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SUMMARY

The paper discusses the formulation and a procedure of deformation monitoring of slopes
along highways or at quarries by use of vision metrology. A target field set at a slope is multi-
exposed by a digital camera at appropriate epochs of time. Two sets of images taken at
different epochs are simultaneously adjusted and tested hypothetically on whether any target
is displaced or not between the exposures. The feasible design of an observation network is
looked for a priori by simulation.

The network should be so configured that (1) it yields the object s coordinates of targets with
high precision and (2) possesses the sensitivity enough for deformation detection. The latter
criterion is derived from balanced probabilities of the first and the second kind error in
judgment.

The paper formulates the hypothetical test procedure. For the purpose, Baarda’s Data
Snooping is effectively applied. His technique is known as a method of gross error detection,
where a blunder behaves equivalently to a displacement of a target. The formulation is
validated by a simulator followed by an experiment.
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1. INTRODUCTION

Deformation of slopes along a highway or at a quarry should be observed periodically for
disaster prevention. In many cases a total station (TS) is used for this purpose. Measurement
with a TS, however, has such shortcomings as

(1) Time consuming for many targets,

(2) Occasionally no rooms to place a TS, and

(3) Hard a posteriori evaluation of measurement precision.

This paper discusses a photogrammetric method for deformation monitoring. Targets located
at a slope are multi-disposed by a digital camera. Two Image sets obtained at different epochs
of time are simultaneously adjusted to see whether any point is displaced between the epochs.
Since relative movements of object points are observed, no fixed control points are required.
Since the required order of deformation is almost the same as by photogrammetry, the
hypothetical test is employed [Miura, 2004].

As other alternatives for displacement detection, an optical fiber displacement gauge[Suzuki,
2007] and systems using GPS already have been on market. These products are in principle
make the autonomous works possible even at nights and in a bad weather, while
photogrammety is more advantageous with respect to cost.

An appropriate observation network is designed by a simulator before targets are placed. This
paper discusses mathematical aspects of deformation detection by photogrammetry and
functions of the simulator. An experimental result is shown to validate the discussion.

*Section two shows a typical slope and an observation configuration for better perspective.
*Section three is devoted to outline of adjustment in photogrammetric measurements and a
hypothetical test for deformation detection. A target field on a slope is exposed at two epochs
of time, and the two sets of image coordinates of targets are simultaneously bundle-adjusted
to obtain object coordinates of the targets, which are then tested to detect whether any point is
displaced by the method based on Baarda’s data snooping [Baarda, 1968].

*Section four introduces a simulator developed for designing network configuration. That is,
where the targets should be placed and how many photographs should be taken, are
considered a priori to obtain the required sensitivity of detection.

* Section five shows some experimental results to validate the discussion.
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2. AMODEL OF A SLOPE AND A CAMERA CONFIGURATION

Figl shows a typical slope along a high-way and a targets and camera configuration. The X
axis is taken along a slope, the Y axis is to the vertical and the Z axis to complete the right
hand system. Generally possible camera positions would be limited due to topography. For
example exposures downwards from high position might be impossible. Hence a camera
configuration that the slope is exposed at stations on a straight line along a lane, sighting on a
level or upwards is considered. This configuration is not preferable but practical.
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Fig.1 Schematic view of a typical slope and a camera configuration

3. THE STRENGTH OF A PHOTOGRAMMETRIC NETWORK

3.1 General

The criteria of a good photogrammetric network to detect deformation are (1) precision of
adjusted object coordinates of targets, (2) sensitivity of detection and (3) stability to single out
outliers [Benzao, 1995, Miura,2005 ]. Since in photogrammetric networks many targets are
simultaneously observed, the third condition is automatically met if the first and second
conditions are met.
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3.2 Precision of object coordinates of targets obtained by bundle adjustment of images

The precision (or standard deviation) of object coordinates of targets is given by the variance
covariance matrix of object coordinates. The standard deviations of object coordinates must
be smaller than minimal displacement required to be detected.

The relation between image coordinates and object coordinates is expressed by the well-
known collinearity equations.

my (X = Xo) +myp (Y = ¥o) +my3(Z —Zp)
my (X = Xo) +myp (Y =¥o) +m33(Z = Z)

x+Ax=-c

(1)

ma (X = Xo) +mp (Y —Yo) +my3(Z—-2Zp)
my (X = Xo)+my (Y =Yo)+m33(Z-2Zy)

y+Ay=—c

where ¢ is a camera constant, Ax,Ay are corrections to lens distortions and principal point
coordinates. M = (m;) is a rotation matrix. O (X,¥,,Z,) is the projection center (refer to

Fig.2 ). The system of observation equations obtained by linearizing (1) and set up for all
mage coordinates is expressed as

Y

e P(X.Y,2)

O(X0,Y0,20)

Z X

Fig.2 Image coordinate system and object space coordinate system
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v=AX, +AX,+Ax,+e: P (2)
or
v=Ax+e :P (2°)

A=[A A A] X =[x X x]]

Where A is a design matrix, X is a unknown parameters vector, e is a discrepancy vector

and P is a weight matrix. Suffixes 1, 2 and 3 mean exterior, interior orientation parameters
and object coordinates respectively. Interior orientation parameters are also treated as
unknowns and estimated by self calibration. As lens distortions Brown parameters are
employed [Brown,1966].

(2’) is solved by free network, since no control points are given. Let seven vectors denoted by

¢-ld 6 ¢l 8

which are orthogonal to row vectors of A and to one another as well ( called orthogonal basis

matrix). Among the least squares solutions the vector that minimizes the mean variance of
object coordinates is given by

%=(A"PA+BB”)'A"Pe 4)
and its variance-covariance matrix is given by

¥, =62((A"PA+BB")" ~G(G'BB'G)"'G’) (5)
Go =V PV/(m-n+17) (6)
where & is a posteriori observation variance of image coordinates.

3.3 Sensitivity of the network for deformation detection

Since the order of errors included in object coordinates of targets and that of required
detectable displacements are not differ largely, detection is based on the hypothetical test.
The procedure is as follows: The target field is exposed at two epochs of time. For each target
point the null hypothesis that no displacements occur between the epochs is tested against the
alternative hypothesis that displacement occurs. And if estimated displacement is significant,
the null hypothesis is rejected. Due to correlation between object coordinates of two targets,
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detection sensitivity might degrade, if the disposition of targets and exposure configurations
are not appropriate.

In the test the first and second kind of errors in judgment must be balanced and small enough.
Fig. 3 shows a schematic diagram of the first and second kind judgment error. When the null
hypothesis holds, a statistics is subject to the distribution F (7, f) with a degree of freedom f.
And when the alternative hypothesis holds, the statistics is subject to the distribution
F'(T, f,6%), where &°is a non-centrality parameter. The first kind error probability & and the
second kind error probabilities 1-£ should be balanced at a threshold 7, which is determined
by the simulator.

F(Th F(Tf6%)

bb?

Ts

Fig.3 Schematic diagram of the first and second kind error

In the following two epochs of time are differentiated by I,II. Observation equations in I and
II are combined as

X
{VI}L A, 0 A, 0 A xl;lu i rl} P{PI 0} o
Vi 0 Ay 0 Az,n Ay ’ € 0 P,

Note that suffixes are differently defined from (2). The vectors x, ., x, , are exterior and
interior orientation parameters. And the x,, X, are object coordinates vectors of the targets
imaged only in epoch I, and in epoch II respectively. The x, is object coordinates vector

imaged in I and II commonly. The weight matrix P, is usually a unit, and P,; is scaled to P, .
(7) can also be expressed concisely

v+AX=e:P (7)
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Correspondence of symbols between (7) and (7°) is apparent. In the unknown parameters
vector X object coordinates are assumed to be arranged in the order of X,Y,Z for each target.

The displacement for Target k£ (k=1,2,,,,K) is estimated in the following. Let the
displacement vector be denoted by

A= [AX AY 4, ]T > (8)

and then (7) can be modified as,

where J, is a (3K,3) zero matrix, with the &’th block being replaced by a unit matrix; i.e.

00 (1

J=l0 10 (%

0 0 (K)
000 . (10)

With (10), (9) is written in the form

v+[A Jk]{i}ze:P (11)
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with

J [ ’ } (12)
k= ~
AHJk
The least square solution of (11) is given by
X| [ATPA A™PJ, | [A"Pe 13)
Al [J;PA J[PJ, | |J Pe

The right hand side coefficient matrix can be expanded [Koch,1999] to

J,PA JPJ, —SJ,PA(A'PA),
R (14)
—~(A"PA)_A PJkS}

{ATPA ATPJ,{}_ {(ATPA)S(E+ATPJkSJZPA(ATPA)rS)

S

S=(J;PQ.PJ,)"
Q,=P'-A(A'PA)_A"

As the result the most probable values of displacement A is given by
A=SJ'PQ.Pe=-SJ'PV (15)

In the following, errors in image coordinate measurements are supposed to be distributed to
normal with the mean 0 and the variance 002 . The null hypothesis

X
H,:A=0 or H,:[0 I]L}zﬂ (16)
is tested against the alternative hypothesis
n X A
H :A=A#0 or H,:[0 I]{A}=A¢0 (17)

If the null hypothesis is true, a test statistics
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T, =(R* /7)o, (18)

is subject to X2 distribution , X*(r), if o’ is known, where r is a degree of freedom =3. R
is a variance that the diplacements of target P, account for in the total variance

Q=¢"PQ,Pe, (19)

R is reduced to

T -1

X ATPA A'PJ_ | [0 X
R=|[0 E]| o E]| " )
A JTPA JPJ, E

—A"S'A=v"PJ,(J PQ,PJ, ) J, PV

A statistics 7, is determined for a given significant level «, The balanced threthold T, is

equal or larger than 7, .
If the alternative hypothesis is true, the test statistics 7, in (18) is subject to the non-

central X distributuion, X (r,87), where &7 is a noncentrality parameter,
52 =A"JTPQ.PJ A/c? . (21)

where o, is the a priori variance of image coordinate errors, when A is incorporated as is
shown in (11).
If o”is unknown, which is a rational assumption in field works, an a posteriori variance &g

must be used instead. And the X’ distributuion should be replaced by the F distribution. The
statistics

T R/r
TQ, (m=(n+r)+7)

(22)

is subject to the F distribution, F (r,m —(n+r)+ 7), where m 1is a total number of observations,

and n is the number of unknowns. QQ, =Q—R is a variance which all parameters but only
the displacement A accounts for in the totall variance (.
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4. SIMULATOR FOR NETWORK DESIGN
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Fig.3 A screen of the simulator (see 5.2)

4.1 Input of parameters

To compare feasible configurations of observation network, a computer simulator is
developed. Fig.3 shows a screen example for an image for a simulation in 5.2. An operator is
asked to input the following basic parameters;

(1) Area of the slope, its gradient and targeting spacing

(2) Size of the imaging sensor, its pixel width, focal length ¢ of a camera

(3) Camera stations, number of exposures at each station

(4) A priori variance of image coordinates measurements . It depends on the quality of
targets and the pixel width of the sensor.

4.2 Calculation of an expected precision
The simulator calculates the image coordinates for all the images by back drive. Il posing

exposures are warned. Then it calculates the expected variance of the object coordinates of
targets (upper left window of Fig. 6) .
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4.3 Calculation of expected sensitivity

4.3.1 Sensitivity to the first kind error

The simulator calculates the sensitivity of the network to the first kind error. In simulation a
priori variance of image coordinates, o is always known. Therefore for a given condition a
statistics T, subject to the X* distribution for a prescribed significant level « is looked for.

Typically a is set to 5%. Then the variance of detectable displacements is calculated from
(18) as

R=\T,r/c* . (27)

The detectable displacement A is three-dimensional. Though it is possible to give the
direction and magnitude simultaneously, it might be simple and practical to divide it to the Y
and Z directions independently, i.e. A, and A, .

Then from (25) the displacement to Y only is
A, =R/S,, (28)

where S’ ,., means the (2,2) element of matrix S'. Likewise

A, =\R/S,, (29)

4.3.2 Sensitivity to the second kind error

On the other hand, the second kind error must be also considered. For prescribed power
(typically set to 0.8), the set of A, (or A,) and T, which is larger than 7, and satisfies

X?*(T,,r,6°)<1-p, (30)

are looked for. This value of 7}, is adopted as a balanced threshold 7. If 7}, in (26) is larger

than 7, for a given significant level & and a power £, the null hypothesis is rejected ( or
Target k is judged to be displaced) .
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5. A SIMULATION AND AN EXPRIMENT
5.1 General

A set of a simulation and an experiment are conducted at a small slope as shown in Fig.4. The
camera used is NikonD90 (3K*4K) with 24 mm fixed focal lens. A priori precision of image
coordinates is set to 1/10 pixel = 0.6 u m. Fig. 6.1 shows the experimental site. Six targets in
X and five targets in Y, with two meter spacing, are placed. This spacing is too small for
actual use. This is because the experiment slope is small, and 15-20 targets are necessary for
stable self calibration. Along the slope four images are exposed at five stations. Distance to
the object space is about 20m.

5.2 Simulation result

Fig.3 is an example of a simulated image exposing the target field. Table 1 shows expected
precision (standard deviation) in X ,Y and Z , where the detection thresholds obtained are
Immin Y and 2.5-3mm in X and Z. It is noted that the sensitivity in Y is better than in X
or Z . This fact is very convenient for displacement detection in a slope, since most of
displacement at an early stage is expected to occur downwards.

Fig. 4 Experiment site
A circle designates a target displaced between two epochs of time

TS 5D — Monitoring Using Vision Technologies 12/16
Susumu Hattori, Yoshiyuki Ohnishi and Izuru Kuronuma

Deformation Monitoring of Slopes by Vision Metrology with a Simulator for Network Design and the
Hypothetical Test

7™ FIG Regional Conference
Spatial Data Serving People: Land Governance and the Environment — Building the Capacity
Hanoi, Vietnam, 19-22 October 2009



Table 1 Expected precision of object coordinates of targets in simulation

Standard deviaions (mm)

X Y / rms
0.574 | 0.392 0.596 0.529

5.2 Experimental result

At the first epoch of time, twenty images are exposed with the above digital camera in total
conformity with the simulation condition, except for interior orientation parameters. In
simulation they are all set to zero. At each station the camera is rotated by 90° to determine
interior orientation parameters accurately and to make use of all corners of the screen
uniformly. Sensor sensitivity is set at 200 (ISO), aperture at 9 and shutter speed at 1/250
second. Target size is 50mm in diameter. The targets are provided with a ring codes for
automatic numbering as shown in Fig5.The target centers are measured up to 1/100pixel by
image processing. Targets are made of epoxy resin, different from retro targets for industrial
use, since bright reflectance hampers safe traftics [Hattori, 2002].
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Fig.5 Coded targets for automatic numbering

All the images in the first epoch are bundle-adjusted. Table 2 shows the precision of object
coordinates of the targets. The precision is about twice higher than in the simulation. This
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means the performance of the targets is under-evaluated. According to other experiments, this
performance holds for daylight and for strobe light in the night, if appropriate shutter and
aperture adjustment are made.

Table 2 Precision of object coordinates of targets in the experiment

Standard deviations (mm)
X Y Z rms
0.287 | 0.193 0.256 0.248

At the second epoch of time twenty images are exposed with the same configuration as in the
first epoch. Between the two epochs one target Target21, shown enclosed with a circle in
Fig.4, is hammered down by about Smm. Adjustment result is almost the same as in Table 4.

The result of displacement detection of targets is shown in Fig.6. The upper left window of
the figure shows estimated displacements of each target ( X in blue, Y in green and Z in red),
the upper center shows 7', values in (18) and the upper right shows the occurring
probabilities. According to the left window, 1.0-1.5 mm displacement in ¥ and 3mm in Z
can be detected, which is better than in simulation. The displacement of five mm at Target 21
is accurately retrieved. The value of 7', at Target21 is very large compared to other
perturbation, so that the occurring probability is 100%.
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Fig. 6 Estimated displacements and their occurring probabilities
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6. CONCLUSION

The paper discusses the mathematical formulation of photogrammetric adjustment and
hypothetical test procedures on displacement detection. An object space of targets placed on
a slope is exposed at two epochs of time. All the image coordinates are simultaneously
bundle-adjusted to find out whether any target is displaced between epochs. And the paper
also refers to the development of a simulator for photogrammetric network design. An
experiment and a related simulation are conducted to validate the discussions.
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