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SUMMARY

Locata Corporation’s positioning technology “Locata’ is a terrestrial-based RF-ranging
technology that provides high accuracy position solutions using a network (LocataNet) of
time synchronised pseudolite-like transceivers (Locatal ites). Locatalites can be installed in
locations to ensure optimal network geometry for a certain coverage area. With batch least
squares processing, millimetre precision is achievable and thus provides an opportunity to
address shortcomings of current deformation monitoring systems. A prototype of a Locata
Deformation Monitoring System (LDMYS) has been developed, consisting of four fundamental
parts, namely data acquisition, quality control and validation, coordinate solution, and
deformation monitoring. This paper focuses on the mathematical models. To validate the
feasibility of this system, simulation tests and a deformation monitoring field trial have been
conducted.

Dam simulation studies have been conducted at The University of New South Wales using
four Locatalites and six monitoring points for deformation analysis with the LDMS. An
artificial deformation of 10 millimetres has been injected into three components of a
monitoring point’s coordinates, and the LDMS identified the deformed point successfully as
well as the amount of deformation.

A deformation monitoring trial has also been conducted at the Tumut Pond Dam in
Cabramurra, NSW, Australia, where long term deformation history is available for
comparison. After analysing the deformation network geometry suitable for millimetre-level
precision of position components, and Locatalites' line-of-sight visibility, four Locatal ites,
one receiver and a weather station have been installed. Measurement data, including pseudo-
range, carrier phase and atmospheric data, have been collected and post-processed for
deformation analysis using the batch least squares method by the LDMS. After generating 3D
coordinate solutions, statistically significant movement (deformation) was identified by
standard deformation analysis. These results have been compared with previous total station
based deformation surveys which show that Locata can continuously deliver high accuracy
positioning.
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1. INTRODUCTION

Deformation monitoring of man made engineering structures is sometimes necessary due to
risk of catastrophic outcomes from any failure of such engineering structures. There are many
different deformation monitoring systems based on a variety of technologies, however the
most popular 24/7 deformation monitoring system is GPS. The main advantage for using GPS
is the capabilities of continuous monitoring and the centimetre-level achievable accuracy
using relative positioning and carrier phase-based methods. On the other hand, the accuracy,
availability, reliability and integrity of GPS solutions depend on the number and geometric
distribution of the visible satellites. To overcome these GPS deficiencies, Locata
Corporation’s positioning technology “Locata’ provides position solutions using a network
(LocataNet) of time synchronised pseudolite transceivers (Locatalites). These Locatalites
transmit ranging signals in the licence-free 2.4GHz Industry Scientific and Medical (ISM)
band that can penetrate through different materials (Tambuwala et al., 2007). When a Locata
receiver tracks four or more Locatalite signals, it can compute a high accuracy position
entirely independent of GPS. An advantage of the L ocata technology is that L ocatalites can be
placed amost anywhere for better network geometry. With a batch least square method
millimetre precision can be achieved, which provides an advantage and a new opportunity to
address shortcomings of current automated deformation monitoring systems (ADMS). Barnes
et a. (2007a, 2007b, 2004, 2002) have demonstrated that the L ocata technology can be used
for deformation monitoring, with high accuracy, availability, reliability and integrity of the
position solution, through a number of experiments. However, to the best of our knowledge,
an ADMS has not been implemented for Locata. This paper describes a prototype ADMS for
L ocata technology.

This paper is organised as follows. In section 2, the ADMS software is briefly reviewed; in
section 3, the functional principles of Locata measurements and Locata coordinate solution
are presented; in section 4, the system architecture of the Locata Deformation Monitoring
System (LDMYS) is outlined. Section 5 presents the achievable precision of the resulting
system. Finally, sections 6 and 7 present conclusions and discuss future research and
development activities.

2. ADMS SOFTWARE

Software is a key element of an ADMS. An enormous amount of data can be collected from a
number of rovers, processed and analysed, to detect deformation (change in position). There
are several ADMS software packages, including ALERT (Wilkins et al., 2003), UGPS
(Andersson, 2008), GOCA (Jager, 2005), from different university and research groups. In
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addition, vendor-based ADMS software is available, such as Leica s GeoMoS. Fundamentally
all of these software packages have similar functionality. Software components can be divided
into data acquisition, quality control and validation, position solution (through carrier phase
differential correction if GPS-based) and quality control, and statistical testing for
deformation alarm. In the data acquisition component the measurements are collected from
receivers via some form of network communications, e.g. by ethernet or wireless
communications. These measurements are checked for random, systematic and gross errors,
cycle dips (if GPS), and possibly against vendor-specified quality control criteria. Once all
the checking is completed then the position solution module determines coordinates from
“clean” measurements. Once again the position solutions are checked for outliers, gross
errors, etc. Baarda data snooping, Pope’'s Tau Test and Danish Method are common statistical
tests for outlier/gross error detection (Caspary, 2000; Harvey, 2006).

The Locata Deformation Monitoring System (LDMYS) is similar to other ADMS software
modules. However, this prototype LDMS is developed using MATLAB. The LDMS is
divided into four fundamental parts, namely data acquisition, quality control and validation,
position solution through carrier phase differential correction, and statistical testing for
deformation alarm.

3.LOCATA COORDINATE SOLUTION
3.1 Locata coor dinate solution
The basic Locata carrier phase observation equation between receiver 4 and Locatalite i is

p.:i=¢.:ih'i'“?::rnw¢i"¢'a'r:i" ’II"[.:LH"E'“E'% (1)

where ¢} is the carrier phase observation in cycles, 4 the wavelength of the signal, =, sthe
tropospheric delay, ¢+ T, the receiver clock error of the receiver 4, N} the ambiguity and £

unmodelled residua errors. Note that there is no transmitter clock error present in the
observation equation due to the time synchronisation of the LocatalL.ites.

To cancel out the receiver clock error and reduce systematic biases in the measurements, the
carrier phase observations of the same frequency are single-differenced. When j is chosen as
the reference signal, and i is another signal of the same frequency, the single-difference

dgfisdefined as
dof =ph-pf= (ke Adrl ot 0T+ Nivdd sb) = (@ v abrl o +e aTu+ N+
A+ sj;]

The unknown parameters are the receiver coordinates (x; ¥ z;] in the single-differenced
range & pr_'i"f.
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where (x, ¥, z,)and (x, ¥; z;) are the antenna coordinates of the Locatal.ites that transmit the
signals i and j. The tropospheric delays in mj_fpm must be estimated by an appropriate

tropospheric model, and the receiver clock error has cancelled.

As aresult, the model equation for least squares estimation is

F(X) =Flx,yv.z.) = [‘i’.ﬁ._‘ A= F:I‘T.‘-p;.tq'-i“':" ST+ NE#d+ E‘f;:.}— [:‘3’;.-_" . e
0T+ Ni=A+sl)-dp =0
(4)

The observations for equation (4) are ¢k, :pr: and the parametersare x: [x, ¥, ].

Partial derivatives matrix for observations from equation (3) are

L _[(fdFx) dF(X) dF(X)y (dF(X) dF(X) dF(X) (5)
= H[ dx, dy, dz, J_ ( dx; dy; dz; )H

b

where n is the number of observations.
L ocata coordinate solution is obtained from an iterative least squares estimation process
where

Ax=(d'=P=4)" =4 =P =k)

Ax = (N)™L = (W) (6)
where

N=A'=P=x4d

W=A=P=k

b= ['S;]s'ﬁﬂ-"::ss: B [?::7]55;[5;.{2:25{

The parameters are then updated

x= 4 Ay (8

A is partia derivative matrix, P is inverse of input quality of observations matrix and b is a
misclose vector, which is observed distance minus calculated distance from initial coordinates
X (using equation (8)).
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However, for the deformation monitoring application the precisions of monitoring points are
also important. The precision of each position component can be generated using the

following equation: \/ Diagonal termsof (N ")

To achieve higher precision (i.e. millimetre), as well to reduce systematic biases in the
measurements, multiple epochs are often used for generating solutions for a point. At each
epoch the Locata deformation network is separately adjusted, and each adjustment is checked
for outliers. Data definition for each epoch consists of five seconds of accumulated Locata
observations. This epoch definition ensures sub-millimetre precision in horizontal position
components and millimetre-level precision in the vertical component. To do so, the partial
derivative matrix (A), the ‘weight’ matrix (P) and the misclose vector (b) will have data from
multiple epochs.

I:H.";l-l g r"}?-l ™
Ag by

A, =+  } b, = -
A,/ Wb,/

where m is the number of observations.
3.2 Deformation monitoring solution

This deformation monitoring solution provides the statistical testing for deformation testing. It
uses the method described in Harvey (2006, pg, 293) for finding the stability of the
monitoring point. Mathematically this unit follows the same principle as the previous section,
however the difference is that instead of using one epoch at atime, two epochs (1% epoch as
reference and latest epoch) of data are used for the least squares adjustment to ensure that
systematic biases will be reduced. Thisis also necessary for devel oping the standard deviation
as well as the relative error élipse of the distance between the positions generated by the
reference epoch and latest epoch datasets. Further details on deformation monitoring methods
can be found in Harvey (2006), and flow charts of the least squares adjustment as well as
deformation monitoring solution can be found in Choudhury et a. (2009).
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4. SYSTEM ARCHITECTURE OF THE LOCATA DEFORMATION MONITORING
SYSTEM (LDMYS)

The prototype LDMS is comprised of four fundamental parts, namely data acquisition, quality
control and validation, position solution through carrier phase differential correction,
deformation monitoring unit and data management.

4.1 Data acquisition

The data acquisition part has the task of collecting data from all receivers in the network. The
system consists of a number of small Locata receivers installed on the object to be monitored;
a weather station for collecting temperature, humidity and pressure measurements; and a
standard Locata network consisting of a minimum of four Locatalites. However, more
Locatalites are preferred for high precision and better network geometry. These receivers are
remotely accessible through a dedicated communication channel, including an internet dial-up
connection. Every receiver is configured to collect Locata observation data for a sufficient
amount of time, and the data will be transmitted (or collected manually) to the data
acquisition unit for post-processing.

4.2 Quality control and validation

The quality control and validation part has the task of indentifying gross errors, cycle dip
detection and correction, monitoring Locata-defined quality control checking such as
minimum signal-to-noise ratio, maximum pseudo-range and carrier phase difference,
maximum carrier phase difference between successive epochs and cluster carrier phase
differences.

4.3 Coordinate solution

The coordinate solution component provides the point coordinates using a batch least squares
estimation process (described in section 3). This component also checks for outliers using
Pope's Tau test, checks the unit variance factor and the ‘weight’ matrix of the adjusted
coordinates, checks for v/s (residuals / standard deviation of observation) for systematic
trends, and lastly outputs dilution of precision and position accuracy.

4.4 Defor mation monitoring unit

The deformation monitoring unit undertakes the statistical testing. Point movement detection
involves the LSE (described in section 3) process. However, this LSE uses both epochs
measurements for adjustment and to derive the combined variance covariance matrix (which
isrequired for computing the relative error ellipses), calculating the distances (displacements)
between the two epoch’s positions of each point and to generate the related standard
deviations. Statistically significant movement of a point is associated with the 95%
confidence interval of the displacement of points between epochs. This will be referred as the
‘statistical threshold’ for the remainder of this paper. Formulas and procedures for identifying
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the ‘statistical threshold’ are described in Harvey (2006) and USACE (2002). This unit also
outputs the error ellipse and deformation vector in the local coordinate system (east, north and
height).

4.5 Data management

The data management component stores the data for future reference as well as deformation
analysis. Figure 1 isa system diagram of the LDM S system.

Measurement from rec 1 ™ Data Quality Coordinate
acquisition »| control and »| solution
M easurement from rec 2 validation
M easurement from rec n / Data Deformation
»| Management |¢ monitoring

Figure 1. Components of the LDMS system

5. SSIMULATION AND RESULTS
5.1 Simulation setup

The primary objective of a slow structural deformation monitoring application is to detect
millimetre to centimetre-level movement. Before starting real life experiments, simulated
movement experiments were conducted at The University of New South Wales (UNSW),
Sydney, Australia, using four LocatalLites and one monitoring point. After data collection,
the LDMS was used for deformation analysis. An artificial total movement of 1 centimetre
was injected into the three components of the monitoring point’s coordinate. The LDMS
software was used for detecting simulated deformation in a Locata network. This experiment
was conducted in August 2009 at UNSW. Figure 2 is the Locata network at UNSW. In this
experiment four Locatalites were used together with one Locata receivers on known pre-
surveyed positions for one hour. The receiver was configured to output data at 2Hz and the
data definition (described in section 3.1) for each epoch defined as five seconds of
accumulated L ocata observations.
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UNSW Simulation
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Figure 2: UNSW L ocata network

5.2 Simulation results

Position solutions for the monitoring point are plotted in Figure 3 and the precision of the
point is presented in Figure 4. It can be easily observed that the horizontal component has
sub-millimetre precison where as precision of height component is between 2 to 3.5
millimetre. Simulated deformation of 1 cm has been introduced into point 1. Figure 5 shows
the standard situation when no simulated deformation is added, whereas Figure 6 presents the
effect of simulated deformation, which is movement above the statistical threshold.
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< WWWW, —e— East —#— North —— Height
= B.006; 1 3+
“ so0s \‘w
-B8 415 - T T . T -

2.

-BB.42 -

o8 421 MW‘WWW*WWWVW | g
-BB.422| 1

East

1.5
By ) P 0 80 100 120 T4
45525 - : - 1 ¥
- 4552 e
.E‘ 45515 0.5]
= sl {
43503y 0 40 60 80 100 120 140 "(.l 10 20 30 40 50 60
Epoch Epoch
Figure 3: Coordinate solution of point 1 Figure 4: Precision of point 1
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Figure 5: Point solution with no simulated deformation Figure 6: Point solution with simulated
deformation

6. EXPERIMENT AND RESULTS
6.1 Experiment setup

A deformation monitoring trial using Locata as well astotal station were also conducted at the
Tumut Pond Dam (Figure 7) near Cabramurra, NSW, Australia, where long term deformation
history is available for comparison purposes. The Tumut Pond Dam, as part of the Snowy
Mountains Scheme, collects the inflow from the Tumut River to form the Tumut Pond
Reservoir. Water is diverted through the Tooma-Tumut and the Eucumbene-Tumut tunnels to
provide the head pondage for the Tumut 1 Power Station. The dam is 86.3m high and 217.9m
long. The crest and base width are 3.7m and 29.6m respectively (Snowy Hydro Limited,
2003).

After analysing the deformation network geometry suitable for millimetre-level precision of
position components, and the Locatalites line-of-sight visibility, four Locatalites, one
receiver and a weather station were installed (Figure 8). Measurement data, including pseudo-
range, carrier phase and atmospheric data, were collected and post-processed for deformation
analysis by the LDMS. After generating 3D coordinate solutions, statistically significant
movement (i.e. deformation) was identified using the standard deformation analysis described
above.
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Figure 7: Tumut Pond Dam (Total View) Figure 8: Locatareceiver installation at Tumut
Pond Dam

Before measuring the deformation monitoring trial, a ssmulated L ocata network was designed
using the FIXIT 3 software tool (Harvey, 2006). During this simulation the Locata network
was analysed for redundancy number, error ellipse of the monitoring points and geometric
strength of the Locata network. The points are all near one plane and analysis found that
heights of the monitoring point can not be reliably determined. Figure 9 shows the geometry
of the Locata network in 2D view and the error ellipse for the monitoring point with respect to
the fixed Locatalite transmitter sites. Simulation has shown that the monitoring point’s
standard deviation would be 1.3 millimetre, and 0.8 millimetre for east and north components
respectively. The semi-magor, semi-minor and azimuth of the error ellipse would be
1.3mm, 0.7mm and 89° respectively. For this simulation it has been assumed that each Locata
observation’'s standard deviation is 5 millimetre, and that observations are uncorrelated and
not affected by systematic or gross error. Results from this simulation show that millimetre-
level precision is achievable for an experiment at the Tumut Pond Dam.

0

Figure 9: Error ellipse and standard deviation of height of the monitored point and the network plan
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6.2 Resultsand analysis

The Locata network at the Tumut Pond Dam was configured to operate for 24 hours.
However, battery power only lasted for 22 hours. To detect point movement at higher
precision, data definition for each epoch has been defined as five seconds of accumulated
L ocata observations. The coordinates of the Locatal ite transmitter sites and the height of the
monitored point were held fixed at values determined by reliable total station surveying. The
monitoring point’s position solutions are shown in Figures 10(a) and 10(b), where the
standard deviation of the east and north components are 0.4 millimetre and 0.2 millimetre
respectively. The corresponding 95% confidence levels for these values are 0.8mm and
0.4mm.
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Figure 10(a): Position solution (3D) Figure 10(b): Position solution (2D) remove the

height figure

Figure 11 presents observable movements of the monitoring point. The maximum horizontal
movement detected by LDMS was 2.5 millimetres. This horizontal movement of 2.5 mm for
this structure over a 24 hr period is reasonable. There was only a very 0.04% (i.e. 606 out of
15665 epochs) epochs with higher movement than the statistical threshold and most
importantly these are not continuous. These movements might be due to vehicle movement on
the dam. In the case of continuous movements (like Figure 6), a deformation flag would be set
for further investigation. However, this experiment was only conducted for one day, and
different trends of movements might be observed from a longer experiment (i.e. weeks,
months or years).
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A survey robot (Leica TCRP1201) was used for comparison with the Locata system. The
instrument measured horizontal and vertical angles and distances to a 25mm prism near the
Locatalite. It was used in "lock™ mode from a single setup, recording in 10 minute intervals at
a distance of 176m. Only four hours of data were available for comparison with the Locata
system. Although the system showed horizontal movement at about the 5mm level, the
standard deviation of these coordinates was at +/- 6mm and hence was difficult to compare
with Locata.

Change in epochs
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Figure 11: Position differences from the 1st epoch
7. CONCLUDING REMARKS

LDMS has been developed with the help of the mathematical models discussed in this paper.
To validate the usability of this system, simulation tests and a deformation monitoring field
trial have been conducted. Simulation test confirm the validity of the mathematical models for
Locata, and the field trial isthe real life implementation of the system/software. LDM S works
as post-processing software at this stage. In future versions, it is planned that the LDMS will
be converted to areal time deformation monitoring system.
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