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ABSTRACT

The failure of a large structure could have severe consequences. For this reason,
early detection of possible structural damage is critical. This stimulates the need for a
reliable methodology for routine structural deformation monitoring. Large, above-
ground oil storage tanks are examples of structures that must be routinely surveyed to
monitor their stability and overall integrity. Presented here is the research and
development of a methodology and software system to perform the semi-automated
deformation monitoring of such tanks. The new system, “SCAN”, greatly improves upon
a current, drastically outdated monitoring scheme with the implementation of a robotic
total station with reflectorless laser technology. SCAN has been interfaced with an
existing deformation monitoring software system, ALERT, developed by the Canadian
Centre for Geodetic Engineering at the University of New Brunswick.

The full functionality and reliability of this system were tested by simulating an
oil tank with a large water tank of comparable dimensions. The results from this field
test indicate that the ALERT SCAN system greatly increases surveying efficiency by
reducing the time required to collect entire tank data from two weeks (with three persons)
to one half-day (with one person). The system is also tested to be a reliable method to
perform semi-automated data collection and processing. Based on this system, research
has continued into a more sophisticated, adaptable version of SCAN that would have the

potential to perform the automated deformation monitoring of almost any structure.
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1 INTRODUCTION

There are many severe consequences that could result from the failure of a large
structure.  In addition to jeopardizing public health and safety, environmental
contamination and significant economic loss are also of major concern. It is for these
reasons that any large deforming structure must be monitored to enable early detection of
possible structural damage. Even a slight change of the object shape or changes to the
surrounding area due to external factors (e.g., changes in ground water level or tectonic
phenomena), no matter how insignificant they may appear, could compromise the
integrity of a large structure and could lead to disaster. Examples of recent events
(failures of bridges in the U.S.A [CNN, 2007]; collapse of a highway overpass in Quebec,
Canada [CBC News, 2007]; rock failures in coal mines in China [Olesen, 2007]; and roof
collapses of large civil structures in Europe [Associated Press, 2006]) increase the
awareness and consequent demand for monitoring structural behavior.

The topic of this thesis was stimulated by the need of a Venezuelan oil company
to develop a reliable and cost effective methodology and software system for monitoring
their many large oil storage tanks. The containment of hazardous liquids stored within a
tank is critical, as any structural failure could result in a leak having a devastating
economic and environmental effect on local communities. An example of such a
structural failure was the leakage of oil from a large storage tank in Japan in December
1974 caused by local ground subsidence underneath the base foundation of the tank
[Japan Science and Technology Agency, 2007]. The result was a leak of 43,000 kilolitres

of hot oil which flowed into the Setonaikai Sea causing much environmental pollution.
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Had there been some type of on-site tank deformation monitoring scheme in place, the
tank failure may have been prevented.

The main objective of the research described in this thesis has been to develop a
methodology for monitoring large structures, focusing on large cylindrical above-ground
storage tanks, using a reflectorless (RL) robotic total station (RTS) with automatic target
recognition (ATR). In addition to the methodology, a software program to perform semi-
automated deformation monitoring has been designed and developed for use on large oil
storage tanks located throughout the Venezuela landscape. The software developed
within this research provides a reliable and efficient tool to perform deformation
monitoring surveys and does not address the analysis of the data to determine and study
the structural integrity of the monitored object. The system is an immediate solution to
the problem in Venezuela, adapted to meet current rudimentary survey specifications, and
designed for use by technicians without extensive geodetic surveying expertise.
Continued research into the development of more sophisticated methods utilizing cutting-
edge technology (e.g., on-line real-time monitoring or image-based total-stations
[Topcon, 2007]) is ongoing.

This thesis outlines the research, development, and testing of the software system
utilizing a RL RTS. Chapter 2 describes the theory, methodology, and implementation of
a RL RTS to perform the semi-automated deformation monitoring of large structures.
The results from a feasibility test of a RL RTS are summarized and compared to the
precision specifications provided by the manufacturer. Chapter 3 outlines the
development of a software program to scan a planar surface using a RL RTS. The code,

methods, algorithms, and procedure designed to create an artificial scanning grid on the



surface are described.  Chapter 4 discusses the deficiencies of the current oil tank
monitoring scheme used in Venezuela which leads into Chapter 5, the main objective of
this research, the development of a new, more efficient system to perform semi-
automated oil tank deformation monitoring. The limitations of an existing automated
deformation monitoring system and the required enhancements of it, to meet the demands
for the specified problem in Venezuela, are discussed. The algorithms, structure, and
functionality of the developed system are described. Chapter 6 discusses the use, results,
and reliability of the new system during a field test simulating a real-life situation.
Chapter 7 proposes an alternative approach to the Venezuelan oil tank monitoring scheme

to further improve data collection efficiency and conclusions are given in chapter 8.



2 STRUCTURAL DEFORMATION MONITORING USING A

REFLECTORLESS ROBOTIC TOTAL STATION

The basic purpose of any structural deformation monitoring scheme is to detect
any significant movements of the structure. An effective approach is to model the
structure by using well-chosen discrete points located on the surface of the structure
which, when situated correctly, accurately depict the characteristics of the structure. It
can then be said that any movements of those points represent deformations of the object
[Reiterer et al., 2007]. Any movements of the point locations (and thus deformations of
the structure) can be detected by maintaining the same point locations over time and by
performing measurements to them at specified time intervals enabling direct point
displacement comparisons. A common approach for this method is to place physical
targets on each chosen discrete point to which measurements can be made. However,
there are certain situations in which monitoring the deformations of a large structure
using direct displacement measurements of targeted points is uneconomical, unsafe,
inefficient, or simply impossible. Reasons for this limitation vary, but it may be as
simple as placement of permanent target prisms on the structure is too difficult or costly.
This chapter discusses the implementation of a RL RTS to perform structural deformation
monitoring in such cases. The sample structure used throughout this chapter is a large
cylindrical storage tank (Figure 2.1), however the basic theory and methodology is

applicable to most large structures that have similar characteristics.



Figure 2.1 Typical large storage tank (approximately 15 m high)

21  Deformation Monitoring Schemes

Historically, many different methods have been used to monitor the deformations
of large structures. New monitoring techniques and methodologies emerge as new
technology is developed and enhanced, for example, the combination of a total station
with image based measurement systems or laser scanners [Reiterer et al., 2007]. Each
monitoring scheme has unique advantages, disadvantages, and limitations whether it is
based on traditional geodetic surveying techniques, geotechnical measurements, the

global positioning system (GPS), or remote sensing principles [Chrzanowski et al.,



2007]. The cost, effectiveness, and reliability of a monitoring scheme are important
factors in the decision to implement a certain monitoring system over another. Among
geodetic techniques, the RTS provides a reliable tool for automated and continuous (if
required) monitoring of large structures at a relatively low cost.

Most deformation monitoring schemes consist of measurements made to the
monitored object that are referred to several reference points (assumed to be stable)
[Chen et al, 1990]. To obtain correct object point displacements (and thus
deformations), the stability of the reference points must be ensured [Chen et al., 1990].
The main conclusion from the many papers written on this topic states that every
measurement made to a monitored object must be connected to stable control points.
This is accomplished by creating a reference network of control points surrounding a

particular structure (Figure 2.2).



A Control Point

Figure 2.2 Control reference network surrounding a structure

22  Automated Monitoring Using a RTS

A relatively new methodology for monitoring structural deformations utilizes a
combination of traditional methods (geodetic surveying with angular and distance
measurements), improved surveying instruments (RL RTSs), and advanced computer

power and programming capabilities. The Canadian Centre for Geodetic Engineering
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(CCGE) has already developed a software package to perform fully automated
deformation monitoring utilizing a RTS with ATR [Lutes et al., 2001]. The CCGE is a
research and development group at the Department of Geodesy and Geomatics
Engineering at the University of New Brunswick (UNB) [CCGE, 2007b]. The CCGE
provides expertise in geodetic, engineering, and mining surveys of high precision,
specializing in the automation of integrated deformation surveys and in the numerical
modelling and physical interpretation of structural and ground deformations [CCGE,
2007b].

Over the years, RTSs have been continually improved by providing users with
more functions and greater accuracy [Duffy et al., 2001]. The system developed by the
CCGE, known as ALERT, uses a RTS interfaced to a computer to perform electronic
distance and angle measurements to selected (targeted) points on the monitored object to
provide the continuous, automated, stand-alone monitoring of structures [Wilkins et al.,
2003]. Data is corrected for atmospheric conditions, target and instrument offsets and
then processed through a rigorous least-squares station adjustment, followed by data
reduction algorithms to remove blunders [Wilkins et al., 2003]. ALERT can support
single RTS observations or multiple RTS networks and can also be used as a tool to
perform semi-automated “portable” surveys of control networks (i.e., surveys where
neither the targets nor the RTS(s) are permanently installed) [CCGE, 2007b]. A typical

ALERT application and setup, in an open-pit mine environment, is shown in Figure 2.3.



Figure 2.3 Typical ALERT setup in a large open-pit mine [CCGE, 2007b]

Despite the robust effectiveness and power of the ALERT system it is not without
its limitations. The ALERT system, in its current configuration, requires placing
reflecting prisms (targets) at every monitored point location [Chrzanowski et al., 2003].
This requirement prohibits the use of ALERT in situations where placing of the prisms is
either difficult or makes the system uneconomical. Typical examples are large storage
tanks for oil or other hazardous liquids, water towers, bridges, buildings, or any other
structure with limited wall access. In order to provide a more adaptable system, it is

desired for ALERT to have the capability to perform in such cases (i.e., using a RL RTS).



23 RL RTS Field Test

Prior to the development of a system utilizing a RL RTS, the functionality,
performance, and reliability of the instrument required testing. A RL RTS can perform
successful distance measurements to almost any surface without the need for a reflecting
prism located at the target. The RL electronic distance measurement (EDM) is
accomplished with the use of a visible red laser beam emitted by the RTS and reflected
back from the surface of the structure [Leica Geosystems Inc., 2003]. Examples of RL
RTSs are the Trimble 5600, Topcon GPT-9000A1, and Leica TPS1200+.

The particular RL RTS used throughout this research was the Leica TCRA1101.
The technical specifications for this instrument are shown in Figure 2.4, Figure 2.5,
Figure 2.6, and Figure 2.7 (borrowed from Leica Geosystems Inc. [2003]). The quoted
accuracy value for a RL EDM measurement is + 3 mm + 2 ppm (Figure 2.6) at a 95%
confidence level, as stipulated by the International Organization for Standardization
(ISO) #17123-3 (as seen in Figure 2.7) [Zeiske, 2007]. However, this value was
computed from tests in a lab environment (i.e., ideal conditions), without the influence of
systematic biases (e.g., refraction), which occur in real-life situations. Therefore, this
quoted ‘““accuracy” value is very optimistic and can be treated as the precision of the
instrument. This feasibility study was performed by the author to test and evaluate the
instrument to perform repeated RL EDMs over varying distances and incidence angles to

various surface types and compare the results with the quoted precision value.
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Technical specifications

Distance measurement (infrared)

+ Type
» Carrier wave
+ Measuring system

infrared
0.780 pm

special frequency system
basis 100 MHz = 1.5 m

+ EDMtype coaxial
« Display (least count) 1 mm
EDM measuring e Time per

programm gecuracy measurement
Standard
rsasiramant 2 mm + 2 ppm | 1.0 sec.
Fast measurement | 5 mm + 2 ppm !__ iﬁ sec.
Normal tracking 5 mm + 2 ppm 0.3 sec.
Rapid fracking | 10 mm + 2 ppm | < 0.15 sec.
Averaging | 2 mm + 2 ppm ezen

** Beam interruptions, severe heat shimmer and moving
objects within the beam path can result in deviations of the

specified accuracy.)

Prism constants (additive constants)

+ Standard prism
* Mini prism

+ 360° Reflector
»+ 360° Mini prism
« Reflector tape

0.0 mm
+17.5 mm
+23.1 mm
+30.0 mm
+34.4 mm

TPS1100- User Manual 2.2.0en

Range:
(normal and rapid measurement)
Standard | 3 prisms 360° Reflector tape Mini
prism (GPH3) reflector | 60mm x 60mm | prism
1800m | 2300 m 800 m 150 m 800 m
(6000 ft) | (7500 ft) | (2600 ft) (500 ft) (2600 ft)
2 3000m | 4500 m 1500 m 250 m 1200 m
(10000 ft)| (14700 ft) | (5000 ft) (800 ft) (4000 ft)
3 3500m | 5400 m 2000 m 250 m 2000 m
(12000 ft)| (17700 ft) | (7000 ft) (800 ft) (7000 ft)

Atmospheric conditions:

1) Strong haze, visibility Skm; or strong sunlight, severe heat
shimmer

2) Light haze, visibility about 20km; or moderate sunlight,
slight heat shimmer

3) Overcast, no haze, visibility about 40km; no heat shimmer

Shortest measuring distance

+ Standard prism 0.2m
+ Mini prism 0.2m
+ 360° Reflector 1.5m
+ 360° Mini prism 1.5m
+ Reflector tape 15m

Measurements can be made to reflector tapes
over the entire range without external ancillary
optics (GDV3).

Technical specifications

Figure 2.4 Leica TRCA1101 technical specifications -1

Technical specifications, continued

Distance measurement (long range, or without

reflector)

+ Type

+ Carrier wave

+ Measuring system

+ EDMtype

visible red laser

0.670um

special frequency system

basis

+ Display (least count)

« Laser dot Size:

100 MHz=15m
coaxial
1mm

~ 7mm x 14mm at 20m
~ 10mm x 20mm at 50m

Standard measuring Accuracy ** Meas. time
Reflectorfree upto 30 m | 3 mm + 2 ppm < 3.0sec
3.0 sec
Reflector-free above 30 m | 3 mm + 2 ppm 0 e om
. 1.5 sec
E typ
ong Range 5mm + 2 prm T Abas

** Beam interruptions, severe heat shimmer and moving
objects within the beam path can result in deviations of the

specified accuracy.)

Distance measurement (without reflector)
* Range of measurement:

(to target plate,

» Display unambiguous:
= Prism constant (additive constant):

Technical specifications

Range (without reflector)
Atmospheric No reflector No reflector
conditions (white target)” (grey, albedo 0.25)
4 60 m (200 ft) 30 m (100 ft)
5 80 m (260 ft) 50 m (180 ft)
6 80 m (260 ft) 50 m (160 ft)

* Kodak Grey Card used with exposure meter for reflected light
4) Object in strong sunlight, severe heat shimmer

5) Object in shade, or sky overcast

6) Underground, night and twilight

Distance measurement (long range)
+ Range of measurement:
+ Display unambiguous:

from 1000m up
to 12 km

Range (long range)
Atmospheric Three prisms
conditions S EpE (GPH3)
1 1500 m (5000 ft) 2000 m (7000 ft)
2 5000 m (16000 ft) | 7000 m (23000 ft)
3 > 5000 m (16000 ft)| > 9000 m (30000 ft)

1) Strong haze, visibility 5km; or strang sunlight, severe heat

1.5mto80m shimmer
part.no. 710333)  2) Light haze, visibility about 20km; or moderate sunlight,
to 760 m slight heat shimmer
+34.4mm  3) Overcasl, no haze, visibility about 40km; no heat shimmer
144

TPS1100 - User Manual 2.2.0en

Figure 2.5 Leica TRCA1101 technical specifications -2
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Technical specifications, continued

Distance measurement Extended Range (long range,
or without reflector)

Range (without reflector)

+ Type visible red laser Alrnus_plhaﬁc o reflector No reflector

« Carmier wave 0.670 pm conditions (white target)* (grey, albedo 0.25)

+ Measuring system special frequency system 4 140 m (460 ft) 70 m (230 ft}
basis 100 MHz = 1.5 m 5 170 m (560 ft) 100 m (330 ft)

- EDMtype coaxial 8 >170 m (560 ft) > 100 m (330 )

« Display (least count) 1 mm

+ Laserdot Size:

~ 7mm x 14mm [ 20m

* Kodak Grey Card used with exposure meter for reflected light

~ 16mm x 30mm / 100m
~ 30mm x 60mm / 200m

Standard measuring Accuracy ** Meas. time
i typ. 3 - 6 sec
Reflector-free 3 mm + 2 ppm max, 12 sec
typ. 2.5 sec
Long Range J 5 mm + 2 pmm T

** Beam interruptions, severe heat shimmer and moving

objects within the beam path can result in deviations of the

specified accuracy.)

Distance t Ext

reflector)

+ Range of measurement: 1.5mto 300 m

(to target plate, part.no. 710333)

to 760 m

+ 34.4 mm

ded Range (without

+ Display unambiguous:
« Prism constant (additive constant):

4) Object in strong sunlight, severe heat shimmer
5) Object in shade, or sky overcast
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Figure 2.6 Leica TRCA1101 technical specifications -3

Technical specifications, continued
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Figure 2.7 Leica TRCA1101 technical specifications -4
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Equipment used in this field test included a Leica TCRA1101 RL RTS and five
different rectangular targets (chosen to simulate a variety of structure surface colors and
textures), including grey, white, gold, glossy white, and sandpaper. A single target plate
(# 710333), provided in the Leica TCRA1101 RTS package, was used as the grey and
white surfaces (using both sides of the plate) [Leica Geosystems Inc., 2003]. This target
had an approximate size of 150 mm by 100 mm (and could not be altered), therefore, in
order to maintain a constant target size for all surfaces within the test, the other targets
were designed to similar dimensions.

The procedure used to gather the field test data consisted of placing the
instrument and target at an approximate distance of 20 m apart. The incidence angle was
set to zero degrees (i.e., perpendicular) and the instrument was then manually sighted to
the centre of the target. Five distance measurements were then performed in succession,
without further adjustment to the telescope orientation (i.e., the HCR and VCR values
were not changed between any of the five distance measurements). The target was then
rotated to an incidence angle of 30 degrees, manually re-sighted from the instrument, and
five more distance measurements were performed (again, with the same HCR and VCR
values). This was repeated at incidence angles of 45, 60, and 75 degrees for a total of 25
measurements. These 25 measurements were then repeated for the remaining four targets
at this distance. The instruments were then moved to a distance of 40 m apart and the
entire process was repeated.

To gather results from this data, the sample standard deviation (SD) of the five
repeated measurements for each individual target, distance, and incidence angle were

computed. Combining the measurements for all the targets into a single sample size at
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each distance was impossible because the thickness of the targets were not equal. Figure

2.8, Figure 2.9, and Figure 2.10, show the sample SD (indicated by “0”) of five repeated
measurements made to five different surfaces at incidence angles of 0, 30, and 45 degrees
at varying distances. (Note that the symbols on the figures do not represent a value, they

simply provide a way to decipher the difference between target types).

Zero Degrees
1.4 Target Type
A Grey
@ White
O Gold
12H O Glossy White
-l Sand Paper

04

0.2+

20 30 40 50 60 70 80 90 100 110 120
Distance (m)

Figure 2.8 RL RTS feasibility test results at zero degrees

14



30 Degrees

3 TargetType

A~ Grey
@ White
Gold
O Glossy White
- Sand Paper a
FI |
_,‘ \\
2F / \
F; A}
i \
/ ]
Fi \
T 15+ )
£
ik
05
G 1 1 1 1 ]
20 30 40 50 60 70 80 90 100 110 120
Distance (m)
Figure 2.9 RL RTS feasibility test results at 30 degrees
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Figure 2.10 RL RTS feasibility test results at 45 degrees
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In general, the RL RTS had the most success measuring a distance value with the
grey Leica target number 710333 [Leica, 2003]. The RL RTS was able to perform a
successful measurement to the grey target at a distance of 120 m with an angle of 60
degrees and all targets (except gold) were successful at 100 m and an incidence angle of
60 degrees. At an incidence angle of 45 degrees, the RL RTS was successful to all
surfaces up to a distance of 120 m.

To further quantify the precision of the RL RTS from the gathered data, the
averages of the sample SDs for all targets at each distance and incidence angle were
computed. These SD values (mm) can be seen in Table 2.1 and plotted versus distance in

Figure 2.11. The average of the sample SDs (in Table 2.1) is 0.82 mm

Table 2.1 Average SDs (mm) for all targets varying incidence angles

Incidence Angle (deg)
0 30 45 60 75
20 0.3 0.4 0.4 0.5 1.0
E | 40 0.2 0.5 0.9 0.9 1.1
g 60 04 1.0 0.8 1.2 1.3
g 80 0.6 0.6 1.2 0.9 1.3
100 0.9 0.9 0.8 1.7 -
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Average Standard Deviation Value for All Targets
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Figure 2.11 Plot of average SDs for all targets at varying incidence angles

The main objective of this experiment was to test the capability of the Leica
TCRA1101 to perform RL EDM measurements to the given precision quoted in the
technical specifications manual (figure 2.6) of = 3 mm + 2 ppm at 95% confidence level
[Leica Geosystems Inc., 2003]. Multiplying the tested sample SD value of 0.82 mm by
1.96 will give the value at a 95% confidence level [Secord, 2003b]. This value is 1.6
mm, which is less than the quoted value. Therefore, the test showed that the instrument
can perform RL distance measurements to various surfaces, distances, and incidence

angles to a precision no worse than the quoted value.
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24 Semi-Automated Deformation Monitoring using a RL RTS

In situations where repeated measurements to identical physical surface points
cannot be performed, deformations can be detected by comparison of the approximated
overall surface shape at each survey epoch. Using a well-defined and complete point
cloud (one with full surface coverage), the structure can be represented by the data points.
The basic principle is uniform placement of points around the surface of the structure to
get complete coverage and thus produce an accurate depiction. Resulting analysis of the
surface measurements can be used to detect any possible deformations and any possible
trends within the structural integrity of the structure by comparing the values obtained
from repeated surveys.

A RTS with RL EDM capability can be an effective tool in creating a data point
cloud by “scanning” the surface of the structure to a specified grid. A simple rectangular

grid used to scan the side of a surface with a RL RTS is shown in Figure 2.12.

18



Figure 2.12 RL RTS method to scan a structure

The deformation monitoring scheme is similar to that shown in Figure 2.2. A
reference network of control points is situated around or adjacent to the monitored object
to which measurements made to the surface of the structure using the RL RTS are
referenced. For the specific case of using a RL RTS to perform these surveys, the
measurements made to the reference control points are best done using target prisms
located at the points. The RL RTS performs reference point measurements while in

“reflector” EDM mode (using a prism) and surface point measurements are done using
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“RL” EDM mode. This scheme is seen in Figure 2.13 using an oil tank as the monitored

structure.

Figure 2.13 Deformation monitoring scheme using a RL RTS
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3 DEVELOPMENT OF SOFTWARE TO SCAN A PLANAR

SURFACE

Prior to the development of a software system for scanning the surface of a
cylindrical object, a software program was developed to scan a planar surface. The
purpose for this development was to create the theory, methods, and commands required
to perform reflectorless data collection by communicating to the instrument via a
connection to a computer. This version of the program was designed for testing the
feasibility of the internal methods and commands and, in its current configuration, can be
used for research purposes only. A planar surface represents the most basic object shape
and most of the developed code from the resulting program can be transformed into
software to scan more complex structures. This chapter outlines the development, theory,
and testing of a software program to semi-automatically scan a surface of a plane to a
user-defined grid using a Leica TCRA1101 RL RTS.

The software communicates with the RL RTS to perform automated data
collection of angular and distance measurements and performs a scan of a quadrilateral
positioned (artificially or physically) on a planar surface (e.g., a wall) to a user-specified
grid density. Although the functions and code located within the software are used as a
“platform” for future, more advanced programs, the robustness of the algorithms in this
program allow for the wall surface to be situated at any angle or distance with respect to
the RTS. The software program is called “RL3DScanning”, written in Visual Basic (VB)
Net [Holzner, 2002] using a combination of existing code (classes), written in VB 6

[Schneider, 1999].
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The basic method used to perform a surface scan is done by setting up a “grid” of
the quadrilateral, using the user-defined four corners and number of horizontal and
vertical intervals which determine the density of the grid (Figure 3.1). Using all four
corners to define the grid, as opposed to simply using two diagonally opposite corners,
enables the program to create a grid in situations where the opposite sides of the
quadrilateral are not equal, as seen in Figure 3.1. The four corners are labeled “TL” (i.e.,
top left), “TR”, “BL”, and “BR” indicating the location of each corner point. The density
of the grid and how many total scanning points is defined by the number of horizontal

and vertical intervals chosen by the user.

Planar Scanning Grid
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& Deflned Corner
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3.1 Grid to Scan a Plane
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The scanning procedure of the software begins at the TL corner and scans across
the top line, performing measurements of HCR, VCR, and distance values at each grid
(or “scan”) point, to the corner point TR. The software then scans across to the next line
below the previous one, again beginning at the left-most point of that line. This

continues until the final line has been scanned (i.e., from the BL corner to the BR).

3.1 Internal Methods and Algorithms

This section describes the internal algorithms within the RL3DScanning program
and how they work as the user configures the program to perform a grid scan. Using an
initial definition (HCR, VCR, and distance) of the four corners of the quadrilateral and
the number of intervals required, the seek values (HCR and VCR) for each individual
grid point can be computed.

The way in which every seek value is calculated is done by creating an artificial
vector between the two outer points of a particular line (e.g., TL and TR). Each vector in
space is divided into equal sections based on the number of user-defined intervals. Using
the distances measured from the RTS, the length of this line can be calculated and thus
how long each interval should be. For instance, a 10 metre long vector would be divided
into four 2.5 metre sections (four user-defined intervals), meaning there would be three
grid points situated along this line to split the vector. Once the vector is divided, the seek
values are computed for each grid point using basic trigonometry.

Computing the seek values for the entire grid of points is done in two main steps.

The first step is to create two vertical boundaries on either side of the quadrilateral using
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the four defined corners (Figure 3.2). For the two vertical boundaries, a vector between
corners TL and BL is derived for the left-most boundary and similarly, between TR and
BR for the right boundary. These vertical boundaries are divided into intervals by

intermediate grid points (“L17, “L2”, “R1”, and “R2” in Figure 3.2).

Vertical Grid Boundaries

L1
| R1
2% iR2
BLi‘ 4BR

+ Defined Corner
x Scanning Point

3.2 Vertical grid boundaries

The second step is to define the “horizontal lines”, by connecting pairs of
associated boundary points and creating a vector between them. As seen in Figure 3.3,
the top line from TL to TR is defined, as is the line from L1 to R1 as so on. These

vectors are also divided into intervals of equal parts determined by the number of
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horizontal intervals chosen by the user. When all the seek values for every intermediate

point along the horizontal lines, the entire “grid” has been defined (similar to Figure 3.1).

Horizontal Grid Lines

TL+ ................................................................................................................ +TR
[ P
L2 M e rmen e veecem oo S D s e X R 2
S +BR

+ Defined Corner
x Scanning Point

3.3 Horizontal grid "lines"

Once the vectors has been constructed, the seek values for each scan point can be
computed. This is done using the measured HCR, VCR, and distance values for the two
outer-most points of the vector (e.g., “TL” and “TR”). The HCR (“HCRp”) and VCR
(“VCRp”) seek values are computed individually. The horizontal case for a single vector

(“TL” to “TR”) is shown in Figure 3.4
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Scanning Point Calculations

“Line” from TL -> TR with 2 Horizontal Intervals

TLy
T T —
(o { Scan P0|nt — )
TR
HCR.,
HCR=0
-
/-~ measured HCR, VCR, Distance
RL RTS
3.4 Horizontal circle point calculations
The following equations (3.1) are used to compute HCRp for the Scan Point:
S =[HCR; —HCRy|
D= \/(DTLZ + DBL2 —2-Dyy -Dy 'COS(ﬂ))
. sin(f)
o =sin 1( 5 -DBLJ
p Y ., (D
D,=.| —:i| +Dy =2+ —-i |-Dy -cos(ax)
ny ny
0: Sin_l M. R'l
D, ny
HCR, =HCR, +6
(3.1)

26



Where:

ny: number of horizontal intervals; and

i: interval number.

The methods to compute VCRp are identical to the horizontal case, except VCR
values are used in place of HCR values and “ny” (number of vertical intervals) is used in

place of “ny” (in Figure 3.4 and equations 3.1).

3.2 Functionality

This section outlines the functionality of the RL3DScanning program. At this
point of the software development there is no data verification or data processing. The
collected observation data is stored in a text file that is available to the user for further
study.

The first time the program is initiated on a computer, a directory called “RL Test”
is created on the C:\ drive on the local computer and also a text file called “RL_test.txt” is
created and placed within that directory. This text file contains all the observed data
from this session which can be easily extracted for processing. In subsequent scans, this
file is never overwritten and newly collected data is time-stamped and added to the end of
the file.

When RL3DScanning is run, by default, the “RTS Controls” tab is displayed
(Figure 3.5). From here, the user can verify that the RTS and the program are
communicated by attempting to turn the instrument on and off and perform reflectorless

measurements or those with a reflector, using the appropriate buttons. (Note that the
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“EDM Mode” chosen here only pertains to this measurements made from this “tab”, and
for all other RL3DScanning functions, the RL EDM mode is always used). If the
observation was performed successfully, the values are shown in the “status” text box (as
shown in Figure 3.5). “H” and “V” represent the horizontal and vertical angular
measurements (in radians) and “D” represents the distance measurement (in metres).

‘o Plane Scanning Lo

RTS Controls | Train Enrnersl Flane Scanningl Settingsl

7 EDM Mode:
* RBeflectarless ¢ Reflectar

On

Measure

Figure 3.5 RL3DScanning “RTS Controls” tab
If the observation was not performed, then values of “0” are shown and the user
must navigate to the “Settings” tab (Figure 3.6) and adjust the RTS communications

settings as required.
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Apply R
i

Figure 3.6 RL3DScanning RTS communication settings

3.2.1 Plane Scanning Procedure

This section outlines the methodology for scanning a planar surface using
RL3DScanning. The user must run the program, edit the RTS communication settings,
and ensure they are correct, by performing a test measurement using the buttons in the
“RTS Controls” tab (Figure 3.5). The program is now ready to set up a wall scanning
quadrilateral. The following steps are used to define a quadrilateral and then scan the

surface to a user-specified grid density:

1. This first step is to define the grid area to be scanned. The user must navigate
to the “Train Corners” tab (Figure 3.7). If this is the first time that this

particular quadrilateral is to be setup, then each corner of this shape must be
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defined. This is done by selecting one of the four corners to define first, in
this case, the top left corner. By clicking on the “Top Left” button under the
“Set Boundaries” title, the program prompts the user to point the instrument at
the top left corner of the wall quadrilateral (Figure 3.8). Once this is
completed, the user clicks the “OK” button. Upon doing so, the program

Initiates a measurement and stores the seek values for this corner.

T Plane Scanning BEX]

RTS Contralz  Train Comers |PhneScannMg| Seﬂhgsi

Set Boundaries

Topleft |  TepRight | Save

Load

Battomm Left | Battorn Right |

Figure 3.7 RL3DScanning “Train Corners”

1

'RL3DScanning

Faoink the instrument to the TOP LEFT cornet of the scanned area

(5] [ Zancel |

Figure 3.8 RL3DScanning point to TL corner

2. The user must repeat step 1 for the remaining three corners. The user can see

in the status text box the progress of the corner definitions (Figure 3.9). In
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addition, the text on the associated corner button becomes bold face and
changes when the corner is defined.

PO CCanniNG =oe

RTS Contiols  Train Comers | Plane Scanning | Settings |

Set Boundaries
| TR | Ry
Bill 7| "BERgS| | te

Top Left Corner Set

Top Right Corner Set
Bottorn Right Comer Set
Bottom Left g

** Ready to Scan the Plane ™

Figure 3.9 RL3DScanning four corners defined

The user has the option to save these corner definitions for future scans, by
selecting “Save”. This action records the seek values for the four corners and
the data is written to a text file called “CornerFile3D.txt” located in the “RL
Test” directory. These corners can then be loaded into the program the next
time it is started, and provided that the same grid area is to be scanned and the
RTS orientation and location have not changed, steps 1 and 2 can be skipped.

The user now selects the grid density by choosing how many shots (one less
than the number of intervals) are to be taken along these “lines”. The user
navigates to the “Plane Scanning” tab and enters the number of “Horizontal”
and “Vertical” intervals to be used (Figure 3.10). The program is now

configured to perform a scan of the quadrilateral.
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Mumber of Scanning Intervals

Start

Huorizontal: 15 Wertical: 15 Scan

Figure 3.10 RL3DScanning start plane scan

Once the grid and scan density have been defined, the user clicks on the “Start
Scan” button and the program initiates a command sequence with the RTS to
perform measurements of the specified surface area. First, starting on the top
left corner and proceeding across to the top right corner, dividing that
horizontal distance equally by the number of intervals specified. The user can
see where the instrument is pointing to by following the red dot on the surface
of the wall. Data is displayed in the text box (Figure 3.11) and also written to
the text file “RL test.txt” (Figure 3.12), where angular values are shown in

radians and distances in metres.
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Figure 3.12 Sample RL _test.txt data file
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4 SPECIFICATIONS FOR MONITORING VENEZUELAN OIL

TANKS

Venezuela is a world-leading oil-producing country with hundreds of large oil
storage tanks located throughout the country. These tanks are cylindrical in shape and
usually situated in “tank farms” comprised of a number of tanks enclosed within a secure
area (Figure 4.1). The tanks are designed and built to withstand the effects of wind
pressures, temperature variations, seismic activities, or any other external force [Sosa,
2005]. But, as with any human-made structure, there is a potential for failure. For this
reason, oil companies must perform routine deformation surveys to ensure safe working
conditions and guard against any possible environmental and economic disaster (e.g.,
collapse). This chapter describes the size, shape, and construction of large oil storage
tanks in Venezuela and the specifications of the method currently used to monitor them.
Information gathered regarding the tanks is from an on-site personal inspection by the

author or from documents provided to the CCGE from the oil company [PDVSA, 2003].
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Figure 4.1 Typical Venezuelan oil tank farm [Google Earth, 2007]

A typical tank is 35-40 metres in diameter and 12-15 metres in height (Figure 4.2)
and most are constructed of welded thin sheets of steel anchored to the foundation
[PDVSA, 2003]. The typical ratio between the radius of the tank and the thickness of the
shell walls is typically 1500:1 to 2000:1 [Sosa, 2005]. The walls of the tank are clamped

to the foundation at the base and constructed by a series of welded steel plates.
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Figure 4.2 Typical oil tank in Venezuela

4.1 Venezuelan Oil Tank Survey Design

The Venezuelan oil tanks are routinely filled with hot oil and a survey must be
performed on the surface of the tank on each occasion. This section outlines the technical
specifications which the oil tank deformation surveys must meet as required by the
Venezuelan company.

Each oil tank is surrounded by eight to twelve permanent physical survey points.
A reference network is constructed between these survey points and measurements are
made to the surface of the tank from these monuments. The coordinates of these control

points must be determined to a relative precision of 1:100000 [PDVSA, 2003]. This
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value is computed by comparing the misclosure of the network to the total length of the
network. In other words, fixing the coordinates of one point within the network and
traversing “around” the network results in computed coordinate values for that “fixed”
point. The difference between these computed coordinates and the initial given (fixed)
coordinate values is the misclosure of the network which is compared to the total length
of the traverse [Elfick et al., 1994].

The basic idea behind the specific survey style is to create a set of measurements
made to a specified grid of points on the surface of the tank. These points are distributed
around the tank to ensure complete coverage and the locations of these points must be
measured to an accuracy of one centimetre. The specifications decree that points are to
be located on the same “level” with respect to the base of the tank. In other words, to
design the point positions to create a series of concentric “rings” [PDVSA, 2003].

The surface of a tank is constructed of a series of steel sheets (or panels), which
are essentially concentric circles of varying heights. Panels (shown in Figure 4.3) are
visible on the surface on each tank and are used to determine the relative locations of the

points to be measured [PDVSA, 2003].
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Figure 4.3 Tank panels

Each point to be measured on the surface of the tank is located with respect to a
particular panel. In general, the tank is to be covered with points near the borders of each
panel. This is in the form of a percentage value of the particular panel. Most often the
points are to be placed at twenty and eighty percent of the height of that sheet [PDVSA,
2003]. For example, if a sheet has a height of 1.2 metres, then measurement points are
placed at 0.24 metres and 0.96 metres “up” from the bottom of this particular panel.

Artificial vertical lines (VL) distributed around the circumference of the tank are
used to group these points within individual panels. The distribution of the VLs around
the surface of the tank is initially made by measuring the perimeter of the tank and

dividing every three metres [PDVSA, 2003]. These locations are distinguished by a
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physical marking on the tank which is usually a cross etched into the surface of the tank.

Figure 4.4 displays the cross (approximately size of 5 cm by 5 cm) for the VL “13”.

Figure 4.4 Etched cross for vertical line “13”

The current surveying method used by the oil company involves simultaneous
angular intersection with two theodolites to a laser spot projected onto the surface of the
tank (simulated in Figure 4.5) [PDVSA, 2003]. This method is tedious, time consuming,
and expensive as it can take up to two weeks to collect the data for a single tank while
requiring two or three persons working simultaneously. It also must be performed during
low-light instances (dusk, dawn, or night) to allow the laser spot to be visible on the

surface of the tank.
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Figure 4.5 Surface tank measurements by intersection of angles (simulated)
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5 “ALERT SCAN” MONITORING APPROACH

As discussed in the chapter 4, there are many aspects that render the current
survey method used in Venezuela very inefficient and in need of improvement. It was
shown in section 2.3 that a RL RTS can perform repeated distance measurements to meet
the monitoring specifications set forth by the oil company in chapter 4. Utilizing this
technology could provide great improvements upon the existing survey method. The
surveying efficiency would be greatly increased saving time and money, in addition to
providing a more thorough overall monitoring scheme as each tank can be monitored
more frequently.

Prior to development of the full SCAN system, a preliminary version of the
SCAN software was developed and tested on actual tanks in Venezuela, during an on-site
investigation by the author. This was used as another feasibility test to ensure the
instrument and software were capable of performing successful measurements to the tank
surface, from the control points, in typical Venezuelan weather conditions. The results
from this test indicated that the SCAN method using a RL RTS was capable of meeting
the overall monitoring requirements set forth by the company and development into the
full SCAN system began.

Although the CCGE already has a powerful automated deformation monitoring
package, ALERT, as discussed in section 2.2, it was not capable of performing oil tank
surveys in its current configuration. This chapter outlines the need for the enhancement
of the ALERT system to allow for the capability to meet the Venezuelan specifications

for monitoring oil tanks. The way in which the new system, entitled “ALERT SCAN”
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(or simply “SCAN?”), functions and how it will meet these requirements is outlined. All
references and information about the ALERT system are gathered from personal use by
the author or taken from the ALERT manual [CCGE, 2006]. This method implements
the use of a RL RTS which does not need reflecting prisms to perform a successful
distance measurement. This version of the system has been customized to meet the exact
specifications provided by the company and to decrease the total time required for a
complete tank survey.

The SCAN software, developed by the author, has been interfaced with the
existing ALERT system and both systems are used in the ALERT SCAN method. A
module of the current ALERT system is used to perform the measurements to the control
points (which are targeted) surrounding a tank and the SCAN module is used to perform
measurements to the tank surface (no target prisms). Data collected from both sources
are combined and processed through existing ALERT processing to provide adjustment
of the network and coordinates for all observed points. These can then be examined and

analyzed to derive information about the structural integrity of the tank.

5.1 Development of ALERT SCAN for Venezuelan Oil Tanks

This section outlines the theory, research, methodology, and mathematical
algorithms behind the development of the SCAN portion of the system. SCAN software
has been written in VB .Net [Holzner, 2002], and is designed to work in conjunction with

the ALERT system.
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The underlying structure of ALERT is a large, specifically designed Microsoft
Access database (DB) [Microsoft, 2007] stemming from a software package DIMONS
[Lutes et al., 2001] developed earlier. Each ALERT project has its own DB which holds
all the project information including collected data, processed data, cycles, survey
settings, and much more [Lutes, 2002]. Therefore, the structure and integrity of the DB
is critical as most of the ALERT modules access data from many different tables at one
time. Any error or inconsistency in a single table or line of data in the ALERT DB may
render undesired results from any of the ALERT modules. It is for this reason that any
editions or additions of data to the ALERT DB from ALERT SCAN had to be done very
carefully with full testing to ensure the integrity and quality of the data.

An important aspect to note when designing software is that a good graphical user
interface (GUI) design is critical to the success of a software program [Sommerville,
2001]. In order to accommodate all users, a GUI must be designed to provide the user
with easily understood but concise access to information and program functions. A GUI
can consist of interactive menus, windows, icons, buttons, graphics, and text that must be
easily accessed by the users [Sommerville, 2001]. Each GUI developed for SCAN has

been designed with these criteria in mind.

5.1.1 Data Collection

This section outlines the methodology and algorithms designed and implemented

into SCAN. The algorithms are utilized to perform semi-automated scans of the oil tank
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surface with minimal effort by the user. Equations and figures are provided for a better

understanding of the designed method.

5.1.1.1 Algorithms to Compute SCAN Point Seek Values

The most important function of the SCAN software is the ability to automatically
compute the locations of every point on the surface of the tank to be scanned. The
algorithm used to compute the locations of each individual Scan point is designed to
calculate the horizontal and vertical circle readings (HCR and VCR) and the expected
distance value for each point. These computations are based on user-defined settings,
tank attributes, RTS setup information, and initial field observations. The calculations
must be robust enough to account for all different possible setup configurations and user-
defined settings. This section outlines the algorithms used within SCAN to perform these
computations which have been built into the SCAN system.

The computed HCR, VCR, and distance values for each Scan point are
communicated to the RTS by ALERT SCAN during the data collection phase of the
survey. The sequence in which the Scan points are observed is based on the vertical lines
that are “seen” from that particular RTS setup. More specifically, a left-to-right VL
measurement order is used. In other words, if an individual is standing on the control
point on which the RTS is mounted looking at the tank, the VLs (positioned on the tank)
to the individual’s most left would be scanned first, then the move to the next VL to the

right, and so on. The order of scanning individual points within each VL starts at the
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bottom-most point (largest VCR value) and proceeds “upward” to all the Scan points in
that VL.

The HCR, VCR, and distance seek values for each point are calculated based
upon a combination of measurements and input values for each VL. They include the
HCR, VCR and distance values measured from the RTS setup to the cross point
(physically etched into the surface of the tank) for each the VL; the height (from the base
of the tank) of each cross point for each VL; the height of each tank sheet/panel and; the
percent value (e.g., 20% or 80%) of the panel to position the point.

Using these values, SCAN automatically computes the HCR, VCR, and estimated
distance values for each Scan point. There are two main steps in the algorithm. The first
of which comprises a set of equations used to derive a series of common “setup” values
based on the specific configuration of the RTS with respect to tank and VL cross points.
The second step uses the “setup” values to compute the Scan values for each point based

on each individual VL configuration.

5.1.1.2 Definition of Setup Values

The first step in the process to compute the seek values for each SCAN point is to
define a number of “setup” values. These values are defined with respect to the RTS and
a VL and are defined separately for each VL. Once defined, these values are used to
compute the seek values for all the SCAN points within that VL. Some of the “setup”

values are measured directly while the others are computed from measured values and are
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best understood by a cross-sectional view of the RTS-Tank setup. The definition of the
“setup” values are as follows:

Zc: zenith angle measured to the cross on the surface of the tank from the RTS

(observed);

Dc: distance measured from the RTS to the cross on the surface of the tank

(observed);

Hc. height of the cross point with respect to the base of tank (value entered from

user);

Zg: zenith angle to the base of the tank from the RTS (computed);

Dg: distance from the RTS to the base of the tank (computed);

Dy: horizontal distance between the zenith (vertical) axis from the RTS and the

surface of the tank (computed);

Hwm: vertical distance between the base of the tank and the horizontal line (X-axis)

from the RTS (computed);

a: angle between the horizontal line (X-axis) from the RTS and the zenith

direction angle to the cross point (Z¢) (computed) and;

B: angle between the horizontal line (X-axis) from the RTS and the zenith

direction angle to the base of the tank (Zg) (computed).

In order to define these “setup” values, the position of the RTS with respect to the
tank must be considered. There are many different ways in which the RST can be
positioned with respect to the tank and each situation would pose a unique configuration
of the RTS, tank, and cross point. However, the computations used to derive the “setup”

values are only concerned with values in two dimensions (X-Z axes). Therefore, there
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are fewer possible configurations (all of which are accounted for within SCAN), but for
this discussion, only the most common configuration in Venezuela is used. Figure 5.1
depicts the situation where the RTS is “above” the cross point. In other words, the zenith

value from the RTS to the cross point is greater than 90 degrees.

TANK

DB "~ _lcross

Figure 5.1 RTS-SCAN setup

The following equations (5.1) are used to compute the “setup” values:
/4
o= ZC —E

H,, =H. +sin(a)e D,
D, =cos(a)eD.

Z,=2+tan” Hy
2 D,

D, =D, +H,,

(5.1)
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5.1.1.3 Compute Seek Values for SCAN Points

The second step in the process to compute the seek values for the Scan points
involves using the calculated “setup” wvalues, user-defined tank parameters, and
configuration-specific equations. For this step, the important values to be computed are
the zenith angle and distance from the RTS to the Scan point. The HCR value is simply
the same value for the initial observation to the cross point for that VL. The values to be
computed are “Z” and “D” (in bold italics in Figure 5.2). In addition to the values
computed in step 1, extra variables are used here:

H: height from the base of the tank to the SCAN point (computed from user input

values);

Hy: vertical distance from the SCAN point to the X-axis (computed);

Hg: vertical distance from the base of the tank to the bottom of the particular

panel in which the Scan point is located (computed from user input values, not

shown on Figure 5.2);

Pt: percentage value of the panel (e.g., 20% or 80%) for this SCAN point (value

enter by user) and;

Hp: height for the panel (value enter by user).
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Figure 5.2 Seek Value Computations

The algorithm used to derive the height for each individual Scan point utilizes a
combination of the user-defined tank parameters and RTS-Cross point measurements
shown in equation (5.2). Each calculation is referenced to the panel in which the

particular Scan point is located.
Pt
H=H, +| —eH
8 (100 "j

(5.2)

A final algorithm is used to compute the Scan values for a particular point. This
algorithm determines where this Scan point is located with respect to the RTS. In
situations where the SCAN point is located “below” the X-axis (H is less than Hy), the

following equations (5.3) are used:
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(5.3)

Otherwise, when the SCAN point is located “above” the X-axis (H is greater than
Hy), the following equations (5.4) are used:
H,=H-H,,
7= (zj —tan™' [&J
2 D,

(5.4)

5.1.1.4 SCAN “Tolerances”

Oil tank monitoring surveys are also concerned with efficiency. The new SCAN
software is meant to be semi-automated, easy to use, efficient, and reliable. For this
reason, ALERT SCAN should be capable of automatically verifying the quality of the
observation data.

The main purpose for this data verification is to account for the physical shape of
the tank and objects attached to its surface. For instance, there are many obstacles (e.g.,
ladders) connected to the outer surface of an oil tank that may lie in the “line-of-sight” to

a Scan point. Measurements made to a ladder are obviously not to be included when
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attempting to monitor the structural integrity of the tank shell. Thus, automatic
observation quality verification is embedded into SCAN and is used to identify such a
situation, adjust for it, and continue seamlessly with the data collection.

This verification is based on the estimated distance measurement (section 5.1.1.3)
to each Scan point and the user-defined tolerance value. If the measured distance to a
Scan point is not within the tolerance value, with respect to the estimated distance value,
then a routine is triggered to attempt to locate an acceptable observation (see section
5.2.3.3). The expected distance values are computed using the algorithms in the previous
section and assuming that the tank surface is vertical. Even if the tank is not perfectly
vertical (most likely), it does not affect this verification because the typical objects
protruding from the tank are quite large (metres). In other words, the tolerance value
would be set a value in the metre-level range and thus a slight tilt of the tank surface

would not result in a distance measurement exceeding the tolerance.

5.1.2 Linking SCAN with ALERT

As mentioned previously, the ALERT system is predominately built and
controlled by a large Microsoft Access DB [Lutes, 2002]. Information from the ALERT
DB is required for project setup, data collection, and data processing portions of the
survey. This includes settings to communicate with the RTS, RTS setup information
(e.g., instrument height), and data used for the processing and plotting of observations.

The format of the data within the ALERT DB is very specialized because ALERT

had been “pieced” together at different times to adapt the system to various projects.

51



New modules were created and existing ones were continually modified to satisfy
requirements of new clients. Each time the system was modified the formats of the data
stored in the DB also changed. Over time and a number of modifications the ALERT DB
became a convoluted mass of redundant tables, fields, and records.

The functionality of the ALERT DB is primarily based on “time-stamped”
records. In other words, data is organized and accessed by ALERT based on the time in
which that particular piece of data was inserted or modified in the DB. The idea behind
structuring the data in this way may have been appropriate in the early versions of
ALERT and DIMONS [Lutes et al., 2001], but as projects became more complex and the
system was adapted, this way of managing the data became incredibly confusing and
complicated.

In order for SCAN to work directly with ALERT, SCAN had to be configured to
access and add to the data within the ALERT DB. The inserting of data into the ALERT
DB is done during the data collection segment. As data are being collected, via ALERT
SCAN, the data are stored within the existing ALERT DB. Routines were written to
automatically perform these tasks correctly and quickly. SCAN observation data had to
be configured and formatted, within SCAN, to “mesh” seamlessly (in the ALERT DB)

with data collected via existing ALERT modules.

5.2 Functionality of ALERT SCAN

This section outlines and summarizes the functionality of the ALERT SCAN

software system. Instructions and a sample project are used to provide all the needed
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information. ALERT SCAN has been designed to be used simultaneously with the
ALERT system and thus screen shots of both software programs are shown and briefly
described. More detailed descriptions or further information about ALERT or ALERT
SCAN can be found in the associated manuals [CCGE, 2006] and [CCGE, 2007a].

There are six steps required to perform a full survey of an oil tank. All but steps 3
and 4 are meant to be done “in-office” but can be done in the field if required. They
entail the project design, setup, and post-processing parts of the survey. The steps
include the:

1. creation and configuration of an ALERT project;

2. configuration of the SCAN settings;

3. data collection of control point measurements using ALERT;

4. data collection of tank surface measurements using ALERT SCAN;
5. processing of all observation data; and

6. preliminary plotting of final coordinates.

5.2.1 The ALERT SCAN Process

This section describes the basic process used in the ALERT SCAN method for
semi-automated data collection. As stated in the previous section, a module of ALERT
called “ALERT Portable Task Setup” (PTS), used to perform “portable” surveys, is used
to perform the measurements made to the network control points surrounding each oil

tank. ALERT SCAN is used to collect measurement data to the surface of the oil tank.
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The entire oil tank survey process begins with the setup of the project. Since
ALERT is used for a portion of the data collection, an ALERT project must be setup and
configured for each particular oil tank to be monitored. The project settings include the
names of the control points, the RTS type and communication settings, the prism type
and constants, the method by which to measure the control network (e.g., number of sets,
tolerances, etc.), and more (this is described in further detail in section 5.2.2.1). The
SCAN settings include the number and height of the tank sheets, the number of VLs, and
the position of every point to measure. Both the ALERT and SCAN settings can be
configured in the office.

Once the project setup is complete, field measurements can be performed.
Tripods are centered over the control points to be observed using ALERT. The
instrument is setup on one point and reflector prisms are placed on the tripods on the
adjacent control points. The heights of instrument and the prisms are measured and
entered into ALERT.

Collection of control point measurements must be performed before tank
measurements. The ALERT PTS utility is used here and is launched once the RTS and
prisms are positioned correctly. Upon completion of the control point measurements
(from the current RTS point), the PTS automatically launches into ALERT SCAN and
tank observations can be performed. Note that both series of measurements are made
from the same RTS setup.

Upon completion of the semi-automated data collection, the raw observation data,

from both network point and tank observations, can be processed. The data from both
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sources is combined into a single group of data called a “cycle” within ALERT. This is
done automatically within the software to configure the raw data for ALERT Processing.

The first step in processing the raw observations is to derive approximate
coordinates for all the network control points surrounding the tank. This must be done
manually (“by hand”) using the raw observation data and requires knowledge of basic
surveying traverse computations. Once these values are calculated, they can be used in
the ALERT “Processing Manager” and the ALERT “Data Browser” to compute adjusted
coordinates for all control and tank points. Using the ALERT “Data Plotter” the final
coordinates can be plotted to give a two-dimensional plan view including uncertainty
values via error ellipses. The ALERT Manual provides complete documentation
regarding Data Collection, Processing, and Analysis [CCGE, 2006].

The final coordinates can also be exported into any data form desired and can be
interpreted and analyzed in any way. In the specific case of Venezuelan oil tank
monitoring, the coordinates of individual VLs are required to construct vertical cross-
sections of the tank walls. In this manner, the verticality of the walls can be computed
and analyzed. Any bulging of deforming sections of the tank walls can easily be noted
and the structural integrity of the entire tank can be investigated.

Throughout the chapter, the process of obtaining distance measurements made to
each tank are referred to as “scanning” and the positions of these measurements on the
surface of the tank are referred to as “Scan” points. The Panel percentage values
associated with each Scan point are referred to as “Scanning Divisions” or “Scanning

Percentages”.
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5.2.2 SCAN Setup

The first step in the tank survey process is to setup the project. Once both
ALERT and ALERT SCAN have been loaded and installed on the computer work

station, an ALERT project is created.

5.2.2.1 Configuring an ALERT Project

Before any ALERT SCAN attributes (i.e., Panels, VLs, and Scanning Divisions)
can be configured for a particular tank, an ALERT Project must be setup in the ALERT
Project Manager (Figure 5.3). The minimum required attributes are a Total Station(s),
Target(s), Survey Points, Observation Tolerance(s), Pointset(s), and a Network(s). The

ALERT User Manual contains complete examples and descriptions [CCGE, 2006].

56



"V ALERT Project Manager - Version 1.5.675

File Edit Tools. Help

DE Wersion: 1004 Fiters: Inactive | |CCGE-2 -]

|CCGE-2 [Samples CaNProject |=08]
| S ampleSCAMProject __':J Survey Points ] D 1
C0 SampleS CANPraject Epz it |

{20 Host Computers
-7 Meteorological Sensors E:i Bench_

20 Metworks Statuz Mo Status
{23 Obsgereation Tolerances
{27 Pointsets

-2 Survey Paint Aliazes

- (S,
23 Target Seeki

e Targets
(27 Tatal Stations

Figure 5.3 ALERT Project Manager

For the purposes of this example a sample ALERT project titled
“SampleSCANProject” is used. This project consists of four network control points (Ptl,

Pt2, Pt3, Pt4) situated around an artificial test tank.
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5.2.2.2 ALERT SCAN Main Window

Once the ALERT project is created and configured, ALERT SCAN is launched.
The first automated check is a message box which appears prompting the user to connect
to a RTS. During the “setup” phase of the project the user need not connect to the RTS.
However, if that is desired, a separate window appears where the user can configure the

settings to communicate directly with the RTS. After this initial check, the main window

for ALERT SCAN is displayed (Figure 5.4).
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Figure 5.4 ALERT SCAN main window

There are five main elements to the ALERT SCAN main window that are used to

navigate through the setup and performance of an ALERT SCAN project:
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1. Menu Items: “File”, “Edit”, “RTS”, “Processing”. These menu items are
used primarily in setting up an ALERT SCAN project, communicating
with a RTS, and viewing processed SCAN data;

2. ALERT Project List: A complete list of every ALERT project that has
been used on the current work station;

3. Tabs: Labeled “SCAN Setup” and “SCAN Settings”. The options
associated in each tab in critical in setup a tank SCAN to the desired user
specifications;

4. Status Bar: The scrollable text box located below the Tabs will inform the
user as to the progress of a running SCAN and of any updates in the
SCAN project.

5. Tank Graphic: The most important and easily understandable item located
on the main window. This graphic displays all the Scan points that are to

be scanned from that particular control point that the RTS is “setup” on.

5.2.2.3 Defining Tank Attributes

As stated earlier, a “tank” used in a SCAN project is comprised of tank
parameters (e.g., tank name, height, etc.), a series of horizontal panels, any number of
vertical scanning lines, and specific Scan points defined by a percentage value of the

particular panel height. The user must define each of these attributes as described below.
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Tank Parameters

Under the “Edit” menu the user selects “Tank Parameters”. This displays the
window where the tank parameters can be edited (Figure 5.5). The only required
attribute is the name of the tank, the remaining are optional. The user fills in the values

and clicks the “Save” button.

— Tank Parameters

T ank Mame; |5ample Tank.

Description: |Dr'||_'r' far example
R adiuz: m et |
Height: |4 & m Cepl |

Sa% | Done | y
e |

Figure 5.5 Edit tank parameters

Panels

Under the “Edit” Menu, the user selects “Panels”, then “Edit”. This displays the
window where the tank Panels are edited (Figure 5.6). The Panels that have been added
to this tank are seen in the list box on the left of the window and are shown on the smaller
tank graphic on the right. This tank graphic is the best way for the user to determine the
order to which the Panels will be “positioned” on the tank. Height values for each Panel

are required before they can be saved to the ALERT DB. The “position” of a Panel can
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be edited and charges are reflected in the tank graphic. The Panel which has been set as

the “bottom” Panel is displayed in the “Bottom Panel” text box.

Panel Information
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Figure 5.6 Edit tank panels

As previously mentioned, the user must check box “Use Panel Heights to
Compute Height of Tank”. This enables the height of the tank to be calculated based on
the entered Panel heights. This value is used during data processing, surface fitting, and

tank analysis.

Vertical Lines

Under the “Edit” menu the user selects “Vertical Lines” then “Edit”. This
displays the window where the tank VLs are edited (Figure 5.7). The user must enter a
Vertical Lines Cross (“+”) Height for every VL before they can be saved to the ALERT
DB. This “Cross” height is the distance measurement between the base of the tank and
the physical cross (“+7) etched into the surface of the tank associated with every VL.

This Cross point height is a critical value as the seek values for every SCAN point are
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referenced to it. If this value is not entered correctly, every Scanning point in that

particular VL will not be positioned in the correct location on the tank during the scan.
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Figure 5.7 Edit tank vertical lines

Scanning Divisions/Percents

Under the “Edit” Menu the user selects “Scanning Divisions (%)” then “Edit”.
This will display the window where the Scanning Points are configured (Figure 5.8).
This application is the single, most useful and powerful tool built into the ALERT SCAN
module. It enables the user to apply a vast number of SCAN parameters in a single,

simple step.
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Figure 5.8 Edit scanning divisions

This window is designed to allow the user to configure a “set” (i.e., 20% and
80%) of percentage Scanning values for one Panel in one Vertical Line observed from
one RTS point. This set of Divisions (percents) can then be applied to any, all, or none of
the other panels in any, all, or none of the VLs shot from any, all, or none of the RTS
points. In the Venezuelan oil tank surveys, most Panels observed are measured at 20%
and 80% of the Panel. This window allows the user to configure these values for one
Panel and easily apply these percent values to all other Panels.

If a point is to be observed “manually” (i.e., a user points the RTS to a specific
point on the tank), the user must select the Division (from the list on the right) and check

the box “Manually Shoot Point”. For example, this option would be used if a known
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obstruction (e.g., a ladder) is in the line-of-sight to a particular Scanning Point. When
ALERT SCAN proceeds to measure to this point during the data collection portion of the
survey it will temporarily stall the automated scanning process. SCAN will then
automatically prompt the user to aim the RTS to the appropriate location for this
Scanning point. This option may seem as if it may add time to the survey, but it actually
saves time. The reason being that by setting the point to “manual”, ALERT SCAN will
not automatically initiate the “search” protocol that occurs when an observation does not

meet the distance tolerance value (section 5.1.1.4).

Log Files

ALERT SCAN automatically creates and continuously updates a log file for each
project with information concerning RTS functions and commands. This log is used
primarily for debugging purposes, but can also be useful to a user if required. The name
is this log file is “SCAN Log ” followed by the project name (e.g.,
“SCAN_Log SampleSCANProject.txt””). The user can change the stored location of the

log file by selecting “Log Files” under the “Edit” menu (Figure 5.9).

ﬂg Log File Path Information

Log File Path:

e, o |

Ok D Cancel
F

Figure 5.9 Edit log file stored destination
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5.2.3 Data Collection

As previously mentioned collecting observation data for a tank structure and the
surrounding control network points is performed using a combination of existing ALERT
modules and the newly created ALERT SCAN module. Specifically, the ALERT PTS

utility is used to perform measurements to the control network points [CCGE, 2006].

5.2.3.1 Network Points Observations

The ALERT PTS is used to configure and perform manual network observations
(Figure 5.10). The user must select the ALERT Project, RTS, RTS Point, enter the height
of the RTS (“HI”), select the Tolerance settings, and the “Observation Pointset”. The
targets (network points) to be measured are automatically listed. Only targets that have
been “trained” are to be observed (denoted by a check mark in the check box). A
“trained” target is one that has had the seek values measured from the particular RTS
setup station. At each individual RTS station, each point that is to be measured from that
station must first be trained. The user must use the ALERT Trainer utility to train any

targets which are not already trained [CCGE, 2006].
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Figure 5.10 ALERT Portable Task Setup trained targets

The user clicks the “Observe” button to begin measurements to the network target
points which automatically launches the ALERT Data Collection Monitor (DCM) to
perform the measurements [CCGE, 2006]. Upon completion of the data collection, the
DCM is closed and the user is returned to the Portable Task Setup window where the
“Launch Scan” button is now available. This enables ALERT SCAN to be launched
from this same RTS Setup.

An important point should be made here: Network observations must be
completed before tank observations can be initiated. Also, no subsequent network

observations can be completed until the tank observations from that particular RTS Point
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are complete. The reason for this sequence of data collection is based upon the ALERT
DB and maintaining the integrity of the data within the DB (discussed in section 5.1.2).
Here is a sample order of events:

1. RTS setup on Pt4;

2. Perform Network observations from Pt4;

3. Launch ALERT SCAN and complete tank observations from Pt4 and;

4. Proceed to the next RTS point and repeat steps 1-3.

5.2.3.2 Tank Points Observations (SCAN)

Upon completion of the network point observation ALERT SCAN is used to
proceed with the tank surface observations. Much like the previous section, there is a

specific procedure to follow to perform these measurements correctly.

Selecting Vertical Lines to Measure

The first step is to select the VLs to observe from the current RTS point setup.
The ALERT SCAN main window lists all the VLs configured for the tank (0), under “All
Lines”. The user must select the VLs from this list and add them to the “Lines To Shoot”
list and save them to the DB. Upon that action, the VLs and Scan Points appear on the
Tank Graphic (Figure 5.11). This is the easiest way for the user to verify that the

percentage value for every Scanning Point is correct for each Panel and VL.
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Figure 5.11 Select vertical lines to be scanned

Training Vertical Lines

The second step in the data collection procedure is to “train” the VLs.

Specifically, this means taking a manual measurement from the RTS setup to the physical
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Cross points associated with each individual VL on the tank surface. The reason being
that ALERT SCAN cannot compute the angles and distances (“seek” values) associated
with every Scan point without these initial measurements (section 5.1.1.1). Specifically,
SCAN needs horizontal and vertical angles and distance to each Cross point associated
with each VL. Therefore, before each scan can be performed, each VL that is to be
observed for that particular scan must be manually trained.

The user selects “Vertical Lines” then “Train from this RTS Setup”, from under
the “Edit” menu, which initiates the training sequence. SCAN begins the training with
the first VL in the “Lines To Shoot” list and prompts the user to point the RTS to the
Cross Point for that particular VL (Figure 5.12). SCAN then proceeds to the next
Vertical Line in the list and repeats. This is done for all VLs to be observed. Upon
completion of the training, SCAN automatically computes the required seek information

for each individual SCAN Point.

Vertical Line Sighting

Point the Instrument ba the ' + ' {cross) an the tank for the Mertical Line:
WL 4

Click 'OK' when sighted, '“ancel' ko Abork Scan,

Dl} Cancel

Figure 5.12 Training a vertical line
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Configuring SCAN Settings/Tolerances

The third step requires the user to configure the specific Scan settings and
tolerances. The user must navigate to the “SCAN Settings” tab to display these settings
(Figure 5.13). These settings control the behavior of SCAN and the data collection
during the tank scanning process. The user must also select the “Advanced Settings”

button to display the advanced SCAN settings (Figure 5.14). Each individual setting is

outlined below.
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Distance Measurement Tolerance

This value defines the distance tolerance value (in centimetres) to which the
measured distance to a Scan point must meet the computed expected distance. If the
measurement does not meet this distance tolerance then ALERT SCAN initiates a
horizontal search sequence (described below) to attempt to find a point near the original

Scan point that does meet the tolerance.

Number of Retries for Unsuccessful Measurement

This value defines the number of times SCAN will attempt to obtain a
measurement to a point if it is unsuccessful on the first attempt. This is not the same as a
distance measurement not “meeting the tolerance”. Here, an “Unsuccessful

Measurement” refers to the RTS being unable to obtain a distance measurement value.
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SCAN automatically retries observations until a measurement is achieved or the total
number of specified attempts has been met. If a successful measurement is not achieved,

a search sequence is initiated (see Horizontal Window Search Area Size).

Horizontal Window Search Area Size

This value defines the maximum size, located on the surface of the tank (in
centimetres), of the horizontal search window. The value defines only the size to one
side of the SCAN point therefore, the total horizontal search area is twice this value. This
value is only used if a measurement is obtained but does not meet the required tolerance
(see “Distance Measure Tolerance”). In this case SCAN attempts to search for point in
close vicinity to the original. Specifically, the RTS moves horizontally to the user’s left,
along a constant VCR value, and retries the measurement. If that fails, then it attempts a
measurement to a point to the right of the original point. This continues, with increasing
horizontal spacing, until an acceptable distance measure (i.e., meets the tolerance) has
been obtained or the maximum window size has been exhausted. This search sequence
was designed to mimic the way in which the Venezuelan surveyors adjust for obstacles
located on the VL, as was described to the author during an on-site visit.

If a successful measurement is not obtained, then SCAN automatically flags this
point as “unsuccessful” and proceeds to the next Scan point. Upon completion of the
total scan process, SCAN manually attempts to obtain a measurement to all unsuccessful
points. This is achieved by orienting the RTS to the seek values associated with each
Scan point and prompting the user to chose the best location for the observation for that

point (e.g., to the side of a ladder).
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The horizontal search sequence is best explained with an example. For instance, a
ladder may be situated precisely on top of a Scan point. When the RTS makes an
observation to the ladder, the measured distance value will most likely not meet the
distance tolerance. Thus, the RTS is pointed side-to-side (alternating left and right)
attempting to “sight” around the ladder. The maximum value (on the surface of the tank,

in metres) by which the RTS will move to each side is specified with this value.

Average Multiple Distance Measurements

For greater accuracy, it is possible to take the average of any specified number of
successful distance measurements. This setting value simply indicates the number of
repeated distance measurements to obtain before being averaged. The averaged values

are the ones tested against the tolerance values and stored in the DB.

Maximum Time Allowed to get Successful Measurement

In the instance of an “unsuccessful” measurement (i.e., distance value does not
meet the tolerance), a search sequence is initiated. This search may take minutes to
complete and, if repeated many times, can significantly lengthen the total scan time. For
this reason, the user can define a maximum time allowance to attempt to locate a
measurement that meets the distance tolerance. This time value, in seconds, is defined
here. If the maximum time allowed to obtain a measurement is reached, then SCAN

automatically marks this point as “unsuccessful” and proceeds to the next Scan point.
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Number of Increments for Retry Measurements

This value represents another parameter the user can use to modify the automated
successful measurement search sequence. This value defines the number of divisions (per
side) of the horizontal search window. For example, a search window size of 0.5 m with

five increments would result in individual search intervals at every 10 cm.

5.2.3.3 Initiate Tank Scanning

Once the previous three steps have been competed, a full tank surface scan
performed from this RTS station. The user simply clicks the “START SCAN” button to
initiate the scanning process. There are three automatic checks performed internally by
SCAN as the scan is initiated. If any scan settings or steps have not been configured
correctly, a message is displayed and the scan will not continue.

These checks also help maintain the data integrity within the ALERT DB by
verifying the ALERT observations cycles. The reason is that the scan observations must
be integrated into the network observations to enable proper data processing. In further
detail, a series of network observations from a RTS point locations are placed in a
“cycle”. In order to include the scan observations with the network observations, they
must be included in that same cycle.

The first check is a wverification of the previously completed Network
Measurement Cycle. SCAN searches through the ALERT database and locates the most
recent set of network point measurements made from the current RTS setup point. This

is critical to ensure correct data processing later, as the upcoming SCAN observation data
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is linked to these network measurements. The user is prompted with a message box

shown in Figure 5.15. If the user selects “No”, the Scan is aborted.

ALERT Metwork Cycle Check

The latest Metwiark Cyile is:
200072006 4:47:23 PM
all SCAN points measured From this RTS will be associaked with this cyvcle,

Proceed with SCARNT

Figure 5.15 Confirm ALERT cycle

The second check is used as a data-overwrite confirmation. SCAN locates any
previous SCAN data associated with this RTS Setup for this Network Cycle. If any data
has been found, then the user is prompted to overwrite this data with the new SCAN data
(Figure 5.16). This may occur if a scan had been aborted at any time during the scanning

process or a completed scan is to be re-done.

ALERT SCAN Data Check

SCAMN data has already been measured Fram Ehis RTS Paint For this Cyele,
Proceeding with SCAN will - Delete all existing SCAMN points and replace them with new SCAN data.

Procesd with SCARNT

10.

Figure 5.16 Confirm overwrite of previous SCAN data

The third check is a verification of VL training from this RTS setup. If the VLs
have not been trained from this RTS setup prior to clicking the “START SCAN” button,

the user is prompted to do so before the scan would begin.
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Successful completion of the three checks allows ALERT SCAN to initiate the
scanning procedure. All RTS and SCAN actions are seen in real-time on the Status Bar
and on the Tank Graphic. As SCAN measures to a Scan point, updates are displayed in
the Status Bar and the Tank Graphic gives a visual representation (Figure 5.17). When a
Scan point has been successfully measured (i.e., met tolerance), the Scan point image on

the Tank Graphic changes to a red check mark.
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Figure 5.17 Tank Graphic during SCAN

During the scan, the “START SCAN” button changes to “STOP SCAN”. If at

anytime during the course of the scan the user needs to abort the scan, they simply click

79



that button and a message box appears to confirm the cancellation. All scan data

collected up to that point, in that scan, are then deleted from the DB.

Unsuccessful Measurements

As discussed earlier, at any time during the scan process if, for some reason, the
first measurement attempt to a Scan point is unsuccessful (either didn’t meet tolerance or
a measurement not achieved at all) a search protocol is initiated. SCAN communicates
with the RTS and attempts to locate an observation that does meet the tolerance for this
particular SCAN point. This search procedure is also shown, in real time, on the Tank
Graphic during the scan. For each attempted measurement, as a small black “x” is shown

on the Tank Graphic at each attempted point (Figure 5.18).
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Figure 5.18 Successful measurements

It can also be seen in Figure 5.18 that SCAN obtained a successful measurement
(indicated by the red check mark) after numerous unsuccessful attempts (black “x). As
SCAN proceeds through the entire tank scanning process, Scan points that have not been
successfully measured are automatically flagged. The points are referred to as

“Unsuccessful” points and dealt with individually upon completion of the scan. These
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points can be identified on the Tank Graphic since there is no red check mark associated

with the point (Figure 5.19).

Figure 5.19 Unsuccessful measurements

Upon completion of the full tank scan, the user is prompted to manually point to
each Unsuccessful point (similar to “Manual Points”, section 0) and measurements can be
re-done. If a successful measurement still cannot be obtained then the point can be

excluded from the SCAN data.

Manually Scanned Points

As mentioned earlier, some Scan points can be configured to be observed
manually. When measurements are to be made to one of these points, during the scan
process, a message box appears and the automatic data collection is temporarily halted.
The user is prompted to manually point the RTS to the desired point location (Figure
5.20), where upon measurements can be made and the automatic data collection is
continued. All data quality checks are still enforced and the user is prompted to re-

measure if the observation does not meet the tolerance or was unsuccessful.
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Manual SCAN Point

This SCAM Point has been set to Measure Manually.

The RTS has been oriented ko the original location for this point, Point the RTS ko the new location and click 'Ok!

Figure 5.20 Manually scanned point

This option very is useful if it is known that a particular point will not meet the
tolerance (e.g., ladder situated in the line-of-sight). This function saves time and
increases accuracy by allowing the user to measure to the closest possible point to the

original.

5.2.4 Data Processing

This section outlines the steps required to process the data collected with the
ALERT PTS utility (network points) and the ALERT SCAN utility (tank points). A
combination of ALERT data processing utilities and manual traverse calculations are
used to derive adjusted coordinates for each Scan point. The following steps outline the
procedure used to process both the Network and Scan observations through the ALERT
Processor. For the purposes of this report, only a brief description of each step is given.
More information about ALERT is available on the CCGE website [CCGE, 2007b] or in
the ALERT manual [CCGE, 2006].

The first step in the data processing procedure is to design, within ALERT, the
control network around each oil tank (i.e., the control points). This is done to configure
ALERT to process the observation as a multi-station network adjustment [CCGE, 2006].
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All RTS setups that were used as control points for the reference network must be added
to the project “network™. This is done in the ALERT Project Manager.

The second step in the data processing procedure cannot be done automatically by
ALERT. The evolution of the ALERT system is an on-going process, and at the time of
this report, the automated network processing module was not fully completed. For this
reason, some calculations must be done “by-hand” and requires basic surveying
knowledge. In order to facilitate the network processing, ALERT must have a basic idea
of the configuration of the network. This requires approximate coordinates to be
computed within a common coordinate system for the survey points observed in the
control network. This step must only be done once for each tank project.

The easiest way to perform these coordinate calculations is to use raw direction
observation measurements between control points and traverse “around” the control
network computing azimuths and coordinates for each point. This requires some hand
calculations and a sketch of the points and directions is helpful. The raw observation data
(directions and distances) required for these computations is gathered by using the
ALERT Data Browser [CCGE, 2006].

The third step in the data processing procedure is to configure the way in which
the network data is processed. The manually calculated approximate coordinates and
azimuths for the RTS control network points are used to configure the network
processing. This is done by using the ALERT Processing Manager [CCGE, 2006].

The fourth step in the data processing procedure is to process the network
observations. Before the Network and Scan observations can be processed together, the

individual RTS setup observations must be processed. The user must process the data for
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each RTS setup and the associated observation cycles. This is done using the ALERT
Data Browser. Upon successful observation reduction, coordinates are computed for
each observed point and can be viewed in the Data Browser [CCGE, 2006].

The fifth step in the data processing procedure is to “build” the network within
ALERT. The processed individual RTS setup observations coordinates, computed for
each point, must be combined into a single “control network”. The user must connect all
the RTS setups that are to be used in creating the control network by using the ALERT
Network Builder [CCGE, 2006].

The final step in the data processing procedure is to reduce the raw scan
observations data. As discussed in section 5.1.2, the existing ALERT system was
modified to accommodate some SCAN functions and data. This is an instance of one of
those modifications.

Once the user has “built” the network, within ALERT, the network and Scan
observation data can be processed together. In the ALERT Data Browser, the user must
select the network cycle and select “process scan job” (Figure 5.21). This action
computes coordinates for every observed Scan point and may take several minutes to

complete (depending on computer processing speed).
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Figure 5.21 ALERT Data Browser process SCAN data

5.2.5 Coordinate Plotting

This section outlines the process of using the existing ALERT graphing and
plotting functions to create a graphical representation of all the observed points. This is
another module of ALERT that is not fully developed at the time of printing, but useful
information can still be gathered from it. For that reason, it is briefly shown here.

Using the ALERT Network Plotter, two-dimensional coordinate plots can easily
be created [CCGE, 2006]. As with the ALERT Data Browser, this ALERT module had
to be modified to accommodate SCAN measurements. The user selects the “tank scan

plot” option and chooses the network cycle from the list to be plotted [CCGE, 2006].
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Plots of the sample tank simulation observations can be seen in both the X-Y
(Figure 5.22) and X-Z (Figure 5.23) views. The cylindrical outline of the tank is obvious
and plainly visible in the XY plot and the VLs are seen in the XZ view. These plots are
of little technical use but provide a useful tool to provide the user with reassurance that

the data was collected and processed.
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Figure 5.22 Tank coordinate XY plot
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Figure 5.23 Tank coordinate XZ plot

5.2.6 Viewing SCAN Points

The automatic naming scheme for the Scan points is designed to give information
on the location of each Scan point. The point name conveys the VL name, the physical
point height on the tank (based on the VL Cross height), whether the point is a Cross
point, and the overall number of times this point has been scanned (at any time in the
project). For example, the name for a SCAN point located in VL “VL1” at a height of
1.6 metres being measured for the first time would be “VL1 0160 1.

point information may be very difficult to decipher on a condensed network plot (Figure
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5.22 and Figure 5.23). It also may be difficult to remember or understand the naming
scheme associated with each Scan point when viewing such a network plot. Therefore, a
function has been built into ALERT SCAN to ease this frustration. This function
displays each Scan point, processed in an ALERT network cycle, and the Panel, VL, and
Scanning Percentage value associated with that point. Used in combination with the
ALERT Plotter, a user can easily note information regarding each or a series of Scan
points.

To view the Scan Points for a particular processed network cycle, the user must
launch ALERT SCAN, chose the ALERT Project, and select “View SCAN Points” from
the “Processing” menu. This displays a window listing the processed ALERT Network
cycles in this project on the left. The user selects the desired network cycle from the list.
This displays all the Scan points observed and processed in that cycle in the right
window. Information can be seen for each individual Scan Point, including the VL,
Panel, Scanning Percent, and Point Height (Figure 5.24). This is advantageous when
analyzing the network plots and coordinate point data. It is essential to know the location
on the tank of any Scan points that may be deforming at a dangerous rate.

™ Tank SCAN Points
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Figure 5.24 All Scan Points
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6 FIELD VERIFICATION: WATER TANK

The functionality, reliability, and accuracy of the ALERT SCAN software had to
be tested on an actual test object before the system could be implemented in actual tank
monitoring situations in Venezuela. Specifically, a water tank located in Fredericton,
NB, which has comparable physical surface dimensions to a Venezuelan oil tank, was
used to simulate conditions (Figure 6.1). The total time required to configure, perform,
and process data from a full surface scan and associated control network points was used

to test the performance and efficiency of the system.

Figure 6.1 Water Tank in Fredericton, NB

Two epochs were completed (one in May and the other in August) using the

ALERT SCAN module and data was processed through the slightly modified ALERT
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Processor (section 5.2.4). Using the final computed scan point coordinates output from
ALERT, comparisons of individual VLs between the two epochs were done. From these
computations a basic idea of the overall shape of the tank was investigated. For the
purposes of this thesis, which is centered primarily in the design and development of the
SCAN system, the main focus of the field test is to test the configuration and
performance of efficient and accurate data collection. For that reason, a very limited
investigation into the structural integrity of the tank is examined based upon SCAN

measurements.

6.1 Procedure

Prior to any observations or project setup, reconnaissance was performed on the
tank and surroundings areas. Approximate positions for the network control points and
VL cross points were located. The location for the VLs cross points were associated to
graffiti on the outer surface of the tank and were placed around the surface of the water
tank to ensure complete scanning coverage. Graffiti was used because it was preserved
on the surface of the tank between the two epochs and ensured repeatability of the same
VL Cross points.

Prior to field measurements, an ALERT project was created and the project
settings, outlined in section 5.2.2, were configured. SCAN was used to configure the
tank parameters and the desired scanning process. Once in the field, the height of each
cross point was measured from the base of the tank and input into SCAN. The tripods

were setup on the artificial network points where they would remain for the duration of
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the field observations. The control points were not physical monuments fixed in the
ground and the locations were not kept consistent between epochs. The reason being,
that the location of the water tank was in a public park and the security of the monuments
could not be maintained. The author decided that the use of potentially falsely stable
reference points to compute absolute positions of tank points, would have introduced
unneeded uncertainty into the precision and reliability of the SCAN system. Because the
cross points were chosen as permanent markings on the surface of the tank, they could be
maintained between sessions, and relative positions of the scan points were sufficient.

With the tripods setup on the artificial control points, observations were
performed. The RTS was placed on control point “1” and two reflectors were placed on
points “2” and “5”. The locations of network point reflectors were trained with ALERT
from the RTS and the ALERT Portable Task Setup (section 5.2.3.1) was used to perform
the automatic control network measurements. This process takes only one or two
minutes.

Upon completion of the network point measurements, SCAN was initiated and
surface scanning to the water tank could commence. As described in section 5.2.3.2
when SCAN is launched from the ALERT PTS, the network control point which the RTS
is situated is automatically “passed” into SCAN. Because of this, when SCAN is loaded,
it has automatically configured the user-defined scan settings (i.e., the VLs and the
positions of the surface points to scan) from this “RTS Point”. After SCAN is loaded, the
user is only required to train the VLs (three, in this case) manually with the RTS. This
only takes about a minute and then SCAN can be initiated. The user can watch the RTS

as it moves automatically to each pre-configured scan point location and performs a
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measurement. Figure 6.2 shows the RTS and SCAN during the scan process. ALERT
SCAN can be seen on the laptop screen in real time as it controls the RTS to measure to

each scan point.

Figure 6.2 ALERT SCAN and the RL RTS collecting data of the water tank

This process was repeated for each control point and a complete scan of the tank
was performed. The total time required to scan the entire surface of the tank took only

one half-day, with the author being the only person in the field.
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6.2 Results

As mentioned at the beginning of this chapter, this thesis is not focused on the
way in which the processed results (coordinates) are analyzed, but in the manner in which
the data is gathered efficiently and precisely. However, this section outlines and gives an
example of some preliminary analysis that can be gathered from the ALERT SCAN
measurements and the overall performance of the system.

The first verification was done to ensure that the coordinates of the reference
network points were computed to meet the required relative precision of 1:100000 (as
specified in section 4.1). The final network coordinates for point “1”” were taken from the
ALERT DB and compared with the initial fixed coordinates given to this point. During
network processing, the Easting and Northing coordinate values for point “1” were set 0
(i.e., the origin of the coordinate system). After the ALERT network processing
(discussed in section 5.2.4) was completed, these coordinate values were slightly
different, 0.0005 m (Easting) and -0.0004 m (Northing). The absolute variation from the
original coordinates was 0.0007 m, computed from the square root of the sum of squares
of the Easting and Northing coordinates. The total distance of the perimeter of the
network was 108 m, computed from a simple summation of the distances between
network points. From these values, the relative precision of the network is determined to
be 1: 154000, which meets the tolerance of 1:100000.

A basic idea into the structural integrity of the water tank can be done using the
adjusted point coordinates output from the ALERT Processor, which are manipulated to

determine the “verticality” of each individual VL. In other words, the horizontal “offset”
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of each Scan point in a particular VL is computed with respect to an artificial vertical axis
projected from the Cross Point for that VL, as shown in Figure 6.3. The “horizontal
offset” from the true vertical axis is referenced to a plane between the vertical axis and
the computed center of the tank. Therefore, the amount by which each VL is “leaning”
either “inward” or “outward” with respect to the tank center is calculated. This value is
computed for each Scan point in that VL. which results in a cross sectional view of each
VL. By comparing epochs, the user can see any trends in the movement, if any, of each

VL over time.

Line Verticality Calculafions

View of X-Y Plane - not to scale
offset of Scan point greatly exaggerated

<—Tank Surface

_Scan Point
VLCross A
Point g

= ank Centre

Figure 6.3 Line verticality calculations

In Figure 6.3, “d” represents the horizontal offset of a Scan point from the

artificial vertical axis projected from the VL Cross point. The values for “c” (which will
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be almost zero in most cases), “a”, and “b” can easily be computed using basic
trigonometry using the easting and northing coordinate values of the VL Cross and Scan
point (retrieved from the ALERT DB) and approximate coordintaes of the centre tank
point (computed using an algortihm borrowed from Tom [2007]). This simple algortihm
computes approximate easting and northing coordinate values for the centre of a circle
given three points located on the circle (surface of the tank). From these computed

values, the horizontal offset can be derived using equation (6.1).

bl+c’-a’
2b

d=

(6.1)

However, because the value of “c” is very close to zero, the geometry of the
problem is poorly conditioned and this equation should not be used. From Figure 6.3,
note that as “c” approached zero, “a” and “b” will lie virtually on the same line.
Therefore, the simple difference between “a” and “b” can be used to compute the value of
“d”. The height of each Scan point is simply calculated by taking the difference between
the given height value of the said point with that of the VL Cross point (retrieved from
the ALERT DB).

In order to properly compare the verticality computations from two separate
epochs of measurements, the VLs must be referenced into the same coordinate frame.
Because the verticality values of each VL are relative to that VL Cross point and the fact
that the physical Cross point on the tank is the same between epochs, only the height

values of each Scan point in one epoch require translation. This was accomplished by
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artificially creating a benchmark height on the Cross point for one epoch and referencing
the height values of the other epoch to it.

For the purposes of testing the reliability of the SCAN system in its entirety, the
absolute differences in the two epochs were calculated. Because there were no repeated
measurements to any one point on a VL, direct offset values could not be compared.
Therefore, a linear trend line using least squares methods was computed for each epoch
as a function of height versus horizontal offset. Arbitrary height values of 0 to 8 metres,
at 0.5 metre increments, were chosen and used with this linear trend to compute the
corresponding offset values. In this manner, direct comparisons between offset values for
separate epochs could be done.

The following plots (Figure 6.4, Figure 6.5, and Figure 6.6) show the verticality
of three VLs (“VL 137, “VL 147, and “VL 15”) from the two separate epochs (“May”
and “August”). Both the computed horizontal offset values and computed trend lines are
shown. The plots are essentially cross sections of the tank at each VL with the center of
the tank located on the right side of the plot. A positive offset value indicates that the

Scan point is nearer to the centre of the tank than the Cross point for that VL.
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Figure 6.4 Trend Lines for vertical line “VL_13”
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Figure 6.5 Trend Lines for vertical line “VL_14”
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Figure 6.6 Trend Lines for vertical line “VL 157
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A quick visual comparison of the graphs indicates that the trend lines of the
computed horizontal offset values are very similar between the two epochs for all VLs,
but there is some discrepancy. However, there is no way of determining whether those
discrepancies are due to the system used to gather the data or from actual physical
deformations of the tank surface detected by the system.

It was later discovered that the water levels within the tank are constantly
changing and even during the course of the measurements (only a few hours), the water
levels varied considerably [Larlee, 2008]. Theses varying water levels were present
during both epochs, therefore, it can be assumed that the tank conditions were similar
between epochs and that measurements were made to the same physical structure.
However, because this is an assumption, any precision values computed from the
following statistically tests cannot definitively state the precision of the system, but only
indicate that the system is a reliable method to gather data.

A ratio of the variances of the two sets of data (e.g., two epochs for one VL) can
be used to determine whether there is a significant difference in the precisions of the two
sets, as described in Holscher [1971, p. 136-145]. This ratio, F, is then compared to the
theoretical value (based on confidence level and degrees of freedom) to determine
whether the two variances differ significantly [Holscher, 1971]. For example, using the
data for “VL 13”, the variance of the data from both the “May” and “August” epochs
were 0.0002 m, thus a ratio value of 1. The theoretical value, taken from Holscher [1971,
table 10.3], of the variance ratio at a 95% confidence level, using degrees of freedom of
15 for “August” and 10 for “May”, is 2.84. Therefore, since the computed variance ratio

is less than the theoretical value, there is no significant difference in the precision of the

100



two sets of data. It was also computed that there was no significant difference in the
precisions of the data for “VL_14” and “VL _15”.

Computations could be done to determine the statistical significance of the
discrepancies between the two trend lines, since there was no significant difference in the
precision of the data between the two epochs. This was done using a t-test to compare
the two sets of data (i.e., the horizontal offset values from “May” and “August”) at a 95%
confidence level as described in Holscher [1971, p. 120]. The results from this analysis
indicate that the two trend lines for each individual VL are not significantly different at a
95% confidence level (i.e., the trend lines for “May” and “August” are statistically
similar at a 95% confidence level for each VL). This test indicates that the ALERT

SCAN system is a reliable method to perform measurements to the surface of the tank.
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7 RECOMMENDED METHODOLOGY TO PERFORM

VENEZUELAN OIL TANK MONITORING

During an on-site visit to Venezuela, the author realized that there was a more
efficient method by which to perform their oil tank monitoring surveys. However, this
recommendation was not utilized because the Venezuelan company required that the
collected observation data meet their current specifications (i.e., scan points in the form
of percentage values of a panel within a vertical line). This chapter outlines the author’s
recommended methodology to simplify and improve upon the current oil tank monitoring
specifications (which ALERT SCAN was designed to meet).

This method would include a grid scan made to the surface of the tank from the
existing control points at a user-defined density (similar to the program described in
chapter 3). This would eliminate the hassle of configuring measurements to fit individual
vertical lines, percentages of panels, and cross points while still providing an effective,
reliable method to collect observation data. Utilizing this method would require fewer
user-inputs values and increase the surface scan efficiency.

Another way to streamline this monitoring method is to maximize the surface
coverage of the scan from each station and minimize the total number of stations required
to get complete surface coverage. Given the typical tank parameters and the location of
the existing control points, the minimum number of RTS setups locations could be
calculated (Figure 7.1). This alone would save time, because the current specifications
require measurements to be made from every control point in the reference network

[PDVSA, 2003]. By eliminating unnecessary RTS setups, the data collection would be
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more efficient, saving both time and money. Another advantage by having fewer RTS
setups is the elimination of additional random error (from instrument centering, leveling,

and pointing) and thus less uncertainty propagated throughout the network [Secord,

2003a].

Figure 7.1 Minimum number of RTS setups

71  Computing the Minimum Number of RTS Setups

Incidence angles for any observation must be kept within an acceptable value to
ensure measurements meet specified accuracy tolerances. From the feasibility test in the

previous section, at an incidence angle of approximately 45 degrees at a distance of
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roughly 40 m from the object will result in distance measurements to a repeatability of
better than 1 mm (at standard confidence level). Given the parameters of the tank (radius
and height), the distance of the control points to the tank surface, and the value of the
maximum allowed incidence angle, the minimum number of RTS stations required to
ensure a full tank scanning coverage can be computed. The 2D case is shown in Figure

7.2.

/ Oil Tank
:: Qe

!
A

Figure 7.2 Oil tank XY plane

Where:

v: incidence angle;

0/2: half of the internal angle inscribed by the arc from P to P';

A: angle between the line from the RTS point (RTS) to the tank centre (O) and the
line from the RTS point to the tank surface point (P);

R: tank radius;

D: distance from the tank to the RTS point; and

S: arc length between the two outer most tank surface points (P and P').

These values are computed using the equations 7.1 (all angular values are

measured in radians):
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A =sin"' (w) (from Sine Law)
R+D

% =y—A (fromsum of interior angles = )

S=R#
C=2R

N=<
S

(7.1)

Where:

C: tank circumference; and

N: Number of setups.

The total number of setups is rounded up to the next whole number (e.g., a value
of 6.2 indicates 7 required setups). The 2D coordinate values for point P are computed

using equation 7.2:

0
Xp = Rcos| —
v (2j

(0
Yp = Rsin| —
g @

(7.2)

However, in the real-life situation, when the height component is also a factor, the
solution becomes much more involved (Figure 7.3). Three-dimensional (3D) coordinate
geometry must be used to determine the relationship between the line-of-sight vector
from RTS to the tank surface and the incidence angle created with the tank surface at that

point. To visualize this relationship in 3D, start at the horizontal case in the previous
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figure and note the changes to the incidence angle as the surface point (P) is moved “up”

the tank (from P to Py in Figure 7.3).
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Figure 7.3 Oil tank-RTS 3D view

Where:

v: spatial incidence angle;

S|

: vector from the RTS point (RTS) to the point on the tank surface (Py);
m : vector from the centre of the tank, at height H (Oy), to the tank surface point

(Pn);
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a: angle created by the intersection of vectors # and m in the Oyg-Py-RTS plane;
and
H: height of the tank with respect to the RTS.
The following equations (7.3), taken from Stewart [1995] and Thomas [2007], are
used to compute these values:
y=r—-a

a =cos” (m] [Stewart, 1995, eqn. (11.3.6)]
7|72

ﬁ:<XPH_XRTS’YP _YRTSaZPH_ZRTS>
:<X _XOH’YP _YOHaZPH_ZOH>

N
2

(7.3)

Where:

n -m : dot product between the two vectors;

||ﬁ|| : length of n vector; and

||ﬁ1|| : length of m vector (equal to R).

These equations require 3D coordinate values for the points RTS, Oy and Py. A
constraint can be placed on the Z coordinate for point Py when using a tank as the
monitored structure. Since it is known that the full height of the tank must be scanned
from the RTS station, it can be assumed that the Z coordinate of the point Py is the height
of the tank (minus the height of instrument), which is also the Z coordinate of the point
Op. A number of other coordinated values can be easily be derived. The X and Y

coordinate values for Oy are zero, as are the Y and Z coordinates for point RTS. The X
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coordinate for point RTS is simply the sum of R and D. The 3D coordinates are as

follows:

RTS: (R +D,0,0)
PH :(XPH’ YPH’ H)
0,,:(0,0, H)

The only unknown values are the X and Y coordinates for the point Py.
Substituting these coordinate values into equations 7.3 results in equations 7.4:

i =(Xpy —(R+D), Y, H)
= (Xpy, Yo ,0)
=Xy —Xpy(R+D)+ Yy

7] = (X g =R+ D)) + Yy + H
| =R

X =Xy (R+D)+ Yy
Ry(Xpy —(R+ D)) +Yy,* +H

= a =cos”

(7.4)

To solve for the unknown values of Xpy and Ypy given an incidence value (o)
involves extremely complex formula manipulation (one that the author could not solve).
To alleviate this problem, an alternate approach was conceived, which involved
estimating the coordinate values for Py and computing the incidence angle and ensuring
this value is less than the maximum allowed (e.g., 45 degrees).

However, coordinate values must be chosen to ensure that the point is still located
on the tank surface (i.e., on the circle). This is done by using the 2D case (equations 7.1
and 7.2) and selecting an initial incidence angle which results in acceptable coordinate

values (i.e., coordinates of point P). Substitute these values into equation 7.4 results in an
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incidence angle in the 3D case. Selecting the correct incidence angle in the 2D case will
produce the desired 3D incidence angle (e.g., 45 degrees). This 2D angle can them be
used in equations 7.1 to produce the minimum number of required setups. This process is

best described using an example.

7.2 Example Using Typical Tank Values

For this example, typical Venezuelan tank parameters, a maximum allowable
incidence angle of 45 degrees, and a height of instrument of 1.5 m are used. The tank
parameters include a tank radius of 18 m, a tank height of 15 m, and distance of 40 m
perpendicular from the surface of tank to the RTS point.

First, using only the 2D case (equations 7.1), the number of required setups is six
(rounded up from 5.6). The value for 0 is 64.6 degrees, the arc length (S) is 20.3 m, and
the circumference is 113 m. The computed (X, Y) coordinates for point P are (15.2, 9.6),
from equation 7.2.

Substituting these coordinate values (for P) into equation 7.4 results in a 3D
incidence angle of 47.5 degrees. This is greater than the 45 degree limit, therefore a
smaller incidence angle in the 2D case must be chosen. An acceptable initial starting 2D
value would be 42 degrees, which is computed from subtracting 2.5 degrees (the
difference of 47.5 and 45 degrees) from 45 degrees, and rounding down to the nearest
integer value. Using 42 degrees as the 2D incidence angle results in a 3D incidence angle

of 44.8 degrees, which is less than the 45 degree limit. Using this incidence angle of 42
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degrees in equations 7.1, again results in 6 required setups to ensure full tank coverage
(however, this time it is rounded up from 5.9).

This method could be designed to be automated for the user by simply accepting
the tank parameters and maximum allowable incidence angle and built into a semi-

automated monitoring system.
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8 CONCLUSIONS

This report has outlined the research, design, development, and testing of a
software system (“SCAN”) to perform semi-automated structural monitoring of large oil
tanks. The chosen approach was to utilize a robotic total station with reflectorless
electronic distance measurement technology in combination with an existing software
system designed to perform fully automated deformation monitoring surveys
(“ALERT”).

The “ALERT SCAN” software system has been designed to meet the needs and
specifications of a Venezuelan oil company to improve upon a previous method to
conduct routine structural monitoring of their hundreds of large oil storage tanks. The
major weakness of the previously existing monitoring method, utilized by the Venezuelan
surveyors, was the amount of time required to perform the data collection for each tank.

The ALERT SCAN system has been proven to reduce the time required to
perform all field measurements from two weeks (with 2-3 persons) to one half-day (by a
single person). The system was also showed to meet the required relative precision of the
reference network measurements of 1:100000 as the final coordinates from the field test
resulted in a relative precision of 1:154000. Tests on the quality of the data collected by
the system indicate that it is a reliable method to perform oil tank deformation surveys.
Further improvements to the monitoring scheme, to increase data collection efficiency,

were proposed, in the form of a new, alternative methodology.
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2D

3D

ALERT

ATR

BL

BR

CCGE

DB

DCM

DLL

EDM

GPS

GUI

HCR

HI

ISO

MS

PTS

RL

APPENDIX I

List of Acronyms

Two-dimensional

Three-dimensional

Name of software program to perform fully automated deformation
monitoring, developed by the CCGE
Automatic Target Recognition

Bottom Left

Bottom Right

Canadian Centre for Geodetic Engineering
Database

Data Collection Manager, a module of ALERT
Dynamic Link Library

Electronic Distance Measurement

Global Positioning System

Graphical User Interface

Horizontal Circle Reading

Height of Instrument

International Organization for Standardization
Microsoft

Portable Task Setup, a module of ALERT

Reflectorless
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RL3DScanning

RTS

SCAN

SD
TL
TR
UNB
VB
VCR

VL

Name of software program to scan a planar surface, developed by
the author

Robotic Total Station

Name of software program to scan the surface of an oil tank,
developed by the author

Standard Deviation

Top Left

Top Right

University of New Brunswick

Visual Basic

Vertical Circle Reading

Vertical Line
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