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ABSTRACT:

The introduction of range imaging devices opens r@plications in the field of close range photograetry, especially for

measuring as well as modeling of objects and ialeemvironments. To evaluate the real potentiaswth devices, it becomes
necessary to know its limitations and capabiliti@éthin this work aspects related to the rangeatamn and accuracy (i) and
resolution (ii) of a range imaging device (PMD Cam€w@h0) will be investigated. i) One drawback of tlea which is captured

with RIM sensors is the absolute range accuracyiovarstudies have been proposed on this subjectstDdy focuses especially
on the tuneable shutter speed of the sensor. Bardfiutter speed strong variations on the measarggk and intensity, due to the
low signal-to-noise ratio (SNR) can be expected. IBar shutter speed a systematic error on the ranggsurement, caused by
sensor saturation effects and the measurementdarzan be expected. ii) If areas in differentges are partly illuminated a non-
reliable range value is obtained, due to superiepaingle measured range values within the instaoiss field of view (IFOV),

which implies a combination of the surfaces atedléht ranges. The measured range depends onuhenidited area size and the
distance between the surfaces. Having this in manghecial reference object was constructed, dtestvith various sized slots at

its front. The idea for the experiment is to detemrthe smallest slot where the beam can penetiithieut suffering the multiple
surfaces effect at different ranges. The measui@dsize provides a minimum area in a specific eatg obtain reliable RIM
measurements. Therefore an experimental setup wasup and the derived results are presented.

1. INTRODUCTION

The basic principle to unify advantages betweeivacensors
and the simultaneous capturing of an image for ma af
dynamical 3D applications in close range is regegiven by
range imaging (RIM) sensors. RIM sensors allow capgua
range image and a co-registered (active and passitensity
image simultaneously with high repetition rate (tgo 100
releases per second) in close range. The measnotedsity
strongly depends on the used wavelength (usualbsecl
infrared) of the illumination source and the suefac
characteristic. Various manufacturers provide RIMhsses,
namely the Swiss Rangem{w.mesa-imaging.ch the PMD
Vision (www.pmdtec.corjy and the O3D seriesnvw.ifm.de).

In order to identify attractive applications for RI8&nsors it is
necessary to investigate the quality of the capltutata. The
requirements in terms of data quality depend onptimpose of
the survey and are discussed in the literatureefkample by
Zhou et al. (2008) or Karel (2008). The optical retageristics
of the camera and the emitted light, as also thir@mmental
influences and the properties of the measured cuiday an
important role in this context. For the evaluatmfrthe quality
of surveys using this technology, these factors tmins
considered and is the motivation for this invedtaya

2. RANGE & RESOLUTION

The RIM sensor provides a range image and a coteegis
(active and passive) intensity image per singleast. By
utilizing a light source (diode array) the scen#lisninated and
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the backscattered light is captured by semicondudttectors
(CMOS array). The emitted energy, generally nearainéd

light, propagates with the speed of lightepending on the
distance the incoming light is temporal delayedibthat can be
measured at the sensor and enables to computeidtae s

between the camera and the surface:

R=c-dt/2. 1)

The distance to the illuminated surface is compuigdthe

phase @ between the phase of the transmitted signal aed th

received signal (Mdller et al., 2005). Due to thmbauity
characteristic of the phase a limited unique raing@oses the
practical limitations of the RIM sensors. From ottsamsor
systems different techniques are known to solve hoblem in
order to obtain a unique range, e.g. by utilizingfecent

modulation frequencies as most continuous-wave (CW)

modulated laser scanner and radar systems do @oseydo)
random modulation. The ambiguous range subjectlasec
related to the phase unwrapping problem which teresively
discussed in the radar interferometry communityrthar to
overcome this problem Jutzi (2009) utilized the datéin 2D
unwrapping procedure.

The time delay can be computed in terms of the rabidn
frequency f;:

dt=dp / (27 f,).

Substituting in Equation 1 the range R can be cdetpby the
frequency and phase difference with

@)



R=(c-a)/ (4= fp). ?3)
Some systematic errors are expected for the measuts and
can be predicted like, for example, the inhomogaeescene
illumination. The measured range is influenced bg total
amount of incident light, e.g. depending on then8igo-noise-
ratio (SNR) caused by the inhomogeneous scene illation
the measurement as well as different reflectivity tbe
illuminated surfaces result in more or less rebabl
measurements. This fact results from different jayseffects
of the RIM sensor, both the semiconductor detectat e
camera electronics (Kolb et al., 2009). Obviouslyitahas to be
expected the active illumination decreases fromdtre, as
depicted in Figure 1.

b

Figure 1: Intensity distribution of a RIM sensor (BNVision]
CamCube 2.0) while illuminating a homogeneous and fla
surface. a) captured with a external IR camera dicty RIM
sensor in the front, b) measured with the RIM seitself.

According to Gokturk et al. (2004), the range ratoh Ry is
determined by the number of divisions that the usignous
range can be reliably divided (discretization) asdlescribed

by

Re=C/(2%) + (A Raser 1 TN “
where

fn:  modulation frequency,

ge quantum efficiency,

T: integration time,

Paser Optical power of the light source,

r: reflectivity,
A: total illuminated area (target),
C: constant.

Equation 4 reveals that the range resolution campeoved by
increasing the integration time. It has to be codesd that a
maximal value for sensor saturation is given. Tlage
resolution can be improved by minimizing the illunaied area,
which is a critical limitation of RIM sensors. Thearimum
image resolution is currently 204x204 Pixels.

In this work we present the results of two experita@iming to
establish the optimal configuration of a PMD senforclose
range surveying. Therefore, two aspects are irgegstil: i) the
effects of the shutter speed of the sensor onahger variation
and accuracy and ii) the capability of the sensomeasure
within small areas. Therefore, the experiments divéded in
two parts, as presented as follows.

3. EXPERIMENTS

This study focuses on the effects of the shutteedpof the
sensor on the range variation and accuracy (3.4) spatial
resolution (3.2).

3.1 Shutter speed effects on the range measur ement

For high shutter speed strong variations on thesored range
and intensity, due to the low signal-to-noise r¢8diR) and for
low shutter speed a systematic error on the ranggsurement,
caused by sensor saturation effects and the measote
principle can be expected. Therefore an experirhestap was
built up and images of a reference target with owaishutter
speeds were captured. For the experiments a PMBidWi
CamCube 2.0 was utilized to capture data of a fldase (wall)
as depicted in Figure 1.

Images from different distances to the wall andywvay the
integration time for each distance were capturetl amalyzed.
The distance was varied stepwise with 108, 125, 213, 260,
and 310cm. For each distance, the integration vime varied
between 500us and 7000us (Table 1).

Integration time [us]
500
1000
1500
1700
1800
1900
2000
2500
3000
3500
4000
4500
5000
5300
5500
6000
7000

Table 1: Settings for the integration time.

The first step was to calibrate the camera in otdeeduce the
geometrical distortions introduced by the opticalstem.
Camera calibration was performed using the methoggsed
by Zhang (2000) that is based on the recognitioadgfes of a
rectangular chessboard in a series of images tdkam
different angles and directions. The results ofdhiération are
the focal length .., the position of the principal pointy),
the skew coefficient and the image distortion doefhts (radial
and tangential distortions).

In order to compute the position of the 3D poirgcasated to
each pixel the image was first geometrically cagécusing the
parameters computed in the camera calibration sédimr
image rectification a rectangular central areahef image was
extracted to perform the analysis. Each range meamnt was
converted to relative three-dimensional coordinatéhin this
central area.

The angle of each range measurement is given bydsiéon of
the pixel and the internal orientation parametdrghe optical
system, according to the pin hole camera model Kigbab,



2009). The horizontal and vertical angles must beefally
computed for each position in order to get thetingdgposition
of each point in the three-dimensional space usingolar
coordinate system:

y= (i-ip)- pixel_size,

x= (j-jo)- pixel_size, 5)
=+, (6)
Z= R-cos( atan( f{ga) ), (7)
X=X ZGoca ®
Y=y ZGocar ©

Taking into account that the surface (wall) may letparallel
to the sensor, the principal components transfoomatvas
applied to the point cloud. Because the variatidoagthe Z
axis are lower, the third eigenvalue is associdtedhe Z
coordinate. For each integration time, the standierdation of
the Z component was the computed.

3.2 Resolution

The second aspect that is investigated withinwlisk is related
to the ‘mixed pixel” that appear if two surfaces in different
ranges are within the instantaneous field of viéROy). To
give an example for two surfaces in different ramgavo
superimposed measurements of the range are denveete
one is closer and the other one is further away filoe sensor.
In practice for instance a small gap affects thasneement and
non-reliable range values are derived, becaussuperimposed
measurement is a combination of the different rargpending
on the illuminated area of each surface and theamtie in
between the surfaces.

If a sensor is used to capture data of objects déthils, such as
gaps or thin depressions (for instance marks omestoor

sculptures) the expected range depends on the ambuhe

sensor distinguish both surfaces. Considering tisatrface with

thin gaps lies parallel to the sensor plane, tloptons are
possible:

e the beam hits only the front surface

« the beam penetrates the slot and hits only the rear
surface

* the beam hits the front and rear surface

In the last case the measured value is a combmafiboth
superimposed measured range values.

The idea of this experiment is the same as propbgdtienteno
et al. (2010) for terrestrial laser scanner (TLt8)determine the
smallest slot where the beam can penetrate andnréuthe
sensor without suffering the multiple surfaces @ffaf different
ranges. The measured size provides a minimum al&@d to a
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Figure 2: Sketch illustrating the widths of thetsland depth of
the test box.

4. RESULTS
4.1 Shutter speed effects on the range measur ement

Figure 3 shows the range variation by the standexdation of
the range measurements for a flat surface as didanof the
integration time for different ranges: 108, 12521215, 260,
and 310cm.
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Figure 3: Standard deviation of the range for déffe

integration times and distances.
The plots can be separated in two groups for thdysis:

i) For short ranges, distances of 108cm and 12%wenstandard
deviation is low for lower integration times andogs as the
integration time is increased due to saturatiorot$t It is also
noticed that extreme small integration times alstréase the
standard deviation slightly.

i) If the range is equal or larger than 172cm #tandard
deviation decreases with the integration time. $toort ranges
the standard deviation increases due to the low SN
lowest standard deviation is obtained for integratitimes
above 4000us.

specific range where reliable RIM measurements can b

obtained.

For this purpose, a test box with a front panelststing out of
rectangular parallel slots with varying width andlased rear
panel was constructed (Figure 2). The widths ofslioés are 1,
2,3,4,5,6,7,8,9, 10, 15, 20 and 25mm. Thehd&om front
to rear panel is about 255mm. The box was moundeallpl to
the image plane and scanned from different dis&ance

In this example the lowest range variation is agbde for
integration times between 2500us and 4000ps.

To investigate the range accuracy the histograrthefrange
values for every integration time were analyzedeyThare
depicted in Figure 4 and 5. The data was colleatedi72cm
range, the histograms show almost a normal digtabuand
differ slightly to the expected mean. If the range 08cm, the



behavior is different. The histogram shows a nomistribution
only for low integration times with an erroneous dan
systematical range shortening shift of the mean.thé
integration time is increased up to saturating skasor, the
histogram shows a slightly range extending shithefmean.
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Figure 4: Histogram of the range for different gregion times
at 172cm range.
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Figure 5: Histogram of the range for different griion times
at 108cm range.

Figure 6 shows histograms of the measured datéhéorange
108cm and the integration times: t=2000us, t=400Guwl

t=6000us. It can be observed that the range vaovesnore
spread when the integration time is high. This righ caused
by saturation effects by the measurement with theOSM
elements. Further it could be observed, that folineneasing
integration time the measured range is more ramxgending

(shift away from the sensor location).
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Figure 6: Histograms of the measured data for dnge 108cm
and various integration times. a) t=2000us, t=4G00and
t=6000us.

The same spatial shift can be observed by eachumeh8D
point in Figure 7. The point cloud is more spread aoisy for
higher integration times and the mean plane igeshifurther
from the sensor.
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Figure 7: Examples of the point cloud shift andribsition for
various integration times. a) 2008 b) 400Qs, and c) 6000s.

4.2 Resolution

For the next experiment data of the test objectjchwhis

depicted in Figure 2, was captured. The captured das
transformed to Cartesian coordinates taking intcoaet the
interior orientation parameters of the sensor. EE@ishows the
range distribution of the range data for the test b40cm in
front of the RIM sensor. Due to the visualization Itiple

measurement values can appear at the same location.

The front panel of the box is clearly visible aethange of
140cm, but the rear panel of the box appears asve mot flat.
The depth of the test box is 25.5cm, therefore ridrable
measurements 51cm will be expected due to the tayswthe
way there and back of the light at the slots oflibe. But it can
be observed that for a large humber of measurenwgetger
than 165.5cm are given.
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Figure 8: Measured data of the test object. a)eatgtribution,
b) 3D visualization.

The wider slots, like the one that appears at dfedide in
Figure 8, may be affected by the reflection atwhadls of the
box, but this cannot be an explanation at the eewitthe box,
where the highest ranges are visible. A possibfdamation is
the occurrence of multiple reflections between lblotom and
the frontal panel, although this was not experirmiinterified.
Figure 8b shows a 3D visualization of the derivethge
measurements. Obviously the slots were not exguhallel,
therefore the measured ranges along the bordetheotlots
shows some variation.

Figure 9 shows a histogram of the measured rangewvaf the

test box. The front panel is clearly visible by thighest peak at
a range of about 140 cm. Again for the rear pahéh® box a

peak at 165.5cm would be expected. This peak doeappear.
Instead, small peaks are noticed at ranges of atféetm and
196cm, which is close to the range which would beved by

multipath reflection with 190.5cm, calculated byOtm +

25.5cm + 25cm. Due to the oblique view on the peamel of

the test box, which can be seen on the plot in reida, the
spreaded range distribution can be explained atrérige. The
largest range values are measured at ranges of aB6am. In

general these overestimated range values can endfained
by multipath effects. It is surprising that thedteas exceed
multiple times of the box depth.
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Figure 9: Histogram of the measured range fordkekiox.

As mentioned above for edges within the instantasdizld of
view (IFOV) mixed range values are measured. Dughéoslot
size the measured range values are expected iredetihe
range of the front and rear panel. If the rangeieslare only
affected at the borders of the slots and reliatBasarements of
the rear panel at the centre of the slots are eerilie slot size
can be seen as a measure for the spatial resoletitre RIM
sensor. With other words for the thinnest slot wharrange
measurement from the rear panel could be derivedsgiatial
resolution is determined for this specific rangée Tspatial
resolution was measured for the test box in differanges: 80,
110, 140, 210, 260, and 310cm. It was not possiblaeasure
the resolution for greater distances, because awiibxlarger
slots would be necessary and was not available.

Figure 10 shows the comparison between the measatads
and the reference values derived by Equation 4 reviiee
calibrated focal length has to be considered. tfeoto obtain a
more realistic comparison, the computed values wereated,
because the test object allows only to measurgentealues in
mm. The data is very similar and follow the samedir trend.
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Figure 10: Comparison between the reference anthé@sured
resolution.

Three aspects could be observed for the experiment:

i) The measured value is influenced by the presafocmore
than one surface within the IFOV. This is visible mxels
where the borders of the slot are presented. fdhse, mixed
pixel measurements are produced and the obtairmegk rs a
weighted average of the observed range of the phailsurfaces.

if) The minimal gap that the camera is able to réadepends on
the range and is proportional to the referenceluésa of the
system. The experiment is suitable to estimate ghatial
resolution of range images.

iii) The not predictable multiple path effects cddle observed,
which results in range measurements above the dépltie test
box.

Considering Equation 4, the spatial resolution heactiral
limitations imposed by the illumination time anduihinated
area on the surface. The integration time cannoinbeeased
without the risk of introducing errors caused byns®
saturation. On the other hand, a better spatialuisn can be
achieved reducing the illuminated area, which ik qossible
reducing the distance between the sensor and tjeetofihe
experiments show that there is a tradeoff betwkerrange and
the integration time. If the illuminated area isdweed to
increase the resolution, then the integration tinas to be
reduced too.

5. CONCLUSIONS

The study shows some limitations of RIM devices hijzing

the PMD [Vision] CamCube 2.0. The low spatial resolut
which is expected to be improved in the coming yelimits the
potential of such cameras when spatial detail srel@. It could
be shown that the optimal accuracy is achievedhmpsing an
adequate integration time. It could also seen thia¢n the
illumination is too low, the camera produces ngjnts that
lie far from the camera, while when the integrattone is too
high the errors appear closer to the sensor.

The use of a test object to verify the spatial lkggan of the
RIM sensor could successfully shown. A remarkablé aat
predictable effect with the multipath reflectionsamoticed.

For future work the same study should be repeatedbther
imaging devices. The results can help to obtain ahgmal
integration time for different ranges and to prégicoblems
when dealing with surfaces with relief details.
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