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Abstract form one camera coordinate system to another camera co-

ordinate system and combine range images captured from

A mechanism is introduced that automatically integrates different cameras into the coordinate system of one of the
multi-view range images without registering the images. cameras or into a standard coordinate system. Examples of
The mechanism is based on a reference double-frame thasuch scanners are the Cyberware whole-body scanners [6].
acts as the coordinate system of the scene. A single-view An alternative approach is to use a coordinate system
range image of a scene is obtained by sweeping a laser linethat is attached to the scene to determine the coordinates
over the scene by hand and analyzing the acquired light of points in the scene with respect to that coordinate sys-
stripes. Range images captured from different views of thetem rather than with respect to the coordinate system of the

scene will be in the coordinate system of the double-frame,camera. In [13], various fiducials that act as the coordi-
and thus, will automatically integrate without further pro- nate system of the scene were introduced. In this paper, a
cessing. double-frame geometry is introduced that acts as the scene’s
coordinate system and allows the capture of range images

from different views and automatic integration of the im-

1. Introduction ages without image registration. By sensing the intersec-
tions of the laser sheet with the frame borders, the equation

of the laser plane is determined, and by locating distinctly
marked frame corners in images, the position and orienta-
. : ; tion of the camera is determined. This mechanism allows

though 3-D information can be acquired through contact . )
the laser and the camera to be moved independently while

[15], one of the main objectives of computer vision is to ac- . ) .
: . ) . . scanning the scene. Captured scene points will always be
quire the same information through image analysis means..

Methods for recovering 3-D geometry can be classified into in the coordinate system of the scene and, therefore, will

. . . ; automatically come together to reconstruct the scene.
passive and active. Passive methods, such as binocular : . , : . L
In the following sections, first, a brief review of existing

stereo [26] or depth from defocus [28], use a scene’s OWN | aser scanning methods is made. Then, the organization of

lighting, while active techniques, such as structured light the proposed scanner is described. Next, the speed and ac-

[19], Moiré interferometry [17], or time of flight [27] tech- ; )
) S . curacy of the scanner are determined, and finally, example
niques use special lighting or signal to capture 3-D geome-

try. In this paper, the development of a range scanner based "> obtained by the scanner are provided.
on the structured light principle is discussed.

In spite of more than three decades of research on range2- Related Work
scanning techniques, work in this area actively continues.
The main difficulty in range scanning is the registration of Depth from binocular stereo is perhaps the most natural
range images captured from different views. About one- way of capturing 3-D information about a scene. Binocu-
third of all work on 3-D scanning appearing in recent con- lar stereo, however, depends heavily on a correspondence
ferences has been on the registration aspect of the problenprocess that easily fails when the scene is textureless. As
[1, 2, 3, 4]. The idea proposed in this paper is to use aa means to add texture to the scene, light stripes and light
setup that does not require image registration for integrat-grids have been used.érbert swept the scene with a laser
ing multiple-view range images. One way to achieve this is crosshair while capturing and analyzing the images of the
to use multiple cameras that are in fixed positions of eachcrosshair [14]. Davis and Chen simplified the stereo setup
other. A fixed camera setup will make it possible to trans- by using a single camera but using a hinged mirror that cap-

Determination of the 3-D geometry of a scene from its
images is a fundamental problem in computer vision. Al-


agoshtas
Note
L. Zagorchev and A. Goshtasby, "A mechanism for range image integration without image registration," Proc. 5th Int'l Conf. 3-D Digital Imaging and Modeling (3DIM2005), June 13-16, 2005, Ottawa, Ontario, Canada, pp. 126-133.


tured left and right view images simultaneously [7]. Use of with a genetic algorithm. Contrary to the ICP algorithm,
a hinged mirror and a single camera simplifies stereo cali-a genetic algorithm does not require pre-alignment of the
bration and rectifies the images [12]. images.

From the desire to construct a hand-held scanner, Mc-  In spite of all these advancements, image registration
Callum et al. [18] positioned a laser line generator betweenstill remains a major hurdle in 3-D data acquisition. If
two cameras in a scanner head. The head was equipped witRverlap between views is small, there is no guarantee that
a magnetic tracker that determined the position and orienta-a registration method can correctly integrate the images. A
tion of the head at any instant. Range data captured with re-Scanner mechanism is introduced in this paper that does not
spect to the scanner head was then transformed into a globalequire image registration to integrate multi-view range im-
coordinate system. Based on the same principle but using &ges. The scanner measures all range values with respect
Sing|e camera, a hand-held scanner was deve|oped by FertO a coordinate System that is attached to the scene. The
reira et al. [10]. A laser source and a camera are sufficientc@mera and the laser source can be moved around the scene
to capture 3-D. In a system developed by Strat and Oliveira Obtaining multi-view range images and the images automat-
[25], a rotating mirror and circuitry to turn the laser source ically come together to reconstruct the scene.
on and off with fast speed were used. As the laser is swept
over a scene with a rotating mirror, the laser is turned on 3, Qrganization of the scanner
and off in high speed creating a set of equally spaced laser
stripes in the same image frame. This setup makes it possi-3
ble to produce a single-view range image of a scene froma™"
singe camera shot.

1. Hardware organization

: : . The hardware organization of the scanner is shown in
Image registration algorithms have become more elabo-_. .
Figure 1. Figure la shows the structure of a reference

rate throughout years of research. They can currently COM-y S ible-frame. W and H are, respectively, the width and

bine tens and even hundreds of range images into a sin,__. ; .
gle 3-D model [21]. Range image registration algorithms height of the front framegw andh are the width and height

can be categorized into those that work with image fea- of the back frame; and,;, ,,, andd. are distances between
tures and thgse that work with raw ranae values E)?am IeSthe lower-left corners of the front and back frames along the
: 9 ' AP x, y, andz axes, respectively. Figure 1b shows the relation
of features are ridge curves [20] and local peak points in
. : . . . _between the camera, the laser plane, and the double-frame.
single-view range images [8]. Matching of range features is

4 ] ] . Scanning is done by sweeping the laser light over an object
achieved through subgraph isomorphism [9]. Ramalingam by hand, just like painting the object with a paintbrush,

and Lodha [22] registered range images using point features The world coordinate system is attached to the double-

obtained by a corner detector. They then refined the regis- " : .
) . . . . . >~ frame, and as long as the position of the object remains
tration using all range points in an iterative closest point

(ICP) algorithm [5]. Typically, in an ICP algorithm, for fixed with respect to the double-frame, object coordinates

i : o determined from different views will automatically merge
each range point in one image, the closest range point in an-

. . . . 0 produce a larger data set that represents a more complete
other image is found and the sum of such distances is used .

as the match rating. One surface is slid over the other byV|ew of the scene. The scanner, therefore, makes it possible

. . . . to combine different-view range images of a scene without
incrementally changing the translation and rotation parame- ~ " " . ; L
i : S : registering the images. Another characteristic of the scan-
ters in the gradient-descent direction of the sum of distances "~ .
i ner is that the camera and the laser source need not be fixed
until the process converges.

_ _ ] ) with respect to each other, and the user can move the laser
Many registration algorithms have offered improvements jqependent of the camera during a scan.

to the original ICP algorithm [5]. Steps have been taken to
make the ICP algorithm faster and more resistant to out-
liers. To speed up the ICP algorithm, coarse-to-fine ap-
proaches have been proposed by Jost and Hugli [16] and
Schonfeld et al. [23]. To improve the geometric stability of
the ICP algorithm, Gelfand et al. [11] devised a point selec-

3.2. Software organization

As the laser light is swept over a scene, the images cap-
tured by the camera are processed to obtain the 3-D coor-

tion strategy that samples those points in the input that pro-dinates of scene points along the light stripes. If camera
vided the best convergence of the algorithm to the correct/€nS distortions can be considered negligible, the relation
pose. The sampling strategy estimated the transformatiorP€Ween points in the front frame and their images can be
that produced unstable sliding of one surface over anotherVfitten by a projective transformation:

and picked those points that best constrained this sliding.

To avoid convergence to a local minimum, Silva et al. [24] a1 + asy + as

searched in the parameter space for the best-match position Xy = as® +asy + 1 @)
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Figure 1. (a) The structure of the reference
double-frame. (b) Relation between the cam-
era, the laser light, and the double-frame.
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Figure 2. The actual double-frame during a

scan.
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Figure 3. (a) The relation between the camera

(lens) center and the front and back frames.
(b) Finding the coordinates of an object point
in 3-D from the coordinates of its image.

aeT + ary + ag

Yy = .
asr +asy + 1

)

(Xy,Yy) are coordinates of points in the front franfe, )

are coordinates of corresponding points in the image plane,
anda;—ag are the parameters of the transformation. The
XY-plane is taken to be the plane of the front frame and
the origin is taken to be the lower-left corner of the front
frame. Knowing the coordinates of the four corners of the
front frame and their images, parameteisag are deter-
mined by solving a system of linear equations. The relation
between points in the back frame and their images can be
determined similarly.

During a normal scan, the plane of laser intersects two
of the borders in each frame. Assuming the intersections of
the laser plane with the back frame dreand L, and with
the front frame ard.3 and L4, by determining the images
of these four intersections, their 3-D coordinates can be de-
termined. The equation of the laser plane can be written
as:

Z=AX +BY +C, 3)

parametersd, B, C' can be determined using the coordi-
nates of the intersections of the laser plane with the front
and back frames by the least-squares method. To determine
the intersection of the laser sheet with the left or right frame
border, the laser point on the frame border that has the same
X coordinate as the top or bottom marker is used, and to
determine the intersection of the laser sheet with the top or
bottom border in a frame, the laser point having the s&me
coordinate as that for the left or right marker is used.

If the plane of laser intersects the front or the back frame
at only one point due to occlusion by the object, rather than
using the least-squares method, the parameters of the plane
are obtained by solving a system of three linear equations.
If the laser plane does not intersect one of the frames, the
equation of the laser plane cannot be determined and so
range data cannot be acquired.

From the preceding discussions, it can be concluded that
each point in the image plane corresponds to a point in the
front frame and a point in the back frame. The two points lie
on a ray that passes through the lens center. Figure 3a shows
this situation. Let's suppose the line connecting the lens
center to the lower left corner of the back frame (paih)
intersects the front frame gt. The coordinates of the lens
center (pointC) is not known, but the coordinates 6f; in
3-D is known, and the coordinates fif can be determined.
Similarly, the rays that connect poin€s,, G3, and G4 to
their images can be determined. All these rays should pass
through the lens center. Theoretically, by the intersection
of any two such rays, it should be possible to determine
the position of the lens center. But because of the discrete
nature of the images, the lines may not intersect. They will,
however, pass close to each other near the lens center.



To determine the position of the lens center, the point in

3-D whose sum of squared distances to the four rays is min-|

imum is computed. Assuming the 3-D coordinates of points
G and f; areP; andP’, respectively, the parametric line
passing through them can be written as:

P =P, + (P, - Pt )

this. A weighted mean surface that approximatesregu-
larly spaced points in 3-BV,; : ¢ = 1,..., N} is defined
by

o sz\il WZ‘ (’LL, U)VZ‘
YL, Wiu,v)

P(u,v) u,v€[0,1], (8)

AssumingP . shows the lens center, the distance of the lens whereW; (u, v) is theith weight function of the surface and

center to the point with parameteon the line is

d* =[Py + (P} —P1)t — Pc |*. ®)

is defined by

Wiu,v) = {(u =) + (v —0;)* + 6} 72, (9)

The value oft that minimizesd® can be determined by  which is the inverse distance between the surface point un-

finding the derivative ofi?> with respect tat, setting it to
zero, and solving the obtained equation. Denoting the ob-
tained parameter by, we have

—(P1 = P.)(P; — P1)
(P —Pq)?

ty = (6)

Similarly, rays connecting-, G5, andG, to their images
can be determined and the point on each ray closeBt.to

can be computed. Suppose the closest points on the threg

rays have parameter coordinatests, andt4. Using equa-
tion (5), the sum of squared distances of p@tgtto the four
rays can then be written as

4
E*=) | Pi+ (P{—Pi)t; — P |*. (7)
=1

Substitutingt; — ¢, into equation (7)E? will be in terms of
P.. To determinéP,. that minimizesE?2, partial derivatives

of E? with respect taX,, Y., andZ, are obtained and set
to zero and the three linear equations are solvedcfgry.,
andZ,.. The lens center obtained in this manner will be the
average of the lens centers estimated by the four rays.

To determine the coordinates of object points, supposing
the image of an object poiR is pointq in the image plane
as shown in Figure 3b. Poirtalso corresponds to a point
in the back frame. Let's call that poi®. The coordinates
of Q can be determined using the coordinategyof The

der consideration and a data poind.is a small humber

to ensure that the weights do not become undefined at the
data points.(u;,v;) are the parameter coordinates associ-
ated with the point, showing the relation of that point with
respect other points in the scene. If a range data set rep-
resents a single view of an object, the surface to be con-
structed is single valued, and;(v;) may be set propor-
tional to (X;,Y;). If a range image represents a cylindrical
scan of an objecty may be used to show the height of the
ylinder andv may be used to show the rotational angle in
each circular cross-section of the cylinder. The weighted
mean surface will not only fill in areas where data are miss-
ing, it will reduce data in areas where multiple range values
are available, smooth digital noise among the points, and
generate a regular grid of points for rendering purposes.

It is often necessary to map the natural texture of a
scanned object to the reconstructed object to give it a real-
istic appearance. For texture mapping, the correspondence
between object coordinates and texture coordinates should
be established. This is straightforward when mapping the
texture from a single view of an object to the reconstructed
surface. In many situations, however, there is a need to
map texture from different views of an object to the recon-
structed object. This is achieved by first determining the
texture coordinates for each recovered 3-D point. In this
way, at each point on the reconstructed surface there will
be not only theX, Y, andZ coordinates of the point but
also theR, G, B color of the point. Therefore, instead

equation of the laser plane can also be determined from theof fitting a surface with three components to the obtained

coordinates of the intersections of the laser plane with the
front and back frames. Knowing the coordinates of the lens
centerC and the coordinates of poif}, the intersection of
the ray passing through poinsandQ and the laser plane
produces the coordinates of the object.

Missing points due to self occlusion can often be recov-
ered by scanning the scene from a different view. Missing

range data, a surface with six components is fitted to the
range and texture data. By varyingandv from 0O to 1,

the surface is generated using the first three components of
the surface and its texture is determined using the last three
components of the surface. This process will not only fill
in missing range values, it will fill in missing texture values
also. Texture in an overlap area is the average of textures

data due to the dark color of an object, however, may not befrom the views covering the area.

recoverable by rescanning. The solution we propose is to fit

a surface to the points and let the surface fill in the missing
points. We will use a weighted mean approach to achieve

In our setup a red laser is used, therefore, only the red
channel from a video sequence is processed to locate the
laser stripe. To detect a point along the spine of a laser



stripe, the red component of an image frame is smoothed
with a Gaussian to reduce image noise. The size of the
Gaussian smoother depends on the amount of noise in the
image and can be determined experimentally. Next, the
smoothed image is thresholded. The threshold value de-
pends on the intensity of the laser and the environment
lighting. This is also determined through experimentation.
The thresholding process separates the laser stripe from the
background in an image and reduces the search space for
determining the spine of the stripe. To locate the spine with

subpixel positional accuracy, a biquadratic function is fitted f’
to 3 x 3 neighborhoods centered at locally maximum inten-
sities within a stripe and the peak of the fitting function is
traced.

Ll

4. Resolution and accuracy of the scanner

(@) ' (b)

The resolution inX andY directions is determined by
the size of pixels in an image. If an image pixel covers a
1 mm by 1 mm area in the scene, resolutionsXirandY
directions will be 1 pixel/mm. To determine the resolution
in Z direction, a translation stage is used. Suppose a hori-
zontal laser stripe on a vertical plane that is parallel to the
image plane falls on scanlirtg . If after moving the plane
d mm parallel to itself the horizontal stripe shifts to scan-
line hy, the resolution of the scanner i direction will be
(ha — hq1)/d pixels/mm.

To determine the accuracy of the scanner in practice, an
Egyptian art piece as shown in Figure 4a was used. The
width of the portion of the plaque shown here is 312 pixels.
These 312 pixels corresponded to 161 mm on the plaque. |
Therefore, the resolution of the scanner along a scanline is
161/312 or about 0.52 mm. To determine the accuracy of
the scanner irnZ direction, the actual difference between
the highest point on the plaque and the lowest point on the |
plague was estimated manually with a ruler. This differ- |
ence was estimated to be less than 3 mm. The plaque was
then scanned with the triangulation angle in the range of
75-90 degrees and the depths of points on the plaque were
determined. Seven discrete depth values were obtained over
the plaque. Therefore, the obtained resolution alongzhe
axis is 3/7 or 0.43 mm. Further accuracy in depth can be
achieved by either zooming in and scanning a smaller scene
area or using a higher resolution camera. Isovalued depth
contours with 0.43 mm spacing are shown in Figure 4b. A
uniform B-spline surface fitting to the range data is shown (©)
in Figure 4c. Details in the geometry of the plaque that
were not even visible in the plaque intensity image have Figure 4. (a) An image of an Egyptian p|aque_
become visible. The surface fitting process has smoothed (b) Isovalued depth contours of the plaque
digital noise in estimated depth values and has restored the with 0.43 mm spacing. (c) B-spline surface

smooth geometry of the plaque. approximation of the range data.




5. Example scans

Different examples of scans produced by the scanner are
presented in this section. In the first example, a model of a
human face was reconstructed from two separate laser po-
sitions but with the same camera view. Figure 5 shows the
model of the human face that was placed between the front
and back frames. In the first scan, the range data set shown
in Figures 6a-c was obtained by sweeping the laser from
the left side. The range data set shown in Figure 6d-f was
acquired by sweeping the laser from the right side. As can

be observed, gaps are obtained in areas where the laser is

not visible to the camera due to self occlusion of the object.
The size of such gaps depends on the position of the laser,
the position of the camera, and the geometry of the object.
Combining the range data sets captured from the two differ-
ent views of the laser source and filling in the gaps by the
weighted mean method produces the range data set shown
in Figures 6g-i. A non-uniform B-spline surface fitted to the
range points is shown in Figures 7a-c. The figures show a
smooth reconstruction of the model face by a B-spline sur-
face. The reconstructed model after mapping the acquired
texture to it is shown in Figures 7d-f. The images of the
texture-mapped reconstructed face model are almost indis-
tinguishable from those of the actual model face.

In the next example, a Greek statue as shown in Figure 8
was scanned from two camera views. The scan from the
left camera view produced the range data set shown in Fig-
ures 9a—c and the scan from the right view of the camera
produced the range data set shown in Figures 9d—f. After
integrating the two data sets by finding the union of the 3-D
points, the combined range data set shown in Figures 9g—
i was obtained. The overlap between the two scans is not
large but the scans are large enough to cover the entire front,
left, and right sides of the statue. A B-spline surface fitting
to the integrated data is shown in Figures 9j—I. As can be ob-

served, the surface is smooth and seamless at places where|

different-view range images overlap and merge. The texture
mapped surface is shown in Figures 9m-o.

6. Summary and conclusions

A scanning mechanism was introduced that makes it pos-
sible to capture range data from different views of an object
and integrate the data without image registration. Based
on this mechanism, the design of a portable low-cost laser
range scanner was described that has the ability to scan an
object with adjustable density and accuracy. The scanner
does not require that the laser source and the camera be
fixed with respect to each other. The user may hold the
laser line generator in hand and sweep over an object to
scan it while keeping the camera stationary. The camera can
then be moved and the process can be repeated to obtain

Figure 5. A face model used in the experi-
ments.

Figure 6. (a)-(c) Three views of the range data
captured by sweeping the laser from the left

side. (d)-(f) Three views of the range data
captured by sweeping the laser from the right

side. Both scans were obtained at the same
camera position and orientation. (g)-(i) Three

views of the data obtained by integrating the

two laser scans and filling the holes in the

image space. Some small holes still appear
in data when viewed from the side



Figure 7. (a)-(c) Three views of the B-spline
surface approximating the combined range
data set shown in Figs. 6g-i. (d)-(f) Views
of the reconstructed model face after texture
mapping.

(b)

Figure 8. (a) Left view of the Greek statue. (b)
Right view of the statue.

Figure 9. (a)-(c) Three views of the range data
set obtained when scanning the statue while

the camera viewing the statue from the left.

(d)-(f) Views of the range data set when the
camera viewing from the right. (g)-(i) Views
of the integrated data set. (j)-(l) Views of the
reconstruct statue geometry by fitting a B-

spline surface to the combined range data.

(m)-(o) Views of the reconstructed statue in
texture mapped form.



different-view images of the object. Range data captured [16] T. Jost and H. Hugli. A multi-resolution icp with heuristic
from different views of the object will be in the coordinate
system of a reference frame that is fixed with respect to the
object and is visible in all images. With this mechanismiitis

possible to automatically integrate range data captured from[

different views of an object and create a model of the object.

Depending on the size of the scanned area and the angle be-

tween the laser and camera directions, varying accuracy in

captured range values can be achieved. Sub-millimeter ac-1g]

curacy in depth can be achieved if the scanned area is 20
square cm or smaller, the angle between the laser and the

camera axis is at least 60 degrees, and captured images arg9]

of size640 x 480 pixels or larger.
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