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Abstract. The paper provides synthetic indications regarding the measuring performances of procedures for
using a robotic total station (RTS) in emergency situations, such as the survey of the structural conditions of
buildings and the assessment of the safety level for rescue operations after the occurrence of an earthquake. Par-
ticular attention is paid to operative aspects that could impact on the performance of the system in this situation;
specifically considered is the effect of the layout of the measurement setup and of the number of monitoring
points, depending on the geometry of the site and of the considered buildings, because the criticality of emer-
gency conditions imposes geometrical solutions which are far from having optimal solutions. The analysis is
carried out with reference to two different buildings, which have different characteristics from the point of view
of height and distance from the instrument, and that implies different geometrical constraints for the instrument
during the acquisition of the monitoring points. The methodology allows the evaluation of the repeatability, re-
producibility, and detection limit of a RTS, in field conditions, referring to a 1-year observation period, with
reference to different quantities, like positions of the monitoring points and the inclination of walls and façades.
In particular, the analysis of the geometrical characteristics of reduced configurations of the monitoring points
has highlighted interesting aspects in view of defining a simplified procedure, which is also suitable for speeding
up the acquisition of reliable data in emergency conditions.

1 Introduction

The use of mobile mapping systems (MMSs), like terrestrial
laser scanning (TLS) or robotic total stations (RTSs), is be-
coming to be more and more widely used in standard and
innovative geodetic structural validation and modeling, geo-
logical analysis, and safety tasks (Kalvoda et al., 2021; To-
biasz et al., 2019); in fact, if only a few of the many prac-
tical examples are considered, then such systems have been
used as a support in structural analysis to determine the dis-
placements and deformation of the timber beams of a build-
ing (Kovacic et al., 2021), to monitor the static and dynamic
behavior of big structures like bridges (Kwiatkowski et al.,
2020), to monitor buildings (Alicandro et al., 2021) and tun-
nels (Sun et al., 2020), or to monitor large areas for geolog-
ical studies (Franzini et al., 2021). As a very particular task,
the use of these geomatic instruments could be highlighted
also for forensic applications, like crime scene reconstruc-

tion or documenting different kinds of scenes (Berezowski et
al., 2020).

The motivation for why these systems are so largely used
is mainly due to their ability to supply, in a comfortable way
and a relatively short time, measurement data which are auto-
mated, meaningful, representative of the whole scenario, and
accurate (Kovacic et al., 2021; Alicandro et al., 2021).

Nevertheless, assessing the uncertainty in the measured
data is a mandatory task, if reliable suggestions for decision-
making are needed, especially in safety applications, which
is not a trivial task. In fact, many uncertainty causes could
be individuated, which are instrumental, environmental, and
derive from operating and data processing aspects (Tobiasz
et al., 2019), which are difficult to consider in a coherent,
exhaustive, and synthetic uncertainty budget.

Many very detailed and deepened studied can be found
in the literature about the uncertainty evaluation of TLS or
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RTSs, with reference to their performances in laboratory con-
ditions (Siaudinyte and Suh, 2015; Siaudinyte and Grattan,
2016; Kersten et al., 2021; Kersten and Lindstaedt, 2022) and
in the field (Sun et al., 2020; Kersten et al., 2021; Kersten and
Lindstaedt, 2022).

Furthermore, as for field measurements, the effect on the
accuracy of specific interfering quantities is also studied, like
the influence of the position and number of the control points
(Kalvoda et al., 2021), the effect of the shape of the target
points and the algorithms used to identify the reference sys-
tems putting all the measurements together (Janßen et al.,
2019, 2022), and the effect of the Sun and of the power sup-
ply status (Beshr and Abo Elnaga, 2011). The time stability
of both systems is also of concern, especially when the mon-
itoring of structures during a long interval of time is carried
out, which has been studied in Janßen et al. (2021) and Medić
et al. (2020).

Standards also are available concerning the validation of
measurements carried out with RTSs (ISO 17123 – 5:2018a)
and TLS (ISO 17123 – 9:2018b). The standards present sim-
plified and full measurement procedures in order to con-
sider different operating situations, and guidelines for the
estimation of uncertainty are also given for both cases. As
further evidence of the careful attention to the practical as-
pects concerning accuracy, one standard series is provided
by VDI/VDE, where three different independent test meth-
ods are presented to investigate geometric accuracy of ter-
restrial laser scanners under laboratory conditions. This in-
cludes the (a) distance measurement accuracy to black/white
(B/W) targets and spheres on the 20 m comparator track,
(b) comparison of spatial distances in the 3D test field on
B/W targets, and (c) investigation of the flatness measure-
ment (VDI/VDE Richtlinien 2634, part 1-2-3:2002). Exam-
ples of the uncertainty estimation for measurements of both
RTSs and TLS are given in Kersten et al. (2021) and Kersten
and Lindstaedt (2022), according to the standard procedures
described in VDI/VDE -Richtlinien 2634 (2012), which is
a useful contribution for understanding the performances of
the geomatic systems when a standard condition should be
guaranteed.

Nevertheless, even though the scenario of scientific work
devoted to the accuracy assessment of these measuring sys-
tems is widely known and well described, the number of un-
certainty causes is so high (Tobiasz et al., 2019), and also
the way that the system could be calibrated has such vari-
ety, that it is difficult to obtain quantitative information for
uncertainty by taking into account the specific application of
interest.

An interesting attempt to give a quantitative evaluation of
the uncertainty in the measurements systems that are gen-
erally valid is given in Kassotakis and Sarhosis (2021); in
fact, for both systems, RTSs and TLS, a sub-centimeter (in-
tended as being less than 1 cm) accuracy is provided. For
comparison, it is useful to refer to the manufacture’s spec-
ification, which suggests a typical measurement uncertainty

in the high-level systems that is of the order of 1 mm. Of
course, a different uncertainty level could be reached if the
evaluation of accuracy is carried out in the laboratory or field,
with both contexts being different in terms of the strength and
the effect of the interfering quantities. Furthermore, it should
be also considered whether measurements are taken into ac-
count in terms of relative position, distance, inclination, and
relevant angle.

For in-field measurements, the dimensions of the structure
to be monitored are relevant, according to the possibility that
a roof, a single building, or a bridge has to be monitored (Ko-
vacic et al.,2021; Kwiatkowski et al., 2020).

As a further example, the magnitude of the estimated dif-
ference with respect to the reference is varying in the range
± 2 mm if a distance is considered to be of the order of a few
tenths of meters (Kersten et al., 2021).

A final element to be considered is the way in which
the instruments are calibrated. The literature, the laboratory
(Siaudinyte and Suh, 2015; Siaudinyte and Grattan, 2016),
and the standards for both RTSs and TLS suggest different
possible ways (Kersten et al., 2021; Kersten and Lindstaedt,
2022). Cross-comparison is also used for calibration, mean-
ing that the RTSs are, in general, able to validate the TLS, due
to a reduced uncertainty with respect to the latter (Kovacic et
al., 2021; Kwiatkowski et al., 2020; Sun et al., 2020). Last,
but not the least, some considerations could be found sug-
gesting the operation of an in situ calibration by empirical
methods after the canonical calibration is carried out in an ac-
credited laboratory for optimized results (Medić et al., 2020).

Bearing the above considerations in mind, the aim of this
work is to add some useful metrological and experimental
information that is able to improve the capability of the oper-
ator to assess the uncertainty in the mobile geodetic system,
with particular reference to the following aspects:

– the effect of the layout of the measurement setup and of
the number of monitoring points, depending on the ge-
ometry of the site and of the studied buildings, when the
criticality of the situation imposes geometrical solutions
which are far away from solutions according to a very
good practice;

– the repeatability and reproducibility assessment of
RTSs and TLS in the real-world situation for the evalu-
ation of the uncertainty budget (D’Emilia et al., 2018),
with reference to assessments in a short period of time
or to the monitoring of buildings over time;

– the effect of the skill of the operator, who will not nec-
essarily be an expert at using the instrumentation or
very involved in the fulfilling of a standardized pro-
cedure and mainly being involved in emergency post-
earthquake operations, actions, and risks.

In fact, just after an earthquake, most resources are spent on
evaluating the level of damages suffered by buildings and in-
frastructure, both in the immediate aftermaths of the event,
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Figure 1. Monitoring points (MPs) on the considered buildings.
(a) Building 1. (b) Building 2.

to support the logistics of the rescue itself and to assess the
level of safety of the rescue operations, and in the follow-
ing phases, to implement provisional measures able to secure
buildings and, in particular, the cultural heritage; all of these
tasks require that the measurement data uncertainty is known
in an accurate way, so that reliable decisions and actions are
taken. However, this uncertainty estimate must take into ac-
count the particular constraints imposed by the emergency
situation, such as spatial constraints, due to the limited space
often available, and time constraints that affect the number
of points that can be acquired. Another aspect that differen-
tiates this application from the others commonly studied is
represented, as mentioned, by the characteristics of the oper-
ators who, although trained for the execution of this type of
measurements, are focused on dealing with the emergency.
The novelty that the authors believe can be offered by this
work consists precisely of providing quantitative indications
on how such constraints and conditions can influence the un-
certainty found in the results.

The paper will describe the methodology in order to carry
out the uncertainty assessment of RTSs and the motivations
for the choosing of the specific location; then the results of
measurements will be described, covering 1 year of moni-
toring. A discussion of them will allow us to highlight some
interesting aspects, which will be outlined in Sect. 4 at the
end of the paper.

2 Materials and methods

The test area is a square surrounded by three buildings and a
tower. Two buildings in the square have been considered for
the analysis, namely one house, called “Building 1” and one
tower, called “Building 2”, which is in front of it (Fig. 1).

These buildings have been chosen as test cases for the
analysis, as they have different characteristics from the point
of view of height that implies different angles of rotation of

Figure 2. (a) Targets used for monitoring. (b) Prisms used as refer-
ences.

the instrument for the acquisition of the monitoring points
located on the buildings.

The total station is placed between the two buildings, in
such a way as to have complete visibility of both structures.

In total, 13 monitoring points have been positioned on
Building 1 and 6 on Building 2; instead, seven reference tar-
gets have been placed in independent positions deemed sta-
ble, so as to be able to repeat the acquisitions after a few
days, which entails relocating the instrument but always re-
ferring to the same reference system. At the reference points,
prisms are used; at the monitoring points, black/white tar-
gets (Fig. 2) are attached to a flat base and glued to the
wall by epoxy resins to have identifiable reference positions
on which to impose known displacements in order to eval-
uate the behavior of the instrument. The black/white targets
used for the analysis have reflectivity characteristics similar
to those of a common building wall. In this way, the results
obtained in this study could be extended to the real applica-
tions, when the laser beam is projected directly on the wall
of the buildings, as it is not possible to apply targets in emer-
gency situations for reasons of time and security.

It is worth noting that the configuration analyzed is opti-
mal from the point of view of the number and location of the
reference points (1), in order to focus the study on the ef-
fect of the number and positioning of the monitoring points.
In the continuation of the work, the effects of a non-optimal
configuration for the reference points will also be analyzed.

The SafeR system (Fig. 3), by Leica Geosystems, used to
carry out the measurements, is a customized system specif-
ically developed for the needs of firefighters and which, in
particular, provides user-friendly software focused on the ac-
quisition of information in a short time. It is composed of the
following:

– a total station, model TS16 Imaging, which measures
azimuthal and zenithal angles and distances from the
instrumental center to the monitoring point. These polar
coordinates are transformed by the system into Carte-
sian coordinates (X, Y , Z).
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Figure 3. SafeR system used for the analysis.

– SafeR software, which manages the total station and its
acquisitions.

– a tablet PC, with software installed on it that is able to
communicate with the Leica total station wirelessly or
by dedicated cabling.

All the preliminary operations, required by the standard pro-
cedures for using this kind of equipment (e.g., fixing the tri-
pod to the ground and leveling), have been correctly carried
out. The measurements are carried out by manually pointing
by the laser, with the help of a viewfinder, at the monitoring
points in a first series of acquisitions; in subsequent acquisi-
tions, the instrument automatically carries out the measure-
ments on the points initially identified, either in repeatability
tests or even after a long time, as long as the reference targets
remain stable in their positions.

A coordinate system has been defined with reference to
Building 1, the house, in such a way that the origin of the
system in on its façade, the z axis, is vertical (in the direction
of the vertical axis of the instrument) and its zero is at the
height of the instrument, the y axis, enters the wall of the
house.

Figure 4. Horizontal rotation angles of the TS for scanning refer-
ence and monitoring points.

It should be noted that all of these operations (preliminary
installation and adjustment actions, pointing of the monitor-
ing and reference targets, reference system definition, etc.)
have been carried out by operators of the National Fire and
Rescue Service for the purpose of including any contribution
due to the operator in the assessment of uncertainties.

Figure 4 shows the position of the RTSs with respect to the
monitoring and reference points in the top view. In particu-
lar, the horizontal maximum rotation angle of the total sta-
tion (TS) for the direction of all reference points is ∼ 160◦

and, with reference to the monitoring points, the horizon-
tal rotation angles are ∼ 80 and ∼ 13◦ for Buildings 1 and
2, respectively. Instead, the maximum vertical rotation angle
of the TS, with respect to the horizontal plane, is ∼ 48◦ for
the reference points and ∼ 56 and ∼ 39◦ for the monitoring
points on Buildings 1 and 2, respectively.

The methodology provides the acquisition of 20 repeated
measurements for each monitoring point indicated in Fig. 1.

Measurements have been carried out on the first day
(day 1), repeated after 1 year (day 2), and, subsequently, after
3 d (day 3) to investigate the repeatability and reproducibility
behavior of the instrument.

Then, the following comparisons have been carried out:

a. between monitoring points, to identify the points char-
acterized by greater variability;

b. between measurements obtained within a few days, in
terms of the distances between the points and slope of
the façade;

c. between measurements obtained 1 year away, in terms
of distances between points and slope of the façade;

d. between coordinates (y coordinate, in particular) of the
monitoring points, before and after applying tablets of
known thickness to them;

e. among slopes of the façade obtained on the basis of dif-
ferent reduced point configurations, with respect to the
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Figure 5. A summary of the methodology.

reference configuration (REF), which includes all of the
monitoring points.

The whole methodology is described in Fig. 5, in terms of
the operative steps,series of acquisitions analyzed, and data
processing.

This approach aims to provide information on the follow-
ing interesting aspects of the method for the purpose of defin-
ing procedures in emergency conditions:

– the repeatability and reproducibility,

– the detection limit,

– the effect of the distance and angle of rotation of the
RTSs in measuring the monitoring points, and

– the effect of different configurations of monitoring
points on the calculation of the slope of a façade.

Evaluations of the repeatability and reproducibility are all
made with reference to the Euclidean distances calculated
between the monitoring points, known as the coordinates of
each point. These distances can relate to pairs of points lo-
cated on the same building (Building 1 or Building 2) or on
different buildings (Buildings 1–2).

Figure 6. Variability in distances calculated on 20 repeated mea-
surements (day 2), measurements within 3 d (day 2–day 3/2022),
and measurements after 1 year (2021–2022).

3 Results

The results of the tests carried out highlight both the instru-
mental and procedural aspects that influence the metrological
behavior of the instrument.

The main results of the experimental campaign can be
summarized according to the following:

a. the repeatability calculated on 20 consecutive repeated
measures during the same day (total acquisition time of
∼ 40 min),

b. the repeatability calculated on measurements carried
out over a few days,

c. the reproducibility calculated on repeated measure-
ments after 1 year,

d. a check of the system measurement threshold, applying
a 4 mm thickness to the monitoring point,

e. the calculation of the slope of the façades in all the ex-
amined situations (day 1, day 2, and day 3), and

f. a comparison among slopes of the façade, calculated
on the basis of reduced configurations of monitoring
points.

The results of tests (a–c) are summarized in the graph of
Fig. 6, where the standard deviation of the distance measure-
ments is represented with reference to the three considered
situations, namely the repeatability of the 20 consecutive re-
peated measures during the same day (day 2), the repeatabil-
ity within 3 d (comparison of day 2 with day 3/2022), and the
reproducibility on the basis of 1 year (2021–2022).

It should be noted that the standard deviation has been cal-
culated as the maximum root mean square in the case of the
repeatability on the 20 repeated measures; in the other two
cases, it has been calculated on the basis of the differences
between the distances determined after 3 d and those deter-
mined after 1 year, respectively. In particular, in these cases,
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Figure 7. Distances and their variability between points on
(a) Building 1, (b) Building 2, and (c) Buildings 1 and 2.

the standard deviation is obtained as the maximum difference
(Dmax) divided by the square root of 3 ( Dmax√

3
).

The variability, to be intended as repeatability over a short
period of time, is less than a millimeter, which is in line with
the manufacturer and the indications in the literature (Kersten
et al., 2021); within a few days, it is about 2 mm. It reaches
8 mm for measurements after 1 year, which is the case of re-
producibility estimation. In fact, it is necessary to consider
that for these measurements different operators, different en-
vironmental conditions and different configurations are in-
volved. Furthermore, it must be considered that some small
surface deformations may have taken place after 1 year.

Table 1. Calculated slopes.

Calculated slope

Year Day Building 1 Building 2

2021 1 89.985◦ 89.927◦

2022 2 89.995◦ 89.939◦

2022 3 89.997◦ 89.936◦

If a more detailed analysis is carried out with reference
to the single distances between pairs of points, other inter-
esting observations can be made. Figure 7 shows the stan-
dard deviations calculated on the same day (day 2) for all the
distances between the points on Building 1, Building 2, and
Buildings 1 and 2. Note that the following applies.

– The variability in the distances is greater for Building 1
than on Building 2; regarding the latter, the standard de-
viations are also more uniform.

– The variability in the distances to Building 1 is greater
for distances that involve points MP11, MP12, and
MP13, which are those with the highest altitude and
highest angles of rotation with respect to the horizon-
tal plane (40–60◦), as can be seen in Fig. 1.

– Distances between buildings have the greatest variabil-
ity, as expected, given the greater distances between the
points themselves.

With reference to test (d), Fig. 8 shows the calculated means
and standard deviations for the monitored points on the
house. The mean difference in the measured distance is
3.5 mm, if all the measuring points are considered, after in-
stalling a 4.0 mm thickness. It can be also noticed that points
MP12 and MP13 are those for which the determination of the
thickness is more critical, as can be deduced from the graph;
when excluding these points, in fact, the mean is equal to
3.9 mm. Evidently, even in this case, the angle of rotation
has an influence on the results.

With reference to test (e), Table 1 shows the slopes of the
façades, calculated on the basis of point acquired on day 1,
day 2, and day 3.

As can be deduced from the data of Table 1, if the façade’s
vertical inclination is considered, then repeatability is of the
order of 4”, and the reproducibility value is of the order
of 30”.

Finally, interesting information can be obtained from the
analysis of the slopes calculated on reduced configurations
of monitoring points (test f), shown in Fig. 9. It is noted that
the use of extreme points only (configuration 10) is the solu-
tion that, with the least number of points, allows us to obtain
a slope closest to that calculated on the basis of the reference
configuration. In general, the choice of a set of points that
contains positions located at the base and at the highest level
of the building provides better results (configurations 5–10).
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Figure 8. Variation Dy of the y coordinate in the comparison be-
tween points before and after the application of thickness on Build-
ing 1.

These results provide useful suggestions for the definition of
guidelines for the simplification of RTS measurement proce-
dures in emergency conditions.

4 Discussion

With reference to the objectives defined in Sect. 2, the main
findings can be summarized as follows:

– Repeatability and reproducibility of the method. The
standard deviation of the data is a maximum of 0.7 mm
for repeatability over a short period of time (mean
sampling period of ∼ 2 min; total acquisition time of
∼ 40 min) and ∼ 2 mm for repeatability after 3 d. In-
stead, the reproducibility after 1 year is of the order of
7–8 mm, even if small local displacements of the tar-
gets cannot be excluded. This type of information can
be useful when it is necessary to monitor the building of
interest over time, in order to know the variations to be
considered significant.

– Detection limit of the method. The presence of 4 mm
thicknesses has been clearly identified by the system.

– Effect of the angle of rotation of the RTSs on the mea-
surement of the monitoring points. Vertical rotation an-
gles greater than about 40◦ seem to significantly impact
on the variability. The quantitative indications provided
with reference to the angles can be useful, in particular,
when it is necessary to carry out measurements in con-
fined spaces (for example, an alley) and to be aware of
the variability that can be expected.

– Effect of the distance. The distance of the monitor-
ing points from the instrument, in the range examined
(within about 15 m), does not influence the results.

– Effect of different configurations of monitoring points
on the calculation of the slope of a façade. The choice of

Figure 9. Comparison among point configurations. In panel (a), the
differences in the slope (θ ) with respect to that calculated on the ba-
sis of the REF configuration (θREF) are represented. In panel (b), the
configurations taken into account are described. In panel (c), the
scheme of the monitoring points on the façade is shown.

a set of points that contains positions located at the base
and at the highest level of the building provides results
comparable to those obtained on the basis of the com-
plete configuration. Slope variations up to about 0.3◦

occur in the other configurations examined. In emer-
gency conditions, when the time available for surveys is
reduced, or when there are obstacles (fixed or mobile)
that prevent one from acquiring points in some areas of
the façade, then these results can be taken into account
to limit the number of monitoring points, while being
aware of the effects of such solutions.

5 Conclusions

The paper describes a methodology in order to assess re-
peatability, reproducibility, and detection limit of a RTS, in
field conditions, when referring to a 1-year observation pe-
riod. Furthermore, the effect of reducing the number of mon-
itoring points has been investigated in order to define simpli-
fied procedures to be used in emergency situations.

The results show that the standard deviation of data is max-
imum of 0.7 mm for repeatability on a short period of time
and 2 mm for repeatability after a few days. Instead, the re-
producibility after 1 year is of the order of 7–8 mm, but small
local displacements of the targets cannot be excluded.
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The distance of the monitoring points from the instrument,
in the range examined (within about 15 m), has no significant
effect on the results; on the contrary, the angles of rotation of
the instrument with respect to the horizontal plane have an
influence on the results, worsening the variability. This as-
pect, depending on the geometry of the site and of the stud-
ied buildings, cannot always be kept under control, especially
when the criticality of the situation imposes geometrical so-
lutions which are far away from optimal ones.

By applying 4 mm thicknesses to the monitoring points,
the system measuring threshold has also been validated.

The analysis of the reduced configurations of the moni-
toring points has highlighted interesting aspects in terms of
defining a simplified procedure.

In future work, the effects of a non-optimal localization of
the reference points will also be studied, and more extreme
positioning angles of the instrument with respect to the build-
ings walls will be realized, to take into account the critical
operational situations that could occur in practice.

Finally, it should be observed that the correct use of the
façade inclination as an indication of the risk of collapse is
a critical task with respect to a post-earthquake safety. This
step requires interfacing with structural experts and will be
the subject of the final development of the project.
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