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Abbreviations 

 
AW3D  ALOS World 3D (nearly worldwide height model) 
AW3D30 AW3D with 30m point spacing (free available height model) 
CAP  Common Agricultural Policy (policy of European Union) 
CCD  Charge Coupled Device 
CMOS Complementary Metal-Oxide Semiconductor 
CORINE Coordination of Information on the Environment 
CORS  Continuously Operating Reference Station (for precise GNSS positioning) 
DInSAR Differential Interferometric Synthetic Aperture Radar 
DSM  Digital Surface Model (height of visible surface) 
DTM  Digital Terrain Model (height of bare ground) 
EASA  European Aviation Safety Agency 
EGNOS European Geostationary Navigation Overlay Service 
FMC  Forward Motion Compensation 
FOV  Field of View 
GCPs  Ground Control Points 
GDEM2  ASTER Global Digital Elevation Model (free available DSM) 
GNSS  Global Navigation Satellite System (GPS, GLONASS, Galileo, Beidou, …) 
GSD  Ground Sampling Distance  
HALE  High altitude long endurance 
ICAO  International Civil Aviation Organization 
InSAR  Interferometric Synthetic Aperture Radar 
JRC  Joint Research Centre of European Commission 
LiDAR  Light Detection And Ranging – also called laser scanner 
LOD  Level of Detail (for details of city mapping) 
LPIS  Land Parcel Information System 
MEMS Micro Electro Mechanical System – for attitude determination 
Mpix  Mega pixels (number of sensor pixels) 
NDVI  Normalized Difference Vegetation Index  
NIR  Near Infrared 
OCS GE Large scale Land Cover and Land Use database (Occupation du Sol à 

Grande Échelle) 
PPK  Post Processing Kinematic GNSS positioning 
Ref3DNat Reference 3D National Database 
RGB  Red, Green, Blue combination 
RGE  Large-scale reference database (Référence à Grande Échelle) 
RPAS  Remotely-Piloted Aircraft System  
RTK  Real Time Kinematic positioning 
SBAS  Satellite Based Augmentation System  
SGM  Semi Global Matching (dense matching) 
SWIR  Short Wave Infrared 
SX, SY, SZ Standard deviation in X, Y and Z 
TDI  Time Delay and Integration (digital forward motion compensation) 
UAS  Unmanned Aerial System 
UAV  Unmanned Aerial Vehicle 
VHR  Very High Resolution (used especially for satellites with < 1m GSD) 
VLOS  Visual Line of Sight 
VTOL  Vertical Take Off and Landing 
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1 Introduction 

The following potential uses of aerial images, drone sensors and satellite images, for the 
Land Parcel Information System (LPIS), for Managing the Common Agriculture Policy 
(CAP), for the Large Scale Land Cover and Land Use database (OCS GE), the Very 
large scale Core Street Maps, the Reference 3D National Database Ref3DNat), and the 
Data for Autonomous Vehicles have been investigated and proposals have been made 
for the Institut national de l’information géographique et forestière (IGN). 

Mapping today is the data acquisition for a digital data base. The potential uses of differ-
ent types of images also depend on methods of mapping and the used software. These 
topics cannot be completely separated. 

While an overview of existing platforms and sensors is given, cameras or camera com-
binations constructed for in-house purposes are not considered. The same applies to 
military reconnaissance satellites if their images are not commercially distributed or avail-
able free of charge. Preference is given to data distributed free of charge as those from 
the European Copernicus program. 

In chapter 2, an overview about the cameras and camera carriers or sensors and sensor 
carriers is given, followed by the respective pros and cons (see chapter 3), before the 
proposals for the IGN map and data base products are presented in chapter 4. 

 

2 Overview of cameras and camera carriers 

2.1 Drones 

In recent years, there has been a rapid development of drones, remotely controlled or 
controlled by a navigation system to map a limited area. The latest innovations in con-
sumer hardware made the use of drones easy (Commercial Drone Industry Trends, 
March 2017). 

Different names of these systems are in use, as: 

Drone: carrier system 

RPAS: remotely-piloted aircraft system  

UAS: unmanned aerial systems 

UAV: unmanned aerial vehicle 

Definition: “An unmanned aerial vehicle (UAV), commonly known as a drone is an 
aircraft without a human pilot aboard. UAVs are a component of an unmanned aircraft 
system (UAS), which include a UAV, a ground-based controller, and a system of com-
munications between the two. UAVs may operate with various degrees of autonomy: 
either under remote control by a human operator or autonomously by onboard comput-
ers” (International Civil Aviation Organization (ICAO) Cir328, 2011).  
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Figure 1:  Safety topics of ICAO 2011 

For civilian operations, the ICAO established a framework for the use of drones, but the 
details vary from country to country, and currently the legal frame is changing rapidly 
(Remotely Piloted Aircraft systems (RPAS) Concept of Operations (CONOPS) for Inter-
national IFR Operations, 2016). For the European Union the European Aviation Safety 
Agency (EASA) issued a regulation in December 2015 (European Safety Agency – Tech-
nical Opinion 2015) (UAS ATM Flight Rules). In principle, without a special permit it is 
not permitted to enter the area of aircraft control above a height of 300 m above ground. 
In most cases there is a limit for the flying height of 100m or 150m above ground. The 
total weight of the system is usually limited to 25kg for systems equipped with batteries. 
The flying time of fuel powered systems is longer as that of battery powered systems, 
but they must have a special permit. The current limitation of flight in visual line of sight 
(VLOS) is under discussion and may be changed in 2019. For road survey in Germany 
the first drone surveys beyond VLOS have been made, but the permit is complicate to 
obtain, and requires direct connection via the LTE-network of the German flight control. 
Of course, also special areas must be respected, so flying around an airport, over hos-
pitals, prisons and crowds is not allowed. In most cases, the drone pilot must have certi-
fication and the drone must carry a plate with the owner’s address.  

For drones, only cameras with a global shutter should be used – cameras with slit shut-
ters, also called rolling shutters, cause an affine image deformation depending upon the 
drone speed and the shutter speed (figure 2). Of course these effects can be reduced by 
the software, but not completely eliminated. 

Global shutter Deformation by rolling shutter – top im-
aged at first imaged, bottom at last 

Figure 2: Images of a moving car taken with global and rolling shutter (from Lumenera) 

 

There are principal differences between fixed wing and copter systems. 
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2.1.1 Fixed wing systems 

Only a minor percentage of the drones are fixed wing systems, but they are particularly 
used to cover larger areas than copter systems, and linear objects. 

The main advantage of fixed wing systems against copter systems is the lower energy 
consumption and the longer flight time, so that larger areas can be covered. They have 
greater stability in the air, fly faster and can also be used under higher wind speeds. In 
addition they have a better probability of surviving in case of a system failure. The higher 
speed has the advantage of covering a larger area, but has the disadvantage of image 
motion and it may be impossible to realize a small imaging base. In addition, the sluggish 
flight behavior leads to large turning radius at the end of the flight lines. Depending on 
the system, take-off and landing assistance may be required such as a catapult, runway 
or parachute, but now there are more and more fixed-wing systems that can take off and 
land vertically. A major disadvantage of fixed wing systems is the lack of camera gimbals, 
as gimbaled mounts usually do not have enough space on fixed wing drones (conversely 
for copter drones, gimbaled mounts today are now a standard component). This leads to 
a loss in image quality and in case of crosswinds to a change in yaw (figure 3, right) 
which has to be counteracted by increased overlap. As shown in figure 3, left, while the 
projection centers of the flight line may lie within a given tolerance, due to the influence 
of shaking wind the orientation of the drone in the air is permanently changing so that the 
image centers projected to the ground (figure 3, center) are not any more aligned. The 
strongest influence of wind from the side can be seen in kappa (or yaw) (figure 3, right).  

   

Flight lines and projection 
centers in air 

Image centers projected to 
ground 

Covered area on ground 

Figure 3: Flight with a fixed wing drone – without gimbaled mount 

 

There are a high number of fixed wing drones, some of which are from drone building 
companies and some from smaller organizations originally built for their own purposes, 
which then have also been distributed to other users. It is not possible to list the total 
number of available drones. Therefore, only a list of typical civilian examples will be 
given. As mentioned, many newer systems also have a Vertical Take Off and Landing 
(VTOL) option. 
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1) VTOL Composite  

UT-VF20E 

2) Vertical Technologies 

DeltaQuad PRO 

3) Quest UAV 

Data Hawk PPK 

Figure 4: Examples of fixed wing drones 1 

1) VTOL Composite UT-VF20E: battery powered, vertical takeoff and landing, maximal 
takeoff weight = 20 kg, maximal payload = 3 kg, wing span = 3.3m, flight radius = 90 km, 
maximal flight time = 150 minutes, remote controller up to 1km, ground station with pro-
gram controller up to 30km, maximal height = 4 km. 

- Version UT-VF12E: maximal takeoff weight = 12 kg, maximal payload = 2.5 kg. 

2) Vertical Technologies DeltaQuad PRO: battery powered, vertical takeoff and landing, 
maximal takeoff weight = 6 kg, maximal payload = 1 kg, wing span = 2.35m, flight radius 
= 50 km, maximal flight time = 165 minutes, maximal height = 2 km. 

3) Quest UAV DATA Hawk PPK: simple launching system, parachute landing, Sony 
A6000 camera, focal length = 16mm, pixel size = 3.92µm, ~ 6000 x 4000 pixels, from 
120m height 2.9cm GSD, two frequency GNSS receiver – with post processing 
SX=SY=3cm, SZ=10cm, typical flying altitude = 120m. 

4) DELAIR 

UX11 

5) senseFly 

eBee 

6) BAAM. TECH 

FUTURA 

Figure 5: Examples of fixed wing drones 2 

4) DEL AIR UX11: hand launched, body landing, camera with 21.4 mega pixels (Mpix), 
field of view (FOV) = 38° x 32°, 1.4 kg takeoff weight, operating speed = 54 km/h, flight 
radius up to 4600 m, take off height. 

5) SenseFly eBee: hand launched, body landing, wing span 96cm, senseFly S.O.D.A. 
camera with 20 Mpix, pixel size 2.33 µm, 2.9 cm GSD from 122m height, 0.7 kg takeoff 
weight, radio link 3 km nominal (up to 8 km), up to 50 min flight time, wind speed up to 
15 km/h, optional camera: Parrot Sequoia thermoMAP with 640 x 512 pixels. 

6) BAAM. TECH FUTURA: hand launched, body landing, SONY camera with 36.4 Mpix, 
~ 7400 x 4900 pixels, 4.88 µm pixel, 4.5 kg takeoff weight, radio link 8 km, 90 min flight 
time, speed up to 80 km/h, wind speed up to 16 km/h. 
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2.1.2 Copter systems  

Multi copter drones dominate the market. They have the advantage of vertical take-off 
and landing including automatic return to take-off position. With results of the flight plan-
ning, the desired images can be recorded autonomously, including the autonomous land-
ing at the starting position. They can hold the position and can go directly to neighboring 
flight lines without large turning circles. A short distance to the imaged objects is possible 
as is an image sequence with vertical baseline. In mountainous areas the flying height 
can follow the digital elevation model. The newer systems scan the space around the 
drones to avoid collisions with other objects. The high number of sold copter systems 
has started to reduce the price and to establish additional components as standard. Gen-
erally, copters are more compact than fixed wing systems. An important advantage is the 
gimbaled mount, which improves the image quality and the optimal arrangement of ad-
jacent covered areas.  

A disadvantage of multi copter drones is the higher energy consumption, which leads to 
shorter flight times. Accordingly, the project size is limited. In addition, copters are less 
stable in the wind, especially when they are small. 

Component miniaturization and mass production reduce weight and cost of drones.  

The multi copter drone market is dominated by some large companies – these are in 
sequence of sold numbers: DJI, SenseFly, 3DR, Parrot and Autel, with DJI dominating 
with over 66% market share (Commercial Drone Industry trends, March 2017). All of 
these companies have a number of different drones, examples are listed below. Due to 
the large market share and the higher number of different drones, three different DJI 
drones are listed. The smaller drones are sold together with built-in cameras, while for 
larger drones there are different options, including the use of cameras or sensors like 
LiDAR, along with DJI gimbals. 

7) DJI  Phamtom 4 8) DJI    MATRICE 200 9) DJI   AGRAS MG-
1P RTK 

Figure 6: Examples of multi copter drones 1 

7) DJI  Phamtom 4: takeoff weight 1.38 kg, flight time 28 min, camera 4000 x 3000 pixels, 
3 axis gimbal with sub-pixel stabilization +/- 0.02°, operating temperature 0° to 40°, radio 
link 3.5 km, maximal flying height 6000m, automatic identification of obstacles. 

8) DJI MATRICE 200 (M210 RTK): without payload 3.75 kg, maximal payload 1.67 kg, 
with 1.67 kg payload 24 min flying time (with batteries TB55), without payload 38 min 
flying time (with batteries TB55), radio link 7 km, payload optional, also different DJI cam-
eras including DJI dual gimbal cameras e.g. for RGB and NIR. 
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9) DJI AGRAS MG-1P RTK: maximal takeoff weight 24.8 kg at sea level, standard takeoff 
weight 23.9 kg, flight time for 23.7 kg – 9 min, for 13.7 kg 20 min, radio link 3 km, diagonal 
of wheel base 1.5m, speed up to 12m /sec = 43 km/h, flying height up to 2000 m, oper-
ating temperature 0° to 40°, automatic obstacle identification with 2.5m safety distance, 
for mapping real kinematic positioning, payload optional. 

 

10) VideoDrone Geodrone 
X4L v5 

Equipped with LiDAR sen-
sor 

11) AltiGator OnyxStar 

XENA 

12) Hawk Moth  MSP 

Figure 7: Examples of multi copter drones 2 

10) VideoDrone (Finland) GeoDrone X4L v5: without sensor 4 kg takeoff weight, maximal 
takeoff weight 6.4 kg, flight time up to 68 min, with full load 45 min, can be operated up 
to wind speed of 15 m/sec, with post processing GNSS (PPK) standard deviation of pro-
jection centers +/- 3cm, optional payload, especially designed for mapping, optional 24 
up to 42 Mpix camera, 2-axis gimbal (2-3 cm GSD from 150m), other options: thermal, 
multispectral and hyperspectral camera, LiDAR. 

11) AltiGator (France) OnyxStar XENA: maximal takeoff weight 5.6kg, maximal payload 
2 kg, with 1.5 kg payload flight time 27 min, can be operated up to 5000m height, can be 
operated up to wind speed of 12.5 m/sec, optional payload. 

12) Hawk Moth MSP (Poland): maximal takeoff weight 14 kg, maximal payload 4 kg, 
average cruising speed 5 m/sec, maximal up to 12.5m /sec, can be operated up to wind 
speed of 10 m/sec, optional payload – in case of operation with YellowScan LiDAR 50m 
height, 5 m/sec speed, scanned FOV 70°, flight time 15min, leading to 350 points/m². 

The listed drones are just few examples of a great variety, but they roughly show the 
range of drones for civilian use. 

2.1.3 Components of drones 

Drones are typically equipped with a GNSS-based positioning system supported by a 
barometer and an attitude determination system now supported by Micro Electro Me-
chanical System (MEMS) and a compass. In addition they have a long range remote 
control system that is often limited to the line of sight, and can broadcast live images. 
They are equipped with a microprocessor for control and today often with systems for 
obstacle avoidance. Finally they carry at least one remote sensing sensor. GNSS posi-
tioning for smaller systems is limited to one frequency GNSS receivers whose standard 
deviation is in the range up to 20m. Thanks to a satellite based augmentation system 
(SBAS), the accuracy can be improved up to 2m. In Europe, the European Geostationary 
Navigation Overlay Service (EGNOS) is used as SBAS solution, also for small drones. 
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The attitude and heading reference system used in drones consists of sensors on three 
axes that provide attitude information, including roll, pitch and yaw, namely MEMS gyro-
scopes, acceleration sensors and magnetometers. These MEMS components are de-
signed to replace traditional mechanical gyroscopic flight instruments (https://en.wikipe-
dia.org/wiki/Attitude_and_heading_reference_system), have larger drift problems than fi-
ber optic gyros and are not as accurate as the latter (Table 1). 

Static accuracy (pitch, roll)  0.5° RMS  

Dynamic accuracy (heading, true inertial):  0.3° RMS 

Dynamic accuracy (pitch, roll):  0.1° RMS  

Static accuracy (pitch, roll) (after dynamic align-
ment)  

0.1 ° RMS 

Angular resolution  < 0.05°  

Angular repeatability  < 0.1°  

Horizontal position accuracy  2.5 m RMS, larger without SBAS  

Vertical position accuracy  5.0 m RMS  

Position resolution  1 mm  

Vertical position accuracy (with barometric pres-
sure sensor)  

2.5 m RMS  

Velocity accuracy  ±0.05 m/s  

Velocity resolution  1 mm/s  

Output rate (IMU data)  800 Hz  

Output rate (navigation data)  400 Hz  
Table 1: Typical specifications of standard drone MEMS 

It should be noted that MEMS are required for flight navigation in the drone’s body, but 
in case of gimbaled mounting also directly on the sensor. The standard MEMS have a 
satisfying accuracy for controlling the drone flight and the viewing direction of the sensor 
used, but not for accurate georeferencing: 0.5° for a flying height of 100m corresponds 
to 87cm or 29 GSD for the typical GSD of 3cm. For this reason, a direct sensor orientation 
is not possible just on the basis of such MEMS. Sensor orientation is therefore typically 
determined via bundle block adjustment. Without accurate projection centers, 3D coor-
dinates of ground control points (GCPs) are required, but their determination is time-
consuming, that means expensive. Larger drones may have two frequency GNSS re-
ceivers and may use a GNSS reference point or Continuously Operating Reference Sta-
tions (CORS) to provide projection center positions with an accuracy of up to 3cm. With 
such projection center accuracy, a combined bundle block adjustment is possible even 
without GCPs, but for reliability reasons, at least one GCP, or better 2 for an error check, 
should be used. For such a combined bundle block adjustment, at least two overlapping 
flight lines are required to determine the roll angle – with just one flight line, which is 
sometimes flown to map linear objects, this is not possible. 

2.1.4 Sensors used by drones 

Small drones have built-in cameras that are not directly designed for photogrammetric 
purposes. However, these are usually fix-focus systems with stable inner geometry. 
Drones with cameras with slit shutters, also called rolling shutters, should be avoided 



Study to Compare Potential Usages of Different Image Types         12 

 

(figure 2), as they cause an affine image deformation. The standard drone cameras have 
Bayer pattern CMOS-sensors, resulting in RGB images. 

  

 

 

 

Figure 8: Bayer pattern 

 

The 50% green pixels, 25% blue and 25% red pixels images will produce 100% red, 
green and blue pixels. The missing grey values are interpolated by a complex algorithm 
using also the grey values of the other color channels. With sophisticated software this 
is possible with just a loss of approximately 10% effective resolution, as determined by 
edge analysis. Only for very small pixels due to diffraction limited resolution there is a 
loss of the effective resolution. For a drone camera with a pixel size of 1.5 µm the effec-
tive resolution was determined to be 3.4µm (Jacobsen et al. 2016). 

1) Sony Alpha 6000 2) Lumenera Lt16059H 3) Zenmuse X5 

Figure 9: Examples of drone cameras 1 

1) Sony Alpha 6000: interchangeable lens camera, 6000 x 4000 pixels, 3.92 µm pixel 
size, focal length 16mm up to 50mm, weight 468 g. 

2) Lumenera Lt16059H: 4864 x 3232 pixels, 7.4 µm pixel size, 12 frames/sec, global 
shutter, weight 600 g. 

3) Zenmuse X5 (default camera for DJI): 4608 x 3456 pixels, 3.75 µm pixel size, focal 
length 15mm, FOV 60° x 47.5°, FOV diagonal 72°, weight with gimbal 530 g;   Zenmuse 
X55: 5280 x 3956 pixels, 3.3 µm pixel size. 
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4) GoPRO Hero 4 Silver 5) Ricoh GR II 6) Hasselblad X1D 

Figure 10: Examples of drone cameras 2 

4) GoPRO Hero 4 Silver: ~4600 x 2600 pixels, pixel size 1.55 µm (below diffraction lim-
ited resolution), 12 Mpix, focal length 15mm – 30mm, weight 83 g, rolling shutter, large 
lens distortion. 

5) Ricoh GR II: pixels, pixel size 4.8 µm, 16.2 Mpix, focal length 18.3 mm, weight 221 g. 

6) Hasselblad X1D: 4928 x 3264 pixels, pixel size 5.3 µm, 16.2 Mpix, 35mm or 70mm 
focal length, weight slightly over 1000 g. 

Some of the listed camera examples are not light weight cameras also due to their pixel 
size. Larger pixels have advantages for higher light sensitivity, but for drones often a 
compromise with smaller size and weight has to be found. 

The GoPro Hero 4 Silver has a low weight, optimal for small drones, but it cannot really 
be recommended for mapping purposes. The rolling shutter deforms the image (figure 2) 
and the zoom makes a calibration nearly impossible. In addition, the pixel size of 1.55 
µm is below the diffraction limited resolution degrading the image quality to an effective 
pixel size of about 3.2 µm or reducing the image size from 12 Mpix to effective 2.7 Mpix.  

Drones with payloads above 2 kg can also carry larger cameras up to mid-format cam-
eras. These cameras will be described later. Drone cameras do not have as complex 
lens systems as photogrammetric cameras, so chromatic aberration (Figure 11) and ge-
ometric distortion (Figure 12) may not be negligible. For usual RGB images, chromatic 
aberration may be small, but not for near infrared as the wavelength is quite longer than 
for RGB (Figure 11). CMOS sensors are sensitive to near infrared; for this reason, it is 
filtered out by an NIR-filter. On the other hand NIR contains important information about 
the vegetation, so sometimes the NIR-filter is taken out, shifting the sensor sensitivity to 
approximately green, red and NIR. Due to the chromatic aberration such images may not 
be sharp or in other words, the effective resolution may exceed the pixel size. 

Typical systematic image errors of a drone camera with 3072 x 2304 and pixels of 1.5µm 
pixel are shown in figure 12. The radial symmetric components of up to 29 µm (14 pixels) 
are not negligible. Note that also non-radial symmetric systematic image errors may be 
present and should be taken care of (see figure 12 lower left; in this case they do not 
exceed the size of 1 µm). Note that some standard programs for bundle block adjustment 
(in case of computer vision also named structure from motion) do not consider such er-
rors. These non-respected systematic image errors (figure 12, lower right) only reach the 
size of 1 µm at the image corners. It should also be mentioned that in a number of ex-
periments other drone cameras showed non-negligible tangential distortions. 
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Figure 11: Chromatic aberration 

 

 

Whole influence of systematic image er-
rors 

Radial symmetric distortion 

 

 

Systematic image errors remaining after 
taking care of radial symmetric compo-

nents 

Remaining systematic image errors after 
self calibration 

Figure 12: Systematic image errors of a drone camera 

 

 

Multispectral cameras 
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Especially for agriculture purposes also multispectral cameras are used. They do not 
have the disadvantage of Bayer pattern cameras with partly overlapping spectral chan-
nels and the influence of interpolation, where the gray values of the other channels are 
also used. However the higher spectral resolution reduces the geometrical resolution. 

 

  

1) EOPTIS MAIA WV 2) MicaSense RedEdge-M 3) Parrot Sequoia + 

Figure 13: Examples of multispectral drone cameras 

1) EOPTIS (Italy) MAJA WV: same wavelength as WorldView-2, 9 optics (8 spectral 
bands violet, blue, green, orange, red, red edge, NIR 1, NIR 2 from 395nm up to 950 nm 
and one RGB camera), each sensor with 1280 x 960 pixels, 3.75 µm pixel size, focal 
length 7.5 mm, FOV 35° x 26°, weight 420 g. 

2) MicaSense RedEdge-M: 5 optics, red  green  blue  red edge  NIR (400 nm – 900 nm), 
1280 x 960 pixels, 3.6 µm pixel size, focal length 5.4 µm, FOV 46° x 35°, 1 image/sec, 
weight 180 g. 

3) Parrot Sequoia +: 4 optics + 1 optic for RGB, green,  red,  red edge,  NIR (510 nm – 
830 nm), 1280 x 960 pixels, RGB camera 16 Mpix, 63.9° x 50.1°, weight 72 g . 

 

Thermal cameras 

Thermal cameras work in the spectral range from 7 µm to 14 µm wavelength. The emitted 
energy in this spectral range is limited, so sensors with large pixels are required and this 
in reverse reduces the number of pixels. The usual GSD of thermal imaging cameras is 
therefore larger than for the visible range. However, the object temperature does not 
change too fast depending upon the position. Thermal imaging cameras are not mass-
products such as cameras in the visible range, which leads to higher prices. 

1) DJI Zenmuse XT2 (from FLIR), 640 x 512 pixels, pixel size 17 µm, 30 Hz, spectral 
range 7.5 µm – 13.5 µm, with focal length 5mm FOV = 90° x 65°, with focal length 8mm 
FOV = 57° x 42°. 

2) FLIR VUE PRO R, 336 x 256 pixels, 7.5 Hz, spectral range 7.5 µm – 13.5 µm, with 
focal length 6.8 mm FOV = 45° x 35°, weight 92 – 112 g. 

3) ICI 8640 P, 640 x 512 pixels, pixel size 17 µm, 30 Hz, spectral range 7.5 µm – 13.5 
µm, different lenses from 8 mm focal length up to 100 mm, weight 75 g + lens. 
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1) DJI Zenmuse XT2 2) FLIR VUE PRO R 3) ICI 8640 P 

Figure 14: Examples of thermal drone cameras 

 

Hyperspectral cameras 

Hyperspectral cameras typically have over 30 spectral channels. The spectral range is 
not separated by different optics as in the case of multi-spectral cameras, the spectrum 
is usually separated by a prism. The images are line scan images or images with just a 
limited number of pixels in the direction of flight. The narrow spectral ranges limit the 
available energy, which must be compensated by larger pixels, so that the ground reso-
lution is limited. 

1) Cubert S 496  

Hyperspectral 

2) BaySpec OCI-U-
1000  

3) Harris Aerial Hyspex 
Mjolnir S-620 

Figure 15: Examples of hyperspectral cameras 

1) ) Cubert S 496 Hyperspectral: 125 spectral channels, spectral range from 355 nm to 
750 nm or from 450 nm to 950 nm or from 550 nm to 1000nm, image size 2000 x 1000 
pixels, measuring time 0.1 ms up to 1 sec, up to 15 frames per second, weight 1.2 kg. 

2) BaySpec OCI-U-1000: up to 100 spectral bands, spectral range 600 – 1000 nm, push-
broom scanning, width up to 2018 pixels, up to 120 frames / sec, weight 180 g. 

3) Harris Aerial Hyspex Mjolnir S-620: 300 bands, 970 nm – 2500 nm, 620 pixels, up to 
100 frames / sec, FOV 20°, weight 4.5 kg. 
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Drone LiDAR scanner  

A special copter was constructed by the company Riegl, called RiCopter (see below). In 
addition, Riegl offers the Riegl miniVUX-1 UAV for copters. Velodyne has a very small 
and light weight laser scanner with a relatively high number of sold devices. Combined 
with a satisfying position and attitude system, drone laser scanning (figure 17) results in 
very dense and detailed point clouds. 

1) Riegl RiCopter 2) Riegl miniVUX-1 UAV 3) Velodyne Puck Lite 

Figure 16: Examples of drone LiDAR scanner 1 

1) Riegl RiCopter: integrated drone with laser scanner and precise positioning and atti-
tude system from Riegl, maximal takeoff weight 25 kg, maximal sensor load 6.5 kg, flight 
time 30 min, flying height up to 3000 m, typical cruising speed 6 – 8 m/sec, transmission 
range >1 km – command and control link >3km, wind speed up to 8 m/sec. 

2) Riegl miniVUX-1 UAV: weight 1.55 kg, scan speed up to 100 scans/sec, up to 100000 
points/sec, up to 5 targets per laser shot, maximal range (>20% of natural targets) 150 
m, operational flying elevation 80m, laser near infrared, accuracy 15 mm, requires in 
addition a precise GNSS and attitude system as e.g. Applanix APX-15 El UAV - single 
board GNSS-Inertial solution for direct geo-referencing of small drones (Figure 18), ad-
ditional weight 90 g. 

3) Velodyne Puck Lite: laser scanner, NIR laser, 100 m range, up to 600 000 points/sec 
(in case of used FOV=60° up to 100 000 points/sec), dual returns, maximal range 100m, 
range accuracy +/-3cm, 590 g, requires in addition a precise GNSS and attitude system 
as e.g. Applanix APX-15 El UAV - single board GNSS-Inertial solution for direct geo-
referencing for small drones (Figure 18). 

From Velodyne also the Ultra Puck with 200m range and a weight of 925 g, as well as 
the Alpha Puck with a range of 300m are available. 

 

4) Routscene LiDAR Pod with Velodyne 
Puck Lite inside 

5) YellowScan LiDAR for UAV 

Figure 17: Examples of drone LiDAR scanner 2 
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4) Routscene LiDAR Pod: combination of Velodyne Puck Lite with precise positioning 
and attitude system, total weight 2.8 kg. 

5) YellowScan LiDAR for UAV: combination of Velodyne VLP-16 with Applanix APX-15 
positioning and attitude system, total weight 1.6 kg, accuracy +/-5cm. 

For georeferencing LiDAR measurements the drones use sophisticated, but relatively 
expensive positioning and attitude sensors. For example, the Applanix APX-15 EI UAV 
features a precise survey grade GNSS receiver and dual inertial measurement unit. A 
board is embedded on the GNSS-inertial board measuring 60 x 67 x 34 mm and 
weighting 90 g (figure 18, left) and an external unit connected remotely having a size of 
43 x 47 x 12 mm and a weight of 15 g (figure 18 right). With this feature the APX-15 EI 
can compute two orientation sets for direct geo-referencing of two separate sensor pay-
loads or provide automatic support for gimbaled platforms using solid-state MEMS. Post-
processing with a differential GNSS solution allows both the internal and external IMU to 
be computed at 200 Hz with the POSPac UAV software. For post-processing roll and 
pitch are specified with a root mean square error of 0.025° and the heading with 0.080° 
- more accurate than a standard MEMS (table 1), and 2cm up to 5cm for the position. 
For the GNSS solution all available GNSS systems can be used. Due to the high cost, 
the Applanix board usually is used only together with LiDAR sensors. 

 

 

for the GNSS-Inertial board (weight 90 g) for the external IMU (15 g) 

Figure 18: Applanix APX15 EI UAV single board GNSS-Inertial solution for direct geo-
referencing of drones 

 

2.2 Mobile Mapping 

As drone imaging, mobile mapping has been a hot topic in the last years. Today numer-
ous mobile mapping systems and the required software packages are available. Almost 
all companies that produce photogrammetric cameras offer mobile mapping systems, 
and there are several other companies that also produce them. 

A standard mobile mapping system consists of a combination of 1 up to 4 laser scanners 
with a limited maximal range of 60m up to 200m, 4 up to 8 digital RGB cameras that 
sometimes are panoramic up to fisheye cameras, and a positioning and attitude system. 
The positioning and attitude system includes at least one GNSS receiver with two fre-
quencies which determines the position with respect to a reference system, which may 
be also a CORS station, and an inertial measurement system (IMU). The IMU has 3 
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gyros and 3 accelerometers, which allow determining the attitudes and the position in 
relation to the starting position. The IMU has drift problems that have to be solved by the 
GNSS system. Due to GNSS receiving problems in narrow streets with high buildings, 
positioning may need to be assisted by an odometer that counts the rotations of the car 
wheels. For the same reason, the GNSS receivers use at least GPS and GLONASS, 
partially all available GNSS systems incl., e.g., Galileo and Beidou, to obtain signals from 
as many GNSS satellites as possible. 

Post processing can achieve positional accuracies in the range of 3cm up to 5cm if a 
satisfactory number of GNSS satellites are available. Short signal gaps can be bridged 
by IMU partially supported by odometer or by a triangulation of captured images. 

The cameras should cover 360° horizontally around the mobile mapping system. Due to 
this requirement mostly panoramic or even fisheye cameras are in use. The images of 
these cameras usually are rectified to perspective geometry before being fitted to the 
laser point cloud. 

Figure 19: Components of mobile mapping system (Naser El-Sheimy – modified) 
 
Normally, the IMU is connected to the laser scanner, but the attitudes have to be used 
also for the cameras. This requires calibration of the entire system and a satisfying sta-
bility of the camera mount. A shaking of the camera arm caused by driving on uneven 
ground cannot be accepted. Therefore, very long and unstable camera arms must be 
avoided. 

2.3 Mid format aerial cameras 

The definition of a mid format camera is not so clear today because of the reached image 
formats (in number of pixels), which exceed those of the first large format cameras. Nev-
ertheless the “mid format” category is still justified by the nature of the imaging. In this 
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category, cameras equipped with a Bayer pattern are included, in contrast to the large 
format cameras with separate sub-cameras for the different spectral ranges of lower res-
olution than the separate panchromatic channel (those are discussed in the next para-
graph). 

2.3.1 Single cameras 

Only cameras available on the market and not special systems constructed by organiza-
tions for their own use are considered here. 

Company Camera Pixel 
x 

Pixel  
y 

Pixel 
size 

Focal 
length 
[mm] 

Imaging 
interval 

Mega-
pixels

Phase One iXU-RS 180 7752 10320 5.2 µm 28-150 1.4  sec 80 

 iXU-RS160 6732 8984 6 µm 28-150 1.25 sec 60 

 IXU-RS1000 8708 11608 4.6µm 32-240 0.6  sec 100 

 IXU-RS1900 16704 11608 4.6µm 90 0.6  sec (190) 

 iXM-RS150F 10652 14204 3.76µm 32 - 150 0.5 sec 151 

        

IGI DigiCam100 RS 8708 11608 4.6 µm 32 - 150 0.5 sec 101 

 DigiCam 100 8750 11664 3.76 µm 32 - 150 0.4 sec 102 

 DigiCam150 10652 14204 3.76µm 40 - 150 0.5 sec 151 

        

Hasselblad A6D-100C 8700 11600 4.6µm 24-300 1.5 sec 100 

        

Leica RCD30    CH61 6708 8956 6 µm 50/80/150  60 

 RCD30    CH81 7752 10320 5.2µm 50/80/150  80 

        

Trimble  DSS 539 5412 7216 6.8µm 40/60/210 < 3 sec 39 

  DSS 580 7752 10320 5.2µm 55/80/110  80 

        

Mamiya Leaf Credo 40 5484 7320 6 µm  0.8 sec 40 

  Credo 60 6732 8984 6 µm  1.2 sec 60 

 Credo 80 7752 10320 5.2µm  1.4 sec 80 

Teledyne 
Optech 

CS-10000 7760 10320 5.2µm 50-90 2.5 sec 80 

Nikon D850 ~5070 ~9012 ~ 4 µm  0.14 sec 46 

 Table 2: Technical data of selected single mid format cameras 
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Phase One IXU-RS1000 Hasselblad A6D-100C 

Figure 20: Examples of mid-format cameras 

Not only the technical details (see table 2) are relevant for mid format cameras, the sta-
bility of housing and fixed focus is important for the stability of the calibration. Without 
fixed focus, the focal length may vary, and in case of an unstable housing, the principal 
point moves. A typical example with a stable housing is the Phase One camera (figure 
20 left). Typical examples of a less stable housing are the Nikon and the Hasselblad 
cameras (Figure 20 right). In table 2 only the Nikon and the Hasselblad cameras are not 
really metric cameras. As for drone cameras it is necessary to use only cameras with 
global shutters. 

Phase One became the market leader for mid format cameras. Except the DigiCAM 100, 
the listed IGI and Mamiya Leaf cameras are based on Phase One cameras.  

The newer mid format cameras are equipped with CMOS sensors instead of CCD sen-
sors. Due to today’s technical development, the imaging quality of CMOS sensors has 
improved compared to CCD sensors. In addition, CMOS sensors have the advantage of 
controlled readout of parts and parallel read out, which reduces the imaging interval. 
From those listed in table 2 the Teledyne OptechCS-10000, Trimble DSS and RCD30 
are equipped with CCD sensors, while the others use CMOS sensors.  

The Phase One IXU-RS1900 is a dual-lens camera with two connected optics (figure 
21). Based on sub-images with shifted principal points, the output images are stitched 
together. For this reason, it is listed under single camera. 

Figure 21:PhaseOne dual lens 
camera 

Fixed together – with shifted 
principal points  stitched im-
ages 

The IGI DigiCam 100 RS is based on the PhaseOne IXU-RS1000 and the DigiCam 150 
on the PhaseOne iXM-RS150F. The DigiCam are delivered as RGBI, RGB, CIR and NIR 
cameras, with RGBI as red, green and blue using a Bayer pattern for one camera, and I 
(near infrared) for a separate camera, together forming a dual camera system. CIR (= 
Color InfraRed = green, red, NIR) is based on an interchangeable filter. The specification 
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“Forward Motion Compensation (FMC) by BCM (Blur control management)” by IGI is 
explained as follows: “a high shutter speed plus extended radiometric CCD range is op-
erated to compensate motion blur”. This means, there is no FMC as usual for mid format 
cameras. 

Trimble DSS corresponds to the former Applanix DSS, which had the first stable mount 
together with the positioning and attitude system. Today, such a stable connection is 
standard. 

Similar to IGI, also Leica and Trimble offer a dual-camera version for combined RGB and 
NIR imaging.  

The Mamiya Leaf Credo versions are limited to digital camera backs. The optical part 
has to be added and only a fixed focus lens should be used. 

 

Systematic image errors Remaining systematic image errors 
[µm] 

Radial symmeric distortion [µm] 

Figure 22: Results of a Phase One iXU-RS 180 calibration 

A calibration of a Phase One iXU-RS 180 with 60 mm focal length by crossing flight lines 
over an area with a small mountain in the center and GCPs with 280 m difference in 
height, an average flying altitude above ground of approximately 2300 m resulted in sys-
tematic image errors as shown above. The focal length could be determined with a stand-
ard deviation of 6 µm and the principal point with +/- 0.5µm based on GCPs with SX=0.3 
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GSD, SY=0.2 GSD and SZ=0.3 GSD. As typical for mid format cameras, radial symmetric 
distortion with in maximum 17 µm is relatively large (and larger than for large format 
cameras), but the systematic image errors have almost only a radial component. The 
standard deviation of unit weight sigma 0 with 0.5 pixels is a satisfying result of the block 
of 99 images. However, with self calibration the Hannover program BLUH could not de-
termine and compensate all systematic image errors, so remaining systematic image 
errors have a root mean square size of 0.6 pixels (figure 22, upper right). This is a typical 
result for a mid format aerial camera. 

2.3.2 Multiple camera systems 

For the generation of RGB + NIR images, dual synchronously operating camera combi-
nations, fixed together, are available from different companies. Mid format cameras can 
only provide three color channels with the commonly used Bayer pattern (figure 8), but 
for the analysis of vegetation, near infrared is required for the generation of the Normal-
ized Difference Vegetation Index (NDVI) (formula 1), which is used for the separation of 
vegetation from other objects. 

𝑁𝐷𝑉𝐼 𝑁𝐼𝑅 𝑅𝑒𝑑 / 𝑁𝐼𝑅 𝑅𝐸𝐷             (1) Normalized Difference Vegetation Index 

In particular, IGI also produces other camera combinations that are tailored to the specific 
purpose. 

 

Figure 23: IGI quattro DigiCAM and 3D image combination of sub-cameras 

The Quattro DigiCAM is available with a configuration as shown in figure 23 on the left. 
This is the same configuration as used by the DMC I nearly 20 years ago, it extends the 
considered area. Nevertheless, IGI does not generate the stitched image combination as 
was done for the DMC I (figure 23, right) (Dörstel, Jacobsen, Stallmann 2003). It is also 
possible to order the Quattro DigiCAM with different nadir angles (figure 23 center), sim-
ilar to the city mapper configuration. 

2.3.3 Penta cameras – city mappers 

Penta cameras consist of a combination of a vertical and 4 oblique mid format cameras. 
This is a special configuration for city model generation with the Level of Detail (LOD) 3, 
including the images of the facades. EagleView Pictometry was one of the first compa-
nies this field. Their camera is not included here, as they do not sell the camera alone – 
the entire system including the mapping software has to be purchased and this cannot 
be easy integrated into other mapping solutions. Also, they do not publish details of their 
solution. 
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Figure 24: Vexcel UC Osprey Mark 3 Premium  
 
Nadir pan:13470 x 8670 pixel, pixel size 5.2µm 
Nadir options: 6735 x 4335 pixel, pan, RGB and/or NIR 
focal length nadir: pan 80mm, for RGB 40mm 
FOV nadir: 47.3° x 31.5°  
Oblique: 10300 x 7700 pixel, pixel size 5.2 µm 
Focal length oblique:  pan 120mm, inclination 45°  
FOV: in view direction + 9.5° up to -17.5° 
          across: +/- 9.5° 
Imaging sequence 1.75 sec  

 

 Figure 25: Leica City Mapper 
 
Combination of a penta camera with a laser scan-
ner including: 
1 x Leica RCD30 CH82 multispectral camera in 
nadir direction 
4 x Leica RCD30 CH81m oblique, incidence an-
gle 45° 
Each camera with 10320 x 7752 pixel, 5.2 µm 
nadir camera with 80mm focal length,  
oblique with 150mm focal length; 
imaging sequence 1.5 sec 
1 x Leica Hyperion laser scanner, 
laser scanner up to 700 kHz 

 

 Figure 26: IGI Penta DigiCAM 
 
The IGI PentaDigiCAM can be delivered with 
different focal length and cameras as Phase 
One and Hasselblad and different nadir an-
gles. The below shown configurations are just 
standard configurations. 
Oblique cameras up to 150MP 
Up to 0.5 sec imaging sequence 
For nadir: Phase One or Hasselblad camera 
    channels: RGBI, RGB, CIR, NIR, 
    Also with large format of Phase One IXU-
RS1900 
    +  4x RGB (oblique) 
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IGI Standard-imaging configuration                   IGI configuration with Phase One  IXU- 
RS1900 in nadir direction 

The IGI configuration (Figure 26), lower right, is based on a nadir camera with the dual 
Phase One camera with 28506 x 11472 pixels of 4.6µm and oblique images with 42° 
nadir angle with the Phase One IXU-RS1000 with 11608 x 8708 pixels of 4.6µm. All 
cameras have a focal length of ~ 89mm.   

 

Figure 27: Track Air MIDAS VI 

 

based on 4 by 45° inclined Nikon D850 cameras and 
a vertical Nikon D850 – upon request instead of the 
vertical Nikon camera also a Phase One iXM 
For different flying elevations above ground different 
lenses can be used 
 

Due to the use of the non-metric Nikon D850, the Track Air MIDAS VI inner orientation 
is not so stable, which leads to a limited accuracy of the object location (Jacobsen 2008). 
According to the information from Hasselblad, the synchronization of up to 8 cameras 
with 20 µsec should be possible. Under normal flight conditions this would be 1mm in 
flight direction. In a German project with a AOS-H5-Hasselblad, however, the synchroni-
zation did not work, requiring a new flight. As the self calibration results of the IGI Penta 
camera in figure 28 show, self calibration is required if accuracy is important. Despite the 
same kind of optics for all cameras the radial symmetric distortion is not equal. It also 
changed from one flight to another (both data sets flown at same day). This is consistent 
with years of experience with block adjustment of metric cameras – if the micrometers 
are important, self calibration is required. 
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Figure 28: Radial symmetric distortion of the five IGI Penta sub-cameras, 
                 left: Dortmund, right Zeche Zollern (Jacobsen and Gerke 2016) 
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2.4 Large format aerial cameras 

Large format cameras may be frame cameras - with a large CMOS or CCD array or a 
combination of CMOS or CCD arrays, which are stitched together – or they may be line 
scanners with forward, nadir and backward view. The frame cameras dominate, but line 
scanner systems are still used, especially for ortho images covering large areas. The 
number of companies producing such systems is limited also due to the limited market 
volume. From time to time, new prototype systems are announced, but usually disappear 
after a short time. 

2.4.1 Frame sensors 

Only products from Leica and Vexcel Imaging are listed here, other companies have no 
competing systems. Leica bought the former ZI/Imaging and Vexcel Imaging is again an 
independent company, after having belonged to Microsoft for some 10 years. The tech-
nical development is shown by the list of cameras. Not all of them are still sold today (the 
DMC I, all DMC II, the UCD and the Falcon are not anymore), but they are still used by 
several organizations and companies. 

For the number of flight lines only the number of pixels in y-direction (which is perpen-
dicular to the flight direction) is important. The UltraCAM Eagle Mark 3 has only 2.9% 
more pixels in y-direction than the DMC III. Corresponding to own investigations, the 
Eagle Mark 3 has a slightly lower image quality than the DMC III, compensating the ad-
vantage of slightly more pixels.  

Camera Pixel  
x 

Pixel 
y 

Pixel 
size 

Focal length 
[mm] 

Imaging 
interval 

Mega-
pixels 

Leica (former Z/I Imaging) 

DMC I 7680 13824 12 µm 120 2 sec 106 

DMC IIe 140 11200 12096 7.2 µm 92 2.2 sec 135 

DMC IIe 230 14144 15556 5.6 µm 92 1.8 sec 220 

DMC IIe 250 14656 17216 5.6 µm 112 1.8 sec 252 

DMC III 14592 25728 3.9 µm 92 1.9 sec 375 

Vexcel Imaging – UltraCAM 

UCD 7500 11500 9 µm 101.4 1 sec 86 

UCX  / Falcon 9420 14430 7.2 µm 70 / 100 1.4 sec 136 

UCXp/  Falcon Mark 3 11310 17310 6 µm 70 / 100 2 sec 196 

Eagle 13080 20010 5.2 µm 80/ 100 /210 1.8 sec 261 

Eagle Prime 14790 23010 4.6 µm 80/100/120/210 1.8 sec 340 

Eagle Mark 3 17004 26460 4 µm 80/100/120/210 1.5 sec 449 

Condor Mark 1 5000 38000 5.2 µm 100 2 sec 190 

 Table 3: Technical data of large format cameras (pan channels) 

Both the DMC and the UltraCAM camera are system cameras with high-resolution pan-
chromatic images and lower resolution multispectral images, with separate sub-cameras 
for blue, green, red and near infrared. So there is a clear separation of the multispectral 
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bands. High resolution multispectral images are generated by pan-sharpening of the 
higher resolution panchromatic band and the four lower resolution color bands. Vexcel 
Imaging always uses a linear reduction of the color bands by the factor 3.0, while for the 
DMC I a factor of 4.6 is used, for the DMC IIe 140 a factor of 2.0, for DMC IIe230 2.5, for 
DMC IIe 250 3.2 and for the DMC III a factor of 3.1 is given. That means the original color 
images cover the same ground area with a smaller number of pixels than the panchro-
matic images. 

The DMC I used four sub-cameras with separate optics (configuration shown in figure 
23, right) for the panchromatic channel (Dörstel, Jacobsen, Stallmann 2003); for the DMC 
II versions, a very large solid CCD-array and for the DMC III a very large solid CMOS-
array is used, of course with one lens system. This has the advantage of a very high 
geometric accuracy with almost no systematic image errors (Jacobsen and Neumann 
2012) and a better image quality due to the larger optics for the panchromatic channel.  

 

DMC II, left large optic for panchromatic 
+ 4 optics for multispectral, center for 

video control 

UltraCAM, 4 larger optics for multispectral, 
4 smaller optics in line in the center for 

panchromatic 
Figure 29: Large format system cameras DMC and UltraCAM 

Both types of large format frame cameras have embedded GNSS receiver and IMU for 
direct sensor orientation. 

The panchromatic channel of the UltraCAM is based on 9 sub-images in the four pan-
chromatic sub-cameras. On the imaging plane of one sub-camera four CCD-arrays are 
located, on two sub-cameras two CCD-arrays each and from one sub-camera the re-
maining one CCD-array (figure 30, above). 

The images of the 9 CCD-arrays are stitched to the homogenous green channel image 
magnified linearly by factor 3.0 (Leberl et al. 2012). However, the merged UltraCam pan-
chromatic sub-images show small systematic errors that reach 2 µm (0.5 pixels for Ul-
traCAM Eagle) (Passini, Jacobsen, Day, 2012). Until 2010, the sub-images were stitched 
together based on overlapping parts, which was not optimal for the image geometry with 
systematic errors of few pixels (Jacobsen et al. 2010). 
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Figure 30: above: UltraCAM location of the CCD-arrays in the focal plane of the 4 pan-
chromatic sub-cameras, below: stitching of the sub-images to the green channel (Leberl 
et al. 2012)  

The CCD-cameras DMC I and II and all UltraCAM feature forward motion compensation 
(FMC) through Time Delay and Integration (TDI). In this case the charge generated by 
light energy in a pixel is moved in the direction of flight according to the speed of the 
forward movement to the neighbored pixel in flight direction and accumulating more 
charge and shifting the summed up charge again to the next pixel. This is repeated sev-
eral times until a satisfying imaging time is achieved. This digital FMC is not possible with 
CMOS-sensors due to the direct read out. For this reason the DMC III has a mechanical 
FMC that shifts the CMOS-array. Note that none of the FMC solutions allows the cameras 
to be rotated by 90° around the vertical.  

The Vexcel Condor Mark 1is a special camera constructed for aerial images to be used 
by Microsoft BING aerial. The large number of 38000 pixels across flight direction results 
in a large swath. The small size of 5000 pixels in flight direction causes a base to height 
relation of 1:9.6 for 60% endlap, which is unacceptable for height determination. This 
camera is suitable for generation of ortho images, but not for three-dimensional data 
acquisition. Also the geometry for block adjustments is not optimal.   
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2.4.2 Line scanning sensors 

Another option for large format digital cameras are line scan cameras. As for the large 
format frame cameras, with Leica and Wehrli only two manufacturing companies are ac-
tive on the market. The JAS 150 from Jenoptik, offered a number of years ago, is not 
anymore produced. The triple stereo configuration is shown in figure 31, center.  

Leica ADS100 imaging con-
figuration 

Leica ADS stereo configu-
ration 

Leica ADS100 

color bands, RBG NIR 

Figure 31: Principle and configuration of Leica ADS configuration 

The Leica ADS 100 is equipped with CCD sensors of 20 000 pixels. It comes with two 
different color combinations of the sensor heads SH100 and SH 120. The spectral bands 
are exactly defined by spectral band filters with following spectral ranges: red: 619 – 651 
nm, green: 525 – 585 nm, blue: 435 – 495 nm, NIR: 808 – 882 nm (figure 31 right). 

Wehrli & Associates have a group of line scan cameras: 

   6-DAS-1 with 5 view directions, -45°, -16°, 0°, 26°, 45°, RGB with 8002 pixels 

   4-DAS-1 with forward, nadir and backward view, the inclined view directions selectable 
with 16°, 26° or 42° nadir angle, RGB, in nadir in addition NIR, all with 8002 pixels 

   3-DAS-2 with forward, nadir and backward view, the inclined view directions selectable 
with 16°, 26° or 42° RGB with 16000 pixels 

2.5 Optical Satellites 

The number of optical satellites is growing fast. The satellites are becoming smaller, 
down to the 3U-cube satellites (10cm x 10cm x 36cm). However, currently these small 
satellites are good for the generation of images only, but not useful for mapping pur-
poses. 

The ground resolution has to match the information content of the required mapping 
product. Even if the maps are digital today, the included information corresponds to a 
kind of map scale. For the ratio of the map scale to the image GSD, based on multiple 
tests, the rule of thumb is 0.05 - 0.1mm/pixel (or 10 to 20 pixels/mm) in the map for 
satisfying map contents (figure 32). A mapping product corresponding to a traditional 
1:10.000 map thus requires a GSD of 0.5 m to 1 m. For different areas to be mapped the 
required details are different, which explains the range of 0.05 - 0.1mm/pixel. For exam-
ple, more details are required for small buildings in unplanned areas than for larger build-
ings in planned, regular areas. Even for a small topographic map scale, some details are 
required, so images with a GSD above 5m are not useful for topographic mapping. For 



Study to Compare Potential Usages of Different Image Types         31 

 

example, with a larger GSD, the identification of single railway tracks cannot be guaran-
teed, but railway tracks are typical shown in a topographic map. For this reason, the 
graphical presentation in figure 32 is limited by the threshold of 5m GSD. This rule does 
not only apply to satellite images, but also to aerial images. 

 

Figure 32: Relation between mapping scale and GSD 

2.5.1 Very high resolution systems  

The first very high resolution (VHR) satellite was IKONOS, launched in 1999. As figure 
33 shows, there have been as many VHR satellites launched in the last five years as in 
the previous 14 years. In figures 33 and 34 only satellites for which images are available 
to civilian users are noted. The classification as VHR is based on the panchromatic chan-
nel, which usually has a resolution four times higher than the color channels. VHR color 
images are generated by pan-sharpening. 

Figure 33: Very high resolution satellites available for civilian purposes 
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Figure 34: Imaging capacity of VHR satellites for civilian purposes  

For some of the satellites listed in figure 33, it is a little difficult to obtain images. They 
are mainly used for the countries which launched the satellites, and sometimes only 
ground stations are available for the region of those countries. In addition some of the 
satellites are no longer active as IKONOS, QuickBird and WorldView-4. The imaging 
capacity of the satellites has been strongly increased for newer satellites – this is shown 
for selected optical satellites (Figure 34). The imaging capacity mainly depends on the 
download speed and the possibility of using relay satellites. The imaging capacity in 
km²/day does not take into account the ground resolution, while the capacity in million 
pixels/day does not contain the information about covered area. Typical examples of this 
difference are SPOT-6 and SPOT-7 with 1.5m GSD, which is the largest for the satellites 
shown in figure 34.  

 

  

WorldView-4 Istanbul 
Convergence: 29.7°, 

h/b=1:1.75 
Roll angle: 13.5° 

SPOT-6 Bolivia 
Convergence: 26.9° 

h/b=1.1.97, roll -13.6° 

Kompsat-3 Istanbul 
Convergence: 44.7° 
h/b=1:1.22, roll:-0.1° 

 

Figure 35: Examples of satellite stereo pair configurations;  a = angle of convergence, b 
= base, h = flying height 
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Due to the large GSD, it covers a large area, but with a smaller number of pixels. All 
these optical satellites are flexible – they can record stereo or even triple stereo models 
within the same orbit by rotating the view direction. The view direction also can be 
changed sideways to allow the imaging of ordered areas from a closely neighbored orbit 
(figure 35). However, it is recommended not to accept images with an incidence angle 
exceeding 30°. The incidence angle is the nadir angle from the ground to the orbit (which 
is slightly larger than the nadir angle from the satellite to the ground due to earth curva-
ture, figure 39). For larger incidence angles, the occlusions are larger and the GSD in 
view direction is larger by 1/cos² of the incidence angle. 

Most of the images sold are from Digital Globe and Airbus DS. For this reason, the details 
of the WorldView series as well as Pléiades and SPOT-6 and SPOT-7 are listed. 
RapidEye and Sentinel-2 are also included due to the specific configuration for Land Use 
and Land Cover. The company RapidEye, originally from Germany, now belongs to the 
US company Planet. 

The five identical RapidEye satellites do not have a panchromatic channel, but in addition 
to RGB and NIR a red edge channel (690 -730 nm wavelength) which offers some ad-
vantages for vegetation classification. The agile satellites can be rotated +/-20° across 
the orbit to allow a daily imaging if there is no cloud cover. The images are distributed as 
level 1B with radiometric and sensor geometry correction or as level 3B orthorectified.   

Sentinel-2 belong to the European Copernicus program with free of charge distribution 
of the images. The two identical Sentinel-2 satellites have with 10m GSD RGB and NIR 
and in addition six bands with 20m GSD, where four bands are located in NIR and two 
bands in short wave infrared (SWIR) and three bands for aerosol and water vapor cor-
rection and for Cirrus detection with 60m GSD. 

Satellite GSD 
pan 
[m] 

GSD 
MS 
[m] 

Swath 
[km] 

CE90 
without 
GCPs 

Color bands 

WorldView-1 0.46 1.84  17.6 5 only panchromatic 
GeoEye 0.46 1.84 20.1 5 RGB NIR 
WorldView-2 0.46 1.84 16.4 5 6 bands in visible  + 2 NIR 
WorldView-3 0.31 1.24 13.1 5 6 bands in visible  + 2 NIR 

+ 8 SWIR (3.7m GSD) 
WorldView-4 0.31 1.24 13.1 3 RGB NIR 
Pléiades 1A/1B 0.50 2.0 20 8.5 / 3.5 RGB NIR 
SPOT-6 /-7 1.50 6.0 60 10 RGB NIR 
RapidEye - 5.0 77  RGB, red edge, NIR 
Sentinel-2 - 10.0 290  RGB NIR + 6 bands NIR/SWIR 

with 20m GSD 
4 Pléiades Neo (to be 
launched in 2020) 

0.30 1.2 14  deep blue, RGB, red edge, NIR 

Table 4: Details of selected satellites     (CE90 = SX * 2.146) 

On January 7th, 2019, WorldView-4 had a failure of the control moment gyro system and 
stopped data acquisition. All satellites shown in figure 33 are fast rotating satellites. Pléi-
ades 1A and 1B have a physical GSD for nadir view of 0.7m; nevertheless the images 
are distributed with 0.5m GSD. An investigation (Jacobsen et al. 2014) has shown that 
this is justified. The effective image quality of the analyzed Pléiades 1A image was even 
better than for a WorldView-1 image having a physical GSD of 0.46m. 
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According to the rule of thumb of 0.05 - 0.1mm/pixel required for mapping, with 0.31m 
GSD maps of scale range of approximately 1:3100 and 1:6200, for 0.5m GSD maps 
1:5000 up to 1:10000, and with 1.5m GSD maps 1:15000 up to 1:30000 and smaller can 
be generated (Topan et al. 2016). The limiting factor is the resolution; the necessary 
horizontal accuracy is approximately 0.5 GSD and is thus easily reached. This is different 
for the height component, a standard deviation SZ of approximately 1GSD can be 
achieved for height models under normal conditions. There is no relation between re-
quired vertical accuracy and a map scale, but the vertical accuracy largely depends on 
the mapped area. In mountainous area a lower accuracy is required than in flat areas. 

For the years 2020 and 2021, the launch of four Pléiades-Neo is announced, which will 
have 30cm GSD and a swath of 14 km. Digital Globe announced the launch of six 
WorldView Legion satellites in 2021. These types of satellite constellations will in future 
offer more frequent images of the Earth. Whether the currently largest constellation, that 
of the private Californian company Planet with approximately 150 satellites in orbit and a 
resolution of a ground sampling distance of a few meters, will also enter the market of 
photogrammetry and cartography, is unclear at the moment.   

2.5.2 Stereo systems 

For the generation of stereo models, flexible satellites require some time for rotation from 
one view direction to the other, reducing the capacity to image large areas. Only with 
stereo sensors, equipped with two or three cameras, a large area can be covered in 
stereo. The available stereo sensors have a limed ground resolution of 2.5m GSD of 
coarser to achieve a satisfying swath width. 

The Indian Cartosat-1 was launched in 2005. It is equipped with 2 cameras with 2.5m 
GSD each, one looking forward with a nadir angle of 26° and one looking 5° backward. 
The corresponding base to height relation is 1:1.6. In 2014 and 2017, respectively, the 
similar Cartosat-1A and Cartosat-1B were launched. This allows a standard deviation in 
Z in the range of 2.5m up to 3m in open and not too steep areas (Jacobsen 2006). 

In addition to the two main HRG cameras, the French SPOT-5 also had the High Reso-
lution Stereo (HRS) sensor with 5m GSD in orbit direction and 10m GSD across (Baudoin 
et al. 2004). One optic looked forward by 22°, the other 22° backwards.  

The Japanese stereo sensor ALOS PRISM was active from 2006 up to 2011, so no actual 
images are available. However, all available tri-stereo models with 2.5m GSD have been 
used for the generation of the height model ALOS World 3D (AW3D) with a point spacing 
of 5m. From this height model a reduced version with 1 arcsec point spacing (at the 
equator approximately 30m) is available free of charge. AW3D30 has a standard devia-
tion in the range of 1.5m up to 3.5m in open and not so steep areas (Bayburt at al. 2017). 

Ziyuan-III-01is a Chinese triple-stereo sensor launched in 2012 with 2.1m GSD in the 
nadir view and 3.5m GSD for the forward and back sensor with a nadir angle of 22°. With 
this sensor for a terrain inclination up to 6° a standard deviation in height (SZ) of 3.4 m 
or a Normalized Median Absolute Deviation (NMAD) of 2.5m was achieved (Jacobsen 
2016). NMAD is the median of the discrepancies multiplied by 1.4826. In the case of a 
normal distribution of the discrepancies, it is identical to SZ. When comparing height 
models, a smaller number of discrepancies are blunders, e.g. in one DHM the point is 
located on a tree and in the other on the bare ground. Such discrepancies affect SZ 
strongly, but not so much NMAD. The frequency distribution of the discrepancies agrees 
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usually better with the NMAD-based normal distribution as the SZ-based normal distri-
bution (Jacobsen 2016). In 2016 Ziyuan-III-02 was launched with 2.5m GSD for both 
inclined cameras. 

In general, therefore, a vertical accuracy in the range of 1 up to 1.2 GSD can be achieved. 
Using all available ALOS PRISM Images, ALOS World 3 D (AW3D), a nearly worldwide 
commercial height model, is available with a point spacing of 5m. Alternatively, the free 
of charge version AW3D30 with 30m point spacing, can be used, resulting in reduced 
morphological details (figure 38). 

2.6 Radar Satellites 

Synthetic aperture radar (SAR) generates images that cannot be directly compared to 
optical images (figure 36). The use of radar images for mapping requires knowledge and 
experience. As rough comparison to have equal information contents, SAR-images with 
approximately half the GSD of optical images are required (Lohmann et al 2004). At 
shorter radar wavelength, the radar image is more similar to optical images. Only few 
elements can be mapped with SAR equally well or even better than with optical images. 
In addition with SAR only oblique imaging is possible. However, radar has the advantage 
that it penetrates clouds and is only influenced by very heavy rain fall. For this reason, 
SAR images are used e.g. in case of floods or other disasters where optical images due 
to clouds cannot be taken. 

Currently, the highest resolution civilian SAR satellite images come from TerraSAR-X 
and TanDEM-X. Both satellites fly close together in an interferometric SAR (InSAR) con-
figuration for the generation of a global height model. Depending on the operation mode, 
the ground resolution may be as fine as 1m x 1m (figure 36 left). With InSAR, this satellite 
combination has been used to create a global height model that is now being distributed 
by Airbus DS under the name WorldDEM with a point spacing of 10m. A reduced version 
is available as TDM90 (TanDEM-X with 90m spacing) free of charge.  

The nominal absolute vertical accuracy of WorldDEM is specified with SZ < 6m; for open 
area and slopes below 10% the relative accuracy is approximately 1m and for an incli-
nation >20% the relative accuracy is specified with SZ = 2.4m. Tests showed that the 
actual values are even better (Rizzoli et al. 2017).  

  

TerraSAR-X-image with 1m GSD panchromatic optical image with 1m GSD

Figure 36: Comparison of Synthetic Aperture Radar (SAR) image with optical image 

The grey values of optical images depend on the chemistry of the object, while the grey 
values of SAR images depend on the physical structure. The major influence comes from 
roughness (in relation to the wavelength) and volumetric reflection. This includes infor-
mation on the height and density of agricultural vegetation. 
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SAR-images are not normally used for standard mapping purposes. This is limited to 
special cases for areas with permanent cloud coverage. The main application is the gen-
eration of height models such as for the nearly worldwide SRTM Digital Surface Model 
(DSM) or WorldDEM. Another possibility is the use by Differential InSAR (DInSAR) for 
very precise height changes. In areas that are not disturbed by vegetation using DInSAR 
or related techniques, height changes can be determined with accuracy down to 1cm. 
With Persistent Scatterer interferrometry, height changes in the elevation of points with 
permanently strong reflections (these can e.g. be found at buildings) can be determined 
with the same accuracy. 

Figure 37: Average DSM accuracy based on 5 test areas of free available height models, 
distributed worldwide, left: independent of terrain slope, center: for slope <10%, right: for 
slope > 10% (corresponding to 6°) 

Accuracy analysis of the TDM90 and other free of charge DSM in five test areas with 
precise reference DSMs (figure 37) showed the very high accuracy of the TDM90. How-
ever, with 3 arcsec point spacing (~ 90m at the equator) accuracy loss due to interpola-
tion must be considered – this is much less the case for WorldDEM with 10m point spac-
ing. It should be noted, however, that the accuracy of an InSAR height model depends 
more on terrain inclination than that of optical height models.  

2.7 Pseudo Satellites (HALE UAV) 

Plans and prototypes of first solar-electric, stratospheric High Altitude Long Endurance 
Unmanned Aerial Vehicles (HALE UAV) had already been published in 2004. Currently 
several plans and prototypes exist (D’Olivera et al. 2016). These systems are able to 
stay in an altitude of approximately 20km, i.e. above the aviation controlled region for 
months. However, in order to reach this height and to come down the aviation control 
region must be passed.  The Belgian company VITO together with QuinetiQ (UK) devel-
oped a prototype with wingspan of 12m and a weight of 27kg (Everaerts et al. 2005, 
Pegasus Newsletter 4–June 2006, Figure 38). VITO planned a system with optical cam-
era with 20cm GSD cruising over Europe depending upon request. Due to problems with 
aviation control, however, it was limited to test flights in Mexico.  

More recently, for example Airbus built a system called Zephyr, a “High Altitude Pseudo 
Satellite” (HAPS), which can also stay in an elevation above 20 km (Figure 39). Zephyr 
S has a wingspan of 25m and a weight of 75kg, while Zephyr T has a wingspan of 33m 
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and a weight of 140kg enabling a larger payload (www.airbus.com/de-
fence/uav/zephyr.html). Airbus Zephyr S flew for more than 25 days on its maiden flight 
in 2018 (ESA 2018).  

With such systems the gap between satellites and aircrafts could be closed and large 
areas could be mapped with higher ground resolution than from satellites, probably at 
lower costs. Nevertheless, problems with aviation control have to be solved, which may 
be simpler for military applications as for civilian remote sensing systems. Airbus did not 
specify the reconnaissance payload up to now.  

In this field in near future the first realizations have to be expected which may influence 
the photogrammetric data acquisition with more flexibility and lower cost as from satel-
lites and aircrafts.  

 

Figure 38:  VITO/QuinetiQ Pegasus      Figure 39 :Pseudo Satellites  Airbus Zephir                    
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3 General evaluation of different types of images and plat-
forms 

The image types and image carriers discussed in chapter 2 have advantages and disad-
vantages for various applications. Their use depends on the application. In general, the 
information content – the possibility to identify and classify objects – and the required 
geometric accuracy are important. The classification of vegetation requires the intensity 
of object reflection in the near infrared in addition to the red channel. For the automatic 
identification of the vegetation the spectral information, in particular in the near infrared 
channel, as well as the temporal changes are important. The Normalized Difference Veg-
etation Index (NDVI) (formula 1) is a simple method of separating vegetation from non-
vegetation. 

Of course the images have to be available in time. For large areas and for city mapping 
image data capture has to be organized. The same is true for mobile mapping, which 
takes a considerable amount of time for entire cities or larger areas. Sentinel images can 
be downloaded at any time; other satellite images have to be ordered. For map update 
of small areas also UAVs may be used, whose mapping is quite flexible. 

3.1 Drone Images 

The use of drones expands rapidly. The main reason for this is the technical development 
in this area and the mass production, which lowers the price. The progress is with drone 
components, the sensors used, and the flight planning software to achieving the required 
results. Today’s drone components and control software simplify the flight and drone 
environment to avoid collisions. Of course this requires trained operators, who must have 
a license for the drone flight and know about the legal status of the drone flights. If stand-
ard sensors are not used, the drone operator must be able to select the required compo-
nents and connect the various parts. 

The use of drones discussed here starts with small standard drones with small sensors 
and extends to drones with a takeoff weight of 25 kg, which can carry mid format cam-
eras. Due to the small distance to the objects, drone images can have a very high object 
resolution of less than 1cm GSD up to just few cm GSD. However, the limited flight time 
of battery-powered drones and requirements of flight in view of sight do not allow cover-
age of larger areas with drone images. 

For small drones, the normally limited sensor size requires multiple images, and the less 
accurate direct sensor orientation is satisfactory for flight control, but not for the image 
orientation, which must be determined by strong overlap of images and ground control 
points. This further limits the area that can be covered, and longer times need to be spent 
for image orientation, which can take several hours for a typical block. Care needs to 
taken if free computer vision software such as VSFM, Bundler and PMVS2 is used – with 
VSFM and Bundler, an internal block adjustment is first calculated, using the approximate 
orientation information in the EXIF header of the images. This internal block is related to 
the GCPs only by a seven-parameter transformation. Systematic deformations of the 
block due to non-respected systematic image errors can thus not be corrected, and con-
sequently distort the results. Commercial photogrammetric software, e.g. Pix4D, Agisoft 
PhotoScan – renamed to Agisoft Metashape with version 1.5, Trimble Inpho UAS Master, 
aSPECT, Smart3D Capture and Autodesk 123D Catch, work differently. They allow a 
direct bundle block adjustment with GCPs and self calibration, even if only simple addi-
tional parameters are used. 
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For large drones (e.g. 25 kg maximum take-off weight), mid format cameras, and differ-
ential GNSS positioning using 2 GNSS frequencies, the geometry of the resulting block 
differs significantly. Theoretically, with just one GCP, the block adjustment can be per-
formed on the basis of precise projection centers, even if under operational conditions 
an over-determination using GCPs is required, these blocks are stable and well con-
nected. However, a block based on a drone flight is limited by legal reasons regarding 
area restrictions and the flying height, resulting in a small GSD, and limited block size 
due to the necessity to fly within the line of sight. This cannot be compared to the larger 
size of aerial blocks. 

In general, these conditions limit the size of the covered area, even with a large drone 
using a mid-format camera. For projects of limited size, drone imaging can be a fast and 
economical solution without the complications of the management of an aerial photo 
flight. Covering larger areas like entire cities with drone images is time and labor intensive 
and typically does not provide an economical solution. For most applications a very small 
GSD is not needed. In addition, drone imaging of a whole city may not be possible due 
to legal restrictions. 

3.2 Mobile Mapping products 

Mobile mapping shows the streets in the same direction as the view from cars. This is 
advantageous for autonomous driving, where information e.g. about lane lines and street 
signs must be captured. City mapping from the air often has to deal with occlusions, in 
addition with a nadir angle of 45° street signs cannot be identify with the required details. 
The resolution of city mapping usually begins with 3cm up to 5cm GSD, which may be 
insufficient e.g. for the detection of dirty street signs. Thanks to mobile mapping, imaging 
at a short distance has a resolution of approximately 1cm.  

Mobile mapping provides sufficient detail that can be used for autonomous driving as a 
reference for unavailable GNSS information in narrow streets with high buildings. In such 
narrow streets, city mapping with 45° nadir angle cannot provide the details required, as 
it was the case in a project carried out in Istanbul, where gaps of city mapping had to be 
filled by mobile mapping. 

On the other hand, mobile mapping is time consuming, that means expensive. The ac-
curacy depends upon the direct sensor orientation and requires satisfactory system cal-
ibration and stable connection between the cameras and the IMU. Not every system 
guaranties this stable connection.   

3.3 Aerial Images 

3.3.1 General 

Imaging from aircrafts is a standard mapping method. Depending on the subject, different 
sensors are used as large format photogrammetric cameras with frame or line scan sen-
sors, mid-format photogrammetric cameras, penta-cameras and hyperspectral cameras. 
The use of a sensor or sensor combination depends upon the topic. 

Large format cameras are more expensive than mid-format cameras, but the latest large 
format cameras with about 26000 pixels across flight direction cover a much larger area 
than the latest Phase One camera with 11600 pixels or the double camera Phase One 
iXM-RS150F with 14204 pixels across flight direction. This means that the mid-format 
camera requires 26000/11600=2.2, respectively 26000/14204=1.8, times as many flight 
lines as the large format camera with the same ground resolution. Also, the mid-format 
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cameras are usually limited to RGB and have to use an additional camera for NIR when 
needed. With the IGI-dual camera combination of a RGB and a NIR camera this disad-
vantage of the mid-format cameras is compensated as well as with similar combinations 
of other manufacturers, but such a camera combination increases the system price and 
calibration complexity, and in addition the factor 2.2 for the number of flight lines does 
not change. Of course, companies are not always equipped with the latest camera; how-
ever, this is the same for both large and mid-format cameras. The progress in develop-
ment of CCD- and CMOS arrays influenced both camera groups in parallel. 

The availability of large or mid-format cameras at flight companies depends upon the 
national requirements. Usually companies will not have both camera types. In central 
Europe the large format cameras tend to dominate due to requested larger flight areas. 
This is different in some non-European countries. 

The relation between mapping scale and GSD, as shown in figure 32, is also valid for 
aerial images. This has a dominating influence on the achievable mapping including iden-
tification of objects. Based on horizontal accuracy requirement usually a larger GSD can 
be chosen, but this makes the manual as well automatic classification more difficult and 
time consuming.  

The use of hyperspectral cameras is limited to detailed classification of vegetation; it 
cannot be compared with the standard photogrammetric cameras, also due to the quite 
lower number of pixels and consequently the larger GSD. 

Penta-cameras became popular for city mapping with the level of detail (LOD) 3 city 
models, including images of facades. City mapping of course is limited to cities; such 
cameras are not in use for rural areas. The orientation of the inclined images is a little 
difficult. Here, the interest operators SIFT and SURF can help to determine tie points 
between nadir and inclined images, e.g. as implemented in the Pix4D software. Another 
method is to calibrate the penta sub-camera combination and to determine only the ori-
entation of the nadir image by tie point matching followed by bundle adjustment. Based 
on the result, the orientation of the inclined images can then be determined via the sys-
tem calibration. Of course, this does not reach the accuracy of direct orientation of the 
inclined images, but for stitching the facades to the LOD 3 city model it may be satisfac-
tory. 

Today, it is standard to combine LiDAR or laser scanning with mid-format RGB cameras 
to allow the generation of color coded point clouds. However, height determination by 
LiDAR is clearly more expensive than from stereo images followed by image matching. 
For matching in built up areas dense matching should be used, allowing a point determi-
nation pixel by pixel in an object area with sudden height changes as in city areas. Semi 
Global Matching (SGM) is the current industry standard, methods based on Convolu-
tional Neural Networks (CNN) promise even better results. In most cases, dense match-
ing delivers higher point density, than LiDAR, even if today with single photon LiDAR, as 
with Leica SPL100, the LiDAR point density as well as the flying height has been in-
creased. There is a clear trend for city areas to use dense matching instead of LiDAR. 
On the other hand, in forest areas, for getting points on the bare ground, LiDAR cannot 
be replaced by image matching. This is also the case at the coastal tidal area where 
image matching is disturbed by wet ground, poor contrast and wave movement. 

3.3.2 Land Use and Land Cover 

For detailed land use and land cover aerial images with RGB and near infrared channels 
should be used. The spectral information is required for the separation of the classes. It 
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is not recommended to use mid-format camera combinations with an RGB and a near 
infrared camera due to the situation that Bayer pattern spectral bands are not well sepa-
rated. On the other hand, large format cameras use a pan-sharpening with approximately 
a factor 3.0 for the relation of the panchromatic pixel size to the color pixel size, but under 
operational conditions this is not a limitation. Of course, the line scanner Leica ADS100 
with its color band filters (figure 31 right) has best spectral separation, but mapping with 
ADS100 images is a little difficult, as it requires special software packages and the han-
dling of the very large images. 

For detailed forest classification multi- or hyperspectral cameras lead to a better separa-
tion of forest classes, but these have a quite larger GSD, corresponding to less accurate 
class boundaries. They are used for forest purposes, but a national mapping usually does 
not have such a detailed forest classification. Of course more details mean also more 
effort, resulting in higher cost. 

3.4 Optical satellite images 

The requirements for the generation of detailed 3D maps and for land use, land cover 
are quite different, so these topics are discussed separately. 

3.4.1 Detailed 3D-mapping 

The ground sampling distance is the dominating figure for limiting detailed 3D-mapping 
(figure 32). For both, mapping and also map update, stereo models are usually required. 
There are not many very high resolution satellite stereo models in the archive, so images 
usually have to be ordered. This is not a problem due to the fact that only current images 
are useful for updating, anyway. With the malfunction of WorldView-4 only WorldView-3 
is available with 31cm GSD at nadir view, but this will change with the launch of the four 
Pléiades Neo with 30cm GSD, planned for 2020 and 2021. 

With the above mentioned requirement of 0.05 up to 0.1mm GSD in the map scale 
(0.05mm, respectively 0.1mm has to be multiplied with the scale number), with 31cm 
GSD maps with a scale of 1:3100 up to 6200 or with 50cm GSD maps 1:5 000 up to 
1:10000 can be generated with the details usually required for such mapping. Of course 
the mentioned GSD is only available for nadir images, for inclined view the GSD is larger. 
As an example, for an incidence angle (figure 40) of 30° the GSD of 50cm in the nadir is 
enlarged in the view direction to 67cm and across the view direction to 58cm. 

GSD in view direction       = GSD nadir / cos² (incidence angle) 

GSD across view direction = GSD nadir / cos (incidence angle) 

Satellite images are not taken just in the nadir view from the orbit, the satellite is also 
looking to the side to allow a short time between ordering and imaging (figure 40). The 
satellite image distributors use 30° as a standard for a tolerable incidence angle. Larger 
angles should not be accepted for mapping purposes to avoid too much occlusions. For 
an incidence angle of 30° the occlusion is 50% of neighboring buildings, in cities this may 
not be acceptable. As a compromise between in time imaging and occlusion size, an 
incidence angle of 20° may be acceptable corresponding to 34% occlusion of building 
heights. In addition, the limitation to 20° incidence angle reduce the enlargement of the 
GSD from 50cm in the nadir to only 57cm, respectively 53cm. 
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Figure 40: Relation of nadir and inci-
dence angle depending upon flying ele-

vation and offset 

 

For satellite images, the same dependency of the vertical accuracy from the height to 
base relation exists as for aerial images: 

𝑆𝑍    𝑆𝑝𝑥        standard deviation of Z (SZ) 

with hg = flying height above ground, b = base length 

SPx  = standard deviation of x-parallax 

Corresponding to this formula, the height accuracy is better if the base is larger. For 
image matching this is not the case due to the situation that for a large base the angle of 
convergence is larger and this leads to larger differences of the images to be matched, 
especially in areas with larger height differences as in cities. The differences of the im-
ages enlarge SPx, so the advantage of a large base is reduced. In flat and open areas 
this is not the case and there a large base has advantages, but in built up areas and 
mountains a base to height relation of 1:2 has advantages. This also reduces occlusions. 

The information extraction from satellite images depend also on the sun elevation. With 
low sun elevation the image quality is not as good, but more important are the long shad-
ows. Of course, with proper processing (e.g. Wallis filter) the object contrast in shadows 
can be improved, but the result is not as good as under direct sunshine. The sun eleva-
tion should be at least 20°, but it is better to have 30° sun elevation or more. With the 
equator crossing of Pléiades at local time of 10:30 am for a location at a latitude of 49° 
(Paris) from mid November up to end of January the sun elevation is below 20° and from 
the beginning of March up to mid October above 30°. 

The coverage of larger areas, as larger parts of the whole country, with satellite stereo 
pairs is time consuming due to the required satellite rotation. Of course, imaging is not 
possible every day due to cloud coverage. Often the order conditions of the satellite com-
panies do not allow to obtain completely cloud free images. Often, the cloud covered 
area, which a user must accept, is set to a maximum of 5%, which can lead to problems 
of mapping and map update. So, before ordering satellite stereo models for a larger area, 
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the order conditions have to be discussed. This is related also to the cost. When satellite 
imagery needs to be paid for, usually covering a very large area with aerial images or 
stereo models is less expensive. However, for an urgent update of a limited area, satellite 
images may be very helpful, as the organization of an aerial photo flight is not needed 
and thus satellite imagery may be available faster. 

3.4.2 Land Use and Land Cover 

Land cover is the physical material at the surface of the earth. In general, only this can 
be seen directly, while land use is the description how the land is used commonly. So, 
the term land use is not so well defined and capturing land use is also a question of 
interpretation. In theory land use has to be updated over longer times only, while land 
cover may change in every vegetation period. 

It should be noted that land use and land cover mapping for urban and rural areas are 
different tasks. In rural areas agricultural classes (arable and grass land) and forest are 
of main interest, in urban areas more details are usually required. 

If for land use and land cover mapping and update the required accuracy for class bound-
aries is limited, satellite images may be used. In the European Union, for the CORINE 
land cover campaign CLC 2012 the commercial RapidEye images (5m GSD in RGB, red 
edge and NIR) have been used mostly, while for the update the free of charge Sentinel-
2 images (10m GSD in RGB, NIR) are satisfactory in most cases. For safe separation of 
grass land from arable land by automatic classification time series are required which 
can be supported by Sentinel-1 radar images as one channel, because with RGB and 
NIR cameras of only one epoch even by manual interpretation a safe classification may 
not be possible. Of course, more spectral channels as red edge or those from multi-
spectral cameras improve the classification, but not as much as a multi-temporal classi-
fication. Multi-spectral cameras have the advantage of improved spectral information, but 
due to the usually reduced geometric information the class borders are not as accurate. 

3.5 Radar images 

As mentioned in section 2.5, mapping with radar is a little difficult and requires experience 
in the interpretation of radar images, but for tropical areas with nearly permanent cloud 
coverage it may be helpful or even be the only possibility. InSAR imaging is not only 
possible from satellites; it can also be done also from aircrafts as the company Intermap 
has shown for Western Europe, the USA, parts of Indonesia and some other areas of the 
world. Intermap generated a DTM called NextMap by airborne InSAR with 5m spacing 
and SZ <0.6m for 40%, SZ=0.60m up to 1.8m for 40% and > 1.8m for 20% of the mapped 
area. This is no longer important because of competition with WorldDEM, but it demon-
strated that large areas can be covered by aerial InSAR. 
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4 Applications 

The proposal for the selection of the sensor and/or sensor carrier system is dominated 
by the required object identification and the geometric accuracy. The object identification 
often is the limiting factor. In addition, the view direction is important e.g. for occlusions, 
for imaging facades and for data acquisition for autonomous vehicles. Of course the pro-
posed sensor must allow an economic generation of the required product. 

The used ground coordinate system in general has no influence to the mapping. The 
ground coordinates can be transformed into other systems if the geodetic datum is known 
accurately, nevertheless for digital maps the change of the ground coordinate system is 
time consuming. If a change of the ground coordinate system is planned in the near 
future, it is better to carry out mapping in the new ground coordinate system. 

4.1 Land Parcel Information System (LPIS) 

The land parcel information system is related to farm lands including a buffer zone of 
20m. The requested geometric root mean square error is 1.12m. LPIS includes infor-
mation about roads, paths, buildings, walls, hydrography (without banks; grassing strips 
are included in farming blocks), forest borders (captured at the half-crown of trees), and 
hedges (footprint). 

The classification of the farm land requires images with at least RGB and NIR channels. 
The accuracy of topographic elements can be determined in images not better as with a 
standard deviation of 1 GSD at best. Corresponding to this requirement, at least a GSD 
of 1.12m is required. Up to now the data acquisition was based on aerial orthoimages. 
The object identification in orthoimages is a little more difficult than in stereo models. For 
this reason, the identification of the required details should have at least a GSD of 1.0 m 
if orthoimages are used. The success of an automatic identification of the classes and 
boundaries typically requires a smaller GSD than the human interpretation. Therefore, 
the use of SPOT-6 /-7 images with 1.5m GSD is not proposed, at least the GSD of Pléi-
ades with 0.5m is required. For the generation of orthoimages no stereoscopic coverage 
is required. 

LPIS shall be updated every third year, consequently on average 1/3 of the whole country 
has to be imaged per year. In the case of aerial flights large format cameras are pro-
posed. It does not matter if a DMC III or the UltraCAM Eagle Mark 3 or some former 
versions are used. The DMC generates images from 4700m height above ground with 
20cm GSD; the UltraCAM Eagle Mark 3 requires 4000m flying height above ground with 
a focal length of 80mm to obtain the same GSD of 20cm. The smaller GSD (as compare 
to Pléiades) has advantages for automatic data acquisition.  

4.2 Managing the Common Agriculture Policy (CAP) 

The Common Agricultural Policy (CAP) is the agricultural policy of the European Union. 
The EU implemented a system of agricultural subsidies and other programs. Objectives 
are: 

- viable food production, with a focus on agricultural income, agricultural productiv-
ity and price stability, 

- sustainable management of natural resources and climate action, with a focus on 
greenhouse gas (GHG) emissions, biodiversity, soil and water, 

- balanced territorial development, with a focus on rural employment, growth and 
poverty in rural areas. 
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Originally the data for CAP were based on farmer declarations, influencing directly the 
payments to farmers, so it became obvious that a check was necessary. 

To acquire CAP information, the commercial RapidEye satellite images with 5m GSD 
have been used (RGB, red edge, NIR) in several countries originally. Now the Sentinel 
images, available free of charge, are promoted by the EU (esa-sen4cap.org, 
https://ec.europa.eu/info/news/modernising-cap-satellite-data-authorised-replace-farm-
checks-2018-may-25_en).   

The German company EFTAS uses a time series of the 10m GSD bands of Sentinel-2 
(RGB, NIR) and a grey value image of the SAR C-band from Sentinel-1 for CAP update 
by automatic classification. Time series are required to improve the class separations 
with changing information over the vegetation period. This method can also be proposed 
for the management of the CAP. 

4.3 Large Scale Land Cover and Land Use DataBase (OCS GE) 

In contrast to CAP, the Large Scale Land Cover and Land Use Data Base (OCS GE) 
covers the whole French national territory and departments and oversea regions. It is 
generated from reference databases available at the national level. The database has 
the following parts: 

LIPS (see above) 

BD ORTHO is an orthoimage data set with 25cm GSD, it will be updated every third year. 
Corresponding to the rule of thumb, that the human eye can separate 8 pixel/mm in usual 
reading distance, this corresponds to a scale number of 25cm/0.125mm = 2000 for inter-
active interpretation. 

BD TOPO is a vector based topographic description of the whole country for the map 
scales 1 : 5000 up to 1 : 50 000. 

BD ADRESSE is an address data base with the corresponding position information 

BD Forêt is a forest data base 

These parts are not separately produced for the Large Scale Land Cover and Land Use 
Data Base, instead the OCS GE is derived from these parts. For this reason, no proposal 
for cameras and camera carriers to be used is given. However, for a mapping in scale 
1:5000 from stereo images as well as from orthophoto interpretation under usual condi-
tions a GSD between 25cm and 50cm GSD is required.  

In future it is intended to automate the OCS GE production and update phases as much 
as possible, including the identification of the classes and boundaries. Compared to hu-
man interpretation, this automatic process requires a higher resolution, corresponding to 
a smaller GSD (see also 4.1).  

4.4 Very large scale Core Street Maps 

The very large scale Core Street Maps shall have a standard deviation of 10cm; corre-
sponding images with at least 10cm GSD are required. Also, the specified details for 
mapping require approximately 10cm GSD. This requirement rules out currently available 
satellite imagery as well as those available in the near future. The core street maps are 
requested for the whole country, so the images for map generation cannot be acquired 
by drones, as drone imaging is limited to small areas. The use of penta cameras is not 
justified; they only have advantages if façade images shall be captured. The coverage of 
the whole country makes the use of mid-format cameras less economic compared to 
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imaging with large format cameras. If an UltraCAM Eagle Mark 3 shall be used, 80mm 
focal length is recommended for better vertical accuracy.  

Utilities shall be included in the very large scale core street maps with an accuracy of 
40cm. Most utilities are underground, indicated just by visible man-holes, stopcocks, net-
work boxes or similar visible objects. Based on these objects available utility plans may 
be fitted to the street maps to improve the location of the underground utilities. If such 
objects as stopcocks shall be determined, it may be required to improve the visibility by 
painting them.  Different colors may simplify the classification.  

A stereoscopic coverage of the large format digital camera images is required for sensor 
orientation, but also for mapping with 10cm accuracy. Parts of the streets may be oc-
cluded by neighbored buildings. Such occlusions have to be reduced by an increased 
overlap, e.g. 80% foreword overlap and 60% sidelap, to determine also the location of 
the ascending masonry. Of course the photo flight should be supported by direct sensor 
orientation based on the combination of GNSS positioning and IMU to reduce the number 
of ground control points. 

4.5 Reference 3D National Database 

The accuracy requirements for the reference 3D national database (Ref3DNat) are given 
with 25cm for building eaves in planimetric location and in altimetry and for planimetric 
location of building ridges. These values are not very demanding. This data base for the 
whole country includes LOD1 information (buildings as a cube) and shall be enriched to 
LOD 2 (with roof details) or better (LOD 3 with images of facades). For the height model 
a raster with added break lines is required.  

The accuracy requirement can be reached with 20cm GSD; nevertheless, for better ob-
ject identification 10cm GSD would have some advantages. Again, this requirement rules 
out currently available satellite imagery as well as those available in the near future. In 
general, large format digital camera images with 10cm GSD, to be used for the very large 
scale core street map, could also be utilized here. This is satisfactory for LOD 1 and LOD 
2 as well as all other topics. For the possible update to LOD 3, façade images have to 
be used. The DMC III has a maximal nadir angle for nadir images of 28.6° to the side 
and 17.2° in flight direction, for the UltraCAM Eagle Mark 3 with 80mm focal length the 
values are 33.5° to the side and 23.1° in flight direction. The objects are not always at 
the edges of the image, so façade mapping may have to occur for nadir angles as small 
as 15°. With 10cm GSD and 15° nadir angle at the façade the GSD would reach 37cm 
and this is not optimal. It is better to use a penta camera for LOD 3 which has a nadir 
angle in the range of 45°. Of course, this is only required in cities or perhaps only in city 
centers. 

4.6 Data for autonomous vehicles 

Autonomous driving requires very high resolution 3D-information including all lamp posts, 
traffic signs and road markings with an accuracy of approximately 10cm. The information 
must also be satisfactory for navigation without relative kinematic GNSS-positioning in 
the event of disturbed or unavailable GNSS reception. In built up areas, the required 
information can only be ensured by mobile mapping. With some restrictions, for highways 
aerial images with 5cm GSD can also be used if traffic signs can be identified in different 
ways. In any case, tunnels and the area under wide bridges require surveying through 
mobile mapping. In general, mobile mapping has advantages for all areas.   
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5 Conclusions 

Camera type, ground sampling distance and spectral bands are the dominating param-
eters for mapping, with mapping today being data acquisition, analysis and visualization 
of information stored in digital databases. If vegetation has to be identified, or classified, 
the used sensors must have an NIR channel.  

The rule of thumb of 0.05 - 0.1mm/pixel in the map to satisfy the map contents, is the 
main parameter for the GSD. Under normal conditions, this rule also results in satisfac-
tory horizontal accuracy. If no scale is specified for the data bases, the corresponding 
GSD is indirectly determined by the specified horizontal standard deviation with approx-
imately SX=1.0 GSD. In order to achieve the required vertical accuracy, a satisfactory 
base to height ratio must be used in addition to the GSD. For higher vertical accuracy 
the nadir images require a shorter focal length, which corresponds to the former wide 
angle film cameras. However, a shorter focal length and thus a large field of view in-
creases occlusions. Finally, the proposals are a compromise for the selected imaging 
parameters. For satellite images, the angle of convergence must be taken into account. 
On the one hand, it must guarantee a sufficient base to height relation, on the other hand 
large angles can lead to problems in automatic image matching of built up areas due to 
different perspective distortions. 

As far as the specific applications are concerned, the management of the Common Ag-
riculture Policy (CAP) can certainly be achieved using satellite imagery. On the other 
hand, the very large scale core street maps and the reference 3D national database 
require aerial images, and data for autonomous driving needs data acquisition by mobile 
mapping.  

For the Land parcel information system (LIPS) in principal both, aerial and high resolution 
satellite data (such as the Pléiades images), can be used. The decision to use aerial or 
satellite images is therefore examined from an economic standpoint. Note, that while it 
is important to also consider multiple use of the images, this point is neglected in the 
following. 

Obviously, images from satellite archives are not recommended, as the task is to update 
existing geospatial data, which requires current images and thus tasking the satellite. At 
https://www.intelligence-airbusds.com/geostore the price for the tasking of Pléiades 
1A/1B stereo combinations is given as 36.25 US$/km² (32.22 €/km²), and the price for 
Pléiades 1 mono coverage is given as 21.25 US$/km² (18.89 €/km²), both under the 
condition that the images have less than 10% cloud coverage and an angle of incidence 
smaller than 30°. Orders requesting less than 10% cloud coverage are not accepted. For 
large area requests, satellite image suppliers quote prices of around 18-20 €/km² for 
stereo tasking and around 9-10 €/km² for monoscopic tasking. 

On the other hand, the typical market price for aerial images (≥ 60% endlap) with 25cm 
GSD is in the range of 13 €/km² under the condition that the images have less than 5% 
cloud coverage and a roll angle of less than 15°. Since in any case, stereoscopic images 
are acquired, stereo does not increase the cost. The price drops with increasing GSD, 
as in this case less flying time is needed. Furthermore, when companies from outside 
central Europe carry out the mapping task, the price per km2 is typically significantly 
lower. 

Aerial imagery thus has the advantage of a higher resolution (25cm compared to 50cm 
GSD for Pléiades 1), less cloud cover (max. 5% compared to max. 10%), and a less 
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oblique viewing angle (max. 15° instead of 30°). For stereo coverage the price per km² 
is significantly lower, for monoscopic coverage, it is at least competitive. In summary, for 
LIPS under usual conditions an aerial flight is less expensive than coverage by space 
images.  

Finally, while the specified accuracy figures must be guaranteed, an unnecessarily fine 
GSD increases the cost. However, if the same images can be used for different purposes, 
using a smaller GSD may be economical. Automatic object classification can also be a 
reason for a smaller GSD – the mapping is typically more expensive than the image flight, 
and if the cost can be reduced through automation, a smaller GSD may be justified. 
Finally, it should be noted that also a detailed object class catalogue increases costs.  
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