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ABSTRACT:

A traditional camera delivers a two-dimensional gmaf the surrounding world. The 3D-time-of-fligtamera (ToF) - which was
developed in the last decade - captures not ordy bt three dimensions in one step by measuriaglistance from each pixel of
the camera chip to the object. This way a largebarof coordinates is determined for each exposwao called frame. More than
20 frames per second may be taken. The resulpdsra cloud similar to the familiar data gathered terrestrial laserscanning (LS).
However, some fundamental differences have to seudsed: The special method utilized to generat@aint-cloud raises serious
questions regarding the quality of the data. Anotlbem of interest is the introduction of the 3Datera as a new surveying
instrument for architectural documentation.

The cost of a 3D-camera working according to theDPMrinciple is comparatively low to traditional theds of recording,
especially LS. Since handling is as simple as usir@gD-camera - making new ways of 3D-recording ibbss there is huge
potential for the development of new user-friengiklyasuring tools.

All information is presented here with the furtlimvelopment of the 3D-camera in mind. The on-haqeeence gained employing
the current generation 3D-cameras can be applisdlisequent, improved generations of gear. So armpajposition of this paper

is to familiarize the reader with the new devite problems and possibilities of its practical laggtion.

1. WHY TO USE A 3D-CAMERA IN THE FIRST PLACE

When using a 3D-camera three specific referencaegaare of
increased interest: The accuracy of coordinates,réisolution
of the recording chip (humber of pixels) and theximam
range procurable. With the development of the tajemeration
of 3D-cameras much progress has been made in regéndse
three items: Accuracy is now in the range of a fentimetres,
resolution goes up to 40k pixels and the maximustadice was
raised to about 20m. In light of these developmérjuestion
whether the 3D-camera may be used as an instrufioent
surveying and recording is worth investigating. sTinnay be
done by extrapolating from the technical specifora of
currently available 3D-cameras into the near futwieich will
most certainly bring higher resolution, increasedusacy and
an expanded maximum distance. Further developnadntsis
kind will be realised soon as prospective custora&ist in the
field of robotics, vehicle construction and manyrenareas. The
main questions are as follows:

1. Are there any fundamental problems in the pcek
recording architecture?

2. Which new possibilities for recording of geompeand for
visualisation purposes arise for practical work?

3. Is the proposed 2D- / 3D-system capable to ceptaurrent
devices?

2. CHARACTERISTICS OF A 3D-PMD-CAMERA
2.1 Some general remarks

In order to answer the aforementioned main questibhas not
been necessary to utilize the very latest generatib 3D-
cameras. However, the device used for testing meemleneet

some minimum requirements, which are sufficientrsterm
temperature-stability as well as adequate daylgglpression.
Due to its high performance in the latter area ac8kera of
PMD-technologies (Siegen, Germany) was selectedis Th
model, however, is soon to be succeeded by the reah®
(41Kk). Figure 1 shows 2.0 - currently being the earwith the
highest pixel-resolution available - 205 x 205 pexeas well as
the model PMD 3K with a 2D-colour-camera placedam

Figure 1a: 3D-camera 2.0, 41k (PMD-Technologies)
Figure 1b: 3D-camera 3k (PMD-Technologies)
mounted with 2D-camera

On both sides of the 3D-camera's cubes diode araags
mounted emitting an amplitude-modulated IR-lightatth
illuminates the whole scene to be captured. Aparinfthe
distances (resp. coordinates) and the grey-valintanéities)
the signal-amplitudes of the returned signals aggstered for
each pixel as well. Additionally, the 2D- / 3D-cameystem of
Bochum University delivers a colour-image with highe
resolution. The lateral positions of the pixelstba chip of the
3D-camera and of the colour-camera respectivelggoepolar
coordinates together with the distances. They alltwe
calculation of orthogonal coordinates of the object



Figure 2 gives examples of the redundant datalfemew 41k
and for the 2D- / 3D-system. The significant adaget of a
higher resolution is obvious.
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Figure 2a: 3D-camera 2.0 (41k) high resolution

Figure 2b: 3D-camera (3k) mounted with 2D-camera
delivering redundant data with low resolution

2.2 Necessary information the distance

measurement

concerning

Different denotations exist as far as 3D-camerascancerned:
The ToF-camera, the PMD-camera as well as the reagera
denotation. They are all targeted at the same ofpeamera,
which is capable of not only detecting intensikelitraditional
analogue or modern digital cameras, but also tktanite of
each pixel to the mapped part of the object. A nmunecise
description for the term “range-camera” is the tefioF

(TOF)-camera” - indicating that an - optical - sagnthat has
been emitted from the camera is reflected fromabject, and
also indicating that the reflected part of the &xitsignal is
then returned to the camera. The flight-time ofgshgmal on its
way to the object and back is measured. The T@Fojgortional
to the distance. However, this is only a very gahexplanation
of electronic distance measurement (EDM). Often adifred

method (phase modulation) is used (see fig. 3)rilas on the
modulation of the signal strength (the amplitudehef emitted
light).
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Figure 3:Emitted signal with phase shift= 0°
and reflected signal with phage= 240°
in two different forms of presentation

The wavelength. of one modulation period depends on thefrequency

modulation frequency f. It is calculated with theaetual -
velocity of light ¢ according t@. = c/f. Most 3D-cameras emit
IR-light modulated with f = 20 MHz. In the exampfegure 3,
the corresponding wavelength of 15m (15B800000km/s / 20
x 10P/s) is reflected at a distance of about 22m. As lidet

passes to the object and back it runs the doubtartie, so the
result needs to be divided by two. The so-callealesof the
distance meter is 15m/2 = 7,5m. The whole distasmice= %2 (n
X A + @), where n is the even multiple of wavelengttande is
the rest of the wavelength which has to be measuhed so
called phase difference between the emitted andrehened
signal. Thus it follows that when a single modialatfrequency
is utilized, a direct distinct measurement is palssonly up to
7,5m. So a distance of 8,05m would show as 0,55m.

This is a general description how distances caméasured by
means of an amplitude modulated signal. The phase
measurement —the determinationpof may be done in different
ways. In a 3D-camera it is done using the PMD-¢ffec
(Photonic-Mixer-Device (Schwarte)). In this case is
represented by the difference in charge of two @isensitive
areas of each respective pixel. Daylight may causeverload
of one of these areas. This may cause seriousseimothe
distance measured by a ToF-PMD camera, making glayli
suppression a fundamental requirement for any 3Deca to be
used for surveying.

2.3 Typical faults of the 3D-camera

The emitted light illuminates the whole 3D-scen@mate. This
is a very important difference to common electrodistance
measurement (EDM). At EDM the distance measuringisa
precisely focussed. The emitted signal amplitud® i) = A
cos oty. The remitted light signal comprises the distance
information in terms of a phase delayf the emitted signal:
d(t) = k + a cos ¢t + ¢). The phase delay contains the
distance information. The remitted signal amplitude is
generally much smaller than the sent amplitude ddilonally,
the returning signal may be overlaid with a termwhkich
contains various very different kinds of influenaesthe signal,
like, for instance, a delay that might be causeddyight.

In order to understand the difficulties concernirtbe
application of 3D-cameras for architectural recogdiit is
absolutely necessary to take a closer look at ris&ruiment’s
faults.

Most faults are well-known either from the field of
photogrammetry — e.g. distortion of pictures — oonf
electronic distance measurement (EDM) - like phak#ts
caused by optical or electrical overlay of the clirignal with
error signals. Most of the faults of 3D-PMD-camecah be
sufficiently modelled in a complex calibration pess. Certain
errors may also be suppressed, e.g. daylight @&Bil—circuit
(Suppression of Background Light Intensity).The shtime
random inaccuracy of neighbouring pixels may nowadae
estimated to generally not exceeding *+ 1cm in tadise-range
of some meters. However, two fundamental influenmeshe
distances have a systematic nature. They can erabig
compromise the general accuracy. Both are resultinm
unwelcome reflections of the distance measuringadsy

The first influence may be characterised as “irdeverlay”,
the second as “external overlay”. Overlay in gehéeams
means that the periodic signal, which is charasgeri by
amplitude and phase (see fig. 3), iglaikby a
signal of the same frequency, but with another phaisd a
generally much lower amplitude. By this process rimulting
signal may deviate significantly from the undistdbone in
regards to phase. The amount of the phase shiéngdispon the



phase difference between both signals as well ab@mnatio of
the amplitudes of the signals (see fig. 4): Signalith phasep

is overlaid by a small reflected signal b with pha’s Resulting
is a signal with phase + t. The influence of b depends on its
individual phase. A phase shift is equivalent to earor in
distance. The grave influence of internal and ewkepverlay
respectively on distances measured with the 3D-rathas to
be regarded in more detail in order to access dissibilities to
use the tool for architectural recording.
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Figure 4: Internal overlay effecting “distance stvagd” that
encircle the foreground like a small ribbon
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In literature internal overlay is also charactatises scattering:
Small parts of incoming signals are reflected ie tamera
itself, overlaying the directly reflected incomiemnals on their
way to the pixel. Thus the stronger direct sigsathanged in
phase by the reflected parts belonging to neighbguypixels.

Scattering predominantly effects neighbouring mxelth very

different phases (see fig. 4).

As the lens of the camera has to be focussedikea dlistance,
e.g. 5m, the blurring effect favours scatteringiatances which
are shorter or longer than the one the cameracisséa on.
However, efforts and advances made by the manuéastin
order to minimize the influence of scattering raflsmpe that
scattering will be overcome in the future. Mathdo@tmodels
also help to minimize it (Mure-Dubois, 2007).

External overlay seems to be the most dangeroos. érmight

very well ultimately prove to fundamentally limithe

possibilities to use 3D-cameras for architectueabrding. The
reason for the occurrence of this effect lies ia thct that the
array of diodes emitting the IR-Signal always ilinates the
whole scene all at once. Small parts of diffuselffected light
from different parts of the object may overlay tHiectly

reflected signals on their way back to the cam&he possible
influence of diffuse reflections on a wall, causmghase shift
of a directly reflected signal, can be depicted/@thematically
(see fig. 5, 6).
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Figure 5: Possible influence of diffuse reflection
on direct measurement
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Figure 6: External overlay effecting a phase delay,
respectively a distance shift

The impact of the effect is demonstrated in figure

Appropriate measurements were made to a verticg,ddrmed
by two flexible planes. In the experiment the arggéwveen the
planes was modified while the position of the egelf did not

move. The smaller the angle between the planes,ntbie

deformed the edge will seem. However, the distantessured
more or less exactly into the centre of the cormeto the

intersection of the planes, are those which are deformed by
the overlay. The amount of error thus may reactsicenable
amounts.

e position of the real edge

W

Figure 7: Interaction between topography of théiéecture
and the measurement with a)...d) increasing defoomatiith
smaller angle; e),f) same angle but f) one plass teflecting

3. PRACTICAL USE OF THE 2D-/ 3D-SYSTEM

The examples prove the wide range of possibilitieerent in
the new methodology, which can be applied to aetpof tasks
that currently require several different measuriayices, like
the electronic-distance-meter, tacheometer, lagersr or
camera. The possibilities of the new system areotistnated in
regards to distance-measurement, angle-measureitaitg
images, measuring point clouds or using it likeideg-camera
at a high frame-rate. The 2D- / 3D-system has hb t
fundamental capabilities of common contemporary sugag
devices. Will it be possible to discard these insients in
favour of the 3D-camera in the future? Will it bespible to use
it efficiently despite the grave handicap providaegd external
overlay? The following experiments try to find soareswers.

Figure 8 shows the graphical user interface of 2Be /3D-
system developed in the course of a doctoral thretsiBochum
University (Schréder, 2009).
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Figure 8: User interface of the 2D- / 3D-system

3.1 The 2D-/ 3D-system in exchange to a tacheometer

With the tacheometer polar coordinates are measuned
reference to the vertical: the zenithal and thdzootal angle
and the distance. In architectural surveying ibfien used to
establish a network or to capture single pointseiivér the 3D-
camera can replace a tacheometer is largely deptrme
organisation and accuracy. Obviously sufficientuaacy will
only be reached at small distances. To prove thés2D- / 3D-
camera-system was mounted on a tacheometer trimad
levelled with a bubble-tube. The 3D-camera was ufed
distance measurement, the 2D-camera for angle mesasnot
because of its higher angle resolution. Differgpes of special
targets were developed. E.g. in various sectors radre
marked with reflecting film or reflecting spherag¢ fig. 9).

By

Figure 9: Targets for automatic identification ofgle points

Although the camera’s angle resolution is ratharpdistances
could still be detected sufficiently well, espelsiahs far as
measurements to spherical-reflectors are concetneatder to
carry out angle-measurement well-defined pointghia same
line e.g. the reflecting spheres could be chosdanaatically.

Thus automated extraction and identification ofleetfng

points of high intensity was possible. Distancemofe than 20
m were reached, however with rapidly decreasinguracy
down to + 5cm. Faults caused by excessive intertditthe

signal amplitude at the reflecting points had tacbesidered. If
necessary, these strongly reflecting points canubed for
identification purposes only, while less reflectiragljacent
spheres may be utilized for angle measurement ctgely for

distance measurement. The latest generation cantenasver,
should yield better results. It will also be easiermeasure
distances longer than half a wavelength, becauseedased
switching times of the measuring frequency makgo#sible to
determine n in the equation d = % (rhx ¢) using different
frequencies.

The present means of interaction using a measuddgis a
typical modus operandi of the 3D-camera. It carretealised
with other instruments this way. The eventual reptaent of
the tacheometer by the 3D-camera seems a likelyefutourse
for certain areas, e.g. for documenting the advenprocess of
measurements at an archaeological excavation seitefor

topographical purposes at short distances. In tappécations

faults caused by external
suppressed.

It has also been proved that a network can easilseferenced
by moving a GPS-antenna across the field of sigiti e

camera positioned on a tripod. Single-frame expmosuane and
GPS-coordinate measurement were synced.

overlay may be suffityent

3.2 Scanning with the 3D-camera

With the 3D-system being used as a scanner spatt@ition
should be paid to two different working modes: hi first one,
the camera is mounted on a tripod to be turned nafdhe
vertical axis, whereas in the second one the cammea be
moved freely around an object or moved about imanT. In
both cases every single frame delivers a cloudhofigands of
points that are fixed to the camera system. Ineeiti the two
modes good starting points for matching are obthibg the
procedure — thanks to the high frame rate and thends
overlapping heavily. However, external overlay meguse
considerable deformations and will in any case riteege the
quality of matched point-clouds. To minimize thidlience the
point-clouds of structures scanned with the 3Deysshould
preferably only be neighbouring small reflectingas. Figure
10 gives an example of a suitable object. The pdioud was
constructed from 50 frames, taken from three pmsitiwith the

8camera on a tripod. This way of recording can gabi

identified by the characteristic structure of peifdrming rows.

2D-camera

intensities

Figure 10: Rough data of Laocoén-Group
(Museum of Art at Ruhr University Bochum)

The point cloud may be evaluated using the softwamds
known from TLS. Difficulties still existing with # current 2D-
| 3D-camera system will very likely be overcometlire very
near future. The PMD 41 (2.0) camera system (sgé faind
fig.2) , today's highest resolution camera, marksep in this
direction, as it is less susceptible to daylighituence, yields a
higher resolution and provides increased accuracy.



3.3 Visualisation

Photorealistic texturing requires geometry data aredrectified
images. The images used for photorealistic modgllivere
taken with the 2D-camera and matched with the doates
taken by the 3D-camera. Mapping and rectifyinghef images
was done using the technology and the algorithms
phototacheometry (Scherer, 2006). Figure 11 shovisage of
a three-dimensional work of art consisting of co&mliplanes
facing each other in different angles. In this egemo effects
by external overlay on the coordinates were to Xgeeted.
Changes in colour result from to the bad qualityhef2D video
camera.

frontal view of the 3D-image 3D-animation

Figure. 11: Three-dimensional work of art “Arpoadiér
of Frank Stella 1975 (photo and 3D-model)

In the visualisation of built structures the lee¢ldetail (LOD)
is characterised by four degrees. LOD3 describedeinoof
buildings that have been texturized on the outsldethese
cases the general geometry recording resolutios doemn to a
few decimetres. LOD4 is reserved to describe thetmetailed
models, the interior of buildings as well as detitextures.
The visualisation of the niche in example figuresh®ws that -
in spite of overlay-effects - planes can be exe@dufficiently
well to build a LOD3-model.

With a 2D-camera of better resolution the qualityhe mapped
texture could have been improved easily.

Figure 12: Visualisation (b) with data
(a) from the 2D-/3D-system

It should be stressed that all necessary data wamed) with
only one, respectively two, single shots.

4. CONCLUSION

This paper has two primary goals: On the one $idelamental

oflifficulties using 3D-cameras for architectural\aying are to
be outlined, and on the other side possibilitiestii@ use of a
2D- / 3D-system replacing traditional measuringringents are
to be shown.

The experiences laid out here refer to work wite tamera
PMD-3K (3072 pixel). It was chosen because of iparably
high efficiency in terms of suppression of daylighituences.
That said, the current latest generation of cameffass a ten-
times higher density of pixels 41k (2005 x 2005ef)ixwith
superior pixel-sensitivity balance. It also offemscreased
automation concerning adaptation to the reflegtioftthe given
object. Thus all results and reflections will beiBaadapted to
the new type.

The most important results from these first experés are as
follows:

- When modelling structures ttgeometrical accuracy
depends on the structures themselves and on the
geometrical relation between the camera and the
object. The strong interdependence caused by aktern
overlay has to be taken into account.

- Geometrical correctness can often not be guazdnte

- A sufficient resolution of point-clouds can becked
only with a large number of frames; the most eéfiti
way to arrange them will have to be examined.

- The aforementioned method of recording with tBe 3
camera is suited for recording and visualisatioth wi
LOD3-quality.

- The combination of a 3D-camera with a 2D-caméra o
higher resolution yields improved coordinate qyalit

- The large variety of possibilities to combine the
different functionalities may allow to replace
traditional measuring instruments and measuring
methods under certain conditions.

Although many instrumental parameters will see okl
improvements in the future, the so-called exteovarlay error
is inherent to the system. It causes uncontrollalikrations in
the distances measured. Determining accurate bdesdtr
widespread and common use of 3D-cameras in suryegight
prove to be a long way.
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