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(54) SYSTEM FOR PRECISION MEASUREMENT OF STRUCTURE AND METHOD THEREFOR

(57) Disclosed are a system and a method for pre-
cisely measuring a structure are disclosed. A reference
meter installed at a fixed location provides GPS reference
information. A plurality of response meters, respectively
installed at a plurality of positions of the structure, acquire
acceleration information through acceleration sensors
and measure a plurality of real-time kinematic (RTK) dis-
placement data based on the GPS reference information,
respectively. The response meters synchronize acceler-
ation information with the plurality of RTK displacement
data measured to generate into a packet to be transmit-
ted. An operation processor receives the acceleration
information and the plurality of RTK displacement data
and calculates structure response information. With the
GPS and accelerometers, the dynamic behaviors of
structures including high-rise buildings, bridges, dams,

and harbors can be precisely measured.



EP 3 524 954 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority under 35 USC § 119 to Korean Patent Application No. 10-2017-0016270, filed
on February 6, 2017 in the Korean Intellectual Property Office (KIPO), the contents of which are herein incorporated by
reference in their entirety.

BACKGROUND

1. Technical Field

[0002] The present disclosure relates to a system and method for accurately measuring a dynamic behavior of a
structure such as high-rise buildings, bridges, dams, harbors, and the like using a global positioning system (GPS) and
an accelerometer.

2. Discussion of the Related Art

[0003] As is well known, the GPS is a global positioning system using satellites that was developed by the U.S.
Department of Defense and has been managed jointly with the U.S. Department of Transportation. The GPS positioning
principle is that a GPS receiver, which includes a GPS antenna, at an observation point receives radio waves from the
GPS satellites of which exact locations are known from the tracked trajectories, and a spatial position of the GPS receiver
is obtained by measuring an arrival time of the radio wave from each of the GPS satellites to the GPS receiver.
[0004] Here, the most important factor determining the distance from the GPS receiver to the GPS satellites is time.
If the time counted by a clock on the GPS satellite precisely matches time counted by a clock on the GPS receiver, a
three-dimensional (X, Y, Z) position of the GPS receiver can be calculated only by the distances from three GPS satellites.
[0005] This GPS position measurement principle is used in various fields of society. Especially, the GPS receiver may
be installed in structures such as high-rise buildings, bridges, dams and harbors, and can be used to continuously and
precisely monitor behaviors or states of the structures. Through this, it is possible to check the condition of the sites and
structures, predict possibility of destruction, evaluate conditions of the sites and structures, and prevent disasters by
collapse.
[0006] As a geodetic surveying method using the GPS for structures including high-rise buildings, bridges, dams,
harbors, etc., a static positioning method for obtaining an absolute coordinate of a position to be measured is known. In
this regard, a kinematic positioning method is generally used to monitor dynamic behaviors of the structure. In the static
positioning for a structure, it is assumed that the point where the GPS antenna is attached does not move or that even
if the movement occurs, the required positioning precision is low so that the displacement can be ignored. When kinematic
positioning is performed on a structural measurement point, it is necessary to measure the displacement due to vibration
or dynamic load at the point where the GPS antenna is attached and to process the measurement result.
[0007] As described above, various studies have been conducted to precisely measure the dynamic behavior of
structures such as high-rise buildings, bridges, dams, harbors, and the like. Examples of prior art related to this are
Korean Patent Application Publication No. 10-2004-0030772 (published on April 09, 2004) and Korean Patent Publication
No. 10-1395695 (registered May 9, 2014).

SUMMARY

[0008] The present disclosure is to provide a method for accurately measuring dynamic behaviors of structures including
high-rise buildings, bridges, dams, harbors, and the like using the GPS and an accelerometer, and a system therefor.
[0009] The present disclosure also provides a precise structure-measurement system which is installed at a fixed
position and capable of precisely measuring dynamic characteristics of a structure including acceleration, velocity,
displacement, angular displacement, etc., of the structure and a precise measurement method for the structure using
the precise structure-measurement system.
[0010] In addition, the present disclosure is to provide a precise structure-measurement system and method that can
be a solution for time synchronization, integration and compatibility of data by measuring six degrees of freedom (DOF)
dynamic characteristics of a structure including acceleration, velocity, displacement, angular displacement, and the like,
that can respond to low vibration of several micro G or less in a low frequency response characteristics of the structure,
and that can measure at any time a change of the structure due to a temperature change depending on presence or
absence of wind, sunlight and the like.
[0011] The objects of the embodiments of the present disclosure are not limited to the above-mentioned objects, and
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other objects not mentioned can be clearly understood by those skilled in the art from the following descriptions.
[0012] A system for precisely measuring a structure according to embodiments of the present disclosure includes a
reference meter, a plurality of response meters, and an operation processor. The reference meter is installed at a fixed
position and configured provide GPS reference information received via a reference GPS module. The plurality of
response meters, respectively installed at a plurality of positions of the structure, each of which includes an acceleration
sensor and a response GPS module and is configured to synchronize acceleration information obtained through the
acceleration sensor with a plurality of real-time kinematic (RTK) displacement data measured through the response
GPS module using the GPS reference information to transmit the synchronized acceleration information and the plurality
of RTK displacement data. The operation processor is configured to calculate structure response information using the
transmitted acceleration information and the plurality of RTK displacement data.
[0013] The GPS reference information may include reference position data and reference time data. The plurality of
RTK displacement data may include dynamic displacement data corresponding to X-axis, Y-axis, and Z-axis and dis-
placement time data. The response meter may acquire the acceleration information by measuring an X-axis component,
a Y-axis component, and a Z-axis component of an acceleration of the structure through the acceleration sensor. The
response meter may synchronize acceleration time data corresponding to the acceleration information with the displace-
ment time data at multi-sampling frequencies to generate the acceleration information and the plurality of RTK displace-
ment data into a packet. The acceleration information may include acceleration data corresponding to an X-axis, a Y-
axis, and a Z-axis, and angular displacement data corresponding to an XY plane, a YZ plane, and a ZX plane.
[0014] In an exemplary embodiment of the present disclosure, the response meter may be configured to acquire the
plurality of RTK displacement data corresponding to installation positions using satellite signals and the GPS reference
information which are received from the plurality of satellites via the response GPS module.
[0015] In an exemplary embodiment of the present disclosure, the response meter may be configured to measure
three-axis relative displacements of the satellite signals based on the GPS reference information and assign correspond-
ing displacement time information to respective relative displacement data.
[0016] In an exemplary embodiment of the present disclosure, the response meter may be configured to assign
corresponding acceleration time information to the acceleration information based on the GPS reference information.
[0017] In an exemplary embodiment of the present disclosure, the response meter may be configured to perform
correction of the acceleration information In temperature change based on temperature data measured by a temperature
sensor that senses a temperature inside the response meter.
[0018] In an exemplary embodiment of the present disclosure, the operation processor may be configured to calculate
a three-DOF acceleration and a three-DOF angular displacement of the acceleration information and a three-DOF
dynamic displacement of the RTK displacement data using a first-stage Kalman filter and a second-stage Kalman filter
so that a displacement error corresponding to an acceleration-internal bias is eliminated.
[0019] In an exemplary embodiment of the present disclosure, the operation processor may be configured to calculate
a first displacement including the acceleration-internal bias through the first-stage Kalman filter.
[0020] In an exemplary embodiment of the present disclosure, the calculation processor may be configured to calculate
the displacement error included in the first displacement through the second-stage Kalman filter, and then remove the
displacement error from the first displacement to calculate the structure response information.
[0021] In an exemplary embodiment of the present disclosure, the operation processor may be configured to compar-
atively display the acceleration information, the plurality of RTK displacement data, and the structure response informa-
tion.
[0022] A method for precisely measuring a structure according to embodiments of the present disclosure includes:
providing GPS reference information by a reference meter installed at a fixed position; acquiring acceleration information
from an acceleration sensor by a plurality of response meters respectively installed at a plurality positions of the structure;
measuring a plurality of RTK displacement data based on the GPS reference information by the plurality of response
meters, respectively; synchronizing the acceleration information and the plurality of RTK displacement data to transmit
the synchronized acceleration information and RTK displacement data by the plurality of response meters; and receiving
the acceleration information and the plurality of RTK displacement data and calculating structure response information
by an operation processor.
[0023] The GPS reference information may include reference position data and reference time data, and the plurality
of RTK displacement data may include dynamic displacement data corresponding to X-axis, Y-axis, and Z-axis and
displacement time data.
[0024] In the step of acquiring acceleration information, the acceleration information may be acquired by measuring
an X-axis component, a Y-axis component, and a Z-axis component of an acceleration of the structure through the
acceleration sensor, where the acceleration information may include acceleration data corresponding to an X-axis, a Y-
axis, and a Z-axis, and angular displacement data corresponding to an XY plane, a YZ plane, and a ZX plane.
[0025] In the step of synchronizing the acceleration information and the plurality of RTK displacement data, the ac-
celeration time data corresponding to the acceleration information may be synchronized with the displacement time data
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at multi-sampling frequencies to generate the acceleration information and the plurality of RTK displacement data into
a packet.
[0026] In an exemplary embodiment of the present disclosure, in measuring the plurality of RTK displacement data,
the plurality of RTK displacement data corresponding to installation positions may be acquired using satellite signals
and the GPS reference information which are received from the plurality of satellites via the response GPS module.
[0027] In an exemplary embodiment of the present disclosure, in measuring the plurality of RTK displacement data,
three-axis relative displacements of the satellite signals may be measured based on the GPS reference information and
corresponding displacement time information may be assigned to respective relative displacement data.
[0028] In an exemplary embodiment of the present disclosure, in acquiring acceleration information, corresponding
acceleration time information may be assigned to the acceleration information based on the GPS reference information.
[0029] In an exemplary embodiment of the present disclosure, in synchronizing the acceleration information and the
plurality of RTK displacement data, correction of the acceleration information may be performed according to temperature
change based on temperature data measured by a temperature sensor that senses a temperature inside the response
meter, and then the time data may be included into the packet to be transmitted.
[0030] In an exemplary embodiment of the present disclosure, in calculating the structure response information, a
three-DOF acceleration and a three-DOF angular displacement of the acceleration information, and a three-DOF dynamic
displacement of the RTK displacement data may be calculated using a first-stage Kalman filter and a second-stage
Kalman filter so that a displacement error corresponding to an acceleration-internal bias can be eliminated.
[0031] In an exemplary embodiment of the present disclosure, in calculating the structure response information, a first
displacement including the acceleration-internal bias may be calculated through the first-stage Kalman filter.
[0032] In an exemplary embodiment of the present disclosure, in calculating the structure response information, the
displacement error included in the first displacement may be calculated through the second-stage Kalman filter, and
then the displacement error may be removed from the first displacement to calculate the structure response information.
[0033] In an exemplary embodiment of the present disclosure, the method may further including comparatively dis-
playing the acceleration information, the plurality of RTK displacement data, and the structure response information after
calculating the structure response information.
[0034] The present disclosure can provide a system and method for precisely measuring dynamic behaviors of a
structure such as high-rise buildings, bridges, dams, and harbors using GPS and an accelerometer.
[0035] Also, the system according to the present disclosure includes the reference meter installed at a fixed location
and configured to provide the GPS reference information, the plurality of response meters installed respectively at a
plurality of positions on the structure and configured to measure the displacement information corresponding to the
installation position; and the operation processor configured to respectively receive the displacement information from
the plurality of response meters via the communication network and calculate the structure response information, thereby
precisely measuring the dynamic characteristics of the structure including acceleration, velocity, displacement, angular
displacement, etc.
[0036] In addition, the present disclosure can provide solutions for the synchronization, integration, and compatibility
of data by measuring the six DOF dynamic characteristics of the structure including acceleration, velocity, displacement,
angular displacement, etc. The system according to the present disclosure may not only respond to the low vibration of
several micro Gs in the low frequency response characteristics of the structure but also constantly measure the change
due to the temperature change depending on presence or absence of wind, sunlight, and the like..

BRIEF DESCRIPTION OF THE DRAWINGS

[0037]

FIGs. 1 to 3 illustrate a precise measurement system of a structure according to an embodiment of the present
disclosure.
FIGs. 4 to 9 are diagrams for describing an operation processor included in the precise measurement system of a
structure according to an embodiment of the present disclosure.
FIG. 10 is a flowchart showing a process of accurately measuring the dynamic behavior of a structure according to
other embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0038] Advantages and features of embodiments of the present disclosure and methods of achieving them will be
apparent with reference to the embodiments described in detail below along with the accompanying drawings. The
present disclosure may, however, be embodied in many different forms and should not be construed as limited to the
embodiments set forth herein. These embodiments are provided so that the disclosure of the present disclosure is
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complete and that those skilled in the art will fully understand the scope of the present disclosure. The invention is only
defined by the scope of the claims. Like reference numerals refer to like elements throughout the specification.
[0039] In the following description of the embodiments of the present disclosure, detailed descriptions of known func-
tions and configurations incorporated herein will be omitted when it may make the subject matter of the present disclosure
rather unclear. The following terms are defined in consideration of the functions of the embodiments of the present
disclosure and may vary depending on the intention of the user, the operator, or the customs. Therefore, the definition
should be based on the contents throughout this specification.
[0040] Hereinafter, embodiments of the present disclosure will be described in detail with reference to the accompa-
nying drawings.
[0041] FIGs. 1 to 3 illustrate a precise measurement system for a structure according to an example embodiment.
FIGs. 4 to 9 are diagrams for describing an operation processor included in the precise measurement system for the
structure according to an example embodiment.
[0042] Referring to FIGs. 1 to 9, a precise measurement system for the structure according to the example embodiment
may include a reference meter 110, a plurality of response meters 120, an operation processor 130, a communication
network 140, and the like.
[0043] The reference meter 110 may be installed at a fixed location and may provide GPS reference information
received via a reference GPS module 112. The reference meter 110 may include a reference GPS module 112, a first
communication module 114, and the like.
[0044] The reference meter 110 may receive satellite signals from a plurality of satellites via the reference GPS module
112 to generate and transmit GPS reference information to each of the plurality of response meters 120 via the first
communication module 114. Here, the GPS reference information may include reference position data, reference time
data, and the like.
[0045] The plurality of response meters 120 may include an acceleration sensor 121 and a response GPS module
125 and be installed at a plurality of positions of the structure, respectively. The plurality of response meters 120 may
transmit acceleration information obtained from the acceleration sensor 121 and a plurality of RTK displacement data
measured by the response GPS module 125 using the GPS reference information.
[0046] The plurality of response meters 120 may acquire acceleration information by measuring an X-axis component,
a Y-axis component, and a Z-axis component of the acceleration of the structure using the acceleration sensor 121, and
assign corresponding acceleration time information to the acceleration information using the GPS reference information
(e.g., reference time data, etc.).
[0047] In addition, the plurality of response meters 120 may acquire a plurality of RTK displacement data corresponding
to the installation positions using the satellite signals received from the plurality of satellites via the response GPS module
125, and GPS reference information. Also, the plurality of response meters 120 may assign corresponding time infor-
mation to respective relative displacement data respectively while measuring the three-axis relative displacement of the
satellite signals based on the GPS reference information (e.g., reference position data, reference time data, etc.).
[0048] The plurality of response meters 120 synchronize acceleration time information corresponding to the acceler-
ation information with displacement time information corresponding to the RTK displacement information. Thereafter,
the plurality of response meters 120 may convert the result of the synchronization into a single packet and transmit the
packet to the operation processor 130 through the communication network 140.
[0049] The plurality of response meters 120 may synchronize the acceleration information with the RTK displacement
information at a multiple sampling frequency. In addition, synchronization of the entire system may be established based
on one reference meter 110.
[0050] As described above, the plurality of response meters 120 may include, in addition to the acceleration sensor
121, a temperature sensor 122, an AD converter 123, a data processor 124, a response GPS module 125, a second
communication module 126, and the like.
[0051] Here, the acceleration sensor 121 may be a force feedback type sensor. The acceleration sensor 121 may
sense an X-axis component, a Y-axis component, and a Z-axis component of an acceleration at an installation position
where each of the response meters 120 is installed, and transmits a sensing signal to the AD converter 123.
[0052] Here, the sensing signal may include acceleration data corresponding to the X-axis, Y-axis, and Z-axis, angular
displacement data corresponding to the XY plane, YZ plane, and ZX plane, etc. The acceleration data may include X-
axis direction acceleration data, Y-axis direction acceleration data, and Z-axis direction acceleration data between a first
position corresponding to a first time and a second position corresponding to a second time after a predetermined time
elapses at the installation position. The angular displacement data about the first position may include XY angular
displacement data varying along the XY plane, YZ angular displacement data varying along the YZ plane, and ZX angular
displacement data varying along the ZX plane.
[0053] This acceleration sensor 121 may have a measurement frequency bandwidth of 0 Hz to 100 Hz and a meas-
urement resolution of approximately 1 mG for large structure measurements. The sensing signal may be converted from
an analog signal to a digital signal at a sampling frequency of approximately 100 Hz by the AD converter 123.
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[0054] In addition, the temperature sensor 122 may sense a temperature inside the meter and transmit the signal
sensed to the AD converter 123. Since various kinds of temperature sensors 122 such as a contact type temperature
sensor, a non-contact type sensor, and the like have been already disclosed, a detailed description thereof will be omitted.
[0055] The AD converter 123 may convert the analog sensing signal transmitted from the acceleration sensor 121
into a digital signal and transmit the digital signal to the data processor 124. The AD converter 123 may convert an
analog temperature signal transmitted from the temperature sensor 122 into a digital signal and transfer the digital signal
to the data processor 124.
[0056] The data processor 124 may assign acceleration time information to acceleration information transferred from
the AD converter 123 using GPS reference information (for example, reference time data, etc.) transmitted through the
second communication module 126. The data processor 124 may synchronize the acceleration information with a plurality
of RTK displacement data transmitted from the response GPS module 125 at a multiple sampling frequency. In addition,
the data processor 124 may generate a packet using the acceleration information (e.g., acceleration data corresponding
to the X-axis, Y-axis and Z-axis, angular displacement data corresponding to the XY plane, YZ plane and ZX plane,
acceleration time data, etc.) and a plurality of RTK displacement data (e.g., dynamic displacement data corresponding
to the X-axis, Y-axis and Z-axis, displacement time data, etc.) and transmit the packet data to the operation processor
130 through the second transmission module 125.
[0057] For example, when a sampling frequency of the acceleration information is 100 Hz and a sampling frequency
of the RTK displacement information is 10 Hz, the data processor 124 may synchronize the acceleration information
and the RTK displacement information so that the acceleration information and RTK displacement information data can
be fused.
[0058] Further, the data processor 124 may perform correction of the acceleration information according to the tem-
perature change by using temperature data corresponding to the sensing signal transmitted from the AD converter 123.
For example, since the measurement value from the acceleration sensor 121 may be variable in accordance with the
temperature change, the temperature correction may be required. When measuring only the acceleration sensor using
a separate sensor measurement device, its output voltage may vary up and down in the morning and afternoon. The
data processor 124 may correct the acceleration information by calculating a correction value according to the temperature
change.
[0059] This temperature data may be transmitted to the operation processor 130 via the second communication module
126 as additional meter information. The temperature data may be generated and transmitted as one packet together
with the acceleration information and the plurality of RTK displacement data as described above.
[0060] On the other hand, the response GPS module 125 may receive satellite signals corresponding to its installation
position from a plurality of satellites. The response GPS module 125 also may calculate a plurality of RTK displacement
data (e.g., dynamic displacement data corresponding to the X-axis, the Y-axis, and the Z-axis, etc.) corresponding to
the installation location using the GPS reference information transmitted through the second communication module
126 and the satellite signals received. This response GPS module 125 may acquire spatial coordinates with a precision
of several centimeters at a sampling frequency of approximately 10 Hz and convert them into a three DOF displacement.
[0061] That is, the response GPS module 125 may measure the three-axis relative displacements of the satellite
signals based on the GPS reference information (e.g., reference position data, reference time data, etc.) and assign
corresponding displacement time information (i.e., the displacement time data) to the respective relative displacement
data. The plurality of RTK displacement data (e.g., dynamic displacement data corresponding to the X-axis, Y-axis, and
Z-axis, displacement time data, etc.) may be transmitted to the data processor 124.
[0062] For example, RTK displacement information at a time of 10h: 11m: 12.5s may be generated using position data
at the time of 10h: 11m: 12.5s in the reference GPS information and position data at the time 10h: 11m: 12.5s in the
satellite signals.
[0063] A more detailed description will be given of the plurality of RTK displacement data (e. g., dynamic displacement
data corresponding to the X-axis, Y-axis and Z-axis, displacement time data, etc.) described above. The displacement
generated by integrating the acceleration may have cumulative errors due to integration of the bias. According to in the
present disclosure, however, there is no cumulative error. Since the cumulative error does not occur, an origin correction
effect may be obtained with respect to the displacement generated by the acceleration integration.
[0064] The acceleration information acquired by the acceleration sensor 121 as described above may be provided as
three DOF acceleration data with a relatively high precision and a relatively high sampling frequency and three DOF
angular displacement data with a relatively low precision and a relatively high sampling frequency. The plurality of RTK
displacement data obtained through the response GPS module 125 may be provided as three DOF dynamic displacement
data with a relatively low precision and relatively low sampling frequency.
[0065] The operation processor 130 may calculate structure response information using the acceleration information
and the plurality of RTK displacement data received from the communication network 140. The operation processor 130
may compute the three DOF acceleration and three DOF angular displacement of the time-synchronized acceleration
information, and the three DOF dynamic displacement of the RTK displacement information using a first-stage Kalman
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filter and a second-stage Kalman filter to remove the displacement error corresponding to an acceleration-internal bias
in the acceleration, thereby obtain structure response information for the structure. Here, the operation processor 130
may calculate a first displacement including the acceleration-internal bias through the first-stage Kalman filter, and
calculate a displacement error of the calculated first displacement through the second-stage Kalman filter. Thereafter,
the structure response information may be obtained by removing the displacement error from the first displacement.
[0066] The operation processor 130 may provide the acceleration information and the plurality of RTK displacement
data as well as the calculated structure response information to a separate display device (not shown) to be comparably
displayed.
[0067] The operation processor 130 as described above may calculate the first displacement and the displacement
error through the first-stage Kalman filter and the second-stage Kalman filter, respectively. Then, the operation processor
130 may calculate the structure response information (e.g., acceleration data, velocity data, displacement data, angular
displacement data, etc.) by removing the displacement error from the first displacement.
[0068] The data processing using the first-stage Kalman filter and the second-stage Kalman filter will be described in
more detail. The first-stage Kalman filter may be used to calculate the first displacement including the acceleration-
internal bias. If the current time is (k-1) in the preprocessing process, the prior displacement data x-(k) at a next time k
may be predicted as Equation (1) below by using the corrected displacement data x+(k-1) at a current time k-1. Note
that transition matrix A refers the relation between the prior displacement data x-(k) at time k and the corrected displace-
ment data x+(k-1) at time k-1. 

[0069] A prior statistical error  generated in predicting the displacement data at the next time using a posterior
statistical error Px(k-1) of the displacement data at the current time may be calculated as shown in the following Equation

(2). Note that the matrix Q(k) refers the covariance of process noise, the matrix B refers transition matrix of process
noise and BT means transpose of the matrix B. 

[0070] On the other hand, if the current time is k in the post-processing, a correction weight Kx(k) may be calculated

by using an acceleration and a noise R(k) of the measurement data at the current time k and a prior statistical error

 at the current time k as shown in Equation (3) below. Note that observation matrix H refers the relation between
the displacement measurement data y(k) and the corrected displacement data x+(k). 

[0071] A corrected displacement data x+(k) at the current time may be calculated as shown in Equation (4) below by
applying the correction weight Kx(k) to the difference between the acceleration and displacement measurement data
y(k) at the current time and the prior displacement data x-(k) at the current time, and correcting the prior displacement
data x-(k) at the current time. 

[0072] On the other hand, a displacement error included in the first displacement calculated through the first-stage
Kalman filter may be calculated using the second-stage Kalman filter. If the current time is k-1 in the pre-processing, an
acceleration-internal bias b-(k) at the next time may be predicted as Equation 5 below using the acceleration-internal
bias b+(k-1) at the current time. 

~

~

~

~

~

~

~

~

~

~

^

^



EP 3 524 954 A1

8

5

10

15

20

25

30

35

40

45

50

55

[0073] Then, an acceleration-internal bias influence coefficient correction amount S(k) at the next time may be predicted
as shown in Equation (6) using the acceleration-internal bias influence coefficient V(k-1) at the current time. In Equation
(6), C may be a constant. 

[0074] The acceleration-internal bias influence coefficient V(k) at the next time may be predicted as shown in Equation
(7) below using the acceleration-internal bias influence coefficient V(k-1) at the current time, the correction weight Kx(k)
of the above Equation (3), and the acceleration-internal bias influence coefficient correction amount S(k) at the next time. 

[0075] Meanwhile, if the current time is k in the post-processing, an acceleration-internal bias correction weight Kb(k)

may be predicted as shown in Equation (8) below using the prior statistical error  of Equation (2), the acceleration-
internal bias influence coefficient correction amount S(k) at the current time, and the error covariance matrix of the prior

estimation of b-(k).  

[0076] Next, a corrected acceleration-internal bias b+(k) at the current time may be calculated as Equation 9 below
by applying the correction weight Kb(k) to the difference between the measurement data y(k) at the current time and the
acceleration-internal bias b-(k) at the current time and correcting the acceleration-internal bias b-(k) at the current time.
Note that x-(k) refers the prior estimation of acceleration-internal bias considered displacement data. 

[0077] Subsequently, displacement data from which an error due to the bias is removed for error correction may be
obtained as Equation (10) below by multiplying the acceleration internal bias b+(k) corrected as Equation (9) by the
acceleration-internal bias influence coefficient V(k) at the current time as Equation (7), and combining a result value of
the multiplication with the corrected displacement data x+(k) obtained by the first-stage Kalman filter as Equation (4). 

[0078] The operation processor 130 as described above may make both of the plurality RTK displacement transmitted
and the structure response information calculated to be comparatively displaced on the separate display device (not
shown). As shown in FIG. 5, a plurality of RTK displacement data (that is, shown as GPS measurement displacement)
transmitted from each of the plurality of response meters 120 may be respectively displayed. As shown in FIG. 6, the
acceleration information transmitted from each of the plurality of response meters 120 (i.e., measured acceleration) may
be displayed.
[0079] As shown in FIG. 7, the operation processor 130 may make the structure response information (i.e., shown as
Kalman filtering results), obtained by combining the acceleration information with the RTK displacement information
through the first-stage Kalman filter and the second-stage Kalman filter, be displayed respectively. Here, the structure
response information may include acceleration data, velocity data, displacement data, and angular displacement data
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each of which may be separately displayed. A warp-off angle of the filter used in the Kalman filtering may be set to an
input value.
[0080] In FIGs. 5, 6 and 7 described above, a window ranged 60 seconds may be successively shifted along the X-
axis, and a range of the Y-axis may be set in correspondence with the maximum amplitude within the window.
[0081] In addition, the operation processor 130 may display GPS-related information (e.g., the number of GPS satellites,
mode information, integer ambiguity information, and the like) regarding the state of the GPS data per sensor as shown
in FIG. 8. In addition, as shown in FIG. 9, a path for storing result data (i.e., structure response information) derived
through the Kalman filter may be set and stored. Here, ’true’ in the item of ’Save’ means to save.
[0082] The operation processor 130 may perform individual Kalman filtering operations on the respective acceleration
information and the RTK displacement information in real time, and may visually display and store the structure response
information (e.g., acceleration data, velocity data, displacement data, angular displacement data, etc.) obtained from
the Kalman filtering operations.
[0083] For example, if there are ten acceleration sensors, ten sets of acceleration data and displacement RTK data
may be transmitted, and ten Kalman filter algorithms may be operated individually to yield ten precise displacement
data. Each of these precise displacement data is structure response information corresponding to the installation posi-
tions.
[0084] The communication network 140 may include a wired communication network, and/or a wireless communication
network. The communication network 140 may provide a wired and/or a wireless communication environment between
the reference instrument 110, the plurality of response meters 120, and the operation processor 130, and thus may
transmit and receive data therebetween.
[0085] Therefore, the present disclosure may provide a precise measurement system that may precisely measure the
dynamic behavior of a structure including high-rise buildings, bridges, dams, harbors, etc. using the GPS and the ac-
celerometer.
[0086] Further, a system for precisely measuring a structure according to an embodiment of the present disclosure
may include a reference meter installed at a fixed position and configured to provide GPS reference information, a
plurality of response meters installed at a plurality of positions of the structure and configured to measure displacement
information corresponding to the installation positions, respectively, and an operation processor configured to receive
respective displace information from the plurality of response meters through a communication network and calculate
structure response information. The system may precisely measure dynamic characteristics of the structure including
acceleration, velocity, displacement, angular displacement.
[0087] Furthermore, the system for precision measurement according to an example embodiment may provide solu-
tions for the synchronization, integration, and compatibility of data by measuring the six DOF dynamic characteristics
of the structure including acceleration, velocity, displacement, angular displacement, etc. The system may not only
respond to the low vibration of several micro-Gs in the low frequency response characteristics of the structure but also
constantly measure the change due to the temperature change depending on presence or absence of wind, sunlight,
and the like.
[0088] Next, with the precise measurement system having the above-described configuration, the following processing
may be performed: the reference meter installed at a fixed position provides the GPS reference information; the plurality
of response meters installed at a plurality of positions of the structure respectively transmit acceleration information
obtained through the acceleration sensors; the plurality of response meters transmit the plurality of RTK displacement
data measured by using GPS reference information; and the operation processor receives the acceleration information
and the plurality of RTK displacement data to calculate the structure response information. This processing will be
described below.
[0089] FIG. 10 is a flowchart showing steps of precisely measuring the dynamic behaviors of the structure according
to another embodiment of the present disclosure.
[0090] Referring to FIG. 10, the reference meter 110 may receive satellite signals from a plurality of satellites through
the reference GPS module 112 to generate GPS reference information, and then transmit the GPS reference information
to the plurality of response meters 120 through the first communication module 114, respectively (Step 1002). Here, the
GPS reference information may include reference position data, reference time data, and the like.
[0091] Each of the plurality of response meters 120 installed at the plurality of positions of the structure may respectively
sense the X-axis component, the Y-axis component, and the Z-axis component of the acceleration with respect to the
structure at its installation position via the acceleration sensor 121, and transfer the sensing signal to the AD converter
123 (step 1002). Here, the sensing signal may include acceleration data corresponding to the X-axis, the Y-axis and the
Z-axis, angular displacement data corresponding to the XY plane, the YZ plane and the ZX plane, and the like. The
acceleration data may include X-axis direction acceleration data, Y-axis direction acceleration data, and Z-axis direction
acceleration data in the installation position between a first position corresponding to a first time and a second position
corresponding to a second time after a predetermined time elapses from the first time. The angular displacement data
may include XY angular displacement data varying along the XY plane, YZ angular displacement data varying along
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the YZ plane, and ZX angular displacement data varying along the ZX plane about the first position.
[0092] The AD converter 123 may convert the sensing signal transmitted from the acceleration sensor 121 into a digital
signal and transmits the digital signal to the data processor 124. The data processor 124 may assign the acceleration
time information to the acceleration information transmitted from the AD converter 124 using the GPS reference infor-
mation (e.g., reference time data, etc.) transmitted through the second communication module 125. The data processor
124 in this manner may acquire acceleration information (e.g., acceleration data corresponding to the X axis, Y axis and
Z axis, angular displacement data corresponding to the XY plane, YZ plane and ZX plane, acceleration time data, etc.)
(Step 1006).
[0093] Meanwhile, each of the plurality of response meters 120 installed at several positions of the structure may
receive a satellite signal corresponding to the corresponding installation position through the response GPS module 125
from a plurality of satellites, and measure the plurality RTK displacement information (e.g., dynamic displacement data
corresponding to the X-axis, Y-axis, and Z-axis, etc.) corresponding to the installation position using the GPS reference
information transmitted through the second communication module 124 and the satellite signals received (Step 1008).
[0094] The response GPS module 125 may measure the three-axis relative displacements of the satellite signals
based on the GPS reference information (e.g., reference position data, reference time data, etc.) and assign the corre-
sponding displacement time information (i.e., displacement time data) to each of the relative displacement data. In this
manner, a plurality of RTK displacement data (e.g., dynamic displacement data corresponding to the X-axis, Y-axis and
Z-axis, displacement time data, etc.) may be obtained (step 1010). The plurality of RTK displacement data may be
transmitted to the data processor 124 for the time synchronization.
[0095] In the next, the data processor 124 may synchronize the acceleration information to which the acceleration
time information is assigned with the plurality of RTK displacement data transmitted from the response GPS module
125 at multiple sampling frequencies. The data processor 124 may also generate the acceleration information (e.g.,
acceleration data corresponding to the X-axis, Y-axis and Z-axis, angular displacement data corresponding to the XY
plane, YZ plane and ZX plane, acceleration time data, etc.) and the plurality of RTK displacement data (e.g., dynamic
displacement data corresponding to the X-axis, Y-axis, and Z-axis, displacement time data, and the like) in a form of
one packet to be transmitted to the operation processor 130 through the second communication module 125 (Step 1012).
[0096] Here, the data processor 124 may perform the correction of the acceleration information according to the
temperature change using the temperature data corresponding to the sensing signal sensed through the temperature
sensor 122. The data processor 124 may transmit the temperature data together with the acceleration information and
the plurality of RTK displacement data as one packet to the operation processor 130.
[0097] Then, the operation processor 130 may receive three DOF acceleration and three DOF angular displacement
of the acceleration information and three DFO dynamic displacement of the RTK displacement information transmitted
in one packet from each of the plurality of response meters 120, and perform the operations of the first-stage Kalman
filtering and the second-stage Kalman filtering to remove the displacement error corresponding to the acceleration-
internal bias. By these operations, the structure response information for the structure may be obtained (step 1014).
Here, a first displacement including the acceleration-internal bias may be calculated through the first-stage Kalman
filtering, and a displacement error included in the first displacement may be calculated through the second-stage Kalman
filtering. Thereafter, the structure response information can be calculated by removing the displacement error from the
first displacement.
[0098] The operation processor 130 may comparatively display the acceleration information and the plurality of RTK
displacement data received, and the structure response information calculated on a separate display device (step 1016).
For example, displayed on the display device are the plurality of RTK displacement data (shown as ’GPS MEASUREMENT
DISPLACEMENT’) as shown in FIG. 5, the acceleration information (shown as ’MEASUREMENT ACCELERATION’)
as shown in FIG. 6, the structure response information (shown as ’KALMAN FILTER RESULT’) as shown in FIG. 7, the
GPS related information (e.g., the number of GPS satellites, the mode information, the integer ambiguity information
and the like) as shown in FIG. 8, the storage path setting as shown in FIG. 9.
[0099] Therefore, according to the present disclosure it is possible to provide a method of precisely measuring the
dynamic behaviors of a structure such as high-rise buildings, bridges, dams, harbors, etc. using the GPS and the
accelerometer.
[0100] Also, the system according to the present disclosure includes the reference meter installed at a fixed location
and configured to provide the GPS reference information, the plurality of response meters installed respectively at a
plurality of positions on the structure and configured to measure the displacement information corresponding to the
installation position; and the operation processor configured to respectively receive the displacement information from
the plurality of response meters via the communication network and calculate the structure response information, thereby
precisely measuring the dynamic characteristics of the structure including acceleration, velocity, displacement, angular
displacement, etc.
[0101] Although a few embodiments of the present general inventive concepts have been shown and described, it is
not to be construed as limiting the present disclosure. It will be appreciated by those skilled in the art that various
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substitutions, modifications, and changes may be made in these embodiments without departing from the principles and
spirit of the general inventive concepts, the scope of which is defined in the appended claims and their equivalents.

Claims

1. A system for precisely measuring a structure, comprising:

a reference meter installed at a fixed position and configured to provide GPS reference information received
via a reference GPS module,
a plurality of response meters, installed at a plurality of positions of the structure respectively, each of which
comprises an acceleration sensor and a response GPS module, and is configured to synchronize acceleration
information obtained through the acceleration sensor with a plurality of real-time kinematic (RTK) displacement
data measured through the response GPS module using the GPS reference information to transmit the syn-
chronized acceleration information and the plurality of RTK displacement data, and
an operation processor configured to calculate structure response information using the transmitted acceleration
information and the plurality of RTK displacement data,
wherein the GPS reference information includes reference position data and reference time data, and the
plurality of RTK displacement data include dynamic displacement data corresponding to X-axis, Y-axis, and Z-
axis and displacement time data, and
wherein the response meter acquires the acceleration information by measuring an X-axis component, a Y-axis
component, and a Z-axis component of an acceleration of the structure through the acceleration sensor, and
synchronizes acceleration time data corresponding to the acceleration information with the displacement time
data at multi-sampling frequencies to generate the acceleration information and the plurality of RTK displacement
data into a packet, the acceleration information including acceleration data corresponding to an X-axis, a Y-
axis, and a Z-axis, and angular displacement data corresponding to an XY plane, a YZ plane, and a ZX plane.

2. The system of claim 1, wherein the response meter is configured to acquire the plurality of RTK displacement data
corresponding to installation positions using satellite signals and the GPS reference information which are received
from the plurality of satellites via the response GPS module.

3. The system of claim 2, wherein the response meter is configured to measure three-axis relative displacements of
the satellite signals based on the GPS reference information and assign corresponding displacement time information
to respective relative displacement data.

4. The system of claim 1, wherein the response meter is configured to assign corresponding acceleration time infor-
mation to the acceleration information based on the GPS reference information.

5. The system of claim 4, wherein the response meter is configured to perform correction of the acceleration information
according to temperature change based on temperature data measured by a temperature sensor that senses a
temperature inside the response meter.

6. The system of claim 1, wherein the operation processor is configured to calculate a three-DOF acceleration and a
three-DOF angular displacement of the acceleration information and a three-DOF dynamic displacement of the RTK
displacement data using a first-stage Kalman filter and a second-stage Kalman filter so that a displacement error
corresponding to an acceleration-internal bias is eliminated.

7. The system of claim 6, wherein the operation processor is configured to calculate a first displacement including the
acceleration-internal bias through the first-stage Kalman filter.

8. The system of claim 7, wherein the calculation processor is configured to calculate the displacement error included
in the first displacement through the second-stage Kalman filter, and then remove the displacement error from the
first displacement to calculate the structure response information.

9. The system of claim 8, wherein the operation processor may be configured to comparatively display the acceleration
information, the plurality of RTK displacement data, and the structure response information.

10. A method for precisely measuring a structure, comprising:
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providing GPS reference information by a reference meter installed at a fixed position;
acquiring acceleration information from an acceleration sensor by a plurality of response meters respectively
installed at a plurality positions of the structure;
measuring a plurality of RTK displacement data based on the GPS reference information by the plurality of
response meters, respectively;
synchronizing the acceleration information and the plurality of RTK displacement data to transmit the synchro-
nized acceleration information and RTK displacement data by the plurality of response meters; and
receiving the acceleration information and the plurality of RTK displacement data and calculating structure
response information by an operation processor.
wherein the GPS reference information includes reference position data and reference time data, and the
plurality of RTK displacement data includes dynamic displacement data corresponding to X-axis, Y-axis, and
Z-axis and displacement time data,
wherein in acquiring the acceleration information, the acceleration information is acquired by measuring an X-
axis component, a Y-axis component, and a Z-axis component of an acceleration of the structure through the
acceleration sensor, where the acceleration information include acceleration data corresponding to an X-axis,
a Y-axis, and a Z-axis, and angular displacement data corresponding to an XY plane, a YZ plane, and a ZX
plane, and
wherein in synchronizing the acceleration information and the plurality of RTK displacement data, the acceler-
ation time data corresponding to the acceleration information are synchronized with the displacement time data
at multi-sampling frequencies to generate the acceleration information and the plurality of RTK displacement
data into a packet.

11. The method of claim 10, wherein in measuring the plurality of RTK displacement data, the plurality of RTK displace-
ment data corresponding to installation positions is acquired using satellite signals and the GPS reference information
which are received from the plurality of satellites via the response GPS module.

12. The method of claim 11, wherein in measuring the plurality of RTK displacement data, three-axis relative displace-
ments of the satellite signals are measured based on the GPS reference information and corresponding displacement
time information is assigned to respective relative displacement data.

13. The method of claim 10, wherein in acquiring acceleration information, corresponding acceleration time information
is assigned to the acceleration information based on the GPS reference information.

14. The method of claim 13, wherein in synchronizing the acceleration information and the plurality of RTK displacement
data, correction of the acceleration information is performed according to temperature change based on temperature
data measured by a temperature sensor that senses a temperature inside the response meter, and then the time
data is included into the packet to be transmitted.

15. The method of claim 10, wherein in calculating the structure response information, a three-DOF acceleration and
a three-DOF angular displacement of the acceleration information, and a three-DOF dynamic displacement of the
RTK displacement data are calculated using a first-stage Kalman filter and a second-stage Kalman filter so that a
displacement error corresponding to an acceleration-internal bias is eliminated.

16. The method of claim 15, wherein in calculating the structure response information, a first displacement including
the acceleration-internal bias is calculated through the first-stage Kalman filter.

17. The method of claim 16, wherein in calculating the structure response information, the displacement error included
in the first displacement is calculated through the second-stage Kalman filter, and then the displacement error is
removed from the first displacement to obtain the structure response information.

18. The method of claim 17, further comprising comparatively displaying the acceleration information, the plurality of
RTK displacement data, and the structure response information after calculating the structure response information.
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