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Abstract

This paper discusses a range image Sensor using a
multi-spot laser projector. Range image sensors are
generally large and expensive, and so not easy to use.
If a range image sensor becomes easy to introduce, its
field of application will extend. So this paper propose
a compact and inexpensive range image sensor which
consists of a commercially available laser projector and
a CCD camera. Its effictiveness is evaluated by exper-
ments.

1 Introduction

A range image sensor is used for many purposes,
for example 3D modeling, robot vision, medical appli-
cation and so on. But it is not easy to use the range
image sensor because of its size and/or price. Com-
pactness and inexpensive cost permit its use to various
tasks.

In this paper, We propose a compact and inex-
pensive range image sensor using a multi-spot laser
projector [1]. A similar sensor was also proposed by
Nakazawa et al. [2]. Firstly the principle of the sensor,
a device to improve it and its characteristics are dis-
cussed. Then a prototype of the sensor is constructed
using a commercially available projector. Some exper-
imental results are shown to evaluate the effectiveness
of the sensor.

2 Previous Work

Range images are important sensor information for
various applications in 3D space. Many methods to
acquire range images have been studied in the field of
computer vision, robot vision, optics etc. [3], [4], [5],
and several sensors are commercially available now.
But many of them are not sufficient in several aspects
as size, price and measurement time.
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Some methods can realize real-time range imaging.
Beraldin et al. realized a video rate range imaging
by scanning a laser spot using their synchronized laser
scanning technique [6]. Sato et al. [7] and Kanade et
al. [8] developed a special imaging detector and real-
ized real time imaging by scanning a laser slit with the
detector. These active sensors need scanning. Sori-
machi [9] and Nakazawa [2] constructed sensors with-
out scanning by projecting multi-spots. In [9], a spe-
cial spot pattern that is created by a mask and a
halogen lamp is projected, and by developing a spe-
cial hardware, video rate range imaging is realized. In
[2] and [10] spot pattern was generated by using a fiber
grating and a laser.

3 Range image sensor using a multi-
spot laser projector

3.1 Principle of the Sensor

This sensor assembles a laser projector and a CCD
camera. The projector can projects multiple spotlights
and the CCD camera acquires scene images with the
projected spots. The spots in the images are extracted
and their coordinate values are measured. The dis-
tances to the projected spots are calculated by trian-
gulation using the coordinate values. This measuring
procedure is very simple. One problem to be solved is
the correspondence problem. This is solved by limit-
ing measurement range of the sensor. This sensor is
assembled so that the spots move horizontally. There-
fore corresponding spots can be found easily. This pro-
cess is described in detail later. The distance in the
direction of the CCD camera’s optical axis is obtained
by the following equation.
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e b : baseline length (distance between the projec-
tion center and the lens center)
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Figure 1: Restriction for epipolar line of each spot

o f : focal length of the lens of the CCD camera
e p : width of each element of the CCD
e k : disparity for infinite distance

Note that the unit of k is pixel. So as to measure the
distance by Eq.(1), it is unnecessary to give b, f, p,
independently. Calibration of « is sufficient.

3.2 Rotation of the CCD camera

As mentioned above, the measurement range is lim-
ited so as to manage the correspondence problem.
In the image plane, each spot moves on the epipo-
lar line [11] according to the distance. Overlaps of-
ten occur by the large movement of spots in the same
row and the spot image cannot correspond to the spot
uniquely. So as to realize the uniqueness of the corre-
spondence, moving ranges of spots in the image have
to be restricted. Fig.1(a) shows this. But this limit
can be relaxed by simply rotating the CCD camera as
shown in Fig.2. The same idea is implicitly introduced
also in [2]. Fig.1(b) shows the image of spots with ro-
tation. This figure shows that movable ranges of spots
become large. Consequently, the measurable range of
the sensor becomes large, or with the same measurable
range, the precision of measurement can be improved
because the number of the assigned pixels for measur-
ing the same range increases. Regions of the image
originally not in use are efficiently used with rotation.

3.3 Some characteristics of the sensor

The position of the spot in the image can be mea-
sured with subpixel precision by obtaining the center
of the gravity of the spot image. The precision is lim-
ited by the laser speckle [12], etc. Let the precision
be o and the number of pixels assigned to each spot
be n. The distance can roughly be measured with the
level of n/oy.

Let the measuring range be between z; and 2z
(21 < z2) and the disparity for each distance be k; and
ko respectively. Notice that n = k; — k2. 22 can be set
to infinite. The brightness of the spot image is in prin-
ciple inverse proportional to the square of the distance,
and z» can be limited by the brightness. However, it
is safer to set zy formally to infinite so as to decrease
the possibility of wrong measurement; if an object has
strong mirror reflection, it may reflect the spot directly
to the camera and the spot image may become unex-
pectedly bright even though the object is far away. By
using Eq.(1),

pmbom (L) o (11)
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With this equation, parameters of the sensor are re-
lated. p is given when a CCD camera and a image
board are chosen. f is defined by the required field of
view to observe the whole spots appropriately. There-
fore, when the measuring range (i.e., 21 and 22) is
given, the baseline length b is calculated by Eq.(2).
On the contrary, when b is given, Eq.(2) defines the
measuring range.

The precision of measuring distance is also obtained

with Eq.(1). By applying the law of propagation of
€errors,
1
0., = %zgok = azQUk (3)

where o, is the precision of the measured distance. As
is well known for triangulation, the error of measuring
distance is proportional to the square of the distance.
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Figure 2: Rotation of CCD Camera



By substituting Eq.(2) for Eq.(3),

22 — 21 o0k
g, = ——2"—
Z1%2 n

When 23 is infinite, Eq.(4) becomes

Z2 O

o, = ——
zZ1n

In addition, when z = z1, Eq.(5) becomes

Ok
g, =21 " (6)
This indicates that the resolution for the nearest dis-
tance is obtained by dividing the distance by the num-
ber of the level (i.e., n/oy).

This sensor can also measure intensity values simul-
taneously. The difference of surface reflectance of an
object can be distinguished by obtaining intensities of
spots. The intensity values acquired are related to the
laser’s wavelength. The image created by the inten-
sity values is called a range intensity image [13] or a
reflectance image [14].

4 Prototype of the sensor

4.1 Composition

Fig.3 shows the constructed prototype of the range
image sensor. The laser projector is Moritex SNF-
519X which is originally made by StockerYale [15].
The wavelength of the laser is 670nm and its power is
10mW . It projects 19 x 19, totally 361 spots. The an-
gle between adjacent spots is 0.77°. The CCD camera

Figure 3: Constructed Prototype of the Range Image
Sensor (Left: CCD camera, right: laser projector)

is Toshiba IK-M41MR with a f = 15mm lens. A Hoya
R64 filter is attached to the lens of the CCD camera
and disturbance light with the wavelength less than
640nm is removed. The baseline length is 36.3mm,
and the projector and the camera are slightly tilted
with the angle of 2° so that the spots come in the cen-
ter of the image. The CCD camera is rotated by 18.5°
as discussed above, and consequently, the number of
pixels assigned to each spot increases from 21 to 64
pixels.

4.2 Precision of the sensor

Measuring range is set to larger than 1000mm. The
practical limit of the largest measurable distance is
2000mm because of light power. Corresponding mea-
surement space is shown in Fig.4. Spatial resolu-
tion, that is, the distance between adjacent spots is
13.4mm at 1000mm or 26.8mm at 2000mm. Fig.5
shows the experimentally obtained precision (standard
deviation) of measured distances. This figure shows
that the precision is in inverse proportion to the square
of the distance according to the theory of triangula-
tion. Fig.6 shows the relation between the actual and
measured distances evaluated precisely in a certain dis-
tance range. The error bar represents the standard
deviation. When the constructed sensor measures the
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Figure 4: Measurement Space of the Prototype
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Figure 5: Standard Deviation of the Measured Dis-
tance
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Figure 6: The Relation between the Actual and Mea-
sured Distances

distance from 1000mm to 2000mm, the spot moves
about 30 pixels in the image, i.e. 1 pixel in image cor-
responds to about 30mm. Consequently the precision
of the position of the spot image is roughly 0.3 pixels
from Fig.5 and Eq.(3).
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5 Experiment

We performed some experiments with the con-
structed prototype sensor. Figs.7 and 8 are measure-
ment examples. Although the obtained range images
are sparse, 3D shapes can be observed to some extent.
Figs.7(c) and 8(c) show the range intensity images.
These images are only 19 x 19 pixels. However 2D
shape recognition is also possible.

Figs.9 and 10 show measuring results for short and
long ranges. Though the measurement is possible for
long range, the resolution is low. Therefore, the mea-
surement by single image is difficult for long range.

Fig.11 shows the effect of the brightness of the envi-
ronment. Thanks to R64 filter, the sensor is applicable
in the indoor environment without sunlight.

6 Discussion

The range image sensor using a multi-spot projector
introduced in this paper is thought to have following
advantages.
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Figure 7: Example of an obtained range and intensity image: Speaker
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Figure 8: Example of an obtained range and intensity image: Doll



e No mechanical motion (no scanning)
o Compact
e Simultaneous acquisition of an intensity image

The fact that the sensor has no mechanical motion
makes the sensor fault-tolerant and practically impor-
tant. The compactness is also important to load on
robots, etc. Additionally, the sensor can be pretty
inexpensive because of its simplicity. The sensor also
has disadvantages. One is its correspondence problem.
However, it can be solved by the proposed method.
The largest disadvantage is its sparseness and lack
of precision compared to high precision range sen-
sors [16]. The sensor may not be suitable for precise
applications as modeling heritage. Notice that a dense
range image can be obtained by accumulating multiple
images, though each range image is sparse [17].

7 Conclusion

In this paper, a versatile compact range image sen-
sor that uses a multi-spot laser projector has been in-
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Figure 11: Images of Projected Spots in Bright and
Dark Environments

troduced. Characteristics of the sensor were discussed
as its principle, its measurement range and precision.
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Figure 9: Example of an obtained range and intensity image: ¢150mm Ball (at 1000mm)
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Figure 10: Example of an obtained range and intensity image: ¢150mm Ball (at 2000mm)



Rotation of the CCD camera to improve the sensor
was discussed. A prototype of the sensor was con-
structed using a commercially available laser projec-
tor, and some range images with intensity images were
obtained.

Future work will address 3D modeling using this
sensor.
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