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Abstract: The real-time mobile or permanent multi-sensor system GOCA (GNSSLPSLS based
Online Control and Alarm System) applies GNSS, terrestrial local positioning sensors (LPS), such
ase.g. total stations and leveling instruments, and additionally local sensor (LS), such ase.g. strain-
sensors or inclinometers, for a deformation monitoring and analysis. GOCA may be set up as an
early-warning-system for natural hazards e.g. landslides, for the monitoring of geotechnical struc-
tures, e.g. mining and tunneling activities, and for constructions and buildings monitoring, e.g.
dams. The GOCA system consists of GNSS, LPS and LS sensors, which are set up in the moni-
toring area as a permanent array or as a mobile monitoring system, and the GOCA software compo-
nents. The first software component is the so-called GOCA hardware-control and communication
module, which collects the GNSS, LPS and LS data. Presently the hardware-control and communi-
cation software DC3©DrBertges and MONITOROGeoNav_Trimble are available. They provide
the sampled sensor data in a well-defined data-interface format, the so-called GKA format, and pro-
vide it to the second software component, the GOCA deformation-analysis software. The GOCA
deformation-analysis software is responsible for the further processing of the GNSS- and LPS-data
in a three steps sequential adjustment procedure. The 1% step initializes the monitoring reference
frame — the coordinates and covariance matrix — consisting of stable reference points. The 2" and
3 step comprise the geo-referencing of the three-dimensional object-point coordinates in the refe-
rence frame, and the simultaneous deformation analysis. Both least squares and robust techniques
(L1-norm and M-estimators) are applied. The deformation analysis step comprises an online-displa-
cement estimation and a Kalman-filtering for the estimation of the object-point state vector of dis-
placements, velocities and accelerations, and additional statistical testing and alarm settings. With
respect to the deformation monitoring in geo-techniques and structures the further development of
the mathematical model deals with the integration of both, additional parameters (e.g. material para-
meters, safety-critical damage models) as well as of further, so-called local sensors (e.g. strain-/
stress-sensors), by means of a so-called system anaysis. Respective FEM-based approaches for sta-
tic and dynamic processes and the integration of the approaches are treated in the GOCA system
context. The mathematical model of the FEM based system analysis approach is appropriate for the
evaluation of an optimal sensor configuration on leading the model back to the classical 1% and 2™
order design problem of geodetic network optimization.

1. Introduction

The sensor hardware of the GOCA system may consist of GNSS sensors, terrestrial local
positioning sensors (LPS), such as e.g. total stations and leveling instruments and additionally local
sensors (LS), such as eg. strain and stress sensors. As concerns the use of the GOCA-system in
practice t is referred to [1], [4], [5], [6], [8], [9] and www.goca.info. The GNSS and LPS sensor
data are provided by a hardware-control- and communication module and a respective data
interface. The observations | derived form that data are used in order to set up a classical geodetic
deformation network, as defined in [15] in terms of a permanent online adjustment. A classical
geodetic deformation network consists of a stable reference framexg , which is set up by the ad-

justed coordinates of the reference points and moving object-point positions Xq(t) (fig. 1). Thisis
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done in the subsequent 1% and 2™ adjustment step by the GOCA deformation analysis software. By
fulfilling the tasks of a classical so-called deformation network the GOCA deformation analysis
software gives its first priority to use the adjusted time series X (t) for a further estimation of the
state vectors of the three-dimensional displacement, velocity and acceleration ug(t), éio(t) and
& o (t) of the object pointsin the deformation analysis, asthe 3" step of the GOCA deformation ana-

lysis software. Here the online displacement estimation and the Kalman-filtering are based on least
squares or robust estimation procedures, and they are the most relevant and powerful deformation
process estimators of the object-point position series X (t) based on GNSS and LPS sensor data
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Figure.1: A classical deformation network (stable reference pointsxg and moving object points
Xo(t) set up online by using GNSS and L PS sensor datain the GOCA system. With the GOCA
software several local objects can be monitored simultaneously in a unified reference frame.

The observation data I(t) of the different LS sensor types can also be treated within the displace-
ment-estimation and Kalman-filtering in the 3 deformation analysis step. In that case the dis-
placement, velocity and acceleration quantities are directly related to the state vector of the sensor
data I(t), e.g. the local inclinations. The system analysis related deformation analysis however is
appropriate to lead all sensor data (GNSS, LPS and LS) back to a common parametric adjustment
model, which contains both the displacement information u as well as additionaly the physical
parameters p of an object.
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2. Data flow and deformation analysis processing stepsin the GOCA system

The data flow and data interfaces of GOCA system are shown in fig. 2. The hardware-control and -
communication software is responsible for the sensor control and data communication in the sensor
array of a GOCA-system. The selection of the sensor types depends on the dynamics and amplitude
of the expected object point changes X (t) in time t. In accordance with the sampling theorem a

sampling rate is chosen, which corresponds to the required deformation spectrum. The questions of
sampling, re-sampling and discretization are regarded in [2]. The hardware-control-software finally
provides the sensor observations with a time stamp on every dataset in the well-defined and open
GKA data format [14], which is similar to NMEA. The GKA data is organized in different sensor
message types. The structure of the GKA-data messages is adapted to the GNSS baseline- and
session output, the LPS data standard observables (zenith angles, slope distances, directions, leveled
height differences), and the output of different types of local sensors (LS), e.g. strain- and stress-
Sensors.
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Figure 2: Data flow and deformation analysis processing steps in the GOCA system

In the case of near-online processing projects also GNSS RINEX-files can be taken from the
GNSS-sensors and transmitted to the GOCA deformation analysis software to be processed with
different GNSS-processing engines. The RINEX-processing results are leaded again back to the
GKA format. The RINEX data transfer can also be managed by the hardware-control-software.
Presently two different packages, namely MONITOR of GeoNav_Trimble and S+H Systemtechnik
(www.sh-systemtechnik.de) and GOCA_DC3 of the company DrBertges Vermessungstechnik
(www.drbertges.de) are commercially available. These hardware-control-software packages are
completed by alarm-software modules. These handle both the type of alarm messages in kind of
sensor failures and the alarm information (ALR-files), which result from the different deformation
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estimations statistical tests used for the detection of critical deformation states of the object (fig. 1).

A first task of the GOCA deformation analysis software is to evaluate the parameter estimation of a
classical deformation network ([1], [13], [15]) online. In case of GNSS- and/or LPS sensor data the
adjustment of the respective GKA data provides the adjusted absolute object-point-positions X (t)
in the 2" step of the deformation analysis procedure. The reference framexg is estimated in the 1%
step. The results X (t) and the covariance matrices Cy (t) are stored in so-called FIN-files, and
the moving average estimation result is stored in MVE-files [14]. By the estimation of the object-
point displacements ug(t), velocities 8ig(t) and accelerations ég(t) in the 3 step the GOCA
system fulfils the second task of a classical geodetic deformation analysis. The respective online
displacement and the Kalman-filtering estimation both use the output of th second step - the time
series Xp(t) - as observation input. An analogous displacement, velocity and acceleration estima-
tion with the same algorithms is based on the on the GKA-data I(t) of the local sensors (LS) as ob-
servations and leads to the estimations Dl o(t) , Do (t) and D (t) . The resuits of the displacement
and the Kalman-filter estimations are stored in so-called SHT- and KAL-files respectively. The

final task of the deformation analysis procedure in the 3 step is to set up an alarm in case of the de-
tection of significant critical parameters ug(t), 8ig(t) 8 (t) aswell asfor the state vectors Dl (1),

Dko(t), D¥(t) concerning the state vector changes of the LS array. The alarm messages are stored

in so-called ALR-files. The GOCA deformation analysis software archivates the above FIN-, MVE-
, SHT-, KAL and ALR-filesin a project-related directory stucture. These data can be visualized in
the graphics representation of the GOCA deformation analysis software, and above this it is provi-
ded as open interface for external further processing, e.g. for web-based representations, the use in
GIS and last but not least, for system-analysis related deformation approaches (chap. 4).

3. GOCA Deformation Analysis Software
3.1. Mathematical Modelling for GNSS- and/or L PS-Data and for L S-data

As shown in fig. 2, the 3" step of the subsequent adjustments of the GOCA deformation analysis
software procedure serves as deformation parameters estimation step. Observations for classica
geodetic displacement estimations is the position data (X (t) , Cx o(t) ) of the object-points geo-re-

ferenced in the frame xg (fig. 1) That means that the subsequent 1% and 2" adjustment steps con-
stitute the heart of the GOCA software with respect to the online modelling of a classical geodetic
deformation network providing absolute object-point positions and movements using GNSS and
LPS data. Independently the GKA-data (1(t), C,(t)) of local sensors (LS) can be processed by the
displacement and Kalman-filter algorithms of the 3" step, the so called geometrical deformation
anaysis ([1], [13], [16] ). The FEM-based system analysis approach presented in chap. 4 is appro-
priate to parametrize commonly all these sensor observation types, namely GNSS, LPS (including
the LPS category of terrestrial laser-scanners) and LS sensors.

3.1.1. First and Second Adjustment Step — Reference and Object Point Coor dinate and Height
Surface Transition Estimations

The deformation analysis concept implemented in the GOCA software is due to a classical geodetic
deformation analysis. That means, that for two different observation epochs t; and t;, we get the

following system of observation equations:
I(tj) + Vi =ARgi >Xgi +Agi *Xo(tj) and Cy; , (1a)

|(tj)+Vj:ARj>XRj+Aoj>Xo(tj)and C“ . (1b)
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With A we describe the design matrices of the linearized Gau3-Markov model, with | the GNSS-
and LPS-based observations and with C; their stochastical models. The stability of the reference

frame is modelled on introducing the same coordinates Xg; = Xgj = Xg for all epochs, while for the
object-points different coordinates x; and X are estimated for different epochs tjand t;, and

the stability is to be checked based on (1a,b) by strict statistical concept as described in [16]. With
respect to a discretization in time, the “epochs” tjand t; are extended to time intervals of length

DT . The adjustment intervals DT has to be equal or larger than the sensor data sampling interval
Dt. The epoch time stampst; and t;are accordingly the centres of the subsequent intervalsDT .

The GNSS- and LPS-based observations | in (1a, b) are derived from the origina GNSS and LPS
GKA-data in such a way, that a separate plan and height adjustment is to be performed at each
epoch based on the datain the interval DT . This has the advantage that the adjustment model (1a,b)
can easily be handled in the case, that the used sensor type in a GOCA-array, such as pure
hydrostatical levels, enables for example only a vertical monitoring. The observation quantities |
derived form GNSS GKA-data and used in (lab) are the 2D/1D-baseline observations
(Ax, Ay | Ah )jj. The observation quantities | derived from LPS data and used in (1a,b) are the plan

distances s;j, the directions r; and the height differences DHi;. So the partly linear and non-linear
observation equations (1a,b) for an epoch t; read asfollows[7]:

eDxij o Yol _ XU
Gy 0t 0 Fen ! (23)
€ V1llgnss €' Dvillignss €771d
— o2 ~2
Sij * Vs,; = S% DXij + DYj : (2b)
;i 0
fj +Vpy =arctan$ 1 7- o, , 29
§Dxij 5
Dhenssiij + Von,; = Dh and 2d)

—_ n A A A m A A A n
DHterr ij + VpH,ij = Sh >Ohij + (Agp +810 %X 801 ®Yi) " - (Ago +810 X +ag1 i) . (2€)

Besides the coordinate unknowns (X, ¥ | h ) of the reference points Xg and the object-points xq (fig.

1), which are set up in the GNSS-frame, the scale factors s and sy, for the plan and height compo-
nent, the orientation unknown o; for the direction measurements and the polynomial parameters

PN = (éoo,élo,ém,...)Toccur as additional auxiliary parameters. The parameters py model the
height reference surface (“geoid”) in the local object area (see www.dfhbf.de). So the monitoring of
several local objects in an extended but unique reference frame xg is enabled by different parame-

ter sets PN, PNy €tC. . These are defined by the deformation network design settings in the GOCA

deformation analysis software. The initialization, namely the 1% adjustment step, is based on a least
squares (L2-norm) free network adjustment of the GNSS- and L PS-based observations (2a-€) data
with respect to a user-defined starting epoch and initialization time interval. The initialization is ro-
bustified with respect to gross errors by an automatic iterative data snooping, including an iterative
variance-component estimation. By the aim of realizing a classical deformation network analysis on-
line, this 1% step has to precede the deformation monitoring, as it provides the network datum and
frame xR (fig.1). The 2" step in GOCA deformation analysis software is again related to (1a, b)

with respect to different extended epochs tj and t;, and is running online using the observation
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equations (2a-€) for the GNSS- and L PS data within the epochs of duration DT . This 2™ step com-
prises the permanent adjustment of the GNSS and L PS data and provides the three-dimensional geo-
referencing of the object-point positionsxq (t) (3a). The estimated adjusted object-point positions
Xo(t) and the covariance matrix Cq(t) are stored in daily FIN-files (fig.2). The reference frame co-

ordinates xg and the above auxiliary parameters (except the orientation-unknownso; ) are kept afix
parameters in the 2" step according to the results of the 1% step. The covariance matrix of these
parameters is however strictly considered in the computation of Cq(t) [16].
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Figure 3: GOCA object-point time series X (tj) asresult of the 2" adjustment step. The thick
lines show the smoothing by a moving average estimation (MVE).

3.1.2. Third Adjustment Step — Defor mation Analysis

The 3 step, namely the deformation analysis, deals with the estimation of the parameters of diffe-
rent deformation functions, and it runs online in parallel to the 2" step. The deformation parameter
estimation is related to the object-point position time-series and their covariance matrix, reading

Xo(t) and Co(t) . . (3, b)

These are used as observations for the parameter estimation in step 3. As afirst and simple object-
point related deformation function the GOCA deformation analysis software provides a moving
average estimation (MVE) including the detection of critical displacements (fig. 3). A second defor-
mation function is the online displacement estimation ([9], [14]) between different “extended
epochs” ty and t; . Extended epochs means again, that the two epochs ty and t; start at individual

timesty andt;, and have interval lengths DT, andDT; (fig. 4), e.g. one hour. The start of the first
epoch ty may be the initiaization time (1% step). Alternatively t, can be defined in the GOCA de-

formation analysis software settings (fig. 4). either by an arbitrary fixed time mark, or by a dynami-
cally moving time mark. The functional model of the object point displacement estimation reads:

dt u GVtOU eE1 Oou é)A(
é u+e ng
dtia avy u &2 Eog &ty

The two observation groups Ito and Iti and their covariance matrices are taken out of the object-
point time series information (3a,b). With v we introduce the observation corrections. To mark the
difference between the time series observations X (t) (3a) and the estimated epoch state X (tg)

we introduce in (4a,b) the sign (*) for the estimated deformation parameters. The six deformation
parameters included in y(t) are for each object point the three-dimensional adjusted epoch state

=AX with ¥ =[%(to).0(to,t)]" . (4ab)

C\C

position X :[2,9|ﬁ]tTo at the reference time ty, and the three-dimensiona displacements

0(to, tj) =[uy,uy |uh]tTO,ti dating to the second epoch starting at time t; . The design matrices E;
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and E, are column matrices composed of (3 x 3)-unit matrices for each three-dimensional point ob-
servation xq (t)in the respective epoch intervals DTy and CT; . Fig. 4 shows the GOCA-software

settings for the online displacement estimation according to (4a, b). The different settings concern
the selection of the object points, the epoch definition for the displacement estimation, the settings
for adjustment and statistical testing, and the settings for an automatic alert.
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Figure 4: Settings for the GOCA online displacement estimation and alerting.

The GOCA Kaman-Filtering as the third component for the deformation parameter estimation in
the 3" step is related to the so-called transition equation (5a) and to the state vector y(t), reading:

eiu(t)g : [D‘] hﬂ (- D)y
3&(t)3= o | [Dt] xﬁ&(t- D) and y(t) = [u(t), &(t), &) . (5ab)
QL 2 0 l 3 @a(t- Dt)H

e u

The state vector y(t) of the GOCA-Kaman-Filtering comprises the individual three-dimensional
displacements u(t), the velocities #(t) and the accelerations &(t) of the object points between subse-

quent time intervals Dt . The observations I(t) and their covariance matrices for the Kalman-filtering
(5a,b) are again set up from the object point time series (3a,b) as
u(® =xo(t) - Xo(to) : (5¢)

Again ty and tare “extended epochs’, while tg is afixed time mark in the Kalman-filtering. The

principles and concepts of the significance tests (fig. 4, right) for of the deformation parameters are
treated in [1], [2] and [16].
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3.2. Geometrical Deformation Analysisfor LS -Data

Local sensor data I(t), e.g. strain-, stress-sensors and inclinometers and the covariance matrix infor-
mation C;(t) can be used in the moving average estimation (MVE) as well as in the sophisticated

models of the online displacement estimation (4a,b) and in the Kalman-filtering (5a,b) in GOCA, in
anal ogy to the observation information and models for the absol ute object-point positions (3a,b).

3.3. Estimation principlesand Relevance of Online M onitoring Systems

The parameter estimation principle in the GOCA deformation analysis software is based on the ge-
neral concept of an M-estimation [7] with an estimation function r (vy) . It reads:

1 1

n n - = .4
ér(Vk)==ké r((C Ay - (€ 2x1- IyO)k) =Minfy . (6)
k=1 =1

Depending on estimation function r (V) , the estimated parameters y are received due to a least
o : 1 N : 1

squares estimation with r (v;) = Evi2, arobust L1-estimation with r (V;) = > | Vi |, and aweakly ro-

):?%viz " il £k

fil il >k

estimation are robust against the occurrence of gross observation errors NI . Asit isa statistical fact

that mor or less 0.3% of the observations are concerned with gross errors, the availability of a ro-

bust parameter estimation related to (6) and adequate robust estimation functions r (Vi) increases
essentialy the reliability of an online monitoring system like GOCA.

bust Huber-estimation withr (V; (fig. 4, right). The L1 norm and the Huber-

4., System Analysis— General Aspectsand Contributions of GOCA

The further development of the deformation analysis clearly shows the trend to integrate the results
of a geodetic displacement estimation (4a,b) and/or Kaman-filtering (5ab,c), namely u(t),
é(t) and &(t) aswell as geometrical or physical observations I(t) of local sensors (LS) into a com-
mon modeling ([1], [3], [11], [13], [16]). With the property that both deformation function types are
observed output signals of the physical object state a physical kind of model is needed for this
integration. Within the classification into black- grey- and white-box models, the class of Finite
Element Models (FEM) belong to the white-box category and is parametrized both by physical
parameters p and by the displacements state vectors u(t), @(t) and &(t) asthe parameters of a so-

classical so-called geometrical deformation analysis ([13],[16]). So FEM are the key for an integra-
ted modeling of geodetic displacements u evaluated online from GNSS- and LPS-sensors and LS
observations|. The FEM system equations then can be written as

F(p,u(t)  6&(t) ,&(t)) =0 (78)
While in the dynamic case - e.g. the FEM of vibrating structures - the derivatives é(t) and &(t) are
relevant ([3], [16]), the state vectors @é(t) and &(t) do not occur in the so-called static case (& ® 0).
The number of parameters p and system matrices also decreases, and we arrive at the FEM system
equation of type F(p,u) = 0. It reads

K(pk):u-f=0 . (7b)
in the case of the FEM of an élastic structure, e.g. dams ([11], [16], [18], fig.1). The characteristic
system matrix is the so-called stiffness matrix K (py ), f is the vector of external nodal-forces, and
Pk isthe vector of material-parameters of the FEM elements ([10], [11], [12], [16], [18], fig. 5)).

As extension of the FEM approach presented [11], we introduce in the following system analysis
related adjustment approach, by Dpy, an additional set of unknown FEM parameters into the
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system equations. The parameters Dp, model that kind of safety-critical parameters (e.g. local fai-
lures of the structure, such as a washout in case of an earth dam, or fissures), which are to be detec-
ted by statistical methods a part of the monitoring system. The other FEM parameters py and f are
known and introduced as direct observations, and their uncertainties are put into respective
covariance matrices. So the FEM of an object - as first part of the mathematical adjustment model
representing the system analysis approach — reads in the static case:

Ogys +Veys = 0= K (Py,Dp) ¥ and Cgs ® O , (8a)
Pk *+Vk =Pk and Cp, : (8b)
f+ve =f and Cs : (80)

As concerns the parametric FEM representation in the case of structural dynamics case, it isreferred
to [16], [12], [3] and [18]. With Cg,s ® O (8a) the system equation (7b) is set up as condition e-

quation. Alternatively (7b) could also be set up in a Kalman-filter mode together the initial observa-
tions (8a,c), whereas the GNSS, LPS and LS observations (8d-€) contribute during the online moni-

toring as observations in each filtering step. The vector 0 of the nodal-point displacements con-
cerns the FEM, and so all nodes at the objects on its surface and initsinterior (fig. 5).
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Figure 5: Finite Element Model of a Dam in the static case

Concepts for the statistical testing of the significance of the unknown parameters Dpy - sSimilar to

data-snooping — are discussed in [16] and [17]. The geodetic online displacements determined by
the GOCA system estimations (4a,b) or (5a,b,c) based on GNSS- and L PS-sensors (chap. 3.1.2) are
named here ugoca and introduced as the second component of the system analysis model reading

Ucoca *Veoca =Ng(X,y,2)’Egnss/Lps®ld and  Cy : (8d)

The rectangular matrix Egnss/ps relates the total vector G of the FEM to the three absolute
GNSS-/LPS-sensor displacements ugoca - The matrix Egnss/Lps 1S occupied with “1” at the po-
sitions of that nodal point element (fig. 5), which carries the GNSS/LPS sensor, else with “0”. The
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known so-called shape-function Ng(X,y,z) ([12], [18]) relates the nodal point displacements of the
local (surface) element (fig.5, right) to the elements inside the FEM. The equation (8d) can aso be
used with respect to position and displacements modelled from on an extension of (2a-€) to laser-
scanner data (laser-coordinates and additional transformation parameters, in principle also or raw-
data). Finally the “displacement” observations Dlg(t) from the estimated state vectors (chap. 3.2)

of local sensors (LS) are introduced into the system analysis approach. In the case of the so-called
geometric type the observation equations read

lg +Vg =lg(Ng,Eq,0) andCiy . (8e1)

Example - local straing sensor: € +Vve =L >Ng Eg >0 . (8e2)

In case of LS of the so-called “physical type” we have
Ip+Vp =1p(NE,Ep,0) and Cyp, (8f1)
Example - local stresse sensor: ¢ = D(py )L >Ng>Ep>0 . (8f2)
The matrices Egand Ej are defined ans set up in analogy toEgnss/Lps- With Ng(x,y,z) wein-

troduce again the above shape functions of the FEM element model. The matrices L and D(py)

comprise known differential operators, and the known element stiffness paramtrization ([10], [11],
[12], [18]).

The different local sensors (LS) can be located both on exterior and interior surface and even inside
the objects structure, while GNSS- and L PS-sensors are in general located at the exterior and/or in-
terior object boundaries. In this context, the mathematical model (8a-f) of the system analysis based
adjustment approach, enables and urges the application of the classical geodetic network optimiza-
tion principles. Based on the target function of an optimal sensitivity [17] for safety critical parame-
ters Dpy, the matrices Egnss/Lps, Eg and E describe the placement of a given number of

different sensors types. So the problem of optimum positions for a number of “1” in Egnss/Lpss
Eg and Ej constitutes the 1% order design problem of optimal sensor positions in geodetic monito-

ring networks and systems, and the occupation of the sensor covariance matrix the respective 2™ or-
der design problem of optimal accuracies of the sensor-types.

5. Conclusions

The 3 step network adjustment concept behind the GOCA deformation-analysis software provides a
unique geo-refercencing of the GNSS/LPS-occupied object point positions in the coordinate frame
of the reference points. The geodetic online deformation analysis of the object-point can be set up
as flexible user-defined displacement estimation or by a Kaman filter (displacements, velocities
and accelerations). Local sensor (LS) data can also be monitored by the GOCA-system in the 3"
step. Both least squares and robust estimation techniques are applied in the deformation analysis
procedures, so that a reliable setting of an alarm is enabled, in case that a critical state is reached
and proved by dtatistical testing. The evaluation of continuous time series of the objects
displacement field and of the state vector of local sensors, provided by GOCA, opens new perspec-
tives in deformation analysis and model calibration. This concerns the presented transition from the
classical geometric deformation analysis to so-called system analysis based approaches, as required
by the interests of geodesists and of other disciplines such as geodynamics, geotechnics and civil
engineering. The presented system analysis approach is also open for the 1% and 2™ order design
guestion of an optimum GNSS-/LPS and LS sensor location and precision with the target function
of an optimal sensitivity for safety critical parameters.
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