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Understanding Depth

Range Image Sensors and 3D Data Acquisition

For us human beings, it is easy to under-
stand pictures. We are able to estimate
depth easily by using the information given
by motion or the disparity between the
two images seen with our two eyes. In
contrast to this, — even with the incredible
growth of computational capacity and
power in the last years — computers are not
able to understand images in every con-
text. An image provided by a common
camera depicts the intensity distribution of
the scene without any 3D data. One of the
main problems in the research field of
image understanding is the lack of three-
dimensional (3D) data. The interest in
range images for high-end research
projects and applications has increased
dramatically in the last decade. One way to
capture 3D information is the ability to
directly acquire range images with laser
range sensors. These sensors deliver a
discrete representation of the surface in
the scene, which offers a greater chance
for computers to increase the level in im-
age understanding.

A wide variety of laser range scanners
are available in the market. Range im-
ages differ from “usual” intensity images
in the consideration of additional depth
information. For depth measuring two
major principles — triangulation and
time-of-flight (TOF) — are used in many
fields of research and applications. TOF
and phase measurement methods are
long range technologies and triangula-
tion based methods belong to close range
methods.

The non-contact approach is the
most important aspect of visual range
measurement methods. This allows for
the measurements of substances which
may be hot, chemically aggressive,
sticky or sensitive, provided that suffi-
cient light is reflected back from the
surface. There is no possibility of any
damage or wastage to the object. In ad-
dition, these techniques are relatively
fast and economical. On the other hand,
visual non-contact methods are vulner-
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able against transparency and multiple
reflections. Different methods exist for
the visual data acquisition and even
range data is obtained in many differ-
ent ways. In general, the range data ac-
quisition is separated into two catego-
ries — active and passive range imaging,
respectively. In the passive method, no
special light is required in addition to
the ambient light for illumination. The
most common data sources for indus-
trial applications are still passive cam-
era systems.

In active range imaging, a dedicated
and well defined light source (e. g. laser
light source) is used in cooperation with
a visual capture device. At the moment,
these active sensors are superior to
other industrial measurement methods
regarding their accuracy, cost and ro-
bustness compared to stereo camera
systems. The well known methods
“time-of-flight” (TOF) and “triangula-
tion” are part of the active methods. In
the active triangulation scheme, the
scene is illuminated by a laser source
from one direction and viewed by a sen-
sor from the other direction. TOF meas-
ures the time of a reflected laser pulse
to determine the distance to an object.
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The advantages of the active methods
are the production of dense sampling
points and the high robustness and pre-
cision compared to the passive meth-
ods. However, additional light sources
must be added in the scene and the
methodology does not correspond to hu-
man stereo vision.

Figure 1 shows the variety of differ-
ent measurement technologies. TOF
and phase measurement methods are
long range technologies (over 1 m) and
triangulation-based methods belong to
close range methods. Most long range
measurement sensors are used for sur-
veying and mapping in architectural
and cultural heritage, geodesic laser
scanning, archeological heritage con-
servation, and the 3D scanning of build-
ings. Active close range 3D sensors are
often used in quality management, re-
verse engineering, visualization and 3D
modeling, and have become one of the
major aspects of computer vision and
robotics.

The process of reconstructing an ex-
isting object (reverse engineering) which
gives all the information about the shape
and size of the object is very important
for industrial applications. Quality man-
agement can use the Computer Aided
Design (CAD) model of the product
through range imaging to ensure the uni-
formity in shape and size.

Triangulation

The principle of triangulation is based on
simple geometrical constraints. An active
triangulation system consists of a light
source and a receiving unit. There are
triangulation-based sensors existing that
deliver one-dimensional, two-dimen-
sional and range image data. Depending
on the resulting dimension, the active tri-
angulation methods can be separated in
Single Spot Triangulation, Sheet of Light
Triangulation and Coded/Structured
Light Triangulation.

Single Spot Laser Triangulation is
based on simple trigonometric equations.
A laser spot is projected onto the object.
The scene is recorded with a CCD array.
If the distance changes to the laser, the
position of the reflection in the CCD array
also changes. Due to geometric relations,
the changed distance can be calculated
the other way round.

The distance to the object in figure 2
can be calculated by the following equa-
tion:

xﬂ

B+
xX= D—f
(1.1)
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Fig. 2: Triangulation principle

Figure 2 shows the configuration for a re-
flected laser spot and a CCD-array, which
can be used for determining a one-dimen-
sional distance value. The accuracy (usu-
ally ~1:1000) depends on the distance be-
tween the laser and receiving unit and the
object distance. Active triangulation is
usually used in measuring a range of
0.1-5 m. Measurement times of less than
10 ms are common, allowing real-time
study of moving or vibrating objects. Ac-
tive triangulation can also be extended to
a laser line and CCD-matrix, resulting in a
two-dimensional distance array.

In this application the triangulation
system acquires a fully two-dimensional
profile. A camera captures the projected
line. With the help of the geometric con-
figuration the distance can be acquired.
For each column Xi in the camera ma-
trix, the geometrical considerations
(Equation 1.1) of single spot triangula-
tion are applied.

A further method of triangulation sen-
sors belongs to structured or coded light
techniques. A coded pattern — such as a
gray coded or phase-coded pattern — is
used to illuminate the scene for acquisi-
tion. In a growing number of industrial
applications, structured light approaches
are realized. For the acquisition of 3D
scenes, no scanning or moving profile
sensors are required, so this method is
usually faster than other 3D scanning
techniques.

In the last few years, the accuracy of
structured light range data acquisition
has increased up to 1 pm. More and
more companies offer promising solu-
tions. Unfortunately, this measurement
technique still suffers from ambient light
influences, complex calibration and the
lack of a ready-to-use solution for in-
dustrial environments. Several 2D trian-

HOW TO MAKE GIGE WORK FOR YOU

ORCHESTRATE YOUR
MACHINE VISION WITH

maestro

Power, safety, and trigger over a single
100m CAT5e cable for cameras and
lights.

CONNECT

- GigE Vision™ cameras
- LED + laser light sources
- Encoders and automation 1/0

CONFIGURE

- Setup over a web browser or using
TCP/IP and XML

- Specify event timing to a microsecond

CONDUCT

- Trigger outputs by time or position

- Synchronize camera data with event
stamps

- Queue numerous requests to activate
downstream hardware

maestro

IMI

technologies

r-

North & South America: + 1604 636 1011
Europe & Asia: +3145 850 7000
info@LMItechnologies.com
WWW.LMItechnologies.com

INspecT 5/2008




-TECHNOLOGY %

S
| | Transmitier {V\/\}
afile
Sl
o= YW
- d

Transmither

Recaiver

Fig. 3: Pulsed TOF measurement principle

gulation-based laser range sensors are
available for industrial applications.
Most of these are close range sensors
with a laser stripe source and a camera
inside a fixed frame without the need of
calibration.

Time of Flight

Time-of-flight (TOF) laser distance sen-
sors measure the distance between the
object and the light source along a light
beam. Time-of-flight systems send out a
light beam towards an object. The light
is diffusely reflected by the surface and
a part of the light returns to the re-
ceiver. The time that light needs to
travel from the laser diode to the object
surface and back is measured. When
the light pulse is emitted a high accu-
racy stopwatch is started. The light
pulse travels to the target and back to
the receiver. When the light pulse ar-
rives, the stopwatch is stopped and the
time of the flight is calculated. With the
known speed of light the distance to the
object is determined.

Figure 3 shows the TOF configura-
tion. In practice, the active light source
and the receiver are located very closely
to each other. lllumination and observa-
tion directions are approximately col-
linear, so this avoids shadowing effects.
The existing methods relying on the
principle of TOF can be separated in
Pulsed TOF and Modulated Continuous
Wave TOF.

In the case of pulsed TOF, the travel
time is directly proportional to the dis-
tance traveled, taking into account the
velocity of light in the involved medium
using the following equation:

B c At

2n

d (1.2)

It applies here: c is the velocity of light
and At is the time taken by the signal to
travel from the source to the object and
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Fig. 4: Modulated Continuous Wave TOF measurement principle

back. The involved medium is integrated
as the refraction index n. The equation
contains a factor of 0.5 because of the
way to the object and back. Theoreti-
cally, the accuracy of the depth measur-
ing is independent from the distance of
the object to the camera and only de-
pends on the precision achieved meas-
uring the travel time. But precision in
the millimeter and sub-millimeter range
requires pulse lengths of a few picosec-
onds and the associated electronics.
Mainly, the pulse rate influences the
maximum range for TOF sensors. To
send out a new pulse, the receiving unit
has to wait for the last echo arriving
from the object. Some long range sen-
sors use the pulsed TOF method to
measure distances up to a few kilom-
eters for cartographic mapping. At
ranges of a few kilometers and above, a
different problem arises: at such dis-
tances the amount of reflected photons
that reach the detector is very small.
The sensitivity of the receiving unit and
the power of the emitted light pulse are
limited in all real range sensors. This
leads to a limitation of the range of these
sensors. A variation of the time-of-flight
distance measuring is the measuring of
the phase shift. This method effectively
measures the difference between emit-
ted and received signals. A continuous
wave (CW) laser emits light continuously
and, therefore, is called a CW-laser.

As shown in figure 4, the distance in-
formation is extracted from the received
signal by comparing its modulation
phase to that of the emitted signal. The
range of phase measurement TOF sen-
sors depends on the wavelength of the
modulated signal so the resolution of
these sensors can be improved if signals
with short wavelength are used. That
being said, this leads to a reduced max-
imum range of phase shift measure-
ment. The maximum unambiguous de-
tectable phase delay is a full cycle of the
modulation period. For phase shifts
over 360°, however, an unequivocal de-

termination of the distance is not triv-
ial, which means that the maximum
useful measurable distance is half of
the distance traveled by light during
one period. This continuous wave can
be modulated in the amplitude or the
frequency. An amplitude modulated
continuous wave (AMCW) is often a si-
nusoid wave and this wave is modulated
in amplitude by varying the power. Fre-
quency modulated continuous wave
(FMCW) distance measurement is
achieved by measuring the phase of the
modulation of the transmitted light.
Phase shift measurement has a higher
precision than that of conventional TOF
measuring. In practice, a combination
of these two procedures is often used.
This method is typically used for mea-
surement distances of a few tens of me-
ters. The accuracy is between a few
millimeters and two or three centime-
ters, depending on time measurement
and on the distance between the object
and the scanner (object distance). The
TOF-principle is extended for industrial
range image data acquisition by moving
the laser line or by putting many laser
emitting/receiving units together.
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