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RESUME:

Nous présentons une méthode de classification automatique de galaxies selon leur
type morphologique & partir d'une description qualitative de chaque classe. Le traite-
ment automatique d'une image est eflectué en deux phases: des paramétres
caractéristiques sont extraits de I'image pour décrire la galaxie, puis ces paramétres
sont fournis & un systéme expert qui determine le type morphologique de cette galaxie.
Les différents algorithmes utilisés au cours de la premiére phase sont décrits, puis le
type d'un systéme expert. spécialisé dans la classification d'objet est montré. Un
échartillon de 39 galaxies a été traité; les classes fournies par le systéme expert sont
comparées avec celles obtenues par inspection visuelle des plaques photographiques. La
fiabilité des résultats montre que cette technique est bien adaptée & la classification
d'objets complexes; la précision de la classification réside dans la quantité d’information
contenue dans la base de connaissance.

ABSTRACT:

We propose a computer vision method to classify automatically galaxies into their
morphological type according to a gualitative description of each class. The automatic
processing of an image of galaxy is made of two stages: first, characteristical parameters
are extracted from the image to describe the galaxy; secondly, these parameters are
provided to an expert system to determine the morphological type of the galaxy.

The various algorithms used in the first stage are described; then, the design of an
expert system specialized in object classification is shown. A sample set of 40 galaxies
has been processed; the classes giver by the expert system are compared with those
obtained by the visual inspection of the plates. The reliability of the results shows that
this technique is well-adaptated to the classification of complex objects; the precision of
the classification lies in the quantity of information kept in the knowledge base.
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AUTOMATIC MORPHOLOGICAL DESCRIPTION OF GALAXIES
i AND CLASSIFICATION BY AN EXPERT SYSTEM

- M. Thonnat

INRIA Sophia Antipolis
06560 Valbonne, France

1. INTRODUCTION
The classification of galaxies into various morphological types is a very
difficult problem, that only few specialists overlook [San61la;Vau59a). Tbe

major difficulty stands in the uniqueness of the direction of sight under which
the 3-D object is observed. '

Right now, this classification is achieved by the only visual inspectior; of

photographical plates. But, the incf-eas'mg quantity of data provided by the new

instruments (large field Schmidt telescopes, spatial telescopes, high speed digi-

. tizers) and the need of objective and explicit reasoning, imply the automation of

the classification [LauB4a, ThoB4a).

We present an automatic method to classify galaxies, that can be integrated

in a data processing program of photographical plates, taken with a large field
telescope.

The complete processing of a photographicai plate is made of three stages:

1. The plate measuring the brightness of an astronomical field is digitized
and the galaxies in it are detected ;

2. For each galaxy detécted, specific parameters are extracted;

3. Finally, these parameters are used to classify the processed galaxy; the
classification is made with an expert system rather than merely a standard
pattern recognition algorithm [Bal82a];

The first stage corresponds to two processes (digitization and discrimina-
tion of galaxies from stars, other astronomical objects or artifacts} which are
well-known in astronomical image processing [BijBle, Jar8la).

The second and third stages are developed in the following chapters.
2. DESCRIPTION OF THE OBJECTS

2.1. The classification systems

The first classification system has been defined by Hubble in 1928. Since
then, some modifications [Hub38a, Vau59a, San6ia] have been brought to obtain
the most used system: the Hubble revised system. The classification of galaxies
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may be described with a continuous label coding T or a hierarchical label coding
H.

The morphological type T is an integer value varying between -5 and 10,
which characterizes the degree of inhomogeneity of the morphology (figure 1).
The lowest value (T = -5) corresponds to a perfect ellipsoid with an excentricity
below 0.7. When T increases, the shape of the galaxy becomes flatter and may
be described as the superposition of a small sphere and a surrounding flat disk
(T £ -1). The positive values of T correspond to the presence of a spiral struc-
ture inside the disk. The extreme value (T = 10) represents a very irregular

shape.
perfect ellipsoid irregular shape
e —>
-5 -3 -1 0 10
elliptical lenticular ' spiral

figure 1
The continuous labeling T

The hierarchical label coding H explicits the different patterns present in
the galaxy (figure 2a). This code is an alphanumerical chain, where each charac-
ter represents a special pattern.

- the main character defines the general class of the galaxy: E stands for
elliptical, L for lenticular and S for spiral;

* inria-00076169, version 1 - 24 May 2006

- the second character defines the eventual‘ presence of a transversal bar: A

stands for a missing bar, B for a present bar and X for the intermediate
case;

- the third character precises the shape of the structure in the disk: R

stands for a ring, S for an open spiral (or S-shape) and T for the intermedi-
ate case; )

- other characters precise respectively the continuous type T or some
peculiarities in the morphology.
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. figure 2a
The different structures described by the hierarchical labeling H

For instance (figure 2b):

LA represents a lenticular galaxy (L), with no bar (A);

SBR3 represents a spiral galaxy (S) with a bar (B). an internal ring (R), and

a type T equal to (3).
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figure 2b
The hierarchical label coding H

2.2. Examples of images

Figure 3 shows some examples of typical images of galaxies provided by the
digitization and detection stage for the processing of a photographical plate.
These galaxies of the Virgo cluster have been observed by J-D Strich with the
Schmidt telescope at CERGA®. The sampling rate is (20 * 20) microns, and the
image size is (512 * 512) pixels.

CERGA: Centre d'Etudes et de Recherches Geodynamiques et Astronomiques
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figure 3a

figure 3b
A lenticular galaxy (NGC 4474)
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figure 3c
A spiral galaxy (NGC 4569)

inria-00076169, version 1 - 24 May 2006

figure 3d
A late spiral galaxy (NGC 4571)
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Among the properties of such images, we have to notice that:

* These images have a very low signal to noise ratio, which becomes critical |
for faint objects. ]

* There is no clear limit discriminating the galaxy from the background (see
figure 4).

bap

- HI.
g2 1030 g, B85 g0 30T E g 989 g BD

figure 4
plot of a line passing accross the center of NGC4473

*  QOther objects may be close, or even partially overlapping the galaxy.
3. PREPROCESSING

3.1. The different stages

All these mentioned properties show that a preprocessing phase is neces-
sary to enbance the quality of the image before parameters can be easily
extracted from the isolated galaxy. This phase must perform the following func-
tions:

- locate the exact position of the galaxy:;
- define the limits of the galaxy;
- build a cartography of the background;

- eventually substract the objects in the neighbourhood;
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- eliminate the noise;

The data processing techniques needed for these functions are strongly
dependent on the values of the images; although, as the system of classification
must be completly automatie, even in this preprocessing phase, we must avoid
all interactive methods, (in particular manual selection of thresholds) and
choose the most adaptive techniques.

.3.2. The algorithms

3.2.1. Location of the position

Whatever may be the value of the r'norpliologic‘al type T, the location of the
galaxy is defined by the position of the center of the spheroidal bulge. The bulge
is the brightest region in the galaxy and can be modelized by a 2-D gaussian dis-
tribution. So, the position is obtained by locating the maximum of the correla-
tion of the image and a model of the bulge.

This "center” differs from the geometrical center in the case of an asym-
metry in the spiral morphology of S galaxies, making irrelevant the measure of
the centre of gravity.

3.2.2. Limits of the galaxy

A galaxy is a nebulous object, with a global intensity decreasing continu-
ously from the bulge. The precise position of the bulge being known, a curve
showing the variation of the average intensity from the bulge in terms of the
radius, is built (figure 5). We take as extremal radius of the galaxy the radius
which corresponds to the asymptotic value of this curve (f). Then, we benefit of
this knowledge of the limits of the galaxy to reduce the amount of data and thus
optimize the computing time required for processing.
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. figure 5
Radial variation of the intensity from the bulge (NGC4473)

3.2.3. Background substraction

The measured intensity in the region of the galaxy is the superposition of
the brightness of the galaxy and the intensity of a background. The background
is negatively defined by opposition to the object of interest. In the cir-
cumstances, the background is made of the chemical fog, the unresolved objects
and possibly the galaxies cluster background.

The brightness of this background varies in the image, so a complete car-
tography of the background is needed in order to substract it from the initial
image. The values cf the background though being non uniform have smooth
continuous variations. Thus, a method based on the interpolation of the intensi-
ties in the background regions is available, and has been implemented.

First, the image is divided into elementary cells; the size of these cells
grows with the area of the image (for instance, the cells have an area of 16*16
pixels for an image of 512*512 pixels). The cells which have no pixels inside the
limits of the galaxy, or with an intensity corresponding to a star (see the next
section), are labeled as background cells. The cartography of the background
inside the limit of the galaxy, is built using a linear interpolation.
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3.2.4. Star removal

As the brightness of the galaxy decreases strongly from the central buige,
all the cells outside the bulge with an intensity greater than half the central
intensity (Im) are labeled as stars. The limit of the bulge is determined from
the curve of the radial intensities by the radius Rjimir defined by:

I (Rumis )= f =5 x(Im - )

3.2.5. Noise filtering

Once the background and the stars have been removed from the image res-
tricted to the galaxy, the next preprocessing stage is noise elimination. We

choose the median algorithm with a 3*3 window size for its property of preserv-
ing the edges.

Figure 6, 7, 8 and 9 show the results of the preprocessing on the galaxies
previously described.

figure 8a figure 6b
Galaxy NGC4473 The same galaxy after preprocessing
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figure 7a

figure 8a
Galaxy NGC4569

!
{

figure 7b
The same galaxy after preprocessing

figure 8b .

The same galaxy after preprocessing
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figure 92 figure 9b
Galaxy NGC4571 The same galaxy after preprocessing

4. PARAMETER EXTRACTION

4.1. Introduction

In this section we present the various parameters extracled from the galax-
ies to describe their shape.

4.2. Principal axis

The first parameier computed is the orientation of the principal axis of the
galaxy. The value of its direction is given by the angle ® which minimizes the
moment of inertia J:

J=Y d(z,y)x(ycos®~zsinB)?
z.y
Let B, and 8; be the two solutions of
Lod(z.y)zy
tan(28) = 2—=-X
Y Yd{z.y Nz®-y?)

TV
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8, is the orientation of the principal axis; _

8, is the orientation of the small axis (axis orthogonal to the principal axis).

A set of curves representing the intensity of the galaxy from the center in
different directions are built. These directions are the two principal half-axis
and the two small half-axis. Figure 10 displays the shape of these curves for the
elliptical galaxy NGC4473 and the spiral galaxy NGC4569.
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figure 10a figure 10b
Distribution of the luminosity from Distribution of the luminosity from
the center of NGC4473 in the 8, the center of NGC4473 in the 8,
and 8+ directions : and B8,+7 directions
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figure 10c figure 10d
Distribution of the luminosity from Distribution of the luminosity from
the center of NGC4589 in the 8, the center of NGC4569 in the 8,
and 8+ directions and 8+ directions

4.3. Ellipticity

The shape of the galaxy is very dependent on the view-point under which the
object is observed. Therefore, an important measure is the apparent ellipticity
of the galaxy:

e=1-—-b—
a

with a and b respectively the width of the principal axis and the width of the
orthogonal axis.

inria-00076169, version 1 - 24 May 2006

This value is provided by the previous curves indicating the width of the
galaxy in the principal axis and in the small axis directions. As these curves are
noisy and have a smooth slope due to the diffusion in the emulsion, we use an
integrated width value. Let F(x) be the average distribution of the intensity
along the principal axis, and f(x) the average distribution of the intensity along
the small axis; let w, and wp respectively the width of the galaxy in the two
directions:

The widths ére deduced from:

jﬁ‘(z)dz': %ZF(z)dz
J1(=)az = %{f (z)dz
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Finally the apparent ellipticity is given by:

e=1-£}'2-

wy

4.4. Size

In order to estimate the reliability of the measured parameters we compute
the size of the galaxy S with the hypothesis of an elliptical Shape:

S = nw,w;

- 4.5. Average profile

Using the measure of the apparent ellipticity e we build the curve of the
average distribution of the intensity from the center g(x).

The curve g(x) is the radial distribution of the intensity in the new referen-
w
tial (X, Y=;—l—xy), with X the coordonate on the principal axis and Y the coordi-
2

nate on the small axis .

4.8. Projected profile -

Theorical studies [Vau78a, Wat82a] have shown that the radial variation of
the luminosity from the center of the galaxies is the sum of two functions;

The first function is the spheroidal compone‘nt characterizing the elliptical
galaxies.

- The intensity | is given in terms of the radius r by:

:
Iy(r)=ae™"

- The density d =log/ /I is given in terms of the radius by:

1,
dy(r)=o;-gyr*
The second function is the flat component characterizing the disk of the
lenticular and spirai galaxies.
- The intensity | is given in terms of the radius r by:

12(7’ )=a2é —ber
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- The density d=log/ /1, is given in terms of the radius by:
dalr)=ag-for

In order to avoid the influence of the viewpoint under which the galaxy is
observed we build a new curve: the projected profile d,. This curve is obtained
by orthogonal projection of the densities d of the galaxy along the principal axis.

()= Y  d(zy)
u:zco:'eqt-yslne

With 8 the direction of the ‘principal' axis, x, y the coordinates of the pixels
belonging to the galaxy.

Figure 11 shows the shape of this prolected proﬁle for an elhptxcal galaxy

NGC44‘73 and-a spiral-one:NGC4571.
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figure 1la figure 11b

Projected profile of NGC4473 Projected profile of NGC4571

From this curve we extract two parameters:

- the parameter (profile) which is the ratio of the mean square errors made
by approximating the projected profile respectively with d, and dp for r
‘greater than the radius of the bulge. The estimation of the radius of the

bulge is obtained from the average profile previously built.

S (@ (r)=da(r))?

T =Tyulge

(g (r)-d i)

ST huige

profile =
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- the parameter (linear—err) measuring directly the mean square error
'made by approximating the complete projected profile for r=0 to r=7p,,
with a linear function.

linear—err = r%m(d, (r)=dy(r))?

r=0

4.7.1. Contour building

In order to describe the variation of the structure in the different regions of
the galaxy, we need to extract several isophotes. The isophotes must be com-
pletely representative of each region in the galaxy and they must be built
without interactive process. First we compute five thresholds from the distribu-
tion of the density along the principal axis F(x), then these thresholds are used

‘to obtain five binary images on which we apply an edge detector algorithm.

The five thresholds ¢;,i€[1, .. ., 5] are given by:

¢ -
- {F(z)dx - if{r(z)u

with n; respectively equal to 0.20, 0.50, 0.75, 0.85 and 0.90

For each thresholded image, we use a Sobel edge detector, then we exhibit
the maximal chain issue from the contour chaining algorithm of the

INRIMAGE [Cip84a] library.

4.7.2. Examples of contours

» Figure 12 shows the contours associated with the four previously mentioned
galaxies: '
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figure 12a
Contours extracted from NGC4473

figure 12c
Contours extracted from NGC4589

figure 12b
Contours extracted from NGC4474

figure 12d
Contours extracted from NGC4571
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4.7.3. Parameters extracted from these contours

From each of these contours we extract five parameters characterizing its
shape: ellipticity, angle of the principal axis, relative position of the center,
compacity and distance of the closest ellipse.

the angle of the principal azis

In the same way as for the image, we compute the angle @; which minimizes
the inertial moment J; and the orthogonal angle ¥;.

the ellipticity

For each contour we compute the ellipticity (the description has alread
_been made). - o

the relative position of the center

For each contour we compute the euclidian distance ( center—err) between

the center of the bulge and the center of gravity of the contour gi-
the compacity '
The compacity C measures the roundness of a shape and is minimal for a

circle (c £47).

_ Perimeter®
area

c

In fact we take into account the value of the estimated ellipticity e=1-%

and we measure the quantity:

the distance of the closest ellipse

The last parameter (ellipse—err) is the distance between each contour and
the ellipse which as its main axis in the @; direction, an ellipticity e and is cen-
tered in the center of gravity g;.

Normalization is performed as follows:

Let Sp the area of the ellipse, S; the area of the contour and Sgiy the sum
of the areas between the two closed curves

Saiy

ellipse—err = Sp+5c

Sd is approximated by diﬁding the area into small triangles, the vertices of
which are respectively, the points of the contour C;, the projections of these
points on the ellipse p; and the intersections of the contour and the ellipse P;

(figure 13).
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Let Zpg and yp, the coordinates of the projections p; and z; and y; the coordi-

nates of the points C; belonging to the contour.

a

T, = @.cos (arctg—gzj'

and

ayi )

Yp, = b.sin(arctg ™

figure 13

Approximation of the area Suy
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4.1. Example of measured parameters

We display the parameters extracted from NGC4568.

orientation : 78.33
ellipticity: - 0.50
linear—~err: " 0.039

profile : 2.77
area: 38013.3 &
contours: center-err ellipsé-err compacity angle ellipticity

cl: 1 | 0.08 1.6 -s.s.’ 0.08
c2: 2 0.21 5.4 70.8 0.36
c3: 11 o.is | 7.1 83.6 b.SB
c4 : 9 0.21 11.8 76.8 0.47
ch: 7 0.14 8.6 76.1 0.50

S. AUTOMATIC CLASSIFICATION

5.1. Choice of the method

In section 2. we have seen that the various 3-D models of classes are not iso-
tropic. Now, the images of galaxies to classify are the 2-D projections of the real

~ objects on an astronomical plate. So, for each 3-D model we observe a great

diversity in the shape of the digitized images.

The main problem of this classification is to match a 2-D image with a 3-D
model. This problem cannot be expressed as a graph isomorphism problem and
standard pattern matching algorithms [Pav77a)] are not available in this case.
Actually, we have to valid hypothesis with criteria similar to these ones used by

" the experts. (for instance, if the apparent excentricity of a galaxy is great, this

galaxy itself is flat and seen on the side, so the type T is greater than -5). So, as
we need a tool which both works on the descriptions of the classes and on these
criteria, we have developed an expert system.

Artifial intelligence methods essentially provide easy symbolic manipulation
by means of languages as Lisp or Prolog (or object-oriented languages), as well
as the possibility of using heuristics to decrease the complexity of the problem.

Expert systems stand among the most attractive tools recently develcped
in the A.l. community [Nil82a, HayB3a]. They have often been applied to process
a huge amount of data (for example Mycin ) [Sho78a] for which, in addition to
the already mentioned properties, they offer nice properties of modularity and
extensibility. Actually, they present a complete separation of the knowledge
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from the control structure and the addition of new rules in the knowledge base
does not. need other modification in the system.

In the computer vision domain, several systems [Slo79a, Bro81a, Han78a]
using this approach have been proposed.

The expert system we present in the following section has been specially
studied to solve the problem of the object classification.

5.2. The knowledge base

Previous studies [GraB4a,Tho85a] have shown that a classical rule inter-
preter i's not adaptated to classify objects into well-known classes. Actually, to
focus the reasoning on the classification of an object into a class, we need to
introduce in the knowledge base the explicit descriptions of the various models
to enable the estimation of a distance between the object and the possible
models. Moreover, the knowledge base must contain rules; precisely, the pro-
duction rules formalism expresses in an explicit way the subjective criteria used
by the experts, and allows the passage of the quantified parameters to symbolic
descriptors.

So, a system using both productions rules and frame-like objects (proto-
types) to describe models has been developped. It has been implemented in an
object oriented language, CEYX, [Hul83a] an extension of LeLisp [Cha84a] which
is an efficient language to build data structures like production rules or frames.
An extensive description of this system can be found in [Gra85a].

5.2.1. The symbolic parameters

The description of a class is made by the astronomer in terms of symbolic
parameters which represent the different structural patterns of the galaxies.
We have chosen to introduce such parameters in the knowledge base in addition
to the quantified parameters previously described.

The symbolic parameter H

This symbolic parameter corresponds to the hierarchical label coding; it
takes the values of the possitle classes:

H:E, L S, EO, E1, ..., E6, LA, LB, LA-, LB- LA+ ,LB+, SA, SB, SA0, ...SA7, SBO,

..SB7 ' ’

As the irregular galaxies are not yiet classified the associated values are not
available.

The symbolic parameter T

This parameter corresponds to the continuous label coding; though it takes

numerical values, it is not a measured parameter, but each value represents a
label: ’
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T:-5,-3,-2,-1,0, 1,.....7

The values greater than 7 are not considered as they corzjes_pond to irregu-

lar galaxies.
The symbolic parameter bar

This parameter specifies the knowledge about the possible presence of a

' ‘dransversal bar; so, the symbolic values_kare:

‘bar: present, absent, unknown

The symbolic parameter shape

This parameter qualifies the general structure of the galaxy; it may take
-the values: ' ‘

shape: elliptical, 'average, spiral

* The symbolic parameter isophotes

This parameter points out the degree of pertubation of the contours; the
possible values are: '

isophotes: smooth, normal, distorted

The symbolic parameter arms
This parameter qualifies the arms of the galaxie;lhe values’ are:
arms: absent, incipient, evident, branched

The symbolic parameter bulge

This parameter mentions if the central bulge can be detected on the pro-
jected profile; so, the values are:

bulge: visible, unvisible

The symbolic perameter flatness
This parameter qualifies the apparer;t ellipticity of the galaxy.
flatness: null, negligible, very-faint, faint, light, average

The symbolic parameter centring

The parameter centring measures the difference between the centers of the
galaxy and the center of the contours.

centring: good, average, mediocre, indifferent
The symbolic parameter pro file—concavity

_ This parameter precises if the concavity of the curve of the projected
profile is great or not.

profile—concavity: great, average, null

The symbolic parameter valiaity
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This important parameter specifies the quality of the observation and thus
the quality of the measured parameters; it is function of the size of the image of
the galaxy. the values are:

- validity : good, bad

We have seen in the previous section that for each processed galaxy five
contours are built; these contours are described with both symbolic and
quantified parameters. The quantified parameters correspond to the' parame-
ters which have been extracted from each contour: center-err, elhpse-err.
compacity, angle, ellipticity.

Two symbolic parameters describe also the contours in the different régions of
the galaxy.

The symbolic parameter contour c;: shape

This parameter qualifies the shape of each contour, in the same way as the
symbolic parameter shape; it takes the same values as the global parameter:

contour c;: shape: elliptical, average, spiral
The symbolic parameter contour c;: isophotes

This parameter indicates the degree of pertubation of each contour; like
the global parameter associated to the whole galaxy it can take the values:

contour ¢;: isophotes: smooth, normal, distorded
The symbolic parameter contour c;: flatness
This parameter indicates if the ellipticity of each contour is not too great

contour ¢;: flatness: valid

'5.2.2. The prototypes

The prototypes are frames-like objects, used to define the various classes:
they are organized in a hierarchy which strictly reflects the hierarchy of the
classes (figure 2b). The descriptors of a prototype characterize the objects
belonging to the corresponding class. Symbolic, numeric and complex struc-
tures are represented by different data structures. Some descriptors may have
complex structures as shown in the following example:
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Class contour
compacity: [0, 10000];
ellipticity: [-0.9, 1};
angle: [-80, 80];
ellipse-err: [0, 10000};
center—err: [0, 10000];
shape: elliptical, average, spiral;
isophotes: unknown;
flatness: unknown.

A branch of the tree of the prototypes is dlsplayed below (the prototype
Galaxy is the root node of the tree):

‘Class Galaxy

' H: unknowr;
T: [-5, 10]; ' » )
shape: unknown;
bar: unknown;
profile: [0,10000];
ellipticity: [-0.8, 1];
orientation: [-90, 90]
isophotes: unknown;
linear—err: [0, 100000];
area: [0,900000);
flatness: unknown;
profile—concavity: unknowr;
centring : unknown;
arms: unknown;
bulge : unknown;
validity : unknown;
cl: Class contour;
c2: Class contour;
c3: Class contour;
c4: Class contour;
c5: Class contour.

inria-OOO76169, version 1 - 24 May 2006

Class S upperclass Galaxy
H:S;
T: [3,7];
shape: spiral;
validity : good.

Class SB upperclass S
H: SB,
bar: present.
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Class SB7 upperclass SB
H: SB7:
T: (7.7}
centring: indifferent
arms: late.

5.2.3. The facts _

The facts correspond to data particular for the current case and are tem-
porarily added to the knowledge base; for our application, the facts represent
the information associated to one galaxy. The base of facts consists only of the
object to be classified. This object has the same structure as the root proto-
type. At the beginning, all the values of its descriptors are unknown, but those
corresponding to the measured parameters. At the end of the procedure, the
symbolic descriptors of the object have the same values as the prototype
representing the class of the object.

5.2.4. The rules

~ The rules are composed of three parts: the conditions, the actions and the
comments. They represent the operating knowledge of the expert. The rules are
used to aflect a symbolic value to a descriptor of the object. In order to
decrease the number of rules to scan, the knowledge base is automatically
structured; a procedure of initialization attaches a few rules to each prototype
of the tree. The attachment is performed if the field action of the rule operates

on a descriptor of the prototype.

Example of rule:
Rule 8:
IF
ellipticity of contour3d >> ellipticity 0.1
ellipticity of contour3 > 0.4
THEN
bar be present

"As the ellipticity of the third contour is greater than the global elliptiéity of the
galaxy and is important, the bar is present.” .

5.3. The control structure

The control is only guided by the prototypes. The object, which is a priori
only described by the measured parameters, is associated to the root prototype
Galaxy. If no descriptor is incompatible with this prototype, then the root
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prototype is considered as the current prototype. According to tae context the
current prototype moves down the prototype tree.

All the successors of a current prototype which are consistent with the
present values of the object descriptors are taken as hypothesis. We want to
saturate the base of facts, which means to build a complete description of the
object to classify; so, all the hypothesis are considered. But, as we want a -
natural reasoning, the prototype tree is scanned in a depth-first way (all the
inferences of an hypothesis are considered before studying another one}. Once,
& prototype is taken as a possible hypothesis, the associated base of rules is
scanned; the action fields of the activated rules increase the description of the
object. Then, the prototype is validated if the distance between the object and
the prototype is negligible. This distance is defined by the sum of the intermedi-

 .ate distances between the corresponding descriptors.

5.4. Example of working session

measured parameters:
orientation: 14.6

“ellipticity: 0.50

linear—err : 0.031
profile : 0.85

area : 4300.8

contours: center—err ellipse—err compacity - angle ellipticity
cl: 0 0.15 1.3 8.5 0.48
e2: 0 0.05 1.9 | 1.5 0.31
2 4 0.13 4.1 62 0.46
cd 3 0o 40 57 0.58
e5: 7 0.11 6.1 2.8 0.40

Activated rules: 44; 47; 48; 53; 54; 57; 81; 59;/30: 42;
selection of the prototypes: Intermediate
Activation of the prototype Intermediate

Activated rules: 4; 27;
Valididation of the prototype Intermediate
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Selection of the prototypes: Intermediate—A Intermediate~B

Activation of the prototype Intermediate~B
Activated rules: 84; 89; 90;
Validation of the prototype Intermediate-B

" Selection of the prototypes: LB+
Activation of the prototype LB+
Validation of the prototype LB+

Activation of the prototype Intermediate-~A
Activated rules: .
Validation of the prototype Intermediate-A

Selection of the prototypes: LA+
Activation of the prototype LA+
Validation of the prototype LA+

Data interpretation:

44

As the distance between the fifth contour and an ellipse

is medium ( 0.1 < d < 0.2), this contour has an average shape.
47:

As the distance between the first contour and an ellipse

is medium ( 0.1 < d < 0.2), this contour has an average shape.
48:

As the distance between the second contour and an ellipse

is very small ( < 0.1), the shape of this contour is elliptical.
53:

As the distance between the third contour and an ellipse

is medium (.0.1 < d < 0.2), this contour has an average shape.
54:

As the distance between the fourth contour and an ellipse

is very small ( < 0.1), the shape of this contour is elliptical.
57:

As the area of the galaxy is large, the measured

parameters are reliable.

81:

As the shape of the third contour is average and as the shape of
contour 2 and 4 is elliptical, the shape of the galaxy is average.
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58: |

As the projected profile is not linear the bulge is visible.
30:

As the second contour is circular, the orientation of its principal
axis is irrelevant.

42:

As the distance between the fifth contour and an ellipse

is very small ( < 0.1), the shape of this contour is elliptical.
4; ' '

As the principal axis of the third contour is perceptibly
different of the galaxy principal axis, the bar

is probably present. '

- 2

As the contours have coarsly the same principal axis and ellipticity
than the galaxy, the bar is probably missing.

84:

As the shape of galaxy is average and as the shapé of the fourth contour
is elliptical, the arms are absent.

89:

As the ratio of the errors made by the approximation of the projected
profile by a r 1/4 function and '
by a linear function is between 0.5 and 1, its concavity is average.

90:

As the differences between the location of the centre of the galaxy-
and the centers of the contours is respectively 5, 5, 5, 5 and 15

the centring is good.

-- description of galaxy 28 -~ _
validity: good (certain) X

arms: absent (certain)

shape : average (certain)

bulge: visible (certain)

flatness: unknown

profile—concavity: average {certain)
cewntring: good (certain)

bar : present (possible) absent (possible)
isophotes: unknown

class: probably classed LB+, probably classed LA+
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6. RESULTS

6.1. Reliability tests

A knowledge base of 37 prototypes and 108 rules has been built. The sys-
tem has been tested on a set of 21 galaxies in the Virgo cluster digitized from
the same Schmidt plate. The results of the automatic classification of these
galaxies, is presented in the following table:

Name Real class Result Comment
NGC4459 LAR+ LA+ correct
NGC4569 SXT2 SX3 correct
NGC4474 L..P* LA+/LB+ correct
NGC4473 E.5.. E4 correct
NGC4477 LBS.*$ L correct
NGC4571 SAR7 SA7 correct
NGC4468 LA...* bad validity small area
NGC4531 S..1 LA+ slight difference
NGC4419 SBSO SB1/SAl almost correct

1C3392 SA.3 SB1 almost correct {(dust lanes)

M91 SBT3 SB1/SB3 ., _correct
NGC44861 LBS+* LA/LB almost correct
NGC4438 SASO LB/SB1 correct (dust lanes)
NGC4421 SBSO LB/SB1 correct

1C800 SBT4P$ SBS correct
NGC4523 SBS8 SB_____ irregular
NGC4595 SXT3$ SA1/SA3 correct
NGC4839 SXT4 SB3 correct
NGC4540 SXTB SB7 correct

M86 .E.3.. E3 correct

M84 E.1.. EO correct

Although the results are quiet good, it remains a problem of false detection
of a bar in presence of transversal dust lanes.

Tests have shown that the method needs a minimal size for the image of the
galaxy (about 50x50 ). So, the rule:

if area < 2500 then validity bad

is activated to prevent a misclassification; in order to optimize the computing
time, the parameter validity is set to good for each successor node of the root
node Galaxy; so, if the previous rule is activated, no successor may be validated
and the classification returns class unknown whatever are the other values of
the measured parameters.
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The knowledge base does not yiet contain information about the irregulér.

some study remains in this domain.

- the peculiar galaxies and about the ring pattern structures. This lack of infor-
. mation is mainly due to the absence of such galaxies in the sampling set, so

A second set of galaxies, with a higher resolution and various exposure
time, observed by G. Paturel at the Observatoire de Haute Provence has been
Processed by this method; the results of the classification are displayed in the
following table:

Name Type Result Comment
NGC2535 4 __SB7 slight difference
NGC7757 . 5 SB7 slight difference

1C1303 5 SB7 slight difference
NGC753 4 SA3 correct
NGC9286 4 SB5 correct
NGC5371 4 _SB7 slight difference
NGC7448 4 SB3 correct
NGC514 5 SB7 slight difference
NGC877 4 SB7 slight difference
NGC3992 4 SB7 slight difference
NGC2619 5 .SB1/LB+ - short exposure time
NGC3780 5 SB3/SB7 almost correct
NGC4254 ) SA7 slight difference
NGC5384 4 SB1/LB+ short exposure time
NGC5970 5 SB1 short exposure time

In the following table, we present the influence of the exposure time on the

classification of a spiral galaxy:

Name Exposure time | Real class Result Comment
NGC2336 40mn SB4 S lacking in precision (fig. 14a)
NGC2338 1h40mn SB4 SB5 correct (fig. 14b)
NGC23386 3h SB4 SB7(probably) ' too late (fig. 14c)
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figure l4a
NGC2336 time:40mn

figure 14b
NGC2338 time:1h40mn

figure l4c
NGC2336 time:3h
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_ The results obtained on a set of galaxies observed with another telescope
(Schmidt telescope of Observatoire de Haute-Provence) and with different expo-
sure times show that the knowledge base must contain information about these
symbolic parameters (telescope and exposure-time). In function of the values

. of these parameters different branches of the tree of the prototypes must be

scanned.

7. CONCLUSION

We have presented a complete automatic method to classify complex
objects (galaxies), using an expert system approach.

Although the knowledge base made of 37 prototypes and 108 rules must be
completed to enhance the precision, the classes obtained by this method are |
quiet good. '

In its current state the system classify . a gale:xy in approximately 180

seconds: 120 seconds for the extraction of the parameters (which is of course

highly dependent on the size of the image) and 80 seconds for the inference
phase.
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