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3-D Optical Measurement
Technology
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Visual Cues

Shading

Texture

Focus

Motion

Shape From X

» X =shading, texture, focus, motion, ...

Others:
» Highlights
Shadows
Silhouettes

Inter-reflections

Symmetry

Light Polarization

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Visual Cues
Shading
Merle Norman Cosmetics, Los Angeles
Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Visual Cues

Shading

Texture

The Visual Cliff, by William Vandivert, 1960
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Visual Cues

Shading

Texture

Focus

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Visual Cues

Shading

Texture

Focus

Motion
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Stereo Detection

AOlI
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Stereo Reconstruction

The Stereo Problem

« Shape from two (or more) images
» Biological motivation
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scene point

focal point

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001




Basic Principle: Triangulation

« Gives reconstruction as intersection of two rays
* Requires point correspondence

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Stereo Correspondence

Determine Pixel Correspondence
» Pairs of points that correspond to same scene point

.

epipolar line epipolar line

Epipolar Constraint

* Reduces correspondence problem to 1D search along
conjugate epipolar lines

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Stereo Matching Algorithms

Match Pixels in Conjugate Epipolar Lines
+ Assume color of point does not change
+ Pitfalls
> specularities
> low-contrast regions
> occlusions
> image error
> camera calibration error
* Numerous approaches
> dynamic programming [Baker 81,0Ohta 85]
> smoothness functionals
> more images (trinocular, N-ocular) [Okutomi 93]
> graph cuts [Boykov 00]

Materials taken from Prof. S. Seitz, Carnegie Mellon University,2001
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Multiple image-based SSSD
Method

SSSD algorithm

( Sum of Sums of Squared Difference)
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Multi-baseline stereo b

3-D
world
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Inverse distance: different
i base distance

image0
imagel
image2
(mage3
imaged
image$
image6
image?
image3
imaged

ST

Baseline b 2b 3b 4b 5b 6b 7b 8b %

“Town"™ data set image sequence.
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i Normalization
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0 ; 0 T x
nverse depth

Combining two stereo pairs with different baselines.

i Outline of Multi baseline stereo detection

Images

= >

Laplacian of Gaussian (LOG)

==~

SSD and SSSD

L

Depth and Uncertainty Calculation
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SSD (x,C0) =
2 (h(x+1)—1i(x+B;FL+ )’

SSD / SSSD

SSSD
\§\\\\\\k SSD3
&

—~ _~ssn1

( the inverse distance)
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i Measurement Variance
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n

the measurement variance decreases inverse-proportionally to the sum of the

square of the baseline lengths:




Materials taken from Prof. T. Kanade,
Carnegie Mellon University, 1995
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Figure 4. Architecture of CMU video-rate stereco machine
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Flow chart of the stereo detection method -ab

Transform the extracted
characteristic point from distorted
image frame to undistorted image

Subpixel interpolation to obtain
one-tenth subpixel precision

Calculate SSD and SSSD

Search for the minimal SSSD in
order to decide the inverse distance

Calculate the depth

AOlI
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i Calculation of Inverse distance

CMM Workbench
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Experimental result from the stereo image
detection method
Sample No. Re?rlnlrjne)pth D“:stis?rfﬁi ) Error (%)
1 370.0 379.0 2.4
2 370.0 367.0 -0.8
3 370.0 355.0 -4.0
4 420.0 412.3 1.7
5 420.0 427.5 1.8
6 420.0 422.4 0.5
7 320.0 318.8 -0.4
8 320.0 329.5 2.9
9 320.0 315.5 -1.4
AOI
Lab

Extraction of the boundary
characteristic points
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i Active 3-D Vision Methods

1. Laser triangulation principle
2. Mapping method
3. Binary encoding method

36




Laser triangulation principle

Laser
diode

I

Optical g
axis

Working
distance

! Reflective beam

Incident
beam

/ ¥ o Scatterin
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plane - Object’s surface to be measured
8| IEEEEE ' Scattering principle
Laser Probe using scattering principle 37

Light reflection model

The reflected color of the measured surface can be
roughly described by considering the coefficients of
ambient and diffuse reflection as having red, green and
blue components:

Key factors:

Ay Ay ~ oA N 1. view direction of CCD.
IR: J.Ia/ika(ﬂ*)dﬂ"' J‘ Iiﬂ(kd(ﬂ)(l—'N)+ks(/1)(R'V) )dﬂ,
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/162 /1(32 . A' | 5 . 7 n - =
lg = [laka()dA+ | liz(kg (AL -N) +k(AR-V)) ;3. coefficient of specular
. i (r+k) reflection.
A, Ao 1. SN 5 \J\n 4. coefficient of diffuse
lg = [k (D)dA+ | iz (kg (D)L (I\rliril)(S(l)(R Vg, reflection.
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5. surface properties




i Laser triangulation principle

Laser point —

Optical lens
Laser beam

Laser source

T

Focal length

+

AN

Image point

39

:L Linear model of laser triangulation

i

. Z axis
b, ,0 :system variables. - P(x.y.2)
u,v : image coordinate
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i

Mapping methods used in 3D
Vision

41

i Perspective projection from 3D to 2D

CCD Image

Structured pattern in 3D space

42

Source from Prof. Chang




i Mapping function for (Y,Z) in 3D to 2D

= Mapping function using multi-element
polynomial function
» 3D space: (X,Y,2)
» CCD coordinate: (u,v)

n n—j .
Y =0 (u,v) =2 X bu'v’
j=0i=0

nn—-j . .
Z=h (u,v) =3 X cju'v]
j=0i=0

43

i Two-CCD optical configuration

44
Source from Prof. Chang




i Single laser-line projection with 2 CCDs

=Laser Line Projection _ _
= CCD images in left

and right camera

HD || B

]

Source from Prof. Chang 45

Source from Prof. Chang

i 3D mapping from two images

= 3-D mapping from two image coordinates:
» 3D coordinate:(X,Y,X)
» Left CCD image:(u,,v,)
» Right CCD image:(ug,Vg)

n n-kn-k—j i j "
Xp=fo(ug,vpug) =2 > > @KU Vv Ug
I—0k=0 j=0
n n-kn-k—j : j K
Yo=9gp (u,vi,ug)=2> > > byup vy ug
I—0k=0 j=0
n—kn-k—j

n . .
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Zy =h (up,v,ug) =Y Y X cjul v tug
I=0k=0 j=0 46




Resolving the unknown coefficients using least-
squares approximation

,
X;=aqu” +bv: +quy, +du; +ev; + f

2
[

El=au +bv +cuy, +du, +eyv,+ fi —x,

E = (E)

E_, A, T, E B g
aa: abl 5(. adl a‘l or

p) .
i =au” + by +ouy; +dyu; + ey, + f
. p) b
E =ayu’ -e-b:v" + OV, + Al + ey, + =2,
E =3 @&

CE" o CGE' o CET o CGE_, CGE _, CE _,
da, éb, &’: éd, a‘: df: 47

i Multiple CCDs for 3-D detection

48




Source from Prof. Chang

Mapping model for multiple

:_L CCDs

= 3-D mapping from two image coordinates:
» 3D coordinate:(X,Y,X)
» CCD M: (uy,Vy)
» CCD N: (uy,Vvy)
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i Laser line scanning for 3D profiles

Source from Prof. CE’.%Q




laser scanning method

i Line

Multiple laser with 2-CCD configuration

i+

52




Various design patterns of
structured light

Dot
matrix
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Example of structured light projection

on measured objects
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Micro 3-D vision system based
on structured light

Optical
- system
2 - I =
o Beam Generator of Digitor
‘ipllltCF‘i St tured light
I DLP
l Projector |
g I
Zoommg__
system E§
Ob_]cutne J

v
Gray Coded l" ‘- L("
patterns
7 om lens
Spu:lmcn

| Backlight Panel |
Translation
Stage

Hardware setup of a micro-
i scale 3-D vision system




i Laser line scanning for 3-D profiles

60

Source from Prof. Chang




i Laser line scanning for 3D profiles
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3D point clouds 3D model using
color shadowing

Source from Prof. Chang

:_L 3-D dental scanning system

Rotation table
for scanning
_ Whole teeth

Laser probe

Personal Computer

Tilting rotation table for
scanning single tooth

62




:_L 3-D teeth models
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BGA (Ball gray array)
:_L Coplanarity inspection

)

Source from Prof. CR4ng




i Question 1

o Perform the calibration operation required

for single laser line projection with single
CCD.

o Perform the calibration operation required
for single laser line projection with double

CCD:s.

65

White light
Binary encoding method

66
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Fringe Projection.

Camera /‘
Teat
o D /j Oi‘jECt

: Fringe Frojector

o Consider as a set of (near) parallel lines.

o With appropriate analysis obtain a
co-ordinate for every camera pixel.

» Potential data rates of 1,000,000 in 10 seconds.

ml o

Optical 3D — Measurement in Volkswagen, A'é)% (GOM).

i Fringe recognition problem

Image

to be measured Fringe 2
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Ambiguities

i Dealing With Range (or Phase Shift)

 The sequential projection of encoded patterns is another elegant
way.

* The most popular methods for pattern projection use binary
coded or phases shift fringes patterns. Gray codes binary images
use multiple frames with increased resolution (bits) to encode a
pixel on the CCD with its corresponding range.

» Sub-pixel resolution is obtained by detecting the edge

transitions in the highest resolution image.

Spatial recoding method
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Binary encoding method

Fringe Y
A

/‘ Lights
Fringe \
B ﬂ
Fringe ’ z
C

ource

CCD

Source from Prof. Chang

71

White-light Binary encoding methods

 Binary encoding methods are today popular because of
the availability of low cost projectors and a full 3D
volume can be acquired quickly in just a few video
frames.

« The use of incoherent light reduces speckle noise
associated with laser and consequently provides better
surface smoothness.

* The depth of view 1s smaller when compared to laser
strip scanners and absolute accuracy for an equivalent
3-D volume (not only on the surface) will be relatively
smaller than their laser counterparts.

72




Binary encoding method

X
Projector —»

Projector

Camera /7 /7777 /
W

.
/-

|/ Scanning direction

Fringe Projection Method
Coded Light Approach

73
Optical 3D — Measurement in Volkswagen, ATOS (GOM).

Optical 3D — Measurement in Volkswagen, ATOS (GOM). AOI
Fringe projection Lab

Camera 1 Camera 2

Figure 3: Principle setup of the fringe projection sensor 74




Combination Photogrammetry -
Fringe Projection Method

7 Projector
4 Camera
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Optical 3D — Measurement in Volkswagen, A'Ijoé (GOM).

Fringe Projection System

!
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Atos-Sensor (GOM)

Optical 3D — Measurement in Volkswagen, A170§ (GOM).




System Calibration

7

Ballplate for
coordinate

Measuring

machines
(PTB)

Optical 3D — Measurement in Volkswagen, A'Iyoé (GOM).
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White Light Fringe Projection.

e ATOS system by GOM achieves

dynamic range of 3000.
o White light systems in general 3@6&@*’@%@%%@%*
have.
— Calibrate using known objects scanned
through measurement volume. u
— Fixed optical setup. \\

— Depth of field limit through:
* project grating onto object,

+ image the fringes onto the CCD.

Optical 3D — Measurement in Volkswagen, A'Iyo% (GOM).
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Figure 6: Binary coded pattern projection; a 3D
image can be acquired n a few frames.

Optical 3D — Measurement in Volkswagen, A'I]O% (GOM).
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i Measuring Interior Door

Optical 3D — Measurement in Volkswagen, AT%% (GOM).




i Measuring Interior Door

Point cloud
CAD-model

Optical 3D — Measurement in Volkswagen, A'I%% (GOM).

Measuring Interior Door

CAD-model (shaded)

82

Optical 3D — Measurement in Volkswagen, ATOS (GOM).




Measuring Interior Door

Polygonized point
cloud

Nominal/actual comparison 83

Optical 3D — Measurement in Volkswagen, ATOS (GOM).

Question 2

o How to perform the calibration
procedure for the binary encoding
method? You should identify the
system transformation matrix and its

projection plane equation.

84
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