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Abstract

In this paper, we describe a new uncalibrated active vi-
sion system. Normally, active vision systems need either
precise calibrations or relatively fixed cameras and light
sources, which require 3D measurement systems to make
use of complicated measurement processes or measurement
equipment. Recently, several uncalibrated active vision sys-
tems have been studied. Since calibrations of these systems
are done either while or after shape data is obtained, the
user can simply place the equipment arbitrarily and scan
the objects. The proposed system is an uncalibrated ac-
tive vision system which consists of a camera and a video
projector. Geometrically, this is a camera-to-camera sys-
tem with one camera replaced by a projector. Uncalibrated
vision systems based on perspective projection devices are
prone to unmeasured scaling parameters. To solve this
problem, a laser pointer is attached to the projector. In the
present work, coded structured light is used to obtain dense
correspondence points, resulting in more detailed shape
representations. Experiments using the implemented sys-
tem show that it is able to reconstruct dense and precise 3D
shapes.

1. Introduction

3D acquisition stereo systems can be categorized into two
basic types. a passive stereo system and an active stereo
system. The former can recover 3D shapes only from mul-
tipleimages, therefore no special devices are necessary and
the systems are usually easy to use. However, in order to
recover 3D shapes from images by passive stereo, accurate
correspondences between images are required, making this
adifficult task. Furthermore, candidates for correspondent
points are usually limited to a few feature points; thus, to
recover dense 3D points, interpolation is necessary and data
accuracy may be unreliable.

An active stereo system, on the other hand, utilizes light
or laser projector for scanning, and thus has no difficulty in
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retrieving high precision correspondences; the accuracy of
the 3D pointsisthereforerelatively high. Another benefit of
an active stereo system isthat dense 3D points can easily be
captured by controlling laser devices using structured light
or other methods. Given the advantages of an active stereo
system, such a system is usually adopted for practical use,
especially for scanning intricately shaped objects.

One of the disadvantages of active stereo systemsis that
these systemsusually require special and expensive devices,
such as servo actuators for laser control, specia structured
light projectors, etc., which are usually heavy and costly.
Recently, many types of low cost and handy-sized projec-
tors have become readily available, and we therefore now
have a good opportunity to develop a portable and low-cost
active stereo system.

With regard to the disadvantages of active stereo sys
tems, simplification of the calibration process is a critical
issue. In an active stereo system whose projector and cam-
era are not fixed to each other, precise precalibration is re-
quired before 3D scanning each time the conditions of the
system are changed. Clearly, thissignificantly compromises
the convenience of the system. If we can eliminate the
precalibration process from an active stereo system, it will
greatly improve both the convenience and the practicality
of the system. Based on these facts, many active stereo
systems which do not require precalibration have been pro-
posed to date. In this paper, we propose an uncalibrated
active stereo system which has three important advantages
over other previously proposed uncalibrated system: first,
our system can capture dense 3D points in a short period
of time; second, the system does not require any calibration
at any time during the entire scanning process; third, we
provide a simple solution for eliminating ambiguity in the
scaling of 3D data. The elimination of ambiguity is critical
for the practical use of 3D scanners.



2. Related Works

Many active 3D scanning systems have been proposed to
date. Among them, the active stereo system can be consid-
ered one of the most common techniques. One simple im-
plementation of an active stereo system isto utilize a servo
actuator to control the laser projector [16]. However, such
a system is usually heavy, large and expensive because of
the required high precision mechanical devices and the ne-
cessity for accurate calibrations. To avoid using precision
mechanical devices, astructured light-based system may be
used. However, while the structured light-based system has
great advantages in scanning efficiency, i.e., it can retrieve
dense 3D points in a short period of time, precise precal-
ibration is necessary for installation and this is usually a
laborious task.

To avoid the calibration problems mentioned above,
many uncalibrated active stereo methods have been pro-
posed[3,9, 6,17, 7, 11]. Takatsuka[17] and Furukawa[11]
have proposed active stereo 3D scanners with online cali-
bration methods. Each of their systems consists of a video
camera and a laser projector attached with LED markers,
and executes projector caibration for every frame. Thus,
system configuration is relatively free and a real-time sys-
tem is achieved. However, when calibration is performed
for each frame, the system tends to have insufficient accu-
racy and low efficiency for practical use.

Uncalibrated stereo techniques have been studied exten-
sively for passive stereo systems|[8], and several researchers
have proposed other practical methods based on these tech-
niques, essentially substituting a projector for one camera
of the stereo paired cameras. Fofi et al. [10] proposed a
method in which a 3D shape is first reconstructed in a pro-
jective space and then is upgraded to Euclidean space. Their
method does not require precalibration; to estimate the up-
grade parameter, they assume an affine cameramodel, how-
ever the technique then cannot be applied to scenes which
have a large disparity in depth. Because of their strong as-
sumption of the affine camera model, they dismissed the
problem of the inevitable ambiguity of scaling in an uncali-
brated stereo method. This method also requires a plane in
the scene which should be captured.

Li and Lu’s method [15] executes a projector calibration
for light planes projected to two planes in the scene. After
calibration, the camera can be freely moved and zooming
is also allowed during the 3D acquisition process. How-
ever, under this method, new calibration is required when-
ever the projector position is changed. Additionally, this
method requires calibration for each plane and the authors
do not mention how dense 3D points are acquired. Li and
Lu’'s method adopts an off line calibration to eliminate scal-
ing ambiguity.

Note that ambiguity of scaling inevitably exists for un-
calibrated stereo methods and this usually causes many

problems in practical use. For example, when we scan an
object from varying view directions to capture the entire
shape of the object, different scaling parameters for each
scan make it difficult to achieve correct registration and in-
tegration. To avoid such problems, the following two tech-
niques can be considered:

e Fix both the projector and the camera to keep the scal-
ing value constant.

e Scan an object of known size and pre-determine the
scaling value.

Both of these techniques usualy take a long time and
greatly reduce the flexibility of the system.

The system we propose here is essentially based on
an uncalibrated stereo method for a passive stereo sys
tem, which we extend in order to be able to apply it to a
large number of correspondences retrieved by a space coded
structured light method. With our system, dense 3D points
are simultaneously retrieved with online calibration, which
is done by minimizing anormalized error function. We also
propose a simple method of eliminating ambiguity of scal-
ing by attaching alaser pointer to the projector.

If we can use multiple scanning data taken moving the
location of the projector (or the camera), we can improve
the results of 3D reconstructions obtained by the proposed
method. Thistechnique is described in another paper[12].

3. System Configuration and 3D Re-
construction

The 3D reconstruction system developed in this work con-
sists of a video projector and a camera. A laser pointer is
attached to the projector and is used for determining the
scaling parameters, which cannot be fixed with uncalibrated
stereo methods. If the ambiguity of the scaling parameter
can be left unsolved, the laser pointer can be omitted. Fig.
1 shows the configuration of the system.

When the shape of an object is measured, the cameraand
the projector are oriented toward the object. With the struc-
tured light method, a set of dense correspondence pointsis
obtained. The 3D locations of the correspondence points
are reconstructed with an uncalibrated stereo method.

Our 3D reconstruction system hasthe following features,
which are highly desirable in a practical 3D measurement
system:

e The projector and the camera can belocated arbitrarily.

e No limitations are imposed on the geometry of the
measured scene except that, if the scaling parameters
must be measured, the point lit by the laser pointer
should be observable from the camera.
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Figure 1: Components of the 3D measurement system.

e Recalibration is not needed even if the locations of the
camera and the projector are changed.

e The measurement process is completely automatic
without any need for user intervention.

e A dense depth image is obtained with the correct scal-
ing parameter.

A video projector can bethought of asareversed camera,
and we can define intrinsic parameters of a projector such
asafoca length like cameras.

In the present work, the intrinsic parameters of the cam-
era are assumed to be known, while the focal length of the
projector is assumed to be unknown. This is because the
intrinsic parameters of the camera can be obtained by exist-
ing methods, such astaking pictures of acalibration pattern,
while those of the projector are more difficult to obtain. For
example, to estimate the parameters of the projector, a cer-
tain pattern should be projected onto a special object, like a
calibration pattern on a plane, the projected pattern should
be captured by a camera, and the pictures should be ana-
lyzed.

3.1. Obtaining a set of correspondence points
by structured light

For active stereo systems, structured light is often used to
obtain correspondence points. To resolve the correspon-
dence effectively, coded structured light methods have been
used and studied [2, 5, 4, 14, 13]. In the present method,
directions from the projector are encoded into the light pat-
terns, which are projected onto the target surface. The light
patterns projected to each pixel are decoded from the ob-
tained images, and the mapping from each pixel in the im-
ages to directions from the projector is obtained.

Since dense correspondence points are desired to obtain
detailed shape data, one of the previously proposed coded

(a) x-coordinate

(b) y-coordinate

Figure 2. Example of binary patterns for coded structured
light.

(a) x-coordinate (b) y-coordinate

Figure 3: Coded images by structured light.

structured light methods is used in this work, specialy the
gray code method proposed by Inokuchi [14](Fig.2). Since
the gray code encodes 1D locations in the projected pat-
terns, we applied the code twice, once for the x-coordinate
of the projected pattern and once for the y-coordinate.
Based on the compound gray codes, point-to-point corre-
spondences between the directions from the projector and
the pixelsin the image are resolved (Fig.3).

3.2. 3D reconstruction

From the set of correspondence points, 3D reconstruction
can be carried out using uncalibrated stereo methods. One
such method involves reconstructing the 3D shape in the
projection space and upgrading it into a Euclidean space.
Another method is to solve the epipolar constraints in Eu-
clidean space. In the present work, non-linear optimization
is applied from the first.

We chose to proceed in this way because both recon-
struction in the projection space and solving the epipolar
constraints allow more freedom than the real 3D geometry
has because they do not take the constraints of rigid trans-
formation or pre-measured camera parameters into account.
Thus, non-linear optimization has often been applied to im-
prove the solution and refine the results. Recently, given the
improved computational capabilities of PCs, 3D reconstruc-
tions using only non-linear optimizations have been studied
by some researchers[1]. In the present study, we have cho-



sen to follow this approach.

We call a coordinate system which is fixed with the pro-
jector (or the camera) the projector (camera) coordinate sys-
tem. Coordinate values expressed in this system are the
projector (camera) coordinate. The origin of the projec-
tor (camera) coordinate system is the optical center of the
projector (camera). The forward direction of the projector
(camera) isthe minus direction of the z-axis of the projector
(camera) coordinate system. The x and y-axis of the projec-
tor (camera) coordinate system are parallel with the vertical
and horizontal directions of the image coordinate system of
the screen.

Let the focal length of the projector be f,,, and the direc-
tion vector of the ith correspondence point expressed in the
projector coordinates be

(upi7 vpi; - fp)t'

Here, we express the rigid transformation from the pro-
jector coordinates to the camera coordinates as the rotation
matrix R, and the translation vector t,. Therotation is ex-
pressed by the parameters of Euler angles a,, 8, and ~,,
and the rotation matrix isthus expressed as R, (cvp, B, Vp)-

The direction of the correspondence points observed by
the camera is converted to the screen coordinates of a nor-
malized camera, with corrected effects of the lens distor-
tions. Let the converted coordinates be

(uci7 Veiy — 1)t~

If the epipolar constraints are met, the lines of sights
from the camera and the projector intersect in the 3D space.
The line from the projector in the camera coordinatesis

T{Ry (ap, Bp, V) Y upi/ fps Vpi/ oy — 1)t +tp, (D)

where r is aparameter. The line from the camerais
s(uci7 Veiy — ]-)ta (2)

where s is a parameter.

To achieve the epipolar constraints, the distance between
the two lines (1) and (2) should be minimized. Let the di-
rection vectors of the lines be expressed as

Pei == N (uci, vei, —1)7,

qei (97 fp) =

N{Rp(apaﬂpv’Yp)}(upi/fpvUpi/fpa_1)t; ©)
where N isan operator which normalizes avector (i.e. con-
verts a vector into a unit vector with the same direction),
and 6 := (ap, Bp, Vp, tp) represents the tuple of the extrin-

sic parameters of the projector. Then, the distance between
thelinesis

Ei(07fp) = |tp N (pei x in(Q,fp))‘, 4)

where “-” indicates dot product.

E;(9, fp) includes systematic errors whose variances
change with the parameters (6, f,) and the data index .
To compose an error eval uation function unbiased about the
parameters (6, f,,), E;(6, f,) should be normalized by the
expected error level. Assuming the epipolar constraints are
met, the distance from the intersection of the lines to the
camera and the projector are

Dci(9>fp) = ||tp X qci(97fp)H/||pci X QCi(eafp)”v
Dpi(8, f) = [ltp X Peill/[[Pes X @ci (0, fo)s ®)

respectively. Using the distances, the distance normalized
by the error level is

Ei(ea fp)
Echi(ev fp) + epri('gv fp)/fp

where ¢, and ¢, are the errors intrinsic to the camera and
the projector expressed as lengths in the normalized screen
planes. In our experiments, we used pixel sizes for e, and
€p

(6)

Ei(0,f,) =

Then, thefunction f (6, f,), whichis minimized with the
non-linear optimization is expressed as the following form:

1O, fp) =D E0, fo) + (lltpll = D* (@)

The last term gives the constraint to reduce the freedom of
the scaling. Without this term, one of the globally optimal
solutionist, = 0, which is meaningless.

3.3. Estimation of Scaling Parameter

The measured 3D shape is scaled by an unknown multiplier
from the real shape. The following methods can be applied
to determine the multiplier: which are

1. measuring the length of the two points on the real
shape,

2. measuring an object with aknown shape (acalibration
object) and the target object successively without mov-
ing the camera nor the projector,

3. or measuring a calibration object and the target object
simultaneously.

However, al of these techniques normally require some hu-
man intervention such as measuring or specifying the cal-
ibration object, making it difficult to develop a completely
automatic measuring process.

In order to determine the scaling parameters more easily,
we attach alaser pointer to the projector and project amark
onto the measured surface, which is then observed by the
camera. The projected laser light forms a fixed line in the
3D space expressed by the projector coordinates. The 3D



Table 1: Parameters estimated by calibration and from data.

By calibration From data
fo 0.043[m] 0.043[m]
(o, BpYp) | (458°,15.6°,4.31) | (7.19°,17.0°, 2.95)
tp/||tpl (0.49,-0.63, 0.60) | (0.50,-0.67, 0.54)

point lit by the pointer is determined from the image, and
the scaling parameter is calculated from this data.

Theline formed by the laser pointer should be calibrated
when it is attached to the projector. To do this, multiple
points on the laser are obtained by measuring an object with
aknown shape placed such that it crossesthe laser line. The
points are fitted to aline to obtain the parameters of the laser
line. Calibration is needed only when the laser pointer is
attached to the projector.

The calculation to evaluate the scaling of the mea
sured shape with a 3D point which is known to be on
the laser line is as follows. Let the detected 3D lo-
cation be (pm Ypm Zpm)' in the projector coordinates.
The real 3D coordinates of the point can be expressed
as MZpm Ypm 2pm)’, Where X is the scaling multiplier.
Since ) is unknown, the point is on the line which passes
both the optical center of the projector and the point
(Tpm Ypm Zpm)'. The point marked by the pointer is on
the calibrated line; thus, by taking the cross point of the
line A(Zpm Ypm zpm)" and the calibrated laser line, we can
decide the scaling parameter \.

4. Experiments
4.1. Evaluation of Accuracy

To evaluate the accuracy and effectiveness of our proposed
method, we scanned a scene of a cube (20cm x 20cm x
20cm) and abox (Fig.4(a)), calculating the extrinsic param-
eters and the focal length of the projector.

For acomparison, We also performed a calibration of the
extrinsic parameters and the focal length using the known
3D positions of the vertices of the cube. The initia values
of the position and direction of the projector were «,=0",
Bp=20°, 7,=0", t,=(1,0,0), f, = 0.05 . The results are
shown in Tab. 1.

We also evaluated the quality of the obtained 3D point set
shown in Fig.4(b). We applied a plane fitting algorithm for
the faces in the scene, obtaining 4 planes (A,B,C,D) shown
in Fig.4(c). By using the estimated plane parameters, we
calculated angles between the estimated planes. The angles
between plane A and B is93.0°, Aand Cis91.7°,Band Cis
87.3°,and A and D is 1.8". We also calculated the deviations
of the points shown in Fig.4(d) from the plane D. The root
of the mean squared deviations from the plane was 0.46mm
inreal scale.

Figure 4: Scanning of a cube with known size: (a) the
scanned scene, (b) the scan result, (¢) planes fitted to the
point sets, and (d) points compared to plane D.

The deviations of the pointsfrom the plane D indicate the
intrinsic error level of our system, taking noise and quanti-
zation effects into account. Our experimental results show
that the residuals are small enough to ensure the high accu-
racy of 3D scanning using our system. The angle between
planes indicates the correctness of the calibration method,
and should show 90° for planes A-B,A-C,B-C, or 0" for A-
D, if the parameters are correctly estimated. The measured
angles show that the errors of the angles varied from 1° to
3.

Finally, we evaluated our method of estimating the scal-
ing parameter. First, the line formed by the laser light
was calibrated by measuring 2 points lit by the laser. The
laser line was expressed in the projector coordinates using
the real scale. Then, we moved the camera and projector,
scanned the cube shown in Fig.5(a) with the initial values
(ap, Bp, 7p)=(0°, 20°, 0°), t=(1,0,0), f,, = 0.05, and calcu-
lated the scale of the measured point set from the detected
point lit by the laser. We fitted planes to the scaled point
set at the top and the bottom of the cube, and measured the
length between the planes at the nearest edge of the cube
(Fig.5(b)). The estimated length was 19.9cm, whichisclose
to the actual length 20cm, thus confirming that our estima-
tion method is effective and practical.



Point lit by the laser
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Figure 5: Scaling using a known laser line: (a) the scanned
scene and the point lit by the laser, and (b) the measured
edge

4.2. Largerange scanning by moving the cam-
era

We scanned a scene repeatedly by moving the camera
Since our proposed method does not require camera
projector calibration for scanning, we can continuously
move the camera while performing a sequence of scans.
With this feature of scanning, we can scan a wide range of
objects without any special registration method. Our scan-
ning results are shown in Fig.6, which shows that all scan-
ning results are aligned correctly from the beginning and
that alarge range of objectsis successfully retrieved.

4.3. Examples

Finally, we scanned severa objects with intricate shapes
and curved surfaces to verify the reliability and the effec-
tiveness of our proposed method. Results are shown in
Fig.7.

5. Conclusion

In this paper, we propose a new uncalibrated active vision
system which enables dense 3D scanning with asingle scan-
ning process and without any precise calibrations or special
devices. Our proposed method is based on an uncalibrated
stereo technique for a passive vision system with one of the
cameras replaced by a projector. We also propose an ef-
ficient method of estimating the scaling parameter of the
system by simply attaching alaser pointer to the projector.
By using our proposed method, the camera and projector
can bearbitrarily installed and it is possible to start 3D scan-
ning immediately and without any precalibrations or com-
plicated preparations. Another advantage of our method
is that, since the calibration process is eliminated, we can
freely move the projector while a sequence of scansis be-
ing carried out, and thus, we can scan a wider range of the
object more accurately and efficiently than with other meth-
ods. To verify the reliability and the effectiveness of our
proposed method, we conducted several experiments with

Occluded region Occluded region

Figure 6: Scanning a intricate scene from various view di-
rections: (a) the scanned point set with thefirst cameraposi-
tion, (b) the scanned point set with the second camera posi-
tion, (c) theintegrated point set, and (d) the integrated point
set shown from the top.

the proposed system and actual objects. The results of our
experiments confirm the effectiveness of our proposed sys-
tem.
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