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Accurate geodetic leveling is critical for monitoring structural deformations and ensuring engineering
safety. Digital levels have improved the efficiency and precision of such measurements; however, their
accuracy can be influenced by geometric factors, particularly the rotation of bar-coded leveling rods.
This study investigates the impact of rod rotation on measurement accuracy using the Sokkia SDL30
digital level. Two experimental setups were implemented: (1) rotating the rod at fixed distances and (2)
moving the level along radial arcs with static rods. Measurements were conducted at distances of 2, 4,
6, and 8 meters, with readings taken at incremental rotation angles of up to £75°. The results revealed
a nonlinear relationship between rod rotation and reading errors, with cubic polynomial models
providing the most accurate approximations (R? = 0.79-0.97). Errors increased sharply at shorter
distances (2—4 m) due to stronger perspective distortions, while at longer distances (6—8 m), the error
trends became asymmetric, indicating complex interactions between projection geometry and the
internal image-processing algorithms of the digital level. The study identifies a 4-meter distance as
optimal for calibration and modeling, with minimal distortion observed at rotation angles below 60°.
These findings support the development of adaptive correction algorithms based on rod orientation and
distance, improving the reliability of high-precision leveling under field conditions. The results are
valuable for both practitioners seeking to optimize field procedures and manufacturers aiming to
enhance internal compensation algorithms in digital leveling instruments.
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Introduction

Accurately determining the behavior of foundations under a structure is challenging due to the natural
variability of geological conditions, requiring final engineering analysis and ongoing geodetic control.
Geodetic measurements, in particular high-precision geometric leveling, are a key method for
determining the settlement parameters of structures and monitoring their condition. The use of digital
levels significantly improves the accuracy and efficiency of monitoring, allows you to detect and
analyze changes or deformations of the structure and prevent possible negative consequences.

The measurement accuracy of digital levels can vary depending on the model of the device, the type of
leveling rods, and the conditions of observation. The aim of the study is to determine the effect of
perspective distortion of the image as a set of information symbols of a barcode leveling rod, which
occurs due to the angle of rotation of the rod around its own vertical axis, and to determine the
magnitude of reading errors by the Sokkia SDL30 digital level with the development of
recommendations for determining the limit value of the angle of rotation at which the leveling accuracy
remains within the technical characteristics specified by the manufacturer.

Digital leveling, despite its significant advantages over traditional methods, has a number of
disadvantages that affect the accuracy and reliability of the results. There are a number of researchers
who have studied the general leveling errors and the impact of various factors on the accuracy of digital
levels. Studies of Al-QaBas, Farahan & Fawzy have shown how some environmental factors can affect
their performance, such as vibration, sunlight and its direction, temperature, and battery capacity (Al-
QaBas, Farahan & Fawzy, 2020). A number of authors, in particular Kuchmister, Gotuch, Cmielewski,
Rzepka & Budzyn have investigated calibration methods for leveling systems (Kuchmister, Gotuch,
Cmielewski, Rzepka & Budzyn, 2020). The effect of the vertical angle of illumination on the barcode
has already been tested in an underground environment, and its effect on the measured value was
analyzed in the article (Rdkay, Labant, Barto§ & Pukanskd, 2018). However, traditionally, scientific
publications and studies focus on leveling errors caused by factors such as the influence of temperature
and atmospheric pressure (Suyunov, Mirzaev, Suyunov & Tukhtamishev, 2024; Izvoltova, Chromcak
& Bacova, 2024); stability of the level setup; errors due to leveling rod angle; quality of equipment
calibration, while the effect of horizontal leveling rod rotation on the barcode reading algorithm
remains less studied.

Method and Theory

The reading error depends on two factors: the angle of the leveling rod and the distance from the level
to the rod. To investigate the effect of the rotation angle of the rod on the accuracy of barcode reading
by the Sokkia SDL30 digital level (SOKKIA, 2025), the authors proposed two versions of the
experiment.

Option 1: With a fixed position of the level at specified distances and a rotary (via 15°) leveling rod
with subsequent mathematical processing of the absolute values of the measured height.

Description of the experiment:

1. The level is set at certain distances and is oriented to the leveling rod set to the base position.

2. A series of measurements of absolute height values is performed at three pointings: L — left side
of the bar symbols, C — center, R — right side.

3. The leveling rod, with control of its vertical position, is rotated around the vertical axis with a
discreteness of 15° in the range of 0°-75°. A series of measurements are made for each position of the
rod. The verticality of the rod was controlled during the experiments using a laser level. The vertical
deviation was controlled to within 1 angular minute. This ensured a stable position of the rod at each
fixed angle of rotation within 0°-75°.

4. Measurements were made at different distances: 2m, 4m, 6m, 8m.

At each station, a series of measurements were made with ten readings at three pointings: on the rod
symmetry axis (C), the left (L) and right (R) sides of the stroke image at discrete values of rod rotation
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around the vertical axis every 15 degrees in both directions. The range of leveling rod rotation was set
using a rotary device from 0° to £75°. The arithmetic mean value of the readings was determined for
each pointing. The average values were used to calculate the measurement errors of the absolute heights.

Option 2: With a fixed (static) position of the rods and the movement of the level along the radial
directions and distances. Based on the measurement results, a mathematical analysis of the relative
values of the measured excesses was performed.

Description of the experiment:

1. The parts of the telescopic leveling rod are installed and brought to a vertical position at a distance
of [D.15 m between them. The static position of the rods is ensured for the entire duration of the
experiment.

2. The level is installed sequentially on pre-marked points in an arc relative to the rod with a series
of measurements according to the L-C-R scheme described above.

3. Measurements are repeated at different arc radii (distances to the rod).

In the second option, the rods were fixed motionless, and the level was installed at 24 pre-calculated
points of arcs of different radii. The calculation of the level locations was to ensure guaranteed visibility
of the plane of two rods located at different angles to the sighting axis of the level with a discreteness
of 15°. The arc radii were respectively: 2 m, 4 m, 6 m, 8 m. Pointing to the rod and taking readings was
carried out according to a program similar to the first option of the experiment. At each station, the
heights of the two rods and the differences between them were measured. The leveling rods were fixed
at a distance of 12 cm from each other and oriented in the same plane. The average arithmetic values
were used to calculate the measurement errors of the overlap for each position of the level.

Results

As mentioned above, it was generally assumed that as the rod rotation angle increases, there is an
increase in measurement error due to the distortion of the barcode marks. This means that the regression
level is likely to show a positive correlation between rod rotation angle and measurement error. During
the measurements at each leveling station (option I), data sets were obtained, according to which the
average deviations of the readings on the left (L) and right (R) edges of the barcode rod were calculated
in relation to the value of the reading obtained in the center (C) from a series of ten measurements.

The results of the experimental study confirmed that changes in the rotation angle of the bar-coded rod
significantly affect the magnitude of the reading error of digital levels. The identified effect is nonlinear
in nature, which requires the application of appropriate mathematical models for its description.
According to the developed regression models, a linear approximation can only partially describe the
variation in the reading error, as it does not account for perspective distortions, projection asymmetries,
and stripe center displacements that occur when the rod is rotated around the vertical axis. For more
accurate modeling, second- and third-degree polynomials were applied, enabling the reproduction of
both the overall trend and the local features of error variation. Particular attention should be paid to the
cubic model, which provided the highest coefficient of determination (R?) values at all studied distances.
In turn, the second-degree model demonstrated moderate approximation accuracy (R? = 0.67 — 0.78)
and a noticeable sensitivity to the symmetry of data distribution. The use of a quadratic model with a
fixed curvature (a = 0.0005) artificially ensured a parabolic curve shape; however, its R? values were
lower than those of the linear model.

At short distances (2 — 4 m), the reading error increases sharply with the rod rotation angle due to
pronounced geometric distortions and limited depth of field in the digital level’s view. In this range,
higher-order models (particularly the cubic one) best reflect the nonlinear nature of the changes. The
graph showing the dependence of reading errors of the Sokkia SDL30 level for distance of 4 m is
presented in Figure 1. At medium and longer distances (6 — 8 m), the situation becomes more complex:
the error not only increases but may also decrease or stabilize at larger angles. This may be caused by
the internal algorithms of the digital level (tilt compensation, stripe filtering), the reduced impact of
perspective due to increased distance, or the displacement of the detected stripe center when it partially
falls outside the CCD sensor’s field. These effects confirm the assumption of a nonlinear asymmetric
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nature of scale image deformation during rod rotation, which must be taken into account in the
development of digital error compensation algorithms.
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Figure 1. Dependence of reading error on the rod rotation angle for a distance of 4 m

In the second option, the rods were fixed motionless, and the level was installed at pre-calculated points
of arcs of different radii. The calculation of the locations of the level was to ensure guaranteed visibility
of the plane of two rods located at different angles to the sighting axis of the level with a discreteness
of 15°. The arc radii were respectively: 2 m, 4 m, 6 m, 8 m. Based on the results of the measurements,
a mathematical analysis of the relative values of the measured elevations was performed. Targeting the
leveling rod and reading were carried out according to a program similar to the first option of the
experiment. An analysis of elevation determination errors depending on the rotation angle of the
leveling rod at different distances using the static method indicates that all positions exhibit positive
slopes in the regression curve. As the rotation angle of the rod increases, the errors in elevation
determination also increase.
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Figure 2. Dependence of elevation determination errors on the angle of rod rotation plane at a
distance of 4 m

Within the framework of the experimental study, the dependence of the reading error of a digital level
on the rotation angle of a bar-coded rod was analyzed at distances of 2, 4, 6, and 8 m. Third-degree
polynomials (cubic models) were used for data approximation, demonstrating higher accuracy
compared to linear and quadratic models.
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The highest model accuracy (coefficient of determination R?2 = 0.9717) was achieved at a distance of 4
m. For distances of 6 m and 8 m, the R? values were 0.8669 and 0.8929, respectively; the error exhibited
an asymmetric shape with a gradual decline after reaching its maximum. The lowest approximation
accuracy (R? = 0.7940) was recorded at 2 m, which may be due to rapid error saturation and the lack of
data points in the sharp increase zone. The graph showing the dependence of elevation determination
errors on the angle of rod rotation plane at a distance of 4 m is presented in Figure 2.

Conclusions

The results showed that the projection of the bar-coded field onto the CCD sensor undergoes significant
geometric distortions, which depend on both the rotation angle and the distance to the rod. In all
experimental series, a nonlinear pattern of error variation was observed, making it impossible to
reliably describe it using linear or quadratic models. The cubic regression model demonstrated the
highest approximation accuracy (R? in the range of 0.79 — 0.97) and the ability to adequately represent
both the initial increase in error and its subsequent stabilization or decrease, especially at distances of 4
— 8 meters. The error curves were found to be asymmetric with inflection points, reflecting the complex
interaction between perspective distortion and the internal image processing algorithms of the digital
level. It was established that a distance of 4 meters is optimal for constructing an approximation model
and performing calibration, as rotation angles up to 60° resulted in minimal distortion and the highest
model accuracy.

The findings indicate the feasibility of applying adaptive corrections that account for both the rod
rotation angle and the distance to the rod, in order to ensure high measurement reliability under field
and unstable conditions. It is recommended that level manufacturers implement algorithms for adaptive
correction based on rod orientation, particularly for rotation angles exceeding 30°. When performing
high-precision geodetic leveling, users should minimize the rotation angle of the rod relative to the line
of sight or apply numerical corrections derived from approximation models. To ensure high
measurement accuracy, calibration procedures should include the construction of a cubic approximation
of error as a function of the rod rotation angle at control distances (2 — 8 m), which would form the
basis for creating a generalized correction model suitable for integration into measurement systems.
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