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1.0 INTRODUCTION

Accurate pointing information to selected stars is required by various

SAMTEC instrumentation for data acquisition and instrumentation calibration.
Until now, the program STASHO on the 7094 computer was used for this purpose.
While valuable when originally designed, new algorithms and programming tech-
niques developed by the Naval Ubservatory have improved the accuracy obtainable
by programs like STASHO. Operationally, the large amount of input information
required for STASHO runs left a wide margin for the occurrence of human error.

For these reasons it was decided to design an observed position star look

angle program based on the mathematics produced by the Naval Observatory
(reference 1). This work was completed under the ROTI Capability Task [(A7135)
and under the Data Product Line Enhancement Task (A7102). It was decided to
include precession-nutation and Vernal Equinox data internally within the
program. An accuracy design goal of 0.01 or less arcseconds for the non-refracted
pointing information was selected. Accordingly, all physical effects (except
refraction) that can contribute more than 0.005 arcseconds are corrected. Since
it is preferable to remove refraction errors from measured pointing angles by
use of Rawinsonde data before regression, it was decided to use only a minimal
refraction model in this program. However, since many models of refraction
effects are available at WTR, this module was programmed so that additional
refraction techniques can easily be added by the user as subroutines.

As work in the STAR program progressed, it became evident that additional
programs were needed to supplement the original observed position star look
angle program. The complete 1ist of programs is:

STARY - This program takes mean star coordinates referenced to
the nearest Besseiian New Year and computes azimuth and
elevation data for a given site during a given time period.

STARZ - This program takes mean star coordinates for a given epoch
and transforms them into mean star coordinates at a new epoch.

STAR3 - This program computes 3/5 of the yearly data deck for STARI
for any given year and outputs the data on punched cards.
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JJJPP - This program takes a new BLOCK DATA (for use in STAR1)
and produces tables to check against the tables available
in the American Ephemeris and Nautical Almanac for the
year in question.

Although the other programs have been checked out, this report will be
restricted to the discussion and verification of STARI.

The other programs were much easier to verify, in any case. Moreover, a listing
of JJJPP can be found in Appendix VII. The operating instructions for STARZ

can be found in Appendix II. For those who wish the cutput of STAR3, please
contact Dr. Sinclair at FEC/Performance Analysis Department. Also, look at
Appendix V, which concerns use of the output of STAR3.

1.1 Qutline of Report

Section 2 is devoted to a discussion of the processing and mathematics

in the STAR1 MAIN program. The mathematics and processing involved in the
various subroutines are outlined in Section 3. Numerical tests and numerical
examples of the procedures unique to STAR1 as compared to STASHO (the prescit
star look angle program used at WTR) are presented in Section 4. Also in-
cluded in Section 4 is a comparison of the various types of Polar Motion
data. The many subroutine outputs are verified in Section 5. Finally, the
complete program verification and the report conclusions can be found in
Section 6. The technical details of running the program (operating instruc-
tions, flow diagrams, listings, sample output, etc.) are relegated to the
appendices.




2.0 MAIN PROGRAM DESCRIPTION AND MATHEMATICS

The STAR 1 program consists of a main program and nine subroutines. The
routines and their functions are:

MAIN

ASDCRK

CNSTNT

CNSTJ

0CT

MV

TIMEE

Handles all I/0, initial and time dependent
preprocessing, and the primary mathematics
required for updating star positions.

This subroutine transforms the Right Ascension,
declination coordinate system to cartesian coordi-
nates or vice versa.

This subroutine updates the earth's obliquity, the
equation of equinoxes and its first derivative, and the
secular changes in the earth's rotation rate.

[t also computes the first and second differences

for the updated Besselian constants A, B, C, D,

and Independent constant f.

This subroutine is an additional entry within
CNSTNT. It computes second-order corrections
on a ten-day basis.

This subroutine converts degrees to site octal
output. It has a second entry, 0CTO, which

sets tne initial parameters for OCT with respect
to the encoder bit size of the site.

This 1s a double precision subroutine which

premultiplies a 3 x 1 vector by a 3 x 3 matrix.

This subroutine changes integration time to UTC time
and to Local time in days, hours, minutes, and decimal
minutes.
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VERNAL This subroutine computes the mean longitude of the
Vernal Equinox at midnight, UTC.

BLOCK DATA This subroutine supplies the Besselian day numbers,

yearly constants, geodetic constants, and initial
values for the program.

2.1 MAIN Program

The following is a description of the pertinent processing flow through the
MAIN program. Detailed descriptions of counter loops and miscellaneous
computations will be addressed in Appendix III.

A. Initial Input

General input to the program is:

Number of stations, number of stars per station
Start day, stop day

Start hour and stop hour for each day
Prediction increment size

Station geodetic and astronomic coordinates
Special station parameters

Polar motion parameters :

Mean coordinates of the stars

First, the station coordinates are read and converted to radians in a

right-handed system. Then the site-dependent part of the latitude rotation
is computed:

QM (2,2) = DSIN (ALAT) = QM (3,3)
QM (2,3) = DCOS (ALAT) = -QM (3,2)
Where ALAT is the astronomic latitude of the site.

+ Polar motion corrections are usually omitted in prediction runs.




AEL =
DIURN

where

AEL

"

DIURN =

DLAT =

input is:

puTooT
POL(1, )

POL{2, )

POL(3, )

The initial run pa

d. 1§
b. If

o 193

Then the diurnal aberration correction factor is computed.

FACTOR =

converted to UTC t
is terminated with an appropriate printout:

DSQRT(1. - E2 DSIN’(DLAT)), and
0.3198 * (ACL + HT) * DCOS(DLAT)/FACTOR,

radius of earth at the site location (measured in units of
Earth semimajor axis),

diurnal correction constant,

= eccentricity of Earth,

Height of site above ellipsoid (measured in units of Earth
semimajor axis),

geodetic latitude of site, and

conversion factor to convert arcseconds to radians.

Finally, in the call to 0CTO, the subroutine OCT is initialized by the bit
size of the site encoder.

If polar motion corrections are used, they are read in at this time. The

i

First derivative of POL(1, ),

H

Polar motion time correction (one value for each day
of run),

= X-value of polar motion (one value for each day of
run), and

i

Y-value of polar motion (one value for each day of run).

rameters (start day, stop day, start hour, stop hour), are
ime here. If any of the following conditions hold, the run

start day is a zero,
stop day is later than January 2 of the next year, and

July 1 falls between start day and stop day.




[he reason for tests 1 and 2 is that the Besselian day constants only cover one
year. The reason behind test 3 is that the Besselian day constants are referenced

to the beginning of the nearest Besselian year (about January 1). Hence, they
are discontinuous on or about July 1.

B. Daily Corrections and Star Coordinates
At this point the star coordinates are read in. They are:

i . mean Right Ascension, epoch at nearest beginning of a
Besselian year,

mean declination, same epoch as Right Ascension,
absolute parallax,
proper motion in declination, and

proper motion in Right Ascension.

The proper motion parameters may be set to zero with little loss of accuracy.

B MR o 5ok o s A s

The daily parameters are computed now. If the polar motion corrections are
used, their effect is also computed here:

DAZ = (POL(2, )*DSIN(DLONG) + POL(3, )*DCOS(DLONG))/DCOS (DLAT)

RS

TIM = POL(1, )
where

DAZ = azimuth correction,
POL(1, ), POL(2, ), POL(3, ) and DLAT have been previously defined,

DLONG = geodetic longitude of the site, and

TIM = time correction from UTC time to UT1 time.

Provision was made at this point to read in a daily atmosphere for use in
sophisticated refraction subroutines.

|
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The next corrections occur in a call to the subroutine CNSINi. The output-

of this subroutine are the Earth's obliquity (dihedral angle between Lhe plane

of the equator and the plane of the Farth's orbit around the sun), and the annual
precession in declination - both referenced to the beginning of nearest Besselian
year - and the equation of equinoxes and its first derivative, the secular change
in the rotation rate of the Earth, and the Besselian day numbers A, B, C, and D
along with the Independent day number f, together with their first and second diff-
erences, all referenced to 0.0 hour ephemeris time (ET) of the present day. The
equations for these parameters will be discussed in the section on the subroutine ;

: CNSTNT.

i

f Initially, the Right Ascension and declination are corrected for proper motion

E and transformed to the X, Y, Z direction cosines (called XV(1), XV(2), and XV(3),
% respectively). This is a right-handed coordinate system with the X-Y plane

: coincident with the mean equator and the positive X-axis directed along the mean
@ equinox of the nearest beginning of the Besselian year. The next correctinn, a

second order correction, is computed every ten days, starting with the firsi day
of the run. These corrections are:

T

DECO = DEC + UD * TTAU

RASO

RAS + UR * TTAU
and

D2DEC = XJP * DTAN (DECO)

D2RAS = XJJ * DTAN (DECQ) * DTAN (DECO)

i where DEC is the mean declination, UD is the proper motion in declina.ton. RAS

is the mean Right Ascension, UR is the proper motion in Right Ascencion, TTAU
is the fraction of the tropical year which has elapsed from the beginning or
the nearest Besselian year, D2DEC is the second order correction in declination,
D2RAS is the second order correction in Right Ascension, and XJP aend XJJ are

constants obtained from subroutine CNSTJ, a second entry into CNSTNT. The
formulas for XJP and XJJ will be displayed in the section for the sub:routine
CNSTNT.

i s e A SV i e . kT A
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The final parameters determined at this time are the East longitude of the
Vernal Equinox at 0.0 hour UT1 and the Earth spin rate with respect to the
moving Vernal Equinox. The rate is:

WED = (WE - DW) (1. + DUTDOT), where

WED is the current spin rate,
WE is the spin rate at epoch 1900.0,

DW is the secular decrease in the spin rate as computed in CNSTNT, and

DUTDOT has been previously defined.

i C. Diurnal Parallax Corrections

For those stars with a parallax greater than 0.01 in absolute value, the following
corrections to the X, Y, Z coordinates are performed.

st o 1 S0

X1 = -AA(3) * PAR/(CABER * DCOS(E)) - X axis
X2 = -AA(4) * PAR * DCOS(E)/CABER - Y axis
X3 = X2 * DTAN(E) - Z axis
where
PAR is the parallax for this star,
E is the Earth's instantaneous true obliquity (as of 0.0 hour, ET),
CABER = 70.496 arcseconds, and
AA(3) and AA(4) are the Besselian constants C and D, respectively,
updated to 0.0 hour, ET, of the present day.
D. Mean-to-Apparent Transformation

]

The Besselian constants are updated by use of first and second differences via
the following formulae.

XL1 = (LT + EPH)/8.64D4

IF(XL1.GT.0.5) HL1 = 1. - XL1




C(I) = AA(T) + DA(I) * XL1 + D2A(I) * XLl * XL1/2. I = 1,5
IF (XL1.G6T.0.5),
C(I) = AAP(I) - DAP(I) * HLI + D2AP(I) * HL1 * HL1/2. I = 1,5

where

LT = time passed since 0.0 hour, UTC, in seconds,
EPH = ET - UTC in seconds,

C(I) = updated Besselian constants,

AA(I), Besselian constants at 0.0 hour, ET,
AAP(I) = same constants, next day,

DA(I) and D2A(I) = first and second differences for this day, and
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DAP(I) and D2AP(I) = first and second differences for the next day.

Note that the Besselian constants ‘are interpolated by first and second differences
for + 1/2 day about 0.0 hour ET.

The next effect is that of annual aberration:

: XV1(1) = xv(1) - c(4)
Xv(2) + C(3)

n

XvV1(2)
XV1(3)

XV(3) + C(3) * DTAN(E)

where C{3) and C(4) are the updated 3esselian constants C and D, respectively.
The other parameters nave been previously identified. The precession-nutation
b effects are accounted for by:

xvzu,] |'1 -c(5)  [-c(1) - c(2) * c5)1 ][ xv100)
‘t Xva(3 'Lc(i) -C(2) ] XV1(3)




The next effect is the addition of the parallax effect previously calculated:

XV1{1) = xv2(1) + X1
XV1(2) = xv2(z) + x2
XV1(3) = xv2(3) + X3

The coordinates are transformed to the Right Ascension - declination system
and corrected for second-order effects previously calculated.

Call ASDCRX (XV1, RASY, DEC1,1)
RAST = RAS! + D2RAS

DEC1 = DECY + DZDEC
The pair RASY, DECI now represent the apparent position of the star.
E Apparent-to-0Observed Transformations

First, the apparent Vernal Equinox and hour angle are computed.

XL11 = LT/8.64D4

EOFEZ = EOFE + XL1] * DEFE

ELNG = ELNGO + EOFE2

TIMI = TIM

TIM1 = TIM1 + OTDOT * 10-3 * XL11 if TIM # O.

DUT = WED * (LT + TIMI)

ANGL
HA

ELNG - DUT

"

2. * PI - (RAST + ANGL)

10




where

LT is the time from 0.0 hour, UTC,

EOFE is the equation of equinoxes (difference between apparent
and mean equinox) in radians,

DEFE is the change between EOFE now and EOFE tomorrow,

TIM is the difference between UT1 and UTC at 0.0 hour, UTC,
DTDOT is the rate of change of UT1 - UTC in milliseconds,
TIM1 is the updated TIM,

EOFEZ2 is the updated equation of equinoxes,

ELNG is the updated apparent longitude of the Vernal Equinox without
Earth spin,

DUT is the change in the longitude of the Vernal Equinox caused by
Earth spin since 0.0 hour, UTI,

ANGL is the updated apparent longitude of the Vernal Equinox,
referenced to updated UT1 (if TIM # 0.), and

HA is the hour angle of the star.

The diurnal aberration effect can ncw be removed:

RAST

RAS1 + DIURN * DCOS(HA)/DCOS(DECT)
DECY

DEC1 + DIURN * DSIN(HA) * DSIN(DEC1)

«here all symboi< have .iready been .deatified

RASI anc DECl1 are then transformed to X, Y, Z coordinates.

11




The instantaneous Riaht Ascension of the site is then: RA = ALONG - ANGL,
where ALONG is the astronomic longitude, thus correcting for deflection of
vertical. The star pesition is then rotated to the site position in longi-
tude and latitude by:

Above, ALAT is the site astronomic latitude. Since geocentric aberration can
be ignored for stars, there is no transformation along the Earth's radius to

the site. Hence:

1l

DEL = DSQRT(XV(1)*XV(1) + XV(2)*XVv(2))

DATAN(XV(3)/DEL)

EL

One then checks to see that the EL is larger than the minimum EL for this site.
Otherwise, the process restarts at LT + INC seconds later.

The next calculation is AZ:
AZ = DATANZ2(XV1(1), XV1(2)) * RAD + DAZ

Above, AZ is azimuth, EL is elevation, and DAZ is the polar motion correction

to azimuth.

Now, if desired, the elevation can be corrected for refraction. The simple
correction now used is listed below. This model is surprisingly accurate
above 12° elevation, but loses accuracy at low elevation angles. However, a
more sophisticated refraction subroutine(s) may easily be added at this point.

EL = EL + 3.36D-4 * RAD/DTAN/EL/RAD).

+ = The computationally faster "L = DARSIN(XV(3))" was found to be
inadequate due to the inaccuracy of the DARSIN subroutine when compared
to the DATAN subroutine. See Section 5 for a discussion of this difference.
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Xv(1) ; 0. 0. -DSIN(RA) DCOS(RA) 0. XvV1(1)
XV(2) | =1 0. DSIN(ALAT) DCOS(ALAT) -DCOS(RA)  -DSIN(RA) 0. XV1(2)
XV(3) 0. -DCOS(DLAT) DSIN(ALAT) 0. 1. XV1(3)




Plunge and mil outputs are computed via the following equations.

AZMIL = AZ * DMIL

ELMIL = EL * DMIL

ELPLG = (180. - EL) * DMIL

AZPLG = DMOD ((AZ + 180.), 360.) * DMIL

The octal equivalents of AZ, EL, AZPLG, and ELPLG are computed via a call to
0CT.

At this time the printout times are updated via:

XMG = XMG + DINC/60D0

XML = XML + DINC/60D0
IF((XMG.GE.60.).0R. (XML.GE.60.).0R. (NQ.EQ.1)) CALL TIMEE

where

XMG = number of minutes after the UTC hour,
XML = pumber of minutes after the local time zone hour,
DINC = integration step size, and

TIMEE is the subroutine which converts the variable LT to days, hours,
minutes .ind decimal minutes in GMT and iocal time for printout pur-
poses. TiMEE wiil be discussed in Section 3.

“nis compietes the descript.on of the MAIN program except for various print
Tiags.
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3.0 SUBROUTINE PROGRAM DESCRIPTION AND MATHEMATICS

31 Subroutine MV

This is a double precision subroutine which premultiplies a 3 x 1 vector
by a 3 x 3 matrix. "hoe call is MVIM,V,0) where M is a 3 x 3 matrix with
real-valued, cdouble procision entries, V and 0 are 3 x 1 vectors with real-
valued, double-precision entries. ™ and V are the input, while 0 is the

output.

3.2 Subroutine TIEE 4

This is a double precision subroutine which converts elapsed time (seconds
from 0.0 hour, UTCY Lo davs, hour, mingtes, and decimal minutes in both UTC
and local time. This subroutine is called at output time only as all
computations are referenced to UTC. The equations are:

LD = UTC day 1
GH = UTC hour = L.T/3600., where LT is the time since 0.0 hour, UTC, 1
in seconds

GH is checked to see that it is not less than 0. nor greater than or
equal to 2%4. If so, LD is increased or decreased by 1 and GH is
decreased or increased by ?24.

1]

[HG = inteqgral part of GH

(GH - IHG) * 60. = minutes and decimal minutes, UTC

MG

Now local hour is computed. Initially, IDL = LD, where IDL is the loca.
day. Previously, the difference between “local" time and UTC time for each
site was computed. For the Kth site [the site for which look angles are
being computed),

ILOC = integral part of (DLONG(K)-7.5)/15
where DLONG(K) is the West longitude of the site.
ILOC effectively divides the Larth into 24 time zones with meridian of

Greenwich centored 1n zone 0,

14




Then,
IF ZON # 0., ILOC = ILOC - 24

This equation accounts for the International Date Line and all zones earlier
than UTC (i.e., Greenwich).

Finally,
TLOC(K) = ILOC + TLC
where
TLC = "Legal" local time - "True" local time
See Figure 1 for the "legal" local time zones on the Earth, excluding "daylight

savings." Note that the TLC (as read in) can accomodate any time zone as it can

be positive or negative and has at least three decimal digits. (See operating
instructions in Appendix I.)

Now, the local hour (XLH) is obtained by:
XLH = GH - TLOC(K)

XLh is then checked for being less than 0. or greater than or equal to 24.

If true, IDL and XLH are changed in a manner similar to the changes in LD
and GH.

Foilowing the checks discussed above,

15
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IHL = integral part of XLH

ML (XLH - IHL) * 60

Minute and decimal minutes of local time (ML is a double |
precision, real-valued variable.)

The return statement is then reached. The call statement is:
TIMEE(LD,LS,K,AMG,AML),

where the input is:

LD = day of look angle epoch,

LS = elapsed time in seconds from 0.0 hour of LD, and

K = site index (K" site).

The output is:

AlG = minute and decimal minutes of UTC time, and

AML = minutes and decimal minutes of local time.

Also, the labeled common TIME carries IDG, IDL, IHG, IHL, MG, ML, and TLOC(K)
from main to the subroutine and back.

3.3 Subroutine Vernal

Tis subroutine calcuiates the Zast longitude of the mean Vernal Equinox at
0.0 hour, UT1, on the given cay. This subroutine is taken from Satellite
Il1iumination Prediction Using NORAD 2-Card Element Sets, PA100-74-22. The
equations are:

LPYR = integrai part of (IYR - 1973)/4, where IYR is the current year
D= 365. * (IYR - 1973.) + LPYR + DAY, where DAY is the current day
number

17
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D1 = D + 8400.

ELNG = 260.4867305300 - 9.85647350 * 10™! * p - 2.9015 * 10°'3 * p1 * p)

ELNG is then converted to an angle less than 360° and greater than or equal to
0°. Then ELNG is converted to radian measure and returned.

ELNG is the East longitude of the Vernal Equinox (sometimes called Point of
Aries. In any case, it is the direction of the positive inertial X-axis.)
at 0.0 hour, UTY, whose day number is equal to DAY.

The call is VERNAL(IYR,DAY,ELNG). The inputs are DAY and I1YR, while the
output is ELNG.

Sy Subroutine Block Data

This subroutine initializes the named commons of TIME, CONST, YR, and INPUT.
It is a double precision subroutine.

The common INPUT consists of the variable AI, which has dimension 369 x 5.

It contains the Besselian day numbers A, B, C, D and the Independent Day
number f as contained in The American Ephemeris and Nautical Almamac for this
year. These constants are referenced to the equinox of the beginning of the

year until July 1, when the reference becomes the equinox at the beginning of
next year. (This "year" is actually the "Besselian year", rather than the
"calendar year.") So, in addition to day numbers for every day of the year,
there are day numbers for January 0, December 32, and two sets for July 1.
Except during leap year, the 369th entries are zero for all five variables.
A11 of these numbers are supplied by data statements in this subroutine.

The common TIME has the variables IDG, IDL, IHG, IHL, XMG, XML, TIM, and TLOC.
TLOC has dimension 10. TIM is described in the Section on Main, while the
others are described in the secion on the subroutine TIMEE. Block data is
used to initialize IDG, IDL, IHG, IHL, XMG, and XML to O.

The common YR has the data for the current year. The variables are XMJYR, IYR,
NYR, and July. XMJYR is the modified Julian date of January O of the current

18




year (December 31 of last year). IYR is the year number of the current year,
and NYR is the number of days in tiis year. JULY is Lhe day number (day) of
July 1 for the current year. All of these variabies are initialized via data
statements in BLOCK DATA.

The last common, CONST, contains most of the barth model (WGS-72), time, and
numerical constants used in this program. They are:

PI - the constant 7 (=3.141592653598732D0),

RAD - the number of degrees in @ radian {=57.795779513082D0),

FILM - the number of meters in an Internaticnal foot (=3.048D-1),

EC2 - the eccentricity squared of the Earth through the poles
(=6.6943177780-3 ),

ES - the mean current eccentricity of the Earth's orbit
(=1.6726D-2),

FLAT - the flattening constant of the Earth (=298.2600),

Ae - the average radius ot the Earth in meters (=637813500),

WE - the average spin veiocity of the Earth with respect to
the (moving) mean Vernal Lquinox in radians/second
(=7.292115854680-5) for epoch 19060.0,

CABER - the aberrational conctant of the Sun (=20.49600), and

EPH - the current difference becween Cpnemeris time and UTC
(ET - UTC) in szoonde (EPH can be found on page 7/
of the American Evhoneris and Neutical Almanac for the
sear desired. )

3.5 Subroutine ASOCRK

This is a double precision subroutine whiich converts Right Ascension and
declination to X, Y, Z direction cosines and vice versa. The flag input
is N if " =1, X-Y-7 cosines ‘re converted to Right Ascension and declination.

I N J, then Right Ascension and ueciination are converted tec X-Y-Z cosines.

The call is ASDCRX(X,RAS,DEC . N}, where is a vector of cimension 3. If N =1,
X is the input, and RA. arud DEC avre ik “utputs (RAS is Right Ascension, and DEC

is deciination. ).




Otherwise, RAS and DEC are the inputs while X is the output. N is always
an input.

3.6 Subroutine CNSTNT

This is a double precision subroutine which computes the various constants
needed in the program. Those constants are:

E = tarth's mean obliquity (dihedral angle between the equatorial
plane and Earth's orbital plane - called the ecliptic plane).
This parameter is always referenced to the beginning of the
nearest Besselian year via use of the flag LQ.

XMO - annuc! general! precession in declination, referenced to the
beginning of the Besselian year (similar to E).

The equations for these parameters are:

TAU = IYR - 1900.

IF(LQ.£Q.0) GOTO 3

DB = 15019.81352 + (365.24219879 - 8.56 * 1D-9 * TAU) * TAU - XMJYR
DL = 365.2422 - 1.48D-3 * TAU/8.64D-4

TTO = (¥MJYR - 15019.499995)/3652500

DAY = YMJYR - 15019.813%2 + DB

IF{J.GE.JULY) DAY = DL + DAY

DAY] = DAY + 3.1352D-1 + 5.D-6

TT = DAY/36525.

TET = DAY1/36525.

E = (23.4522944 - 1.30125D-2 * TET - 1.639D-6 * TET * TET
+ 5.028D-7 * (TET **3))/RAD
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XMO = (20.04688D0 - 8.50 D-3 * TT)/FACTOR
ETN = -DTAN(E)
LQ =0

3 CONTINUE

The fiag LQ is reset to LQ = 1 for each run. Above,

DB = days and decimal days from 0.0 hour, ET, January 0, of the
current year to the beginning of the current Besselian year,
DL = length of current Besselian year,

XMJYR = Modified Julian date of January 0 for the current year,

TTO = fraction ot a coemputaticnal tropical century which has elapsed
since the beginning of the Ephermeris Julian year of 1900,

TT = fraction of a computational tropical century which has
elapsed since tne beginning of the Ephemeris Besselian year
of 1900,

TET = T0,

UTC, E, XMO, and LQ were previously defined.

Now the Besselian constants for the current day (day number J) are taken from
Block Data and tranc.erred to the variabies AA, LA, and DZA - all of dimension
5. VA and D2A contain the first and second differences, respectively, of the
sesselian constants At oY these variables are in radians, radians/day, or

2
3 rxdiAns/dayz, as y=Te .0€e equaticns are:

Jl = 4Jd + ,

IF (J.GE. Juiy) Jt! = Ji + |
AA(I) = AL(J1.I)/Factor; [ = 1,5

Now + = "% repiescct ti: c. ~nt fay '-1" yescerday, and "1" tomorrow.
T.en:

DA(O) = Af 1) - AA(O,

GlA(L = A1) + GA(-T) - 2. * AA(0) for the five AA( )'s

21




Also, AA(I), and D2A(I) are calculated for day J + 1 and named AAP,
and D2AP, respectively, but DAP = DA.

These constants are used in the following manner. Let XL = fraction of day J
for which look angles are calculated. Then:

C(1) = AA(I) + DA(I) * XL + D2A(I) * XL * XL/2., I = 1,5

if XL is less than or equal to 1/2. Otherwise,

C(I) = AAP(I) - DAP(I) * (1 - XL) +
D2AP(I) * (1 - XL) * (1 - XL)/2., 1 = 1,5

This computation is accomplished in the MAIN program.

Due to the discontinuity at July 1 and the end of the year, the AAP, DAP, and
D2AP vectors are reset for those two days.

IF ((J.NE.(July - 1).AND.(J.NE.NYR)) GOTO 2

AAP(T) = AA(I)

DAP(I) = -DA(I)

D2AP(I) = D2A(I)
2 CONTINUE.

Also, in MAIN, XL is used past XL = 1/2 instead of using 1 - XL.

Finally, tne parameters EQFE, DEFE, and DW are calculated. These are:

EOFE = "Equation of Equinoxes" (difference between mean and apparent
Vernal Equinox at 0.0 hour, UTC),

NEFE = difference in EOFE from day J to day J+1, and

DW = secular change in Earth spin rate.
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The equations are:

TT1 = TT0 + J/36525D0
TTAU = (J - DB)/365.242200
TTAUI = TTAU + 1./365.242200

IF (J.GE.JULY) TTAU = TTAU - DL/365.242200
IF (J.GE.JULY) TTAU1 = TTAUl - DL/365.2422D0

XM = XMO * TTAU

XM1 = XMO * TTAUI

EOFE = (AA(1) - XM)/ETN
EQOFET = (AAP(1) - XM1)/ETN
DEFE = EOFE1 - EQFE

DW = 4.28 * 1D-15 * TT]

Note that AA(1) is the Besselian Day Number A.

The call to CNSTNT is CNSTNT(J,E,DW,EOFE,DEFE).
The only input here is J, the day number. Other inputs obtained from
common are:

Common CONST - the constant RAD,
Common YR - the yearly constants,
Common INPUT - the Besselian Day Numbers, and

Common (unnained) - the variables FACTOR, DSN1, and LQ.

FACTOR is the number of arcseconds in a radian, while DSN1 is the double
precision sine of an arcsecond.

Outputs are E, DW, EOFE, and DEFE. Also, the current Besselian Day Numbers
and those for the succeeding day, together with their first and second
differences, are passed through the named common NOW. The fraction of a
tropical year which has elapsed (will elapse) since the beginning of the
nearest Besselian year, TTAU, is passed through the unnamed common.
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There is a second entry to CNSTNT, called CNSTJ. The call is
CNSTJ(J,1J,RAS,DEC,XJJ,XJP). The inputs are:

J - the current day number;

IJ - set in MAIN, IJ = -1 if the star declination is negative,
IJ = +]1 otherwise;

RAS - updated mean Right Ascension of star; and

DEC - updated mean declination of star.

The outputs (in units of radians) are:
XJJ - the 2"

XJP - the 2"

order correction to Right Ascension, and

order correction to declination.

The equations are:

P1 = (A(J)+IJ*D(J))*DSIN(RAS)+(B(J)+1J*C(J))*DCOS(RAS)
P2 = (A(J)+I1J*D(J))*DCOS(RAS)-(B(J)+IJ*C(J))*DSIN(RAS)
XJJ = P1*P2*DSN1/FACTOR

XJP = -P1*P1*DSN1/(2.*FACTOR)

Above, A(J), B(J), C(J), and D(J) are the Besselian day numbers A, B, C, and
D for day J.

37 Subroutine OCT

This subroutine changes degrees into octal encoder readout. Some explanation
of encoder readout is required. The encoder has a set number of "bits" -
say, 17. Each bit is binary (either on or off). The first bit (reading
from left to right) is "1" if the angle is above 180°. Otherwise, it is

"0". The second bit is "1" if the angle (or the remainder of angle -180° if
bit 1 = 1) is above 90° (90 = 180/2), otherwise it is "0". The third bit

is "1" if the angle (for the appropriate remainder) is above 45° (45 = 90/2)
and is "0" otherwise. This process continues down to the least significant
bit (LSB). In this case, the 17th bit = 9.89 arcseconds. See Table 1A for
a short summary of LSB values for popular bit configurations.
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TABLE 1A
Short Table of LSB's for Common Angle Encoder Bit Configurations

BIT # LSB
ARCSECONDS MILS I
13 158.202 0.7825
15 39.548 0.19531
17 9.889 0.04883
19 2.473 0.01221
21 0.619 0.00305
23 0.155 0.00076
After determining the binary bit number, every set of three starting with
the LSB is changed to octal. As an example, let us change the following
angle to 17 bit octal representation.
TABLE 1B
Computation of Binary 17-Bit Representation
Angle = 123.426°
BIT # VALUE REMAINDER
1 0 123.426
2 ¢ 1 43.426
3 0 43.426
4 1 20.926
5 1 9.676
6 1 4.051
7 1 1.2385
8 0 1.2385
9 1 0.535375
10 1 0.183812
1 1 0.008031
12 0 0.008031
13 0 0.008031
14 0 0.008031
15 0 0.008031
16 1 0.002538
17 0 0.002538
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The binary value, in groups of 3, is: 01 011 110 111 000 010. The octal
representation of that number is 136702.

The process as shown above is similar to the process used in OCT. First, there
is a second entry called OCTO. The call is OCTO(IBITE). The input is IBITE,
the number of encoder bits, read from the station card. If IBITE = 0, this call
is skipped. In OCTO the number of groups of three are determined, as are the
number of bits in the first set (3, 2, or 1). The division for the first group
of three is thus determined (180° if the number in the first set is 3, 90° if
it is 1, and 45° if it is 2). Several other flags are also set to be used

when OCT is called.

The call for OCT is OCT(X,IOUT), where X is the input - a double precision
number in decimal degrees - and IOUT is the octal (integer) representation.
The heart of OCT is the double DO loop shown below.

DO 6 K = LO, L
D05J=1,3
R= 2,85

IF(XF.GE.(DIV/R)) IBIT(K) = IBIT(K) + (8./R)
5 IF(XF.GE.(DIV/R)) XF = XF - (DIV/R)
6 DIV = DIV/8D0

Above, XF is the remainder passed into this loop after processing the odd number
of front-end bits. DIV, LO, and L are set in OCTO. The vector IBIT stores the
result. IBIT is zeroed on entry into OCT.

After this processing is complete, the remainder is checked to see if it is
greater or equal to three-fourths the LSB. If so, the last octal number is
increased by 1. (The number "3/4" is an "engineering" choice based on the

inherent noise in the LSB of most encoders. A mathematical choice would be
"\/2",)
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If the smallest octal integer is increased, it is checked to see if it is 8.
If so, it is zeroed and the next smallest integer is increased by one. This
continues until an integer is reached which is not 8 after increase or until
the first integer is increased. It is then checked to see if the number is
equivalent to zero in octal representation. If so, the entire number is
zeroed. Figure 2 shows an example of many types of octal output. Figure 3
shows four examples in the Azimuth Octal column of the roundup portion of the
subroutine.

Finally, the single-digit integers in the vector IBIT are converted into a
multi-digit integer. This number is IOUT. IF X, the input, is negative,
then IOUT is multiplied by -1.
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4.0 EFFECT OF CORRECTIONS AND APPROXIMATIONS

In this section the effect of the various corrections to the mean star
position (transformation from "mean" to "apparent") and to the apparent

star position (transformation from "apparent" to "look angles") will be
discussed. This section consists of self comparisons of the verified program.
[ts purpose is to establish a basis for estimating the numerical "size"

of various corrections before discussing verification efforts. These com-
parison were made by use of the "degrees" output, which has a LSB of 0.00001
degrees or 0.036 arcseconds. Hence, the tables in this report only show
changes of about 0.04 arcseconds or more. This step size is only in the
orintout and not in the computer processing.

4.1 Transformation from “MEAN" to "“APPARENT"
The transformations here, in order of use, are:

a. Mean motion is corrected for "proper motion" with respect
to the mean equator and equinox of the nearest Besselian New
Year;

b. The rectangular coordinates are corrected for "annual"
aberration;

c. The rectangular coordinates are transformed to the "true"
equinox and "true" equator of date (precession-nutation corrections);

d. The annual parallax correction (transformation from heliocen -
tric to geodetic coordinates) is introduced; and

e. Second order corrections caused by cross-terms involving
aberration corrections for a fixed star system and precession -
nutation corrections for a moving star system are introduced.

The assumptions involved are:

a. No star has a declination of exactly + 90°.

b. Second order proper motion corrections are ignored.

This is tenable because the largest corrections used here
cover only 1/2 year, while second order proper motion correc-
tions are on the order of 0.01 arcsecond/tropical century.
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c. "“Small angle" approximation (sin(X) = X and cos(X) = 1.-X2/2..
where X 1s in radians and all second order terms are omitted in

the final computation) is used throughout this program, particularly
in the precession-nutation computation. Replacement of these
approximations by actual sines and cosines resulted in no difference
to the order desired (5x10'3 arcseconds).

d. The parallax correction is omitted if m < 0.01 arcseconds.
Also, this correction is assumed constant over a day's period.
Again, the error is less than 5x10™3 arcseconds.

e. One can also introduce second order errors for the precession-
nutation transformation (see reference 1, p. 370). However, there
is no evidence that this is required for 0.01 arcsecond accuracy.

f. Corrections for the Earth's elliptic terms are not used. These
corrections amount to 0.001 arcsecond/tropical century and are not
significant. |

g. Additional assumptions are:

1. The motion of the Earth lies in the ecliptic;
2. Second order effects of aberration are negligible; and

3. “Light" time and "secular" aberration are never corrected
(for stars).

The following effects are arranged in order of decreasing effect. The process
followed is to compare outputs run from a deck with all effects "zeroed out"
if against a program run with all effects "zeroed out" except the stated effect.
1 The effects are:

F Diurral aberration;

Update of Besselian constants by first and second differences;

upaeie of Besselian constants about a period of [0,1] instead
o7 o period of [-1/2, 1/2] - the fractions refer to "days";
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Update of Besselian constants using first differences only;

Linear update of Equation of Equinoxes;
Second order calculations (J and J' numbers); and

Secular change to Earth spin rate.
4.2 Diurnal Aberration

The order of all the tables will be "corrected - uncorrected."

Table 3 below is "Diurn Corrected" - "Std." Table 2 lists the input

data, which is the same for the following tables, except for day of run.

For Table 3 the "rough" azimuth and elevation for the "std" run are listed
for help in interpreting the data. The other tables for this same day would
have the same "rough" pointing angles.

TABLE 2
Input Data for Runs Used in Section 4

Latitude (site) = 37.4958° N

Longitude (site) = 237.4961° E

Height above ellipsoid = 0. ft.

Astronomic latitude - Geodetic latitude = 0.
Astronomic longitude - Geodetic longitude = 0.
Minimum printed elevation = 0.°

Star Name = ALFA BETA

Star Mean declination = 56°24'22"

Star Mean Right Ascension = 99°47'1,5"(6 hours,39 min,8.1 sec)
Star Epoch = 1976.0

| Month and Day of Run = 1/1 GMT

Note that the DIURN parameter (in arcseconds) is:

DIURN = 3.198D-1*(AEL+HT)*DCOS(DLAT),

where (AEL + HT) is the distance (in standard Earth radii) from the site
to the Earth's center and DLAT is the geodetic latitude. This parameter
has a maximum of 0.32 arcseconds for HT = 0 ft. and DLAT = 0°.

+ Not listed in most star catalogs.
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:00-1/1
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00
:00-1/2
:00

Az
degrees
35.
39.
43.
44,
43.
38.
26.
4.
340.
325.
318.
316.
317.
320.
324.
329.
337.
343.
351.
359.

15.
23.
29.
35.

TABLE 3
Diurnal Aberration Test

.18
Ll
22
- e9
.32
.40
.47
.43
<22
.07

.04

.04
.04
.04
.07
.07
.14
1
.14
.18
.18
.18
.18

Azimuth Diff.
arcseconds
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El Elevation Diff.
degrees arcseconds
a2. -.18
9. -.14
37. -.14
45. -.14
54. -.07
61. -.N
68. -1
7. -.18
69. -.22
64. -.25
56. -.25
48. -.25
39. -.25
31. -.25
24. -.22
17. -.22
12. -.22
8. -.18
5. -.18
4, -.18
5. -.18
7. -.18
11. -.18
16. -.18
22. -.14




4.3 Upddte of Besselian Constants
The second effect studied is the use of first and second differences to
update the Besselian constants. In Table 4 the differences between "usual" -

“no update" are recorded. Note that these differences are large enough to
require interpolation for high accuracy work.

TABLE 4
Test for Full Updating of Besselian Constants

; Time Azimuth Diff. Elevation Diff.
j GMT arcseconds arcseconds
? 1:00-1/1 0. 0.
? 2:00 -.04 0.
: 3:00 -.04 -.04
§ 4:00 -.08 -.08
; 5:00 -.07 -.04
| 6:00 -.04 -.07
; 7:00 +.04 -.07
i 8:00 +.18 -.N
g 9:00 +.29 -.04
i 10:00 +.29 .06
1 11:00 +.22 +.04
i 12:00 +.14 +1
13:00 +.11 +.14
14:00 +.04 +.18
| 15:00 +.04 +.18
16:00 0. +.18
17:00 -.04 +.1C
18:00 -.07 +.22 i
19:00 -.14 +.18 |
20:00 -.18 +.18 ?
i 21:00 -.22 +.14 1
i 22:00 -.25 +.1 H
: 23:00 -.29 +.04
| 0:00-1/2 0. 0.
| 1:00 0. 0.
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Below, Table 5 records the differences between the look-angles produced by
the usual update method (update interval being [-1/2, + 1/2) in terms of

days about the midnight of the interpolated day) to those produced by
use of an interpolation period of [0,1).

second differences) and the values produced by use of first differences only.
Again, the differences are recorded in the sense "first only" -

Time
GMT

:00-1/1

— ot — i

N~ O W N W N
o
(]

—
w
o
o

Sl P LS. Gyl T
) N G N Y O
o
o

22:00

25:00

1:00

TABLE 5

Test for Updating of Besselian Constants,
Change of Usual Interpolation Interval

Azimuth Diff.

arcseconds

0.

£ 0 0O QO 0 & B O 0 QO O 0 © 0O O ©

L= M= B S

.04
.04

.14
.18
Ol
4 &9

35

Elevation Diff.
arcseconds

The differences are "[0,1) period" -
"usual”. Table 6 records the differences between the usual method (first and

"usual."
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0
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.14
11
.07




TABLE 6
Test for Updating of Besselian Constants, ,
1st Differences Only |

Time Azimuth Diff. Elevation Diff.
GMT arcseconds arcseconds
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From Table 5 one can observe that the differences increase with time.
Also, in the original runs the differences decreased with smaller
elevation angle. Note that these differences are much larger than those
caused by omitting the second order interpolation. The differences caused
by use of second order interpolation as seen in Table 6 are small. These
differences will rarely be significant. See the graph of second order
coefficient values in the next section.
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4.4 Small Effects

A. Linear Change to Equation of Equinoxes

The parameter known as Equation of Equinoxes is the difference between the
mean longitude of the Vernal Equinox at 0:00 hour, UT1, and the “"True"
longitude (i.e., inclusion of periodic terms). This difference is on the
order of 0.8 seconds and changes by about .005 seconds per day. Since the
updated Besselian constants transform the coordinates to the instantaneous
"true" equinox, the Earth spin must be referenced to that same equinox.
This is achieved by the following equations:

EOFE2 = EOFE + DEFE * XL11

ELNG = ELNGO + EOQFE2
where

ELNG = "True" longitude of the Vernal Equinox,
ELNGO = "Mean" longitude of the Vernal Equinox,
EOFE = "True" - "Mean" longitude at the same epoch,

DEFE = first difference of EOFE (per day),
XL11 = fraction of elapsed day since 0:00 hour (UT1 time), and
EQFE2

updated Equation of Equinoxes.

The differences between Equation of Equinox "Corrected" minus "Standard"
(no corrections) as reflected in the look angles are listed in Table 7.
A hand chezk o7 the 2nd differences for the Equation of Equinoxes showed
cnac their size aid not warrant their use in this program.
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TABLE 7
Test for Linear Update to Equation of Equinoxes

Time Azimuth Diff. Elevation Diff. 1
GMT arcseconds arcseconds

1:00-1/1 0. 0. :
2:00 0. j
3:00 +.04 0 :
4:00 +.04 0.

5:00 -.04 +.04

6:00 -.04 0.

7:00 -.04 0

8:00 -.07 0

9:00 -.04 0.

10:00 -.04 -.04

11:00 0. -.04

H 12:00 0. 0.

13:00 0. -.04

14:00 0. -.04

15:00 +.04 -.04

16:00 +.04 -.04

17:00 +.04 -.04

18:00 +.04 -.04

19:00 +.04 0.
20:00 +.07 0.
21:00 +.07 0.
22:00 +.04 +.04
23:00 +.04 +.04

0:00-1/2 0. 0.

1:00 0. 0.
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B. Earth Spin Rate Changes

The second small change is in the Earth's spin rates. The constant part,
WE, is the value for epoch 1900. There is a secular increase, DW, whose
value is:

T = time in days since 1900
TT = T/36525
DW = 4.29 D-15 * TT in radians/second

Then the corrected spin rate (relative to the moving Vernal Equinox)
is:

WED1 = WE + DW
Hére, WE = 7.29211585468 * 10°° radians/second, and
DW ~ 3.25 * 10714 for 1976.

However, there is another correction due to polar motion. This is a scale
factor of the form:

WED = WED1 * (1. + DUTDOT)
where DUTDOT is the rate of change of UT! in the dimensionless form of

days/day. DUTDOT is preset to -2.0 milliseconds/day (unless changed by
polar motion corrections). Hence,

DUTOOT = -2.0 milliseconds/day = -2.3 * 10°® days/day, and
1. + DUTDOT = .999999977.

I7 pa. <.Cusar, WED - WEDI = -2.79 * 10™!! radians/second. Hence, the

£.o.ncipal erfort is that of the motion of the spin axis (polar motion
‘@) at the present time. The secular change is, or course, progressive.
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The effect of this on look angles amounts to no more than 0.04 arcseconds
during any day. See Tahle 8 for a list of these differences (“corrected" -
"uncovrected", as usual).

TABLE 8
Test for Correction to Earth Spin Rate

Time Az. Diff. El. Biff. Time Az. Diff. El. Diff.
GMT _ _arcsec. _arcsec. GMT _ _arcsec. _arcsec.
1001/ 0. 0. 13:00 0. 0.
2:00 0. 0. 14:00 -.04 +.04
2:00 0. 0. 15:00 0. +.04
4:00 0. 0. 16:00 0. 0.
500 0. 0. 17:00 0. 0.
6:00 0. 0. 18:00 0. 0.
7:00 +.04 0. 19:00 -.04 0.
8:00 +.04 0. 20:00 0. 0.
9:00 +.04 0. 21:00 0. 0.
10:00 +.04 0. 22:00 -.04 0.
11:00 +.04 +.04 23:00 -.04 -.0a
12:00 0. 0. 0:00-1/2 0. :
1:00 0. 0.
& Ca snd Order Effects

The second order effects are the cross-terms between aberration corrections
performed in a fixed coordinate system and nutation effects, which occur in

a moving coordinate system. These effects are very small except for stars

at high declination angles. In the case considered above the effect on azimuth
is, at most, .04 arcseconds for, on the average, one point per day. However,
in Table 9 below, based on a Right Ascension of 21 hours for day 26, 1976,

it is shown how this effect grows. For stars with declination below 60°
absolute value, second order corrections need not be applied.
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Declination
degrees

10
20
30
40
50
60
70
80
89
-10
-20
-30
-40
-50
-60
-70
-80
-89

TABLE 9
Table of 2nd Order Effects Versus Star Declination

Rt. Asc. Correction
arcseconds

+ + + + + + + +

+
—

.00004
.00018
.00044
.00093
.00188
.00396
.00997
.04250
. 33669
.00002
.00006
.00016
.00035
.00070
.00147
.00370
.01576
.60842

4]

Dec. Correction
arcseconds

-.00017
-.00035
-.00056
-.00081
-.00115
-.00167
-.00264
-.00546
-.05513
+.00016
+.00032
+.00051
+.00074
+.00105
+.00153
+.00243
+.00501
+.05061




D. Total Small Efforts

Table 10 below portrays the differences between the uncorrected data and the
data with all three small effects corrected. Again, the differences are
"corrected" - "uncorrected".

TABLE 10
Test for Total Small Errors Effects

Time Azimuth Diff. Elevation Diff.
GMT arcseconds arcseconds

:00-1/1
100
:00
100
:00
100
:00
100
:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
12:00
20:00
21:00

.04
.04
.04

0 w1 BT ) N e
QE SO OO

.04
.04

[ BN = MR o B o= N - S BT = [ = R = M o)

.04

e A SV S5 A S S Ao 35 31 LA

0 0 9 80 &

.04
.04
.04

T —————

.04

e bbbt A

.04
.04

.04

P & * + © o b O OO OO,

1 .04
| 0:00-1/2
' 1:00

SO O & &

e
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Effect of Proper Motion and Parallax

A. Parallax

This correction is, in general, small. In fact, it can almost always be

neglected if unknown. The known values on parallax can be found in the

Yale University Catalog and its supplements. A copy is in the possession

of Dr. George Sinclair at FEC/Performance Analysis Department. 1§

The largest parallax known has a value of ( 762 arcseconds. However, only 66
stars have parallaxes greater than or equal to 0.100 arcseconds. Further, the
largest negative parallax is -.057 arcseconds. In Table 11, runs with these ,
two parallaxes are compared against a run with no parallax. Again, "difference" = ?
"corrected" - "uncorrected". !

One should note that, in the expression for parallax correction (written below
in rectangular coordinates), it is assumed that the Earth's orbit is circular

and unperturbed and that the Besselian numbers C and D are referenced to the
Sun's center. Actually, the Besselian numbers C and D are referenced to the
barycenter of the solar system (approximately). However, these corrections,
when multiplied by the parallax, are effectively of third order and can be
neglected. The equations mentioned above are:

PR
AX = C*PAR/(CABER*DCOS(E))
AY = D*DCOS(E)*PAR/CABER
AZ = AY*DTAN(E)
where,
CABER = 20.496 arcseconds = solar aberration constant,
. = mean obliquity of Earth, referenced to nearest Besselian New Year,
PAK = parallax, and

Besselian constants for this day.




TABLE 11
Effect of Parallax Correctiaons

Parallax = +.752 Parallax = -.057 Parallax = +.1
Tine Az. Diff. El. Diff. Az. Diff. El. Diff. Az. Diff. E1. Diff.
GMT arcsecond  arcsecond arcsecond  arcsecond arcsecond arcsecond
1:00-1/1  -.36 %, 25 .04 0. -.04 +.04
2:00 -.43 +.18 +.04 0. -.07 +.04
3:00 -.50 +. 11 +.07 0. -.04 0.
4:00 -.58 0. +.07 0. -.07 0.
5:00 -.72 -.04 +.04 +.04 -.1 0.
6:00 -.79 -.18 +.04 0. -.11 -.04
7:00 -.72 -.30 & O +.04 -.Nn -.04
8:00 -.14 -.43 0. 0. -.04 -.07
9:00 +.58 -.36 -.04 +.04 +.07 -.04
10:10 +.79 -.25 -.04 0. +.11 -.04
11:00 +. 72 .14 -.04 0. +.11 - -.04
12:00 +.61 0. -.07 0. +.07 0.
13:00 +.54 +.07 -.04 0. +.07
14:00 +.43 +. 14 -.04 0. +.04 +.04
15:00 +.40 e -.04 0. +.04 +.04
16:00 +.30 +.29 -.04 -.04 +.04 +.04
17:00 %, 22 +,30 0. -.04 +.04 +.04
18:00 +.18 +.36 ‘ -.04 +.04 +.04
19:00 +. 1 +.4C -.04 -.04 0. +.04
20:00 +.04 +.43 0. -.04 0. +.07
21:00 -.07 +.43 0. -.04 0. +.07
22:00 -.18 +.40 0. 0. -.04 +.07
23:00 -.25 +.36 0. -.04 -.04 +.04
0:00-1/2 -.29 +.29 +.04 -.04 -.04 +.04
1:00 -.36 +.25 +.04 0. -.04 +.04

Note above that the corrections are larger than the design accuracy of 0.01

arcseconds. Hence, if the parailax is known, it should be used in STAR1 runs.
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B. Effect of Proper Motion

Proper motion changes the mean coordinates of the star over a year's period.
Hence, there will be no effect from proper motion at the beginning and end

of the year, and there will be a maximum effect at July 1 (mid-year). Note,
here, that the reference epoch is changed at July 1 so that the size of the
annual effects are minimized. Table 12 lists the differences ("run with
proper motion" - "std".) for various combinations of proper motions, all
large, on day 182. So, this table can be considered a table of "worst" cases.
UR and UD are listed in arcseconds/tropical year.

Note the size of the differences. In order to preserve the accuracy standards
of this program, proper motion corrections must be included if either UR or UD

is larger than 0.1 arcseconds/tropical year and if the month of the run time
is between March and October.
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4.6 Effect of UT1 Correction

A. Values of Polar Motion Coefficients

The polar motion phenomena can be represented by three numbers. The first is
the difference in time = "UT1" - "UTC" (in seconds). The last two refer to the
offset of the pole from the CIC (Conventional International Origin) along the

X and Y axis of the tangent plane. These offsets are in arcseconds. Sets

of these numbers are available in the "US Naval Observatory Bulletin"

(Series 7), "BIH Circular D119", and "Monthly Notes of the International

Polar Motion Service." Preliminary estimates (before epoch) are:

1. DUT1 correction. (Time only); accurate to +.05 seconds (with
respect to other preliminary estimates). This is changed monthly.

2. Estimate correction. This is a time equation, good for 60 days
and available from the Series 7 bulletin.

3. Extrapolated correction. Time only; this is a daily estimate
for a week, and is available one week ahead. The rate of change
of UT1 - UTC (in milliseconds/day) is also available in this table
of estimates.

Measured values available are:

1. USNO Rapid Service. Daily values of UT1 - UTC, X, and Y for
a week, available one week after the epoch. This is obtained from
satellite tracking.

2. BIH (Bureau International de 1'Heure) values. Values of

uTl - UTC, X, and Y are available for every 5 days covering a
month. These values are both raw and smoothed. They are available
one month late. These values are obtained from both satellite
tracking and astronomic latitude data.

3. DPMS (Doppler Polar Monitoring Service). Values of X and Y,
available every 5 days, approximately two weeks late. These values
are obtained from doppler tracking of satellites. Use the Rapid
Service time (UT1 - UTC) or the BIH raw time with these values.
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4. IPMS (International Polar Motion Service). Values of X and Y,
available about every 18 days (every 0.05 year based on the Besselian
year) These values are both final (about 1/3 year late) and preliminary
(about 1/4 year late). The values are based on a multistation solution
using observations from about 50 astronomical latitude observatories.

5. ILS (International Latitude Service). Values of X and Y, available
for every 0.05 part of the Besselian year. These values are about 1/3
year late. They are a weighted average of the values from 6 specific
astronomical latitude observatories. The BIH smooth times should be
used here and with source 4 above.

For comparison purposes, Tables 13, 14, and 15 show the various values at 4 times
during 1976. A1l values in Tables 13 and 14 are "UT1" - "UTC".

TABLE 13
Preliminary Times for Use in Polar Motion Tests

: Extrapolated Estimated oum DUTDOT*

g Date ¢ seconds seconds seconds milliseconds/day -
2/1 +.626 +.636 +.6 -2.5

: 4/1 +.470 +.454 +.4 -3.3

3 /1 +.182 +.179 *.2 -2.7

] 10/1 -.044 -.047 -.1 -3.0

* DUTDOT is the rate of change of "UT! - UTC"

TABLE 14
Final Times for Use in Polar Motion Tests

) Rapid Service BIH - Raw BIH - Smooth
i Date seconds seconds seconds
; 2/ +.6417 +.6399 +.6393
g 4/1 +.4587 +.4575 +.4570
: "N +.1862 +.1880 +.1865

j 10/1 -.0510 -.0518 -.0509
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The followiry comparison runs were made.
Time Oniy Time, X, Y
1. Extrapolated 8. Rapid Service Values
2. Estimated 9. BIH Smoothed Values
3.. DUTi} 10. BIH Raw Values
4. Rapid Service Time 11. DPMS, BIH (Raw) Time Values
5. BIH (Raw) Time 12. DPMS, BIH (Smoothed) Time Values
6. BIH (Smoothed) Time 13. ILS, BIH (Smoothed) Time Values
7. No Correction 14. 1PMS, BIH (Smoothed) Time Values

The first and most important comparison will be between the uncorrected or
"std" run and both Rapid Service runs (with and without X, Y, values).

The DUTT corrected run is also compared. This comparison is shown in Table 16
in the sense "Rapid Service" - "Std." and "“DUTI" - "Std.".

s I 21,

TABLE 16
Comparison of Polar Motion Corrected Data with Uncorrecced Data

% RS (Time only) RS (Time, X, Y) DuTl
Az EL Az EL Az EL
! Time arcseconds arcseconds arcseconds
{ 1:00-1/1 -.25 -.30 -.60 -.30 -.50 -.68
§ 4:00 0. -.40 -.40 -.40 -.04 -.83
/| 7:00 +.83 -.25 +.43 =95 W -.50
! 10:00 +.50 -.30 +.11 -.30 +1.04 +.04
§ 13:00 1 .40 -.50 +.40 -2 +.83
{ 16:00 -.29 +.29 -.68 +.29 -.58 +.61
% 19:00 -.40 £ -.79 £ -.83 +.18
; 22:00 -.40 -.14 -.79 -.14 -.79 -.29
23:30 -.30 -.25 - 72 -.25 -.68 -.50

As can be seen, the DUTT correction may overcorrect as much as 1.5 arcseconds.
In runs such as these the Estimated correction is the best long-term correction
available.
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Let us compare the RS (Time Only) run against ihe other time runs (1, 2, 5,

and 6). There will be little difference in the results, tabulated in Table 17

in the sense “Rkun" - "RS". The results of the other runs with X, Y data (numbers
9 to 14) will also be compared with the "RS with X, Y data" run. This comparison
is listed in Table 18 in the same sense (“Run" - "RS"). Again, there is little
difference in the effect of the uiiterent data. Finally, tnhe data from runs

with X, Y data will be differenced with data from runs with only time corrections
(the same as used for the X, Y run). These differences are listed in Table 19

in the sense "Run with X, Y" - "Run with time only". These differences are in
the azimuth channel only. Note that the ditTference simulates a simple bias.

The input values for time errors for the various runs are iisted below.

Values Used

DUTDOT = -3.7 milliseconds/day

Type Extrap Estim. DUT1 Rpd. Srv. Raw °\% Smooth DPMS IPMS  ILS
Time (seconds) -.041 -.04037 -.1 -.0476 -.04876 -.04766 - — -
X (arcseconds) - - - +.,272 +,217 +.2448  +.1408 +.215 +.145
Y (arcseconds) - - - +.161 +.1526 +.i1606 +.1538 +.172 +.145

TABLE 17
Comparison of the Effects of Time Estimates of Polar Motion
Extrap Time Estimated Time BiH Time (Raw) BIH Time (Smooth) DUT1

Date AZ EL Az EL AL EL AZ EL AZ EL
UTC arcseconds arcseconds arcseconds arcseconds arcseconds
1:00-1/1 -.04 +.04 +.04  +.07 C. 0. 0. 0. -.25 -.36
4:00 0. +.04 0. +.04 0. 0. C. 0. -.04 -.43
7:00 =11 +.04 -.14  +.04 0. 0. 0. 0. .9 =25
10:00 -.07 -.04 -.07 -.04 0. 0. 0. 0. +.54 +.36
13:00 +.04 -.07 +.04 -.07 0. 0. 0. 0. =11 +.43
16:00 +.04 -.04 +.07 -.04 0. 0. C. Q. -.29 +.30
19:00 +.04 -.048 +.07 -.04 0. 0. 0. 0. -.43  +.07
22:00 +.07 +.04 +.07 +.04 0. 0. 0. 0. -.40 -.14
23:30 +.04 +.04 +.04 +.07 0. 0. 0. 0. -.36 -.25

Only the DUT1 correction produced large differences from tne Rapid Service
post-epoch data. For precision work the DUT1 correction can not be used.
Note also, from Tabie 16, that failure to correct polar motion causes
relatively large errors.
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C. Comments

In view of Table 16, DUT1 should not be used in this program. For best
results use the Extrapolated values for the day in question. The Estimated
value (good for 60 days in advance) will also produce good results.

For post-epoch work the Rapid Service values are as good as any. However,

in view of the differences shown in Table 14 for different epochs, the

Rapid Service values must be checked for the occurrence of large differences
between these values and the refined BIH raw values. The smoothed BIH values
might be better for some applications such as long-term studies.

The various values of X, Y available, with the exception of the ILS values
(which should be used only with studies requiring data available before 1965),
are almost equal. In particular, the difference between any two modulii

( =\J (x2 + yz)) is on the order of .05 arcseconds. Due to the interpolation
required, the IPMS values are less accurate than the BIH, or DPMS, or Rapid
Service data near the middle of an interpolation period.

4.7 Refraction Correction

Provision has been made in STAR1 to accommodate different refraction subroutines.
However, only a simple algorithm (Refrac Method #1) has been implemented. In
Table 20, a typical example is shown. As usual, Delta = EL (refracted) -
EL(true). EL(true) is also listed. There is no azimuth correction in this
model. The refraction equation+ is given below, followed by Table 20.

EL(refracted) = EL(true) + 2.73D-4*RAD/DTAN(EL(true))

The above equation is good for optical refraction. For RF refraction,
replace "2.73" with "3.36".

i The experience at WTR with this equation indicates it is surprisingly
accurate at elevations above 15°. The two numerical values can be computed
from formulas (for N x 10'6) on pages 2 and 3 of: Landry, P.M. and Parks,
L.D.; "Atmospheric Refraction Effects on Tracking System Data"; APGC Tech.
Rpt. #APGC-TDR-63-28 (1963). Input values are: T = 62°F, e = 15 mb,

P = 1008 mb (effective height of 250 meters).
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Comparison of Refraction

TABLE 20

Corrected Data with Uncorrected Data

EL (True)

Time degrees
1:00-1/1 41.11157
2:00 33.04827
3:00 25.50169
4:00 18.72165
5:00 12.95303
6:00 8.43667
7:00 5.39193
8:00 3.98658
9:00 4.30438
10:00 6.32602
11:00 9.93365
12:00 14.93664
13:00 21.10474
14:00 28.19450
15:00 35.96043
16:00 44.14615
17:00 52.44546
18:00 60.39787
19:00 67.12341
20:00 70.87796
21:00 69.76861
22:00 64.45318
23:00 57.04342
4.8 Change in Apparent Position

arcminutes ,arcseconds

Delta

+1!
1
"
2
4
6'
9!
13
12'
8
5

2'
]l
"l

4.53"
25.09"
58.06"
46.14"

4.82"
19.63"
56.61"
28.00"
28.13"
27.93"
21.55"
31.07"
25.87"
45.04"
17.60"
58.03"
43.32"
31.37"
23.75"
19.80"
20.74"
26.91"
36.51"

The final result treated in this section is the change in apparent star
position over a short time period. Table 21 below has a comparison of

apparent star positions of the same star over 1/2 hour intervals.

It is

clear from this table that, for high accuracy, the apparent position must
be updated to the time of look angle computation rather than daily.
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2:30
3:00
3:30

Declination (1:00) - Declination (3:30) = 0.0098 arcseconds

TABLE 21

Effect of Apparent Position Updating

Declination
Degrees Min  Seconds
-8 13 21.9350
-8 13 21.9330
-8 13 21.9310
-8 13 21.9291
-8 13 21.9271
-8 13 21.9252

Right Ascension

Hours Min Seconds
+5 13 23.1345
+5 13 23.1342
+5 13 23.1338
+5 13 23.1335
+5 13 23.1331
+5 13 23.1328

RT. Ascension (1:00) - RT. Ascension (3:30) = 0.0017 seconds = 0.0255 arcseconds
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VERIFICATION OF SUBROUTINES

5.0 INTRODUCTION

The subroutines used in STAR1 were verified by direct calculation and comparison

for the simple subroutines MV, TIMEE, GCT, OCTO, and ASDCRK. Simple debug
runs of both TIMEE and MV are listed below. ASDCRK, OCT, and OCTO require
special consideration. The remaining routines were previously verified
(VERNAL), required no verification (BLOCK DATA), or (for CNSTNT or CNSTJ)
will be verified by comparison with data from reference 6 (hereafter called
AENA).

5.1 Verification of MV and TIMEE

MV multiples the matrices Q and V to obtain the matrix 0. The matrix Q is
a 3x3 matrix and V and 0 are 3x1 vectors. In this case,

0.19995884687

V= | 0.96921698587 | and
-0.14315545789
. -1.1271198623 x 10°%  -4.8937153183 x 10
: Q= | 1.1271198623 x 167% 1. 2.9917810259 x 10
: 4.8937153183 x 107° -2.9917810259 x 10™°> 1.
The results are:
My Calc. Di ff.

0(1) = 0.1998566106 0.1998566101 -5 x 10-19

0(2) = 0.9692352415 0.9692352408 -7 x 10719

0(3) = -0.143176693 -0.1431746693 0.

where DIFF = Calc. - MV. The difference is due to roundoff and lack of
precision in the calculated portion. The MV column above is taken from
the computer printout.
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We will similarly verify TIMEE. ThHe TIMEE column is taken from a computer
printout. Below, the difference between GMT and local time is +8 hours.

Variable TIMEE calc.
LD 2 2
LS 3600 3600
106 2 2
GH 1.0 3600/3600 = 1.0
THG 1 1
MG 0. 1.0 - 1 = 0.
IDL 2 2
XLH -3 I PR
10L 1 2.-1=1
XLH 17.0 -7. + 24. = 17.0
THL 17 17
ML 0. 17.0 - 17 = 0.

Hence, TIMEE and MV are verified.
5.2 Verification of ASDCRK

The ASDCRK subroutine contains both of the transformatiohs X, Y, Z cosines
to Right Ascension - Declination coordinates; that is, (X, Y, Z) to (RAS,
DEC) and the converse (RAS, DEC) to (X, Y, Z). Hence, the double trans-
formation (RAS, DEC) to (X, Y, Z) and (¥, Y, Z) to (RAS, DEC) was repeated
20 times for example verification. The final values of (RAS, DEC) were
then compared with the initial values. The results were:

17
-16

radians

radians = -2.05 x 107

RAS(f) - RAS(i) < 5. x 10°

DEC(f) - DEC(i) = -1. x 10 2

arcseconds

The initial and final X, Y, Z components could also be compared. These results
were:

X(f) - X(1) < 5. x 1017 radians
Y(f) - Y(1) < 5. x 10“]7 radians

Z(f) - Z(1) < 5. x 10°17 radians
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Further,

2 2

BE e ) <2 x 30
One can conclude that one part of the transformation is the inverse of the
other part. So, all that one must do is verify one side of this subroutine.
The side chosen is the transformation from (X, Y, Z) to (RAS, DEC), since

this involves the arctrig functions.
Initially, the transformation was written:
DEC = DARSIN(X(3))
where
X(1) = X, X(2) =Y, and X(3) = Z.

This resuit was compared with the 12 - place trig subroutines on the WANG.
The results differed by as much as 20 arcseconds.

By referring to the IBM manual of system subroutines, it was discovered that

the DATAN subroutine was more accurate in the small angle region. Jerry Trimble
of FEC/Performance Analysis Department provided the author unpublished

results of a numerical comparison of the IBM DATAN and DARSIN subroutines.

DATAN was as much as 10 times more accurate for small angles. Hence, the
transformation was changed to:

- DEL = DSQRT(X(2)*X(2) + X(1)*X(1))

DATAN(X(3)/DEL)

"

DEC

The other coordinate transformation is:

RAS = DATANZ(X(2),X(1))

These transformations were checked with many values of (X, Y, Z) to prove
that the resulting angles were in the correct quadrant. The numerical values
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were compared with the WANG 12-place trig pack values. 'he results are
listed below:

DEL(STAR1) - DEL(WANG) < 4 x 1072 = 8 x 1077 arcseconds,
DEC(STAR) - DEC(WANG) < 3 x 107'2 yadfans = 6 x 10~/ arcseconds, and
RAS(STARI) - RAS(WANG) < 9 x 10™'2 radfans = 2 x 10~ arcseconds.

These results are at the limit of the WANG'<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>