
Journal of the Chinese Institute of Engineers
Vol. 34, No. 7, October 2011, 849–862

Static error budget analysis for a land-based dual-camera mobile mapping system
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A mobile mapping system (MMS) is developed based on a direct sensor orientation technique that integrates GPS/
inertial measurement unit (IMU) and digital cameras. This system is capable of directly mapping geospatial
information without the requirement of ground control. In this article, anMMS composed of two digital single-lens
reflex cameras and an Applanix POS AV-510� is described. There are several systematic errors that need to be
calibrated before achieving the goal of direct georeferencing. These are related to lens distortion, the lever-arm
between the GPS and the camera’s perspective center, and the boresight misalignment angles between the IMU and
the camera frame. Experimental results show that the calibration field is the major error source. However, with the
designed system, we can achieve a maximum three-dimensional positioning error of less than 18.27 and 7.74 cm at
distances 20m using a single camera with parallel imaging and dual-cameras with convergent imaging, respectively.
The results demonstrate that the potential of high-accuracy land-based MMS applications is promising.
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1. Introduction

Advances in sensor technology and increased rapid data
collection demand have fueled the need for faster and
more accurate multi-sensor geospatial data collection
platforms in the geoinformation community. It has
been found that a mobile platform equipped with
multiple sensors and direct sensor orientation capability
is the most cost-effective approach (El-Sheimy 1996). A
mobile mapping system (MMS) is simply a dynamic
mapping system that is installed on a moving vehicle,
such as a satellite, an airplane, a helicopter, a ship, a car,
a tricycle (Google 2009), or even a backpack (Ellum
2001). The remote sensors used could consist of some
combination of a frame-based optical camera, a push-
broom multi-spectral scanner, synthetic aperture radar,
a laser scanner, and a hyper-spectral scanner. However,
the two most essential sensors in a direct georeferencing
platform are the GPS and the inertial measurement unit
(IMU), which are used to measure the trajectory and
attitude of the vehicle (Mostafa and Schwarz 2001).

Precise remote sensor positioning and orientation
data are crucial elements for the mapping of ground
objects. For example, in frame-based cameras, the
interior and exterior orientation parameters are neces-
sary in order to perform stereo-plotting, generate a
digital terrain model, create ortho-images, produce
three-dimensional (3-D) city models, etc. Airborne

laser scanning is capable of acquiring many thousands
of 3-D point clouds in 1 s by means of a direct

georeferencing technique that utilizes GPS and IMU
(Burman 2000, Katzenbeisser 2003, Skaloud and Lichti
2006). The most critical issue is how to transform the

vehicle’s trajectory and attitude information into the
remote sensor’s exterior orientation parameters.

Conventionally, in aerial triangulation, the exterior
orientation parameters are determined through bundle

block adjustment using well-distributed ground control
points (GCPs) and highly redundant image tie-points

(Gruen 1982), also known as indirect georeferencing.
This approach is too laborious and time consuming for
the field surveying of ground control points, which is

particularly difficult in mountainous forests and desert
areas. In addition to being time consuming, this
approach also requires experts for the analysis of the

network geometry of the ground control points and tie-
points in order to achieve reliable and precise bundle
block adjustment results. Occasionally, the shortage of

land cover features may lead to a failure or mistake in
automatic tie-point matching and unreliable triangu-

lation results will be introduced (Heipke 1997). The
trajectory of a land-vehicle MMS is irregular and so
there is normally no overlap in the acquired images;

thus, bundle block adjustment is not feasible and
ground control surveying is impractical.
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The GPS-supported aerial triangulation approach
goes a step further to integrate GPS observations
within the bundle block adjustment with a minimal
number of ground controls (Curry and Schuckman
1993). Tie-point image matching can be performed
easily, assuming that vertical imaging is performed.
This method can provide densely controlled blocks
with a more uniform accuracy distribution, which
significantly reduces the ground control point require-
ment compared to that of the indirect georeferencing
approach. However, many critical issues remain that
have to be treated carefully in order to achieve a high
degree of accuracy and reliability, such as GPS-camera
lever-arm offset calibration, datum and coordinate
system transformation, orthometric height estimation,
and geoidal modeling (Greening et al. 1994).

Fully automatic aerial triangulation without any
ground control for the measurement of a vehicle’s
trajectory and attitude can be achieved by the integra-
tion of GPS and IMU (El-Sheimy 1996, Mostafa and
Schwarz 2001, Schwarz and El-Sheimy 2004). This
approach, also known as direct sensor orientation, is
particularly suitable for land-vehicle MMSs because
neither bundle block adjustment nor ground control is
required. Meanwhile, since the attitude and position
integration provided by the IMU is a double integral of
acceleration, highly accurate results are possible for
only a short time. However, this problem can be
corrected by the GPS. Similarly, the GPS cycle slip
problem can be compensated for by the IMU.
Therefore, a combination of a GPS and an IMU is
considered to be an optimal solution to measure a
vehicle’s trajectory and attitude information (Jacobsen
2004, Yastikli and Jacobsen 2005).

The direct sensor orientation is composed mainly of
three steps, namely (1) sensor calibration, (2) GPS/
IMU pre-processing, and (3) determination of the
sensor’s exterior orientation parameters. The sensor
calibration includes three major parts: the determina-
tion of the lever-arm offset between the GPS and the
perspective centers of the remote sensors; the determi-
nation of the misalignment boresight angles between
the IMU body frame and the sensor frame; and the
elimination of the camera or laser scanner’s systematic
errors.

The boresight and lever-arm calibration can be
categorized as one-step (Kruck 2001, Pinto and
Forlani 2002, Skaloud and Schaer 2003) and two-step
methods (Skaloud 1999, Mostafa and Schwarz 2001).
In this study, a land-based dual-camera MMS is
proposed. Its network geometry is not strong enough,
because no cross-strip overlap can be obtained, making
bundle block adjustment unreliable. Therefore, for the
purpose of reducing the inter-parameter correlation

problem, instead of adjusting the exterior orientation
parameters together with the lever-arm offset and the
boresight angles in the least-squares adjustment (El-
Sheimy 1996), a two-step calibration approach is
adopted. For the same reason, the lens distortion
parameters are calibrated in advance to avoid the
coupling issue between all unknown values.

In this study, a land-vehicle MMS is proposed for
the purpose of collecting a large quantity of façade
images in a campus. This type of system has many
applications such as topographic mapping, photo-
realistic city modeling, and point of interest (POI)
collection. We focus on error budget analyses and a
potential accuracy evaluation of the POS AV510� in a
land-based MMS. A detailed description of the
proposed system, the methodologies, and the results
of the error budget analyses will be discussed in the
following sections.

2. Methodology

A land-based vehicle equipped with dual digital single-
lens reflex (DSLR) cameras with an Applanix POS
AV-510� was designed to accomplish the goal of
mobile mapping.

2.1. System configuration

Figure 1 illustrates the configuration of the proposed
MMS. The major components of this system include
two laptop computers, two Nikon� D2Xs DSLR
cameras, and an Applanix POS AV-510� that contains
a GPS, an IMU, and a dedicated computer. The laptop
computer forms the bridge between the camera and the
POS AV-510�. It controls the image acquisition time
interval, sends the trigger events to the POS AV-510�,
and stores the acquired pictures. The trigger events are
stored both in the POS system and in the laptop for
synchronization verification. However, due to the fact
that the POS AV-510� can accept a maximum number
of two triggers independently, synchronization
between the two DSLR cameras was not necessary.
This means that the two laptop computers were
running independently without synchronization.

Figure 2 shows the installation of all the equip-
ment. The GPS was installed at the top of a metal
frame and the IMU was arranged on the upper side of
the cameras. The distances between the GPS, the IMU,
and the two cameras were all less than 20 cm, which
can be considered as a constant, because they were all
fixed to a metal frame. For the purpose of façade
texture mapping and space intersection, the two
cameras were positioned on the top and right-hand
side of the car with an elevation angle of 30� and a
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convergent angle of 60�. Two AF-S DX Zoom-Nikkor
17–55mm f/2.8G lenses were used. Although they are
zoom lenses, during camera calibration and data
acquisition, the focal length was fixed at 28mm. The
camera has a CMOS sensor chip with a size of
23.7� 15.7mm2 and a resolution of 4288� 2848
(12M) pixels. This means that the pixel size is 5.5�m
and that its field of view (FOV) at a focal length of
28mm is around 31� � 46�.

2.2. Direct georeferencing

Figure 3 shows the concept of direct georeferencing
based on the GPS/IMU measurement in which the

target ‘Point’ (P) on the ground is a POI for position-

ing. Its location is denoted as a position vector (rMP ),

which refers to the mapping frame (M ). The position

vector of the camera’s (C ) perspective center is denoted

as RM
C . The target P is measured on the photo plane

( p), and its position vector is denoted as rCP . Therefore,

if the rotation matrix (RM
C ) of the camera is known,

Equation (1) can be obtained:

rMP ¼ rMC þ RM
C � r

C
P , ð1Þ

where rCP ¼ SP
p � r

C
p and SP

p is a scale factor which can be

determined by means of a stereo-pair and a measure-

ment of its conjugate points.
If the GPS, IMU, and digital cameras are fixed on a

rigid body, their relative positions and rotation angles

Figure 1. System configuration.

Figure 2. Equipment installation.
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can be considered as constant values. By means of a
GPS position vector (r tð ÞMGPS) and its lever-arm (rCGPS),
we can calculate the location of the camera’s perspec-
tive center (rMC ) using Equation (2). Again, from IMU
(body frame) attitude measurement (denoted as a
rotation matrix ðR tð ÞMB Þ and the boresight angle ðRB

CÞ,
we can estimate the camera’s attitude (denoted as a
rotation matrix RM

C ) using Equation (3). For conve-
nience, we combine Equations (2) and (3) to form
Equation (4). Finally, for the purpose of direct
georeferencing, Equation (1) can be rearranged to
obtain Equation (5).

rMC ¼ r tð ÞMGPS�R
M
C � r

C
GPS ð2Þ

RM
C ¼ R tð ÞMB �R

B
C ð3Þ

rMC ¼ r tð ÞMGPS�R tð ÞMB �R
B
C � r

C
GPS ð4Þ

rMP ¼ r tð ÞMGPS�R tð ÞMB �R
B
C � r

C
GPS þ R tð ÞMB �R

B
C � S

P
p � r

C
p

ð5Þ

2.3. Camera calibration

Since the amateur DSLR cameras used in this study
are non-metric cameras, there is another systematic
error embedded in Equation (5) that will introduce
significant positioning error during mapping (Fryer
and Brown 1986). This systematic error is called lens
distortion, which has to be calibrated in advance. Here,
we recommend that the lens distortion be calibrated
independently in order to avoid the inter-parameter

correlation problem, which will introduce divergence

during the least-squares adjustment.
Many kinds of camera calibration methods have

been discussed in literature. Here, considering the cost

and difficulty of implementation, we utilize the self-

calibration bundle adjustment with additional param-

eters (Fraser 1997) for camera calibration. Equation

(6) illustrates the mathematical form of the photo-

grammetric collinearity equation containing the lens

distortion correction terms (Dx,Dy).

xa�x0þDx

¼�f
ðm11ðXA�XLÞþm12 YA�YLð Þþm13ðZA�ZLÞ

ðm31ðXA�XLÞþm32ðYA�YLÞþm33ðZA�ZLÞ
ya�y0þDy

¼�f
ðm21ðXA�XLÞþm22ðYA�YLÞþm23ðZA�ZLÞ

ðm31ðXA�XLÞþm32ðYA�YLÞþm33ðZA�ZLÞ

8>>>>><
>>>>>:

ð6Þ

where ðxa, yaÞ are the image coordinates; ðx0, y0Þ the

principal point coordinates; f is the focal length;

ðXA,YA,ZAÞ the object space coordinates for target A;

ðXL,YL,ZLÞ are the locations of the camera perspec-

tive center; and ðm11 �m33Þ are the nine rotation

matrix elements calculated from the camera’s attitude

ð!, ’, kÞ. As shown in Equation (7), the lens distortion

parameters include radial lens distortion K1,K2,K3,

de-centering lens distortion ðP1,P2Þ, and in-plane

distortion ðb1, b2Þ. For a detailed description of these

parameters, please refer to Fraser (1997).

Dx¼ xr2K1 þ xr4K2 þ xr6K3 þ P1 r2 þ 2x2
� �

þ2P2xyþ b1xþ b2y

Dy ¼ yr2K1 þ yr4K2 þ yr6K3 þ P2 r2 þ 2y2
� �

þ 2P1xy

8><
>:

ð7Þ

Figure 3. Concept of direct georeferencing.
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In this study, the Photometrix iWitnessPro� was
utilized for automatic camera calibration. We designed
a 3-D indoor calibration field located in a corner of a
room with a half-cube shape, composed of three walls
on which 48 specially designed red retroflex coded
targets were stuck. An example of the coded target is
shown in Figure 4(a) and a sample picture for camera
calibration in Figure 4(b). The red coded targets
should be automatically recognized so that the conju-
gate point measurement procedure can be achieved
completely automatically (Cronk et al. 2006, Fraser
and Cronk 2009). Since the radius of the red point on
the coded target is known to be 7.9mm, the length
between two certain points, such as the two line-
segments shown in Figure 4(a), is also known. Thus,
the distance observations derived from the coded
targets are used as the scale control during bundle
adjustment. This means that precise ground control
points are not required. Another advantage for this
camera calibration procedure is that a large number of
well-distributed camera positions can be arranged and
many tie-point image coordinate measurements can be
performed automatically. This means that a high
degree of reliability and accuracy can be achieved,
provided the network geometry is good (highly con-
vergent imaging is used) and orthogonal roll angle
imaging is adopted (Fraser 2001, Remondino and
Fraser 2006).

2.4. GPS/IMU pre-processing

The Applanix POS AV-510� was adopted for GPS
location and IMU attitude measurement. Since the
POS system is a black box to the user and its
theoretical basis is beyond the scope of this research,

we utilized the Applanix PosProc� package for GPS
and IMU processing (Mostafa et al. 2001). At the end
of the GPS/IMU pre-processing, we imported the
camera trigger events into the Applanix PosEO�

package for interpolation of the GPS location and
IMU attitude at the time of exposure. At that time,
they can be further compared with the camera’s
exterior orientation parameters calculated from photo
triangulation (to be discussed later). Boresight and
lever-arm calibration are performed based on
Equations (3) and (4).

2.5. Outdoor control and test field

In order to determine the boresight misalignment
angles and accomplish lever-arm offset calibration
and quality assessment, an outdoor control and a test
field with highly accurate absolute geographic coordi-
nates is a must. Figure 5 illustrates the control and test
field, which is the façade of a five-story building. At the
same time, consecutive measurements were carried out
24 h a day for 7 days at the GPS station (SPP0) located
on top of a five-story building about 80m away from
the control field. This was adopted as the reference
GPS station. Thirty minutes of observations from four
other GPS stations were utilized as ground control
points. Their geographic locations were calculated
using the Leica LGO� software through DGPS pro-
cessing. The coordinates of these four GPS stations
were further transferred to a TWD97 (Taiwan Datum
1997) coordinate system. The coordinates for the
façade ground control points and check points (CKP)
were measured by a total station located at two of
these four GPS stations, for the purpose of repeated
measurement and quality assessment.

Figure 4. (a) Red target and (b) sample image for camera calibration.
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2.6. Photo triangulation (PT)

In order to achieve a high precision in systematic
calibration, we adopted a ‘static’ approach for data
collection, making sure that the car remained station-
ary when taking pictures also meant we could avoid the
problem of non-synchronization between the exposure
time and the trigger event. The car moved approxi-
mately north to south, stopping every 5m for 90 s. One
picture was taken every 15 s. This means that there
were approximately five pictures that could be adopted
for further systematic calibration or 3-D positioning
error analyses during the period of immobility. After
25min of data acquisition, there were a total of 92
pictures taken by each camera at 16 static stations. As
noted in Figure 2, the two DSLR cameras had 60�

convergent angles. Among the 16 stations, we chose
nine images from the D2X camera (looking forward)
and eight images from the D2Xs camera (looking
backward) to cover the control field on which we
performed photo triangulation using Photometrix
iWitnessPro�. Four sample pictures from the two
cameras are shown in Figure 6.

2.7. Boresight and lever-arm calibration

In this study, we carried out two-step boresight and
lever-arm calibration (Mostafa and Schwarz 2001).
This means that instead of treating these two system-
atic errors as unknown values within the bundle
adjustment process, systematic errors were estimated

by comparing the photo triangulation results with the
GPS/IMU pre-processing results. The photo triangu-
lation provides the position vector for the camera’s
perspective center ðrMC Þ and rotation matrix ðRM

C Þ.
Meanwhile, after GPS/IMU pre-processing, we
obtained the position vector ðrðtÞMGPSÞ for the GPS
antenna phase center and the rotation matrix ðRðtÞMB Þ
derived from the IMU’s attitude with respect to the
mapping frame at that exposure time. Thus, using
Equations (8) and (9), we could estimate the rotation
matrix ðRB

CÞ for angular misalignment between the
camera and the IMU body frame, and the lever-arm
offset vector ðrCGPSÞ between the camera and the GPS.

RB
C ¼ R tð ÞMB

� �T
�RM

C ð8Þ

rCGPS ¼ RM
C

� �T
� r tð ÞMGPS�r

M
C

� �
ð9Þ

3. Error analysis

The error budget of direct georeferencing can be
analyzed from the law of error propagation. The
direct georeferencing formula, Equation (5), can be
simplified to give Equation (10). The 3-D positioning
error of a point (rMP ), as shown in Equation (11), is
affected by the GPS/IMU position and orientation
errors, the boresight and lever-arm calibration errors,
the stereo-pair geometric error, image measurement

Figure 5. Control and test fields.
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errors (including camera calibration errors), and the
time synchronization error in which vðtÞ and wðtÞ are
the velocity and angular velocity of the platform,
respectively.

rMP ¼ r tð ÞMGPS�R tð ÞMB �R
B
C rCGPS � SP

p � r
C
p

� �
ð10Þ

�rMP ¼ �r tð Þ
M
GPSþ �R tð ÞMB �R

B
C rCGPS � SP

p � r
C
p

� �

þ R tð ÞMB � �R
B
C rCGPS � SP

p � r
C
p

� �
þ R tð ÞMB �R

B
C � �r

C
GPS

þ R tð ÞMB �R
B
C � �S

P
p � r

C
p þ R tð ÞMB �R

B
C � S

P
p � �r

C
p

þ �t v tð Þ � w tð Þ � RB
C rCGPS � SP

p � r
C
p

� �h i
ð11Þ

In this study, the time synchronization problem is
not considered, due to the fact that a static data
collection approach is adopted. In addition, for sim-
plicity, the aspect of covariance error propagation,
such as the coupling problem between GPS and INS, is
also not considered. It was treated by the Applanix
PosProc� software.

3.1. GPS/IMU pre-processing error

During the experiment, the data acquisition frequency
for the GPS was 1Hz and for the IMU 200Hz.
Figure 7 illustrates the standard deviation after GPS/
IMU pre-processing for the 16 static stations. For each
station, there are about 90 GPS measurements and
1800 IMU measurements. The average of the GPS
location’s standard deviation is 0.30/0.73/0.69 cm for
the E/N/H axes, respectively. Meanwhile, the average
of the IMU attitude’s standard deviation is 0.0014/
0.0016/0.0021 degrees for the roll/pitch/heading angles,
respectively. The results demonstrate that variation in
the GPS location is within sub-centimeters and that of
the IMU attitude will cause a maximum positioning

error of 0.073 cm (¼2000� 0.0021��/180) when the
target is at a distance of 20m.

3.2. Image measurement error

Since the DSLR camera used has a pixel size of 5.5�m,
and the focal length is 28mm, the instantaneous field
of view (IFOV) for 1 pixel is around 0.01125�

(�1:964� 10�4 radian). Assuming that the manual
measurement error is 1/3 of a pixel and the distance
from the target to the camera is 20m, the image
measurement error will introduce a positioning error of
0.13 cm. When 1 pixel of a priori image measurement
error is assumed, the introduced object space position-
ing error is only 0.39 cm, which is the same as its
ground sampling distance (GSD) calculated by means
of the image scale and the CCD pixel size.

Figure 6. Sample images taken from (a) D2X and (b) D2Xs.

Figure 7. Standard deviation in the (a) GPS and (b) IMU
pre-processing results.
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3.3. Camera calibration error

Table 1 presents some statistics and lens distortion
parameters after camera calibration in which 60 and 48
pictures were utilized from the D2X and D2Xs
cameras, respectively. Figure 8 illustrates the network
geometry for the calibration of the D2X camera. The
triangulation network demonstrates a highly conver-
gent imaging scheme and plenty of image measure-
ments were performed. From Table 1, we also can
observe that the amount of radial lens distortion at
14mm (from scene center to corner) was about 40
pixels, which is much larger than that of the
de-centered one, which is around 1 pixel. The overall
object space positioning accuracy is around 0.05mm,
and the image measurement error is around 1/5–1/6
pixel. The relative accuracy of the object space
achieved was 1:61,200 to 1:69,700, which means
that a positioning error of 0.03 cm would be
introduced when the size of the target was about
20m. The calibration results minimize the image
space positioning error due to lens distortion
and ensure a high precision of space intersection
when the camera’s exterior orientation parameters
are accurate.

3.4. Accuracy of control and test fields

We evaluated the precision of the total station
measurement of the façade targets using repeated
measurements. The local coordinate systems were
defined by the two GPS stations; two combinations

among these four GPS stations were adopted for
repeated measurement. At the end, a total of 53 façade
targets were measured and one of the two repetitive
measurements was transferred to the other by a seven-
parameter transformation including three parts,
namely, scale, shift, and rotation. Eventually, we
achieved 2.07/3.10/1.05 cm of standard error as com-
pared to known measurement values in the coordinate
transformation on the X/Y/Z axes of a local coordinate
system. The façade target points were further trans-
ferred to a TWD97 map projection system again using
a seven-parameter transformation. Finally, an absolute
accuracy of 3.30/1.73/1.05 cm was obtained for the E/
N/H axes compared to known values, respectively.
This is a promising photo triangulation result and
serves as ground truth for the quality assessment of
direct georeferencing.

3.5. Accuarcy of photo triangulation

As stated earlier, 17 images were used in photo
triangulation. In total, we manually measured 53
conjugate image points, including both control (36)
and check (17) points. After bundle adjustment, the
estimated accuracy of the object space coordinates on
the E/N/H axes was 0.42/0.26/0.19 cm, respectively,
compared to known values and the estimated accuracy
of the image measurement was 0.23 pixels. Figure 9
shows the geometry of the bundle adjustment network,
which is not good, due to the fact that a land-based
vehicle can take only one strip of imagery rather than a
block, although the convergent imaging from the two

Table 1. Camera calibration results.

D2X D2Xs

Number of photos 60 48
Number of points 368 352
Focal length, f (mm) 27.8496 27.4469
Principal point (x0, y0) mm �0.0006, 0.0070 0.0210, 0.0355
Radial lens distortion K1 �8.3920� 10�5 �6.8852� 10�5

K2 3.9509� 10�8 �6.3363� 10�8

K3 �2.0045� 10�10 1.5265� 10�10

Maximum distortion @14mm �232.2mm or 42.22 pixels �210.8 mm or 38.33 pixels
De-centering lens distortion P1 �3.2364� 10�5 �1.7834� 10�5

P2 9.4807� 10�6 �1.2519� 10�5

Maximum distortion @14mm 6.7mm or 1.22 pixels 4.16 mm or 0.76 pixels
Accuracy X (mm) 0.0518 0.0378

Y (mm) 0.0672 0.0686
Z (mm) 0.0425 0.0357
Overall (mm) 0.0538 0.0474
Image measurement 0.19 pixels 0.15 pixels
Relative 1:61,200 1:69,700
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Figure 8. Network geometry for D2X camera calibration.

Figure 9. Network geometry from photo triangulation.
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cameras can help compensate for this deficiency. Thus,
the result is good enough for further boresight angle

and lever-arm offset calibration.

3.6. Boresight and lever-arm calibration errors

The previous photo triangulation results (exterior

orientation parameters) are used for reference. From

the D2X camera, we have nine sets of boresight angles
(D!,D’,Dk) and lever-arm vectors (Yx,Yy,Yz), while

for the D2Xs camera, we obtain eight calibration

results. These parameters are averaged to get the final

calibrated parameters. The lengths of the two lever-
arms are 13.0 and 15.33 cm from GPS phase center to

the D2X and D2Xs, respectively. Tables 2 and 3

illustrate the calibrated boresight angles and lever-arm
vector for each image, the average (AVG), the differ-

ence between the photo triangulation (PT) results, and

the EOP after applying the average to each image, in

which the boresight angle was transferred from its
corresponding rotation matrix. It can be seen that the

maximum standard deviation (STD) of the lever-arm

difference is less than 1.75 cm and that of the boresight

angle misalignment is about 0.036� (D2Xs, D�), which
would introduce a positioning error of 1.25 cm for

targets at a distance of 20m.

3.7. Image space back-projection error

For automatic façade texture mapping applications, it
is assumed that a 3-D building model and the interior/
exterior orientation parameters of the images exist.
Then, in order to extract façade texture from an image,
we can utilize the collinearity equation to back-project
the façade corner coordinates onto the image to
calculate their corresponding image coordinates.
Since the image space back-projection error is propa-
gated from the target’s coordinate errors (53.3 cm),
camera calibration errors (50.03 cm), and boresight/
lever-arm calibration errors (51.25 cm), the major
sources of error arise from the target and from the final
calibration. Thus, back-projection analysis is a suitable
index to evaluate the quality of direct georeferencing.
Here, the control and check points on the façade were
treated as ground objects. Their 3-D coordinates were
back-projected onto their corresponding image space
and compared with the manual image measurements
established within iWitnessPro�. Table 4 gives the
average discrepancy on the x- and y-axes and the
RMSE for each image. The control points and check
points are separated to avoid their contribution in
photo triangulation. However, there is no significant
difference in the overall RMSE, which is between 1.5
and 5.4 pixels for the D2X and between 3.9 and 4.8
pixels for the D2Xs. Since the GSD is about

Table 2. Boresight calibration results for each picture (degrees).

Image ID

Boresight angle Difference to PT

D! D’ D� D! D’ D�

D2X 24.0000 1.0965 28.3039 89.2993 �0.0100 0.0447 0.0055
29.0000 1.0851 28.2827 89.2959 �0.0069 0.0214 0.0116
34.0000 1.0858 28.2720 89.3133 0.0034 0.0122 �0.0147
39.0000 1.0926 28.2458 89.3005 0.0341 �0.0085 �0.0306
42.0000 1.0887 28.2344 89.3039 0.0377 �0.0200 �0.0349
46.0000 1.0815 28.2462 89.3058 0.0183 �0.0124 �0.0176
51.0000 1.0677 28.2762 89.3044 �0.0250 0.0087 0.0261
55.0000 1.0566 28.2602 89.3115 �0.0275 �0.0098 0.0263
59.0000 1.0434 28.2366 89.3128 �0.0278 �0.0351 0.0300
AVG 1.0776 28.2620 89.3053 �0.0004 0.0001 0.0002
STD 0.0179 0.0235 0.0062 0.0241 0.0227 0.0238

D2Xs 51.0000 1.4646 �29.1846 �90.1578 �0.0422 �0.0283 0.0527
55.0000 1.4538 �29.1835 �90.1603 �0.0274 �0.0342 0.0372
59.0000 1.4576 �29.2199 �90.1447 0.0067 �0.0018 �0.0065
63.0000 1.4516 �29.2240 �90.1390 0.0253 �0.0035 �0.0326
71.0000 1.4770 �29.2234 �90.1373 �0.0184 0.0099 0.0171
75.0000 1.4582 �29.2291 �90.1508 0.0128 0.0070 �0.0047
79.0000 1.4727 �29.2239 �90.1382 �0.0119 0.0086 0.0105
83.0000 1.4562 �29.2687 �90.1177 0.0573 0.0396 �0.0773
AVG 1.4615 �29.2196 �90.1432 0.0003 �0.0003 �0.0005
STD 0.0091 0.0269 0.0136 0.0282 0.0205 0.0360
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Table 3. Lever-arm calibration results for each picture (cm).

Image ID

Lever-arm vector

Lr

Difference to PT

rx ry rz rx ry rz

D2X 24 0.12 6.34 10.49 12.26 0.51 0.27 �3.75
29 2.18 7.82 9.64 12.60 0.16 0.04 �1.11
34 2.37 7.51 10.09 12.80 0.64 0.31 �1.21
39 3.98 8.46 8.53 12.66 �0.47 0.52 0.94
42 4.24 8.70 8.67 13.00 �0.27 0.44 1.25
46 2.69 8.07 8.66 12.14 �0.67 0.19 �0.35
51 3.61 9.06 9.81 13.83 0.67 �0.34 0.69
55 3.24 9.78 8.89 13.61 �0.32 �1.01 0.96
59 5.03 9.98 8.55 14.07 �0.18 0.02 2.62

AVG 3.05 8.41 9.26 13.00 0.01 0.05 0.00
STD 1.44 1.14 0.75 0.69 0.47 0.45 1.75

D2Xs 51 6.15 5.47 �11.52 14.16 1.06 �1.35 �1.78
55 6.32 4.78 �10.29 12.99 �0.19 �2.01 �1.64
59 8.95 7.08 �10.98 15.84 �0.21 1.24 �0.06
63 7.73 9.09 �8.86 14.86 �2.02 2.67 �2.13
71 8.64 4.69 �11.30 14.97 0.16 �0.99 0.72
75 8.48 5.70 �11.54 15.41 0.46 �0.15 0.15
79 10.62 4.02 �12.00 16.52 0.28 �0.60 2.87
83 11.48 6.35 �12.11 17.85 0.23 1.78 2.57

AVG 8.55 5.90 �11.07 15.33 �0.03 0.07 0.09
STD 1.87 1.61 1.06 1.47 0.79 1.46 1.69

Table 4. Statistics for back-projection error analysis (pixels).

Camera
Image
ID

Number of
GCPs

Number of
CKPs

Control points (GCPs) Check points (CKPs)

AVG
X

AVG
Y

RMSE
X

RMSE
Y

AVG
X

AVG
Y

RMSE
X

RMSE
Y

D2X 24 9 6 �6.3 �1.9 6.3 1.9 �6.0 �3.5 6.1 3.6
29 9 3 �2.2 �0.7 2.3 0.7 �1.6 �2.9 1.6 2.9
34 7 3 �2.3 0.4 2.4 0.5 �2.3 �1.3 2.4 1.6
39 6 1 0.1 0.2 0.4 0.8 0.5 �0.3 0.5 0.3
42 10 6 1.3 2.0 1.4 2.1 1.6 �0.4 1.8 1.6
46 10 2 �1.9 1.0 2.0 1.1 �1.4 �0.6 1.6 1.4
51 9 5 3.4 1.2 3.4 1.3 3.8 �1.9 3.8 2.1
55 10 4 4.4 2.4 4.6 2.5 3.7 0.9 3.8 1.5
59 10 4 11.4 0.8 11.7 0.9 10.1 0.3 10.3 1.1
All 80 34 1.2 0.7 5.4 1.5 1.0 �1.2 4.9 2.2

D2Xs 51 6 5 3.1 1.6 3.3 1.6 2.4 2.9 2.4 3.0
55 2 3 1.9 0.4 1.9 0.5 1.7 1.2 1.7 1.6
59 11 9 �0.1 1.9 0.3 2.2 �0.2 3.9 0.7 4.6
63 13 6 6.5 6.9 7.0 7.7 6.9 8.1 7.8 9.0
71 13 8 �1.0 �3.2 1.2 3.4 �0.5 �1.5 0.9 1.7
75 12 5 �1.1 �0.4 1.2 0.6 �1.1 0.2 1.2 1.5
79 10 5 �8.1 �2.6 8.2 2.6 �6.9 �2.7 7.0 3.7
83 5 2 �6.8 0.3 6.9 0.7 �5.1 �1.4 5.1 2.3
All 72 43 �0.5 0.7 4.8 3.9 0.1 1.7 4.1 4.4
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0.2–0.4 cm, the back-project results have an estimated
3-D positioning error of around 0.3–2.16 cm.

3.8. Object space 3-D positioning error

Accurate object space positioning is the final goal for
high-precision 3-D mapping using an MMS. As stated
earlier, there were 16 static stations, with four to five
pictures acquired at each station. Of these, 17 pictures
were used for boresight and lever-arm calibration.
Here, another 17 images were selected for an indepen-
dent check, and all systematic error corrections such as
lens distortion, boresight misalignment angles, and
lever-arm offset were applied. The 53 façade targets
with 3-D coordinates that were known to be accurate
were again used as targets. Since one target could be
captured by different cameras at several stations, this
allowed for the analysis of space intersections with
different baseline lengths and three kinds of camera
combinations.

Table 5 illustrates the comprehensive experimental
results in which the combination of the D2X and the
D2Xs with long baseline lengths (420m) created a
high base-to-depth ratio and a good intersection
geometry. We obtained an RMSE of 1.35/1.61/
1.85 cm on the E/N/H axes, respectively, as compared
to the ground surveyed measurements. On the other
hand, for cases using a single camera with a shorter
baseline length and parallel imaging, the planimetric

positioning accuracy achieved was 3.40–5.41 cm and
the vertical positioning accuracy 1.41–2.22 cm when
compared with ground surveyed measurements. From
the mean error, we realize that there is a bias in the
eastern direction which is close to the photo direction,
as shown in Figure 5. The absolute maximum 3-D
positioning errors for a single camera and dual-camera
combination are less than 13 and 6 cm as compared to
the ground truth, respectively. This promising result
demonstrates that the proposed MMS with dual
DSLR cameras has the potential for high-accuracy
3-D mapping capability.

3.9. Summary

In Table 6, we summarize all the error budgets and
final direct georeferencing errors for the proposed
system, in which we assume the distance from the
camera to target to be about 20m. It can be seen that
most of the error sources are less than 2 cm. The most
significant error source comes from the control field,
which is very close in quantity to the final space
intersection errors.

4. Conclusions

This study presents a dual-camera MMS and performs
comprehensive error analysis for direct georeferencing
that includes GPS/IMU pre-processing errors, control

Table 5. Statistics for space intersection error analysis using direct georeferencing (cm).

Camera
combination

Baseline
length

Number
of CKPs

Mean Maximum Minimum RMS

DE DN DH DE DN DH DE DN DH DE DN DH

D2X-D2X 3.5m 50 2.07 1.83 �0.41 12.28 12.91 3.08 �6.23 �2.36 �3.26 4.82 3.79 1.55
7m 30 3.64 2.56 �0.36 12.55 12.38 2.06 �3.69 �0.59 �3.89 5.56 4.07 1.28
10.5m 13 3.72 2.53 0.28 9.43 10.63 2.38 �1.54 0.47 �2.36 4.71 3.64 1.23
14m 10 6.22 2.48 �0.19 9.26 4.30 1.80 2.13 0.67 �2.52 6.72 2.77 1.28
1-D 103 3.14 2.20 �0.29 12.55 12.91 3.08 �6.23 �2.36 �3.89 5.24 3.77 1.41
3-D 3.84 18.27 7.71 6.61

D2X-D2Xs 21m 40 0.17 �0.51 �0.46 2.47 1.77 4.69 �2.20 �3.34 �2.77 1.07 1.29 1.71
24.5m 29 0.18 �0.78 �0.10 3.01 2.09 3.08 �5.74 �3.55 �2.11 1.44 1.39 1.35
28m 20 0.53 �1.51 1.44 2.45 1.94 4.37 �3.27 �3.83 �1.58 1.56 2.13 2.15
32.5m 5 1.65 �1.84 3.26 2.37 1.51 5.70 1.21 �2.81 2.42 1.71 2.49 3.48
1-D 94 0.33 �0.88 0.25 3.01 2.09 5.70 �5.74 �3.83 �2.77 1.35 1.61 1.85

3-D 0.97 6.78 7.44 2.80

D2Xs-D2Xs 3.5m 49 �0.95 0.20 0.09 10.29 5.31 6.91 �9.08 �5.15 �4.97 4.82 2.73 2.36
7m 35 3.54 �2.48 �0.74 10.17 1.49 3.44 �6.10 �7.27 �5.27 5.62 3.43 2.07
10.5m 22 4.19 �3.54 �0.36 12.86 2.1 4.70 �1.21 �8.70 �6.11 5.65 4.24 2.27
14m 11 6.31 �3.94 �1.24 10.59 �3.09 1.02 3.79 �6.36 �3.02 6.59 4.05 1.92
1-D 117 2.04 �1.70 �0.37 12.86 5.31 6.91 �9.08 �8.70 �6.11 5.41 3.40 2.22

3-D 2.68 15.53 13.98 6.77
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and test field errors, camera calibration errors, photo
triangulation errors, boresight and lever-arm calibra-
tion errors, image back-projection errors, and 3-D
positioning errors. The adoption of a static data
collection scheme means that the GPS/IMU pre-
processing can achieve a very high precision result.
For camera lens distortion calibration, we propose a
fully automatic calibration procedure based on the
iWitnessPro�. With this, we can obtain a relative
accuracy of the object space of 1:61,000–1:69,000. A
two-step boresight and lever-arm calibration strategy
was adopted to avoid the inter-parameter coupling
problem. This resulted in accurate and reliable 3-D
positioning and image back-projection results.
Eventually, the designed MMS was demonstrated to
achieve a maximum 3-D positioning error of less than
18.27 and 7.74 cm at a distance of 20m for a single
camera and dual-camera combination, respectively.
The summary of the error budget analyses shows that
the major error source came from the field surveying of
the control field. However, the overall results are
promising for facade texture generation and topo-
graphic mapping applications, and the potential to
utilize the POS AV510� in a land-based MMS appli-
cation is good. Further evaluation with a dynamic data
collection scheme is required in future work in order to
assure direct georeferencing accuracy in practical
applications.
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