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ERRATA
Page 12, line 19: for "e," read "e1".

Page 13, lines 25-26: for "no provision has been introduced for presenting
the computer with fixed" read "it will very rarely
be required to read into the computer fixed".

4

Page 19, line 1: for "becam~" read "become",

Page 28, at the top: the % x 3 matrix should be post-multiplied by_the column
vector (cos &' cos a?, cos &' sin at, sin &1)".

Page 28, last line: for "ICT" read "ICL".

Page 39, line 3u: for "away" read "array".

Page 41, line 1: "Oh" means, of course, "zero hours".

Page 42, line 14: for "job" read "run",

Page 42, line 18: for "use" read "use**",

Page 42, as a second footnote: "** The printing of block-data zeros as

*00UOOU,U0 Ts a curious fealure of 1907
Fortran",

Page 53, line 13: for "950,0" read "uso, *»*",
Page 53, as a second footnote: "** PROP? treats INEwE« values of © and 5 in

the same way as for LOOXEE (C((€€ (a,v,),
See also the large footnote on page 61."

In general: certain commas have failed to register.
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"PROP3 is the third version of a computer program for refining the
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1 INTRODUCTION

PROP is the acronym for a ccmputer program for the refinement of the
orbital parameters of an artificial earth satellite. It wes conceived in

1.2.3

July 1965, as an eventual successor to the Pegasus programs which were
used at R.A.E. from 1962 to 1968, The new program has been written in the
FORTRAN language (A.S.A. standard versionu) so that it may be used on most
large modern computers. It was developed on the Atlas computer of London
University and is now working on the ICL 1907 computer,

> for the orbital motion of

PROP is based on Merson's analytical model
a satellite. The parameters of this motion are refined by use of observations
of the satellite. and observations of many types may be used. such as range.
right ascension and declination, direction cosines, range rate. etc. The
present paper describes some of the structural features of the program and

gives detailed instructions for using it.

In a preliminary version of the program - the unpublished PROP1 - it
was only possibie to determine a single set of orbital parameters from a single
set of observations of one satellite; further determinations had to be set up
ab initio., With a later version - PROP2 - it became possible to deal, in
automatic succession. with sets of observations of a number of satellites, 1In
the current version - PROP? - a large numb:r of fairly minor improvemnents has

been introduced.

PROP3 consists of a main program and 38 subprograms. as listed in
Appendix A. The structural relationship of the program units is illustrated
at Fig,1 and a flow chart for the main program is provided at Fig.2., Tie
program is available to interested parties either through the FORTRAN source
listings or as a source deck of cards punched in the Atlas/IBM Fortran code,
also known as the "bcd" code. A complementary program. known as PREP. is also
available6; this is a program for reporting ephemeris position. based on the
PROP dynamical model and incorporating most of the PROP subprograms.

This Manual may be read straight through. but is intended mainly as a
vork of reference, To this end an index has been provided. Also. comprehensive
cross-references have been included; thus a reference to section 3 or section
6.1 would be indicated, respectively. by "(S3)" or "(S6.1)".




2 PROGRAM FUNCTION

The function of PROP3 may be summarized as follows: given estimates of the
orbital elements of an . “th satellite at some spec!fied epoch, and given
observations of the satell te over a period of some days, the program refincs
the estimates of some or all of these elements by an iterative least-squares
differential-correction procedure. The initial elements are provided either
directly by the user or else by the program itself, in the latter case by
prediction from elements at some other epoch, By means of this prediction
facility, orbital elements at a series of epochs can be generated during a
single visit to the computer; a set of observations is provided for each epoch

of the series., but estimated initial elements are required for the first epoch

only.

2.1 Dynamical model

During the orbit refinement PROP takes account of perturbations due to
the harmonic coefficients of the earth's gravitational field and to atmospheric
drag. Formulae for the short-periodic. secular and long-periodic effects of
the earth's zonal harmonics have been given by Mersons. The effect of the
tesseral harmonic J2.2 on the mean anomaly of the satellite is taken into

account by the method described by Goodingz.

The main effect of atmospheric drag on a satellite is to reduce the semi-
major axis. a, and hence to increase the mean motion, n. This effect may
be allowed for, in PROP. by taking the rate of change of mean motion, h. as
a parameter to be determined, The program calculates the small effects of
drag on the elements e. i, 2 and v (eccentricity. inclination. right

ascension of the node and argument of perigee) in terms of n.

No account is taken of perturbations due to the sun and moon, If, how-
ever, the secular effects of these can be calculatzad beforehand. constant
contributions to the rates of change of the orbital elements can be fed into
PROP. In the next version of PROP it is hoped to irncorporate such calcula-
tions internally. It is remarked that constant rates of change are only
valid for periods up to about three days, but that for close-earth satellites

luni-solar perturbations are very small.

2.2 Observations and observed quantities

An observation consists of data obtained by a sensor (ground-station)
at a particular time, It consists of one or more observed quantities, e.g.

range rate or a pair of direction cosines, The differential-correction
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subprogram of PROP can handle the following 16 types of observation. but only
Types 1, 2. 3 4 and 7 are accepted by the PROP3 input subroutine.

Type Obse~ved quantities
1 p (range)
2 a. ¢ (right ascension and de-lination)
3 ! m (west-east and south-north direction cosines)
4 ¢ (renge rate)
5 “b (R.A./dec. rates)
€ Lo (direction cosine rates)
7 p ot
8 p. L. m
9 foa b
10 ;. I
n p. P
12 c, b, a. ¢
13 L m L m
14 poa, b, p,a, b
15 f.lomp Lt om
16 x. y. 2. X, }. z,

Type 16 does not relate to observations in the normal sense; it has been included

in PROP for compatibility with the ephemeris-generation program PR£P6.

Observations are read from cards. each of which is punched in one of a
number of possible formats and the program allocates the appropriate type
number, Azimuth and elevation are converted to right ascension and declination,

and 80 come under type 2, 7. 12 or 14,

The observation formats are associated with the sources of the observa-
tions. i.e. the organizations concerned. rather than with the observation types,
Descriptions of the current formats in which observations can be punched are
given in Appendix B. The input subroutine can easily be extended to cover
further formats,

2.3 Observation veights

The differential-correction procedure uses the wveighted least-squares
technique, Every observed quantity is weighted according to an a priori
estimate of its accuracy (one-sigma level) - the weight is in fact taken equal

to the inverse square of this estimate,




For certain groups of sensors standard weights are used. Observations
froa sensors In these groups are automatically weighted from fixed values of
the accuracy estimates; these values are set by the main program, The observa-
tions currently treated in this way are as follows:-

(1) Minitrack observations (£, m); the estimated accuracy of a
direction cosine is 0,00029, equivalent to an angular accuracy of 1 min arc,

(11) NASA range and range-rate observations (p, b); the estimated
accuracies are 150 m and 0.5 m/s respectively.

(111) Moonwatch visual observations, as received on punched cards; the
estimated accuracy is 0°,1, interpreted as 0.0017 radian,

For all other observations the estimate of accuracy must be punched for
each observation as part of the format,

When more than one observed quantity is included in an observation, the
quantities are regarded as independent. The estimated accuracy of both
direction cosines of a pair is taken as the same, With ¢ and . however, the
estimated accuracy refers to 0; the estimated accuracy of o is given by
o(oc) = o(8) / cos ©. It is because this weighting of right ascension and
declination is equivalent to an analogous weighting of azimuth and elevation
that azimuth/elevation observations are converted to right ascension/declina-
tion and not given their own type number.

Time is not treated as an observed quantity in PROP, but for observations
which have a priori estimates of both timing and angular errors (OT. OA), the
estimated accuracy in & 4is assi.ned a compounded value given by:

o(d) = [oi+§.()oi]% ,

where ¢ 18 an approximation to the mean tracking rate, given by
L] v 2
6 = n/V2 (1 + 3 - R/a)

vhere n, e and a are mean motion, eccentricity and remi-major axis of the orbit
and R s the mean equatorial redius of the earth,.

2.4 Sensors

The geographical location of sensors must be provided on punched cards,
one card for each sensor. Instructions for punching sensor cards are given
in cection 8.6,
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3 TIME AND COORDINATE SYSTEMS

The basic time system used by PROP is UIN and epochs should normally
be understood to be Url epochs, The times of may observations are given in
the UM system, but some observations (e.g. Minitrack observations) refer
to UTC, the system defined by WWV transmissions, and others (e.g. Baker~
Nunp cemera observations) to the atomic-time system A1, The input routines
include the facility to correct WWV or Al times to UM . *

Calendar dates are reckoned in Modified Julian Days (MJ'D)"’. These are
related to (ordinary) Julian Days by the formula MJD = JD - 2400200,5.
Thus during the present century each midnight is represented by a five-digit
integer; e.g. 1960 JAN 1,0 is represented by 36934,

PROP uses a system of rectangular coordinates defined as follows, The
origin O 4is at the centre of the earth and the axis 0z points towards the
north pole, Ox 1lies in the plane of the equator of date, but instead of
pointing towards the true equinox of date it points towards a projection of

the mean equinox of the epoch 1950.0, More precisely, the position of Ox 1is

obtained by rotation from the true equinox, by the amount of the precession
and nutation in R.A, since 1950,0, but in the opposite sense, Oy completes
the right-handed system Oxyz.

The above system is the one used by the Sgithsonia.n Institution
Astrophyeical Observatory in the D.0.I, program ., It is remarked that 1950.0
sabove actually means 22h O9m 42s on 1949 DEC 31, 1i.e, 33281,9234 MJD,

For further information on systems of time and coordinates, in relation
to satellite orbits, the comprehensive treatment by Veits9 should be

consulted.

h ORBITAL ELEMENTS AND ORBITAL PARAMETERS

4 1 Orbital elements

In the orbital model used in PROP there are five basic elements:
eccentricity, e; inclination, 1i; right ascension of the node, @;
argument of perigee, w; and mean anomaly, M, As in the D,0.I, progrt.m8
these are mean elements in the sense that they are free of first-order short-
periodic perturbations, Variation of the basic elements is represented by
polynomials in time, with additional perturba*ion terms; thus

*In orbits determined from Minitrack observations this facility has not
80 far been used; i.e., orbital parameters refer to the UTC system in which,
it should be noted, there are sometimes 100 msec "jumps”,

‘
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e = e+ de
1 = T+41
n = fT4+an ,
W = :§¢.’
and M = M+dM .

vhere e etc, are polynomials in time. i.e,

e = K; e. t9 . etc.

L
3?0
Here e, 10. no""o' Mo are values of the mean elements at epoch (when

t=0)and e 1 N, w, M are values at time t. 1i.e, the perturbations de
etc. are zero at epoch., (It is remarked that s io etc, are not in general
the values of the osculating eccentricity. inclination etc. at epoch. since
the first-order short-periodic perturbations in the osculating elements are
not defined to be zero at epoch - see also Appendix C.) The de etc. do not
appear explicitly to the PROP user, who need not normally be concerned with
them, In PROP3 they represent long-periodic perturbations due to the zonal
harmonics of the earth's gravitational field and atmospheric drag. but they may
be extended to cover the tesseral harmonics and luni-solar effects., in a later

version of the program,

The degree of each polynomial is optional, between the values O and 5
(inclusive), except that the lower limit of the degree of M is 1, since
M.l = the mean motion at epoch - must always appear, The polynomials provide
for the secular variation of the elements due to the earth's zonal harmonics
and atmospheric drag. The set of coefficients e, € ..o 10, ceeesse e,
in the dynamical model, between 7 and 30 of them altogether, will be referred
to as "the orbital elements™ of the satellite,

The mean value of the mean motion, n, is a derived parameter given by
the rate of change of M; thus

n = }: nd tJ 0

J#o
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vhere ny = (3 +1) MJ+1'

The semi-major axis a 1is defined by
L S G Yo JUNNRT SYPCS STURE S I

vhere | is the earth's gravitational constant, J2 is its second zonal
harwmonic coefficient and R 1is its mean equatorial redius,

4,2 Orbital parameters

The complete set of orbital elements, as just defined. are sometimes
referred to as the orbital parameters of a satellite, With PROP, however, it
is convenient to reserve the word "parameters” for a subset of the set of
elements, namely, those elements vhich are refined by the differential-
ecrrection procedure. At least one element must be a parameter - since other-
wise there vould be nothing for PROP to do - and the maximum number of
parameters alloved has arbitrarily been set at 20. though it would be unusual
to use more than 10, It is possidble for all elements to be paramters., Any
that are not are regarded as being "held fixed” vhereas Lhe paremeters
may be thought of as "floating”.

‘rboxl%t\utlon may be clarified by consideration of the e polynomial.

say e - Y; QJ tJ. vhere 1 : K * 6, in vhich case there are K elements
J-‘\

associated with e, Then the first . forany ® such that 0! s f K

aay be chosen by the PROP user to be parameters and the remainder. if any, to

be "fixed elements”™. It is not possidble to have a parameter with suffix

higher than that for any of the fixed elements, e.g. to have ¢, &3 s pare-

meter while holding eo fixed.

At the beginning of each PROP) run a complete set of values of the orbital
elements is made availadble to the computer, and the parameters are refined at
the end of each iteration. The "fixed" elements are in general bheld fixed
throughout the run. as the name suggests. In the case of . i,. 0, and/or
however, contridbutions to these elements are computed afresh at the

W

1'

beginning of each {teration, from forwulae vhich represent the theoretical
effects of certain perturdbations. so these elements will vary slightly from
one i{teration to the next (S&.3),
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Although there is considersble flexibility in the possible choice of

elements and parameters, there are two main ways in which PROP3 will be used
and these are nov summarized,.

Standard model - observations are available over a period of a few days.
usually not more than 4 or 5: e, 1, 7 and O are linear, while M is quad-
ratic or cubic; e, 1, 0, v, M, M. M, and M3 (1 B s cubic) are
the parameters with M2 (and M3) providing an empirical representation of
acceleration due to air drag; 2% 11, 01 and w, are "fixed" elements;
there are 11 (or 12) elements, 7 (or ) parameters.

Altermative model - observations over a much longer period, perhaps more

than a month are toc be corbined: the polynomials are of high enough order to

fit the observations, and all the elements are parameters,

L.3 Exclusive and {nclusive elements

The elements 2% 11. 3 and 1 wil! a'mont always be present {n the
dynamical mode! chosen for the orb!t. They reprezent the secular rates of
change of e {. 0l and .. and they recelve spec'al treatment by PROP,

Consider the e polynomial. say, WwWhereas eo and such of e e e

2 ®y and
05 as are in the dynamical mode]l are e!{ther treated as parameters or else
held absolutely fixed at their {nitial values. for e the situation {s more
complicated., This element as used to evalua’e the nolynomia! az a function
of time. {8 formed by the addition of two components, One of these components
has the same status as eo. 02 etc, {n that an ardbitrary value may be read
into the computer {nitially and then treated as a parameter or held f!xed,
This component !s ca!led the "exclusive” ey: it will norrally be ruch the
sraller of the two componente and indeed wil!l frequently - like e, ete, -

be zero. The other component is computed as a function of the elements e
10. Uo' H1 and !2 (assuming H2 present in the model) at the beginning of
every iteration of the PROP differential-correction procedure. This component
has not been given {tz own name bu?t {ts corbination with the exclusive e1
is called the "tnclusive® - For consistency of definition {t has been
arranged that the corbination of e computed compcnent of .2 with the
excluzive component is always carried out (assuming LN {s present {n the

model). even when 2 is being treated as a parameter,

The above explanation for e applies also to 11. ﬂ1 and Yy The

computed coxponents of these elements allow. {n PROP3. for secular perturba-

tions due to the earth's zonal harmonics and atmospheric drag. The exclusive
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elements represent other secular perturbations; they may be treated as para-
meters, or set to zero, or given fixed values obtained by the user
independently of PROP3 - for example to represent luni-solar secular effects,

The values of % etc. on punched cards, both as input at the
beginning of a run and as the final output provided by the computer. are
exclusive values, The values given by the lineprinter output (s9) are
inclusive values,

4.4 Further remarks on exclusive and inclusive elements

Two further points must be mentioned in order to provide a complete
explanation of the system of elements used in PROP. They are rather technical
and the rest of this section may be omitted, without loss, by the general
reader,

First, it was decided at a late stage in the development of PROP3 to
extend the distinction between exclusive and inclusive elements to e:j ete,
with j > 1. +the object being to immnrove the representation of drag. Prior
to this modification the situation was simply that the drag sub-components of
the computed components of e etc, contained the acceleration element M2
as a factor; i.e., they were proportional to the value of n at epoch, But a
more natural procedure would have been to arrange for drag components of e
etc. to be proportional to n all the time, i.e. to introduce computed
components of e, etc.. proportional to n,. and so on for as many n's
as are in the model. Thus the modification that was made was to introduce
exclusive=to-inclusive computation for e'j etc.. for as many Jj as there
are both ej and n in the chosen model, The zonal-harmonics sub-components
still apply to j =1 only, and no provision has been introduced for present-
ing the computer with fixed exclusive values of e‘j etec,, with j > 1.

other than zero. So long as none of e, i, 2 and w 1is represented by a

quadratic or higher-degree polynomial, e.g. so long as the standard model is
used, PROP will be unaffected by this modification.

Second, for reasons explained by Goodingz, it would be unsatisfactory to
permit the existence of exclusive elements Qj and wj (3 21) 4in the orbital
model unless certain adjustments are made to the elements MJ. If the MJ
presented to the computer are regarded as "exclusive", in a further extension
of the meaning given in section 4.3, then the adjustment to each MJ consists
of the subtraction of wj and QJ cos io' the adjusted MJ being regarded as

"inclusive”. Since this adjustment must apply to the mean anomaly but not
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to the mean motion. quantities "j' equal to (J + 1) MJ+1. are computed and
stored while the MJ are still in exclusive form. The ﬂJ and wJ are normally
very small and hence there is usually not much difference between the exclusive
and inclusive values of the MJ°
It is again stressed that the elements printed by PROP are inclusive. but

that elements on cards are always exclusive,

5 UNITS AND CONSTANTS

Distances are measured in kilometres. Angles are expressed in degrees for
input and output. but are held as radians inside the computer (though this is
normally of no consequence to the user), Time is in days for the input and out-
put of orbital elements (e.g. n,  is in degrees/day and M, 1is in degrees/
dty/dmy). but otherwise in seconds (e.g. in the storage of orbital elements

and the output of range-rate residuals),

Care has been taken over the specification of constants used in the program,
The need to change the values of the geophysical and certain program constants
has been anticipated and the current value of each constant is assigned once only.
either in the main program or else in the block data subprogram; communication
betwveen program units® is by the FORTRAN variables to which these values have
been assigned. To assign a new value to a constant it is normally necessary to

recompile the main program or block data subprogram,

5.1 Geophysical constants

Current values of the geophysical constants are assigned in the block data
subprogram an? li{sted {n every PROP output, Values of M. Iy and R (Sk.1) are

given - in terms of the FORTRAN variables used - as follows:-

EMU - 3986°2.° (km}/lec?'). EJ(2) - 198269 x1 =6 and ERAD = 63579.1€3 (im).
Values of J} o e Jyg have been assigned from the results of King-Hele
et al.""‘ to EJ(?) etc. The maximum degree of the zonal harmonics allowved for.

without recompiling. is given by L - 16, (To use a value Lnnx > 16 1t is
pecessary to change the dimensions of the arrayz EJ, {n common block /ORBIT/.
and ABCD, in common block /PRECON/. EJ muct be given dimension Loy iDStead
of 16 and ABCD must be given a first dimension of L-‘x - 2 1{instead of 14,)

The density scale height of the earth's atmosphere {s currently set as
DENSCH = 25.0 (lm). The values of the tesseral harmonic J2 2 and 1its

°A *progreas unit® 1s ciLther the anin progcran or ane of the three classes of mopograms *aproutimne®,
*functian® and ®block aata®,
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2
longitude phase %2 o’ used in the mean-anomaly correction , are given by

EJ22 = 0.0000018 and ELAMP2 = -0.31 (radian) respectively.

5.2 Program design constants

The initial value of € (S6.6) 1s normally (S5.5) set. in the main
program. by:- EPSLON = 200,0,

The maximum number of observations (MAXIM) and the maximum number of
sensors (MAXSTA) which are allowed are set to 80 and 3" respectively. If it
is aerired to exceed these limits - or to reduce them to save storage - the
main program must be recompiled; the statements MAXIM - 8 and MAXSTA = 30
must be altered and so must the items DATA(21 80) and STASHN(R.30) in the
DIMENSION list,

Three accept/reject constants are set by: REJLEV(1) = 3.0.
REJLEV(2) - 4.). REJLEV(3) = 17.,), They have the function of dividing the
observations. during each iteration of the differential-correction procedure.

{nto four groups (S€.7).

5.3 Observation weights

The veights of NASA Minitrack. range and range-rate observations and of
certain optical observations are given standard values (s2.3). The
assigning statements are:- SIGMA(1) - 0,00029., SIGMA(2) = 0.15.
SIGMA(3) - 1,7005 and SIGMA(4) - 7.1 7.

5.4  Input/output constants

The card-reader. lineprinter and card-punch unit numbers are set in the
block data subprogram, A further setting gives the number of lines on a line-
printer sheet. {.e, the maxirum possible number of lines of printing which
can o~cur. assuming no top or bottom margin, For running on Atlas these four
{nput/output constants are set by: IR W IP = ), IPUNCH = 15 and
TLINES - 51, On the 197 they are set by: IR =1, IP - 2. IPUNCH - 3 and
ILINES - €{. FEvery input or output instruction {n every program unit of
PROP3 refers to its periphera! device by the appropriate one of these
FORTRAN variables,

5.9 Constants that may be changed without recompiling

New values of four of the constants mentioned earlier can be set with-
out recompiling (S8.2). The four are: L (rust be # 16). EJ22 DENSCH and
EPSLON (initial value),
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6 OVERALL PROGRAM DESIGN

6.1  Meanings of "run" and "job"

A "run" consists of the complete action of the program in refining orbital
parameters for a particular satellite at a particular epoch; the epoch is
specified by an integral number of days - held by the FORTRAN variable MJDOCH -
so that epochs are always at Oh (midnight). A run starts with the reading of a
control card (S8.2) and, if successful. ends with the ocutput of the final values

of the orbital elements and of the covariance matrix of the parameters, How-

ever, a run may end in failure due to one of a number of specified causes; for

example the refinement process may not converge. or too many observations may

be rejected at some stage. The cause of failure is printed. whenever this P
occurs, Besides success and one of the standard failures there is a further
possibility. A run may break down without coming to an “end" at all; the

most likely reason {s that the data deck for the run has been prepared

incerrectly.

A "Job" consists of a sequence of runs carried out by PROP3. one after the

other, without manual intervention.

6.2 Initial elements and prediction

For each run of a job PROP3 requires a set of initial orbital elements,
including the estimated values of the parameters wvhich are to be refined. These
elements may be provided in one of two ways: either by the user in the data
deck for the run, or else by the program itself. making use of the results of
the previous run. In the latter case it must be true that (a) the run is not
the first of the job and (b) the previous run vas for the same satellite,

The situation just referred to involves the idea of "prediction"(. Given
value:s of the r! ‘al elements of a satellite at one epoch. PROP can be asked to
predict their values at another epoch. using the normal formulae for orbital
perturbations. Predictions can be either forwarde to a later epoch or back-
vards to an earlier one,

The validity of the prediction formulae {s limited by the difficulty in J
accounting for the long-term effects of drag. Prediction over a period of a
week {3 usually sat'‘sfactory even for low-perigee satellites. since it is only
initial elements which are predicted. Prediction over a number of weeks should
normally be avoided. since the error in the (along-track) element Mo. in

particular. may be :o large as to cause the refinement process to diverge,
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The usual application of prediction is when initial elements for a run
are predicted automatically by PROP from the final elements of the previous
run, A second application arises when the user provides PROP wit: an initial
set of elements, but wishes the analysis to be based on a different epoch
from the one associated with these elements. This happens when a series of
runs is spread over more than one job and the results from the last run of a
job are used in preparing the data for the first run of a new Jjob,.

The various possibilities are covered by the value of the FORTRAN
variable NEWSAT, read from the control card at the beginning of each run (S8.2).

€.3 End of job

The most satisfactory end of a job occurs when all its runs have been
dealt with successfully. i.e.. a final (converged) set of orbital parameters
has been printed. together with standard deviations. at the end of each run.

After the successful completion of any run. the next, if there is one,
is automatically started, Otherwise. the action of the computer depends on
whether the run came to a standard failure. or ™broke down" (S6.1).

If a run comes to a standard failure then the control card for the next
run is read. If this control card specifies the prediction of elements from
the run that failed. then the new run does not proceed beyond this point; any
further runs are abandoned and the job ends. If, however the new run supplies
its own elements, then the failure of the preceding run is irrelevant and the
job proceeds. Thus the success of the last run of a job does not imply the
success of all preceding runs. The occurrence of a standard failure is marked
by a printed statement about the failure (S9.4) and this always starts with
the word "DISCONTINUE".

If a run breaks down the job is abandoned at once, no further run being
started, Here "breaking down" covers two possibilities, The run may fail in
a way which is regarded as non-standard, but yet which has been provided for
by the program, since a suitable diagnostic is printed; e.g. "ORBITAL
ELEMENTS ARE FOR WRONG EPOCH". Alternatively, a completely unanticipated
failure may be reached; it is hoped this will be a rare occurrence,

6.4 "Mode" of refinement

If the initial estimates of the orbital elements are good, and if the
coverage of the observations (i.e, their distribution around the orbit and in
time) is adequate, it should be all right to start refining all the
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parameters together straight away. When the estimates are poor. however, it
is better to start by refining one or two of the parameters only, temporarily
holding the others as fixed elements; the latter can be introduced after one
or more iterations with the restricted model., Two parameters which should

be refined from the beginning are Mo and M1. in order to fit the mean-

anomaly variation, {.e. to get the "timing" right,.

The way {n which the parameter mode! {s restricted in PROP is by means
of what is called the "mode” facility. There are three possible modes of
operation, and the initial mode is {ndicated by the value of the FORTRAN
variable MODE, read from the control card for the run (58.,2).

MODE - glves the mode {in which all parameters are refined {mmediately.
MODE = 1 glves a mode in which at most the four parameters e, Mo- H1 and
M, are refined - "at most", because one or more of these elements may not be
parameters to be refined at all, MODE - 2 gives a mode in which at most
Mo and M1 are refined, For MODE > 2 the mode {s the same as for MODE = 2.
but the process will stay longer in this mode,.

At the end of each i{teration. {f no observations have been relected
(S€.7) and if MODE > ). the value of MODE !s reduced by unity; otherwise.
the next iteration §is carried out {n the same mode, Since a run {5 only
permitted to complete {ts convergence in the zero mode. al! successful runs
will eventually reach this mode. with al! restrictions on the parameter model

removed,

6.5 Singularities

Steps have beer taken to minimice the effects of the well-known
singularities in the orbital elements - those at sin2 £ = 7.8 (the critical
inclinations). at e ) (circular orbits). and at {1 = 0° or 180°

5

(equatorial orbits). The formulae of Merson” for the position and velocity
of a satellite at arbitrary time have been so expressed that none of these
singularities causes any trouble in the part of PROP which computes position
and velocity, It should be remarked, though. that the orbital model mey
represent the perturbations in the satellite motion less accurately near the
singularities, Thus Jook12 has shown that near the "circular" singularity
perturbations are more accurately expressed in terms of elements e cos w

and e sinw than in terms of the normal e and w,

There are real difficulties associated with the differential-correction

part of PROP. however, at both the "ci ar" and the "equatorial"” singularities,
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These A{7ficulties arise from the fact that v and M became indeterminate at
the circular esingularity. and (0 and - at the equatorial one., The effects

are t.__fold: first the convergence of the process may be adversely affected -
it may break down altogether - due to the use of inappropriate elements near

a singularity; second the accuracy of the computer's basic matrix-inversion
operation may be affected by the fact that partial-derivative matrices become
{ll-conditioned due to the preszence of almost-equal columns, Either or both
of these effects may be minimised !f the PROP user gives an appropriate value
to the control parameter (FORTRAN variable) JELTYP (59.2).

Sat{sfactory convergence i1 restored by a temporary transformation of
orbital j;arameters at ‘ust one par: of the program, Consider. for example. a
near.: equatoria’l orbit for which both 10 an :o are (floating) parameters
for wnaich corrections ! and X  have ‘ust been computed, Then {f
JELTYP nhac been appropriaiely set the corputer does not correct 10 and ﬂo

directly. tut forms corrections to the texmyorary parameters

sin ¢ cos f) and sin 10 sin Lo instead., usineg
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It then cormputes now values of iu and Po fror the corrected values of the
temporary parareters, Similarly. for a nearly circular orbit the parumeters
e cos e sin. _and« -+ M termporari!y replace e w and M. For an
o) o o0 0 o o o o o
orbit which {s both nearly equatoria! and nearly circular the parameters
G : and ' are te~iorar. v re:lp-ced by osin Y coe o0,
; N 5

sin ¢ sin?? e cos Y . e sin: T . @ -
5 0 % o €, Sin 7 and 5 Mo. here ok k ﬂo. where
k {s a fixed nurber equal to cos 10 and !t {s assumed that e «¢tc. are
o

indeed al! parameters under refinement.

The other aspect of the singularities i{!l-conditioning is also
controlled by a transformation of parameters. OSuppose that S and Mo are both
parameters and that we are near the cir-ular singu'arity. Then partial
derivatives with respect to these parameters are almost equal. However if
these parameters are replaced by SN and M . v) the derivatives with respect

to uo became very small and the matrix of rartia' derivatives i{s no longer
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ill-conditioned. The computer now obtains corrections to wo and Mo + uo from
wvhich the correction to Mo {s of course immediate, Similarly, near the
equatorial singularity derivatives with respect to Qo and uo are replaced by
derivatives with respect to ﬂo and (e k ﬂo. where k {8 the same as in
the last paragraph. (Remember - a partial derivative with respect to ﬂo.
keeping wo fixed, is not the same as a partial derivative with respect to
ﬂo, keeping Cpy k ﬂo fixed') Finally, when near to both singularities

the transformation is from ﬂo. w. M to ﬂo. w, 4k ﬂo. AP ﬂo.

It may be objected that it does not help to replace an {1ll-conditioned

matrix by a well-conditioned matrix containing a nearly zero column. since
matrix inversion will then lead to floating-point overflow. This only occurs
vhen e, or io {8 almost exactly equal to zero. however. and in this remote
contingency PROP will fail,

Correction for both the above aspec.s of the singularities is by setting
JELTYP (S8.2). The two aspects have been kept separate to facilitate the
experimental use of PROP. but it will be normal of course. if the user

considers he [s near the eccentricity singu.arity, say, to set JELTYP to deal
with both aspects together.

The effect on the computer output must be mentioned. For the line-
printer output there is no effect at all on the final results (assuming that
final results could be obtained if the two aspects of the singularities were
not tackled' ); in particular the correlation matrix (895) still gives the
correlations between standard parameters, For the card-punch output, tackling
the first aspect has no effect, Tackling the second. however. leads to the
punching of a non-standard covariance matrix; thus if par.ial derivatives with
respect to QO"JO + k ﬂo and Mo w0 < k Qo have been introduced. the

punched-card covariance matrix relates to these parameters,

6.6  Convergence

The aim of the PROP refinement procedure is to adjust the orbital para-
meters in such a way as to minimize the sum of the squares of the weighted
residuals, a residual being the difference between an observed quantity and
the corresponding quantity calculated from the dynamical model; symbolically
the aim is to minimize I w R2. where R - > - Cand w. R. 7. C denote
respectively weight. residual. observed quantity and caiculated quantity.

The procedure is an iterative one and a test for convergence is made at the

end of each iteration,

299
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The convergence test is baced on the value of a quantity €. stored as
the FORTRAN variable EPSLON. This is the estimated standard deviation of an
observation of unit weight; if the total numbor of observed guantities is n

and the number of orbital parameters under refinement is N. then
o) 1
e - {ZwprR"/(n-0N)}2

there belng n - N degrees of freedom,

If € decreases from one iteration to the next. the refinement pro-
cedure is considered to be converging. When the decrease is less than one
per cent the convergence is deemed to be complete, so long as the process
has reached the zero mode (S€.4) and observations are not still being rejected,
If the dynamical model is a good representation of the actual satellite motion,
and if the observations have been given realistic weights, then the final
value of € should lie between about .7 and 1.5, A value in excess of * or

I should be viewed with some disquiet,

Due to the non-linearity of the system, € may increase instead of
decrease, If this happens twice in succession the refinement procedure is
considered to be divergent and is discontinued., However. it is possible for
the procedure neither to converge nor to diverge; for example. C may
oscillate, It is essential, therefore, that the PROP user set a maxirum to
the number of iterations that will be allowed. This is dune by one of the

parameters - MAXITN - on the control card.

6.7 Rejection

A major problem in the processing of observational data in any field is
the rejection of poor data, With orbit determination the basic difficulty
is that a good orbit cannot be obtained until bad observations have been
eliminated, while they cannot be judged "bad" with any certainty until a good
orbit is available, An additional difficulty with PROP is that rejection has
had to be made entirely automatic - it cannot be left to the user to decide

at the end of one iteration how to reject during the nex® iteration.
The PROP3 rejection mechanism has the following three main features:

(1) its basis is the ratio of the weighted residual associated with
an observed quantity to the current value of € (where an cbservation
consists of more than one observed quanticy it is the numerically largest of

the weighted residuals which is considered);
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(11) the decision as to which observations to reject is. as far as

possible, postponed until the end of the iteration;

(111) rejection of an observation is never i:revocable - in subsequent

iterations it may be accepted if its residuals are smaller,

To implement features (i) and (ii) the observations are divided into four
groups. or levels, during any iteration, Currently (S5.2) the magnitudes of
the weighted residuals for all observations at the lowest level are less than
3, the magnitude of the largest weighted residual for each observation at
the second level is between 3 and 4, at the third level it is between &€
and 10e, and at the highest level it exceeds 10, (bservations at each level
will be either all accepted or all rejected., The lowest level is always
accepted and the highest always rejected., The program decides at the end of
the iteration whether to accept one or both of the two middle levels; the basis
for this will not be described here,

Implementation of feature (iii) leads to the slight risk of an oscillation,
against which the PROP user must be warned. A small set (say two or three) of
observations may be rejected during an iteration. and the effect on the orbital
parameters and € may be such that on the next iteration they have to be
accepted. after which they are rejected again etc,

If too many observations have been rejected at any stage of the refinement
process it becomes pointless t» continue, The PROP user should specify, by the
control parameter MINOBS. the minimum number of observations with which the

process will be allowed to continue at any stage.

6.8 The "previous-orbit" facility

It sometimes happens that, after the determination of a set of orbital
parameters at a given epoch, further observations for the same period become
available, It would be possible to make a fresh determination, using the old
and new observations together, but this would be inefficient. The same results

could be obtained by using the new observations only., if the PROP user

(a) sets the control parameter NOTHER to a non-zero value (as explained
below),

(b) takes the final elements of the previous run as initial elements for

the new run, and

(c) supplies the computer with "previous-orbit" cards, which give the

final €, the number of degrees of freedom and the covariance matrix of

orbital parameters from the previous run (S8.5),
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17 NOTHER the computer wi'! not read yrevioug-orb:!® cards, I
NOTHER 1 ¢« reat!s ther. taking the covariance matrix as !n standard form,
If NOTHER ° 1 the -omputer will interyret the covar!ance matrix as having
been derived from a non-standard se’ting of JELTYP {n the jprevisus run
(st.c and 55.2).

IT the previous-orbie facii:ty ‘3 uzed MODE ghou'd always be set to
zero since the ‘n'*‘a. parareters =us® be "good", If MODF ‘s se% greater
than cero PROP wi'll ‘n fact {gnore the previous-orb!t data unti{. MODE has

dropyped to zero,

There ‘s one situation when running a fresh determination with a!l the
observations may ‘ea! to glightly different results from using the ;revious-
orbit fac!.ity. In the former cace the presence of new observations may
cause a different subset of the ol!d observations to be re‘ected 'n comparison
with the subset previously rejected, 1In the latter case the subset of

(impiied) re‘ections canno® vary.

7 PRELIMINARY PROCESSING OF OBSERVATIONS

The *wo ma'r stages in any PROP run are the !{nput of obscervations -
subroutine ORTIN - and the differertia’l correction of orbital parameters -
subroutine DIFTOR., In between these is a subsidiary stage during which
certain preli=!nary crocessing of *he >bservations !s carried out. Th's
subsidiary stage organices the rctation of scation coordinates from an
earth-fixed ~oordinate svstem to the standard PROP system. and !s also
responsible for the correction of the >bservations for refraction light-
tirme and precession and nutation., The subroutine respornsidle for all

this {s called FROTES,

7.1 Rotation >f station coordinates

The coordinates of each sensor are rotated fror an earth-fi{xed

system of axes, such that the xy-axis ;oints towards the Greenwi{ch meridian

1

and the z-axis towards the north yole. *o tne standard PRO! cystem (07),

The rotation {s about the --axic. b, an amount ! where ¢ {s the

"modified siderea’ angle". given by

—

"L TR5h2 o R e 086/ 208% (1 o TRl v

here 4 refers to UT1 time meacsured in M0,
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No ac~ount s taker of the polar motion {.,e, of the motion of the earth's
rotation axi{s relative t5 {ta crust, The resulting error should be ler, than
15 » in stat'on posttion ¢ -, less than 7" .5 {n direction of the !oca!

vertica!l,

7.2 Refraction correction

Jince al! methods of observation depend on the tranaminss! -n of e'erctro-
magnetic radiation, and aince al! surh radiation {s refracted by the atmosphere
{t {8 necessary to make appropriate corrections to the observations, For
observations of right ascension and declination {t {5 not appropriate to make
the tota! correcting from observed line of snight to true line of a!ght because
tne observationr are rmade relative %o stars which are themselve: seen by
refracted radiation; only the "para!lact!~ correction” !s appropriate in this
case, Whether the observed quant!ti!es were origina.ly azirmuth and el.evation or
right ascension and declination. (t !5 elevation which must be corrected so
that {n the case of origina! right ascension and dec!ination an initial trans-

formation {s made,

The formulae used for the correction of elevation are the same as were
used {n the old Pegasus progrtm1 but are repeated in the next two paragraphs
for convernienrce, The rorrection. whether of total refraction or parallactic
only {3 a function of the observed elevation {tself and the geocentric
distance of the satellite, For the latter quantity a value is computed from the
{nitia! values of the orbital elements. and this should normally be sufficiently

accurate,

Por total refraction let E!' be the observed elevation E the
corrected elevation and let r and R be the geocentric distances to the

satel!ite and stat!on respectively. Let n be given by
4L tan2n - cot E!

and let

3

F* - (a tann ¢+ b tan” n + c tan

> n+d tan7 n) .

)

where a €M 518, b Fo7" F318 ¢ 179".1 9 and 4 - 24R" "4,
[/t v and ¢ be derived from
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cos ¥ = 1,00276454 (R/r) cos E!

and

Then E s given by
tan F cot @ - (R/r) cosec €
For parallactic refraction E 1z observed, Let " be given by
A L tan 2n cot I,

and let

7 €
E' - %)'atuun‘btu1n « c tan’ n odtm7n
where a - 95(" 42 b - SCL™ (95 c - 175".2%3G and 4 - 9" . 21¢,

Then the formulae for . ¢ and £ are the same as above,

For radio observations the arount of refraction. E' - E {5
multiplied by & factor of 5, (This factor was obtuined fror Ref.? and {s

prescumably related to a particular frequency.)

In the present version of PROP no refraction correction is made for
observations of other types., 1In particular. range range rate and direction
cosines are not corrected, It !5 be'jeved that Minitrack observations
(direction cosines) and some range observations are corrected for refraction

before distribution,.

7.3 Light-time correction

As with the old Pegasus program1 the finite speed of 'ight {c allowed
for by correcting the reported time of each observation back to the time at
which the light (or radio) waves left the satellite, This requires an
approximate value of the topocentric range of the satellite to be known, If
range is one of the observed quantities it {5 used d rectly. Otherwise. the

approximate range ir computed from the initial! orbital elements,
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7.4 correction of right ascension and declination for precession and
nutation

Whether right ascension and declination are given relative to the mean
equator and equinox at one of the epochs 1855.0, 1975, , 1900,0 or 1950,0
(the epochs of the principal star catalogues), or whether they are given
relative to the equator and equinox of date, a transformation to the standard
PROP coordinate system (S3) (s carried out, Let 'lo and 60 be the quoted
values of right ascension and decl{nation. assumed relative to a standard
epoch, let a! and &' be their values relative to the mean equator and
equinox of date, and let o and & be their values relative to the stan‘ard
PROP system., The transformation from ae and 60 to a and?® {s made in three
stages. (Only the last stage is involved {f the angles are given relative to

the true equator and equinox of date.)

¢ ' '
Stage 1 The first transformation is from o_and® to o' and bt e,
it corrects for precession between the date of the star catalogue and the

date of the observation,

Let k be the number of days from the catalogue epoch to 1950,0.
{.e, 34698. 27393 18262 and O for the epochs of 1855.0. 1875.0. 1900.0 and
1950.0 respectively, Let d be the days from 1950,0 to the time of the
observation and let d' = k + d. (For an observation quoted relative to the
mean equator and equinox of date d' - O and k = -d.)

Then the transformation may be expressed in terms of the stmdu‘d13

precessional quantities :o' z and ¢, given in radians by:-

(3.059537 x 107 = 5.0781 x 10717 k) d' + 1.0986 x 1077 q*° |

4 s
(o]
z = L+ 2.8879 x 1"-15 d'2 and
6 - (2.((3“0 x 10-7 + 3'1’\1] x 1’)'15 k) 4! - 1.5507 x 10'15 d'2

The required transformation is given by:-
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cos P! cos a!
cos L' sina?

sin &

cos z cos ' -s8inz - cos z sin 0\ [cos 60 cos (oo . Ko)
sin z cos F cos z - sin z 8in €| cos &o ein (oo + X))
sin # cog ! sin bo

Stage 2 The next transformation {5 from a' and ' to values relative to
the true equator and equinox, These may be denoted by a” and . since the
true cquator {s the final PROP equator requ.red, This transformation corrects

for nutation,

et QM. LM and FM be arguments of the moon's orbit such that, in

radians,
=4
' ﬂ," - 0. 2174 - 62422 x 10 d
2L, -+ 3.4935 « TALSSE ¥ 10774 and
2(Fy, + 0,) - 2.2477 + L.50R x 107 g

Then the principal terms of A« the nutation in longitude and 2&.
the nutation in the obliquity are given by:-

- -5 o} 4 o) 3 v -
Loy " (-8.35 sin QM -~ 0.(2 sin ehM + 0,10 sin z?M

- 0.10 sin 2(FM 4 QM)) and

He = 10-5 (4.LE cos QM + 0,27 cos 2LM - 0,04 cos ZQM

4+ 1,04 cos 2(FM + QM))

The required transformation is given by:-
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cos P cosa®™) 1 «fAv cost =0lw since
cos £ sina® Hv cos C 1 alL
sin & Oy sint AL 1

vhere sinc - ) 39788121 and cos € = ) QAT4IEGL,

Stage 3 The final transformation is from a” toa, This arises from a
rotation within the true equator from the true equinox to the pseudo-equinox
used by PROP,

Define

v. © 6116 x 1077 d (in radians)

a = a" v -bOv cos €

8 THE DATA DECK

8.1 Overall description

This section explains how to prepare a data deck of punched cards for
PROP3, 1.e. the complete set of cards read under various input formats during
the various runs of a job, The listing of a typical data deck is attached,
for reference, as Fig. U, It is not possible to give instructions for the pre-
paration of a complete job deck because this depends on the job description
cards required by the particular computer being used whether "source" or
"inary" cards are being read for the program itself, whether some or all of
the rrogram is held on magnetic tape etc. (On the 1907 computer. if the
program is run from magnetic tape. as overlaid in binary. then no job descrip-

tion cards at all are required.)

Instructions for punching will not pre-suppose any knowledge of FORTRAN,
However, the actual FORTRAN input formats are always given for completeness,
It is remarked that. according to A.S.A., rules, the character "blank"
(indicated in what follows by the letter b) 1is completely equivalent to zero,
However Atlas is known to object to embedded blanks; thus it is better to
punch 680202 (for the date 1968 FEB 2, read as a 6-digit integer) than to
punch 68b2b2, The punching of plus signs, though optional, should be
eschewed, since "plus" (unlike "minus") differs as between the Atlas/IBM
and ICT card codes,
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The order of the data cards for a run {s:-

(1) control card,

(13° epoch/identity card + orbital elements (normally on five cards).
\111) previous-orbit cards.

(iv) sensor cards + blank card.

(v) time-system correction cards,

(vi) observation cards + blank card,

It will be seen in due course that any of these six items. except the firit.
may be omitted in appropriate circumstances. The blank card in item (iv) is
actually read as a sensor card and indicates that no more sensor cards follow,
With item (vi) the situation is more complicated, A 'set! of observation

cards {s made up of one or more subsets. as explained in section 8.8; eacn
subset ends with a blank card and so item (vi) ends with two blank cards, “hus
a run ends in two blank cards whenever item (vi) is present (but in no blank
cards if both items (iv) and (vi) are absent).

The complete data deck for a job consists of the data cards for the
various runs, followed by a blank card; this is read as a control card and
indicates that there are no further runs. Assuming item (vi) is included in

the last run. a complete data deck must end with three consecutive blank cards,

A general warning on punching must be made. Integers nust always be
punched as far right as possible in their respective fields. since they will
ctherwise be misinterpreted. A mixed number. on the other hand, may be

punched anywhere in its field. provided that a decimal point is included,

8,2 The control card

The control card for each run contains twelve parameters (all integer).
which control the working of the program during that run., It also contains
optional re-settings of four of the geophysical and program constanis (one
integer and three real), The input format is (13I5. 3F5.0) which. since
every field is five characters in w'dth makes it easy to punch, The inter-
pretation of the twelve control parameters and four optional constants is
given below. with some indication of the values that should normally be
punched, The parameters and constants are referred to by their FORTRAN-
variable names as used in the program. One possible punching. for reference

is as follows:




30 299

17 T X Rl T T M v -1 N T Y )
2222471111 4bbbbObbbb1bbbb3bbbb7Tbbb20bbb11bbbb2bbbbObbbb2bbbbI1bbbb b2, 1bbbbbbbbbd

g (coll.\-s) This indicates vhich elements are present in the orbital
model, The five digits of KKKXX are associated. in order.
with the polynomials which represent e 1. {I, & and M; for each digit K.
the degree of the corresponding polynomial 18 K - 1, E.g, if KKKXK = 22224,
then e J, 1. & are linear and M 1is cubic; the elements present in this
case would be e, e,. io' i, Qo. ﬂ1. Wor Wy M MM, H3' The standard
model (S4.2) gives a KKKKK of 22223 or 22224, (N,B, If account is taken
of the first point discussed in section 4.4 {t {s logical to make the degrees
of the e {. 1 and © polynomials one less than the degree of the M poly-
nomial. so that the standard values of KKKKK become 22223 and 33%34. The
difference. in orbit determination over a few days. is negligible.)

MMM (cols.6-10) This indicates, similarly, the elements which are (float-

AR RL]

10102 .
; Mo and H1 are parameters., The standard model gives an

n

ing) parameters to be refined. E.g, if MMMM
then e io‘ Qo. Yo’ Mo' M.‘ N2 and M’j are parametevs; if MMMMM
then only e Qo
MMMMM of 11113 or 11114, corresponding to the standard values of KKKKK.

Clearly no m. where m is a digit of MMMMM, may exceed the corresponding

K. and at least one m must be non-zero.

MODE (cols.11-15) This indicates the mode in which refinement is to take

place on the first iteration of the differential-correction
process, If the initial estimates of the orbital parameters are believed to
be good, punch MODE = O; if they are uncer .n in quality. punch 1; if they
are believed to be rather poor. punch 2. etc., (S6.4),

SAT (cols,16-20) This indicates the way in which the epoch and initial
elements for the run are provided, There are five

possibilities, as follows:-

NEWSAT = 0: epoch and elements will be taken directly from the six cards which
immediately follow the control card; i.e, epoch/identity and element cards
cannot be omitted,

NEWSAT = 1: epoch/identity and the five element cards are present. as in the
previous case. but the run is actually to be associated with a different epoch
(usually a few days later) and the input elements are to be used to predict
initial elements at the new epoch,
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NEWSAT - 2: no epoch/identity or elemesnt cards are provided; initial
elements for the run are to be obtained by prediction from elements stored

in the computer at the end of the run just completed.

NEWSAT 3: this is the same as the previous case except that a special
card {s provided from which new values of the exclusive elements ey 11.

91 and 'y are taken,

NEWSAT - L4: this is similar to the first case (NEWSAT - _), but after the
epoch/identity card appears a single card, containing the six components of
initial position and velocity, instead of the five element cards; these will

at once be converted to mean orbital elements with any additional (exclusive)
elements in the model set to zero.

(N.B. (1) If NEWSAT - 2 or 3 there must be at least one preceding run in the
data deck, and this must be for the same satellite as the new run, since other=-
wise prediction from the preceding run would have no meaning. If NEWSAT - -,

1 or 4 there may or may not be preceding runs and, if there are, the new run

may be for the same satellite or a "new satellite",

(2) There is no NEWSAT value vhich covers position and velocity plus

prediction,)

MJDINC (cols.21-25) This is used if prediction is required (NEWSAT - 1, 2
or 3), It gives the increment in Modified Julian Days,
to be applied to the current epoch (MJDOCH) to bring it to the epoch

required for the new run. E.g. to predict forward three days puncn ?: to

predict back a week punch =7.

MAXITN (cols.26-3)) This specifies the maximum number of iterations that

will be allowed by the refinement process. E.g. to
stop a particular run after ten iterations, whether the process has converged
or not, punch 10. (If the PROP rofirement process is going to converge it

will rarely require more than ten iterations,)

MINOBS (cols.31-25) This specifies the minimum number of observations withn
which the refinement process will be allowed to continue

at any stage. Thus it might be thought intolerable to have more tnan a tnirg

of the observations rejected at any stage, in which case with * observations

initially, say, MINOBS would be 2.

JELTYP (cols.%-4.) This indicates whether the standard elements
e, 1,0, v, M are used throughout the run, or
o o o o] o]
whether non-singular elements are introduced at some point, JELTYP is best

thought of as a two-digit number, of which the first, or tens digit (wnicn

A——p——— e WA Y Y




"'llll!!!!llll!-!l!l!!!!" e

32

appears in column 39) may be denoted by JEL1 and the second. or units digit
(which appears in column 40) may be denoted by JEL2. JEL! and JEL2 are
treated independently by the program and since each can have the value 0. 1.
2 or 3 there are 16 possibilities for JELTYP. JEL! is associated with the
tranaformation of parameters to avoid ill-conditioned matrices (S6.5) as
follows:-

JELY « 0 : no transformation;

JEL1 = 1 : transformation to I"o and Mo + o when e, is close to zero;
JEL1 = 2 : transformation to Qo a.ndmo + k Qo' vhen io 1s close to "° or
187°;

JEL1 = 3 : trausformation to Qo' D k Qo and M, + i < k Qo' when both

33 and io are near to singular values,

JEL2 is associated with the temporary transformation of elements to improve
the convergence of the PROP refinement process (S6.5) as follows:-

JEI2 - O : no transformation;

JEL2

close to zero;

1 : transformation to e cos ™ e sinv and M +' . when e is
o o] o o) o] o o]

JEL2 = 2 : transformation to sin io cos Qo and sin 10 sin Qo' vhen io is
close to 0° or 180°;

JEI2 = 3 : transformation appropriate when both e, and 10 are near to singular
values,

Experience shows that the choice of a suitable JEL2 is more important than

JEL1; however, a simple procedure is to choose the same value for both, so

that JELTYP is 0, 1, 22 or 33,

NOTHER (cols.#1-45) This indicates whether or not previous-orbit cards are
included in the data deck for the run:

NOTHER = 1 : previous-orbit cards are not included;

NOTHER = 1 : previous-orbit cards are included and JEL1 = O for both the previous
and new runs;

NOTHER - 2 : previous-ourbit cards are included and JEL1 - 1 for both the previous
and nevw runs;

NOTHER - 3 : previous-orbit cards are included and JEII
and new runs;

NOTHER - 4 : previous-orbit cards are included and JELI

n

2 for both the previous

3 for both the
previous and new runs,
N.B. previous-orbit cards may only be included if NEWSAT = O.

299
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ITIMEC (cols.46-50) This indicates what time-system correction cards if
any, are included in the deck,

ITIMEC = O : no time-correction cards are included for this run;

ITIMEC =1 : a single WWV time-correction card is included;

ITIMEC = 2 : a pair of WWV time-correction cards is included;

ITIMEC = 10 : an Al time-correction card is included;

ITIMEC =11 : an Al and one WWV card are included;

ITIMEC = 12 : an Al and two WWV cards are included.

ISENSR (c01s.51-55) This relates to the reading and printing of sensor-card
date,

ISENSR = O : sensor cards are present. but information is not to be printed
after the reading of each card,.
ISERSR = 1 : sensor cards are present. and information about each card is
to be printed after reading.
ISENSR = 2 : sensor cards are not present, and the subroutine for reacding

. sensor cards is to be by-passed in the present run; PROP will use sensor data
provided by an earlier run in the same job. (This option is quite independent
of the NEWSAT option; so long as the MAXSTA limit is not exceeded (S55.2) it
is possible to put all sensor-cards for a job into the first run and set
ISENSR = 2 for all the other runs.)

TOBSNS (cols,56-60) This relates to the reading and printing of data from
observation cards.

IOBSNS = 0 : observation cards are present. but information is not to be

printed after the reading of each card;

TOBSNS = 1 : observation cards are present. and information about each card

is to be printed after reading.

TOBSNS = 2 : observation cards are not present and the subroutine for reading

them is to be by-passed in the present run; PROP will use the same observations

as for the preceding run in the same job; preliminary processing will be

restricted to resetting the initial rejection levels, (This option will

rarely be selected. but occasionally it is desirable to run the same

observational data twice in succession with, say, two different orbital

models.)

IOBSNS is the last control paraneter on the control card. The remaining
columns are used for such of the constants, described below, as it is
desired to reset. A blank (or zero) field for any of these constants means
that the "standard value™ will be used.
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L (cols,61-65) This is the index of the last zonal harmonic to be used by
PROP; 1i.e, J2. JB' JL will be used, The standard
value is 15 and the maximum permissible value. unless the program is recom=-
piled (S5.1) is L = 16. A new specification will apply to the current run
only and PROP will simply use the BLOCK DATA J's up to JL'
EJ22 (cols.66-70) This is 106 J2,2 where J, , is the standard tesseral
harmonic. The present standard value is 1,8, TIf it is
required to be zero a very small non-zero value must be punched. During

mozt of a PROP run EJ22 holds the value of J2 > itself. instead of

10 J2'2.

DENSCH (cols.T1-75) This designates H. the vaiue of the density scale
height of the earth's atmosphere at a height q

above perigee, in km. The PROP3 standard value is 25 (km) and alternative

values are available from Fig.3 taken from Ref.14,

EPSION (cols.76-83) Thic specifies the initial value of € (SE.), the
convergence parameter. The standard value is 2°1,0,

The three most likely reasons for setting a different value are:-

\L) The observations to be used in the run are of very high nominal accuracy
(e.g. Baker-Nunn observations) and hence their weighted residuals will
be numerically large in comparison with their unweighted residuals., If
the initial values of the orbital parameters are poor the initial €
must be much larger than 2") or else all the observations may be

rejected,

(i1) The initial values of the orbital parameters are thought to be so good
(because they have been cbtained from prediction, for example) that it
would be unfortunate if an observation with a weighted residual of 50,
say, were accepted on the first iteration. To ensure rejection of such

observations a much smaller initial € 1is required. The obvious

application of this is to prevent wasted iterations when there is,

say, a single "rogue" observation which will be rejected at the end
anyway. but there is another application which should be mentioned. If
there 1s a large number, more than 35% say, of poor observations the
rejection process may fail completely and the run way end in
"convergence” to &a. unacceptable final € with none of the poor
observatiors rejected, This can sometimes be avoided by starting with

an € as low as 2,), say. Then all or most of the poor observations
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are {mmediatelv re'ected at the highest level (S6.7); any observations
that s+ar' by being wrongly rejected will be accepted in later

fterations {f all goes well,

(141) Tt ir desired to effect convergence after only one iteration. As an
example of when this may occur, suppose that a perfectly successful run
has been carried out. ending with, say, EPSLON = 1,231, It i{s then
realised that due to use of the wrong value of JELTYP the output
covariance cards are worthless, To repeat the run. with minimum waste

of computer time. it is only necessary to start with the final elements

just obtainred and an initial EPSLON of, say, 1.235, since the convergence
criterion will then be gatisfied (Sf.€) after a single iteration.

(N.B. Tt would be necessary in this case to omit all the observations
which were rejected by the final iteration of the earlier run. since
otherwise their fresh rejection would prevent single-iteration

convergence )

It {s probably sound practice, when analysing the orbit of the same satellite
at regular intervals, to start all runs with an EPSLON of 5.0, 10.0 or 20.0.

f.3  The epoch/identity card

An epoch/identiﬁy card is required when the control parameter NEWSAT

has the value 0. 1 or 4. Tt contains three items: the epoch, stored as the
(integer) variable MJDOCH; the satellite identification number, stored as
the (integer) variable IDENT; and the satellite name, stored as the
(integer-Hollerith) array NAME(4). The input format is (I6, 3X, I7, 4AM)
and a typical punching for reference is %3989fbbb670520f—bARIELb3bbbbbBBr |
etc, b, |

Mggggﬂ’(cols.1-6) This specifies the Modified Julian Day number of the - l
epoch at which the orbital elements of the satellite -

which will be punched on the five cards (or . .ngie card if NEWSAT = 4) follow-

ing the epoch/identity card - are defined. If NEWSAT = O this is the same as

the epoch with which the run is to be associated. MJDOCH may be punched as

the MJD number itself. e.g. b39891 for 1968 FEB 5. or as a year-month-day

number, 68°275, (The computer interprets the number read by checking whether

it is smaller or larger than 170000, )

IDENT (cols.11-16) This is the 7-digit designation used by the Smithsonian
Astrophysical Observatory. It is used by PROP solely
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for checking that A0 Baker<iunn (and certain nther) ohservations are for the

right satellite. Dennting the 7 digits by YYLLINN YY gives the vear of

launch, LLL the number of the launch within that year, and NN the numbher of
the obfect within that launch., F.g. the satellite Ariel 3 (1@» 7-L2A) {8
designated (774291 and the rocket of that satellite (VOFT_L2RY ts 74202,

NAME(4) (cols.17-32)  This may be punched arbitraril,. or omitted. Tts only
function i{s one of refersice, and the 1 allocated

columns are simply copied to the printed output, A natural punching would #

be for example. -bARIELb3bbbbbbb or -bARIEILIbROCKET.

R.4 Orbital elements

B8.4,1 Five-card orbital elements®

These cards, which must always be preceded by an epoch/identity card,

are associated, one each in order, with the basic elements e, i, 7, " and M,
They are read by the subroutine ELRFAD. The read format is (IS5, 1%, 1,

1%, 2F12.0, U2 .4) and this is fullyv compa*ible with the punched-card out-
put of (refined) elements which takes place at the end of a PROP run. This
fact {s very useful when, for example, orbital elements for a given satellite
are being computed at, say, three-day intervals, with iobs prepared from
batches of half-a-dozen runs; element cards which have beer output at the end
of the last run of one job may be put straight into the data deck for the
first run of the next job, with NEWSAT - 1 and MIDINC - 3 on the new control

card of rourse.

In the explanation below it is convenient to take M as a typiral
element and to describe the punching of the associated card. A typical punch- !

ing is '
702N /Shbbb-115  £2L4bbb5431 . 0lLRbbbbbb0 . 0ka2et c(blank) |

"ols,1-5 contain MJDOCH, which denotes the same epoch as on the epoch/ |
identity card (S5%.3) and rust be punched in the MJD form {or else omitted -
see below); col.f contains a solidus (optional); col.7 contains N, the serial 1
number (1 to 5) of the element card, e.g. S in the case of the M card, (or
is omitted if MIDOCH is); and col.® is always blank. These first eight columns
permit a program check that the element cards are in the right order and that

they correspond to the epoch given by the epoch/identity card. If the check

*Phece are gquite different fros the five-card elements issued by the
U.S.,AF. in their Tpu-etrack bulletins.
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falls the run - and indeed the rest of the job - is abandoned. The check
will be by-passed for any card for which cols.1-8 are blank; the PROP user
may take advantage of this fact, but this {s not recommended,

Cols.9 onwards of the M card contain, in fields of width 12, the
Ky coefficients in the polynomial (of degree Ky - 1) which represents M
in the orbital model., Here KM i{s given by the fifth digit of the control
parameter KKKKK. F.g. if KKKKK - 2222%, then KM = 3% and {f the
quadratic polynomial representing M is

v -115 6244 + 5431 OLLR ¢t + 0.0492 ¢? '

the M card could be punched as in the typical example above, Here ¢t |is

time in days from epoch and M 1is in degrees,

Punching of the e, i, ? and © cards is similar., but it must be

1 g 01 and m1 must not be included;

i.e. the punched valiues are of the exclusive elements (S4.3). These

remembered that the dominant terms of e

exclusive elements will often be zero, in which case cols.21-%32 may be left

blank, since a blank field is read as 0.0,

Units are degrees (for angles) and days (for time); e.g. e is non-

dimensional, is in deg/d and . is in deg/de,

b o

B.4.2 One-card position and velocity

This card provides an alternative to the input of five-card elements
and is used when NEWSAT 4, Tt must alwayvs be preceded by an epoch/
identity card.

The main quantities on the card are the three coordinates of epoch
position (x, y, z) in km and the ‘hree coordinates of velocity (&, &, E)
in km/sec. The read format is (IS, 3¥, FF12.0); cols.1-5 provide an
optional check of MJDOCH, as in section 9.4.1, and cols,9-20, 21-32 etc. are

used for x, vy etc.

The card is read by the subroutine PVREAD, which converts the
coordinates of position and velocity into the standard mean elements e

i 0N Og .
ol 6 ‘o’ Mo Qs M1

o’

8.4.3 One-card orbital elements

This card is required in the special situation which arises when

NEWSAT - 3. There will be no epoch/identity card preceding it,
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Tt {8 recalled that NEWSAT - 3, like NEWSAT - 2, 1{inv~lves the pre-
diction of elements from values held in the computer before the beginning
of the run. If non-zero values of the exclusive elements ey 11. 01 and w1,
computed outside PROP, are being supplied for each run, these have to be read
in to supersede predicted values, This i{s the purpose of the NEWSAT - 3}
option. It is emphasised that an epoch/identity card is not required for this

case,

The one-card elements are simply the exclusive values of €y 11. 01,
and(u1. The format is (4F20.0) and the units are degrees (for angles) and
days (for time).

RESDEL(1) (cols.1-20) This is the exclusive ey
RESDEL(2) (cols.21-40) This is the exclusive iy
RESDEL(3) (cols.41-67) This is the exclusive 01.
RESDEL(4) (cols.61-80) This is the exclusive Wy

8.5 Previous-orbit cards

The significance of these cards has been explained in section 6.8, They
consist of a single card, described in the next paragraph, plus a set of cards
which contain the elements of the covariance matrix as punched at the end of
the previous run. (N.B. 'Previous run' has the meaning implied by section
6.8 and does not relate to the preceding run. if any, in the deck of cards
for the current job.) The orbital model must be the same as in the previous
run and contains, say, { parameters given by summing the digits of the
control parameter MMMMM, The covariance cards are read under format (8E10.3);
if £ £ 8 there will be ¢ such cards, if 9 <2 £ 16 there will be 24
such cards, and if 17 <2 £ 20 (its maximum possible value) there will be
34 cards,

The card which precedes the covariance cards contains two quantities,

read under the format (I5, F15.0).

NOODOF (cols.1-5) This if the number of degrees of freedom for the last
iteration of the "previous run”, given by the printed out-

put for that run,

OEPSLN (cols,6-20) This is the final value of € (S6,6) for the previous

run,




39

8,6 Sensor cards

Up to 30 sensor (observing-atation) cards may be included in the data
deck for a run, (This upper limit may be changed if desired; see section
5.2.) They are read by the subroutine SENSIN, assuming the control para-
meter ISENSR is less than 2, The sensor cards must be followed in the deck
by a blank card; PROP exits from SENSIN as soon as this is encountered.

A sensor card contains information about the sensor's location (in
either geographical or Cartesian coordinates), its reference number and its
name. The format is (I, I9, 2X, U4A4, F12,0, 4F10,0) and typical examples

of sensor cards are

I (22) _ , ,
Zbbbbbbb12bbW INKF IELDbbbbbbbb, . . . . . .bbb3983,13Jbbb-48, 404bb4g6L , 711

and

T P AL T 7'"‘(20')"ﬂ
bbbbbb1000bbABAKANbbbbbbbbbbbbb91.438336bb53.721675bb2u7.0bbb.......b

The interpretation of the quantities to be punched on a sensor card is given

below,

MARKER (c01.1) This specifies the type of information provided by the rest
of the card. There are four possibilities:-

MARKER = O: geographical coordinates (longitude, latitude and height) are

supplied and they refer to the Fischer spheroidjs.

MARKER = 1: geographical coordinates are supplied and information which

defines the reference spheroid is also supplied,

MARKER = 2: Cartesian coordinates are supplied and they refer to the .
Fischer spheroid.

MARKER = 3: both geographical coordinates (longitude and latitude only)
and Cartesian coordinates are supplied. (This effectively means that the

sensor need not be located anywhere near the surface of the earth.)

NOSTAT (cols.2-10) This is the station number. It should adhere to a
recognized numbering system such as the COSPAR systenm.
E.g. for Villa Dolores punch bbbbb9011,

NAMEST {cols.13-28) This is the station name, stored as an away of four
Hollerith elements., 1Its only function is to appear
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| with the output printing (if ISENSR - 1) for reference purposes, Punch, for
example, VILLAbDOLORESbbD,

STALON (co1s,29-40) If MARKER * 2 this is the longitude in degrees, positive
to the east of Greenwich, If MARKER = 2 it is ignored.

STALAT (cols.41-50) If MARKER * 2 this is the latitude i1 degrees, positive
for the northern hemisphere, If MARKER = 2 it is
ignored.

STAHGT (cols.51-60) If MARKER = O or 1 this is the height in metres above

the reference spheroid, If MARKER - 2 »or 3, it is X
in ¥am, where X 1s the station's rcoordinate measured from the centre of the
earth towards the Greenwich meridian,

AEARTH (cols.61=70) If MARKER = O this is ignored. If MARKER - 1 it gives
the semi-major axis, in km, of the required reference
spheroid, e.g. 6378.388 for the Hayford spheroid. If MARKER - 2 or 3 it

glves Y, where Y 1is measured towards the ¢ °E meridian.

BEARTH (cols.71-80) 1If MARKER = " this is ignored. If MARKER = 1 it gives
the semi-minor axis of the reference spheroid, e.g.
6356.912 for the Hayford spheroid. If MARKER = 2 or 3 it gives 2, measured

towar-s the north pole,

8.7 Time-system correction cards

Up to three cards for correcting the time system (S3) may be called for
by the program, depending on the value of the control parameter ITIMEC (S8.2).

If an Al (atomic time) correction card is required, it must come first,

It contains a single quantity, as follows, read under format (F10,0).

A1TC (cols,1-10) This gives the correction to Al time to give UTl; i.e. it
is the epoch value of UTM-Al, It should be punched as a

time in seconds, with decimal point included.

If a single WWV correction card is required, this contains a single
quantity, read under format (F10.0), as follows,

WWVTC (cols.1-10) This gives the correction to WWV time to give UT1., Its
punching is the same as for A1TC.

If a palr of WWV cards is required, the first simply contains WWVTC as
above, The second card defines a Adiscontinuity in the WWV system and contains
two quantities, read under format (I6, F10.0), as follows.
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JMPDAY (cols,1-6) This gives the date of the discontinuity, Oh understood.
Like an epoch (S8.3) it may be punched in two possible

ways.

WWVTC2 (cols.7-16) This gives the correction to be applied after the

discontinuity, the correction before the discontinuity
being given by WWVTC from the previous card. Note that if the discontinuity
occurs before epoch, i.e, JMPDAY < MJDOCH, then the correction applied at the
instant of epoch will be WWVTC2.

8,8 Observation cards

PROP is flexible with regard to the variety of observation formats it is
capable of accepting. It can deal with the standard formats of such organiza-
tions as the Smithsonian Astrophysical Observatory (SAO), the National Aero-
nautics and Space Administration (NASA) and the Radio and Space Research
Station (RSRS). It can also be very easily augmented to cope with new formats,
by adding extra sections to the basic observations-input subroutine OBSIN,
(Sections can equally easily be removed, for computer storage economy, if they

are not required.)

Details of the formats covered by PROP3 are given in Appendix B, Here

we shall merely explain how a complete set of observation cards is made up.

The subroutine OBSIN reads an observations-format or "LOOXEE" card, so
called from the name of the corresponding Fortran variable, This card causes
control to be directed to a section of OBSIN which reads observations in a
specific format., The several formats available do not, in general, correspond
to particular types of observation, but rather to the styles which various
organizations have adopted in publishing satellite observations., So, for
example, the Moonwatch format for presenting observations in right ascension
and declination is quite different from the RSRS format.

Each such section of OBSIN reads observation cards until a blank card
is encountered, after which OBSIN interprets the next card as a new LOOXEE
card. A complete set of observation cards for a given run will thus contain
as many subsets as desired; each subset consists of a LOOXEE card followed by
observations in the corresponding format and concluded with a blank card.
Exit from OBSIN occurs when & blank LOOXEE card is read. This means that the
last observation of the complete set must be followed by two blank cards; the
first of these concludes the last subset, and the second concludes the set
as a whole, These two blank cards must be present even if all the observations

were read under the same LOOXEE,
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Each LOOXEE card contains a single quantity, read under format (16), as

follows:

LOOXEE (cols,1-6) This specifies the format under which succeeding cards are
to be read, as explained above and detailed in Appendix B.

9 DESCRIPTION OF OUTPUT

The output of PROP has been designed to be as nearly self-explanatory
as possible, The purpose of this section is to make such comments as seem
necessary upon the output of a typical run*, reproduced as Fig.5. This is the
output of the run for which Fig.4 lists the input data.

9.1  Preliminary output

The first three computer sheets give certain preliminary information

relating to the whole run,

The title is followed, in brackets, by the date and time at which the
computer started processing the job, This is a non~standard facility, added
to the ICL 1907 version of PROP, which has been found useful in the day=-to-day
organization of orbit determinations on the R.A.E. computer,

No comment is needed on the listing, for reference, of the control para=-
meters and of the geophysical constants in current use, Note the remark which
draws attention to the total number of zonal harmonics actually to be used (as
specified on the control card), In fact a remark appears whenever any of the
constants I, EJ22 and DENSCH (S8.2) is reset,

Printing of the epoch dete and satellite identification is preceded,
in the case of prediction (86.2), by a listing of the orbital elements used
for the prediction,

The listing of sensor locations is straightforward. Note that the
stations numbered 1 to 18 (which are, in fact, NASA stations) have
MARKER = 2, indicating that the input coordinates were X, Y, Z. The remain-
ing stations have MARKER = O, indicating the the input coordinates were
latitude, longitude, height.

The listing of observations needs a few comments. Each observation is
assigned a serial number (in the example they run from 1 to 37), which is used

for reference within the run only. If an observation card is rejected due to

*In fact this run is not entirely "typical”. The visual observations are
of poorer quality than usual, possibly because the observers were concentrating
on flash assessment.
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an anticipated error (i.e, one which does not cause deletion of the Job),
then an error message is printed by the progras, the information from that
card is not stored, and no serial numbec is assigned to 1it,.

The type number refers to one of the types listed in section 2.2; 3
indicates direction-cosines and 2 indicates R.A./declination observations;
if R.A. and declination have been converted from azimuth and elevation this
is indicated by an asterisk before the type number. Note that information
from a pair of direction-cosine cards (see Fig.4) read under LOOXEE L444b4h
(see Appendix B) is printed on a single line,

The information given at the end of the line for every observation, e.g.
-27 REV + .27 (.41), gives a rough measure of the spread of the observations,
The quantity -27 REV + .27 glves the difference between the time of the epoch
for the run and the time of the particular observation, expressed in complete
revolutions plus a positive fraction of a revolution, The fraction in brackets,
e.g. (.11), is the argument of latitude (i.e. argument of perigee plus true
anomaly) of the satellite's position at the time of the observation,

The five colum headings from OBS. NO, to TIME relate to all the observa~
tions. Other columm headings are generated each time a LOOXEE card is read,
and refer to a particular type of observation, If a group of observations do
not have individual accuracies assigned to them but are given standard weights =~
e.g. with direction-cosines read under LOOXEE 44L44L -~ then the appropriate
informatinn is given after all the observations in that group,

The transformation of direction-cosines to azimuth and elevation is done
only for the purpose of having a printed record of the observation in this
form; within the computer the observation is used in its original direction=~
cosines form. The rule that observed quantities are always used in the form
in which they are given does not hold for azimuth/elevation observations; these
are converted to R.A./declination, and the computer holds a record of the
original form only until *processing of observations® (S7) is complete.

With angular observations both the right ascension and deciination and
the azimuth and elevation are listed. Note that the listing is given by sub-
routine OBSIN, so that the processing, by subroutine PROCES, has not yet been
incorporated, and the conversion of angles from one form to the other is carried
out relative to the standard PROP axes (S3). This means that if an observation
starts as right ascension and declination the listed azimuth and elevation are
only approximate, particularly if the observation relates to the equinox of
1855, 1875 or 1900.
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The angular accuracy is given, in seconds of are, under S (DEC). This
is a compounded value containing a component derived from the timing error
(82.3). Moonwatch observations read under LOOXEE 555555 do not have
individual accuracies attached to them, and they are all assigned a standard
a priori standard deviation by the program (S2.3).

The preliminary output is concluded by a listing of the initial estimates
of elements, whether these were obtained directly as input data or indirectly
from prediction., The elements are laid ovt in standard tabular form correspoid-
ing to the 'five-card orbital elements! (S8.4.,1), with the addition that the
derived semi-major axis (in km) is printed before the line contai..ing the

e~elements,

N.B. This listing of initial elements, though conveniently thought of
as concluding the preliminary output, is actually provided at the beginning of

the differential-correction subroutine,

9.2 Qutput during the differential-correction process

Each iteration of the process is numbered, If the mode of refinement
(S6.4) has changed prior to the current iteration, a statement of the new mode
is printed at the head of the table of residuals, The residuals for each
observation, both the weighted and the unweighted ones, are printed, and the
units of the unweighted residuals are specified. For observations of right
ascension and declination a further quantity is printed; this is a "total"
unweighted residual given by { (cos ® Aa)e + (&0 )2}%, where Ao and &0 are

the residuals in right ascension and declination.

The marking of each observation with three, two, one or no asterisks
relates to the separating of observations into the four 'rejection levels!
(S6.7). Those marked with three asterisks will invariably be rejected at the
end of the iteration, and those with no asterisks will be accepted. The
acceptance or rejection of observations marked with one or two asterisks depends
on rather complicated criteria which need not be set out here; the program
always prints a comment as to which levels are being rejected, Note that

'residual? has the sense %observed! minus Ycomputed!,

The text at the end of each iteration is self-explanatory. Note, however,
that, although reference is made to the number of "fresh rejections", there is
no information about "fresh acceptances", i.e, about observations rejected on
the previous iteration but now accepted. Prediction of the value of € after

the next iteration is based on assumption of linearity.
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9.3 Concluding output

Once convergence has been achieved, standard deviations for the final set
of elements are printed, laid out in the same way as the corresponding orbital
elements, If there are orbital elements which are not paraneters then these
have not varied during the refinement process and the corresponding numbers in

the standard-deviations layout are zero,

The symmetric matrix which is the final block of data printed consists of

the correlations of the orbital parameters in the order (of those present):-

17 82' oo e 0 ior 110 CECI AR ) QO’ o060 ) wo’ e 0 0y Mooooo .

At this final stage there is also some punching of cards. Final elements
arc punched on five cards; these elements differ from the printed set in being
exclusive (S4,3) elements, They constitute the definitive set of elements for
the epoch., The vovariance matrix of the orbital parameters is punched on ¢
(or 24 or 3¢ (3;.5)) cards. Note that the punched covariance matrix, unlike
the printed correlations, refers to non-standard parameters if these have been
used during the differential correction (S€.5). Also note that the units are
those used inside the computer (S5); e.g. the printed standard deviation for
M1 is 0.00057°/day, but the punched-card variance is 1,33 X 10-2C

2
(radians/sec) .

“,b Output in the event of failure

Program failures may be considered to be of three types. (Rejection of
an observation card due to an anticipated error (S9.1) is not counted as a

failure.)

First there are the standard failures referred to in section 6,1. A
failure of this type can only occur after input of all the data for a given
run. In PROP3 there are six possible standard failvres (the first occurs in
the main program and the others in subroutine DIFCOR) and the corresponding

output is as follows:-

DISCONTINUE - TOO FEW OBSERVATIONS INPUT AND ACCEPTED

DISCONTINUE - TOO FEW OBSERVATIONS LEFT

DISCONTINUE - ELEMENT TYPE INCONSISTENT WITH USE OF PRFVIOUSLY-DETERMINED ORBIT
DISCONTINUE ~ DEGREES OF FREEDOM NEGATIVE

DISCONTINUE - LIMIT ON ALLOWED NIMBER OF ITERATIONS REACHED

DISCONTINUE - DIVERGENCE ON TWO SUCCESSIVE ITERATIONS.
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Second there are failures which, though they lead to deletion of the
program (via a Fortran STOP instruction), have been anticipated and provide
explanatory printing before the deletion, These all occur (or may occur)
before input of the complete data for the run, and this is why it has not

been arranged for the next run to be started.

Finally there are unanticipated failures which will leave no direct
explanation of their cause, These will arise from breaking a fundamental
rule of the computer, e.g. through overflow or a data card punched
inconsistently with the associated format statement, and lead to deletion of

the program via the computer's supervisor or executive,

10 PRESENTATION OF RESULTS

It will be normal for the PROP3 user to present his accumulated results
in tabular form, particularly wnen a number of orbit determinations for a
riven satellite have been carried out at regular intervals, It may also be
appropriate to illustrate the variation of certain orbital elements, for
example the eccentricity, in graphical form, but this section considers only

the preparation of tables,

All PROP3 orbit determinations relate to midnight epochs, and an obvious
first quantity to tabulate is the date of epoch. It is a good practice tu give
this both as a normal date and as an MJD number. The remaining quantities to
be tabulated will normally include the orbital parameters, with their standard
deviations, some useful derived parameters (functions of the official para-
meters) such as semi-major axis and perigee height, also with standard

deviations, and other quantities, such as the number of observations used.

It i1s suggested that values of the orbital parameters be rounded such
that standard deviations, when similarly rounded, are given to ore significant
figure, or at most two, Thus it is absurd to refer to an eccentricity value
of 0,01842% +0,001264; with an obvious space-saving convention »re would round
to 0,0184 13, However this principle raises problems when ceitai: of the
parameters are highly correlated. There are two possible reasons tor high
correlations: one or more of the parameters are inherently ill-defined due to
proximity to one of the singularities in e and i (SG.S); or else the cover-

age of the orbit by the available observations 1s poor.

To exemplify the problem just referred to, consider a satellite for

which e - .01, A given orbit determination may yield standard deviations
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including o(QO) = 0°,003 and o(wo) = O(Mo) = 2°; 1i.e, ﬂo {s worth quoting
to three decimal places, but wo and Mo only to the nearest degree, However,
C and Mo will have a correlation very close to -1,0, and the composite
parameter Mo + wo may be known as accurately as Qo' To conform to the
general principle of the last paragraph, while retaining real accuracy, the
PROP user should quote uo to tne nearest degree and Mo + wo to three
decimal places, not quoting MO itself at all (- there is no problem here with
NH etc.). The standard deviation of the composite paremeter would have to be
qucted instead of O(Mo), of course, and this is given by

o®(u, +w) = 0P )+ T ocov(u, M)+ ao(M) .
An attempt tc calculate G(F% + Wo) using the value of cov(wo, Mo) on an
output covariance-matrix card will fail, since these cards do not give enough
simificant figures to cover the high-correlation situations, but this should
be unnecessary anyway: the user should have chosen a JELTYP value (S8.2) such
that 02(MO + wo) is given directly (S€.5).

It is suggested that Mo + wo be quoted, instead of Mo' whenever a
satellite's eccentricity is less than about 0,05. This is only a guide, of
course; one should not change parameters from line to line of a table, just

because e 1is oscillating about 0,05,

When i is near 0° or 180° (but assuming, first, that e is not
small) there is a similar problem for LI (Mo being now all right) and
wo + Qo or wo - ﬂo should be quoted instead of wo' It will be recalled
(S6.5) that, with the appropriate choice of JELTYP, the covariance cards will

. 2 . .

give o© (wo 4k Qo), but this will certainly give o(wo 4 Qo) or O(“O - Qo)
to sufficient accuracy, since k will be near to +1 or -1, When, in addition,
e, is small it will be necessary to quote parameters Qo, wo + 90 and

w Q f w =0 = : i
MO S SR o else e = and Mo S Qo’ no new prineciple is

involved.

Returning to general aivi.e on the quantities to tabulate, ey 11 etc.
will of course be tabulated if they are parameters., If they are merely elements,
for which the exclusive values (S4.3) are zero, it may be preferred to omit
them, If ey i1 etc. are quoted it will certainly be necessary to remind

readers of the difference between inclusive and exclusive values,
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Other quantities which it may be desired to tabulate are:- number of
observations © 'd, counting any rejected during analysis; number of observa-
tions rejected; number of days spanned by the observations (e.g. 3.8); and
the final value of € (e.g. 1.8),

The best way to prepare an error-free table is to use the output cards
from each run. A Fortran program TOP (- Tabulation of Orbital Parameters)
has been written which reads in as many sets of these as desired and prints
the table, one row for each set of output cards. As the output cards cover
only elements and covariances, an extra card is required with each set, giving
the number >f observations, etc. TOP has been written with formats suitable
for the listing of orbital parameters for Ariel 3, as determined from Mini-
track observations, but it can easily be modified for use with other
satellites,

11 CONCLUSIONS

We have described in detail the operation of PROP, a Fortran program
for refining the orbital parameters of an earth-satellite. Although the
program 1s not capable of refining station coordinates or geophysical constants,
its flexibility in other ways makes it an excellent tool in the analysis of
the orbits of many close earth-satellites, However, certain limitations in the
dynamical model should be kept in mind, to avold using PROP for tasks for

which it is unsuited.

(1) The program does not contain formulae for representing luni-solar
perturbations, This fact imposes an upper limit on the value of a satellitet's
semi-major axis, beyond which the program should not be used. (As a very
rough rule-of-thumb this upper limit might be taken to be two earth-radii.)
Some allowance can be made for luni-solar effects by calculating the main
secular terms in e, i, © and w before using PROP; these terms can then be
feé in as fixed elements in the model, It is planned to include this com=-
putation internally in the next version of PROP,

(ii) The representation of atmospheric-drag effects is not adequate

for a satellite strongly affected by drag. This imposes a lower limit on the

value of a satellite's perigee distance, below whi ‘h PROP should not be used,
This lower limit depends on so many factors - {1 'uding the satellite's drag
coefficient and the level of solar activity - that no clear criterion can be

suggested for assessing it; the best guide ic ;roba! the value of M2.
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In the next version of PROP it is planned to deal with the high-drag
situation by a standard procedure: to alter the weighting of the observations
used in a given orbit determination so that the along-track ~omponent of each
observation (the component most affected by drag) receives less weight than

the cross=track components.

(111) The effects of all tesseral harmonics have been neglected, with

the exception of the dominant J effect., This leads to errors of the order

2,2
of % km in the position of a satellite as computed from a given set of orbital

elements, It 1s hoped to improve this situation in the next version of PROP,

The authors have attempted to be comprehensive in preparing this manual,
but it is unlikely that there are no errors of omission or commission in the
text. In anticipation of the probability that it will be revised and reissued
when PROP4 is available we invite all readers of the document, and in particular
those who actually use the program, to bring any queries or criticisms to our

attention,
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BLOCK DATA
Main prog.

(8)4cos
ALTELS
AZEL
CONVER
CONVRT
COTOEL
DHMS
DIFCOR
EAFKEP
(®)gcenrr
ELPRIN
ELREAD
EPARAS
GEOCOR
(©yao1a
MODJD
NEWELS
(8)yryr
NUPOLY
OBSIN
PARSHL
PRDATE
PRELON
PRENUT
PROCES
PVREAD
REFCOR
! REJECT
SATELS
SATXYZ
SDPRIN
SENSTH
SHOPER
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Aggendix A
PROP3 PROGRAM UNITS

Sets certain constants,

Sets other constants and supervises flow - MASTER PROP in 1907
Fortran,

Arc-cosine,

Alters orbital elements ("exclusive" to and from "inclusive").
Az/el/range from topocentric satellite position.

Tests refinement process for convergence,

Converts between az/el, R.A./dec and direction cosines.
Coordinates to osculating elements,

Given days, or degrees, introduces hours, minutes and seconds,
Differential correction - the refinement process.

Eccentric anomaly from Kepler's equation.
Geocentric-to-topocentric conversion of satellite position etec.
Prints (and/or punches) orbital elements,

Reads orbital elements,

Abstracts list of parameters from the array of elements,
Geographical coordinates from geocentric Cartesians.

Matrix division or inversion (single-length).

Expresses date as MJD number,

Sets new values of parameters after each refinement.

Nearest integer,

New polynomial coefficients after shift of origin.

Input of observations in various formats.

Partial derivatives of (geocentric) satellite coordinates.
Prints date, given MJD number.

Sets time-independent quantities for perturbations.

Correction of R.A./dec observations for precession and nutation.
Processing of observations prior to refinement processes,
Reads position and velocity,

Refraction correction of observed elevation,

Decision as to observations to be rejected,

Position and velocity from mean orbital elements,

Perturbed geocentric position and velocity.

Prints standard deviations of elements.

Input of sensor locations,

Computes short-periodic perturbations.
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SIDANG Sidereal angle relative to 1950.0,
SINXOX Sin x / x, (1 = cos x) / x2 and (x - sin x) / x3.

TRINV Polar coordinates from Cartesians (two-dimensional).
XLONG Computes long=periodic perturbations.
Notes

(a) The ACOS and NINT functions, though not included in A.S.A. Fortran,
are provided by both the Atlas and the 1907 computers and need not be

provided separately for these computers,

(b) ECENTR is called as the dummy-argument subroutine CENTRE, this being
organized by an EXTERNAL statement in the main program, For orbiting bodies
other than earth satellites a different CENTRE may be used,

(c) MAO1A, similarly, is called as MAO1., The 'A' version gives single-
length matrix inversion, If double-length inversion is required, MAO1B
should be used instead, and references to MAOIA in the main program replaced
by references to MAO1B,
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Appendix B

OBSERVATIONS-FORMATS CURRENTLY PROVIDED FOR BY THE SUBROUTINE OBSIN

Each observations-format is associated with an appropriate identifier.
Before any group of observations is read, the appropriate identifier is
read into the Fortran variable LOOXEE, and it is conv-nient to list the
formats currently available under the corresponding LOOXEE numbers,

B.1  LOOXEE 1111

This format reads Baker-Nunn observations in the standard SAO formatB,
implemented* in OBSIN by:

FORMAT (17, S5X, 15, I6, 212, F6.4, 1X, 212, F5.3, Al, 2I2, F4.2, 11, 12, 1%,

N, 7X, F7.%)

The 17 quantities input are read into the following Fortran variables:

JDENT (cols.1-7) This is the satellite identification according to the
international designation; e.g. satellite 1967-48B is
punched as 67045802,

NOSTAT (cols.13-17) This is the number of the observing-station; e,g. Maui,
Hawaii, is b9ol12,

MMAY (cols.18-23) This is the date in 6-digit form; e.g. 1963 May 22

is €80s22,
MHR (cols.24-25 1 These give the time of the observation; e.g. 13h i4m
MIN (cols.26-27) 24.€31s is punched as 130429631b. (Note that column
CEC (rols.23-33) 33 must be blank unless the time is given to 0.1 msec,)
MRAH (cols.55—56)\ These give the satellite's right ascension, e,g,
MRAM (cols,37-383)} Sh 44m 19s is punched as b54419bbb, A decimal point
RAS (c0l1s,39-43) is implicit between columns 40 and 41,

. ! . . .
“SIGI (~ol.hh) These give the satellite's declination, a decimal

MDECD (cols.45=4f)
MOECM (cols LW7-47

point being implicit between columns 50 and 51; e.g.
-5° 29 32" 41 is punched as =)5293241 and

: [} 1] " : :
005 (2ols.49-52) i5° 29 22" 11 is punched as bb5293241, The minus sign
(if any) must appear in column 44,

*only S.A.O. R.A./dec observations are covered at present., It is hoped
‘. rover other $.A,0. formats (2/m, A/E etc.) in an extended LOOXEE 111111 in
a 'ater versior. of PROP,
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NTSD (col.53) This is a code digit indicating the timing accuracy of
the observation8; zero (or blank) signifies that there
is no estimate of timing accuracy, in which case the
subroutine sets an arbitrary accuracy of OS.OOB; 1
signifies an accuracy of OS.OOO1; 2 signifies an accuracy
of OS.OO1; 3 signifies an accuracy of OS.OOB; and 4

signifies an accuracy of o°.01%,

NASD (cols.S54-55) This is the angular accuracy of the observation in seconds
of arc,
INEQEQ (col.57) This is a code digit indicating the date of the equator

and equinox to which the observations are referred; the
digits 9, 1, 2, 3 and 4 refer respectively to the equator
and equinox of date, 1855.,0, 1875.0, 1900.0 1r4 1950,0,
TIMCR (cols.65-71) This is the time correction to be subtracted from the time
in the Al system to give time in UT1; e.g. a difference
of 425,217 is punched as b42217b. The decimal point is
implicit between columns €7 and €8,
The card may contain other quantities , e.g. a reference number in cols,8-12,

which are not used by PROP.

B.2 LOOXEE 222222

This format reads direction-cosine (Minitrack) or range or range-rate
observations in a particular form. At R.A.E. it has been used only for the
satellite 0GO=-2 and may be abandoned in future versions of PROP. The format
is implemented in OBSIN by:

FORMAT (12, 8%, I5, F9.9, 10X, I1, 2(4x, 11, E15.,0))

The 10 quantities input are read into the following Fortran variables:

NOSTAT (cols.1-2) This is the number of the observing-station. Note that
this is a 2-digit code, covering a possible maximum of
9 stations, and is inconsistent with the international
h-digit code for station numbers. (When used for NGN-2
the observations were from the following stations,
numbered 01 to 15: College, Blossom Point, Fort Myers,
Grand Forks, Johannesburg, Lima, Mojave, Newfoundland,
Woomera, uito, Santiago, Winkfield, Rosman (U,S.A.),

Tananarive (Malagasy Republic) and Carnarvon (Australia),)

*Ref .8 also covers values of 4 to 4, but these are not -overed in PROP3,
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NTIMHR (cols,11-15) The number of complete hours elapsed since MJD 36933.0
(1960 January 0.0) to the time of the observation; e.g.
1200 hours on 1965 November 9 (viz. MJD 39073 + 12 hours)
is 2140 days and 12 hours from MJD 36933.0, so it is
punched as 51372,

TIM (cols,16-24) The fraction of an hour elapsed from NTIMHR to the tims
of the observation; e.g. 27m 43.27s is punched as
462019444, The decimal point is implicit before coluan
16.

NOBS (col.35) The number of observed quantities given on the card: 1
for a range observation or a range-rate observation, 2
for a direction-cosines observation,

NTYP1 (col,40) A code digit indicating the type of observed quantity
which is read into OBS1: 3, 4 and 7 refer respectively
to range, a range-rate and an east-west direction cosine.

OBS1 (cols.41-55) The first observed quantity; range must be in units of
half-earth-radii, where the earth's radius is taken to be
6378.165 km; range-rate must be in units of earth-radii/
hour; direction-cosines are, of course, dimensionless,

A decimal point and/or exponent should be present,

NTYP2 (col,60) A code digit indicating the type of quantity read into
OBS2; only one value is recognised: 8 for a north-south
direction cosine.

0BS2 (cols.61-75) The north-south direction cosine,

Note: If NOBS =1, indicating a range or range-rate observation, the fields of

NTYP2 and OBS2 will be blank,

B.3 LOOXEE 333333

This format reads range or range-rate observations in the standard form
supplied by NASA., It is implemented in O3SIN by:

FORMAT (7X, 2A3, 1X, I€, 1X, 2I2, 1X, F6.4, 10X, F9.3, FT7.5) .

The 7 quantities input are read into the folliowing Fortran variables:

NAMEST(2) (cols,8-13) The station name, in a 6-digit alphanumeric code., NAMEST
must identify with one of the station names held (as
text) in the array MONICA(36). Each of these names is
held in two words of storage; thus the first name is held

299
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MDAY (cols,15-20)

MHR (cols,22-23)
MIN (cols.24-25)}
SEC (cols.27-32)

RANGE (cols.49-57)

RGEDOT (cols,58-64)

N.B.

B.4

55

in MONICA(1) and MONICA(2), and the nth name is held in
MONICA(2n-1) and MONICA(2n). If NAMEST is the n'ch
name, station coordinates will be taken from a sensor
card for which the station number is n,

The 18 code-names currently held in MONICA are,
in order, COLEGE, BPOIN6, FTMYR6, GFORKE, JOBURS,
LIMAPE, MOJAVE, NEWFLE, OOMER6, QUITOE, SNTAGS,
WNKFL6, ROSRAN. MADGAR, CARVON, ULASKE, MADGAE and
ORORA6. Thus, for example, the station name QUITOS
refers to a sensor-card numbered 10,

The date in €-digit form; e.g. 1968 May 22 is punched as
680522,

The hours and minutes components of the UTC time of the
observation; e,g. O7Th 25m is punched as b728,

The seconds component of the time of the observation;
e.g. 175.819 is punched as 17819b, The decimal point
is implicit between columns 28 and 29,

The satellite's range from the station, in kilometres,
the decimal point implicit between columns 54 and 55;
e.g. 1936,363 km is punched as bb1936363,

The rate of change of range, in km/sec, the decimal
point implicit between columms 59 and 60; e.g. 4.,14812
km/sec is punched as b414812,

Only one of RANGE and RGEDOT may be present on the same card., The other
field must be left blank. (PROP reads both fields, but interprets the

observation as of "range" or "range rate" according to whether RANGE

is not, or is, z

LOOXEE Lllililh

ero.)

This format reads standard Minitrack direction-cosine cards, and is
implemented in OBSIN by:

FORMAT (7X, 2A3, 1X, I6, 1X, 2I2, 1X, F5.3, 28%, F8.6, 4x, 1) .

Palrs of cards are looked for, and single cards are rejected. The

quantities on the first card of a pair are read into the following Fortran

variables:
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NAMEST(2) (cols.8-13) The station name, in a €-digit alphanumeric code, as
described under LOOXEE 3333372,

MDAY (cols.15-20) The date, in 6-digit form; e.g. 1968 May 7 is punched
as 680507,

MHR (cols.22-23) The hours and minutes components of the UTC time of the

MIN (cols,24-25) } observation; e.g. 16h 55m is punched as 1655,

SEC (cols.27-}1) The srconds component of the time of the observation; e.g.
545 43 {s punched as 54L43b, The decimal point is implicit
between columns 28 and 29,

DCL (cols.Fn=€7) The east-west direction-cosine, with the decimal point
implicit between columns 61 and 62,

NP (col.72) This is for checking that DCL is, in fact, the east=-
west direction-cosine. If NP * 2 the check fails and the

card is rejected.

The first four quantities on the second card of the pair are read into
the Fortran variables: NAMEST, MDAY, MHR, MIN exactly as before; in fact these
quantities overwrite those which were set from the first card. The remaining

quantities are read into the following Fortran variables:-

SEC2 (cols.27-31) This must be within 5 msec of SEC, otherwise the pair of
data-cards is rejected.

DCM (cols.F0-6T) The north-south direction-cosine, the decimal point
implicit between columns 61 and 62,

NP (co01,72) This is for checking that DCM is, in fact, the north-
south direction-cosine, If NP *# 3, the check fails;
but a further check is made: if NP = 2 the subroutine
assumes that the second card of a pair has been lost,
It therefore sets DCL = DCM and SEC - SEC2 and assumes
that this card is the first of a pair, If NP is
neither 3 nor 2 the card is rejected (and so, of course,

is the previous one of the pair).

Note: NASA Minitrack cards contain a 5-digit satellite identification (cols.2-
£), but this is not used by PROP.

B.>  LOOXEE 552555

This format reads angular observations on standard Moonwatch cards as
supplied by the S.A.0. The description will be abbreviated here, since the

PROP user will not normally be punching cards in this format. If he wishes to
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punch optical or radar observations, the format described in section B.6 below

will be found to be more flexible and comprehensive, and its use is

| recommended,

JDENT

MHR
MIN }
SEC
M

M2 )
AM3

MSIGN1
N

N2
AN3

B.6

INEQE(

The format is implemented in OBSIN by:

(cols. 1-7)

NOSTAT (cols.13-17)
MDAY (cols,18-23)

(cols.24-33%)

(cols,34-40)

(cols,4k=50)

(col.57)

LOOXEE 666666

FORMAT (I7, 5X, IS, 16, 2I2, ®6.4, I3, 12, F2.0, 3X, Al, 2I2, F2,0, 6X, I1) ,

where the quantities are read into the following Fortran variables:

Satellite's international designation,

Otserving station's number,

Date of the observation, in 6-digit form.

Time of the observation, the decimal point implicit
between columns 29 and 30; e.g. 19h 49m 33°.6 is punched
as 1949336bbb,

Hours, minutes and seconds components of right ascension,
or degrees, minutes and seconds components of azimuth,
E.g. an R,A, of 21h 50m 12s is punched as b215012, an
azimuth of 113° 46 18" as 1134618,

Sign, degrees, minutes and seconds components of
declination or of elevation. E.g. a declination of '

~74° 17% is punched as -7417bb, an elevation of 44° 6% 14"
as b4lLobl4,

Code digit indicating the type of observation and the
date of the equator and equinox to which it is referred;
zero (or blank) implies azimuth and elevation; 1, 2, 3
and 4 imply righ* ascension and declination, and refer
respectively to the equator and equinox of 1855.,0, 1875.0,
1900.0 and 1950.0.

This format reads range and/or angular observations on cards punched

according to the format agreed between R.A.E. (Farnborough), RSRS (Slough),
the Royal Greenwich Observatory (Herstmonceux), the Royal Cbservatory,
Edinburgh, and the Sub-Committee on Optical Tracking of the British National
Commnittee for Space Research. It is therefore the standard British fcrmat for
reporting satellite observations., It is implemented in OBSIN by:

o e Y



58

Appendix B

FORMAT (I7, I4, SI2, F6.4, FS.4, 1X, 11, 2r8,0, F4,0, I1, F8.3, F5.3) ,

where the quantities are read into the following Fortran variables:

JDENT (cols,1-7)

NOSTAT (cols,.8-11)

My ]
MM )}
MD
M}m‘
MIN)
SEC

TSD (cols,28-32)

NCODE (col,34)

RAAZ (cols,35-42)
DECEL (cols,43-50)

(cols,12-17)

(enls.18-27)

The satellite designation in the 7-digit international
code; e.g. satellite 1967-48B is punched as 6704802,

The normal L4-digit number assigned to a station by a
coordinating centre on behalf of COSPAR; e.g. Horsebridge
is 3657.

The date of the observation, in 6-digit form; e,g. 1968
May 7 is 680507,

The time of the observation (UT1); e.g. 16h Um 6.234s
is punched as 160406234b, Note that the decimal point
is implicit between columns 23 and 24,
The timing accuracy in seconds of time; the decimal
point is implicit between columns 28 end 29. E.g, 0%.5
is punched as bSbbb.
A code diglit which indicates the format and units of the
angular part of the observation (see below),
}. The first and second position coordinates, i.,e. the angular
part of the observation, according to the following table:

NCODE value First position coordinate Second position coordinate

0] Right ascensior measured in Declination measured in degrees,
hours, minutes and seconds, minutes and seconds of arc, a
a decimal point implicit decimal point implicit between
between columns 40 and 41, columns 49 and 50, e.g., -8°
e.g. 4h 19m 38.4s 4ig punched | 12* 7".7 is punched as
as b419384b -0812077
The observation has been corrected for both components (astro-
nomical and parallactic) of refraction.

1 Format identical to that for NCODE = O, but the observation has
been corrected for astronomical refraction only,

2 Right ascension measured in Declination measured in degrees
hours and minutes, a decimal and minutes of arc, a decimal
point implicit between columns | point implicit between columms
38 and 39, e.g, 4h19.64m is | 47 and 48, e.g. -8° 12',128 is
punched a8b4196hbb punched as_5812128
The observation is corrected ror astronomical refraction only.
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NCODE value

First position coordinate

Second position coordinate

b

Right ascension measured in
hours and minutes, as with
NCODE = 2, e.g. 4h 19.c4m is
punched as

b41964bb

Declination measured in
degrees, the decimal point
implicit between columns 45
and 46, e.g. -8°,20233 is
punched as

-0820233%

The observation has been corrected for astronomical refraction

only,.

Azimuth measured in degrees,
minutes and seconds, a

decimal point implicit between
columns 41 and 42, e.g.

194e 3¢t 17" 4 is punched as

19403174

Elevation measured in degrees,

minutes and seconds, a

decimal point implicit between

columns 49 and 50, e.g.

LE° 19t 46" ,6 1s punched as
b4619LE6

The observation has been corrected for both components of

refraction,

Azimuth measured in degrees
and minutes, a decimal point
implicit between columns 39
and 40, e,g. 194° 3! 29 is
punched as

19403%29b

Elevation measured in degrees
and minutes, a decimal point
implicit between columns 47
and 48, e.g. 46° 19,777 is
punched as

bUE1ITTT

The observation has been corrected for both components of

refraction,

Azimuth measured in degrees,
a decimal point implicit
between columns 37 end 38,
e.g. 194°,05483 is punched as

19405483

Elevation measured in degrees,

a decimal point implicit

between columns 45 and 46,

e.g. 46°,32963 is punched as
bh632963

The observation has been corrected for both components of

refraction,

7,89

Format and units the same as for 4,5,6, respectively, but
the observations are completely uncorrected for refraction,

ASD (cols.51=54)

The angular accuracy of the observation; units and format

depend upon the value of NCODE: for NCODE = 0, 1, 4

or 7 ASD is in seconds of arc with a decimal point
implicit between columns 53 and 54; if NCODE = 2, S or 8
ASD is in minutes of arc with a decimal point implicit
between columns 52 and 53; if NCODE = 3, 6 or 9 ASD is in
degrees with a decimal point implicit between columns

51 and 52,
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INEQEQ (col.55) A code digit indicating the date of the equator and

equinox to which right ascension and declination observa-
tions are referred; O refers to the true equator and
equinox of date, and 1, 2, 3, 4 and 5 refer respectively
to the mean equator and equinox of 1855,0, 1875.0,
1900,0, 1950.0 and date, Twis diglt is ignored with

observations of azimuth and elevation.

RANGE (cols.56-63) The range of the satellite, measured in kilometers, the

decimal point implicit between colwms 60 and 61; e.g.
587.32 km is punched as bb58732b,

R3D (cols,b4-68) The range accuracy, measured in kilometres, a decimal

Notes:

point implicit between columns 65 and 66; e.g. 1.5 km is
punched as b15bb,
(1) Other colums on the card are used by RSRS (e.g. "brightest
magnitude" in columns 69-T1), but only those detailed above are read
by PROP.

(i1) Either the angular or the range part of the observation may be
omitted, the appropriate field being left blank, The corresponding
"necuracy fields" should also be left blank, of course,

(i11) If no estimate of angular or range accuracy has been given for
an observation, the appropriate field should be left blank when
punching the card. A standeard value will be set from SIGMA(4) for
an angular observation, or from SIGMA(2) for a range observation
(see section 5.3 for values of SIGMA).

(iv) The zero value of NCOLE (corresponding to a right ascension/
declination observation, fully corrected for refraction) was not
included in the format as originally agreed between the various
organisations concerned, It was added at a late stage in the
development of PROP3 and thus represents an addition to the agreed

standard format,

(v) Observations of right ascension and declination, because they
are evaluated relative to a star background, have been automatically
corrrcted for astronomical refraction; this is why there is no NCODE

value for "uncorrected right ascension and declination"”.
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B.7 LOOXEE TTTTTT

Concurrently with the final revision of the draft of this Manual a
seventh observations format is being added to PROP, This provides for input
of range, azimuth and elevation for a named (instead of numbered) station,
The format is (2A3, 2X, 5I2, F8.6, 4X, 3E15.0) and the quantities on a card,
in order, are station name, date, time, range (ft), azimuth and elevation
(degrees).

These two formats are almost identical and In Ref,8 there is In fact a single format for 5.A.0.
observations, As stated in the foothote on page 52 it 1s hoped to extend LOOXEE 111111 to be in complete
conformity with the S,A,0, format; when this has been done LOOXEE 555555 will be dropped, An initial
extension of LOOXEE 111111 is almost complete and should be incarporated in PROP3 by the end of larch, 1969,
The format will be modified to

FORMAT (17, X, 15, 16, 212, F6.l4, 13, 12, F5.3, Al, 212, FLe2, 11, 12, 211, X, F7.4)
and the following remarks supply the necessary amending information to section B,1.

(1) The format covers observations of azimuth and elevation as well as right ascension and
declination, Thus MRAH (which now occupies col,3l as well as cols,35~36) may be degrees of azimut .,
instead of hours of right ascension, etc,

(2) An additional varfable, NCODE, 1 read from col,56. This may be O ({ndicating an observa=
tion of right ascension and declination), 1 (for azimuth and elevation, corrected for refraction)
or 3 (azimth and elevation, not corrected),

(3) NTSD (col.53) and NASD (cols.S5L=55) have been extended to cover all the values permitted in
Ref,8, Zero values are intermreted by 08,05 and the value of SIQMA(L), respectively. MNASD is equal to
the estimated accuracy in seconds of arc for values up to 21,

This extension will enable standard Moonwatch cards to be read under LOOXEE 111111, with estimated
accuracies used when available, LOOXEE 555555 will have o be used only for the non-standard oards in
which azimuth and elevation cards are indicated by an A in cols.lt and St, and a zero in col,57,
instead of by & 1 or 3 In col.5,
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INTERPRETATION OF THE SIX MAIN ORBITAL ELEMENTS

It may be important to the user of PROP to know precisely how to interpret
the six main elements of the PROP model, viz. eo, io, ﬂo, Uo, Mo and no
(where n, denotes the exclusive element M.‘). It has happened in the past
that an organization has published accurate orbital elements of a number of
satellites but that the usefulness of thesze elements has been limited by

the failure of the organization to publish definitions of the elements,

Roughly speaking PROP elements are osculating elements with short-
periodic nerturvations removed, This statement may be made more precise by
glving the formulae for the differences between PROP elements and osculating
elements, and this is done in the next paragraph, It must be stressed, how=-
ever, that these formulae are for reference only., They are not (apart from
the formula in i) used directly in PROP, which applies short-periodic per-
turbations to a set of six quantities which are intermediate between elliptic
elements and Cartesian coordinates - a set chosen to make all the formulae as
simple as possibles, It should also be stressed that PROP elements have not
been freed from long-periodic perturbations. In fact long-periodic perturba-
tions in PROP (unlike those of the Smithsonian Astrophysical Observatory for
instance) are defined so as to be zero at epoch, This means that the only
harmonics involved in the following formlae are J, (for the short-periodic
terms) and J2,2 (for the along~track correction referred to in Ref,.2 and in
section 2,1 of the present paper), Also it is convenient to regard

9]
osc
as defined relative to the true equinox of date and hence to include a term

for transformation of equinox in the formula connecting ﬂo and ﬂosc

Let
K = (J2/32)(R/P)2 and  ky, = Jp, (l"(/p)2 n, / (.6 - ;l) ;

where p = ao(‘l - ei) and @ 1is the modified sidereal angle, To give first-
order expressions 1t is legitimate and convenient to drop the zero suffix
when wréting functions of e, io etc; also for convenience we introduce

f =sin 1. Then, if K2’2 is the longitude of one extremity of the major
axis of the earth's equator and v 1is the true anomaly corresponding to the
epoch value Mo of the mean anomaly, the required first-order expressions

are -
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e -e = Kk [6(h+e2)(2-3f) cos v + 5(4+11e2)f cos (2w+v)

+ (28+17e2)f cos (2w+3v) + 12e(2-3f) cos 2v
+ 6ef {10 cos (aw+2v) + 3 cos (2w+i4v)}
+ 3e2f { cos (2w-v) + cos (2w+Sv)} + 2e2(2-3f) cos 3v

+ 18ef cos 2w + be(2-3r) {5 + 2(1-¢2)/(1 + (1-2)1))]

-1 = hk.l sin 21 [ 3 cos (2w+2v) + 3e cos (2w+v) + e cos (Ww+3v)]

n -0 = Bk.l cos 1 [6 (Mo - v -esinv) + 3 sin (2w+2v) + 3e sin (2+v)
+ e sin (2w+3v))

+ 6.119 x 10'7 (MJD - 33281,9234) + Equation-of-Equinoxes

w —w o=k [2u(u-5f)(v-Mo) + 6e'1 {4(2-3£) + e2(1u-17f)} sin v

3e'1 {ur + & (8-15£)} sin (2w+v)

e-‘l { (e8¢ - e2 (8-19f)} sin (2w+3v)

+

+

12(2-3f) sin 2v - 12(2-5f) sin (2w+2v) + 18f sin (2w+b4v)

18f sin 20 - 3ef sin (Ww-v) + 2e(2-3f) sin 3v

+ 3ef sin (w+5v)]

T R I o ——
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M -M = (1--..-2)§ [£{18 ain & + 307 (4+5¢%) sin (204v)
e M = g
- e"'l (28-e2) sin (2w+3v) - 18 sin (2w+bv)
+ 3¢ sin (2w-v) - 3e sin (2w+5v)}
- (2-37) {6e"| (lc-ea) sin v + 12 sin 2v + 2e sin 3v}]
+ 19k, n/(20-20)} £ sin 2(0-0-3, )
and
n -n, = 3K n(1-e2)-1 [f{12 (2+}e2) cos (2w+2v) + e (l&+e2) cos (2w+v)
osc o

9e (l&+e2) cos (2w+3v) + ‘lBe2 cos (2w+lv)

+

3e3 cos (w-v)

+
3 2
+ 3e” cos (w+5v) + 18e° cos aw}
2 2
+ (2-3f) { 6e (4+e°) cos v + 12e° cos 2v
+ 295 cos 3v + ‘*(2+382)}]

It must be emphasised again that these formulae are given only as a means
of defining, to first-order, the PROP elements; the omitted second-order
term in nosc - n, is unfortunately not insignificant. The e""l terms in
i W and Mosc - M arise because perigee is not well-defined for near-
circular orbits. This singularity is unimportant in practice since PROP
never computes osculating elements, but from mean elements goes directly to
Cartesian coordinates by a procedure which is free of singularities. The
best method of obtaining osculating elements from mean elements, or vice verss,

is in fact always to compute coordinates as an intermediate step6.

Some users of PROP may wish to know how PROP elements relate to the
Pegasus elements previously used1’2. To indicate the relationship we now
give a complete set of formulae by means of which a set of Pegasus elements
may be obtained from a set of PROP elements. These formulae include

corversions for ~hanges of units.

299
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et e, 1, 0, w, M, M (= n,)s M, etc. be a set of PROP =lements,
and let af, e', i, Qf, w? M;, n.f etc, be the equivalent set of Pegasus
elements at the same epoch. If the epoch is not an ascending node (as it
always was for Pegasus computer orbit determinations) the dashed elements must
be inte{-greted not as true smoothed elements, as originally defined by

Merson, but as mean smoothed elements (related to true smoothed elements in

the same way that PROP elements are to osculating elements).

Taking angles in degrees we require a constant k (= 57.2957795) for
conversion from radians., We also require conversions in time since M2 is in
°/day/day but ni is in °/(100 da.ya)e. Let k, be the same constant as
before, As in the previous formulae zerc suffices are omitted when possible,

Then a complete set of first-order formulae is:-

1l

al

{p (86400 k/My )a}i , where p = 398602 ,

(3,/32)(R / at(1=e%))?

=5

f = sinzi 5

(1]
-
"

e, + 8k.l (2-3f)(1-e2) e-'l ((1+02) - (1-02)é} * y

it = 10-141c1<.l sin 2i (3 + 4 e cos W) ,

E, = -2 tan {('l-e)% (1+e)-% +:n w} , with lno +w] <180 ,
= E « ke sinE ’

00 (o] [e}

v - Qo + ‘l6k.l cos i {3(“ + MOG) + U4k e sin w}

+ 3506 x 107 (MID - 33281.9234) + Ef240
13

where E 1is the equation of equinoxes -,

W= w b, {x e (2-3f) sin 2w - 2(4-5£)(%w + 3 M+ 2k esin w)} ,

*If e is small it is better to replace e"l {(14e)° = (1-e )%} by the

non-singular truncated expression e (3 + ﬁez + -}eu).
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sSensors 8, 15, 23 ’
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singularities 18, 31

standari deviations (observations) - see

weiphting of observations

standard deviations (orbital parameters) 17, b5

time systems 9
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Fig.4

2222311113 o 1 3 9 9 10 (o) 1 1 1 9 5.0

39670 6704201 -ARIEL 3-
39670/1 0.0075574 0. 00000000
39670/2 80.18235 0.00r "™
39670/3 100. 81009 0.0C
39670/4 8.78265 0., 0000
39670/5 ~15.74800 5421, 83745 2,6248F-02
2 1 COLLEGE, ALASKA ~2299,236 ~1445,730 5751,857
2 2 BI.OSSOM POTINT 1118.063 -1876.358 3943,016
2 3 FOLT MYFRS 807.885 -5652.020 2833.549
2 4  GRAND FORKS -521.,676 -42h2,083 U4718.764
2 5 JOHANNESBURO 5084.798 2670.474 -2768.164
2 6 LIMA, PFRU 1388. 818 -6088.429 -1293,207
2 7 MOJAVE, CALIP. ~2357.214 ~U646,369 3668.363
2 8 NEWFQUNDLAND 2602.801 -3419,184 4697.694
2 9 WOOMERA -3977.166 3725,708 -3303.141
2 10 QUITO, FCUADOR 1263%.617 -6255,010 -68,856
2 11 SANTIAGO, CHILE 1769.707 -5044, 642 ~3468,192
2 12 WINKFIFLD 3983,130 ~-48.404 L4964,T711
2 13 ROSMAN, CAROLINA 647.215 -5178.372 3656.185
2 14 MALAGASY 4091.411 hu434, 227 -2065,889
2 15 CARNARVCN, A'IR, -2328.116 5299,752 -2669.482
2 16 ULASKA -2282.332 ~1452,667 5756.942
2 17 MADAGASCAR 4091,903 4434 373 -20684,537
2 18 ORRORAL -hhk7 361 2677.215 -3695.209

2212 BEXHILIL1 0.4672 50.8539 24,

2521 LITTLE BADDOW 0.57264 51.74361 o.

2526 POYNTON -2.11390 53.34470 100.

2344 THAMES DITTON 359.6550 51,3817 11,

2525 CRAWLEYRIDGE -0.72833 51.33750 115,

2528 ALDERSHOT -0.76390 51,23530 TS

2574 WETTEREN 3.22222 51,00444 23,

2541 MALTA 14,8419 35,8358 134,

2265 FARNHAM 359,1847 51,2138 110.

2512 MOUNTCASTLE 356.8653 55,9569 22.
0.0185
Lhshhy
67421 FTMYR6 670630 0524 24380 -0392682 P2
67421 FTMYR6E 670630 0524 24380 0037197 P3
67421 QUITO6 670630 1729 02389 -0600756 P2
67421 QUITO6 670630 1729 02389 -Q01257T9 P3
67421 ORORAE 670701 0118 08402 0664319 P2
67421 ORORA6 670701 0118 08402 0013610 P3
67421 FTMYR6 670701 0519 28380 -0521084 P2
67421 FTMYR6 670701 0519 28380 0005014  P3
67421 QUITO6 670701 0526 47389 -0581484 P2
67421 QUITO6 670701 0526 47389 oo48938 P3
67421 LIMAP6 670701 0529 48393 -0599271 P2

Fig.4 Input cards for typical PROP run

NEGNO C5495




NEGNO.CS5496

LIMAP6 670701
WNKFL6 670701
WNKFL6 670701
NEWFL6 670701
NEWFL6 670701
WNKFL6 670701 2245
WNKFL6 670701 2245
FTMYR6 670702 O514
FTMYR6 670702 0514
QUITO6 E670702 0521
QUITO6 670702 0521
LIMAP6 670702 0525
LIMAP6 670702 0525
67421 NEWFL6 670702 1556
67421 NEWFLE6 670702 1556
67421 WNKFL6 670702 2239
67421 WNKFLE6 670702 2239
67421 ORORA6 670703 0108
57421 ORORA6 670703 Cl08
67421 QUITO6 670703 0516
67421 QUITO6 ATOTO3 0516
67421 LIMAPG E€70703 0519
67421 LIMAPSG 670703 0519
67421 JOBUR6 670703 0908
67421 JOBUR6 670703 0908
67421 NEWFL6 €70703 1551
67421 NEWFL6 670703 1551
67121 WNKFLE6 670703 2234
67421 WNKFLE 670703 2234

666666

670420122126706302248019
670120125216706302249191
670420125266706 302250263
67042012344E6706302250165
670420125256706 302251010
670420125286707012244214
670420125286707012244293
67042012528670T701224u4587
670420125746 TO7012245456
670420122126707022237501
670420125286707022238520
6704201252667070222405T0
670420125416707022242220
670420122656707032233386
670420122126707C32233594
670420125266707032234320
670420125126707032235035

67421
67421
67421
67421
67421
67421
67421
67421
67421
€7421
67421
67421
67421

0529
1250
1250
1601
1601

48393
57295
57295
14285
14285
4295
o4295
28380
28380
51389
51389
00393
00393
13285
13285
58295
58275
o3402
o3402
58389
58389
52393
52393
58413
58413
11285
11285
57295
57295

ol
02
ol
ol
>
03
0>
03
ol
ol
03
ol
0025
02
ol
o2
02

TRE68299

304151
321199
320353
3202735
320100
321500
321310
320300
318215
305137
323420
319241
631897
302402
3004 80
3193305
3185935

6860
6230
2942
3020
1100
6466
6192
4194
2175
7335
7716
0294
2361
8125
3765
4230
0830

( THREE BLANK CARDS )

Fig.4
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Fig.5(cont'd)
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Fig.5(cont'd)
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Fig.5(concl'd)
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