
 
 

 
 

DEM GENERATION BY MEANS OF NEW DIGITAL AERIAL CAMERAS  
 

J. Höhle 
 

Dept. of Planning, Aalborg University, Fibigerstraede 11, DK-9220 Aalborg, Denmark, jh@land.aau.dk 
 

Commission I, WG 2 
 
 

KEY WORDS:  Acquisition, Sensor, CCD, Imagery, Impact Analysis, Accuracy, DEM/DTM 

 
 

ABSTRACT:  
 
Based on practical experiences with the first generation of digital cameras the impact of four new digital aerial cameras on the DEM 
generation is estimated. The cameras are evaluated with respect to elevation accuracy, area coverage and image quality. In the de-
rived formulae for the absolute accuracy of elevations a camera factor is applied, which summarizes several features in one number. 
The produced graphs show the potential of the new cameras regarding the relative and absolute accuracy of automatically derived 
elevations. For better absolute elevation accuracy the increase of the base/height ratio and of the resolving power of lenses are more 
important than the reduction of the pixel size. Improvement of the elevation accuracy by means of multi-ray photogrammetry is dis-
cussed.  
 
 

1. INTRODUCTION 

10 years use of digital aerial cameras has nearly removed film-
based aerial cameras. The production of orthoimages and DEMs 
became completely digital, to a large extent automatic and with 
short response time. These are the major reasons for the suc-
cess. Regarding the obtainable elevation accuracy with the first 
generation of the large format frame cameras it was proven in 
recent tests that they did not perform much better than analogue 
cameras (Haala et al., 2010). The format is in reality only a 
fraction of the format of the analogue camera and the 
base/height ratio is much lower. Several charge-couple devices 
(CCD) have to be stitched together in order to obtain a larger 
format. The pixel size of the applied CCD could be reduced in 
new versions of digital cameras. Small pixel sizes require effi-
cient electronics and storage devices to read out the huge 
amount of data in a short time. Also lenses with a higher resolv-
ing power are necessary to match the small pixel in order to 
take advantage of high resolution CCDs. Improvement of the 
economy in aerial photography has been another wish from the 
camera users. Three camera manufacturers have announced 
new large format frame cameras, which represent a second gen-
eration. Their potential with regard to the elevation accuracy is 
to the interest of the mapping industry. The development in ae-
rial photogrammetric cameras of one manufacturer can be read 
from Figure 1. The depicted three cameras represent three gen-
eration of cameras: The analogue camera (RMK Top15), the 
first generation of digital large format frame camera (DMC) and 
the latest design (DMCII-250). The image area of digital cam-
eras is considerably smaller than the 23cm x 23cm format of 
film-based aerial cameras. The field of view (FOV) of the se-
lected lenses is also narrower. The panchromatic image of the 
DMCII-250 camera is produced by a single lens and a single 
CCD only. Its 250 Megapixel CCD of DALSA has a very small 
pixel of 5.6µm x 5.6µm (Intergraph, 2010). In order to obtain 
imagery of the same ground sampling distance (GSD) the flying 
altitude for the DMCII-250 has to be two times higher than the 
altitude when using the DMC.  The area covered by one image 
on the ground is, however, 2.4 times larger than the area cov-
ered by the DMC. Beside the mentioned camera three other 
cameras became recently available: The UC-Xp WA and UC 
Eagle of Microsoft (Microsoft, 2011) and IGI-235 of IGI (IGI, 

2010). Their potential regarding DEM generation will be dis-
cussed. It is the objective of this contribution to analyze the in-
fluencing factors and to predict the results regarding the eleva-
tion accuracy at DEM generation with the four new cameras. 
 

 
Figure 1. Characteristics of aerial cameras of Intergraph. The 
symbols mean: From left to right: Film-based wide angle cam-
era, digital cameras DMC and DMCII-250. From top to bottom: 
FOV in the direction of flight, format, flying height for the 
same GSD, and FOV across the direction of flight. 
 
 

2. INNOVATIONS 

The innovations in the four mentioned cameras first of all con-
cern the number of pixels per image. It reaches now up to 260 
million pixels (Mpixel) in the latest design (UC Eagle). The 
side of the squared pixel is as small as 5.2µm. The most recent 
camera of Intergraph uses one large CCD only which avoids the 
fusion of several images into one image of a larger format. The 
image size in flight direction of the DMCII-250 has now 14656 
pixels corresponding to 82.07mm. It is, however, only 36% of 
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the film-based camera. The term “large frame” is related to the 
number of pixels and not to the physical size of the frame. The 
Table 1 contains all four new cameras with their features which 
have influence on the geometric accuracy. 
 
The camera factor (Kcam) combines several features in one num-
ber. It is derived by: 

  
      (1) '' pelb

c
Kcam 



where    c=camera constant  
              b’=image base at forward overlap of p=60%  
              pel’=pixel size.  
 

 
Features IGI 235 UC-Xp WA UC Eagle DMCII 250 

pixel size [µm] 6 6 5.2 5.6 
camera constant [mm] 80 70 80 112 

image size (in flight direction) [pel] 
                                                 [mm] 

12 750 
76.50 

11 310 
67.86 

13 080 
68.02 

14 656 
82.07 

GSD at flying height of h=1000m [cm] 7.5 8.6 6.5 5.0 

base/height ratio at p=60% 0.38 0.39 0.34 0.29 

K-factor [µm-1] 0.436 0.430 0.565 0.609 
 

Table 1. Features of four new digital aerial cameras 
 
 

If the images have the standard forward overlap of p=60%, the 
image base is b’=0.4·s’fld , where s’fld=image size in flight direc-
tion.  
 
From Table 1 it can be noticed that the camera factor (Kcam) is 
lowest for the IGI-235 camera and highest for the DMC-250 
camera. The older digital cameras have even smaller factors: 
0.412 (UC-D) and 0.269 (DMC). High elevation accuracy is 
achieved with low camera factors. Other camera features like 
frame rate and image quality have also influence on the genera-
tion of DEM and will also be dealt with in the following.  
 

2.1 Geometric accuracy 

The performance of digital aerial cameras has recently been in-
vestigated by several research groups (Jacobsen, 2011), (Haala 
et al., 2010), (Spreckels et al., 2010), (Höhle, 2009a&b). Be-
sides the camera also the flight parameters (altitude, side lap) 
and the processing tools influence the accuracy of derived ele-
vations. Furthermore, the terrain type, the density, and the defi-
nition of the points have an effect. The assessment of the accu-
racy needs checkpoints of superior accuracy. The applied 
accuracy measures should not be affected by blunders.  
 
In the investigation of the DMCII-140, which uses one 140 
Mpixel CCD with a 7.2µm x 7.2µm large pixel, a vertical accu-
racy of RMSEh=0.7·GSD has been achieved for well defined 
checkpoints using semi-automated measurements (Jacobsen, 
2011). The imagery used 65% forward overlap and 65% side 
overlap and the determination of the check- and control points 
could in average use seven images. The object points have been 
determined within an aerotriangulation. The achieved high ac-
curacy is, therefore, not a result of a DEM generation.  
  
In tests of a project group of the German society of photo-
grammetry, remote sensing and geoinformation (DGPF) it was 
found that the generation of very dense DEMs by means of the 
DMC images with GSDs of 8cm and 20cm could be done with 
RMSEh=0.4·GSD and RMSEh=0.8·GSD respectively (Haala et 
al., 2010). The checkpoints were well defined and with good 
contrast to the surroundings, and the derived DEM had a very 

narrow spacing of the grid points. A few blunders were elimi-
nated by a threshold (3·RMSE).  
 
High elevation accuracies of σh=0.45·GSD were obtained when 
well defined points were manually measured in DMC images 
by an experienced operator (Spreckels et al., 2010). 
 
Other investigations were carried out in (Höhle, 2009a) and 
(Höhle, 2009b) using UltraCam-D and DMC images. The re-
sults from these investigations will be used for estimating the 
impact of the four new digital aerial cameras.  
 
In order to estimate the results with the new cameras the factors 
influencing the accuracy have to be known. In general, the es-
timates of the absolute elevation accuracy can be calculated af-
ter the formula (2). 
 

bpxh m
b

h
 '                (2) 

 
where    σh= elevation accuracy, h = (mean) flying height above 
ground, b= basis, σpx’=parallax accuracy related to the image,  
m b= image scale figure. 
 
The formula can be ‘modernized’ with regard to digital cam-
eras: 
 

GSD
pelb

c px
h 

''
'

   
                                                (3) 

 
When applying the factor Kcam the absolute elevation accuracy 
is obtained by means of formula (4): 
 

GSDK pxcamh  '        (4) 
 
where   
 

c

h
pelmpelGSD b  '' . 

 
The relative elevation accuracy is then derived by formula (5). 
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The image base (b’) may be determined from the number of 
pixels in the direction of flight (s’fld) assuming 60% forward 
overlap. The relative accuracy of parallaxes (σpx’ /pel’) can em-
pirically be derived by means of equation (6).  

 

GSDc

b

pel
hpx 


'

'
'   

                (6) 

 
In (Höhle, 2009b) the relative accuracy has been derived for the 
DMC camera (cf. Table 2). The required value for the absolute 
accuracy (σh) has been found from comparison with accurate 
reference points. 
 

b’/c 
b/h 

GSD 
[cm] 

spacing 
[m] 

h  
[cm] GSD

h  σpx’ 
[µm] '

'

pel
px  

0.31 20 3.0 17.0 0.85 3.2 0.26 
0.31 10 1.6 15.0 1.50 5.5 0.46 

 
Table 2. Results of automatic DTM derivation in open terrain 
using the DMC camera (c=120mm, pel’=12µm, s’fld=7680pixel, 
b/h=0.31 at p=60%), standard overlap (p=60%, q=20%) and 
processing with Match-T 
 
The mean of the relative parallax accuracy is 0.36 which corre-
sponds to an absolute parallax accuracy of σpx’=4.3µm. This 
value is independent from the used overlap. It should be a con-
stant value for the DMC camera provided that the orientation of 
the images is error-free and the terrain is not covered with vege-
tation or buildings.  
 
Other cameras may have other values. For example, in (Höhle 
2009a) the parallax accuracy has been determined for the UC-D 
camera (c=101mm, pel’=9µm, b/h=0.27 at p=60%, 
s’fld=7500pixel) under similar conditions (GSD=6cm, p=60%, 
q=20%, processing with Match-T) and the parallax accuracy 
has been σpx’=6.0 µm or 0.67. The average from all three tests is 
(σpx’/pel’)average=0.46 ≈ 0.5.  
 
The results obtained in the above mentioned tests cannot di-
rectly be compared with results of tests using standard overlap 
and single models for the automated generation of elevations of 
natural terrain points. In the following accuracy estimation for 
the four new cameras it is assumed that the relative parallax ac-
curacy is σpx’/pel’=0.5 as well. The figure 2 depicts the relative 
elevation accuracy and Figure 3 the absolute accuracy of the 
elevations which the four new cameras may achieve. 
 
From Figure 2 it can be read that the relative accuracy (σh / h) 
will improve at all of the new cameras. However, the increase 
in the number of pixels in the direction of flight does not mean 
that also the absolute accuracy improves (cf. Figure 3). Both the 
base/height ratio and the image scale have influence on the ab-
solute elevation accuracy. The absolute elevation accuracy with  
the DMCII-250 will not be better than the results with the 
DMC. In order to obtain a vertical accuracy of σh=10cm, the 
DMCII-250 images have to be taken from an altitude h=1180m 
(corresponding to GSD=5.9cm).  
 
When mass points for the purpose of terrain modelling are  

automatically determined the terrain type will have some influ-
ence. Terrain areas with buildings and vegetation have to be fil-
tered and arising gaps have to be closed by interpolation. Errors 
will occur in these processes and the obtainable accuracy is then 
less than in open terrain. In (Höhle 2010) the DTM accuracy in 
built-up areas has been assessed with σh=16.5cm or 0.165 ‰·h. 
The applied DMC imagery had standard overlaps (p=60% 
q=20%) and a GSD of 10cm. 
 
2.2  Coverage in object space 

Due to a newly designed lens the format of the CCD in the 
DMCII-250 is completely used for imaging. The ground cover-
age at GSD=10cm is 1722m x 1466m or 2.52 km2. The UC Ea-
gle and the IGI-235 have about the same footprint (cf. Table 3). 
 
A large ‘footprint’ is an economic factor. The flying altitude for 
the DMCII-250 has to be higher, which may reduce contrast 
and colour balancing in the images. 
 
2.3 Increase of overlap and combined use of imagery 

The accuracy can be improved when the elevations are deter-
mined from several images. This multi-ray approach is achieved 
by higher overlaps. The increase of the forward overlap to 80% 
is achieved almost without additional costs. The small frame 
rate of the new cameras, e.g. 1.7 seconds at the DMCII-250, 
makes a ground resolution of GSD=5cm possible at ground 
speeds of the aircraft up to 310 km/h. Figure 4 depicts an image 
together with the centres of four overlapping images and Table 
4 shows base/height ratios for various combinations of image 
pairs. The elevations are derived from image pairs and have to 
be merged or the intersection of points is carried out simultane-
ously from several images. Special software for the processing 
is then necessary and also available from different vendors, e.g. 
(Erdas, 2010), (Inpho, 2011). Using several photogrammetric 
models and merging the derived DEMs will reduce the number 
of blunders and improve the accuracy. The reduction of the 
standard deviation may be estimated by: 
 

haverageh
n

 
mod

_
1  

 
where  n=number of models. 
 
The accuracy is also improved by means of higher side-overlap, 
e.g. of q=60%. This approach increases the cost of flying. Gen-
erally, a large base line leads to differences in the perspective 
distortion, which may create blunders at large scale imagery. In 
contrast, a small base line will improve the matching accuracy, 
but the elevation accuracy will suffer due to the unfavourable 
base/height ratio. The error propagation in multi-ray photo-
grammetry for DEM generation needs some further investiga-
tion and practical experience. The current tests of a benchmark-
ing may give some answers in this respect (EuroSDR, 2011).  
 
Of advantage is also the approach with two flying heights. It 
may be practiced in projects where imagery is taken for built-up 
areas with GSD=10cm and for the whole territory with 
GSD=20cm and applied for orthoimage generation and stereo 
compilation. When using such imagery for DEM generation a 
17% improvement in the standard deviation in the open land 
and 42% in the built-up areas was obtained when merging sev-
eral DEMs (Höhle, 2009b).  

'
'

bh
pxh


   

                       (5) 
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                           Figure 2.  Relative elevation accuracy of digital aerial cameras 
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Figure 3. Absolute elevation accuracy for digital cameras as function of GSD 

 
 

Features IGI 235 UC-Xp WA DMCII 250 UC Eagle 

flying height at GSD=10 cm           [m] 1333 1167 2000 1538 
image size (across flight direction) [pel] 
                                                        [mm
at GSD=10 cm                                [m] 

] 
18500 
111.0 
1850 

17310 
103.9 
1731 

17216 
96.4 
1722 

20010 
104.1 
2001 

Image size (in flight direction)       [pel] 
]                                                        [mm

at GSD=10 cm                               [m] 

12 750 
76.50 
1275 

11 310 
67.86 
1131 

14 656 
82.07 
1466 

13 080 
68.02 
1308 

ground coverage at GSD=10cm     [km2] 2.36 1.96 2.52 2.62 
relative coverage                            [%] 90 75 96 100 

 
Table 3. Ground coverage of the four new digital cameras 
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Figure 4. Multiple image pairs may be used to determine the 
elevation of an object point (P). For image pairs with less over-
lap the base/height ratio is increased and the accuracy of the de-
rived elevations is improved.  

 
Table 4. Image pair combinations and the base/height ratios of 
the digital large format camera UltraCam-D. 
 
 
2.4 Image quality 

Important for good results in geometry is also the quality of the 
produced image. Regarding the panchromatic camera of the 
DMCII-250, the resolving power of the new Carl Zeiss lens has 
to match the size of the small pixel. A filter removes light be-
yond the wavelength of λ=710nm. Colour and colour infra-red 
images are produced by means of pan-sharpening from four 
multi-spectral cameras of lower resolution and smaller camera 
constant. The PAN/colour ratio is 1:3.2. The forward image 
motion due to speed of the aircraft is compensated in all four 
cameras by time-delayed integration (TDI). The DMCII-250 
camera has a radiometric resolution of 14bit (or 16384 intensity 
values) for each pixel. All this is an important condition for 
high parallax accuracy. Details of the radiometric post-
processing are dealt with e.g. in (Honkavaara et al., 2009). The 
other three new cameras have similar features regarding the ra-
diometric quality. The IGI-235 (also called Quattro DigiCAM) 
has interchangeable lenses with focal lengths of f=80, 100, and 
150mm. The UC Eagle can also be used with a 210mm lens. 
DEM generation is best done with lenses of small focal length. 
It is important to understand that a small pixel will not necessar-
ily result in high resolution of the image. The resolving power 

of the lens has to be equally high. A CCD with pixels of 
5.6μm·5.6μm requires a lens with a resolution of 
R=1000/(2·5.6μm)=89 line pairs per mm (lp/mm). The resolu-
tion of the lens decreases from the middle of the lens to the cor-
ners. Furthermore, diffraction will occur when high f-numbers 
have to be used for correct exposures. The limitation of resolu-
tion of a lens due to diffraction is computed after  

60% 40% 20%overlap

1

3 4 521

2 3 4 5

P

 
x=1.2·λ·b (7) 
 
where  x=smallest distance, which can be resolved, 
λ=wavelength of the used light, and b=f-number. 
 
(Schwidefsky, 1976, p.48). 
 
Assuming λ=0.575μm and b=16 then x=11μm.  
 
The resolution of the lens at this f-number (b=16) is limited to 
91 lp/mm due to diffraction. This means that exposures with f-
number >16 cannot take advantage of the resolution given by a 
pixel size of (5.5μm)2.             
 

 
3. DISCUSSION 

The recent announcement of new digital aerial cameras has 
started this investigation to estimate their impact on automated 
DEM acquisition. All four cameras have a much larger number 
of pixels per final output image than the cameras UC-D and 
DMC. It is remarkable that the 250 Megapixels of the panchro-
matic camera of the DMCII are achieved with one CCD array 
and one lens. This fact will improve the geometric accuracy be-
cause errors in the fusion of several CCDs are avoided and only 
one perspective centre exists. The pixel sizes in all cameras are 
now very small, which results in higher flying altitudes. Then 
the relative accuracy is better, but important for the user is the 
absolute accuracy for a given GSD.  
 
The empirical tests with the first generation cameras (DMC and 
UC-D) revealed parallax accuracies of about 0.5 pixels in aver-
age. Applying this value for all of the new cameras the absolute  
accuracy will then be higher for the large-format cameras (IGI-
235 and UC-Xp WA) due to their bigger base/height ratio (0.38 
and 0.39 respectively). The one-chip camera (DMCII-250) 
comes close to the results of the large-format camera DMC. It is 
also advantageous that the elevations can be determined by sev-
eral images due to the short frame rate in the new cameras. This 
multi-ray photogrammetry requires higher side overlap and spe-
cial software packages. Practical experience is still necessary in 
order to use this approach with its full potential.  
 
An alternative solution is the determination of DEMs from im-
ages taken at different altitudes and using the standard forward 
overlap (p=60%) and merging the different DEMs. The com-
pleteness, reliability and the accuracy of the DEMs can be im-
proved by means of this approach.  
 
The economy of DEM generation will be improved with the 
four new cameras.  The swath width is increased either due to a 
larger field of view (UC-Xp WA, IGI, 235) or due to a higher 
flying height (DMCII-250, UC Eagle), which the small pixel or 
the longer focal length require. The ground resolution, however, 
will still be high. In order to recognize and measure small ob-
jects like manhole covers and drain gratings a high ground reso-
lution is necessary. In the mapping industry is a tendency to use 
imagery with GSD smaller than 10cm.  

Image pair overlap base/height ratio 
1,5 20 % 1/1.9 
1,4 40 % 1/2.5 
2,5 40 % 1/2.5 
2,4 60 % 1/3.7 

2,3/3,4 80 % 1/7.5 
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The high resolution and image quality of the new digital cam-
eras enable very dense point clouds at the automated DEM gen-
eration. The terrain can be modelled more accurately. Break 
lines, buildings and other objects can automatically be extracted 
more accurately and reliably.   
 
 

4. CONCLUSION 

Determination of elevations and DEMs will benefit from using 
one of the new generations of cameras. The improvements are 
due to a more favourable base/height ratio at the UC-Xp WA 
and IGI 235 cameras and at the DMCII-250 where the fusion of 
several CCDs is avoided. In this case the format of the image 
becomes nearly a square, which then matches the FOV of the 
single lens. The UC Eagle with its 260 Mega pixel per final 
output image sets a new scale regarding the amount of pixels.  
 
Applying a relative parallax accuracy of σpx’/pel’=0.5 for all four 
new cameras the achievable accuracy can be estimated and 
compared. In order to obtain a vertical accuracy of σh=10cm the 
images have to be taken with a ground sampling distance of 
GSD=5.9cm (DMCII-250), 6.8cm (UC Eagle), 7.6cm (IGI-235, 
c=80mm), or 7.8cm (UC-Xp WA).  
 
The ground coverage of the UC Eagle is largest (100%), 96% of 
the DMCII-250, 90% of the IGI-235 camera, and 75% of the 
UC-Xp WA camera (80 mm lens) when the same ground reso-
lution is maintained. Due to a short frame rate the multi-ray and 
multi-model techniques can be applied at all new cameras 
which will further improve the vertical accuracy. Other applica-
tions, e.g. the extraction of break lines or buildings, will benefit 
from the new cameras too. 
 
Practical tests with the new cameras have to be carried out in 
order to confirm these theoretical considerations. 
 
With the appearance of the four new aerial cameras the devel-
opment of digital aerial cameras is not finished. The CCDs may 
become larger and squared and used in single chip or multi-chip 
designs. The image quality and other features of the cameras 
will improve in future as well. All this progress in the cameras 
and the processing tools will definitely improve the DTM/DSM 
generation by means of photogrammetry. 
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