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1 About this document

This manual allows you to operate with the SR4000/SR4500 type time-of-flight (TOF) cameras in an
efficient way.

Please read the complete manual carefully before working with the camera.

In this document the following designations:
e SR4000/SR4500
e Camera
e Sensor

will all be used, and will always refer to the SR4000/SR4500 TOF camera. There are some differences
between the SR4000 and SR4500:

The SR4500 has more light power and is more robust against background light.

The SR4500 contains two new features (non-ambiguity range extension and multi-camera mode)
that the SR4000 does not offer.

The SR4500 is IP67 rated.
e The SR4500 does not have any hardware trigger functionality.

Some of theses differences are addressed by split subsections in this document.

1.1 Goal of this document

This manual is designed to
e instruct customers about basic functions of the SR4000/SR4500,
e help customers to use the SR4000/SR4500 in an optimal way,

e and to address aspects of the safe electrical installation, configuration, maintenance and usage of
the SR4000/SR4500 TOF cameras.

1.2 Target group

This manual is addressed to technicians/engineers with sufficient skills to understand it and to apply
all relevant measures/steps to ensure safe usage of the SR4000/SR4500 according to the manual in-
structions and according to the safety regulation in place in the specific country where the camera is
used.
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1.3 Symbols used in this document

[@)]
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2 Safe usage of the camera

This chapter addresses topics related to the safety of the operation of the camera. Every camera user
must read this chapter carefully before working with the SR4000/SR4500.

2.1 Authorized personnel

v/ Important
The SR4000/SR4500 must be installed and used by adequately qualified personnel only!

Personnel is only considered as qualified if it has sufficient skills to understand and to apply all relevant
measures/steps to ensure safe usage of the SR4000/SR4500 according to the manual instructions and
according to the safety regulation in place in the specific country where the camera is used.

2.2 Correct use of the camera

The SR4000/SR4500 is a measurement device that allows capturing 3D data of IR light reflective objects
in the surrounding scene. The camera can be used by itself or can be integrated into a larger system
that uses the 3D data delivered by the camera.

v Important
In case of any other camera usage other than stated above any claims against MESA Imaging AG
will be rendered void.

The camera must be used in environments that are adapted to the camera enclosure rating.

2.3 Camera hardware integrity

By opening the camera or by modifying the camera hardware the declaration of CE conformity, the
safety, as well as the warranty of the camera will be rendered void. MESA Imaging AG cannot be
made faulty/responsible of any financial loss or injuries to users from cameras that have been opened
or modified.

v Important
Under no circumstances is it allowed to open the camera or to make any changes to the camera
hardware!

2.4 Safety notes and protective measures

Please observe the following items in order to ensure the correct and safe use of the SR4000/SR4500:
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e The notices in this document must be observed.

e When operating the SR4000/SR4500, the national, local and statutory rules and regulations must
be observed. In particular following regulations must be observed:

— the work safety regulations/safety rules
— other relevant health and safety regulations

e Manufacturers and operators of the system on which the SR4000/SR4500 is installed are respon-
sible for obtaining and observing all applicable safety regulations and rules.

e The operating instructions must be made available to the operator of the system where the
SR4000/SR4500 is integrated. The operator of the system is to be instructed in the use of the
device by specialist personnel and must be instructed to read the operating instructions.

e The SR4000/SR4500 is not a device that is certified for safety applications

X WARNING

Please keep in mind the safety notes and protective measures when working with the camera.

2.4.1 Electrical installation of the camera

Please, observe the following items:
e Only adequately qualified personnel is allowed to install the camera
e Only the standard power supply provided by MESA may be used with the camera.

e Another power supply might only be installed by an adequately qualified personnel. In this case,
following applies:

— The power supply isolation from the ground voltage must be redundant (i.e. double isolated
power supply).
The power supply must be conform to chapter 2.5 of EN60950-1:2006 to ensure fire safety.

Wire cross-sections and their correct fuse protection as per the applicable standards must be
implemented.

All notices from chapter 15 of this document have to be applied.

MESA cannot be made responsible for any injuries resulting from a faulty power supply
design.

e The user must ensure that no significant electrical grounding potential difference might appear
between the camera and the network /power supply. This is in particular true for cameras connected
to Ethernet networks that span over different physical buildings.

e Follow the current safety regulations when working on electrical systems.

e Do not open the housing.

X WARNING

The notes on electrical installation of the camera must be followed.
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2.4.2 Eye safety

The sensor emits light actively. Therefore, rules and laws related to active light emitting technical
devices apply. The following statements hold for the SR4000/SR4500:

e The SR4000/SR4500 operates with LEDs emitting in the 850 nm range.

e The SR4000/SR4500 is certified LED Class 1 according to EN 60825-1:2002 (eye safe).
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3 Environmental protection

The camera contains electronic components. When you dispose it pay attention to the following rec-
ommendations:

e Always dispose devices that are not serviceable or reparable in compliance with local/national
rules and regulations on waste disposal.

e Dispose of all electronic assemblies as hazardous waste. The electronic assemblies are straightfor-
ward to dismantle.
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4 General recommendations

4.1 Heat sink requirements

v Important
Provide for suitable heat sinking as explained in this section.

When the SR4000/SR4500 is in use, especially when it will be operating for long periods, it is important
to ensure that there is always adequate heat sinking. The requirements for heat sinking depend on the
environment and application. The essential requirement is that sufficient heat is drawn away from the
camera to ensure that the temperature of the camera housing does not exceed 50°C. Heat may be
drawn away by mounting the camera to a larger thermal mass (provided that the mounting is thermally
conductive), by using forced airflow (especially if there is any form of enclosure), or by using a heat sink
with “fins” if a static system is required.

Longer Integration Times (see chapter 11 for an explanation of the integration time parameter) cause the
LEDs to be active for longer periods, resulting in more heat. To reduce the amount of heat generated,
and power consumed, it may help to use triggered rather than the continuous mode (see chapter 10).

4.2 Power requirements

v/ Important

For the camera to operate with the precision as described in the specifications, the SR4000 must be
powered with +12 V' DC, Min -2%, Max +10% and the SR4500 must be powered with +24 V' DC,
Min -10%, Max +10%.

If the minimal voltage is not supplied, the camera will have less precise measurements. If the camera is
supplied with a higher voltage, the exceeding energy will be dissipated through heating of the camera,
which will also influence the camera’s precision.

On demand MESA delivers a closed housing power supply that complies with those requirements, but
that is not of industrial grade (especially in respect to lifetime under demanding conditions). For
applications where reliability over time is a key requirement, an industrial grade power supply must
be used to power the camera. MESA does not supply those devices, but can suggest some suited
devices/suppliers if needed (send a request to mailto:support@mesa-imaging.ch).

4.3 Cleaning the camera

Together, the optical filter and the LED cover (see chapter 5) form a flat front face which may be
cleaned by wiping with a lint-free cloth, dampened with isopropyl alcohol if necessary, or with optical
wipes. If the front face is dirty with particles that may be abrasive, care must be taken not to scratch
the surface.
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5 Package contents

5.1 Shipped components

The shipped components contain the packaging material, an end-test qualification report and the hard-
ware components. These are described in the following subsections for each camera type separately.

5.1.1 SR4000

A standard SR4000 package contains:
1. SR4000 camera (USB or Ethernet)

2. Software and documentation Installation CD
Optionally, it may also contain the following items :
3. Communications cable (USB or Ethernet)

4. Power supply unit
5. Power cable

The regular and optional items for a SR4000 USB camera are shown in figure 5.1.

©® SR4000 camera

® Software and documentation CD
©® USB communications cable

® Power supply unit

© Power cable

Figure 5.1: SR4000 package contents

The Ethernet camera packages contain an Ethernet cable instead of the USB cable (see ® in figure 5.1).
Additionally, a trigger cable (not shown in figure 5.1) may be part of the package if appointed.

5.1.2 SR4500

A standard SR4500 package contains:
1. SR4500 camera
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2. Software and documentation Installation CD
Optionally, it may also contain the following items :
3. Mounting slot nuts and tripod adapter
4. Power supply unit
5. Ethernet cable

6. Power cable

The regular and optional items are shown in figure 5.2.

SR4500 camera

Software and documentation CD
Mounting slot nuts and tripod
adapter

Power supply unit

Ethernet cable

Power cable

06 o0oe

Figure 5.2: SR4500 package contents

5.2 Description

5.2.1 SR4000

The front view of the SR4000 is shown in figure 5.3.
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lllumination cover

Optical filter

Figure 5.3: Front view SR4000

The following components are shown in figure 5.3:
e |llumination cover. This protects the LEDs while allowing their light to be transmitted.

e Optical Filter. This allows only light of wavelengths near that of the illumination LEDs to pass
into the camera lens.

Views of the SR4000 from the back and below are shown in figure 5.4.

Power connector
Status LED

Mounting hole

— — -

Trigger connector

USB connector
Product label

Internal screw thread

Figure 5.4: Back view showing connectors and view from below showing mounting holes

The following components are shown in figure 5.4:
e Power connector. For supply of 12V DC at up to 1 A to the camera.

e Trigger connector. For external hardware triggering of image acquisition.

Data connector (USB in this case). For connection to PC.

Status LED. Flashing slow = power on. Flashing fast = acquiring images.

Mounting holes and internal screw thread. Precise and robust mounting of the camera can be
made through four M4 holes and two additional 4H7 holes. In addition, it is possible to screw the
camera onto standard tripods (usually used for photo-cameras).

5.2.2 SR4500

The front view of the SR4500 is shown in figure 5.5.
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Mounting slot

Optical filter
lllimination cover

Figure 5.5: Front view SR4500

The following components are shown in figure 5.5:

e |llumination cover. This protects the LEDs while allowing their light to be transmitted. Below
the right hand side illumination cover is a status LED that flashes on each image frame during
acquisition and with 1 Hz if the camera is operational but no images are taken.

e Optical Filter. This allows only light of wavelengths near that of the illumination LEDs to pass
into the camera lens.

e Mounting slot. This slot is reserved for the slot nuts that are also included in the package. They
allow flexible mounting configuration while providing mechanical stability.

A view of the SR4500 from the back is shown in figure 5.6.

Product label
Power connector

Ethernet connector

Figure 5.6: Back view showing connectors

The following components are shown in figure 5.6:

e Product label. This label contains the product type number and the serial number. The serial
number is needed if the camera needs to be returned for repair.

e Power connector. For supply of 24V DC at up to 1 A to the camera.

e Ethernet connector. For connection to PC.
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6 How Time Of Flight works

The distance measurement capability of the SR4000 is based on the Time of Flight (TOF) principle.
See e.g. http://en.wikipedia.org/wiki/Time-of-flight for a description of this principle.

In Time of Flight systems, the time taken for light to travel from an active illumination source to IR light
reflective objects in the field of view and back to the sensor is measured. Given the speed of light ¢, the
distance can be determined directly from this round trip time. To achieve the time of flight measurement
the SR4000 modulates its illumination LEDs, and the CCD/CMOS imaging sensor measures the phase
of the returned modulated signal at each pixel. The distance at each pixel is determined as a fraction
of the one full cycle of the modulated signal, where the distance corresponding to one full cycle is given
by c

D= 5F (6.1)
where c is the speed of light and f is the modulation frequency. At a modulation frequency of 30 MHz,
this distance is 4.997 m at a speed of light 299792458 m/s. Therefore, 30 MHz cameras are those with
the 5 m range in the product specifications and 15 MHz cameras are those with the 10 m range. The
analog electrical signals are converted into digital values in an Analog to Digital conversion process,
from which a 14-bit value is calculated. This “raw” output of the camera refers to the spherical distance
measure between the pixel on the camera chip and the corresponding region in the environment. From
the single pixel values a 176 by 144 pixel depth map is computed.

6.1 Distance estimation and 3D measurement

A A

£ / [ |
L / 4B \_f

k4

Figure 6.1: Time of Flight sampling of returned modulated signal

The LEDs in the front of the sensor emit modulated light pulses. The modulation signal can be thought
of a sinusoidal signal as shown in figure 6.1. As shown in figure 6.1 by the vertical lines the reflected
signal is sampled four times in each cycle, at 4 period phase shifts, i.e. 90° phase angle. Signal B
is the mean of the total light incident on the sensor: background plus modulated signal, and A is
the Amplitude of just the modulate signal. The phase ¢ (phi) is calculated from the four samples
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to produce the distance measurement. The amplitude A may be used as a measure of quality of the
distance measurement, or to generate a gray scale image.

One burst of the modulated signal is sent out for each image and multiple phase shifts are integrated
during this time. The lengths of the integration process can be adjusted by the user by means of a
parameter called Integration Time (IT) (see also section 7.5 and chapter 11).

The raw 14-bit values of the spherical distances range from 0 to 16382 (0 to Ox3FFE in hex). Higher
values indicate saturation. A single bit increment corresponds to 0.305 mm (rounded) if 214 for a 5m
camera and 0.61 mm (rounded) for a 10 m camera. These values can be obtained by dividing the full
phase lengths by 214

The real spherical distance in mm can in be obtained by multiplying the 14-bit phase measure with the
factor of 0.305 mm or 0.61 mm respectively. From this distance together with the intrinsic parameters
of the camera x, y, and z coordinates per pixel are computed. This is done inside the camera so that
it delivers full 3D coordinate vectors for each of the 176 times 144 pixels.
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7 Measurement performance

7.1 Definition of absolute accuracy and repeatability

To characterize the precision of a camera a statistical approach is used. For an object at a given (known)
distance, repeating the distance measurement with the camera will result in a distribution of measured
values centered on a mean value.

Absolute accuracy is the difference between the mean measured value of the distribution and the
real value and represents the maximum systematic error on the distance measurement. This value is
particularly relevant for the precision on absolute distance measurement.

Repeatability is characterized by the spread (10) of the measurement around the mean value and is
relevant to characterize the precision on a single measurement. This value gives an indication on the
noise of a given measurement.

7.2 Factors that influence absolute accuracy and repeatability

Repeatability

Repeatability (noise) of distance measurements depends mainly on signal amplitude and background illu-
mination. Signal amplitude in turn depends on object distance and object reflectivity (see section 7.3.1).
The optimal repeatability is achieved when the integration time is set to give the greatest Amplitude
without reaching saturation.

The repeatability (noise) of distance measurements is often improved using some form of temporal or
spatial averaging.

7.2.1 Absolute accuracy

Absolute accuracy on the other hand is independent of distance, and reflectivity. The absolute accuracy
is achieved internally in the SR4000 through a combination of elements including pixel and electronics
architectures, an optical feedback loop, and temperature compensations. In nominal operation an
absolute accuracy of < 1cm is achievable (see specification or data sheet for more information).

7.3 Specified absolute Accuracy and repeatability

Every camera type has a data sheet that gives more details about the guarantied absolute accuracy and
repeatability. Please refer to this document for the specifications of your camera.

As described before, the reflectivity of the measured object has a large influence on the repeatability of
the measurement. This is the reason why it is important to understand how the reflectivity of an object
is defined and how it can be measured.
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7.3.1 About the reflectivity of different materials

The measurement characteristics of the camera highly depend on the reflection characteristics of the
scene and objects that are measured. To describe the reflectivity of objects, two aspects of the reflected
light must be considered:

1. The proportion of the back scattered light (energy) compared to the incoming light (energy).

2. The angular distribution of the back scattered intensities (directed reflection versus diffuse reflec-
tion)
For diffusely reflecting materials (mat and dull surfaces), the reflectivity coefficient has values between
0% (all incoming light is absorbed or transmitted) and 100% (such as for a white sheet of paper). The
reference of 100% is given by the case of a perfect Lambertian reflector, where 100% of the light is
back-scattered with an intensity distribution that is independent of the observation angle.

For directed reflecting materials, such as glossy surfaces, Retro-reflectors, or in the extreme case mirrors,
the reflection coefficient might be > 100 for specific angles at which the light is directly reflected.
Camera measurements are not optimal for such directed reflections as the image might saturate at the
angles where all the light is reflected directly into the sensor. Another problem is when the reflected
beam points away from the camera, preventing the sensor from capturing enough signal intensity to
deliver stable measurements. See table 7.1 for examples of different materials and their reflectivity.

Material Reflectivity Material Reflectivity
Kodak gray card (bright) 107% Rough clean wood palette 25%
White paper 80 — 100% Smooth concrete 25%
White masonry 85% Kodak gray card (dark) 33%
Newspaper 70% Black rubber tire 2%
PVC (grey) 40%

Table 7.1: typical reflectivity values for diffusely reflecting materials at a wavelength of 850 nm and at
90° incidence

7.3.2 Method to determine the reflectivity of targets

In order to determine the reflectivity of a surface, an object or a target, a simple method consists in
placing a target of known reflectivity directly next to this surface, and to measure under the same angle
the relative intensity of the surface compared to the reflectivity of the reference target.

As reference target one can use Kodak gray cards, as they are quasi-Lambertian reflectors for the visible
light, are of constant quality and are worldwide available (Kodak R27, Ref 1527795). Nevertheless, note
that the Kodak gray cards are optimized for visible light, and not for the 850 nm wave length at which
we are operating. Table 7.2 gives a comparison between reflectivity coefficient of Kodak paper for the
visible and the infrared (850 nm) domain.

For visible light (as indicated by Kodak) For infrared light
Bright 90% 107.1%
Dark 18% 32.9%

Table 7.2: Reflectivity coefficient of Kodak gray cards at 90° incidence
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7.4 Movement Artifacts

Each of the 4 phase measurement samples (see figure 6.1 on page 17) are taken as a separate exposure.
This means that in order to obtain a phase/distance measurement, four consecutive exposures must
be performed. If an object in the scene moves during these exposures, errors may be introduced into
the measurements. The noise introduced due to movement is random noise at the edges of the object
moved.

7.5 Setting the optimal integration time

In order to set the optimal integration time one has to compromise between 3 aspects:
1. The needed acquisition speed
2. The needed measurement quality
3. The type of measured objects

The diagram in figure 7.1 shows the interdependencies of these aspects.

1. Acquisition Speed 2. Measurement quality

A) Frame Rate D) Measurement stability
B) Mooving objects
C) Time budget for
measurement

Integration time

/

3. Measured objects

E) Object reflectivity
F) Distance object - camera

Figure 7.1: Diagram showing interdependencies of different parameters

In the following enumeration the diagram is explained in more detail:

1. Acquisition speed

The frame rate at which the images are acquired is inversely proportional to the integration time.
Setting a smaller integration time will result in

A Higher frame rate
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B Less movement artifacts from moving objects

C Minimizing the time budget needed for the overall measurement (e.g. measurements that
involve image processing on a series of images)

2. Measurement quality

D The noise on the measurement (1 o) is inversely proportional to the integration time: longer
integration times allow to capture a larger amount of reflected light, which results in lower
noise (also described as higher repeatability).

3. Type of measured objects

E The amount of light that is reflected from the measured objects is proportional to their reflec-
tivity (in the infrared domain). Thus, to reach the same measurement quality (repeatability),
a higher integration time needs to be set for low-reflective objects than for high reflective
objects.

F The light intensity decreases with the scare of the traveled distance. Thus to reach the same
measurement quality (repeatability), objects located further away need a higher integration
time than objects located closer to the camera.
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8 Physical setup

8.1 Environmental conditions

The camera should be mounted securely in free airflow for cooling, free from vibration, with care taken
to ensure the conditions as specified in this chapter in order to ensure precise and stable measurements.

8.1.1 Temperature

v Important
The camera must always be mounted to allow sufficient heat to be drawn away from the camera.

The requirement is to ensure that the camera’s housing temperature does not exceed 50 °C. Heat may
be drawn away by following measures:

e Mount the camera to a larger thermal mass (provided that the mounting is thermally conductive)
e Use forced airflow (especially if there is any form of enclosure).
e Use a heat sink with fins.

e Using longer integration times causes the camera to generate more heat than using short in-
tegration times. In the case that continuous measurement is not needed, heat generation may
be minimized by using triggered acquisition (in chapter 10 the different acquisition modes are
explained).

8.1.2 Ambient light and sunlight

v/ Important
Direct sunlight will affect the performance. The camera should not be used in direct sunlight.

Indirect sunlight that shines through doors and windows in indoor environments is usually not a problem.

8.2 Avoiding multiple reflections

v Important
Avoid setups with multiple light paths.

The total distance traveled by the light is about twice the distance from the camera to the object.
However, it is possible that objects may be arranged in the scene such that light takes a less direct path
than this.

For example, the light may be reflected by a first object before being reflected by the measured object
and finally return to the camera sensor. In this situation the light travels by the direct and also indirect
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paths (hence the term multipath). The apparent distance is then a weighted average of the path
distances, weighted by the strength of signal returned via each path. The end result is that distance
measurements are over-estimated.

Camera

Wall A Wall A

FOV
Overestimation due
| Direct path to multiple-path
\-\-\
Wall B \ Wall B

Multiple reflections path

Figure 8.1: Multiple path reflections on a concave scene - in that case a corner between two walls

A common situation of multipath appears when measuring objects that have concave structures. A
good example is when measuring a scene with a corner between two walls. In that case, the region of
the wall right next to the corner will be seen further away than it is in reality (see figure 8.1, orange
line). This is due to the fact that a large portion of the IR light is reflected on the neighbor wall first
(wall B), then on the measured wall (wall A) into the camera. Maximum overestimation is in the region
where multiple reflection path are both, maximum in number and in intensity. This explains the shape
of the measured values, as shown in orange on figure 8.1 (right hand side).

In order to avoid as much as possible multipath problems, the camera should be placed at the greatest
distance possible form other interfering objects form which light might be reflected. Ideally, the Field of
View of the camera should not include any objects that have not to be measured. Two frequent setups
that might cause problems and that have to be avoided are cameras close to walls or mounted on top
of tables (see figure 8.2).

Wrong Correct

Wrong

Camera support

Wall / Object

Correct

Camera support

Figure 8.2: Positioning the camera to avoid reflections. The FOV of the camera (in light red) should
not include any objects that has not to be measured and that could result in multiple path
reflections.

8.3 Non-ambiguity range
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8.3.1 SR4000

Measurements are subject to a so called “ambiguity” or a “back-folding” phenomenon that is due to
the periodicity of the signal that is used for the distance measurement. If objects could be present in
the scene at distances which differ by more than the distance corresponding to a full modulation period
D (see figure ?7? on page 17), the measurement of their position is ambiguous: it could be at x or at
x+ D, oreven x+2D etc (x+nD,n € {1,2,...}). For this reason the full phase distance is referred
to as the “non-ambiguity range” that is either 0 — 5 m or 0 — 10 m depending on the camera type.

It follows that in the case of a camera with a measurement range of 5m, any object that is situated
further than 5 m and whose intensity is still high enough to be detected by the camera will be folded
back into the “non ambiguity range” (e.g.: an object at 7 m will be measured at 2 m, one at 9m at 4 m
for a 5m camera and one at 13m at 3m for a 10 m camera). Similarly, for a camera with a range of
10 m, all detectable objects situated at 12m will be folded back at 2 m, etc.

og=2mm* Values greater than 5m are folded back into 0-5m range
5mRange [ [ I ]
Om i1 5m | 10m 15m 20m
o=4mm * Values are folded back into 0-10m range
10m Range [ | ]
Om il 10m | 20m
B O Measuring range O O Ambiguous range: values are folded back into
(Non ambiguity range) the measuring range
* At 20 Frames/sec, 100% object reflectivity

Figure 8.3: lllustration of the Non-ambiguity range

In the field, some applications are limited in range by the geometry of the environment (e.g. a wall in
the background at less than 5 m). In that case a 5 m camera will deliver reliable results, with no artifacts
due to objects folded back into the measurement range (the same holds for scene with a limited range
of 10 m using a 10 m camera).

When the background is not limited, the folding back of far and bright objects will cause problems. The
solution is to filter those values out by setting an amplitude threshold. This filtering works best using
a 10 m camera, as practice has shown that most objects situated further than 10 m meters have low
intensities.

8.3.2 SR4500

The SR4500 provides a new feature called non-ambiguity range extension (NARE). This feature over-
comes the ambiguity problem as described above in the SR4000 subsection. The feature is activated
on the SR4500 by default. The corrective computations carried out by this mode need two sequential
images. For applications where faster frame rates are more important than avoiding ambiguity errors
this feature can be turned off. See chapter 11 for information about how this can be done. The
NARE requires an amplitude threshold to be set (see chapter 11 for information about how to set this
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parameter) in order to work correctly.

v Important
Always use an appropriate amplitude threshold when working with the NARE feature!

8.4 Multiple cameras

8.4.1 SR4000

It is possible to connect multiple USB or Ethernet cameras to the same host computer. However, in any
situation where multiple SR4000 cameras are operating in the same area the illumination of the camera
may interfere with other cameras. For the SR4000 there are possibilities to avoid this interference:

e Sequence the exposures of each camera using triggered acquisition mode. A custom software
application is required to sequence the cameras. The disadvantages of this approach are that
the frame rate is significantly diminished for each camera included in the system, and that the
acquisitions from each camera are not simultaneous. The latter may be important when movement
is present in the scene.

e Different modulation frequencies may be used in each camera to enable them to work together
with no interference. The SR4000 supports several different modulation frequencies:

— For the 5 m range cameras
% 29 MHz (5.17 m range)
% 30 MHz (5.00 m range)
* 31 MHz (4.84 m range)

— For the 10 m range cameras
* 14.5 MHz (10.34 m range)
* 15 MHz (10.00 m range)
* 15.5 MHz (9.68 m range)

8.4.2 SR4500

The SR4500 has a built-in feature that avoids mutual disturbances and therefore, no special care needs
to be taken about this problem.
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9 Data output of the camera

This section describes the data output of the camera. The camera outputs the following data per pixel:

distance data (phase measure)

(x,y, z) coordinate data

amplitudes (similar to gray-level data)
e and a confidence map (an estimate of reliability).
All these data are described in the following sections.

On programming level the data may be accessed using the C/C++ software API of the driver or one of
the interfaces to Matlab or Python. On application level sample and viewer programs are available on the
software and documentation CD or via download from http://www.mesa-imaging.ch/drivers.php.
These programs are described in chapter 13 (software) and can be used to visualize the camera’s data
outputs.

9.1 Distance data

The distance data is given by the phase angle ¢ as described previously in chapter 6. This angle is directly
proportional to the distance that light travels from the LEDs to the object and back. The phase angles
for all pixels are available with the API function SR_GetImage() as a pointer to a 176 - 144 = 25344
long array of unsigned short values. The data is arranged in this array as a 144 sequence of rows of
size 176. The phase angles are output from the SR4000 as 16 bit values where only the upper 14 bits
(D13..D0, see table 9.1, below) are used. In table 9.1 the format of the pixel data is shown.

| D13 [ D12 [ D11 [ D10 | D9 | D8 | D7 [ D6 [ D5 | D4 | D3 | D2 | D1 [ DO | ID1 | IDO |

Table 9.1: Arrangement of the bits composing the distance values.

The two least significant bits (ID1 and IDO0 in table 9.1) are reserved. The distance value d of a pixel
is given by
_ qb ) dmax

d=""r (9.1)

where ¢ is the 14 bit pixel value encoded by D13 to DO and dpax the maximal full-phase distance of
the camera on the camera type (see chapter 6).

The hex value 0x0000 (upper 14 bits) corresponds to the origin of an intrinsic coordinate system and
0x3FFF corresponds to the full-phase radial distance.

v Important
The last two values Ox3FFE and Ox3FFF do not represent distances but instead indicate saturation.
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9.2 XYZ Cartesian coordinates

The software driver provides a coordinate transform function which converts the raw 14 bit radial
distances as explained in the previous section to Cartesian coordinates, expressed in meters. The
calculations are performed by the driver on the host CPU. This transformation includes a correction which
compensates for the radial distortion of the optics. The coordinate system used here is “Right-Handed",
with z-coordinate increasing along the optical axis away from the camera, y-coordinate increasing
vertically upwards and x-coordinate increasing horizontally to the left, all from the point of view of the
camera (or someone standing behind it). Figure 9.1 shows the camera’s output coordinate system.

Absolute coordinates

MESA >2

Imaging

Figure 9.1: (x,y, z) as delivered by the camera is given in this coordinate system.

The origin of the coordinate system (0,0,0) is at the intersection of the optical axis with the front
face of the camera. Saturated pixels transform to the value (0, 0,0) (saturation is explained below in
section 9.3). More information about the visualization of the camera outputs are given in chapter 13
(software) and the software interfacing is described chapter 11 (APl description)

v Important

The coordinate system used by the camera is not the same as usually used in the literature on
perspective camera projection models. These systems lie in the center of lens (about 11 mm from
the front plate into the housing) and the x and y are rotated around z positively about /2. If you
want to retrieve the exact system for your camera including all projective camera parameters then
you can use the code snippet presented in our forum contact http: // forum. mesa-imaging. ch/
viewtopic. php? f=336t=169 or contact mailto: support@mesa-imaging. ch

9.3 Amplitude data

Amplitude data, (quantity A in figure 6.1 on page 17), is output as an array of 16 bit words, arranged
like the distance values described in section 9.1.

Again only the 14 most significant bits are used. The largest 14 bit value of 0x3FFF indicates saturation.
Values from 0x000 to Ox3FFE are proportional to the received amplitudes. Bits ID1 and IDO are reserved.
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This arrangement is shown in table 9.2 on the next page.

| A13 | A12 | A11 | A10 | A9 | A8 | A7 | A6 | A5 | A4 | A3 | A2 | A1 | A0 | ID1 | IDO |

Table 9.2: Arrangement of the bits composing the amplitude values.

The raw amplitude data of the SR4000 are more intense in the image center and decrease towards the
image borders. By default, the amplitude is converted into a value which is independent of distance
and position in the image array, using the following factors:

1. A factor proportional to the square of the measured distance, scaled to equal 1 at distance of half
of the full-phase distance.

2. A factor which corrects for the drop in strength of the illumination away from the center of the
field of view. This factor equals 1 at the center, and increases with radial distance from the center.

Due to an improved illumination this effect is much smaller for the SR4500. It follows that the distance
data of the SR4500 in the edges of the image are more stable compared to the SR4000.

9.4 Confidence map

The confidence map is generated in the driver of the host PC using a combination of distance and
amplitude measurements and their temporal variations. It represents a measure of probability or “con-
fidence” of how correct the distance measurement is expected to be. Low confidence is typically due to
low reflected signal or movement in the scene. The Confidence Map can be used to

select regions containing measurements of high quality

reject measurements of low quality

obtain a confidence measure for a measurement derived from a combination of many pixels
e estimate an output reliability in recognition algorithms

Confidence map data is output from the SR4000/SR4500 as an array of 16 bit words. There is one con-
fidence value per pixel. The Confidence Map has a range of 0-OxFFFF, with greater values representing
higher confidence.
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10 Image acquisition modes

For each image, four samples of the reflected light are acquired and read out by the sensor. The
recombination of the information from the four samples is done in the calculation phase. The output
of the calculation are range values per pixel. This data is finally transferred to an external device
(computer).

acquisition and readout

calculation

output

Time

-_—>

Figure 10.1: Schematic view of the image acquisition process

Two modes of image acquisition are supported:
1. Continuous acquisition mode

2. Triggered acquisition mode (also called single shot mode). In that mode, the acquisition may be
triggered by either a software or a hardware trigger. The hardware trigger mode is only available
for the SR4000. Two types of hardware trigger signal are available on the camera:

e Trigger In: triggers the start of the acquisition and the data output
e Trigger Out: signal that is emitted in order to synchronize external devices

The setting of the trigger modes is described in the APl documentation or in chapter 11. In figure 10.2
on the next page an overview of the different trigger modes that the SR4000 supports is shown. The
SR4500 supports the continuous acquisition mode and the single shot software trigger mode only.

10.1 Continuous acquisition mode

When software trigger mode is disabled, the camera captures images continuously (so called continuous
acquisition mode). While acquisition and readout occurs for one image, the previous image is simulta-
neously processed in the internal FPGA. When an acquire command is received by the driver, the most
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Figure 10.2: Trigger map of the SR4000. Trigger IN (blue) are a group of modes that are used to initiate
an image capture. Trigger OUT (red) is an output signal from the camera that activates
on the end of an acquisition cycle. See the related sections in the text for more details on
the trigger signals. Note, that the SR4500 only supports the continuous acquisition mode
and the single shot software trigger mode.

recent image whose processing has been completed by the FPGA is transferred to the host computer.
In this way a high frame rate is achieved, but there is a latency in the output after completion of the
acquisition of at least one frame. The continuous acquisition mode is not suited for synchronization
with external devices, as the exact timing of the output of the image is not known externally.

The hardware trigger output consists of a pulse that starts at the beginning of each new acquisition.
Every 4t pulse is 1.5 ms long, all others are 1ms long. The voltage range is 4.5 V to 5.0 V (see also

chapter 15).

v Important
In Continuous Mode, because of the 1-frame latency, any changes in mode, integration time or
modulation frequency setting do not affect the first acquired frame after the setting change, since
this frame would have been acquired before the setting change.
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Figure 10.3: Schematic view of the continuous acquisition mode

v Important
For very small integration times, the data transfer may not star