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Abstract: Dam deformation monitoring is a critical technical measure to ensure the safe and stable operation of
dams. It involves measuring the structural deformation response of engineering dams using monitoring instru-
ments or technological means. By analyzing the regularity and trend of deformation monitoring data, potential
safety anomalies can be forecasted and warned against, providing timely and reliable data for the formulation and
implementation of risk removal measures. Horizontal displacement, as the most intuitive and effective reflection
of the dam’s state under the action of internal and external loads and foundation deformation, is an indispensable
part of dam safety monitoring. Currently, the plumb line method and the tensioned wire method are mainly used
for horizontal displacement monitoring of dams. A plumb line coordinate instrument measures the horizontal
deformation in the upstream and downstream directions and the left and right bank directions through two axes,
or the radial and tangential horizontal displacements for arch dams. Compared to other principles, optoelectronic
plumb line coordinate instruments have better long-term stability and anti-interference ability and are widely used on
engineering sites. However, the orthogonality of the two measuring directions of the instrument is often overlooked.
This paper starts from the principle of the development of the plumb line coordinate instrument, analyzes the source
of instrument orthogonal error, and combines data collection, structural analysis, and experimental verification. By
applying methods such as least squares and regression analysis, an effective calibration calculation and error correc-
tion method is proposed. This method is then programmed into the developed plumb line coordinate instrument to
meet the real-time correction and output of measured values, providing a reliable technical method for the accuracy
and continuous real-time remote monitoring of dam horizontal displacement monitoring. It also offers a technical
path for the orthogonality testing of plumb line coordinate instruments.

Keywords: Optoelectronic; Horizontal displacement monitoring; Plumb line coordinate instrument; Orthogonal
error

1 Introduction

Dam deformation monitoring is a crucial technical measure to ensure the safe and stable operation of dams. It
mainly involves measuring the structural deformation response of engineering dams through monitoring instruments
or technical means [1, 2]. By analyzing the regularity and trend of the deformation monitoring data, it is possible to
forecast and warn against potential safety anomalies, providing timely and reliable data information for the formulation
and implementation of risk removal measures, thus ensuring the stable operation of the project safely [3, 4].

Dam deformation monitoring mainly consists of monitoring items such as horizontal displacement, vertical
displacement, inclination, joints, and cracks [5, 6]. Horizontal displacement, as the most intuitive and effective
reflection of the dam’s state under the action of internal and external loads and foundation deformation, is an
indispensable part of dam safety monitoring [7, 8]. Horizontal displacement monitoring of dams mainly uses the
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plumb line method and the tensioned wire method, with common instruments such as optoelectronic, capacitive,
and stepper motor types, distinguished by their measuring principles [9, 10]. From working principles to actual
application effects, optoelectronic instruments, compared to other principles, have better long-term stability and
anti-interference ability [11, 12]. Optoelectronic instruments have gradually replaced stepper motor and capacitive
instruments, becoming the mainstream instrument for horizontal displacement monitoring, meeting the needs of
most dam safety monitoring practices [13, 14].

Optoelectronic plumb line coordinate instruments measure the horizontal deformation in the upstream and
downstream directions and the left and right bank directions through two axes, or the radial and tangential horizontal
displacements for arch dams [15]. The accuracy of the two measuring axes is tested separately before the instrument
leaves the factory and is installed [16]. The conventional measurement method involves moving the plumb line
coordinate instrument in one test direction, selecting points for measurement within the range, while the other
measuring direction does not move during the measurement process [17]. Ideally, the angle between the two
measuring axes is 90°, but in reality, due to factors such as installation process and casing processing, it is difficult
to make the angle between the two measuring axes exactly 90°. However, due to the limitations of the detection
method, it is easy to overlook the error caused by the excessive deviation of the angle between the two axes, making
the instrument unable to objectively reflect the horizontal deformation in the upstream and downstream directions
and the left and right bank directions after being installed on site, causing a certain deviation between the instrument
measurement results and the actual direction, thereby affecting the objective reflection of deformation monitoring
data on the actual deformation amount. Therefore, improving the accuracy of the instrument measurement direction
is an important factor in ensuring the accuracy of the instrument measurement.

This paper starts from the principle of the development of the optoelectronic plumb line coordinate instrument,
analyzes the source of instrument orthogonal error, and combines data collection, structural analysis, and experimental
verification. An effective calibration calculation and error correction method is proposed, and this method is
programmed into the developed plumb line coordinate instrument through firmware, meeting the real-time correction
and output of measured values, providing a reliable technical method for the accuracy and continuous real-time remote
monitoring of dam horizontal displacement monitoring. It also offers a technical path for the orthogonality testing
of plumb line coordinate instruments.

2 Optoelectronic Plumb Line Coordinate Instrument Measurement Analysis

CCD Plumb Line Coordinate Instrument
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Figure 1. Schematic diagram of the optic path principle of the plumb line coordinate instrument (single direction)
under ideal conditions

The working principle of the optoelectronic plumb line coordinate instrument is that a point light source generates

parallel light beams through a lens, which are then blocked by the plumb line to create light of different intensities
that irradiate the surface of a linear CCD (as shown in Figure 1). The photoelectric conversion function of the linear
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CCD’s photosensitive units transforms the optical image projected onto the photosensitive units into electrical signals
“pixels,” i.e., converting the spatial distribution of light intensity into a spatial distribution of charges of varying
sizes proportional to the light intensity, forming a series of time-sequential pulse sequences of varying amplitudes.
By calculating the distribution of pulse sequence amplitudes, the range of the plumb line shadow is located, thus
determining the two-dimensional coordinates of the plumb line within the horizontal measurement range [18].
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Figure 3. Curve graph of linear CCD module acquisition values (with plumb line)
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The parallel light of the instrument is formed by a point light source passing through a Fresnel lens. The
collimation of the parallel light and the intensity of the light irradiated onto the linear CCD module both deviate from
the ideal values to a certain extent. Taking a set of linear CCD data collected by the developed plumb line coordinate
instrument as an example, as shown in Figure 2, the time-sequential pulse sequences of the linear CCD are acquired
using an AD chip. The calculated amplitude of each pixel point varies within a certain range, with the X-axis
amplitude variation range being 10.55%, and the Y-axis amplitude variation range being 9.38%. The measurement
data show that the output parallel light of the instrument is not uniform in intensity under ideal conditions, and
different parallel light output values still have certain differences. In the experiment, by adjusting the resistance value
of the LED series resistor, the intensity of the light from the point light source was adjusted, making the shadow
range of the plumb line blockage more distinct relative to other areas.

Placing a 1.2mm diameter plumb line at any position within the measurement range, the amplitude of the pulse
sequence is calculated in the same way, as shown in Figure 3. The measurement data show that the shadow area
blocked by the plumb line is not an ideal square wave, due to scattering and reflection of the light path, the edge of
the blocked shadow area changes gradually.

The developed plumb line coordinate instrument outputs the shadow area of the plumb line in the form of
displacement values through filtering and threshold setting, etc. By calculating according to methods such as
exceeding the threshold and locating feature points, the shape shown in Figure 3 gives an X-axis displacement value
of 22.59mm and a Y-axis displacement value of 29.45mm.

According to the conventional detection method, the plumb line coordinate instrument is moved in one test
direction for point selection measurement within the range, while the other measuring direction does not move
during the measurement process. Taking a single measurement as an example, the shape of the measurement point
is shown in Figure 4. When detecting using this method, it does not cover the range of both measuring directions,
making the measurement results limited.
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Figure 4. Comparison of initial measurement values and standard values under conventional measurement

3 Analysis of Orthogonal Error in Optoelectronic Plumb Line Coordinate Instruments

This paper measures the initial values of X/Y using an automatic measurement platform, which positions the
output through two perpendicularly installed gratings. The automatic measurement platform has been calibrated for
length indication and orthogonality by a testing organization and serves as the measurement standard for the plumb
line coordinate instrument. The automatic measurement platform fixes the plumb line in place while moving the
plumb line coordinate instrument on the platform. The two measuring axes of the platform are controlled by the host
computer, which sends instructions to the stepper motors. The stepper motors then move the platform’s bearings to
move the instrument to a rough adjustment position. After moving the instrument, the host computer will fine-tune
the instrument’s position based on the real-time output of the gratings to reach a predetermined position within
the accuracy range of the gratings. Once the instrument is stable at the predetermined position, it will output the
measurement value at that time, i.e., the measured values of X/Y.

78



During automatic measurement, the two axes of the plumb line coordinate instrument move sequentially across
a measuring range of 50mm, with a fixed measurement interval. The measurement values of the two axes are shown
in Figure 5. The black dots represent the standard axis output values of the automatic measurement platform, and
the green dots represent the measurement values of the plumb line coordinate instrument. The figure shows that
there is a certain deviation between the measurement values of the plumb line coordinate instrument and the output
values of the gratings. Additionally, when the automatic measurement platform moves along one axis, the real-time
displacement measurement value of the other axis of the plumb line coordinate instrument also changes.

Initial Measurement Values of the Plumb Line Coordinate Instrument
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Figure 5. Comparison of initial measurement values and standard values of the plumb line coordinate instrument

According to the measurement index requirements of the instrument, it should meet a resolution < 0.02 mm,
basic error < 0.5%FS, and non-repeatability < 0.1%FS. The resolution, basic error, and non-repeatability technical
indicators for the X and Y axes are calculated respectively.

The detection results for the X axis are as follows:

Technical Indicator  Detection Results Specification Requirements [19] Conclusion

Resolution ry 0.01 mm < 0.02 mm Meets
Basic Error Jy 0.70%FS < 0.5%FS Does Not Meet
Non-Repeatability Ry 0.42%FS < 0.1%FS Does Not Meet

The detection results for the Y axis are as follows:

Technical Indicator  Detection Results Specification Requirements [19] Conclusion

Resolution ry, 0.01 mm < 0.02 mm Meets
Basic Error 4§, 0.42%FS < 0.5%FS Meets
Non-Repeatability R, 0.34%FS < 0.1%FS Does Not Meet

Initial measurements, without calibration, cannot meet the technical requirements of measurement, necessitating
calibration of the initial measurement values. Measurement instruments typically perform univariate linear calibra-
tion, but even after such calibration, the basic error and non-repeatability of the instrument still cannot meet the
specifications.

The measurement purpose of the CCD plumb line coordinate instrument is to provide accurate and reliable
measurement data for the horizontal displacement monitoring of the dam body in two orthogonal directions. If the
angle between the two measuring directions of the instrument deviates significantly from 90°, it will cause an error
in the measurement results.

Theoretically, when the two measuring directions of the CCD plumb line coordinate instrument meet the 90°
requirement, the instrument can avoid such errors. However, considering the instrument installation process, it is
difficult for the parallel light beams of the two measuring directions and the linear CCD receiving surface to meet the
90° requirement, and there is no direct and effective method to verify whether the internal parallel light beams and
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the linear CCD receiving surface meet the orthogonality requirements. Furthermore, from the internal composition
of the instrument, the “’point light source” is not a true single-point initial light source in the strict sense, with specific
parameters such as divergence angle and light intensity, and the performance characteristics of the chosen lens will
also affect the transmission density of the ”parallel light beams” and the trajectory of light. All these factors will
cause errors in the measurement results of the linear CCD.
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Figure 6. Horizontal cross-section diagram of the plumb line measurement point

From the above analysis, it is apparent that for the horizontal displacement monitoring of the linear CCD, whether
from its internal installation structure or from the characteristics of the optical devices involved, the orthogonal error
caused is difficult to eliminate at the physical level. The two displacement measuring directions cannot be guaranteed
to be exactly orthogonal. As shown in Figure 6, if the measurement results are directly located from the shadow
range of the CCD module, there will be a certain deviation from the standard coordinate system X/Y. The actual
measurement results are the measurement values of the two offset coordinate axes X’ and Y.

Due to the presence of non-orthogonal errors, this displacement value cannot be directly output as the Y-axis
measurement value of the instrument; meanwhile, due to the high precision requirements of this instrument in
engineering. How to improve the measurement accuracy of the instrument in the standard X/Y axes is the focus of
this study.

Since the installation angle of the instrument has various possibilities, compensating for the angular error in each
case is not suitable for mass production. This paper intends to start from the initial measurement data and correct
the orthogonal error through data calibration, allowing for the measurement correction of the installed instrument
and greatly improving the efficiency of the factory output.
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4 Data Calibration Method Analysis

To determine the optimal method for instrument error correction, this paper analyzes several calibration methods.

(1) Univariate Linear Calibration

For the X and Y axes, this paper establishes linear curves separately, with the linear calibration model as
follows [20]:

Vw = kaw + Cx
Vy=kyVy+cy

{/:( and \N/y represent the calculated values after calibration, V and V, represent the initial measurement values,
ky, cx, and ky, ¢y are the calibration parameters for the X and Y axes, respectively.

During the calibration process, a grid method is used, with the two axes of the plumb line coordinate instrument
moving in sequence across a measurement range of 50mm, with a measurement interval of Smm. This can obtain
two sets of data: the nominal values of the grating scale and the measurement values of the plumb line coordinate
instrument. Using the least squares method for linear calibration, the corresponding parameters can be obtained.

These parameters are written into the firmware of the plumb line coordinate instrument, and the original
measurement values are calculated and output. It has been found through experiments that the calculated values
still have a significant deviation after calibration. It was observed during calibration that when the X axis does not
move and the Y axis moves over a large range, the deviation of the measurement value of the X axis will exceed the
instrument’s allowable precision, and vice versa.

(2) Multivariate Linear Calibration

Due to the correlation between the two measurements, if only linear/non-linear calibration of a single axis is
used, it cannot meet the accuracy requirements. This paper establishes interconnected multivariate linear curves for
the X and Y axes, with the linear calibration model as follows:

szal\/x—i—blvy—i-cl
{/:,:ag\/x—l—bg\/y—}—cQ

\?X, \7; represent the calculated values after calibration, V, and V represent the initial measurement values,
as, by, c1, and as, by, co are the calibration parameters for the X and Y axes, respectively.

During the calibration process, the grid measurement method is also used to obtain two sets of data: the nominal
values of the grating scale and the measurement values of the plumb line coordinate instrument. By using regression
analysis, the corresponding calibration parameters are obtained. However, the calculated values still have a certain
deviation after calibration, and although the accuracy has been improved compared to the linear calibration method,
it still does not meet the instrument’s accuracy requirements.

(3) Multivariate Non-linear Calibration

To further improve the accuracy of the instrument and correct the orthogonal error of the instrument, this paper
proposes using multivariate non-linear calibration, with the non-linear calibration model as follows:

szcl+a1va+b1XVy+d1XVm2+€1XVyz+f1XVIXVy
Vy=cotasx VotboxVy+dyx Vidteax V) + faxV,xV,

V;, ‘~/y represent the calculated values after calibration, V,, and V), represent the initial measurement values,
ag, by, cq, di,eq,f; and ag, bo, co, do,eq,fs are the calibration parameters for the X and Y axes,respectively.
Through experimental verification, this calibration method can correct the orthogonal error of the two measuring
axes within the accuracy range. The specific correction process and calibration calculation method are detailed in
the next section.

5 CCD Plumb Line Coordinate Instrument Error Correction Method

This paper has determined an effective orthogonal error correction method through testing and experimental
verification, with the specific steps as follows (Figure 7):

Step S101: Based on the range of the plumb line coordinate instrument along the X and Y axes, divide the range
of the X and Y axes into multiple grids according to a preset rule to create a grid diagram (as shown in Figure 8).
Establish corresponding grid coordinates for each grid point in the grid diagram, where each grid point’s coordinate
value is (Hy, Hy ), with H, and H,, representing the grid point’s coordinates along the X and Y axes, respectively.
The following steps use this standard grid diagram to calibrate the plumb line coordinate instrument. It should be
noted that the X and Y axes are two orthogonal axes on the horizontal plane.
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S101

Based on the range of the plumb line coordinate instrument along the X and Y axes, divide the
range of the X and Y axes into multiple grids according to preset rules to obtain a grid
diagram, and establish corresponding grid coordinates for each grid point in the grid diagram,
where each grid point's coordinate value is (Hx, Hy). with Hx and Hy being the grid point's
coordinates along the X and Y axes, respectively.

S102

Keep the plumb line unchanged, move the plumb line coordinate instrument sequentially to
each grid point's position on the grid diagram on the same horizontal plane, and record the
initial measurement values of the X axis and Y axis of the plumb line coordinate instrument,
Vx and Vy. respectively.

S103
/_

Based on the coordinate values (Hx, Hy) of each grid point, calibrate the initial measurement
values Vx and Vy to obtain the calibrated values ¥, and 17;, for the X axis and Y axis of the

plumb line coordinate instrument.

Figure 7. Error correction process for the plumb line coordinate instrument

Figure 8. Horizontal cross-section diagram of the plumb measurement point

By dividing the range of the X and Y axes into multiple grids at equal intervals, the grid points in the grid
diagram thus established will form an equidistant array. This arrangement facilitates the control of moving the plumb
line coordinate instrument to each grid point’s position on the same horizontal plane sequentially and can simplify
the computation for regression analysis and fitting processing to some extent. Of course, other different division
rules can also be applied, dividing the measurement points of the X and Y axes into grids with certain deviations in
spacing.

Step S102: Keep the plumb line unchanged and move the plumb line coordinate instrument sequentially to each
grid point’s position on the grid diagram on the same horizontal plane, and record the initial measurement values of
the X and Y axes of the plumb line coordinate instrument, V, and V.

By comparing V,, and V,, with the standard grid point coordinates (H,, H,) on the grid diagram, the deviation
of the initial measurement values V,, and V;, can be understood.

Step S103: Based on each grid point’s coordinate values (Hy, Hy ), calibrate the initial measurement values V,
and V;, to obtain the calibrated values V, and Vy for the X and Y axes of the plumb line coordinate instrument.
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In the above steps, calibrating the initial measurement values V., and V,, based on each grid point’s coordinate
values (Hy, H,) means finding the relationship function between the initial measurement values V,, and V,, and the

standard values H, and H, in the grid diagram. Using this relationship function, calculate the calibrated values %

and 17; for the X and Y axes of the plumb line coordinate instrument. This method allows for correcting the errors
of the plumb line coordinate instrument to obtain measurements that meet the accuracy requirements.

6 CCD Plumb Line Coordinate Instrument Calibration Calculation Method

The steps to calibrate the initial measurement values V;; and V,, based on each grid point’s coordinate values

(Hy, Hy) to obtain the calibrated values V. and \’/Vy for the X and Y axes of the plumb line coordinate instrument
include (as shown in Figure 9):

/" 5201

Based on the initial measurement values of the plumb line coordinate instrument's X axis and
Y axis, Vx and Vy, obtain the corresponding intermediate measurement values Vx2 Vy2, and
VX Vy.

5202
Based on formulas Hy=c, +a, XV, +b, XV, +d, xVi+e, XV, +f, xV, XV, /
andHy=c; + @y XV, + by XV, +dy XVi+e; XV2+ f, XV, XV, , perform regression

analysis and fitting to obtain calibration parameters

€y, 44, lediJ el!filcEJa'J b; JdZ!gZ- and JF2

S$203
\ e

Based on the calibration parameters ¢y, a4, by, dy, €1, f1.C2, @z, b2, dy, €3, and f». use formula
Vi=ci+aiXVe+by XV, +di XVEi+e, XVE+Fy XV, xV, andV=c, +a, XV, +

by XV, +dy, XV2+e, xV2+f, xV, XV, toobtain the calibrated values ¥, and V_for

the X axis and Y axis of the plumb line coordinate instrument

Figure 9. Calibration calculation process for plumb line coordinate instrument measurement values

Step S201: Based on the initial measurement values V,; and V;, of the X and Y axes of the plumb line coordinate
instrument, obtain the corresponding intermediate measurement values V2, VyQ, and V, x V,, to provide specific
original data support for regression analysis and fitting.

Step $202: Based on the formulas H, = ¢; + a3 X V, + b1 X Vi, +dy x V2 +e1 x V2 4 fix V, x V,, and
Hy =co+ayxVy+by xVy+dyx sz + eg X Vy2 + fa x V x V,,, using the least squares method for regression
analysis and fitting, obtain the calibration parameters c1, a;, by, di,e1,f; and co, a2, by, da,es, fs.

In the steps above, by inputting each grid point’s coordinate values (Hy,Hy) from the grid diagram and the
initial measurement values V and Vy recorded when the plumb line coordinate instrument is moved to the cor-
responding grid point’s plumb line into the formula for regression analysis and fitting, the calibration parameters
c1, a9, by, di,eq,f; and co, ag, bs, ds, eq, fs can be obtained.

Step S203: Based on the calibration parameters c1, a1, b1,d1,e1, f1 and co, as, ba, da, €2, fa, use the formulas
Vi=crtar x Vot+by x Vy+di x VZ+er x V2+ fi x Vo x Vyand Vy = c3 + apx Vi + by x Vy, + da x
V2 + e x V2 + fa x V, x V, to obtain the calibrated values V, and /Vvy for the X and Y axes of the plumb line
coordinate instrument.

In the steps above, the initial measurement values V. and V,, of the plumb line coordinate instrument are calibrated
and transformed into the corresponding calibrated values /17; and ‘7; using the calibration formula, and this calibration
formula is written into the firmware program of the plumb line coordinate instrument. The plumb line coordinate
instrument will directly output the corresponding g and ‘7; thereby being able to output values consistent with the
standard values I, and H, in the standard grid diagram, completing the error correction of the plumb line coordinate
instrument. This prevents the situation where the displacement measurement values of the two directions of the
plumb line coordinate instrument cannot fully meet the orthogonality requirements, causing the output values of the
plumb line coordinate instrument to have a large error. The output values after calibration calculation compared
with the standard grid values are shown in Figure 10, where the calibrated measurement values have coincided with
the standard values measured by the grating scale. The calibration method proposed in this paper is suitable for the

83



calibration and measurement of optoelectronic plumb line coordinate instruments before development and factory
release.

Measurement Values after Calibrating the Plumb Line Coordinate
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Figure 10. Comparison of calibrated measurements and standard values of the plumb line coordinate instrument

The detection results for the X axis are as follows:

Technical Indicator  Detection Results Specification Requirements [19] Conclusion

Resolution ry 0.01 mm < 0.02 mm Meets
Basic Error dy 0.2%FS < 0.5%FS Meets
Non-Repeatability R 0.05%FS < 0.1%FS Meets

The detection results for the Y axis are as follows:

Technical Indicator  Detection Results Specification Requirements [19] Conclusion

Resolution 1y, 0.01 mm < 0.02 mm Meets
Basic Error 4y, 0.19%FS < 0.5%FS Meets
Non-Repeatability R, 0.04%FS < 0.1%FS Meets

7 Conclusion

The optoelectronic plumb line coordinate instrument measures the horizontal deformation of dams in the upstream
and downstream directions and the left and right bank directions through two axes, or the radial and tangential
horizontal displacements for arch dams. The accuracy of measurements from both axes plays a fundamental role
in the reliable analysis of deformation monitoring data and in forecasting and warning against potential safety
anomalies of dams. This paper starts from the principle of the development of the optoelectronic plumb line
coordinate instrument, analyzes the source of instrument orthogonal error, and combines data collection, structural
analysis, and experimental verification. Using least squares and regression analysis, it proposes effective calibration
calculations and error correction methods, improving the reliability of measurement values compared to conventional
linear calibration methods. This method has been programmed into the developed plumb line coordinate instrument
through firmware, meeting the real-time correction and output of measured values, providing a reliable technical
method for the accuracy and continuous real-time remote monitoring of dam horizontal displacement. It also offers
a technical path for the orthogonality testing of plumb line coordinate instruments. This paper mainly focuses on the
calibration analysis of the optoelectronic plumb line coordinate instrument, and the applicability of the calibration
method requires further exploration and research.
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