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ABSTRACT. Carte du Ciel (from French, map of the sky) is a part of a 19th
century extensive international astronomical project whose goal was to map
the entire visible sky. The results of this vast effort were collected in the
form of astrographic plates and their paper representatives that are called
astrographic maps and are widely distributed among many observatories and
astronomical institutes over the world. Our goal is to design methods and
algorithms to automatically extract data from digitized Carte du Ciel as-
trographic maps. This paper examines the image processing and pattern
recognition techniques that can be adopted for automatic extraction of as-
tronomical data from stars’ triple expositions that can aid variable stars
detection in Carte du Ciel maps.

1. Introduction. Carte du Ciel, together with the Astrographic Cata-
logue, formed a vast international project that started in 1887 [9] and continued
until 1962 [4]. The ambitious goal of this project was to create a catalogue of
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Fig. 1. A fragment of scanned Carte du Ciel astrographic map. Three triples of stars
images (asterisms) are visible, each corresponding to a singles star

the positions of the stars in the visible sky as faint as 11th magnitude! and to
represent the relative positions of the stars of 14th magnitude and brighter [14].
The idea was to incorporate the new (at that time) technology of photography
in the process of creation of the atlas of the sky, and around 20 observatories
worldwide agreed to participate in the project.

Carte du Ciel itself was the more ambitious part of the project since its
aim was to map the entire sky down to 14th magnitude. Each photographed field
would be with dimensions 2° x 2°, and the corner of each plate would be at the
center of its neighbour [4]. Unfortunately this goal turned to be too expensive
both as effort and technology that was required at the time, and some of the
observatories did not even start this part of the project and completed only the
Astrographic Catalogue. However, some of the participants did the tasks required
for the Carte du Ciel, and the resulting photographic plates still exist, providing
extremely important data for astronomers mainly because of their age: many of
the plates are nearly 100 years old.

The approach that was used to produce the Cart du Ciel charts was to
use photographic plates with dimensions 12 cm X 12 c¢m with triple exposure for
about 20 minutes each. The reproduction of the charts into astrographic maps
was using the technique of the photogravure on copper plates that were used to
produce the paper copies. Because of the triple exposure, each star is represented
by three images on the plate (see Fig. 1) that form the vertices of an equilateral
triangle. The reason why three exposures on the same plate were made was to be

'"Magnitude or photographic magnitude m is a logarithmic measure of a celestial object’s
brightness I. The lower magnitude, the brighter the object is (m = —2.51og;(1)).
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able to distinguish stars’ images from plate failures and defects, and from other
celestial bodies such as asteroids, for example.

The three images of each star that are result of the triple exposure, or as-
terism, as they are called by Fresneau |2], were used to calculate the exact position
of the star. On the other hand, these images can contain valuable information
about the star being observed — a significant difference between the three images
in an asterism could indicate an astronomical event such as stellar explosion that
occurred during the plate exposures or could indicate that the star is a close bi-
nary system variable. It is important to note that if such an event is detected, it
will bring important information to specialists in the field because of the epoch
the event is actually photographed on the plate.

Even though the common approach is to examine manually the Carte du
Ciel data, this task is quite expensive and time consuming mainly because of the
size and resolution of the images, and the number of asterisms that are contained,
as well. A number of image processing and pattern recognition techniques can
be adopted to assist this research or even to fully automate astronomical events
detection in the plates, both saving time and cost, and enhancing the productivity
and accuracy of the process.

The goal of this paper is to produce a preliminary survey and analysis of
the image processing and pattern recognition techniques that will be adopted in
the design of a software tool for celestial event detection that are captured in the
Carte du Ciel maps. The main task performed by this software will be to detect
each asterism that is contained in a given map, and to automatically analyse the
three images for significant difference between the standard deviations o of each
of the Gaussian that model the constituting stars.

This paper is organized as follows. In the next section called Related
work, three papers that are used as a starting point for our research are briefly
described. In the section Carte du Cliel triple image characteristics the features
of the input images are investigated. These considerations give the background
for the image processing techniques that are discussed in the subsequent sections.
In the fourth section, Segmentation, some methods for image segmentation that
are applicable in the case of the examined images are described. The fifth section,
Asterism detection, discusses the algorithms that can be adopted for triple star
image extraction from the digitized plates.

2. Related work. In [14] the problem of reduction of the Astrographic
Catalogue plates is investigated. Even though the input data are the plates that
are a result of the Astrographic Catalogue part of the project, there are many



320 Lasko M. Laskov, Milcho Tsvetkov

considerations that are also important in the case of digital processing of Carte
du Ciel astrographic maps. The plate model that is investigated by the author is
consisted of four orthogonal terms (a, b, ¢, d), two non-orthogonal terms (e, f),
and two tilt terms (p, q):

(1) §=az+by+c+exr+ fy+a’p+ayq
(2) n=ay—bx+d—ey+ fr+azyp+y’q

where z and y denote the coordinates measured on the plate, and £ and 7 are the
standard coordinates (see also [12] and [13]).

The following distortions have been considered in further model modifica-
tion: radial distortion, tangental distortion, magnitude equation, coma?, periodic
measuring errors, etc. The author stresses that the development of the plate
models will become trivial if the systematic errors in the plates are discovered
and corrected. These correction methods should consider mismatched stars im-
ages, blended images of multiple stars, and typographical errors.

In the work [10] the authors describe a method for reduction of astro-
graphic plates that have been produced in the Carte du Ciel project. The ap-
proach is based on modelling each individual asterism (triple exposure of each
star) using the sum of three bivariate Gaussian distributions. Two models are
examined. The first one is based on 22 free parameters, and the density for each
pixel (i,7) is calculated:

3 s
1 1 k
(3) Dij:BZAkexp{—E [1—% (X2+Y2—2thY)] }
k=1
where
(4) X:xij_xckyzyij_yck
Ozk ’ Oyk ’

and B is the background of the frame containing the asterism, Aj is the peak
density of the k th frame, xz;;, y;; are the pixel coordinates, and ok, ok, tr
are the parameters of an ellipse. sj is a parameter that is used to describe the
saturation of the photographic emulsion.

A non-linear square fitting procedure is implemented based on the Leven-
berg-Marquardt method 8| that is applied to the above model. Also, the authors
propose a reduction of (3) to a model with 12 free parameters, assuming that the

2Comatic aberration is an optical aberration that is a result of optical design or lens imper-
fection which can result in stars appearing to have comet-like tails.
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three exposures should be identical. The later makes the application of this scheme
for our task not directly applicable. On the other hand, many of the possible
plate distortions are examined in [10], such as presence of perpendicular grid
in the images, Kostinsky effect? [5], optical aberrations such as coma, spherical
aberrations, field curvature and chromatic distortions.

Even though presumably connected, the above-mentioned works do not
specificaly investigate the problem of celestial event detection in the Carte du
Ciel plates. Actually, there are very few attempts in the literature to exploit the
potential of the data contained in these images to detect changes in the stars’
magnitude that occurred during the triple exposure of the plates.

Such a work is the one described in [2| in which the authors describe an
approach for variable star detection in the Cart du Ciel plates, using the fact that
the images contain triple exposures of the concrete part of the sky. The procedure
that is used to segment triple exposures of each star is the same that is used by [10]
(see also (3)) to separate the stellar images from plate imperfections. The result
of the segmentation step is a catalog of all detected stars with their coordinates
and magnitudes taken as the mean value of the respective three images with their
mean square deviation. The stars that have mean square deviation larger than
0.4 are considered as variable star candidates. The authors do not investigate the
case when one of the star images is missing in a given asterism.

Unfortunately the authors do not give a detailed information about the
image processing techniques and algorithms that are used in the presented re-
search.

In this paper we will focus exactly on these algorithms that can signifi-
cantly speed up and improve the processing of Carte du Ciel astrographic maps,
especially in the case of variable stars detection in order to register celestial events
a century-old.

3. Carte du Ciel triple image characteristics. Our data set is
composed of Carte du Ciel images of digitized astrographic maps that have been
taken in the Brussels zone (4+32°, +39°) at the Royal Observatory of Belgium. We
dispose with the paper copies (maps) of the astrographic plates that have been
produced using the technique of photogravure on copper plates. It is important to
note that the maps themselves represent a magnified version of the astrographic
data since their scale compared with the plates is 2 : 1.

3In photography, a development effect in which two close dark image regions appear to move
apart, while two close light image regions appear to move closer together.
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The scanning of the astrographic paper copies is performed using a Zeutschel
Overhead Scanning System OS 12000 Advanced. The images are scanned in gray
scale with 8 bits per pixel, with resolution of 600 ppi. For the purposes of our
research this resolution is more than sufficient because it corresponds approxi-
mately to 40 mic/mm on the paper surface, and a higher resolution would result
in a redundant texture captured in the output bitmap. The resulting images are
relatively big in dimensions: 8750 x 8926 pixels.

The image structure can be separated into two general parts: (i) the main
part of the image in the image center that contains the copy of the astrographic
plate with stellar images; (ii) image border that contains plate meta-data (co-
ordinates of the center of the plate, plate number, the observatory in which the
instrument is located, the date and the exact sidereal time when the exposures
were taken, duration of exposure, the name of the observer), and correspondence
between stellar images masses and apparent magnitude of the stars (see Fig. 2).

Even though in this study we will focus mainly on processing the central
part of the image, some of the data in the image border can be extremely useful,
for example the magnitude chart mentioned above (Fig. 2) can be used to label
automatically the segmented stellar images with their corresponding apparent
instrumental magnitudes.

Q O Z 1= 6 0l I cl 2] IR
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Fig. 2. Fragment of the border region of a scanned plate that contains the correspondence
between the masses of the stellar images and stars apparent magnitude

An important feature of the map images is the presence of a perpendicular
grid. Each map contains 25 horizontal and 25 vertical straight lines that partition
it into 676 square regions or sub-images. This grid forms a coordinate system with
its beginning placed in the geometrical center of the plate. Each horizontal and
vertical line of the grid is numbered starting from 0 from the center and increasing
the respective number in both directions (left-right for horizontal and up-down
for vertical) with a step equal to 5. Thus the lines have the following numbers
associated to them: 60,...,10,5,0,5,10,...,60 for both horizontal and vertical
case (see also Fig. 3).

The grid in the Carte du Ciel plates certainly is a useful tool for the spe-
cialists who measure manually these images, but unfortunately the lines overlap
many asterisms thus making the information about the respective stars generally
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Fig. 3. The fragment from the central part of the vertical lines’ numbering. The same
numbering is used for the horizontal lines of the grid

4

Fig. 4. Both the horizontal and the vertical line of the grid are overlapping an asterism
thus making useless the information about these two stars

useless or even lost (see Fig. 4).

In the above context it has to be noted that the width of a grid line in
pixels is approximately 12, which is enough as size to cross out completely an
asterism with an approximate width of 23 pixels, such as the asterisms of 14th
magnitude. What is more, it is enough for a single star to be overlapped to
confuse the methods and procedures for variable stars detection. Based on these
considerations, in our research we will ignore the asterisms that are overlapped by
the grid lines. In other words, the area of the images that is going to be processed
is the one contained in the 676 sub-images formed by the grid, without the grid
itself. Since the image illumination is uniform and the sub-images’ characteristics
are similar, we can process each of the sub-images individually using the same
procedures.

The advantage of the separate processing of the plate sub-images is that
the intermediate results for a plate can be observed. Processing the whole plate
at once can be a time-consuming operation, because of the image size in pixels
and the relatively small mass of the minimal wrapping windows of the asterisms
that has to be detected and analyzed.

Another major difficulty in Carte du Ciel plate image processing can be
observed when the exposures of two or more stars are projected too close on
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Fig. 5. An example of overlapping asterisms. Five stars’ exposures are too close on the
plate, which results in their merging

the plate. This can cause asterisms to merge, as shown in Fig. 5. In the case
of overlapping asterisms special methods for segmentation have to be applied.
Unfortunately, such kind of overlapping can cause the data for a star to be too
hard to be extracted, or even to be lost.

4. Noise reduction and segmentation. Most of the image process-
ing and pattern recognition in image procedures starts with preliminary processing
routines for image quality enhancement and noise reduction. These routines may
significantly speed up the whole process by enhancing the subsequent algorithms,
but on the other hand they must be applied with care, because apart from noise
reduction they can result also in important data loss.

(a) (b) (c)
Fig. 6. The original fragment (a) filtered with: (b) Gaussian filter with size 9 and
variance o = 2; (c) median filter with size 9

In the case of Carte du Ciel images processing noise reduction filters, such
as Gaussian filters and median filters (see [3]), will have generally two effects. The
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first effect which we can consider as positive, is the background smoothing which
results in less noise regions that can be incorrectly detected as star images in the
subsequent steps. The second effect is obviously negative: blurring of the star
images (see Fig. 6(b) for Gaussian filtering and Fig. 6(c) for median filtering).
The star image blurring causes changes in stars variances and asterisms merging
into a single blob that can impede variable stars’ detection and even asterism
segmentation.

Indeed, a closer look at Fig. 6 shows that both Gaussian and median filters
significantly reduce the noise in the original image Fig. 6(a), but both filters cause
star image blurring and merging of the asterisms. From these observations we can
conclude that noise reduction and image smoothing can be used as a preliminary
step before background segmentation, but variable star detection algorithms must
work with the original asterisms extracted from the original input image, which is
achievable since smoothing is not going to change the location of the stars images
in pixel coordinates.

After the preliminary noise reduction, the next step in plate image process-
ing is to separate the pixels that belong to objects from the pixels that belong to
the background. Since background pixels are usually labeled with white color or
gray-scale value 255, and object pixels are labeled with black color or gray-scale
value 0, this process is often referred as binarization. The other term that is
usually used in the literature is background segmentation.

There are two major issues that have to be addressed when choosing an
appropriate binarization algorithm: (i) the homogeneity of the illumination over
the entire input image; (ii) the separability of the two classes — background and
object pixels.

Since the investigated images are acquired using specialized hardware (the
scanner mentioned in Section 2), the image illumination on the entire image do-
main is homogeneous. What is more, if we analyse the histograms of randomly
selected sub-images from different regions of a plate, we will observe that their
shapes and gray-levels distributions are nearly identical (see Fig. 7), which un-
ambiguously proves the above assumption.

To evaluate the separability of the background and object pixel classes,
we adopt Otsu’s discriminant criterion measure 7, which is described in detail in
[11]:

_op(k)

5 = ,
(5) n o2

where 0% (k) denotes the intraclass variance, 0% denotes the total variance for
the whole histogram, and k denotes the threshold that separates the values that
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Fig. 7. Gray-level histograms of six randomly selected sub-images of the input plate.

Lasko M. Laskov, Milcho Tsvetkov
800 T T T T T 1200 T T T T T
7000t 1
10000 1
6000 1
8000 1
5000+ 1
4000+ 1 6000 1
3000t 1
4000} |
2000 1
20001 1
1000+ |
0 500 100 50 200 250 300 0 50 100 150 200 250 300
(a) (b)
1000 : : : : : 1000 ‘ ‘ ‘ : :
8000} 1 8000} 1
6000} 1 6000 1
4000} 1 4000 1
2000 1 2000 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
(c) (d)
1000 : : : : : 1000 ‘ ‘ : : :
8000} 1 8000 1
6000} 1 6000 1
4000 1 4000 1
2000 1 2000 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300

(e) (f)

The shapes and gray-level distributions show homogeneous illumination of the plate
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are labeled as object pixels (black pixels) [0,k] and values that are labeled as
background pixels (white pixels) (k,255]. An optimal threshold k™ is selected by
maximizing the intraclass variance, because the total variance O'% does not depend
on the threshold k:

6 2 (k%) = 2 (k).
() o ( ) 1;2%5503()

Then the optimal separability measure n* is defined as n* = 1 (k™). From this
definition it can be easily shown that 0 < n* < 1, and n* = 0 for images that
contain only a single gray-scale value, while n* = 1 when the input image is binary
(composed only by black and white pixels).

Using Otsu’s separability measure given in equation (5) we obtain the
following results for the histograms in Fig. 7 of the six randomly selected sub-
images in the original plate, which are given in Table 1. The values of n* that are
obtained for the sub-images are above 0.7 which suggests that the histograms are
bi-modal, or in other words, the two classes of background and object pixels are
well distinguished in the histograms.

Table 1. The separability measure n* and the optimal threshold &£* for the histograms
in Fig. 7 calculated by Otsu’s method

Histogram n* k™
Fig. 7(a) 0.806205 166
Fig. 7(b) 0.834544 169
Fig. 7(c) 0.762253 185
Fig. 7(d) 0.762253 185
Fig. 7(e) 0.740119 179
Fig. 7(f) 0.859654 159

Also, the difference between the n* for the different sub-images is strictly
less than 0.15, and the difference between the optimal thresholds is strictly less
than 25 in terms of gray-scale values. This means that we can apply Otsu’s
global method for image binarization on the entire plate domain, and no local
binarization method is necessary for the examined images.

If we go back to the fragment in Fig. 4 that contains also a horizontal and
a vertical lines of the plate’s grid, we will observe that Otsu’s method correctly
discovers the grid lines pixels together with the pixels that belong to asterisms (see
Fig. 8). In other words, Otsu’s method can be successfully used as a preprocessing
step for the subsequent stage of grid line segmentation.
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Fig. 8. The gray-level histogram (a) of the fragment in Fig. 4 with the optimal threshold
k* = 168 calculated by Otsu’s method, and the resulting binary image (b)

The next key stage in Carte du Ciel plates image processing is the grid
detection, since the location of the grid lines will be used to divide the input plate
into 676 sub-images. Also, the star images that are intersected by the grid lines
will be ignored to avoid false variable star detection. Two completely different
approaches are examined here. The first one is based on the Hough transform [1]
for straight line detection, and the second one is based on wavelet decomposition
of the horizontal and vertical projective profiles of the binary image of the plate
[6]-

The Hough transform [1]| is a standard method in image processing to
detect geometrical features even in relatively noisy images. In its form to detect
straight lines, a line is represented with its equation in normal form:

(7) xcosl +ysinf = p,

where p is the distance between the origin of the coordinate system and the line,
and 0 is the angle between the normal from the line and the xz-axis. For any point
(z,y) that lies on the line p and 0 have the same values. The algorithm is based
on a voting scheme in which each pixel that belongs to an edge in the input image
is mapped to a discrete sinusoid in the (p, §) Hough parameter space. The points
in which sinusoids intersect determine the straight lines in the input image (see
Fig. 9).

The second approach for grid line segmentation is based on the discrete
wavelet decomposition of the projective profile of the binary image Insxn (z,y)
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Fig. 9. Hough parameter space of a plate fragment. The white squares indicate the
intersection points of the discrete sinusoids that are recognized as straight lines in the
original image

[6]. The horizontal profile of I is defined as

N—
(8) hy) =Y I(i,y), y=0,1,...,M —1.

7=

[y

The vertical projective profile of I is defined analogously to (8). Then the
method is based on calculation of the approximation part Agjh of the wavelet
decomposition of the profile h at a given resolution 27, and extraction of the local
extrema which correspond to the grid lines in the input image. The approximation

part of the profile is given by the convolution (for more details see |7]):

) A = {(A(u) © ¢ (—u)) (279m)},, -

5. Asterism detection. Once a plate image is successfully segmented
in the previous processing steps, the next efforts will be towards asterism detection
and processing. Again, the Hough transform can be adopted for this purpose, but
this time in its version for circle detection, to locate the stars images in the plate.

The Circular Hough Transform (CHT) is based on the circle equation:

(10) (z—a)* + (y —b)* =%,
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Fig. 10. Horizontal projective profile of a plate fragment with local minima and maxima
discovered in the approximation part of the wavelet decomposition of the signal

where (a,b) are the coordinates of the circle center, and r is the radius. In
parametric form the circle is represented by:

r=a-+rcosb
(11) y=b+rsind

The equations (11) are used to build the Hough accumulation space of
three dimensions (a, b, 6).

&

Fig. 11. Circles detected by a CHT algorithm in the plate fragment given in Fig. 4

The voting scheme that is used in the CHT is analogous to the one in the
standard Hough transform, described in the previous section. The local maxima
in the three-dimensional accumulation space (a, b, ) correspond to the detected
circular objects in the input image (see Fig. 11). However, in our case an addi-
tional procedure must be defined to discard the “false” circles detected by CHT.
Such a procedure can be easily implemented based on the local pixel statistics
in the detected circles and the background segmentation threshold calculated by
Otsu’s method in the background segmentation step.
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6. Conclusion. A major purpose of the presented research is to stim-
ulate the analysis of the Carte du Ciel archive observations that are part of the
database wppdb.org and are included in the catalogue of archives CWFPA v.6.1.
A small part of the existing Carte du Ciel maps are digitized and are accessible
as data for research within the virtual observatory.

In this paper an overview is given of some of the key image processing and
pattern recognition methods that are applicable in data extraction from Carte du
Ciel maps. The preliminary set of experiments was conducted and the results were
presented here to verify that the examined methods can give a good background
for development of an integrated software tool which will assist astrophysicists in
the investigation of century-old astrographic data. The most ambitious goal of
such software is the automatic detection of variable stars that were captured on
the astrographic plates. In order to achieve it the following basic steps must be
provided by the examined methods: (i) noise reduction and image enhancement
without asterism blurring; (ii) image segmentation, grid detection and intersected
star images detection; (iii) asterism detection and analysis. Also, some additional
processing of the image border may be provided to extract meta-data information
for the corresponding plate and data such as the correspondence between the
asterisms’ mass and stars’ apparent magnitude (see Fig. 2).
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