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Abstract: Laser scanning has been shown to be a valuable tool for cultural heritage documentation. Current
phase shift scanners produce a huge amount of usually redundant data, which can be hard to handle.
Furthermore, with common software packages it is often a time consuming, and thus expensive, process
until a satisfactory model of the object is produced. This process typically includes many interactive steps,
trial and error and guesswork by the operator. We propose an automated processing chain which takes the
raw point clouds from multiple scans as input and outputs a single point cloud, which is much smaller in size,
has reduced measurement noise, and a more homogeneous point spacing. Attention is paid at preserving
richness in detail as far as possible despite the size reduction. The parameters necessary for the processing
are estimated automatically and applied adaptively, taking into account the common properties of panorama
scanners and the scan configuration. The result is a point cloud which can easily be handled by common
software packages. We tested the method on data from two objects of the UNESCO World Heritage Site
Schönbrunn Palace in Vienna, Austria.
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Introduction
Terrestrial Laser Scanning (TLS) has proved to be an adequate tool for accurate three-dimensional
documentation of cultural heritage objects. The latest generation of phase shift scanners features an
extremely high scanning speed and improved accuracy, thus making it possible to capture surface detail in
the millimeter range (NOTHEGGER & DORNINGER 2008). This was previously the exclusive domain of
close range triangulation scanners (BERNARDINI et al. 2002, BORNAZ et al. 2006). However, due to their
restricted field of view, their application for large scale objects is often economically prohibitive. Phase shift
scanners, on the other hand, produce huge amounts of data, making high demands on the processing
methods used to handle the data. Therefore, the generation of reliable and complete geometric models
based on phase shift scanner data tends to be a time consuming, interactive procedure, hence preventing its
application for archeological applications.

To reduce the total amount of point data, either the sampling rate during data acquisition may be reduced, or
resampling has to be applied afterwards. While the first approach implicitly reduces the richness in detail of
the scanned surface during data acquisition, the achievable accuracy of the latter depends on the method
used. Phase shift scanners acquire surface points following a regular pattern defined by the instrument's
configuration. For performance reasons, many resampling methods rely on this pattern to find neighboring
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points for averaging. However, those patterns are related to the instrument and not to the object, where, in
general, the point distribution is no longer regular. Especially, varying scanning distances cannot be
considered. Therefore, we propose a three-dimensional thinning process which operates in object space, as
opposed to image space. Furthermore we propose to choose parameters adaptively based on known
location attributes such as the distance from the scanner, incidence angle of the laser beam and angular
distance from the zenith. This, additionally, allows for processing point clouds comprising data acquired from
different scanning positions, which is of special interest to reduce the effect of inhomogeneous point
distributions after merging individual scans and to remove the effects of remaining registration discrepancies.

The technical descriptions of phase shift scanners suggest an achievable accuracy of a few millimeters.
However, those specifications do not consider configuration specific parameters influencing the quality of the
result. These are, for example, registration discrepancies, inhomogeneous point distribution, varying
incidence angles related to the data acquisition setup, etc. Anyhow, the application of adequate post
processing of TLS data allows for achieving overall model accuracy of a few millimeter. For this, we propose
an automated processing chain comprising thinning and smoothing of the point clouds, registration, and
finally, model generation. We demonstrate the achievable accuracy by comparing overlapping scans of an
object. To show the application of such high accurate geometric models, we analyze the differences of
objects at different scales before and after restoration. Both are part of the UNESCO World Heritage Site
Schönbrunn Palace in Vienna, Austria. One is a Rocaille stove situated inside the palace and the other is a
monumental staircase within the main courtyard. It is shown, that for objects of a few meters extension,
millimeter accuracy can be achieved. For objects with an extension of a few dozen meters, the achievable
accuracy is better than one centimeter.

Methodology and Related Work
Terrestrial Laser Scanner can be classified according to their measurement principle. The main
methodological characteristics are shown in Tab. 1. The highest accuracy may be achieved by triangulation
scanner. These scanners, however, usually have a very limited field of view, thus requiring a large number of
scans even for relatively small objects. This can be economically prohibitive. For the application of high
resolution and highly accurate scanning of large sites, we propose the use of phase shift scanners.
Compared to pulse round trip scanners, they have a slightly higher accuracy and, especially due to their
extremely high sampling rates of up to 1 million points per second, they allow for subsequently increasing the
achievable single point measurement accuracy by adequate post-processing (LICHTI & JAMTSHO 2006,
NOTHEGGER & DORNINGER, 2009).
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Pulse round trip

Phase shift

Triangulation

(Time of flight – TOF)

(AM/CW)

(Light stripe)

1 to >2,000 m

< 1 up to <120 m

< 0.1 to 10 m

“long range”

“medium range”

“close range”

Single point accuracy

< ±10 mm

< ±5 mm

< ±1 mm

Sampling rate

up to 150,000 Hz

Up to 1,000,000 Hz

up to 100,000 Hz

Field of view

“panorama”

“panorama”

"window" (< 40 by 40°)

Measurement principle

Measurement distance

Tab. 1 – Characteristic attributes of terrestrial laser scanner according to their measurement principle.

In general, scanner manufacturers merge precision and accuracy within their technical specifications. While
the first is a measure for the repeatability of point measurements – hence, averaging of points allows for
minimizing this effect – the influence of the latter (i.e. systematic errors) cannot be overcome easily. A typical
example of such systematic errors is a cyclic distance measurement error, well known for electronic distance
measurement devices implementing the phase shift measurement principles (e.g. RUEGER, 1990).
DORNINGER et al. (2008) describe the detection and proper modelling of such an error for a Faro LS
880HE laser scanner. The effect of this error on a triangulation model of a scanned room is shown in Fig. 1
(a & b). Although the magnitude of this effect is less than 3 mm, it has a remarkable negative effect on
subsequent analysis processes and it considerably affects the quality of renderings (i.e. virtual models). Fig.
1 (c & d) shows visualizations of the same data after the elimination of the calibration deficiencies.

Fig. 1 – Effect of on-the-fly correction of laser scanning data. a & c: normal distances to a regression plane, b & d: rendered model, a &
b: original data, c & d corrected data (DORNINGER & NOTHEGGER 2008).

Several processing steps defining a processing chain are required to determine a geometric model from a
set of point clouds acquired by a phase shift scanner. The order of the individual steps may differ for different
processing chains. Additionally, it is possible to combine steps to be applied simultaneously. We propose a
working chain comprising a point cloud processing step to eliminate random errors (noise) from the individual
scans, followed by the registration step transforming the scans into a project coordinate system, a
subsequent merging of the point clouds, and finally the model generation step (Fig. 2). While the first three
steps may be applied automatically without user interaction, for model generation we use a commercial
software package (Geomagic Studio) which does not support batch processing. However, due to the pre-
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processing of the data, the triangulation functionality of this software can be applied without additional
parameter determination.

Fig. 2 – Processing chain (blue) for laser scanning based 3D model generation.

The point cloud processing step is applied to the individual scans. It aims at reducing point density and
measurement noise considerably while preserving richness in detail as best as possible (NOTHEGGER &
DORNINGER 2009). It is designed to be applied automatically in order to cope with the huge amount of
data. The number of necessary control parameters is reduced to a minimum and they can be estimated
automatically. It is based on the highly robust estimation of surface normal vectors. The normal vectors are
used to determine points having the highest probability of being closest to the actual surface (i.e. at the
mode of the local point density). The originally acquired points are replaced by the improved ones. As the
required control parameters are estimated with respect to the local surface structure, this thinning behaves
adaptively. Hence, in areas with more surface detail, more points are kept resulting in an adaptive point
density.

For the registration of point clouds (i.e. the transformation of the individual scans into a common project
coordinate system), generally two different approaches do exist. For huge scenes, typically tie (i.e.
significant, natural object features) or artificial control points (i.e. a priori known tie objects placed within the
scene during data acquisition and with an optionally well known position, determined by tachymetric
measurements) are used for manual or automated detection of identical points within the individual scans.
By least squares adjustment, the discrepancies between those tie features are minimized (ULLRICH et al.
2003). Alternatively, the discrepancies between overlapping scans can be minimized applying an automated
point matching approach like the iterative closest point (ICP) algorithm (RUSINKIEWICZ & LEVOY 2001).
We suggest using a hybrid approach as described by (AKCA & GRUEN 2007). It allows considering a
control point network defined by artificial objects with a priori known positions and, a simultaneous
application of the ICP algorithm. This procedure ensures that a predefined absolute accuracy – given by the
control points – is achieved while local discrepancies between overlapping scans are minimized as well.
Nevertheless, the resulting point cloud suffers from two deficiencies. These are an inhomogeneous point
distribution and remaining differences between the individual scans either caused by remaining
discrepancies of the registration or by systematic deficiencies not properly eliminated by calibration. To
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overcome this, we suggest applying the above described thinning and smoothing method a second time to
the merged point cloud, with only a slightly changed set of control parameters.

The result of this processing is an almost homogenous point cloud of the object surface where the effects of
measurement noise and registration discrepancies have been minimized. To generate digital surface models
from such a point cloud, a three-dimensional surface triangulation is well suited (KAZHDAN et al. 2006).
Such models can be used for further analysis of the object. For visual interpretation, renderings using
artificial lightning or real textures can be used. Additionally, difference models can be computed for the
comparison of different models. For example, the difference of two overlapping scans of an object which
were acquired at the same time give an idea of the achievable accuracy of an instrument. By contrast,
difference models derived from data acquired of an object at two different times (e.g. before and after
restoration) can be used to detect differences at the object for the two different stages. In general, such
difference models are computed by assigning all points of model A (e.g. the triangles' corner points) to faces
of model B (e.g. the triangles) and computing the normal distance of the points of model A to the faces of
model B being closest (in normal direction) to the points. For visual interpretation of such difference models,
the distances are typically used as color coded textures mapped to the triangulation models.

Results and Discussion
The documentation of objects and the monitoring of changes are essential for cultural heritage management.
Similar tasks are relevant for archaeological sites. For example, artifacts may be moved from one place to
another or objects may be reconstructed. Furthermore, continuous movements (e.g. settlings) can be
monitored. In the following, we demonstrate the achievable accuracy of triangulation models derived from
phase shift scanning data. The datasets were acquired by Faro scanners in Schönbrunn Palace.

The first testing site is a Rocaille stove of approximately 3 m height. During an extensive restoration, this
stove was completely dismantled into pieces with a maximal extension of 30 by 30 cm. For each epoch
(before and after the restoration), three scans were acquired (from left, center, and right at equal instrument
height) using a Faro LS 880HE. The mean sampling distance was 0.7 mm per scan at the object. To
demonstrate the relative accuracy of the achievable models per epoch, we analyzed the discrepancies of
overlapping scans of epoch 1. The pair wise differences of two scans acquired are shown in Fig. 3 (right).
For the majority of the object's surface, the occurring differences are less than 1 mm. Hence, we can assume
a model accuracy which is better than ±1 mm. Fig. 3 (left), shows the differences between the models before
and after the restoration. The two models were registered locally (using ICP), as the stove was rebuild at a
slightly different position in the room. The detectable differences are up to 35 mm, which is significantly
higher than the prior detected model accuracy.
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Fig. 3 – Rocaille stove in Schönbrunn Palace – Change detection (before vs. after restoration) and accuracy investigation. Maximal
differences of ±35 mm were detected (left) with a relative model accuracy of ±1 mm (right).

The second testing site is a staircase in the main courtyard of Schönbrunn Palace. It has an extension of
about 40 by 8 by 8 m. It was scanned by a Faro LS 880HE before and by a Faro Photon after the restoration.
At each epoch, about 40 scans were acquired with a mean point density of 5 mm per scan at the object. Per
scan, approximately 15 million points were acquired at the object. Hence, all together more than 600 million
points had to be processed. Additionally, a network of tachymetrically measured control points covering the
whole scene was determined. To allow for automated detection of these points within the scanning point
clouds, spherical and planar targets with an extension of about 10 cm were used. The absolute accuracy of
this control point network after network adjustment was about 4 mm. The relative accuracy after the hybrid
registration considering the control point network and applying ICP for minimizing discrepancies between
overlapping point clouds was about 2 mm. By means of the two filtering steps (confer Fig. 2), the number of
points representing the object was reduced to 20 million per epoch, without visible loss of detail. Fig. 4 (top)
shows the triangulation model of epoch 2, consisting of approximately 10 million triangles. The color coded
difference model (bottom) shows reliably detectable differences between epoch 1 and epoch 2. Differences
which are smaller than 10 mm are defined as unchanged and shown in green. The detectable differences
have maximum magnitudes of ±50 mm. They occur in regions where severe constructional problems
occurred before the restoration due to improper water draining.
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Fig. 4 – Staircase in Schönbrunn Palace – Change detection (before vs. after restoration). Top: Triangulation model (~10 mio. Triangles)
derived from approximately 600 mio points after applying the proposed point cloud processing reducing the number of relevant points by
a factor of 30. Bottom: Differences before and after the restoration.

Conclusions and Outlook
Common phase shift scanners enable modeling objects with an extension of a few meters at millimeter
scale. For larger objects (up to several 10 m), the achievable relative accuracy is about 2 millimeter and by
means of a network of tachymetric control points, an absolute accuracy of 5 mm can be achieved. To
support this, we proposed an automated processing chain to derive three-dimensional surface models from
phase shift laser scanner point clouds. The high degree of automation is achieved by adaptive control
parameter estimation. This is an advantage in comparison with most commercial software packages for laser
scanner data processing.

To acquire the data of the two testing sites, we defined a scanning setup which did not require scanning
distances of more than ten meters. According to our knowledge, for such short distances, the dominant
systematic error source are distance measurement errors which can be dealt with properly by means of
adequate calibration as demonstrated. For longer ranges, the impact of angular errors increases
significantly. The investigation and possible correction of such errors is part of current research.

For scanning and modeling archaeological sites, we expect similar results concerning the achievable quality
and richness in detail. However, the maximum object height which may be scanned properly is restricted by
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the maximum height of the scanning position. The acquisition of scans necessary to achieve results as
demonstrated in this paper takes several minutes. This has to be considered for the selection of the
scanning platform as unstable platforms directly reduce the achievable model quality.

Within this contribution, we demonstrated results based on data acquired by phase shift scanners. However,
the proposed method may be applied to any kind of three-dimensional point cloud data as no scale
dependent assumptions are made. Hence, we expect that this approach has the capability to improve the
achievable quality of triangulation models derived from data acquired by alternative measurement systems
like close range or airborne laser scanner, or by image matching.
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