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The summary


 The various methods of  solving  geostationary satellites' (GSS) identification problem by the photometric information are considered. The possibility  of its  use for the  identification of object's type   is  shown.  

 Introduction

Near-Earth space is used intensively by a rising number of countries. The number of constantly traced objects is not very large, and the databases' content decreases with the increasing orbits’ altitude [1-4]. The main bulk of the necessary information about GSS is delivered by the ground-based electro-optical deep space surveillance systems or stations. Their efficiency depends on many circumstances [5]. The gathering and processing of information is simplified when an own catalogue is maintained at the station. The catalogue allows to make an operative prognosis of the state of the zone under control at the required moment. It also allows to  reduce observation time for well known objects which are under control for a long period of time. If there is an own database it enables to allocate the new objects and to receive the complete coordinate information practically from the very moment of their detection. The synchronous use of both metric and photometric information allows to separate new objects from the old ones, which were observed earlier but then moved to another stable positions.

All observers face a problem of identification, and this is the main problem of GSS catalogue's creation. It is complicated by high population density of man-made objects in GEO, some of which are draughting.

Some authors identify objects on the basis of coordinate information, (see, for example, [6,24]), others involve the non-coordinate information for these purposes, [7,8]. In this article we have tried to summarize the methods, which are used for GSS identification based on the photometric information. Also we have shown the applicability of these methods using as example works carried out at Artificial Satellites Monitoring Laboratory of Astrophysical Institute of National Academy of Sciences of the Republic of  Kazakstan. 


 We сonduct electrophotometrical observations of GSS since 1979. The positional and photometrical methodics of observations have not changed much lately. They are described in [5,7,8]. Therefore we shall focus here only on the main points which were taken as a basis for creation of a photometric database. 

The most important criterion of suitability of a photometric material is its uniformity. For the purpose of standardization of GSS' brightnesses it was necessary to create a summary catalogue of photometric standards [5], which are located in main zones of GSS' movement on the sky sphere. The stars with an absolute calibration of energy distribution were also included into the catalogue [9]. It allows to calibrate the accepting-recording channel periodically, to  facilitate the energy  binding of determined parameters and to carry out their correct temporal comparison, including the comparison with results of other authors' observations. 

     The formation of the photometric database started at the beginning of 1980. The involved software is upgraded constantly according to actual requirements.  Now the base contains the information relating to 129 objects. Most of them were observed during the period of last 5 to 10 years. They represent all basic types of geostationary satellites, and therefore can be used in relation to all GSS.

The creation of the GSS' zone catalogue was one of the first successful works based on the joint analysis of the coordinate and photometric information. The special complex of programs allows to realize with a high level of  reliability: 

- a determination of object's orientation and its dynamic parameters (period of the rotation around of the own centre of weights, the direction of spin axis); 

- an estimation of its stabilization's type;

- a calculation of physical GSS' parameters  and of its separate elements (an effective reflecting area, relative coefficient of the reflection and a character of those factors changes, which depend on duration of the object's stay on an orbit);

- a modelling of equivalent geometrical image;

- an identification of the GSS' type and assignment of international number to the object.

 
 Let's consider the basic principles, which allow to fulfil of the listed tasks'. 
1.Analysis of the photometrical characteristics' dependence from object's spatial orientation and construction features. 

The detailed list of the factors which determine the brightness of object, and the methods of their calculation is shown in [5,10]. Let's focus on the analysis of satellites' brightness  variations and methods of determination of its individual characteristics. 

The value of a luminous flux reflected from the satellite may be represent as [12]:

         Ελ= Е
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 and M(z) is the transparency of an atmosphere and its air mass; Е
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 - object's monochromatic illumination by the Sun; d - topocentrical distance  to the object; a
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- geometrical albedo of the object; S - area of visible part of sunlit object's surface; F
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(φ)- phase function.


 The expression (1) includes all components of satellite's visual brightness except for Earth's and Moon's illumination. The Earth's illumination is determined by a phase angle of the Earth in relation to object and its altitude above the surface of the Earth [10]. The moon's illumination is not very essential, but in a full moon and at a small lunar phase angle (i.e. angle Moon - object - observer) the reflection from shadowed elements of construction having high reflective abilities may essentially change an observable phase curve.


 It is obviously, that such parameters as 
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(φ) depend on the optical characteristics of coating, geometry and spatial orientation of satellite. The values of these parameters are individual and they can characterize the observable object. 

The variations of satellite's brightness may be caused by three main reasons: 

- object's  rotation around the centre of weights and precession of spin axis;

- object's  rotation around the Earth, which causes the change of the phase angle;

- aging of satellite's coating.

The orientation of object is easy to determine if there are specular bursts in its curve of brightness [11]. In order to reveal the latent periodicity caused by rotation of satellite at first stage it's necessary to calculate a power spectrum of observing temporal row using methods stated below. 

To allocate the regions caused by the different elements of GSS' construction on the curve of brightness, it is necessary to use the information associated with their colour characteristics and changes of these characteristics. [12]. 

It is possible to define a momentary direction of the normal to the reflecting surface of satellite by the specular reflection, see [13]. To determine it by diffuse reflection, it is necessary to know the dependence of the reflected flux value from the angle of fall. This dependence must be determined in laboratory conditions for known materials of satellite's coatings [10], or for an object of the simple known form. 

After determination of rotation's period and orientation, it is possible to calculate the value of geometrical albedo [14] assuming that the reflection of the solar light occurs under the Lambert's law.

The majority of observable GSS belongs to non-selflighting objects in visual and near infra-red area of spectrum. Therefore, the value of light flux reflected from the satellite depends on the characteristics of its coating. Those characteristics change with time under the influence of space conditions.  The value of reflection's coefficients for exploitable materials of the coatings varies from 0.1 up to 1.0 in visual and near infra-red area of spectrum. Therefore the value of 
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 at the same law of reflection can variate from 0m.1 up to 1m.50 [14]. 


 In the process of calculation of albedo for known objects it is necessary to know the geometrical dimensions of the object. Also it's necessary to interpolate an observable brightness to the zero phase. Calculation of the GSS' brightness in the zero phase must be made using only the diffusive component of the reflected light flux.

The analytical expressions of phase functions are known for the majority of the simple stereometric forms [15], but their practical use is complicated by two basic reasons:

- in order to calculate  the phase functions for the objects of the various forms (except  spheres)  it is necessary to know the satellite's orientation;
- the majority of satellites' bodies is the aggregate of  several simple stereo-metric forms.

 2. About the definiteness of the identification's problem and role of a priori information in its solution.


If there are no a priori assumptions the strict solution of the tasks formulated above in a usual case is ambiguous or uncertain. The initial ambiguity of the definition of the GSS' form by a curve of brightness is associated with the following principal statement: the input information is the function dependent on one argument (brightness from phase or brightness from time). And there must to be a function of the form dependent on two arguments in the output. The solution of the task in common case is not determined.

          This assertion relates to the objects which have the triaxial stabilization. The scanning of those satellites' surface is achieved only by the change of the phase angle, i.e. it's associated with GSS' movement around of the Earth. The situation is not the same with satellites rotating around the centre of mass. The independent arguments for them can be into fast and slow components. In this case the brightness can be presented by function 
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 - the angle of satellite's turning position divided - is the fast component, ω is the angular speed of rotation. In most cases such a division allows to reduce uncertainty. The strict formulation of the appropriate conditions require the separate analysis. Let's explain it on examples.

    а). Let object represent a Lambert plate (i.e. the plate which is reflecting the light on the Lambert's law), then:
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where  F - the intensity of the reflected light; β, γ - the angles of fall and reflection accordingly, dS - element of the area. 

          If the plate is oriented to the Sun and there are no other sources of light the curve of brightness is determined as [15]: 
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where F(φ) is the normalized brightness of the object, φ is the phase angle,  F0 is the constant equal to the maximal normalized brightness. The similar dependence will be formed if the plate is constantly oriented to the Sun, not to the observer.  Then the orientation of the object will be determine ambiguously. If albedo of the plate is known it is possible to define the value of total area by its curve of brightness, but it is impossible to determine the form. 


 b). For Lambertian sphere the curve of brightness looks like [15]:
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Any rotating body gives the similar dependence if its axis of symmetry is orthogonal to the plane "observer - satellite - Sun " in a whole interval of observation.  So it is impossible to assert anything about object's form, too (except for assertion that it's a rotating body). In this case the reason for uncertainty is obvious: the effect of rotation does not contain any additional information, because both the fast and the slow components are measured in the same plain and formally are dependent. If the spin axis is orthogonal to the axis of symmetry in b) example, then φ and the ψ   are counted in orthogonal planes. In this case it is possible to distinguish a sphere from the cylinder, and cylinder from the truncated cone by the curves of brightness.


 The initial uncertainty of the problem means that the set or the class of functions of the form r (u, v), which generate the concrete curve of brightness, is unlimited. Any a priori information, even the insignificant one, allows to constrict this class to the one function or to the compact set. Then the incorrect and uncertain task may become correct or determined, at least.

Such additional information can be collected during observations of the overlapping of a bright star by the satellite (so-called the "shadow" method) [16]. The essence of a "shadow" method consists in registration of changes of light intensity from a star which is overlapped by the object. It allows to restore a contour of the object's projection to the plane, which is perpendicular to the falling light, by the bivariate diffractional image. According to a principle of Huyghens-Frenel, each point of a wave front can be accepted as the centre of secondary perturbation, which results an appearance of mutual-interfering spherical waves. It's possible to restore the profile of an object's section using the wave equation of Helmholtz, which describes the variation of amplitude of the secondary waves as a function of a direction. 


 3. Solution methods of the identification problem.


 Depending on volume and the degrees of a priori information's reliability for the solution of identification problem  can be used:

- expert estimations,

- methods of the incorrect problems' solution,

- methods of the images' recognition theory.

In practice it is expediently to use the combinations of these methods and estimations or their consecutive application. It's expediencely to add a principle of the directed training. In this case it's necessary to consider this principle not as a method of the solution, but as a methodological principle. The essence of this principle is concluded in its name. Let Х be an input information (a curve of brightness, an intuitive reasons etc.), Y be an output information (result of the solution), A be a certain decisive operator, which allows to receive Y through X. The A operator is usually invariable for the tasks having the strict solution. In the methods of the directed training all the new input information allows not only to receive the appropriate solution but also modifies the A operator in the necessary way.

This approach, which is ensuring the internal self-organizing of recognition's system, is used for the solution of any new problems, evidently or implicitly. In the current case one of the purposes of this approach is the methodic's formalization to reduce up to the minium the human participation during the identification. 

Expert estimations.


 In the conditions of a priori uncertainty the typical situation is when the bulk of  experimental data is difficult to formalize. I.e. it's unable to construct the mathematical algorithm which allows to extract this information in a clear form. The expert estimations are indispensable in this case. The expert estimations are the skilled expert's conclusions about the common character of a brightness' curve and about the reasons of some features, which appear there. Sometimes it's possible to design some "reasonable" geometrical image, which is close to the real form of the object. 

        The similar approach is also useful when it's impossible, using a priori available information, to construct an optimizing criterion which take into consideration this information. For example, such data as the known functional purpose of artificial satellites is difficult to formulate mathematically. Nevertheless, an expert can suggest the form of the object, coating materials of construction's elements and the type of GSS' stabilization on the basis of analysis of a brightness' curve, object colour characteristics and his own experience.

The expert estimations are the rather universal tool. But because of its subjectivity those estimations can't be used as a main method of the analysis, especially in the automated recognition systems. Therefore, in the further expert estimations can be used as the input information for another methods, or as the basis for perfection of strategy.

 Methods of  the incorrect problems' solution.

 If the volume of the initial information is sufficient, the problem of the definition of an object's form can be formulated as a classical incorrect problem [5,17]:
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where F is the known standardizated brightness, R is the unknown function of the form submitted, for example, by a combination of two radiuses of curvature; K is the known kernel of the integrated equation determined by the laws of reflection, scattering and other factors; G is the area of integration.

Both the fast and the slow components (φ and ψ) or other different sets of arguments can be corresponded to the variables ς and η. It's possible to find the form r(u,v) by the definition of the function R(u,v).  In order to determine the solution of this equation it is necessary to know the brightness of the object at the entire interval of changes of variables' ς, η (for example at 
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). In this case the variables should be independent.

Let's consider some typical examples. 
        а) Variables ς, η  change in the fixed limits, which don't include all probable values. In this case there are always invisible or not illuminated spots on the surface. In order to solve this problem one may use the procedure of analytical continuation (assuming a regularity of the form) [18]. 
      b) The object is not a rotating one, therefore the phase curve on a 24-hour interval depends from the single argument (the phase corner φ). If there is no other information it's necessary to employ artificial restrictions. For example it is necessary to set the obvious dependence R (u, v) by one of two coordinates (either u or v) and to seek the solution for a class of convex bodies of rotation. Another way is the parametrization of the form, i.e. it is necessary to set R (u, v) as a set of functions of the several simple forms with the free parameters. In most cases this approach is the most reasonable one, and the solution of the problem is reduced to the search of a certain critical function's extremum by the small number of parameters. 

The observation of unrotating object during the number of its circles around the Earth facilitates reduction of uncertainty, too, since in this case the second coordinate, which is connected to the change of declination of the Sun, evolves by itself. The problem can be reduced to the previous item in this case.

с) The object rotates with the small period, the period and the direction of spin axis are known. As it was said above, in this case it's possible to divide a fast and a slow component. It is obvious that the situation will be optimum if the angle of rotation ψ and the phase angle φ are counted in mutually perpendicular planes. Nevertheless, even if these planes coincide with each other, the object's rotation allows to scan its visible surface in considerably shorter time. Actually, in this case the dependence F(ψ) will be determining, and it's enough to carry out the measurements of brightness during the several periods of rotation.

      d) As we assumed above, the albedo of the different area of an object's surface is known or, at least, constant. But it isn't so in the typical conditions, and then the equation (2) includes two unknown functions: the form of an object and the properties of its coating materials. The uncertainty of the problem increases by the following reason. The influence of all these factors on the brightness of satellite is interconnected: the decrease of albedo can be compensated by the increase of the area of the appropriate satellite's surface, and on the contrary. It is also possible to reduce uncertainty by using the results of multi-colour observation. In this case it is necessary to write down the similar equation (2) for each interval of waves' lengths. The combined solution of those equations allows to share the given factors [5]. Whereas the set of object's coating materials is limited enough, this problem can be reduced to their selection.

             Methods of the theory of images' recognition.

 Let's assume, that from the set of the real curves of brightness we were able to separate the universal set of attributes, which characterizes the concrete type of satellite (i.e. its "passport"). For the effective solution of the identification's problem it is desirable, that those attributes would meet the following requirements:

- these arguments should be  independent (the orthogonal in linear approach) and the most informative;

- the set of these arguments should be complete enough;

- the quantity of these arguments  should be not too large, the arguments should be invariant toward transformation of coordinates and they should not depend on the object's orientation.


 In order to separate the informative attributes from the curve of brightness confidently it is necessary that this curve does not contain the influence of the factors which is not related to the object's form. Otherwise it is possible to separate accidently an attribute with no relation to the object. For example, to except the brightness' dependence from a phase it is expedient to normalize each curve of brightness to the function of Lambertian sphere. The attributes (for example, the phase gradients) can be gotten as a result of expert estimations or on the basis of more or less formal approaches (the spectral, correlative or regressive analysis etc.). 

Let's consider some methods of the theory of images' recognition.
а). Construction of the orthogonal basis.

       If the function is analyzed by the frequencies, it may be decomposed into Fourier series. Then it's possible to choose so many members of the series, as it may be necessary for its representation with sufficient accuracy. So, in the case of decomposition of the brightness' curve in the Fourier series, the factors of this series can be used as the passport of the object. It's  possible  that the decomposition on the other basis will allow to reduce the number of factors without a loss of representation's accuracy. It is obvious, the less the required number of the decomposition's members for all curves of brightness from the current set the better it is. 

The method allowing to design the system of orthogonal functions, which is adapted specially for approximation of the current set of the brightness' curves, is offered in the article [19]. The numerical values of decomposition's factors by these functions may be used simultaneously as a code of the given curve of brightness, and as the passport of satellite (in the linear approach). The essence of this method is in the following. 

Let’s presume there are N brightness' curves. Every curve consists of not less than 100 readouts. Then it's necessary to bring to conformity a point in 100-dimensional space for each curve (every readout means the coordinates of a point). Let's lead the 99-dimensial hyperplane in this space by the following way: the projections of all points to that plane must had a minimal (in sense of the accepted metrics) scatter. Then the 100-dimensial single vector, which is orthogonal to the given hyperplane, will be the first basic vector. This vector will also define the first orthogonal function from an optimum set, because the given space is functional.

          Considering  the mentioned 99-dimensial projections of all the points in the same way, we shall construct the 2nd vector and the second orthogonal function, further the    3-rd vector, etc.; until all the successive projections will be set in the certain area with given ε. If m << 100, then it is possible to set the analyzed curve by m numbers with the precision ε. It's probably, that it will be able to attribute the physical sense to the resulting orthogonal functions. For example, the first function Φ1 sets the diffusive reflection from a plate, the second – Φ2 - sets the specular reflections, the third - Φ3- sets the reflection from a cylindrical surface, etc. Then the normalized curve of brightness will be submitted as: 
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 In order to optimize this procedure it is desirable to use the modelled curves of brightness instead of real ones. In the case of unsufficient uniformity of the initial set of brightness' curve the method of orthogonal basis and the preliminary normalizing should be applied separately for each type of objects. 
        The considered circuit of the analysis is based on the statistics of the large quantity of the homogeneous phase curves. This circuit is linear, though the account of known or prospective nonlinear associations is possible.

          b). Methods of topological dynamics.  

        The methods of topological dynamics allow to determine parameters (which are invariant related to the nonlinear transformations of coordinates in the wide ranges and independent from satellites' orientation) by one realization. The essence of these methods is shown below. 

Let's assume that at each moment the state of the object can be described by several time-dependent parameters. Then it is possible to associate the certain phase area with the object. Coordinates of this area are those time-dependent parameters. If the object is in a state of dynamic balance, then there's a compact geometrical set - an attractor - corresponded to this object in the phase area. All the phase trajectories are "attracted" to this set at the end. All features of the object's behaviour affect the geometrical and topological properties of the attractor. Therefore, these properties can be chosen as the satellites' passport. 

           The currently developed algorithms allow one to determine a spectrum of attractor's dimension and the Kolmogorov's entropy on it. The first of them is connected to the number of freedom's degrees and heterogeneity of distribution of the phase points. The second one is connected to the degree of randomness in the object's behaviour. The methods of topological dynamics also enable to construct the multi-dimensional "phase portrait", which can serve as  the characteristics  of the object [20].


 The algorithms of calculation of those parameters are based on the comparison and the sorting of interdot distances in phase area. Actually one use Euclid or Chebishev norm as a function of distance. 

 
 Practical application of these algorithms are connected with certain difficulties, which are discussed in articles [20,21]. The dimensions and entropy do not depend on the concrete function of distance theoretically, but in practice the results of estimations bear dependеnсе to function selection . It is connected to the impossibility of transition on the extreme small scales or on the infinite number of points. 

The construction of the adapted orthogonal basis discussed in the previous item can be also used as an intermediate level in methods of topological dynamics for a choice of the best function of distance [22].

4. Practical application.

In a practice, the solution of the identification problem includes a combination of methods listed above. As it was shown the processing of photometric information is carried out using a complex of special programs. For detection of a periodic component we use the standard procedure of Blakman and Tjuke in their algorithms. During the data processing registration of short-wave harmonics, caused by influence of a terrestrial atmosphere, is carried out. [23]. The level of confidential probability of all significant spectral peaks exceeds 95 % by criterion of Woker.

The procedure of identification includes the determination of a set of attributes which  describe every given type of satellites with the certain probability. Such parameters are: the phase gradients, the geometrical albedo, effective reflection square, the relative coefficients of reflection and the periods of brightness' change. 

The phase curve is approximated previously by the system of orthogonal functions consisting of the phase functions by the simple geometrical forms [15]. It allows one to accept the decision about the dominant form of object. 

The further representation of GSS brightness by E vector with components B, V, R (where B, V and R - the value of brightness in the appropriate filters) enables one to construct the  three-dimensional "phase portrait". (If other parameters are included the portrait will have more than three dimensions). The value of vector Е depends on the reflecting ability of the coating. The form of the generated surface is connected with the constructive features by the changes of the color characteristics. Such a procedure allows to state the assumption about the type and the spatial orientation of GSS. 

While constructing a phase portrait of an object with the variable brightness it is necessary to take into account the short-periodical component which is associated with the object's rotation. This component also contains the useful information.

The received phase portrait of an unknown object is compared to the characteristics of the available in database "standards" - GSS, whose types are known. If the type of an object was not possible to identify, then the precision photometric observation of this satellite are spent during the half of year. After that, the "standard" of a new GSS' type is created. 

It is necessary to emphasize, that the number of   types of the started objects is limited, and every concrete type  has the individual set of the characteristics. It allows one to allocate the objects of the common type (i.e. type of the common functional purposes) among of all variety of accompanied objects. It also allows to separate new objects and  GSS moved from  one to another stable point. 

In the process of compiling our GSS Zone catalogue [7,8] the joint analysis of the photometric and coordinate information has allowed us to identify the majority of objects traced by our station. 

Let's show some results of the photometric information's analysis (the GSS number corresponds with the shedule [8]).   

1. Unknown 4 was moved from stable point 900 E to 1200 E in June, 1997.

2. Unknown 7 was moved from stable point 920 E to 700 E in January - March, 1998.

3. 93056А was moved from stable point 710 E to 280 E in March - April, 2000.

4. The object 91010А was tracked from the launch, we watched its maneuvering on the orbit and movement to the idle state too. The object was identified confidently in all sessions of observation.

5. The available photometric information has allowed us to group the series of unknown objects into the groups of objects of the same kind. For example, it is possible to put into the common group the Unknown  4, 7, 9 and the  78016А. Another group is, for example, the Unknown  6, 11, 12, 13, 19, 34, 33, 41, 48. 

Such examples show that use of photometric information allows one to make conclusions about type of observable object, its geometry and orientation. It is necessary to emphasize that   the procedure of the GSS' type identification is quite  difficult. Computer offers some variants of decision during the process of analyzing the information, but the deciding vote has an expert, and over-all decision depends on his competence and experience. Now the existing set of programs is under review in order to reduce the operator's interference in the identification process. 

Authors thanks their colleagues from Artificial Satellites Monitoring Laboratory for the given opportunity to use the materials of joint observations.
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Резюме

МЕТОДЫ ИДЕНТИФИКАЦИИ ГЕОСТАЦИОНАРНЫХ СПУТНИКОВ

 ПО ФОТОМЕТРИЧЕСКОЙ ИНФОРМАЦИИ.

Диденко А.В., Усольцева Л.А.


Рассмотрены различные методы решения проблемы идентификации геостационарных спутников (ГСС) по некоординатной информации. Показана возможность их использования для отождествления типа объекта.  
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Диденко А.В., Усольцева Л.А.
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