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COMBINATION OF PHOTOGRAMMETRY AND TERRESTRIAL
LASERSCANNING —POTENTIALSAND LIMITATIONS.
PART 1: OVERVIEW AND PERFORMANCE FEATURES

T. Luhmann
Ingtitute for Applied Photogrammetry and Geoinformatics Jade University
of Applied Sciences Oldenburg, Germany

1. Introduction

Photogrammetry and laserscanning are highly
developed and reliable 3D measuring principles that are
established as standard methods in a variety of
application areas. Especially in industrial and terrestrial
tasks more and more applications are developed that
address new challenges in optical 3D metrology. In
particular, the combination of laser-based measuring
methods with image-based recording and processing tools
create an interesting and promising potential.

The topic has recently been discussed by several
authors with different points of view. Comprehensive
overviews about the combination of photogrammetry
and laserscanning are presented by, as examples, Kersten
et a. (2006), Przybilla (2005) or Jansa et a. (2004). This
paper tries to give an up-to-date overview with particular
interest to aspects of industrial metrology, discussing also
potential and limitations.

Basicdly photogrammetry is used in practice since
about 150 years. Digita photogrammetry was developed
since around 1985, and is available in operationa systems
since about 1990. The consequent use of the digital image
has led to a fundamenta change in photogrammetry
(Ackermann 1995). Besides higher image quality and data
rate, improved measuring accuracy, better price-
performance ration etc. new possibilities are offered by
integration of photogrammetry into online and real-time
processes, e.g. for industrial production contral.

Since the 1990ies 3D laserscanning has been
deployed in practice by airborne systems (LIDAR,
Airborne Laserscanning ALS) (Ackermann 1999). Today
digital terrain models (DTM), city and landscape models
are usually generated by ALS. Since about ten years
terrestrial  laserscanning (TLS) is available as an
operational method in practice. Mgjor application areas
are the modeling of buildings, historical landmarks, lines
and driving surfaces, industrial plants etc., i.e. large
volume objects consisting of freeform surfaces
(overviews given by Vosselman & Maas 2010, Staiger
2005). Even modern motorized and reflectorless
tacheometers can be classified as (simple) 3D
laserscanners (Scherer 2007). However, for industria
applications fringe projection systems (white light
scanners) and laser-line projectors are mainly used. For
high accurate single point measurements usualy laser

tracker and laser radar systems are applied that, in
principle, can also be used as (slow) scanning instruments
for free-form surfaces.

The presented measuring methods can be combined
to use the strength of each method. By laser projection of
lines or points and image acquisition by one or more
cameras arbitrary surfaces with diffuse reflection
properties can be measured. Using single cameras
approaches the projection unit must be calibrated and
oriented in order to solve the triangulation problem.
Using two or more synchronized cameras the laser
projection device is only used to provide a unique
texture (see section 3.1).

Fringe projection systems and other surface
measuring sensors can be oriented in 3D space. This can
be done either by mechanical positioning devices (robot,
measuring arm, Fig. 1), by control points on the object
surface, which are calibrated by photogrammetric means,
or by using a synchronized camera system that tracks the
surface measurement sensor continuously (Fig. 2).

Laserscanners and tacheometers can be equipped
with digital cameras in order to acquire true color
images of the measured object or for image processing,
e.g. the automatic measurement of targets or surface
reconstruction by stereo image processing.

Finaly, 3D point clouds created by laserscanning
can be combined with image information in different
ways, eg. for visualization, for identification and
measurements of object points, for orthophoto genera-
tion or for registration purposes. The following sections
start with a summary of the characteristics of both
methods including a discussion of their weaknesses and
strengths. It is followed by an overview of typica
system approaches and algorithmic solutions. Exemplary
applications are finally presented which could only be
successfully solved by a combined processing of
laserscanning and image data.

Performance features

In order to discuss hybrid system concept of
photogrammetry and laserscanning it is necessary to
evaluate each performance features, strengths and
weaknesses. Table 1 summarizes some of the major
technical specifications and features of both methods,
assuming typical values.
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Tablel
Perfor mance features of photogrammetry and laser scanning
Photogrammetry Laserscanning
Sensors CCD, CMOS angle and distance measurement
Wavelengths 400 —700 nm (RGB) monochromatic

700 - 1100 nm (NIR)

e.g. 532 nm, 780 nm

Measurement volume

cameraview (depending onfocal length
and configuration)

cameraview hybrid view panoramaview

Distancerange

any (depending on configuration)

ca. 5—100 m (phase)
ca. 10— 800 m (pulse)

Accuracy depending on scale 1:10000 — 1:100000 depending on distance 1:2000 — 1:20000
Resolution depending on scale depending on distance and angle

M easuring frequency up to 2000 Hz per frame up to 10° Hz (points per second)
Stationary object yes yes

Moving object yes limited

Moving platform yes with additional sensors

Point measurement yes with targets

Surfacemeasurement with sufficient texture yes

3D Coordinates

Photogrammetry allows for the measurement of 2D and
3D object coordinates by visual or digita image
interpretation and image anaysis of the imaged object
patterns.  Three-dimensional coordinates are generated
either by stereo or multi-image photogrammetry, or by
combining monoscopic measurements with given object
geometries (e.g. aDTM or 3D point cloud), also denoted as
monoplotting. Known camera calibration (interior
orientation) and image orientation (exterior orientation) are
required for accurate 3D coordinate determination. The
actual coordinate calculation is usualy given by intersec-
tion in space or bundle adjustment. In photogrammetry,
accuracy and reliability depend on image configuration
(number and position of images in space) and on
identification and correspondence anaysis of imaged
structures (textures). The accuracy in latera direction can
differ from depth accuracy significantly (see section 2.3,
overviewsin Kraus 2004 and Luhmann 2010).

In contrast, 3D laserscanning is based on a polar
method where spatial direction (horizontal and vertical
angle) and distance are measured for each scan point.
Measurement accuracy is mainly a function of angular
and range measurement quality, whereby the latter one is
influenced by the characteristics of object material
(reflectance properties) and atmosphere (e.g. refraction).
See Sternberg et a. (2005) and Vosselman & Maas (2010)
for further information.

With photogrammetry plane or known object
surfaces can be measured even in a single image. In all
other cases at least two, but in principle an unlimited
number of images can be used. The images are oriented
by corresponding tie points while the object coordinate
system is defined by(few) control points. Using TLS
multiple stations are always required if the object

cannot be observed by a single standpoint, e.g. due to
occlusions. The registration of individual 3D point
clouds is solved either by control points or by
matching of object features, e.g. based on ICP methods
(overview in Staiger & Weber 2007).

Sensor char acteristics

One of the most important features of
photogrammetry is the simultaneous area-based recording
of one or more images that archive the state of the object
for time of exposure. Nowadays CCD and CMOS
sensors are available with up to 60 Mpixel whereby
even up to 250 Mpixel can be acquired with special
aerial cameras. The recording of a complete image area
allows for image acquisition from moving platforms
looking at moving or changing objects. In special cases
(e.g. panorama cameras, aerial image scanners) scanning
imaging systems are used that are normally not suited for
dynamic conditions.

In contrast, laserscanning systems record an object
always by sequentia scanning. Usually object and
measuring system must be stable with respect to each
other for the time of measurement. If a laserscanner is
operated from a moving platform (e.g. ALS, mobile
mapping), each single scan must be oriented in space,
for example by synchronous GPS/INS systems, tilt or
acceleration sensors (e.g. Schwarz & EI-Sheimy 2004,
Kutterer 2010).

Photogrammetric images are usualy recorded in the
complete visual spectrum up to near infrared (ca. 1000
nm), hence they consist of a high degree of radiometric
information. Radiometric image quality is basically
depending on illumination conditions. In contrast, laser-
based system work in monochromatic mode only.
Applied laser wave lengths are available in the visual
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range (e.g. 630 nm) and in the near infrared range (e.g.
780 nm) aswell.

Resolution and accur acy

In the first instance the geometric resolution of both
methods is a function of measuring distance or scale. For
photogrammetric systems the lateral structural resolution
is defined by pixel size of the imaging sensor and imaging

AX =mb-AX- pix. D

In accordance to the Shannon sampling theorem at
least two pixels are required to resolve an object
edement. In fact even smaller objects (e.g. thin linear
features) can be detected if they are smaller than 1 pixel
but provide sufficient contrast. In addition the term
resolution is also used for the ability of a system to
detect motion or change of position of an object
significantly. In this case resolution and accuracy are
correlated. The latera geometric resolution of a modern
digital camera (pixel size ca. 5um, 4000 x 3000 pixels)
that isimaging a 10 m object in full format, results to ca
2.5 mm per pixel. Using a 20mm lens this is equivalent
with an angular resolution of ca. 0.25 mrad. Assuming a
subpixel measuring accuracy of 1/10 to 1/20 pixel, the
accuracy of a spatial direction amounts to ca. 0.012 bis
0.025 mrad, e.g. in the order of 1 mgon.

Photogrammetric resolution and accuracy in viewing
direction can only be determined if the object is observed
with at least two cameras providing 3D measurements. In this
case it must be distinguished between smple stereo confi-
gurations and multi-image setups, e.g. alaround configu-
rations. For stereo images the distance accuracy decreases
quadratically with distance as a function of imaging scale,
base-to-height ratio and pardlax accuracy (eg. 2). For multi-
image configurations equal accuracy can be achieved for all
coordinate axes as a function of imaging scale, image
measurement accuracy and a design factor g that models the
design of the image network and other effects (eg. 3).
Nowadays the typical accurecy in close-range photogram-
metry lies between 1:10000 and 1:100000 of the object
dimension with respect to the standardized length measuring
error according to VDI 2634 (Luhmann & Robson 2008).

h h?
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The geometric resolution of a laser scanner depends
on scanning frequency, beam divergence at the object,
angular resolution and distance measurement resolution.
Thus the signal of a single scanning spot is given by the
integral of reflection of the area that is covered by the
laser beam. Typicaly beam divergence of the laser is in
the order of 0.25 mrad, i.e. in 10 m distance it is about
2.5 mm, in 100 m distance about 25 mm? Assuming an
angular resolution of ca. 0.05 mrad the resulting
resolution in object space is about 0.5 mm for 10 m
distance and 5 mm in 100 m distance, respectively. In
addition, the minimal distance of two adjacent
scanning points is afunction of scanning frequency and
scanning step width, hence it increases linearly with

distance range. Depth measurement accuracy is mainly a
function of the range metering accuracy and can be
estimated between 0.5 mm (phase difference) and 5 mm
(pulse) in a distance of 10 — 50 m. Investigations about
resolution and measuring accuracy are reported by, as
examples, Kersten et al. (2009), Mechelke et a. (2007),
Bohler (2005), Schéfer & Schulz (2005), Bohler &
Marbs (2004), Mulsow et al. (2004).

Fig. 3 displays example calculations of theoretical
precision in photogrammetry and laserscanning for an
object point in a distance of about 40 m, thus a distance
where the combination of both methods is reasonable.
Three approaches are discussed: a) a simple stereo image
pair (base line 5 m, image measuring accuracy %2 pixel)
for the measurement of a non-targeted object (eg.
building fagade); b) a multiimage set with target points as
it typically occurs in industrial applications (design
factor 0.7, image measuring accuracy 1/10 pixel); ¢) a
laserscan measurement with an angular resolution of
0.05 mrad and a distance measurement accuracy of 5 mm.

Typical values, individual devices can show
different values S40000. Since the industrial multi-
image approach provides highest accuracy, TLS and
stereophotogrammetry cover a similar accuracy perfor-
mance. However, the photogrammetric accuracy for a
stereo image pair depends on the base-to-height ratio and
image scale as a square function, leading to an error of
about 10 mm in a distance of 20 m for this example.
Consequently, TLS is most advantageous in distances
larger than 15-20 m.

Geometric and radiometric resolution is most
important for the detectability of object features. Hence
natural features like object edge can only be
reconstructed from 3D point clouds if a computational
interpolation of adjacent object patches is performed,
e.g. intersection of two planes. In contrast the
photographic image shows object edges correctly but
depending on illumination characteristics. In addition 3D
point clouds consist of only no or limited information
about object features that can are not formed by
variations of the object surface, e.g. small gaps, dirt
spots or coloured features. In general the photographic
RGB image can be interpreted much easier than a 3D
point cloud even in the case where the intensity of the
reflected laser beam is recorded (see Fig. 4, Fig. 5).
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Fig. 3: Example accuracies for photogrammetry
and laserscanning stereophotogrammetry: ¢c=20 mm, dxX=2.5um,
b=5 m multi-image photogrammetry: ¢=20 mm, dx=0.5u m,
0=0.7 laserscanning: da=0.05 mrad, dS=5 mm+ S40000
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Fig. 1. Laser profiling sensor on articulating arm (API) Fig. 2. Camera-based navigation of a surface measuring
sensor (NDI, Steinbichler)

Fig. 4. Intensity image (l€eft) vs. colour image (right) for an industrial plant (by Przybilla 2005)

Fig. 5. 3D measurement of a sculpture using laser scanning:
a—intensity image; b — superimposition with RGB image
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Oper ational aspects

The pros and cons of both measuring methods should
not only be addressed to technical specifications but also
on aspects like practical handling, required processing
software, invest and maintenance costs, persona
reguirements and so on.

Basically the costs for photogrammetry cameras
and equipment were getting lower in recent years,
usually aligned with higher performances. The main
reasons are in cheaper digital cameras and the increased
use of low-cost programs that offer the full range
of photogrammetric processes (camera calibration,
bundle adjustment, automated point measurement, CAD
functionality) for less than 1000 USS$. In addition the
existing degree of automation alows system use even by
non-skilled personal. With sufficient project planning
also short working times on site, high mobility and
reduced effort for additional measurements (e.g. control
points) is possible.

Investment costs for productive terrestrial laserscanners
lie in the order of 80000 to 150000 US$ with strong
tendencies to lower prices, eg. Faro Focus3D for about
30000 US$). Assuming typical amortisation and times of
use, a laser scanner costs easly in the range of 1000 US$
per effective working day. In addition more or less large
effort has to be taken into account for data processing of
unstructured point clouds. The degree of automation in the
3D point cloud processing is till low.

Summary

The first part of this article has given an overview
about principle solutions, advantages and disadvantages
of photogrammetry and laserscanning in the field of
close-range measuring applications. Since every single
method shows its own characteristics and benefits, the
combination, integration and fusion of photogrammetric
image data with terrestrial laserscanning seems to offer
anumber of additional advantages.

Part 2 of this article will deal with alghorithmic
aspects of hybrid systems and potential applications.
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Komoinauisa ¢gororpammerpii Ta Ha3eMHOI0
JIa3ePHOT0 CKAHYBAHHS — MOKJIMBOCTI Ta 00MeKeHHS.
Yacruna 1. Orasn ta ekcmuryartaniiini
XapaKTePUCTUKH
T. Jlromen

OnucaHo cydacHi po3poOKHM Ta 3aCTOCYBaHHS st
koMOiHamii nudpoBoi GoTtorpammerpii Ta HazeMHOI'O
na3epHOro ckanyBaHHi. OOHIBa METOIM MAlOTh NEB-
HI TmepeBard, sKi MOXYTh JOIOBHIOBaTH OJHAa OJHY.
OCHOBHOIO TI€pPEBArol0 JIA3EPHOTO CKAaHYBaHHS € MOX-
TuBicTh BUMiproBaHHS 3D xmap TO4OK 00’ €KTiB, TOMI SIK
(hoTOorpaMMeTpHUHI METOAM JACHIEBI Yy BUKOPHCTAHHI.
Po3rnsiHyTO acmekTH TOYHOCTi, BapTICTh CHUCTEMH,
KOMOiHOBaHI KOH(}Irypamii cucreMu 3 NpPaKTHYHUMH
MPUKJIIAIaMHU.

KoMOnnanus ¢gororpaMmmMeTrpny 1 Ha3eMHOI0 J1a3ePHOT0
CKAHUPOBAHHUS — BO3MOKHOCTH M OTPAHUYCHHS.
Yacts 1. O630p 1 IKCIITyaTAMOHHBIE
XapaKTePUCTHKHA
T. Jlromen

OnucaHbl COBpeMEHHBIE pa3pabOTKH W NPUMEHEHHS
U1t KomOnHamu 1dpoBoit GoTorpamMmerpun u HazeM-
HOTO Ja3epHOro ckaHupoBaHus. O0a MeToma HMEIOT
OIIpe/IeJICHHbIE IPEUMYILECTBA, KOTOPbIE MOTYT JOIOJI-
HATH ApYT Apyra. OCHOBHBIM IIPEUMYIIECTBOM JIa3epHOTO
CKaHMPOBAHUS SIBISETCS BO3MOXKHOCTH HM3MepeHHs 3D
o0yakoB TOueKk OOBEKTOB, TOrna Kak (hororpamMMmeTpu-
YecKre METOJbI SIBIISIOTCS JCUIeBEIMU B HCIIOJIb30BAHHU.
PaccMOTpEeHO acheKThl TOYHOCTH, CTOMMOCTb CHCTEMBI,
KOMOWHHPOBaHHBIE KOHQUIYpalMd CUCTEMBI C MPaKTH-
YECKUMH MIPUMEPAMH.

Combination of Photogrammetry and Terrestrial
L aser scanning — Potentials and Limitations.
Part 1: Overview and Performance Features

T. Luhmann

This article discusses recent developments and applica-
tions for the combination of digital photogrammetry and
terrestrial laser scanning. Both methods provide a number of
advantages that can be added to benefit from both. The major
strength of laserscanning is the measurement of 3D point
clouds of arbitrary objects while photogrammetry offers fast
object recording, images as documents and data storage and
low costs for equipment. The paper addresses aspects of
accuracy, system costs, combined system configurations and
applications with anumber of practical examples.



