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This study presents a comprehensive Monte Carlo simulation model developed to thoroughly
investigate the behaviour and impact of systematic errors in geodetic angle-measuring instruments. The
model is highly flexible and scalable, allowing for the simulation of a wide array of typical systematic
errors, including collimation, zero-point, additive and multiplicative distance errors, horizontal axis tilt,
and angular eccentricity. By directly simulating measurements and applying these errors, the model
enables a detailed analysis of their propagation into X, Y, and Z coordinates across various measurement
configurations. A key finding from the simulation results was the identification of a significant linear
correlation between planar and vertical coordinate errors. This correlation was primarily attributed to
the vertical circle zero-point error. While this error's most pronounced effect is on the vertical
coordinate, the study confirmed its consistent, albeit subtle (typically at the fourth decimal place),
influence on planar coordinates. This planar manifestation was found to be dependent on the object's
orientation and the larger linear dimension of the surveyed area. The developed model serves as a
powerful tool for quantitatively assessing individual systematic error contributions, understanding their
complex interdependencies, and ultimately optimising geodetic measurement practices for enhanced
accuracy and reliability.
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Introduction

The Monte Carlo method is a widely adopted technique in geodesy, frequently employed for evaluating
uncertainty and modelling errors. Its applications span various critical tasks, including analysing the
reliability of geodetic networks, identifying anomalous data points, and assessing overall measurement
accuracy (Bonimani et al., 2019). This method proves especially beneficial when dealing with non-linear
functions commonly encountered in fundamental geodetic computations, providing a powerful alternative
to the traditional general law of error propagation (Wyszkowska, 2017). Recent field projects confirm that
such high-precision geodetic instrumentation can be successfully transferred from classical surveying to
urgent documentation tasks; for example, Savchyn et al. (2023) demonstrated rapid fixation and digital
preservation of cultural heritage in conflict zones using similar laser-scanning workflows.

Furthermore, Monte Carlo simulation can be effectively integrated with the GUM (Guide to the
Expression of Uncertainty in Measurement) approach (GUM, 2008; GUM, 2011). This combination
facilitates a more comprehensive assessment of uncertainty within geodetic network adjustments
(Wang, L., & Luo, X. 2021; Niemeier, W., & Tengen, D., 2017). By merging these methodologies,
researchers can generate point clouds that visually represent coordinate uncertainties and define
corresponding confidence regions. In essence, Monte Carlo simulations offer a robust and versatile tool
for modelling errors in geodetic instruments and precisely evaluating measurement uncertainties
(Erenoglu, R. Ciineyt 2018; Tomczyk, K., 2018).

Despite its broad utility, the Monte Carlo method's application has largely been confined to the a priori
calculation of geodetic networks or the analysis of isolated systematic error components. Recognising
this limitation, our previous research (Sossa B. & Havryshchuk V., 2025) introduced a novel approach:
conducting simulation modelling directly on the measurements themselves. This direct simulation
allowed us to explore not only the combined impact of systematic and random errors but also to
meticulously analyse the influence of individual systematic error components. This detailed
investigation aims to significantly enhance measurement accuracy. Building on this foundation, the
current article delves into the specific influence of systematic measurement errors on the accuracy of
coordinate determination, which remains the fundamental goal of utilising geodetic instruments.

Method and Theory

This study employs a comprehensive Monte Carlo simulation approach to investigate the impact of various
systematic errors on the accuracy of coordinates derived from geodetic angle-measuring instruments. The
methodology involves the generation of a simulated environment, calculation of true measurements,
application of modelled systematic errors, and subsequent analysis of the resulting coordinate errors.

The simulation begins by defining a realistic indoor environment, specifically a rectangular room with
specified length, width and height. Within this simulated space, the "true" 3D coordinates of a geodetic
instrument are randomly determined. Subsequently, a large number of "true" measurement points are
generated across all six major surfaces of the room. For each surface, a specified number of points (500)
are uniformly distributed.

Following the generation of true instrument and measurement point coordinates, the corresponding
"true" geodetic measurements are calculated. These include: true horizontal angle (direction angle), true
zenith angle and true spatial distance. These true measurements serve as the baseline against which
systematic errors are applied.

A critical component of this Monte Carlo simulation is the realistic modelling of key systematic errors
commonly encountered in geodetic angle-measuring instruments. For each measurement point, a unique
random instance of each systematic error is generated within a defined range, typically following a
uniform distribution to represent the potential variability of these errors. The following systematic errors
were incorporated into the simulation: collimation error, modelled as a random value between 12 and
18 arcseconds; vertical circle zero-point error (index error), modelled as a random value between -18
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and -12 arcseconds; additive distance error, simulated between 2 and 3 millimetres; multiplicative
distance error, modelled between -3 and 3 ppm,; tilt of the horizontal axis error, modelled between 25
and 30 arcseconds; angular eccentricity effect, simulated between 15 and 18 arcseconds).

The selection of systematic error types is predicated on the fact that terrestrial laser scanners utilise the
same geometric model as electronic total stations (Shults, R. V., & Sossa, B. R., 2015). Consequently,
our developed model achieves greater universality, making it applicable to both electronic total stations
and laser scanners. Furthermore, the specific values for the components of these systematic errors were
adopted from (DSTU 8955:2019, 2020) for instruments classified as B6.

After generating these individual error components, they are analytically applied to the true horizontal
angles, zenith angles, and distances to produce "measured" values.

Once the "measured" horizontal angles, zenith angles, and distances are established by applying the systematic
errors, these values are used to compute the "measured” 3D coordinates (X, Y, Z) of each point relative to the
instrument's known true position. This involves standard geodetic forward intersection formulas.

The final step in the methodology involves a comprehensive analysis of the discrepancies between the
true and measured coordinates. The analysis includes:

* Descriptive statistics: calculation of mean, standard deviation, min, max, and quartiles for all
errors to provide an overview of the error distribution;

* Root mean square error (RMSE): computation of RMSE for individual coordinate components
(RMSEx, RMSEy, RMSEy), planar coordinates (RMSExy), and 3D coordinates (RMSE3p) to
quantify the overall magnitude of the errors;

* Error distribution visualization: scatter plots illustrating the distribution of planar errors,
including 2D Kernel Density Estimation (KDE) plots to show error density; histograms to
visualise the frequency distribution of individual errors components; scatter plots to examine
the dependence of height error on true distance and true Z-coordinate;

* Individual systematic error impact analysis: scatter plots are generated to visualise the
relationship between each systematic error component (e.g., collimation error, zero-point error)
and the resulting errors that helps to visually identify linear or non-linear dependencies; Pearson
correlation matrices: comprehensive correlation matrices are computed and visualised using
heat maps, that show the Pearson correlation coefficients between all systematic error
components and the resulting coordinate errors. Separate correlation matrices are generated for
planar and vertical errors against their respective influencing systematic errors, providing
quantitative insights into the strength and direction of these relationships.

This multi-faceted analysis allows for a thorough understanding of how different systematic errors
propagate through geodetic measurements to affect the final determined coordinates

Results
A descriptive statistic of a priori simulation is shown in Table 1.

Table 1. Descriptive statistics of simulated measurements.

Error X ErrorY Error Z
Count 3000 3000 3000
Mean -0.003500 | 0.002814 0.002913
Standard deviation 0.003914 0.002177 0.001059
Min -0.010848 | -0.004216 | -0.001677
25% -0.006994 | 0.001280 0.002327
50% -0.003859 0.002911 0.002985
75% 0.000392 0.004622 0.003647
Max 0.004094 0.006795 0.005185
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The modelling results yielded the following accuracy metrics: RMSE for X-coordinates was 0.0053 m,
for Y-coordinates it was 0.0036 m, and for Z-coordinates it was 0.0031 m. The Root Mean Square Error
for planar (XY) coordinates was calculated at 0.0063 m, while the 3D RMSE for all coordinates stood
at 0.0071 m. An example of correlation matrix showing the Pearson correlation coefficients between
all systematic error components and the resulting coordinate errors is shown on Fig. 1.

Correlation matrix: Systematic errors vs Coordinate errors i

Collimation (arcsec) 100 0.03 -0.01 0.02 0.03 -0.00 -0.04 0.04 -0.02
-o7s

Zero point (arcsec) - 0.03 0.02 0.03 -0.01 0.01 0.01 0.01 0.25
Additive D (mm) - -0.01 0.02 100 0.00 0.02 -0.00 0.03 0.08 0.10 - 0.50

Multiplicative D (ppm) - 0.02 -0.03 -0.00 n 0.02 0.02 001 -0.00 003
-025

Tilt of axis (arcsec) - 0.03 -0.01 002 -0.02 1.00 -0.01 001 0.03 0.01

--0.25
ErmorinX (m) - 0.04 001 003 001 001 100 ©0.18 0.67

050
EmorinY (m)- 004 0.01 008 0.00 003 028 018 038

-0.75

EmorinZ(m)- 002 025 010 003 ©0.01 037 0.67 038 1.00
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Figure 1 Pearson correlation matrix of simulated measurements.
Discussions

The study aimed to elucidate the behaviour of systematic errors in geodetic measurements, revealing
both anticipated and unexpected dependencies. Notably, a linear correlation between planar and vertical
errors was identified. This dependency primarily stems from the consistent influence of the vertical
circle zero-point error on the zenith angle. Further analyses unequivocally confirmed that while the
vertical circle zero-point error predominantly impacts the vertical (Z) coordinate by directly altering the
zenith angle, it also induces correlated, albeit minor, changes in planar (X and Y) coordinates. This
planar influence is typically observed only at the fourth decimal place, being significantly smaller than
effects from other systematic errors like collimation or distance errors. This negligible magnitude is
attributed to the zero-point error's indirect effect on planar coordinates via the horizontal projection of
the measured distance (D-sin Z). The dependency on cos Z in this projection significantly attenuates
the planar impact compared to its direct influence on height (D-cos Z). Despite its small absolute value,
this specific dependency drives the linear correlation between planar and vertical errors, becoming most
prominent along the planar axis (X or Y) aligned with the largest dimension of the measured region.

Conclusions

In this study, a flexible and scalable model was successfully developed and implemented for the
comprehensive investigation of systematic error behaviour in geodetic instruments using the Monte
Carlo method. This model facilitates the simulation of a wide range of influences — from standard errors
(such as collimation error, zero-point error, additive and multiplicative distance errors) to more specific
ones (tilt of the horizontal axis, instrument eccentricity). Due to its adaptability, the model provides the
capability for in-depth analysis of the impact of these errors on X, Y, and Z coordinates, as well as on
the correlational relationships between them across various geometric configurations of the measured
object (e.g., changes in site dimensions). The obtained results, particularly the identified correlation
between planar and vertical errors, clearly demonstrated the value of simulation modelling. Specifically,
it was confirmed that the vertical circle index (zero-point) error is a key source of this correlation, and
its manifestation in the planar component, although less pronounced (typically at the fourth decimal
place), is clearly dependent on the orientation of the measured object. The developed model serves as a
powerful tool for quantitatively assessing the influence of individual systematic errors, understanding
their interdependencies, and optimising geodetic measurement techniques to enhance their accuracy
and reliability
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