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ABSTRACT 
 
The availability of automatic astronomical observation 
methods like a digital zenith camera in combination with 
highly developed satellite methods like GPS allows a  
real-time determination of vertical deflections. They can 
be utilized for astrogeodetic geoid surveys in geodesy. 
Physically defined height information is obtained by us-
ing geoid information in conjunction with GPS heights. 
Consequently the “GPS-height-problem” can be solved. 
 
As a state-of-the-art instrument for modern astronomical 
position determination, a digital zenith camera developed 
at the Institut für Erdmessung is introduced. The data flow 
starting from data registration with suitable sensors, data 
transfer to a computer and data processing by appropriate 
methods up to astronomical coordinates longitude and lati-
tude and vertical deflections is presented. Emphasis is laid 
on algorithms for processing digital zenith images in com-
bination with digital star catalogues.   
 
The performance of a real-time software-package for a 
fully automatical calculation of the astronomical latitude 
and longitude is described.  
 
Practical results obtained from field tests which verify the 
system’s accuracy of approximately 0.2 arcseconds for 
vertical deflections are given. In conclusion, the paper 
demonstrates possible applications of the automatic de-
termination of vertical deflections in geodesy and geo-
physics. Current research activities for further improve-
ments of the digital zenith camera’s accuracy and 
performance are outlined. 
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1 INTRODUCTION 
 
1.1 ZENITH CAMERA, GPS AND THE “GPS- 
HEIGHT-PROBLEM” 
 
Before the age of satellite-based positioning systems 
global position determination have only been conducted 
by astronomical positioning methods.  Main application 
fields have been (a) navigation at sea, (b) the determina-
tion of ellipsoid dimensions as an earth model and the (c) 
orientation of geodetic networks in geodesy.  
 
During the last decades, the need for very precise, reli-
able and “easy obtainable” position information has been 
led to modern satellite-based positioning systems like 
GPS (Global Positioning System). These systems can be 
considered not as competitive but supplementary to con-
ventional astronomical positioning methods.  
 
With astronomical methods one yields global position 
information by using stars as control points. On the other 
hand, satellite-based methods like GPS utilize satellites 
(“artificial stars”) as control points. Table 1.1 shows the 
basic differences between both methods. 
 
 Astronomical meth-

ods 
Satellite-based 

methods 
Observable directions distances 

(derived from 
time-differences) 

 
Results latitude    Φ 

longitude Λ 
latitude      ϕ 
longitude   λ 
height         h 

Dimension  
of results 

2D 3D 

Reference of 
results 

earth’s gravity field rotational ellip-
soid 

 
 

Table 1.1: Comparison of astronomical and satellite-
based methods 



A zenith camera can be used to determine the astronomical 
latitude Φ and longitude Λ by processing zenithal star im-
ages. Astronomical coordinates are directly refered to the 
earth’s gravity field and define the direction of the plumb 
line within the global coordinate system. 
  
Highly developed satellite methods provide three dimen-
sional positions (ϕ,λ,h) refered to a rotational ellipsoid. 
The ellipsoidal latitude ϕ, longitude λ and height h are 
geometrically defined without any conjunction to the 
earth’s gravity field.  Therefore an ellipsoidal height dif-
ference ∆h between two points does not imply any infor-
mation about the gravity-field depending phenomenon 
where water flows. This problem is known as the  “GPS-
height-problem”.  
 
However, many disciplines using GPS like surveying, 
geodesy and hydraulic engineering need information 
about the water flow which is only given by physically 
defined heights like orthometric and normal heights H. 
The geoid undulation (geoid height) N concatenates the 
physically defined height H and the geometrically de-
fined height h. Therefore, the combination of GPS and 
geoid undulation solves the “GPS-height-problem” 
(equation 1.1 and figure 1.1). 
 
H = h – N                      (1.1) 
 

 
 
Figure 1.1: Ellipsoidal height h, orthometric height H and  
geoid undulation N (Torge, 2001) 
 
Usually, the geoid undulation N is determined via Stokes’ 
formula from gravity anomalies. In areas with scarce 
gravity data, however, the accuracy of geoid models is 
rather weak. There, or at least for limited areas or pro-
files,  N can be obtained by combining satellite-based and 
astronomical observation methods. 
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Vertical deflections (η,ξ) can be computed by comparing 
ellipsoidal coordinates (ϕ,λ) with astronomical coordi-
nates (Φ,Λ)         (Torge, 2001): 
 
ξ  =  Φ - ϕ          (1.2) 
η  = (Λ - λ) cos ϕ         (1.3) 
 
The element ε  
 
ε = ξ cos α +  η sin α          (1.4) 
 
is the component in azimuth α. Vertical deflections can 
be interpreted as inclination of geoid W against the ellip-
soid surface. The integration of vertical deflections ε 
along the path ds yields to geoid height differences ∆Ν.  

∫ ⋅= ds∆N ε          (1.5) 

This classic method of geoid determination is known as 
astronomical leveling. Figure 1.2 shows its basic principle. 
 

 
 
Figure 1.2: Basic principle of astronomical leveling 
(Torge, 2001) 
 
The orthometric (or normal) height difference ∆H can be 
determined easily by combining ellipsoidal height differ-
ences ∆h and geoid height differences ∆Ν  between two 
points: 
 
∆H =∆ h – ∆N                         (1.6) 
 
In order to determine absolute orthometric heights H, the 
geoid height N for at least one point has to be determined 
by comparing ellipsoidal height h and orthometric height 
H got by nivellement. As now geoid heights N - and not 
only differences ∆Ν - are known, orthometric heights H 
are obtained directly from ellipsoidal heights h by apply-
ing equation 1.1. 
 
Since the methods of position determination with GPS 
are known, and the required accuracy for the ellipsoidal 
coordinates (ϕ,λ) is not very high, main emphasis in this 
paper is given to the astronomical part of the problem, 
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i.e., the real-time determination of the astronomical coor-
dinates (Φ,Λ) with a digital zenith camera. 
 
1.2 BASIC PRINCIPLE OF ASTRONOMICAL 
POSITION DETERMINATION 
 
Methods of geodetic astronomy take advantage of the 
equivalence between astronomical coordinates latitude Φ  
and longitude Λ, describing positions on the earth’s sur-
face, and equatorial coordinates declination δZ and right 
ascension αZ, defining star positions on the celestial 
sphere. As illustrated by figure 1.3, the astronomical lati-
tude Φ of a position on the earth is obviously equal to the 
declination δZ of a star being located in zenith. The astro-
nomical longitude Λ is identical with the star’s hour angle 
tGR  refered to Mean Greenwich Meridian, which is equal 
to the difference of Greenwich Apparent Sidereal Time 
GAST and the star’s right ascension αZ  (Seeber, 1978): 
 
Φ  =  δZ             (1.7) 
Λ  =   tGR  = GAST - α Z          (1.8) 
 
Consequently, a star (δZ,αZ) located in the zenith directly 
gives the astronomical coordinates (Φ,Λ). Usually stars 
are not located exactly in zenith which is why the zenith 
direction has to be interpolated into the zenithal star field.  
 

 
Figure 1.3: Identity between astronomical and equatorial 
coordinates (Seeber, 1978) 
 
2 ZENITH CAMERA 
 
2.1  FORMERLY AND TODAY 
 
The photographic zenith cameras TZK1 and TZK2 have 
been developed at the Institut für Erdmessung, Univer-
sität Hannover between 1974 and 1981 (Gessler, 1975), 
(Wissel, 1982). As economic and precise transportable 
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instruments, they have been successfully used for astro-
geodetic determination of vertical deflections and geoid 
undulations in Germany, Denmark, Brazil, Venezuela 
and other countries. Data processing of photographic 
zenith camera measurements has been performed analyti-
cally: Direction information to stars has been registered 
with a photo-plate as analogue sensor and measured out 
at a rectangular two-coordinate comparator by an opera-
tor. Further processing steps leading to the astronomical 
coordinates and vertical deflections have been performed 
by a computer program (figure 2.1). 
 
Since about 1985 the significance of astrogeodetic geoid 
determination by using photographic zenith cameras de-
creases because of time-intensity of the initial data proc-
essing steps like film development and manual measure-
ment of image coordinates. Furthermore, the availability 
of gravimetric measurements and satellite data for eco-
nomic geoid determination increases considerably.  
 
The development of  the so-called charge coupled device 
(CCD) was initiated by the progress in semiconductor-
technology during the past years. A revolution in astro-
nomical observation methods followed. Conventional 
photographic sensors were replaced by CCD-sensors. 
Serving both as digital sensor and storage device, a CCD-
sensor provides digital image data immediately. Conse-
quently, direct image data processing is feasible. In addi-
tion, the light-sensitivity assigned to CCD-sensors out-
performs conventional photographic sensors clearly by a 
factor of 20 to 30. This dramatic development in the area 
of sensor technology opens new capabilities for astrogeo-
detic observation methods. An approach comparable to 
the one described in this paper has already been tested 
with different instrumentation and software by another 
research group (Fosu  et al., 1998).   
 
By the combination of zenith camera and CCD, zenithal 
star images can be stored digitally and transfered to a 
computer instantaneously. Suitable methods of digital 
image processing allow to compute the observer’s astro-
nomical position automatically.  
 
The developments make – quite similar to the evolution 
of GPS – astronomical coordinates in terms of efficiency, 
real-time capability and reliability available. The combi-
nation of GPS and digital zenith camera allows the de-
termination of vertical deflections for the calculation of 
geoid information to a high degree of automation. 
 
2.2 SPECIFICATION AND PERFORMANCE OF 
THE DIGITAL ZENITH CAMERA 
 
The digital zenith camera TZK2 (figure 2.2) is composed 
of a lens, a CCD sensor, electronic levels and a time unit 
for data acquisition. A laptop for device control, data 
flow control and data processing completes the system. 



Analogue Sensor:
Photo-Plate

Digital Sensor:
CCD

Coordinate 
measurement with

a comparator

Calculation of
astronomical

coordinates with 
processing software

Coordinate
measurement

and
calculation of
astronomical
coordinates

with
processing software
fully automatically

Image data 
aquisition

Data 
processing

Photographic                      Digital
Zenith Camera               Zenith Camera

Analogue processExplanation:

Film processing

Digital process

Figure 2.1: Comparison of data acquisition and process-
ing for photographic and digital zenith camera 
 

Focal length 1000 mm 
Relative aperture 1:5.6 

Field of view 3.5 x 3.5 degrees 
Effective field of view 47.4 x 31.6 arcminutes 

Size of CCD-sensor 1530 x 1020 pixel 
Pixel size 9 x 9 µm 

 
Table 2.1: Specifications of the digital zenith camera 
 
The camera is directed towards zenith point as counter-
part of direction of the plumb line. It is turnable around 
its rotation axis in any azimuth. The zenith direction to be 
interpolated into the zenithal star field is realized by the 
rotation axis. 
 
Integral part of the digital zenith camera is a CCD-sensor 
ST8 by the Santa Barbara Instrument Group (SBIG) con-
sisting of an array of 1530 x 1020 pixel. The array is 
shown in figure 2.3. Each pixel (size 9 x 9 µm) corre-
sponds to a celestial area of 1.8 x 1.8 arcseconds.  
 
Since only a fraction of the field of view is utilized by the 
CCD, the digital zenith camera can image a celestial area 
sized 47.4 x 31.6 arcminutes – this  effective field of 
view corresponds to double the area the sun appears from 
earth.  
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Figure 2.2: Digital zenith camera  
 

 
Figure 2.3: CCD-sensor as integral part of the digital ze-
nith camera 
43
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Sensor Magnitude Number of Stars 
Eye 6 4,850 
Photographic  
Zenith Camera 

10 324,000 

Digital 
Zenith Camera 

14 13,800,140 

 
Table 2.2: Magnitudes and numbers of stars depending 
on the sensor (Paech and Baader, 1995) 
 
The digital zenith camera can image stars up to a magni-
tude of 14.0 mag without compensating earth rotation. If 
it was possible to image the whole sky, not only a small 
field of view, the digital zenith camera would image 
about 13,800,000 stars  (table 2.2). 
 
Two electronic levels Talyvel-2 by Taylor-Hobson indi-
cate inclination of the rotation axis against the plumb line 
to an accuracy of 0.2 arcseconds (Wissel, 1982). 
 
With the current equipment, the time measurement is 
realized by a quartz clock being synchronized with the 
radio time signal DCF 77. Time is read at the beginning 
of the exposing interval in order to link equatorial coor-
dinates of stars with the observer’s astronomical coordi-
nates (section 1.2). Exact exposure time will be taken 
from the GPS-receiver in a later version of the system. 
 

CCD
Image data 
aquisition

GPSElectronic Levels
Inclination 

measurement

Results: Astronomical 
coordinates (Φ,Λ)

Extraction of stars

Identification of stars

Time
measurement 

Position 
determination

Results: Ellipsoidal
coordinates (ϕ,λ)

Vertical deflections (ξ,η)

Calculation of zenith
direction

Reduction of inclination

GSC,
TYCHO-2

UCAC

Stars from star catalogue

Data aquisition

Data processing

Figure 2.4: Concept of the digital zenith camera 
 
The CCD-sensor is connected to a computer that controls 
exposure process, exposure time and image data transfer. 
After transfering digital image data, time measurements, 
inclination measurements and GPS measurements to the 
laptop, the astronomical coordinates and vertical deflec-
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tions are calculated immediately with the algorithms de-
scribed in section 3.1 to 3.6. They are implemented in the 
software package AURIGA-ZC for data processing pre-
sented in section 4. An overview of the concept of the 
digital zenith camera is shown in figure 2.4. 
 
2.3 EXAMPLES OF IMAGE DATA 
 

  
          0.5 sec 

 
       1.0 sec 

 
         4.0 sec 

       
Figure 2.5: Enlarged images of stars depending on the 
exposure time 
 
Enlarged images of stars are depicted in figure 2.5. A 
short exposure time (0.5 sec) leads to nearly circular im-
ages of the stars. The influence of the earth rotation on 
the images can be clearly seen in images with exposure 
times of 1.0 sec and longer.  The circularity of star im-
ages decreases, they form longish pixel regions. 
 
3 ALGORITHMS AND METHODS FOR DATA 
PROCESSING 
 
The fundamental algorithms for processing digital zenith 
images and calculating the direction of the vertical are 
presented in the following sections.  
 
3.1 EXTRACTION OF STARS 
 
The overwhelming progress in information technology 
and the increased interest in automatic processing and 
analyzing of digital images make different image proc-
essing algorithms available. Some algorithms are very 
well suited for the automatic extraction of stars from digi-
tal zenith images. The extraction of stars can be formu-
lated as a sequence of two processes: 

 
(1) Detecting stars within the digital image  
(2) Measuring the position (image coordinates) of de-

tected stars 
 
The sequence of both processes converts raster graphic 
into a vector-representation. Hence implicit direction 



information to stars contained within the image is trans-
formed into an explicit data representation, suitable for 
further processing steps. 
 
An appropriate method for the star extraction is the so-
called region-growing-technique (Haralick and Shapiro, 
1993). As segmentation-based method, the region-
growing-technique groups all pixels with similar gray 
values to autonomous regions called segments. Mainly 
two groups of segments can be found within a digital 
zenith image: (a) star images as bright segments in front 
of (b) darker background regions. We can interpret gray 
values of those pixels belonging to star images as signal 
with high contrast in comparison to the background. 
Equations (3.1) and (3.2) allow to compute the average 
value µ and standard deviation σ of a digital image 
(Heipke, 1999). 
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where 
 
R,C : size of digital image 
g(r,c) : gray value at position (r,c) 
 
For the identification of an arbitrary pixel as signal, we 
can postulate that the corresponding gray value g must 
differ significantly from the average value µ. In other 
words, the difference (g – µ) has to contrast clearly with 
the standard deviation σ. This is achieved by following 
expression (Hirt 2000): 
 

3>
−
σ

µg           (3.3) 

 
This expression yields to the threshold value Sg . 

µσ +=> 3Sgg           (3.4) 
 
Every pixel of a star has to exceed the threshold value to 
belong to a star image formally. The region-growing-
technique extracts stars by applying equation 3.4 system-
atically to every pixel of the digital image. Once a pixel is 
detected as signal, the gray values of its 4 neighbor pixels 
have to be checked recursively to form a linked pixel 
region. Depending on the gray values, all pixel of the 
digital zenith image are classified either as signal or 
background. The region-growing-technique yields to 
linked pixel regions (segments) for each star. 
 
For every segment the position (x,y) of its center has to 
be measured. A simple and accurate method can be found 
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by weighting the image coordinates (r,c) with the gray 
value g for each pixel a segment consists of (Hirt, 2000): 
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Figure 3.1: The vector graphic shows the results of the 
star extraction process and measuring process of image 
coordinates (x,y). 
 
The presented region-growing-technique extracts stars 
with a sub-pixel-accuracy of about 0.2 pixels – which 
corresponds to an accuracy of 0.4 arcseconds.  
 
3.2 STAR CATALOGUES 
 
Star catalogues play an important role in geodetic astron-
omy. As mentioned in section 1.2, the zenith direction 
has to be interpolated into the zenithal star field.  For this 
purpose equatorial coordinates of zenithal stars are re-
quired. They serve as control points and can be taken 
from a star catalogue. 
 
According to the camera’s capability to detect approxi-
mately 14,000,000 stars up to 14th magnitude on the celes-
tial sphere, a star catalogue with a high density of stars is 
necessary. Special attention has to be put on the availabil-
ity of proper motion for stars. Stars are moving objects in 
space, so their equatorial coordinates change with time. 
Only if proper motion is known, its influence on the 
equatorial coordinates can be taken into account. Other-
wise, accuracy of equatorial coordinates decreases with 
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time, which directly has an effect on the accuracy of as-
tronomical latitude and longitude (Hirt, 2000). 
 
At the present time, three star catalogues are applicable to 
astronomical position determination. They can be de-
scribed briefly as follows: 
 
Catalogue Stars 

[Mio] 
Mean  
Accuracy  
[arcsecs] 

Remarks 

Tycho-2 2.5 0.06 Low density, 
Proper motion 
available 

GSC 
(Guide Star 
Catalogue) 

19.0 0.50-1.00 Proper motion not 
available, 
low accuracy 

UCAC 
(U.S.Naval 
Observatory 
CCD Astro-
graph Cata-
logue) 

80.0 0.02-0.07 Proper motion 
available,  
catalogue cur-
rently only avail-
able for southern 
hemisphere 

 
Table 3.1: Comparison of Tycho-2, GSC and UCAC 
catalogues 
 
The Tycho-2 catalogue is characterized by the availabil-
ity of proper motions and very precise positions. Still, the 
identification of stars (section 3.4) is not satisfactory be-
cause of the small number of stars. 
 
On the one hand the Guide Star Catalogue has a high star 
density, but on the other hand its position accuracy of 
about 1 arcseconds or less – caused mainly by neglected 
proper motion – is low. This is why its use for astronomi-
cal position determination is limited. 
 
The U.S. Naval Observatory CCD Astrograph Catalogue 
UCAC is currently only available for the southern hemi-
sphere. Its release for the northern hemisphere is intended 
for Summer 2003. Obviously the UCAC will be very 
suitable as reference for astronomical position determina-
tion, because it integrates the high accuracy of Tycho-2 
and surpasses the density of GSC four times. 
 
Further information on Tycho-2 can be found in (Hog et 
al., 2000a) and (Hog et al., 2000b). Information about the 
GSC is published in (McLean, 1996). The performance of 
the UCAC is described in (Zacharias and Rafferty, 
2000a) and (Zacharias and Rafferty, 2000b).  
 
Star catalogues provide mean places of stars for a given 
date. They vary with time because of the influence of 
different time-depending phenomena. For astronomical 
observations apparent places of stars are needed, which 
can be calculated by taking the influence of proper mo-
tion, precession, nutation, parallax and aberration on star 
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coordinates into account. Applicable formulas can be 
found in (Seidelmann, 1992). 
 
The star catalogue has to be accessed with minimal and 
maximal right ascension and declination of the imaged 
section of the celestial sphere in order to extract a star 
field corresponding to the stars of a digital zenith image.  
These coordinates are computed depending on (a) ap-
proximate astronomical latitude and longitude of the digi-
tal zenith camera, (b) the observing time GAST and (c) 
the camera’s field of view (Hirt, 2000).  
 
3. 3 TANGENTIAL COORDINATES 
 
The image of the zenithal star field is nothing else but the 
projection of the celestial sphere into a plane (figure 3.2). 
The equatorial coordinates (δ,α), defined on the celestial 
sphere, have to be transformed into plane coordinates 
being appropriate for further data processing.  
 

 
 
Figure 3.2: Relationship between equatorial and tangen-
tial coordinates (Seeber, 1993) 
 
For this purpose tangential coordinates (ξ,η) are intro-
duced. Tangential coordinates are equivalent to equatorial 
coordinates and can be rigorously determined with the 
formulas of the gnomonic projection. Using approximate 
values for the camera orientation (δ0,α0)  and introducing 
an auxiliary quantity q, the tangential coordinates (ξ,η) 
can be computed by (Seeber, 1993): 
 

)tan(
)cos(

cos)tan(
)cos(cotcot

0

0

0

0

δη
δ

αα
ξ

ααδ

−=
−

−
=

−=

q
q

q
q

                  (3.7) 

 
3.4 IDENTIFICATION OF STARS 
 
Instantaneously, stars extracted out of digital zenith im-
ages are nothing else but measured segments. They do 
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not have any connection to those stars taken from a star 
catalogue. In order to calculate the astronomical coordi-
nates, the image coordinates of the extracted stars have to 
be assigned to their corresponding equatorial coordinates 
from a star catalogue. This process is called the identifi-
cation of stars. 
 

 

 
 
1. Section of a zenith 
image. 

 
 

 
2. Corresponding stars 
from a star catalogue. 

 
Figure 3.3: Comparison between star images (1) and ref-
erence stars taken from a star catalogue (2). Beneath the 
reference stars their magnitudes are shown. 
 
A suitable algorithm for the identification of stars has to 
cope with following problems: (a) Not all star images 
have a corresponding star in the catalogue because of the 
incompleteness of some star catalogues (for instance 
Tycho-2). (b) Not all stars taken from a catalogue have a 
corresponding star imaged by the CCD sensor (as shown 
in figure 3.3). Those stars (a) and (b) have to be excluded 
from further processing. The basic idea of the imple-
mented algorithm is as follows.  
 
In preprocessing, the equatorial coordinates (δ,α), taken 
from a star catalogue, are transformed into tangential 
coordinates (ξ,η)  with equation (3.7).  
 
At the beginning of the algorithm, image coordinates 
(x,y) of stars extracted out of the zenith image and tan-
gential coordinates (ξ,η) are introduced. An arbitrary pair 
of image coordinates and an arbitrary pair of tangential 
coordinates (ξ,η) are supposed to be identical points.  
Both points form the basis for calculating parameters of a 
linear transformation (four parameters: scaling, rotation, 
displacement in x and displacement in y). These parame-
ters are used to transform the stars (x,y)  into correspond-
ing tangential coordinates (ξ’,η’).  If the points supposed 
to be identical are identical indeed, the distance between 
25
at least n stars (ξ,η) and (ξ’,η’) will fall below a lower 
bound ε (Hirt, 2000): 
 

22 )'()'( ζξηη −+− < ε             (3.8) 
 ε = 2 arcseconds                        n ≥ 4 stars 
 
The identification has been performed successfully, if and 
only if equation (3.8) is complied by at least 4 different 
stars. Then, stars (ξ,η) taken from a star catalogue are 
assigned to those stars (x,y) extracted out of digital im-
ages whose equatorial coordinates (ξ,η) and transformed 
coordinates (ξ’,η’) can be applied to equation (3.8). All 
other stars not complying equation (3.8) have to be ex-
cluded from further processing.  
 
If the identification has not been performed successfully, 
another pair of stars as basis is automatically chosen at 
the beginning of the algorithm. This procedure is re-
peated until successful identification of the image coordi-
nates. 
 
3.5 REDUCTION OF ZENITH IMAGES 
 
After the successful identification, the zenith direction has 
to be interpolated into the field of zenithal stars. For this 
purpose we have to set up the functional model between 
measured image coordinates and equatorial coordinates. 
The functional model cannot be set up directly because 
measured image coordinates are cartesian and equatorial 
coordinates are spherical ones. Hence, we have to use tan-
gential coordinates being introduced in section 3.3. 
 
Tangential coordinates (ξ,η) are related to image coordi-
nates (x,y) through formulas of the projective transforma-
tion with eight parameters: 
 

eydx
ycxba

++
++

=
1

111ξ     

      (3.9) 

eydx
ycxba

++
++

=
1

222η     

 
Usually, this model sufficiently approximates physical 
reality of the imaging process (Wissel, 1982). The trans-
formation parameters are determined within a least 
squares adjustment. 
 
3.6 DETERMINATION OF ASTRONOMICAL 
COORDINATES 
 
The digital zenith camera images the zenithal star field in 
two camera positions with an azimuthal difference of 180 
degrees. Since the zenith point is not marked on the CCD, 
the reduction process starts with approximate values, 
which can be found in the origin of the image coordinate 
system. These coordinates are transformed for both camera 
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positions into the system of equatorial coordinates with 
formula (3.9) and inverse formula (3.7) sequentially. 
 
Each camera position yields different equatorial coordi-
nates of the zenith direction after the reduction process 
because of the approximate character of the initial values. 
Due to the symmetry conditions the mean of both results 
provides a better approximation of the zenith direction. 
These values are reintroduced at the beginning of the 
reduction process. These calculations are repeated and 
converge to final result for the “true” zenith direction 
after 2 or 3 iterations (Seeber and Gessler, 1975). 
 
Taking the observation time GAST as described in section 
1.2 into account, the equatorial coordinates of the zenith 
point can be transformed into astronomical coordinates 
by using equations (1.7) and (1.8).  
 
Finally, vertical deflections are derived from the com-
parison of ellipsoidal coordinates and astronomical coor-
dinates with equations (1.2) and (1.3). 
 
4 SOFTWARE PACKAGE FOR DATA 
PROCESSING 
 
All introduced algorithms are implemented within the 
real-time software package AURIGA-ZC (Automatic 
Real-time Image Processing System for Geodetic As-
tronomy - Zenith Camera) described detailed in Hirt 
(2000). It has been developed modularly in C, C++ and 
the scripting language Tcl/Tk. The software package con-
sists of executable programs (C,C++) for data calculation 
and graphical user interfaces (Tcl/Tk) for data input, data 
flow control and data visualization.  In the current state of 
development, the software package is featured by follow-
ing capability characteristics: 
 

• Real-time capability 
• Fully automatic or optional interactive process-

ing 
• Automatic extraction of stars  
• Automatic access to star catalogues GSC,  

Tycho-2 and UCAC  
• Automatic identification of stars 
• Capacious project data management  
• User-friendly graphical interfaces 
• Various ways of data visualization 
• Logging of all results and provisional results 

calculated by the different processing steps 
 

After transferring measuring data to the laptop, the soft-
ware package allows the computation of vertical deflec-
tions in a fully automatical process. Since the data proc-
essing for a single station lasts less than 3 seconds using a 
1 GHz-processor, a quasi real-time capability is guaran-
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teed. The advantages of data processing in real-time are 
obvious.  Besides of a considerable enhancement of effi-
ciency, the immediate computation on a field station  
provides information about data quality and achieved  
inner accuracy estimated from repeated observations 
(Hirt, 2000). 
 
The software package allows automatic and interactive 
data processing (figure 4.1). In the interactive mode, the 
user can make use of data analyzing tools like visualiza-
tion of star extraction and image coordinate measure-
ment. Furthermore, it is possible to display the zenithal 
star field from a catalogue, the procedure of star identifi-
cation and the process of reduction. The visualization of 
residual errors (figure 4.2) gives information about how 
the functional model approximates physical reality.  For 
instance, systematic errors caused by atmospheric scintil-
lation or neglected proper motion (GSC stars) can be rec-
ognized as well as random errors of  star positions taken 
from image and star catalogue effectively. 
 

 
 
Figure 4.2: The software package allows the visualization 
of residual errors after the reduction of zenith images. 
 
 
5 RESULTS OF FIELD TESTS 
 
The digital zenith camera system was tested in September 
2000 at the Universität Hannover. The astronomical co-
ordinates of a control point were determined by 12 re-
peated measurements. Ellipsoidal coordinates of the ob-
servation point were measured with GPS. The system’s 
internal accuracy of about 0.2 arcseconds is shown in the 
standard deviation of the vertical deflections (Hirt, 2000).  
The difference of less than 0.5 arcseconds between 
known vertical deflections for the control point and the 
observed vertical deflections underlines the high external 
accuracy.  
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Figure 4.1: Central process control window of the processing software. The complete processing of digital zenith images will 
be performed by the successive execution of eight single processes. The star extraction has been discussed in section 3.1 and 
the role of star catalogues has been presented in 3.2. In section 3.3, tangential coordinates have been introduced.  The identi-
fication process of stars has been outlined in section 3.4. Both the status of every single process and the number of used stars 
is depicted in the upper part of the window. In the middle section of the graphical user interface the results (astronomical lati-
tude and longitude and the vertical deflections xsi, eta) of the calculation can be found.  Only one click (button “Fully auto-
matic processing”) is necessary to compute the astronomical coordinates and vertical deflections. 

 
However, it should be stated, that the external accuracy of 
the astronomical observations is limited by the influence of 
refraction (Seeber, 1978). Depending on the inclination of 
zenithal air layers astronomical coordinates can be falsified 
up to 0.5 arcseconds. One simple solution to decrease the 
influence is provided by the observation in different nights 
and the calculation of mean positions. As a result, the sys-
tematic character of the influence becomes stochastically.  
But this solution is contradictory to the advantages of a 
real-time approach described in section 4. 
 
6 SUMMARY OF WORK UP TO DATE 
 
Astronomical coordinates and vertical deflections can be 
determined in a fully automatical process in real-time 
with the combination of GPS and a digital zenith camera. 
The accuracy of results is about 0.2 arcseconds.   
 
Due to the capabilities of light-sensitive CCD, which 
revolutionized astronomical observing methods, a digital 
zenith camera as state-of-the-art instrument for astro-
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nomical position determination has been developed. The 
system is based on an existing traditional photographic 
zenith camera.  
 
A software package with capabilities for data processing 
in real-time has been developed in order to obtain the 
astronomical coordinates immediately on a field station. 
Special emphasis has been laid on a suitable algorithm to 
extract coordinates of star images from digital zenith im-
ages. As reference, the digital star catalogues Tycho-2 
(2,5 million stars) and Guide Star Catalogue (19,0 million 
stars) provide equatorial coordinates. They are related to 
image coordinates of extracted stars by a projective trans-
formation with eight parameters. 
 
Since the software package enables the observer to proc-
ess the data in real-time, astronomical coordinates are 
obtained almost immediately (less then 3 seconds) after 
the measurement process. Besides the aspect of high effi-
ciency (figure 6.1) information about data quality and 
achieved internal accuracy is directly available. 
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Figure 6.1: Time-intensity of measurement and data 
processing for the conventional photographic zenith cam-
era and the digital zenith camera. With respect to effi-
ciency the digital zenith camera outperforms the photo-
graphic zenith camera clearly.  
 
 
7 APPLICATIONS 
 
The combination of GPS and digital zenith camera pro-
vides a solution for the “GPS-height-problem” by using 
vertical deflections for astrogeodetic geoid and quasige-
oid determination. Once a geoid is determined and digi-
tally available, GPS users can determine physically de-
fined heights in real-time. 
 
The main field of application can be seen in the economic 
and precise geoid determination in local and regional 
networks and the geoid determination in geodetically 
low-developed countries. In mountainous regions, the 
fine structure of the existing gravimetric geoid models is 
improved appreciably by assimilating astronomical 
measurements. In geophysics, vertical deflections can be 
utilized for the identification of density anomalies below 
the earth’s surface.  Further information on the field of 
application of astronomical geoid determination can be 
found in (Wissel, 1982) and (Bretterbauer, 1997). 
 
8 FUTURE WORK 
 
There remain some open questions for an improvement 
of the zenith camera system’s accuracy and performance. 
The procedure of time measurement as integral part of 
the method (equation 1.8) will be improved by assimilat-
ing highly precise time information provided by GPS. An 
accuracy for the time measurement better then 1 µsecond 
is possible. 
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As mentioned in section 5, a factor limiting the external 
accuracy of the astronomical observations is the influ-
ence of refraction. Investigations of atmospheric models 
in order to better correct the influence of refraction are 
necessary.  
 
In the near future, the method’s performance will be 
tested at several field stations in northern Germany. In 
some European regions featured by intense geoid varia-
tions -  for instance the Alps - the determination of the 
geoid’s fine structure is intended in cooperation with the 
Swiss Federal Institute of Technology, Zürich. Further-
more, field-tests aimed at the precise determination of 
regional geoid information are intended in cooperation 
with the Universities of Recife and Curitiba (Brazil) and 
Maracaibo (Venezuela) in South America. 
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