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Abstract: Terrestrial laser scanning can provide high-quality, detailed point clouds, with state-of-the-
art research reporting the potential for sub-centimeter accuracy. However, state-of-the-art research
may not represent real-world practices reliably. This study aims to deliver a different perspective
through collaboration with the surveying industry, where time constraints and productivity require-
ments limit the effort which can go to ensuring point cloud quality. Seven sizeable buildings’ point
clouds (490 to 1392 scanning stations) are evaluated qualitatively and quantitatively. Quantitative
evaluations based on independent total station control surveys indicate that sub-centimeter accuracy
is achievable for smaller point cloud portions (e.g., a single building story) but caution against such
optimism for sizable point clouds of large, multi-story buildings. The control surveys reveal common
registration errors around the 5 cm range, resulting from complex surface geometries, as in stairways.
Potentially hidden from visual inspection, such systematic errors can cause misalignments between
point cloud portions in the compound point cloud structure, which could be detrimental to further
applications of the point clouds. The study also evaluates point cloud georeferencing, affirming the
resection method’s capability of providing high consistency and an accuracy of a few centimeters.
Following the study’s findings, practical recommendations for terrestrial laser scanning surveys and
data processing are formulated.

Keywords: as-built model; error quantification; point cloud; resection method; surveying industry;
terrestrial laser scanning (TLS)

1. Introduction

The increasing demand for efficient digital documentation and monitoring of buildings
and infrastructure for spatial management, life-cycle planning, maintenance, additional
construction installation, and reconstruction requires (i) using building information mod-
eling (BIM) tools and (ii) up-to-date and accurate as-built (in this contribution, as-built is
also considered synonymous to as-is) information. The latter, however, is often unavailable
or available only partially because as-built geodetic surveys are customarily conducted
using conventional surveying methods (e.g., total station and leveling measurements) that
provide sparse and subjective point-wise information and are too labor-intensive for mass
data collection. It is thus common practice to adopt as-designed construction information
instead of as-built digital information to document buildings and infrastructure. Although
construction works are conducted according to the as-designed digital models and plans,
the actual built geometry can deviate from the design due to stakeout and construction
errors, design changes that may remain undocumented, or on-site decisions unforeseen
during the planning stage (e.g., pipework placement). Renovations can similarly alter
the built geometry from the initial design. Therefore, the as-designed models and plans
may not accurately represent the actual building and its components or infrastructure
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objects (see the examples in [1–3]). As-built surveys are required to keep the documentation
up-to-date and accurate.

Extensive 3D mapping of built geometry can be conducted using emerging methods
and technologies (instead of conventional point-wise techniques), such as terrestrial [4–6]
and handheld mobile [7–9] laser scanning and drone-based photogrammetry [10–12].
While the accuracy of handheld mobile laser scanning and drone-based photogrammetry
is usually estimated around a few centimeters (see the references above), the achievable
accuracy of terrestrial laser scanning (TLS)-acquired point clouds is often considered to be
at the sub-centimeter level [13–22]. This study focuses on TLS-measured point clouds, since
these data are most commonly employed as geometry input for BIM [23]. However, the
use of drone technology also has the potential to facilitate sub-centimeter accuracy [24]. A
combination of drone-derived and TLS-measured point clouds may, hence, be a preferred
strategy for complete coverage of the building or infrastructure object, where drone surveys
can provide reliable information for hard-to-reach surfaces [25–27].

Even though the TLS approach can provide high accuracy, point clouds should be
evaluated before these data are further utilized. Especially in the cultural heritage domain,
intercomparisons between multiple point clouds to assess geometric accuracy [28,29] and
point clouds’ agreement with pre-defined specifications (both qualitative and quantitative)
to evaluate quality compliance to standardized requirements [29] have been pro-posed
within the framework of heritage BIM. If point clouds of scanning stations are merged
and georeferenced using scanning targets coordinated with a total station survey, the total
station established coordinates can also facilitate quality control [30]. However, considering
that BIM may require time- and effort-consuming surveys consisting of hundreds of scan-
ning stations, point cloud registration using a cloud-to-cloud-type algorithm (see [5,31,32]
and the references therein) is generally employed instead. In such cases, registration uncer-
tainties may significantly influence the accuracy of the resulting compound point cloud,
highlighting the need for an independent validation that could reveal errors that may be
overlooked otherwise.

Despite the consensus, it must be acknowledged that the accepted sub-centimeter
TLS accuracy estimates are usually based on laboratory and simulation studies [13–16]
and small-scale investigations consisting of only a few scanning stations [17–21]. Further-
more, these research-based accuracy estimates, which serve as a compelling reference
when engaging potential clients and stakeholders, result from meticulous state-of-the-art
work. In contrast, time constraints and productivity requirements set significant limitations
on the effort to ensure point cloud quality in an industrial setting, all the more as the
point cloud validation phase (even the most basic visual inspection) is often neglected.
Therefore, detrimental discrepancies between research and what is feasible in a real-world
scenario may exist, whereby these discrepancies are often unjustifiably ignored. While
TLS is frequently applied in the private sector, no literature (to the best of our knowledge)
examines the quality of the produced data. Thus, the primary aim of this study is to
provide a different and more realistic point of view (i.e., from a practical standpoint) on
the achievable TLS-based point cloud quality through collaboration between researchers
and the surveying industry and balance the existing state-of-the-art research results. For
this purpose, qualitative and quantitative evaluations of sizable point clouds produced
by the surveying industry are conducted, where point cloud errors are quantified using
independent total station control surveys.

Another limitation regarding TLS point clouds is that these are often georeferenced
in some arbitrary coordinate system (i.e., only the relative positions of scanning targets
are required, as in [18,22]) or not georeferenced at all. However, accurate point cloud
georeferencing in some regional or national coordinate/height system could be beneficial.
For example, Barbarella et al. [17] used an airport’s local reference system. Alternatively,
Varbla et al. [12,24] georeferenced TLS-acquired point clouds in the Estonian national
coordinate and height systems to provide means for validating photogrammetric modeling
results derived using an RTK-GNSS (real-time kinematic/global navigation satellite system)
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enabled drone. Georeferenced point clouds (and subsequent digital models compiled using
such point clouds) can then facilitate cross-utilization of point cloud and BIM datasets
with other types of coordinated data, the need for which may arise much later. Thus, the
second aim of this study is to assess georeferencing accuracy and consistency (i.e., different
surveying companies have surveyed different buildings, whereby the georeferencing
of these point clouds must agree within the specified accuracy limits) of sizeable TLS
point clouds.

To summarize, this paper evaluates the quality of sizeable TLS point clouds used for
BIM. Such a task is crucial because the resulting as-built digital models must accurately
represent actual buildings and infrastructure objects, where the modeling directly relies
on the quality and integrity of surveyed point clouds. Contrasting with previous studies
that have investigated TLS-acquired point clouds, this contribution aims to provide a
realistic point of view on the achievable point cloud quality through collaboration with the
surveying industry. Such a collaboration interconnects research and real-world use cases
and can define new research directions (i.e., industry problems). An overview flowchart of
this study can be seen in Figure 1. Accordingly, the remainder of this paper is structured
as follows. In Section 2, the examined point clouds are introduced. Sections 3 and 4 then
detail the point clouds’ qualitative and quantitative evaluations, respectively. The paper
ends with a discussion in Section 5 and a brief conclusion in Section 6.
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Figure 1. Overview of the experimental process. The headings refer to sections where further details
on a specific aspect can be found.

2. The Experiment Setup

This study assesses seven separate TLS-acquired sizeable point cloud datasets sur-
veyed by different teams for varying purposes. These point cloud datasets represent
complete coverage (i.e., outdoor and indoor portions merged) of selected buildings within
the Tallinn University of Technology campus (located in Tallinn, the capital of Estonia).
The first dataset is of the CON building (cf. Figure 2; the building has three above-ground
stories and a basement; CON is its official denotation) surveyed for examining deviations
of an as-designed digital model from the actual as-built geometry (e.g., up to around 2 dm
differences were determined in the placement of some ventilation system details [33]).
Point cloud surveys of the CON building were conducted in late 2020 and early 2021,
immediately after the CON building reconstruction. Additional survey details will be
provided in Section 2.1.
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Table 1. General information of the assessed point clouds.

Point Cloud Identifier Approximate Area
Under a Building Surveyor Laser Scanner

(cf. Table 2)

Number of
TLS Stations

(Total Number of
Data Points)

Number of
Targets Used in
Georeferencing

Point Cloud
Processing
Software

CON (cf. Figure 2) 1610 m2 (refer to Figure A1) Surveyed within the frames of
an MSc study [33] Leica RTC360 LT 490 (1.33 bln 1) 6 Leica Cyclone Core

U02 + U02B 1940 m2 (see the shape in Figure 3) Company 1 Leica RTC360 1130 (0.78 bln) 10 Leica Cyclone Core
(version 2022.0.1)

U03 + U03B C1
(cf. Figure 4) 2410 m2 (see the shape in Figure 3) Company 1 Leica RTC360 1392 (1.03 bln) 10 Leica Cyclone Core

(version 2022.0.1)

U03 + U03B C3 2410 m2 (see the shape in Figure 3) Company 3 FARO Focus3D X 330 608 (0.37 bln 1) 4 FARO Scene

U04 1750 m2 (see the shape in Figure 3) Company 2 Leica RTC360 961 (2.54 bln) 8 Leica Cyclone Core
(version 2022.0.1)

U05 1750 m2 (see the shape in Figure 3) Company 1 Leica RTC360 1008 (0.79 bln) 10 Leica Cyclone Core
(version 2022.0.1)

U06A 1470 m2 (see the shape in Figure 3) Company 2 Leica RTC360 492 (1.42 bln) 28 Leica Cyclone Core
(version 2022.0.1)

1 The number of data points represents both TLS-acquired points and the accompanying points of the roof derived using drone-based photogrammetry; further assessments will be
limited to the TLS-acquired portions of point clouds only.

Table 2. Technical specifications of the used terrestrial laser scanners.

Model Leica RTC360 LT [34] Leica RTC360 1 [34] FARO Focus3D X 330 [35]

Maximum range 130 m 330 m

Field of view (horizontal/vertical) 360◦/300◦

Measurement speed Up to 1 mln p/s Up to 2 mln p/s Up to 0.976 mln p/s

Spatial resolution Three user-selectable settings: 3, 6, or 12 mm at 10 m Up to 1.6 mm at 10 m

A priori angular accuracy 18” Not specified by the manufacturer

A priori range accuracy 1 mm + 10 ppm 2 mm at 10 to 25 m

A priori range precision 2 0.4 mm at 10 m/0.5 mm at 20 m 0.3 mm at 10 to 25 m

A priori 3D point accuracy 1.9 mm at 10 m/2.9 mm at 20 m/5.3 mm at 40 m Not specified by the manufacturer

Laser (safety classification/wavelength) Class 1/1550 nm

Camera for RGB colored point cloud A 3-camera system captures a 432 MP 360◦ × 300◦ spherical image in one minute Camera system captures a 70 MP 360◦ × 300◦ spherical image

1 Leica RTC360 also contains a visual-inertial system for automatic point cloud alignment based on real-time tracking of scanner movement between scanner stations; not available for
the Leica RTC360 LT version. 2 At 89% (Leica) or 90% (FARO) albedo.
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In 2021, a project was initiated to digitize the entire Tallinn University of Technology
campus, employing TLS surveys and BIM. The primary objective was to obtain as-built
digital models for developing model-based facility management use cases for the univer-
sity’s real estate office. Most of the campus buildings date back several decades. Back then,
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or even during some relatively recent reconstructions dating back just a few years, there
were no established BIM (nor surveying) requirements. By understanding the value of
up-to-date digital design information for everyday facility management workflows, the
project had to define BIM-based design requirements by also considering the availability
and quality of as-built data (i.e., existing 2D construction drawings and planned TLS sur-
veys). The requirements were divided based on disciplines (i.e., sub-models). The focus
was on how the geometrical models should be constructed in relation to data exchange
needs (the CCI classification system was required). Specific modeling rules were defined
according to those requirements; sample templates were provided. Note that at this stage,
BIM requirements were developed only for the current project. Although some simpli-
fications were defined for this project regarding 3D model content, the developed BIM
requirements will be elaborated for future project procurements (design/build). These
specific BIM requirements had to be developed, as the contemporary Estonian national BIM
requirements (currently in the revision stage) were insufficient for the project’s purposes.

On the other hand, TLS requirements were developed to be usable for any future
scanning work, too. Therefore, these requirements are rather strict regarding accuracy and
spatial resolution. The requirements state that point clouds must have an accuracy of 1 cm
(in principle, this embeds the relative positioning of two separate construction elements
at opposite ends of a building), both in the horizontal and vertical directions. Following
the existing literature (e.g., see the references in the Introduction), it was estimated to be a
feasible requirement. The point cloud density requirement was defined as at least 0.5 cm
(i.e., the point cloud grid resolution on a measured surface) so that minor building elements
would be distinguishable. The selection of scanning stations had to be sufficient to avoid
substantial occlusions. The requirements also state that the point cloud georeferencing
accuracy must be at least 3 cm relative to the Estonian national L-EST97 rectangular plane
coordinate and the EH2000 height systems, respectively. The relative georeferencing
accuracy of individual point clouds must remain within 1 cm (i.e., there should be no
offsets between point clouds).

Surveying companies, selected via public procurement following the Estonian leg-
islation and Tallinn University of Technology procurement requirements, executed the
project-related point cloud surveying and BIM tasks. This study assessed five point cloud
datasets, surveyed and processed (in late 2022 and during the first half of 2023) by two
companies, henceforth Company 1 and Company 2. Buildings surveyed by Company 1 are
U02 + U02B, U03 + U03B (the point cloud associated denotation is C1; cf. Figure 4), and U05;
Company 2 surveyed the U04 and U06A buildings. All buildings have five above-ground
stories, except U06A—a two-story building; all buildings also have a basement. These
buildings’ distribution and the corresponding point clouds’ extents are shown in Figure 3.
Additional survey details will be provided in Section 2.2. Note that buildings under her-
itage protection, where available building data were most lacking, were surveyed and
modeled first—the five assessed point clouds were among those. More campus buildings
than indicated in Figure 3 have been surveyed and modeled. However, the current paper
has omitted the assessment of those buildings’ point clouds, as the five shown in Figure 3
provide sufficient data for envisaging generalized conclusions.

In addition to the previously described point clouds, another earlier surveyed (in
early 2021) point cloud of the U03 + U03B building was included in the assessments. The
point cloud was surveyed by a surveying company (henceforth Company 3; point cloud
associated denotation is C3) for the major reconstruction project of the building. Eventually,
the reconstruction was postponed during the preliminary design stage due to some design
restrictions for planned construction works; thus, the initial designs had to be redefined.
Regardless, the result of a TLS survey was delivered. It should be noted that relatively
loose project requirements were imposed for this early survey as the point cloud was only
supposed to provide a basis for the reconstruction (not strictly used for a scan-to-BIM
workflow as defined in the more recent project). Hence, Company 3’s surveyed point
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cloud accuracy is expected to be somewhat poorer than the results of Companies 1 and 2.
Relevant survey details will be provided in Section 2.3.

General information regarding all seven examined point clouds is summarized in
Table 1. Technical specifications of the used laser scanners can be found in Table 2, sug-
gesting that each is sufficient for fulfilling the 1 cm point cloud accuracy requirement
im-posed on Companies 1 and 2. Nevertheless, these a priori estimates associated with TLS
instruments may be idealized (i.e., characterizing laboratory conditions) and not represen-
tative of the actual performance in practice [36]. Various buildings, surveying teams, and
equipment, as presented in Tables 1 and 2, can provide means to generalize the results later.
However, because point cloud datasets were obtained via project procurements (except
the CON building point cloud), the analysis is restricted to the capacity of the selected
companies. In other words, the selected methods or used instrumentation and software
were offered by the tender; only the earlier described TLS requirements were defined
previously. Another limitation of the study is that each building was surveyed only once
(except the U03 + U03B building) due to high costs, and consequently, the survey results
cannot be compared directly to each other. On the other hand, the main campus buildings
(refer to Figure 3) are similar in design and survey conditions, suggesting that similar
evaluation results should ideally be expected. The following sub-sections will provide
additional details regarding the point cloud surveys that were conducted.

2.1. Surveys of the CON Building

After reconstruction (just before furnishing), TLS surveys were conducted, encompass-
ing the whole CON building, except the roof. Due to time constraints during the initial
outdoor TLS survey and due to snowy conditions during the subsequent indoor surveys,
the point cloud of the roof was determined using drone-based photogrammetry (since
the focus is on TLS, details regarding photogrammetric processing will be omitted). The
drone surveys were conducted weekly at the construction site (more details can be found
in [12]); the one used here was conducted on the same day as the outdoor TLS survey.
The TLS surveys and the subsequent point cloud compilation were performed within the
frames of an MSc study [33] supervised by the authors of this paper. At the time, the thesis’
author was an industry geodesist with professional experience in point cloud surveying
and processing.

A total of 490 scanning stations were required to obtain full point cloud coverage
(except the roof) of the CON building. Because the rooms were yet to be furnished,
occlusions could be easily avoided. During surveys, the scanning resolution was always
set to 12 mm at 10 m (i.e., the sparsest user-selectable scanning resolution; cf. Table 2).
Since distances between scanner locations and measured surfaces were generally just a
few meters, rarely exceeding 10 m, even the sparsest option was sufficient for a dense and
detailed point cloud (all the more, as most surfaces were measured from multiple scanning
stations). Images were also captured during the TLS surveys to RGB color the point cloud,
which also contains intensity information. Leica Cyclone Core point cloud processing
software was used to register surveyed point clouds into a compound point cloud of the
building. The point clouds of stations were first aligned visually and then optimized using
the software’s cloud-to-cloud registration functionality. The cloud-to-cloud registration of
Leica Cyclone Core is based on the piecewise (i.e., the registration quality between two
point clouds is not affected by the registration of the following point clouds) iterative
closest point method [37]. After all TLS surveyed point clouds of stations were registered
together, the drone-derived point cloud of the roof was also registered with the rest using
Leica Cyclone Core. Figure 2 shows the complete point cloud of the CON building.

Six targets were used to georeference the CON point cloud in the Estonian national
L-EST97 rectangular plane coordinate and EH2000 height systems, respectively. Three
were standard black-and-white targets taped on the building’s wall, and the other three
were Leica high-definition surveying targets set up on top of survey nails. The targets
were coordinated based on a previously established survey network at the construction
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site [12] using a Trimble S6 2” robotic total station [38] and the resection (i.e., free stationing)
method [39–41]. The resection method is a standard technique in surveying that allows for
determining total station position coordinates at an arbitrary location (hence free stationing)
by measuring distances to points with known coordinates and angles between those points
relative to the total station position. The root mean square error (RMSE) estimates of
georeferencing residuals between target locations in the point cloud and the total station
surveyed targets’ coordinates were 0.3 cm for the X-coordinate, 0.4 cm for the Y-coordinate,
and 0.6 cm for the height after point cloud transformation, suggesting at least around a
centimeter for the georeferencing accuracy (assuming no biases exist in the survey network).

2.2. Surveys Conducted by Companies 1 and 2

During TLS surveys, Companies 1 and 2 varied the scanning resolution between
the three user-selectable settings (refer to Table 2) depending on the distance between a
scanning station and measured surfaces to ensure dense and detailed point clouds. In
addition to point cloud intensity information, Companies 1 and 2 captured the scene
images to generate RGB-color data attached to the point clouds. Both companies used
Leica Cyclone Core to register surveyed point clouds into compound point clouds. As an
example, Figure 4 shows the U03 + U03B C1 point cloud. Table 1 suggests that Company 1
has also decimated the point clouds (compared to Company 2 results) to reduce data size
and improve point cloud utilization performance. From qualitative assessments, the point
clouds of Company 2 are visually denser, but the results of both companies are sufficiently
detailed to (generally) clearly distinguish even the smallest/finest objects (e.g., power
sockets, light switches, visible pipework).

Both companies used the resection method to establish (independently) survey net-
works for coordinating standard black-and-white scanning targets (numbers of targets are
presented in Table 1), used for georeferencing the point clouds in the Estonian national
L-EST97 rectangular plane coordinate and EH2000 height systems, respectively. Company
1 employed two local geodetic network polygonometry benchmarks (one to the east of
the U02 + U02B building and the other to the southeast; refer to Figure 3 for the building
location) to establish the base station for the total station survey. Company 2 used the same
two polygonometry benchmarks and included a third (located northeast of the U02 + U02B
building) to establish the base station of the total station for the survey. All three poly-
gonometry benchmarks are within 200 m of the U02 + U02B building. For the surveys,
Company 1 used a Trimble S5 5” robotic total station [42], and Company 2 used a Leica
Viva TS12 3” robotic total station [43].

2.3. Surveys Conducted by Company 3

Like the CON point cloud, TLS surveys by Company 3 encompassed the whole
U03 + U03B building, except the roof. Due to loose accuracy requirements, a drone-
based photogrammetric survey was quite acceptable for determining the point cloud
portion of the roof. During TLS surveys, grayscale images were captured; hence, only the
drone-derived roof portion of the point cloud is RGB-colored. Like all other point clouds,
Company 3’s surveyed point cloud does contain intensity information. FARO Scene point
cloud processing software was used to register surveyed point clouds into a compound
point cloud of the U03 + U03B building. Then, the drone-derived point cloud of the roof
was also registered with the rest using the FARO Scene. Similarly to Leica Cyclone Core,
cloud-to-cloud registration implemented in FARO Scene is also based on the piecewise
iterative closest point method [37].

Since high accuracy was not requested for point cloud georeferencing in L-EST97
and EH2000, four points (i.e., some easily distinguishable objects) distributed around
the U03 + U03B building were RTK-GNSS measured relative to a commercial network of
continuously operating GNSS reference stations using a Sokkia GRX3 GNSS receiver [44].
Ellipsoidal heights were reduced to normal heights (corresponding to the EH2000 system)
using the national EST-GEOID2017 [45] quasigeoid model. These GNSS-determined points
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were matched with the point cloud to georeference the latter. Compared to all other
assessed point clouds, the georeferencing accuracy of the U03 + U03B C3 point cloud is
expected to be lower. Thus, this point cloud’s assessment focuses more on determining
registration errors.

3. Qualitative Evaluation of Point Clouds

For BIM, point clouds:

1. should be complete (i.e., not significantly occluded) to capture all construction details
following the required level of detail [6,29,30].

2. should be sufficiently dense, to discern the smallest construction elements following
the required level of detail, whereby RGB and intensity information are also beneficial
for correctly interpreting a point cloud [28–30].

3. must be registered together correctly (e.g., a construction element in one end of
the building has to be accurately located relative to another on the opposite end)
to maintain the integrity of the point cloud and its compliance with the surveyed
object [1,29].

4. should contain only a little noise (e.g., reflections, people, and other moving objects) to
reduce computational load and not hinder the modeling, which is especially important
if automated approaches are used [6,46]. The noise can also cause and exacerbate
point cloud registration errors [5,31,32].

5. Optionally, the registered compound point cloud ought to be georeferenced accurately
relative to some national or regional coordinate/height system to position it relative
to other coordinated data [28–30].

Additional details on criteria imposed on TLS point clouds can be found in a review
compiled by Aryan et al. [47]. This section will now focus on the apparent quality of point
clouds: evaluation of occlusions, noise, and registration discrepancies between point clouds
of scanning stations in the compound point cloud.

During the post-survey assessments, it became clear that the apparent quality of point
clouds surveyed by Companies 1 and 2 was generally according to expectations. However,
some rooms or building sections were significantly occluded (e.g., due to obstacles in a
room; an occlusion example is in Figure 5a) or, on a few occasions, not measured (e.g., due
to access limitations). In these cases, the initial BIM models were compiled using outdated,
archived documentation of corresponding buildings. If possible, such rooms and building
sections were requested to be scanned (if it was obvious that occlusions affected modeling
quality) and models corrected accordingly. While the CON point cloud contained no
remarkable occlusions, the U03 + U03B C3 point cloud was significantly occluded in some
parts of the building. One such example is presented in Figure 5b. These occlusions are
why fewer points could be used for validating the U03 + U03B C3 point cloud (compared
to Company 1 results) in Section 4.
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Figure 5. Reflections (red arrows) and an occlusion (blue arrow) in the U04 (refer to Figure 3) point
cloud (a), and occlusions in the U03 + U03B C3 (refer to Figure 3) point cloud ((b); the point cloud is
colored according to intensity information—blue denotes high intensity and reddish low).
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Regarding noise, all surveyed point clouds contain some reflections (see the example
in Figure 5a) and artifacts of passing people to varying levels. Admittedly, it was not
specified in the requirements provided to the surveying companies that point clouds must
be cleaned (this requirement should be included when updating survey requirements in
the future). During the assessments of point clouds surveyed by Companies 1 and 2, it
was determined that BIM quality should generally not suffer due to noise as the point
cloud details (e.g., in corridors where bypassing people moved) were distinguishable. Most
surveys were also conducted when few people were around. The U03 + U03B C3 point
cloud is similar to those of Companies 1 and 2 in terms of noise. In contrast, the CON point
cloud was cleaned from the most significant reflections. During the survey, only surveyors
were present at the CON building; hence, people moving around was not a problem.

In addition to the overall appearance of point clouds, the initial visual inspection also
assessed the registration quality. All point clouds were checked carefully for discrepancies
between point clouds of scanning stations in a compound point cloud. In the case of the
CON point cloud, most discrepancies that could be detected were within a centimeter and
generally did not exceed 2 cm. Nevertheless, there were some exceptions. One basement
floor corridor wall was an unusual case where discrepancies appeared between point clouds
of four scanning stations (cf. Figure 6a); the corresponding difference between extremes
reached 3.6 cm. The registration discrepancies usually appear between two distinct groups
of point clouds instead. Another more significant discrepancy of around 7 cm could be
found in the third-floor wall near a narrow stairway. This stairway-related point cloud
registration problem will be further discussed in Section 4.
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Figure 6. A selection of more significant registration errors in different point clouds: basement floor
corridor wall discrepancies (horizontal plane) in the CON point cloud (a), vertical discrepancies in
the eaves overhang of the U05 (refer to Figure 3) point cloud (b), vertical outer wall discrepancies in
the U06A (refer to Figure 3) point cloud at a window (c), and vertical (4.3 cm) and horizontal (6.6 cm)
discrepancies in the U03 + U03B C3 (refer to Figure 3) point cloud at an exterior doorway (d). Point
clouds are colored according to intensity information—blue denotes high intensity, and the reddish
color low.

The examinations of Company 1 and Company 2’s results yielded similar conclusions—
most discrepancies that could be visually detected were within a centimeter. A few more
significant discrepancies, as shown in Figure 6b, were in the 2–3 cm range. One excep-



Buildings 2024, 14, 3371 11 of 33

tional height-wise discrepancy of around a decimeter was found in the U06A point cloud
(Figure 6c). However, this discrepancy appeared outside the BIM target area and was
thus not considered detrimental to the modeling. Regarding more recent surveys (not
included in the assessments of this study), an occasion was found where several rooms
of a point cloud had height-wise registration discrepancies exceeding a decimeter. The
affected point cloud was requested to be corrected. More significant problems were also
found with the U03 + U03B C3 point cloud. Several discrepancies up to 10–15 cm were
discovered. An example of a discrepancy in both horizontal and vertical directions is shown
in Figure 6d (i.e., a significant misalignment of point cloud portions). Such an erroneous
point cloud demonstrates that there must be some inspection arranged from the client’s
side to determine the quality of the provided point clouds. It should be noted (based on
visual inspections) that a common tendency observed between the point clouds surveyed
by Companies 1 to 3 was that more significant registration errors were more likely to appear
outdoors than inside the buildings. The likely reason is that indoor point cloud registration
is more constrained (i.e., point clouds of scanning stations generally contain multiple walls,
a floor, and a ceiling) compared to outdoors (i.e., surveyed point clouds generally contain
one or two walls and the ground, which may be irregular due to, e.g., vegetation).

4. Quantitative Evaluation of Point Clouds

All validation surveys (i.e., survey network establishment and measuring valida-
tion points) of Section 2’s described point clouds were conducted using a Trimble S6 2”
robotic total station [38] and the resection method. Computational details for resection
establishment using Trimble instruments are explained in [48] (refer to the standard resec-
tion). Relevant technical information regarding the total station surveys can be found in
Appendix A. Reliable determination of georeferencing errors can be conducted based on
the assessments of total station surveys (cf. Appendix A). Furthermore, the total station
surveys are sufficiently accurate for investigating the integrity of the point clouds (i.e.,
determining significant registration errors).

It should be noted that the accuracy of the total station horizontal position using
resection depends on the uncertainties associated with the total station measurements
and the number and accuracy of existing points employed in the resection establishment,
whereby the optimal horizontal location for the total station is in the center of gravity of
the used points [40,41]. This principle was followed as much as feasible, unless occasional
complex measuring geometry made it impossible. On the other hand, the height component
accuracy depends only on the total station measurement uncertainties and the number and
accuracy of existing points employed in the resection establishment; the distribution of
these points has a negligible influence [41]. Relatedly, the superior accuracy of the vertical
coordinate components of the total station surveys is evident from the assessments in
Appendix A—millimetric height accuracy can be assumed for the survey networks.

All the examined discrepancies in the following are obtained by subtracting valida-
tion points’ coordinates, determined by the total station (as described in Appendix A),
from those extracted from point clouds; the selection of validation points is explained
in Appendix A.1 (see principle number 3). In addition to coordinate discrepancies, base-
line discrepancies DBaseline between a point cloud and total station estimated baselines
(PCBaseline and TSBaseline, respectively) were also computed:

DBaseline = PCBaseline − TSBaseline

=
√(
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PC − XB

PC
)2

+
(
YA

PC − YB
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)2
+
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)2

−
√(
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)2

+
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)2

+
(
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)2,

(1)

where X, Y, and H are X-coordinate, Y-coordinate, and height, respectively. Superscripts A
and B denote an arbitrary point pair, and subscripts PC and TS indicate the point cloud
and total station obtained coordinate components. Note that baselines (from a few meters
up to around a hundred meters) are only computed between such points that are (likely)
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not scanned from the same scanning station (i.e., baselines that formed between nearby
points on the same structure or points in the same room were excluded).

4.1. The CON Point Cloud

Descriptive statistics regarding discrepancies between validation points’ coordinates
and those extracted from the CON point cloud are summarized in Figure 7 (considering
all 59 validation points). It can be noticed that the mean discrepancies are 0.5 cm for the
X-coordinate, −1.7 cm for the Y-coordinate, and −0.5 cm for the height. Considering total
station survey accuracy (cf. Figure A1), these results suggest proper georeferencing of
the point cloud. It should be noted that significant point cloud registration errors also
contribute to these mean discrepancies, which will be discussed subsequently.
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The standard deviation estimates of 1.2 cm for the Y-coordinate and height seem to
indicate good consistency between the point cloud and validation survey (cf. Figure 7). In
contrast, a standard deviation of 2.3 cm for the X-coordinate is more concerning, where the
increased value is due to plus-signed discrepancies up to 8.2 cm. Although the baseline
discrepancies’ (Figure 8) standard deviation estimate of 1.6 cm suggests relatively good
consistency, discrepancies up to 7.3 cm also appear. A more detailed comparison of dis-
crepancies based on individual floors (Figure 9) demonstrates that problems occur on the
basement (height component) and third (X- and Y-coordinate components) floors. Consis-
tency between the validation survey and the point cloud is good on the first and second
floors, where standard deviation estimates remain within 0.7 cm. Note that significant
discrepancies in the ventilation system details, up to around 2 dm between the as-designed
digital model and point cloud (interested readers can find these comparisons in [33]), as
mentioned in Section 2, were examined on the first floor.
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Figure 9. Descriptive statistics of discrepancies between validation points’ coordinates and those
extracted from each CON point cloud floor; the statistics of all 59 validation points are the same
as in Figure 7. Black lines denote mean values, colored bars standard deviation estimates, and
colored crosses minimum and maximum discrepancies. Notice that more significant discrepancies
are associated with the basement floor (height) and third floor (X- and Y-coordinates).

The discrepancies were further examined by projecting these along a baseline aligned
with the corridor connecting the secondary stairway to the main stairway (rough locations
of stairways are shown in Figure A1). Figure 10 sub-plots a to c show the basement floor
discrepancies and corresponding trend lines fitted in the least-squares sense. While the X-
and Y-coordinate discrepancy trends reveal nothing unusual, there is a clear linear trend in
height discrepancies from one stairway to the other. According to the results, a height bias
of around 4 cm can be found near the secondary stairway, which evens out near the main
stairway. Total station survey controls near the secondary stairway (a resection traverse
loop) and main stairway (determined from outside through an open door) both provide a
height error of 0.2 cm. Hence, it can be safely assumed that the discovered error of around
4 cm is due to a mistake in point cloud registration. Most alarmingly, this error could not
be detected during careful visual inspection of the point cloud discussed in Section 3.

Similar discrepancy plots for the third floor are presented in Figure 10 sub-plots d to
f. Again, clear discrepancy trends can be noticed from one stairway to the other, where
biases appear near the secondary stairway. The most significant is a bias of around 8 cm in
the X-coordinate, which corresponds to the roughly 7 cm registration error found during
visual inspection, also mentioned in Section 3. It should be noted that a total station control
measurement on survey network point D21U (cf. Figure A1) from the third-floor balcony
(near the secondary stairway) provided a 0.9 cm discrepancy for the X-coordinate, 1.6 cm
for the Y-coordinate, and 0.2 cm for the height, confirming that errors in the total station
survey can be ruled out for the appearance of this significant bias. The 1.6 cm control
discrepancy of the Y-coordinate (i.e., the validation survey is positively biased on the third
floor, as the initial coordinates were subtracted from control measurements) explains why
point cloud Y-coordinate discrepancies in Figure 10e have a persistent negative bias (recall
that validation survey results were subtracted from the point cloud coordinates). According
to the trend, the bias near the main stairway is −1.7 cm.
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point cloud portion of the basement floor (sub-plots (a–c)) and the third floor (sub-plots (d–f)). The
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main stairway (right; refer to Figure A1). Residual standard deviation (SD) describes discrepancy
residuals relative to the trend.

4.2. Point Clouds of the Main Campus Buildings

Descriptive statistics regarding discrepancies between outdoor validation points’ coor-
dinates and those extracted from the point clouds surveyed by Company 1 (U02 + U02B,
U03 + U03B, U05) and Company 2 (U04 and U06A) are summarized in Figure 7 (consider-
ing all outdoor validation points). Recall that it was specified in the survey requirements
provided to these surveying companies that 3 cm georeferencing accuracy must be achieved
for the X- and Y-coordinates and heights relative to L-EST97 and EH2000, respectively. This
requirement was imposed because point clouds (and subsequent BIM results) surveyed by
different companies must be in a consistent coordinate system. Since the mean discrepan-
cies are well within ±3 cm limits, it can be assumed that the required accuracy has been
achieved for point cloud georeferencing. The largest deviation of 2.2 cm was found for
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the U05 point cloud’s X-coordinates. Most notably, the relative georeferencing accuracy of
1 cm between individual point clouds has almost always been fulfilled.

The point clouds surveyed by Companies 1 and 2 have good consistency according
to Figure 7—the largest standard deviation estimate of 1.1 cm is associated with the U05
point cloud’s Y-coordinates. Good consistency is also evident from baseline discrepan-
cies, which yield standard deviation estimates around a centimeter for all point clouds
surveyed by Companies 1 and 2 (Figure 8). Contributing factors to these estimates are
point cloud registration errors, noise generated by atmospheric and environmental condi-
tions, performance characteristics of laser scanners, beam incidence angle, and materials
of surveyed surfaces [49,50], errors in the total station validation survey, and possible
mismatches between validation points and the point cloud. The good quality of point
clouds can be acknowledged despite all these error sources and the sheer size of point
clouds, whereby the 1 cm point cloud accuracy requirement can be considered fulfilled (at
least based on the outdoor validation; recall the notion at the end of Section 3 that more
significant visually detectable registration errors were more likely to appear outdoors than
inside the buildings).

Compared to the point clouds surveyed by Companies 1 and 2, the U03 + U03B
C3 point cloud quality is worse (this was also clear from visual inspections discussed in
Section 3). On the one hand, this has to do with more loose accuracy requirements, but
then again, some of the revealed errors seem to be due to negligence. As indicated in
Section 2.3, inaccurate georeferencing was expected, which is now confirmed with the
validation survey (e.g., the 13.0 cm mean height discrepancy in Figure 7). The registration
errors have also been quantified, resulting in standard deviation estimates of 4.8 cm for
the X- and Y-coordinates and 1.6 cm for the height (cf. Figure 7). Comparison between
baselines yields a 6.3 cm standard deviation estimate, whereby the maximum baseline
discrepancies are up to 23.6 cm (cf. Figure 8). It must be stressed that the same validation
points used for assessing the U03 + U03B C3 point cloud were employed to validate the
U03 + U03B C1 point cloud (i.e., the quantified errors in Company 3’s results are most
certainly associated with the point cloud).

It can be noticed in Figure 8 that the U03 + U03B C1 point cloud has its baseline discrep-
ancies positively skewed, which could indicate an error in the point cloud scale (another
possibility is accumulating registration errors). The scale error SE was estimated as:

SE =
1
N

N

∑
i=1

DBaseline
i

TSBaseline
i

, (2)

where N is the total number (3760 in this case) of determined baselines (also refer to
Equation (1)). The baseline discrepancies were also plotted relative to the estimated baseline
lengths from total station surveys for further analysis (cf. Figure 11a). A trend line was
then fitted in the least-squares sense to the plotted discrepancies, and a Pearson correlation
coefficient was calculated. Based on the U03 + U03B outdoor total station validation survey,
the scale error suggests an artificial lengthening of 2.7 mm per 10 m for the Company 1
surveyed point cloud. On the other hand, although there appears to be a mild trend in the
data (the trend-based scale error is 0.6 mm per 10 m), the baseline discrepancies are only
weakly correlated with the baseline lengths. Based on these results, conclusive evidence for
erroneous scaling cannot be drawn. Because the Company 3 point cloud is validated using
the same total station measurements, a similar analysis was conducted for comparison (cf.
Figure 11b). Unfortunately, significant point cloud errors dominate these results.
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Figure 11. Baseline discrepancies (the same as in Figure 8) plotted relative to the total station estimated
baseline lengths for U03 C1 (a) and U03 C3 (b) outdoor and U03 C1 (c) and U03 C3 (d) third-floor
surveys. The dashed red lines show the corresponding trends, and the scale error values are estimated
according to Equation (2).

Point Clouds of the U03 Building’s Third Floor

Descriptive statistics regarding discrepancies between validation points’ coordinates
and those extracted from the point clouds of the U03 building’s third floor are summarized
in Figure 12. It can be noticed that the Company 1 point cloud validation results agree
relatively well with those shown in Figure 7. On the other hand, the Company 3 point
cloud results are biased. For example, Figure 7 provides a mean discrepancy of 13.0 cm
for the height, while Figure 12 shows an 18.1 cm mean height discrepancy. In other
words, due to registration errors, the point cloud portion representing the third floor
has shifted relative to the general structure representing the outer walls (there are also
significant registration errors in the outer wall point cloud affecting the mean discrepancies,
as was shown in Section 4.2). Similar magnitude biases are also seen in the X-coordinate
(−5.6 cm and −1.7 cm, respectively) and Y-coordinate’s (3.1 cm and 7.8 cm, respectively)
mean discrepancies.

Regarding the investigation of baseline discrepancies, both point clouds appear to
show excellent consistency with the validation survey—the standard deviation estimates
are 0.6 cm (cf. Figure 13). It can also be noticed that, similarly to the outdoor validation
results, the baseline discrepancies of Company 1’s point cloud are positively skewed, again
suggesting point cloud scale error. Using Equation (2), the estimated artificial lengthening
of the point cloud is 3.9 mm per 10 m, which is somewhat larger than the previous estimate
of 2.7 mm per 10 m. The baseline discrepancies are now moderately correlated with the
baseline lengths, and the trend in data is more evident (cf. Figure 11c); the trend-based
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scale error is smaller, being 1.5 mm per 10 m. Note that the indoor and outdoor total station
validation surveys are entirely independent (see Appendix A.4).
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Figure 13. Histograms and descriptive statistics (MoAD—mean of absolute discrepancies; SD—
standard deviation) of baseline discrepancies (cf. Equation (1)) representing the U03 building’s
third floor.

Although baseline discrepancies suggest that the point clouds’ portions of the U03
building’s third floor are consistent, the baseline-based assessment is blind to biases and tilts
in the point cloud. Therefore, point cloud discrepancies relative to validation points were
projected along a baseline aligned with the corridor connecting the secondary stairway to
the main stairway (locations of stairways are shown in Figure A3) for further investigation.
Figure 14 sub-plots b and c reveal clear linear trends (fitted in the least-squares sense) of
discrepancies for the Company 1 point cloud Y-coordinates and height, respectively (X-
coordinate trend is discussed in the next paragraph). The results suggest that point cloud
registration has been successful at the secondary stairway, but a mistake has been made
in the main stairway’s registration. The most significant is a roughly 4 cm bias in height,
which remained hidden from visual inspection of the point cloud discussed in Section 3.
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However, residual standard deviation estimates (after removing trends from the initial
discrepancies) from 0.3 cm to 0.4 cm demonstrate that the point cloud is highly consistent
despite the biases. This result demonstrates that, in principle, sub-centimeter point cloud
accuracy can be achieved for a point cloud portion representing a single building story.
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A curious observation in Figure 14a is that the trend associated with the X-coordinate
discrepancies is larger than that of the Y-coordinate. Because the corridor connecting
stairways is roughly aligned with the X-coordinate axis (cf. Figure A3), such a result
makes little sense unless it is due to a scale error. Hence, Figure 14a appears to support the
speculation that the scaling of the U03 + U03B C1 point cloud is erroneous. In this case,
the trend-based (Figure 14a) scale error is estimated at 2.5 mm per 10 m. Accumulating
registration errors are unlikely, considering the point cloud’s high consistency (residual
standard deviation estimates are from 0.3 cm to 0.4 cm).
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A similar analysis was conducted for Company 3’s surveyed point cloud (see Figure 14
sub-plots d to f). As should be expected, the trend in X-coordinate discrepancies is not tilted.
Compared to the Company 1 point cloud, the trend in height discrepancies is now tilted in
the opposite direction. However, the magnitude remains similar—around 4 cm from one
stairway to the other. Most interestingly, one linear trend is insufficient for describing the Y-
coordinate discrepancies. At around two-thirds distance from the secondary stairway, there
is a bend in the point cloud with an angle of around 6.9′, hidden from visual inspection.
This bend in the point cloud explains the negative correlation in Figure 11d (i.e., due to
the slight bend, the baselines determined from the point cloud shorten), the spread of Y-
coordinate discrepancies in Figure 12, and the slightly negative mean baseline discrepancy
in Figure 13. Although residual standard deviation estimates are from 0.2 cm to 0.3 cm (i.e.,
an excellent agreement between the point cloud and validation survey), the point cloud
cannot be considered consistent due to the bend.

5. Discussion

Examinations of surveying-industry-produced point clouds have revealed commonly
occurring significant registration errors (see Figure 6 for a visualization). For instance, on
the third floor of the CON building point cloud, an error of around 7–8 cm was determined
(discussed in Section 4.1). If these errors can be found visually, they can be (in principle) cor-
rected while compiling the compound point cloud. However, a rather alarming outcome of
the study is that significant registration errors may remain hidden during visual inspection.
Only with a validation survey was it possible to determine that the CON (cf. Figure 10c)
and U03 C1 (cf. Figure 14c) point clouds contain around 4 cm height errors. In addition,
an unrealistic bend with an angle of around 6.9′ was found in the U03 C3 point cloud (cf.
Figure 14e; also, a trend in height is visible from Figure 14f). A common characteristic
for these hidden errors seems to be that these appear in the vicinity of complex element
combinations, such as stairways (the 7–8 cm error in the CON point cloud is also associated
with a nearby stairway). One potential cause for such errors could be that incorrect local
optimal point cloud registration solutions (i.e., point cloud portions match in a smaller local
region, but there may still exist shifts or tilts between them) have been assumed true [51]—a
drawback of the iterative closest point method (i.e., the basis for point cloud registration
implemented in Leica Cyclone Core and FARO Scene). Thus, it appears that the registration
of point cloud portions of individual stories via stairways requires meticulous attention.
The initial proper alignment of point cloud portions prior to registration is crucial [52].

Such systematic errors in point clouds, which propagate to BIM models based on
these point clouds, can be consequential. Without proper knowledge of point cloud errors,
systematic tilts and offsets in the compound point cloud structure could be interpreted
(through comparisons with an as-designed digital model or by examining the point cloud it-
self) as, for example, construction errors and problems with structural integrity. Depending
on their magnitude and interpretation, point cloud errors may lead to financial implications.
For instance, if a hazard to a building is suspected, there might be a need to launch further
investigations, such as deformation monitoring, to determine the cause of discrepancies,
which, in reality, originate from point cloud errors. Alternatively, prefabricated construc-
tion element (e.g., a flight of stairs) dimensions, designed according to a digital model,
may not fit the designated location during renovation or reconstruction. In other words,
a BIM model that provides the basis for designing dimensions may not represent the
actual building under consideration due to geometric errors. For example, some geometric
accuracy requirements are defined in the New Zealand BIM handbook [53]. Accurate
geometry is also necessary for other purposes like building energy performance [54–56]
and load-bearing or structural analysis [57–59] computations, where systematic errors in
point clouds (and, consequently, in BIM models) can lead to distorted results. During
construction, automated quality controls [4,60] could also be falsely triggered.

It should be highlighted here that point clouds are not validated in industry prac-
tice. At most, point clouds are examined visually (these are also often neglected, which
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is the likely case with the Company 3 provided point cloud). However, visual inspection
may not reveal all the errors. One of the reasons for neglecting validations is that the
above-described visual inspections and validation surveys are rather effort-consuming.
Industry practitioners might also unknowingly assume the flawlessness of the used soft-
ware. Although it should be admitted that other companies may obtain different results
than those presented and that the varying expertise of practitioners influences the point
cloud quality differently, the examinations of this study found similar significant errors
in most point clouds, suggesting that malpractice is systematic. A solution could be to
employ as-designed models if these are available. Although point clouds are usually
employed to compare built geometry to an as-designed digital model and adjust the latter,
an as-designed model could similarly be used for detecting significant point cloud errors.
For instance, obvious tilts and corridor bends, as were discussed, could likely be identified
and then corrected during point cloud compilation; according to the results, these errors
appear systematic. Applying such an automated control could be essential for finding
errors hidden from visual inspection. The implementation of an automated point cloud
control using as-designed digital models should be investigated in future studies.

The validation surveys also indicate that the U03 + U03B C1 point cloud might have
an erroneous scale. Various scale error estimates were obtained, but it seems that the error
magnitude could be around 2 to 3 mm per 10 m. It is possible that a practitioner made a
mistake during point cloud data processing. If the aim of the point cloud is to provide exact
geometric information, such systematic scale errors must not be allowed. The baseline
comparison approach utilized in this study provides a control for the point cloud scale
and should be adopted by the surveyors. A convenient way to verify the scale is to use
the same points employed in georeferencing—the baseline lengths between points from
the georeferencing survey must match those determined using the point cloud. If a scale
error is present, the point cloud scale can be adjusted, for example, using the open-source
software CloudCompare.

Despite the flaws in point cloud registration and hidden errors around the 5 cm range,
the quality of the CON point cloud and point clouds surveyed by Companies 1 and 2
can be considered, in general, good. Unfortunately, the same cannot be said about the
U03 + U03B C3 point cloud. Although the expected accuracy for this survey was lower
compared to those of Companies 1 and 2, some of the point cloud flaws appear to be due to
negligence. As such, significant registration errors were found and quantified (e.g., baseline
discrepancies up to 23.6 cm in Figure 8). This outcome illustrates that there must be some
inspection from the client’s side. If such a point cloud is used for constructing a BIM model
(imagine a case where the client is not interested in receiving the point cloud but only the
model), then, obviously, the model is similarly incorrect and does not represent the actual
geometry of a building. However, it ought to be emphasized that the Company 3 surveyed
point cloud was not meant to be used in a scan-to-BIM workflow.

Conversely, one of the applications of point clouds surveyed by Companies 1 and 2 is
the compilation of BIM models—there is an aim to digitize the entire Tallinn University of
Technology campus. This study focused on the achievable quality and accuracy of point
clouds, but the correspondence of BIM models to the surveyed point clouds is similarly
important. Such a study has been conducted by Esfahani et al. [61], who demonstrated that
in a manual modeling scenario, the discrepancies can reach several centimeters and that
semi-automated scan-to-BIM workflows should be preferred. Since the errors in a point
cloud and the BIM model compiled based on it are cumulative, the final digital model can
deviate significantly from the actual building geometry. Hence, following the results of this
study and that of Esfahani et al. [61], there is a need to implement a validation phase, which
must ensure the accuracy of the input point cloud (e.g., using an as-designed digital model
as mentioned above), within the usual scan-to-BIM workflow (i.e., scan–validate–BIM),
especially in industry practice where errors are likely to appear.

Finally, because there is no legislation enforcing building documentation surveying
accuracy in Estonia (hence the specifically designed requirements discussed in Section 2),
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guidance was sought from other countries’ guidelines, such as the United States Institute of
Building Documentation (USIBD)-developed level of accuracy (LOA) guidelines [62]. These
guidelines are partially based on the DIN 18710 engineering surveying standard (used in
Europe) and follow a similar framework to the level of development (LOD) specifications
used in BIM. The USIBD accuracy requirements apply both to surveying and subsequent
modeling. As the digitization effort of the Tallinn University of Technology campus aims
to model construction elements, LOA30 should be aimed at, which is specified at least
1.5 cm (95% confidence level, i.e., two standard deviations) or better. This specification is
more rigid than the 1 cm accuracy (in terms of standard deviation) requirement imposed on
Companies 1 and 2. Due to the identified systematic registration errors (around 5 cm) in the
surveying-industry-produced point clouds, such a requirement is unattainable (in terms
of absolute accuracy), again emphasizing that the usual scan-to-BIM workflows require a
point cloud validation phase.

Recommendations for Terrestrial Laser Scanning Surveys and Data Processing

This section summarizes TLS survey requirements that are found feasible and provides
some recommendations for surveys and data processing based on the study results. The
survey requirements, meant for point clouds employed in a scan-to-BIM workflow, are
slightly adjusted from those imposed on Companies 1 and 2, who, in general, achieved
good results.

1. A generalized point cloud accuracy requirement of 1 cm (or looser) is feasible, espe-
cially for smaller point cloud portions (e.g., a single building story). However, the
point clouds must be carefully checked for significant registration errors; visual vali-
dation should not be neglected. Hidden systematic errors may exist in point clouds.

2. The point cloud density requirement should be 0.5 cm (i.e., the point cloud grid
resolution on a measured surface) to distinguish minor building elements.

3. The selection of TLS station locations should aim at avoiding substantial occlusions.
4. Meticulous attention should be given to the point cloud registration of complex

surface geometries, such as stairways. We recommend first merging the point clouds
of scanning stations belonging to a single building story. Then, the stories should be
merged via stairways, and finally, the indoor point cloud structure should be merged
with the outdoor portion using doorways (or other openings). The initial proper
alignment of point cloud portions prior to registration is crucial.

5. Total station surveys using the resection method can provide sufficient accuracy
for georeferencing terrestrial laser scanning point clouds with an accuracy of a few
centimeters (a roughly 2–3 cm requirement is feasible) if resection traverses are limited
to roughly 500 m (longer traverses could not be investigated in this study). Around six
to eight evenly distributed scanning targets seem enough for georeferencing similar
size (around 2000 m2 footprint) point clouds of buildings.

6. Baselines between scanning targets should be used to verify the correct scaling of the
point cloud. If a scale error is detected, the point cloud scale must be adjusted (e.g.,
using the open-source software CloudCompare).

7. Point clouds should be cleaned of noise (e.g., reflections, people, and other moving
objects), especially if these are employed in some automated scan-to-BIM workflow.
Such a requirement should be written down to avoid misunderstandings.

8. In the case of point cloud or BIM procurement, we encourage clients to inspect the
provided point clouds visually (this should reveal most problems) and always request
surveyed point clouds, even if the interest is only in the final as-built digital 3D
model. Archived point clouds also enable identifying the origin of possible design or
construction mistakes (assuming no significant systematic point cloud errors).

Following the formulated practical recommendations, a construction surveying con-
tinued training course was compiled for industry practitioners. The presented point cloud
errors identified with the validation surveys surprised the practitioners, demonstrating
a need for more knowledge regarding potential point cloud registration mistakes (e.g.,
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the incorrect local optimal point cloud registration solutions of the iterative closest point
method implemented in widely used commercial software). Due to time constraints and
over-reliance on software algorithms, visual validations are often neglected in industry
practice; the need for such controls was highlighted during the course (as well as the poten-
tial use of as-designed digital models for controls). We emphasize that similar collaboration
between researchers and the industry, as in this study, is necessary, as this may reveal
industry problems and define new essential research directions.

6. Conclusions

Although the accuracy of TLS-acquired point clouds is often considered at the sub-
centimeter level in state-of-the-art research, such an estimate might be too optimistic for
sizeable point clouds surveyed from hundreds of scanning stations in industry practice.
The findings of this study suggest that for smaller point cloud portions (e.g., a single
building story), sub-centimeter accuracy is quite realistic. However, problems may occur
with larger, more complex structures. It was revealed that, besides visually detectable
more significant errors, hidden errors may exist around the 5 cm range. Such significant
errors are associated with registering point cloud portions of stories via stairways. It is
emphasized that this procedure requires meticulous attention.

Significant point cloud errors can be determined using an independent validation
survey, as was conducted in this study (i.e., total station validation surveys). However, the
study highlights a need for automated point cloud control (e.g., using as-designed digital
models) that could reveal problematic point cloud portions instead because point cloud val-
idation surveys are rather effort-consuming. Such control could be a valuable phase within
the usual scan-to-BIM workflow to ensure that the final model corresponds accurately to
the actual building geometry. As an intermediate step, practical recommendations for TLS
surveys and data processing were formulated to ensure point cloud quality. Relatedly, it is
concluded that improved collaboration between researchers and the industry is required,
for example, by conducting continued training courses for practitioners, as there is a need
for more knowledge regarding good survey and data processing practices.

The study also examined point cloud georeferencing. It was found that georeferencing
errors generally remain around 2 cm using the resection method with traverses up to
around 500 m. This result confirms that common surveying techniques (i.e., the resection
method) used in practice can provide high and sufficient accuracy. Relatedly, the total
station validation surveys demonstrated that rigorous application of the resection method
could provide a few millimeters of height accuracy for complex survey networks.
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Appendix A. Technical Details of Total Station Validation Surveys

Appendix A.1. Validation Survey of the CON Point Cloud

The following principles were followed during the CON point cloud validation survey:

1. All resections were established with two full measuring rounds (i.e., face left and face
right) and using a minimum of five existing points. An exception was the survey base
station (notice the green triangle in Figure A1) established using points D12U and
D15U (cf. Figure A1) and a third to the east, further away from the building.

2. New survey network points were established permanently using survey nails (out-
doors; cf. Figure A1) or temporarily using masking tape (indoors), on which appro-
priate markings were drawn.

3. Point cloud validation points’ locations were selected where an exact match with the
point cloud could be established. The match was established either with a specific
point cloud data point or one that could be easily interpolated using the point cloud. If
discrepancies existed between point clouds of scanning stations in a compound point
cloud, point cloud points were selected from a more dense and higher intensity point
cloud group (i.e., measured from a closer scanning station) representing a validation
point’s location.

4. Survey nails and taped points on the floor were coordinated using a mini prism
(shown in Figure A2) meant for accurate engineering surveys (a tripod was not used
during the CON building survey). Taped points on walls and validation points were
coordinated using reflectorless distance measurements (incidence angles, i.e., an angle
between a surface normal and sight path, were generally kept under 30◦). The same
principles were followed when establishing new resections using existing points.

5. All new survey network and validation points were coordinated with at least three
full rounds. Up to six full rounds were measured depending on the total station
estimated accuracy.

6. Occasional control measurements were conducted where possible, also following the
above principles. For example, some control measurements were conducted through
open windows and doors or on a third-floor balcony, where new coordinates were
measured for an outdoor survey nail. Other control measurements represent loop
closings through corridors and stairways (e.g., a resection traverse from the first
floor to the basement using the main stairway was closed by going back up through
the secondary stairway). Only the most recent survey network points were used
to establish resections during the control measurements. Errors were estimated by
comparing new coordinates to those measured initially.

As mentioned above, the base station for the total station survey was established using
three available survey network points (by the time of the validation survey, most of the
survey network established earlier by Varbla et al. [12] had been destroyed, primarily due
to construction work). Two of these points, D12U and D15U (cf. Figure A1), had also been
employed in the CON point cloud georeferencing. After the initial resection was established,
points D12U and D15U were re-coordinated, whereby the coordinate differences relative to
the initial ones were within a few millimeters only, suggesting no significant biases between
the point cloud georeferencing and validation coordinate systems.

A total of 24 control points could be measured to assess the accuracy of the total station
validation survey: 3 on the basement floor, 10 on the first floor, 4 on the second floor, and
7 on the third floor. The results in Figure A1 suggest no significant systematic effects in
the survey, and errors appear random (i.e., at most, the Y-coordinate mean discrepancy is
–0.4 cm). An accuracy of around 1–2 cm should be expected for the X- and Y-coordinates.
On the other hand, the height component should have an accuracy of a few millimeters.
Therefore, the conducted total station survey should be sufficient for detecting point cloud
errors of a few centimeters, especially considering the height component.
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ments (initial coordinates were subtracted from the latter) describing the CON building total station
survey (right). On the left sub-plot: the green triangle shows the location of base station for the total
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On the right sub-plot: black lines denote mean values, colored bars standard deviation estimates,
and colored crosses minimum and maximum discrepancies.
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Appendix A.2. Outdoor Survey Network for Validating Point Clouds of the Main
Campus Buildings

The lessons learned during the CON building survey were considered in the subse-
quent total station surveys. The following principles were followed during the outdoor
survey network establishment in the main campus:

1. All resections were established with two full measuring rounds and using a minimum
of five (usually more) existing points.
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2. New survey network points were established primarily using survey nails, but in
some locations where nails could not be installed (e.g., near the trees to the north
in Figure A3), screws of stable outdoor ground lamps were used instead. Out of
105 survey network points, 11 used lamp screws. One additional temporary survey
network point was established with a wooden stake to support resection geometry
(the yellow dot in Figure A3).

3. All survey network points were coordinated using a mini prism in combination with
a tripod to maintain the levelness and stability of the prism (see Figure A2).

4. All new survey network points were coordinated with five full measuring rounds.
5. Control measurements were taken after each resection establishment on an existing

survey network point to validate resection consistency with the survey network.
After finalizing measurements in a station, control was repeated on the same point to
validate total station stability. Each control measurement was conducted with three
full measuring rounds using a mini prism and a tripod. Errors were estimated by
comparing new coordinates to those measured initially.

Buildings 2024, 14, x FOR PEER REVIEW 27 of 34 
 

 
Figure A3. Outdoor survey network points (blue and red dots) for the main campus. Blue dots de-
note points that were initially measured using RTK-GNSS. The yellow dot denotes a temporary 
point established with a wooden stake, and the green triangle shows the location of the total station 
survey’s base station. The red arrow points to the location of the main stairway, and the blue arrow 
points to the secondary stairway of the U03 building. Background orthophoto originates from the 
Estonian Land Board. 

Initially, 16 survey nails were installed (notice blue dots in Figure A3), the coordinates 
of which were RTK-GNSS-measured relative to the Estonian national network of contin-
uously operating GNSS reference stations [63] using a Trimble R12 GNSS receiver [64]. 
Ellipsoidal heights were reduced to normal heights (corresponding to the EH2000 system) 
using the EST-GEOID2017 [45] quasigeoid model. Each point was measured 10 times, 
whereby measurement cycles (point 1 to point 16) were conducted at different times (min-
imum time between each measurement on the same point was 30 min) on different days 
(up to three cycles were measured on a single day) to allow for variations in satellite po-
sitions and numbers. Each point measurement was conducted by surveying 60 epochs 
with a 1 Hz frequency. Between each measurement cycle (and generally between each 
measurement on a consecutive survey point), the GNSS receiver was reinitialized. All 
these precautions were taken to minimize the appearance of systematic effects in RTK-
GNSS-determined coordinates. 

The final coordinates based on RTK-GNSS were determined by averaging 10 meas-
urement results. Standard deviation estimates (based on 10 measurements) of coordinates 
varied from 0.6 cm to 1.6 cm for the X-coordinate, 0.3 cm to 1.6 cm for the Y-coordinate, 
and 0.6 cm to 2.9 cm for the height. If a total station survey’s base station is established 
using the resection method, where the coordinates of points are determined using RTK-
GNSS, Horemuž and Andersson [65] recommend using at least 10 points (minimum of 6 
points). All 16 points were employed to establish this study’s survey base station (notice 
the green triangle in Figure A3). Next, all 16 points were re-coordinated. Comparison with 
the initial RTK-GNSS coordinates yielded RMSE estimates (based on 16 points) of 0.7 cm 
for the X-coordinate and 0.9 cm for the Y-coordinate and height, demonstrating relatively 
good consistency of RTK-GNSS-determined coordinates. A centimeter-level accuracy 

Figure A3. Outdoor survey network points (blue and red dots) for the main campus. Blue dots
denote points that were initially measured using RTK-GNSS. The yellow dot denotes a temporary
point established with a wooden stake, and the green triangle shows the location of the total station
survey’s base station. The red arrow points to the location of the main stairway, and the blue arrow
points to the secondary stairway of the U03 building. Background orthophoto originates from the
Estonian Land Board.

Initially, 16 survey nails were installed (notice blue dots in Figure A3), the coordinates
of which were RTK-GNSS-measured relative to the Estonian national network of contin-
uously operating GNSS reference stations [63] using a Trimble R12 GNSS receiver [64].
Ellipsoidal heights were reduced to normal heights (corresponding to the EH2000 system)
using the EST-GEOID2017 [45] quasigeoid model. Each point was measured 10 times,
whereby measurement cycles (point 1 to point 16) were conducted at different times (mini-
mum time between each measurement on the same point was 30 min) on different days
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(up to three cycles were measured on a single day) to allow for variations in satellite
positions and numbers. Each point measurement was conducted by surveying 60 epochs
with a 1 Hz frequency. Between each measurement cycle (and generally between each
measurement on a consecutive survey point), the GNSS receiver was reinitialized. All these
precautions were taken to minimize the appearance of systematic effects in RTK-GNSS-
determined coordinates.

The final coordinates based on RTK-GNSS were determined by averaging 10 measure-
ment results. Standard deviation estimates (based on 10 measurements) of coordinates
varied from 0.6 cm to 1.6 cm for the X-coordinate, 0.3 cm to 1.6 cm for the Y-coordinate, and
0.6 cm to 2.9 cm for the height. If a total station survey’s base station is established using
the resection method, where the coordinates of points are determined using RTK-GNSS,
Horemuž and Andersson [65] recommend using at least 10 points (minimum of 6 points).
All 16 points were employed to establish this study’s survey base station (notice the green
triangle in Figure A3). Next, all 16 points were re-coordinated. Comparison with the initial
RTK-GNSS coordinates yielded RMSE estimates (based on 16 points) of 0.7 cm for the
X-coordinate and 0.9 cm for the Y-coordinate and height, demonstrating relatively good
consistency of RTK-GNSS-determined coordinates. A centimeter-level accuracy should
be expected for the base station position, but most importantly, these comparisons do not
indicate any significant base station orientation errors.

Appendix A.2.1. Validation of the Outdoor Survey Network

Since the point clouds’ validations rely on the outdoor survey network, several ap-
proaches were employed to investigate the survey network’s accuracy and consistency.
Keep in mind that the following validation results already consider a 0.2 cm constant shift in
the X-coordinate, 0.6 cm in the Y-coordinate, and −1.5 cm in the height. These shifts of the
survey network coordinates were estimated from external validations using polygonometry,
precise and trigonometric leveling, and RTK-GNSS surveys, described below.

First, control-measured coordinates were compared to those determined initially (i.e.,
resection consistency and total station stability validation). The resulting RMSE estimates
(calculated based on 56 measurements) were 0.6 cm for the X-coordinate, 0.5 cm for the
Y-coordinate, and 0.1 cm for the height, suggesting good consistency of the outdoor survey
network coordinates. Note that these RMSE estimates were calculated by considering both
control measurements conducted after resection establishment and those after finalizing
measurements in a station. Movements of the total station position (i.e., the stability)
remained generally within 0.2 cm. Although this validation provides promising results,
it only represents a limited area, as visibility from a survey station to a network point
is required.

A more reliable validation can be conducted by closing resection traverse loops. Three
such loop closings could be facilitated: two through corridors (loops 1 and 2) and one
through the main entrance foyer (loop 3). The scheme of these loop closings is shown
in Figure A4. Note that resections were established using only existing points on the
survey stations’ side relative to the buildings; survey network points used for closing the
loops were not included. Discrepancies in X- and Y-coordinates in the 1–2 cm range (cf.
Figure A4) suggest relatively good consistency for the outdoor survey network. What is
worth highlighting is the height discrepancies of a few millimeters, demonstrating that the
resection method can provide excellent height determination accuracy (the principles listed
at the beginning of Appendix A.2 are a crucial factor).

Precise leveling results between two benchmarks (the U02 benchmark, cf. Figure A4,
and another located to the west) could be used to validate the height accuracy. A Trimble
DiNi 0.3 mm digital level [66] was employed with invar leveling staffs; survey network
points were leveled using intermediate sights. Note that one millimeter was subtracted
from leveled heights because survey nails have a slight depression for the prism’s tip. After
adjustment computations, the comparison between leveled heights and survey network
heights (leveled heights were subtracted from the network heights) yielded discrepancies
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of 0.1 cm for point A13, −0.5 cm for A14, and 0.0 cm for A15 and A16 (refer to Figure A3 for
points’ locations). A slightly larger discrepancy for point A14 could be considered an outlier
(e.g., it could be that a slight pebble was under the leveling staff), as there was no indication
of such an error during the total station surveys. Additionally, trigonometric leveling
observations (using three full measuring rounds) were made during total station surveys
on benchmarks of the U01 and U02 buildings (cf. Figure A4). The U01 benchmark height
was measured once, and the U02 benchmark four times from different survey stations.
Comparisons between the official height of the U02 benchmark and trigonometric leveling
observations always yielded a discrepancy of 0.0 cm. For the U01 benchmark, a discrepancy
of 0.3 cm was determined (official height was subtracted from the trigonometric leveling
result). This more considerable discrepancy appears to be confirmed by the resection
traverse loop 3 height discrepancy of 0.2 cm (cf. Figure A4).
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Figure A4. Scheme of resection traverse loops’ closings. Yellow dots denote survey network points
used for closing the loops. Red triangles and arrows show survey stations’ locations and prism sights
for determining the initial coordinates of survey network points, whereas blue triangles and arrows
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from the Estonian Land Board.

The accuracy of X- and Y-coordinates could be validated using the results of a poly-
gonometric survey between two local geodetic network polygonometry benchmarks. A
Trimble S6 2” robotic total station [38] was employed. After adjustment computations,
accurate coordinates for survey network points A16, A42, A66, A73, and A87 (refer to
Figure A3) were obtained and compared to those determined by resection traverses (i.e.,
the outdoor survey network coordinates). The discrepancy absolute values did not exceed
0.4 cm for the X-coordinates and 0.6 cm for the Y-coordinates, indicating good agreement.

Finally, for some outdoor survey network points, coordinates were also determined by
RTK-GNSS measurements using a Trimble R12 GNSS receiver [64]. The adopted RTK-GNSS
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survey principles were the same as described in Appendix A.2. Compared to the previous
validation approaches, RTK-GNSS provides less reliable results due to lower accuracy, but
these measurements are, first and foremost, helpful in detecting orientation errors. Based
on discrepancies in Table A1, there are no notable orientation errors in the outdoor survey
network. Furthermore, the discrepancies also demonstrate good agreement.

Table A1. Standard deviation (SD) estimates (based on 10 measurements) of coordinates measured
by RTK-GNSS and discrepancies between averaged RTK-GNSS coordinates and those of the outdoor
survey network (RTK-GNSS coordinates were subtracted from the latter).

Point ID (cf. Figure A3) Estimate X-Coordinate [cm] Y-Coordinate [cm] Height [cm]

A39
RTK-GNSS SD 1.1 0.4 0.6

Discrepancy −0.2 −2.3 −0.2

A45
RTK-GNSS SD 0.9 0.6 0.9

Discrepancy −1.2 0.1 −0.3

A87
RTK-GNSS SD 0.7 1.1 1.4

Discrepancy 0.2 −1.4 −1.6

A97
RTK-GNSS SD 1.0 1.0 1.0

Discrepancy 0.5 0.7 −0.7

A98
RTK-GNSS SD 0.3 0.4 1.4

Discrepancy −0.9 0.0 0.0

Considering the results of all the employed validation approaches, the accuracy of
coordinate differences between any arbitrary outdoor survey network’s point pair should
be at least 2 cm (likely better) for the X- and Y-coordinates. The expected accuracy of a height
difference is a few millimeters for any arbitrary point pair. Evidently, there should be no
significant biases in the outdoor survey network relative to the Estonian national L-EST97
rectangular plane coordinate and EH2000 height systems, respectively. The survey network
is, therefore, sufficiently accurate for detecting point cloud errors of a few centimeters,
especially considering the height component.

Appendix A.3. Outdoor Point Cloud Validation Surveys of the Main Campus Buildings

The following principles were followed during the outdoor validation surveys:

1. All resections were established with two full measuring rounds and using a minimum
of five outdoor survey network points.

2. Point clouds’ validation points’ locations were selected as described in Appendix A.1,
principle number 3.

3. All validation points were coordinated with at least three full rounds using reflector-
less distance measurements (incidence angles were generally kept under 30◦). Up to
six full rounds were measured depending on the total station estimated accuracy.

4. Control measurements were conducted almost as described in Appendix A.2, principle
number 5. However, the tripod was not used, and five full rounds were measured
to compensate for this shortcut. The RMSE estimates (calculated based on 6 to
10 measurements, i.e., separately for each point cloud validation survey, analogously
to Appendix A.2.1 estimates) did not exceed 0.6 cm for the X-coordinate, 0.5 cm for
the Y-coordinate, and 0.1 cm for the height, suggesting relatively good consistency
between validation surveys and the outdoor survey network.

Appendix A.4. Indoor Point Cloud Validation Survey of the U03 Building’s Third Floor

The following principles were followed during the U03 building’s third-floor valida-
tion survey:
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1. All resections were established with two full measuring rounds and using a minimum
of five (usually more) existing points. There were a few exceptions when entering
some rooms, where only four existing points could be used.

2. New survey network points were established temporarily using masking tape, on
which appropriate markings were drawn.

3. Point clouds’ validation points’ locations were selected as described in Appendix A.1,
principle number 3.

4. Taped points on the floor were coordinated using a mini prism in combination
with a tripod. Taped points on walls and validation points were coordinated us-
ing reflectorless distance measurements (incidence angles were generally kept under
30◦). The same principles were followed when establishing new resections using
existing points.

5. All new survey network points were coordinated with five full measuring rounds.
6. All validation points were coordinated with at least three full rounds. Up to six full

rounds were measured depending on the total station estimated accuracy.
7. Control measurements were conducted as described in Appendix A.2, principle

number 5. In some survey stations, more than one survey network point was used
for controls.

The U03 building’s third-floor total station validation survey was initially conducted
in an arbitrary coordinate system. A baseline, consisting of multiple survey network points,
was first established from a single survey station along the corridor between the main and
secondary stairways (refer to the arrows in Figure A3). The baseline points were needed
to maintain the survey’s consistency and were the primary points for conducting control
measurements. Discrepancies between initial survey network points’ coordinates and
control measurements yielded an RMSE estimate (calculated based on 62 measurements
analogously to Appendix A.2.1 estimates) of 0.3 cm for the X- and Y-coordinates and 0.1 cm
for the height, suggesting that consistency was maintained.

For transforming the validation survey from an arbitrary system to the national
coordinate and height systems, outdoor survey network points were measured through
open windows in different rooms. In total, 14 such measurements were conducted on
various outdoor network points (some were observed multiple times). These measurements
were used to compute transformation parameters using a six-parameter least-squares
rigid transformation proposed by Arun et al. [67]. All surveyed validation points were
then transformed to the Estonian national L-EST97 rectangular plane coordinate and
EH2000 height systems, respectively, using the obtained transformation parameters. The
transformation residuals at outdoor network points yielded an RMSE estimate (based on
14 measurements) of 1.3 cm for the X-coordinate, 1.0 cm for the Y-coordinate, and 0.0 cm
for the height, suggesting good consistency (considering potential orientation errors that
may occur due to short sight lengths in rooms) between the third-floor validation survey
and the outdoor survey network.

References
1. Bosché, F.; Guillemet, A.; Turkan, Y.; Haas, C.T.; Haas, R. Tracking the built status of MEP works: Assessing the value of a

scan-vs-BIM system. J. Comput. Civ. Eng. 2014, 28, 05014004. [CrossRef]
2. Mill, T.; Alt, A.; Liias, R. Combined 3D building surveying techniques—Terrestrial laser scanning (TLS) and total station surveying

for BIM data management purposes. J. Civ. Eng. Manag. 2014, 19, S23–S32. [CrossRef]
3. Vincke, S.; Vergauwen, M. Vison based metric for quality control by comparing built reality to BIM. Autom. Constr. 2022,

144, 104581. [CrossRef]
4. Son, H.; Bosché, F.; Kim, C. As-built data acquisition and its use in production monitoring and automated layout of civil

infrastructure: A survey. Adv. Eng. Inform. 2015, 29, 172–183. [CrossRef]
5. Dong, Z.; Liang, F.; Yang, B.; Xu, Y.; Zang, Y.; Li, J.; Wang, Y.; Dai, W.; Fan, H.; Hyyppä, J.; et al. Registration of large-scale

terrestrial laser scanner point clouds: A review and benchmark. ISPRS J. Photogramm. Remote Sens. 2020, 163, 327–342. [CrossRef]
6. Wu, C.; Yuan, Y.; Tang, Y.; Tian, B. Application of terrestrial laser scanning (TLS) in the architecture, engineering and construction

(AEC) industry. Sensors 2022, 22, 265. [CrossRef] [PubMed]

https://doi.org/10.1061/(ASCE)CP.1943-5487.0000343
https://doi.org/10.3846/13923730.2013.795187
https://doi.org/10.1016/j.autcon.2022.104581
https://doi.org/10.1016/j.aei.2015.01.009
https://doi.org/10.1016/j.isprsjprs.2020.03.013
https://doi.org/10.3390/s22010265
https://www.ncbi.nlm.nih.gov/pubmed/35009806


Buildings 2024, 14, 3371 31 of 33

7. Sammartano, G.; Spanò, A. Point clouds by SLAM-based mobile mapping systems: Accuracy and geometric content validation in
multisensor survey and stand-alone acquisition. Appl. Geomat. 2018, 10, 317–339. [CrossRef]

8. Di Stefano, F.; Torresani, A.; Farella, E.M.; Pierdicca, R.; Menna, F.; Remondino, F. 3D surveying of underground built heritage:
Opportunities and challenges of mobile technologies. Sustainability 2021, 13, 13289. [CrossRef]

9. Keitaanniemi, A.; Virtanen, J.-P.; Rönnholm, P.; Kukko, A.; Rantanen, T.; Vaaja, M.T. The combined use of SLAM laser scanning
and TLS for the 3D indoor mapping. Buildings 2021, 11, 386. [CrossRef]

10. Rodriguez-Gonzalvez, P.; Gonzalez-Aguilera, D.; Lopez-Jimenez, G.; Picon-Cabrera, I. Image-based modeling of built environment
from an unmanned aerial system. Autom. Constr. 2014, 48, 44–52. [CrossRef]

11. Tuttas, S.; Braun, A.; Borrmann, A.; Stilla, U. Acquisition and consecutive registration of photogrammetric point clouds for
construction progress monitoring using a 4D BIM. PFG 2017, 85, 3–15. [CrossRef]

12. Varbla, S.; Puust, R.; Ellmann, A. Accuracy assessment of RTK-GNSS equipped UAV conducted as-built surveys for construction
site modelling. Surv. Rev. 2021, 53, 477–492. [CrossRef]

13. Wang, Q.; Kim, M.-K.; Cheng, J.C.P.; Sohn, H. Automated quality assessment of precast concrete elements with geometry
irregularities using terrestrial laser scanning. Autom. Constr. 2016, 68, 170–182. [CrossRef]

14. Mill, T.; Ellmann, A. Assessment of along-normal uncertainties for application to terrestrial laser scanning surveys of engineering
structures. Surv. Rev. 2019, 51, 1–16. [CrossRef]

15. Wojtkowska, M.; Kedzierski, M.; Delis, P. Validation of terrestrial laser scanning and artificial intelligence for measuring
deformations of cultural heritage structures. Measurement 2021, 167, 108291. [CrossRef]

16. Kersten, T.P.; Lindstaedt, M. Geometric accuracy investigations of terrestrial laser scanner systems in the laboratory and in the
field. Appl. Geomat. 2022, 14, 421–434. [CrossRef]

17. Barbarella, M.; D’Amico, F.; De Blasiis, M.R.; Di Benedetto, A.; Fiani, M. Use of terrestrial laser scanner for rigid airport pavement
management. Sensors 2018, 18, 44. [CrossRef]

18. Lõhmus, H.; Ellmann, A.; Märdla, S.; Idnurm, S. Terrestrial laser scanning for the monitoring of bridge load tests—Two case
studies. Surv. Rev. 2018, 50, 270–284. [CrossRef]

19. Cao, Z.; Chen, D.; Shi, Y.; Zhang, Z.; Jin, F.; Yun, T.; Xu, S.; Kang, Z.; Zhang, L. A flexible architecture for extracting metro tunnel
cross sections from terrestrial laser scanning point clouds. Remote Sens. 2019, 11, 297. [CrossRef]

20. Li, D.; Liu, J.; Feng, L.; Zhou, Y.; Liu, P.; Chen, Y.F. Terrestrial laser scanning assisted flatness quality assessment for two different
types of concrete surfaces. Measurement 2020, 154, 107436. [CrossRef]

21. Yu, F.; Tong, J.; Peng, Y.; Chen, L.; Wang, S. A case study on the application of 3D scanning technology in deformation monitoring
of slope stabilization structure. Buildings 2023, 13, 1589. [CrossRef]
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