
HAL Id: hal-00299500
https://hal.science/hal-00299500

Submitted on 18 Jun 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Kinematic landslide monitoring with Kalman filtering
M. Acar, M. T. Ozludemir, S. Erol, R. N. Celik, T. Ayan

To cite this version:
M. Acar, M. T. Ozludemir, S. Erol, R. N. Celik, T. Ayan. Kinematic landslide monitoring with Kalman
filtering. Natural Hazards and Earth System Sciences, 2008, 8 (2), pp.213-221. �hal-00299500�

https://hal.science/hal-00299500
https://hal.archives-ouvertes.fr


Nat. Hazards Earth Syst. Sci., 8, 213–221, 2008
www.nat-hazards-earth-syst-sci.net/8/213/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.

Natural Hazards
and Earth

System Sciences

Kinematic landslide monitoring with Kalman filtering

M. Acar, M. T. Ozludemir, S. Erol, R. N. Celik, and T. Ayan

Istanbul Technical University, Division of Geodesy, Istanbul Turkey

Received: 25 October 2007 – Revised: 18 January 2008 – Accepted: 13 February 2008 – Published: 13 March 2008

Abstract. Landslides are serious geologic disasters that
threat human life and property in every country. In addi-
tion, landslides are one of the most important natural phe-
nomena, which directly or indirectly affect countries’ econ-
omy. Turkey is also the country that is under the threat of
landslides. Landslides frequently occur in all of the Black
Sea region as well as in many parts of Marmara, East Ana-
tolia, and Mediterranean regions. Since these landslides re-
sulted in destruction, they are ranked as the second important
natural phenomenon that comes after earthquake in Turkey.
In recent years several landslides happened after heavy rains
and the resulting floods. This makes the landslide monitoring
and mitigation techniques an important study subject for the
related professional disciplines in Turkey. The investigations
on surface deformations are conducted to define the bound-
aries of the landslide, size, level of activity and direction(s)
of the movement, and to determine individual moving blocks
of the main slide.

This study focuses on the use of a kinematic deformation
analysis based on Kalman Filtering at a landslide area near
Istanbul. Kinematic deformation analysis has been applied
in a landslide area, which is located to the north of Istanbul
city. Positional data were collected using GPS technique.
As part of the study, conventional static deformation analysis
methodology has also been applied on the same data. The
results and comparisons are discussed in this paper.

1 Introduction

Landslide is a major type of natural hazards killing or injur-
ing a large number of individuals and creating very high costs
every year. So, deformation measurements on landslides are
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today a very important task in engineering geodesy (Haber-
ler, 2004; Haberler-Weber, 2005).

The understanding of the behaviour of landslides and the
identification of their possible triggering effects (seismic, hy-
drological) usually requires a good knowledge of the surface
and subsurface kinematics of the sliding landmasses. Fur-
thermore, the mitigation of the landslide risks requires the
establishment of monitoring systems which can detect early
indications of rapid, catastrophic failures, and enable effec-
tive stabilization measures. The study of the kinematics of
landslides and their monitoring are usually based on geotech-
nical and geodetic methods (Stiros et al., 2004).

Turkey is a country under the risk of landslides. In recent
years several landslides happened after heavy rains and the
resulting floods. This makes the landslide monitoring and
mitigation techniques an important study subject for the re-
lated professional disciplines in Turkey.

In the periphery of Istanbul, which is a metropolis with
a population of more than 10 million, there are also some
landslide regions. The area considered in this study is one of
these landslide regions located nearby Gürpinar village that
is to the northwest of Istanbul. In the area, without doing
proper geotechnical investigations some buildings, mostly
weekend houses have been built. But after the construction
work had completed, many damages on the constructions
took place as a result of the landslides. In order to investigate
the effects of landslides in and around the settlement area, a
multidisciplinary project has been realised. Throughout the
project geotechnical investigations and geodetic deformation
measurements and analysis were done (Acar et al., 2003).

According to the geotechnical investigations, excluding
the artificial disturbance of natural equilibrium, the reason of
soil movements depends upon the changes in conditions re-
lated to underground water, seismic forces arising after earth-
quakes and the decrease in sliding strength in fissured (capi-
lar fissures) and heavily consolidated clays. The area where
the study was carried out is an old landslide region where
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Fig. 1. The landslide model of the B̈uyükçekmece region (Altan et al., 1994).

slope equilibrium was formed gradually. As a result of move-
ments in the form of small-sized flours due to surface water
and the settlement in the area, the equilibrium was disturbed,
causing mass movements (Fig. 1). In order to prevent soil
movements, drainage was performed (Acar et al., 2004; Al-
tan et al., 1994).

As seen from the pictures in Fig. 2, following the land-
slides there were severe damages on the buildings.

The landslide monitoring project was carried out to iden-
tify the characteristics of the landslides and their potential
risks in the study area. The geodetic measurement campaigns
consist of two phases. In the first part of the monitoring, ter-
restrial geodetic observations were done in 6 epochs between
1990 and 1991. By the time, some network points were lost.
In the second phase, the remaining network points were mea-
sured using the GPS technique in 4 epochs between 1996 and
1998. The results of the terrestrial works had been published
before (Altan et al., 1994). In this study, only the campaigns
with GPS observations are evaluated.

As part of landslide monitoring, different deformation
analysis algorithms have been applied so far. In this study,
a deformation analysis procedure that has been carried out
through a kinematic deformation model based on Kalman fil-
tering technique is discussed.

The kinematical motion model, in which GPS derived sta-
tion coordinates are taken as input values has been evaluated
by Kalman filtering technique and motion parameters of net-
work stations have been determined.

Then movement determination was made with static and
kinematical models. Only moved points and movement
quantities were determined with static model. In addition
to the point positions, velocities and accelerations of point
positions were also determined with kinematical model be-
ing a time dependent function using Kalman-Filter technique
(Yalçinkaya, 2003).

In the following sections, deformation analysis procedure
and numerical applications are given.

2 Deformation analysis with S-transformation

In geodetic adjustment, a constrained network adjustment
procedure is applied when the datum parameters are known
in advance. In order to determine these parameters in ad-
vance, some coordinate and measurement values are consid-
ered as errorless. Since these values contain errors, it is clear
that the results of the adjustment would also contain errors.
In case of the constrained network adjustment, the measure-
ments would also be affected with these constraints. There-
fore the post-adjustment cofactor matrix does not contain real
information regarding the inner accuracy of the network. In
addition point errors get higher when getting further from
the known points. Because of these reasons, in the networks
established for deformation monitoring, free network adjust-
ment procedure is chosen.

Free network adjustment reflects the inner accuracy of the
network more realistically and also its external parameters
do not depend on certain assumptions. The disadvantageous
character of constrained adjustment is removed by the ap-
plication of free network adjustment, in which the external
parameters of the network are computed through the adjust-
ment computations (Tanir, 2000).

For the application of deformation analysis in geodetic
networks and for inter-comparison between their accuracies,
the regarding parameters to be compared should be deter-
mined in the same datum. The datum consistency of geode-
tic networks measured and computed in different periods can
be achieved by S-transformation without performing another
adjustment procedure. Moreover the displaced points in the
network can also be determined through S-transformation
(Demirel, 1987; Denli, 1998; Dǒganalp et al., 2005; Erol
and Ayan, 2003; Erol et al., 2005; Inal and Ceylan, 2002).
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Fig. 2. Photos from project area.

S-Transformation from datumk to datumj can be done by
the following formulae.

xj = Sjx
k (1)

Qj
xx = Sj Qk

xxST
j (2)

wherexj andxk are the coordinate vectorsj andk, Sj trans-

formation matrix,Qj
xx andQk

xx are cofactor matrices.

Sj = I − G
(

GTEj G
)−1

GTEj (3)

whereEj is the datum determiner matrix of which diagonal
elements are 1 for the datum determiner points and 0 for the
other points.;I is the identity matrix; andG is the matrix con-
taining the conditions for a free network to allow for the com-
putation of the coordinates (Illner, 1983 and 1985; Niemeier,
1985; Welsch, 1993; Denli, 2004; Erol et al., 2005; Inal and
Yi ǧit, 2006).

GT =





















1 0 0 · · · 1 0 0
0 1 0 · · · 0 1 0
0 0 1 · · · 0 0 1
0 −z10 y10 · · · 0 −zm0 ym0

z10 0 −x10 · · · zm0 0 −xm0
−y10 x10 0 · · · −ym0 xm0 0
x10 y10 z10 · · · xm0 ym0 zm0





















(4)

wherexi0, yi0, and zi0 (i=1,. . . ,m) are the coordinates re-
lated to the geometric weight centre of the stable block de-
fined by the matrixE. The network hasm points (Denli,
2004).

2.1 Global test through S-transformation

After the evaluation of the measurements made in different
periods, the global test includes only the network sections
covered by the identical points. The coordinates of network
points based on the measurements collected at two different
periods, i.e.tj andtk, can be given as follows:

xk =
[

xk
c

xk
a

]

(5)

wherexk
c andxk

a are coordinates of datum and non-datum
points at periodk, respectively.

Qk
xx cofactor matrix of parameter vectorxk can be written

as follows:

Qk
xx =

[

Qk
cc Qk

ca
Qk

ac Qk
aa

]

(6)

Transformation from datumk to j with the help ofEj ma-
trix and positioning of the network with respect to the datum
points are accomplished by the following formulae:
[

x
j
c

x
j
a

]

= Sj

[

xk
c

xk
a

]

(7)

Qj
xx =

[

Qj
cc Qj

ca

Qj
ac Qj

aa

]

= Sj Qk
xxST

j (8)

These computations are done separately for each period.
Global test for the coordinates of datum points and their co-
factor matrix at datumj is performed as follows:

H0 : E(x
j
c )1 = E(x

j
c )2 (9)

dc = (x
j
c )2 − (x

j
c )1 (10)

(Qdd)c =
(

Qj
cc

)

1
+

(

Qj
cc

)

2
(11)

Rc = dT
c (Qdd)+c dc (12)

If the degree of freedom ofRc is shown ashc=uc−d, then,

s2
0 =

fks
2
0k + fj s

2
0j

fk + fj

(13)

T =
Rc

s2
0hc

(14)

If the test valueT is greater then the critical value, i.e. if
T >Fhc,f,1−α, then there are significant deformations in the
common points. The next step is then localisation of these
deformations (Erol and Ayan, 2003; Erol et al., 2005; Denli,
1998).
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2.2 Investigation of significant point displacements by S-
transformation

The next step after the failing of global test is to determine
which points have deformations. Considering that each da-
tum point has moved, sub-vectorxk

c containing the coordi-
nates of common points in the parameter vectorxk, which
are determined through free adjustment at datumk, is par-
titioned into sub-vectors ofxk

h
, which contains point coordi-

nates of a possibly moving point, andxk
s containing the other

common points that are assumed to be fixed. Since vector
xk

a contain the other parameters regarding the non-common
points and other unknowns,xk vector andQk

xx cofactor ma-
trix can then be arranged as follows (Denli, 1998; Inal and
Ceylan, 2002):

xk =





xk
s

xk
h

xk
a



 (15)

Qk
xx =





Qk
ss Qk

sh Qk
sa

Qk
hs Qk

hh Qk
ha

Qk
as Qk

ah Qk
aa



 (16)

The network measured in a timet should be positioned with
respect to the points, of which coordinates are inxk

s and
assumed to be fixed. Denoting this datum byj , the S-
transformation given in Eqs. (1) and (2) is performed.

The null hypothesis for the points assumed to be fixed is
given below:

H0 : E(x
j
s )2 = E(x

j
s )1 (17)

For testing the null hypothesis, with respect to the Eqs. (9),
(10), (11) and (12), coordinate differencesds , their cofac-
tor matrix (Qdd)s and the increase value for residuals in
quadratic formRs can be given as follows:

ds = (x
j
s )2 − (x

j
s )1 (18)

(Qdd)s = (Qj
ss)1 + (Qj

ss)2 (19)

Rs = dT
s (Qdd)s

+ds (20)

The procedure given in Eqs. (15) to (20) is repeated for each
point inxk

c vector. The point that has the minimumRs value
is tested.

Test value for the point with minimumRs value is com-
puted as follows.

T =
(Rs)min

s2
0hs

(21)

If the test value is greater than the critical value,Fhs ,f,1−α,
the displacement of this point is considered as statistically
significant. This point is then excluded from the datum points
and included in vectorxk

a , which contains non-common
points. The process, given in Sect. 2.2, is repeated for the re-
maining datum points. Investigation on other moving points
is kept going on until no significant movement is detected
(Demirel, 1987; Denli, 1998; Inal and Ceylan, 2002).

3 Kinematic deformation model

Kalman filtering is an optimal estimation method to analyse
a dynamic system and was developed in early 1960s (Celik et
al., 2006). In addition, Kalman filtering is an important tool
for deformation analysis combining information on object
behaviour and measurement quantities (Kuhlmann, 2003).
The intention of kinematic models is to find a suitable de-
scription of point movements by time functions without re-
garding the potential relationship to causative forces. Poly-
nomial approaches, especially velocities and accelerations,
and harmonic functions are commonly applied (Welsch and
Heunecke, 2001).

A time-dependent 3-D kinematic model that contains po-
sition, velocity and acceleration can be expressed by the fol-
lowing formula:

X
(k+1)
j = X

(k)
j + (tk+1 − tk) vxj +

1

2
(tk+1 − tk)

2axj

Y
(k+1)
j = Y

(k)
j + (tk+1 − tk) vyj +

1

2
(tk+1 − tk)

2ayj (22)

Z
(k+1)
j = Z

(k)
j + (tk+1 − tk) vzj +

1

2
(tk+1 − tk)

2azj

whereX
(k+1)
j , Y

(k+1)
j , Z

(k+1)
j : coordinate of pointj at time

(tk+1) period
X

(k)
j , Y

(k)
j , Z

(k)
j : coordinate of pointj at time (tk) period

vxj , vyj , vzj : velocities ofX, Y,Z coordinates of pointj
axj , ayj , azj : accelerations ofX, Y,Z coordinates of pointj
k=1, 2, . . . ,i (i: measurement period number)
j=1, 2, . . . ,n (n: number of points)

Kalman filtering technique is employed for the predic-
tion of present state vector using state vector information of
known motion parameters at periodtk and the measurements
collected at periodtk+1. The state vector of motion param-
eters consists of position, motion and acceleration variables.
The motion and acceleration parameters are the first and the
second derivations of the position with respect to time. The
matrix form of the motion model used for the prediction of
motion parameters by Kalman filtering technique in 3-D net-
works can be given as follows:

Ȳk+1 =





























x

y

z

vx

vy

vz

ax

ay

az





























k+1

=





I I (tk+1 − tk) I (tk+1−tk)2

2
0 I I (tk+1 − tk)

0 0 I

































x

y

z

vx

vy

vz

ax

ay

az





























k

(23)

Ȳk+1 = Tk+1,k Y−
k (24)

whereȲk+1: prediction status (position, velocity, accelera-
tion) vector atti periodtk+1
Y−

k
: state vector at timetk
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Table 1. Results of static model between March 1997–October 1997 and April 1998.

March 1997–October 1997 March 1997–April 1998

Displacements Displacements

Point Number dx (cm) dy (cm) dz (cm) Decision dx (cm) dy (cm) dz (cm) Decision

3 −0.87 −0.67 −0.52 Stable 0.50 0.20 0.53 Stable
4 −0.36 −0.08 −0.04 Stable 0.17 0.09 0.14 Stable
9 −3.03 0.05 1.52 Unstable 0.60 −10.07 2.94 Unstable

185 1.65 0.07 −0.04 Stable 0.22 −0.86 0.34 Stable
1296 1.29 0.95 0.54 Stable 0.44 −1.22 −0.53 Stable
1896 1.40 −3.57 −4.75 Unstable 3.19 −10.87 −13.37 Unstable
1996 24.67 −22.88 −24.99 Unstable 115.80 −111.70 −114.37 Unstable
2296 0.16 0.80 −2.04 Stable −1.02 −1.05 −0.78 Stable
2396 50.98 −44.04 −25.05 Unstable 368.08 −364.26 −201.37 Unstable
2496 29.11 −27.57 −25.43 Unstable 150.21 −148.34 −140.60 Unstable
2796 0.30 −0.21 −0.22 Stable −0.40 −0.13 0.22 Stable
2996 0.16 1.62 0.05 Stable −0.88 −0.49 −0.90 Stable
5005 0.93 0.95 0.79 Stable −0.58 −0.22 −0.67 Stable

Tk+1,k : transition matrix from timetk to tk+1
I : unit matrix

Equation (24) is the basic prediction equation of Kalman
Filtering (Acar et al., 2003; Yalçinkaya and Bayrak, 2003;
Yalçinkaya and Bayrak, 2005). The system noise is consid-
ered as the noise matrixS that consists of the terms of the
last column given in Eq. (24).

Ȳk+1 = Tk+1,k Y−
k + Sk+1,k + αk (25)

QȲȲ,k+1=Tk+1,k QY−Y−, k TT
k+1, k+Sk+1,k Qww,k ST

k+1,k(26)

whereαk: the random noise vector between periodstk+1 and
tk
QY−Y−,k : the cofactor matrix of state vector at timetk
Qww,k : the cofactor matrix of system noises at timetk

The random noise vectorα is uncertain and as a rule it
cannot be measured. Therefore, forα, pseudo observation
vector can be used asα=0. The effect of noise on positions
can be determined from former experiences. Its effect on the
motion and acceleration, however, can be hardly predicted
(Acar et al., 2004; Yalçinkaya and Bayrak; 2002).

The residual vector for the observations at periodk+1 is
formed as follows:

lk+1 + vl,k+1 = Ak+1Y
−
k+1 (27)

lk+1: measurements at timetk+1
vl,k+1: residuals
Ak+1: coefficients matrix
Y−

k+1: state vector at timetk+1

The matrix form of functional and stochastic models of
Kalman filtering technique can be obtained by combining

Eqs. (25) and (27) as follows (Acar et al., 2003; Acar et al.,
2004; Yalçinkaya, 2003; Yalçinkaya and Bayrak, 2005):

[

Ȳk+1
lk+1

]

=
[

I
Ak+1

]

Y−
k+1 −

[

vȲ ,k+1
vl,k+1

]

,

Qi =
[

QȲȲ, k+1 0
0 Qll ,k+1

]

(28)

By this model, motion parameters and cofactor matrix are
computed. Kalman gain matrix is given as follows:

Gk+1 = QȲȲ, k+1AT
k+1(Qll ,k+1 + Ak+1QȲȲ, k+1AT

k+1)
−1

= QȲȲ, k+1AT
k+1D−1

k+1 (29)

Using the equations above, innovation vectordk+1, state vec-
tor filtered at timetk+1; Y−

k+1, predicted state vector;vȲ ,k+1,
residual vector of observations at timetk+1 can be computed
by the following equation:









dk+1
Y−

k+1
vȲ , k+1
vl, k+1









=









−Ak+1 I
I − Gk+1Ak+1 Gk+1
−Gk+1Ak+1 Gk+1

Qll ,k+1D−1
k+1Ak+1 −Qll ,k+1D−1

k+1









[

Ȳk+1
lk+1

]

(30)

Actually, the filtering phase is based on classical least squares
adjustment. The most important difference from the clas-
sical adjustment procedure is that, contrary to the classical
approach, in the filtering the number of observations can
be less than the number of unknowns. Through the filter-
ing, adjusted values of state unknowns are computed using
weighted combination of measurements and a priori estima-
tions (Acar et al, 2004; Yalçinkaya and Bayrak, 2002).
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Table 2. Movement parameters determined with Kinematic Model between March 1997 and October 1997.

March 1997–October 1997

Displacements Decision Velocities (cm/month) Decision

Point Number dX (cm) dY (cm) dZ (cm) X Y Z VX VY VZ aX aY aZ

3 −0.90 −0.44 −0.44 – – – −0.04 −0.02 −0.03 – – –
4 0.07 −0.12 0.22 – – – −0.03 −0.01 −0.02 – – –
9 −2.60 −0.11 1.75

√
–

√
–0.28 0.03 0.38 – –

√

185 0.67 0.16 0.04 – – – 0.00 0.01−0.03 – – –
1296 0.68 0.28 0.69 – – – 0.02 0.02 0.03 – – –
1896 2.19 −3.02 −4.05

√ √ √
0.27 −0.44 −0.61

√ √ √

1996 25.14 −22.04 −23.31
√ √ √

3.58 −3.15 −3.33
√ √ √

2296 −0.13 −0.07 −0.46 – – – 0.03 0.01 0.01 – – –
2396 49.65 −43.40 −25.07

√ √ √
7.12 −6.20 −3.56

√ √ √

2496 28.54 −27.93 −25.49
√ √ √

4.13 −3.97 −3.59
√ √ √

2796 0.00 0.25 0.12 – – – 0.02 0.01 0.02 – – –
2996 0.30 0.44 0.51 – – – 0.06 0.04 0.08 – – –
5005 0.46 0.17 0.79 – – – −0.02 −0.01 −0.01 – – –

Table 3. Movement parameters determined with Kinematic Model between March 1997 and October 1997 and April 1998.

March 1997–October 1997–April 1998

Displacements Decision Velocity Unknowns Decision Acceleration Unknowns Decision
(cm/month) (cm/month2)

Point Number x (cm) y (cm) z (cm) x y z vx vy vz vx vy vz ax ay az ax ay az

3 0.51 0.50 0.64 – – – 0.07 0.05 0.05 – – – 0.00 0.00 0.00 – – –
4 −0.66 −0.53 −0.41 – – – −0.05 −0.03 −0.04 – – – 0.00 0.00 0.00 – – –
9 1.79 −9.68 4.41

√ √ √
0.91 −1.50 0.01

√ √
– 0.09 −0.12 −0.03

√ √
–

185 0.50 −0.03 0.19 – – – −0.01 −0.01 0.00 – – – 0.00 0.00 0.00 – – –
1296 0.39 −0.25 −0.04 – – – −0.02 −0.03 −0.05 – – – 0.00 0.00 0.00 – – –
1896 4.08 −9.99 −11.98

√ √ √
0.03 −0.64 −0.64 –

√ √
−0.02 −0.02 0.00 – – –

1996 116.99 −111.09 −112.21
√ √ √

10.49 −10.55 −10.36
√ √ √

0.53 −0.57 −0.54
√ √ √

2296 0.06 −0.03 0.19 – – – 0.02 0.01 0.04 – – – 0.00 0.00 0.00 – – –
2396 367.96 −364.20 −201.41

√ √ √
41.88 −43.15 −23.54

√ √ √
2.68 −2.84 −1.54

√ √ √

2496 150.95 −148.32 −140.26
√ √ √

14.67 −14.52 −14.14
√ √ √

0.81 −0.81 −0.81
√ √ √

2796 0.58 0.72 0.66 – – – 0.04 0.03 0.04 – – – 0.00 0.00 0.00 – – –
2996 0.02 0.18 0.23 – – – 0.00 −0.01 0.00 – – – 0.00 0.00 0.00 – – –
5005 −0.38 −0.26 0.10 – – – −0.05 −0.03 −0.04 – – – 0.00 0.00 0.00 – – –

4 Numerical application

In order to determine the point displacements in the landslide
area, a deformation network consisting of 13 points was set
up. The control points were established in stable areas out
of the landslide region. The locations of the deformation
points were determined according to the geotechnical inves-
tigations in the landslide region. The geodetic measurements
used in the project were GPS measurements that were carried
out in four periods between July 1996 and April 1998. In
this study, the measurements of periods March 1997, Octo-
ber 1997 and April 1998 have been evaluated. The GPS data
was collected in rapid static mode using 6 Leica SR399 and

4 Trimble SSI receivers. In all periods 2 sessions of GPS ob-
servations (10 min at each point) were realised. The data has
been processed using commercial Leica SKI-Pro software.
The measurements in each period have been adjusted through
free network adjustment procedure and their adjusted values
and variance-covariance matrix have been computed (Acar et
al., 2003).

As a first step, a static deformation analysis was carried
out through the evaluation of adjusted coordinates and their
variance-covariance information. In the analysis of all peri-
ods, Codeka3D deformation analysis software was used. The
results are given in Table 1.
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Fig. 3. Horizontal displacements by kinematic model between
March 1997 and March 1998.

As seen from the results, significant displacements in the
positions of 5 points have been detected. Out of these points,
point 2396 has the largest displacements in its coordinate
components.

In the second part of the study, the kinematic deforma-
tion analysis procedure based on Kalman filtering technique
as described in the previous section has been applied. By
the application of this model, not only the point displace-
ments but also the motion parameters of network points have
been computed. Afterwards, it has been tested whether or not
the obtained results are statistically significant. If parameters
have significantly changed in kinematical model, a “

√
” sign

is given in Table 2 and 3, otherwise a “−”sign.

Table 2 shows the results of kinematic deformation anal-
ysis for the period between March 1997 and October 1997.
The results are almost identical with the static analysis re-
sults given in Table 1. In Table 3, the results of kinematic
analysis for the period between March 1997 and March 1998
are given. In these tables, point displacements, velocities and
accelerations are given. Figures 3 and 4 show horizontal and
vertical displacements in the period between March 1997 and
March 1998, respectively.

According to the results given above, kinematic model
yields almost identical results with the static deformation
analysis. However, additional parameters, i.e. time depen-
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Fig. 4. Vertical displacements by kinematic model between March
1997 and March 1998.

dent motion parameters, have also been computed by the ap-
plication of kinematic deformation analysis.

5 Conclusions

In this study, a kinematic deformation analysis procedure
based on Kalman filtering technique has been applied on a
data set collected in a landslide area by GPS. In addition to
this technique, the data has also been analyzed by static de-
formation analysis. Two different approaches yielded identi-
cal results. However, the kinematic model has some clear ad-
vantages. For example, in kinematic model time dependent
motion parameters of each point can be determined. Step-
wise computation of motion parameters eases the control of
the computations and the interpretation of the results.

It is obvious that, for the computation of motion parame-
ters or in other words for modelling the motion, more mea-
surements are required. This is actually the main drawback
of kinematic deformation model approach. In this study,
in order to overcome this problem, Kalman filtering tech-
nique has been conducted for the computation of motion
parameters. The main advantage of Kalman filtering tech-
nique is that it requires less measurement period. However,
since the Kalman filtering technique employs prediction, the
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kinematic behaviours should not be extended unlimitedly by
extrapolation.

The study area discussed in this paper is a landslide area
where a multi-disciplinary project had been conducted. The
project partners are geodesists, civil engineers and earth sci-
entists. However, this study focused only on the geodetic
deformation monitoring process. It is clear that, through the
combination of different data sets, a more realistic deforma-
tion model for the landslides would be produced.

Following the landslide monitoring project, many build-
ings in the landslide area were destroyed. In addition, some
preventive measures were taken in and around the landslide
area. The authorities do no longer give building permission
in the study area.
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Acar, M., Özlüdemir, M. T., Çelik, R. N., Erol, S., and Ayan, T.:
Landslide Monitoring Through Kalman Filtering: A Case Study
in Gürpinar”, XXth ISPRS Congress, Istanbul, Turkey, 12–23
July 2004, Vol. VII, 682–685, 2004.

Altan, M. O., Ayan, T., Deniz, R., Tekin, E., and̈Ozüer, B.: Deter-
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