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Since masonry arch is one of the most common structural forms in both historic bridges and in architecture
across the world such as domes and vaults, its dimensional and structural analysis is still the subject
of numerous investigations. Controlling the deformation in historic arch bridges involves a number of
difficulties arising from the measurement technique and the analysis methodology. Important advances
have been made on terrestrial laser scanning technology to allow measuring the 3D geometry of objects
without making direct contact with them with very high rates of data acquisition, high accuracy and
long range. However, the development of computer algorithms to automate the analysis of the clouds of
points would be useful to take advantage of the potential of this technique in the field of dimensional and
structural analysis of historic bridges. This article presents a methodology to estimate the deformation
of arches or vaults based on the symmetry of sections obtained along the vault guideline. The accurate
geometry of the arches is obtained by means of a 3D laser scanner survey, and the point cloud is processed
by statistical nonparametric methods based on local bivariate kernel smoothers, allowing estimation of

arch cross-sections without establishing any parametric shape a priori.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Arch bridges are unique legacy assets in northwest Spain,
being the predominant type of historic bridge in this area. This
region is characterized by an undulating terrain and a scattered
population, and historic bridges have played a pivotal role in
the transportation and communication infrastructure since Roman
times. However, the conservation status of many historic bridges
is deficient [1]. In some cases, the intensification of use in the
form of road traffic involves loads and vibrations that were not
planned during the design and construction, and that compromise
the stability of the bridge. Other cases suffer from the opposite
problem: the abandonment of rural areas leads some bridges to
fall into disuse, as they are invaded by shrubs and trees in parapet
and road; sometimes, their material is removed for allocation to
other structures. These structures must also be evaluated at the end
of their useful life, after specific incidents (such as earthquakes),
and in response to the degradation of materials, structural damage
resulting from accidents, or doubts about their structural safety.

In short, not only because of their patrimonial value but
also because of their structural function, it is essential to have
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reliable methods of studying and evaluating historic bridges. Since
masonry arch is one of the most common structural forms in both
historic bridges and in architecture across the world such as domes
and vaults, its dimensional and structural analysis has been the
subject of numerous investigations [2-8]. However, because of
the variability of materials and structural types of arches, there
is no general method of analysis and control for these structural
elements.

In general, all structural studies of masonry arches agree that
structural stability is essentially a function of the geometric design
of the structure [9]. Consequently, changes in the geometry in
relation to the original design can compromise their stability,
so that an excessive deformation inevitably results in collapse.
Before reaching this limit, the most common structural problems
are reflected in the geometry of the arch: seats at the supports,
landslides, and the ball joints or joints. In short, controlling the
deformation of an arch is one of the key parameters in monitoring
and diagnosis.

However, controlling the deformation in historic arch bridges
involves a number of difficulties arising from the measurement
technique and analysis methodology. Usual techniques of control-
ling structural deformation are based on the location of contact
witnesses, which involve risk to workers and limitations stemming
from the punctual control of distortion and the reduced number of
checking points. Due to the successive reconstruction and reforms
of these bridges throughout their history and the absence of the
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original plans, it is difficult — often impossible — to know the orig-
inal geometry for comparison with the present arch.

This article presents a methodology to estimate the deforma-
tion of arches or vaults based on the symmetry of sections ob-
tained along the vault guideline. The accurate geometry of the
arches is obtained by means of a 3D laser scanner survey, and
the (X, Y, Z) point cloud is processed by statistical nonparametric
methods based on local bivariate kernel smoothers, allowing esti-
mation of arch cross-sections without establishing any parametric
shape a priori.

The layout of this article is as follows: Section 2 describes
the fundamentals of terrestrial laser scanner (TLS) measurement.
Section 3 focuses on the algorithm proposed for the generation
of surfaces and cross-sections, and the computational acceleration
technique is applied. Section 4 explains the test for symmetry
analysis. Finally, Section 5 reports a case study carried out in the
Roman Bridge of Segura (Spain).

2. TLS survey

Terrestrial laser scanning technology is the best example of
technological advances in geomatics techniques for measuring the
3D geometry of the objects without making direct contact with
them. This technique has been successfully applied in various fields
and in the field of the analysis of deformation structures [10-13],
as well as in many other fields such as embankments and
flood control [14], geotechnical applications [15], forensics [16],
construction [17], and cultural heritage [18].

The operation of TLS equipment is based on the emission of a
laser beam with a wavelength in the optical or NIR spectrum which
makes impact with the target, so that the distance from the point
of emission to the surface can be obtained by the flight time of
the signal or according to the phase difference between the signal
sent and received, depending on the equipment. The distance
measurement system is combined with a beam deflector, which is
directed towards the surface to be measured. The most common
configuration consists of a rotating mirror that allows vertical
scanning and a servo motor that rotates the whole of the optical
axis of the system to allow horizontal scanning. The horizontal and
vertical angles for each emitted pulse are determined by encoders.
A spherical coordinate system is defined as centred on the scanner,
where the 3D position of each measured point is given by a distance
R and two angles 6 and ¢, which are transformed to a system of
Cartesian coordinates X, Y, Z.

The accuracy that can be expected in TLS measuring is about
1 cm at 100 m distance as an average in commercial equipments.
This value can be enough to satisfy the requirements of most of
the civil engineering and architectural surveying projects. Sources
of errors in coordinates measuring are diverse and can be grouped
in four classes according to [19]: instrumental errors (in the laser
rangefinder, beam deflection unit and axes errors), object errors
(the offset deriving from the surface reflectivity), environmental
errors (propagation, atmospheric conditions, interfering radiation,
etc.) and methodological errors. The analysis of their effect in range
measurement is a complex task, and has been object of several
researches as [20-23]. The knowledge of the error sources might
help in planning adequately scanning projects.

In summary, the TLS systems can record the coordinates of
millions of points measured on the surface of an object without
making direct contact. Although conventional total stations can
provide higher accuracy in object points coordinates measuring
(in reflector less mode approximately 2 to 5 mm at 100 m
distance), TLS instruments work with very higher rates of data
acquisition (of the order of tens of thousands points by second),
quite high accuracy (about 1 cm at 100 m distance, that can be
enough to satisfy the requirements of most of the civil engineering

and architectural surveying projects) and wider range (from a
few metres to several kilometres). This means that the TLS
measurement minimizes the measurement time during field work,
and allows for the collection of large amounts of accurate data
without the need for physical access to the structure. The resulting
decrease of risks for surveying operators might be highlighted. The
only risks derived from the TLS usage that might be mentioned are
related to the laser beam, that can be an eye-save or not depending
on the wavelength and intensity (proximity to the emission issue),
analogously to any other electronic distancemetre system. Usage
cautions are carefully described when necessary in technical sheets
of TLS equipments.

Today, commercial packages for processing point clouds
obtained by TLS perform pre- and post-processing to generate
2D drawings and 3D models of high metric quality and detail
(PolyWorks®, RiscanPro®, RealWorks®, etc.). These files are
certainly useful, but formally analysing and controlling the
deformation in the structure requires detailed measurements to be
made on the files focusing on the elements or parts to be controlled.
Therefore, the development of computer algorithms to automate
the analysis of the structure would be useful to take advantage
of the potential of this technique for the preservation of historic
bridges.

3. Nonparametric estimation algorithm

In this section, an algorithm is proposed to obtain a nonpara-
metric estimation of cross-sections of 2.5D objects surveyed by
TLS (2.5D refers to a surface which is a projection of a plane into
the third dimension; although the object is 3D, there are no over-
hanging elements possible). The algorithm is based on local bivari-
ate kernel smoothers, which allows the estimation of the cross-
sections without establishing any parametric shape a priori.

We start by including some definitions which are necessary to
understand the estimation procedure. As proposed in [24], let us
consider (X, Y, Z) the spatial co-ordinates of each point on the
object surface and assume that the third co-ordinate Z can be
obtained from (X, Y) using a special unknown function m(X, Y),
which represents a kind of smooth surface, so that

Z=m(X.,Y). (1)

At this point, the main goal is to determine, for a given y, the cross-
section curve

Cyo (X) =m (Xv YO) (2)

using the discrete n data points obtained by scanning the object.
Each laser point (X, Y, Z®) can be understood as a measure of
the real point (X;, Y;, Z;) of the object surface, so that
(X, Y2, Z20) = (X, V. Z) + (¢ . €], &) 3)
where (gX, &), ¢7) represents the measurement error on the ith
point.

The proposed estimation to the true surface m(x, y) at each
point (x, y) are

My =Y Wz (4)
i=1

where W/ is a weight function depending on a smoothing
parameter h. In (4) different types of estimates will be obtained,
depending on the type of smoother used to obtain weights Wl-h. For

instance, if weights

K (H (Xi.’ Yi.) B (X’y) || /h) (5)

YK (1067 ¥7) = e )

W' (x,y) =
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are used, with K being any given univariate density function, and

0 v) = | =V 0 =7 + (7 =)’ ()

is the euclidean distance between (X?,Y®) and (x,y), the
Nadaraya-Watson estimator introduced by [25] and [26] is ob-
tained. Other commonly used smoothers in nonparametric regres-
sion are local linear kernel smoothers. Detailed information about
kernel smoothing can be found in [27-29]. Moreover, although our
focus is on kernel smoothers, there are other types of procedures
that allow for nonparametric estimations of the model. [30] inves-
tigated alternative methods based on penalized splines, and [31]
used thin plate regression splines.

The proposed estimator works under the assumption that the
true surface m is smooth enough and then the function m(x, y)
can be locally approximated (motivated by Taylor expansion) by
a constant. Explicitly, for values (x, y) near (xq, yo) it is obtained
the approximation E[z°] = m(x, y) = 0.

Thus, locally a constant fit is justified. In this approach, we are
not taking in account the error measurement in the covariates X
and Y. Note that we observe (x, y) through (x*,y*) = (x,y) +
(&x, &y). In general, not taking into account the errors in the covari-
ates can lead to an estimation with bias of the true surface m (see
for instance [32,33]). Nevertheless, in the study presented here, the
laser scanning errors (gx, €,) on X and Y direction are sufficiently
small so that m(x®, y*) and m(x, y) can be approximated by the
same constant 6. That is m(x®, y*) ~ m(x,y) =~ 0, and then the
bias coming from m(x®, y*) — m(x, y) is negligible in practice.

For inferential purposes, (like testing for interactions or
constructing confidence intervals), it will be necessary to know the
laws that enable the distribution of m(x, y) to be approximated for
sufficiently large sample sizes. Procedures of this type based on
asymptotic approach may display certain limitations in practice,
as their performance will depend on the information furnished
about the population of the sample. Hence, when not enough
data are available, a good approximation of the distribution of
m(x,y) will not be obtained, and so the asymptotic method
will not produce good results. At other times, one has to work
with statistics with asymptotic laws that depend on complicated
quantities not easy to obtain, or that have no known asymptotic
laws, governing their sample distribution. In the face of these
types of limitations, various alternative procedures have emerged,
which enable the sample distribution of the target statistic to be
approximated by simulating a high number of random samples
directly constructed on the basis of initially observed data. Among
these resampling techniques is the bootstrap method (see, for
instance, [34-37]). In our knowledge, at present there is no closed
theory do determine the asymptotic distribution of m(x, y), so we
will use here bootstrap methods for all inferential purposes.

3.1. Computational acceleration. Linear binning

As discussed above, in the laser scanning context the number
n of data points is very large. It is well known that in any of the
existing methodologies for fitting nonparametric regression mod-
els, processes involving model estimation, smoothing parameters
selection and bootstrap-based inference may entail a high compu-
tational cost, particularly with large data sets. Consequently, to re-
course to some computational acceleration technique, like binning,
is basic to ensure that the problem can be addressed adequately
in practical situations. Using of binning to speed up computation
of kernel estimators was first developed in the density estimation
context by [38-40]. Later, [41] extended the use of binning to lo-
cal polynomial kernel estimators. In this particular case, we use the
adaptation of the bivariate binning proposed by [42].

Let (X*, Vs, Z)for1 <1 <M, 1<m<M1<k<M
be M> grid points with X < < Xy, ¥V o< < Yy
and Zf < ... < Z,{,, being M equidistant points along the X, Y
and Z directions, respectively. The simple binning assigns to each
grid point a weight equal to the number of observation in its bin.
In the so-called linear binning this weight is the sum of inverse
relative distances between the observations and the eight closest
grid points.

Explicitly, in the linear binning each observation (X?, Y, Z®)

17
assigns a different weight to the closest grid points according to

- [xe - % ve -7
wt o =1l1-— 1-—
Imk 8X 8}’
+ +
-7
xl1-—- 7
5 (7)
+

with x; = max{0, x} and Jx, éy and §; the distances between

two neighbouring knots on X, Y, Z, respectively. Note that the
unit weight of the ith observation is distributed proportionally
to the distance of (X, Y, Z") to their eight closed knots. In this
way, the binning weights W,;m of each grid point ()~(,‘, 17,;, 21:) are
constructed according to

n
Wink = Z Wik (8)
i=1

In this way, we transform the original n points sample in
a binning sample of M3 points, where M is an integer much
lower than n. In addition, most of the grid points will have
zero weight, and therefore they do not enter into the calculation
process. Of course, the finer the grid of points selected, the
better the binning approximations. The choice of the number of
grid points is a compromise between approximation error and
computational speed. In practice, depending on the sample size
n, on the distribution of the covariates and on the regularity of
the surface m a larger amount of grid points might be more
appropriate. So, we propose to choose a number of nodes M large
enough so that there are no significant differences between the
estimation obtained with this value (M = Mj) and the estimations
obtained with more nodes (M > Mj). So, we propose to choose a
number of nodes My large enough so the differences between the
estimation obtained with this value (M = Mj) and the estimations
obtained with more nodes (M > M) are negligible. For instance,
Mj can be selected as the first M verifying

Xn: iy (Xf’ Yi.) — Ty (X,.', Yi') <s (9)
-1 (X2, Y?) -

i=1

where iy (x, y) represents the estimate of m(x, y) obtained by
using M grid points at each direction and ¢ is a small threshold,
for instance ¢ = 0.001. Following this proposal, we have used
M = 100 in our study.

3.2. Estimation of cross-sections

Once the binning sample has been built, in this section it is
presented the estimation algorithm which allows to estimate the
cross-sections Cy, (X) of the surface m given in (2) as follows.

For any given point y, we use local constant kernel bivariate
estimators to obtain the estimation of Cy, (X), as proposed in [43].
The estimator works under the assumption that the true surface m
is smooth enough and continuous (in a mathematical sense), and
is based on the fact that the function m(x, y) can be approximated
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locally by a constant. In this way, the nonparametric estimate of
Gy, (X) is given by

M M M . - -
XY 3w, (X,' —X, Yy — YO) Wik

h _ I=1m=1k=1
G x) = YRETRET . . . (10)
>3 3 Wa (R —x. Y = y0) Wiy
I=1m=1k=1
where

W (f(,‘ — XY — yo)

. 2 2
:J;?exp —<XI_X) -;(Ym—}’o) (11)

is a weigl:ntin:g function depending on the Euclidian distance
between (X, Y) and (x, yo) and, in addition, contains a smoothing
parameter h.

3.3. Bandwidth selection

It is well known that the nonparametric estimates 6yho (x)
heavily depend on the bandwidth h used in the kernel estimates
n (10). The bandwidth is a trade-off between the bias and the
variance of the resulting estimates: Clearly, because the definition
of Win(11), the observations closed to (x, yo) have more influence
on the nonparametric regression estimate 6yho (x) than those farther
away. The amount of relative influence is controlled by the
bandwidth h. On one hand, if h is small the resulting estimate (A,'yhO (x)
heavily depends on those observations that are closest to (x, yo)
and tends to yield a more wiggly estimate; and if h becomes closer
to zero the estimate tends to adjust too much to the data and, as a
consequence, have a very high variance. On the other hand, if the
bandwidth is too large the estimated surface will be constant and
will not adjust to the real shape of the true surface; it means the
estimation has bias errors; It shows the significance of arranging
a tool for the automatic choice of the most appropriate smoothing
bandwidth.

Various proposals for an optimal selection have been suggested
for the nonparametric models, yet the difficulty of asymptotic
theory in this context means that nowadays optimal selection is
still a challenging open problem. Cross validation was used for
the automatic choice of bandwidths, so, the bandwidth h will be
selected by minimizing

E miny

1<Lj,k<M

x {Wu’k\/ (% =)+ (7 =v) + (2 -0 cy>)2] (12)

where @Eh’*w‘) (y) indicates the fit of C;(y) leaving out the [jk-knot
()~(1', 17;,2,:); note that the selected bandwidth depends on the
number of grid points M.

Note that the use of the binning techniques exposed above re-
duces computing time notably, since in the calculation of CV it is
only necessary to evaluate the kernel K at a maximum of M? dif-
ferent points for each choice of bandwidth. Moreover, the knots
(X, Y?.Z}) having weight W5, = 0 are not taken into account
during computation, which speeds up the process. A detailed ex-
planation of this technique can be found in [41] for the 1D case, and
in [42] for the 2D case.

CV (h) =

4. Test for symmetry

In Section 3, the mechanism to allow the nonparametric re-
construction of the cross-section curves Cy, (X) has been exposed.
Now, it is necessary to determine if left and right curves are sym-
metric in relation to a given point x,. To do this, we proceed as
follows:

(1) For a given yg, the point of symmetry xq is obtained as the
point in which Cy; (x) reach the maximum, that is X = arg max,
Gy, (x). In practice, we do not know C,,(x) and then x, have to
be estimated. An estimator of X, is defined by maximizing of
Q,O(tl), e, 6y0(tN) being ti, ..., ty a grid of N equidistant points
on the range of X.

(2) Once xq is obtained, we compare Cy,(X) versus ijo x) =
Gy, (2%9 — X).

We accept symmetry if C; (x) = ijo (x) or, what is the same, if
Dy, (x) = G, (%) — Cys0 (x) = 0 for all values of y. In another case,

the cross-section will not be symmetrical. Of course, since bJ’o *x)
is only an estimate of the true Dy, (x), the sampling uncertainty of
these estimates should be acknowledged. Therefore, a (1 — ) 100%
(e.g. o = 0.05) confidence interval (CI) around Dy, (x) is derived,
and it is checked whether the 0 lies (asymmetry is not detected) or
not (asymmetry is detected) within this interval.

In the construction of the above Cls, it is necessary to
know the percentile distribution of Dy (x). Nevertheless, it is
well known that in the nonparametrlc regression context the
asymptotic theory is little helpful to determine that percentiles,
and resampling methods like bootstrap introduced by Efron in [44]
(see also [45-47]) are applied instead. The bootstrap methods
are statistical resampling methods to analyse the variability of
the estimator ﬁyo (x) obtained from the empirical distribution of
X3, Y9, 20), - (X3, Y, Z0).

Given x and yo, the steps for construction of the CI for the true
Dy, (x) are as follows:

Step 1. Obtain the estimated D
X3, Y0, ZD), ..., (X3, Yy, Zy) aswe explamed above.
Step 2. Forb = 1 to B (e.g. B = 1000).

Simulate a random sample (X$?, Y72, Z%), ..., (X3P, Yob, Zeb)
by randomly sampling the n items from the original data set
X3, Y, Z3), ..., (X3, Yy, Zy) with replacement (that is, each

n>*n
individual value (X?, Y, Z®) has a probability n~ 1 of occurring),

17
and obtain the bootstrap estimates Dl’0 (x).

Finally, the (1 — ) 100% limits for the CI of D

Dy,(x) from the sample data

), (X) are given by
[2f>y0 (x) — DI (x) , 2Dy, (x) — DI (x)] (13)

where f)ﬁo(x) represents the percentile p of the bootstrapped

estimates D1 ), . DB ).

The FORTRAN program implementing the nonparametric
2.5D model estimation (with binning) and the bootstrap-based
confidence for the 2D cross-sections proposed in this article can be
obtained by contacting the authors. The graphs included, which are
based on the output of the proposed algorithm, have been obtained
by using the library rgl [48], a visualization device system for the
software package R [49].

5. Study case: TLS survey and deformation analysis of the arches
of the Segura Roman bridge

The proposed methodology of processing dense point clouds to
control deformations in historical structures has been applied to
the study of the Bridge of Segura (Fig. 1), a Roman bridge located
on the river Eljas on the SW Iberian Peninsula, near the border
between Spain and Portugal. Some experts in Roman engineering
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Fig. 2. Orthophotograph of the bridge including arches and pillars dimensions.

have stressed the value of this bridge, as it is considered as a replica
of the nearby famous Alcantara Bridge. It consists of five arches
with a span between 7.54 and 10.41 m, and a rise of 3.56-6.42 m
(Fig. 2); the length of the bridge reaches 70 m, the average width
is 5.8 m, and the height in the stirrups exceeds 9 m. It has imposts
on pillars, cushion ashlars, and some arch stones have engraved
drawings. The three central arches have been reconstructed, and
some work has recently been carried out in order to reinforce the
structure at the base of the pillars.

This study used a Riegl LMS-Z390i 3D laser scanner. This is
a pulsed time-of-flight scanner that records up to 8 000-11
000 points per second with an accuracy of 6 mm at 50 m (1o)
under laboratory conditions of lighting and reflectivity, and range
distances of 1.5-400 m according to the technical sheet. Each
scan covers an 80° vertical x 360° horizontal field-of-view. Its
minimum and maximum angular resolutions are 0.2° and 0.002°,
respectively. RiSCAN PRO Software (Riegl®) was used for the data
acquisition and pre-processing of point clouds. A laptop computer
with 2.5 GHz, 2 GB RAM, and a 120 GB hard disk was used to store
the point clouds in real time.

The bridge’s vaults and arches were scanned from four scan
positions; two additional scans were done for the bridge path
recording (see Fig. 3). Due to the difficult accessibility, some small
areas of the inner part of some vaults were hidden from the
scanner’s point of view. Two scans were made from each base
point: the first one covering the full field of view (360° horizontal
rotation around the Z-axis and 80° vertical range) scanning at the
minimum resolution (angular range of 0.2°) and maximum speed
(each scan took 1.49 min); the second scan was restricted to a
window covering the whole bridge at an angular resolution of
0.05° (which implies around a 1 cm separation between acquired
points on the bridge surface), and each scan took 10-15 min. The
system creates an output file with the spherical and cartesian
coordinates of the measured points, with the coordinate system
centred on the scanner. A total of 1 259 148 points from the bridge
were scanned and recorded in a file of size 2 GB. Tie Control Points

(measured by total station) were used to align the point clouds
in a global coordinate system, together with a system based on
the closest point iterative algorithm (see [50] for details). The
alignment of the point cloud showed a standard deviation error
of 8 mm. The scanned points of the vault under study were taken
from the whole bridge point cloud. The coordinate system was also
translated and rotated so that the XY plane had its origin in the
keystone (X-axis along the bridge, Y-axis across the width of the
bridge); Z-axis is along the height of the bridge.

The vault under study is the bridge’s second (see Fig. 1), and its
point cloud is shown in Fig. 4. The figure shows 10 putlog holes in
the vault, five in each half, and a part with no data given to shadows
from the scan positions. The point cloud of the vault contains
32282 points (X?, Y, Z?), following the notation of Section 3.1.
The proposed algorithm was applied to compute the values of the
reconstructed surface m(X, Y) for each point (X, Y). Fig. 5 shows
the surfaces obtained for different values of the window h. It is
necessary to point out that for very large values of h, the surface
is close to be a plane (see Fig. 5(a), h = 1.00); large values of h give
an undersmoothing estimation (Fig. 5(b), h = 0.10), while for a
very low h there is an overrsmoothing estimation and the noise is
not removed properly (Fig. 5(d), h = 0.01). Therefore, it is essential
to determine the value of h which minimizes the effect of noise in
the data, allowing a reliable reproduction of the measured object’s
surface. Fig. 6 shows the cross validation error for different values
of h. The value of the window that minimizes the error is h = 0.06,
corresponding to the surface shown in Fig. 5(c).

Once the surface was obtained (using the optimal bandwidth),
XZ cross-sections of the vault were obtained along the Y-axis. The
proposed algorithm allows for the extraction of cross-sections for
as many points from the reconstructed 3D model of the vault as
are needed to precisely define the shape. Fig. 7 shows four cross-
sections obtained at Y = 1, 2.5, 4, 6 m, showing the two halves
overlapping in order to compare them. Each section also includes
the asymmetry curve obtained by the differences between the two
semi-cross-sections, together with their 95% Cls. Fig. 7 reveals sig-
nificant differences between semi-cross-sections along the vault.
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Fig. 3. Bridge scan positions together with the zone covered by each point cloud from every location.
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Fig. 4. Point cloud obtained after scanning of the second arch of the bridge.

The asymmetry is of about few centimetres close to the keystone,
but at the outbursts of the vault the differences reach levels close
to 1 m. The magnitude of asymmetry seems to indicate that a re-
construction of that arch has been probably accomplished on just
one half of the vault instead of making a total reconstruction, since
if the asymmetry was due to a descend of the pillar support or sim-
ilar, more asymmetries and geometric anomalies would appear.

In order to confirm this result, the vault model was exported
and measured in a CAD software, resulting the following data: span
7.657 my; left half of span 4.005 m, right half of span 3.652 m. This
means a left/right of 1.097, which is 9.22% of variation in relation
to the span half.

Moreover, the analysis of symmetry curves shown in Fig. 7 re-
veals the presence of peaks that could correspond to displaced ash-
lars, such as the curves forY = 1mand Y = 6 m. The singularity of
the right cross-section of Y = 2.5 m (Fig. 7(b)) at point X = 3.2 m
is due to the absence of data, due to a putlog hole in the structure. In
general, it is useful to include the CIs together with the difference

graphs because they allow for the easy detection of statistically sig-
nificant asymmetries.

6. Conclusions and discussion

The interest in and usefulness of the TLS as a tool for measuring
arch infrastructures is beyond doubt. To take real advantage of
this technique, it is necessary to program computational tools
for automatic data processing, allowing a comprehensive analysis
of the scanned structure. This article describes a method for
processing unstructured point clouds obtained from TLS, based on
statistical nonparametric methods, to generate a 3D reconstruction
of the scanned object, an arched bridge in this particular case. The
proposed methodology is a 2.5D reconstruction approach, that is,
for each (x, y) there is only one m(x, y). In order to speed up the
estimation procedure exposed in Section 3, we have used linear
binning with equidistant M grid points in each direction. If the true
surface has important changes in curvature, it could be interesting
in the use of non-equidistant grid points, using more nodes in those
areas with greater curvature (getting more precision on these parts
of the arch) and less nodes in the areas with lesser curvature. In
this sense, the estimated second derivative of the surface m can be
used to approximate the curvature of the surface. Then, the number
of binning nodes “around” a point must be proportional to the
second derivative of the surface m at that point. We are presently
exploring the possibility of including non-equidistant grid points
in our estimation procedure. In the arch under study, the curvature
is quite similar all over the vault. Therefore, we believe that in this
particular case to include non-equidistant grids points would not
result in any additional benefit. Our kernel smoothing approach
has been used to study the symmetry of the curve C,(-) for a
given y. The proposed procedure can be easily adapted to other
problems like, for instance, the issue of comparing various curves
C, () corresponding to different values of y.

Our present and near future research is focused on developing
a full 3D generalization of the algorithm that will be improved to
allow performing the analysis of the whole arch, instead of ar by
arc. Moreover, the proposed method works under the assumption
that the true m is smooth. However, in the case of objects with
breaklines on the surface the proposed method will not present
a good performance and, also, the discontinuities in the survey
data of the analysed surface might be solved. In this sense, it
would be of great interest to generalize the proposed method by
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Fig. 5. Vault 3D surface obtained for (a) h = 1.00, (b) h = 0.10, (c) h = 0.06, and (d) h = 0.01.
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Fig. 6. Cross validation error graph depending on h values.

allowing the estimation of bivariate jump regression functions.
To study the asymmetry of the arches, sections are automatically
generated for each of the bridge vaults, with an interval defined
by the user according to the state of the structure and the type of
damage under investigation. Another future task is to compare the
efficiency of the proposed method with respect to other existing
estimation procedures; it exceeds the goals of this particular
article, but could be the main goal of future research.

The graphical representation of overlapping semi-cross-sections
allows visual inspection and quantification of asymmetries and
distortions, facilitating diagnosis based on the arch geometry. By
working with (X, Y, Z) coordinates, the damage is always located
and measured in the structure. The comparison of surfaces dating
from different times is also considered interesting for near future in
order to allow the monitoring of deformations in historic bridges.

The proposed method also includes statistical tests for estimat-
ing errors, so that the user knows at all times the statistical signif-
icance of the results obtained. Since the confidence limits are only
pointwise, the commented statistical significance should be taken
with caution otherwise. We are presently investigating new tests
of significance for asymmetry, which constitutes a promising field
of research. For instance, it will be very interesting to test the null
hypothesis

Hp (o) = Gy, (X0 + %) = Gy (X0 — %)

namely, Gy, (-) is symmetric on an interval (—a, a). In this way, we
can obtain the first a que define el first interval (—a, a) in which
Gy, (+) is not symmetric. For this aim, we think that the following
statistics (based on the L1 norm) can be used

=y

=1

forallx € (—a,a) (14)

Go o+ 1) — Gy (X0 — 1) (15)
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Fig. 7. Cross-sections obtained at (a) y = 1 m, (b) 2.5 m, (c) 4.4 m, (d) 6 m. For each case, a XZ graph with both halves overlapped is shown, together with the asymmetry
plotted with 95% Cls.

wheret; = (I—1)a/(L—1)forl =1, ..., Lis a grid of equidistant Ho (xo), with asymptotic significance level 1 — «, is that the null
points on the interval x € (0, a). It must be remarked that, if hypothesis is rejected if T > T%, where T? is the percentile of
the null hypothesis is verified, then T should be close to zero, the distribution (under the null hypothesis) of T. The theory for
but it will be generally positive. Thus, the test rule for checking ascertaining the asymptotic distribution of under Hy(xo) can be
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very difficult, which in turn renders it very difficult to calculate the
critical values T*. Again, bootstrap resampling techniques can be
used to approximate the critical values.

In summary, the described methodology provides an automatic
procedure for high density point cloud data processing, involving
a substantial advance in the applicability of TLS technology to the
field of historical structures assessment. Civil engineers can greatly
benefit from this kind of analysis, since TLS can be used not only for
measuring, as usual, but also for diagnosis.
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