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ABSTRACT: New camera systems (metric and non-metric) continue to appear on the market, each time with 

improvements to the technology and more competitive pricing. This is the case with the metric medium format 
camera system iXU-RS1900 Aerial Camera System from Phase One Industrial.  With the purpose of understanding 
the advancements to the technology, exploring the extent of the capabilities, and to understand the performance 
of the camera in the field, the camera system was Photogrammetrically calibrated as detailed below.  The results 
are camera parameters and system parameters calibrated in working conditions in addition to the ones derived in 
the calibration lab. To accomplish this, the camera was flown at a two GSDs (5cm and 10cm) in two transversal flights 
with each strip flown in forward and reverse directions. This enabled the separation of the effect of GPS shift and 
the image movement due to shutter speed. The two flying heights permitted a focal length calibration usable for 
future flights of the camera with GSDs within this interval. The transversal flights cancelled, or minimized, the 
correlation between linear and angular exterior orientation parameters permitting the determination of fully 
independent misalignment and shifts. The boresight has an area of (~7 sq. miles) with (25) GCPs that have been 
measured with ± 1 cm. The individual steps of the calibration and mathematical derivations employed are shown 
along with corresponding intermediate results that have been statistically checked. Finally, the achieved results (with 
corresponding statistics) are compared to the Photogrammetric calibration values obtained by similar exercises 
carried out by the authors with other large format sensors. 

 
1. INTRODUCTION 

For the production of any photogrammetric product, the very first and most important photogrammetric task is the 
reconstruction or geometric modeling of all the rays in the space 
that gave rise to the generation of each image covering the area 
of interest, at the instant of exposure. For this it is necessary to 
have the internal calibration parameters of the used 
photogrammetric cameras (calibrated focal length and 
calibrated position of the principal point of the camera). Once 
this is completed, it is necessary to geo-reference these rays 
with respect to the 3-dimensional cartographic system over 
which the final product will be represented. In other words, the 
photogrammetric exterior orientation (EO) parameters of each 
image covering the area of interest at the instant of exposure is 
needed. 
  
The interior orientation parameters of the camera (Coordinates of the principal point with respect to the fiducial 
system of the camera or in the case of digital camera some conventionally adopted system; calibrated focal length 
of the camera) are supplied by the manufacturer or another agency. The calibrations are done in a lab with all 
precautions, e.g., constant temperature, humidity, air pressure, etc. This constant atmosphere it is very different 
from the atmosphere that exists under normal photogrammetric flight conditions.  Previously, in 1987 Prof. Dr. 
Meyer has shown that there are differences in the shape of the camera cone when working under different 
environments and consequently there are noticeable variations (Figure 1) in the length of the calibrated focal length. 
Table 1 shows the results of the investigation of Prof, Dr, H. Meyer. 
 

Figure 1 
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 Pressurized cabin, cover glass  Lens in free atmosphere  Lens in free atmosphere t like air 

Flying Height 6 Km 14 Km 6 Km 14 Km 6 Km 14 Km 

Wide Angle  
f=153 mm 

-20 µm -38µm -36µm -58µm -47µm -80µm 

Normal Angle 
f=305 mm 

+12µm -17µm -33µm -28µm -110µm -172µm 

Table 1 
 

There are significant changes in the focal length of the cameras and their calibrated values when the operational 
altitude and the atmospheric conditions are very different from the stable atmosphere of the lab. This is the case 
with film cameras that incorporate very different alloys as compared with the highly stable ones used for digital 
cameras. Nevertheless, it has been proven (although for some applications insignificant) that there is also cone 
deformation or in other words image plane deformation in modern digital frame cameras. Consequently, the 
position of the principal point of the camera with respect to the image coordinates also changes.   
  
The change in the lab calibrated focal length under working conditions produces only an affine distortion in height. 
Suppose df = 15 μm, in the case of a traditional orientation with control points – for image scale 1:6,500 and a dh = 
100 m against the leveled control points, we can express the scale factor as     

6,500 = (H + dh)/(f+df) or dh = 6,500 (f+df) – H; that after replacing is:    
dh ≈ 10 cm  
The same case but without control points, following the same reasoning it can be prove to be  
higher 

  
The changes in the position of the principal point of the camera produce horizontal (πx) and vertical (πy) parallax. 
The first gives rise to erroneous height values of the reconstructed terrain, and the second can easily be larger than 
the fixed stereoscopic vertical parallax for the purpose of highly accurate modeling. Hence, we can easily conclude 
that for direct sensor orientation laboratory calibration is not enough. 
 
The orientation 
of a stereoscopic 
model requires 
the precise 
coordinates and 
location of at 
least 3 GCP in the 
ground 
coordinates and 
in the image 
coordinate 
systems (Exterior 
orientation). In 
this way the 6 
orientation 
parameters 
(position of the 
projection center 
at the instant of 
exposure Xo, Yo, 
Zo, and the 
rotation angles 
φ; ω and κ) can 
be derived and 

Figure 2 
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the image can be geo-
registered. This 
procedure is done 
through what is called 
Space Resection. If 
more images are to be 
geo-registered an 
additional set of 3 
nonaligned control 
points are required per 
image pair. Working in 
this way the operation 
was historically 
extremely expensive. 
A process called aerial 
triangulation through a 
simultaneous bundle 
block adjustment 
avoids such waste of 
money, time and 
resources (see figure 4). Figure 5 shows a good control distribution as well as the savings in control as compared 
with the model approach of figure 2 and the consequent savings of time and resources. 
 
 

The simultaneous 
bundle block 
adjustment process 
eliminates the need 
for a minimum of 3 
distinct points per 
each stereoscopic 
image. Using this 
procedure, a set of 
GCPs is needed to 
perform the geo-
orientation of each 
image of the block of 
images. 
 
 
 
 
 
 

 
 

Figure 3 

Figure 4 
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Figure 5 shows the 
minimum number and 
distribution of GCPs. We 
can see that for just 108 
images 12 full control 
points in the periphery 
of the block and some 
23 (Z) vertical points are 
required. That is a total 
of 35 GCPs that must be 
measured on the 
ground.  
It is a vast improvement 
over the 115 GCPs if the 
individual model 
orientation method is 
used. Nevertheless, by 
using AT, 12 full and 23 
(Z) vertical points are 

still necessary, which is an unacceptable cost. 
      

2. AIRBORNE GPS MEASUREMENTS 
 

Of course, by 
today’s standards, 
35 GCPs for an 
area of this size is 
excessive. This is 
because now it is 
possible record 
the coordinates of 
the projection 
center at the 
instant of 
exposure by the 
use of the 
Airborne 
Kinematics GPS 
(ABGPS). In such a 
case we will 
require one GCP 
at the beginning 
and one at the 
end of each strip 
of the block. In 

many cases these points are being replaced by two cross strips thus requiring even fewer GCPs to stabilize and 
geo-reference the adjusted block. In the example of figure 6, theoretically speaking only 4 GCPs are required to 
adjust the block (one on each corner of the block). 
 
 
 
 

From K. Jacobsen 

From K. Jacobsen 

Figure 5 

Figure 6 
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3. INERTIAL MEASUREMENTS UNIT 
The IMU is a combination of gyros and 
accelerometers into a unit called INS/IMU (Inertial 
Navigation System/ Inertial Measurement Unit). 
The double integration of the acceleration together 
with the directional angles provided by the gyros 
supplies the coordinate differences from a known 
starting point (with known coordinates) to absolute 
positions. The absolute positioning given by the 
INS/IMU has very high accuracy in relative short 
period (e.g., 2.5 msec); but over large intervals is 
strongly affected by drift. On the other hand, the 
Relative Kinematic Airborne GPS has very precise 
positional data over relatively large time periods 
(e.g. 1 sec). As a standalone system the INS/IMU is 
not sufficient; instead it is best combined with a 

more stable one: GPS. Through the Iterative Kalman 
filter both positioning systems are combined. This 

also has the advantage for the GPS-positioning because it is no longer degraded by a loss of reference during rotation 
from one strip to the next – the short time accuracy of the IMU corrects this.  

 
The IMU attitude information can be obtained 
with a frequency up to 400 HZ (or more). Hence, 
even in the case of very turbulent conditions the 
Direct Sensor Orientation (DSO) can be used. 
The principle of connecting IMU data with GPS-
data by iterative Kalman filter is shown in Figure 
8.  
This is the Principle of connecting IMU-data with 
GPS-data via an iterative Kalman filter. Outputs 
of the systems are: Position, Attitude, Velocity, 
Acceleration, Roll, Pitch, Heading, and Angular 
rate.  The INS/IMU system is either attached to 
the camera or is an integral part of it as it is 
integrated on the modern digital cameras. The  
IMU generates roll, pitch and yaw (or heading). 
However, in photogrammetry we require the 

photogrammetric angles (ω, φ, К). Hence the 
attitude relationship between the IMU and the camera must be determined. This is done by a capturing imagery 
with a specific flight pattern above a calibration test field. Usually, the exterior orientation parameters derived from 
the bundle block adjustment (No self-calibration used) of the images covering the entire calibration test field are 
compared with the measurements of the IMU at the instant of exposure. There is no doubt that the different attitude 
definitions have to be taken into consideration and respected. 
 
 
 
 
 
 
 
 

Figure 7 

Figure 8 
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Figure 9 shows the definition of 
the inertial rotations YAW, 
ROLL and PITCH according to 
the definition of ARINC 705. 
The largest difference (on 
definition) is with the 
Photogrammetric angle kappa 
and the IMU angle yaw or 
heading. Yaw is measured with 
respect to the geographic 
North, whereas the 
Photogrammetric Kappa angle 
is with reference to the Grid 
Est. 
 
 
 
 
 
 

4. CONVERGENCE OF MERIDIAN 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 shows the angular relationship between the IMU measured angle Ψ and the photogrammetric rotation 
angle Κ. The relationship is through the “Convergence of Meridian” ε. This is a function of the projection ellipsoid 
and the mean latitude of the AOI, expressed as follows: 

ε = ψ- (90-K)… (1)  
 The attitude data of the IMU (yaw, roll, pitch) have to be transformed into the photogrammetric definition of the 
rotations (phi, omega, kappa or omega, phi, kappa). This transformation has to respect the different reference of 
the horizontal rotation (kappa / yaw) with the computation of the convergence of meridian in addition to the chosen 
sequence of rotations. After this transformation, the rotations of the IMU are known in the photogrammetric 
definition, hence the only remaining requirement is the attitude data of the camera. 
 

 
 
 
 

Figure 9 

Figure 10 
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5. BORESIGHT MISALIGNMENT AND CAMERA CALIBRATION 
As mentioned previously, the IMU must be fixed (or integrated into) to the photogrammetric sensor. In addition to 
the non-parallel system, the offset of the IMU origin to the camera projection center point is required and the GPS-

antenna offset has to be respected before mixing the GPS-data 
with the INS/IMU-data by the Kalman filter.  
  

Figure 11 shows the relationship between the GPS-antenna and 
INS/IMU. The relation of the 3 systems must have as reference 
the camera projection center in the object space (the entrance 
nodal point of the camera). The focal length defines the 
distance of the image plane from projection center in the image 
space (the exit nodal point). The distance between the entrance 
and exit node cannot be neglected, as this distance in the wide-
angle cameras can reach up to 10 cm. 
 
The GPS-antenna offset is approximately fixed in the aircraft but 
not in relation to the camera / IMU because of the rotation of 

the camera against the aircraft. Even if no gyro-controlled 
platform is used, the camera must be rotated in kappa for drift 

compensation. This means, the camera rotation must be measured (e.g. by a registration of the rotation of the gyro-
controlled platform). If the GPS-antenna is exactly above the camera and no gyro-controlled platform is used, the 
offset in relation to the camera does not change. 
 
 
 

6. PROJECTION CENTER OF THE PHOTOGRAPHIC CAMERA 
Figure 12 represents the projection center of an image showing 
that is a theoretical point located in between the entrance nodal 
point (projection center in the object space) and the exit nodal 
point (projection center in the image space).  
 
The boresight misalignment must be determined by means of a 
controlled bundle block adjustment. Based on control points, 
the exterior camera orientation has to be adjusted by bundle 
block adjustment as well. The difference between the exterior 
orientations and the IMU-data leads to the boresight 
misalignment. Such a difference can only be done once the 
correction for convergence of meridians is applied and either the 

IMU readings are transformed to the adjusted EO angles or vice 
versa. The exterior orientation from the bundle block adjustment 

is handled as an error free reference system, even if the accuracy is uncertain. There is a strong correlation of the 
exterior orientation parameters, especially phi with X0 and omega with Y0 (in the case of west – east flight direction) 
as seen in Table 2 below.  
 

Figure 11 

Figure 12 

From K. Jacobsen 



ASPRS IGTF 
Denver, CO January 27 – 31, 2019 

 

 

7. NECESSITY OF TWO GSDs (FLYING HEIGHTS)  
The high correlation values generate larger standard 
deviations for the projection center coordinates as well as for 
the ground points. This is especially true of the first and last 
image of the reference flight strips.  These should not be used 
for the computation of the misalignment because they are not 
completely filled with image points and so the exterior 
orientations from bundle block adjustment are not sufficient. 
Together with the misalignment, the interior camera 
separation of focal length from constant Z-difference 
orientation should be determined under flight conditions. This 
is important for the focal length and also the location of the 
principal point. The principal point can only be determined by 
flying the calibration test field with each line flown in opposite 

flight directions (two passes). If only one flight direction is available, it cannot be separated from the shift of the 
projection center. In addition, the principal point in image x-direction is highly correlated to time errors of the 
recording of the instant of exposure. The principal point and the focal length can only be determined with different 
flying altitudes of the reference flight. With only one flying altitude the focal length cannot be separated from 
constant shifts in Z caused by GPS positioning. The problems in the principal point and the focal length are important 
only if the AOI will be flown with multiple altitudes. If the calibration test field will be captured at only one GSD, the 
determination of the sources of Z-differences is not necessary as they will have the same influence in the object 
space. 
 
 
 

From K. Jacobsen 

Table 2. Correlation Matrices of Photo Orientations 

Figure 13 
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8. EXPERIMENTAL RESULTS 

A flight was done over the area surrounding the Northeast Philadelphia airport with the purpose of carrying out the 
system calibration of the aerial camera system iXU-RS1900 from Phase One Industrial.  The camera is a 4-Band, 
190MP camera with an Applanix IMU and a GSM DSM 400 mount.   Imagery storage and flight management software 
are also bundled with the camera that is 16740 X 11540 pixels with a pixel size of 4.6microns.   Keystone Aerial 
Surveys, Inc. performed the test flights in cooperation with Phase One in a short acquisition window in September 
with the Applanix POS AV 210 and 90mm lens configuration, but the option for a more robust POS AV 510 system is 
available. 
The experimental flight included the corrections to the position of the principal point of the camera, the calibration 
of the focal length, the misalignment of the camera axis with the IMU axis and a calibration of the distance between 
the origin of the IMU and the projection center of the camera (also known as the lever arm). The calibration field 
area covers an area of approximately 7 sq. miles. It includes two large shopping malls with very large parking lots 
with a wealth of painted parking lines. Crossed parking stripes and road markings that were recently painted over 
the pavement, were used as control points.  Twenty-five (25) of these points were measured with an accuracy of ±1 
cm or less. This test area was covered by two flights at two different altitudes (GSD of 5cm and 10cm) each line flown 
in a forward and reverse fashion and each GSD flight at 90 ͦ of the other GSD Flight. Table 3 shows the geometrical 
details of the flight: 

 End Lap Lat. overlap Height(ft) GSD (cm) # GCPs # Images 

Low Altitude 60% 40% 3320 5.2 25 89 

High Altitude 60% 40% 6500 10.2 25 405 

     Table 3. Calibration Flight Parameters 
 

This flight pattern allows for the statistically independent determination of the shifts of the airborne GPS positioning 
and the corrections to the principal point. The used calibration field area meets all the requirements to generate 
highly precise and reliable system calibration parameters: it is large enough, contains enough highly precise and 
reliable GCPs, has a strong geometric configuration, it is flown at two different altitudes (3320ft and 6500ft) and has 
each line flown in forward and in reverse directions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Processing of the GPS/INS data was performed using Applanix POSPAC and EO values were generated and 
imported into Pix4D Mapper, where they were refined.   Trimble INPHO was used to do the Aerial Triangulation, 
automatic tie point collection, and GCP measurement.   Finally, the data was imported into the software used for 
the Calibration: the Leibniz – Hannover University Bundle Block Adjustment Program BLUH authored by Prof. Dr. 
Ing. Karsten Jacobsen. For the calibration of the camera parameters, because the flight was done in the forward 
and reverse direction, the effect of the GPS-shift (if any) it is uncorrelated with the correction of the position of the 
principal point of the camera. Moreover, as the flight was done in two different GSD (i.e., two different flying 
height) then it is possible also to compute the calibrated focal length without the effect of the GPS-shift in Z.  
Figure 14 shows a typical signalized GCP, a crossing-parking stripe, while Figure 15 shows the image foot prints of 
the Calibration Flight. A strong crab angle is noticeable in the northern strips of the lower altitude flight. This was 

Figure 14 Figure 15 
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due communication disruption between the mount and INS.  As mentioned previously, the acquisition window for 
this test was short, the camera operator made the decision not to attempt to reacquire the lines once the 
communication settings were corrected.   The crab did not represent a problem for the computation of the 
calibration parameters. The first step in the calibration is an adjustment using airborne kinematic GPS readings 
along with the following additional parameters: 
 

13   x’ = x + x *P13  y’ = y + y * P13   = focal length  or GPS shift Z 
14   x’ = x + P14   y’ = y    = principal point x or GPS shift x’ 
15   x’ = x   y’ = y + P15   = principal point y or GPS shift 
 

The results of this adjustment generate two important values, namely the corrections for the coordinates of the 
principal point of the camera and the calibrated focal length (See partial listing of BLUH output below): 
 
ADDITIONAL PARAMETER 13   1 CORRESPONDS TO FOCAL LENGTH    89.969 +/-    .002 
ADDITIONAL PARAMETER 13   2 CORRESPONDS TO FOCAL LENGTH    89.975 +/-    .001 
SHIFT OF PRINCIPAL POINT X:   1    .006 
SHIFT OF PRINCIPAL POINT X:   2   -.014 
SHIFT OF PRINCIPAL POINT Y:   1   -.008 
SHIFT OF PRINCIPAL POINT Y:   2    .004 
 
                                                                 GPS-SHIFT            STANDARD DEVIATION 
                                                             X          Y       Z                 SX     SY     SZ 
 GPS DATA FOR DATA SET   1     -.221    .259   1.077         .024 .028 .294 
 GPS DATA FOR DATA SET   2     -.280 -1.036  1.860         .039 .049 .302 
 
 CHANGE OF FOCAL LENGTH                       -.020 = CORR. FOR F ->   89.980 mm 
 GPS-SHIFT ABSOLUT                                     .377 
 
 ADD. PARAMETER 1400 1 = PRINCIPAL POINT X    .006   SCALE 1:    34971. 
 ADD. PARAMETER 1400 2 = PRINCIPAL POINT X   -.014   SCALE 1:    74065. 
  
SHIFT OF PRINCIPAL POINT X:   -.031 mm 
 
 ADDITIONAL PARAMETER 1500    1  CORRESPONDS PRINCIPAL POINT Y   -.008 
 ADDITIONAL PARAMETER 1500    2  CORRESPONDS PRINCIPAL POINT Y    .004 
 
 SHIFT OF PRINCIPAL POINT Y:   -.002 mm 
 
The results of the calibration computations have been such that the new calibrated focal length of the camera is f= 
89.980 mm and the position of the principal point of the camera shall be shifted by Δx=-0.031mm and Δy=-

0.002mm. This means that the observed image coordinates have to be shifted by the same amount. This was 

accomplished by the Program BLPREP of the system program package BLUH. 

 
The next step is a new bundle block adjustment that it was made using the newly calculated focal length and the 
corrected image point observations without using ABGPS/IMU and no self-calibration. The results were as follows: 
 
ROOT MEAN SQUARE AT GCPs (in feet) 
 SX = +/-   .095    SY = +/-   .079       SZ = +/-   .763    
 NX =          25       NY =          25        NZ =          25   
  
 MAXIMAL DIFFERENCES (in Feet) 
 MAX DX =    .243   MAX DY =   -.144   MAX DZ =   2.278    
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 SYSTEMATIC DIFFERENCES 
 SYSTX =    .0014   SYSTY =    .0034   SYSTZ =    .0702 
 ROOT MEAN SQUARES WITHOUT SYSTEMATIC DIFFERENCES 
 SX = +/-   .095    SY = +/-   .0787   SZ = +/-   .7597 
 

OVERALL STANDARD DEVIATION (σ◦) = 2.9 Microns 

 
The large value of the SZ, the Max difference in Z (DZ) shows that although the image points have been corrected by 
the new calibrated position of the principal point of the camera and its calibrated focal length, there are still 
systematic errors that affect the Z-components of the AT derived points. 
 
The program GPSPL (component of the program System BLUH) assisted in the computations of the misalignment 
values: the lever arm (plus GPS shift if any). These are: 
 
MISALIGNMENT DETERMINED BY GPSPL  
                                                              
    -.00797    -.00119     .00053       .221      -.150        .243 
     CPITCH      CROLL      CYAW          CX           CY           CZ 
              [GRADS] 
 
These parameters can in turn be used to correct the orientation provided by the IMU-GPS at each instant of 
exposure. It is then possible to use the camera system in direct or integrated sensor orientation tasks. In order to 
test the reliability of the computations and to confirm the ability of the sensor working in this way, the direct sensor 
orientation approach was tested by using the corrected orientations and the corrected image coordinates of the 
GCPs. In this way two sets of coordinates were generated, i.e., one observed (field measured) and the other 
computed as explained in the above procedure. A summary below shows the results of the analysis: 
 
SQUARE MEAN OF DIFFERENCES 
  RMSX = +/-   .210     RMSY = +/-   .125     RMSZ = +/-   .884    

 NX      =            25     NY       =            25     NZ      =             25   
  
  
MAXIMAL DIFFERENCES (in Feet) 
 MAX DX =    .548   MAX DY =   -.379   MAX DZ =   2.798                OVERALL STANDARD DEVIATION (σ◦) = 3.8 Microns 
 
These are acceptable results in terms of RMSE for a direct orientation. Nevertheless, they show large discrepancies 
(see RMSZ and MAXDZ) that can be attributed to remaining systematic errors in the camera after the system 
calibration. 
 
Table 4 shows three different results of bundle block adjustment. One without self-calibration, the second with only 
the 12 standard additional parameters for self-calibration, and the third with the 12 standard plus additional 
parameters 81 to 88 that removes/minimizes the effect of the image deformation at their corners (typical of the 
medium size and small cameras) and the lack of flatness of the electronic chips over the focal plane of the camera.   

No self-calibration 12 Standard Add. Param 12Standard + 81 to 88 
σ◦ RMSX RMSY RMSZ σ◦ RMSX RMSY RMSZ σ◦ RMSX RMSY RMSZ 

2.9 .095 .079 .763 2.5 .077 .077 .532 2.1 .063 .070 .278 

Table 4. Result of Bundle Block Adjustment in Feet 
 

Table 4 shows a removal effect using the self-calibration by additional parameters over the systematic errors 
especially when considering the 12 standard additional parameters plus 81 to 88 on the computed Z adjusted 
values. Increments of the Z accuracy of about 30.3% and 63.6% are visible in the results, while the effect of the 
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self-calibration on the planimetric accuracy is not of the same magnitude. The residuals and their effect on the Z 
accuracy are represented in Figures 16 and 17. 

Figure 16 shows the 
overall (mean) residuals 
after bundle block 
adjustment 
with self-calibration (set 3 
in Table 4), using also 
camera system calibration 
parameters and 
corresponding corrected 
point observations.  
Figure 17 depicts the 
effect of the additional 
parameters by correcting 
the effect of the 

systematic errors (image 
deformation at their 
corners and the lack of 

flatness of the electronic chips over the focal plane of the camera). Figure 18 shows the Radial Symmetric Lens 
Distortion of the camera determined by self-calibration. 

Although it is small, an exponential increment of the values of the 
distortion at the corners of the camera is noticeable. This also 
contributes to the effect of the residuals. 
 
 
 
 
 
 
 
 
 
 
 
 

9. HISTORICAL COMPARISON 
In 2012 and in 2015, the authors performed similar studies with the UltraCam Eagle, Hexagon/ZI DMC II 
230 and the Nikon D810.   The results below are a comparison of these similar studies: 
 

   No self-calibration 12 Standard Add. Param 12Standard + 81 to 88* 

Camera GSD 
σ◦ 
μm 

RMS
X (m) 

RMS
Y (m) 

RMS
Z (m) 

σ◦ 

μm 

RMS
X (m) 

RMS
Y (m) 

RMS
Z (m) 

σ◦ 

μm 

RMS
X (m) 

RMS
Y (m) 

RMS
Z (m) 

RS1900 
5 & 

10cm 
2.9 0.029 0.024 0.232 2.5 0.023 0.023 0.162 2.1 0.019 0.021 0.085 

D810 
15 & 
30cm 

14.0 0.530 0.390 2.430 3.3 0.120 0.190 0.680 2.7 0.080 0.090 0.250 

UltraCam 
Eagle M1 

5 & 
15cm 

1.3 0.023 0.028 0.030 1.2 0.023 0.027 0.028 1.2 0.022 0.026 0.027 

DMC II 
230 

5.4cm   0.019 0.018 0.032   0.018 0.017 0.032   0.016 0.016 0.032 

Table 5.  *Additional parameters 27-28 were also used for the D810 in set 3 
   

Figure 16 Figure 17 

Figure 17 
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A better comparison is to use the mean GSD and to determine the RMS in Pixels.   The results of the third set from Table 5 
above are displayed in Pixel values below in Table 6. 

    RMS X RMS Y RMS Z 

Camera GSD In Pixel In Pixel In Pixel 

RS1900 7.5 0.25 0.28 1.13 

D810 22.5 0.36 0.40 1.11 

UltraCam Eagle 
M1 

10.0 0.22 0.26 0.27 

DMC II 230 5.4 0.30 0.30 0.59 

Table 6. 
 

This shows that planimetrically the iXU-RS1900 is a superior camera system to the Nikon and is a comparable 
system to the UltraCam and DMC.  However, in the Z axis the RS1900 has residuals of about four times those of the 
UltraCam, twice those of the DMC and comparable to the Nikon.   It should be considered that the RS1900 system 
configuration tested was with an INS/IMU of lesser quality (POS AV 210) than those in the UltraCam and DMC (POS 
AV 510), that those systems have different lens and camera configurations, and they have a different price point 
than that of the Phase One system. 
 

10. CONCLUSIONS 

a. The camera geometric parameters (i.e., focal length and coordinates of the principal point) are derived 
through a process that it is performed in a lab with stable pressure, constant temperature and humidity. 
These thermostatic parameters are very different to those of working conditions. Although the alloys used 
in digital cameras (including the phase one iXU-RS1900) currently are of superior deformation quality to 
those used in film cameras, cone deformations still exist. Hence, there are differences in the coordinates of 
the principal point as well as in the focal length. These differences, although small in absolute values, can 
play a negative roll in large scale mapping projects where direct sensor orientation or integrated sensor 
orientation is necessary or preferred. For these situations, LABORATORY CALIBRATION IS NOT ENOUGH 

b. The calibration field test must fulfil geometric conditions of high accuracy and sufficient coverage. At least 
two different GSDs should be available to be able to calibrate the focal length and to eliminate/minimize 
the high correlation between the focal length itself and a possible GPS-Shift in Z. Moreover, each strip 
should be flown in the forward and reverse direction to account for the strong correlation of the position 
of the principal point of the camera and the GPS-Shifts in X and Y. In addition, forward and reverse flights 
eliminate/minimize the high correlation between the image x-coordinates of observed points and the 
constant exposure time errors. 

c. The distance from the GPS central phase antenna to the projection center of the camera is known with 

geodetic measurement precision. The INS/IMU is attached or an integral part of the digital camera. 

Further, since the GPS and INS/IMU reading are fed into the Kalman filter; then the distance from the 

Kalman filter system origin (INS/IMU origin) to the projection center (lever arm) has to be calibrated. 

d. Once all the corrections to the interior parameters of the camera have been completed and those 

corrections transferred to the observed points, the accuracy of a simple bundle block adjustment without 

ABGPS/IMU reading should be quite comparable to a simultaneous bundle block adjustment with 

ancillary data and self-calibration. This was not the case in our camera system calibration. The systematic 

errors strongly disturbed the Z-components of all the observed points. 

e. Further, two sets of GCPs were compared, one coming from field measurements and the other from 

Direct Sensor Orientation/Multiple Intersection. The computed coordinates of the control points through 

Direct Sensor Orientation/Multiple Intersection was possible after applying/using all correction  and 

calibration parameters (focal length, principal point, boreseight misalignment and shifts). Once again, the 

systematic errors disturbed the Z-discrepancies at the GCPs. (See above). 

f. A small investigation to see the effect of those systematic errors over the photogrammetrically computed 

point-coordinates was done. This consisted in the computations of three Least Squares Simultaneous 
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Bundle Block Adjustments. Use was made of the calibrated camera parameters (calibrated focal length 

and corrected coordinates of all observed points due to calibrated principal point of the camera). First 

adjustment without self-calibration, the second with self-calibration using only the 12 standard additional 

parameters and the last with the 12 standard plus additional parameters 81 to 88. These last additional 

parameters removes/minimize the effect of the image deformation at their corners (typical of the 

medium size and small cameras) and the lack of flatness of the electronic chips over the focal plane of the 

camera. Increments of the (Z) accuracy of about 30.3% and 63.6% are visible in Table 4.  These are also 

seen in Figures 15 and 16, additionally Figure 17 shows the Radial Symmetric Lens Distortion of the 

camera determined by self-calibration.  Although it is small, an exponential increment of the values of the 

distortion at the corners of the camera is noticeable. This also contributes to the effect of the residuals. 

g. Considering that most modern Bundle Adjustment software employ self-calibration algorithms through 

additional parameters that includes at least the 12 standard parameters as well as many of those 

employed in this study, the low residuals shown in set 3 of Table 4 are what can be expected in most 

cases with this camera.   The camera system iXU-RS1900 from Phase One produces a stable and accurate 

imagery solution for use in photogrammetric mapping both in GCP controlled and direct sensor 

orientation projects. 
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