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Abstract

This paper proposes a new approach to resolve the ambiguity problem in multistriping laser triangulation systems [1]. The application of
this new method to circularly symmetrical objects can achieve time and space complexity of order one. No optical shutter is required in this

new method.

The new solution is based on the Fourier slice theorem, which forms the basis of X-ray CT (computed tomography) reconstruction. This
paper demonstrates how this theorem can also be used to resolve multistripe laser ambiguity effectively. © 1998 Elsevier Science B.V. All

rights reserved.
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1. Introduction

In order to recover the third dimension from 2-D pictures,
one series of techniques devised by the precursors in this
field is as follows:

structured lighting to resolve the line of sight [2];
multistriped laser pattern to increase the scanning area
31

e optical shutter pattern to resolve ambiguity of the multi-
striped laser pattern [4].

Several other methods have also been proposed by
ingenious workers in this field [5,6]. Each method employs
different heuristics and laws of physics, and no single
method could outperform all other methods in every situa-
tion. Interested readers can find a general survey in [7]. The
principle of structured light ranging systems is triangula-
tion; see Fig. 1(a). Stereo pair ranging also uses triangula-
tion, but it is difficult to match corresponding points out of
the stereo image pairs. The structured light method, on the
other hand, can easily pinpoint the position of a distinctive
light stripe (Fig. 2) and resolve the depth [8]. However, as
we increase the number of stripes we see in one image,
another ambiguity problem arises. We will discuss this pro-
blem in greater detail in the next section, as this is the major
problem we are going to solve.

The Fourier slice theorem is the backbone of X-ray
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computed tomography (CT) [9]. This theorem states that if
the projection function (Radon transform) of a 2-D surface
Alx, y) is known at every angle, one can uniquely recover the
individual value fla, b) for any point (a, b). For incomplete
angular range reconstruction, see [10]. We would show that
the problem we discuss can be reduced to the recovery of a
conceptual f{x, y), and we devise a new approach to solving
our problem by means of the Fourier slice theorem.

2. The multistripe laser ambiguity problem and optical
shutter solution

2.1. The ambiguity problem

Suppose we are inspecting industrial parts on a conveyor
belt. Before the parts are fed in, the camera sees approxi-
mately equally spaced laser stripes on the flat conveyor
belt. We call the image positions of each stripe the starting
positions of the stripes when there are no objects on the
conveyor belt. Once the objects of interest come into the
inspection area, our camera would see the positions of
the laser stripes move. We call the image positions after the
objects of interest have entered the inspection area the ending
positions of each stripe. Such displacements in our 2-D raw
data are related to the 3-D depth information we want.

To calculate displacements we need both the starting
positions and the ending positions. Unfortunately, raw
data give only the ending positions. When we use only
one laser stripe, we get displacements easily because we
control one and only one stripe, so we know where each
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Fig. 1. (a) The role of the laser in triangulation: by projecting one laser stripe (lighting with known structure, i.e. structured light), we resolve the line-of-sight
ambiguity. Prior to the projection of the laser stripe, we only know that one real-world point on the line of sight is imaged. After the projection of the laser
stripe, we know exactly which world point is imaged, i.e. the point of intersection between the laser stripe plane and the line of sight of the corresponding image
point. (b) Radon transform or projection data of 2-D surface function f{x, y) at a given view angle ¢.

starting position is before the object comes into sight. Once
we project more than one stripe at the same time, we lose
track of which starting point corresponds to which ending
point. This is the so-called multistriping ambiguity problem.
Note that we still know all the values of the starting and
ending positions in multistriping systems; we lose only their
correspondences. This is the key element of our method to
recover the lost information.

2.2. Optical shutter solution

A mechanical or electrical solution to the multistriping
ambiguity problem is to add optical shutters in front of each
of the stripes we project. Optical shutters allow more control
over the light stripes. By turning on one stripe at a time, the
ambiguity disappears. This time we do not have to scan the
stripe or move the object, which reduces the errors intro-
duced in the scanning process. If we number the stripes and
‘switch” on and off the bits of each number, then we can
reduce the number of images taken in one ‘scan’ to the
logarithm of the number of stripes provided; see [4].

2.3. Motivation for alternative solutions

Unfortunately, one may not always have easy access to
the specific control electronics and optical components for
shuttering. Moreover, if we can do the job without adding
mechanical or electronic gadgets, we save money and at the
same time increase system reliability. Should the sophisti-
cated controls needed by existing algorithms break down at

crucial moments, those algorithms cease to function as well.
Our proposed solution fills this gap.

3. Mathematical background
3.1. Perspective projection

Basically, each point in an image represents one line of
sight (LOS); see Fig. 1(a). When the center of perspective

projection is distant from the image plane, perspective
projection can be approximated by orthogonal projection.

3.2. Radon transform

The Radon transform operator for a given function f (see
Fig. 1(b)) is defined as

Ps(x)=R[f(x, y)]

=J Jf(x, ¥)0(x cos ¢+ y sin ¢ — x")dxdy

= J- f(x' cos ¢ —y' sin @, x' sin ¢+ y' cos ¢)dy’

where
x' cos ¢ sing | [x
y' " | —sin ¢ coso ||y
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(a)

(b)

Fig. 2. (a) Actual image taken by single-stripe laser triangulation system. (b) Typical image of multi-stripe laser trianglilation system.

3.3. Fourier transform

The 1-D Fourier transform of a function f(x) is defined as

FAlf@)] = Fwo)= | f(x)exp{ — i(wx)}dx

}’ib—ﬁx

The 2-D Fourier transform of an image function f(x, y) is
defined as

?Z[f(x’ y)]EF(wx’ wy)

= J' J f(x, y)exp{ — i(wex + wyy) Jdxdy

4. The proposed new solution
4.1. Physical model

For illustration, let us consider the case that we project
2p + 1 stripes which form straight lines parallel to the y-axis
of the image when there is nothing but the calibration board
on our inspection table. Here we assume the camera is look-
ing right on top of the inspection table, and orthogonal
projection can be used to approximate perspective projec-
tion. Also, we assume the image taken can resolve 2n + 1
data points. For convenience of discussion and ease of
implementation, we assume the undistorted laser stripes
are seen as several columns of bright pixels or rows of bright
pixels. This is easily achievable in our system; see Fig. 2(b).
Then we can construct a conceptual discrete 2-D domain
with x ranging from - p to p and y ranging from — nton;
see Fig. 3. We use the function f{x, y) to calculate the 3-D
depth:

f(.X, y)=l](x, y) - lO(-x’ y)

where {y(x, y) is the position of the xth laser stripe at the yth
row on the image when there is no object on the inspection
table, whereas [,(x, y) is the position of the xth laser stripe at
the yth row on the image when there is an object on the
inspection table. We know exactly the function value /o(x, y)
for every (x, y) in our domain because the spatial ordering of
laser stripes in the calibration image is under our control, but
we usually cannot predict the ordering when the inspected
objects come into play. In short, suppose we still get 2p + 1
stripes and their positions, we are still unsure which value
belongs-to which /,(x, y).

Now let us take a look at the discrete Radon transform
(see Fig. 1(b)) along the y-axis of our domain:

Py & )=RIf(x, ¥)]
= Z Zf(x, ¥)8(x cos £+ y sin I —x')AxAy

= D f(=y' XAy
= D f(&, x)AE
13

=D (L&, x)—lo(E, x))AE
4

= D 1(&, XA~ D (%, x)AE
4 4

Both the last two summations are calculable regardless of
whether we can match the values to their respective /,(x, ¥)
or not.

4.2. How the Radon and Fourier transforms come into play
Assume that the object surface to be inspected is suffi-

ciently smooth so that we can approximate its Radon
transform of our conceptual domain at many other angles
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Fig. 3. The physical meaning of conceptual function f{x, y).

by taking pictures as we change the relative angles
between the inspection imaging system and the object.
Then we can proceed with the application of the
Fourier slice theorem (also called the projection theorem)
to resolve (2n + 1) X (2p + 1) pairs of correspondences
altogether.

Consider the 1-D Fourier transform of the Radon
transform

Py(e)=F[ps(x"]

I Po(x") exp( — iwx")dx’

— %

J Jf(x’ cos ¢ —y' sin @, x’ sin ¢+ y' cos @)

X exp( — iwx")dx'dy’

= J J f(x, ¥) exp[ — iw(x cos ¢ + y sin ¢)]dxdy

= F(w cos ¢, w sin @)
=F(wx, (J)y)|¢
=F(w, ¢)

Note that 7, stands for the 1-D Fourier transform. The last
form is the 2-D Fourier transform of the conceptual function
fix, y) presented in the Fourier domain polar coordinates.
This means that the 1-D Fourier transform of the projection
data (Radon transform) at a given view angle is equivalent
to the radial data passing through the origin at a given angle
¢ in the 2-D Fourier transform domain data.

So, if we get sufficient sampling in many view angles or
we know in advance that the object possesses certain forms
of symmetry, then we can in principle fill out the 2-D
Fourier transform of our intended domain, and the inverse
transform, to reconstruct our desired function.
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Fig. 4. (a) Densely sampled digital integration (left), and sparsely sampled digital integration (right). (b) Recovered range data for Fig. 2(b) (rms = 1.6 mm).
The rings are caused by ringing effects. We used only one picture to reconstruct this range image (rms = root mean square error).

4.3. Implementation: the discrete Fourier transform and
back projection

Actually, when it comes to real implementation, things
are far more complicated than the ideal theorem stated
above. So far, the theorem is derived purely from continu-
cus damarlas, du¢ all we get ( a ceal-warld agglication is
sampled discrete data. So techniques such as the Filtered
Backprojection (FB) and the Backprojection Filtering (BF)
algorithms [9] were developed to handle these real-world
imperfections.

Consider the inverse 2-D Fourier transform in frequency
domain polar coordinates (w, ¢) and space domain polar
CONTETHRS 7, B,

27 e

fir, 6= Jo JoFwr ®) expliu(rcos ¢+ sin &) widwde

— o

= J J lw!Py(w) expliw(x cos ¢ + y sin ¢)ldwde
0

pa’)de

D C—

where

pelx) = J_ . lwlPy{w) explinx)dw
=77 'lwlPys(w)]

=77 lwl] * py(x")

Note here that 7~} stands for the 1-D inverse Fourier trans-
form. In actual implementation, we would use the discrete
Fourier transform (DFT) to obtain P4(w) and the inverse
discrete Fourier transform (iDFT) to obtain p;(x’) [11].

Another approach is to derive 7| '[lwl] analytically and
sample the results in the spatial domain. Note here that
with either approach we get the values of py(x’) only for a
fixed number of x's. However, when we evaluate f(r, 6), we
need for each ¢ the value of py(x') at x’ =x cos ¢+ y sin ¢.
In such a case, we can use simple linear interpolation to
abtaia accegtable results. Alsa, ia s maaaer, we cauld
generate arbitrarily dense values for f{r, §). This is a favor-
able characteristic in multimedia applications, as rough
scanning is much faster than dense scanning but can still
yield the dense range images most users want.

After completing the above processing, some normaliza-
tion is needed to recover the original value of f(x, y). If we
WA O IR UMY R maddung mintion bRiween de
starting positions and the ending positions, the normaliza-
tion steps can Be omuatted, as the refative strength Between
fix, y) is sufficient for our purpose.

4.4. Noise and shadow handling

Another major problem involved is that we usually do not
get perfect projection at every scan line. Along one scan
line, a laser stripe may be missing due to shadows (e.g.,
see Fig. 2(b)) or because the line displacement exceeds
the wmage voundcary {e.g., see Fig. 2{ay around the center).
In this case we simply treat that scan line as more sparsely
sampled with respect to other scan lines {see Fig. 4(a)). That
is, since we are performing integration on computers, we
actually use one value in an integration interval to represent
all point values in the interval, so when we get fewer data
points we simply extend the length of the interval for each
point. As we do not know which starting position should be
dropped, we drop values in multiples of their average. In this
way we greatly reduce the impact of the missing lines; at
least the order of magnitude of the integration is preserved.
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Only the part of the sphere above the plane is visible.

The plane represents height 0.

(a)

(b)

Fig. 5. The models used in the simulation. (a) The side view of the first model, representing a shadow-free 2-D circularly symmetric case. (b) Left: adding to (a)
a cylinder concentric to the original sphere would produce significant shadow; however, circular symmetry is still valid. Right: by adding a square column
instead of a cylinder, shadows are introduced and circular symmetry is no longer valid.

Our experiments demonstrate that our method can still
recover most shapes when there is a considerable amount
of missing lines.

5. Experiments and simulation
5.1. Simulations

5.1.1. Setup

To avoid introducing too many factors (e.g. noise,
instrumentation faults, and so on) at the same time we
create a series of simulated range images and a striping
simulator to demonstrate the response of our method to
individual imperfections. Missing lines and/or asymmetries
are added one at a time. Fig. 5 shows the objects to be

(b)

(c) (d)

Fig. 6. Gamma-corrected range images. (a) Original partial sphere model.
(b) Reconstructed image of (a) using 128 projection angles (rms = 0.23).
(c) Reconstructed image of (a) using only one projection (rms = 0.16); here
the circular symmetry characteristic is exploited. Note: due to digitization
losses, the rotation process adds more noise, increasing rms from 0.16 to
0.23 rather than decreasing it. Furthermore, only one-half of the points are
used to calculate the projection, but using our normalization method the
result is almost identical to that of (d). (d) As in (c), we use only one
projection, but this time all available points are used to calculate the projec-
tion (rms = 0.16).

reconstructed. The simulated laser stripes are 33 parallel
lines and are at exactly 45° relative to the inspection plane.

5.1.2. Results

Fig. 6 shows the original and reconstructed range image
of the first model. This model is both circularly symmetric
and shadow free. Fig. 7 shows the effects of shadows and the
effects of both shadow and asymmetry on our reconstruction
algorithm. Fig. 8 shows the laser stripe patterns for each of
the two models at different angles. It is clear from the results
that the output degrades as shadow increases.

- (b).

(c)

(d) (e)

Fig. 7. Gamma-corrected range images. (a) Original range image of the
model with one cylinder above the sphere. (b) Reconstructed range image
using only one projection (rms = 0.64). (c) Reconstructed image using 128
projections (rms = 1.15). (d) Original range image of the model with one
square pillar above the sphere. (¢) Reconstructed range image using 128
projections (rms = 1.87) (rms: root mean square error).
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Fig. 8. Laser stripe patterns on two models with several perspectives. The simulated laser parameters are 33 parallel lincs intersecting at 45° with respect to the
base plane. (a) Circularly symmetric object with shadows and missing lines. Top to bottom and left to right: ¢ =0, 10/128x, 20/128m, ..., 110/1287. (b) Object
that is not circularly symmetric and possesses both shadows and missing lines. Top to bottom and left to right: same angles of perspective as in (a).

5.2, Experiments

5.2.1 Setup

The lenses we use include Micro-Nikkor 200 mm f/4,
55 mm /2.8 and Kiron 105 mm f/2.8. The laser light source
is Lasiris model ULF-533L which can produce 33 parallel
lines simultaneously. In fact, the laser source uses lenses to
diverge one single laser beam, and projects more than 33

visible light stripes simultaneously. However, only the cen-
tral 33 lines are designed to be parallel. In our experience,
omy e cemydrl ared withir e 35 liney 1y cluse @ oulny
parallel under our high precision lenses.

The CCD camera employed is SONY model XC-77. It is
connected to a Matrox Comet Frame Grabber on our Acer
Pentium 90 PC. Our experimental set-up is illustrated in
Fig. 9.
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Fig. 9. The system employed to take experimental data.

(a) - (b) - (c) - (d) -

Fig. 10. Laser striping images of a padding ring, 90 views, 234 projections per view: (a) ¢ =0; (b) ¢ =22/907; (c) ¢ = 44/907; (d) ¢ = 66/90x.

(a)- (b) - (c) - (d) -

Fig. 11. Other views of the object in Fig. 10: (a) ¢ =88/90x; (b) ¢ =110/907; (c) ¢ = 132/907:; (d) ¢ = 154/907.

5.2.2. Results

We use a Sun SPARCstation 20 for reconstruction com-
putation that takes about 8 s when we reconstruct 128 pro-
jections and 128 angles, and 3600 s for 1024 projections and
1440 angles. The complexity of our reconstruction algo-
rithm is linear with respect to the number of angles. The
number of output points in our implementation is propor-
tional to the square of the number of projections per angle.
When reconstructing Fig. 4(b) from Fig. 2(b) the single
projection extracted from the real image can serve as each
of the 128 projections, thanks to the circular symmetry
property of this object. The extraction of laser stripe pixels
can be done by smoothing followed by thresholding. The

(a) (b)

Fig. 12. (a) Reconstructed range image of one ring. (b) Double reconstruc-
tion of (a).
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(a)- (b) - (C)- (d)

Fig. 13. Laser striping images of a stack of three padding rings, 90 views, 234 projections per view: (a) ¢ =0; (b) ¢ = 22/90; (c) ¢ = 44/90m: (d) ¢ = 66/907.

(a) (b)

(d)

Fig. 14. Other views of the object in Fig. 13: (a) ¢ = 88/90; (b) ¢ =110/90x; (¢) ¢ = 132/90x; (d) ¢ = 154/90x.

(a) . (b) .

Fig. 15. (a) Reconstructed range image of three metal rings in a pile.
(b) Double reconstruction of (a). The ring area, demarcated manually,
has an average value 2.9 times that of Fig. 12.

centroid of a cluster of stripe pixels can be treated as the
position of a laser stripe.

Fig. 10 shows one metal ring placed on the inspection
board. Fig. 12(a) is the reconstruction result of Fig. 10 and
Fig. 11. In Fig. 12(b) ‘double reconstruction’ means that we
actually rotate the object 360°. Though the projection from
0° to 180° is identical with that of 181° to 360° in a contin-
uous domain, i.e. an infinitely dense laser stripe distribution,
it may not be the case in our sparsely distributed laser stripe
system, especially when the object being inspected has a
complex, asymmetric shape and is not positioned at the
rotation center. So, ‘double reconstruction’ incorporates
more viewing angles than ‘single reconstruction’.

(a) (b)

Figs. 13-15 are similar to the previous set, except
that this time we stack up three metal rings so we
can see them display a longer shadow than in the one-ring
case. :

The above two cases can also be used to find the rotation
center. Simply calculate the laser stripe displacement cen-
troid in every view angle and then take the average of them;
we then get the row position of the rotation center.

The model plane pictures (Figs. 16-27) are taken to
illustrate the performance of our system on complex
surfaces. All model planes are light peach in color except
the A-7 Corsair attack jet, which is dark red. The range
images use darker color to represent closer distance from
our camera. We pick eight different views of raw pictures in
each case, and the divisor number in its caption indicates
how many angles are used in that set. We can see clearly that
by increasing the number of view angles we can signifi-
cantly improve the quality of the resulis.

Since the model planes we use are made of elastic rubber,
we do not have any other non-contact measurement instru-
ment to verify our results in these cases. One can estimate
the errors using the errors of a flat plate, though. As a rule of
thumb, in a smooth, shadowless area one can expect the
error rate to be close to that of a flat plate. In a complex,
shadow-haunted area one can add 1 mm to 2 cm to the cor-
responding flat plate error rate (see Table 1).

Fig. 16. Laser striping images of a light peach model plane (an EA-6 Prowler Jammer), 90 views, 234 projections per view: (a) ¢ = 0; (b) ¢ = 22/90m; (¢c) ¢ =

44/907; (d) ¢ = 66/90.
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(b)

(d)

Fig. 17. Other views of the object in Fig. 16: (a) ¢ = 88/907: (b) ¢ = 110/907: (c) ¢ = 132/907: (d) ¢ = 154/907.

(a) (b)

Fig. 18. (a) Reconstructed range image of previous model plane. (b) Double
reconstruction of (a).

6. Comparisons and discussions
6.1. Comparison

As mentioned previously, Jarvis [7] surveyed several
range finding techniques. Within the scope of multistriping
laser systems, the shuttering solution [4] is generally faster,
but one needs a good shutter for the algorithm to work. The
proposed new approach is faster when inspecting more sym-
metric objects, and needs no shutter support.

The best case for our method is circularly symmetrical
objects, in which case only one picture is enough to resolve

(b)

any ambiguity. In this case the complexity relative to the
number of stripes used is constant. Not everything is circu-
larly symmetric, but circular symmetry is a property often
possessed among manufactured objects, and these mass-
produced parts mostly require machine vision inspection.
Other good examples are the rotor, the propeller, and the
turbine fan. If there are four blades on the rotor or propeller,
then we need only one fourth the number of pictures needed
for general objects to resolve ambiguity. From the steam
power plant to the jet engine, turbine fans are widely used
today, and their frontal view is very close to circular
symmetry.

Another feature of the proposed method is its ability to
generate dense range images. The optical shuttering solution
uses log N pictures to resolve the ambiguity arising from
using ‘one’ picture. All log N pictures are taken at exactly
the same relative position between the inspection system
and the object. This is rather wasteful if what we want is
the complete surface shape of an object. For general objects
our method needs many more pictures than log &, but each
picture used views the object from a different angle. When
our algorithm finishes processing, all ambiguity in each
multistripe picture is solved simultaneously, and we get
significantly more range data points than when we use the
optical shuttering solution. In effect, our method batches all
the ambiguity resolution work together and collects more

(d)

Fig. 19. Laser striping images of a light peach model plane (an EA-6 Prowler Jammer), 180 views. 234 projections per view: (a) ¢ = 0. (b) ¢ = 45/180m:

(c) ¢ =90/180m; (d) ¢ = 135/1807.

(b)

(d)

Fig. 20. Other views of the object in Fig. 16: (a) ¢ = 180/1807; (b) ¢ = 225/1807: (¢) ¢ = 270/180; (d) ¢ = 315/1807.
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(a) (b)

Fig. 21. (a) Reconstructed range image of previous model plane. (b) Double
recoOnsIMmEnon of 12).

range data per picture taken. The optical shuttering method
is more accurate for each range datum taken, but collects
fewer range data per picture taken.

6.2. Discussion

Due to noises and shadows, the projection data acquired
ar dwfaran angles gy seed 1 e Jieeked 5y oSy
validation. If certain projections fail to pass the check, we
can OTop TNESE PIYECHIONS 3N DSE The IMTUmPitte anzvyar
range reconstruction method devised in [10].

Increasing the stripe density is not so easy as most people
might think. Splitting one laser source into more lines makes
the iriensity of each hine weaker. The weaker the tine, the
more GiiGcuit W s 0 separate a wser sutpe from nose. var
example, Fig. 2(a) can be taken by turning off only part of
the lights in our laboratory, while Fig. 2(b) must be taken in
a totally dark room in order for the stripes to have the same
relative intensity as in Fig. 2(a).

Ignoring the effects of camera resolution, the higher
stripe density means a higher sampling rate, and reveals
finer details for the objects being investigated. However,
higher stripe density means thinner stripe width if the

(a) (b)

(a) (b) 8

Fig. 24. (a) Reconstructed range image of previous model plane. (b) Double
TECONSINCHON Df §2).

camera resolution remains unchanged. Stripes with widths
only a few pixels wide become missing easily, either during
the digitization of our CCDs or during the stripe recognition
phase, thus introducing more errors into our data sets. In our
experiments, we set up our image acquisition system for
optimal image quality of our laser stripes.

Another problem of increasing the number of laser stripes
ST Y ¥ St S carvetave of saely e ineieeses ar iv
is farther from the original center. This is the result of light
Wifratiivn snh meieence. and Yms PrEnvmeEnvn veeuines
more prominent as the density of stripes increases.

The resolution of the CCD camera is another bottleneck.
High resolution CCDs are prohibitively expensive, and,
even if we van afford it, de maximum resoiution of sili-
con-oased CCD echnotogy s mied by tae taws of quan-
tum physics.

In view of this, our rotation reconstruction method can be
deemed as a last resort to increase the density of the output
range data. When we can stuff no further recognizable laser
stripes into a single angle, we simply rotate and reconstruct
several angles using the method we have proposed. By com-
paring the image of one view and the final reconstruction
result, one can see the great increase in resolution.

(d)

Fig. 22. Laser striping images of a light peach model plane (an EA-6 Prowler Jammer), 720 views, 234 projections per view: (a) ¢ = 0; (b) ¢ = 180/720m;

(©) ¢ =360/7207; (d) ¢ = 540/7207.

(b)

Fig. 23. Other views of the object in Fig. 16: (a) ¢ = 720/720m; (b) $900/7207: (c) ¢ = 1080/7207; (d) ¢ = 1260/7207.



C.-S. Fuh, S.-S. Lin/lmage and Vision Computing 16 (1998) 689-701

Fig. 25. Laser striping images of a dark red model plane (an A-7 Corsair Attack Jet), 40 views, 234 projections per view: (a) ¢ = 0; (b) ¢ = 10/80T; (c) ¢ = 20/

80w (d) ¢ = 30/80.

a) - (b) - (c) - (d)-

Fig. 26. Other views of the object in Fig. 25: (a) ¢ =40/80; (b) ¢ = 50/807; (c) ¢ = 60/80m; (d) ¢ = 70/80.

(a) . (b) -

Fig. 27. (a) Reconstructed range image of previous model plane. (b) Double
reconstruction of (a).

7. Conclusion and future work
7.1. Conclusion

When a complete profile of a side of an object is needed,
the proposed resolution is better than most existing ones.
Furthermore, when circular symmetry is present, our
method requires the fewest number of pictures — one. In
terms of precision, this method could be used to increase the
density of range data output when the stripe density of one
view cannot be increased because of physical limitations.

7.2. Future work

We will try to eliminate some artifact problems inherent
in the Fourier slice theorem. Also, we are still working on

Table 1
Flat plate error chart

No. of lines No. of angles  No. of projections  Flat plate error
33 40 234 1.5 mm

33 90 234 0.5 mm

33 180 234 0.4 mm

33 720 234 0.15 mm

improving the stripe recognition algorithms and seeking
ways to increase the line density of each view.
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