unknown parameter is generated by applying a recursive
least square (RLS) algorithm to the first high frequency
component of the first displacement and the second high
frequency component of the second displacement.
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[0008] For generating the first displacement, sub strains
are measured by the plurality of pairs of strain gauges, the
measured sub strains are transformed into sub displace-
ments, the first displacement is generated based on the sub
displacements, the low frequency component of the first
displacement is obtained by applying a low-pass filter to the
first displacement, and the first high frequency component of
the first displacement is obtained by extracting the low
frequency component from the first displacement.

[0009] For generating the second displacement, the accel-
eration is measured by the accelerometer, the measured
acceleration is double-integrated and the second high fre-
quency component of the second displacement is obtained
by applying a high-pass filter to the double-integrated accel-
eration.

[0010] For generating the final displacement, the RLS
algorithm is applied to the first high frequency component of
the first displacement and the second high frequency com-
ponent of the second displacement, the unknown parameter
is estimated based on a result of the RLS algorithm, and the
final displacement is provided by performing an operation
based on the low frequency component of the first displace-
ment, the unknown parameter and the second high fre-
quency component of the second displacement.

[0011] According to example embodiments, in a method
of estimating displacement of a bridge, sub strains are
measured by a plurality of pairs of strain gauges installed at
a plurality of positions in a first direction from a reference
point, in a bridge, the sub strains are transformed into sub
displacements, a low frequency component of the first
displacement is obtained by applying a low-pass filter to the
first displacement, a first high frequency component of the
first displacement is obtained by extracting the low fre-
quency component from the first displacement, an accelera-
tion is measured by an accelerometer installed at a first
position spaced apart by a first distance from the reference
point in the first direction, in the bridge, the measured
acceleration is double- integrated, a second high frequency
component of the second displacement is obtained by apply-
ing a high-pass filter to the double-integrated acceleration,
the RLS algorithm is applied to the first high frequency
component of the first displacement and the second high
frequency component of the second displacement, an
unknown parameter associated with the displacement is
estimated based on a result of the RLS algorithm and a final
displacement of the bride is generated by performing an
operation based on the low frequency component of the first
displacement, the unknown parameter and the second high
frequency component of the second displacement.

[0012] According to example embodiments, an electronic
device to estimate displacement of a bridge, includes a
communication circuit, a control circuit and a display. The
communication circuit communicates with a plurality of
pairs of strain gauges and an accelerometer and receives a
strain that is measured by the plurality of pairs of strain
gauges and an acceleration that is measured by the acceler-
ometer. The plurality of pairs of strain gauges are installed
at a plurality of positions in a first direction from a reference
point, in the bridge and the accelerometer is installed at a
first position spaced apart by a first distance from the
reference point in the first direction, in the bridge. The
control circuit receives the strain and the acceleration from
the communication circuit and estimates a final displace-
ment of the bridge based on the strain and the acceleration.
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The display receive the estimated final displacement from
the control circuit and displays the estimated final displace-
ment. The control circuit generates a first displacement
including a low frequency component and a first high
frequency component based on the strain, generates a second
displacement including a second high frequency component
based on the acceleration, generates an unknown parameter
associated with the displacement by applying a recursive
least square (RLS) algorithm to the first high frequency
component of the first displacement and the second high
frequency component of the second displacement, and gen-
erates the final displacement of the bride based on the
unknown parameter, the low frequency component of the
first displacement and the second high frequency component
of the second displacement.

[0013] Accordingly, the method of estimating displace-
ment of a bridge and the electronic according to example
embodiments may estimate a displacement of a bridge more
accurately because the scaling factor is estimated in a time
domain instead of a frequency domain with using RLS
algorithm in estimating a displacement and the estimated
displacement and the estimated scaling factor are not
affected by an accuracy of a natural frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The above and other features of the present disclo-
sure will become more apparent by describing in detail
embodiments thereof with reference to the accompanying
drawings.

[0015] FIG. 1 illustrates that a plurality of pairs of strain
gauges and an accelerometer are installed in a bridge accord-
ing to a method of estimating a displacement of a bridge
according to example embodiments.

[0016] FIG. 2 is a flow chart illustrating a method of
estimating displacement of a bridge according to example
embodiments.

[0017] FIG. 3 illustrates axial loading and vertical loading
that a real bridge having a varying cross-section experiences.
[0018] FIG. 4 illustrates a strain that is measured by one
of a plurality of pairs of strain gauges installed in a bridge
of FIG. 3.

[0019] FIG. 5 is a flow chart illustrating a method of
estimating displacement of a bridge of FIG. 2 in detain
according to example embodiments.

[0020] FIG. 6A illustrates a sample bridge to which a
method of estimating displacement of a bridge according to
example embodiments is applied and FIG. 6B illustrates a
size of a cross-section of the sample bridge.

[0021] FIG. 7 illustrates ground motion signals applied to
the sample bridge of FIG. 6A.

[0022] FIGS. 8A to 8C illustrate examples of estimated
displacements when the ground motion signals in FIG. 7 are
applied to the sample bridge of FIG. 6A, respectively.
[0023] FIG. 9 illustrates examples of a sample bridge
having a varying cross-section, to which a method of esti-
mating displacement of a bridge according to example
embodiments is applied.

[0024] FIG. 10 illustrates a difference between a real mode
shape and an estimated mode shape when a method of
estimating displacement of a bridge according to example
embodiments is applied to a first sample bridge in FIG. 9.
[0025] FIG. 11 illustrates that a method of estimating
displacement of a bridge according to example embodiments
is applied to a real bridge.
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[0026] FIG. 12 is a block diagram illustrating an example
of an electronic device to perform a method of estimating
displacement of a bridge according to example embodi-
ments.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0027] It will be understood that, although the terms first,
second, third etc. may be used herein to describe various
elements, components, and/or sections, these elements,
components, and/or sections should not be limited by these
terms. These terms are only used to distinguish one element,
component, or section from another element, component, or
section. Thus, a first element, component, or section dis-
cussed below could be termed a second element, component,
or section without departing from the teachings of example
embodiments.

[0028] It will be understood that when an element or layer
is referred to as being “connected to” or “coupled to”
another element, it can be directly on, connected or coupled
to the other element or intervening elements or layers may
be present. In contrast, when an element is referred to as
being “directly on,” “directly connected to” or “directly
coupled to” another element, there are no intervening ele-
ments present. Like or similar reference numerals refer to
like or similar elements throughout. As used herein, the term
“and/or” includes any and all combinations of one or more
of the associated listed items.

[0029] The terminology used herein is for the purpose of
describing particular example embodiments only and is not
intended to be limiting of the invention. As used herein, the
singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises”, “includes”, “including”, and/or “comprising,”
when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

[0030] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this invention belongs. It will be further
understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the
relevant art and will not be interpreted in an idealized or
overly formal sense unless expressly so defined herein.
[0031] Example embodiments will be described more
fully hereinafter with reference to the accompanying draw-
ings, in which various embodiments are shown.

[0032] FIG. 1 illustrates that a plurality of pairs of strain
gauges and an accelerometer are installed in a bridge accord-
ing to a method of estimating a displacement of a bridge
according to example embodiments.

[0033] Referring to FIG. 1, a plurality of pairs of strain
gauges 20a, 205, . . ., 20m are installed at a plurality of
positions x1, X2, . . ., xm in a first direction D1 from a
reference point RP in a bridge 10 and an accelerometer 30
is installed at a first position spaced apart from the reference
point RP by a first distance xd in the first direction D1 in the
bridge 10.
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[0034] Each of the plurality of pairs of strain gauges 20aq,
200, . . ., 20m may include a first strain gauge and a second
strain gauge that are spaced apart from each other at one of
the plurality potions x1, x2, xm by a second distance in a
second direction D2 perpendicular to the first direction D1.
[0035] Strain that is measured by plurality of pairs of
strain gauges 20a, 200, . . ., 20m may be transformed into
a first displacement, an acceleration that is measured by the
accelerometer 30 may be transformed a second displacement
and a displacement of the bridge 10 may be estimated by
combining the first displacement and the second displace-
ment.

[0036] FIG. 2 is a flow chart illustrating a method of
estimating displacement of a bridge according to example
embodiments.

[0037] Referring to FIGS. 1 and 2, a first displacement
including a low frequency component and a first high
frequency component is generated (i.e., calculated) based on
a strain that is measured by a plurality of pairs of strain
gauges 20a, 200, . . ., 20m installed at a plurality of positions
x1, x2, xm in a first direction D1 from a reference point RP,
in the bridge 10 (operation S100).

[0038] A second displacement including a second high
frequency component is generated based on an acceleration
that is measured by an accelerometer 20 installed at a first
position spaced apart from the reference point RP by a first
distance xd in the first direction D1 in the bridge 10
(operation S200).

[0039] A final displacement of the bride 10 is generated
based on an unknown parameter associated with the dis-
placement, the low frequency component of the first dis-
placement and the second high frequency component of the
second displacement (operation S300). The unknown
parameter may be generated by applying a recursive least
square (RLS) algorithm to the first high frequency compo-
nent of the first displacement and the second high frequency
component of the second displacement.

[0040] For generating the first displacement (operation
$100), sub strains are measured by the plurality of pairs of
strain gauges 20a, 20b, . . . , 20m (operation S110), the
measured sub strains are transformed into sub displacements
(operation S120), the first displacement is generated based
on the sub displacements (operation S130), the low fre-
quency component of the first displacement (i.e., low fre-
quency displacement) is obtained (operation S150) by
applying a low-pass filter to the first displacement (operation
$140), and the first high frequency component of the first
displacement (i.e., high frequency displacement) is obtained
(operation S170) by extracting the low frequency compo-
nent from the first displacement (operation S160).

[0041] For generating the second displacement (operation
$200), the acceleration is measured by the accelerometer 20
(operation S210), the measured acceleration is double-inte-
grated (operation S220) and the second high frequency
component of the second displacement (i.e., high frequency
displacement) is obtained (operation S240) by applying a
high-pass (FIR) filter to the double-integrated acceleration
(operation S230).

[0042] For generating the final displacement (operation
$300), the RLS algorithm is applied to the first high fre-
quency component of the first displacement and the second
high frequency component of the second displacement (op-
eration S310), the unknown parameter is estimated based on
a result of the RLS algorithm (operation $320), and the final
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(estimated) displacement is provided (operation S340) by
performing an operation based on the low frequency com-
ponent of the first displacement, the unknown parameter and
the second high frequency component of the second dis-
placement (operation S330).

[0043] In embodiments, the final displacement may be
obtained by dividing the low frequency component of the
first displacement by the estimated unknown parameter and
by summing the second high frequency component of the
second displacement to a result of the dividing.

[0044] Inembodiments, the estimated unknown parameter
may correspond to a scaling factor associated with compen-
sating for a difference between an estimated mode shape of
the bridge and a real mode shape of the bridge 10.

[0045] FIG. 3 illustrates axial loading and vertical loading
that a real bridge having a varying cross-section experiences.

[0046] Referring to FIG. 3, a bridge 10a may have a
varying cross-section and the bridge 10a may experience
axial loading and vertical loading.

[0047] FIG. 4 illustrates a strain that is measured by one
of a plurality of pairs of strain gauges installed in a bridge
of FIG. 3.

[0048] FIG. 4 illustrates a strain that is measured by a
strain gauge installed at an arbitrary position in the bridge
10a of FIG. 3.

[0049] A pair of strain gauge may include a first strain
gauge 21 and a second strain gauge 21 that is spaced apart
from each other by a second distance h(x) in the second
direction D2.

[0050] A sub strain &(x, y, k) measured at an arbitrary
position in the bridge 10a may include an axial sub strain
€"(x, k) that is uniform and a bending sub strain e’(x, y, k)
that varies linearly.

[0051] In FIG. 4, O denotes a center of a cross-section of
the bridge 10a in the second direction D2.

[0052] A relationship between a strain and a displacement
from the being strain is expressed by following Equation 1.

[Equation 1]

Fux, k)
b >
&7(x, », k) =

&,y k)=y >

[0053] Here, u denotes a displacement of the bridge 10a in
the second direction D2.

[0054] When each of the plurality of pairs of strain gauges
includes a first strain gauge and a second strain gauge as
illustrated with reference to FIG. 4, a difference between sub
strains measured by the first strain gauge and the second
strain gauge is expressed by following Equation 2.

du(x, k) [Equation 2]

As(x, k) = h(x)———=
et B) = ho— =

[0055] Here, Ae denotes a difference between sub strains,
x denote a position in the first direction, k denotes k-th
timing, w(x, k) denotes the first displacement and h(x)
denotes the second distance.

[0056] The first displacement is expressed by following
Equation 3.
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L [Equation 3]
uw, k) = ) 9000,

J=1

[0057] Here, @; denotes a j-th mode shape, g, denotes a j-th
modal response and L denotes a number of modes.

[0058] When Equation 3 is input to Equation 3, following
Equation 4 is obtained.

e 0 (%) [Equation 4]

dx?

L
A, b) = h(0)) (k)
j=1

[0059] Equation 4 is represented by vector representation
by following Equation 5.

Ae(ky=Hoq(k) [Equation 5]

[0060] Equation 5 is satisfied by following Equation 6,
Equation 7, Equation 8 and Equation 9.

Ae(k)=[Ae(xk) . . . Ae(x,,, )] 150 [Equation 6]
[0061] Here, m denote the plurality of postions.
qte) = [q1 ). gzl [Equation 7]
a1 (1) derx) [Equation §]
di? di?
®= : ) :
a1 (o) a1 ()
di? di? mxL
Ax1) ... O [Equation 9]
H= : : l
0 oo hom) Lo

[0062] The modal response q(k) is deduced to following
Equation 10 from Equation 5.

g(l)=(DTD) ' DTH Ae [Equation 10]

[0063] When Equation 10 is input to Equation 3, the first
displacement at the first position is expressed by following
Equation 11.

u(k)=TH™" Ae(k) [Equation 11]

[0064] Equation 11 is satisfied by following Equation 12
and Equation 13.

T=¥(x,)[®TD] '®7 [Equation 12]

P=[@(x) - - - O] 1 [Equation 13]

[0065] When a scaling factor o associated with compen-
sating for a difference between an estimated mode shape of
the bridge and a real mode shape of the bridge is introduced,
the first displacement is expressed by following Equation
14.

(k) = %TQH’IAE(IO [Equation 14]

[0066] Here, T, is an approximation matrix of a matrix T.
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[0067] A finite response pulse is expressed by a following
Equation 15.

w¥=(ANHLTIAN D L L o (LT IAND [Equation 15]
[0068] Here, denotes u* vector representation of the final
displacement, u denotes a vector representation of the first
displacement transformed from the strain, a denotes a vector
representation of the acceleration, La denotes (2N+1)-th
order diagonal weight matrix, and A denotes a normalizing
factor that is satisfied by a following Equation 16.

A=46.812N+1)"1-93 [Equation 16]

[0069] Here, A satisfied by a following Equation 17.

2.68 Equation 17
Aeoni 298 [Equation 17]
fiAr

[0070] Here, f; denotes a first natural frequency of the
bridge 10a

[0071] When a superposition is applied to Equation 15,
following Equation 18 is deduced

W (k)=Cro+Cou [Equation 18]

[0072] Here, C,, denotes a (N+1)-th row of (AD*(LL+
A*D™'L7L,, and corresponds to a combination of a double
integration and a high-pass filter and C, denotes a low-pass
filter of A*(LTLA+AT)

[0073] The first displacement is expressed by a following
Equation 19.

u,={T H 'Ac}” [Equation 19]

[0074] Here, the low frequency component and the first
high frequency component of the first displacement is
expressed by following Equation 20 and Equation 21.

Mz[(k):CLMs [Equation 20]

1 (k)=C 0t [Equation 21]

[0075] The second high frequency component of the sec-
ond displacement is expressed by a following Equation 22.

us*‘(k):uz(k)—uzl(k) [Equation 22]
[0076] When the scaling factor ok) is applied to the first
high frequency component of the first displacement, the
second high frequency component of the second displace-
ment is similar with the first high frequency component of
the first displacement and the second high frequency com-
ponent of the second displacement is expressed by a fol-
lowing Equation 23.

1 [Equation 23]
BOEy o h
ug (k) ~ o® ug (k)

[0077] When the scaling factor a(k) is estimated based on
RLS algorithm, the scaling factor oi(k) is expressed by a
following Equation 24.

ak)=0(k—1 yHp(u " (k) [u, (k) —u (k) a(k-1)] [Equation 24]

[0078] Here, p(k) denotes relative weights assigned to a
current measured value and a previous estimated value.
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[0079] In Equation 24, p(k) is expressed by a following
Equation 25.

P = plk-1) [Equation 25]

1+ plk - D[t @]

[0080] When the estimated scaling factor ou(k) is used for
scaling the low frequency component of the first displace-
ment, the estimated final displacement is expressed by a
following Equation 26.

) = hoy L 4T [Equation 26]
= o) g =~ C{T.H A} + Cra

[0081] Each of the plurality of pairs of strain gauges 20a,
200, . . ., 20m may measure the strain with a first sampling
frequency and the accelerometer 30 may measure the accel-
eration with a second sampling frequency greater than the
first sampling frequency. The first displacement transformed
from the strain may be up-sampled using a cubic spline
interpolation for matching the second sampling frequency.
In addition, a low-pass Butterworth filter having a Nyquist
cut-off frequency may be applied to the first high frequency
component of the first displacement and the second high
frequency component of the second displacement.

[0082] Referring to Equation 1 through Equation 26, the
method of estimating displacement of a bridge according to
example embodiments may estimate a displacement of a
bridge more accurately because the scaling factor auk) is
estimated in a time domain instead of a frequency domain
with using RLS algorithm in estimating a displacement and
the estimated displacement and the estimated scaling factor
are not affected by an accuracy of a natural frequency.
[0083] FIG. 5 is a flow chart illustrating a method of
estimating displacement of a bridge of FIG. 2 in detain
according to example embodiments.

[0084] In FIG. 5, parameters measured or generated in
each of operations are illustrated together.

[0085] Referring to FIG. 5, an operation (S320) of esti-
mating the scaling factor oi(k) and an operation (S325) of
scaling the low frequency component of the first displace-
ment based on the scaling factor auk) are further included
when compared with the method of FIG. 2.

[0086] FIG. 6A illustrates a sample bridge to which a
method of estimating displacement of a bridge according to
example embodiments is applied and FIG. 6B illustrates a
size of a cross-section of the sample bridge.

[0087] Referring to FIG. 6A, a sample bridge 50 has a
length of 10 m, a plurality of pairs of strain gauges are
installed at a plurality of positions spaced apart from a
reference point by distances of 2 m, 5 m and 8 m, respec-
tively, in the first direction D1 and an accelerometer is
installed at a position 60 spaced apart from the reference
point by a distance of 5 m in the first direction D1. At the
position 60, a displacement of the sample bridge 50 is
measured. In FIG. 6A, a reference numeral 110 indicates a
ground motion signal.

[0088] Referring to FIG. 6B, the cross-section of the
sample bridge 50 may have a size defined by 120 mm*120
mm.
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[0089] FIG. 7 illustrates ground motion signals applied to
the sample bridge of FIG. 6A.

[0090] Referring to FIG. 7, ground motion signals 121,
122 and 123 having different accelerations are applied to the
sample bridge 50.

[0091] FIGS. 8A to 8C illustrate examples of estimated
displacements when the ground motion signals in FIG. 7 are
applied to the sample bridge of FIG. 6A, respectively.
[0092] Referring to FIGS. 8A to 8C, estimated displace-
ment is illustrated when the ground motion signals 121, 122
and 123 in FIG. 7 are applied to the sample bridge 50 of FIG.
6A, respectively, along with a reference displacement Ref-
erence and an estimated displacement when a conventional
technique is applied to the sample bridge 50.

[0093] In FIGS. 8A to 8C, it is assumed that the conven-
tion technique corresponds to a power spectral density
(SPD) technique.

[0094] Referring to FIGS. 8A to 8C, it is noted that a
difference between a displacement according to a method of
the present disclosure and the reference value Reference
becomes smaller than a difference between a displacement
according to a method of the PSD technique and the refer-
ence value Reference as a change of the acceleration of the
ground motion signal increases.

[0095] FIG. 9 illustrates examples of a sample bridge
having a varying cross-section, to which a method of esti-
mating displacement of a bridge according to example
embodiments is applied.

[0096] FIG. 10 illustrates a difference between a real mode
shape and an estimated mode shape when a method of
estimating displacement of a bridge according to example
embodiments is applied to a first sample bridge in FIG. 9.
[0097] Referring to FIGS. 9 and 10, when a cross-section
of a bridge varies as a first sample bridge [, it is noted that
there is little difference between a real mode shape and an
estimated mode shape in a first order 131 and a third order
133 and their there is a difference between the real mode
shape and an estimated mode shape in a second order 132.
[0098] FIG. 11 illustrates that a method of estimating
displacement of a bridge according to example embodiments
is applied to a real bridge.

[0099] Referring to FIG. 11, it is noted that there is little
difference between a displacement according to a method of
the present disclosure and the reference value Reference and
there is a difference between a displacement according to a
method of the PSD technique and the reference value
Reference in timing ranges from 13 second to 17 second.
[0100] FIG. 12 is a block diagram illustrating an example
of an electronic device to perform a method of estimating
displacement of a bridge according to example embodi-
ments.

[0101] Referring to FIGS. 1 and 12, an electronic device
200 to estimate displacement of a bridge may include a
communication circuit 210, a control circuit 220 and a
display 230.

[0102] The communication circuit 210 may communicate
with a plurality of pairs of strain gauges 20a, 205, . . ., 20m
that are installed at a plurality of positions x1, X2, xm in a
first direction D1 from a reference point RP in a bridge 10
and an accelerometer 30 that is installed at a first position
spaced apart from the reference point RP by a first distance
xd in the first direction D1 in the bridge 10, may receive a
strain STS that is measured by the plurality of pairs of strain
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gauges 20a, 20b, . . . , 20m and may receive and an
acceleration ACS that is measured by the accelerometer 30.

[0103] The communication circuit 210 may typically
include one or more modules which permit communications
such as wireless communications between the electronic
device 200 and a wireless communication system, commu-
nications between the electronic device 200 and another
electronic device, communications between the electronic
device 200 and an external server. Further, the communica-
tion circuit 210 may include a broadcast receiving module,
a mobile communication module, a wireless Internet mod-
ule, a short-range communication module, and a location
information module.

[0104] The broadcast receiving module may receive a
broadcast signal and/or broadcast associated information
from an external broadcast managing entity via a broadcast
channel. The broadcast channel may include a satellite
channel, a terrestrial channel, or both. The broadcast man-
aging entity may be implemented using a server or system
which generates and transmits a broadcast signal and/or
broadcast associated information, or a server which receives
a pre-generated broadcast signal and/or broadcast associated
information, and sends such items to the mobile terminal.
The broadcast signal may be implemented using any ofa TV
broadcast signal, a radio broadcast signal, a data broadcast
signal, and combinations thereof, among others. The broad-
cast signal in some cases may further include a data broad-
cast signal combined with a TV or radio broadcast signal.

[0105] Examples of broadcast associated information may
include information associated with a broadcast channel, a
broadcast program, a broadcast event, a broadcast service
provider, or the like. The broadcast associated information
may also be provided via a mobile communication network,
and in this case, received by the mobile communication
module.

[0106] The mobile communication module may transmit
and/or receive wireless signals to and from one or more
network entities. Examples of wireless signals transmitted
and/or received via the mobile communication module
include audio call signals, video (telephony) call signals, or
various formats of data to support communication of text
and multimedia messages.

[0107] The wireless Internet module may facilitate wire-
less Internet access. This module may be internally or
externally coupled to the electronic device 200. The wireless
Internet module may transmit and/or receive wireless signals
via communication networks according to wireless Internet
technologies. Examples of such wireless Internet access
include Wireless LAN (WLAN), Wireless Fidelity (Wi-Fi),
Wireless Broadband (WiBro), Worldwide Interoperability
for Microwave Access (WiMAX), High Speed Downlink
Packet Access (HSDPA), and the like.

[0108] The short-range communication module may
facilitate short-range communications. Suitable technolo-
gies for implementing such short-range communications
include BLUETOOTH™, Radio Frequency IDentification
(RFID), Infrared Data Association (IrDA), Ultra-WideBand
(UWB), ZigBee, Near Field Communication (NFC), Wire-
less-Fidelity (Wi-Fi), Wi-Fi Direct, Wireless USB (Wireless
Universal Serial Bus), and the like.

[0109] The location information module may detect, cal-
culate, derive or otherwise identify a position of the elec-
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tronic device 200. As an example, the location information
module may include a Global Position System (GPS) mod-
ule.
[0110] The control circuit 220 may receive the strain STS
and the acceleration ACS from the communication circuit
210, may estimate a final displacement of the bridge based
on the strain STS and the acceleration ACS according to a
method of estimating displacement of a bridge and may
display an estimated final displacement in the display 230.
[0111] The control circuit 220 may generate a first dis-
placement including a low frequency component and a first
high frequency component based on the strain STS, may
generate a second displacement including a second high
frequency component based on the acceleration ACS, may
generate an unknown parameter associated with the dis-
placement by applying a RLS algorithm to the first high
frequency component of the first displacement and the
second high frequency component of the second displace-
ment and may generate the final displacement of the bride
based on the unknown parameter, the low frequency com-
ponent of the first displacement and the second high fre-
quency component of the second displacement.
[0112] The present disclosure may be applicable to a
method and a device to measure displacement of a bridge,
variously.
[0113] The foregoing is illustrative of example embodi-
ments and is not to be construed as limiting thereof.
Although a few example embodiments have been described,
those skilled in the art will readily appreciate that many
modifications are possible in the example embodiments
without materially departing from the novel teachings and
advantages of the present disclosure. Accordingly, all such
modifications are intended to be included within the scope of
the present disclosure as defined in the appended claims.
What is claimed is:
1. A method of estimating displacement of a bridge, the
method comprising:
generating a first displacement including a low frequency
component and a first high frequency component based
on a strain that is measured by a plurality of pairs of
strain gauges installed at a plurality of positions in a
first direction from a reference point, in a bridge;
generating a second displacement including a second high
frequency component based on an acceleration that is
measured by an accelerometer installed at a first posi-
tion spaced apart from the reference point by a first
distance in the first direction, in the bridge; and
generating a final displacement of the bride based on an
unknown parameter associated with the displacement,
the low frequency component of the first displacement
and the second high frequency component of the sec-
ond displacement,
wherein the unknown parameter is generated by applying
a recursive least square (RLS) algorithm to the first
high frequency component of the first displacement and
the second high frequency component of the second
displacement.
2. The method of claim 1, wherein generating the first
displacement includes:
measuring sub strains by the plurality of pairs of strain
gauges;
transforming the measured sub strains into sub displace-
ments;
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generating the first displacement based on the sub dis-

placements;

obtaining the low frequency component of the first dis-

placement by applying a low-pass filter to the first
displacement; and

obtaining the first high frequency component of the first

displacement by extracting the low frequency compo-
nent from the first displacement.

3. The method of claim 1, wherein generating the second
displacement includes:

measuring the acceleration by the accelerometer;

double-integrating the measured acceleration; and

obtaining the second high frequency component of the
second displacement by applying a high-pass filter to
the double-integrated acceleration.
4. The method of claim 1, wherein generating the final
displacement includes:
applying the RLS algorithm to the first high frequency
component of the first displacement and the second
high frequency component of the second displacement;

estimating the unknown parameter based on a result of the
RLS algorithm; and

providing the final displacement by performing an opera-
tion based on the low frequency component of the first
displacement, the unknown parameter and the second
high frequency component of the second displacement.

5. The method of claim 1, wherein the final displacement
is obtained by:

dividing the low frequency component of the first dis-

placement by the estimated unknown parameter; and
summing the second high frequency component of the
second displacement to a result of the dividing.

6. The method of claim 4, wherein the estimated unknown
parameter corresponds to a scaling factor associated with
compensating for a difference between an estimated mode
shape of the bridge and a real mode shape of the bridge.

7. The method of claim 1, wherein each of the plurality of
pairs of strain gauges includes a first strain gauge and a
second strain gauge that are spaced apart from each other at
one of the plurality potions by a second distance in a second
direction perpendicular to the first direction.

8. The method of claim 7, wherein a difference between
sub strains measured by the first strain gauge and the second
strain gauge is expressed by following Equation 1,

d*u(x, k) [Equation 1]
2

Aeg(x, k) = h(x) e s
wherein A€ denotes a difference between sub strains, x
denote a position in the first direction, k denotes k-th
timing, u(x, k) denotes the first displacement and h(x)
denotes the second distance.
9. The method of claim 8, wherein the first displacement
is expressed by following Equation 2,

L [Equation 2]
e, k) = ) 9;00g,60),

71

wherein ¢, denotes a j-th mode shape, q; denotes a j-th
modal response and L denotes a number of modes,
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wherein when Equation 2 is input to Equation 1, follow-
ing Equation 3 is obtained,

e ©;(0) [Equation 3]

dx?

L
Ae(x, b) = h(x)) g,k
j=1

10. The method of claim 9, wherein Equation 3 is repre-

sented by vector representation by following Equation 4,
Ae(k)=HDq(k) [Equation 4]

wherein Equation 4 is satisfied by following Equation 5,
Equation 6, Equation 7 and Equation §,

Ae(b)=[Ae(x,, k) . . . Ae(x,,, ©] 1o [Equation 5]
wherein m denote the plurality of postions,
gt = [q1 (). gz, [Equation 6]
a1 (1) derx) [Equation 7]
R e
o= i - : ,
a1 (om) &1 ()
S (R 7
Ax1) ... O [Equation 8]
H= : : ] R
0 oo hGom) Lxm

wherein the modal response q(k) is deduced to following
Equation 9 from Equation 4,

g(k)=(DTP)" ' DTH ' Ae(k) [Equation 9]

11. The method of claim 10, wherein when Equation 9 is
input to Equation 2, the first displacement at the first position
is expressed by following Equation 10,

u(k)=TH ™" Ae(k) [Equation 10]

wherein Equation 10 is satisfied by following Equation 11
and Equation 12,

T=¥(x,)[®7 O]~ &7 [Equation 11]

P=[Q(xy) - . . D] [Equation 12]

wherein when a scaling factor a associated with compen-
sating for a difference between an estimated mode
shape of the bridge and a real mode shape of the bridge
is introduced, the first displacement is expressed by
following Equation 13,

u(k) = LTaH “1Ag(k), [Equation 13]
a(k)

wherein, Ta is an approximation matrix of a matrix T.
12. The method of claim 11, wherein when a finite
response pulse is expressed by a following Equation 14,

w=(AY LTI LTL oA (LT LN [Equation 14]

wherein u* denotes a vector representation of the final
displacement, u denotes a vector representation of the
first displacement transformed from the strain, a
denotes a vector representation of the acceleration, La
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denotes (2N+1)-th order diagonal weight matrix, and A
denotes a normalizing factor that is satisfied by a
following Equation 15,

A=46.81(2N+1)~195 [Equation 15]

wherein is satisfied by a following Equation 16,

2.68 Equation 16
A=ovi1= 28 [Equation 16]
fiare

wherein fi denotes a first natural frequency of the bridge,
when a superposition is applied to Equation 14, following
Equation 17 is deduced,

w*(k)=C L o+C u
wherein C* denotes a (N+1)-th row of (AL L+AT)~
1L7L,, and corresponds to a combination of a double
integration and a high-pass filter and denotes a low-
pass filter of AZ(L7L+AD)™".
13. The method of claim 12, wherein the first displace-
ment is expressed by a following Equation 18,

[Equation 17]

u={TH 'Ae}", [Equation 18]

wherein the low frequency component and the first high
frequency component of the first displacement is
expressed by following Equation 19 and Equation 20,

u (k)=Cput,, [Equation 19]

1o (k)=Cyut,, [Equation 20]

wherein the second high frequency component of the
second displacement is expressed by a following Equa-
tion 21,

u,(l)y=u (k)—u, (k) [Equation 21]

wherein the estimated final displacement is expressed by
a following Equation 22,

. 1 1 _ [Equation 22]
W (k) = %ué(k) it () = %CL{TGH a6 + Cya,

wherein ou(k) denotes the scaling factor.

14. The method of claim 1, wherein the final displacement
corresponds to a displacement of the bridge at the first
position.

15. The method of claim 1, wherein the plurality of pairs
of strain gauges measure the strains with a first sampling
frequency and the accelerometer measures the acceleration
at a second sampling frequency greater than the first sam-
pling frequency, and

wherein the first displacement is up-sampled using a cubic

spline interpolation.

16. A method of estimating displacement of a bridge, the
method comprising:

measuring sub strains by a plurality of pairs of strain

gauges installed at a plurality of positions in a first
direction from a reference point, in a bridge;
transforming the sub strains into sub displacements;
generating a first displacement based on the sub displace-
ments;
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obtaining a low frequency component of the first displace-
ment by applying a low-pass filter to the first displace-
ment;

obtaining a first high frequency component of the first
displacement by extracting the low frequency compo-
nent from the first displacement;

measuring an acceleration by an accelerometer installed at
a first position spaced apart by a first distance from the
reference point in the first direction, in the bridge;

double-integrating the measured acceleration;

obtaining a second high frequency component of the
second displacement by applying a high-pass filter to
the double-integrated acceleration;

applying the RLS algorithm to the first high frequency
component of the first displacement and the second
high frequency component of the second displacement;

estimating an unknown parameter associated with the
displacement based on a result of the RLS algorithm;
and

generating a final displacement of the bride by performing
an operation based on the low frequency component of
the first displacement, the unknown parameter and the
second high frequency component of the second dis-
placement.

17. An electronic device configured to estimate displace-

ment of a bridge, the electronic device comprising:

a communication circuit configured to communicate with
a plurality of pairs of strain gauges and an accelerom-
eter and configured to receive a strain that is measured
by the plurality of pairs of strain gauges and an accel-
eration that is measured by the accelerometer, wherein
the plurality of pairs of strain gauges are installed at a
plurality of positions in a first direction from a refer-
ence point, in the bridge and the accelerometer is
installed at a first position spaced apart by a first
distance from the reference point in the first direction,
in the bridge;

a control circuit configured to receive the strain and the
acceleration from the communication circuit and con-
figured to estimate a final displacement of the bridge
based on the strain and the acceleration; and

a display configured to receive the estimated final dis-
placement from the control circuit and configured to
display the estimated final displacement,

wherein the control circuit is configured to:

generate a first displacement including a low frequency
component and a first high frequency component based
on the strain;

generate a second displacement including a second high
frequency component based on the acceleration;

generate an unknown parameter associated with the dis-
placement by applying a recursive least square (RLS)
algorithm to the first high frequency component of the
first displacement and the second high frequency com-
ponent of the second displacement; and

generate the final displacement of the bride based on the
unknown parameter, the low frequency component of
the first displacement and the second high frequency
component of the second displacement.
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