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Summary: A large amount of cultural heritage

monuments and sites exist distributed worldwide

that require easy to use, cheap and fast sensor ori-

entation tools for recording, georeferencing, sur-

veying and mapping. Ground control points are

usually required on site for close range photogram-

metry to achieve accurate surveys, limiting both

the involvement of non-experts and the chance to

know the right place of the monuments unless a

ground reference system is considered. This paper

presents the system calibration of an image-based

multi-sensor system that integrates two consumer-

grade cameras, one global navigation satellite sys-

tem (GNSS) and one low-cost inertial system, i.e., a

micro-electro-mechanical system (MEMS) based

inertial measurement unit (IMU). The multi-sensor

system is calibrated indoor regarding both the cam-

era orientation parameters and the boresight (rota-

tions and offsets) parameters of the two digital

cameras. The boresight parameters will be used to

correct the direct approach estimates. The perfor-

mance of the system calibration is tested outdoor on

an upside down pyramidal sculpture to deliver both

accurate 3D points and high resolution 3D models.

Both scenarios are considered free of magnetic

anomalies. The results achieved with the GNSS/

MEMS-IMU direct approach are compared with

the indirect approach based on bundle block adjust-

ment. Further extrapolations to object space

through digital surface models are also determined.

The testing of the system shows that GNSS/MEMS-

IMU data are good enough to provide approximate

exterior orientation parameters of the cameras but

not to yield accurate 3D models (<1–2 cm) for cul-

tural heritage applications.

zum Kulturerbe zählen und für deren Aufnahme,

Vermessung und Kartierung einfach handhabbare,

preiswerte und schnelle Sensor-Orientierungs-

werkzeuge benötigt werden. Für eine genaue Ver-

messung durch Nahbereichsphotogrammetrie wer-

den vor Ort Passpunkte benötigt, was die Einbezie-

hung von Nichtexperten, aber auch die absolute

Positionierung eines Denkmals ohne zusätzliche

Information über das Referenzsystem behindert.

Dieser Beitrag präsentiert die Kalibrierung eines

Multisensorsystems, welches zwei übliche digitale

Kameras, einen Empfänger für ein globales Satelli-

ten-Navigationssystem (GNSS) und eine kosten-

günstige inertiale Messeinheit (IMU) auf Basis von

mikroelektromechanischen Systemen (MEMS) in-

tegriert. Dieses Multisensorsystem wird im Labor

sowohl hinsichtlich der Orientierungsparameter

der Kameras als auch hinsichtlich deren Verschie-

bung und Verdrehung relativ zu den Positions- und

Lagesensoren kalibriert. Die kalibrierten Werte

dieser Verschiebungen und Verdrehungen werden

bei der direkten Georeferenzierung zur Korrektur

der durch diese Sensoren bestimmten Position und

Lage des Systems verwendet. Die Güte dieser Sys-

temkalibrierung zur Gewinnung von genauen 3D

Punkten und hochaufgelösten 3D Modellen wird

außerhalb des Labors anhand einer auf dem Kopf

stehenden pyramidenförmigen Skulptur unter-

sucht. Beide Szenarien werden als frei von magne-

tischen Anomalien angesehen. Die Ergebnisse der

direkten Georeferenzierung basierend auf den

GNSS/MEMS-IMU Sensoren werden mit einer in-

direkten Methode unter Verwendung einer Bündel-

blockausgleichung verglichen und Extrapolationen

im Objektraum durch digitale Oberlächenmodelle

bestimmt. Die Untersuchung des Systems zeigt,

dass die Daten der GNSS/MEMS-IMU Sensoren

gut genug sind, um genäherte Parameter für die

äußere Orientierung der Kameras zu liefern, aber

noch nicht dafür ausreichen, sehr genaue 3D Mo-

delle (<1–2 cm) für die Aufnahme von Kulturdenk-

mälern zu erreichen.

Zusammenfassung: Kalibrierung und Analyse der

direkten Georeferenzierung eines Multisensorsys-

tems zur Aufnahme von Kulturdenkmälern. Welt-

weit gibt es eine große Zahl an Denkmälern, die
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tion and uncorrected errors in the overall sys-
tem calibration including not only the bore-
sight misalignment and the GNSS offsets but
the imaging sensors are the limiting factors
to achieve high accuracy estimates in object
space (Cramer 2001). The most crucial task
is to select the right calibration parameters
for the system calibration (Cramer & Stall-
mann 2002). An analysis of the stability of
the misalignments is required to avoid signif-
icant changes in the rotations, GNSS offsets
and camera calibration parameters (JaCobSen
2000). Furthermore, stereoplotting as well
as some automatic image matching methods
for digital elevation model (DEM) generation
may be affected by y parallaxes (YaStikli &
JaCobSen 2002, 2005).
There is an increased interest in the topic

of low-cost inertial navigation especially for
pedestrian positioning systems (Feliz et al.
2009, Chen et al. 2009) and human motion
tracking (Frank 2010, Sabatini 2011). Stand-
alone MEMS trajectory determination is an
actual challenge despite of the recent improve-
ments in the performance of small and light-
weight systems (Woodman 2007). Compared
to high-end tactical and navigation IMUs,
with MEMS-IMU it is dificult to determine

an accurate heading due to the drift of low-
cost MEMS gyroscopes and unpredictable
perturbance of the magnetic ield (Chen et al.
2009). Recent scientiic publications are tack-
ing the latter effect mitigating the magnetic
anomalies in environments such as urban can-
yons and indoor (aFzal et al. 2011a, b, tome&
Yalak, 2008).
Low-cost multi-sensor systems for position-

ing can integrate a diverse set of devices such
as a laptop, a consumer GNSS, a digital com-
pass, a video camera (haala & böhm 2003),
a MEMS inertial sensor, a webcam and a dis-
play system (PortaléS et al. 2010), a personal
digital assistant (PDA) or a smartphone with
integrated camera and MEMS based orienta-
tion and positioning sensors. The accuracy re-
quirements for cultural heritage applications
are nowadays neither fulilled with consumer

GNSS nor smartphone devices. The limiting
factor is the theoretical positioning accuracy
of the code-based GNSS, although its absolute
accuracy can be improved after the system
calibration due to the partial compensation of

1 Introduction

There are many cultural heritage architectur-
al and archaeological objects, monuments and
sites around the world that need appropriate
recording. Accurate recording is mandatory
for decay analysis, reconstruction, and mon-
itoring over time. Close range photogram-
metry has long been used to record cultural
heritage. The classical approach was making
use of metric cameras, acquiring stereo-pairs
and manual plotting. With the advent of digi-
tal photogrammetry, two-dimensional recti-
ications and ortho image generation became

popular in architectural recording. In the last
years, there is a trend to automate image-
based solutions either with metric cameras or
with amateur cameras based on robust hierar-
chical detection and matching of image fea-
tures (haoa & maYer 2003, PolleFeYS et al.
2004, remondino & reSSl 2006). The deter-
mination of the exterior orientation param-
eters is a conventional requirement whenev-
er dealing with image-based photogrammet-
ric datasets. An ideal scenario would be to
achieve them quickly and accurately without
any need of direct measurements based on to-
tal stations, GNSS and rulers, among others.
However, direct georeferencing in close range
photogrammetry is not widespread despite of
its beneits to avoid measuring coordinated

targets (kirChhöFer et al. 2010, 2011).
Direct georeferencing using integrated rel-

ative kinematic GNSS/inertial systems has
been investigated for more than one decade
to determine the reliability and accuracy of
directly measured orientation parameters in
operational photogrammetric airborne en-
vironments (Cramer et al. 2000, moStaFa &
SChWarz 2001) and terrestrial mobile mapping
systems (el-SheimY & SChWarz 1999, da Sil-
va et al. 2003). Skaloud (2006) reviews the
essential features, methods and approaches
in direct georeferencing of airborne sensors.
There is no doubt that highly sophisticated in-
tegrated GNSS/inertial systems can be used to
overcome traditional issues in aerial triangu-
lation such as block design, determination of
approximate exterior orientation parameters,
reduction of interactive editing, more reliable
feature matching and truly automatic process-
ing. Nevertheless, GNSS/inertial data integra-
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where X, Y, Z are ground coordinates, X
GNSS
,

Y
GNSS
, Z

GNSS
are ground coordinates of the cen-

tre of phase of the GNSS antenna, ax, ay, az
the offsets of the centre of phase of the GNSS
antenna relative to the IMU centre (b-frame
origin), m

bR is the rotation matrix of the b-
frame into the m-frame; dx, dy, dz are the off-
sets of the projection centre relative to the
IMU centre; α is a scale factor; b

cdR is the
rotation matrix of boresight misalignment; x,
y are the image coordinates; and inally f the
principal distance.
Our multi-sensor system integrates two

digital cameras, one virtual reference sta-
tion (VRS)-GNSS rover receiver, one low-
cost MEMS-IMU, and a laptop for operating,
synchronizing and saving the data coming
from the sensors. All the sensors are attached
to a portable pitch and yaw rotating mount
(Fig. 1a). This portable two axis multi-sensor
rotating mount is an evolution of a previous-
ly designed 1 axis rotating mount (lerma et
al. 2010) that allows free image data acquisi-
tion without losing the satellite signals when
shooting upwards or downwards the hori-
zontal plane. Thus, this mount minimises the
problem of antenna tilt and loss of signal or
multipath effects when large pitch angles are
required for recording.
The devices selected for the project pre-

sented herein are two single lens relex (SLR)

digital cameras, one Canon EOS 1Ds Mark
III (21.9 MPixels) with a Canon EF 24mm
F2.8 and another low resolution camera Can-
on EOS D60 (6.3 MPixels) with a Sigma 15–
30mm F3.5-4.5 EX DG Aspherical (ixed at

15mm and focused at ininity). A summary

of the camera speciications is presented in

Tab. 1. An Xsens MTx inertial system (Tab. 2)
is used to provide the attitude information of
the multi-sensor system. From the speciica-
tions, it is understood that the MEMS-IMU

the positional errors (kirChhöFer et al. 2011).
On the contrary, MEMS-IMU results integrat-
ed with differential GNSS (or better DGNSS)
are promising for navigation-type applications
such as mobile mapping systems (SChWarz &
el-SheimY 2004, GarCía-aSenJo et al. 2008,
kirChhöFer et al. 2010).
This paper aims at an analysis of the perfor-

mance of the overall system calibration of an
image-based multi-sensor system for architec-
tural/archaeological recording under scenari-
os without disturbances of the magnetic ield.

The GNSS will be used to estimate the posi-
tion, while the low-cost MEMS-IMU will be
used for orientation determination. The data
acquisition will follow a stop-and-go strate-
gy. This system might be used to survey other
scenarios such as outcrops in geomorphology,
large civil engineering structures and 3D city
models namely in opened areas, among oth-
ers. In section 2 the geometric relationship be-
tween the GNSS, IMU and the two cameras is
briely reviewed and particularized for the im-
age-based multi-sensor system with two con-
sumer-grade cameras. In section 3 the over-
all system calibration results are described. In
section 4 the performance of the direct georef-
erencing approach with GNSS/MEMS-IMU
and the indirect approach with bundle block
adjustment when modelling a large archaeo-
logical sculpture is analysed and discussed. A
conclusion of the research carried out for cul-
tural heritage recording is presented in sec-
tion 5.

2 Geometric Relationship of the
Sensors

The direct georeferencing model sets up the
geometric relationship of a multi-sensor sys-
tem, i.e., digital camera (c-frame), IMU body
frame (b-frame) and the GNSS antenna in the
ground coordinate system (m-frame). The re-
lationship among the different sensors can be
written as follows (1):
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mately 2–3 cm (retSCher 2002). The accu-
racy depends on the number of collected data
between the rover and the receiver to ix signal

ambiguity with integers. When the ambiguity
can not be ixed with integers, a loat solution

can be calculated that degrades the solution to
a decimetre level (el-rabbanY 2002). Fig. 1
shows the image-based multi-sensor system
at the Polytechnic University of Valencia test-
ield. The image-based multi-sensor system

presented herein differs from those published
by lerma et al. (2010) and kirChhöFer et al.
(2011). The former only has got a free yaw-
angle rotation while the latter integrates only
one digital SLR camera.
The idea of integrating two cameras on

the mount is ive-fold: irst, to improve reli-
ability in the data acquisition (the simultane-
ous acquisition of two images avoids troubles
in case of unexpected camera errors on site);
second, it allows multiband image acquisition
when requested, for instance, for building in-
spections with two cameras, one visible and

static accuracy in roll and pitch is <0.5 deg
and in yaw <1 deg (in homogeneous magnetic
environment). A proprietary Xsens MTx sen-
sor fusion algorithm to combine magnetome-
ter and gyroscope data was used to orient the
device relative to the global reference frame.
The inertial sensor is placed inside the hous-
ing of the portable mount nearby the centre of
rotation; the Trimble Zephyr antenna is itted

on top of the mount. A Trimble 5700 GPS re-
ceiver in VRS mode is used to determine the
coordinates of the antenna phase centre. The
expected positioning accuracy is approxi-

(a) (b)

Fig. 1: (a) Close-up view of the image-based multi-sensor system, (b) outdoor testield.

Tab. 1: Camera speciications.

Camera Canon EOS 1Ds Mark III Canon EOS D60

Resolution (pixel) 5616 x 3744 3072 x 2048

Sensor size (mm) 36 x 24 22.7 x 15.1

Pixel size (µm) 6.4 7.4

Sensor size Full frame (36 mm x 24 mm) APS-C (22.7 mm x 15.1 mm)

Focal length (mm) 24 15 (24 full frame equivalent)

Image quality RAW RAW

Lens Canon EF 24 mm F2.8 Sigma 15–30 mm F3.5–4.5 EX DG

Tab. 2: Xsens MTx speciications.

Angular Resolution 0.05 deg

Static Accuracy (Roll/Pitch) < 0.5 deg

Static Accuracy (Heading) < 1 deg

Dynamic Accuracy 2 deg RMS

Maximum update rate onboard 120 Hz
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For the irst step, two self-calibration bun-
dle adjustments were independently carried
out, one for each camera, to determine the in-
terior orientation parameters (for details, see
CabrelleS 2010). To achieve high precision
in the camera calibration parameters, an opti-
mised object space full of well-distributed tar-
gets and a convergent image space conigura-
tion was conducted to strengthen the overall
network geometry and the camera station con-
iguration (remondino & FraSer 2006). The
indoor testield full of coded targets used to

calibrate the multi-sensor system is presented
in Fig. 2.
The familiar eight-parameter model with

principal distance, principal offset and cor-
rections for radial and decentring distortion
was selected to estimate the interior orienta-
tion parameters. The adjustment included 9
images for the Canon EOS 1Ds Mark III and
8 for the Canon EOS D60. The output interior
orientation parameters for the two cameras are
presented in Tab. 3. All the parameters were
signiicant for the former camera; for the lat-
ter, radial distortion parameter K3 and decen-
tring distortion parameter P1 proved insignii-
cant and were removed by the self-calibration
approach. The standard deviations were al-
ways better by one order of magnitude for the
1Ds Mark III than for the D60.
It is essential to model radial lens distortion

to effectively achieve high accuracy, especial-
ly for consumer-grade digital cameras (Chan-

another thermal (such as in the solution pre-
sented by alba et al. 2011 and lerma et al.
2010); third, it facilitates image fusion due to
the rigid body transformation between cam-
eras; fourth, it eases the comparison and the
extrapolation of output results; and ifth, the

multi-sensor system might work as a stereo-
scopic system with an appropriate base and
camera-object distance ratio. In this paper, the
cameras are not supposed to work as stereo-
pairs from each station but as a multi-acquisi-
tion system acquiring data from multiple sta-
tions.

3 Overall System Calibration

The overall system calibration is required to
relate GNSS-derived positions, IMU-derived
attitude parameters and imagery-derived at-
titude parameters. Fig. 2 shows the frame of
the multi-sensor system without the GNSS-
antenna and cameras; only the MEMS-IMU
is inside the metal frame. Next, the indoor ap-
proach for calibrating the system is presented.
The system calibration was undertaken in

a static close range fashion following three
main steps:
1. camera calibration of the two cameras,
2. determination of the origin of the IMU
placed inside the mount and some auxiliary
marks, and

3. boresight calibration among the sensors.

Fig. 2: Indoor testield used to calibrate the multi-sensor system.
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a) the centre of the GNSS screw; b) the cen-
tres of the four screws. Afterwards, the two
SLR cameras were attached to the multi-sen-
sor system mount and two images were taken,
one with each camera, to determine the per-
spective centres and the rotations. The centre
of the GNSS screw was modiied to account

for the shift between the base of the GNSS an-
tenna and its centre of phase. This latter value
was provided by the GNSS manufacturer and
added to compute the GNSS offset between
the GNSS antenna and the IMU b-frame, i.e.,
ax, ay and az in (1). The centres of the screws
in b) were used as auxiliary marks to deter-
mine the camera-IMU offset parameters dx,
dy and dz (1) owing to the position of the
MEMS-IMU inside the chase. This was pos-
sible because the system was not moved when
the cameras were attached to their mounts, so
that the positions of the screws in the object
coordinate system did not change in this pro-
cess. A inal bundle adjustment with all the

images acquired in this step was carried out
to determine the boresight parameters. The
differences between the IMU rotation angles
and the bundle adjustment orientation angles
yielded the boresight misalignment ( )bcdR .
Tabs. 4 and 5 summarise the offsets and the
boresight misalignments of the multi-sensor
system, respectively, considering the IMU b-
frame as the origin, Fig. 3. FOTOGIFLE pho-
togrammetric software (developed in-house
by the authors) was used to determine the esti-
mates of the overall system calibration.

dler et al. 2005, WaCkroW et al. 2007, WaCk-
roW & Chandler 2008).
The second step of the overall system cali-

bration started with the determination of the
origin of the IMU that is placed inside the
mount. The multi-sensor system was disman-
tled and only the central metallic bar hosted
the attached IMU as well as the four screws
used to attach the two camera mounts. The
four screws were used as auxiliary marks to
relate the origin of the IMU and the position of
the camera centres once the mount is assem-
bled. The bar was photographed from multi-
ple images and the marks measured on the im-
ages. A bundle block adjustment was under-
taken to determine the spatial offsets between
the origin of the IMU b-frame and the centres
of the four screws (screws 1, 2 for the Canon
EOS 1DsMark III and screws 3, 4 for the Can-
on EOS D60, Fig. 3).
The third and last step in the overall sys-

tem calibration was the determination of the
boresight parameters between the sensors: the
IMU, the two cameras and the GNSS antenna.
For this third step, the assembled multi-sensor
system mount was carefully levelled and ori-
ented parallel to the object space coordinate
system to transform the raw IMU angles into
them-frame. The orientation parallel to the ob-
ject space coordinates was required to trans-
form the raw IMU κ reading (which refers to

a global coordinate frame) to its equivalent in
the local coordinate system that was used for
calibration. Several images were taken with
the Canon EOS 1Ds Mark III to determine:

Tab. 3: Interior orientation parameters achieved for the two cameras and related standard devia-
tions.

Parameters

Canon EOS 1Ds Mark III Canon EOS D60

Value Standard deviation Value Standard deviation

f (pixel) −3819.93 0.03 −2099.53 0.19

x
0
(pixel) −26.47 0.03 12.26 0.12

y
0
(pixel) 25.53 0.04 −17.79 0.31

K
1
(pixel−2) 7.57E−09 5.29E−12 1.99E−08 8.30E−11

K
2
(pixel−4) −4.60E−16 1.03E−18 −1.98E−15 2.64E−17

K
3
(pixel−6) −3.42E−24 6.10E−26

P
1
(pixel−1) 6.33E−08 6.63E−10

P
2
(pixel−1) 3.15E−08 8.87E−10 2.01E−07 2.15E−08
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4 Performance of Direct
Georeferencing

The performance of direct georeferencing
has been investigated on an upside-down py-
ramidal sculpture on the campus of the Poly-
technic University of Valencia (Fig. 1b). This
sculpture is considered as an excellent test-
ield due to its complex geometry full of tex-
ture for the image measurements. A total of
suitable 36 coded-target ground control points
were surveyed by a Topcon IS Total Station;
the accuracy of signalised control points is
better than 0.005m. Four ground control

As it can be checked in Tab. 4, the results
of the overall system calibration on the indoor
testield are better than 0.2mm (1 σ); only the
perspective centre of the Canon EOS D60
yields standard deviation up to 0.4mm in the X
axis and 0.3mm in the Z axis. Tab. 5 summa-
rises the boresight misalignments between the
bundle adjustment and the transformed IMU
attitudes into ω, φ and κ. The corresponding

standard deviations determined in the bundle
adjustment solution are up to 6.2, 1.9 and 5.8
times larger for the Canon EOS D60.

Tab. 4: Offsets and standard deviations after the overall system calibration.

Point X (mm) Y (mm) Z (mm) σ
X
(mm) σ

Y
(mm) σ

Z
(mm)

IMU 0.0 0.0 0.0 < 0.1 0.1 < 0.1

Centre 1Ds Mark III −199.1 11.6 114.1 0.1 0.1 < 0.1

Centre D60 193.9 109.4 71.9 0.4 0.1 0.3

Screw GNSS −3.4 4.3 131.9 < 0.1 0.1 0.1

Tab. 5: Boresight misalignments and standard deviations after the overall system calibration.

Camera ∆ω (g) ∆φ (g) ∆κ (g) σ
ω
(g) σ

φ
(g) σ

κ
(g)

Canon EOS 1Ds Mark III 1.3221 0.8161 −0.3252 0.0012 0.0012 0.0016

Canon EOS D60 −0.0952 0.6256 −1.0179 0.0074 0.0023 0.0093

Fig. 3: Offsets among the camera perspective centres (Canon EOS 1Ds Mark III and Canon EOS
D60), the centre of the screw of the GNSS antenna and the origin of the IMU; screws 1 up to 4 are
used as auxiliary marks for the two cameras.
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To assess the differences of the direct geo-
referencing approach and the photogrammet-
ric image-based approach from multiple sta-
tions, the raw roll, pitch and yaw angles de-
termined by the MEMS-IMU were converted
into ω, φ and κ. The magnetic declination was

considered to refer the κ angle to the geodetic

north (GarCía-aSenJo et al. 2008). The rota-
tion matrix was corrected with the boresight
misalignment parameters before transforming
with two rigid body transformations (one for
each camera) the GNSS coordinates measured
at the antenna phase centre into the theoretical
projection centres of the cameras. The math-
ematical routines were developed by the au-
thors. In Figs. 5 and 6 the particular attitude
and position differences after the overall sys-
tem calibration carried out indoors are shown
for the distinct camera stations taken on site
around the sculpture. In other words, Figs. 5
and 6 present the residuals (differences) of the
boresight misalignments and the GNSS off-
sets for the two cameras, respectively.
The differences of the boresight misalign-

ments (Fig. 5) are quite consistent with zero
mean for the three rotation angles in both
cameras. The RMSEs for the Canon EOS
1Ds Mark III are 0.0136 gon in ω and φ, and

more than one order of magnitude higher in κ,

0.1470 gon; for the Canon EOS D60 slightly
worse, 0.0206 gon in ω, 0.0187 gon in φ and

0.1496 gon in κ. In both cameras, the insta-
bility of κ compared with ω and φ is appar-
ent. It should be noted that the RMSEs for the
three rotations are smaller than the RMSEs

points nearby the sculpture were used before
and after the measurements to set up the re-
lationship between the local coordinate sys-
tem and the european terrestrial reference
system 1989 (ETRS89). A systematic shift of
−0.025m, −0.044m and −0.120m was found

in the VRS-GNSS coordinates making use of
the ERVA network (ERVA 2012).
As reported by WaCkroW & Chandler

(2008), a mildly convergent camera conigu-
ration can be used to minimise eventual sys-
tematic error surfaces caused by slightly in-
accurate lens distortion parameters for DEM
generation. Herein, a stop-and-go sequential
acquisition mode at intervals of roughly 60 s
at 8 stations following a strip with convergent
axes at both extremes was carried out to verify
the quality of the overall system calibration.
Fig. 4 displays the 8 stations represented by
the 16 camera positions.
An indirect approach was used to derive the

exterior orientation parameters for each re-
corded image in a bundle adjustment integrat-
ing both cameras. A maximum root-mean-
square error (RMSE) of 3mm was achieved
in object space on the ground control points.
All the coded-target measurements in im-
age-space were measured automatically with
subpixel accuracy in PhotoModeler 6.0. The
tie points between consecutive images corre-
sponding to the two cameras were measured
manually. All the points used in the bundle
block adjustment (BBA) together with the ex-
terior orientation of the cameras are displayed
in Fig. 4.

(a) (b)

Fig. 4: Two perspective views of the strip 8 stop-and-go stations, (a) top view, (b) front view. The
blue dots are the tie points and the ground control points measured for the BBA.
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Based on the exterior orientation deter-
mined by the direct and indirect approaches,
object coordinates of measured image points
were computed by combined intersection in-
dependently for the two cameras. The com-
bined spatial intersection corresponds to a
bundle adjustment without control points, us-
ing the exterior orientation as ixed values and

all available observations in the different im-
ages for the ground point measurement (YaS-
tikli & JaCobSen 2005).
The results presented in Fig. 7a show the

mean differences in X, Y and Z considering as
ground truth the six check points measured by
the image total station for both the direct and
the indirect approaches with the two cameras
independently; Fig. 7b concentrates on the
corresponding RMSEs. On the one hand, the
quality of the indirect approach with bundle
adjustment is similar for both cameras despite

of the attitudes provided by the manufacturer
(Tab. 2).
Analysing the differences of the GNSS off-

sets after calibration presented in Fig. 6, the
results for the Canon EOS 1Ds Mark III yield
a zero mean in planimetry, and −7mm in Z.

However, for the Canon EOS D60, there is a
mean value for the offsets of 5mm in X, 0mm
in Y and 7mm in Z, with RMSE values of
2mm in X, 2mm in Y and 4mm in Z. The
RMSEs for the Canon EOS 1Ds Mark III are
2mm, 3mm and 4mm in X, Y and Z, respec-
tively. It is worth mentioning that the depar-
ture from the mean of the height in both cam-
eras points in opposite directions. To a lesser
extent, the X-axis is also pointing in opposite
directions due to the lack of accuracy of the
angle κ of the MEMS-IMU. The achieved po-
sitioning accuracy is within the limits of the
GNSS.

(a) (b)

Fig. 5: Comparison of attitudes from reference bundle block adjustment and MEMS-IMU on site:
(a) Canon EOS 1Ds Mark III, (b) Canon EOS D60.

(a) (b)

Fig. 6: Comparison of projection centres from reference bundle block adjustment and GNSS on
site: (a) Canon EOS 1Ds Mark III, (b) Canon EOS D60.
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for the Canon EOS D60 and almost 8 pixels
for the Canon EOS 1Ds Mark III are both un-
acceptable for stereo-plotting; the maximum
y parallaxes go up to 19.7 and 34.2 pixels, re-
spectively. The larger errors in the Canon EOS
1Ds Mark III digital camera are owing to its
higher resolution. In fact, the y parallax values
for the Canon EOS 1Ds Mark III are slightly
below the height resolution ratio (that equals
1.82).
Regarding derived XYZ coordinates in ob-

ject space, despite of the mean differences
(Fig. 7a) being within the accepted tolerance
in large architectural documentation projects
with typical mapping scales of 1:100 or 1:200,
the large RMSEs can yield computations with
large deviation errors (up to 10 cm). This fact
is clearly visible when extrapolating the ex-
terior orientation parameters to dense image
matching, e.g. for 3D modelling. A statisti-
cal analysis shows the metric differences on
the digital surface models for the two differ-
ent solutions, direct referencing and indirect
referencing (Fig. 8). 43.2% of the digital sur-
face model is in the range of 0 and −2 cm, with

maximum differences up to 2 cm (24.9%) and
−10 cm (29.3%). These results coming from

direct referencing allow us to conirm that the

their speciications (Tab. 1). The mean differ-
ences in position are in the range of 1mm and
2mm, and RMSEs up to 3mm in Y for the
Canon EOS D60. On the other hand, the di-
rect approach yields both larger differences
and larger RMSEs. The mean differences are
approximately 1 cm (Fig. 7a). However, the
RMSEs up to 4 cm are larger for the Canon
D60 (approx. 1.4 times for the three compo-
nents). Without any doubt, the uncertainty of
the VRS-GNSS in positioning (with RMSEs
not better than 1–2 cm) is a limiting factor to
improve the quality of the output coordinates.
A review of the accuracy performance of VRS
networks can be found in retSCher (2002).
As expressed in JaCobSen (2000), the abso-

lute accuracy is only one result. The relative
accuracy represented by the y parallax is im-
portant for the model setup, especially for the
stereoscopic view. In addition, it might affect
the performance of image matching. Tab. 6
presents the y parallax achieved after bundle
block adjustment and direct georeferencing.
The difference in quality is signiicant, below

1/3 of a pixel for bundle adjustment with max-
imum parallaxes below 1.5 pixels and high-
er for the direct referencing approach. The
RMSE of y parallax is in the range of 4 pixels

Tab. 6: RMS y parallax errors of the blocks.

Approach Number of

images

Number of

check points

RMSE of y

parallax (pixel)

Max. y parallax

(pixel)

BBA Canon EOS D60 8 55 0.3 1.5

DG Canon EOS D60 8 55 4.3 19.7

BBA Canon EOS 1Ds Mark III 8 61 0.3 1.3

DG Canon EOS 1Ds Mark III 8 61 7.6 34.2

(a) (b)

Fig. 7: (a) Mean differences and (b) RMSEs at the check points considering blocks with 8 images
after bundle block adjustment (BBA) and direct georeferencing (DG).
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entation approaches to improve the reliabili-
ty of the georeferenced data will be presen-
ted in future papers. Nevertheless, the results
presented in this paper yield better accuracy
estimates than other recording solutions (da
Silva et al. 2003, GarCía-aSenJo et al. 2008,
kirChhöFer et al. 2010, 2011), even without
combined block adjustment. More tests are
necessary to conirm the reliability of the pre-
sented recording system for cultural heritage
documentation.

5 Conclusions

This paper addresses the indoor overall cali-
bration of an image-based multi-sensor sys-
tem that integrates two SLR digital cameras, a
low cost MEMS-IMU and a VRS-GNSS. The
overall calibration includes the determination
of both the interior orientation parameters and
the boresight parameters. Once calibrated,
the system is ready to carry out photogram-
metric surveys outdoor despite of its relative
accuracy is not appropriate for stereoscopic
viewing with VRS-GNSS/MEMS-IMU direct
georeferencing. The results presented in this
paper demonstrate that mean differences of
1 cm and RMSEs in the range of 2–3.5 cm can
be achieved with an image-based multi-sen-
sor system performing direct georeferencing
both in orientation and in spatial intersection.
The multi-sensor system can be used to inte-
grate different imaging devices, for instance,

estimates are good as initial estimation for the
exterior orientation problem and visualisation
but not good enough to achieve accurate 3D
models in close range applications following
the presented methodology.
Three main factors affect the estimates of

both relative and absolute accuracy with direct
georeferencing: irst, the inluence of a VRS-

GNSS systematic shift namely in the Z axis;
second, the IMU rotation errors namely in κ;

and third, the inherent errors due to the overall
system calibration carried out indoor. Regard-
ing the relative accuracy, the non-zero mean
difference when positioning with the direct
approach (particularly in Z upwards for one
camera and downwards for the other, Fig. 6)
affects directly the quality of the output re-
sults, not only in object space (Fig. 7) but also
in the image space (Tab. 5). In addition to the
previous statement, the rotation estimates de-
termined by the MEMS-IMUwith their corre-
sponding errors also affect the outputs in ob-
ject space, namely the XY due to the κ error

(Fig. 7) and slightly in Z due to ω and φ ro-
tation errors. From a photogrammetric point
of view, one way to improve the overall ac-
curacy will be to carry out a combined block
adjustment (also known as integrated sensor
orientation). Alternatively, a combination of
global direct georeferencing and local indirect
orientation approaches can also be considered
as an optimised way to perform georeferenc-
ing on monuments and sites. The alternative
approaches dealing with global and local ori-

Fig. 8: Comparison of the digital surface models coming from direct and indirect georeferencing.
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cameras with different focal lenses or camer-
as with different spectra such as visible and
near infrared. Furthermore, the multi-sensor
system can be used either as a conventional
stereoscopic system from each station or as a
stereoscopic solution from multiple stations
based on direct georeferencing. Using cam-
eras of similar speciications except resolu-
tion, a slight improvement in quality by a fac-
tor of 1.4 is possible when increasing the reso-
lution of a SLR digital camera from 6.3 up to
21.9 MPixel. The inluence of the overall sys-
tem calibration is of paramount importance to
achieve maximum accuracy in daily projects.
The limiting factors in the error budget are
the κ angle and the VRS-GNSS solution. The

bundle adjustment approach delivers highly
reliable results with strong network geometry
and enough number of images. Nevertheless,
the inner camera geometry has to be proper-
ly modeled. The presented results proved that
the quality of direct exterior orientation mea-
surements using VRS-GNSS/MEMS-IMU for
medium accuracy (1–4 cm) heritage documen-
tation projects is feasible; projects demanding
more accuracy require different processing to
improve the quality of the exterior orientation
parameters. One way to improve the quality
is to carry out a combined block adjustment
(integrated sensor orientation) with at least
one control point or preferably without ground
control points.
Further research is required to conirm the

feasibility of the presented image-based mul-
ti-sensor system in a variety of complex sce-
narios namely with GNSS shortages and with
magnetic anomalies. For those circumstances,
different indirect photogrammetric approach-
es will be used to bridge the gap to direct geo-
referencing.

Acknowledgements

The authors would like to thank for the sup-
port provided by the Spanish Ministry of Sci-
ence and Innovation to the project HAR2010-
18620. Special thanks need to be expressed to
Dr. luiS GarCía-aSenJo and Mr. PaSCual Gar-
riGueS from the Polytechnic University of Va-
lencia for their contributions.



David Hernández-López et al., Calibration and Direct Georeferencing Analysis 249

remondino, F. & FraSer, C., 2006: Digital camera

calibration methods: considerations and com-

parisons. – The International Archives of Photo-

grammetry, Remote Sensing and Spatial Infor-

mation Sciences 36 (5): 266–272.

remondino, F. & reSSl, C., 2006: Overview and

experiences in automated markerless image ori-

entation. – The International Archives of the

Photogrammetry, Remote Sensing and Spatial

Information Sciences 36 (3): 248–254.

retSCher, G., 2002: Accuracy Performance of Vir-

tual Reference Station (VRS) Networks. – Jour-

nal of Global Positioning Systems 1 (1): 40–47.

Sabatini, a.m., 2011: Kalman-Filter-Based Orien-

tation Determination Using Inertial/Magnetic

Sensors: Observability Analysis and Perfor-

mance Evaluation. – Sensors 11: 9182–9206.

SChWarz, k.P. & el-SheimY, n., 2004: Mobile map-

ping systems – state of the art and future trends.

– The International Archives of Photogramme-

try, Remote Sensing and Spatial Information

Sciences 35 (B): 10 p.

Skaloud, J., 2006: Reliability in direct georefer-

encing: An overview of the current approaches

and possibilities. – EuroSDR workshop Euro-

COW on Calibration and Orientation, Castellde-

fels, Spain. isprs.org/commission1/euroCOW06/

euroCOW06_iles/papers/Eurocow06Skaloud.

pdf (2011-11-08).

tome, P. & Yalak, o., 2008: Improvement of Ori-

entation Estimation in Pedestrian Navigation by

Compensation of Magnetic Disturbances. –

Navigation 55 (3): 179–190.

WaCkroW, r., Chandler, J.h. & brYan, P., 2007:

Geometric consistency and stability of consum-

er-grade digital cameras for accurate spatial

measurement. – The Photogrammetric Record

22 (118): 121–134.

WaCkroW, r. & Chandler, J.h., 2008: A conver-

gent image coniguration for DEM extraction

that minimises the systematic effects caused by

an inaccurate lens model. – The Photogrammet-

ric Record 23 (121): 6–18.

Woodman, o.J., 2007: An introduction to inertial

navigation. – Computer Laboratory. University

of Cambridge. Technical Report number 696.

UCAM-CL-TR-696.

YaStikli, n. & JaCobSen, k., 2002: Investigation of

direct sensor orientation for DEM generation. –

The International Archives of the Photogram-

metry, Remote Sensing and Spatial Information

Sciences 34 (1): 298–304.

YaStikli, n. & JaCobSen, k., 2005: Direct sensor

orientation for large scale mapping–potential,

problems, solutions. – The Photogrammetric Re-

cord 21 (111): 274–284.

Feliz, r., zalama, e. &GómezGarCía-bermeJo, J.,

2009: Pedestrian tracking using inertial sensors.

– Journal of Physical Agents 3 (1): 35–42.

Frank, k., vera nadaleS, J. & anGermann, m.,

2010: Reliable Real-Time Recognition of Mo-

tionRelated Human Activities Using MEMS In-

ertial Sensors. – ION GNSS 2010, Portland, Or-

egon, USA.

GarCía-aSenJo, l., lerma, J.l., GarriGueS, P., ba-

SelGa, S., CabrelleS, m., hernández, d., bu-

Chón, F. & navarro, S., 2008: Integración de

GNSS y un sistema de navegación inercial de

bajo coste para la georeferenciación directa de

imágenes fotogramétricas. – International Con-

gress on Geomatic & Surveying Engineering: 9

p., Valencia [on CD-ROM].

haala, n. & böhm, J., 2003: A multi-sensor system

for positioning in urban environments. – ISPRS

Journal of Photogrammetry & Remote Sensing

58: 31–42.

haoa, X. &maYer, h., 2003: Orientation and auto-

calibration of image triplets and sequences. –

The International Archives of the Photogram-

metry, Remote Sensing and Spatial Information

Sciences 34 (3/W8): 73–78.

JaCobSen, k., 2000: Potential and limitation of di-

rect sensor orientation. – The International Ar-

chives of the Photogrammetry and Remote Sens-

ing 33 (B3/1): 429–435.

kirChhöFer, m.k., Chandler, J.h. &WaCkroW, r.,

2010: Testing and application of a low-cost pho-

togrammetric recording system suitable for cul-

tural heritage recording. – Proceedings of RSP-

Soc and Irish Earth Observation Symposium:

330–337 [on CD-ROM].

kirChhöFer, m.k., Chandler, J.h. &WaCkroW, r.,

2011: Cultural heritage recording utilising low-

cost close-range photogrammetry. – Proceed-

ings of CIPA 23rd International Symposium: 8

p., Prague, Czech Republic [on CD-ROM].

lerma, J.l., navarro, S., CabrelleS, m. & SeGuí,

a.e., 2010: Camera calibration with baseline

distance constraints. – The Photogrammetric

Record 25 (130): 140–158.

moStaFa, m.m.r. & SChWarz, k.P., 2001: Digital

image georeferencing from a multiple camera

system by GPS/INS. – ISPRS Journal of Photo-

grammetry & Remote Sensing 56: 1–12.

PolleFeYS, m., vanGool, l., verGauWen, m., verbi-

eSt, F., CorneliS, k. & toPS, J., 2004: Visual Mod-

eling with a Hand-Held Camera. – International

Journal of Computer Vision 59 (3): 207–232.

PortaléS, C., lerma, J.l. & navarro, S., 2010:

Augmented reality and photogrammetry: A syn-

ergy to visualize physical and virtual city envi-

ronments. – ISPRS Journal of Photogrammetry

and Remote Sensing 65: 134–142.



250 Photogrammetrie • Fernerkundung • Geoinformation 3/2012

Albacete, Tel.: +34-96-7599200, Fax: +34-96-

7599233, e-mail: beatriz.felipe@uclm.es

Asso. Prof. Dr.-Ing. JoSé luiS lerma, Universitat

Politècnica de València, Department of Carto-

graphic Engineering, Geodesy and Photogramme-

try, E-46022 Valencia, Tel.: +34-96-3877550, Fax:

+34-96-3877559, e-mail: jllerma@cgf.upv.es

Manuskript eingereicht: November 2011

Angenommen: März 2012

Addresses of the Authors:

Asso. Prof. Dr.-Ing.davidhernández, Universidad

de Castilla-La Mancha, Departamento de Ingenie-

ría Geológica y Minera, E-02071 Albacete, Tel.:

+34-96-7599200, Fax: +34-96-7599233, e-mail:

david.hernandez@uclm.es

Ing. miriam CabrelleS, Universitat de València,

Departamento de Prehistoria y Arqueología,

E-46022 Valencia, Tel.: +34-96-3877550, Fax: +34-

96-3877559, e-mail: miriam.cabrelles@uv.es

Dr.-Ing. beatriz FeliPe, Universidad de Castilla-La

Mancha, Instituto de Desarrollo Regional, E-02071




