Astrometric Models of the Phobos Orbiter TV Cameras

by

Thomas C. 1) uzbury
Jet Propulsion laboratory
California Institute of Technology
Pasadena, CA 91109 USA

for the book

Television Investigations of Phobos
Genry A. Avanesov, Editor
Nauka Publishing House
USSR. Academy of Scicnces
Moscow, USSR

Revision 1.0
August 1990




TV Models - 1

10 INTRODUCTION

Astromectric models of the 3 Phobos Orbiter TV cameras, their pointing in inertial
space, the position of the Phobos Orbiter with respect to Mars, Phobos and Deimos, and
transformations from inertial to body-fixed coordinates are needed to transform between
theimage coordinates of a picture clement (“pixel”) and coordinates in other inertial or
bexly-fixed systems (Figure 1). Examples of such transformations include determining the
vector normal to the surface of Phobos at specific pixels to compute photoinetric scattering
properties of the Phobos surface, and determining the inertial direction to the center of
Phobos for Navigation.

This Scction provides the astrometric models and transforination matrices needed for
geometric calculations associated with the TV images. The parameter values of these
modcls arc given for each camera, as arc the various position vectors and transformation
angles for each picture. Additionall y, the spacecraft-centered, inertial angles of Phobos
and Deimos, used for orbital dynamics and navigation studies, arc given.

2.0 REFERENCE SYSTEMS

There arc four major reference systems needed in developing the astrometric models
of the TV camera system, enabling onc to transform from image coordinates to other
coordinate systems of interest. These refercnce systems arc:

1. the inertia] Earth Mean Equator and Equinox of Bessclian 1950.0 ()_(\—’74 and referred
to as 131950- Figure 2.) which is used to define the spacecraft position, the Phobos
Orbiter attitude, the TV camera pointing, and the orientations of Mars and Phobos;

2. the Orbiter-fixed X¥Z system which is used to define the spacecraft attitude, and to
define the alignment of the TV cameras;

3. the TV camcra-fixed mnl system which is used to define camera pointing and image
coordinates; and

4. the body-fixed reference systems of Mars and Phobos which arc used to define their
surface coordinates.

The details of these references systems arc given in the following sections.
3.0 INERTIAIL COORDINATES

The B1950 reference frame was used by the Babakin Center, the Flight Control Cen-
ter, and the Keldish Institute of Applied Mathematics in computing the Phobos Orbiter
trajectory, the Phobos and Dcimos ephemerides, camera pointing and the Mars and Pho-
bos orientations over time. As seen in Figure 2, the vectors r, s and t in B1950 define the
position of the Phobos Orbiter, the position of Phobos or Deimos relative to Mars, and
the position of Phobos or Deimos relative to the Phobos Orbiter, These position vectors
have the form

Sx rX 15
t = 8§ -1 = sy - ry = ty (1)
Sz rz tz
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where 1y, 1y, 1z arc the position components of 1 along the 131950 coordinate axes X YZ.
40 TV POINTING

The pointing and orientation of each camera in 111950 is defined by the 3x3, unitless,
rotation matrix T.,, which is used to transform a vector from inertial B1950 coordinates
to TV camera-fixccl miil coordinates. 1., is expressed in terms of the angles a,andé,
defining the right ascension and declination of a camera optical axis in 31950, and the
angle £, defining the orientation of the picture as

nm T Ty
Thy =[kpls [90 — &)1 [90 -i apls=  Toy T2 Ty (2
[ 713] r-[j32 733

where the form [6)i represents the following rotation matrices for 7= 1,2,3

1 0 0 cos 8 0 -~ siné
6] = {0 cosb sinf |, [6)= 0 1 0 ,
0-siné cos 8 sin 6 0 cos @
and
cosf sinf 0
[6]3= | —sin® cosf O
0 0 1
From cquation 2,
a, = tan"'(Ts2/T3) (3)
b, = sin”!(T33) (4)
kp =- tan-(T13/T2s) (5)

50 TV CAMERA COORDINATES

The three orbiter TV cameras, mounted side-by-side as shown in Figure 3, utilized
CCD detectors and short focal length, refractor optics, The active image areas of the CCDs
arc 6.9 x 9.1 mm and yield 21.2 x 27.9 deg fields-of-view for the 2 wide angle cameras anti
a4.1x5.2deg ficlcl-of-view for the narrow angle camera. The cameras wcic hard mounted
to the spacecraft with their optical axes boresighted.

To define the geometry associated with imaging data, a camera-fixed mil coordinate
system (Figures 1 and 4 ) is defined for each camera with 1 along the optical axis, min
the direction of increasing sample number, and i compacting the orthogonal, right- handed
system and is in the direction of increasing line number. The origins of miil arc at the
optical principal points of cach camera, assumecd to be at the central pixel.

A spacecraft-ccntcred, vector pin camera-fixed coordinates is obtained by transform-
ing an inertial vector t in B1950 (equ. 1) to Ml using the transformation matrix ']‘é.v
(equ. 2) by

Pm 1x - G)
p = Pn = r-l"]]'v 15% ‘ r-r']]'vi ‘
M lz
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where p,, , pa, prarc the vector components of p along the minl axes. The x,y mm
coordinates on the CCD) detector, associated with p inmiil, arc given by

M
y m Pn

where f is the camera focal length (1nm).

(1)

Fquation 7 assumes that the origin of riil is at the optical principal point (central
pixel) and that there are no optical distortions.

The image coordinates (s for sample number and 1 for line number) within a picture
associ ated with the 2, y mm coordinates are given by the following expression

s Ko S0
= A 8
[l] []‘lyy] ! [10] ®
where the term ¢, has units of samples/mm, I;, has units of lines/nml, and s¢, !, is the

image location corresponding to the origin of mnl. The location uncertainty of any pixcl
withina CCI) detector is -+ 0.001 mnm or about 0,05 pixels.

Therefore, the combination of equations 1-8 allows onc to take an inertia] vector in
111950 aund compute the associated sample and line coordinates within an image. The next
section gives the reversc transformation.

6.0 TV TO INERTIAL COORDINATES

Given the s, limage location of the Phobos or Deimos center-of-figure or any other
pixel of interest, the inertial direction of a vector associated with that image location
can be computed by going through the reverse of equations 1-8. This process involves
computing the z, y mm coordinates of the s, 1 coordinates, computing the carncra-fixed p
vector associated with a,y, computing the inertial vector i from p,and then computing
the right ascension and declination of the { vector.

First, the z, y mm coordinates arc computed from the inverse of cquation 8

x gs - 30)/;—[(“
[y] (- 1)/ Ky 9)

Using the values of a, y and the camera focal length f

ﬁm = T;l (10)
N D
Pn = y'i'f (1 1 )

I S F (12)
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Then the unit vector p is

ﬁm
p = P (13)
i
and the unit vector © is R
tx
it = 1Vp = |iy (14)
iy

where T7V is the transpose of T, in equation 2. Finally, from cquation 14

oy = tan’ 1 ({y /{A ) (15)
6t = sin” (1) (16)

where aq, 8; arc the inertial coordinates of right ascension and declination in 131950 as-
sociated with the s, 1 iinage coordinates. The a4, é; coordinates can be considered as
astrometric (FK-4 ) position angles in B1950 since the cffects of stellar and elliptic aberra-
tion are far below the angular resolution of cven the narrow angle camera (~ 1 arc-min)

and the one-way light time to Mars, Phobos and Deimos are much less than 1 second.
7.0 BODY-FIXED COORDINATES

The orientation of a planctary body ininertial space is defined by the right ascension,
ay, and declination, 8, of its instantaneous spin axis, and its prime meridian angle, W
(Davies, et.al. 1 983). The 3x3, unitless rotation matrix '.l‘{,,,. from inertia B1950 to a
body-fixed coordinate system has the exact samne forin as cqu. 2 and is given by

Thy = [W], [90 - & [90 4 culs an

Given the spacecraft event time of the TV exposure mid-point in Julian Ephemeris Date,
the angles ay, 6, and W arc computed in units of degrees from

For Mars:

ap = 317.342 -0.108T (18)
& = 52711 - 0.0617 (19)
Wy, = 11.504 + 350.8919830d (20)
whiere
d = Julian Ephemeris Date — 2433282,5 Julian days past 131950 (21)
alid

T = d/36525 Julian Centuries past B1 950 (22)
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YFor Phobos:

oy = 317.31 - 0.1087 -4 1.79 sin Iy (23)
& = 5270 - 0.061 -- 1.08 cos K (24)
W, = 270.23 -11128.844479d 4 0.6644 x 10°%d* - 1.42 sinJy - 0.8sin Q (25)
where
I = 207.34 - 0.435764d (26)
and
Q = 88.80 + 1128.409670d 4 0.6644 X 107842 (27)
For Deimos:
ap = 316.29 — 0.1082" +2.98 sin K (28)
by = 53.33 - 0.0617" - 1.78 cos K (29)

Wy = 69.97 + 285.161903d - 0.3901x 1 0%d* - 2.39 sin K + 0.27 sin(J —225) (30)

where
K= 24.63 -- 0.018151d (31)

A point on the surface of Mars, Phobos and Deimos is defined by its body-fixed,
cartog raphic latitude ¢, longitude A (positive west), and its bc~cly-centered radius u. This
surface point can then be transformed from body -fixed coordinates to a body-c.entered,
inertia] vector uin B 1950 coordinates using

0S ¢ cQs
a = TPy Jcos ¢sin (32)
sin ¢

where T'2¥ is the transpose of T}, in equation 17 which is cvaluated at the mid-point
of the exposure for the planetary body of interest. This vector 1 can be translated from

bod y-centered to the spacecraft center and transformed into TV camera-fixed coordinates
using

I) = r.l‘évv (t + ||) (33)
Equations 7 and 8 can then be used to compute the image coordinates associated with the
body-fixed point on the surface of Mars, Phobos or Deimos.

8.0 TV MODEL AND ANGLE VALUES

‘LU'able 1 lists the parameter values associated with the astrometric models of the camn-
cras. These values were originally determined from ground calibrations. However, {flight
images of Deimos, Jupiter and a 1st magnitude star (Aldebaran) were used to check the
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wide-ang]c camera focal lengths. These pictures showed that the Channel 3 focal length
was 0.18 mm longer than nominal and caused its pictures to be slightly out-of-focus.

All 3 CCD’s produced raw images where the pixels were not square! (0. 18 x 0.24 mm)
and had an aspect ration of 3:4. Processed images were derived from the raw images to
have square pixels (0.024 x 0.024 mm) giving a 1:1 aspect ratio as indicated by the values
of J{,; and Ky having the samec value in Table 1 for the processed images.

In Tables 2-5, “PICNO” is used to identify each image, and “SAT” is used to identify
the principal planetary body imaged in the picture, PICNO has the form DDDNNNC
where DDD indicates the number of days after launch, NNN represents the picture number
(001 - 015) taken on clay DDD, and C represents the TV Channel ID (C=1,2 or 3). SAT
is “I'" for Phobos, “D” for Decimos, and “M” for Mars. Additionally, all position vectors
have units of ki and all angles have units of deg, with B1950 being used as the inertial
reference syst em .

q'able 2 lists the camera pointing angles (a,)&s, they were derived from teleme-
tered Inertial Measurement Unit (IMU) data of the orbiters” attitude. Thesc angles have
an accuracy of about 3 arc-min (1 o). Additional pointing angles arc listed which were de-
rived from registering the observed image locations of Mars and Phobos liinbs, Mars and
Phobos landinarks, and the centers of the near point source images of Jupiter, Deimos and
a few stars to their computed directions in inertial space. This registered set of pointing
angles has absorbed not only pointing errors, but, also trajectory errors, satellite ephemeris
crrors, cen ter-of-mass offsets from cent cr-of-figure, et c.

‘l'able 3 lists the position vectors of the Orbiter with respect to Mars (rx,ry,rz), of
Phobos or Deimos with respect to the Orbiter (1x,1y,12), and of the Sun with respect
to Orbiter (Suny, Suny, Sunz). Thescare “true” position vectors with the effects of
1-way light time and stellar aberration ignored. The use of these vectors with the set of
registered pointing angles allows one to transform accurately between image coordinates
and the inertial B1950 coordinate system.

Table 4 lists the pole and prime meridian angles of Mars (pars, OMars, WMars) and
of Phobos or Deimos (@547, 8547, Ws41'). For the two pictures where SAT = M, the pole
and prime meridian angles of Phobos arc given. These values represent the evaluation of
cquations 18 - 31 at the times of each picture. The use of these angles with the vectors
and angles in the previous two Tables allows one to transform accurately between image
coordinates and the bocly-fixed coordinates of Mars, Phobos and Deimos.

l'able & lists the the spacecraft timetag (JED - Julian Ephemeris Date), the inertial
angles of Phobos or Deimos (ay, é; ) for the TV images taken during the Mars orbital
mission phase, and the 1 sigma uncertainty (o) of the inertial angles (Kolyuka, et. al.
1991). The level of accuracy associated with these inertial angles increases when Mars
limb or landmarks, Jupiter, or star iinages were available in the pictures to improve the
inertia] camera pointing derived from the telemetered 1| MU data.
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Figure Captions

Figure 1. TV, Celestial, Inertialand Dody-fixed Coordinate Systems
Figure 2. Phobos Orbiter Television Camera System
Figure 3. The Mars-centered, B1950 Inertial Coordinate System

Figure 4. TV Image Coordinates




Table 1. Phobos Orbiter 2 Television Camera Parameters

Parameter

Raw Images:
Ko,
]"Iy
50
lo
Processed Images:
Kqyr
Iy
So

lo

Camera 1

18.500
55.556
41.667
253.000
144.500

18.500
90.550
55.556
253.000
192.500

Camera 2

100.000
55.556
41.667

253.000

144.500

100.000
55.556
55.556

253.000
192.500

Camera 3

18.683
55.556
41.667
253.000
144.500

18.683
55.556
95.056
253.000
192.500
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Table 4. Spin Axis and Prime Meridian Angles

PICNO SAT OMars 6Mars Whatars. asar bsar  Wsar ---
2230011 P 317.639 52.862 112.908 319.144 “ | 52.862 22.723
2230022 P 317.639 52.862 113.204 319.144 52.862 23.681
2230033 P 317.639 52.862 113,510 319.144 52.862 24.667
2230041 P 317.639 52.862 118.986 319.144 52.862 42.395
2230052 r 317.639 52.862 119.201 319.144 52.862 43.385
2230063 P 317.639 52.862 119.596 319.144 52.862 44.375
2230071 r 317.639 52.862 125.081 319.144 52.861 62.197
2230082 r 317.639 52.862 125.378 319.144 52.861 63.161
2290011 D 317.639 52.862 74.092 318.688 54.455 175.807
2290022 D 317.639 52.862 74.388 318.688 54.455 176.048
2290033 D 317.639 52.862 74.685 318.688 54.455 176.288
2290041 D 317.639 52.862 75.783 318.688 54.455 177.181
2290052 D 317.639 52.862 76.089 318.688 54.455 177.429
2290063 D 317.639 52.862 76.385 318.688 54.455 177.670
2290071 D 317.639 52.862 77.484 318.688 54.455 178.563
2290082 D 317.639 52.862 77.789 318.688 54.455 178.811
2290093 D 317.639 52.862 78.086 318.688 54.455 179.052
2290101 D 317.639 52.862 79.186 318.688 54.455 179.947
2290112 D 317.639 52.862 79.498 318.688 54.455 180.200
2290123 D 317.639 52.862 79.795 318.688 54.455 180.441
2290143 M 317.639 52.862 82.908 319.152 52.812 35.127
2290153 M 317.639 52.862 83.213 319.152 52.812 36.116
2300012 5 317.639 52.862 55.230 3]9. 153 52.804 24.179
2300021 P 317.639 52.862 55.527 319.153 52.804 25.136
2300033 P 317<639 52.862 55.832 319.153 52.804 26.122
2300042 r 317.639 52.862 58.875 319.153 52.804 35.962
2300051 r 317.639 52.862 59.181 319.153 52.804 36.950
2300063 P 317.639 52.862 59.486 319.153 52.804 37.938
2300072 p 317.639 52.862 62.538 319.153 52.804 47.831
2300081 P 317.639 52.862 62.843 319.153 52.804 48.822
2300093 v 317.639 52.862 63.148 319.153 52.804 49.812
2300102 p 317.639 52.862 69.845 319.153 52.804 715$37
2300111 p 317,639 52.862 70.150 319.153 52.804 72.580
2300123 P 317.639 52.862 70.456 319.153 52.804 73575
2300132 v 317.639 52.862 74.720 319.153 52.804 87.470
2300141 P 317.639 52.862 75.016 319.153 52.804 88.43"/
2300153 P 317.639 52.862 75.322 319.153 52.804 89.432
2550012 P 317.638 52.862 133.922 319.144 52.599 352.905
2550021 P 317,638 52.862 134.219 319.144 52.599 353.852
2550033 r 317,638 52.862 134.524 319.144 52.599 354.828
2550042 p 317.638 52.862 138.797 319.144 52.599 8,514
2550051 p 317.638 52.862 139.093 319.144 52.599 9.466
2550063 P 317.638 52.862 139.399 319.144 52.599 10.445
2550072 P 317.638 52.862 143.663 319.144 52.599 24.154
2550081 r 317.638 52.862 143.968 319.144 52.599 25.137
2550093 P 317.638 52.862 144.273 319.144 52.599 26.120
2550102 ) 317.638 52.862 148,537 319.144 52.599 39.880
2550111 P 317.638 52.862 148.842 319.144 52.599 40.866
2550132 r 317.638 52.862 153.447 319.144 52.599 55.774
2550141 p 317.638 52.862 153.708 319.144 52.599 56.623
2550153 P 317.63% 52.862 154.013 319.144 52.599 57.613
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Table 5. Astrometric Angles

__PICNO SAT JED - «y by o
2230011 p 2447579.025093 12.176 -27.435 0.12
2230022 P 2447579.025938 12.837 -27.156 0.08
2230033 P 2447579.026807 13.357 -27.019 0.12
2230041 r 2447579.042414 26.483 -20.816 0.12
2230052 P 2447579.043284 27.322 -20,444 0.08
2230063 P 2447579,044154 27,810 -20.153 0.12
2230071 P 2447579.059785 40.305 -12.153 0.12
2230082 P 2447579.060630 41.081 -11,614 0.08
2290011 D 2447585.070212 59.510 7.918 0.04
2290033 D 2447585.071902 60.195 8.334 0.04
2290041 D 2447585.075033 61.317 9.235 0.04
2290063 D 2447585.076748 61.957 9.624 0.04
2290071 D 2447585.079879 63.110 10.479 0.04
2290093 D 2447585.081594 63.778 10.893 0.04
2290101 D 2447585.084731 64.914 11.709 0.04
2290123 D 2447585.086464 65.574 12.104 0.04
2300012 J 2447586.042416 116.086 27.766 0.08
2300021 p 2447586.043261 116.267 27.447 0.12
2300033 I 2447586.044131 116.581 27.205 0.12
2300042 I 2447586.052804 117.998 24.491 0.08
2300051 p 2447586.053674 118.048 24.043 0.12
2300063 P 2447586.054544 118.037 23.713 0.12
2300072 p 2447586.063242 116,701 20.327 0.08
2300081 P 2447586.064111 116.469 19.914 0.12
2300093 p 2447586.064981 116.222 19.598 0.12
2300102 r 2447586.084067 108.028 13.675 0.08
2300111 r 2447586.084937 107.709 13.459 0.12
2300123 P 2447586.085806 107.438 13.382 0.12
2300132 P 2447586.097959 103.859 13.602 0.08
2300141 p 2447586.098804 103.756 13.581 0.12
2300153 p 2447586.099673 103.659 )3.808 0.12
2550012 P 2447610.889641 105,668 32.422 0.08
2550021 P 2447 610.890486 105.833 32.298 0.12
2550033 P 2447610.891356 105.988 32.377 0.12
2550042 r 2447610.903533 105.716 32.086 0.08
2550051 r 2447610.904378 105.384 31.855 0.12
2550063 p 2447610.905247 105.096 31.752 0.12
2550072 P 2447610.917400 97.993 28.960 0.08
2550081 P 2447610.918269 97.232 28.551 0.12
2550093 P 2447610.919139 96.471 28.286 0,12
2550102 P 2447610.931291 83.829 22.198 0.08
2550111 P 2447610.932161 82.953 21,697 0.12
2550132 I 2447610.945283 72.389 15.509 0.08
2550141 P 2447610.946028 71.939 15.160 0.12
2550153 I 2447610.946898 71.500 - 14.989 0.12
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TV Models - Figure 3
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