SOLUTION OF NAVIGATION TASK OF QUASI-SATELLITE ORBITING WITH USE OF PHOBOS SNAPSHOTS 

It is supposed that during all quasi-satellite orbiting time, SC motion control is based on solution of navigation task according to independent measurements of relative motion of SC and Phobos. At he same time, parameters of relative motion and gravitational field of Phobos and Phobos figure centre position with reference to its centre of mass are corrected. Measurements processing and navigation task solution take place on the Earth.

The following measurement information sources are considered:

· data of Phobos surface range measurements obtained by means of laser vertical and altitude meter;
· television images of Phobos obtained by means of various cameras of television navigation and observation system;
· star coordinate measurement unit indications pertaining to the first and second type data interval.

SCHEME OF NAVIGATIONAL PROCESSING OF TELEVISION IMAGES
It has been shown in publication [1] that at least six quantities are generally evaluated in case of navigation as per television image of a celestial body:

· offset (in two coordinates) of image centre with reference to a celestial body figure centre;
·  image scale (i. e., per se, distance to a celestial body);
·  three angles of small turns of a celestial body with reference to estimated position (i. e. variations of observation aspect angle).

In this specific case, we propose to change the television image processing scheme proceeding from SC motion control specificity in Phobos landing preparation phase, namely from requirements of high promptness and reliability of navigation task solution.

It is proposed to go to simplified but more reliable Phobos television image processing scheme by means of some (rather insignificant) desensitization, namely:

· reducing number of valued quantities, having fixed the image scale and observation aspect angle as per calculated data;
· using interactive processing (instead of full automatic image processing and detection of boundaries and contrasts) when the operator does the best from his point of view combination of obtained image with estimated pattern containing images of “reference” craters and Phobos limb.

The first simplification appears justified because of the fact that, first, the distance to Phobos is determined with high accuracy according to laser altimeter measurements and, secondly, the good model of angular position of Phobos in inertial space is available.

So, it is supposed that the ground software package processes received television images of Phobos in interactive mode. By results of this processing and with consideration of star coordinate measurement unit (SCMU) data, so-called “reduced” angular measurements are formed and then used as input data for navigation task solution.

FORMATION OF “REDUCED” ANGULAR INDEPENDENT MEASUREMENTS AS PER DATA OF SCMU AND PHOBOS TV IMAGES

Let's feature procedure of formation of “reduced” angular measurements. Frames, i. e. television images of Phobos transmitted to the Earth, are processed in series. For each frame corresponding to the next observation, the received Phobos image is displayed on the computer screen in device-related coordinate system of used TVNOS camera. At the same time, the transparent surface A, on which “estimated image” of Phobos is presented with reference craters and limb points, is programmatically shaped on the same screen. The most 
simplified processing scheme consists in the following. The operator by means of the mouse or the keyboard (arrow (, (, (, () moves surface A with the estimated image of Phobos relative to the real image to achieve the maximum coincidence of these images. Then the operator confirms the procedure completion by pushing the appropriate key, and the program determines resultant angular deviations of Phobos “image” with reference to its estimated position. These deviations are treated as “reduced” angular measurements to be further used for navigation task solution.

It is obvious that the most important point for solution of this task consists in formation of “estimated image” of Phobos. For making this image we need information that allows the following:

(1) creation of three-dimensional model of characteristic points on Phobos surface,
(2) determination of estimated radius vector from SC to Phobos centre in inertial space at the exposure middle moment,
(3) determination of orientation of SC body axes in inertial space at the exposure middle moment,
(4) determination of Phobos orientation in inertial space at the exposure middle moment.

Data of points (2) and (4) are received from the current SC and Phobos motion forecast, and data of point (3) are determined according to SCMU by interpolation (see below). It is obvious that in addition to the above data we need information on angular position of coordinate system of used TVNOS camera with reference to the SC body-fixed system (more precisely, with reference to SCMU axles). These data are known in advance (with some accuracy), but in flight they are updated as a result of special calibration sessions.

When this information is accumulated, it is enough clear how to project control points on Phobos onto device axes of TVNOS camera and obtain “estimated image”.

Initial data required for creating the estimated image of Phobos, reference craters drawing procedure, and SCMU data interpolation are described below.

Initial Data Required for Creating Estimated Image of Phobos

Data of two types are necessary for creating estimated image of Phobos with images of “reference” craters:

(1) digital model of Phobos figure;
(2) description of set of so-called control points on Phobos surface.

Data of the first type are contained in publications [2], [3] and [4], and those of the second type, in publications [2] and [4]. Scheme of processing of these data for solving a particular navigation task is featured below.

Catalog of Phobos Surface Control Points 

Material on Phobos surface control points is kindly presented by the German specialists and is based on latest results set out in publication [4].

This catalog contains 665 points for which rectangular coordinates together with their root-mean-square deviations are presented in Phobos graphic coordinate system.

Figure 1 shows the scheme illustrating allocation of control points on Phobos surface, accuracy of their coordinates and resolution of snapshots based on which control points were determined (based both on snapshots of Viking station and snapshots of Mars Express station).

[image: image1.wmf]
Figure 1. Allocation of Control Points on Phobos Surface

Figures 2 and 3 below show examples demonstrating position of series of control points on two Phobos images made by Mars Express station.
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Figure 2. Image Dated 2006-02-10
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Figure 3. Image Dated 2006-03-19

To reliably apply information contained in the control points catalog to navigation task solution, the catalog should be completed with radii of “reference” craters. Of course, these parameters apply only to those control points which correspond to centres of noticeable craters.

This phase of activity requires additional processing of all snapshots with control points and involvement of information on shooting ranges and aspect angle in each particular case, as well as information on angular dimensions of each snapshot.

This will result in creation of one more catalog (“reference” craters catalog) representing a subset of the control points catalog completed with radii of selected craters.

Drawing of Reference Craters 

When building estimated image of Phobos, we use two coordinate systems: Phobos graphic and device-related one corresponding to axes of TVNOS camera which was used to obtain the image being processed.
Suppose:

· texp – middle of exposure of given image,
· Rin – radius vector from SC to Phobos centre in inertial reference system at moment texp,
· ti and ti + 1 – serial SCMU interrogation moments such that ti ≤ texp ≤ ti + 1,
· Mi and Mi + 1 – matrices of transition from inertial system to device-related SCMU system, which correspond to moments ti and ti + 1,

· MSCMU2cam – matrix of transition from device-related SCMU system to device-related system of television camera which has formed the given image,
· Min2ph – matrix of transition from inertial system to Phobos graphic coordinate system at moment texp.

Using the formulae presented above, let's form matrix Mexp corresponding to transition from inertial coordinate system to device-related SCMU system at moment texp. Now the matrix of transition from Phobos graphic coordinate systems to device-related system of television camera at moment texp is defined as

Mph2cam = MSCMU2cam Mexp MТin2ph.
Then we get radius vector from SC to Phobos centre in Phobos graphic reference system at moment texp:

Rph =Min2ph Rin.

Now we select “reference” craters which can be recognised on the given image. Such selection is equivalent to condition check for quantity of scalar product of vectors 
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 is unit vector of radius vector of centre of k-th “reference” crater rk; angle ( corresponds to limit permissible position of crater on snapshot (say 10°).

Let’s suppose that this condition is satisfied for the next “reference” crater with index k. We form the points corresponding to the estimated image of the given crater on the image. This crater centre in Phobos graphic coordinate system is determined by radius vector rk,
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where Anm and Bnm are coefficients of expansion in spherical functions for description of Phobos figure; Рnm are associated Legendre functions; and ( and ( are latitude and east longitude of corresponding control point, respectively.

Let's determine normal n0 to the ring of our crater. For this purpose, we form two auxiliary vectors r1 and r2, each of which will be determined as per the same formulae as rcen, but for vector r1 we will use angular coordinates Lati and Loni -((, and for vector r2 – coordinates Lati+(( and Loni. 

Then the outward-pointing normal to Phobos surface can be approximately recorded as:
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Now the sequence of points that form the crater ring in Phobos graphic system can be presented as a set of radius vectors ri,
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where N is quantity of points uniformly placed along the crater ring. 

In TV-camera coordinate system these points will have coordinates rTVi = Mph2cam ri. Suppose we have angular dimensions of pixel (X along axis Х and (Y along axis Y for TV-camera. Then the integer (expressed in pixels) coordinates of point rk on the image will be determined by the following expressions:
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Star Coordinate Measurement Unit (SCMU) Data Interpolation

Suppose we have TV-image of Phobos corresponding to moment texp (exposure middle moment). Generally, this moment does not coincide with SCMU interrogation moment, so it is necessary to carry out interpolation of data on inertial orientation. We consider the serial SCMU interrogation moments ti and ti + 1, such that 
ti ≤ texp ≤ ti + 1.

Suppose that at moment ti SCMU gave out matrix of transition from inertial system to device-related system Mi, and at moment ti + 1 it gave  out matrix Mi + 1. 

Let's write the orientation quaternions corresponding to matrices Mi, Mi + 1 and Mexp as qi, qi + 1 and qexp. We start from smallness of rotation of SC axes from position at moment ti to position at moment ti + 1 and consider that this rotational displacement is made uniformly in time with reference to axis fixed in inertial space. This rotation is described by quaternion q( = qi + 1 q*i.

Let's represent the required quaternion as qexp = q(qi. Spatial rotation angle answering ( corresponding to quaternion q( will be defined as
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where – ( is spatial rotation angle corresponding to quaternion q(. Therefore, if quaternion q( has components (p0, p1, p2 and p3), then for components (r0, r1, r2 and r3) of quaternion q( we have
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Thus, the required quaternion qexp is formed. Matrix Mexp corresponding to that quaternion is the matrix of transition from inertial coordinate system to device-related SCMU coordinate system at exposure middle moment texp.
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