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ABSTRACT 
 

Perception of the environment in 3D has always been an important sensory input for 
machine vision applications. 3D imaging sensors have been investigated for several 
decades. Recently, novel solid state 3D technologies have emerged, leading to 3D vision 
systems with radically improved characteristics. At present these new technologies make 
full-range 3D data available at high frame rates, and thus open the path toward a much 
broader application of 3D vision systems for machine vision applications. This book 
chapter reviews state-of-the-art commercial solid state 3D cameras and presents their 
working principle, their range measurement precision and linearity, and typical machine 
vision applications. At the end of the book chapter the pro and cons of each technology 
are listed and the latest camera model of each technology is presented. Hence the reader 
will be aided in selecting the most suitable 3D camera for a given machine vision 
application. Furthermore the advantages of a 3D vision system over a conventional 2D 
vision system are demonstrated through the examples. 
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INTRODUCTION 
 
A good definition of the term machine vision can be found in (Davies 2005). Machine 

vision is the study of methods and techniques whereby artificial vision systems can be 
constructed and usefully employed in practical applications. As such, it embraces both the 
science and engineering of vision. In the majority of cases machine vision applications are 
very complex due to their real-time requirements and their often very harsh environments. 
Hence new accurate and fast 3-D sensing methods for 3D object recognition and 
classification are needed. Many 3-D sensing techniques have been investigated. A good 
review can be found in (Jarvis 1983) and (Hu and Stockman 1989). The mentioned authors 
divide the 3-D sensing methods into several categories: 

Shape-from Techniques: These monocular approaches recover relative depth from 
texture, from shading, from contours, from motion, etc. resulting in surface orientations with 
respect to a viewer-centred coordinate system (Hu and Stockman 1989). These techniques 
must deal with correspondence problems. Furthermore problems arise due to the uncertainty 
of the position at which each image is taken and due to dynamic changes that may occur in 
the time between two images. 

Stereo: This method simulates the two eyes of a human. It uses multiple visual sensors 
(two cameras, for example) to estimate stereo disparity and then recover depth (Hu and 
Stockman 1989). Stereo cameras introduce physical restrictions due to the need for camera 
separation. Further, stereo cameras depend on texture matching from both camera images for 
range estimation. This produces a rather sparse and unevenly distributed data set unless 
structure in the scene is added by application specific illumination. Due to the allocation 
problem dynamic tracking of objects is not an easy task (Hussmann, Ringbeck and 
Hagebeuker 2008). 

Structured Light: In illuminating the scene, natural ambient light is replaced by an 
artificial light source, which can be of any structure (pattern) that is convenient for the task. 
Using structured light by itself is not an independent approach to 3-D sensing; the underlying 
means is still a monocular (shape-from) or binocular (stereo) method, but under different 
illumination conditions and hence facing rephrased problems. If a single light beam or a 
single light plane is used as the light source, the underlying method is direct sensing through 
triangulation. If a uniform grid of light is the light source, the underlying method is stereo and 
analysis of textures and contours.  

The major advantage of using structured light over ambient light is that features in the 
images are better defined. Image features are easier to detect; their relationships are more 
regular (parallel, equi-spaced, etc.) following the property of the generating pattern of the 
light source; and they prominently reveal the surface geometry that humans can readily use to 
interpret the scene (Hu and Stockman 1989). 

Direct Sensing (time-of-flight): One typical representative of this approach are laser range 
finders, which can sense the depth to any surface point in its field of view. Laser range finders 
are often used for navigation tasks (Nuechter, Surmann and Hertzberg 2003) using pulsed 
wave (PW) modulation. PW modulation based sensors measure the time of a light pulse trip 
to calculate the range image. The major disadvantage of these systems is the use of 
mechanical components and that they do not deliver 2D intensity images and range data at the 
same time.  



A Review on Commercial Solid State 3D Cameras ... 305

Another representative are novel TOF cameras (Schwarte et al. 1997), (Blanc et al. 
2004), which combine the advantage of active sensors and camera based approaches as they 
provide a 2D image of intensity and distance values in real-time. They do require a 
synchronized light source, which is using continuous wave (CW) modulation. A good survey 
about these novel TOF cameras based on CW modulation can be found in (Foix, Alenyà and 
Torras 2011). CW modulation based sensors measure phase differences between emitted and 
received signals.  

A more detailed overview on the working principle of PM and CW based solid state TOF 
sensors can be found in (Amad-ud-Din, Halin and Shafie 2009). As any 3D camera, 3D TOF 
cameras have to be calibrated as well. State-of-the-art calibration methods for CW-
modulation based TOF cameras are described in (Lindner et al. 2010) and for PW-modulation 
based TOF cameras are described in (Matheis et al. 2011) respectively. Compared to Shape-
from Techniques and Stereo TOF cameras can deal with prominent parts of rooms like walls, 
floors, and ceilings even if they are not structured. In addition to the 3D point cloud, contour 
and flow detection in the image plane yields motion information that can be used for e.g. car 
or person tracking (Hussmann, Ringbeck and Hagebeuker 2008). Structured light applications 
have in general a higher measurement accuracy than TOF-cameras, however the measurement 
range is then limited. 

Light Field Measurement: A similar approach to Stereo is the light-field measurement 
approach. The advantage of this approach compared to Stereo is that only one camera with a 
single lens is needed and all information is captured in a single exposure. A light-field or 
plenoptic camera acts like a micro camera array that records not only the light intensity but a 
combination of light intensity and the direction of incident light rays. The plenoptic camera 
was first described by M. G. Lippmann (Lippmann 1908) and before that using pinholes 
instead of lenses by Ives (Ives 1902). The idea was developed further in the past 100 years by 
many people. For example: Sokolov (1911), Ives (Ives 1928), Coffey (1935), Ivanov (1948), 
Chutjian (1968) with the first digital light field recording device, Dudnikov (1970) and 
Adelson (Adelsonand Wang 1992) who first called it plenoptic camera. More recently the 
technology was developed further by Ng (Ng et al. 2005) who built a hand-held plenoptic 
camera, Levoy (Levoy et al. 2006) who applied the light field technology to microscopy, 
Georgiev (Georgiev and Intwala 2006) and Lumsdaine (Lumsdaine and Georgiev 2008) who 
found a way to increase the spatial resolution of plenoptic cameras and Fife (Fife, Gamaland 
Wong 2008) who developed a plenoptic CCD sensor. For a more detailed history see Roberts 
(Roberts 2003). The images generated by a plenoptic camera have to be processed to obtain a 
resultant image.  

The advantages are that in this way the image focus can be varied computationally after 
the image has been taken. Furthermore, the scene depth can be calculated, which makes a 
plenoptic camera also a 3D recording device. The price that has to be paid for these additional 
features is a significant reduction in the effective image resolution. In this book chapter state-
of-the-art commercial solid state 3D cameras based on the presented 3D sensing techniques 
are reviewed which can be used for accurate and fast 3D object recognition and classification. 
Their working principle, their range measurement precision and linearity, and typical machine 
vision applications are presented. 
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WORKING PRINCIPLE AND RANGE COMPUTATION  
OF COMMERCIAL SOLID STATE 3D CAMERAS 

 

ifm electronic 
 
The ifm electronic 3D-camera O3D200 comprises a Photonic-Mixer Device (PMD) CW-

TOF sensor manufactured by the company PMD Technologies GmbH (PMD Technologies 
2012). The 3D camera is a stand-alone unit with integrated lighting and evaluation in a 
robust, industrially compatible housing as shown in Figure 1. Main characteristics are a field 
of view of 30 x 40 degrees, a measurement range of up to 6.5 m, a pixel resolution of 64 x 48 
pixels, integrated median and mean image filters, suppression of background illumination 
(SBI) and dimensions of 60x42x35 mm3. If the sensor detects objects at a distance longer 
than the unambiguous range of 6.5 m, it only provides meaningful results with the setting 
Open-ended activated. With this setting the measuring range of the sensor is set to longer 
distances. The exposure time, however, is doubled which may cause blurred edges with 
moving objects. The camera is available with an Ethernet interface. One special feature is the 
High Dynamic (HD) mode. For high contrast images, light objects reflect too much light, dark 
objects, however, too little light. In the HD mode this effect can be compensated. The sensor 
works with double exposure. It measures with a long and then with a second short exposure 
time. During the short exposure time it fills up extremely overexposed zones. Double 
exposure prolongs the total exposure time which may cause blurred edges for moving objects. 

Most of the following text passage is extracted from (Hussmann, Edeler and Hermanski 
2012) in which the referenced book chapter describes the working principle of the PMD 
technology together with the real-time processing of 3D-TOF data in machine vision 
applications. Figure 2 shows the cross section of a typical PMD pixel comprising two 
symmetrical, transparent photo gates. The photons of the received optical echo Popt enter the 
p-doped substrate through these gates and are generating charge carrier (electron/hole-pairs). 
The photo gates are controlled by the modulation voltage um and the offset voltage U0.  

 

 

Figure 1. 3D ToF camera O3D200. 
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Figure 2. Cross section of a typical PMD pixel. 

The schematic potential distribution in the p-doped substrate between the photo gates is 
shown in Figure 2 for a negative modulation voltage um. 

A PMD pixel may be understood as a modulation controlled photo charge distributer 
(photonic mixer). In principle the PMD pixel works like a seesaw for electrons while 
controlling its motion by means of polarity and slope of the seesaw. If no modulated light is 
received the photo generated charges symmetrically drift to both readout gates a and b. If 
modulated light is received the photo generated charges drift only to readout gate b, when the 
modulated light and the modulation voltage have a phase difference of 180° (see Figure 2). If 
the phase difference is 0° the photo generated charges drift only to readout gate a. 

State of the art is to use continuous wave (CW) modulation with square waves for TOF 
cameras with a typical modulation frequency of 20 MHz (Hussmann, Ringbeck and 
Hagebeuker 2008). Hence the modulation voltages can be easily generated digitally with a 
high accuracy and stability using programmable logic devices (PLDs) such as complex 
programmable logic devices (CPLD) or field programmable gate arrays (FPGA). For the 
illumination source infrared (IR) - light emitting diodes (LEDs) are used. The low-pass 
characteristic of the IR-LEDs leads to an attenuation of the square waves’ harmonics for 
larger frequencies. This results in an optical output that gradually looks sinusoidal for 
frequencies larger than 5-10 MHz (see Figure 3). This has to be taken into account if CW 
modulation with square waves is used. 

The readout gates a and b are each connected to an integration capacitor. Hence the 
corresponding voltages Ua and Ub can be expressed as a correlation function between the 
optical echo Popt(t-TL) and the modulation voltage um(t) over the integration time Tint. Figure 3 
illustrates the correlation process for one single modulation period T for the two signals 
Popt(t-TL) and um(t). The modulation voltage um(t) is defined as follows: 

 

 , N = 0, 1, 2… (1) 








TTN-tT/2for     ,0
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)(tum
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TL is the ‘time-of-flight’ time for the light (camera-object-camera), B is the received 
average incident light (background light and DC component of the modulated light source) 
and a0 is the amplitude of the received modulated light. Ua and Ub are then proportional to the 
areas Aa and Ab as shown in Figure 3. If the complete integration time Tint (corresponds to 
several hundreds or thousands of periods) has taken into account, Ua and Ub can be written as: 

 

 (2) 

 
and 

 

 (3) 

 
The conversion gain K converts the received optical energy into a voltage. The 

integration time Tint does not have to be necessarily a multiple of the single period time T as 
the number of periods integrated over the integration time is in the range of hundreds to 
thousands. Looking at Figure 3 it can be noticed that Ua and Ub are always a positive voltage. 
To remove the influence of the background light B the difference of Uab has to be 
determined: 

 

 (4) 

 
The autocorrelation function Uab corresponds to the distance value of a PMD pixel. The 

sum of Ua and Ub corresponds to all received and converted photons. Hence this sum is 
equivalent to the grey level value of standard CCD/CMOS video cameras (amplitude image): 

 

 (5) 

 
It has to be mentioned that only infrared light is used as an IR-filter is mounted on top of 

the sensor chip. Using an IR-filter reduces the effects of the background illumination B on the 
distance resolution. Hence the amplitude image could be also called “infrared amplitude 
image”. However without the IR-filter the TOF camera would behave like a standard 2D-
camera and therefore we still use the word “amplitude image”. 

Equation (4) and (5) demonstrate the advantage of the PMD technology compared to 
other 3-D sensing techniques. The PMD pixel is a TOF vision system with inherent 
suppression of uncorrelated light signals such as sun light or other modulated light 
disturbances (neon tubes, high frequency illumination modules etc.). More advantages of a 
PMD TOF vision system are the acquisition of the amplitude value and range data in each 
pixel without high computational cost and any moving components as well as the monocular 
setup. 
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Figure 3. Correlation process between the received optical echo Popt and the modulation voltage um for a 
single modulation period. 

As mentioned before the range value corresponds to Uab. The amplitude of the received 
optical echo Popt varies with the measure object reflectivity coefficient and the distance. 
Hence the amplitude of the output voltage Uab is also affected by these changes. To 
overcome the amplitude dependency of the output voltage of Uab state of the art is to use a 
4-phase shift algorithm (Blanc et al. 2004), (Ringbeck and Hagebeuker 2007). In (Hussmann 
and Liepert 2009) the following equation to calculate the phase difference 0 without any 
dependency on the received optical echo’s amplitude is derived: 

 

 (6) 

 
For the PMD sensor also faster algorithms exist to overcome the amplitude dependency 

of the output voltage of Uab. By using the pseudo 4-phase shift algorithm (Hussmann and 
Edeler 2010) or the one-phase algorithm (Hussmann and Hermanski 2013) the frame rate of a 
PMD sensor is increased by a factor of two or four respectively. Furthermore the motion 
artifacts are more effectively suppressed. Both algorithms are well suited for machine vision 
applications. 

The range value R can now be calculated by taken into account the modulation frequency 
fmod and the physical constant for the speed of light c (3108 m/s). N represents the ambiguity 
in range estimation when 0 > N 360°. For example if a modulation frequency of 20 MHz is 
used the ambiguity range is 7.5 m. If the distance to an object is now 9 m, N = 1 and the 
distance measured by the camera is 1.5 m. 
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MESA Imaging 3D-Camera 
 
The 3D cameras of MESA Imaging are based on the time-of-flight principle. A 

sinusoidal, intensity-modulated light signal is emitted by near-infrared emitters and back-
scattered by the objects in the scene.  

The scene itself is imaged by an objective onto a dedicated sensor, where each pixel is 
capable of demodulating the light signal and, thus, delivering a distance as well as an 
intensity value of the particular point in the scene. As illustrated in Figure 4, the camera 
consists of light emitting elements, which are here LEDs, the objective, a dedicated image 
sensor, analogue-to-digital converter (AD converter), digital signal controlling and 
processing, and an interface such as USB or Ethernet. In order to make the camera suitable 
for a wide range of applications, a robust aluminium housing is used which provides 
compliance with industrial standards for water and dust resistance. 

 

 

Figure 4. Camera set-up. 

 

 

Figure 5. 3D ToF camera SR4000. 
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Figure 6. Sampling of the optical modulation signal four times. 

The standard product of MESA Imaging is the SR4000, which is shown in Figure 5. 
Main characteristics are a field of view of either 44x35 or 69x56 degrees, a measurement 
range of either 5m or 10m, a pixel resolution of 176x144 pixels and dimensions of 
65x64x70mm3. The camera is available with USB or Ethernet interfaces. 

Typically a sinusoidal modulation is used and an in-pixel sampling is performed. This 
sampling yields the samples A0 and A2, which are separated by 180°, in one acquisition. The 
same process is repeated by 90 degree phase shift so that four phase values, each separated 
equidistantly by 90 degrees, are delivered by the pixel. This sampling procedure is shown in 
Figure 6. Each sample is the result of the integration of the photo-current during a half period. 

The sampling approach yields the same equation for the phase (equation (6), but 
Uabn = An) and the distance (equation (7)) calculation as obtained with the correlation 
approach described in the section above and in (Lange 2000). The range resolution is 
physically ultimately limited by photon shot noise (Lange 2000), (Büttgen 2007). Assuming 
the pixels receive enough light to work in the photon shot noise regime and not being limited 
by any other noise source such as amplifier noise, AD converter noise and so on, the ultimate 
resolution of the distance measurement is derived as 

 

, (8) 

 
where c is the speed of light, fmod is the modulation frequency, B is the average number of 
generated electrons per sample and A describes the measured amplitude in electrons. This 
equation describes the physically best range resolution that can only be achieved when all 
noise sources are negligible and only photon shot noise is the limiting factor. 

The demodulation pixel needs to incorporate the following functions: 1) photon detection 
and photon conversion into electron-hole pairs. 2) transfer of photo-generated electrons to a 
pair of switches, 3) controlling the switches for directing the electrons to one of two storage 
nodes, 4) the storage nodes themselves, and 5) an amplification stage enabling the readout of 
the two samples. The functional schematic is shown in Figure 7.  
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Figure 7. Functional diagram of the demodulation pixel. 

 

 

Figure 8. Architecture of the Silo pixel based on lateral electric drift fields. 

Since modulation frequencies of several MHz are used, the whole detection and charge 
transport process must happen very fast, usually within the nanosecond range. Therefore, a 
special “Silo” pixel is used in the SR4000, which exploits lateral electric drift fields for 
improved charge transport speed. This pixel is shown schematically in the following Figure 8 
(Büttgen, Lustenberger and Seitz 2006). 
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(b) 

Figure 9. Potential distribution through cross section 1 in the detection region and (b) potential 
distribution through cross section 2 in the demodulation region. 

A chain of adjacent CCD gates form a trapezoidal photo-sensitive detection region. By 
applying increasing voltages to the gates, which is realized by tapping the voltages from a 
resistive ladder outside of the pixel field, a lateral electric drift field is generated. Thanks to 
this drift field photo-generated electrons are transported from top to bottom in less than a 
nanosecond, even when the transport path length is several tens of microns. A cross section 
through the detection region with its potential distribution is shown in Figure 9 (a). At the 
bottom node of the detection region the fast switches are located, here referred to as gl for 
gate left, gm for gate middle and gr for gate right. Depending on the voltages set on those 
three gates the electrons are directed either to the left or to the right integration gate. An 
example of voltage distribution through cross section 2 is shown in Figure 9 (b). 

The readout of the charge packets stored in the integration gates 1 and 2 is usually 
realized by standard CMOS source follower circuitries. Reset transistors within the pixel 
enable resetting the integration gates, which is required before the acquisition of next 
samples. 

The gates gl and gr are operated at the modulation frequency in order to sample the 
incident optical modulation signal twice. In a first image acquisition the samples A0 and A2 
are obtained. The remaining 2 samples A1 and A3 are received by a second acquisition with a 
controlling of the switches that is delayed by 90 degrees. 

 
 

TriDiCam 3D-Camera 
 
The TriDiCam GmbH is a spin-off founded by the Fraunhofer Institute for 

Microelectronic Circuits and Systems (IMS) in Duisburg, Germany, and provides a scale of 
business including the development, production and marketing of 3D Time-of-Flight sensors 
based on an indirect Time-of-Flight technology.  

The company does not sell complete 3D camera systems. A design of the used LDPD-
pixel is shown below (Figure 10). The basics of the LDPD-pixel technology are described in 
detail by (Spickermann 2010). 
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Figure 10. Cross section and top view of one LDPD-pixel. 

The graphic below (Figure 11) illustrates the working principle of the TriDiCam 
technology. A light pulse (e.g. a laser pulse) of a certain length (tLASER) is sent to the 3D 
scene. Afterwards, the intensity of reflected light is simultaneously measured by each LDPD-
pixel, which includes twomeasurements (activation of Shutter1 and Shutter2). The first 
measurement Uint,Shutter1 represents the distance to the scene, seen by the pixel. The second 
measurement Uint,Shutter1 +Uint,Shutter2 represents the complete reflected pulse as a reference 
intensity. 

A third measurement (not illustrated here) detects the absolute amount of background 
light, which the pixel is exposed to. This enables the sole analysis of the reflected laser light. 
The corresponding integrals Uint,Shutter1 and Uint,Shutter2 are needed to calculate the distance.In 
(Elkhalili 2005) the following equation to calculate the distance is derived: 
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 (9) 

 

 

Figure 11. Measurement principle of the TriDiCam technology. 

For calculating a distance value, the reflected pulse has to be measured by both shutters, 
which is the essential part of the 3D measurement. By changing the start and end time of 
shutter 1, shutter 2 and the laser pulse, a measuring window can be set inside the application 
space. Reflectance-independency is given due to the ratio of the two measurement values in 
equation (9). “Dark” materials generate lower voltages of Uint,Shutter1 and Uint,Shutter2, whereas, 
at the same distance, “brighter” materials generate higher voltages of Uint,Shutter1 and Uint,Shutter2 
respectively. Hence the quotient remains the same for both materials. The subtraction of the 
background light causes a distance-calculation, which is independent from the lighting 
conditions.  

Thus, the described principle can be ideally used for outdoor environments, especially for 
those without defined light and object conditions. 

 
 

RAYTRIX 3D-Camera 
 
The Raytrix GmbH was founded 2009 to develop plenoptic cameras for industrial 

applications.  
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Figure 12. General imaging concept of a plenoptic camera. 

 

 

Figure 13. Comparison of raw image for far and near parts of a scene. The complete raw image is 
shown on the left. The middle column shows enlargements of different raw image patches and on the 
right shows the corresponding reconstructed images from the raw image patches. 

The basic concept of this camera technology is to place a microlens array in front of the 
image sensor, such that each micro lens generates a partial image of the whole scene. Depth 
information is then generated by analyzing neighboring micro images. This is similar to a 
stereo camera approach with the advantage that only one camera with a single lens is needed 
and all information is captured in a single exposure. It is therefore also possible to record 
video streams and to use strobe light. 

Raytrix designs specialized micro lens arrays for various applications and mounts them to 
standard industrial cameras. The images generated by these plenoptic cameras are then 
processed by Raytrix image processing software to calculate a dense depth map as well as a 
normal image. Raytrix offers a number of standard plenoptic cameras as well as specialized 
micro lens array designs for particular applications and sensors.  
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Figure 14. 3D reconstruction from raw image in Figure 13. Note that the depth calculation also works 
on the metallic surfaces of the bolts. 

This section will give a general introduction to plenoptic cameras. A more detailed 
treatment can be found in (Perwass and Wietzke 2012). 

Figure 12shows the general imaging concept of a plenoptic camera. The main lens on the 
right generates an intermediate image of the face in front of the micro lens array. The micro 
lens array then acts as a micro camera array imaging the intermediate image onto the sensor 
on the left. Figure 13 shows an example of a raw image generated in this way. It can be seen 
right away that neighboring micro images see the same scene element from slightly different 
perspectives. The effect is large enough to regard neighboring micro lenses as stereo camera 
pairs and use standard stereo algorithms to calculate scene depth. The reason why this works 
despite the fact that the micro lenses are only roughly 0.2 mm apart is that they do not look 
directly at the scene but at the intermediate image generated by the main lens. With respect to 
this intermediate image the small parallax of neighboring micro lenses is sufficient for depth 
calculations. Another aspect of the patented Raytrix micro lens technology can be seen in the 
raw images in Figure 13, as not all micro lenses show a focused image. In fact, there are three 
sparse micro lens arrays with different focal length micro lenses interlaced together in one 
array. In this way, the scene is recorded simultaneously with three different focus settings, 
which extends the total depth of field. The focal lengths of the three micro lens types are 
designed such that their depth of field ranges are adjacent. An extended depth of field also 
implies an extended depth range where the scene depth can be calculated, as depth 
calculations depend on scene structure. Depth cannot be calculated in out of focus or 
homogeneous areas. The actual depth calculation is therefore sparse and limited to image 
areas with some surface texture. Figure 14 shows the 3D reconstruction from the raw image 
data shown in Figure 13. The raw image resolution is 11 MP, the reconstructed image has a 
maximal resolution of 2.5 MP and the depth map has a lateral resolution of about 1.25 MP. 

 
 

SICK 3D-Camera 
 
The 3D camera development at IVP started in the early 1990’s together with Linköping 

University (Johannesson 1993).  



S. Hussmann, M. Gonschior, B. Büttgen et al. 318 

 
(a) 

 
(b) 

Figure 15. (a) An image of the M12 die. The top part is the high-resolution and standard resolution 
sensor area, and the processors and IO is at the bottom. (b) Chip block diagram. 

At this time the companys first 2D smart vision sensor MAPP2200 with 256x256 pixels 
was in production, and a first package called Ranger for laser triangulation was released in 
1994. IVP was acquired by SICK in early 21st century and the development has continued 
within SICK. The current generation products are based on the M12 sensor. The M12 sensor 
is implemented in a 0.35 micron CMOS process, and has 9.5 micron pixel pitch. The chip 
runs on a 33 MHz clock and has an IO bandwidth of 1 Gbit/s. It has been in production since 
2002 and is currently used in the Ranger, Ruler and IVC-3D product families. A more 
detailed overview of the sensor is found in (Lindgren et.al 2005). A photo of the die is seen in 
Figure 15 (a), and a functional block diagram in Figure 15 (b). 

M12 is the first sensor in the MAPP family using active pixels. A feature of the older 
MAPP designs, and typical of passive pixels, was the extensive use of analog binning. This 
was a key to extract weak laser scatter signals, and therefore pixel binning capability was kept 
even with the active pixel design. 
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Figure 16. The pixel and readout circuit design. C0 and C1 have different capacitance and are used for 
the gain control. 

The pixels are of the 3-transistor rolling-shutter design. Non-correlated double sampling 
is used to reduce fixed pattern noise, and the image quality is very good with a global FPN of 
< 1% RMS. Since the raw pixel data typically is processed directly on the sensor there is no 
possibility to correct large fixed pattern noise, so this is a critical feature. The AD converters 
are programmable ramp AD converters capable of 4 to 8 bit conversions. The analogue 
readout stage contains a selectable amplification so that a gain of 1, 3 or 4 can be selected. 
The pixel and readout circuitry is shown in Figure 16.  

A new feature in this design is the high-resolution extension to the array. This extension 
contains a small number of sensor rows with a horizontal pitch of 4.75 microns, giving 3072 
columns in the same space as the 1536 columns of the main part of the array. This extension 
gives gray scale line sensing with double resolution compared with the extracted 3D data. 

The sensor was augmented with a line RGB filter option in 2010. The filters use a sharp 
band-pass design and an additional IR-blocking filter to avoid second order pass bands to 
transmit IR through the blue and green channels, see Figure 17. There is a set of RGB filters 
on the top rows of the main sensor array giving 1536 columns wide color data and an 
additional set on the high resolution part giving 3072 columns wide color data. 

To further aid multi scan applications, where a white illumination is used for gray-
scale/color imaging and a laser for ranging and laser scatter measurements a further IR filter 
option is available. This adds an IR-pass (visible blocking) filter to a large part of the main 
array. This makes the region suitable for triangulation and laser scatter measurements using 
IR lasers. The gray and color imaging is then made using a white light source with low IR 
content, such as LED-based, to reduce cross-talk to the laser region(s) (see also Figure 43). 

The processing array on the sensor is an extension on the design found in the older LAPP 
and MAPP sensors (Forchheimer and Ödmark 1983), (Forchheimer, Ingelhag and Jansson 
1992), (Åström and Forchheimer 1992), (Åström 1993). An overview of the processor and 
pixel column is seen in Figure 18.  

The IO registers contain 16 bits, and 2 neighboring columns are output every clock cycle 
through a 32-bit interface. At the 33 MHz clock this gives 1 Gbit/s. 
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Figure 17. M12 sensor response as a function of light wavelength, and the transmission bands for the 
RGB, IR blocking and IR pass filters. 

 

 

Figure 18. Column architecture of the sensor (left) and processor (right). 
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Figure 19. An illustration of a triangulation system using vertical laser (left) and vertical camera (right). 

The main processing is made using the PLU – Point Logic Unit. Typical b-bit 
arithmetical operations such as add requires b-3b clock cycles. The processor also contains an 
NLU allowing operations directly on data from the left and rightmost neighbor processor, as 
well as the GLU implementing ripple-logic across the whole array.  

The SICK 3D camera uses laser-based triangulation. The typical setups for a laser-based 
triangulation system are seen in Figure 19. A camera and a laser are pointed towards the 
target from different locations giving a baseline distance. The impact position of the reflected 
laser light on the sensor gives the range. The height resolution of the most common setup 
seen to the left in Figure 19 can be approximated as  

 

, (10) 

 
where X is the pixel resolution across the line and Z the pixel resolution in height. Typical 
angles are from around 15 to 50 degrees. A large angle  gives better height resolution, but 
will also give more occlusion, where the camera cannot see the laser when it is hidden behind 
an object. An alternative also shown in Figure 19 is to have a vertical camera and a tilted 
laser, which gives the following approximate Z resolution 

 

. (11) 

 
The benefit of a vertically aligned camera is that with a large  angle the height 

resolution is very good. 
The key processing task in sheet-of-light triangulation is to extract the laser profile 

position in each sensor image, see Figure 20. This gives a very large data reduction from 
M x N pixels to N position values. The M12 sensor implements many different algorithms to 
extract the peak position. The fastest methods are based on thresholding the image and 
finding the start and end position of the peak in each column.  
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Figure 20. Illustration of the processing of one frame to obtain one 3D profile. 

In the threshold algorithm the peak position is found using the average of a counter for 
the start and a counter for the end of the first peak seen in each column. The peak position 
counters are implemented using Gray code so that an increment can be implemented by an 
inversion of a single bit. The start and end position of the peak is then calculated temperature 
coded in time and kept in control registers C and D. The inversion (increment) is then 
conditionally made using the C and D registers as second operands in an XOR operation. The 
instruction sequence for a program to find the start and end of a binarized peak is for each 
row in pseudo code 

 
 FLAGCD PD // Read binary row and update flag registers 
 XORC Acc(i) // Conditional increment of Counter 1 
 XORD Acc(j) // Conditional increment of Counter 2 
 

and a visual representation is given in Figure 21. Using the threshold algorithm a profile 
extraction rate of close to 5 KHz is achieved using all 512 rows of the sensor. In the current 
camera system the profile rate using a smaller ROI can run up to 35 KHz. At 35 KHz the 
sustained throughput is around 3.5 G pixel/s and the output data rate 430 Mbit/s respectively. 

By utilizing the AD converter the sensor implements a family of algorithms called Hi3D 
giving 1/16th of a pixel in resolution. One example of a Hi3D algorithm is center-of-gravity 
which can be implemented very efficiently using iterative moment calculations (Åström 
1993), (Johannesson 1993). For a center-of-gravity algorithm the inner loop is  

 
 (12) 

 
and 

 
 . (13) 

 
After processing all rows the position is given by the quotient of XSum and Sum 
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The division is not made inside the sensor; this has to be done in the camera or by the PC. 
We also have proprietary algorithms for Hi3D calculations who in addition to high precision 
peak position and peak intensity also delivers a measure of the laser scatter, used for instance 
in wood inspection as described in the machine vision application paragraph of this book 
chapter. 

 

 

Figure 21. Illustration of the signals in binary peak position extraction. The peak mid position is given 
by the average of the C and D length counters. 

 

Fotonic 3D-Camera 
 
Optronic is a Swedish company that since 1974 has been working with optical 

measurement techniques. During the years Optronic has developed from a pioneer in this 
technical field to a leading company within contract development and contract manufacturing 
of optical sensors. Since 2009 Optronic also markets smart 3D cameras under the brand 
Fotonic. The cameras are based on different techniques and different sensors but all cameras 
are developed for industrial use, hence with high reliability in performance, robust design and 
with the new powerful ARM processor from Texas Instrument together with the Linux OS. 
The processor makes it possible to run custom software within the camera and only ~30% of 
the 1.5GHz dual-core ARM Cortex-A9 is used for sensor control and point cloud 
calculations. All the smart 3D cameras come with Gigabit Ethernet interface. 

Currently Fotonic have four different time-of-flight cameras, two based on the Canesta 
CMOS sensor and two with the Panasonic CCD sensor. All these sensors use continuous 
wave (CW) modulation and photon mixing within each pixel to measure the phase delay of 
the light and thereby also the range value for each pixel (working principle of ToF3-D 
sensing method see first two company contributions of this section). The E40P and E70P 
utilize a Panasonic sensor and are the fastest cameras on the market making it possible to 
measure 3D scenes in 0.1ms and thereby capturing moving objects without motion artefacts.  
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Figure 22. Smart industrial time-of-flight Fotonic E40/E70 camera. 

The Panasonic cameras also have high dynamics and can be used in ambient light level 
up to 100klux. In these cameras the illumination are 850nm LEDs giving an optical peak 
output of 16W. The LEDs are modulated in square wave with a frequency of 15MHz.  

The Panasonic sensor is a frame-transfer CCD where each pixel consists of a series of 
photo gates. The structure of gated photo diodes produce a relatively large photo sensitive 
area while keeping the modulation contrast high for high modulation frequencies. The 
charges are transferred within the pixel by a so called rapid-sweep sequence, which is created 
by driving the multiple photo gates with a multi-clock generator. This result in a total sweep 
time of 14ns to compare with the period of the modulation that is 100ns and gives a contrast 
Cdemod that can be as high as 57% for a modulation frequency of 10MHz. The pixel structure 
is combined with a background level subtractions scheme by having a floating diffusion (FD) 
structure in each pixel. By storing the level of background illumination in the FD structure 
and use this to set the height of the potential barrier in the pixel the background level can be 
subtracted from the signal. 

The E40J and E70J, as shown in Figure 22 cameras utilize the Jaguar sensor from 
Canesta and combine low noise levels with ambient light resilience and a unique function 
making it possible to use several cameras simultaneously in one scene without disturbing 
each other. The illumination consists of 845nm laser diodes that are modulated at 44MHz. 

Fotonic also has one camera, the P70, based on structured light and triangulation, built on 
an ASUS Xtion PRO LIVE and with the technology from PrimeSense (see Figure 23). This is 
also the technology used in the well known Microsoft Kinect. By using only passive cooling a 
robust housing in anodized Aluminium is used and the camera has an IP67 classified 
enclosure. The range values are determined by illuminating the scene with a pattern of near 
infrared (NIR) dots and observing how this pattern is deformed when observed by a camera at 
a short distance from the illumination. A more detailed description of the working principle 
can be found in (Shpunt and Zalevsky 2009).  

The P70 camera also has an RGB camera so that both range and colour information can 
be recorded simultaneously. 
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Figure 23. Fotonic P 70 camera based on triangulation by structured light. 

The geometrical positions of the camera, the illumination and the object will create a 
triangle where the distance S between the camera and illumination is known, the angles for 
the dots are known and the angle from each region of the camera sensor to the corresponding 
part in the scene are measured from the dots. A detected transfer shift X of the dots in the 
image is usually called disparity. The range shift Z can now be calculated as follows 

 

, (15) 

 
where Zref is a reference range value within the valid measure range. A random error of depth 
measurement is proportional to the square distance from the sensor to the object. This implies 
that the range resolution decreases rapidly with increased range. Hence triangulation methods 
in general and also structured light methods are suitable for distance measurements at short 
range.  

The depth resolution is approximately 5mm at 1.5m and decreases to 35mm at 3,5m. The 
technology is developed for indoor use and the camera can be used in sunlight up to 3klux 
when measuring on 90% reflective targets at 1.5m.  

 
 

RANGE MEASUREMENT LINEARITY AND PRECISION 
OF COMMERCIAL SOLID STATE 3D CAMERAS 

 

ifm electronic 3D-Camera 
 
The following measurements were taken by a calibrated ifm O3D200 camera. The 

calibration is optimized for industrial applications. In Figure 24 the absolute error and the 
standard deviation of the ifm O3D200 camera is shown. This camera was positioned in front 
of a white wall and the range values of the centre pixel were measured.  
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(a) 

 
(b) 

Figure 24. Absolute errors (a) and standard deviation (b) of the ifm O3D200 camera. 
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Fifty one measure values were taken at the same distance to calculate the mean value and 
the standard deviation. To simulate different object reflectivities, different infrared filters with 
known transmission values were placed in front of the camera lens. The integration time was 
set to 5 ms per phase image. Hence the frame rate was 20 ms per range image. More technical 
data of the O3D200 camera can be found in Table 1. 

 
 

MESA Imaging 3D-Camera 
 
In order to reduce systematic errors of the time-of-flight camera, a good calibration 

procedure must be applied, that takes into account (1) non-ideal sinusoidal modulation signal, 
(2) non-ideal linearity of the analogue/digital output chain, (3) different delays from pixel to 
pixel, (4) optical distortions and (5) any temperature related signal delays. 

The SwissRanger cameras from MESA Imaging are calibrated with regard to all those 
aspects so that a systematic error less than 1cm is guaranteed over the entire range of 
operation, including various distances, reflectivities and ambient temperatures. A key to 
achieving high stability in absolute accuracy is the incorporation of an additional reference 
path, which enables the measurement of zero-distance at front glass. Signal delays in the 
nanosecond range, which may easily occur and result in distance errors in the range of several 
tens of centimeters, are suppressed by this method. The reference measurement consists of an 
optical feedback, which taps a small fraction of emitted light from the LEDs and brings it 
back to a bunch of pixels that measure the phase of this feedback signal. The concept is 
shown in Figure 25. If there is any delay between optical emitter and pixel driver caused for 
example by temperature differences, this reference measurement experience the same drift in 
terms of the measured delay as the pixels that receive the light signals from the objects in the 
scene. By subtracting the delay of the reference measurement pixels a compensation for all 
such system-inherent drifts between optical modulation and pixel drivers is achieved. 

 

 

Figure 25. Principle of the optical feedback for the reference measurement. 
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The result of measured distance versus real distance is shown in Figure 26 (a) for some 
different integration times. An error of less than 1cm over the entire range is shown in  
Figure 26 (b). Figure 27 shows the stochastic precision of the camera. Since the amplitude 
decreases quadratically with distance (Lange 2000), the standard deviation increases 
accordingly. This behaviour is well understood if we consider equation (9). Since the 
amplitude is in the denominator, an inverse relationship between amplitude and distance turns 
into a direct proportionality between standard deviation and distance. The measurement 
shows that the camera delivers per-pixel precision down to 1mm in best case conditions 
involving no background light and operation very near to saturation from the return light 
signal. 

 
 

TriDiCam GmbH  
 
The following measurements were taken by a calibrated TriDiCam test camera. This 

camera was positioned in front of an exchangeable target within a distance range from 0.1 m 
to 2.0 m. Four different targets, having different grey levels, were measured.  

 

 
(a) 

 
(b) 

Figure 26. Distance linearity (a) and error (b). 
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Figure 27. Distance precision. 

 

 

Figure 28. Real distance versa measured distance of a typical LDPD-pixel. 
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Figure 29. Distance error of a typical LDPD-pixel. 

The test distance-delta was 5 cm. To measure possible temperature effects of the 
TriDiCam sensor or the test camera itself, the measurement distance-delta up to the target was 
doubled from 5cm to 10cm. On the way back the skipped positions inside the 5cm grid were 
adjusted. No dynamic adaption inside the camera was used. Figure 28 plots the real distance 
versa the measured distance and Figure 29 shows the according distance error of a typical 
LDPD-pixel. 

 
 

RAYTRIX GmbH 
 
Figure 30 shows the effective resolution that can be achieved with the various micro lens 

types. For example, if the main lens generates an intermediate image of a scene point at about 
1 millimeter behind the image plane (i.e. this is a virtual image), then the effective lateral 
resolution is about 50% of the sensor resolution in one dimension and thus 25% of the 2D 
sensor resolution. As objects get closer to the camera, their virtual images will be further 
behind the image plane. Due to the different focal length micro lenses a focused image can be 
generated for a large depth of field albeit at lower effective resolutions due the multiple 
imaging. There are two effects that influence the effective resolution: the first is the multiple 
imaging of a single object point to a number of micro images and the second is the finite 
depth of field of each individual micro lens type. 

 

 

Figure 30. Theoretical lateral resolution with respect to intermediate image position. 
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Figure 31. Standard deviation of depth measurements for a 50mm and 100mm lens with respect to 
distance from camera. 

Figure 30 also shows the effective resolution of a standard plenoptic camera as a dotted 
line. The effective resolution that can be obtained from a standard plenoptic camera is equal 
to the number of micro lenses. The graph shows clearly that with the Raytrix micro lens array 
design a much higher effective resolution can be achieved. However, in contrast to the 
standard plenoptic camera design, an image taken with a Raytrix plenoptic camera can only 
be reconstructed once the depth of the scene has been calculated. 

It is important to note that the lateral resolution and depth resolution are fixed with 
respect to the intermediate image of a main lens. Depending on the lens and object between 
100 and 200 depth layers of the intermediate image can be distinguished. By changing the 
focal length and focus of the main lens the intermediate image will be scaled by different 
amounts along the optical axis, which directly influences the depth resolution with respect to 
the object space. For example, a microscope optic may map a depth of 0.1 mm in object space 
to a depth of 4 mm in the intermediate image. The depth resolution in object space will then 
be roughly 1/100th of the object depth range. If, on the other hand, the main lens maps a depth 
range of 5 m to 4 mm in the intermediate image, the 100 depth layers are distributed within 
the 5 m of object space. Furthermore, the shorter the focal length of the main lens, the more 
depth planes are concentrated close to the camera in object space. This has the effect that for 
wide angle lenses the depth resolution is very low for objects that are further away. 

Measurements of the depth resolution for two different main lenses with an 11 MP R11 
camera are shown in Figure 31. It can be seen that with the 100 mm lens a depth resolution of 
up to 0.2 mm can be achieved over a range of 2 cm. It is also interesting to note that while the 
depth resolution is highest at the far plane for a 100 mm lens, using a 50 mm lens results in a 
reversed behavior. Here the depth resolution improves for closer objects. 

The image processing algorithms developed by Raytrix are all implemented to run on 
graphics processors. In this way, high processing speeds can be achieved. For example, 11MP 
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raw images can be processed with about 12fps and 4MP raw images with about 30fps on an 
NVIDIA GTX580 graphics card. 

 
 

SICK 3D-Camera 
 
For the 3D systems using sheet-of-light triangulation and SICK Ranger cameras the 

precision is very dependent on the setup used. We have built systems ranging from 
electronics inspection with a verified inspection precision in the micro meter range to robot 
bin-picking systems covering in the excess of 1 cubic meter with precision in the range of a 
few millimetres. 

The systems are typically non-linear due to the geometry, the resolution decreases as a 
function of distance. However, after calibration the systems give a very linear response. In 
Figure 32 the Z resolution for different algorithms in a Ruler E600 is shown. For the high-
resolution Hi3D algorithm the resolution varies from ~0.06 to ~0.18 mm i.e. varies a factor 3. 
A conservative precision estimate for a target such as a plain white surface is ~3 times the 
resolution, giving a reasonable estimate that the precision in Z for a Ruler E600 is better than 
0.5 mm in Z.  

The FOV of the E600 is shown in Figure 33, and it illustrates how the width varies from 
~450 mm at the near end to ~820 mm at the far end. With 1536 pixels this means that the X 
pixel resolution at the far end is around 0.5 mm. Typically the calibrated scan data is 
delivered rectified to this sample density, but it is also possible to use the calibrated (X,Z) 
point cloud data. The sample density in the scanning direction depends on the object motion 
and the scanning frequency. 

 

 

Figure 32. A plot of X and Z resolution as function of distance for different algorithms in a Ruler E600. 
The top line shows the X resolution, the mid the fast HorThr algorithm Z resolution and the bottom the 
slower Hi3D resolution. 



A Review on Commercial Solid State 3D Cameras ... 333

 

Figure 33. A plot of the field-of-view of a Ruler E600. 

 

Fotonic 3D-Camera 
 
In Figure 34 the typical precision and accuracy of the two Fotonic TOF cameras (E70J 

and E70P) are presented. The linearity can be estimated by observing that the accuracy (the 
difference between measured and actual range) is below 0.5% of the according range value 
throughout the measurement range. No other public measurements of the accuracy and 
linearity are available. More technical data of the available Fotonic 3D cameras can be found 
in Table 1. 

 

 

Figure 34. A typical accuracy and repeatability plot for the two Fotonic TOF cameras, E70J and E70P. 
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MACHINE VISION APPLICATIONS OF COMMERCIAL SOLID STATE 3D 

CAMERAS 
 

ifm Electronic 3D-Camera 
 
In the German beverage industry crates are checked for missing bottles before leaving the 

plant. A lot of glass is handled at Gerolsteiner Brunnen GmbH and Co. KG in the Eifel. Every 
hour up to 60,000 bottles are filled on each line. Numerous different sensors ensure that 
processes run smoothly. At the end of the production the "full crate control" checks whether 
the crates are filled with the correct number of mineral water bottles. If a bottle is missing, the 
crate is rejected and the missing bottle added manually before the crate leaves the plant. The 
"full crate control" inspection unit is based on an efector pmd3d vision sensor, which detects 
even very small irregularities which would not have been detected with conventional 
photoelectric sensors. This ensures maximum quality and reliability. For the "full crate 
control" inspection the accuracy of the camera can be neglected. However the precision plays 
a major role. It is not important how far the bottle is away from the camera, but it is very 
important to detect the bottle at the same position within the crate. The pmd3d vision sensor 
is installed on top of a conveyor belt as shown in Figure 35 and checks the crates for missing 
bottles before they are palletised and delivered (Biniasch 2011). 

Compared to the conventional crate monitoring using diffuse reflection sensors, efector 
pmd3d can find additional faults in the crate. Due to the distance measurement which is 
precise to the nearest millimetre it detects small differences in height. If, for example, broken 
pieces of glass are between the bottom of the crate and the bottle, the bottle would be slightly 
higher. This would be detected by the 3D sensor rejecting the crate. Photoelectric diffuse 
reflection sensors, however, would not detect this fault (Biniasch 2011). 

 

 

Figure 35. The efector pmd3d detects the distances to the individual bottle caps from the top. Missing 
bottles are reliably detected due to the higher distance value (Biniasch 2011). 
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Figure 36. Missing bottles are shown in red and statistically evaluated (Biniasch 2011). 

In addition, the vision sensor can be easily set to different shapes of crates and bottles via 
software parameter setting. The reference image can be selected later on using a simple 
switch. This eliminates the need for a mechanical modification of the reading matrix as would 
be necessary for the diffuse reflection sensor method. This saves time and money when the 
plant is retrofitted. The surface characteristics of the bottle caps, e.g. silvery or matt dark 
print, which again and again lead to faults with the diffuse reflection sensor method, is no 
problem for the 3D sensor. Since the 3D image is evaluated in the sensor an external 
controller is not needed. The sensor's switching output can trigger via a switching signal that 
crates with missing bottles are rejected (Biniasch 2011). 

Gerolsteiner uses the Ethernet process interface of the sensor to visualise the test result on 
a touch panel display as shown in Figure 36. The machine operator can read the distance 
values for every bottle in the crate. A statistics function enables to detect the faults over a 
defined period. Even the information which bottle positions often lead to faults can be 
evaluated via a statistics. Therefore the machine operator can find and rectify machine parts 
which do not function properly. This analysis is useful especially when machines are set up 
(Biniasch 2011). 

 
 

MESA Imaging 3D-Camera 
 
Products from MESA Imaging are widely used in machine vision applications. An 

important reason is the measurement stability in terms of high absolute accuracy, low distance 
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noise and robustness against environmental changes such as temperature, background light or 
humidity. Two machine vision application examples are presented in this book chapter. 

The first time-of-flight application is in the field of automatic milking systems (AMS) in 
the dairy industry. The main components of such as system are a milking machine, a gate 
system to control cow traffic, a robot arm and a teat position sensor. When the cow enters the 
milking stall, the teat sensor detects the cow teats and measures their exact position, so that 
the robot arm can be moved in the correct position in order to clean the teats and then apply 
the milking cups. Once the milking process is finished, the milking cups are removed and the 
robot arm sprays a disinfectant onto the cow teats. A schematic of a part of the entire system 
is shown in Figure 37, including the cow's lower belly part and legs, the cow's teats and the 
robot arm with the milking cup and the camera system. 

Previously, laser scanners or triangulation sensors have been used as teat position 
sensors. But with the arrival of time-of-flight cameras, it has become evident that this 
technology offers superior performance in the application, and the most advanced AMS now 
use time-of-flight cameras.  

The main advantage of time-of-flight cameras is the ability to capture an array of depth 
data while laser sensors only capture at most two or three lines of depth data. This advantage 
translates into a more robust detection of the cow teats, resulting in a significantly lower rate 
of missed attachments, shorter attachment times, and an increased milking capacity of the 
system. A picture of the ToF camera implementation in the automatic milking system is given 
in Figure 38. 

MESA Imaging has developed application specific TOF cameras for teat identification 
and tracking based on the SR4000 product line. The core is the 176x144 pixel TOF imager 
with optical feedback line. The housing is ruggedized and engineered to operate over a wide 
temperature range in the harsh environment of a cow barn. It withstands vibration, 
mechanical shock, as well as exposure to water, dirt, and a variety of corrosive chemicals. 
The teat detection and localization algorithm runs embedded in the camera on an uC-Linux 
platform, which considerably reduces the processing load for the robot controller. TOF 
cameras by MESA Imaging have become state-of-the-art for teat position detection in 
recently introduced automatic milking systems. 

 

 

Figure 37. Schematic of a part of an automatic milking system. 
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Figure 38. Picture of a MESA ToF camera in an automatic milking system. 

Another application of MESA technology is a visual guidance system for visually 
impaired people. A normal mechanical blind cane is swept by the user in horizontal direction, 
close to or along the ground. Upon contact with the cane tip, objects on the floor are 
recognized, requiring the user to react relatively quickly, especially if he is walking at a rapid 
pace.  

More importantly, objects that are not located on the floor, for example, those at head 
height or suspended from above, are not detected. Such scenarios commonly occur with street 
signs located along sidewalks or in confined indoor spaces. Thus the motivation for 
development of an electronic, machine vision assisted blind cane that is able to warn the 
handicapped person earlier to any obstacle located in the intended path, independent of its 
location in the vertical direction.  

The "seeing" blind cane should recognize objects at different distances and categorize 
them accordingly. Such an approach is shown in Figure 39, along with the ability to classify 
objects according to their height. 

The blind cane consists of the following components: laser illumination, optics, 
demodulation sensor, controlling and processing hardware, and an interface to the external 
world. All these elements are integrated within the handgrip of the blind cane as shown in 
Figure 40. The blind person is warned via an haptic interface in the handle, which outputs the 
distance information of objects standing in his way. The coding flexibility of the vibration 
elements includes both amplitude and frequency modulation. 
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Figure 39. Blind cane capable of recognizing objects at certain distances and heights. 

 

 

Figure 40. Blind cane prototype showing the hand grip with its integrated optics and haptic feedback 
vibration elements. 

 

TriDiCam GmbH  
 
There exist a lot of interesting industrial, consumer and automotive applications. The 

technology is predestined for 3D “outdoor” systems like automotive applications, for 
instance.  

The sensor could not only be used for avoiding collisions involving other cars or 
pedestrians (Figure 41 (a)–(c) and Figure 41 (e)), but also to protect the car against thievery 
(Figure 41 (d)) or even self-inflicted damaging (Figure 41 (e)-(f)). 

 
 
 

battery holder 

laser illumination 
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(a)  (b)  
 

(c)  
 

(d)  
  

 

(e)  

 

(f)  

Figure 41. Possible automotive applications for the TriDiCam technology. (a): Rear-end Collision 
Control. (b): Drive Assistant. (c): Pedestrian Protection. (d): Prevention against Thievery. (e): Park 
Distance Control. (f): General Collision Warning Systems.  

 

RAYTRIX GmbH 
 
An important advantage of the plenoptic camera as compared to a stereo camera system 

or a structured light method is that the occlusion areas are very small for a plenoptic camera. 
Occlusion areas are those areas that can only be seen by one camera in a stereo system, or that 
cannot be lit by a pattern projector in a structured light approach. This is because the 
plenoptic camera samples the scene in many small images so that neighboring micro lenses 
can only have small occlusion areas. 

As all important calibration parameters for the depth calculation are contained in the 
structure of the micro lens array, a plenoptic camera is also very robust against decalibration. 
The main constraints on a plenoptic camera are the reduced effective resolution as compared 
to the sensor resolution. With respect to depth calculation a stereo camera system can always 
be made more accurate than a plenoptic camera by placing the cameras further apart.  
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Figure 42. Example of reconstructed image and depth map of a gear. The micro structure on the gear’s 
metal surface is sufficient to allow for a depth measurement without structured light. 

However, this also reduces the usable depth range of the stereo system and is also 
problematic for small objects.  

Furthermore, a plentoptic camera cannot give any depth information on homogeneous 
surfaces. The depth of such structureless areas cannot only be recovered when projecting a 
pattern, whereby the pattern projector need not be calibrated with respect to the camera. 
Another constraint of a plenoptic camera is that the image processing is computationally 
intensive. Video frame rate processing of a 4MP image needs a high end consumer graphics 
card. Applications that need embedded processing of the raw camera images are therefore 
currently not possible.  

To summarize, a Raytrix plenoptic camera can generate a high resolution image plus a 
depth map from a single image, taken with a single camera through a single lens. The 
effective lateral resolution is at most a quarter of the sensor resolution and varies over the 
total depth range. As no specialized illumination is necessary, images can also be taken with a 
strobe light and video recording is also possible. The depth resolution depends on the main 
lens used as well as the image content. Optimal results can be obtained with finely textured 
surfaces as the basic principle behind the depth calculation is a correlation of image patches 
in neighboring micro images. Depending on the main lens used, the depth range can be 
microns or meters while the number of distinguishable depth layers stays constant. To obtain 
non-metric depth images, like the one in Figure 42, no metric calibration of the camera is 
needed as would be for a stereo camera system. If a metric calibration of a plenoptic camera 
is needed this can be done with a single image of a calibration object. 

 
 

SICK 3D-Camera 
 
Early applications for the MAPP sensor technology were found in the wood inspection 

field (Åstrand 1996).  
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Figure 43. Typical multisense system combining 3D, laser scatter and grey or color imaging. 

Here the ability to combine range imaging with other measurements, multiscan, most 
notably to measure laser scatter in wood fibers, made the sensor outstanding. A typical sensor 
and illumination setup for board inspection in a multiscan configuration is illustrated in 
Figure 43. In board quality inspection both geometrical and constructional defects are 
important, and therefore the ability to use laser scattering to see knots and different kinds of 
rot in addition to the range finding for dimensional inspection has proven important. When 
the M12 sensor was developed requirements from customers in the wood inspection field was 
important and helped to define the new features of this sensor. For boards thin longitudinal 
cracks along the wood fibers are another important feature to detect, and the inclusion of a 
part of the array with double longitudinal pixel density helps this detection.  

For the high resolution part of the sensor color filters were added in 2010 and this helps 
our customers further reduce system complexity by in effect incorporating a 3K wide color 
line scan sensor in the multi scan 3D camera.A typical board scanning system contains one 
camera system for each side of the board, giving a 4-camera system. A depiction of a system 
is seen in Figure 44 and Figure 45. Another application is Robot bin picking, which is a very 
demanding vision application. The goal is to allow a robot to pick parts that are arranged in a 
random order in a bin. The robot can, after picking up a part, unload it in a predefined 
position and orientation, or directly manipulate the part. For bin picking applications SICK 
sells a system called PLB, Part Localization in Bins seen in Figure 46.  

In contrast to the wood inspection application there is no inherent movement of the 
object, so the imaging system needs to image a complete static volume. For this purpose a 
laser triangulation system called Scanning Ruler using a rotating mirror to scan over the scene 
has been designed using the M12 sensor. The Scanning Ruler can image a volume of 
800x1200x1000 mm with a typical resolution of 2 mm. 
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Figure 44. A look inside a board inspection system. Camera is at the top of the picture and the 
illuminated target at the bottom. 

 

 

Figure 45. A Combiscan+ board scanner from Weinig/Luxscan using Ranger E cameras. The boards 
pass through the hole in the middle of the scanner. 

The PLB system also contains the necessary software components that are needed to give 
the robot information about where an object can be picked. The starting point of the 
localization of a part is learning the shape of the parts to pick. For this purpose a CAD model 
of the part is used.  

The system must also know how the piece can be picked up by the robot gripper, see 
Figure 47. Given this information and an image from the Scanning Ruler the matching 
software can identify picking candidates.  
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Figure 46. An illustration of a bin picking system using the Scanning Ruler. The Scanning Ruler 3D 
camera above the bin creates the 3D data for the system. 

 

 

Figure 47. Illustration of two identified picking positions on a given part. 

For the final selection of which part to pick up the system must also calculate how the 
robot arm can move to and from the picking position without colliding with other parts or the 
bin. To be able to use the system it is also important that the camera and robot coordinate 
systems are aligned, and this is made using a special calibration procedure and target. The 
first PLB bin-picking system installations were made 2012 after extensive pilot evaluations. 

 
 

Fotonic 3D-Camera 
 
The Fotonic smart 3D cameras provide electronic perception for a wide range of 

applications.  
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Figure 48. Robot guidance application where the goods in front of a fork lift is measured. Colour image 
from the fork lift (left) and from a side view (top right) and the measured 3D point cloud where the 
colour show the range (bottom right). 

 

Figure 49. Collision avoidance of automatic guided vehicles. Colour image from the vehicle (left) and 
from a side view (top right) and the measured 3D point cloud where the colour indicate the range 
(bottom right). 

Combining low cost and high performance, the 3D cameras are drawing attention from 
all disciplines when it comes to measurement, detection and recognition. Compared with 
traditional vision cameras and 3D techniques they produce range data, without using any 
moving parts and scanning, thereby producing high dimensional data that is very rich of 
information.  
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Figure 50. Volume measurement of a box on a conveyer belt. Colour image of the conveyer belt (left) 
and from a side view (top right) and the measured 3D point cloud where the colour indicate the range 
(bottom right). 

For many applications where line scanners or vision cameras are used today, the smart 
3D cameras are a natural evolution and a technological leap forward due to more and better 
data to a low cost. The new cameras also open the door to new applications where it has not 
been technically possible to solve the requirements without expensive equipment. From 
robotics to medical technology, automotive industry to surveillance, the possibilities are 
endless. For industry, the cameras can enhance robots and other industrial applications. One 
example where there is a lot of interest is sensors for automatic guided vehicles (AGVs) e.g. 
automatic fork lifts in a warehouse as shown in Figure 48 and Figure 49. There already exist 
several systems that enable automatic fork lifts by installing wires in the floor or setting up 
optical reflectors and markers. Extending these systems with smart 3D cameras makes it 
possible to have more autonomous vehicles when it for example comes to the vehicle 
encountering obstacles. Existing systems commonly use a simple laser scanner to prevent 
collision by stopping at obstacles, but they then has to wait for the obstacle to be removed 
instead of finding a safe route around the obstacle. There are also plans to use the smart 
cameras to identify and measure goods in the warehouse. 

Another group of interesting industrial machine vision applications are inspection and 
measurement of objects on a conveyer belt. The task to be solved can then vary from a simple 
analysis such as detection if there is an object on the belt to more advanced processing of the 
data to recognise different objects or to measure the size and volume of for example boxes or 
granular materials as shown in Figure 50. The increased interest for safety within industry and 
in public spaces is also calling for smart 3D sensors that can detect a person in a restricted 
area with a high certainty and with a low false alarm count. The Fotonic cameras have for 
example been evaluated for detection of people on the rail at a subway station. The test is then 
to automatically detect a person and send an alarm but being insensitive to e.g. a newspaper 
or a plastic bag that falls down on the track. In industry the same functionality is necessary at 
dangerous machines and robots. 



 

Table 1. Comparison of the commercial solid state 3D-cameras 
 

 ifm MESA TriDiCam Raytrix SICK Fotonic Fotonic 
Camera name O3D201 SR4000 Only test cameras1 R11, FN2 Ruler E600  E70P / E70J P70 
Measurement range [m] 0.5-6 0.3-5 or 10 0-3000, FN3 0.35-0.40 0.4-0.8 0.1-7 0.8-3.5 
Range precision [mm] 3-6 (white), 5-20 (gray) downto 1 ca. 10 to 100, FN4 0.2-0.5 < 0.5 5-20 / 3-15, FN5 - 
Range accuracy [mm] < 20 < 10 < 10, FN4 - <1 10-30 / 5-20, FN5 5-35, FN5 
Range non-linearity [%] < 0.3 < 0.2 0.5-2, FN4 - < 0.2 < 0.5 <1 
Frame rate [Hz] < 20 < 50 100 6 / 106  10,000profile rate 55 / 25 60 

Spatial resolution [pixels] 64 x 48 176 x 144 128 x 96 (user 
definable) 

2004 x 1332 1536 160 x 120 640 x 480 

Active illumination YES YES YES7 NO YES YES YES 
Correspondence problem NO NO NO YES NO NO NO 
Extrinsic calibration NO, when used alone NO YES YES / NO8 NO NO NO 
Motion artefacts YES YES NO9 NO NO NO / YES YES 
Untextured surfaces Good 

Performance 
Good 
performance 

Good 
performance 

No depth  
estimates10 

Good Performance Good performance Good 
performance 

Intensity image YES YES YES YES, Colour YES YES YES, Colour 
Measurement principle CW-TOF CW-TOF IN-TOF11 Light-Field12 Laser Triangulation CW-TOF Struct. Light 
Process technology CMOS CMOS/CCD CMOS CCD CMOS CMOS/CCD CMOS 
Protection IP 67 IP 67 - IP 40 IP65 IP 67 IP 67 

                                                        
1TriDiCam does not sell camera systems. Customers are using the TriDiCam technology in their own systems. 
2The lateral and depth resolutions are dependent on the main lens used and the plane the lens is focused to. Furthermore, the precision and spatial resolution vary over the whole 

depth range. In the example given here a 100mm lens focused to 440mm was used with a 11 megapixel Raytrix camera. 
3Depending on system, technology allows all distances. 
4Approx. value-depending on calibration. 
5First value at closest range and second at maximum range, e.g. 3-15 means 3mm precision at 0.1m range and 15mm at 7m. 
6Frame rate of camera depends on interface: GigE 6 fps, CamLink 10 fps. 
7 Light pulse from 15-100ns, wavelength from about 750nm to 905nm. 
8 Non-metric depth information can be obtained without extrinsic calibration. 
9If the deduction of the background light happens on pixel level. Then the delay is about 0,2ms. A deduction by the software causes motion artifact of about 20ms with the current 

chip design. 
10Can project pattern which need not be calibrated with respect to camera to obtain depth estimates on homogeneous surfaces. 
11Indirect pulse time-of-flight. 
12Processing is not done on the camera. An additional PC with NVIDIA graphics card is needed for processing. 
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COMPARISON OF COMMERCIAL SOLID STATE 3D CAMERAS 
 
The accuracy of a measurement system is the degree of closeness of measurements of a 

quantity to that quantity's actual (true) value.  
 

 

Figure 51. Illustration of accuracy and precision of a measurement system (Wikipedia_AP 2012). 

The precision of a measurement system, also called reproducibility or repeatability, is the 
degree to which repeated measurements under unchanged conditions show the same results 
(Taylor 1999). Figure 51 illustrates the accuracy and precision of a measurement system. The 
range precision and accuracy values listed in Table 1 are determined by this definition. 

The linearity of a3D camera is an expression of the extent to which the actual measured 
range curve of the camera departs from the ideal curve. The range non-linearity value given in 
Table 1 is calculated as follows 

 

100
MR

r
linearityrange non- acc

,
 (16) 

 
where the range non-linearity is given in %. MR is the maximum measure range and racc 
corresponds to the range accuracy value of the 3D camera. Looking at Table 1 the following 
statements can be made: 

 
- If machine vision application requires a large measurement range only the listed TOF 

cameras and the Structured Light camera can be used. 
- If a machine vision application requires a high range precision and accuracy then the 

Light Field Measurement for 2D applications or the Laser Triangulation camera for 
1D applications would be an option. 

- If a machine vision application requires a very high frame rate then the Laser 
Triangulation camera would be the best option for motion applications such as 
inspection tasks on a conveyor belt as it comprises a line sensor. 

- If a machine vision application requires a high spatial resolution then the Light Field 
Measurement camera would be an option as it has the highest spatial resolution in 
2D. But also the Laser Triangulation camera has a high spatial resolution in 1D. 
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- An extrinsic calibration by the user has to be made only by the IN-TOF and the Light 
Field Measurement camera if metric depth information is required. If that is not the 
case the Light Field Measurement camera does not need an extrinsic calibration. 

- If a machine vision application deals with motion such as fast inspection tasks on a 
conveyor belt the IN TOF camera, the Light Field Measurement camera and the 
Laser Triangulation camera are the most suitable cameras as they do not generate 
any motion artefacts. However the Fotonic E70P camera comprising the Panasonic 
sensor chip based on CW-TOF does also generate no motion artefacts. 

- If a machine vision application deals with untextured, homogeneous surfaces the 
Light Field Measurement camera delivers no depth estimates due to the 
correspondence problem. However if a structured light approach is added, this 
problem could be significantly reduced. The camera comes as the only camera in 
Table 1 without an active illumination. Hence this camera behaves almost like a 
common 2D camera. 

- All cameras deliver a graylevel intensity image in addition to the range image. 
However the Light Field Measurement camera and the Structured Light camera 
deliver a colour image instead of the graylevel image. 

- All cameras except the IN TOF camera and the Light Field Measurement camera are 
dust tight and at least protected against water jets. 

- The Fotonic cameras and the ifm camera are ‘smart cameras’ and include processing 
capability available for the customer. Hence the customer has not to buy a computer 
to mount beside the camera. 

 
 

CONCLUSION 
 
In this book chapter the currently on the market available commercial Solid State 3D 

Cameras for machine vision applications have been reviewed. Each listed company has 
written a section for each paragraph.  

The last paragraph concentrates the given information of the different technologies in one 
table. From this table statements have been derived which aid the reader in selecting the most 
suitable 3D camera for a given machine vision application. Furthermore the advantages of a 
3D vision system over a conventional 2D vision system are demonstrated through the given 
examples. 
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