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Abstract

The study raises the issues concerning the automatic system designed for
the monitoring of movement of controlled points, located on the roof
covering of the Forest Opera in Sopot. It presents the calculation algorithm
proposed by authors. It takes into account the specific design and location
of the test object. High forest stand makes it difficult to use distant
reference points. Hence the reference points used to study the stability of
the measuring position are located on the ground elements of the six-
meter-deep concrete foundations, from which the steel arches are derived
to support the roof covering (membrane) of the Forest Opera. The
tacheometer used in the measurements is located in the glass body placed
on a special platform attached to the steel arcs. Measurements of
horizontal directions, vertical angles and distances can be additionally
Subject to errors caused by the laser beam penetration through the glass.
Dynamic changes of weather conditions, including the temperature and
pressure also have a significant impact on the value of measurement
errors, and thus the accuracy of the final determinations represented by the
relevant covariance matrices. The estimated coordinates of the reference
points, controlled points and tacheometer along with the corresponding
covariance matrices obtained from the calculations in the various epochs
are used to determine the significance of acquired movements. In case of
the stability of reference points, the algorithm assumes the ability to study
changes in the position of tacheometer in time, on the basis of
measurements performed on these points.
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1. Introduction

The monitoring system of the Forest Opera was created after the modernization of
the object roofing. The main contractor of the monitoring system is Wilde Engineering
company from Gdansk. The authors of this paper presented the analysis of the
accuracy of the obtained movements values. The observations subjected to the
analysis were taken from the online system which continuously processes data and
presents them in closed Internet system. The design and installation of the system
were described in the article (Wilde et al., 2015). After starting the monitoring system
and commissioning of the new roof covering of the Forest Opera, the series of control
measures was performed on the basis of the terrestrial laser scanning — TLS
(Janowski et al., 2015) and subsequently developed using the FEM finite elements
method. Additionally, the performed measurements confirmed the correct location of
the box with the measuring instrument (total station with phase rangefinder) and its
structure made of glass walls, placed obliquely in order to minimize the impact of the
Snelius law on the diffraction of the beams of laser passing through the 3-millimeter
glass which acts as a plane-parallel plate. For the monitoring results the change of
the laser beam angle may be significant only in case of significant movement values
of controlled points (for the analyzed object it can be assumed that these values are
even 1 m), with which we have to deal in case of the deformation of the technical
fabric which is the component of the roof covering (Fig. 1).

The largest displacement of up to 1.2 m, was observed at a distance of 50 m from
the tacheometer, which is reflected by the change in the measurement of the vertical
angle by 1.4 degree (1.5 grade). Controlled points located closer were characterized
by lower values of displacements, which was in turn reflected by the change of
angular values by no more than 0.5 degrees. The construction of the total station
box (Fig. 3) is designed so that the laser beam can fall orthogonally onto a glass
partition (no effect on the angular measurement) with a maximum deviation of 20
degrees. Experimental studies conducted in the Team of Department of Geodesy of
Gdansk University of Technology and analysis of the results (Daliga, 2014, Daliga
and Kuralowicz, 2016) indicate that the change in the angle of laser beam incidence
on the glass partition of the total station box is reflected by the error of point location
at the level not higher than 0.08 mm and it applies to only one controlled point on the
roof covering. Therefore, this value can be neglected in the analysis.

Box with measuring station (total station) was located on a platform above the
audience, at the level of controlled points. This solution had an impact on the stability
of the measuring station (which was analyzed in an article), however it made it
possible to reduce the effect of refraction when passing through the air layers of a
various density.

When designing the project, which was the installation of a monitoring system,
there were fears that the instability of the tacheometer and reference points will
prevent the effective determination of displacements of the roof covering structure in
the Forest Opera. Therefore, the authors performed the analysis of the single- and
two-stage adjustment of the geodetic network (tacheometer, controlled points and the
reference points). The assumed accuracy of determining the displacement was
measured at centimetres level.




Filipiak-Kowszyk, D. et al.: The geodetic monitoring of the engineering structure ...

2. Monitoring system of the Forest Opera in Sopot

First information concerning Forest Opera dates back to the early twentieth and the
roofing of the object was made in 1964. Due to the fact that it was leaking and there
was a need for its disassembly during winter season, it was decided to rebuild the
facility. The current, modern design (Fig. 1.) was commissioned in 2012 and thanks
to its appearance it is integrated into the forest nature of the place. The design
assumed that the leaf-shaped roof covering will be made of a technical fabric with the
thickness less than 1 mm, and a maximum span of the roof is 104 m and a length of
85 m.

Fig. 1. View onto the structure of Forest Opera

Due to the relatively custom design, which was selected at the design phase of the
Forest Opera, it was required to discover a modern method of checking parameters
related to the construction work and safety. Taking into account the characteristics of
the facility, the most important seem to be the monitoring of the movements of a roof
covering. It is very important, because the covering will not be disassembled during
the winter season and the displacement related to the accumulation of snow can be
significant, which in turn may even lead to the rupture of the membrane. The good
solution to the above problem is the automatic monitoring system, which
construction is shown schematically in the Fig. 2.

The main component of the measuring module is Leica TS 151 tacheometer (total
station) along with the prisms representing the controlled points on the technical
fabric, in total: 28. The system is made in such a way as to enable the determination
of the current coordinates of the controlled points.

One of the problems encountered during the design phase of the system was the
lack of a stable and at the same time a safe place, which could be used as station for
the tacheometer. Due to this fact, it was decided to place the instrument on the
special platform attached to the monitored structure, which causes that the total
station can change its position in time. Tacheometer location is shown in the Fig. 3.
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Fig. 2. Scheme of the Forest Opera monitoring system

Fig. 3. Location of the measuring station (total station)

The article proposes a post-processing algorithm of data processing which uses
the measurements performed for the reference and controlled points. Reference
points were mounted on three foundations on which the main arcs supporting the
covering structure are based. Assuming the stability of their position, which should be
confirmed, it is possible to determine the tacheometer movement. Sketch of the
network is shown in Fig. 4., where the numbers of 29, 30 and 31 are reference

points, the letter T indicates the total station and ¢, (i = 29, 30, 31) is a vertical angle.
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Fig. 4. Reference points network

3. Study of the stability of reference points and displacements of controlled
points

3.1. Theoretical basis of the free adjustment

Study of points displacement can be carried out in single or two stage process. One-
stage approach involves the simultaneous investigation of the stability of reference
points with the determination of controlled points displacements. Using a two-stage
approach while, at first we study the stability of reference points, and then we
determine the displacement of the controlled points.

One way of determining the displacements and detecting the unstable reference
points is the IWST method - Iterative Weighted Similarity Transformation - (Chen,
1983; Chen et al.,, 1990). It involves an iterative transformation of differences in
adjusted coordinates using a weighting function. IWST method belongs to the group
of robust methods.

In this paper, checking the stability of reference points has been carried out using
only the results of free adjustment (Perelmuter, 1979; Wisniewski, 2013). The
following shows only the most important assumptions of this method of estimation,
because they are required to understand the presented method for identifying the
points stability.

In the free estimation we do not accept a priori the stability of any point. In the
performed analyses, for the purpose of the determination of points stability authors
used the ellipses of confidence (for horizontal position) and mean errors of height for
the vertical position.

The task of free adjustment (Perelmuter, 1979; Wisniewski, 2013) can be
represented in the following form:

v=Ady +L
p(dy) = Vv"PV = min (1)
9y (dy) =d%P.d, =min
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where:

A - matrix of known coefficients A =[A, : A,], where the number of columns in the

A2 submatrix is equal to the established defect of the geodetic network,
P - matrix of weights,

P, - matrix of weights of the points coordinates (obtained e.g. from the previous
determinations, P, =C_', C, - estimated covariance matrix),

L - vector of free terms (observation results),
v - the estimated vector of corrections,

~

d, - the estimated vector of unknowns.

From the above-cited works, it results that the problem (1) may be led to the following
compensatory task:

Bd, +A’PL=0 X
Py (dy)=diP.dy = min} @
where:

B=[ATPA, @ A’PA,].

When looking for the solution of the task (2) we will obtain:

dy =-P.'B"(BP;'B"] 'ATPL = -A'L (3)
where:
+ — -1 . . . .. .
A =— XIBT(BFXIBT) AP is the generalized inverse of the minimum norm in the

least squares method. The problem of the generalized inverse of matrix was
mentioned also in (Bjerhammer, 1951; Penrose, 1955). In the further adjustment

process, the matrix of Py =I was assumed (I — identity matrix).

After determining the estimator of corrections QI:A&X+L, we are able to calculate

the estimator of the variance coefficient &; =
, VPV

- 4
o n—-r+d )

where:

n — number of observations, r — number of parameters, d — defect of the geodetic
network.

3.2. Analysis of the accuracy and the study of points stability

In order to identify the stability of reference points it is necessary to determine CX
covariance matrix of adjusted coordinates for each measurement epoch:

CQ = mP'B'(BP;'B" | A[PA, (BP'B") ‘B, j=(AP) ()




Filipiak-Kowszyk, D. et al.: The geodetic monitoring of the engineering structure ...

As it is known the horizontal displacement of d; can be determined from the following

relation:
d = |AR 1 AT (6)
in which:
AX = XA - X7
NAR R (7)

and A - the designation of the actual measurement, P — the designation of the initial
measurement.

On the basis of C, =C\” +C{" covariance matrix, it was possible to determine

the confidence ellipse for the displacement of each point (Caspary, 2000).
Displacements of points in the vertical plane are analyzed on the basis of the

difference of AZ, =Z;' - Z!and the value of the mean error for m , displacement.

One-step approach: Determination of displacement of the controlled point no. 1,
located on the membrane, while the study of the reference points.

Table 1 shows the results of the adjustment, obtained from the calculations
performed in accordance with the previously described dependencies. The values of
weights were computed based on the measurements mean errors for vertical angle
m,= 5%, horizontal angle mz= 5 and distance m;= 0.5 mm.

Table 1. Results obtained from the free adjustment for the initial and actual measurement

Point Initial measuremfent (P) | Actual measurement (A) Displacements
: Increment | Adiusted |0 ement | Adjusted AX . AY . AZ
No. | Coordinate N coordinates N coordinates : ’
dy [mm] [mm] dy [mm] [mm] [mm]
X 29 1.5 -0.1 -1.5 -3.0
T Y 0.4 0.6 0.8 1.0 0.4
7 -0.1 -3.1 25 -0.5 2.6
X 1.5 79689.3 0.9 79688.7 -0.6
29 Y 0.4 -18519.4 0.0 -18519.8 -0.4
7 -0.9 -5890.7 -1.5 -5891.3 -0.6
X 1.0 84288.3 1.0 84288.3 0.0
30 Y 2.3 22217.8 -1.1 22214 .4 -3.4
7 -3.3 -9972.6 -3.1 -9972.4 0.2
X -1.8 -17279.1 -4.3 -17281.6 -2.5
31 Y -1.3 -18815.6 -1.9 -18816.2 -0.6
7 4.0 -5997.2 3.6 -5997.6 -0.4
X -3.7 18661.4 2.6 18667.7 6.3
1 Y -1.9 -48384.9 2.2 -48380.8 4.1
7 0.3 -2686.3 -1.5 -2688.1 -1.8
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Based on the above data, the vectors for the d horizontal displacement for individual
points were calculated. Results are presented in Table 2.

Table 2. Vectors d of horizontal displacements and their components of AX AY

Pointno. | AX[mm] | AY[mm] | 4 [mm]
T -3.0 0.4 3.0
29 -0.6 -0.4 0.7
30 0.0 -3.4 3.4
31 -2.5 -0.6 2.6
1 6.3 4.1 7.5

In order to verify the significance of the determined horizontal displacements, the
confidence ellipses were determined (Fig. 5.). The value of F,_,,; was assumed in

the calculations.
a) b) I
<17 mm

Fig. 5. Confidence ellipses for: a) tacheometer, b) 29 point, c) 30 point, d) 31 point, €) 1 point

The geometry of the network and measurement mean errors had an impact on
obtained confidence ellipses. Horizontal displacements determined for individual
points are included in confidence ellipses determined for them, which means that the
designated displacements are not significant. Also the displacements in the vertical
plane were subjected to analysis.

Table 3 below presents the values of the obtained displacements AZ and the
corresponding values of mean errors of m . for the chosen points. If ‘AZA‘SkmAZ,

then the displacement is considered as insignificant. The coefficient of ¥ =1 was
assumed for the purpose of the calculations.
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Table 3. Significance of the displacements in the vertical plane

Point no. AZ 82, Displacement
[mm] [mm] significance
T 2.6 2.2 | Significant
29 -0.6 5.3 | Insignificant
30 0.2 5.6 | Insignificant
31 -0.4 2.7 | Insignificant
1 -1.8 2.8 | Insignificant

The analyzes conducted for horizontal and vertical plane returned results that
clearly indicate that the points 29, 30 and 31 can be considered stable and not
displaced, however they indicate the vertical displacement of the tacheometer.

Two-stage approach: Examination of the stability of reference points and the
tacheometer (first stage), and then — the determination of the displacements of the
controlled point no.1, located on the membrane (second stage).

For the purpose of analyses, the same observation results were used as in case of
the single-stage approach. Table 4 presents the adjustment results, obtained from
calculations. The values of weights were computed based on the measurements
mean errors for vertical angle m,= 5%, horizontal angle mg= 5 and distance m;=
0.5 mm.

Table 4. Results obtained from the free adjustment for the initial and actual measurement

Point Initial measurement (P) | Actual measurement (A) Displacements
: Increment | Adiusted |, ement | Adjusted AX . AY . AZ
No. | Coordinate N coordinates N coordinates ’ ‘
dy [mm] [mm] dy [mm] [mm] [mm]
X 1.6 0.2 0.0 -1.4 -1.6
T Y -0.4 -0.2 0.1 0.3 0.5
7 -1.6 -4.6 0.4 -2.6 2.0
X 0.1 79687.9 1.3 79689.1 1.2
29 Y -0.8 -18520.6 0.6 -18519.2 1.4
7 -2.3 -5892.1 -3.6 -5893.4 -1.3
X -0.4 84286.9 -0.1 84287.2 0.3
30 Y 0.9 22216.4 -0.7 22214.8 -1.6
7 0.3 -9969.0 0.3 -9969.0 0.0
X -1.3 -17278.6 -1.3 -17278.6 0.0
31 Y 0.2 -18814.1 -0.1 -18814.4 -0.3
7 3.6 -5997.6 3.0 -5998.2 -0.6
Similar to the single-stage approach, the vectors of displacement d were

determined for the individual points. Results are presented in Table 5.
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Table 5. Vectors 4 of horizontal displacements and their components of A)?, AY

Pointno. | AX[mm] | AY[mm] | d [mm]
T -1.6 0.5 1.7
29 1.2 1.4 1.8
30 0.3 -1.6 1.6
31 0.0 -0.3 0.3

For the examination of points stability, the confidence ellipses were used (Fig. 6).
Similar to the single-stage approach, for the purpose of calculations the value of

F,_)9s Was assumed.

5
mm

Fig. 6. Confidence ellipses for: a) tacheometer, b) 29 point, ¢) 30 point, d) 31 point

The above analyses indicate that the horizontal displacements determined for the
individual points are included in the confidence ellipses determined for them. Also the
displacements in the vertical plane were subjected to analysis. Table 6 presents the
obtained results and values of mean errors of m,, .

Table 6. Significance of the displacements in the vertical pllane

Point no. AZ " Displacement
[mm] [mm] significance
T 2.0 1.5 Significant
29 -1.3 3.0 Insignificant
30 0.0 0.2 Insignificant
31 -0.6 1.7 Insignificant

It results from the above analyses that 29, 30 and 31 points can be considered as
stable and not displaced, however they indicate the tacheometer displacement.

The obtained results constitute the basis for the determination of tacheometer
station movement, on the basis of the observations carried out to the reference
points (horizontal direction, vertical angle, distance).

10
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Table 7 shows the results of adjustment carried out for the data throughout the day
and night, whereas symbols of d,,, d,, and d,, mean the corresponding

components of tacheometer movement and m, , m, , m,
Al Al
values of mean errors (bold font indicates the significance of the increment).

are corresponding

Table 7. Increments for the initial coordinates of the tacheometer and their mean errors

HOUL dAX mdAY C?AY mdAY 67A.Z dys
(epoch) | jmm] [mm] [mm] [mm] [mm] [mm]
1:00 (1) 23 2.0 14 17 2.8 15
2:04 (2) 2.2 1.9 -1.0 1.7 -3.0 1.4
3:08 (3) 2.3 2.0 -0.9 1.7 -3.2 14
4:12 (4) 21 2.0 -0.9 1.7 -3.2 1.4
5:16 (5) 2.1 2.0 1.1 17 3.3 14
6:20 (6) 2.2 2.1 13 1.8 35 15
7:24 (7) 21 2.1 -1.1 1.8 -3.2 1.5
8:28 (8) 1.7 2.0 14 17 2.9 14
9:32 (9) 1.5 1.8 -1.0 1.5 -2.6 1.3
10:36 (10) 0.5 1.9 -0.3 1.6 -1.9 14
11:40 (11) 0.1 1.6 -1.1 14 -0.2 1.2
12:44 (12) 04 2.2 -0.2 1.9 2.0 1.6
13:48 (13) 0.5 16 201 14 1.7 12
14:52 (14) 1.3 2.1 0.2 1.8 1.2 1.5
15:56 (15) 1.5 1.5 -0.8 1.3 0.3 1.1
17:00 (16) 24 1.7 -0.6 1.5 -0.2 1.2
18:04 (17) 2.3 17 12 15 1A 12
19:08 (18) 2.6 17 1.2 15 14 12
20:12 (19) 2.5 1.7 -1.2 1.5 2.1 1.2
21:16 (20) 2.8 1.9 -1.1 1.6 2.4 1.3
22:20 (21) 3.1 1.9 -1.3 1.7 -2.6 1.4
23:24 (22) 3.2 1.9 -1.4 1.6 -2.9 14

These analyzes show the insignificance of the tachymeter movement with respect
to the coordinate Y. Since this fact, the authors decided to present graphically the
results of calculations — tacheometer movement, only for the X and Z coordinates

(Fig. 7, Fig. 8).
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Fig. 7. Increments for the X coordinate of the tacheometer
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Fig. 8. Increments for the Z coordinate of the tacheometer

Analyses (Table 7, Fig. 7, Fig. 8) indicate that a change in the position of
tacheometer station within the examined period of time is not significant. However, it
exists and it is associated with the expansion of the structure that results from its
warming during noon-hours.

At the second stage of the calculation of the described algorithm, the analyzes the
displacement of controlled point no. 1 were performed. Using the adjusted
coordinates of the tacheometer (from the 11™ epoch) the adjustment is carried out
and it results in adjusted coordinates of the point no. 1. The examination is carried
out for two epochs, similar to those selected in a one-stage procedure. Table 8.
presents the adjustment results, obtained from calculations.

Table 8. Results obtained from the adjustment for the initial and actual measurement

Point Initial measurement (P) | Actual measurement (A) Disol )
Adjusted Adjusted |§p aceimen AS
No. | Coordinate Irlcrement coordinates Irlcrement coordinates | AX, AY, AZ
dy [mm] [mm] dy [mm] [mm] [mm]
X -11.5 18653.6 7.6 18672.7 19.1
1 Y -5.8 -48388.8 1.0 -48382.0 6.8
Z -3.2 -2689.8 -9.0 -2695.6 -5.9
4. Summary

From the performer practical tests it results that the measurements of the examined
facility are carried out with the accuracy, required for such structure.

Comparing the two approaches it can be seen that for the analyzed data (identical
for both approaches) it was obtained significant differences between the
displacements of the controlled point no. 1 - up to 13 mm for the X coordinate. This
value results mainly from the fact that the one-stage approach does not assume a
priori the stability of the any point position, so for each point the increments are
calculated to the coordinates, and in a two-stage approach increments will be
determined only for the position of tacheometer and point no. 1. Obtained coordinate
differences (Table 1 and 8) can be caused by the adoption of stability of points no.

12
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29, 30 and 31 in the two-stage approach. This was not assumed in one-step
approach. Therefore in two-stage approach the coordinates of point no. 1 were
computed based on earlier determined stable points. Both methods allow to select
the displacement points. Moreover they let us to obtain the acceptable accuracy of
results for analyzed structure.

On the background of different constantly monitored engineering structures
described in the literature (eg. Bond et al., 2007; Berberan et al., 2007; Chrzanowski
and Wilkins, 2006; Kohut et al., 2014; Pingue, 2011; Kowalczyk and Rapinski, 2014)
the Forest Opera is one of the objects, characterized by the sub-meter displacements
of controlled points and the obtained accuracy of their measurement at centimetres
level exceeds the needs of the covering monitoring. So it can be concluded that the
tacheometer movement (drift) has a negligible impact on the interpretation of the
obtained results of displacement in the situation of the lack of additional construction
load.
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