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(57) Abregé/Abstract:

The invention relates to a method of surveying movements of a terrain. The invention Is characterized by the fact that the method
comprises:

» a step of providing the raw variations (A X(PS)) of the coordinates of a plurality of survey points (PS,) situated on the terrain, and
the raw variations (ABX(DSJ.)) of the coordinates of at least one reference point (PRJ.) situated on the terrain;

« astep (S110) of determining the real variations (ARX(:’RJ) of the coordinates of said at least one reference point; and

» a step (S130) of calculating corrected variations (A-X(PS,) of the coordinates of the survey points, performed on the basis of the
raw variations of the coordinates of the survey points, of the raw variations of the coordinates of said reference point, and of the real
variations of the coordinates of said reference point.
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ABSTRACT

The invention relates to a method of surveying
5 movements of a terrain. The i1nvention 1s characterized
by the fact that the method comprises:

a step of providing the raw variations (AX(PS,))
of the coordinates of a plurality of survey points (PS;)
situated on the terrain, and the raw variations (AgX(PR;))

10 of the coordinates of at least one reference point (PRj)
situated on the terrain;

a step (S110) of determining the real variations

(ATX(PRj)) of the coordinates of said at least one

reference point; and

15 - a step (S130) of calculating corrected variations
(AX(PS;)) of the coordinates of the survey points,
performed on the basis of the raw variations of the
coordinates of the survey points, of the raw variations
of the coordinates of said reference point, and of the

20 real varlations of the coordinates of said reference

point.
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METHOD FOR MONITORING MOVEMENTS OF GROUND

Background of the invention

The present invention relates to the field of
surveying movements of terrain, such as a landslide, a
collapse, a vertical deformation of the terrain, or any
other type of terrain movement.

It is necessary to survey terrain movements 1n
particular in order to prevent damage to a building or to
engineering work built on terrain where work is taking
place.

Such a movement of terrain may also be due to work
being carried out underground in the terrain.

For example, a terrain may have a tendency to
collapse during construction of an underground work, such
as a tunnel or foundation, for example.

Traditionally, terrain movements are surveyed by
using one or more theodolites that sight survey targets
arranged on the terrain or on the work that it is desired
to survey.

More recently, attempts have been made to use
satellite 1mages for surveying the movements of survey
points located on the terrain.

To do this, an interferometric study is carriled out
on the basis of a plurality of radar images of the
terrain and a digital terrain model (DTM) of the terrain
that is to be surveyed, it being specified that such data
is easily available commercially.

During the study, a plurality of survey points
situated in the terrain are selected. Nowadays there
exist several algorithms for selecting survey polnts that
have the feature of being clearly visible 1n radar
images.

The survey points are thus selected so as to return
to the satellite an echo of intensity that is sufficient
to be seen on each pass of the satellite.

Point interferograms are then calculated.
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The result of the interferometric study thus makes
it possible, for the zone under study, to obtain a list
of survey points, their raw coordinates, and also the raw
variation in their coordinates.

However, it is known that those results are
generally noisy and of variable quality. 1In other words,
the raw coordinates and the raw variations of the
coordinates as obtained by that method are found to Dbe
relatively inaccurate and therefore difficult to make use

of 1n their current state.

Object and summary of the invention

An object of the present invention is to provide a
method of surveying terrain movements that provide better
accuracy.

The invention achieves this object by the fact that
the survey method comprises:

a step of providing the raw variations of the
coordinates of a plurality of survey points situated on
the terrain, and the raw variations of the coordinates of
at least one reference point situated on the terrain;

a step of determining the real variations of the
coordinates of said at least one reference point; and

a step of calculating corrected varilations of the
coordinates of the survey points, performed on the basis
of the raw variations of the coordinates of the survey
points, of the raw variations of the coordinates of sald
reference point, and of the real variations of the
coordinates of said reference point.

In the invention, a reference point is a point for
which coordinate variations are accurately known. These
accurately known variations are therefore referred to as
nreal" variations, in contrast to "raw" variations, which
are coordinate variations that are known to be

lnaccurate.
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"Raw" variations correspond particularly but not
exclusively to variations obtained from an
1interferometric study as described above.

A "real" variation may be determined by topography
using one or more theodolites. Preferably, use 1s made
of a plurality of reference points.

It 1s also specified that the present invention 1s
strictly 1ndependent of the algorithm used for obtaining
the raw variations of coordinates.

It should be added that the raw variations may come
from data other than satellite data.

The raw coordinate variations are preferably
provided periodically at a plurality of instants, these
instants together constituting the duration of the study.
The real variations of the coordinates of the reference
points are determined at each of these instants.

Advantageously, the method of the invention also
further comprises a step of determining the corrected
temporal variation of at least one of the coordinates of
at least one of the survey points.

In a preferred implementation, the corrected
temporal variliation of at least one of the coordinates of
at least one of the survey polints 1s the corrected
variation of the altitude of said survey point.

It can thus be understood that the present i1nvention
makes it possible to represent the variation in altitude
of the plurality of survey points. More precisely, the
survey points are visualized by using the mean amount of
movement of each survey point during the study period.

Advantageously, the survey method of the invention
further includes a representation step of representing
sald temporal variation. In the meaning of the
invention, this representation may be in the form of a
data table, graphs, animations, contour lines, or in any
other form of representation that enables an operator to
become aware of the corrected variation over time of said

coordinates.
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Advantageously, during the representation step, the
position of each of the survey points and the corrected
variation of the altitude of each of the survey points
are represented on a geographilcal or satellite map of a
geographical i1nformation system.

The corrected variation of the altitude may for
example be represented dliagrammatically by a range of
colors and/or by a graph showing the variation of the
altitude of survey points over time.

Preferably, the step of calculating corrected
variations of the coordinates of the survey points is
performed using the variations of the raw and real
coordinates of the reference points between two
successive instants.

More precisely, the step of calculating corrected
variations of the coordinates of the survey points
1mplements an error distribution algorithm of the least-
squares type. This 1ncorporates data relating to the
reference points.

The calculation consists in creating a surface from
the altitude variations of the survey points.
Thereafter, this surface 1s optimized by deforming it so
that it fits as closely as possible to the real
variations of the coordinates of the reference points.

In an advantageous 1mplementation, the method of the
invention further comprises:

a step of providing the raw coordinates of said
survey poilints and the raw coordinates of said at least
one reference point;

a step of determining the real coordinates of said
reference point; and

a step of calculating the corrected coordinates of
said survey points performed on the basis of the raw
coordinates of the survey points, of the raw coordinates
of said reference point, and of the real coordinates of

sald reference point.
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In other words, the reference point(s) is/are also
used for correcting the coordinates of survey points.
Knowing the real coordinates of the reference points and
their raw coordinates as estimated in particular by
interferometric methods, a correction is applied to all
of the survey points, e.g. a shift in translation
(suitable for passing from the raw coordinates to the
real coordinates of the reference points), as a result of
which the corrected coordinates of said survey polints are
obtained. '

The coordinates of the survey points are preferably
corrected only once at the beginning of the study, 1in
particular when the method is used for surveying
variation in the altitude of the survey points. This
correction is performed essentially in order to obtailn
accurately the positions of the survey points, with
altitude variation being given by the corrected
variations of the coordinates.

Preferably, the raw variations of the coordinates
and/or the raw coordinates are provided from an
interferometric study based on a digital terraln model
and a plurality of radar images taken by at least one
radar image-taking device, preferably a satellite.

In an advantageous aspect of the invention, at least
one of the survey points of the terrain includes at least
one electromagnetic wave reflector for pointing towards
said at least one satellite. The reflector makes 1t
possible, where necessary, to i1mprove the visibility of
the survey poilnt.

In another advantageous aspect of the invention, at
least one of the reference points of the terrain 1lncludes
at least one electromagnetic wave reflector for pointing
towards said radar image-taking device. Here likewise,
the reflector serves to improve the visibility of the
reference point(s), or even to make visible a reference
point having coordinates that are accurately known

because, for example, it is known to be situated 1n a
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stable zone. It may happen that certain particularly
advantageous reference points are nevertheless not
naturally visible to the radar image-taking device. It
can thus be understood that the invention makes 1t
possible to take advantage of the "qualities" of these
reference points by making them visible (or improving
their visibility) in the radar 1mages.

Preferably, the reflectors are steerable so that
they can be pointed at satellites traveling on different
orbits.

Concerning the determination of the real positions
of the reference points, it is specified that the real
coordinates of the reference points are preferably
determined by global positioning system (GPS)
measurements or by topography. In particular, it 1s
possible to use theodolites for making topographic
measurements. The variations of real coordinates are
also preferably determined by topography.

The present invention also relates to a computer
program including instructions for executing the steps ot
the survey method when said program is executed by a
computer.

The program may use any programming language, and be
in the form of source code, object code, or of code
intermediate between source code and object code, such as
in a partially complied form, or in any other desirable
form.

The invention also provides a computer-readable
recording medium having the computer program of the

invention recorded thereon.
By way of example, the medium may be a hard disk, a

compact disk read only memory (CD ROM), a floppy disk, or
any other type of data medium capable of being situated
in a local computer or 1n a remote server.

Finally, the invention provides the use of the
method of the invention for surveying non-linear

deformations of the terrain, of the kind that are liable
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to occur in particular when constructing an underground
work, such as a tunnel, for example. The invention also

makes it possible to survey linear deformations.
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Brief description of the drawings

The invention can be better understood on reading
the following description given by way of non-limiting
indication and made with reference to the accompanying
drawings, 1n which:

Figure 1 is a diagram showlng the steps of the
survey method of the invention;

Figure 2 1s a perspective view of a radar wave

reflector for positioning at a reference point;

Figure 3 shows a raw surface obtained from raw

variations of the coordinates of survey points, and also

the real variations of the reference points;

Figure 4 shows a corrected surface obtained by

deforming the raw surface of Figure 3;

Figure 5 shows the representation of two survey
points after correction, together with the corrected

variations in the altitude of one of them;

Figure 6 shows the representation of two survey
points for which the raw coordinates have not Dbeen

corrected; and
Figure 7 shows a computer including a hard disk

having stored thereon the computer program that

implements the method of the 1nvention.

Detailed description of an implementation

With reference to Figure 1, there follows a
description of the steps of an implementation of the

survey method of the invention.
The method of the invention makes use of the

variations over time in the raw coordinates of a

plurality of survey points (PSI).
As mentioned above, the method of the invention 1s

independent of the means or the algorithm used for
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obtaining these raw variations, it being specified that
such means or algorithms are already known from
elsewhere.

In this implementation, use 1s made of an
interferometric process or study for the purpose of
obtaining said raw variations, where such a process 1s
known from elsewhere.

Before describing the interferometric process 1n
detail, it is specified that in the meaning of the
invention, a survey point is a zone on the ground that 1is
a very good reflector of radar waves, and that has
reflective characteristics that are preferably constant
over time. This means that it is certain to be possible
to detect and survey the movements of this survey point
over time. By way of example, a survey point may be
constituted by a building, a house roof, a bridge
parapet, a pipeline, or any other reflecting structure.

The interferometric process corresponds to block S10

in Figure 1. During this process, use 1s made oOf a
plurality of radar images 12 of the terrain that 1s to be
surveyed, it being specified that these images are taken
by at least one satellite S at different instants.
Conventionally, each radar image possesses an amplitude
and a phase. Interferometry is based specifically on the
phase differences between two radar 1mages taken at two
successive instants.

The process also requires a digital terraln model
(DTM) 14 serving to eliminate the contributions ot
topography to the phase signal, and to create matrices
for converting between the radar geometry and the
geographical geometry.

This digital terrain model 14 covers the zone under
study, i.e. the terrain that it 1s desired to survey.

Such a digital terrain model 14 is generally freely
available on the Internet. By way of example, 1t 1s

possible to choose the SRTM model.



CA 02767498 2012-01-06

During step S16, a list of survey points 1s
determined together with their raw coordinates. The use
of ENVISAT data makes it possible to obtain raw
coordinates having accuracy lying 1n the range 5 meters

5 (m) to 10 m.

still during this step, matrices are calculated for
converting from the raw coordinates of the radar images
to raw geographical coordinates.

It is preferably the geographical coordinates that

10 are used when implementing the method of the invention.

Thereafter, raw interferograms are calculated that
are subsequently subjected to a step of resolving the
components of the signal S18. This de-noising step
consists in eliminating contributions other than those

15 associated with movement of the ground, which parasitic
contributions may be associated with topographical
orbital problems or with variability in atmospheric
components.

Thus, the interferometric process makes 1t possible,

20 in the zone under study, to obtain a list of survey
points PS,, their raw coordinates X;(PS;) - where X =
(x,v,2z) - together with their raw coordinate variations
AX(PS,) .

The steps of the survey method of the invention are

25 described below in greater detail, these steps being
grouped together in block S100 of Figure 1 and beiling
based on the raw data supplied during the interferometric
process S10.

In this example, the raw variation of coordinates

30 that is of interest is the raw variation A,z (PS;) 1n the

altitude z of each of the survey points, this altitude z

preferably being considered in a vertical direction. In

accordance with the invention, at least one {(and

preferably a plurality) of reference points PR, are also
35 selected that are situated in the terrain, 1.e. 1n the

zone under study.
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By way of example, a reference point PR, 1s a point
situated on the ground and for which the variatlons of
its coordinates over time are known accurately, or at
least are capable of being known accurately. Usually,
although not exclusively, the reference point PR, 1is
located in a zone of the terrain that 1s stable, or at
least in which movements are very small over time, Or
indeed in which any movements can easily be measured. 1In
this implementation, a plurality of reference poilnts PR,
are used in order to improve measurement accuracy.

In an advantageous aspect of the invention, some of
the reference points PR, are fitted with respective radar
wave reflectors 20, as shown in Figure 2, 1f their
natural electromagnetic wave reflectivities are not
sufficient for those points to appear clearly in the
radar images 12 taken by the satellite S. Each reflector
20 is aligned with the sighting axis A of the satellite
S, as shown diagrammatically in Figure 3.

The reflector 20 presents the feature of being
pointable so as to be capable of being aligned with the
sighting axes of satellites following different orbits.

It is in the form of a trihedron having adjustable angles

of inclination and azimuth. In this example, the
satellite used is ENVISAT for which the sighting axis 1s
at an angle of 23° relative to the vertical.

It can thus be understood that the above-described
interferometric process also provides the raw coordinates
Xy (PRy) - where X = (x,y,z) - and the raw variations

AX (PR;) of the coordinates of the reference points PR,.

In accordance with the invention, during step S110,
the real variations A X(PR;) of the coordinates of the
reference points are determined as are the real
coordinates X;(PR;) of the reference points.

In this example, the real variations of the
coordinates of the reference points and their real
coordinates are determined by topographical measurements

or by using a global positioning system (GPS) .
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Preferably, these measurements are performed
periodically, for example on each day that a radar image
12 is taken. Furthermore, the topographical measurements
may be performed using one or more theodolites 22
sighting targets arranged at the reference points PR;.

These measurements make it possible to calculate
vectors representing the real variations 1n the
coordinates of the reference points.

For those reference points PR, having real
coordinates X,(PR,) and real coordinate variations
A X (PR,) that are accurately known throughout the duration
of the study, there is no need to take the above -
mentioned periodic measurements. Such reference poilnts
PR, are usually reference points fitted with reflectors 20
and situated in zones in which the ground does not move.

Thereafter, a step S120 is performed of calculating
the corrected coordinates AX(PS;) of said survey poilints,
with this being performed starting with the raw
coordinates A X(PS;) of the survey points, the raw
coordinates XBUH%) of the reference points, and the real
coordinates X (PR;) of the reference points,

To do this, the reference points are used to correct
the raw coordinates of the survey points. The real
coordinates of these reference points and thelr raw
coordinates as estimated at the end of the
interferometric process S10 are known. A correction 1s
then calculated between the raw coordinates X ;(PR;) and
the real coordinates X (PR;,) of the reference points, e.g.
a shift in translation, and that correction 1s then
applied to the raw coordinates X (PS;) for all of the
survey points, thereby obtaining the corrected
coordinates X.(PS;) of the survey points, thus making it
possible significantly to improve the accuracy of theilr
positions.

A step S130 is also performed of calculating
corrected variations AX(PS;) of the coordinates of the

survey points, performed on the basis of the raw
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variations A X(PS,) of the coordinates of the survey
points, of the raw variations A X(PR,) of the coordinates
of the reference points, and of the real variations
AX (PR;) of the coordinates of the reference points.

To do this, the time at which the oldest of the
radar 1lmages 12 was taken is used as a reference time.
The coordinate variations are thus relative to that time,
and also to one of the reference points.

For each radar i1mage 12 taken by the satellite S, an
error distribution algorithm of the least-squares type 1is
implemented incorporating the real coordinates of the
reference points. This algorithm 1s applied to the
coordinate variations between two radar images. In this
example, the calculation step S130 for providing the
corrected coordinate variations at the current instant 1is
applied between the time of the second radar image and
the current instant, where the second radar i1mage is such
that 1t was taken after the radar image that was taken at
the time used as a reference.

It 1s specified that the calculation here consists
1n creating a mathematical surface 30 represented in
dashed lines in Figure 3 on the basis of the raw
variation i1n the altitudes of the survey points A,z (PS;)
and of the reference points Azz(PR;). In this example,
the other two coordinates (xX,y) are of no interest
insofar as the objective 1s to survey any settling of the
ground.

This surface 30 1s then optimized by the above-
mentioned algorithm by deforming it until it fits as
closely as possible to the real variations ARZ(PRj)tof the
altitudes of the reference points, after which a
corrected surface 40 1s obtained that is drawn in
continuous lines in Figure 4, providing the corrected
variations A.z (PS;) of the altitudes of the survey points.

Without going beyond the ambit of the present

lnvention, it 1is possible to calculate the real
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varliations of the other two coordinates (x,y) of the

survey polnts.

In accordance with the invention, a step S140 1is
performed of representing the variliation over time of at
least one of the corrected coordinates of one of the
survey points PS,. In this example, as illustrated in
Figure 5, the position of the survey point PS, and the
corrected variation of its altitude are represented on a
map C of a geographical information system. It 1s
specified that this survey point PS, 1s positioned on the
baslis of its corrected coordinates.

Figure 6 also shows, by way of information, the
position of the same point PS, based on its raw
coordinates. It can be seen that the survey point 1is
wrongly positioned in the water, beside the bridge 50.

By selecting the point PS,, the user obtains a graph
showlng the corrected varilation of the altitude A.z(PS,)
of the point PS, over time. A color code may also be used
1in order to enable the user to visualize quickly on the
map C, which of thelsurvey points present the greatest
variations of altitude at the current instant.

The survey method of the invention 1s preferably
presented 1n the form of a computer program including
instructions in a standard programming language. In this
example, the computer program 1s stored on a hard disk 60
of a computer 62, shown diagrammatically 1n Figure 7.

This computer program, or a portion thereof, may be
loaded 1n a server that is remotely accessible by a
remote computer.

In particularly advantageous manner, this survey
method makes 1t possible to detect any collapsing of
terrailn in which underground work is being performed,
e.g. a tunnel. The deformations caused by building a
tunnel 1s often non-linear, such that the algorithms that
are presently 1n use, relying on linear regression, do

not enable them to be detected.
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CLAIMS

1. A method of surveying movements of a terrain, the
method being characterized in that 1t comprises:

a step of acquiring, at different 1instants, raw
coordinates (X(Ps;) ,X(PR3}) of a plurality of survey
points (Ps;) situated on the terrain and of at least one
reference point (PRj) situated on the terrain;

a step of providing raw variations (A X(PS,)) of
coordinates of the plurality of survey points (PS.)
sltuated on the terrain, and raw variations (AgX(PR,)) of
coordinates of at least one reference point (PR;)
sltuated on the terrain, based respectively on the raw
coordinates (X(Ps;), X(PRy)) of the plurality of survey
points (Ps;) situated on the terrain and of the at least
one reference point (PRs) situated on the terrain acquired
at different i1nstant 1n the previous step ;

a step (S110) of determining real variations
(AgX (PR;)) of the coordinates of said at least one
reference point; and

a step (S130) of calculating corrected variations
(AX(PS,)) of the coordinates of the survey points,
performed on the basis of the raw variations of the
coordinates of the survey points, of the raw variations
of the coordinates of said reference point, and of the

real variations of the coordinates of said reference
point.

2. A method of surveying the movements of a terrain
according to claim 1, characterized in that it further
comprises a step of determining the corrected temporal
variation (A.z(PS,)) of at least one of the coordinates of

at least one of the survey points (PS.).

3. A survey method according to c¢laim 2, wherein the

corrected temporal variation of at least one of the

coordinates of at least one of the survey points is

CA 2767498 2017-09-11
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corrected variation of the altitude (A.z(PS;)) of said

survey point.

4. A survey method according to claim 2 or claim 3,
characterized 1n that i1t further includes a
representation step (8204) of representing said temporal

variation.

5. A survey method according to claim 4, wherein, during
the representation step, the position of each of the
survey points and the corrected variation (A.z(PS,)) of
the altitude of each of the survey points are represented
on a geographical or satellite map (C) of a geographical

information system.

6. A survey method according to any one of claims 1 to 5,
wherein the step (8130) of calculating corrected
variations of the coordinates of the survey points
(AX(PS,)) 1s performed using the variations of raw and
real coordinates of the reference points between two

successive 1nstants.

7. A survey method according to any one of claims 1 to 6,
whereln the step (S130) of calculating corrected
variations of the coordinates of the survey points
(AX(PS;)) 1mplements an error distribution algorithm of

the least-squares type.

8. A survey method according to any one of claims 1 to 7,
characterized 1n that i1t further comprises:

a step of providing raw coordinates X (PS,) of said
survey poilnts (PS;,) and raw coordinates Xz (PR;) of said at
least cne reference point (PR;) ;

a step of determining real coordinates X (PR;) of
said reference point (PR;) ; and

a step (S120) of calculating corrected coordinates

X-(PS;) of said survey points performed on the basis of

CA 2767498 2017-09-11
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the raw coordinates of the survey points, of the raw
coordinates of said reference point, and of the real

coordinates of said reference point.

9. A survey method according to c¢laim 8, wherein the raw
variations of the coordinates and the raw coordinates are
provided from an interferometric study (S10) based on a
digital terrain model (14) and a plurality of radar
1mages (12) taken by at least one radar image-taking

device (8).

10. A survey method according to claim 8, wherein the raw
variations of the coordinates or the raw coordinates are
provided from an interferometric study (S810) based on a
digital terrain model (14) and a plurality of radar
images (12) taken by at least one radar image-taking

device (8).

11. A survey method according to either one of claims 9
or 10, wherein at least one of the survey points (PS,) of
the terrain i1ncludes at least one electromagnetic wave
reflector (20) for pointing towards said at least one

radar 1mage-taking device (S).

12. A survey method according to either one of claims 9
or 10, wherein at least one of the reference points (PR,)
of the terrain includes at least one electromagnetic wave
reflector (20) for pointing towards said at least one

radar 1mage-taking device (S).

13. A survey method according to any one of claims 8 to

12, wherein the real coordinates X (PR,) of the reference
points (PR.) are determined by GPS measurements or by

topography.

14. A non-transitory computer-readable recording medium

(60) with an executable program stored thereon, wherein

CA 2767498 2017-09-11
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the program instructs a computer to perform the steps of

the method according to any one of claims 1 to 13.

15. The use of the method according to any one of claims

5 1 to 13, for surveying non-linear deformations of the

terrain.

16. The use of the method according to claim 1%, wherein

the non-linear deformations are encountered when building

10 an underground work.

CA 2767498 2017-09-11
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