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Abstract — Structured light systems are widely used foris of paramount importance for the accuracy of #i2
three-dimensional shape reconstruction. The acgwhthe reconstruction. Applications range from the estioratof
vision system parameters is of paramount importémcthe  structure from motion, stereo vision, pose deteatiom and
accuracy of the 3D reconstruction. Often the esgicn so on, that are useful for object modelling, mobitdot
parameters change over time due to environmentalavigation and localization, environments buildiatg.
conditions, in order to compensate for structureghtl In general, the problem of camera calibration afd 3
parameters change, a self-recalibration methoddbase reconstruction can be approached in different ways,
planar homography is proposed in this paper. Ththode concentrate on the pose problem using planar irdtiom in
uses the planar homography of corresponding paintwo  a semi-calibrated vision system. Specifically, wartsfrom
camera views to identify the relative position améntation the plane-based homography method [3,4,5] to self-
between the two cameras: one is the “real” camehdle  recalibrate the relative pose parameters betweeanzera
the other is a reference solid considered as autjtse and a laser plane. The novel method proposed fibr se
camera’. The laser plane of the structured lightiovi recalibration makes use of planar homography bynihef
system is the constraining plane for the two camerathe real camera, a reference solid as a pseudoaaamet the
corresponding points. laser plane of the structured light vision system the

In order to assess the metrological quality ofttethod  constraining plane for the two cameras correspandin
an evaluation of the accuracy of the 3D recondtncis  points. Planar homography can be computed from the
performed by a two step Monte Carlo simulationalfirst ~ corresponding points of two views of a planar scémeur
step it is estimated the extrinsic parameters aoyur setup, the first view comes from the real camera, dther
obtained by self-recalibration. In a second stepititrinsic ~ from the reference solid prism that we model aslecentric
parameters accuracy and the extrinsic one preyioustamera. The method can be applied during on-line
computed are used to evaluate the accuracy of Zpesh measurement if the prism is in the camera fieldiefv or if
reconstruction. In the final version of the paghg overall the whole structured light system is from time tme
accuracy will be verified experimentally by a prope moved to have the solid inside the field of vievhisTlast
calibration setup. will be the test case discussed in the following.

Several researchers are involved in the study of 3D

Keywords: structured light vision system, planar shape reconstruction and in particular to homogf@gs]. A

homography, accuracy estimation self-recalibration method recently proposed [3] egklso
use of plane-based homography. In this case thgjogm
1. INTRODUCTION planar homography by using the real camera, thgeqgiar
as a pseudocamera, and a plane.
The estimation of the camera’s relative pose parensie To evaluate the shape accuracy reconstructed by the

known as the extrinsic parameters calibration,ris of the ~Structured light vision system we propose a twg-ste
main issues for the 3D reconstruction of a scemenfr Method. First an evaluation of the recalibrationapzeters
images. In the case of shape reconstruction usiangle ~ accuracy, then the shape reconstruction accur&aygténto
camera and structured light the relative pose baivteem account both the intrinsic parameters uncertairiitaioed

ISBN 978-963-88410-0-® 2009IMEKO 1903



from the initial camera-calibration given by

the the edges of the discharge chamber during lifetilme to

implemented method and extrinsic parameters uringrta energetic ions, as shown in Figure 2 A.

obtained in the previous step. Both steps are based
geometric modelling of the prism, of the object endtudy
and of the vision system used in a Monte Carlo Kitman.

The method has been applied for the erosion profil
assessment of Hall effect thrusters and ion engihesg
thermal vacuum testing for space qualification.sTibia test
case where the laser plane relative pose with céspehe
camera can change due to the thermal cycling W@m=&nd
life cycles imposed during testing for space qicifon.

2. THE STRUCTURED LIGHT VISION SYSTEM TO
ASSESS THE EROSION PROFILE OF ELECTRIC
PROPULSION THRUSTERS

A structured light vision system is sketched inuFfeg 1.
Extrinsic parameters self-calibration is aimedte bn-line
estimation of the variations of N, the laser plaeesor, and
of d, the distance between camera reference frameaaed |
plane.

If the solid shape has to be measured, knowing th
extrinsic parameters [N, d], which determinate plosition
of the laser plane, and the intrinsic ones whidiemeine the
CCD position with respect to the camera referemeené
(CRF) X it is possible to estimate by triangulation the
points coordinates in 3D space [X, Y ®lith respect to the
CRF. The geometry of the setup is shown in Figure 3

If the solid shape is known with a good level of
accuracy, it is possible to consider the correspood of the
CCD edge points {rc]c seen by the CCD with the actual

edge coordinates;[rc]s seen by the solid pseudocamera

reference system, always constant since its mad@ure
telecentric. By this correspondence it is possibleompute
N using planar homography, while d is computed kngw
the reference solid geometry and its attitude wégpect to
the camera frame defined by the rotation matrixeRvieen
the two reference framé&s andXs, also estimated by planar
homography.

i, ¢
CCD | uc

Laser Plane

Figure 1: structured light vision system

The vision system has to remotely assess the erosio

profile specifically for Hall effect thrusters amh engines.
Measurement is made in a vacuum chamber, so thensys

Erosion

profile \

Figure 2: A:Erosion profile of electric propulsithrusters. B:
recalibration setup
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Figure 3: geometry of the structured light visigstem

3. RECALIBRATION BY HOMOGRAPHY
ESTIMATION WITH A REFERENCE SOLID

The relative pose problem can be solved from the
correspondences between images: the eight-poiatitim
[1,9] and five-point algorithm [2] give poor perfoance in
planar or near planar environments because thayireeq
pair of images from 3D scene. When the pointsrliedrtain
degenerate configurations, called critical surfacéise
solution of the eight point algorithm may no longee
unique. Many of these critical surfaces occur sariel
practice, but the case of 2D planes, which areeaiapkind
of critical surface, is very common in structureght vision
system, as well as in indoor environments or aérmiaging.
In these cases, it is possible to obtain the relapose
parameters using the plane-based homography.

The homography matrix is:

1

H=R+ETNT oo*e, @)

has to operate between normal temperature of the It depends on the motion parameters R and T asasell

environment (10° C + 40° C) and the LN2 cooled Ifaes
temperature (-200° C). The thrusters exhibit spunige of

the structure parameters N, d of the plane, andritbes the
transformation between any two images of the salaeap
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surface in space. The calculation of these paramese
possible starting from the correspondences betwesn
images of at least four points that lie on a plggjein our
method, the plane is given by a laser and the tiwwsy of
the plane come one from the camera and the otbar the

reference solid, a prism with ten faces, that issaered as

a pseudo camera, with telecentric objective. Fig2r®&

4. RECALIBRATION ACCURACY ESTIMATION BY
MONTECARLO SIMULATION

In order to evaluate the uncertainties of the estion of
the structure parameters (N,d), and to supply aemainty
input for the analysis of the estimation of the fijeop a
Montecarlo simulation of the planar homography

shows the experimental setup that will be used foreconstruction has been performed.

experimental calibration of the method. By this waye
pseudocamera “see” the points always in the sarsiiquo
(with a certain uncertainty due to the solid maitgn
process) in pixel coordinates, permitting to estem¢éhe

T
relative pose[ R,E,NT} with a single real image. The

parameters of interest for the structured lighttesys to
reconstruct the 3D scene are the unit vector notmahe
laser plane, N, and the distance d between the @&R®RRhe
laser plane.

The parameters considered are the thickness dasiee
plane and the dispersion of the edges of the priBhe
effect of these parameters is the possibility todfquen the
homography among noisy points which don’t matchcéya
resulting thus in an error in the estimation of thesired
parameters.

The nonzero thickness of the laser plane, assumed
considering the divergence of the laser beam, espihat
the detection of the edge points of intersectiamvben laser
and prism could vary along the z axis feference frame).
The second parameter considered in the estimatfon o

The prism has been measured using a Coordinattcertainty is the machining tolerance of the pristrhas

Measuring Machine (CMM). We use the
uncertainty in the length of the side of the basetlze
uncertainty of the point projected in the pseudomam(a
parameter used for the Monte Carlo simulation tinege
the recalibration accuracy).

It is possible to calculate the distance betweenGRF
and the laser plane starting from the solutionarhbgraphy
decomposition .

The algorithm is the following:

resultingbeen considered as a circle centered in the nomisition

of each edge and the varied point has been chaselomly
within the circle (radius and angle).

It was considered a standard deviation of 0.02 ram f
the thickness uncertainty (z coordinate), and #mesfor the
machining uncertainty (x-y coordinate).

Changing the point seen by the camera on the prism
changes consequently the projection of the pointthan
CCD and finally the parameters estimated via the
homography routine. An algorithm has been develojped

1. Calculate the lengths and the versors of the se@meriterate the estimation of the structured paramefersT, R)

obtained as intersection between laser plane anthtes of

varying the position of the homography points wittihe

the prism L,,&. They depend on the length of the prismuncertainties chosen for the two parameters coreide

sides, on the orientation of every plane which aimnbne
face of the prism and the orientation of the lgdane, N.

(thickness of the laser plane and machining oftiiem).
The indicator of the deviation from the nominal ipios

(see Figure 1) has been chosen as the angle between the nomirsarve

(N) of the laser plane and the versor evaluateckamh

The algorithm sequence is the following:
- generation of the nominal edges of the prism in the

2. Calculate the distanceiiocpl,LoCp2
between the CRF and the points on the lateral edgeseration.
solving:
Locpl* éocpl + LS* & = Locpz* é0cp2 (2)

where 3,83 come from the first step, an€,;, €,

are the versor which project a point from ccd ® @RF and
to the solid, as shown in Figure 1. They can beutaled
knowing the matrix R obtained with the homographgtnin
decomposition.

3. Calculate the projectiom.

*e

ocp2” etc

* =
ocpl eocpl' Locp2

on N to find the distance d.
d, =(L *éocp])* N, d,=(L *éocpz)* N, ....(3)

ocpl ocp2

Distance d can be computed starting from every -

combination of visible points on the edges of thismp. This
permits to have redundant data that shall allowolaust

estimation by applying the Bayes rule to combine th

different measurements taking in account its uadies
that will depend upon each segment camera powieof.

fixed reference frame (coincident with the
pseudocamera franis)

- intersection of the nominal edges with the nominal
laser plane to obtain the nominal points

- variation of the nominal points according to the
uncertainties of the laser’'s height (z coordinate)
and machining (x and y coordinate)

- projection of the varied points on the camera CCD
in accordance with the ideal pinhole camera model.

- evaluation of the planar homography between the

varied points for the camera and the nominal points

on the pseudo camera (prism)

evaluation of the deviation of the versor N frora th

nominal orientation

We also have evaluated the influence of the shape
(number of faces) and the dimension of the recatitin
solid on the accuracy of 3D reconstruction, varyihg
dimension of the radius of the model of the sokdween 2
and 10 mm (see for example in Figure 4 an example o
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errors of versor N varying the dimension), and rtisenber
of faces between 4 and 20.

Table 2: parameters and standard deviation useddate Carlo

14

12

.
o
T

method
PARAMETERS STANDARD DEVIATION
focal length (intrinsic
0,1 mm
parameters)
CCD dimension (intrinsic 0,001 mm
parameters)

®
T

camera reference frame
(extrinsic parameters)

Rotation: 0,1 deg
Translation: 0,1 mm

error [deg]

laser reference frame (extrinsi
parameters)

Rotation: 0,1 deg
Translation: 0,1 mm

The wasted profile of the ion thruster was modeliech
2r 1 perfect circle, and the reconstructed 3D pointheen fitted
with a circle in order to evaluate the differenbesween the
parameters (radius and center) of the ideal caole of the
fitted one. In Figure 5 are shown errors on ceatef radius
of the fitting circle with respect to the nominarpmeters of
the model. We obtain coverage intervals with a iclamfce

level of 95% of 0,165 mm for the center and of @DGnm

0 2 4 6 8
Radius [mm]

10 12

Figure 4: example of MC simulation varying the dirsiem of the
solid. In blue the mean error, and in black thed#ad deviation

In Table 1 the results of simulations (50000 rusfsihe
variation of the versor of the reconstructed horapgy 1
plane (laser plane) is reported.

09r

0.8

Table 1: results of Monte Carlo simulation, variataf versor N ool

Coverageinterval 08¢
Mean value Standard deviation with a confidence 05}
level of 95% oal

0,0703° 0,0375° 0,140°

031

The uncertainties evaluation of this first stageMaite o2y

Carlo simulation become the uncertainties of thmuinfor o1f
the second stage of Monte Carlo simulation whidimege 0
the shape reconstruction accuracy.

The sensitivity analysis conducted by Monte Carlo
simulation suggested that the recalibration sokd to be
done of a material with a coefficient of thermapamrsion
nearly zero, Zerodur for example, and that hasetmtbthe
biggest possible dimension, considering the fieldview
and the depth of view of the camera.

for the radius.

T
0.1 0.15 0.2 0.25 0.3 0.35
errors on fitting circle center [mm]

0.008 0.01 0.012

0 0.05

1
09
0.8
0.7
0.6

051

5. SHAPE RECOSTRUCTION ACCURACY
ESTIMATION BY MONTECARLO SIMULATION

0.4

0.3 ‘

In the second step of the accuracy estimation we
evaluate the uncertainties in shape reconstruatibrthe
thrusters. We applied the Monte Carlo method vayytime
intrinsic and extrinsic parameters of the geometradel of
image formation (ideal pinhole camera model) in the
supposed uncertainty ranges. The uncertainty afinsid
parameters (the relative pose between the cametahan
laser plane) comes from the first step of the amwr
estimation (Monte Carlo simulation for the recalition  These results are obtained in simulation. We hawgegted
accuracy). a setup, shown in Figure 2 B, to evaluate experiatigrthe

The parameters considered as sources of uncertiaty proposed method. Probably the uncertainty of erpanmial
the focal length, the CCD dimension, attitude aodifion  results will be greater than simulation errors doeother
of CRF and LRF. For every parameter a Gaussiasources of uncertainty (camera resolution, accuracy
probability density function has been consideredhwi elaboration of images, laser plane scattering ofase) not
standard deviation as summarized in Table 2. considered here.

0.2 ‘

0.1 ‘

0
0 0.002

0.004
errors on fitting circle radius [mm]

0.006

Figure 5: Monte Carlo simulation, cumulative freqexen
distribution of centre and radius of fitting circle
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6. EXPERIMENTAL EVALUATION OF
MEASUREMENT ACCURACY OF THE VISION
SYSTEM

The structured light vision system shall have
measurement accuracy of £25 micron on the erosiofilg@
It is able to perform remote adjustment of the fand
exposure time in order to operate on the rangestances
and with the lighting conditions occurring in thest
chamber.

The initial calibration of extrinsic and intrinsic
parameters is made using a dot grid on a translatage, as
shown in Figure 6.

Figure 6: calibration setup

For every displacement of the dot grid, we acquiven
images, as shown in Figure 7: one of dot the gad f
intrinsic calibration, shown in Figure 3, and oné&hwthe
diode laser turned on and incident on the dot fpidthe
extrinsic calibration of the structured light vigigystem.

A B

Figure 7: images for initial calibration. A: dotigjfor intrinsic
parameters calibration, B: dot grid with laser plaredent for
extrinsic parameters calibration

Then the accuracy of the measurement system was

evaluated. With the so obtained parameters it &sipte to
measure the displacement of a solid.

We put the solid on the same translation stage wstd
the dot grid for the initial calibration, and we weothe stage
of 25 micron for 4 displacements, then a displacenud

381 micron and again 4 displacements of 25 micron.

Repeating this sequence, we globally moved thed sofi
about 3.5 mm, covering the entire range of measemném

Original image

Figure 8: : image of a laser plane incident onla so

Figure 9: previous image elaborated and laser (lted (blue
line)

These results are not dependent on the shape eblide
used, because we are measuring a displacementsspasge
using as a reference the measure of the translstitge, not
the dimension of the solid.

It has to be noted that the noise on measuremesrys
low thanks to the image elaboration, and in paldicto the
Total Least Squares fitting of the points, that sidars
uncertainties in both the coordinates (x,y) andimires the

orthogonal distance of the measured poirXs, {/, ) to the
fitting curve.

Thresholded image

500

5

800 850 900 950

Figure 10: laser plane fitted (blue dots)

An example of the Total Least Square fitting carsben

For every pose, we calculate the distance betwken tin Figure 10 where the white pixels belong to thset

various pose of the solid, projecting in 3D spdee points
obtained elaborating the images (the elaboratiosotifi’s
images is shown in Figure 8, Figure 9 and Figune 10

plane, the red point are obtained as centers of rohshe
laser plane (considering the columns of the image) the
blue line is the fitting line.
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In the measurement range, the images are not all 7. CONCLUSIONS
focused, but thanks to the image elaborationpbissible to
have a measure with a very good level of accuraitiyout We propose a novel method for self-recalibratiornhef
the remote adjustment of the focus. extrinsic parameters of a structured light visioystem,
We obtained a mean difference on global displacémemased on planar homography by defining the realecaya
with respect to the initial position of 4,2%, a mea reference solid as a pseudocamera, and the |as® pf the
difference considering displacement step by st&u@& o structured light vision system as the constrainptane for
381 um) of 7 %. Considering only the 25 um displaeets, the two cameras corresponding points. Planar hoapbgr
we obtained a mean difference of 0,8 pm and a atdnd can in fact be computed from the corresponding tpodrf
deviation of 2,3 pum. two views of a planar scene: in our setup, thet fiisw
comes from the real camera, the other from thereate
Displacements Measurement solid prism that we model as a telecentric camera.
; In order to assess the metrological quality ofrtiethod
we evaluate the accuracy of the 3D reconstructioa bvo
step Monte Carlo simulation. First an evaluation té
recalibration parameters accuracy, then the shape
reconstruction accuracy taking into account botle th
intrinsic parameters uncertainty given by the aitamera-
calibration and extrinsic parameters uncertaintiaioled in
the previous step. Both steps are based on geametri
modelling of the prism, of the object under study af the
vision system used in a Monte Carlo simulationth@ first
step, the parameters considered are the thicknefsshe
o 20 40 60 80 100 120 140 laser plane and the dispersion of the edges optisen. In
step on transl stage the second step the parameters considered as soofce
uncertainty are the focal length, the CCD dimension
Figure 11: global displacements respect to thalrpbsition (intrinsic parameters), CRF and LRF attitude anditjpm
(extrinsic parameters).
Differences , The measurement accuracy of the vision system & wa
Differences [mm] evaluated measuring the displacement of a soligrias to
0.14 | —o—Diff percentual %|| a translation stage, that gives the reference.

3.5

—e—reference value
3} |=®=mean measured value
—e—std on measured value

n
&)
T

Displacement [mm]

0.16

0.12
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