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The simulation of the observational pro
ess has been made with the purpose of evaluating

eÆ
ien
y of stereos
opi
 measurements of the Solar system body's positions with the appli
ation

of the Interplanetary Solar Stereos
opi
 Observatory (ISSO) instruments in the stereos
opi
 mode.

Pluto is adopted as the model obje
t. The orbit obtained by integrating equations of motion using

a series of nine observations with a one day interval allows to predi
t the obje
t's position up to

the period of �ve years with an error not ex
eeding 20

00

.
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I. THE INTRODUCTION

Triangulation measurements of the positions within

the limits of a Solar system and determination of the

nearest stars parallaxes from syn
hronous observations

in the stereos
opi
 mode with instruments of the Inter-

planetary Solar Stereos
opi
 Observatory (ISSO) [1{3℄

is a part of the s
ienti�
 program of the proje
t. The

medium size astrographs are designed for observation

from both spa
e
raft the dire
t exposures of star �elds.

The required minimum aperture is 50{70 
m, attainable

observable magnitude V

lim

is approximately 21

m

. An ad-

ditional small astrometri
 instrument is planned as the

star sensor for the purposes of autonomous navigation

and for making auxiliary observations (the aperture up

to 30 
m, limiting stellar magnitude is � 17

m

). Further

modelling estimations of the expe
ted a

ura
y are pre-

sented. It is supposed that the measurements are made

in the 
oordinate system of a high-pre
ision astrometri



atalogue and the following software is pla
ed onboard

the both spa
e
raft, working in the autonomous mode:

1) The software pa
kage for 
al
ulation of the ephe-

meris positions of the Earth, Moon, major planets and

their satellites, asteroids having orbits in a system of the

theories DE200/LE200 or one of the later versions;

2) Catalogue and software for 
al
ulation of the astro-

graphi
 positions of star and their brightness over the

whole sky;

3) The numeri
al theory of the motion of zero mass

bodies (both spa
e vehi
les are 
onsidered as the third

body in the three body problem of Celestial Me
hani
s)

in the vi
inity of the triangular libration 
enters in the

system \Sun | bary
enter of Earth+Moon";

4) An onboard pro
essor with 
onforming operating

system and timing system.

Components (1) and (2) de�ne the onboard ephemeris

as the basis of the proje
t 
oordinate system. It is known

that the navigation of spa
e vehi
les in the far spa
e is

possible only relatively to the Solar system bodies' di-

re
tions proje
ted onto 
elestial sphere, and de�ned by

a high-pre
ision 
atalogue. Evidently, the appli
ation of

the CCD-registration will demand a modern 
atalogue

with the star density of about 1 star per 4 square min-

utes.

II. GENERAL ESTIMATION OF THE

STEREOSCOPIC METHOD ACCURACY

In Fig. 1 the simple stereos
ope s
heme is shown as

designed to evaluate the a

ura
y estimation of the mea-

sured distan
e to a planet using the stereos
opi
 base B.

Fig. 1. To the estimation of the triangulation measure-

ments a

ura
y.

The observations are made simultaneously aboard the

spa
e
rafts set in the vi
inity of the Lagrange 
ir
ular

libration 
entres in the system \the Sun (S) | Earth

| Moon bary
enter (T )". The base ve
tor B = L

5

L

4

lies exa
tly in the plane of the e
lipti
 SXY, and it is

monitored by the on-board equipment [3℄ by measuring

the dire
tions of the ve
tors SL

5

, SL

4

, L

5

T , L

4

T in the
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bary
entri
 frame of referen
e SXYZ. The position ve
-

tor of the bary
enter T at any required moment is 
al
u-

lated on the basis of theories of motion derived in the Jet

Propulsion Laboratory [4℄, thus its value (the modulus)

and dire
tion are known. Obviously, when the ve
tor ST

is known, the moduli of the ve
tors SL

5

, SL

4

, L

5

T , L

4

T

be
ome known, as well as the ve
tor R

p

of the position

of the planet in question, through a simple triangulation

solution.

Let Sx be the line of 
rossing of the plane of e
lipti


with a plane perpendi
ular to the base ve
tor B. Then

other two planes, whi
h are also perpendi
ular to B and

go through its ends L

5

and L

4

, respe
tively, would form

the boundaries of the area, where the stereos
opi
 mea-

surement is 
arried out with optimum pre
ision.

Let us suppose, that the planet P is observed stereo-

s
opi
ally, so that the perpendi
ular from its 
enter on

the base ve
tor B is L

5

P . We have the re
tangular tri-

angle PL

5

L

4

, where the side B is known and the angle

P = � has been measured, and the angle L

5

is the right

one.

We have the elementary formula �tting the sides and

the angle � in this triangle (the redu
tion for the aber-

ration and the light-time has yet to be made):

sin� =

B

D

; (1)

where D is the length of hypotenuse or the distan
e of a

planet from point L

4

.

Di�erentiation of right-hand and left-hand members of

equation (1) gives


os� � d� =

D � dB �B � dD

D

2

: (2)

The equation for the in
rement dD as a fun
tion of

in
rements d� and dB and of the measured distan
e D

be
omes

dD =

D

B

� dB �

D

2

B


os� � d�; (3)

whi
h may be represented by the equivalent dispersion

variations of the measured values (negle
ting the high

order terms):

(ÆD)

2

=

�

D

B

�

2

� (ÆB)

2

+

�

D

2

B


os�

�

2

� (Æ�)

2

: (4)

From equation (4) it is evident, that the 
ontribution

to the error of the unknown distan
e D, made by an

error of determination of the base B, is proportionate

to the �rst power of D=B. The 
ontribution to this er-

ror made by the ina

ura
y of angular measurements, is

proportionate to D

2

=B. Hen
e the in
rease of the angu-

lar measurements a

ura
y is essentially signi�
ant for

in
rease of the a

ura
y of triangulation measurements.

Evidently, the error de
reases with in
rease of base B.

At the same time it's monitoring must be performed.

III. DEFINITION OF THE POSITIONAL

VECTOR OF THE SOLAR SYSTEM OBJECT

Let us measure now in the mode of the stereos
ope

the position of the planet P . In Fig. 2 the orbit of the

planet NP

1

P

2

P

3

is shown together with its proje
tion to

e
lipti
 plane NP

0

1

P

0

2

. The ve
tor of base B = L

4

L

5

and

two angles � and � at the base in the triangle L

4

L

5

P

1

are known. The ve
tors

��!

OL

5

;

��!

OL

4

;

��!

OT

3

;

���!

L

4

T

3

;

���!

L

5

T

3

are

known as well. The dire
tions of the ve
tors R

4p

1

=

���!

L

4

P

1

, R

5p

1

=

���!

L

5

P

1

are measured also. The formulas for


al
ulation of moduli of these ve
tors are simply derived

as the solution of the plane triangle L

4

L

5

P

1

.

Fig. 2. A model of triangulation measurements of the po-

sitional ve
tor of the obje
t P in Solar system used for sim-

ulation.

The �nal formulas for 
al
ulation of ve
tor moduli

R

4

p1

and R

5

p1

are:

�

�

R

4

p1

�

�

= jBj

sin �

sin p

�

�

R

5

p1

�

�

= jBj

sin �

sin p

)

: (5)

Here � is the angle P

1

L

4

L

5

, � is the angle L

4

L

5

P

1

,

p is parallax angle at the vertex P

1

, B is the ve
tor of

base.

The proper bary
entri
 position ve
tor of the planet

at the moment t

1

is 
al
ulated as the sum of ve
tors:

R (t

1

) = �

4

(t

1

) +R

4

p1

= �

5

(t

1

) +R

5

p1

; (6)

where �

4

(t

1

) ; �

5

(t

1

) are the radius-ve
tors of spa
e

vehi
les at the moment t

1

. Thus

�

4

(t

1

) � �

5

(t

1

) = B (t

1

) : (7)
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The repeated observation of the same planet at an-

other (near) moment t

2

is followed by the determination

of bary
entri
 radius-ve
tor R (t

2

) and determination of

the ve
tors di�eren
e

�R

�

t

1

+

t

2

� t

1

2

�

= R (t

2

)�R (t

1

) : (8)

If the obje
t has been observed for the �rst time, then,

in order to �nd it again in the future, it is ne
essary

to 
onstru
t its orbit; this is possible at least from two

bary
entri
 observations [5℄.

To in
rease the a

ura
y of su
h measurements it is

proposed to determine more pre
isely the velo
ity ve
tor

of the body observed for the �rst time. For this pur-

pose it is proposed to perform a series of observations of

this body with approximately diurnal interval between

observations whi
h 
an be easy realized in orbital 
ondi-

tions. Further, the series of bary
entri
 position ve
tors

fR (t

i

) ; i = 0; 1; 2; : : :; ng is representable as the sum of

a smooth ve
tor fun
tion and a random ve
tor-fun
tion

of noises. The statisti
al smoothing allows to re
eive a

mean weighted bary
entri
 position ve
tor (the �ltered

value of a smooth ve
tor fun
tion at the mean moment of

a series) and the velo
ity ve
tor of a planet. The a

ura
y

of a mean weighted values from the series of observations

will be approximately

p

n times higher than the a

ura
y

of a single observation. The orbit as 
onstru
ted on the

basis of the results of the series observations will be more

pre
ise and veritable.

IV. OUTCOME OF SIMULATION

To show the 
orre
tness of the previous statement and

to evaluate the eÆ
ien
y of su
h series we make a simu-

lation of the problem making some simpli�
ations.

Pluto is taken as a model obje
t. Its orbit in the sys-

tem DE200/LE200 has been taken as the a

urate one.

It is supposed that the observation of a series was made

near the plane perpendi
ular to the base of the stereo-

s
ope with the symmetri
al distribution of the time mo-

ments relatively to the time moment of interse
tion of

this plane by Pluto. The modelled orbit will have this

time moment as the time moment of os
ulation. The gen-

eral arrangement of the simulation is shown in Fig. 2. In

Fig. 3 the position of Pluto in the orbit is given at the

epo
h 2005, May, 19, 0h UT. The ephemeris positions

of Pluto and the ephemeris positions of the \observers"

(the spa
e
raft in points L

4

and L

5

) have been 
al
u-

lated for 9 moments of modelled observations with an

interval of 1 day, | all in the verti
es of the triangle

L

4

T

3

L

5

. The dire
tions R

4p

1

and R

5

p1

for ea
h of the

time moments, 
onsidered in the presented simulation as

the true ones, have been 
omputed. To re
eive their \ob-

served" analogues, \the true" values have been noised

by the random error of the angular observations, 
hosen

with the help of the generator of the random numbers,

in the supposition of the plane distribution of probabil-

ity in a 
ir
le of radius 3�, where � = �0

00

:03 | the

expe
ted error of a single dire
tion determination from

one exposure with the CCD-mi
rometer.

Fig. 3. The s
heme of the positions of a modelled obje
t

on the example of Pluto's orbit.

Further \observations" have been smoothed as it was

said above. The values of the radius-ve
tor and the ve-

lo
ity are obtained at the epo
h of os
ilation. The orbit

for the \observed" planet has been 
omputed after the

Everhart's method. The estimation of a

ura
y is made

in terms of \observation minus 
al
ulation". The results

are shown in Fig. 4.

Fig. 4. The predi
tion of errors of the model orbit ob-

tainned from a 9-point series of observations. Time zero point

is 2005, January, 0, 0h UT.
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V. CONCLUSION

The model orbit obtained from a 9-point series of

stereos
opi
 observations performed in 8{10 days, allows

to predi
t the position of a new (unknown) obje
t with

the a

ura
y of 20 ar
 se
onds within the interval of 5{6

years. The repetition observations next year when the

planet will again appear near the plane perpendi
ular to

the stereos
ope base ve
tor should essentially improve

the orbit.

It is very essential to supply the highest angular mea-

surements a

ura
y in the on-board navigational instru-

mental 
omplex of the proje
t. Continuous monitoring

of ea
h spa
e
raft lo
ation is possible with using the an-

gular observation of the planets and must be performed.
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Zd��sneno model�vann� pro
esu spostere�en~ z meto� o
�nki efektivnosti stereoskop�qnih vim�r�-

van~ roztaxuvann� t�l Son�qnoÝ sistemi za dopomogo� stereoskop�qnogo re�imu roboti �nstrument�v

M��planetnoÝ son�qnoÝ stereoskop�qnoÝ observator�Ý. �k model~ni� ob'
kt vikoristano Pluton. Orb�ta,

otrimana �nte�ruvann�m r�vn�n~ ruhu z vikoristann�m r�du z dev'�ti spostere�en~ z odnodennim �nterva-

lom, da
 zmogu peredbaqiti polo�enn� ob'
kta na per�od qasu do p'�ti rok�v z pohibko�, �ka ne pereviwu
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