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INTRODUC TION

‘The purpose of this report is to document the main programs and
subprograms developed and used in The Ohio State University Reports
of the Department of Geodetic Science Nos, 156 and 157 [ Papo, 1971
and Fajemirokun, 1971]. The reader is assumed to have a basic
knowledge of the reports and termlnology common to the reporis
{e.g., coordinate system definition, etc.) so that this documentation
may serve as an aid for further research.

Basically, this report is divided into two main sections. The
first section deals with subrgutines developed for this project. These
subroutines constitute the mainstay of the research. The second
section describes the main programs used to exercise these sub-
routines to create the output given in Reports Nos. 156 and 157,

Program/ subprogram description is limited to formulation created
for the reports, Other documentation mentioned in the references
includes: ’

A, Jet Propulsion Laboratory Documentation which is
described in [ O'Handley, et al,, 19697,

B. Fortran Scientific Subroutine Documentation which
is available in IBM publications.

C. Ohio State University Subroutines which are general
matrix manipulation routines (addition, subtraction,
etc, ) whose operations are easily identified by their
names (MADD, MSUB, etc.).

Subroutine description consists of the following elements where
applicable:

SUBROUTINE

CALL STATEMENT
SUBROUTINE PURPOSE
INPUT PARAMETERS
OUTPUT PARAMETERS
COMMON AREA PARAMETERS
PROGRAM DESCRIPTION
SUBROUTINES REQUIRED
REFERENCES

Program documentation includes the above elements as well as a
flowchart of the program logic and samples of card input.

Extensive cross~references are used to eliminate repetition in
descriptions of programs/subprograms using identical parameters.
To assist in locating referenced programs an index in included in
each major section.



Throughout the report floating 8 byte IBM 360 computer
words are referred to as “extended precision™ and floating/
integer 4 byte computer words are referred to as "single precision
variables/integers" respectively.

GENERAL REFERENCES :
) A, Fajemirokun, F. A, (1971), "Application of New

Observational Systems for Selenodetic Control, "
The Ohio State University, Department of Geodetic
Science, Report No. 157,

B. O'Handley, Douglas A, etal., (1969). '"JPL Develop-
ment Ephemeris Number 69," Technical Report 32-1458.

C. Papo, Haim B. (1971). "Optimal Selenodetic Control, " -
The Chio State University, Department of Geodetic
Science, Report No. 158,




DESCRIPTION OF SUBPROGRAMS
(SUBROUTINES)



SUBROUTINE INDEX

NAME

PURPOSE

PAGE

APPLIB

CROSVE
DMSRAD

DVDPF1
DVDPF2

EKHARD

EPHITL

EVERAY,

FUNEPH

FUNPLS

FUNPLSG

Calcutation of the apparent libration of the moon for an
observer on earth,

Forms the vector cross product, A XB = C.

Conversion of an angle from degrees, minutes and
seconds of arc into radians,

Administers the numerical integration of the simulated
ephemeris of the moon through the DVDQ routine,

Slightly modified version of DVDPF1 which allows usage
of the output subroutine QUTGAJ,

Evaluation of the Eulerian angles of the moon and the
physical librations of the moon, including their time
rates for a given epoch.

Interpolates the 18 tabulated quantities of the simulated
ephemeris created by the subprogram FUNEPH and
adds the result of the interpolation to the reference
case,

Interpolation by the use of Everett's fifth order modified
method,

Computation of the time derivatives of the "perturba-
tions' of the state vector of the moon, the Eulerian
angles and their time rates for the moon and the earth
in the simulated earth-moon environment,

Computation of the second time derivatives of the phys-
ical libration angles of the real moon, the state trans-
ition matrix and the parameter sensitivity matrix used
in the numerical integration of the physical librations

of the moon., The selenodetic positions of the earth and
sun are obtained from the JPL DE-G9 tape.

Accomplishes the same purposes as FUNPILS, but the
simulated environment is used in licu of the DE-G9 tape.
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11
13
15

19

23
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31

35

41

47
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NAME

PURPOSE

PAGE

FUNST3

GASTIM

GEULAN

INVSPE

LADIS

LASOLV
LUCA

MATPA

MCROSS
MEANAN

NUTATE

ONEM

OPTOBS

Evaluates the time derivatives of the perturbations of
the 18 elements of the simulated ephemeris (provided
by FUNEPH); evaluates the time derivatives of the
state vector of a satellite in the simulated earth-moon
environment,

Computes the Greenwich apparent siderial time at a
given epoch, given the nutation in obliquity and longitudd
for the epoch.

Computes the three Eulerian angles (0, §, ©) between
the mean ecliptic system of 1950. 0 and the average
terrestrial system.

Copies a layer of a three dimensional input matrix (A)
into a two dimensional matrix (B).

Computes the distance hetween an earth ohservatory and
a lunar reflector at a given epoch and the zenith distance
of the ray at the earth observatory.

This is the basic routine for adjusting simulated laser
ranging.

Creates special skew matrices for differentiation of a
rotation matrix as outlined by Lucas.

Forms the product A'PA where A is an IA X JA matrix
and P is an IA vector representing a diagonal IA XIA
matrix and the product is dimensioned JA X JA.

Computes the cross product, R, of two input vectors,
Xand Y.

Calculates elements of the mean orbits of the sun and
the moon for a given epoch.

Computes the nutation matrix for transformation from
the mean to the true celestial Cartesian coordinate
system of date.

Multiplies a matrix A by a vector B, resulting in a
vector C.

Generates a hundle of rays simulating an optical cbser-
vation from a point in space exterior to the Junar sur-
face (e.g., the earth or a satellite) to an array of 30

points.
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55

57

59

61

65

73

75

77

79

83

85

87




NAME

PURPOSE

PAGE

OUTADJ

OUTEPH

OQUTGAJ

PLADIS

PMAT

POLE

PRECSS

PREITR

PRESTV

REDPI
ROTATE

SEFODI

Adjusts the numerically integrated physical libration
angles to Eckhardt's theory.

Prints routine for output of the intermediate results of
the simulated ephemeris.

Processes simulated earth based optical observation

of the moon for solution of lunar coordinates and phys-
ical parameters of the moon (initial values of the phys—~
ical libration parameters and Cg, B, Czo). This
subroutine is called by the DVDPF2 routine at epochs
where optical bundles have been observed.

Computation of partial derivatives of simulated laser
distances with respect to the considered parameters,

Computation of the transformation matrix necessary to
rotate an earth fixed or lunar fixed coordinate system
to an inertially oriented system.

Computation of the coordinates of the true pole from
the pole of the Conventional International Origin using
values from the International Polar Motion Service
(IMPS) from 1958 to 1970.5.

Calculat.es the precession matrix P and its time deri-

vative P, P is an orthogonal matrix that transforms a
vector from the mean equatorial system of 1950. 0 into

the mean equatorial system of date.

Prepares elements for STVITR subroutine for the
Keplerian motion of a satellite about a primary body.

Generation of series of constanfs and a transformation
matrix for the calculation of the state vector of a satel-
lite in a Keplerian orbit about 2 primary body. (The
state vector is created by the use of a companion sub-
routine STVKEP).

To reduce a given angle 8 to the interval 0 <8< 2.

Forms a 3 X 3 rotation matrix, RNA, representing a
rotation of angle ANG (in radians} about an axis xyz,
designated 1, 2 and 3, respectively.

Ceneration of second and fourth modified differences

for Everett interpolation of 1L, sets of tabulated quantities)
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PURPOSE

PAGE

STVITR

STVKEP

TRIK

TRIM

Transformation of a satellite state vector into instan-
taneous Keplerian elements.

Copies a two dimensional matrix (B) into Layer L of
a three dimensional matrix (4).

Computation of the rotation matrix 8 to rotate coordi-
nates from the true celestial system to the average
terrestrial system. )

Calculation of a state vector of a satellite in a Keplerian
orbit for a given epoch and in components of a fixed
Cartesian coordinate system.

Calculation of a state vector in a Keplerian orbit. (This
subroutine must be used in conjunction with subroutine
PRESTV which generates a series of coefficients in

common storage used in the state vector computation).

Used with either FUNPILS5 or FUNPLS. Provides the
second time derivatives of the physical libration para-
meters and the ©, © partial derivative matrices.

Multiplies two 8 X 8 matrices, A and B, toform a
3 X 3 product C.

133

137
139

141

145
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SUBROUTINE : APPLIB

CALL STATEMENT : APPLIB (OBS, EPH, PNT, OMM, OME, AL, JOB).

SUBROUTINE PURPOSE : Calculation of the apparent libration of the moon
for an observer on earth, )

INPUT PARAMETERS :
A. Vectors (extended precision).

1. OBS(3). Cartesian coordinates of the observer in
the average terrestrial system (in km).

2. EPH(3)., Cartesian coordinates of the moon in the
geocentric mean ecliptic system (in km).

3. PNT{3). Cartesian coordinates of the lunar point in the
gelenodetic system for which the position angle is
evaluated (in km).

B. Mairices (extended precision).

1. OMM(3, 3). The orthogonal transformation matrix
from the selenodetic to ecliptic gystem.

2. OME (3, 3). The orthogonal transformation matrix
from the average terrestrial system to the ecliptic
system.

C. Secalar (integer, single precision).

1. JOB. An integer set to zero or non zero. If set to
zero only the apparent librations in longitude and latitude
are computed and the libration angles in radians are
returned in the first two components of the AL vector.

If set to a non zero integer the subroutine returns (in the
three terms of the AL vector) the total apparent libration
in longitude, latitude and position angle.

QUTPUT PARAMETERS :
A. Vector (extended precision).
1. AL(3). A vector containing the apparent librations in
longitude. latitude and (depending on the value of the
integer JOB) the position angle (in radians).

PROGRAM DESCRIPTION : The statements in APPLIB have been programmed
to follow the expressions given in [ Papo, 1971], Section 4, 5.




SUBROUTINES REQUIRED :
0.8,U. Project Library:

1. . ONEM
2. CROSVE
REFERENCES: Papo, Haim B. (1971). "Optimal Selenodetic Control, "

Reports of the Department of Geodetic Science, No. 1586,
The Ohio State University, Columbus.

APPLIB

SUBROUTINE APPLIB {DBS.EPH.PNT,OM4,0ME,AL])
SUSROUTINE FUR CALCULATING THE APPARENT LIBRATION OF THE MGON
BBS ~ CARTESIAN COCRDINATES OF OSSERVER IN AVERAGE TERESTRIAL SYSTEM
EPH ~ CARTESIAN GEOCENTRIC CCORDIMATES OF THE MOCN IN MEAN ECLIPTIC SYSTEM
PNT — CARTESIAN SELENCGRAPHIC COORUINATES OF PDINT ON THE MUON
OBSEPHyPNT IN KILOMETERS
OMM — ORIENIATION SATRIX FROM SELENOGRAPHIC TO ECLIPTIC SYSTEM
CGME - GRIENTATION MATR1X FROCM AVERAGE TERESTRIAL TO ECLIPTIC SYSTEM
AL = APPARLENT LIBRATION IN RADIANS
{1) LONGITUDE {2} LATITUDE {3) POSITIOH ANGLE
IMPLICIT REAL * 8 {A-H,0-2}
DIMENSION OBS(3)4EPHI3) sOMM{343),0ME(343),AL(3),TLI{3},T2{3)+73(3)
PAVI3)sBVI3}CVII) +PNTI3)  THH(3,43]
CALL ONEM {DME,0BS5,7T2)
DO 1 I=1,3
1 TiC(I)=T2 (1)-EPHI{I}
CALL DGMTRA {0BM,THM.3,3])
CALL ONEM {TMM,T1,72}
R=DSCRT{T2{1)3%2+T2{2)%*2+T2{3) **2}
ALCL1)=DATANZITZ2(2)sT2(11}])
AL(2)=DARSIII{T2(3])/R}
CALL ONEM (OMMPNTsT3)
D0 2 I=1,3
AVIII=OME(I+3)
BV(II=0MM(I,.3) -
2 CVII}=-TY{I)}+T3(1)
CALL CROSVE {CV4AV,T1?
CALL CROSVE {LCV,BV.T2)}
CALL CRDSVE [AV,DV,T73}
SGN=0.D0
PA=0 .00
DO 3 I=1,3
PA=PA+TLII}*T2(I}
3 SGN=SGN+CV(I}*T3(1}
T=1.00/05QRTLITI(I) #2410 (2} %224T1(3)%=2)x(T2(1}#¥2+T2(2)1%%2+T2(3}
P#%2} )
AL{3) =DARCOS{PA=T)
IF{SGN.LE.1.D-14)G0OTO 9
AL{3)=-ALI3)}
9 RETURN
END

(e EaNeNalaNaNuRalisl
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http:SGN=O.DO

SUBROUTINE :

CROSVE

CALL STATEMENT : CROSVE (4, B, C)

SUBROUTINE PURPOSE : Forms the vector cross iaroduct

A XB = C

INPUT PARAMETERS :

A. Vectors (extended precision)

1. A(3)
2. B(3)

OUTPUT PARAMETERS :

A, Vector ‘(extended precision)

1. €(3)

PROGRAM DESCRIPTION :

A.

The diagonal elements of the D matrix are initialized to be
ZEero

The D matrix (non diagonal terms) are then formed
explicitly:

iz = -8
d2: = @
dia =  ap
dy; = -ay
oz = -a,
d:z =

_11_



C., The D matrix is then multiplied by the B vector using
the ONEM subroutine and the product is stored in the

C wvector.,
Cy 0 -a,
cz|] = a;, 0
Ca —ag a

SUBROUTINES REQUIRED :
0.8.U. Project Library
1. ONEM

REFERENCES : None

CROSVE

2] b
= a by
0 s

SUBRQUTINECROSVE(A,B,C}

C - VECTOR CROSS PRODUCT A X E = C
IMPLICITREAL*R{A-H,0~Z)
DIMENSIONA(3),2{3),C{2),0(3,3)
CATA D(1,1)+0(2521+D(343)/3%0,00/

D{ls2)=—A(3]
Ci{2,1)=A(3)
C{l,zi=A{2)
D(3+1)==a{2)
D{2,3)=—A(1)
Di{3,2}=A11)}

CaLi UONEM{D.B,C)
RETURN

ERD

19—


http:D(2,2),D(3,3)/3*O.DO

SUBROUTINE : DMSRAD

CALL STATEMENT : DMSRAD (N, KDP, K, ANG)

SUBROUTINE PURPOSE : Conversion of an angle from degrees, minutes
and seconds of arc into radians.

INPUT PARAMETERS :
A, Integers (single precision),
1, N contains the sign and the number of degrees, minutes
and whole seconds. For example:

Angle = -15° 3' 43.1305", then N = -150343

2. KDP indicates the number of significant digits in the
seconds fraction, For the above example KDP = 4,

3. K is the fraction part of seconds expressed as a positive
integer. For the above example K = 1305.

NOTE : The subroutine is limited to N # 0.

OUTPUT PARAMETERS :
A. Scalars (extended precision),
1, ANG is the angle in radians.

PROGRAM DESCRIPTION : The input angle is converted to seconds of arc and

converted to radians.

SUBROUTINES REQUIRED : None

REFERENCES : None

-13~



aonn

DMSRAD

SUSRDUTINE DMSRAD {N,KOPK,ANG)

CONVERSIGN FROM DEG/MIN/SEC TO RADIANS

IMPORTANT 3 N S:HOULD BE CIFFERENT FROM ZERO

N -~ SIGN 4 DEGREES MINUTES AND SELONDS ({IMTEGERS)
K - FRACTION OF A SECOND WITH ®KDP DIGITS
IFPLICIT REAL *8 (A—H,0-Z1]}

IFINLTLO)K==K

NDM=N/1C0

NO=NLM/100

NM=NOM=-ND*100
AHG:{DFLUAT£N033600+NH*50+N*HDH*160}+DFLOAT(K)}ilG.DO**KDP))‘-#SﬁB
P1368311095260~05

RETURN

ENu

14—



SUBRQUTINE : DVDPF1

CALL STATEMENT : DVDPF1 (Parameters as in DVDQ, RAT, RAT2,
IHL, PAR, FUN, OUT, JOB)

SUBROUTINE PURPOSE : To administer the numerical integration of the simulated

ephemeris through the use of the DVDQ numerical integrator and customer
supplied subroutines.

INPUT PARAMETERS :
A. Parameters input to the DVDQ routine are described in
[Krogh, 1969].
B.. Scalars (extended precision).

1, RATI1 is relative accuracy required in integration for the
ephemeris of the moon (e.g. the geocentric state vector).

2. RAT? is the relative accuracy required in integration of
the ‘Eulerian angles of the earth-moon system (in radians).

C. Integers (single precision).

1., IHL is a dummy variable.

2. JOB is a control intager for use by the subroutine, If
set to zero, the subroutine will perform integration only.
If set to 1, the subroutine will also allow the accumulation
of normal equations and a constant vector for a least
squares adjustment.

D. Vector (extended precision).

1. PAR is a vector of parameters input from the main program
and used for generating the simulated ephemeris and descril
in the documentation of the main program.

E. External subroutine,

1. FUN is the name of the subroutine which generates time
derivatives for a given set of functions (FUNEPH for
example).

QUTPUT PARAMETERS :
A, External subroutine,
1, OUT is the name of the output subroutine for passing controt

over to DVDPF1 at selected input intervals (the parameter
DELT). -
B. Common area DVOUT is used only if JOB = 1, and contains the
following:
1., Sealar (extended precision).

=-15-



a. ETOB is the next epoch at which an obser~
vation has been made and program control
ig to be passed to OUT.

2. Integers (single precision).

a2, NUT is a flag which is set to zero if the
integration is proceeding normally and to one
if errors are detected in FUN or OUT. I set
to one, the integration is terminaied.

b. ICW is the serial number of the next observa-
tion,

PROGRAM DESCRIPTION : The program is the primary "integrator'of the parameters
in the simulated environment [ Papo, 1971]. The basic integrator is
DVDQ and the calculation of time derivatives is provided by FUNEPH.
Description of the DVDQ is contained in [Krogh, 1969] and the
equations assumed for integration in [ Papo, 1971] Chapter 4.

SUBROUTINES REQUIRED :
0.8.U, Project Library:
1, DVDQ (JPL subroutine)

2, DVDQL (JPL subroutine altered for input after initial cail
of DVDQ)

3. External subroutines given in input-cutput section.

REFERENCES :

A. Krogh, F. T. (1969). "VODQ/SVDQ/DVDQ--Variable
Order Integrators for the Numerical Solution of Ordinary
Differential Equations," Section 3.14, JPL, Pasadena,
California.

B. Papo, Haim B. (1971). "Optimal Selenodetic Control,”
The Ohio State University, Department of Geodetic Science,
Report No. 156.

~-16-



om0

DVDPF1

SUBROUTINE DVDPF1(NQ 2 Y YPKDLEPyRAT1 RATZ sHHIN HMAX o GELT
P tKSTy IHLPAR s FUN sOUT yKU2 YN4G T4 JOS
SUBROUTINE FDR INTEGRATING DIFERENT 1AL EQUATIONS 3Y THE LVLOQ
NUMERICAL INTEGRATDR . THE MUMBER OF INTEGRAMDS SHUULD BE AT
LEAST SIx .
IMPLICIT REAL*B {A~H,0~2)
REAL*S EPLIND ] o HMIN, HHAX s EMX o RATI yRAT2
DIMENSION Y( NO)}.YP{ HNQ).YNI NJYyDTI20y NQJeKD( ND)LKQ( N« ) 2+ PAR(S)
COMMON/DVOUT/ETOR .NUT,ICH
HXSTP=500000
Ko{l}=1
ET=PAR{1l)
ETFN=PAR(Z)
H=PAR(3}
NUT=0
ICH=0
HRITE(6+891 ) Y4ETsETFNH,DELT
“RITE(b|B9ZlHHIN'HHAX'RATlgRAT2¢NQ,KD(llgHXSTP
KLU==-1
GOY0 831
879 CALL DVOC (NQ1ET|Y|YP,KD:EP,IFL1HyHHIN'HHAXgDELT;ETFN;HXSTP,
PEST K MXyEMXKGeYN,DT]
GOTD 884
BB3 CALL DVDQI(NQrETerYPsKUrEPfIkaHgHHIN,HMAX,DELT,&TFN,RXSTP’
PRKSTyK MXEMX4KQ,YN,OT)
884 GOTOD {bBL+8B2,685,6B5+685,686,887,668)} y IFL
885 CALL FUN (ETsY,YP)
CALL OUT(ET,Y+YP,IHLsNQsPAR}
IF{JCB.HEL1) GLTO 883
DELT=ETOB-ET
T ICH=ICH+]
IF{NUT.EQ.)Y) GGTD 888
GODTQ 883
886 EP{KHMX)=32.%EMX*EP(KMX)
IF (EPIKHX}.GT.0.) EP{KMX)=—EP[(KMX]
G070 883
881 OO 871 I=1,6
EP(1)=Y{I)=%RATL
IF{ABS{EP({YI))ulT4a5.E~0T) EP(I}=~5_E~07T
871 IF(EPII).GT.0.} ERP{1)==EP{I)
IF(NQ-6 ]} BT74,874,872
872 DO 873 I=T7,12
EP(I}=Y({IJ*RAT2
EP{1+6)=Y{I+6)=RATZ2%10000.
IFCABSL{EP(TI)}) LT 1.E~07} EP({L)=—1.E-07
IF{ABS(EP{I+6)).LT.1.E~C9} EP(I+6)}=~]1.E~C?
873 IFLEFIT)uGT.0.) EP{I)=—EP({1)
874 CONTINUE
KLU=KLU+)

-17-



ag2
887

:1:
890
880
B89
891
B892

DVDPEL {Cont)

CALL FUN (ET+YYP}

IF{KLU) B79,87%,882

WRITEL6,889) ET«H

GOT0 €90

WRITE(64B50) K5T,1CHW

RETURN

FURMATL//5%," CONGRATULATIONS o YOU DID 1T *,217})
FORMAT(//5X+? STEPS1ZE TuO SHALL 5 YOU ARE IN TRUUBLE ?,2020.12)
FORMAT(//(5X,6019.11)}

FORMAT(5Xy4EL19.T/5X,3119//}

END

~18-


http:FORMAT(//(5X,bD19.11
http:8,2U20.12

SUBROUTINE : DVDPF2

CALL STATEMENT : DVDPF2 (Same parameters as DVDPF1)

DISCUSSION : This subroutine is a slightly modified version of DVDPF1 which
allows usage of the output subroutine OUTG{%J. The main differences
are:

A, Additional matrices are defined {o be used as calling parameters
for OUTGAJ.
B. The DVOUT common area is extended fo be used in OUTGAJ.

The ALL common area is defined for use in GUTGAJ,

An integer N is defined and read in to identify the number of

non-zero optical rays in the next bundle of rays.

oo

SUBROUTINES REQUIRED :
0.8.U, Project Library:
1. "DVDQ (JPL routine)
2. FUN (representing FUNPLSE)
3. OUT (representing OUTGAJ)

REFERENCES:

Papo, Haim B. (1971). "Optimal Selenodetic Control,"
The Ohio State University, Department of Geodetic Seience,
Report No, 156,

-19-~-
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B79

£83

DVDPF2

SUBROUTINE DVDPFZ2INQ sY1YPyKDSEPLRATLI,RAT2 JHMIN,HMAX,DELT
P +KSTyIHLyPAR sFUN,OUT +KGe Y, 0T 0
SUBRCUTINE FOR INTEGRATING DIFERENTIAL EQUATICNS BY THE DVDQ

NUMERICAL INTEGRATOR . THE NUMBER OF INTEGRANDS SHCULD BE AT
LEAST 31X

IHPLIGCIT REAL%E (A-H,0-21}

REAL4 EPING ) sHMINHMAXEMXRATISRATZ

DIMENSION Y{ NQJsYP{ KQ)+YNL MC)sDT{20, NQ) 4KDI MG)KQ{ NG)sPAR(S)
gEH3‘44|44)QA1(4477513A1M3(75p44)9A3{44,3)'AZ(44'2)!N‘31}35EV(61
CCMMCHN/DVOUT/ETCB KM+ ICH N tISKIPZALLZSEV JROMNUT 2 TA,INZIM, 115K
READI(5,611N

N2=IN2

KU=IM

KM 1S THE NUMBER GF BUNDLES TD BE PROCESSED

IS5KIP=IISK

MXSTP=500000

xD{1}=1

ET=PARLL1}

ETFN=PARILZ)

H=PAR{3}

ICH=0

WRITE(6+4891)YsET,ETFNsH,DELY
HAITE(5:1892YHHIN HMAX JRATLsRATZ 4NU,KD{L1) 4 MXSTP

KiLu=-1

GOTO 881

CALL DVDQ tNQ,ET’YgYPyKD:EP|1FL1H,HHIN:HHthDELT,ETFN'HXSTPl
PKST K MX,EMX4KCQ,YN,DT}

GOTU 884

CALL DVDQI‘MQ'ET'Y’YP,KD!EP'IFL'H'HHIN'HHAX[DELT,ETFN)MXSTP'
PRST g K MXLEMX KR, YiNaDT)

b

884 GOTU (881 ,8B2.885,885,885,6B6,8E7,888) 4 IFL

885

886

681

B71

872

CALL FUN {ETa.Y.YP)

CALL OUT (ETeYsN2yEM34A13A1IM3,A5+AL)
NZ2=N{ICW+]1]*2

IF{JOB.NE.L) GOTC 883

DELT=ETOB—ET

IF{ICHLEQ.KM) DELT=DELT+.1DO

ICW=ICH+1

IF{NUT.EQ.1) GOTO 888

GOTO 883

EP{KMX)=32 . FENMX=EP{KHX)

IF {EP(KMX1.6T.0.} EPIKRX)=—EP(KHX])
GOTO Ba3

DO 871 I=1+6

EP(I}Y=Y{I}*RAT]
IF{ABS{EP(I})aLT.1.E~15) EP{I}=—1.E~10C
IF(EP{I)GT-0.) EP[1}=—EP{I]

IFING~6 )} B744B744872

B0 873 I=7 +NQ

EP(I)=Y{I)*RAT2
IFIABSIEPII)}oLTe1.E=15) EP{1}=—-1.E~10
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873 IF(EP(I)GTa0.) EP(I)==EP{I]
874 CONTINUE
KLU=KLU+1

- BB2 CALL FUN {ET,Y,YP)

IF(KLU} BT79.879.86E63
8BT7 WRITE(64889) ET.H
GOTO B%O
888 WRITE{&+880) KST+ILW
890 RETURN
&1 FORMAT(2513)
880 FORMATI(//5X," CCHNGRATULATIOCNS ¢ YOU DID IT ',2IT7}
689 FORMATI(//5X," STEPSIZE TOD SMALL , YOU ARE IN TROUBLE ',20206.12)
891 FCRMATI//(5X,6019.11}) .
892 FORHAT(S5X+4ELT.7/2X+3119//)
END
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SUBROUTINE : EKHARD

CALL STATEMENT : EKHARD (ET, YTH, PHILA)

. SUBROUTINE PURPOSE : Evaluation of the Eulerian angles of the moon and the
physical librations of the moon including their time rates for a given
epoch,

INPUT PARAMETERS :
A. Scaler (extended precision).
1. ET is the epoch in Julian days.

OUTPUT PARAMETERS :
A. Vectors (extended precision),

1, YTH is a 6-element vector containing the Eulerian
angles of the moon and their time rates in the following
order (Papo's notation): o, ¥, 6, @, z,f), 8 in radians
and radians per day.

2. PHILA is a 3-element vector containing the physical
libration angles of the moon in the following order
(Papo's notation): 7, o, p in radians.

PROGRAM DESCRIPTION : Physical libration theory as developed by Eckhardt
[ Eckhardt, 19701is used. The basic purpose of the subroutine is achieved
by the following steps,

A. The subroutine MEANAN is used to compute angles of the mean -
orbits of the sun and the moon for the epoch ET. Then the sine/
cosine combination of the Delauney variables are evaluated.

B. Eckhardt's coefficients as given in  Eckhardt, 19707 are used to
evaluate the physical libration angles and time rates of the angles

.at epoch ET.

C. Combinations of the appropriate angles computed above are used

to obtain the Eulerian angles of the moon,

SUBROUTINES REQUIRED :
0.5.U. Project Library;
1. MEANAN

REFERENCES :
A, Eckhardt, D, H. (1970) "Lunar Libration Tables."” The Moon,
Vol. 1, No. 2, February,
B. Papo, Haim B. (1971). "Optimal Selenodetic Control,"
) The Ohio State University, Department of Geodetic Science,
Report No. 156.
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SUBROUTINE EKHARD (ET,YTHsPHLA}

CALCULATION OF EULER ANGLES USING ECKHARDT'S CDNSTANTS

IMPLICITREAL®E {A-H,0~-2)

ET — EPOCH IN JULIAM DAYS

¥YiH ~ EULERIAN ANGLES FOR THE MOON AND THEIR TIME DERIVATIVES

PHI ¢ PSI 4 TETA

PHLA — PHYSICAL LIBRATION ANGLES IN LUNGITUDE y NCOE AND INCLINATICN
DIMENSICON PHLA{3), ANMI{G&) ,DNMI6Y, TAULS)Y,CTAU(T]DTAU(S

P} 4SIGL5),CSIGIS)+DSIGIS) ,RO0{5) ,CRODIS5) ,DROCIS},YTH{SG)

DATA CTAUCSIGyCRUD/ L7 991.63— 1241480253251 =16e241.0315.3:10.0,-3.
POy=10.61=23.842,59~100.69=3413=10.5123.84-1a93-98.4/

Py RADSE,.PL/ 206264 .8C62470963550043.14159
P2653 58979300/ ,EINQ/ 02676900/ :

CALL HEANAN {ET.,ANMsDIM])

DELAWNEY ANGLES AND THEIR TIME RATES

ARNMM=ANM(2 ) —ANHML4)

DNHM=UNM(2)-DN4{4)

ANMS=ANM(1)-ANM{3)

DHMS=DNM{1])-DNH {3}

ARLA=ANM{2)~ANY(5}

DRLA=DNM{2)=DNMIS)

ELON=ANMIZ)-aMNM{1}

DLON=DNH(2)=DNM(1)

SLM=DSIN{ANMM}

CLH=DCOS (ANMM)

SLS=DSIN(ANNKS)

CLS=DCOS (ANMS)

SF=DSIN{ARLA)

CF=DCOS{ARLA)

SD=DSIN{ELON)

CD=0COS{ELGN}

SINES AND COSINES OF DELAUNEY ANGLE COMBINATIONS

$1=2 JOO*SF¥LF 2F
Ll=CF+#LF -SF%SF

0l=2 .DO%DRLA

S52=SLH*C1-S1%CLM t=-2F
C2=CIM*CL+5LM*S)

D2=0IMH-D1

S3=SLM*C2+S2%CLM 2L—-2F
CA=CILM*C2-5LM*52

D3=DNMM+D2

S4=SIMRCD-SDHCLM L-D
C4=CLHM2CD+SLM¥SD

D4=DNHM-~0LON

5522 DO*54%Ch 2L-20
CH=C 4L 4-S4%54
05=2.00%D4

S6=55¥CLH-SLM*C5 L-z2b
C&=C5%CLH+SLH*S5

D6=D5—DNMN

ST=S4%CLS~SLS*C4 L-L*-0
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EKHARD (Cont)

CT7=Ca4%CLS+5L5%534

D 7=D4&4~DNMS

§B=$5%C3-53%(5 . 2F=20
Co=C3*C5+53*55

D8=D5~D3

59=S5%CLS-SLS*C5 2L~L7~20
C9=C5*CLS+SL5*35

D9=D5-DNMS .
CREATION OF VECTORS FOR PHYSICAL LIBRATION ANGLE AND RATE CALCULATIONS
TaU{1)=58

TFAU{2)=5LS

TAU(3)=57

TAUC4)=56

TAU(5)=54

TAUI6}=5LM

TAU(T}=59

TAULB)=53

TAU(9)=55

DTAU(1}=C8 #D8
DI1AUI2)=CLS¥DUNMS

DTAU(3)=CT *D7

DTAU{4)=C6 *D6

DTAULSI1=C4H *D4

DTAU (6 )=CLI*DNMM

DTAU(7)=CT *D9
DTAULS)=C3 D3

DYAU[9)}=CS5 *D5

SIG{1}=58

SIGL2)=51

SIG(3)=52

SIG{4)=56

SIG{5)=5LN

DSIG(1)=DTAULL]
DSIG{2)=C1*D1

DSIG(3}=C2%D2
DSIG(41=DTAU{4)
OSIG(5)=DTAULE)

RCO(1)=C8

RCO(21=C1

RQO{3}=C2

ROO(4)=C&

ROO(5)=CLH

DROC(1L)=-50*38
DROD(2)=-51%01
DROD(21=-52+%D2
DROO(4)=-36%06
DROC{5 ) =51 K00
CALCULATION OF PHYSICAL L1BRATIUN ANGLES { TAU SICHA ROO )
ATAU=0,.DO

ASIG=0.D0

ARD0=0.D0

D5


http:AROO=O.DO
http:ASIG=O.DO
http:ATAU=0.00

EKHARD (Cont)

DAYAU=0.00

DASIG=0.00

DAROD=0.D0D

Do Ti=1,9

ATAU=ATAU+TAUL II*CTAULT)
DATAU=DATAU+DTAU(L)*=CTAULL)
DO 8I=1l,5
ASIG=ASIG+SIG{I)*CSIGIT)
DASIG=DASIG+DSIG(II*CSIGI(TI)
ARDO=ARDD+RO0( I }*CRODII)
DARDO=DARUC+DRO0C(I 1*#CRO0C{I)
ASIG={ASIG/EIND }/RADSE
DASIG={DASIG/EINQ ) /RADSE
ATAUSATAU/RADSE
DATAU=DATAUSRADSE
AROD=AROUO/RADSE
DARGO=DAROC/RADSE
PHLA[1)=ATAUSRADSE

PHLA (2 )=ASIG*RADSE

PHLA {3 }=ARGO*RADSE
CALCULATION OF EULER ANGLES {FI P51 TETA ) AND THEIR TIME DERIVATIVES
YTH{2}=ANM(5) +ASIG
YTH{S)=ONM{5)+DASIG
\'TH(1]=P‘I+ANH{2}4ATAU—YTH‘Z)
YTH{4)=ONM(2)+DATAU-YTH{5]
YTHI3)=EINQ+ARTO
YTH( &) =DAROO

B0 9I=1.:3

CaLL REDPI LYTH(I)})

CONTINUE

RETURN

END
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SUBROUTINE : EPHITL

CALL STATEMENT : EPHITL (ET, N, Q)

" SUBROUTINE PURPOSE :

The subroutine i3 designeq to interpolate the 18

tabulated guantities of the simulated ephemeris and to add the result
of the interpolation to the reference case, ’

INPUT PARAMETERS :

A. BSecalars
1.

B, Integer
1.

(extended precision).

ET is the epoch in Julian days minus 2440000, 0 for
which the ephemerides are required.

(single precision). -
N is a computer unit identifier, The computer unit
is the device on which the tabulated ephemerides are
stored, For example, for //FT04F001 DD ...,
N =4,

C. Common Block Input (EPHEM), extended precision,

1,

2.

ETE is a scaler which contains the epoch in Julian
days minus 2440000, 0 of the first input data.

FH is a 3-dimensional matrix (3 X 18 X 15) which
contains ephemeris data (including second and fourth
differences) for 14 half-day intervals beginning with
ETE. Note that when initially calling EPHITL,
EPHEM should contain an arbitrary set of ETE, FH
data (normally the first block in the tabulated data.)

D. Datablock input (extended precision),

1.

QUTPUT PARAMETERS :
A. Vector
1,

ENCKE and PM are 7- and 6-element vectors respec-
tively which contain constants necessary to perform trans-
formation of the tabulated ephemeris data from perturba-
tions to the reference case into the ephemeris output.

AMM is a 3 X 3 orthogonal transformation matrix also used
in the transformation. These data block variables are
discussed further in the FUNEPH subroutine.

{extended precision).
Q is a vector of 18 parameters whiqh are interpolate
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to the desired input epoch. The variables
contained in Q are as follows:

- a. The state vector of the lunar mass center
with respect to the geocentric inertially
oriented system in km and km/day, (six

" quantities),

b. The Eulerian angles of the moon and their
time rates in radians and radians/day,
©, P, 8 and @, ¥, 8, respectively (six
quantities),

.¢c. The Eulerian ahgles of the earth and their
time rates in the same units as ahove,
denoted as 7, A, € and 7, X, € [ Papo, 1971]
Chapter 4.

PROGRAM DESCRIPTION : The data contained on unit N is interpolated for the
epoch input using second and fourth differences of the tabulated quantities
and ig added to the reference cases of the translatory and rotational motio
of the moon and the earth.

SUBROUTINES REQUIRED :
0,8.U, Project Library:

1, EVERAL
2., STVITR
3. REDPFI

REFERENCES :

Papo, Haim B. (1971). _"Optimal Selenodetic Control,"
The Ohio State University, Department of Geodetic Science,
Report No, 158,
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EPHITY,

SUBROUTINE EPHITL (ET,N,J4).

SUBROUTINE FOR INTERPOLATING THE SIMULATED EPHEMERIS

ET - EPDCH FUR WHICH THE EPHEMERIS 1S REQUIRED

N — UNIT ON WHICH THE EPHEMERIS RESIDES

Q — THE INTERPCLATED VALUES FOR (1 = 6) - GECCENTRIC POSITION
AND VELOCITY GF THE MCON (7 — 12) — EULERIAN ANGLES OF THE MCON .
INCLUDING TINE RATES (13 - 18} — EULERIAN ANGLES OF THE EARTH
INCLUDING TIME RATES .
IHPLICITREAL®*2 (A-H,0-2}

DIMENSION Y(lB),FH!B;lB,lS),ENCKE(?l,AMM(3,3lgPHto)eatlai.STVlél
COMMON FEPHEM/ ETE,.FH

DATAENCKE/ 0.22050Q00000000000 03 v 0.3796009972382398D0 01 i
P s 0.82361187849107900-01 ' 0.2200000000000C00D GO« 2
P 0.4B8606856B66954950D 01 H 0.40916000000000000 00 o 3
P 0.6300388L%8G00CG0D C1/1AMN/ —0.14358831573581850 00 &
P -0.98577C89580304050 00 b ~0.873964221251866200~-01 5
P 0.9B961000L2G343470 CO y —~0.14236469647C81824D0 GO 6
P —0.2010692003243764D—0C1 * C.T737T7T507540427590~02 7
p -0.B9375364527114T00-01 * 0.99597066880265940 00 /y 8
PPR/ 0.9999999999999559D-12 ' 0.220506G0000C00000D0 03« 9
p 0.38474824538944710 Co ? 0.54899999999999990—~0L 10
P 0.2451334771583744D 01 2 0.22997150219515202 00 / 11

GOTO 27

20 READIN) ETEsFH

27 ODIF=ET-ETE
IFEDIF) 21,22.23

21 REWIND N
GOT0 20

23 IF(DIF.LT.7.D0}) GOTO 22
IST=IDINT(DIF/T.D0)-1
IF{IST.EQ.0) GOTO 20
DO 24 I=1,Is5T

24 READIN) ETE
GOTO 20

22 LP=IDINTI(DIF*2Z.030)+*1
§S=2 D02 0MOUL0IF, 2 50V)
CALL EVERAL (S5S+LPsFH:Y31B8:34151)
CALL STVITR (ET.STViAMM,PH]
0O 1 I=l,6
QCI¥=YLIJI+STVII)
Qfl+a)=Y(1+5]}

1 QU1+12)=Y{I+12}
TT=ET—ENCKE(L)
QiT7I=GI{T)+ENCKE[2)+ENCKE(4)} =TT
CALL REDPIIQIT))
QIB8I=0(8)+ENCKEI (3]}
QELO0)=Q{10}+ENCKE (&)
QU1I31=0113)+ELCKE(S)+ENCKE(TI*TT
CALL REDPI{Q{1>})
QE19)=Q(15) +ENCKE(&)
Q{161=Q016 ) +ENCKELT)

RETURN .
END
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SUBROUTINE : EVERATL

CALL STATEMENT: EVERAYL (SS, LP, FDX, STV, N, K1, X2)

_SUBROUTINE PURPOSE : Interpolation by the use of Everett's fifth order
modified method.

INPUT PARAMETERS :
A. Matrices (extended precision).
1, FDX(K1, N, K2), where K1, N, K2 subscripts are
integers (single precision):

a. The first integer, K1, represents the
number of quantities needed for the inter-
polation of each function, i.e., the function
value and its second and fourth modified
differences (see Program Description}. K1
must be set to 3.

b. The second integer, N, indicates the number
of functions to be interpolated.

¢. The third integer, K2, indicates the number
of layers (see Program Description contained
in FDX).

B. Scalar (extended precision).
1. SS is the interpolation factor (i.e., it mustbe a decimal
fraction between 0.0 and 1.0).
C. Integer (single precision).
1. 1P is an integer denoting the sequential number of the
layer (out of the total of K2), preceding the point at
which interpolation is to be performed.

OUTPUT PARAMETERS :
A, Vector (extended precision):

1. STV is an N dimension vector containing the interpolated
functions.

PROGRAM DESCRIPTION : Following the notation of Brouwer and Clemence on
pages 144 and 145 [ Brouwer and Clemence, 19617, the interpolation
of value f,; is given by (see text for notations):

f, = £+ nb, +E5b3 +E 62 ~Egbg+ Exby +
2

Preceding page blank
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To create this function the following identities are formed:

Computer Notation Variable
FS(1) _ n
FS(2) E}
FS(3) E}
FP(1) n-1
FP(2) ~Eo
. FP(4) B, 0

The level is then found from LS = LP+1 and

Computer Notation Variable
FDX(1, N, LS) £,
FDX(2, N, LS) 5%
FDX(3, N, LS) 67
FDX(1, N, LP) £
FDX(2, N, LP) 8
FDX(3, N, LP) bs

The interpolated variable is then (in computer format uging variable
notation) :

f, = fin ~fH(n-1)
+E} 6% - (-E5) 85
+E} 8% - (-Eq) 8o
which reduces to the Brouwer and Clemence formula.

SUBROUTINES REQUIRED : None

REFERENCES :

A. Brouwer, D. and Clemence, G. (1961). "Methods of Celestial
Mechanies,' Academic Press, New York.

B. O'Handley, Douglas A, et. al., (1969). "JPL Development
Ephemeris Number 69," Technical Report 32-1465,
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401

EVERAL

SUBROUTINE ‘EVERAL [SS.LP,FOX,STV,N,K1,K2)

EVERET FIFTH DROER MODIFIED INTERPOLATICN (JPL)

FOX — CODRDINATES TO BE INTERPULATED INCLUGING SECOND AND FORTH

MODIFIED UIFFERENCES
FIRST SUBSCRIPT 1 — F 2 — DEL2 3 - DEL4

SECOND SUBSCRIPT QUANTITIES TU SE INTERPOLATED { N OF THEM )
THIRD SUBSCRIPT SEQUEMTIAL DATA SET ( 3 X N LAYER }

STV ~ INTERPOLATED CUANTITIES .

SS -~ INTERPOLATIGN FACTOR

IMPLICITREAL#*8 (A~hy0-Z)

DIMENSICN FS(3)sFPI3}3STVIN} yFOXIKI,NyK2)

LS=LP+1

SM2=55~2.D0

SM1=55-1.D0

SP1=55+1.D0

SP2=35+2.00

ES(13)=8S

F5({2)=SM1%SS*5P1/6.D0

FS{3)=SM2*¥SH1*S5=8P145P2/120.00

FPil)=5M1
FP{2)=S5¥5M1%SM2/06.80

FPU3)=SPL*SS*SH1*SH2+¥{SN2-1.00)1/120.00

D0401K=14¢N

STVIK)I=0.D0

DO4021=1,3
STIVIKI=STVIKY+FDX (T 4K LSISFSIII-FOX (I +KyLP I*FP(1)
CONTIHNUE

RETURN

END
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SUBROUTINE : FUNEPH

CALL STATEMENT : FUNEPH (ET, Y, YP)

-SUBROUTINE PURPOSE : Computation of the time derivatives of the perturbations
of the state vector of the moon, the Eulerian angles and their time rates

for the moon and the earth in the simulated earth-moon environment describedl
in [ Papo, 1971] Chapter 4,

INPUT PARAMETERS :
A. Scalar (extended precision).

1. ET is the epoch for which the time derivatives are
required in Julian days minus 2440000, 0,

B. Vector (extended precision).

1. Y is a vector of 18 parameters which are the "pertur-
bations’ to the reference case of the simulated environ—
ment as developed in [ Papo, 1971]. The order of the
parameters is the same as the Q output vector explained
in the EPHITL subroutine description.

C. Common block input (extended precision).
1. MAINFUN is a common area containing:
a. ENCKE is a vector of 7 elements containing
in order {see Papo, Pages 131-135, 154-159):
{1). The standard or zero epoch of inte-~
gration in Julian days minus 2440000,
(2). The mean longitude of the moon.
(3). The longitude of the node of the lunar
orhit. :
(4). The mean motion of the moon.
(5}. The mean longitude of the U axis of the
average terrestrial coordinate systemn:.
(6). The mean inclination of the equatoriai
plane of the earth with respect to the
ecliptic system.
(7). The mean rotational velocity of the
earth about the W axis,
NOTE: (2) through (7) pertain to epoch
ENCKE(I) and are given in radians or in
radians per day.

Preceding page blank !

~35-



b. AMM is a 3 X 3 matrix which is an orthogonal
transformation matrix from a coordinate system
defined by the perigee and the plane of the
reference orbit of the moon into the ecliptic
system.

¢. PM is a 6-element vector containing Keplerian
orbital parameters of the moon. The elements
are the precision required in the solution of
Kepler's equation, the standard epoch in Julian
days {minus 244, 0000. 0), the major semi-
axis (in km), the eccentricity (in radians),
the mean anomaly at the standard epoch (in
radians), and the mean motion (in radians per
day).

2, ALL is a common area containing the vector Q.

a. @ is an 18-element vector containing the total
magnitudes (e.g., reference case plus pertur-
bations) of the ephemeris. The quantities are
in the same order and units as listed in the @
output vector described in the EPHITL sub-
routine,

OUTPUT PARAMETERS :
A, Vector {extended precision).

1. YP is an 18-element vector containing the time derivatives
of the input Y vector. It is based on the equations of
motion for the simulated environment developed in [ Papo,
1971] Pages 138-150 and 154-159.

PROGRAM DESCRIPTION : This subroutine is essentially the generator of the
simulated earth-moon environment as outlined by [ Papo, 1971] Pages
119-180,

SUBROUTINES REQUIRED :
A. O,S8,U. Project Library:

1. STVITR
2. REDPFI
3. ROTATE
4., TRIM
5. ONEM
B. Fortran Scientific Subroutine Package:
1. DGMTRA

2. DGMADD

REFERENCES :

Papo, Haim B. (1271). "Optimal Selenodetic Control." The
Ohio State University, Department of Geodetic Science, Report No. 156
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FUNEPH

SUBRCUTINE FUMEPH {ET,Y,YP}

GENERATOR OF SIMULATED EPHEMERIS {MOON AHD EARTH}

¥Y{ 1- &) MOON STATE VECTOR GEOCENTRIC ECLIPTIC

¥Y( 7-12) MOON EULERIAN ANGLES AND TIME RATES

Y{13~18) EARTH EULERIAN ANGLES AND TIME RATES

POSITION : X 4 ¥ , 2 .

EULERIAN ANGLES : LONGITUDE , NODE , INCLINATION

IHPLICTITREAL®*8 {A-H,0~7)

DIMENSION YIl8],YP{18)+Q(18),5TV{6),ENCKE(T) (XYZI3) 1X(3},T1(3,3
PYeT2(3¢3)5T3(353)4T4(3,5)9THIZ333) sTHTI3,31,TE(3,3)4TET{3:3),VXI3},
PVX3(3) o4 XCRI3+3 1 cAMMI3,43), G303+3)205(3,31+PS{3,37),UVHIA},PMI{6)

COMMON/HATFUN/ENCKE s AMM, PM, NUMB/ALL/Q

DATA ZERD,ONE 2CPHLy ALF,BET ,GAM,EMU,CEAR yCONM4ES,HS 2GS
P /0.00,1.D0 1892668D164.41942130-3,,6290~24.20957560~3,4.327
P8G2D-2+25,99241T76E010,301215975399754C.D0 1 6EDE6T B5625,536904
Pb.636,35T8363.863,3%0.00,3579114.28443%0,D0,3580615.1206/

NUHMB=NUMB+1

CALL STVITR {(ET,STVsAHM,PN}

DO 1 I=1,6

QIIY=Y(I}+5TV(1)

QUI+6)=Y(1+56)

QII+12)=Y(1+12}

TT=ET-ENCKE([1}

QITI=U(T)+ENCKE (2 )+ENCKE [4)*TT

CALL REDPI(Q(T!)

Q{8)=Q(B)+ENCKE(3)

Q{10)=Q(1Q0}+ENLKE (&)

QUI3)=QU13)+ENCKE (D) +ENCKE(T)#1

CALL REDPI(Q{12})

Q{15 )=QU15F+ENCKEL G}

Q{1&e3=Q{16)+ENCKEL(T)

XX=ZERO
X0=2ERD

DO 2 I=1,3
Xt1)=011)
XX=XXeX{L1)*X{T)
XO=X0+STVII}#STV(I)
XT7=0NE/XX*%3.550
X5=X7%XX

X3=X5%XX

CALL ROTATE (3.2(7).T1}
CALL ROTATE(L,~Q{9),12)
CALL ROTATE(3,018),T3)
CALL TRIM {T1,T2,74)
CALL TRIM {T4,T3,TH)
CALL DGMTRA (TH,TMF,3,3)
CALL TRIM (TMT,565,T3)
CALL TRIM (T2,7TM,PS])
CALL ONEM (TM,X¢XY2)
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OH1=TL(2,2)3T2(3,2)%Q({11]}-T1€1,1}*Q{12)

OM2=TI{1 2 F¥T202+3)1#Q(11)4T1{1,27%Q1(12}

DH3= T2(3,3)%Q{11)+ Q(10}

TREY= ALF*X{CPHLZXYZ(2)}%XYZ{3)4X5—0M2%0MI}+T1{1,2)%T283,31#Q111)+Q(
PL2}+T1{1+2)*T2(3:2)%QU11}30(10}+T242,1)%0{12)20{10}
TREZ=~BET*{CPHLEXYZ(1)*XYZ (3} *X5-0OM1*CM3)+TLI{1,1)%T213,3)%G111)2Q1
PL2)+TL(2+1)%T2(3,2}%C{11)2C{10}-T1{1,11%Q{12)*Q({10)

TRE3= GAM*[CPHL#XYZ (1)*XYZ(2)#X5~CM1*TMZ2)+T2(3,2)*Q(11)*Q{12]
YP{1O0I={ T1E1l,2)%T2{(3,3)+%TRAEL+TL{1a1)1*T2(343)*TREZ2I/T2{3,2)+TRES
YPI{LLY=[-T1{1,2} *TRELI-T1(1.1) *TREZ)/T2(3,2)
XYP{12Zi= =Tlilel} *TREL1+T1(1,2} *TREZ

CALL RDTATE (3,Q(13},T1}

CALL ROTATE (1,-Q(15),72)

CALL ROTATE (3,Q(14),T3}

CALL TRIM (T1sT2474}

CALL TRIM (T4,:T3,TE}

CALL DGHTRA (TEsTET+343)

DO 23 1=1,3

DO 23 J=1,3
Q5(1,J1=132135.712500*TE(3,1}*TE(3,J}
CALL ONEM (TEsX UVH}

HEL=ENCKE(T}={ONE+EMU)}-T2(3,2)1=Q{17)

THOL=TI( 23 T2{3,3 12Ul 70160 +T0 (141 %T2{3,2)%QULITY*HEL+TI{2,1]}
PQ{18)*HEL+CEAR*UVH (ZI*UVH{Z)} +X5

THOZ2=T1{1 1 )1*TZ2{3,31*QUL7}*J(18}+TI(2,1)#T2(32}%Q{1T7)=HEL-T1(1+1}
P¥Q{18) *HEL-CEAR*UVH (L )*UVW (3} X5
YPULTI=(TL(1y2i*THOL+TI{+)=1W022/T2(253)
YP{18)=—T1{1,1)*THOL+TL{1,2)%FwQ2
YPULLE)=T2{2,21#QU1T1%Q(18])-T2(Z,3}%YP{17)

QL=Z2EROQ"

Do 3 1=1,3
QL=QL+Y(I)*(STVII)+Y{I}*,.5DC])
EFO=UNE-ONE/{GNE+2.D0*QL/X0) *%]1 .5D0
XO=0ONE/XO**1.5D0

DD 4 I=14+3
VXS(D)=XQ*I{Y{I}~X({I}*EFO}

D0 5 I=1,3

DO 5 J=1,3
XCR{I,d1==2.500%X(1}*X{J)*X7
IF(I.NE.J) GOT3 5

XCRUI, JI=XCROT p 3} +XX2XT

CONT INUE )

CALL DGHADD (P$5,05,T1,3,3)
CALL TRIM (XCR,T1,T2}

DB 6 1=1,3
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FUNEPH (Cont)

DO 6 J=143

IF{IWNELJ) GOTS 6
T2{IyJ)=T2{I4J)+X5*{ES+HKS)
CONT INUE

CALL ONEM (T2¢XeVX)

DO T I=1,3
YP{I+3)1=—CONMF(VX{TI)+VX3{I1}])
Yetx I=Y(I+3 )

YR{I+6 )=Y(I+9 ]}
YP{I+12)=Y{I+15)

RETURN

END



SUBROUTINE : FUNPLS

CALY, STATEMENT : FUNPL5 (ET, Y, YP)

SUBROUTINE PURPOSE : The subroutine calculates the second time deriva-
tives of the physical libration angles of the real moon and the state
transition matrix and the parameter sensitivity matrix used in the numer-
ical integration of the physical librations of the moon as described in
[Papo, 19711 Chapter 3.32. The selenodetic positions of the earth and
the sun are obtained from the JPL DE-69 tape TO'Handley, 19697.

WNPUT PARAMETERS :
A, Scalars (extended precision). Also note the Common Area
Parameters section,
1. ET is the epoch in Julian days for which the derivative:
are needed,
B. Vector (extended precision).
1. Y is a 60-element vector containing, in order (supplie
by the calling program DVDPF):
a. The physical libration angles and time rates
(1,0,0,T,0,0).
b. The 36-elements of the state transition matr
stored columnwize.
¢. ‘The 18 elements of the parameter sengitivir
matrix stored columnwise.

OUTPUT PARAMETERS :
A, Vector (extended precision), Also note the Common Area
Parameters section.

1, YP isa 60-element vector containing the time derivative
of the input Y vector:

YP=Y

COMMON AREA PARAMETERS : The program extensively uses common area
input/output, listed separately in this section. The common areas are
MAIF, EXE, ALL, CETBL1, CETRBL2, CETBI4.
A, Area /MAIF/ALF, BET, GAM, TEQ.
1. ALF, BET, GAM are the rations between the
moments of inertia of the moon:

C-B  o_C:-A _B-A
A B *’" ¢

a:
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B.

C.

D.

2.

[Papo, 1971]. They are extended precision scalars
evaluated in the main program and passed through the
subroutine calling FUNPLS (usually DVDPF).

TEQ is the mean inclination of the Iunar equator with
respect to the mean ecliptic of date (I).

/EXE/TO, B, SUN, NUMB,

1.

TO is an extended precision scalar containing the epoch

of the previous step in the integration at which FUNPLS
was called.

B is an extended precision 3-element vector containing the
geocentric position vector-of the moon in kilometers.

SUN is a vector similar to B, containing the geccentric
position vector of the sun at epoch TO,

NUMB is 2 dummy integer.

/ALL/SEV A, NUT, KLU.

1,

L

SEV is an extended precision 6-element vector containing
the mean longitude and longitude of node of the moon's
orbit and their first and second time derivatives
respectively, evaluated at the epoch ET.

A is an extended precision dummy scalar.

NUT 1is a single precision integer which is normally

set to zero. The integer is assigned the value one and the
integration is terminated if abnormal program operation is
detected.

KLU is a single precision integer which is used to control
the program actions, I« set to one, the partial deriva-
tives of the YP elements 7-60 are integrated with the
physical libration angles., If set to an integer greater
than one, only the physical libration angles (elements

1-6 of the Y vector) are integrated.

Common areas /CETBL1/CETBL2/CETBIA4/ are required for
input from the JPL DE-69 tape [ O'Handley et al., 19697,

PROGRAM DESCRIPTION : The FUNPLS program is designed to find the second

time derivatives of the real moon's (e.g. as described by DE-69) motion
| Papo, 1971] Chapter 3 . The routine requires the use of subroutine
TRIK and the logic used in the program is given below,

The geocentric positions of the moon and sun are read in from the
DE-69 tape.

The position vectors from (A) are transformed info selenocentric
positions in the mean ecliptic system of date (ET).

The Eulerian angles of the moon and their time derivatives

are evaluated from combinations of the Y and SEV vector elements,
The TRIX subroutine is called to evaluate the time derivatives
of the physical libration angles and to create (in Papo's notation)
the 8 and @ matrices ueed for the evaluation of U and Q

[ Papo, 1971] Page 9b.

A.

B.
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E. The output of the TRIK subroutine is used to form the output
YP vector,

SUBROUTINES REQUIRED :
A, 0,8.U, Project Library:

MEANAN
PRECSS
TRIM
ONEM
REDPI
TRIK
. ROTATE
B. JPL Programs:

1. READE

.

S N

REFERENCES :
A. O'Handley, Douglas A, et al, (1969). 'TPL Development Ephemer: s
) Number 69]' Technical Report 32~1465,
B. Papo, Haim B. (1971), "Optimal Selenodetic Control," The
Ohio State University, Department of Geodetic Science Report :-u.
1586,

_43_



oon

Ao

FUNPIS

SUBROUTINE FUNPLS (ET4sYsYP}

SUBRUGUTINE FUNPL5 FOR READING THE DE-69 TAPE , CALLING THE TRIK SULRGUTINE

AND ADMINISTERING THE FURMATION UF DERIVATIVES OF THE PHYSICAL LIBRATION

ANGLES AND THE PAQT1AL DERIVATIVES MATRICES {TRANSITLON AND SENSITIVITY)

IMPLICITREAL*B(A~H,0-2)

DIMENSION Y{6O0J+YP(60),5EV(E} 221633 ZPTI2Y4DL2) B3] ,SUNI3Y),
PDHE(B],F(4)tTEl(b)iTEZ(b)aIRE{13)yS(ﬁng)ng(3;3T:TZ(3'3l:T3i3g33
Py TETALG6)FETA(G6,:3)

Y{l1-5) — PHYSICAL LIBRATIONS ANGLES

Y{7~42)~ STATE TRANSITION MATRIX IN COLUMNS {TAU -« RODOTY}

Y{42-60} — PARAMETERS SENSITIVITY IN COLUMNHS [C2Z,.,BETA,C20)

CUMMON/MAIF/ZALF sBET,GAM, TEQ /EXE/TU,B,SUN,NUMS/ALL/ SEV3ANUT,
PRLUSCETBLL/AULREA ; TPULEMR/CETBL2/ICH , ICEyIRE/CETBLASS,F

DATA PILTSE /3.141592653589790G.0.00/

ET ~ EPOCH IN (J3-2440000.)

IF(ET.EQ.TO) GCTO 2

TO=ET

PI=ET+2440000.00

CALL READE (UJ+TSE»IER)

READING FROM THE DE~69 TAPE

IF{IER.NELO)} GOTO & .

DO 1 I=1+3

DEXI¥=S(Iy11) -

OME(II=S{1.+10) -

POSITIONS OF EARTHID) AND SUN(OME} IN MEAN EQUATORIAL OF 1950

CALL MEANAN (UJ,TEl,TEZ} :

CALL PRECSS (UJsT2,T3,1}

CalLi ROTATE {1,TEL{&6]1,T1}

CALL TRIM (T1,72,731

CALL ONEM (T3,D,5)

CALL ONEM (T3,0ME.SUN]

POSITIONS OF EARTH{®) AND SUN(SUN)} IN MEAN OF DATE ECLIPTIC

SEVI1}=TEL(2]

SEV(2)=TEL{5}

SEV(3)=TEZ (2]

SEV(4)=TEZ(D)

SEV(5’=-0-296540880“13+U‘405942343D“20*tET*Z@?BO.DD}

SEViG)= 0.543658206D-13+0.4775792290-20%[ET+24960.00}

SEV VECTOR BF MEAN LONGITUDE , NODE AND THEIR FIRST AND SECOND DERIVATIVS

CONTINUE

Z4L)=Y {1} ~Y([2)+SEVIL)-SEV(2}+P]

CALL REDPI (ZI11)

2L2)=sY{2Z2)+SEVLZ)

" CALL REDPI {Z(2))

Z{3)=Y{31+TEQ
Z04)=Y14) =Y (5)+SEV(3}-SEV{4]
ZL5)=Y(5)+SEV(4)

2(6)=Y{6]}

Z ~ EULERIAN ANGLES CALCULATED FROM Y
CALL TRIK (Z,ZP,TETA,FETA)

DO 3 K=1,3
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14
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16

70

FUNP1S (Cont)

YP{K)I=Y{3+K)

YP{3+K)=2P (K}

YP{1-6] ASSIGMNIENT OF DERIVATIVES FOR THE PHYSICAL LIBRATION ANGLES
IF(KLY.GT.1) GUTO 17

KLU IS SET GREATER THAN 1 FGOR THE CASE WHEN NO PARTIALS ARE GENERATED
DO 16 I=1,6

00 13 J4=1:6

IJ=d%56+1

YPLIN=0.00

DO 13 L=1,6

YP{IJISYP(IJI+TETA(IJLI*Y(J=6+L)

CREATICN OF U DGT 1IN VECTCOR FURM YP(T—42}

DO 15 J=1,3

I1J=36+3146%)

YP{IJd)=0.D00

DO 14 L=1 16

YP{IJI=YPUIJI+TETA{L,L)*Y(36+6%]+L)
YPUYIJI=YP(13)+FETA{],J)

CREATION OF Q OOT IN VECTOR FORM YPI43-60}

CONTINUE

NUME=NUMB+1

RETURN

WRITE{&64 TOJET,NUMB

NUT=1

RETURN

FURMAT(5X, "SUOHETHING 1S5 WRONG 1IN THE DATA'+F20.8,1101
END
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SUBROUTINE : FUNPLS

CALL STATEMENT : FUNPL6 (ET, Y, YP)

- SUBROUTINE PURPOSE : The subroutine accomplishes the same purposes

FUNPLS5 except that-the simulated environment is used in lieu of the
JPI1, ephemeris DE-69.

INPUT PARAMETERS : Input parameters are exactly the same as for FUNPILS.

OUTPUT PARAMETERS : Oufput parameters are exactly the same ag for FUNPLS.

COMMON AREA PARAMETERS : Common storage is the same as FUNPLS except
that the areas CETBL1/CETBL2/CETBI4 are not required.

PROGRAM DESCRIPTION : The computation performed by the subroutine is
' exactly the same as FUNPLS except that the simulated ephemeris data is
read from a data set No. 4 through the use of EPHITL.

SUBROUTINES REQUIRED :
A, 0,58,U, Project Library:

1. REDPHI
2. TRIK
3. EPHITL

REFERENCES :

Papo, Haim B. (1971), '"Optimal Selenodetic Control, "
The Ohio State University, Department of Geodetic Science
Report No. 156,
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FUNPLS

SUBROUTINE FUNPLS [(ET+Y,YP)

IMPLICITREAL*H (A—H,0-2)}

DIMENSION YU&60),YPI&0O},SEVIE) s ZUE)2ZPI3),0{3)+B{2)+SUN(Z},
POME£3} 97 (&%) 4TELIO)2TE216} sIRELLIZ) 4S{6112)sTIU343)5T2{2+3}+T3(3,3}
PeTETALGL,6) 4 FETALL,3),0QU(18)

Y{1-6) — PHYSICAL LIBRATIONS ANGLES

Y(7T—42)— STATE TRANSITION HATRIX IN COLUMNS (TAU ...RODOT)
Y{&2-50} - PARAMETERS SENSITIVITY IN COLUMNS (C22,vETALL20)

CORHCH/MALF/ALF+BET +GAN,TEQ /JEXE/TOsBySUNNUMB/ALLY SEVANUT,
PKLU

DATA PIZTSE /3.1415926535897900,0.D0/

ET ~ EPOCH IN {JD—2440000.1}

IFLET.EQ.TO) GUTO 2

TO=ET

CALL EPHITL (ET,4,QU)

DO 1 I=1,3

B{I)=QUII}

SUN{I)=1.D 03

CONTINUE .

Z2(1)=Y{L1)=-Y(2)+SEV(1)-SEV(2}+PI+(SEVI3)-SEV{4))*(ET-222.500)

CALL REDPI (Z(1l})

Z{2)=Y{2)+SEVIZ2)YFSEVIA)*{ET—222.5D0}

CALL REDPI (Z({2)}

Z(2)=Y{3)1+TEQ

Z{&)=Yl4)—~Y(5)}+SEVI3)-SEV{4)

Z2i5)=YIl5)}+SEVi4]

2{61=Y(6}

Z — EULERIAN ANGLES CALCULATED FROM Y

CALL TRIK (Z4ZP,TETALFETA])

DO 3 K=l.3

YPIK)I=Y[3+K}

YP{34K }=ZP(K)

YP{l1~6) ASSIGNMENT DF DERIVATIVES FOR THE PHYSICAL LIBRATION ANGLES

IF(KLULGT.1} GOTO 17

KLU IS SET GREATER THAN 1 FOR THE CASE WHEN ND PARTIALS ARE GENERATED

DO 16 I=1:6
DO 13 J=1,6

IJ=J%6+1

YP{1IJ)=0.D0

Do 13 L=1,6

YPLLIJY=YPI{IJ)+TETAL{I LIFY(J*o+l])

CREATION OF U 0OT IN VECTOR FORH YP{7—42)

DO 15 J=1,3

IJd=36+1+6%J

YP{IS)=0.00"

DO 14 L=146

YPIXJ)=YP{IJ)+TETA{I,L)*Y{36+6+J+L)

YP{IJ}=YP(IJ)+FETA(I,d}

CREATION OF Q DOYT IN VECTCR FORM YP(43-60.

CONT INUE

CONTINUE

RETURN

END
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SUBROUTINE : FUNSTS3

CALL STATEMENT : FUNST3 (ET, Y, YP)

SUBROUTINE PURPOSE : Basically the subroutine accomplishes two purposes:
A, The subroutine evaluates the time derivatives of the perturba-

tions of the 18 elements of the simulated ephemeris (similar to
FUNEPH),

B. The subroutine evaluates the time derivatives of the state
vector of a satellite in the simulated earth moon environment,

INPUT PARAMETERS :
A. Scalar (extended precision).
1., ET is the epoch in Julian days at which the time derivative
are to be evaluated.
B, Vector (extended precision).
1. Y is a 24-element vector containing, sequentially:
a, The 18 perturbation of the elements
of the simulated ephemeris as
defined by comment cards in the statement
listings. Units of the parameter sets are
kilometers, kilometers per day, radians

and radians per day respectively.
b. Elements 19-24 contain the state vector

(kilometers and kilometers per day) of the
satellite in the selenocentric system.

OUTPUT PARAMETERS :
‘A.  Vector (extended precision),
1. YP is a 24-element vector returned from the subroutine
containing the time derivatives of the Y vector described in

the above paragraph. Units are per day time derivatives
of the original vector.

COMMON AREA PARAMETERS : Common block storage is used to transmit infor-
mation hetween the subroutine and the main program or calling subroutine.
Two common areas are used:
A, Area /MAIFUN/ENCKE, AMM, PM, NUMB,
1. The extended precision variables ENCKE, AMM and PM

are quantitics which are described in the FUNEPH
Program Description.
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2. NUMB is a gingle precision integer which serves as a
counter to indicate how many times the FUNST3 sub-
routine has been called,

B.. Area ALL/Q.

1. The extended precision vector Q@ contains the 18 elements
of the simulated ephemeris in the same order as in the
Y vector, To obtain the @ vector the perturbed elements -
of the Y vector are added to the "reference" case,

PROGRAM DESCRIPTION : The theoretical basis of. FUNST3 formulation is outlined
in [ Papo, 1971] Chapter 4, Section 4. 4.

SUBROUTINES REQUIRED :
A. 0,8.U, Project Library:

i, BSTVITR
2, REDPI
3. ROTATE
4, TRIM

5, ONEM

B. Fortran Scientific Subroutine Package:
1, DGMPRD
2. DGMTRA
3. DGMADD

REFERENCES :

Papo, Haim B. (1971). "Optimal Selenodetic Control," The

Ohio State University, Department of Geodetic Science, Report
No, 1586,
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FUNST3

SUBROUTINE FUNST3 {ET,Y,YP)

SIMULATED ENVIRONMENT

SATELLITE TRAJECTCRY GENERATUR COWELL EQUATIONS OF MOTION FOR SATELLI
NO RANGE CR RRATE DATA GENERATED

Y{ 1—- &) MGCN STATE VECTCR GEOCENTRIC ECLIPYIC

¥( 7—-12) MCON EULERIAN AKRGLES AND TIME RATES

Y(13=-18) EARTH EULERIAN ANGLES AND TIME RATES

Y{19-24) SATELLITE STATE VECTOR SELENOCENTRIC ECLIPTIC

POSITION : X » Y 4 2

EULERIAN ANGLES : LONGITUDE , NOUDE 4 INCLINATICN ]
IMPLICIT REAL*8 {A—H,0-Z) -
DIHENSION Y024} sYP(24)+Q018)+STVI6) sENCKE(TI+S{3Y4R{3),X(3),T1(3,3
PI+T2(3931+T303:43),T403+3)1+THI3+3)sTHT{3+3)sTE(I 431, TETI3,3)1VX(2),
PVYX3I(3)sVS(3)EMSLL12aAMI32+3)+SH{12,23),55M(123,5C0{3)4OME{12)PMIb
P };RARRR{3,4 J sGS03:2),05(293)+PS(3,3)4XY2(3) ,UVHI3
PleXCR{3+3345CR{3,3}4RCR{3,3)1,VRI31,AMM(3,3},VR3I (3]

COMMON /ZMAIFUN/ENCKE 3 AMM,PM,NUMB JALL/ ©

DATA ZERO,ONE.EMM,CPHLyALF s8ET yGAHEMULCLARsCONS4ES4HS

p /0.D031.00,B81.300,.8926568D 164.41942130-D3,.6290-03
Py .2095788D-03,.32T802D-C2,359924176800.00,.2975560 16,66067.856250
P0+5369046.636D0/

DATA GS,CONM / 3578363.55300,3%¥0.00,3579114.254D0,3%0.00,3550
P5615.12600,3012159753997540.00/

DATAEHS $ XH/ 224556006 ,— . 24548 70~C6 4 - 189182066
Py =.146261D-G6y .1443700~06, —.15725D-06,.3247270~07y —.T43310-07,
P.1232504D~06, —.99065D-07, .99814D—C7y —.1025630-06,
Pl619.177y 1532.288,1457.018,1630.787y 938.990,1110.483,750,123,
PB36.942,715-644,582.937,24790.123,=433,5274559.617,866.74T41.0,
P-940.490+~1325.401y —1302.581,-223.928+ 856.851, 1c09.474y 1304,
P5b61l,y 435.527y 449.355,593.968,—151.9864+—594.958, ~1117.734s —i51.
P86y 868.554, 1504.745y 1330.968y 301.319,~849,.554,-1505,745/
NUMB=NUMB+1

CALL STVITR {ET,STV,AMM,PH)

b0 1 I=1,6

QIII=Y{I)1+STVII}

QUI+46)=Y{1+6)

Q(I+12)=Y{I+12}

TT=ET-ENCKE{1}

Q{7}=Q(T)+ENCKEL2 )+ENCKE(4)%TT

CALL REDPI(Q{T}}

QI8 }=0(8)+ENCKE (3)

Q{10)}=Q{10I+ENCKE (4}

QUL3I=Q{13}+ENCKE {S5)+ENCKE{T)=TT

CALL REDPILQU(1%))

QE1S)=Q(15)+ENCKE(6}

Q{16)=Q{16)+ENCKE(T)

DO 22 I=1,12

SSK{I)=2ERO

XX=ZERQ
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FUNST3 (Cont)

X0=2ERQ

SS=ZERD

RR=ZERD

DO 2 I=l,3
X{1=0{1})
S{I¥=v{I+18}
REITI=R{T}+511)
SCO{I}=2ERD
XX=XX+X(II*Xt1}
XO=XO+STviI STV D)
S58=585+3S(1})#3(1)
RR=RR+R{IJ*R(T}
XT=ONESXX*»3,50Q
ST=0ONESLENM%SSE 23 ,5D0)
RT=ONE/RR*¥%3.5D0
X5=XT*XX

55=5T58

RS=RT*RR

X3z=X5%xXX

53=55%5S

CALL ROTATE {3,Q{7),71}

CALL ROTATE{1ly~3{9)+72)

CALL ROTATE(3,9{8),T3)

CALL TRIM {T1.,T2,7T4}

CALL YRIM (T4+13,TM)

CALL DGMTRA (TH,TMT,3.+3)
CALL TRIM (TMT0554+73})

CALL TRIM {T3.TH.PS)

CALL ONEM [TH.XeXY2)

CALL DGMPRO (AMeTHMsSHe12+3,32

OML=T102,1)3T2(3,2)%QE11}-T1{1,1)+0(12)
OM2=T1(1,13#T202,3)%Q(111+TL(1,2)*Q{12)

oM3= TZ13,3)%0(11 )+ Q(10) _

TREI® ALFF{CPHLAXYZ{2}#XYZ(3) $XS-OM2%0M3 1 +T1(1,2)%T2{3,3)*Q(11)%al
PL2h+TI{Ls1}¥T2(3,2)3Q(11)%D (L0 +TL{2,1F*Q{12}*Q{10}
TREZ=~BETH{CPHL¥XYZ(11¥XYZ{3) #X5-CM1%0%31+T1{1,1}%T2{3,312Q(111+3{
P1Z)+T1(2,1)4T213, 2140111143 (101~T1(1,1)%Q(12)+0(10)

TRE3= GAM®(CPHLSXYZI1IRXYZ{2)%X5~0M13042)+T2 (3,2)%0(111%Q112}
YP{103=( T101,2)%T203,3)%TREI+T1{2+113T213,3)*TREZ}/T2{2,2)+TRE3
YP{113=(-T1l1,2) *TRE1-T1(1,1) *TREZ)/T2(3,2)
YP(12)= -T1(1,1) *TREL+T1(1,2) *TRE2

CALL ROTATE {3,Q{13}),T1}
CALL ROTATE {1y-~Q(15},T2
CALL ROTATE (3.0(14),73}
CALL TRIM {71,72,T4}
CALL TRIM (74,7T3,7E)
CALL OGHTRA (TE,TET#3.31
D3 23 I=1.3



23

10

15

FUNST3 (Cont)

DO 23 J=1,3
QS(71,4)=132135.712500%TE{3,I)*TEL3,4)
CALL ONEM (TEsXsUVW)

HEL=ENCKE[ 7)*{ONE+EMU)~TZ(5,3)*Q(17)
THDl=T1(1,2}*T2(3g3i*Q(17)*3(1B)+T1(1,l)*TZ(SoZ)*Q(l?)*HEL+T1(2rlk
P*Q{ 1E) #HEL+CEARFUVH{2}3UVW {3} %X5
THDZ=T1(1,1)*T2(3|3)*Ql17)*0(18)+T1{2,11*T:!B,Zl*@ll?)*HEL—lll1.1’
PHG(18) ¥ HEL~CEAR®UVH {1 )*UVII{3}#X5
YPL1T)=tT101,2)=TRUL+T1{1,1i1*TH02}/T2(2,3)
YP{16)==T1(1,1)*TWOL+TE{1,2}=*TW02
YP(16)=T2(3,21%Q{17)2Q1181~12(3,314YP{17)

QL=ZEROQ

QR=2ZERO ™

DO 3 I=1+3

DO 10 J=1,12
SMLI,I¥=S{I)-SH{JI,I)
SSMEJI=SSM{JT+SM{J,1}*¥2
QR=QR+S{I}#(X(I)+S{I}*0.500)
QL=QL+Y LI #{STVIIN+Y{T)}%.500)
EFR=ONE-~ONE/ { DRE+Z2.D0*QR/XX])*¥?
EFO=UNE—ONE /I CHE+2.D0%QL/XD 1>
XO=0NE/XO#*%1.5b0

DO 4 I=1:3
VR3{I)=X3*{5{1)—EFR*R(I}]
VX3(I}=X0*(Y{I)—X{I1)*EFD}

00 15 I=l.12
OMS(I)=EMS(I)/SSHM{L1)**1.500
D0 15 J=1.3
SCO{JI=SCOLII+DASLINI®SHTTJ)

DO 5 I=1,3

DO 5 J=1,3
XCROIyJI==2.500%X (1} #X1J)*X7
SCR{TJV==2.50075{L}*S{J)*57
RCR({IyJ1=2,500tR (1) *RAISI=RT
IF(INELD)Y GOTU 5
XCRUIpJI=XCRIT D) +XX=XT
SCR{I+JI=SCR{ILJ)+55*57
RCR({I,J)=RCR{I,.J)+RR*R7

CONT INUE -

CALL ODGHMADD (PS,05+T1,343)
CALL TRIM {XCR,;T1,T2}

CALL TRIH (SCR,P5,+T3)

CALL TRIM (RCR,Q5,T4)

DO & I=1,43

D0 & J=143

IF{1.NE.J) GOTO &
T2LIpJ)=T20 1, J)+XSH(ES+HS)
T3(I,J)=T3LL,J3+55%HS5+53
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FUNST3 (Cont)

T4(I,J)=T4{I4J)+RE¥ES
CONTINUE

CALL ONEM {T2,XsVX)

CALL ONEM (T3,+S54VS)

CALL ONEM (T4+RsVR)

pg 7 I=1,3
YP{I+3)==CONM®{VXL{1]1+VX3(I}}
YP(I+21)=—CDNS*(VR(I)+VS!I)+SCD(I)—VX{I)+VR3(II}
YP(I }=Y(3I+3 3

YP{I+6 }=Y(I+9 )
YP{I+12)=Y(I+15}
YP{I+18)=Y(1I+21)

RETURN

END
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SUBROUTINE : GASTIM

CALL STATEMENT : GASTIM (JD, DOBLQ, DLONG, GAST)

SUBROUTINE PURPOSE : The subroutine computes the Greenwich apparent
sidereal time at a given epoch, given the nufation in obliquity and
longitude for the epoch.

INPUT PARAMETERS :
A, Scalars (extended precision).
1. JD is the epoch in Julian days minus 2437000. 0.
2. DOBLQ is the nutation in obliquity in radians.
3. DLONG is the nutation in longitude in radiana.

OUTPUT PARAMETERS :
A, Scalars (extended precision).
1. GAST is the Greenwich apparent siderial time for the
epoch specified by JD.

PROGRAM DESCRIPTION : [ Fajemirokun, 1971] Page 51.

SUBROQUTINES REQUIRED :
0.8.U. Project Library:
1, MEANAN

REFERENCES :

Fajemirokun, F. A. (1971), "Application of New Ohbservational
Systems for Selenodetic Control," The Ohio State University,
Department of Geodetic Science, Report No, 157,
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GASTIM

SUBRCOUTINE GASTIMIJD,DOBLQ , ULONG s GAST
IMPLICITREAL*H {A=H;0~2)

DOUBLE PRECISION Jb

DIMENSION ANM{G&)DNMIE)

DATA 91216.28318530717958530/,RA00EG/57.29577951308232001
THIS ROUTINE COMPUTES THE G.A.S.T.

INPUT PARAM.——JD,NUTATION(IN RADIANS) IN LONG & 0gLQ
DUTPUT 1S GAST 1N RADLANS

FJD=J0+2437C00.0D0

CALLMEANAN(FJD s ANM s DNHM}

OBLO=ANMIG]}

OBLQ=0B1.Q+D0BLY

EQE=DLONG*DCIS(OBLQ)

IJD=I0INT{JD}

DJO=DFLOAT{IJD)+0.500

FRAC=JD-0JD

1FLFRAC.LT.0.DDYIFRAC=1.DO+FRAC

UT=FRAC#*24.00

TH=(FJD-2415020.00})/26525.00
GHST=UT+(6.DO+35.50/60.oo+45.83600/3600.50}+l8640184.54200/3600.00
%) FTM+(0.,0929D0/3600. 301 ¥ TH¥TH

GHMST=0MODIGHMST 24 .00}

GHS1=GHST*15.DG/RAUDDEG

GAST=GMST+ECE

GAST=DMOD(GAST ,PI2)

RETURN

FORHAT{//510X4D25.16])

END
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http:GHST=UT+(6.DO+8.GO/bO.DO+45.836DO/3600.DO)+(E640184.542DO/3600.DO
http:TN=(FJD-2415020.DO)/36525.D0
http:Ut=FRAC*24.DO

SUBROUTINE : GEULAN

CALL STATEMENT : GEULAN (JD, THETA, PHI, PSI, DOBLQ, DLONG)

. SUBROUTINE PURPOSE : Computes the three Eulerian angles {8, i, ©) between
' the mean ecliptic system of 1950, 0 and the average terrestrial system.

INPUT PARAMETERS :
A, Scalars (extended precision).
1, JD is the Julian date minus 2437000, 0.
2. DOBLQ is the nutation in obliquity in radians.
3. DLONG is the nutation in longitude in radians.

OUTPUT PARAMETERS :
A, Scalars (extended precision).
1, THETA is the Eulerian angle 6 in radians.
2. PHI is the Eulerian angle © in radians.
3. P8I is the Eulerian angle ¥ in radians,

PROGRAM DESCRIPTION : The development of the earth's Eulerian angles is
outiined in Report 157, Section 2. 35.

SUBROUTINES REQUIRED :
O.5.U. Project Library:

i, PRECES
2. NUTATE
3. GASTIM
4, STRANS
5. MEANAN
6. ROTATE
7. TRIM

REFERENCES :

Fajemirokun, F. A, (1971). "Application of New Observational
Systems for Selenodetic Control," The Ohio State University,
Department of Geodetic Science, Repori Mo, 157,
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GEULAN

SUBROUTINE GEULAN{JD,THETA+PHI,PS1,D0BLQ,DLCONG]

IMPLICITREAL*E (A—H,0-2}

DOUBLEPRECISIGNJD

DIMENSION PRELG) yPRECM{343) ,0NUTA(3+3 )9 SMAT(3,3 )}, ANMI61.DNMIOT,
FREL{3+3)5TIL3,3),T2(3,3)44(3,3)

DATA ET/2433282.42300/

DATA PI2/6.28318530T17558600/ .

THIS ROUTINE COMPUTES THE 3 EULERIAN ANGLES HETHWEEN THE MEAN ELLIP
TIC SYSTEHM {1950.0U) AND THE MEAN TERRESTIAL ROTATING SYSTEM
EXTERNAL ROUTINES REOD.—PRECES)NUTATE GASTIM, STRANS yMEANANROTATE,
TRIM. INPUT PARAM.——JlUL. DATE,NUTAT.IN OBLQ. AND LGNGITUDE

FJID=J4D+2427000.0D0
CALLPRECES{FJD+PRE,PRECHM)
CALLNUTATE(FJID,D0BLO,DLONGDNUTA)
CALLGASTIM(JD,D0BLO,DLONG ;GAST)
CALLSTRANS(FJD s GAST ,SHAT)
CALLHEANAN(ET s ANMsDNM }
OBLQ=ANM{E)
CALLROTATE(l,~0BLC+REL}
CALLTRIM(PRECHREL,T1}
CALLTRIM{UNUTAST1,T2)
CALLTRIM{SMAT,T2,A)
THETA=DARCOS(A(Z,3)}]
ST=DSIN{THETA)
PSI=DARCOS{A(3,2}/5T)

PSI=P12~PSI
PHI=DARCOSI{ALL,1)%A(342)~A11,2)}%AL3,1))}/5T)
DS=—~{{A(2,1)2A1{3,2)~A1242)%A(3+41)}/ST)
IF{DS.LT.0.00)}PHI=P12~PHI
FORMAT{/4(3D25.16}1
FORMATI{//+2Xs5020.12}

RETURN

END

-58-


http:FORMAT(//,2X,5D2O.12
http:DATENUTAT.IN

SUBROUTINE : INVSPE

CALL STATEMENT : INVSBPE (A, B, M, N, K, L)

. SUBROUTINE PURPOSE : Copies a layer of a three dimensional input matrix (A)
into a two dimensional matrix (B).

INPUT PARAMETERS :
A. Scalar integers (single precision).
‘1, M, N, K are dimensions of the input matrix A
(rows, columns, layers),
2. L is the layer of A (consisting of K layers) which is to be
copied into matrix B for output.
B. Matrices (extended precision).
1, A igsthe M X N XK input matrix.

QUTPUT PARAMETERS :
A, Matrices (extended precision),
1. B is the output M XN matrix containing layer L
of the input matrix A..

PROGRAM DESCRIPTION : None

SUBROUTINES REQUIRED : None

REFERENCES : None
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INVSPE

SUBROUTINEINVSPE{AsBsMyNgsKelL])
MAKING B EQUAL TO LAYER OF A
IMPLICITREAL*E {A—H,0—Z)
DIMENSTONA{MINK) 4BI{MN}
DO1li=1lM
DOZ2J=1 4N
BII,JI=A(IsJsL)
CONTINUE
RETURN

END
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SUBROUTINE : LADIS

CALL STATEMENT : LADIS (ET, PE, PM, XE, XM, XCE, X, D, ZD)

SUBROUTINE PURPOSE : The program computes the distance between an
earth observatory and a lunar reflector at 2 given epoch and the
zenith distance of the ray at the earth observatory. The program
presupposes the observations are made in the simulated environment
described in [ Papo, 1971] in a refraction free environment assumed in
[ Fajemirokun, 19717. )

INPUT PARAMETERS :
A. Scalar (extended precision).
1. ET is the epoch of observation in Julian days.
B, Vectors (extended precision, 3 element).

1. XE is the position vector of the earth observatory
in a body fixed system (km).

2. XM is the position vector of the lunar reflector
in a body fixed system (km).

3. XCE is the geocentric position of the moon in the
simulated environment (kmjy,

C. Matrices (extended precision).

1. PE isa 3X3 matrix used to transform coordinates
from the earth fixed system to the mean ecliptic
coordinate system.

2. PM is a 3 X3 matrix used to transform coordinates
from the moon fixed system to the mean ecliptic system.

OUTPUT PARAMETERS :
A, Vector (extended precision).
1. X is the topocentric position vector of the lunar
reflector (km).
B. Scalars (extended precision).
1. D is the distance between the earth observing station and
the lunar reflector (km). The variable is set to zero
if the zenith distance precludes observation.
2. ZD is the zenith distance of the lunar point in degrees.

PROGRAM DESCRIPTION : The program logic follows the formulation given in
[ Fajemirokun, 1971] for laser ranging.
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First, the topocentric position vector of the lunar reflector

is obtained.

The simulated laser range is found from the topocentric vector.
The zenith distance of the observed range is computed.

If the observing altitude of the ray is between 30 and 70 degrees,
control is returned to the calling program. If the "observation"
cannot be made, the distance is set to zero and control is
returned to the calling subroutine.

SUBROUTINES REQUIRED :

A.

B.

REFERENCES :
A,

0.8.U, Project Library:

1. ONEM

0, 8, U. Utility Library:
i. MADD
2. MSUBT

Fajemirokun, ¥. A, (1971). "Application of New Observational
Systems for Selenodetic Control," The Ohio State University,
Department of Geodetic Science, Report No. 157,

Papo, Haim B. (1971). "Optimal Selenodetic Control,” The
Ohio State University, Department of Geodetic Science, Report
No. 158.
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SUBROUTINE LADISUET,PEPMXE XM+ XCE+X,D 220}

THIS PRULGRAM SIMULATES RANGES 10 1HE MOON

PROGRAM USES SIMULATED EAVIRCHHENT DATA [CREATED BY H. PAPUI

ET IS EPCCH OF CUSERVAIION IN JULIAN LAY

PE MATRIX TRANSFORMS FROM LVA TO MEAN ECLP. SYSTEM

PH MATRIX TRANSFURMS XYZi{MCON) TO MEAN ECLP. SYSTEM

XE g XM~—P0S~ VECT. DF EARTH PT. AND MOUN PY. IN UVW & XYZ SYSIEM
XCE—— GEQCENTRIC {ECLP.) POSITION OF SELEROCENTER

D IS THE COMPUTED GISTANCE

X—THE TOPOLENTRIC PUS. DF HOOY POINT IN MEAN ECLP. SYSTEM

ZD IS THE ZENITH DISTANCE CF MOON POINT

IMPLICIT REAL¥BIA-H,0G-Z)

DIMENSION PE{3¢3}sPHI3,3),XE{3)+XH{3}+RCE(S) o XEE[3)yXHE(3) 4 XEM(3] »
*X(3)

DATA RADDEG/57.29577951308232/

DSL=0SIN{20.00/RACULG])

DSZ2=DSIN{60.DO/RADDEG)

DS3=0COS(B0.DOU/RADDEG)

CALLONEMIPEXE ¢ XEE)
CALLONEM{PMsXH,XHE)
CALLMADD(XCL+XMEs3x1yXEH)
CALLNMSUBTIXEH s XEE 135719 X]
D2=X{1)*X(1+X(2)#X (2} +X(3}*X{(3)
D=DSQATID2)
THE FULLUWING CHECKS IF OESERVING ALTITUDE 1S 30<ALT.<TO
AB=0.D0

EB=0.00

A=0.D0

B=0.D0

E=0.D0
DOS01=1,3
AD=AB+XEE(1)*X(1)
EB=EB+XME(L1)*({-X(1)}
A=A+XEE(1)4XEE(])
B=B+X{1)*X{ 1)

EsE+XME{ L) #XME(]}

5C LONTIMNUE

A=DSURT(A}
B=DSGRTIR)
E=DSQRT(E)
CST=ALB/(A%b)
CH=EB/(E*b)
QD=DARCUS(CS5T]
ZD=0D*RADDEG
IF{CST) 60:60,+565

65 COCNTINUE

IF{CSTALELDSL1.0RLLSTLGELDSRIGOTOS0
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LADIS (Cont)

C THE FOLLOWING. CHECKS 1# MCUN PLINT IS .0 DEG. OFF LUNAR LI1ME
LF{CH.LT.DS3)G0OTO60 :
“CT0999
o0 CONTINUE
3 1:4POSSiBLE TO GBSERM
b=0.D0

99+ RETURN
96 FORMAT(3D25.12}

END
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http:FORMAT(3025.1Z

SUBROUTINE : LASOLV

CALL STATEMENT : LASOLV (IDP, XP, IDL, XL, B, EMINV, QLA,

PX, TEMP, LVEC, MVEC, EN, COREL, NE, NM, NU, NOB, NP,
NL, BM, W) :

SUBROUTINE PURPOSE : This subroutine is the basic routine for adjusting

simulated laser ranging.

INPUT PARAMETERS :

A,

B.

C.

D.

E.

Integers ({single precision) from main program.

1,
2.
3.
4.
3.

Integers

1,

4,

NE is the number of earth station coordinates.
NM is the number of lunar reflector coordinates.
NOBS is the number of laser observations.
NP is the number of earth stations,
NL is the number of lunar reflectors.

(single precision), card inpuf within subroutine,
IDP is an NP element vector containing the
earth station numbers.
IDL is an NL element vector containing the lunar
station numbers. )
ID1 is an input earth station number which an
observation is made from,
ID2 is an input lunar station number to which an
chservation is made.

Matrices (extended precision) card input within subroutine.

1.

Scalars
1.

2.

3.
4.

Sealars
1.

XP is an NP X3 element array containing the geocentric
positions of the observing stations in kilometers.
XL is an NLX 3 element array containing the seleno-
centric positions of the laser retroflectors in kilometers.
{extended precision) card input within subroutine.
ET is the epoch in Julian days minus 24370000.0 days
of an observation.
X 1is the topocentric position vector of the Iunar
reflector at ET (in kilometers).
D is the simulated lunar range in kilometers at ET,
ZD is the.zenith distance in degrees of the simulated
observation at ET.
(extended precision) input from disk within subprogram.
ETE is the initial epoch for lunar data (see EPHITL).
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2. ET1 is an input epoch for earth Eulerian angle data,
3. ET2 is an input epoch for lunar Eulerian angle data.
F. Vectors (extended precision) input from disk within subprogram.
1. ET and E1 are element vectors described in the
PLADIS Program Description.
2. Y is a 60-element vector described in the FUNPLS5
Program Description.
G. Matrices (extended precision) input from disk within subprogram.
1, FH isa 3X18X15 array described in the EPHITL
Program Description.
2. SE isa 3X6 array described in the PLADIS
Program Description.

QUTPUT PARAMETERS : Many of the extended precision variables in the
Call Statement are included for Fortran object time dimensioning. The
important ouiput from the routine is threefold:
A. The array QLA dimensioned NuXNU is printed and represents '
the variance-covariance matrix of the adjustment. The variances
are listed in [Fajemirokun, 19711 Page 200.
B. The array COREL dimensioned NU xNU is the correlation
matrix resulting from the adjustment [ Fajemirokun, 1971]
Pages 202-204.
C. The W vector dimensioned NU is the solutior vector obtained
from the adjustment

PROGRAM DESCRIPTION « The program carries out the computations outlined
theoretically in' [ Fajemirokun, 19717 Chapter 5.

SUBROUTINES REQUIRED :
A, 0.8.U, Project Library:

1. EPHITL

2. PMAT

3. LADIS

4, PLADIS

5. MATPA

B. Fortran Scientific Subroutine Package:

1. DMINV

2. DGMPRD

‘C. 0.8.U, Utility Library:
1. MWRITE
2. MSCALE
3. MDUP

REFERENCES :

Fajemirckun, T. A. (1971). "Application of New Observational
Systems for Selenodetic Control,'™ The Ohio State University,
Department of Geodetic Science. Report No, 157,
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SUBROUTINE LASCLV(IDPyXPsIDL.XLyByEMINV-QLA,PX,TEHP.LVEC,HVEC,EN,
*CBREL,NF,NM,NU,NOB,NP,hL,BH,H] .

IMPLICIT REALFBLA-H,U-ZL]

DIMENSICON lDP(HP),XP(kP,B),IDL{NL),XL(NL,B},B(NOB;NU],EMINV(NOB),
*QLA[NU,NU],PX(NU!,TEHP(NU&),LVEC(NU).HV:C{NU],LN(NU'NU}s
#COREL!NU;HUJ,FH(S,Io.lS},CU(lo},XLE(3!1XH£3).XE{3),X(3I,PE(373)1
*PM(ng},EPlbl.EL{é),SE(ng)'SHIB:GI,PSHIB,B}'51(211182(31,Y(601,
#71{6) 22161 ,E(15)

DIMENSLION BM{NU,NCb],d{NOB])

COMMONFEPHEM/ETEFH

1 CONTINUE

CUN=206.26406247096400

ETC=0.D0

DO251=1+NE

PX(1)=1.D0/125.00%25.00}

25 CONTINUE

K1=RE+7

KZ=NE+6+NM

DO211=K1,K2

PX11)=1.00/(1000.00%1000.D0}

21 CONTINUE

K3I=K2+1

K4=K2+3

DUz6I=K3,K4

Jl=I-NH4-6

PX(JL)=1.D0/(1.00%1.00}

PX{J1+31=1.00/(0.5D0*0.5C0)

PX{1)=1.D0/120.00%20.00)

PX(l+31=1-00/(10.00*10.DU)

26 CONTINUE

KS5=K4&+3

PX(XS5+1}=1.C0/{0.500%0.500Q)

PXEKS+2)=1.00/12-000%2.000)

PXIK5+3)=1.00/(0.01D0%0.0100)

BU2%I=1.3

0028.J=1,3

PSMilsJ}=0.00

28 coRFINUE

DO29K=1:6

fFELI+K)=0.00

ShilK}=0.00

29 CONTIAULE

DO20i=14NP

READIS 81V I0PTIT ) o (XP{ 193} 4J=143}

DOR7J=L43

IVALUESIDINT(YP{l,2)%10.00)

XP{isJ)=DFLOUAT{IVALUE)

XP(143)=XPLl,J)/10.D0

27T CUNTINUE
HRITE{o,81}10P[ 1) (XPL1+J)sJ=1,3)

_6 7_


http:SM(I,K=O.DO
http:1E41,K=O.D0
http:PSM(I,J=O.uO
http:PX(K5+2)=1.0O/(2.00*2.0O
http:PX(I)=.DO/I2O.D020.DO
http:1.00*1.00
http:pX(J1)=1.DO
http:DO/(1OO.DO*0O0.DO
http:PX(I)=1.DO/(25.DO*25.DO
http:ETC=O.DO
http:Iop(:.P).XP

30

35

@0

45

50
57

-1:

53

54

56

60

LASOLYV (Cont)

CONTINUE
DOU4OI=14NL
READISyBLY10LUL ) s (XLEI93}0d=1,3)
00354=1,3
IVALUE=IDINTIXLEI 3]}
XLO{Is3)=DFLOATL IVALUE)
HRITE{6451}IDLEI1),(XLILsd)ad=1+3)
CUNTINUE
REWIND 4
REWIND 2
REWLND 3
READ{4)} ETE.FH
1J=10
11=k6
NR=0
L1=NE+&
LZ2=NE+6+NM
L3=LZ+6
READ{5+92)ETy1ID1+1D2+%,D1+10D
IF(ET.EL.0.00)6G0TUT0
IFIETLEQ.ETCIGOTUS
CALLEPHITL{ETy4,0U)
DO501=1,3
XCE(I}Y=0U({I]
CUNTINUE
READIZIETLFP s L{SE{]l +KY2K=146)41=1+31
IF{ETL.NELETIGOTULT
CONTINUE
THETAE=EP (1}

PSIE=EP(Z}

PHIE=EP({3)
CALLPHMATIPSIE ,THETAE+PHIESPE)
READ(ZIET24EL,Y
JIF{ET2.NE.ETIGOTOS58

 CONTINUE

DO0531=1,3
D0O53J=1+5
JI=IE6+]
SMIUIeJJ)=Y (I
DUS54I=1+3
DOS44=1,3
JI=J*6+1+36
PSMLILJ]=Y (4]
THETAM=EL(1}
PSIM=EL{2)
PHIM=EL(3}
CALLPHATIPSIM, IHETAM, FHIN,PM)
CONTINUE
D060I=143
XH{JI=XLIIDZ,J)
XELJS}=XP{1D1,4.})
CUNTINUE

-68=~



&5

70

5

64

62

LASOLY (Cont

CALLLADIST ET,PEePMXE+XMsXCE X D ZD)
WRITE(6,94)ET,I01,1D2,X4D+20
IFID.EL.0.D0GIGUTOP99

NR=NR+1

WINR)={D1-D}*1000.09
CALLPLADLISIET ) XE+ XMy XCEs X sDL gy PEJPReEP4EL,SE»SH,PSH,B14B2)
J=(1D1%3)-2

K={ID2*3)-2

BI(NR,sJ)==B1(1)

B{NR,J+1}=-E112}

BINRsJJ*2}=~b1{3}
B{NRsK+L1}=-81{10)
BENR,K+LYI+1)=-B1{11)}
BINR,K+L1+2)=-8B1(12)

00651=1,6

B(NR; I+NE}=-B1811+3)/7CON

BINR I#L2)=~BLLI+12)/CUN
CONTINUE

BINR,L3+1)=-H1(19)/CON
B{NR,L3+2]=-B1{20)/L0N
BINR,1L3+2)==81(21)/L0UN

ETC=ET

GaTD45S

CUNTINUE

HRITE{6,951NR
CALLMHRITE{ R, 1, NOE,"OK ¥}
CALLMATPA(DBNRyNULLMINVeQLAy TEHP)
00 ¥5 I=1,NU
QLACI1)=CQLA{I 1) +FPX (1}

CONTINUE

FACTCR=0.D0

DOs4I=1,NU
FACTOR=FACTCR+CLLGLIO(CLA(I, 1))
FACTOR=1.D0/10.00+*(FACTUR/DFLUAT (NUY)
CALLMSCALE[FACTUR sLLAAULNU)
CALLMDUPIQLASNU,NUHEN]
CALLOMINVIQLA, MU, DET s LVECsMVECL)
CALLOGHPROD{EN QLA CUREL sNUsNUNU)
CALLMSCALELFACTOR,OL Ay NUL M)
CALLMWRITE(COREL NUy NU o '"ICHK Y]
Da621=1+NU

DO&2J=14NU
CORELUI»J)=QLATL,J)ZIDSGRTIQLAC] 1) }*OSORT{uLA(Jed}))
CALLMWRITE{CUREL yNUyNU g *LLCH")
WRITE(6,90)

N=0

DUT6I=1¢NE+3

N=N+1

VAL=QGLA(L,1)

VAZ=GLALLI+1,0+1)

VAZ=QLALL+2,1+42)

-69-


http:FACTOR=O.DO
http:CONTIA.UL
http:W(NR)=(DI-D)*1000.D0

LASQLV (Cont

T6 WRITELS,90 Ny VAL VAZ4 VA3

17

78

73

999
Bl
&2
90

HRITE(6,490)

N=0

Li=t1+]}

DATTISLILL2e3

N=N+1

VAL=GQLALI,1}

VA2=QLALI+1,1+1)

VASI=ULA{14+2,1+2)

KRITE(0,96) N VAL VAZ, VA3

KRITE{6,90)}

Li=L1l-1

DO78LI=1,46

E{I)}=QLA{I+NEsI+NL])
ECI+6)=CLA{I+L2,14L2)

CONTIANUE

E{13)=GLA{L3+]1,13+1)
E{1l4}=QLALL3+2,1L3+2)
EL15)=0LA{L3+3,L3+3}

HRITELS49T7)E

RRITE(6490)
HRITE(S6+1203 L{CURELL L3 J)sd=149)+151,9)
WRITE(6,120){{CCRELL1+J)sJ=10410)41=10,418)
WRITE{S6, 120V (CORELIL 3 d)4d=19427)41=19,2T)
HRITE{&6,490}
HRITE(64120 M { {COREL(IyJ)}sd=199}+I=10,18}
WRITE(G69120) (L (CURELEE4J}9d=199)+1=19+27)
WRETE(O591 203 (CORELLIL3J)23=104518),05195,27)
HRITE(6490)
WRITEL6,200) L {uLAlLlsd) yJ=1:9)431=1,9)
HRITE( s 2001 { (QLACIJ) 3J=10418)41=10,18)
WRITE(G6,2C0 ({QLA{T ) 3219927911927}
WRITE{€490)
WRITE(64200)0((QLALTI+2),051,9),1=10,18])
HRITE{&,ZUG)I(ULA(I,J),J=1:3)gl=l9,273
WRITE{&,200) 8 (GLALIT 2 3)94d=10,10)+1=19+27)
WRITEL6,90)

DB73J=14NU

DOT3I=14NR

BM{Js i)=B(1,J)=EMINV(])

CALLDGHPRD( ﬁﬁf“,EHINV.NUgNR,l }
CALLDGMPRDIQLALEMINV sH 4NUyNUS11}
CALLMSCALE(—1.00,1yNU,1)

HRITEL{ 64202 )N

WRITE(S,9G)

HRLITE(6,99 }DET

WRITE{5495)

RETURN

FORMAT (IS5 ,3020.9}

FORMAT(I258Xs3F10.%)

FURMAT(1H1)

-70-


http:WRITEC6.96

LASOLV (Cont)

92 FORMAT(FT43,21244F10.79F5.1}
94 FORMAT(/35XyFTu2321554D19.1095X3F5.1)
95 FORMAT{(//,110577)
96 FORMAT(15X,15,5X,3017.7)
97 FORMAT(20X,2DL7.7)
98 FORMATI{//35Xe "CONGRATULATIONSs JCGb IS GVER Y)
99 FORMAT(//4025.14)
106G FORMAT({//(5Xs12F7.3}}
110 FORMATU// U/ +5K56FT723))
120 FORMAT{//7{5X,9F7.311
200 FORMAT(//(5X,1P9D10.2))
202 FORMAT{IHL///(/35X+6D14.5))
END
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http:FORMAT(//(5X,12F7.53
http:FORMAT(//,D25.14

SUBROUTINE : 1,UC A

CALL STATEMENT : LUCA (N, D, DAN)

SUBROUTINE PURPOSE : Creates special skew matrices for differentiation
of a rotation matrix as outlined by Lucas (t is an independent variable).

d Ry (o) - doe. _ : do

INPUT PARAMETERS :
A, Integer N denotes the rotation axis (N =1, 2, 3). o
B. Scalar D is the derivative of the rotation angle ——

1 . <. . dt -~
I D=1.0, the DAN matrix will yield a—?{;’(—-@f)—

OUTPUT PARAMETERS :
A, DAN is a 3X3 matrix of partial derivatives multiplied b

D (e 2Bu@

Pala'd

PROGRAM DESCRIPTION :
A, The DAN matrix is zeroed,
B, Indicies N1, N2 are set as (by integer authentic) :

N1

s

waa:—nlz

N2
3
1

.2

| B B

C. The following elements of the DAN matrix are set as:

DAN (N1, N2) = D
DAN (N2, N1) = -D

Resulting, for axis 1, in:

Preceding page blank
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0 0 0r
DAN = |0 0 D

0 -D 0
For axis 2 -

0 0 -~D
DAN = |0 0 0

D 0 ¢
For axis 3 :

0 D 0
DAN = |-D 0 0

0 0 0

SUBROUTINES REQUIRED : None

REFERENCES :

Tucas, James (1963). "Differentiation of Orientation Matrix,
Photogrammetric Engineering, July.

LUCA

SUBRCUTINE LUCA {N,D,DAN)
REAL*BD,DANI343)
DUITI=1+3
601Jd=1,3

1 BAN{I.J}=0.0n
N1=N+1~{{N+]1)/4)%3
NZ=N+2—=({{N+2)/4}%3
DANTNL 4y N2} =0
DAN(NZ¢NL1)=-D
RETURN
END
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http:DAN(IJO)=.DO

SUBROUTINE : MATPA

CALL STATEMENT : MATPA (A, IA, JA, P, ANS, TEMP)

SUBROUTINE PURPOSE : The subroutine forms the product A'PA where A ig

an JAXJA matrix and P is an IA vector representing a diagonal IA xIA
matrix and the product is dimensioned JAXJA.

INPUT PARAMETERS :
A, Matrix (extended precision),
. 1. A is the input matrix which is dimensioned IA X JA.

B. Vector (extended precision).

1, P is a vector with IA élements which represent the

diagonal elements of an IA XIA matrix,

C. Integers (single precision),

1. IA is the number of columns in the A matrix.

2. JJ is the number of rows in the input A matrvix,

OUTPUT PARAMETERS :
A. Matrix (extended precision).

1. ANS is an JAXJA matrix representing the product A'PA.
B. Vector (extended precision).
1. TEMP is a work vector contained in the I/0 parameters
for object time dimensioning,

PROGRAM DESCRIPTION : Denoting the ANS matrix by N the subroutine computes:

N = A'PA

SUBROUTINES REQUIRED : None

REFERENCES : None
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SUBROUTINE MATPA(AyIA,JAsPANS,TEMP)

DOUBLE PRECISION A{IAsJdA) P (I1AY2ANS{JIL:JA)y TENP (1]
DU %0 J=1leJdA

U0 25 I=141A

TEMP{1)=0.0D 00

TEMP(I)=P{1)*A{1lsJ)

5 CONTINUE

DO 40 I=1,J4A

AMSTJ:1)=0.00 0O

B0 40 K=1ls12

ANSTJ 2 T1=ANS{J I J+A(Ky 1 )*TEMPIK)
CONTINUE

RETURN

END
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http:ANS(JI)=0.OD

SUBROUTINE : MCROSS

CALL STATEMENT : MCROSS (X, Y, R)

"~ SUBROUTINE PURPOSE : The routine computes the.cross product R of two input
vectors X and Y.

INPUT PARAMETERS :
A, Vectors (extended precision).
1, X is a 3-element input vector.
2. Y is a 3-element input vector.

OUTPUT PARAMETERS :
A. Vector (extended precision).
1. R ig the cross product of the input vectors (3 elements).

PROGRAM DESCRIPTION : The routine computes R = X XY

SUBROUTINES REQUIRED : None

REFERENCES : None
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MCROSS

SUBRCUTINE MCRGSS({X,Y R}

COMPUTES THE CROSS PRODUCT——R~— GF TWO MATRIX VECTORS —X & Y.
IMPLICIT REAL*8(A—H,0~1)

DIMENSIONX{3),Y(3)sR(3)

R{1I=(X(2}*Y(3))={X(3)*Y(2})

RE2)=(X(3)*Y(1}}—-{X{1)*Y(3))

RI3)=(XE1)Y {2} )—-{X(2)%Y (1))

RETURN

END
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SUBROUTINE : MEANAN

CALL STATEMENT : MEANAN (ET,. ANM, DNM)

SUBROUTINE PURPOSE : Calculates elements of the mean orbits of the moon and
the sun and their time derivatives for a given epoch,

INPUT PARAMETERS :
A, ET is the epoch in Julian days.

OUTPUT PARAMETERS :
A. ANM is a 6-element vector (extended precision). All elements
are in radians.

1, ANM(1) is the longitude of the sun.

2. ANM({(2) is the longitude of the moon measured from the
mean equinox along the ecliptic up to the ascending node
of the Junar orbit and then along the orbit,

3. ANM(3) is the longitude of perigee of the sun.

4, ANM(4) is the longitude of perigee of the moon measured
along the ecliptic and the lunar orbit as ANM(2).

5. ANM(5) is the longitude of the ascending node of the
mean lunar orbit,

6. ANM(6) is the obliquity of the mean equator of the earth
with respect to the ecliptic.

B. DNM is a 6-element vector (extended precision). All elements
are in radians per day. Each element in DNM is the time deriva-
tive of the respective element in ANM.

PROGRAM DESCRIPTION :
A. The number of Julian days since Jan. 0.5, 1900 is computed
from:

TD = ET - 2415020.0

B. The number of Julian centuries since Jan. 0.5, 1900 is computed
from:

TC = TD/36525.0 = TD/DINC
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C. The polynomial expressions for T*, T%, T® are formed in
conjunction with 1/57.295+ - + = 1/RADD as follows:

T(1) = 1,/RADD
T(2) = T/RADD
T(3) = T°/RADD
T(4) = T°/RADD

D. The SSP matrix multiple routines are used to form the mean
angle in ANM and their time derivatives in DNM:

sANM,

= eCMy 4 T)
_ 1
sDNMy = gDCsi- ,T) 36525

E. The ANM vector is examined using the subroutine REDPI to
reduce all angles to the interval (0-2w)., . .

F. The DNM vector is multiplied by the.time derivative T as below:
’ 1 \

DNM (5577 %22 % 60 % 0 0743e57a)

DNM =

SUBROUTINES REQUIRED :
A. TFortran Scientific Subroutine Package:

1. DGMPRD
B. O.S.U. Project Library:
1. REDFPI

REFERENCES :
Mendez, J. C. .and R. J. Stern (1969). ‘"'Geographic and
Selenodetic Coordinate Transformation Program! TRW Note
No. 89-FMT-749, Project Apollo Task, NSC/TRW A-193.
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MEANAN

SUBROUTINE MEANAN [ETANM,DNM)

CALCULATES MEAN ANGLES {RADIANS) AN THEIR TIME DERIVATIVES

{RADIANS PER EPHZMERIS DAY} s THE ANGLES ARE MEASURZD FRUOM THE

MEAN EQUINOX OF DATE (ET)

ET «~ EPOCH 1IN JULIAN LAYS

THE CONSTANTS UF CM MATRIX GENERATE MEAN AMNGLES AS FOLLOWS:

SUN LGNG, MOON LONG, SUN PERIGEE LONGs MDOH PERIGEE LONGs

MOON NOOE LONGy EARTH EQUATOR 08LIQUITY

IMPLICITREAL*8{A~H,0-2}

DIMENSION CM{b34)30C{EsG)+T{4)ANMIb ) ,ONMIG)

DATA CH F279.6966TTBDL2T0.4341639004281.220923200,334.329555600
Py259,18327500,23.452294400,36000,76589250G 448126 7.683141T700,1.71917
Po0D0,4069.02402330043=1934.1420083D0,~.G13012500930250-034~.113333
P3D-02y «452777830-037—.010325005420777780-C2 3—.1638889D-05,.0004+.1EB
PB890=05434333333L~054=4125D-044.22222D0-054.50277T78D-C6/4yIC/36600.7568
POZ2500y481267.883141 700417191 7500,4069.034033300,~1934,.1420083D0,~
PeO13012500,4 4605003 ,4=.22666T0~024.9055560-03,3—.0206500,.4155556D-0
P24~u327T7778D-05,.0004.5566T0=0541.0-05,-,275004,4,666670-054.15083
P3D=0%,6%0.00/+DINC /36525.00 /s RADD/ST 295779
P513082320900/

TD=ET =2415020.0D0

TC=TD/DINC

T{1)=1.D0/RADD

T(2¥3=TC*T(1)

T{3)=TC*T{2)

T{4)Y=TCRT(3)

CALLDGMPRDI{CMy TyANM 64441}

CALLOGMPRO(DC s TyDNM 369449 1)

DD11I=1,6

CALL REDPI {AMM(I})

DNMII)=DNMII}/DINC

RETURN

END
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SUBROUTINE : NUTATE

CALL STATEMENT : NUTATE (JD, DOBLQ, DLONG, DNUTA)

- SUBROUTINE PURPOSE : Computes the nutation matrix for transformation from
the mean to the true celestial Cartesian coordinate system of date.

INPUT PARAMETERS :

7 A, Scalars (extended precision),
1. JD is the epoch in Julian days.
2. DOBLQ is the nutation in obliquity in radians.
3. DLONG is the nutation in longitude in radians.

OUTPUT PARAMETERS :
A. Matrices (extended precision).
1, DNUTA is a 3 X3 vector containing the nutation matrix.

PROGRAM DESCRIPTION : The nutation matrix N is formed from

N =R, (~€~L¢€) Ry {~AY) Ry (¢)

where € is the mean obliquity (obtained from the subroutine MEANAN),
A€ is the nutation in obliquity and AY is the nutation in longitude.

SUBROUTINES REQUIRED :
0.8, U, Project Library:

1. MEANAN
2. TRIM
REFERENRCES :
Mueller, Ivan I. (1969). ''Spherical and Practical Astronomy
as Applied to Geodesy," Frederick Ungar Publishing Co.,
New York.
Preceding page. blank e




NUTATE

SUBRCUTINE NUTATE(JDLOBLO,DLGNGsDNUTA)

IMPLICITREALZE {A~H0-2)

DCUBLE PRECISION JD

DIMEMSION ANM{6) ¢iNM(6) sRTELES93) sRELI{393)ROPST(343)9T1(3+31},

*#DNUTA(3+3)
C THIS ROUTINE COMP. THE NUTATION MATRIX FOR TRANSF. FRM ®MEAN TO IRyt
c REQD.INPUT PARAM. =—jULIAN DATEs NUTATION IMN LCONG AND OBLu.
C ROUTINES USED ARE MEANAN,TRIM

CALLMEANAN{JD 2 ANM o DNM )
OBLQ=ANM{6)
TORLQ=08L3+DOBLA
CALLROTATE(1,—TCBLQ,RTEL}
CALLROTATE{1,0BLQ4REL}
CALLROTATE(3,~DLONG,RDPSI)
CALLTRIM(RDPSI,RE1sT1])
CALLTRIM{RTEL,T1,UNUTA)
RETURN

60 FORMAT(/+5Xy4D25.161
END
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http:FORMAT(/5X4D25.16

SUBROUTINE : ONEM

CALY. STATEMENT : ONEM (A, B, C)

SUBROUTINE PURPOSE : Multiplies a matrix A by a vector B resulting in a
vector C.

INPUT PARAMETERS :
A. MATRIX A (3X3)
B. VECTOR B (3)

OUTPUT PARAMETERS :
A.  VECTOR C (3)

PROGRAM DESCRIPTION :
A, 3Cy1 = 345 3B,

SUBROUTINES REQUIRED : None

REFERENCES : None
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ONEM

SURRCUTINE ONEM {As8,C)

PRODUCT OF MATRIX {A) AND VECTOR (6} RESULTS IN VECTUR ()
REAL%BA(3,3):8{(3},C(3}
Cl1I=A{i,1)%B{L1I+A(1,2)%B(Z2)}+A{1,3)%3(3)
C(2)=Al2+1)}*Bl1Y+A(2,2)%B[2}+A12,3}%B (3}
Ci3)=A(3,1)%B{1)}+A{2,2}%B({2)+A(3,3)=8(3)

RETURN

" END
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SUBROUTINE : OPTOBS

CALL STATEMENT : OPTOBS (ET, X, JOK, APP, BUNDLE).

SUBROUTINE PURPOSE : The subroutine generates a bundle of rays simulating
optical observations from a point in space exterior to the lunar surface
(e.g., the earth or a satellite} to an array of 30 points defined in
[ Papo, 1971] Pages 162-168,

INPUT PARAMETERS :
A, Scalars.

1. ET is an extended precision variable which contains
the Julian date at which the chservations are fo be
simulated.

2, JOK is a single precision integer indicating the number
of the earth observatory from which the optical observa-
tion was made (JOK = 1, 2, 3) or JOK = 9 for satellite
based observations,

3. APP is an extended precision variahle which contains
the sine of one-half of the field angle of the camera used.

B. Vector (extended precision),

1. X is a 9-element vector which represents:

a. The geocentric position of the moon or the
selenocentric position of the satellite (as
applicable).

b. The Eulerian angles in radians of the seno-~
centric system (elements 4-6).

c. The Eulerian angles in radians of the mean
terrestrial system (elements 7-9). All
X quantities are referred to the inertially
oriented coordinate systems.

OUTPUT PARAMETERS :
A, Matrix (extended precision).

1. BUNDLE is a 2 X 30 matrix which contains 30 angular
observations in radians of lunar points from a projection
center, The first index indicates the angle U and the
second index indicates the angle ¥ referred to the
B,, By, B; reference system as described in [ Papo, 1971}
Pages 164-165 and Figure 4.7. -

COMMON AREA PARAMETERS : _
A, Area /OPTO/TB, WTER, SSUN, ETER, PCSP, STI1, ST2,
ST3, IFLAG.
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TB is an extended precision 3X 3 array supplied

by the main or calling program and is used to transform
coordinates from the simulated inertial system to the

B, Bz, Ba system defined in T Papo, 19711

WTER is an extended precision variable evaluated in

the subprogram and is the selenodetic longitude of the
terminator west of the subsolar point in degrees.

SSUN is an extended precisoin variable evaluated in the
subprogram and represents the selenodetic longitude of the
subsolar point in degrees. '
ETER is an extended precision variable evaluated in

the subprogram and igs the selenodetic longitude of the
terminator east of the subsolar point in degrees.

ST1 is an extended precision variable which is supplied

by the main program and is used to check if a particular
point is at least 5 degrees from the terminator and on the
lighted side of the disk of the moon.

8T2 is a variable similar to ST1 and is used to check if the
point on the moon as seen from the projection center is

at least 20° from the limb of the moon.

5T3 is a variable similar to ST1 and ST2 and is used to
check if the lunar point is at least 20° above the station
horizon (in the case of earth based observations).

IFLAG is a single precision integer used as a flag by

the subroutine. The flag is set to one if the observing
station is in daylight and no observations are made.

The flag is set to two if the observing station is in darkness
and, in general, observations can be made (subject to
other checks).

PROGRAM DESCRIPTION : Data storage is used to input the mean terrestrial

coordinates (UVW in kilometers) in the array STAOPT and the seleno-
centric coordinates of the moon (XYZ in kilometers) in the array PM.
Program formulation then represents the theoretical development given
in [ Papo, 1971]. Appropriate checks for observability are indicated with
comment cards.

SUBROUTINES REQUIRED :

A,

B.

0.8.0.

WN.P—‘

4,

Project Library:
ROTATE

TRIM

ONEM

REDPI

Fortran Scientific Subroutine Package:

1.

DGMTRA
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REFERENCES :
Papo, Haim B. (1971), "Optimal Selenodetic Control," The

Ohio State University, Department of Geodetic Science Report No.
158,
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OPTORS

SUBRDUTINE DPTDBS [ET Xy JOK,APP,BUNDLE)

SUBROUTINE FOR GENERATING OPTICAL GBSERVATION OF TH MCUON

X (1 — 3} GEOCEMTRIC MQON POSITION OR SELENGCENTRIC POSITION OF SATELLITE
{4 = 6) EULERIAN ANGLES OF MUCN SYSTEM
(7 - 9) EULERJAN ANGLES OF EARTH SYSTtM
EULERIAN ANGLES : LOHGITUGE NGDE INCLINATION

X ARE RELATED TO THE £CLIPTIC SYSTEM

BUNDLE - AMCULAR CUDRDINATES OF OBSERVATICN RAYS IN 5i-82-83 SYSTEM

IMPLICIT REAL*B{A~H,0-L)

DIMENSIONEAB(2) ¢DEU(3),T1(3,3),T2(3+3),T3{3,31,STAOPT(3,3),PCSP{3)
DIMENSION SUN{2)40B{3),TRI314BVI3)¢PCL3}4THI3,3),TB(3,3),PN13430C]), 2%*p
PCHMI3,30),BUNDLEL2,301,X{9) 1
CCHMON ZDPTO/ TBy WTER(SSUNSETER,PCSP+ST1,5T2,5T3+1FLAG

TH — TRANSFORMATIQN MATRIX FROM SELENCGRAPHIC TO ECLIPTIC SYSTEM

PM — SELENDGRAPHIC CARTESIAN CLORDINATES OF POINTS ON THE AUON

PC =~ SELENDCENTRIC ECLIPTIC CARTESIAN COCRDINATES OF PROJECTION CENTER

T8 — TRANSFORMATION MATRIX FRUM ECLTPTIC TO B1-B2-83 SYSTEM

OB — UNIT VECTOR OF EARTH OBSERVATORY (GEOCENTRIC ECLIPTIC SYSTEHM)

SUN — UNIT VECTOR OF SUN RAYS IN ECLIPTIC SYSTEM (SUN AT IHFINITY)

DATA STAOPT/~1996.0C51, ~5042.606)1,3360.774844686.1252, 11.63B544
P33).0499,5058.2628, 2698.0251,~2799.8019 /

DATA PH /284.7144 +—164.8233 ,1705.6738 ,267.2828 2 T42.4968 4154b. 14%P
P1653 5298.9995 ,=1050.4536 »1350.2634 ,950.9536 1~484.8G89 +136%. 1
PL4TE +89T.B094% 5293.5282 1457.1998 $297.0151 51298.3423 y11l6. 2
PT341 41013.5746 y—1080.6066 1894.46916 »1452.2020 1=75.2901 %40 3
P1413 210767970 28442392 41069.5859 ¢3481.1061 +-1615.9158 +535. 4
POC48 5150644731 5~767.8602 4390.4892 15T7T7.2501 $544.9516 2410 5
P5874 9341.1861 51617.9158 +536.6048 +1157.6880 4-1287.5193 4120. &
PTa43 51735.3430 1.0 229.8342 (11C6.4064 »1322.5432 ,211.3220 , 7
PL726.62CT7 »—150.2785 $~%1.4655 »,490.5786 +=1611.7874 ¢—420.9863 8
P1499.1838 ,T33,4201 »=479.5874 +2%4.7239 11E686.6973 ,~302.3192 » 9
P1211.2688 ,—1091.B823 »~594.9678 21511.8955 5=~131.4927 5-843.1513, 1o
P100%.3727 ¢1244.3842 y~067F.6328 125744499 +=1221.9682 +—1207.8%L1y REi
P1155.7211 4+=614.8371L s—1140.8012 41055.5706 2741.8690 ,-1162.5211, 12
P4L4Pe 76T ¢1120.4735 ,~1250.7900 ,940.5390 +53.5052 9-1458.1954 » i3
P3772905 §=~3T78.7905 ,—-1653.5366 »305.4515 $368.0022 ;—1671.2764 / 14

IFLAG=2

JUK=1 MEANS DBSERVATORY NO 1 IS OB8SERVING AND SAME FOR NOS 2 AND 3
JOK=9 HEANS THE STATION IS ON A SATELLITE

00 12 I=1,3

12 pCLIN=X(1)

SAN=1.T739935900+.017202791300*{ET+24980,D0)
SSUN=SAN~X(4)—-X(5)-3.14l0b

CALL REDPI (SSUN)

SSUN=S5UN*5T.2958

EYER=55UN+90.

WTER=S5UN-90.
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http:SAN=1.7399359DO+.O172027913O*(ET424980.DG

14

10

13
16
19

OPTOBS (Cont)

IF{ETER.GT3560.00)ETER=ETER~3560.00
SUN[1)=DCOS(SAN]
SUNLZ)=DSIN(SAN)

IF{JCK~9} 14,413,111

puls J=1,3
GBUIJ)=STAOPT(J,J0K}

CALL ROTATE {3,—X {71,711}
CALL ROTATE (1y X {9),72)
CALL TRIM {T2,7T1,73}

CALL ROTATE (3,~ X (E).T1}
CALL TRIM {(TL,T2,T2}

CALL OMEM (T2,08U,0B)

b0 10 J=1,3
PCLJ)=DB () ~PCLJ)

GoTO19

00l6 J=1,3

0B{J)=—PC(J}

CALL ROTATE (2,— X {47,T1)
CALL ROTATE (1, X {6),7T2)
CALL TRIM {T2,71,T3)

CALL ROTATE (3,— X {51,71)
CALL TRIM {T1,73.TM}

CALL DGMTRA (TMT143+3)
CALL ONEM (T1,PCsPCSP}

EABU1)=DATAN2{-PC(2),-PC{1))}
EABL2)=DATANZ(—PC(3) DSCRTIPC(L}**+2+PC(2)¥%2))
CALL ROTATE {34 EAR(1],73)

CALL ROTATE (2,—FEAB(2),T1)

CALL TRIM (T1,T3,7B}

SB=DSORT(OB (L) *=*2+08(2)**2+08{3)%%2}
CHI={SUNGLI)*DLI L) +SUNTZI=0R{2}) /5D
IF(CHL-ST3) 1,1,2

CHI ~ IS IT NIGHT AT EARTH OBSERVATORY
CALL DGHPRD (TH,PH,CH,3,3.+30)

PO 3 I=1,30

DO 5 J=1,3

TRUSI=CHLD T ) -PC L )
SC=DSQRT{CMIL, T }¥=2+CHM{2,L)%¥24CH(3,1)%+2)
CHZ={CHI1,I)*SULL1)+CMI2,1)*SUN{2])/SC

CH2Z =~ IS THE MOON POINT ILLUMINATED

SU=DSCRTITR{1) #%2+TR{2)*#x2+TR{ 2} %x2)

EHI=(TRI1IFCNIL  DI+TR(ZI®CMEZ4 I} +TRE3ISCHI341) } /(SU%SC)
CH3 —= IS THU MDON PCINT AT LEAST 20 DEG FROM THE LIMS
CHA=(DB(1)*TRELI+CNL{2)*TRIZI+LE [3)3TRI3) I/ L SU=SE)

CH4 — IS THE MUON POINT AT LEAST 20 DEG ASOVE THE HORIZON OF EARTH UBSERV.

CALL ONEM {TB,TR .5V}
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(e NaNa Rl

11

OPTOBS_{Cont

R=DSCRT{BV{1)}**2+aV{2}**2+BV(3)*+2]

BUNDLE{1,1)=DARCCS{BVI1)}/R]

BUNDLE(2,I)=DATAN2{BY(3),8V{2}))}

IFICH2 6T oST1e0RACHAL6TST1u0R.CH4«LT.5T3.0R.DABSIBVIZ2) /R 1.6T.
PAPP.OR.DABSIBV{3) /R JGTLAPPIGOTO &

STl = -SIN{ 5 DEG) SEE SECTION 4.61
ST2 = =SIN (20 DEG)
_ $T3 = SIN (20 DEG)-
607D 3
BUNDLE{1,1)=0.D0
BUNDLE(2,1)=0.D0
CONT INUE
RETURN
IFLAG=1
IFLAG=1 MEANS THE OBSERVATORY ON EARTH CAN NOT OBSERVE. IT IS DAYTIHE
WRITE(6,76)J0K,ET
RETURN
HRITE{6,77)ET
RETURN

T6 FORHATUIHY 7//745X+" EARTH OBSERVATORY NO %413, CAN NUT OBSERV

77

PE o 1T IS DAYTIME *,F20.8}
FORMAT{5X,* IKPROPER VALUE GLVEN TO JOK 14F20.51
END
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http:BUNDLE(2,I3=O.DO
http:BUNDLEI1,I=0.DO

SUBROUTINE : OUTADJ

CALL STATEMENT : OUTADJ (ET, Y, YP, IHL, K, PAR)

SUBROUTINE PURPOSE : OUTADJ is the program used to adjust the
numerically integrated physical libration angles to Eckhardt's
theory [Eckhardt, 1970] as described in[ Papo, 19717 Chapter 3.

INPUT PARAMETERS :
A, Scalar (extended precision),
1. ET is the epoch of interest in Julian days.
B. Vectors (extended precision).
1. Y and YP are vectors described in the documentation
of subroutine FUNPLS,

C. Variables IHK, K, PAR are dummy variables not used in
the subroutine.

OUTPUT PARAMETERS : Variables Parameters are output from the subroutine
in the common block area MAIOUT in the variables CNORM and CVECT.

COMMON AREA PARAMETERS : Three common areas MAIOUT, MAIF, and
ALL are used. The areas MAIF and ALL are described in the
FUNPL5 Program Description,

A. Area /MAIOUT/CNORM, CVECT,

1. CNORM is an extended precision 9 X9 matrix which
contains the normal matrix formed in the subroutine
(e.g. each set of observations creates an additional
"layer" which increments the normal matrix).

2. CVECT is an extended precision vector of 9 elements which
contains the constant vector corresponding to the
normal matrix in CNORM,

PROGRAM DESCRIPTION : Section 3.42 [Papo, 1971] describes the theory

used in developing the subroutine. The subroutine is called by the
DVDPYF series of routine at a desired epoch to evaluate Eckhardt's
formulation and form the necessary normal matrix and constawt vector
for adjustment. Basically the program accomplishes the following
computations for cach epoch of interest.
A, The differences in the numerically integrated angles and
angles computed from Eckhardt's theory are computed.
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The differences computed above are transformed as descrlbed

in [ Papo, 1971] Equation 3.42,

Appropriate portions of the U and @ matrices (Papo's notatlon)
are formed from the Input Y vector (elements 7 to 42 and 43 to
60 respectively) as formulated in [ Papo, 1971] Equation 3. 42. 1.
The above computations are then used to increment the normal
matrix and constant vector (CNORM and CVECT) and control

is returned to the calling program.

SUBROUTINES REQUIRED :

A,

REFERENCES :

A,

- B,

0,.8.U. Project Library:

1. EKHARD'
2. ONEM
Fortran Scientific Subroutine Package:
1. DGMPRD
2. DGMTRA

Eckhardt, D. H. (1970). "Lunar Libration Tables, "

Vol. 1, No. 2, February.

Papo, Haim B. (1970). "Optimal Selenodetic Control, "
Ohio State University, Depariment of Geodetic Science,
Report No. 156.
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QUTADJ

SUBRCUTINE OUTADJ [ET,Y,YP,THL,KsPAR)

IMPLICIT REAL®*8 (A-H,0-2)

DIMENSION Y{(42),YP(42)+sPAR(S);Q(0)sPHLI3) +BIF(3),DDL3),EN(3,3),
PUC336) sUEM{6353) 4CORL6 761 yCNORMIE+6) 2 0CW(6),CVECTI6),60G(2) ,0ENT6)
PyUUKI(3,6),DUHL6)

COMMEN/MALDUT/CNURH s CVECT ;DEN S RLM/ZALLZQ

DATA EM{351}2EHIL,1) +EN(251)4EM(3,3) /1.DC,3%0.00/

IF(NUT.EQ.1IPARL5)=1.D0

TEST=(ET-PAR(111/PAR(3)

IF(ONODITEST,1.00}.6T.1.0~05) G310 99

STE=DSIN(Q(3))

SFI=GSIN{QCL))

CFI=DCOS(Q{1))

EM{1,2)=-SFI*STE

EM{143}=—CFI

EM{2,21=~CFI*STE

EM(2,3)=5F1

EM(3,2)=DL0S{Q(3))-1.DC

DO 1 IFL=146

KAP={IFL-1}%6

DO 1 1=1,3

U(I1,1FL)={Y(KAP+1)-YI36+I)) /DENLIFL)

CALL EKHARD (ET+2440000.00,DUM,G0G}

DO 2 J=143

DIF{JI=Y(356+1)-GOGIJ}¥.4B4513681109536D-05

CALL ONEM {EM,0IF,0D]}

CALL DGMPRD (EM UsUUM$3,3,6)

CALL DGMTRA (UUM,UEM:3+6)

CALL DGHPRD (UEM,UU1:COW+6s316)

CALL DGMPRD (UEM,DD,D0W+64341)

DO 3 I=1,3

ROM=ROR+DD § 11 #*2

DO 4 I=1,6

CVECT{I1=CVECTLI)H0CWI(I)

DO 4 J=1,6

CNORM(I4JI=CNORM(14J)+COWIT4J)

CONTINUE

RETURN

END
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http:E?(3,2)=DCOS(Q[3))-1.DO
http:IF(DMODTESTI.fJO).GT
http:IF(NUT.EO.I)PAR(51=1.DO
http:1.00,3*0.D0

~ SUBROUTINE : OUTEPH

CALL STATEMENT : OUTEPH (ET, Y, YP, IHALVE, K, PAR)

~ SUBROUTINE PURPOSE : Print routine for output of the intermediate results of the
simulated ephemeris, )

INPUT PARAMETERS :
A. Integer dummy variables (single precision).
1, IHALVE
2, K
B. Scalars (extended precision),
1. ET is the desired epoch in Julian days minus 2440000, o,
C. Vectors {extended precision).
1., Y is an 18-element vector containing the same variablez
_as described in the Y vector of FUNEPH,
2. YP is an 18-element vector containing the same variables
as the YP vector in FUNEPH,
3. PAR is a 5-element vector not used in OUTEPH, buat
described in the MAIN program for simulated ephemeris
genevration.

OUTPUT PARAMETERS : The subroutine prints out ET and selected elements of
the Y vector. The selected elements are the XYZ of the state vector,
the Eulerian angles of the moon and the Eulerian angles of the earth.

PROGRAM DESCRIPTION : None

SUBROUTINES REQUIRED : None

REFERENCES : None

Preceding page blank .
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70

OUTEPH

SUBROUTINE OUTEPH (ET,YsYPsIHALVEK4PAR)

WATCH OUT NO K VARIABLE PERMISSIBLE IN THIS SUBROUTINE
CUTPUT OF SIMULATED EPHEMERIS

INPLICITREAL*B{A-H,0-2)

DIMENSIONY (18} ,YP{18)sPAR(5}
wRITE{6,TO}ET$(Y‘I’9I=19339(Y11}112199’9[Y(I)71=13115}
WRITE(1l) Y

RETURN

FORMAT (1X4F6.1431{1X,3D12.5))

END
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SUBROUTINE : OUTGAJ

CALL STATEMENT : OUTGAJ (ET, Y, N2, EM3, Al, AIM3, A3, AZ)

SUBROUTINE PURPOSE : The subroutine is used to process simulated earth
based optical observation of the moon for sdlution of lunar coordinates
and physical parameters of the moon (initial values of the physical
libration parameters and Cz5, 8, Cpo). The subroutine is called by
the DVDPF2 routine at epochs where optical bundies have been observed.

INPUT PARAMETERS :
A, Scalars (extended precision).
1. ET is the epoch in Julian days at which the optical
observation has been taken,
B. Integer (single precision).
1, N2 is twice the number of optical rays in the bundle.
C. Vector {extended precision).
1, Y is a 60-element vector input to the subroutine by
either the FUNPL5 or FUNPLS subroutines.
D. Matrices (extended precision),
' 1., EM3 through AZ are matrices used within OUTGAJ and
are included in the input parameter set to utilize
object time dimension facilities of IBM Fortran.

DATA SET INPUT : The subroutine requires binary input from a computer device
{either magnetic tape or disk) which in the IBM data device desinator, is
named unit 3, The input consists of the following parameters:

A. KOK is the serial number of the hundle of rays to be processed
{integer, single precision),

B. ETO is the epoch at which the bundle was "observed! in Julian
days (extended precision).

C. 1IST is the identification number of the bundle.

D. POS is a 3-element extended precision vector containing the posi-
tion of the projection center in the simulated selenocentric
inertially oriented coordinate system (XYZ) in kilometers.

E., EMBT is an extended precision transformation matrix (3 x 3)
for coordination transformation from the XYZ to the B, B; Bs
system [ Papo, 19717 Chapter 2.

F. ENU and EKA are extended precision 22-element vectors containin
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the simulated optical observations.
G. IPO is the identification number of the control peint
being observed.

DATA SET OUTPUT : As described below, the subroutine essentially forms
and increments a normal matrix and constant vector for adjustment
of optical observations, The "output" of the routine (e.g. the incre-
mented normal matrix and constant column) are output on a data set
device identified as K3 which is provided through the common area
MAIOUT. The output is written in binary mode,

COMMON PARAMETERS : Common areas are used extensively to transfer data

in and out of the subroutine,
A. Area /MAIOUT/POS, EMBT, ENU, EK_A, IPO, TJ, 51GE,
SIG7, SGGZ, K3, X2, IST, MM.

1.

2.

The parameters POS through IPO are described in the
Data Set Input section.

TJ is an extended precision matrix of {3 X 22) elements,
and contains the Cartesian coordinates of the conirol
points in the selenodetic coordinate system (in km).

S8IG6 is an extended precision 3 X3 array containing

the a priori covariance matrix of the orientation
elements of the optical bundle of rays (in radians
squared),

SIG7 is an extended precision scalar which is the

a priori variance {in radians squared) of the optical
observations relative to the B, B; By coordinate system.
SGG7Z is a 3X3 extended precision array containing the
covariance matrix of the projection center (km squared)
in the selenocentric inertially oriented system.

K3 is a single precision integer which identifies the
number of the data set device to be used for output,

K2 is a single precision integer identifying a data set
device to be used for temporary storage.

IST is a single precision integer which is not used in the
program,

MM is a single precision integer containing the number
of the first optical bundle to be processed from bundles
sequentially stored on unit 3.

B, Area /DVOUT/ETO, KM, ICW, N, ISKIP,

1,

ETO is an extended precision variable containing
the epoch in Julian days of an optical bundle read from
unit 3,
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2. KM is a single precision integer containing the total
number of bundles stored on unit 3.

3. ICW is a single precision integer containing the
sequential number of the optical bundle being processed.

4, N is a single precision integer containing the number
of rays in the next bundle,

5. ISKIP is a sihgle precision integer used as a flag to
indicate that some of the sequentially stored optical data
are not to be processed I'Papo, 1971 Page 204.

C. Area /ALL/. The common area /ALL/ is input from the subrout.-

FUNPIS and the parameters are described in FUNPL5 documen-
tation. : .

PROGRAM DESCRIPTION : The subroutine formulation follows the theoretical
development given in [ Papo, 1971], particularly Sections 2,52 and 2. 6
(Pages 59, 68~70). Basically the logic of the program can be divided.in::
four-steps:

A. The calling subroutine DVDPF2 supplies the current physical
libration angles and the state transition and parameter sensitivic -
matrices as input parameters,

B. From a previous step of integration (e.g. the last call of OUTG."
the optical data and auxillary information has been read from
unit 3 and stored in commen storage.

C. Calculations according to the theory of [ Papo, 1971] Chapter 2
are accomplished and the increment of the normal natrix, ete.
are added to the accumulated resuits and stored on a disk unit
{direct access device).

D. The optical and auxillary data of the next, sequentially stored,
bundle of rays is read from unit 3 and control is returned
to the calling subroutine DVDPF2.

SUBROUTINES REQUIRED :
A. 0.8.U. Project Library:

1. REDFHI
2. ROTATE
3. TRIM
4, TLUCA
5, ONEM
B. Fortran Scientific Subroutine Package:
1. DGMTRA

2. DGMPRD
3. DMINV

REFERENCES :
Papo, Ham B. (1971). "Optimal Selenodetic Controt, "
The Ohio State University, Department of Geodetic Science,
ieport No. 156.
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QUTGAJ

OUTGAJ

SUBRCUTINE OQUTGAJd (ET.Y JNZJEMILALLALMAZA3,AZ)

IMPLICITREALSE (A-M,0-~Z)

DIMENSION Y{60)8EVIS)y2{3 U3+ 9)yTELI3,3)4TEZ{3,3)+TEZ(3,3)
PeTEML(243) sEMMII33) sEMBEI 33} 4EMOTII w3 ) $EMAINZ W NZY #ALINZ.T5) 403}
P,IPG(23)!ENUIZZ’:EKA!22)7U§(3}rTJ15322},TE?4I3731-P05(3):EHUM¥3!33
p,EHT(31'36(213)1ETT(2t3’!TEH2‘213}l823(2'9,’TEH5(2!3}t810(2'3)
PySTIRZU3,43)5EHII2 9219511221, WL2)2A3(N2, 3),AZ(N2y 21.L0M({44] 100
PI4FY,5IG06{3 43 AIMIEP54N2) yUUA%)sTEHI(3) ,VENZILG),,VECLTS5)4NISL)

CUMMON/MALICUT/ POSEMBTENUSEKA TS 3SIGE +STG7eSIGZ9 K39 K 22 IPOy1ST MM
P/OVOUT/ ETOWKM 4ICWN,ISKIP ZALLS SEV,ROM.NUT

DATA PI /3.14159265358%9793D0/

LFEICH LT .MHA)Y GOTO 17

HAITE(6473) ETHETOLICH NI GN2

IFLICH.GT.KM]) GOTO 99

BEGIMN CALCULATIONS FOR THE PRESENT BUNDLE OF DIRECTIUNS

00 1 J=1,9

JJI=J*6

0DC 2 I=1,3

UQ{IvJd)=Y{JII+T)

UQ{1,3}=UQ{1,J3-0UCI2,J) b

UD IS5 THE MATRIX OF PARTIALSFOR PH. L. (TRANSITION AND SENSITIVITY]

21X )=Y (L)Y (2} +SEVI1)I-SEV(2)+PI+{SEV(3)=SEV(4) ) *(LT=222.50L0])

CALL REGPY (Zt1)}

ZI2)=Y(2Z)+SEVI2)+SEV(4)*{ET-222.500)

CALL REDPI (Z(2D1)

ZE3)=Y{(3)+.02676900

Z ARE THE EULERIAN ANGLES OF THEL MOON 1 - PHI 2 - PSI 3 — TETA

CALL ROTATE £3,~Z1{1),:1E1l)

CALL ROTATE (1,2(3)},TE2}

CALL ROTATE (3,-2{2}).+1E3)}

CALL TRIM (TE2,TE1,Ti#1l}

CALL TRIM {(TE3,TEMl,EHM}

EMM 1S THE TRANSFGRHATION HATRIX FROM SELENODETIC 70 INERTIAL

CALL DGMTRA (EMBT,EMB,3,3}

CALL LUCA (3,4~1.DC+TEL}

CALL TRIM {YE3,TEl,TE2)

CALL TRIM (TE2,TEM1,TE3)

CALL LUCA {3,1.00,TEHL)

CALL TRIM {EMM,TEN1,TEl]}

CALL TRIM {TEM1.EMM,TE2Z)

TEYyTE2,TE3+ ARE NEEDEO FOR THE MATRIX DF PARTUALS B23
00 12 I=1,66

DO 12 J=1.+N2Z

AllJ,1}=0.00

INITIALIZING PARY OF THE Al MATRIX

THIS COMPLETES MATRICLS COMMON TO ALL THE PUINTS IN THE BUNDLE

L=N2s2

pa 12 I=31,L

H=IPOl1]}

SHM=DSIMIENULI))

CN=DCOS{ENUII))
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http:AI(J,I)=O.O0
http:Z(2)=Y(Z)+SEV(2)+SEV(4)*(ET-222.5D
http:IF(ICW.GT.KM
http:FEICW.LT.MM

QUTGAJ (Cont)
SK=DSINIEKA{I))

CK=DCOS{EKA(I)}

Utl)=CN

U2 )=5N%CK

U(3)=5H*s5K

U ARE THE DIRECTION COSINES OF RAY {I} IN THE BIB2B3 SYSTEM
CALL OMEM (EMB,U,UB)

DO 3 1I=1,3
TEMAL{ITyL}STELUIT o L) TIOL 3 MI4TE LI 4 20T (2 ,MI+TEL(I143)FTI(Z,H)
TEM4{IL142)=TE2UIL +11*TJ{ L HI+TE2CIT 2232 TJ{24MISTEZLE],3)%TS{3,H)
TEMALIT 93)=TE3(TII y1)3TI(L gM}+TEI{IIL2)3TI(2,MI+TES(IL,3)*TI(3,M}
TEH4 IS THE MATRIX IMN BRACKETS FOR B23

TJ ARE THE "OBSERVLO™ COORLINATES OF THE MOON PGINTS
TEMZ{II)==TJ(II,M}

B0 3 J=1,.,3

EHUMIIT»J)=UBLII}=uUa(J}

IF{IJ.EQ.J} EMUM(II,I11)=EMUHI(II,II}-1.D0

CONTINUE _

EMUM 15 THE EXPRESSIGN IN BRACKETS FOR Bl ( NEGATIVL}

CALL ONCM {EMM,TEHN3,EMT)

DO 11 J=1,3

EMTUJI=ENT{J)+P0S ()

EMT IS POSITION GF PROJ. CENTR WITH RESP. TD OBSERVED PNT IN INERTIAL COMP
ROTDSQRTIEMT (L )+ 2+ TMT{2 ) *=2+EMT(3)%%2) ’
BO{Ly1)==CN*¥[CKH*U{3)-SK*U{21}])

BOU1,2)==SN®UI2}--CH*#SK=U(]L}

B&6(1430)= SN2U{2)+CHHCK*U(]1}

BE6(2,1)= SK*U(Z)+LK=U{2}

B&{242)==-CK>U(1)

B6{2,3)==5K=U{1l)

. B6 15 THE HMATRIX OF PARTIALS FOR THE E ORIENTATION PARAMETERS
ETT(1+1)=—5N/RO

ETT(1,2)}= CHN*CK/RO

ETT(1,3)= CN*SK/RO

ETT(2,1)= 0.00

ETT({2:2}=~SK/RO

ETT(2,3)= CK/RQ

ETT 1S THE ET/RO MATRIX

CALL DGMPRD (ETTEMBT 4TEM24+243,3}

TEMZ IS5 ET=2MB8T/RO

CALL DGMPROD (TEMZ,TEM4, TEMS 325543}

CALL DGMPRD (TEM5,00G,82352+3+9)

CALL DGHPRD (TEMZ,EMLM4B1G32+343)

CALL DGHPRD (B104SIGZyTEMS:2+34+3)

D0 4 K=1,2 )

DO 4 J=1|2

EMZAKsJ)=TEMS{F ;1 1*BL0O0I LI +TEMS(K,2)%B10(J 42 1+TEMS(Ky3)¥5100J,3)
CALL DGMPRD (BlC4+EMMa81l9243,3)

B1 1S THE HATRIX UF PARTIALS FOR THE TRIG PCINTS ON THE MOON
DU & K=1,2

H{K}=0.D0O

DO 5 J=1,3
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http:W(K)=O.DO
http:EMUM(IIII)=EHUMCII,II3-I.DO

[sXpaKsl

QUTCAJ (Cont

BLIK,2)=B1(K,J)*2086264,.806200
BlO{KoJi=BlO(X ,J)*206254.806200
S WIKI=SH(K)+TEM2EK, i {UB{JI+EHT{J)/RO)
6 WIK)=H{KI*ROX2G6264.806200
¥ IS THE FREE TERM
CALCULATIONS COF 81 4 B23 4, B6 , B10 ARE CCMPLETED -FOR POINT M
THE SUBMATRICES CREATED ARE STORED IN A1 , A3 o UU AND AZ
JJS={H=-1})%3 ’
DO 10 K=1.2
II=tI-1)=24+K
Ut IT)=WIK)
DO T J=1.3
AIMXT,J1=BS{K 3}
T ALII,JJ+3)=B1l(K,J)
DO 8 J=1,9
8 AL{TI,66+4)=B23(K,J)
DO 9 J=1,2 -
9 AZL{TI L JI=EMZIKsJ])
10 CONTIRUE
13 CONTINUE
HWRITE(6+74) LU
DO 15 I=1,N2
DO 15 J=1.N2
EN3(1,J)=0.D0
0D 14 K=1,3
14 EM3 (1, J)=EH3{I,J)4AS{ 1, KIF[A3(J4 10 *SIGEIK 1 I+ASLI 21 %STGO(K2)+
PA3{J+3)%51G6(Ks31})
IF{I EQ.J) EMI{ILJ)I=EM3I{I4J)+51IG7
15 COUNTINUE
HRITE(SyTAYIEMS(TI4I)s1=1,N2)
FAT=0.0D0
DO 16 LO=1,N2
16 FAT=FAT+DLOGIQ(EMI{LO,L0]))
FAT=1.D00/710.D0%*{ FAT/DFLOATENZ])
DO 22 LO=1,4N2Z2
DO 22 LP=1,N2
22 EM3{LO,LP)=EM2(LOLLP)I*FAT
CALL DRINV (EM3I N2,0ET,LOM,HOL}
DO 24 LO=1,N2
DO 24 LP=1,N2
24 EMAMILOSLPI=ENI{LOLLPYXFAT
TEST=0.D0
00 25 LO=2,N2
LC=L0~1
DO 25 LP=1,LC
25 TEST=TEST+{EMA(LP+LD)I-EHIILOWLP) ) w22
HRITELG6:74) UETFATSTEST
WRITE( 6, T4} LEMI(141),I=14N2)
HATRIX M3 IS INVERTED
DO 19 1=1,75
D3 19 J=1,4N2
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http:TEST--O.DO
http:FAT=O.DO
http:IF(I.EQ.JI
http:EM3(I,J)=O.DO

OUTGAJ (Cont}

AIM3[I,4)=0.D0
DD 18 K=1,N2

1B AIM3(I,0)=AIMB{I DI +ALIK T} SEMIIKJ}

19 CONTINUE
REWIND X3
REWIND K2
DO 21 I=1,75
READ(K3) VEC
DO 20 J=1,75
DO 20 K=1.N2

20 VEC({J)=VECIJ}+AIMSIT KITALIK yJ)

21 WRITE(XZ) VEC
READ (K3} VEC
DO 23 J=1,75
DO 23 K=1,N2 .

23 VEC({J)=VEC{JI+AIMI(JsKIZUULK)
WRITE(X2) VEC
DO 28 1IK=1,75
READ(K3) VEC
DO 27 H=1,1
KAL={K-1)%2+]1 -
KAZ=(M-11%2+2
VEN2(KAL)=ALM3(IIK, KAL) *AZ(KALs 1) 4AINB(TIKKAZ)*AZIKAZ,1)
VENZ2(KAZ)=AIM3(IIK+KAL}*AZ(KALs2) +AIN3(TIKKAZ)SAZ{KAZ,2}

27 CONTINUE
DO 29 Mi=1,75
D0 29 M=1,N2

29 VECIML}=VEC(ML)}+VENZ(M)FAIMI (M1 ,M)
WRITE(K2) VEC

28 CONTINUE
TAX=K3
K3=K2
K2=I1AX
IF{ICR.GE.KM) GOTC 99
IFCISKIP.EQ.O) GOTO 17
DO 707 I=1,IS5K1P
READ(3,END=99} KOK

707 TCH=ICW+]

17 N1=N{ICW+1}
READ(3,ENO=99) KOKyETQyIST,POS,EMET, (TPOL{I) yENUCI) yEKACL) sI=1 N1}
WRITE(6573) ET.ETO, ICH N1 N2 40K
IFL{KOX~ICW}NEL1) GOTO 98
RETURN

98 WRITE(L,71) ICW,KDX
NUT=1
RETURN

99 NUT=1
RETURN

71 FORMAT(//10X,215)

T2 FORMATUI/5X,2F12.6,415)

T4 FORMATU/({5X,1209.2))
END
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http:IF(ICW.GE.KM
http:A1M3CIJ)=O.DO

SUBROUTINE : PLADIS

CALL STATEMENT : PLADIS (ET, EX, XM, XCE, X, D, PE, PM, EP,
EL, SE, SM, PSM, Bl, B2)

SUBROUTINE PURPOSE : Computation of partial derivatives of simulated
laser distances with respect to the considered parameters as outlined
in [ Fajemirokun, 19717 Chapter 5.

INPUT PARAMETERS :

A, Parameters ET, XE. XM, XCE, X, D, PE and PM are
described in the subroutine LADIS Program Description.

B. EP is a 6-element extended precision vector representing
the integrated Eulerian earth angles
{Fajemirokun, 19717 Page 164.

C. EL is a 6~-element extended precision vector representing
the integrated Eulerian moon angles
lFajemirokun, 1971] Page 192.

D. SE is a 3x6 extended precision array which contains the
state transition matrix of the earth system as desecribed in
(Fajemirokun, 19717 Page 64.

E. ©SM isa 3x6 extended precision array containing the state
transition matrix for the moon.

F. PSM is a 3x3 extended precision array containing the state
transition matrix of the dynamic parameters of the moon.

OUTPUT PARAMETERS :
A, Bl isa Z1 element extended vector containing:
1. Partials with respect to the earth station position (1-3).
Partials with respect to the earth Eulerian angles (4-9).
Partials with respect to the Iunar station position (10-12)
- Partials with respect to the lunar Eulerian angles (13-18).
Partials with respect to the dynamic (Czg, Caa» B)
parameters of the moon (19-21).
B. B2 is a 3-element extended precision vector containing the
partials with respect to the geoceniric coordinates of the
center of mass of the moon,

PROGRAM DESCRIPTION : The program computes the partial derivatives
formulated in " Fajemirokun, 19711 and in the order given above,

Preceding page blank -107-



"SUBROUTINES REQUIRED :
A, 0,8,U, Project Library:

1. Luca
2. RATATE
3. ONEM
B. 0.8.U, Utility Library:
1, MMULT
2, MSCALE

REFERENCES :

Fajemirokun, F. A, (1971). "Application of New Observational
Systems for Selenodetic Control, " The Ohio State University,
Department of Geodetic Science, Report No, 157.
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PLADIS

SUBROUTINE PLADIS{ET yAE XMy XCEs XDy PE,PHLEPELySEySMyPSMyB1,02}

IMPLICITREAL®B(A-H,0-2)

DIMENSION XE{3)eXMI3) e XCEL2FoX(3)1PE(39314PHIB23)4EP{S)ELIS] Y
*RIL21}B2(3T v TLL{3} ySE{D46) 5K 348} +PSM(393) 2 TEMLIZA3) 2 TEL{3+3)»
FTE2(3,3)  TE3{2,3),T2{3),TEHZ(3,3).+E(6)

DIHMENSION AL3),F(3),0113,3),02(3,3}

DR=1.00/D

DO201=1,3

DO020J=1+3

Citi,J)=0.00

C2liyd1}=0.00

26 CONTINUE

Cl{1,11=1.0D0

€Ci{z,2)=1.D0

Cl(3,3)=1.00

€C1{3,2)=1.00

C211+3}=1.00C

C2{2+21=1.00

C2{3s1)=1.00

C2(3,2)=~1.00

START FERMING PARTIALS WeRaT.TH: GEOCENTRIL CODRDS. OF EARTH STN.

CALLMMULT(XsPEsls3+2011) i

CALLMSCALE(-DRsT1lsl,3}

GG301=1,3

. BYUL)=TLLIL}
30 CONTINUE

TH!S COMPLETES PARTIALS W.R.T.GEQC.COURDS.OF EARTH STATION

START FLRHING PARTIALS WeReTe EARTH EULcRIAN ANGLES{INITIAL CONO.)

CALLLUCALL,1.C0,TEML)

CALLRUTATE{Z,~EP(2]),IF2}

CALLROTATE{ 1FPL{L1)TEL}

CALLROTATE(Z,-EP(2},TES)

CALLOMENITESXL,TL)

CALLONEMITEL,T1, 072}

CALLONEM{TEMLTZ,11)

CALLLNEM(TEZ,7T1,TZ)

A{l}=0.DC

DO331=1,3

A(LI=AQL)+X(1}£T2(1)

33 CONTINUE

Alll=A{1)/0

CALLLUCA(3+1.DC,TEM2)

CALLONEMIPE,XE,T1}

CALLONEMITEMZ,T1,.T2)

A{2}=0.0D0

DO0561=1,3

Al2)=A(Z)+XIE)*T2(1)

3o CONTINUL

Al2)==a(21/D

CALLONEH(TENZ , XE,T1)

CALLONEM(PE,I1,12}
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http:CALLONEM(PE,fi.12
http:A(2]=O.DO
http:A(I)=O.DO
http:W.R.T.GEOC.COCRDS.OF
http:C2(3,2)=-1.D0
http:C213,I)I.DO
http:2,2)=.DO
http:C2(1,3)I.DG
http:CI(3,2)-1.Do
http:Ci(3,3)=i.00
http:CI(2,2)=1.DO
http:Ci(1,1)=I.DO
http:CCNTI.UE
http:C2(1,J)=0.O0
http:CI(iJ)=O.DO

on

“n

39

40

50

63

&b

-3
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PLADIS  (Cont)

Al3)=0.00

DOAGY=] .3

A3 )=A[3)+X{L)*T2L1)
CONTINUE

A{3}=~2{3}/D
CALLMMULT{A;CL1,1:3:34F}
CALLHHULT‘F:SE:lQ3!D'B)
DOADI=148

BLEI+3)=B(1}

CONTINUE

THIS COMPLETES PARTIALS WoR.T.INITIAL CONDS. FOR EARTH*S CRIENT.
START FORMING PARTIALS FCR SELENUD. LCGURDS. OF LUNAR POINT

CALLMMULT{X+PRs15345,T1)
CALLMSCALE(DR,T1,41,3}
DRSGE=143

BL{I+@}=T1(I}

CONTINUE

ENDS FORMATION OF PARTIALS W.R.TLSELENOD. (UORDS. OF LUNAR POINT
START FCRMING PARTIALS WaReT. HOUN'S EULERIAN ANGLS.{INIT. CCNDS.)

CALLRGTATE(YELLL1},TEL}
CALLRUTATEL34~EL{2),TE2)
CALLROTATE(3y~EL{3}, TES}
CALLONEM{TE3 y XM, T1)
CALLONEM{TEL Y1722
CALLONEM{TEME 2w T24T1}
CALLONEMITEZ:T1:72)
A{1i=0.00

DO63[=143
A{L)=A{1)+X (X 2%T21(1)
CONTINUER

A(L)=A(2} /D
CALLONEM{PM XM, TL}
CALLUONEMITENZ ¢ 11412}
A{2)=0.00

DOBOI=1.3
A{Z2}=AL02)+ X1 L) 2T2{1})
CONTINUE -

AfZ)==AlR} /0
CALLONEM{TEHZ 4 XN,T1}
CALLUNEM(PM,TL,T72)
Al3}=0,.L0

DO&691I=1,3 .
Al 1=af32+X{139T211}
CAONTIRUE

Af3)=-A(3) /D
CALLMRULTUIACZ2¢1e343,F}
CALLMMULTLF 4SMyls3y04B)
ROT0I=1+6

BrEI+2Z2i=811)

CONTINUE
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http:A(3)=O.LO
http:CALLUNEM(PMT.T2
http:A(2)=O.DO
http:I,3,5.TI
http:CALLMULrtX.Pn

(eNxEakg oo

ln}

80

g0

999

PILADIS (Cont

THIS ENUS FORMATIUN GF PARTIALS OF MOON®S ANGLES (INITIAL CONDS.}

START FORMING PARTIALS FOR DYNAMIC PAKAMETERS OF MULH
CALLMMULTL(F4FSM1123434b1

00801I=1,3

Blil+18)=B(I}

CONTINUE

ENDS PARTIALS FCR DYNAMIC PARAM. OF MOUN—(C22,C20,EETA.
FORMIKG PARTIALS FOR CCLRDS {(GEUCENTRIC) OF LUNAR CENTER
D0901=1,3

Bz{11=x{1)/0

CONTINUE

ENDS PARTIALS FOR COCGRDS DF LUNAR CENTER

ENDS FORMATION OF ALL PARTIALS )

VALUES RETURNED IN BL AND B2 MATRICES WILL HAVE TL BE PUT
1N PROPER LLCATIONS IN MAIN PROGRAM/ZOUTPUT SUBROUTINE.
RETURN

END
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SUBROUTINE : PMAT

CALL STATEMENT : PMAT (PSI, THETA, PHI, P)

- SUBROUTINE PURPOSE : The subroutine computes the transformation matrix
necegsary to rotate an earth fixed or lunar fixed coordinate system to
.the celestial system.

INPUT PARAMETERS :
A, Scalars (extended precision).
1. PSI is the first Eulerian angle & in radians.
2. THETA is the second Eulerian angle 8 in radians.
3. PHI is the third Eulerian angle © in radians.

OUTPUT PARAMETERS :
A. Vector (extended precision}.
1. "P is a 3 X3 array which contains the transformation
matrix to rotate from the fixed body system to the
simulated earth-moon system.

PROGRAM DESCRIPTION : The output array (P} is formed by multiplying
successive rotation matrices :

P = Ra(-¥) R1(8) Ra(-9)

SUBROUTINES REQUIRED :
Q. S, U. Project Library:
1. ROTATE
2. TRIM

REFERENCES :
A.  Fajemirokun, F. (1971). "Application of New Observational
Systems for Selenodetic Control," The Chio State University,
Department of Geodetic Science. Report No, 157.
B, Papo, Haim B. (1971). "Optimal Selenodetic Control, "
The Ohio State University, Department of Geodetic Science,
Report No. 1586.
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PMAT

SUBROUTINE PMAT (PSI.THETA,PHILP)

THIS ROUTINE COMPUTES THE P-MATRIX NECCESSARY TO RUTATE FRUM AN
EARTH~FIXED OR LUMAR FIXED CUGRD. SYSTEM TO AN "INERTIAL®™ SYSTEM
INPUT QUANTITIES ARE BEULER ANGLES PSITHETAL,AND PHI
P=R3{—-PSI).RI{THETA).R3{~PHI}

IMPLICIT REAL*B8{A-H0—-Z)}

DIMENSION P{3+3)4T1{353)3T2{343)4T731{343}sT4(3,3)
CALLROTATE{3,-PSI,T1L)

CALLROTATE{LsTHETAST2)

CALLROTATE(3,—~PHI T3}

CALLTRIM(T1:7T2:T4)

CALLTRIM{T4.T3.P}

RETURN

END
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SUBROUTINE : POLE

CALL STATEMENT : POLE (DT, XPM, YPM)

SUBROUTINE PURPOSE : Computation of the coordinates of the irue pole from
the pole of the Conventional International Origin using values from the
International Polar Motion Service {(IPMS) from 1958 to 1970.5.

INPUT PARAMETERS :
A, Scalar (extended precision).
1. DT is the epoch of observation in Julian days
minus 2400000.5 days.

QUTPUT PARAMETERS :
A. Sealars (extended precision).
1, ~XM is the polar motion coordinate in the x direction
as defined by the IPMS in seconds of arc.
2. YWM is the polar motion coordinate in the y direction
as defined by the IPMS in seconds of arc.

PROGRAM DESCRIPTION : The program uses polar motion values stored in
data statement storage. The program logic is as follows:

A. The input date is checked to see if the date falls within the
table limits (1958-1970.5). If not, an error message is printed
and control returned to the calling program.

B. If the input date is valid, a linear interpolation of the tabulated
polar motion values is accomplished.

SUBROUTINES REQUIRED : None

-REFERENCES :
Fajemirokun, ¥, A. (1971). "Application of New Observational
Systems for Selenodetic Control,"” The Ohio State University,
Department of Geodetic Science, Report No. 157.
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SUBRCUTINE POLE(DTs XPM,YPH)
DOUBLE PRECISICN DT XPM.YPM
DIMENSION PH{251,2),PHT(2}
DIMENSION PMX1{90),PMYL{90),PHXZ{90),PHY2190),PHX3(15),PHY2{15}
EQUIVALENCE{PH(lfl)1PHX1(1}li(PH(1121|PMY1(1,)’fPH(glyl)'Psztl’,t
TOPMIDL 2] ,PMY2{L} 1, (PMILE1,1}4PHX3{1}]2(PR{181,2),PMY3iL))
DIMENSION PMX&(5),PMY4{5)
EQUIVALENCE{PM{196¢1) (PHXaTL) ), [PHIL196,2)+PNY4{1)]
DIMENSION PHXS{51),PHY5{51}
EQUIVALENCE {PH{201,1).PMX5{11),(PMi201,2),PHY5(1]})

c POLAR MOTION TASBLES FURNISHED 8Y TOMLINSON (TAKENM FROM IPMS)

DATA PMXY/

1—0.173,—0-215,—0.235,*0.23?,—0.218,—0.162,—0-097.—0.032, 0.036&, GOGo
2 0ollly O.1BB8y 0.237; 0.348y 0.398, 0.398, 0.368, 0.330y 0.280, 0001
3 0,218, Uulbhy 0.069, 0,000, 00623 0ell2y=T.140,~0+1539s-0.151y ooz
4=0.1263-0.08B69=0.037s 0026, 0.092y Q.161y 0.223, 0.272y 02299y 0003
5 0.303s 0.296y 0.261y 0.202, 0.135s 0.073s Ca048y 0.035y Gaul2y goc4
6—0.026,—0-072,*ﬂ.0961-0.107'—0.103,—0.087,*0.039, CaDO4y 0040y goQs
7 0.070, G.080y 0.109, 0.117y 0.117y 0.109, 0.092y G.07%y 0.065, o006
B D084y 0.G525 04057y 0,046, UaU34y 0.030, 0.032y 0.040y G043, 0007
Q 0.042,y 0.041y N.039¢ 0026, U0.019y=0a01l0y=~0al2T3—0a021y~0.009 c0048
A D U0Bs 04027y 0.047y G.071y 0.095y 0.120r Ouléds 0.162, 0.173 7/

DATA PHXZ/

1 0-1710 0.157, 0-1281 0-09‘)1 00056' 0-017,‘0-0191*00054"‘0.086’ 6010
2m0e1105~002213-0.11%,Du1059=0.076,-0.038 0.009, 0.070, 04134, 001l
3 0.191l3 ©.239, 0.274y 0.301y 0G.2Bls G.237, G.176y Ga.1ll2y 0.C48s 0012
‘9"‘0.011”0-069'-'0‘1221—001711“(‘-206"‘0.194,"0.1691"(‘-1397"0.101, G013
5—0,0554 0.004y 0,074y Delb64s (u214r Co240, C.241y 0.239y 04255y CO14
6 0a250y 0.219y 0O.l6l, Ca099, Ue042,—0-0124-0.00679~5a1204—0.1060 0015
T=0elE5 s—TelGb3~04194,-0.1T4y—Lo1304—0.C72,—0.003 Ga0Tls 0127, G0lé
8 0,168, 0.201, 0.221, 0.227, 0.220y 0.194y 0.138, 0.075y 3.033, 0017
9 0.000'-9.0297‘0.9581"0.086,‘L‘-105"‘0-1161-0.119'—0-115""0.1041 0018
A—0o08H3=0.0577—0.010y 0.052, 0.096y 0.117s 0.12Z5s 0e123y 04115/ 0019
DATA PHYL/

1 0uD22y G.C9B8y 0.187: 0265y 0.328+ 0.389, 0.443y 0.478+ 0.493 Lo20
2 0hl6y 0.04Ty 0.611y 02365, 0.307y 0.235, 0.165¢ 0.097Ty 0.C43, G021
B0 D07 4~0.038y=0.057 L .004s~0.057,—0.025, 0032, 0,120y Q211 0022
& 0.2854 D.240y 0.372, 0.393, 2.406, 0.410, 0.401, 0,370y 0.320y 023
5 0.260y 0.201, 0.143, 0.090, 0.043, 0.007 +0.012,~0.007y 0.G25y 0024
6 0.059s 0.094, 0.123, 0.153+ 0.152, 0.209s 0.238, U.263y 0288y 6025
7 0.300, Ua3046, 0,301y 0.28By (.271, 0.249, CeZ220y Ual89y D.161ly 0026
8 0,150, U151y 0G.158, Oulbly G.160, 04153, 0.153, 0.150y 0L.151, coz7
9 OulS4y D157y v.165; 0.174y V191 042125 Ce242y 0.2763 0.297¢ 0028
A 0309+ D314y 0,312, 0.304y 0.290y 0.271s 0246y 0.214y V.175/ 0029
DATA PHY2/ ’

1 Ge132y 0,092, 0.0568, 0.060y 0.L67, C.083y 0,104y U128y 0O.1lb0, C0z0
2 04200, 0.248, 0.29%, 0.329s 0.356, 0.37T6y 0.388, 0.387y 0.375, 0031
3 0.345; 0.307s 0.251, 0.193, 0.139, 0.091, 0.046, 0.008,-0.02GC, 003z
4 0.005, 0.061, 0.G78, 0.120, C.168y 0.230,s G.294, G.353,y Caully 0053
& 0.655,; 0.467y 0459y 0,426y U399y 0.339, 0,275y 0.219s 0.168y D034
6 0.123, 0.0B5y 0.060; 0,046y 0.0LA3, 0.049y 0.069y 04103y 0.153y 0035
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POLE (Cont)

7 0.2264 04286, G.334s 0374y 0.408, 0.434, 0.444, 0.433; 0.399,
8 04349, 04303y 04259, 04221y U186, 0.156y Cul3ly Oulld, G.103,
9 0.098s 0,100y 0.108, Uel24y 0.149y 0.181, 04215, 0.255, 0.296,
A 0.330, 0.344, 0.345; U.337, 0.3245 0.308, 0.291, 0.273, 0.253/
DATA PHMX3/

} 0,059 0.079 0.056y 0.021y Ca0129—0.001,~C.006,—0.008,~0.002,
2 0.012, 0.035, C.055, 0.046, 0.027, 0.008 7/

DATA PMX4 7~0.0103=0.029s~0.049,~0.063 =G 066/
DATA PHYZ/ )

1 0.233, 0.213, 0.194, 04177, 0.165, 0.157, 0.155, 0.154, 0.1525
2 0.156y 0.163y 04172, 0,183, 0.195, 0.208 /

DATA PHY4 S/ 0.220, 0.23%y 0.249, 0.269y 0.289/

DATA PMXS5/
1‘-056:"-0371-.0141-00810031700517.054'c067,-0641.060¢.0859.119,.10
26 '.0541-0083”o027’—-0561 —-0843_0109’_.1231_012?‘“0120’_0l02

3307312 033,4.019+.0521.0919e1257.154901T492185,21b89.1681.12T75.07
47 '-DZQg“.0211_40?11‘-l15’-.157.—.134!’-184t“o166g‘q135,‘.1009—.06
53 5y=~e{1254.0179.0GB3s154/

DATA PMYS/
1.30210308«'—308'-302, 02901 0276, 02507 0245’02311 o216102027-183701667
2157 3215634161417 2 «1971202337.265942899431092330,.350,.370,

3e38034392943869236T12337 130292609221 23e16T9a124941155.105,.104%,
401143213499 01689e216122733e3334.38012241F9044F9.46044639.435692391/
A=IDT-0.3620386105)%0.547581850-1

L=A+1.0 -

IF{L.LT.2)60TD901

IF{L.GT.1981G070901

Ti=L

AN=A+1.C-TL

B=ANF{AN=~1.0}/4.0

DO101=1,.2

DELO=PH{L+I)-PH{L-14T)}

DELI=PHMI(L+1,1}-PH(L,I}

DEL2=PMI{L+2,I)-PH{L+1,1)}

PHTU{I)=PHIL,I}+ANXDEL1+BE*(DEL2-DELO)}

10 CONTINUE

XPM=PMTI{1}

YPM=PMT(2)

RETURN

901 WRITE(6,9001}
9001 FORMAT{7O0HOTAELES GF POLAR MDTICN COVER OMLY FROM 1958.C TO 1970.5

1IPLEASE EXTEND.)

sSTopP

END
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http:029,-.021,-.071,-.115,-.157,-.184,-.184,-.166,-.135,--.100,-.06
http:3,-.073,-.033,.010,.052,.091,.125,.154,.174,.185,.b4,.16d,.127,.07
http:08,.l19,.1O

SUBROUTINE : PRECSS

CALL STATEMENT : PRECSS (ET, PRE, DPRE, KK)

SUBROQUTINE PURPOSE : Calculates the preces:sion matrix P and its time
derivative P. P is an orthogonal matrix that transforms a vector from

the mean equatorial system of 1950. 0 into the mean equatorial system
of date (ET).

INPUT PARAMETERS :
A, Secalars.
1. ET (extended precision), The epoch for which P and
P are required in Julian days minus 2440000, 0.
2. KK (integer). An index to be set to 1 when only P
is required or to 2 if P and P are required.

OQUTPUT PARAMETERS :
A, Matrices (extended precision)}.
1. PRE (3 x3), The precession matrix P, .
2. TNDPRE (3 X 3). The time derivative of the P matrix
or P,

PROGRAM DESCRIPTION : Outlined in [ Mueller, 1969] Pages 62-65,

SUBROUTINES REQUIRED :
A, 0,8.U, Project Library:
1. ROTATE
2, TRIM
B. Fortran Scientific Subroutine Package:
1. DGMPRD

REFERENCES : i

A. DMendez, J. C, and R. J, Stern (1969), "Geographic and
Selenodetic Coordinate Transformation Programs,'" TRW N 69,
FMT 749.

B. Mueller, Ivan I. (1969). "Spherical and Practical Astronomy
as Applied to Geodesy," Frederick Ungar Publishing Co., New
York.
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PRECSS

SUBROLBTIMNE PRECSS {ETsPRE,DFPREKK)
CALCULATES PRECESSION MATRIX IN RADIANS AND ITS TIME DERIVATIVE

IN RADIAMS PER EPHEMERIS DAY 3 THE PRE MATRIX PLRFCRMS TRANSFORMATION

FRCOM MEAN EQUATURIAL QF 1950.0 (JED=24332B2.423) TO MEAN EQUATORIAL
OF DATE {ET)

KK=1 IF ONLY PRECESSION MATRIX 15 DESIRED

KK=2 IF PRECESSIUN MATRIX AND IT5 TIME DERIVATIVE ARE DESIRED
IMPLICITREAL®*E {A-H,0-2)

DIMENSION CP(ZvQI'UP{314)9T(4)19RE(313]1DPRE(3!3)tA1(3,701(3’|A2f3
P'3)|A3(313‘|A4€3.3)'A5(373)356{3133

THE MATRIX CP CALCULATES THE ANGLES ZETAGO » TETA o+ ZE1

OATA CP f3*0-00r2304.951670092005-25325001230#.951620b|o30216590!-
P.42638500,1-095195003-01300;—-041500,-0183200/: 0P /2304.95167DU.2
?00‘.25826UU'2304-95162003-6043300g“.353770072-1903900'-05400;—.125
PLOO ¢ LO54T600,3%0. 00/ yDINTC /36524.219879D00/
PgRADSE/206264.80&24709635500/

TO=ET—-2433282.423D0

TCeTO/0INTC

T{11=1.DO/RADSE

TL{2)=TC*T(1}

TE3)=TC*TI2)

Ti&)sTCRT(3)

CALLDGMPRDICP s TyALe39401)

CALLOGHPRD(DP 3 T4D193s49 1)

DO11I=1,3

DI(II=01(1)/DINTC

CALLROTATE{3,~AL12)4A3) -

CALLROTATEL{Zy Al{2) 442}

CALLOGMPRD{AB1A22A%s 393431

CALLROTATE(3,—AL{1}445)

CALLOGMPRD A&y ASsPREs34343)

IF{KKNEL2)GUTDT7OY

CALLLUCALI3,-D1I{3} A2}

CALLDGMPRD({AZ+PREyAS+34343)

CALLLUCA{24DLE2Y A2}

CALLDGHPRO!AZQk59A6|3,393}

CALLDGHPRD(AQrAB'AS13!313}

CALLLUCA{3,-D1{1)+A2)

CALLDGHPRD(PRE’AZ1A41313’3)

CALLDGHADD{A3A49A693,43)

CALLDGHADD(A&.AS,DPRE,3,3)

COMTINUE

RETURN

END
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SUBROUTINE : PREITR

CALL STATEMENT : PREITR (ET, EMU, EKE, N, AM, P)

SUBROUTINE PURPQOSE : Prepares elements for STVITR subroutine for the
Keplerian motion of a satellite about a primary body.

INPUT PARAMETERS :
A, ET is the initial epoch in Julian days minus 2440000, 0,
B. EMU is the product of the gravitational constant and the
total mass of the system.
C. EKE is a vector of Keplerian Orbital Elements in extended
precision and in radians or radians per day.
1. EKE(l) is the longitude of the ascending node (£3).
2. EKE(2) is the argument of perigee (w).
3. EKE(3) is the inclination (i).
4. EKE(4) is the eccentricity (e).
S
6.

EKE(5) is the mean anomaly at epoch ET.
EKE(8) is the mean motion (n).

OUTPUT PARAMETERS :
A. P is a vector of output parameters:
1. P(l) is a precision indicator, defined as:

p() = 107

2, P(2) is the initial epoch (ET) in Julian minus 2440000. "
3. P(3) is the orbital major semi axis computed from:

b3
o <[ 4T

where @ = ka(E + M), and ¥° is the Gaussian Gravita-
-tional Constant.
4., P(4 to 6) are the same as EKE(4 to 6).
B. The AM 3 %X 3 matrix is formed from: .

AM = Ry(~Q) Ry (~1) Rs{~)

AM is the transformation matrix from xy 'z’ (orbital plane
perigee) system into the XYZ ecliptic or equatorial celestial
system.
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PROGRAM DESCRIPTION : For 2 given Keplerian orbit of a satellite (ET,
EMU, EKE) the routine sets the AM, P output parameters which are
then transferred by the calling program to the STVITR routine every
time the state vector of the satellite is required.

SUBROUTINES REQUIRED :
0, 8,U. Project Library:
-1, ROTATE
2. TRIM

REFERENCES :

Mueller, Ivan I. (1964). ‘"Introduction to Satellite Geodesy,"
Frederick Ungar Publishing Co., New York.

PREITR

SUSRDUTINE PREITR [ET sEMUSEKEgNsAMP )
IMPLICIT REAL¥B{A-H,0-Z)
DIMENSION AM{3:+3):;B(343)4C(3:3)+EKE(6),4P (&)
P{1)=1.D0/10.D0%%N
pL2)=ET
P(3)=(EMU/(EKE(6)*EKE{6)}}%%,333333333333333300
Dy 1 I=‘iy6
. PUI)=EKE(I1} |
CALL ROTATE (3,-EKE{2).AH)
CALL ROTATE (l,-EKE(2}s5}
CALL TRIM {BsAH,C)
CALL ROTATE {(3,4-EKE{(1l)}sb)
CALL TRIM (B,C,AM)
RETURN
END
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SUBROUTINE : PRESTV

CALL STATEMENT : PRESTV (ET, EM, EK)

SUBROUTINE PURPOSE : Generation of series of constants and a transfor-

mation matrix for the calculation of the state vector of a satellite in a
Keplerian orbit about the primary body. (The state vector is created
by use of 2 companion subroutine STVKEP).

INPUT PARAMETERS :

A. Secalar
1.
2.
B. Vector
1.

(extended precision),

ET is the initial epoch in Julian days minus 2440000, 0.
EM is the product of the gravitational constant and the
total mass of the two bodies,

(extended precision).

EK(6) i8 a 6-element vector containing the Keplerian
orbital elements in the following order and in radians
or radians per day:

Longitude of ascending node (£3).
Argument of Perigee (w).

Inclination (i).

Eccentricity (e).

Mean anomaly (M) at epoch ET,

Mean motion (n).

mepe T

OUTPUT PARAMETERS : (All in common storage sector /EPLER/).

A, Scalars
1.

v L0 DD

5.
6.
7.
B. Vectors
1,

(extended precision),
E is the eccentricity.
EZ2 is the eccentricity squared.
RZ is 1 + ¥%
ELO is the mean anomaly (M) at the standard epoch set
equal to Input Parameter EK(5).
ETO is the mean motion (set equal to Input Parameter E.
EN is the mean motion set equal to Input Parameters EK(
AO 1is the orbit's semi major axis.

(extended precision).
R(1) through R(7) are coefficients of 2 series expansion
for the radius vector.
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2. F(1) through F(7) are coefficients of a series
expansion for the true anomaly (see [ Brouwer and
Clemence, 1961]).
C. Matrix (extended precision).
1. TI1 (3 x3) is an orthogonal transformation matrix to rotate
a vector from the x’y 'z’ (satellite orbital plane)
system to the xy 2z (fixed ecliptic) system.

JROGRAM DESCRIPTION :

A. The radins vector semi major axis ratio is given in the form
[Brouwer and Clemence, 1961] Equation 73, Page 76:

-—i— = R; + Rzcosd + Racos2is

where R, are functions of the eccentricity and 4 is the mean
anomaly, for example:

1
R = 1+—2—

. 3 a 5 s T
Ra €78 € "~ Tez® *Tozis ©

B. The true anomaly (f) is expressed by [ Brouwer and Clemence,
1961} Equation 75, Page 77,

f = 4 + Fysind + Fasin24 -+

where F( are functions of the eccentricity, for example

1., 6§ & 107 .
= 2 - —=g® + ——g% +
Fy €~ % " 96 T T4s08°.

C. Inboth the R and F coefficients one must note that the eccen-
tricity terms are truncated beyond the e’ term. Therefore,
for orbits with large eccentricites the effect of higher order
terms should be closely investigated.

D. A rotation matrix to rotate coordinates in the orbital plane system
to the mean ecliptic system is formed in T1 as:

T1 (3, 3) = Re(~Q) Ra(-i) Rs(~w).

SUBROUTINES REQUIRED :
0,8,U, Project Library
1, ROTATE
2. TRIM
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REFERENCES :
Brouwer, D. and G, Clemence (1961}, "Methods of
Celestial Mechanics, " Academic Press, New York,
pp. 76-T7T.
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PRESTV

SUSADUTINE PRESTY {ETEH.L ()

PREPARING ELEMENTS FOR STVRAER SUBROUTINE IN COMMON /EPLER/
EPQCH IN {JD0-2440000.1 .
PRODUCT OF GRAVITATIONAL COGNSTANT AND TOTAL MASS OF THE THO BGDIES
KEPLERIAMN DRAIT ELEMENTS I THS FOLLOWING ORDER =
LONQITUBE OF NUODE , ARGUMENT OF PERIGEE o INCLIMATION
ECCENTRICITY , HEAN ANOMALY 4 MEAN MOTION
IXPLICITREAL*BIA~H, O~}

DIMENSION TL(3,3),T21(3,3),T313,3),ALTIF{TIEKLE])
COMHIN JEPLERY EEZ+RZI+R4FobLOsETULENLADST1

DATA UNE, THO+TRIWFORSFIF+SEVW1.00,2.00,3.00,4.00,5.00,7.00/
SERIES FOR RADIUS VECLTOR

E=EX {4}

E2=E*E

E3=EME

E4=E2¥E2

BS=EREED

E6=E3%E3

ET=E4%E3

RI=ONE+EZSTHD -

A{l }sSEVHRET/9216.—FIE2ES /192, D6+ TRIXES/A LDO~E

R{Z ) =-E2/TWO+EL/TRI-ES/ 16,

RE{Z) =~TRIXEI/B. 004465, 00%E£5/ 128, 00-54T . FET/5120.
REAI=—E&L/TRIFTHOSESSFIF

R{5}==125 . DD¥ES/384. 0044325 4 ET 4216
R{61z~2T7 o *ED/8Da

RETIu=16B0 T HET 46080,

SERIES FOR TRUE ANOHMALY
FIli=THORE-ES/FOR4FIF5E5/ 20 00+107 . %ET/H60R .
FI2)sFIF*E2/FOR=11.D0FE4L/ 24,00+ 7. #E6/192.
FL3i=l3.00FE3/ 12, D003 . DOFES /b4 L0498 . ¥ET/512.
Fla)=103.D0%E4/26 . 00~45).2E6/4E0,
FE5}=1097.DDFES/960.D0-5957 ,#E7 /45608,
FI6)=1223 . %E6/980.

FAT)=4T7273.287/32256.

CALL ROTATE (3.-EK{2}+T1}

CALL ROTATE (1,~EK{3).T2)

CALL TRIM {Y2,71,73}

CALL ROTATE- {3,~EK{1)+T21}

CALL TRIM [T2,73,7T1}

EN=EK{6&}

ETO=ET

ELO=EK {5}

AD=(EM/{EN®EN]) ) *%,333333333333323300

RETURN

END
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SUBROUTINE : REDPI

CALL STATEMENT : REDPI (¥TH)

SUBROUTINE PURPOSE : To reduce a given angle 8 to the interval
0 <8 <27

INPUT PARAMETERS :
A, BScalar (extended precision).
1. YTH is the input angle in radians.

QUTPUT PARAMETERS :
A, BScalar (extended precision).
1. YTH is returned from the subroutine in the desired
range (in radians),

-

PROGRAM DESCRIPTION : None

SUBROUTINES REQUIRED : None

REFERENCES : None
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REDPI

SUBRCUTINE REDPI (YTH)
REDUCTION OF ANGLE YTH TC THE INTERVAL ZERO AND + TWO PI
REAL*8 YTHsPI2
PI2=6.283185307179586D0
YTH=YTH-PIZ2*DFLOAT(IDINTLYTH/PI2))
10 IF{Y™ -LE.0.BGIGOTOL3
11 IF(YTH «LT.P32}GOTO12
YTH =YTH -PI2
607011
13 YTH =YTH +PI2
GOTO1l0
12 CONTINUE
RETURN
END
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SUBROUTINE : ROTATE

CALL STATEMENT : ROTATE (N, ANG, RNA)

SUBROUTINE PURPOSE : Forms a 3 X3 rotation matrix, RNA, representing
a rotation of angle ANG (in radians) about an axis xyz, designated
1, 2 and 3 respectively.

INPUT PARAMETERS :
A, Axis about which rotation is to occur N.
B. Rotation angle in radians ANG which may be positive or
negative in sign,

OUTPUT PARAMETERS :
A. Rotation matrix RNA (3 x3).

PROGRAM DESCRIPTION :
A. Ry(8) is formed where i =N, 8 = ANG and R, (8) = RVA.
B. The integer variables N1 and N2 are set to the following value:
dependent on N (by use of integer arithmetic)

N NL N2
1 2 3
2 3 1
3 1 2

Then after BNA is zeroed :

RNA (N, N) = 1

RNA (N1, N1) = cos (ANG)
RNA (N2, N2) = cos (ANG)
RNA (N1, N2} = sin (ANG)
RNA (N2, N1) = -sin (ANG)

SUBPROGRAMS REQUIRED : None

REFERENCES :

Mueller, I. 1. (1969), "Spherical and Practical Astronomy
as Applied to Geodesy) Frederick Ungar Publishing Co.,
New York, p. 43.
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ROTATE

SUBRGUTINEROTATE (N9 ANGyRNA)
ROTATION MATRIX WRNA®™ ABOUT AXIS "N 8Y ANGLE ™ANG"
INPLICITREAL®B{A—H,0-1)
DIMENSIONRNAL3,3)
0330411=1,3
D030312=1,3

303 RNALI11,12}=0.00

304 CONTINUE
SANG=DBSIN{ANG)
CANG=DCOS{ANG)
RNA{NsN)=1.D0
N1=N+1={{N+1)/4}*3
N2=N+2=~({N+2)/4)*3
RNA (N1 yN13=CANG
RNA (N2 4yN21=CANG
RNA{NL 4N2)=SANG
RNA { M2 ¢ N1)==SANG
RETURN"
END
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SUBROUTINE : SEFODI

CALL STATEMENT : SEFODI (M, N, K, L, K1, K2, FF, FD)

SUBROUTINE PURPOSE : CGeneration of second and fourth modified differences
for Everett interpolation of L sets of tabulated quantities.

INPUT PARAMETERS :
A. Integers (single precision).

1. M is the number of a tape unit which contains L sets
of ¥ tabulated ephemeris quantities written in binary mr !

2. N is the number of an output storage unit (disk) on whie -
the function table with second and fourth differences arec
to be written in binary mode.

3. K is the number of variables in a set. For example, i
the tabulated quantites are components of a state vector.
K should be set to 6,

4. K1 and K2 must be set to 9 and 3 respectively.

B. Matrices (extended precision).

1. FF (9 xK) contains 9 rows of K tabulated quantities
input from the unit designed by M. The second and
fourth modified differences are computed for the middle
row (i.e., Tow 5),

OUTPUT PARAMETERS :
A. Matrices (extended precision),
1. FD (3 XxK) contains the following information in rows:
a. The K tabulated quantites from unit M
(identical {0 row 5 of FF).
b. The K modified second differences.
c¢. The K modified fourth differences.

PROGRAM DESCRIPTION : The second and fourth modified differences are
computed as outlined in [ O'Handley, 1969]. The method is intended to

facilitate the use of Everett's fifth order interpolation formula (see
EVERAL),

SUBROUTINES REQUIRED :
Fortran Scientific Subroutine Package:
1. DGMPRD
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REFERENCES :

O'Handley, Douglas A. et al,, (1969). "JPL Development
Ephemeris Number 69! JPL Technical Report 32-1465,

SEFODI

SUBROUTINE SEFODI (MoK e LeKLyKZFFoFDI

GENERATING ScC 4D AND FOURTH NODIFIED DIFFERENCES

M~ UNIT CONTAINIMG TABULATED QUANTITIES IN L ROWS OF K EACH 1N BINARY
N — UNIT TO WRITE IN SINARY HOOE THE TABLE QF DIFFERENCES

IMPLICYIT REAL®3 (A-H,0-1}

DIMENSION FE{KIK)FOUIKZ,K)CC(3,9) .
DATACC[IvlleCC[le‘uCC(1'3),CCilsﬁvaC(lvﬁl|CC[1V7';CC(1;E)|CC‘1,9
P]gCC‘l,S).CC‘Z;I)gCC[quipCC(2921’CC(ZQB]yCC1293,'CC(217I,CC[2g4)r
PCC(Z,b)'CC(ZgBI,CClB;l),CC{B.?)'CC!B'Z)1CC(3,8115C(313],CC(3.71.CC
P(3’4)1CC(3'6)tCCl3,5}/B*O-DC'1-Do12*.42990“2yZ*“.GQ?blZQOgZ*-199C9
PZDO:Z*556245600,-1-4366700123oﬁbb4390012*—-82615150|2*4.5873000012
PE~12,00941500,916.3596100/7 .
REWIND M

REWIND N

PO 1 I=1+9

READ(M} {FF{I4KD) 1KO=14K}

NK=L-9 -

Do 2 1=1.HK

CALLDGHPRD[CC’FF'FD’3s9fK)

DO 3 KO=1,X

DO 3 J=1,8

FF{JKO}=FF(J+1,K0}

READ(H'END=9l(FF!9'KU)'K0=1,K1

WRITE{(N) ({FDLJI.KD) 3J=1,31:K0=1,4K)}

REWIND N

RETURN

END

W
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SUBROUTINE : SKEPTR

CALL STATEMENT : SKEPTR (S, M, K)

SUBROUTINE PURPOSE : Transformation of a satellite state vector into
instantaneous Keplerian elements.

INPUT PARAMETERS :
A, Scalar (extended precision).
1. M is the product of the universal gravitational constant

(kz) and the combined masses (m; + mga) of the primary
body and the satellite,

B. Vector.

) 1. 8 is a six element vector containing the state vector
in linear units and linear units per day. The umnits in
the state vector must be compatible with those in the
scaler M, above.

CUTPUT PARAMETERS :
A. Vector (extended precision).

1. K is a six element vector containing the elements of
the instantaneous Keplerian orbit in radians/radians
per day, in the following order:

The longitude of node.
The argument of perigee.
The inclination,
the eccentricity.
The mean anomaly.
The mean motion,
2. The following factors are used in the programs (within
the extent of IBM 360 extended precision):
a. If the inclination is zero, then the longitude
of node is set to zero.
b. If the eccentricity is zero, then the argument of
perigee is set to zero.

mo e SR

PROGRAM DESCRIPTION : See references,

SUBROUTINES REQUIRED : None.
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REFERENCES :
A. Escobal, P. R, {1965). "Methods of Orbit Determination, "
John Wiley and Sons, New York,
B. Mueller, I. 1. (1964), "Introduction to Satellite Geodesy,"
Frederick Ungar Publishing Co., New York,
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SKEPTR

SUBRDUTINE SKEPTR {5 MK}

TRANSFORMATION FROM STATE VECTGR INTQ INSTANTANEODUS XEPLERIAN ELEMENTS
STATE YELTOR

PROGUCT OF GRAVITATICNAL CONSTANT AND TOTAL MASS OF THE TWO BODIES
KEPLERIAN ORBIT ELEMENTS IN THE FOLLOWIKG ORDER =
LONGITUDE OF NODE » ARGUMENT 0OF PRRIGEE + INCLINATION
ECCENTRICITY  MEAN ANDMALY , MEAN MOTION

IF INCLINATION IS ZERD - LONGITUDE OF NODE 1S SET'TO ZERO
IF ECCENTRICITY YIS ISRO — ARGUHMENT OF PERIGEE IS SET 7O ZERD
REAN ANOMALY 15 MEASUREU FRuUM PERIGEE OR FROM NODE OR FROM AXIS {1}
ARGUMENT OF PERIGEE IS MEASURED FROM NODE DR FROM AXIS {1}
IMPLICITREAL®8{A-h,0~2)

REAL®Y MyK

DIHENSION SL8) K16} ,U(3),v{3)

R=0.D0

VE=0.00

RD=0 DG

DO 1 I=1,3

R=R+S(I)**2

VE=VE+S{I+3) %2

RO=RDLSII FEST1+3)

R=DSORT{R}

RT=RD/R

A=l B0/ {2.D0/R~-VE/NY

Kt&)=DSOQRT(M/{Ax%2})

T=RDAOSORT {AM )

G=1.00-R/A

K4 =DSQRT (T*%2+Q¥x2)

IFIKi4)) B4948

KESY1=DATAN2IT/KI4 ), 0/7K84) 1T

PoA*{1.00-Kis)*x2)

00 2 I=1.3

U{il=S{I11/R

VEI)={S{T+3}*#R~S{TI*RTI/DSQRT (PN}
CI=DSORTUIU{ L) »V{21+#2+ (U2 -VI1 1% 2])-1.D0
SL=E{UEZ2I-v{X) 701 .00+C])

CL={u{1)+vI2))/{1.00+CT)

EL=DATANZ{SL,,CL)

SI=DSGRY{UI I %25y ({3)252}

IF{51)} 346,3

RIB3Y=DATANZISIHCI}

Su=3(31/51

CU=¥ {3}/51I

UU=DATANZ {5U,CU}

GoTa 10

UU=EL

IF{KIR]} 546,.5

SVY=RT#DSQRTIP/HIS K 4)

CV={P/R~1.00}/Kl%)

TA=DATANZ E5V,CV]
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http:CL=(U(I)+V{Z))/(1.DO

SKEPTR (Cont)

GOoTC 7

TA=UU

K{b)=Uuu
K(1}=EL-UU
K(2)=UU-TA

CALL REDPI (K(1))
CALL REDPI ({K(2)}
CALL REDPI (K(5))
RETURN

END

~136-



SUBROUTINE : SPEQU

CALL STATEMENT : SPEQU (A, B, M, N, K, L)

SUBROUTINE PURPOSE : Copies a two dimensional matrix (B) into layer
I, of a three dimensional matrix A.

INPUT PARAMETERS :
A, Scalar Integers (single precision).
M, N, K. Dimensions of the three dimensional oufput

1.

matrix A (Rows, Columns, Layers).
L. The number of the layer of A (consisting of K laver:

info which the input matrix B is to be copied.

(extended precision).
The M X N matrix to be copied.

2,

B. Maitrices
1. .B,

OQUTPUT PARAMETERS :
A. Matrices (extended precision).
1. A. The output MXNXK three dimensional matrix.

PROGRAM DESCRIPTION : None

SUBROUTINES REQUIRED : None

REFERENCES : None
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SPEQU

SUBRUUTINESPEQU{AsBsMeNsKoL)
MAKING LAYER L OF A EQUAL TO 8
1P LICITREALFB (A-H0-ZY
DIMENSIONA(MyNK) sBIMN)
DOlI=1¢H4

DOZ2J=14N

A119J9L3=B(I,J,

CONTINUE

RETURN

END
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SUBROUTINE : STRANS

CALL STATEMENT : STRANS (JD, GAST, SMAT)

SUBROUTINE PURPOSE : The subroutine computes the rotation matrix S to

rotate coordinates from the true celestial system to the average terrestriai
system. :

INPUT PARAMETERS :
A, Scalars (extended precision),
1. JD is the epoch in Julian days.
2, GAST is the Greenwich apparent siderial time in radian:.

OUTPUT PARAMETERS :
A. Matrix (extended precision).
1. SMAT is a 3 X3 array containing the rotation matrix

from the true celestial system to the average terrestri.:
system.

PROGRAM DESCRIPTION : The SMAT matrix (in Mueller's notation the S matrix)
is computed from the polar motion components (x, y) and the Greenwich
apparent siderial time (6} from

8 = Ry(~-%) Ri(-¥) Rs(6)

SUBROUTINES REQUIRED :
0.8.U. Project Library:

1. POLE
2. ROTATE
3. TRIM

REFERENCES :

Mueller, I. I. (1969)., "Spherical and Practical Astronomy

as Applied to Geodesy," Frederick Ungar Publishing Co.,
New York.
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STRANS

SUBROUTINE STRANS(JDyGASTSMAT)

IMPLICITREAL®*E (A—~H,0-7)

OOUBLE PRECISION MJIb.JdD

DIMENSION RITETA(393) sRIMY{343) sR2MXI3+3)+T1(243)4SMAT(3,3)
ODATARADSE/206264.060624T7096400/

COMPUTES THE SMATRIX TO ROTATE FRM TRUE Ctl. TU AVERAGE TERR . SYST
INPUT PARAM, —JD,GAST.

EXTERNAL ROUTIMES—POLE(FOR PULAR MOTICON) ¢AND TRIM
MJD=JD-2400000.5D0

CALLPOLE{MJID XPP,YPP)

APP=XPP/RADSE

YPP=YPP/RADSE

CALLROTATEL3,GASTLR3ITETA)

CALLROTATE(1o=YPP4R1IMY}

CALLROTATEL2,4—-XPP R2ZMX)

CALLTRIMIRZMXsR1IMYT1)

CALLTRIM{T1,R3TETA,SMAT)

RETURN

FCRMAT{// 320X 42F20.9)

END -
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SUBROUTINE : STVITR

CALL STATEMENT : STVITR (ET, STV, AM, P)

SUBROUTINE PURPOSE : To calculate a state vector of a satellite in a
Keplerian orbit for a given epoch and in components of a fixed
Cartesian coordinate system.

INPUT PARAMETERS : {Extended precision,)
A, ET is the epoech in Julian days (t) for which the state vector
) is required minus 24400000,
B. AM and P are the 3 x 3 matrix and the six element vector
described in PREITR.

QUTPUT PARAMETERS : (Extended precision.)
A, STV is a 6-element state vector of epoch in the X¥Z system
of a satellite moving in a Keplerian orbit about a primary
body.

PROGRAM DESCRIPTION : .
" A. The mean anomaly (1) for the epoch of observation is
obtained from

L = 45 tn(t-tg)
where 0= & < 27

"B. The eccentric anomaly E is then found from the solution of
Kepler's equation by:
1. Estimating the initial value as

Eo = 2
2. Then using a Newton iterative procedure to find the
E, of epoch as follows:
a. Compute AE; from:
AEq = Ei "eSinEI - 4
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b. Compare AE; with the precision estimator
P(1) which is denoted P

| AE, ] <P

¢, Then:

¥ |AE,| < P, terminate iteration and
continue program.

I |AE,| = P, continue iteration by setting
Ejsy = By ~ BB,
If convergence is not achieved after 50 iter-

ations, print error message and stop.
C. Compute the auxillaries (notation from Escobal).

8, = sin E, SE
_ Computer
Ce €08 Ey Variables CE
. na
ak = i-.c, CON

D. Compute the state vector in the x’, y’, z’ system:

X = a(C, -e)
1
y' = a(l-e®)%s, XOR Vector
z! = 0
X = -ak- S.
2 o 2%
Yy = aE(l-e°)" C, VOR Vector
Q7
Z = 0

E. Rotate the above state vector into the XYZ system by (see
PREITR).

AM 0 XOR
STV = .

X
y
0 AM z! 0 AM VOR
%
y

n
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SUBROUTINES REQUIRED :

0.8.U, Project Library:
1, ONEM

RAEFERENCES :
A. Escobal, P, R. (1965). "Methods of Orbit Determination,’
John Wiley and Sons, New York,

B. Mueller, Ivan I, (1964). 'Introduction to Satellite Geodesy
Frederick Ungar Publishing Co., New York,
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STVITR

SUBRCUTINE STVITR (ET,STV,AM,P}
IMPLICIT REAL*8{A-H,0-2)

DIMENSION AM(3,3),STV(6),XORLZ) ,VOR(3

DATA ONE+XOR{3),VCR{3)/1.0G,2%6.DC/

}sV1IL3),V213),P{0)

EH=DHDD((Pi5)+P(6]*(ET-P(2)}},6.28318530?17956600)

E=EM
D0 1 I=1,50

DE={E-P(4}*DSIN(E)~EM)/{ONE~P {4 }*DCOS{E) )

IF(DABS(DE).LT.P(1)) GOTOD 2

E=E-DE

WRITE[6,70)}DESE

SE=DSIN(E)

CE=DCOS(E)

CON= P{6)*P(3) /{UNE-P{4)*CE}
XOR{1}=P(3)*{CE-P{4})
ROR({2)=P{3)*DSCRTIONE~P (4 )%P (4} ) %SE
VOR{1)=-CONX%SE
VORE2)=DSQRT{ONE~P{4)*P (4 ) ) *CEXCON
CALL ONEM (AM¢XOR,V1)

CALL ONEM {AM,VOR,V2)

00 3 1I=143

STVII)=Vvi{I}

STVII+3)¥=v2(I)

RETURN

FORMAT(10Xy NG CONVERGENCE AFTER >0 ITERATIONSS®

END
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http:ITERATIONS',2D24.16
http:ONEXOR(3),VOR(3)/1.DO,2*G.Oc

SUBROUTINE : STVKEP

CALL STATEMENT : STVKEP (ET, STV)

SUBROUTINE PURPOSE : To calculate a state vector in a Keplerian orbit.
(This subroutine must be used in conjunction with subroutine PRESTV
which generates a series of coefficients in common storage used in
the state vector computation.)

INPUT PARAMETERS : (Extended precision.)
A, Scalar.
1. ET is the epoch for which the state vector is required
in Julian days minus 2440000, 0,

OUTPUT PARAMETERS :
A, Vector (extended precision).
1, STV (6) is the output state vector.

COMMON AREA PARAMETERS :

A. Area /EPLER/ E, E2, RZ, R, F, ELO, ETO, EN, AO, T3.
The common area parameters have been described in PRESTV.

PROGRAM DESCRIPTION :

A. The mean anomaly ({) at epoch t (variable ET) is computed
from the mean anomaly at epoch {0, (which is variable ETO
in common storage), and n which is variable EN in common
storage:

EL =4 = L5+ n(t - &)

where 0 < |4| < 27.
B. The S vector is then computed by:

S = sin4

2sin®d{ = sin2%

NG
I

(8 - 4sin®4)sind = sin3e

&
n

S, = (2 -4sin’4)2sint cosd = sin4d

N
]

sin 74 .
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The C vector is then computed from:

C, = cost
Ca = (2 ~4sin®4)%3 = 1- 2sin®% = cos2l
Cy = cosTL .,

The radius vector (i) is computed from [Brouwer and
Clemence, 1961 Equation 73, Page 78:

7

r -——

L - ZR:C:-
{=1

The {rue anomaly (f) is computed from [Brouwer and Clemence,
1961] Equation 75, Page 77:

7

f o= -L+2F, s, .

1=

Note in the above expressions that the R and F coefficients
exclude terms greater than e, thus the effect of the exclu~-
sion should be investigated before using this subroutine,
The radius (r) is then computed from:

The Cartesian coordinates in the orbital plane are then computed
from:

xX|=|rcos{

. -
yi=lrsinf = X
zl= 0

The time derivatives are then formed from:

-
X!l = —na—*’l"""—
r./1l-e
. x+ea,./l—e2 =
y = na_ = v
r
z| = 0 ]
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J. The coordinates and time derivations are then rofated into
the XYZ system through the matrix T3 (from PRESTYV)

which is effectively:

T3 Rs (=8 Ry (~1) Ry (~w)

and g = [T3 0] . [x]
0 T3 v
where S is the outpuf vector STV.

SUBROUTINES REQUIRED :
0.5.U, Project Library:

1, REDFI
2. ONEM
REFERENCES :
Brouwer, D. and G. Clemence (1961). '"Methods of
Celestial Mechanics,” Academic Press, New York,
pp. 76-717.
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STVKEP

SUBROUTINE STVKEP (ET,.STV)

CALCULATION DOF STATE VECTOR IN A KEPLERYAN ORBIT
IMPLICITREAL*8(A-=H,0~7)

DIMENSION RUTYoFL{TY ¢S{TIoCI{TIoeT313:3)4X0R(31,VORI3),POS{3),72(3),5
PIVESL)

COMMON /EPLER/S EJE24RZ\R+FyELORETO,EN,AD,T3

DATA ONEsTHO:TRIZFOR sFIF2SEV/1a0092.00¢3.0044.00+45.00;7.D0/
MULTIPLE SINES AND COSIMES OF MEAN ANCMALY
EL=ELO+EN*{ET-ETO)

CALL REDPI [EL])

SL=DSIN(EL)

CL=DLOS(EL}

SLO=FOR*SL *SL

CLQ=FOR—SLQ

SCL=TWOxSL*CL

5¢11=5L

S{2}=5CL

S{3)}=SL*{TRI-5LQ]

S(4)=SCL*(TWO-5LQ}
S(5)1=SL*E{FIF-SLO*{FIF-S5LQ))}
S{&6)=SCL*(TRI-CLA*{FOR~CLQ)}
SE7Y=SL={SEV-SLC*(14.D0—SLO*{SEV~SLQ}}}
C{13i=CL

CLZ2}=.5D00% (THO-SLQ]) -

C31=CL*{CLQ-TRI]
Cl4)=DNE-CLQ%*,5D0*(FOR-CLQ)
C{5)=CL*¥(FIF-CLQ*{FIF-CLQ)}

C(6)=CLC*. SDO*{SEV+THU~CLOX{FIF+UNE—CLQ) )-ONE
CL{T)=CL*{CLA*(14.,00-CLOQ*{SEV-CLJ] }—SEV) .
CALCULATION DF RADIUS VECTOR AND TRUE ANDMALY
RVY=RZ

TA=EL

DO Y I=1,7

RV=RV+R{I1)*C(T}

TA=TA+F(I1)*5(1}

RV=RV*AQ

XOR{1}=DCOS{TA)}*RY

XCR{2)=DSIN(TA}*RY

ACR{3}=0.00

VOR { 1)=—EN#*AQ%=X0R{2)/ (RV*DSQRT{ONE-EZ}])
VORI2)=EN*AO* (XCR{1 } +E*AQ)*DSCRT(CNE-EZ)/RV
VOR{3)1=0.D0 .

CALL ONEM {T3+XO0R,P0OS)

CALL ONEM (T3,VDOR,T2)}

DO 2 I=1,:3

J=1+3

STVII}=P0OS(I]

STVI{J)=T2(1)

RETURN

END
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http:VOR(3)=O.DO
http:XOR(3)=O.DO
http:ONETWOTRIFORFIFtSEV/1.DO,2.DO,3.DO,4-OOt5.OOh.DO

~ SUBROUTINE : TRIK

CALL STATEMENT : TRIK (Y, YP, TETA, FETA)

. SUBROUTINE PURPOSE : The subroutine is used with either FUNPLS5 or

FUNPLS6 and provides the second time derivatives of the physical
libration parameters and the @, @ partial derivative matrices
(see [Papo, 19711 Pages 99-106).

INPUT PARAMETERS :
A. Vector (extended precision).
1. Y is a §~element vector containing the Eulerian angle:

of the Moon and their time derivatives as input througk
FUNPL5 or FUNPLS.

OUTPUT PARAMETERS :
A. Vector {extended precision).
1. YP is a 3-element vector containing the second time
derivatives of the physical libration angles
(X, 8, p).
B. Matrices (extended precision).
1, TETA is a 6X6 matrix which is the € partial derivative
array evaluated at ET [ Papo, 19711,
2. TETA is a 6x3 matrix which is-the & partial derivativ:
array evaluated at ET [ Papo, 1971].

COMMON AREA PARAMETERS : Common areas are used extensively to transfer
data in and out of this subroutine, the calling subroutine (FUNPL5 or
FUNPLS) and the main program.

A. Area /MAIF/ALF, BET, GAM, TEQ, CCE, CCS, P, G.

1, ALF, BET, GAM, TEQ® are described in subroutine
documentation for FUNPLS5,

2. . CCE is an extended precision scalar which contains the
gravitational constant of the earth..

3. CCSis an extended precision scalar which contains the
egravitational constant of the sun.

4, P is an extended precision 3-element vector containing tt
rotational velocities e,, e,, e, respectively of the
ecliptic coordinate system defined in " Papo, 19711
Page 83.

~149~



5. G is an extended precision 3 X3 matrix containing
partial derivatives of 7,0, 0, with respect to
Czz, 8, Cao respectively as defined in T Papo,
1971] Equation 3.32.12, Page 101.
B, Area /EXE/ET, B, SUN.
1, 'The ahove parameters correspond to the parameters

TO, B, SUN described in the FUNPIS subroutine
documentation, .

C. Area /ALL/SEV, ESH, NUT, KLU,
1. The above parameters correspond to the parameters

SEV, A, NUT, KLU described in the FUNPL5 subroutine
documentation,

PROGRAM MATHEMATICS : The expressions used to evaluate the second partial

derivatives are given in [ Papo, 1971] Pages 99-101. Comments are included
in the statement listings to refer tne next segment of statements to specific
equations given in [ Papo, 19711

SUBROUTINES REQUIRED :
0O.8,U, Project Library:

1. ROTATE
2, TRIM
3. ONEM
4, LUCA

REFERENCES :

Papo, Haim B. (1971), "Optimal Selenodetic Control,™ The Ohio
State Universily, Department of Geodetic Science, Report No, 156.
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TRIK

SUBROUTINE TRIK (Y,YP+TETALFETA)

SUBROUTINE TRIK FCR CALCULATING EQUATIONS OF MOTION OF THE PHYSICAL

LIBRATION ANGLES AND THE PARTIALS FCR GENFRATING STATE TRANSITION

AND PARAMETER SENSITIVITY HMATRICES

PROGRAMMING SECTION 3.8 IN THE DISSERTATION {(PAPC)

IMPLICIT REAL*8 {(A-H,0-1}

DIMENSION Y{b).YP({3} 1SEVIGIP(3),BI3 )+ SUNI3)LEMIINIZ3}9D(3) s
PPOP{3)40HE(3)4PRE{3),T1{3,31+4T213:3)4T3{3+3},T4{(373):TEM1I(3},
PTEM2{3) s TEM3(3)14T5(3+3) +TOU3+3) s TT(343)4T8{3+3),SUND{3),000(3,3)
PeDDDE{3+3) s TETA{Gs0)A(3F4E(3+3)AVII3,3)5RAC{3,:+3)
PeG1343):8B0(3:3),FETA(G,3)

CONMON/HAIF/ALFSBETsGAN TEQ+CCECC3yP«G/EXE/ZET B SUNJALLY  SEVLESH
PaNUT KLU

DATA EHIIN‘lyBJ'EHlIN‘2;3}'EHIIN(3'3!tPRE(3’)0NE/1-DQ;3*0-DG,1-DO/

¥ =~ EULERIAN ANGLES OF MGDON

SEV = (1) LONG {2) OMEGA (3} LONG DOT (4) OMEGA DOT (5) LONG DDOT {6} OMDD

G —~ MATRIX OF PARTIALS ALF,BET,GAM / C2Z2.BET,C20

TEQ — MEAN INCLINATIUN OF 800N eCUATOR

P = ECLIPTIC ROTATION RATE VECTUR

B4SUN — EARTH AND SUM POSITION IN ECLIPTIC SYSTEM

CALLROTATE(2:Y(1)4T1)

CALLROTATEL1,~Y{32)sT2}

CALLROTATE{3+Y({2),73)

CALL TRIM (T1l:72,74) .

CALL TRIM (T4,T3,T5}

T5 — TRANSFORMATION MATRIX M

STEIN=ONE/T2{3+2)

STEIN = 1 / SIN (TETA)

EMIIN(141)=T1{1,2)2T2{3,3)*STEIN

EMLINIL 2)=TI(1:s2)*T2(3+3)1¥5TEII

EMIIN(2,1)=~T1{1,21*STEIN

EMLINGZ,2)=-T1{1,1)*S5TEIN

EMIIN{3,1}=-T1(1,1])

EMIINI3,2)=T1(1:+2)

CREATING (-1}

D ¢ NEGATIVE COORDINATES OF EARTH IN TRUE SELENOGRAPHIC

CALL ONEM [T54B+0)

SUND : COORDINATES OF SunN IN TRUE SELENOGRAPHIC

CALL ONEM {T5+SUN,SUND)

ZE=0.D0C

L5=0.D0

DO 1 I=1,3

00 6 Jd=1,46

TETA{I J)=0.D0

DO T J=1,3

FETA{I,J)=0.00

ZES=IS+SUND{II®SUNDIT}

ZE=ZE+D(I}#D{I}

TETA(1,4}=1.00

TETA{2,5)=1.00

TETA{3,6)=1.D0


http:TETA(3,6)=I.DO
http:TETA(2.5)=1.00
http:FETA(I,J)=O.D0
http:TETA(IJ)=O.DO
http:ONE/1.DO,3*O.DO,1.DO

o0

TRIK (Cont)
FORMATION OF TRIVIAL PARTS IN CAPITAL FI (FETA) AND TETA
ZE=CCE/IE*F2,50L0
25=CC8/215+%2,5D0
CALCULATING THE EFFECT OF THE MOTIGN DF THE ECLIPTIC
R=Y{2} .

DR=Y (5)

CR=DCOS{R])

SR=DSIN{R}
POP{1}==Y(6)+CRHP (1} +3R*%P{2)
POP(2}= =SR*P{1}+CR2*P (2}

POP (3} =Y (5)+P (3)

POP - IS P{0)

CALL ONEM  (T44PCP,OHE)

OME(3) =0OME13)+Y {4}

OME - RATES OF ROTATICN ABOUT SELENOGRAPHIC AXES

PRE [ 1) =DR* {~SR*P (1} +CR*P {2})

PRE (2}=DR* (~CR*P(1)~SR*P{2})

PRE - PSIDOY * DR3(PSI) / OPSI #* p

CALL DNEM  (T4,PRE,TEM1}

TEM1 IS T(C)

CALL LUCA (3,Y{4),T6}

CALL TRIM {T6+T4,T7)

CALL LUCA (14=Y{6},T6}

T6 IS TIB)

CALL TRIM (T4,T6,78)

CALL DGMAUD (T7+T84T64343)

CALL ONEM (T6,PUP,TEM2}

TEH2 IS T(8} % P(O) -
All)= ZE#D(2)%D{3)+ZS*SUND{2)*SUND{3)~OME (2)%0ME(3)
Al2)=={ZE*D(1)%0(3) +ZS*SUND (L) *SUND {2 )~0ME (1) %CHE(2))
Al3)= ZE*D{L)*u{2)+2S+*SUNDIL)=SUND(2}-OME(1)+LMEL2)
A IS T(A)

TEM3(1)=ALF*A{1)=TEM2 (1}~TEM1(1)
TEM3(2)=BET*A(2)~TEMZ (2} —TEXL(2)
TEM3(3)=CAH+A(3)-TEM2 (3 ) ~TEM1(3)

TEH3 IS T(D)

IF(KLU.GT.1) GOTO 5

IF NO GENERATION OF PARTIALS IS NEEDED KLU IS GT. THAN 1

G1ll=0ME(2)

G21=—0OME{1)}

G12=TEM1(1)/DR

G22=TEM1{2)/DR

G32=TEML(3]} /LR
G13=T4{1,31%POP{2)~T4(14,2)%POP(3)
G23=T4(2,3)%PLP(2)-T4(2,2)3POP{ 3}
G33=T4(3,Z2)*POP(2)~-T4{3,2)*P0OP{3)
G123 ARE G{1) RDW VECTORS

BOD( 2y 1}=—0ME(2)*(ONE+ALF)

DDD{241)= OME(1)*{ONE+BET)
0DB(3,13=0.00
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TRIK {Cont)

DOD{ 142 )==ALF*ITAHIZ13}*0NEI3)+TH(3,,31*0REI2Y)—G12-TE(1,:3)
DDOL2:271= BETH(T411,310HE{31+T4 {343 I%0HEI11-G22-To{2,+3)
DOD(3+2)==GAM¥ IT4 {1 ,3)FOME(2)+T4 (2,3 1¥0ME{L)} }~G32-T6{3,3)
DOD{1:3)= ALFR{T4{2,1I%0ME{2)4T4 13, 1IR0MEL2) 1=G13+Ta(1,1)
BODE243)=wBETH{THl L 1) FGHREIS)I+TAL{3, 11 2OME{2 $)1-623+4T612,1)
DOD{3,3)= GAH®(T4(L1,11*0HE{ZI+T4 12,1 }=0HE(L})}-G33+To(2y1)
DOD IS DTLD) / D EULERIAN DLTEL

CALL TRIM {EMIINJODD,AVI}
AVI ARE PARTIALS OF BULERIAN ODUBLE DOTS VS. EULERIAN DOTS

CI1=2E{T5{2,1)%8 {(1)+T5{2+2)=8 {2}+T5(2,3)%8 (3))
C2I=2E%{—=T5{1,:11¥8 {1}-T5(1,2)}2B {Z2}-TS{1,33%8 {£3}}
CI2=ZE#(~T5(1,21%8 (1)+75(2,11=6 {2)}

CR2=TER{~TS{2,21%8 {1}1+75{241338 (2})

CA2=ZEx{~T5{342}*B L11+TH15, 018 (z})

CI3=ZE*iT4{ls3 1973 {21148 {1 1+ TL {14315 T3 {242 14B{2}~T4{1+2¥%B{3}}
C23mZE¥ (TH{2y31*T2{2,L)3B11)4T412+3)%T302:2)2B(2)-T4(2,2)%8¢{3)}
C33=7Exi{Tal3,313T302:11*8{1)+T4{3,3+T3{2,2)4B12)-T413,2}%S{3})
CI23 ARE C({1) RGHWS QF EARTH

HII=Z5#{T5{ 2 1) SUNELIHTS (2,2 15SUN{2I+T5{2.31%SUNIIN)

H2 =25 *{—T50 Ly 1)*SUNLLI~TS LA+ 21 ESUNIZ2I-TS5 13 1=5UNIA}}
HIZ=ZS%{=T5{1,2I%SUNTLI+TH{1,1125UN{2)]
H2Z=2S*%{~T5 (242 }FSUN(L)+TE(2, L3=SUNEZ YD
HIZ2=Z2S%{-TS {22 1#SUN{L)+T5{3,1)%5UNL2))

Hi3=ZS%(Ta{ 13 )3 T3 {2 LI5SUNTII+TA (14313 T3 {242 S UNTZI~-TH {12 2SUN
LSS D .

H23=28% T4 l2,3F3TR{2 . 11%SUNL LI+ T4 L2, 31T 2,21 SUNL{2I-T4 (2,21 #SUN
P24

HAZ=Z3(TA{ 3,310 T3( 2, 11401 14T 3,3 )12T3{ 2421 5SUNI2 )=T4 {3, 21 *5UN
P31}

H1Z3 ARE CEI} ROWS OF SUN

BO0OEL,1)= ALFP={C21#D [31+H2I*SUNDI3I-G21*%OME (A I-TERZ {2 1~TEH1I{2)
DOD{21)=—BETH(C112D(3)+HL135UNO(3)~GC1I+0OMELZ) 1 +TEHZ (1 }+TEKLIL L)
DOOE3, Lz GAMB{CLIFDIZI+C2IFD {1 I+HLIRSUNDI 2 F+H21FSUND I} -G 1ISUMEL2
PI-G21*0ME(1})

000 1,23= ALFS (L2203 +0320 (2 +HZ2*SUND I3 I+HIZFSUNCI 2 -G 22*GHET
P3 ) ~GI2FOME(Z ) 4T4 (1, 2V ¥PRELL)I~-TA (1,1 V4#PREL2}—{ TG 1, L}*PRELL)
P+TE{ L, ZI*PRE{ZI1/OR

DCDL 24 2)=~RET+{CL2%D(3)}+CAZ2*xDI1} +HI12FSUND {3 }+HIZHRSUNG {1} -G 12#ME
PUBI-GI2¥CHELL) ) #7482, 21 PRE{LI—TA{2, 1 I¥PRE( 2} -{TH 12, LI*PREL{ L)
P+T612,2)12PRE(21)/UR

DODI3:23= GANSICLZ¥DI2Y+C22=D{ 1) +HIZ*SUND(2)+H22¥SUNDILI~G12%0ME
PL2)-GR2HOME( L1 4T {3421 %PRECLI-TAE3 4 LI5PRE(ZI—{THI3 4 1)*PRELLS
PHT&(3,2)%PRE(Z2)1I/TLR

DOD(1,3)= ALF*{C25%0 (302330 (2J4H2EHSUND IS Y +HIISSUNDI 2523 %0Me {3
PY-GAZFUHEIZI)~TAl 1y 3 1*PRE{2)4T4 {1421 4PRE(II4TEH{1+2)%PCP(3)-T16(1+3)
PEPOP {2}

DOD{2+3)=~BET+{CLIxN{3)+CII*D {1 J+HIIRSUND [3I+H33*SUNDIL ) -G 13#0HE{3
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TRIK (Cont

PY-G3IIEDMELL})=T4(2,3)¥PRE(2)4T4(2,2)*PRE{3)+T6{2,2}*POP(3])-T6(2,3)
PEPOP{2])

DODI3:3)= GAHS(CLIBD(2)+C23*D (L) +H13*SUND (2 }+H233S5UND(L)-GLl3»0MEL2
PY-G23R0MELLI ) ~T4{343)#PRE(2)4T43,2)*PRE{31+T6(3,2)*POP(3}-T6l3,3)
P2POPI2)}

*DOD ARE PARTIALS OF TiD) VS. EULERIAN ANGLES

CALL TRIM (EM1IN,DOD,TT)

RACILs1)=4T1{1,1)%T2{3:3)FTEHIL)-T1(1,2)¥T2{343}*TEM3(2))I*STEIN
PeT7({141)

RACEZ251)={~TI{1,1)2TER3{12)+TI{1,2 }¥TEM3L2)IXSTEIN+TT{241)
RACI341)=TL{1,2)%TEM3(1]) +T1!1.1}*TEH3(2)+T7I3 1)
RACI142)=TT(1,42] o,
RACIZ,21=TT(2+2) i
RAC(342)=T7{3,2)
RACC1e3){~T1{142}*TEM3(1}~TL{1,1)*TEMI(2))ESTEIN*STEIN+TT{1,3]
RAC(Z2y3)=tTL(1,2)5T2(3,3)4TEM3(1)+TL(1,1)*T2(3,3)%TEN3(2))

PESTEINTSTEINST7{2,43}

RACI{3+3)=T7{3,3)
RAC ARE PARTIALS OF EULERIAN DGUBLE DOTS VS. EULERIAN ANGLES

TETA(441)=RACII,1)4RAC(2,1)
TETA{4,2)=RAC{1,2I+RAC(2,2)~TETA(4,1)}
CTETA{A+3)=RAC{143)+RAC(2+3)
TETALG44)=AVI(L,1)+AVI(Z2,1])
TETA(445])= AVI(1r2]+AVIl212)’T=TA(4 4)
TETALG 46)=AVI(143)+AVI(2,3)})
TETALS,1}=RAC(2,1)
TETALS¢2)}=RACI222)-RACL2,41)
TETA{5,3)=RAC(2,3)

TETA{S5+4)3=AVI(2,1)
TETALS¢5)=AVI{2,2)-AVI(2Z2,1}

TETA(S ¢6)=AVI{2+3)

TETA(641)=RAC(2,.1)
TETALE2)=RACI{342)-RAC{3,1}
TETA{6:3)=RACI3,3])

TETA{O:4)=AVI{3,1])
TETA{6,5)=AVI{3,2)-AVi(3,1}
TETA{646)=AVI(3,3)

FILLING IM THE 49595 ROWS OF CAPITAL TETA

00 3 1=1,3

pg z J=1,3
EIJQI,=EH11N(J11’*A(I)
E€l4I)=Eils1)+E(2,+11}
CALL TRIM {E»G.BO}

DO & I=1,.3

DO & J=143
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TRIK {Cont)

FETAUI+340)=0011+J)
£ILLING IN THE 4,5,6 ROWS OF FETA (CAPITAL F1}

5 CALL ONEM (EML1IN, TEM3.TEM1}

YP{1I=TEM1{1)-SEVIS)}+TEMLIL2)

YPLZI=TEML(Z]-SEV{S)

YP{3)¥=TEML{3)

¥p — ENCKE EQUATIGNS OF MOTION OF PHYSICAL LIERATION ANGLES
RETURN

END
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SUBROUTINE : TRIM

CALL STATEMENT : TRIM (A, B, C)

SUBROUTINE PURPOSE : Multiplies two 3x3 matrices, A and B, to form
a 3X3 product C,

INPUT PARAMETERS :
A, Matrix A (3, 3)
B. Matrix B (3, 3)

QUTPUT PARAMETERS :
A, Matrix C (3, 3)

PROGRAM DESCRIPTION :
A, 3Ca = aAs B3

SUBROUTINES REQUIRED : None

REFERENCES : None

| Preceding page lank |
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TRIM

SUBROUTINE TRIM (AgB 4L
REAL¥BA(Z293),0(3,2)4C{3,2)

DO1I=143

U01J=1,3

C T4 3)=A T 1) *BlLaJ)+A(L142)%BUZ4JI+A(],3 1555}
RETURN

END
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DESCRIPTION OF MAIN PROGRAMS
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MAIN PROGRAM INDEX

PROGRAM PAGE
A, Simulated Ephemeris Generator ., . . . . . . . . . . . . . 183
B. Optical Observation Generator . . . . . . . . . . . . . . . 169

C.  Adjustment of Lunar Physical Libration Angles . . . . . . . . 175
D, Optical Observation Adjustment . . . . . . . . + . . . . . 181
E. Lunar Range Simulator o <

F, Lunar Range Adjustment .~ . . . . . . . . . . . . . . . . 193
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MAIN PROGRAM: A

PROGRAM PURPOSE : Generation of the simulated ephemeris of the earth-
moon system described in [ Papo, 19711,

INPUT PARAMETERS : An example of card mput parameters is given in
Appendix A/2,
A, Vectors (extended precision).
1. PAR is a 5-element vector containing:
a. The initial epoch in Julian days minus

2440000, 0,

b. The final epoch is Julian days minus
2440000. 0,

¢. The initial step size for the integration in
days.

R d. Elements 4 and 5 are not used.
B. Scalars (single precision).

1. HMIN is the minimum step size to be allowed in the
integration routine,

2. I-IMA}I is-the maximum step size to be allowed in the
integration ‘routine,

3. RATL is the relative accuracy required (number of
correct significant figures) for the- geocentrlc state
vector ot the moon,

4. RAT2 is the relative accuracy required for the

numerical integration of the earth and moon Eulerian
angles.

OUTPUT PARAMETERS :

A. The main output from the routine is the state vector of the
earth-moon system, the Eulerian angles of the system and time
derivatives of the vectors and angles, The units and sequence
of the quantities are described in the subroutine FUNEPH descrip-
tion (for the Y and YP vectors) and the subroutine OUTEPH
(for the FD matrix layered into the FH array). In addition the
FH array of the simulated ephemeris is written on a direct
access disk device identified in the program as unit 4,

PROGRAM DESCRIPTION : A flow chart of the program logic is given in
Appendix A/1.
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SUBROUTINES REQUIRED :
0,S.U, Project Library:

1, FUNEPH
2. EKHARD
3, OUTEPH
4. PREITR
5, DVDPFI
8, MEANAN
7. REDFI

8, SEFODI

REFERENCES :

Papo, Haim B, (1971). "Optimal Selenodetic Control, "
The Ohio State University, Depariment of Geodetic Seience,
Report No., 156,
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Program A

GENERATION DOF SIMULATED EPHEMERIS OF THE MODN+EARTH SYSTEM
IMPLICITREAL#S (A~Hy0-2)

REAL#®4 EP,HNIN HMAXRATL,RAT2

DIMENSION Y(16),YP{183,KQ(1E),DT(20,16) ,ENCKELT),EKM(6),AHM(3,3)
PyPMI&)EP(18) ,YNN(18) ,KD(18) ,PAR{S}PLAL3) +DNM(6)4ANH(6)
DIMENSION FFU9,183,FD(3,18)FH(3418415)
COMMON/MATFUN/ENCKE y AMM , PH

EXTERNAL FUNEPH,OUTEPH
DATAZERO,PIEKME3),EKM{41/0.0053.141592653589792004.08980DG y.05490
PO/

READ{5,61) PAR

READ{5y61} HMIN HMAX,DELT,RAT1,RAT2

DO=PAR(1)

EJD=00+2440060.00

CET=(DO+24980.1,0) /36525.00

CALL MEANAN {EJD,ANM,DNM}

ENCKE{1}=D0

ENCKE{Z)=PI+ANM{2)~ANN(5)

CALL REDPI (EHCKE(2)}

ENCKE(3)=ANS(5} .

ENCKE(2)=.2300
ENCKE{5)={DHOD(D0,1.00)%2.00+{23925.836D0+8640164.54200%CET+.0929D
PO*CET*#CET)/43250.00}*PI

CALL REDPY (ENCKELS5))

ENCKE(6}=.40916D0

ENCKE{73=6.300388G98D0

EKH{ 1) =ANH(5]

CALL REDPI (EKM(1))

EKM (2) =ANM(4)—ANML5)

CALL REDPI {EKM(2))

EKM(5)=ANH[2) ~ANM(4)

CALL REDPI (EKM{S5))

EKM (6] =DNM(2)

CALL EKHARD {EJD,DNH,PLA)

DO 1 I=1,6

Y{1)=ZERD

Y{1+6)=DNM(I)

Yt1+12)=2ER0

Y(71=Y{T)I-ENCKEL2)

Y(8)=Y(B)~ENCKEL2)

Y(10}=Y{10)~ENCKE (4}

WRITE(6,76)Y,YP yPAR s ENCKE +EKM

EMUM=3012159753997540.0C

CALLPREITR {00 ,EMUMEKM,12,AHM,PH)

REWIND 1

CALL OVDPFLl {(15,Y,YP,KDsEP+RATL RATZ2 ,HMIN ,HMAXDELT+KST,IHL,PAR
Py FUNEPH, OUTEPH,KQ 4 YRN 4LT, 0}

WRITE(6576) ENCKE,AMH PN


http:EMUM=3012159753997540.DC
http:CET=DO+24980.bO)/36525.00
http:EJD=0+244OO0.00

Program A (Cont)

CALL SEFODI (1;2418:7539953:FF+FD)
REWIND 4
ET=215.500

DY 33 1=1,53

De 32 J=1,15

READ (2) FD

Do 31 M=1l,18

DO 31 N=1,3
FHINsMpJ}=FDIN M)
CONTINUE
EY=ET#7.D0
WRITE(4) ET.FH
BACKSPACE 2
CONTINUE

REWIND 4

‘READU4) ETyFH
WRITE(6:81) ETSFH
D0 34 I=1,50
READ(&) ET

READ{4)} ET¢FH
WRITE(6,81) ET,FH
sSTOP
FORMAT{6F1346:2X)
FORMAT(5X,6019.11)
FORMAT(//10Xs+103/512X+6D1%9.11))
END
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http:i10.3/t(2X,6DI9.ll
http:FORMATC5X,6D19.11
http:ET=ET+1.DO

APPENDIX A/1

Flowchart of the Simulated Ephemeris Generator-

READ
INPUT
PARAMETERS

)

PREPARE
ENCKE, EKM
VECTORS

¥

PREPARE
INITIAL
Y VECTCOR

¥

CALL

PREITR
FOR REFERENCE
ORBIT OF NMOON

{

CALL DVDPFI
TO NUM, INTEGRATE-BETWEEN
PAR({1)} AND PAR(2)

CALL SEFODI
TO FIND
MODIFIED

DIFFERENCES
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APPENDIX A/2

Sample Input
220,95 SG46, 5 5 LNNDNNY
o (003 « 5 5 » OOMNN LOOOCO00 1
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' MAIN PROGRAM : B

PROGRAM PURPOSE : To generate optical observations of lunar points,

INPUT PARAMETERS : Examples of card input are given in
Appendix B/2.
A. Simulated lunar ephemeris.

1. The simulated ephemeris is assumed to be stored
on a direct access disk device designated unit 4
(see the main program description for ephemeris gener-
ation),

B. Sealars.

1. 8T1, ST2 and ST3 extended precision variables
are described in the subroutine degcripiion OPTOBS.
Basically, they define the conditions under which a
peint can be observed.

2, _JOK is a single precision integer variable denoting
the type of observation (see OPTOBS).

3. APP is an extended precision variable which contains
one-half of the field angle in degrees.

4. ET is the epoch of observationin Julian days minus ‘74400%.

C. Vector (extended precision).

1. X is a 9-element vector input only if the observing
station is on a satellite which wasnot the case in the
example given. For examples of satellite borne cbserva..
see [ Papo, 1971].

OUTPUT PARAMETERS :
A, The subroutine computes the simulated optical observations of
the moon for a bundle of nominally 30 observations of lunar points.
The angles created are printed (unit 6) and punched (unit 7).

PROGRAM DESCRIPTION : A flow chart of the program logic is given in
Appendix B/1.

SUBROUTINES REQUIRED :
A, 0.8.U. Project Library:
i, EPHITL
2. OQPTOBS
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REFERENCES :
A,

Papo, Haim B. (1971). "Optimal Selenodetic Control, "
The Ohio State University, Department of Geodetic Science,
Report No. 156,

Sprague, M. (1961). "An Investigation to Improve Selenodetic
Control on the Lunar Far Side Using Apollo Mission Trans-
Earth Photography, ' Department of Geodetic Science,
Report No, 155, June.
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wow

Program B

MAIN PROGRAN FOR GENERATING OPTICAL OBSERVATICNS OF THE KOOH
IMPLICTTREAL¥8 (A—H,0-1) i

DIKENSION X{9) ¢BUNDLE{2430),PCSP{31,Y(18)+TE(3,3)

DIMENSION JOKKE2) sISATT{2},IPCINT(2),UNU{2) ,AKAL2)

DIMENSION FHI3+1b,15) -

COMHON /OPTQ/ TE» WTER, SSUNETER,PCSP+3T1,5T2,ST34IFLAG
COMMON /EPHEM/ ETE+FH

REWIND 4

READ (4} ETE,FH

ISET=L

READ(5,60)5T145T2,5713

READ (5561 4END=99) JOK,APP

APP = SIN OF FIELD ANGLE 7/ 2

IF{JOK~9) 435,99

READ {5,460, END=99)ET

CALL EPRITL (ET+4,.Y)

DO 3 M=1.3

X(4)=Y M)

X{H+3}=Y{Meb)

X{M+6)=YIM+12}

GOTOS

READ(5460,END=99)ET X

CALL OPTOBS {ET+X+JOKsAPP.BUNDLE)
IF(IFLAG=1) 2,1.2

WRITE{6, TOIISETHET
WRITE(6+TSIWNTERsSSUNLETER

ISET=1SET+1

IF{JOK.EQ.9) GGTA 7

R=DSCGRT (PCSP{1)*%*2+PCSP(2)=*2)
ALLON=DATANZ {PCSP{2)4+PCSPLLII*5T.295T795D0
ALLAT=DATANZ (PCSPIL314R)*57.295779500
WRITELS,T21J0K

WRITELG, TTVALLONJALLAT

GOTO 8

WRITE{ 6,73}

WRITE{b6sTLIPLCSP

WRITE{&478)TB
WRITE{6,71) (I (BUNDLE[J»31+d=1,2) 121,301
I1SAT=JOK/9

KOUNT=)

DO 9 I=1,30

IF{BUNDLE{1,1}.EQ.0.00) GOTD ¢
KOUNT=KOUNT+1

IM=MUD (KOUNT 23 +1

IPOINTEIN)=] .

UNULIMI=SUNDLE(L, 1} .
AKA[IM)=BUNDLE(Z, 1}

IF{IM.NE.2} GJTOD 5

WRITE(T,79) ET'JOK.ISAT'IPUINT(II,UNUlll,AKA(I]gET'JGK7ISATgIPUINT
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http:IF(BUNDLE(1,I).EO.O.DO

Program B (Cont}

PL2Y,UNUL2) AKA{2)
9 CONTINUE
IF{IMLEQL2¥ GOTO 10
NRITE(Ts79) ET,JOK;ISATyIPOINTLI ) UNU{L) »AKALL]
10 CENTINUE
HRITE{ 7580 (ETyJOK s 1SAT o {TELLsJ)sI=143)1¢ISETyd=1¢3}
WRITE{7,BO)ET,JOK s ISATPLSPLISET
HRITE(&sB1) X
GOoTo 1

9% STOP

60 FORMATISF15.10)

61 FCRMAT{ T104+F10.5)

T0 FORMAT({lHIL /10X, *SET NUMBER®*y144,10X*EPOCH OF OBSERVATIOGN IN {43
P - 2440000.) 1S5*sF17.9/ ) .

71 FORMAT( 10X ,15+2D25.16])

72 FORMAT{10X,*STATICN OBSERVING IS C3SERVATORY NO*,I3/ )

73 FORMATI10X,*STATICN OBSERVING IS ON A SATELLITE®/ }

T4 FORMATI2(10X,5020.10/)}

75 FORMAT{10X, *SELENDGRAPHIC LONGITUDE OF TERMINATORS AND SUBSCLAR PO
PINT®/ 10X,3F1C.3/ )

T6 FORMAT(10X, *SELENDGRAPHIC CUOORDINATES OF PROJECTION CENTERT/ 10X43
PF15.37 } -

Y7 FORMATUE10X,"TOTAL LIBRATION : IN LONGITUDE?,F8.3,% — IN LATITUDLE?
PaF8.3/)

78 FORMATI 10X, 'ORTHOGONAL TRANSFORMATION MATRIX FRCM THE B1B2B3 TQ TH
PE ECLIPTIC SYSTEM'/3{12X,3025.16/)/10X,"0PTICAL OBSERVATIONS NU AN
PD KAPPA'/)

79 FORMAT(2(F6.2:114212yD13.64D16.9))

B0 FORMATIF6.2+11+12+3023.16412}

81 FORMAT{/10X,"SIMULATED LUNAR EPHEMERIS AND EULERIAN ANGLES » EARTH
P EULERIAN ANGLES1/3{12Xs3025.16/71}}

END
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http:ANGLFS'/3(12X,3OZ5.Ib
http:FORMAT(2CIOX,5D20.10
http:IOX,15.2D25.16
http:FORMATCSFL.1O

APPENDIX B/1

Flowchart for Generating Optical

" Observations of Lunar Points

READ
STI, ST2, ST3

)

READ
JOK, APD

.1  READ

ET

CALL
E PHITL

CALL -
OPTOBS

WRITE AND
PUNCH
OUTPUT
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APPENDIX B/2
Samgle Input

"'0008 -'093‘? c3£$’

2007 3.007
224.923 &28.87

2,007 T T 34007

25.01 4£30.92

2.007 - 7T 2007
254,52 431

2,007 Tt o T 3,G0TT
255. 459,93
i T 3,007 - T T 2,007
283.9 460,01
o 2.007 - T 3.007
283,98 461,98

3.007 T 2. 007
312.88 . 462.06

2007 . 3.007
312.96 490 .96

3.007 2.007"
313.93 491 .04

2.007 3.007
314.01 519.94
i 3.G07 2. C07
342,92 520,02
o 2..007 3007
343.0 548,91
T 3.0G07 ; 2007
371.91° 548,99

2,007 . T3.007
371.99 578.9
’ 3.007 2007
400.9 5T .98
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MAIN PROGRAM : C

PROGRAM PURPOSE : To adjust the numerically integrated physical librations
in the simulated environment of [ Papo, 1971] to the forced physical
librations given in [ Echardt, 19701, :

INPUT PARAMETERS : An example of card input to the program is given in
Appendix C/2.
A. AU through M are input parameters required by the JPL
subroutines for reading the Development Ephemeris (DE - 69)
on tape as described in [ O’ Handley, 1969].
B. PARAM is an extended precision vector with 5 elements which
" are described below.
1. The first element is the initial epoch of integration
in Julian days minus 2440000. 0 days.
2, The second element is the final epoch of integration
" “in Julian days minus 2440000. 0 days.
3. The third parameter is the step size (in days)
used to initialize the numerical integration routine.
4. The last two parameters are not used as input parameters.
C. OSH is a 6-parameter vector which is used to input the
initial values of the physical libration parameters and their
time derivatives (7,05, 0, T o Og. B£.)-
D. BE is a 6-element vector which is used to input the weight
matrix of the physical libration parameters.

E. ALF, BET, GAM, TEQ are inputs of the dimensionless
ratio of inertia of the moon (o, 8, ») and the inclination
of the lunar equator to the ecliptic in radians, -
respectively.

F, The parameters CCE, CCS and P are described in the
subroutine FUNPLS,

OUTPUT PARAMETERS ¢
A. The output of the program is the comparison between the
simulated solution described in [ Papo, 197171 and the actual
case described in [ Eckhardt, 19707. Exampies of the output
are given in [ Papo, 1971).

PROGRAM DESCRIPTION : A flowchart of the program logic is given in AppendixC/1
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SUBROUTINES REQUIRED :
A. 0,8.U, Project Library:

1. DVDPF
2. FUNPL5
3. OUTADJ
B. Fortran Scientific Subroutine Package:
1. DMINV

2. DGMPRD

REFERENCES :

A. Eckhardt, D. H. (1970). "Lunar Libration Tables,™ The Moon,
Vol. 1, No. 2, February.

B. O'Handley, Douglas A, et al. (1969) "JPL Development
Ephemeris Number 69} Technical Report 32-1465.

C. Papo, Haim B, (1971). "Optimal Selenodetic Control, "
The Ohio State University, Department of Geodetic Science,
-Report No. 1586,
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Program C

MAIN FOR ADJUSTING INTEGRATED NUMERICALLY PHYSICAL LIBRATICNS TO ECKRARDIS

IMPLICITREAL*8{A—H,0=2)

REAL®4 EP{60) yHMINLHMAX sEMX JRATIHRAT2

DIMENSION KDI{60)KQUE0) s YH(EV)} sDT (20460}

DIMENSICN P{3)+8EB{3}+SUNI3IYCNURMIYG +9 ) 4CVECTIT )4G(343) s
PSEV{E} HIL13),HI{E-12) 1 F {4V PARAMIS ) yOSHIGY sBE{S) 2QI3)y
PY{60 s YPIGDILLVECIT )y MVECID 1:TEZ(9 }CORELIG 59 J.HELT }

DIMENSIONCNORS(L .8} ,CVECB(8]) 4LVEL{EY4MVEE{B),TFB(3},COREB(B,8)

COMMON/MATIF/ZALF 4BET+GAM s TEYCLELLCSHP oG /EXE/TOD,8EB+SUN NUNB
P/RAICUT/CNORM,,CVECT FALLY SEVROM s NUT ¢ KLU
P/CETBLI/AULZREA; TPDERR/CETBL2/ICH s ICE JM/CETELA/ iy F

DATA DNETHO,FOR/1.00,2.C00:4.D0/

EXTERNAL FUNPLSDUTADJ

READI{S440)AULREAsTPDLEMR

READ{5 y&65) ICE M

READI(S5,60)PARAM

READ{5,65)NQ

READ{5,60)}WE

READ{S5 460 YHMINHMAX 3 DEL Ty RATYLWRATZ

REWIND 1 .

ICW=1

NUT=2

XKLu=1

2 CONTINUE

READI5,60)105H

READ{5,60)Q,TEQ

READ(5462)}CCE,CLCS

READ{5,62)P
- ICHE=]1

101 ICHE=1CHE+1
1 AL=0ONE/(QI3I—({TWO—FOR*Q(2))*Q(1}) .
BL=ONE/{{ONE+QU2) }%Q(3}—{ THO-THNO*Q{2}}*Q( 1)}
ALF=Q{2)%{Q(3)+TWC=Q(1}]*Al

BET=Q(2}

GAM==FOR*Q{2Z2}*G(1)*81

WRITE(64791 PARAM ¢HE 3Q,ALFyBETyGAMyTEQLLCELCCS,P
RON=0.00 :

NUMB=0

16 DO 3 I=1.6

3 Y(I}=05H{I}
IF{KLU.GT.1) 6OTO 8

17 Al=Al*Al
81=81%*81
GUlly1)= FOR*QIZ)*{ONE-Q{2))*Q2)*A1
GlLe2)={2{3)Y%22-FOR*J (1} **x2)xA}
G{l:3}=—FOR*Q{2)}F(CHE~Q(2))=ull)=Al
G{2,1}=0.00
G{2,2}=1.00
G{2:3)1=0.00
GL{3s1)=—FOR*Q{21%{ONE+Q(2))*Q(3}%R]1
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http:G(2,3)=O.DO
http:G(2,2)=.DO
http:IF(KLU.GT.13
http:ONETWOFOR/I.DO,2.COt,4.DO

14

10

11

Programn C {Cont)

G342} =—FOR*Q(1)*(Q{3)~THO*Q(1})*EL
G{3+3]= FOR*Q{2)#(ONE+Q{2))*0{1)*8]
PARTIALS OF (ALF,BET2GAM) VS. [C22,EET,C20)
DO 9 K=1,9

CVECTIK}=D.DO

DT 9 1=1,9

CNORM(K 11=0.D0

DO & I=7,NQ

Y{I)=0.D0

D0 6 I=7,42,7

Y(I)=1.D0

INITIALIZATIGN OF TRANSITION AND SENSITIVITY MATRICES
. TOB=PARAM{1)+1.0D0

CALL DVDPF [NQ,Y 3YP,KD,EPsRATLRAT2sHHINyHMAXDELT+KST
PIHL s PARAH ,FUNPLS,QUTADJ s KQy YN,OT)
WRITE(6+79) ROM

IF(ICHE.EQ.2) GOTO 998

DO 14 I=1,8

CVECB(I}=CVECT(I)

DO 14 J=1,8

CNORB(I,J)=CNORMIT,J) -

CALL DMINV (CNCRB +8+DET,LVEB,MVER)

CALL DGMPRD {CNORB,CVECB,1E8,8,8,1)

DO 10 I=1,6

OSHIII=0SH{1)-TEG{I)}

WRITE{6+78) TEE,CNORS

Qe3)=0{1)-TES (7}

Qt23=Q{2)-TEA (3}

DO 11 I=1,8

DO 11 J=1,8

COREB(T,J)=CNORB(I,J}/ DSIRT(CNORBII,I}*CNORB(J,d)) ——
HRYTE(6,78) CORES ‘ .
IF(ICHE.EQ.1) GOTU 101

NG=6

DELT=10.00

KLU=2

GOTO 101

NO=60

KLU=1

GOTO 101

sToP

FORMAT{6F13.5)

FORMAT (4D20.13}

FORMAT{1615)

FORHAT(/{5X,ED13.5}}

FORMAT (5X,6016.10}

FORMAT(5X+9 D1il.4)

FORMAT{5X,8D11.4)

FORMAT(501649)

END
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http:FORMAT(5X,6DIE.10
http:FORMATI4D20.13
http:DELT=1Q.DO
http:Y(I)=.DO
http:Y(I)=O.DO
http:CNORM(K,1)=O.DO
http:CVECT(KI=O.DO

APPENDIX C/1

Flowchart

CARD
INPUT

%

COMPUTE
.0 (a,By)
d (C2Os 13:022)

¥

CALL
DVDPF

‘l

SOLVE
NORMAL

EQUATIONS

= m

179



APPENDIX C/2
Sample Input

“T1%95578930° 7 6378.1492 1.7 “TT T B1.301
3 )| 1
—R03; T TTTUTSTe. T 1. - - gJ.oocol - T T 7 et T
—.00001461873.023799910603..000018379248.0000086450"1-—.00021278188-—.09014866572
1000, 7T 10 T 1000. - 7 1000. SUUR00. T T T teo0.T T T T T
«0003968 ~00056268 -00023 026769
TL8926626 7T D 16 ) s e e mm T T
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MAIN PROGRAM: D

PROGRAM PURPOSE : To process earth-based optical observations of elected
lunar points in @ weighted least squares procedure.

INPUT PARAMETERS : An example of the card input required for the program
is given in Appendix D/2 (except for estimates of the TQ).

A, PARAM is an extended precision vector of 5 elements.

1. The first element is the initial epoch in Julian days
minus 2440000, 0 days.

2. The second element is the final epoch in Julian days
minus 2440000, 0 days.

3. The third element is the initial step size in days.

4. The remaining elements are not used for input.

B. NQ is a single precision integer used to input the number of
integrands.

C. OSH isan extended precision 6 element vector used to input
the initial values of the physical librations (7, @, p) in radians s-
their time rates (T, . P} in radians per day.

D. The vector SEV is described in the subroutine FUNPLS descript: o

E. The variables HMIN, HMAX, DELT, RATI, RAT2 are describe.l

- in the subroutine DVDPF2 description.

F., The variables Q, TEQ, CCE, CCS, P and G are described
in the subroutine FUNPLS5 description, .

G. TJ is an extended precision array of 3 X 22 elements which
contain approximate (initial) selenocentric positions of the
lunar points in kilometers.

H. JOBN is a single precision integer vector of 10 elements
which is used to input the identification number of batches
of optical observations to be processed.

I, Simulated ephemeris data is assumed to be available on a direct
access disk device (designated unit 4), The parameters read
from the disk are ETE and the array FH (see EPHITL subroutine
description).

OUTPUT PARAMETERS :
A. Basically output is created in the subroutine OUTADJ which
in turn is called by DVDPF2 Samples of the
normat equation are given in [ Papo, 1971].

PROGRAM DESCRIPTICN : The program was formulated according to the theoretit:
development given in { Papo, 1971] Chapter 2. A basic flowchart
is given in Appendix D/1.
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SUBROUTINES REQUIRED :

A, 0,8.U, Project Library:
1. DVDPF2
2. FUNPLS
3. OUTGAJ
REFERENCES :
A.

Papo, Haim B. (1971). "Optical Selenodetic Control, "
The Ohio State University, Department of Geodetic Science,
Report No. 156.
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Program D

HAIN FOR ADJUSTINRG STMULATED EARTH~BOUND UPTICAL CSSERVATIONS
IMPLICYTREAL#B{A-H,0~1)

REAL*G EP{60) 4HIIMN HEAX yEMXRATL+RAT2

DIMENSION KD(&6G)+KQIECY s YNIS0) ,DT(20+60) +FH{3+18415),VEC{T5)
OIMENSIONPOS(3}+EMBT{343)+ENUC22)4EKAL22),TI(32,22),5IG61{3,3}
PeSIGZ(3+3):1P0({22]),J0ENTLO)

DIMENSIONP(3),6EB(3) »SUNT3)4Gl3+431,Y(60),YPLED),
PSEVI6)»MII3 eH(E412) s F{4)4PARAMIS5},05H(6),0(3)
COHMON/MATFZALF 4BET+GAN, TEQyCCELCCSsPaG FEXE/TROD+BEBy SUNJNUMB
P/BAICUT/POS sEMBT ENULERA s TJ,SIG 6 SIGT4SIGZ K3 4K2:1P0,IST,110H
P ZALL/SEVSROMNUT KLU, N2, KM, ISKIP JEPHEM/ETE , FH
DATA ONETWOFCOR/1.004+2.0044.0D0/

" DATA PI /3.141592652589792DC/

709

EXTERNAL FUNPLS,OUTGAY
READ(5,60PARAH
READ(5,65}HQ
READ(54+60)05H
READ{5460)SEV
READ (5,60 )HMINHMAX 2 DELT+RATLRAT2
READ{5460)Q,TEQ
READ{5,62)CCE.CCS
READ{5,62}P
READ(5,+61) TJ
READ{5,65) JOBN
KLu=1

NunB=1

KM=30

ISKIP=4

IICK=1

J11=1

D0 4 -I=1,3

DO 2 J=1.3
51G6{1,4)=0.DC
SIGZ{I,4)=0.00
SI1G6{I+11=.02DC
SIGZ(X,1)=.0400
SIGZ(1,1)=.00400
5IG7=.01D0

REWIND 8
JOB=JOBN[IIT}
IF{JO3.EQ.99) GOTQ 998
REWIND 3

REWIND 4

READ (4]} ETE.FH
HUT=0

N2=44

K3=1

K2=2

REWIND K3

DO 28 I=1,151

DO 21 J=1.75
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http:IF(JOB.EQ.99
http:SIGZ(IJ)=O.O0
http:SIG6(IJ)=O.DO
http:ONETWOFCR/1.DO,2.DO,4.DO

21

Program D (Cont)

VEC(J}=G.00

WRITE{K3) VEC

CONT INUE

Al=DNE/ZLQ(31—-(TWO-FOR*Q(2}1%*Q(1)})
BI=DNE/(‘CNE*Q{2])*C‘BJ-[THU-THB*Q(Z)5*0111}
ALF=Q(2)%(Q(31+TWO*Q2(1})=AL

BET=Q(2)

GAR=—-FOR*Q{2)*Q{1])*8]

HRITEL 6,79) SEVe PARAM s Qs ALF yBET yGAMy TEQCCE9CCSyP
DO 3 I=1,6

Y{I)}=0SH{l}

Al=Al*Al

Bl=Ri*B]

GIly1)= FOR*Q{2}*{ONE-Q{2]}*Q{3}*A)
G{ly2)={Q{3)1**2-FOR¥Q {1} *=2)FA]
GEl,3)}=—FOR*Q{2)*{ONE-Q{2}])*Q{1)*Al
Gi{24131=0,.00

6£(243)=0.00

G(3,1}=—FOR¥Q(2}¥ (ONE4+Q{2})}*Q(3)¥61
G{3,2}=—FOR®Q(1}*(Q(3)~THG*Q(1}}*Bl

Gl343)= FOR#QIZ2I*(0ONEFQIZ)I*+a{1)*B1
PARTIALS OF {ALF,BET,GAH) VS. (C22,BET,C20)
DD 5 I=74+NQ

5 Y{13)=0.00 .

151

DO 6 I=Ty42+7

Yti)=1.D0

CONTINUE

INITIALIZATION OF TRANSITION AND SENSITIVITY MATRICES
TOO=PARAM(1)}+1.0D0

DELT=1.D0

CALL DYDPFZINQ,Y +YP 1D EP yRATL RATZ yHMIN+HMAX DELT 4 KSTy

PIHL yPARAM ,FUNPLG.CUTGAL +KQrYN:DTo1}
REHIND K3

PO 151 I=1.,151
READ(K3) VEC

WRITE(B]) JOBsVEC
ITI=III+1

DD 801 I=143
SIG6(1+1)=.2D0
SI1G7=.100

GGT0 709

STQP

FORMATL&F13.5)
FORHMAT(2{10X,3F10.4])}
FORMAT{4020.13)
FORMAT{1615])
FORMAT{/(5X,6D18.10)],
END
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http:FORMAT(/(5X,6DI8.10
http:FORMAT(4020.13
http:y(I)=I.DO
http:Y(I)=G.DO
http:G(2,3)=0.00
http:G(2,2)=1.00
http:G(211)=0.00
http:VEC(J)=O.O0

APPENDIX D/1

Flowchart of the Optical Data Processor

(Earth-based Observations Assumed)

READ CARD
INPUT

1

INITIALIZE
INTEGERS™

Y

WITIALZE

APRIQRI
COVARANCE
MATRICES
i

i
REWIND
STORAGE
DEVICES

i
X
SET
INTEGERS ™"

¥

Y IMITIALIZE
NORMAL MATRIX
SET G MATRIX CONSTANT VECTOR
(for FUNPLBY | |ONAUMILIARY DEVICE

INCREASE
it BY ONE ¥
RATIALIZE

Y TRANSITION AND
SENSITION
MATRICES

1

" CALL
DVDPFI

WRITE QUTPUT
FOR H! JOT ON
AUNILIARY
DEVICE

185

INITIALIZED INTEGERS™

KLY - ndicotes if portiol
derviotive are integrate
or read from disk

NUMB - Not used

"KM - Numbar of optical
bundies lo be processe
ISKIP- QUTGAJ

iICN - Bundle sequence
number

111 - Jab serial number

SET INTERGERS

RNUT=- If equal to 2, terming
NZ - Two times the number
funar points
K2- K3 - Unit numbers of
auxiliary device




APPENDIX D/2

Sample Input

222.3 579 «5
< 80 - .
~.000060T7LE23—,00681857445.000606182246.00002744E591.005304180844 .C00062451555
1.196721511 0.08051275 «2299715022 -.00092421392 o ’ T
«005 5 l. «000001 ~0000%

TL0000207 T TL000629 -.000207 ° 026769 T T T

«892668 . Db 16

«00C001

a1 32 99
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MAIN PROGRAM : E

PROGRAM PURPOSE : To create simulated laser ranges.

INPUT PARAMETERS :
A. Integers (single precision) card input.
1. IDP is an 8-element vector used to input earth
station identification numbers,
2.- IDL is an 8~-element -vector used to input lunar
station identification numbers.
B. Matrices (extended precision) card input.
1. XP is an 8X3 array containing the U, V, W geocentric
coordinates of the earth stations in kilometers.
2. XI is an 8 X3 array containing the X, Y, Z seleno-
centric coordinates of the lunar reflectors in kilometers.
C. Scalar (extended precision) disk input,
1. ETE is the Julian day epoch for the lunar ephemeris
stored on disk. The parameter is described in the
. EPHITL subroutine deseription.
D. DMatrix .(extended precision) disk input. .
1, TFH is a 3x18x15 array containing tabulated ephemeris
gquantities as described in the EPHITL subroutine
description. - -

OUTPUT PARAMETERS : The program prints and punches output for the
simulated laser ranges. The parameters are:
A. Integers (single precision).
1. ID1 is the station identification number of the ocbserving
station,
2. ID2 is the reflector identification number observed.
B. Scalars (extended precision),
1. JED is the Julian date of observation minus 240000, 0
days.
2. D is the simulated observed distance in kilometers,
3. ZD 1is the zenith distance of the observation in degrees.
C. Vector (extended precision).
1. X is the topocentric Cartesian coordinates of the
reflector as described in the LADIS subroutine
documentation,
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PROGRAM DESCRIPTION : A flowchart is given in Appendix E/1 to outline
the programming of the theory developed in [Fajemirokun, 1971].
Sample input is illustrated in Appendix E/2.

SUBROUTINES REQUIRED :
0.8.U. Project Library:

1. EPHITL
. 2. PMAT
3. LADIS

REFERENCES : ]
Fajemirokun, F. A. (1971). "Application of New Observational
Systems for Selenodetic Control," The Ohio State University,
Department of Geodetic Science, Report No. 157.
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. Program E°

IHPLIGIT REAL*¥B(A~H,0-2)

MAIH PROGRAM ELR CUMPUTING STHULATED LASER DISTANCES

DOUBLE PREC1ISICN JED

OIH&N518MXP(B:3)rXL(B,B},XE{3i,XM{BYrkCE!BltPE{B;B);Pﬁt313)-X(Bl;

BEH{3s 18,155 UL18) . IDP LB} S IDLIL]
COMMONAEPHEN/ETE+FR

=i
READ(&;BI)iDPi!)gtKP{I.J}.J=1,3)
HR[?E{&,BI’IDP(Iiy(XP(ird).J=li3l

30 CONTINUE

%0

45

DUA0I=1+3
READ{S58LFIDLA L) o EXLI T4} 20524 3)
HR‘TE(&)Bl)iDL(ll’{xL(i;J}wJﬁlvbl
LORTIMNUE

REWIND 4

READ{4L)} ETELFH

JER=222.200

CALLEPHITL{SED 4 puld)

DUSOI=14+3

XCELLY=CQUlL)

50 CuNTINUE

PHIN=CUIT}

PSIM=0QUIB}

THETAM=QUIY)
CALLPMAT{PSIHN, THET AN, PHIN,PM)
PHIE=QU(13)

PSIE=QU(L4)

THFYTAF=QULL15)

CALLPMATIPSIE ;THETAEPHIE,PE}
DOs0I=14+3

1p2=10L{1}

XHE1I=XL{11)

XMLz =XL{{,2)

XML3)=XLI143)

J=1

ID1=1DPLJ]

Xe{i)=XP{Jdell

XEE21=XP{d. 2}

XE{3}=XP{Js3}

CALLL ADIS{JEDyPE s PHaXE XU XLE9 XDy ZD)
IF(DEQaC.UDUILUTOLE
HRITE(0y9LYJED, 1141024 XsD4 20
HRITEL¢,92)JED 1012 102+XsD, 2D

&0 CONTINUE .

JED=JED+0.500
IFLJEDJGE.256.0D0IGEI0T0
GOTUAS

TO WRITE{L 93]

ST0P
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http:wRITE(t.93

Program E (Cont)

ol FORMATU1543D2069)
L2 FURMATU1290493F10a4)
Y]l FURMAT(/32X3FT029215550D19.10)
92 FORMATIFTa3,21254F1l0aTyF5.1)
2 FURMAT(S1*,10Xy %400 ReqULIRED IS5 DCGXE®)
Yo FCRMATI3DZ5.12)
b
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http:FORMAT(3D25.12
http:XvF702zi5,5DI9.1u

STOP

APPENDEX E/1

Flowchart for Laser Range Generation

. N
YES JED> 250. 0

START

¥

READ
EARTH

COORDINATES

!

READ
LUNAR

COORDINATES

- X

READ
EPHEMERIS
DATA

INCREMENT
TIME

YES

CALL
EPHITL

)

COMPUTE
PARAMETERS
FOR
LADIS

NO

191

WRITE
OQUTPUT




APPENDIX E/2

Sample Input
e =0 o135 QBGUBEE g - oS R P T R AR D
i 0+ 1591300000+04 0.HGIHTROOODF0L 0, 19350000(‘D+02 ,L'\PﬂLL!T 11
4 G LG ZUCOT0D+04 0L oZa0nninedn+E0 s —y, TIocnnnoep+F03 . APOLLD 14
3 0e1554£000000+04 N.5920000000+02 N, 762060000N+03 APOLLO 15
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MAIN PROGRAM : F

PROGRAM PURPOSE : To adjust simulated laser distances to the
moon,

INPUT PARAMETERS :
A, Integers (single precision)., See Appendix F/2.
1. NE is the number of earth station coordinates,
2. NM is the number of lunar reflector coordinates.
3. NV is the number of unknowns in the solution,
4, NOB is the number of ohservations in the solution.

QUTPUT PARAMETERS : Output for the program is accomplished in the
subroutine LASOLYV,

PROGRAM DESCRIPTION : A flow chart of the progfam is given in
Appendix F/1.

SUBROUTINES REQUIRED :
O.8.U. Project Library:
1. LASOLV

REFERENCES :

Fajemirokun, F. A. (1971). "Applications of New Observational
Systems for Selenodetic Contrel,' The Ohio State University,
Department of Geodetic Science, Report No, 157,
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Program I

MAIN {(1ST) PROGRAM FOx ALJUSTING SIMULATED LASER BISTANCES

IAPLICITREALXsLA-H U~27)

DIMENSIUN IDP(8) 9 XP b3 o IDLIE) o XL D e3) 9Bl 210463 )9EMINVIZ210) »
*uLA(63,b3)9PXlo3)gTEMP(ZlO}sLVEC(b3)gHVEC(OBI,EN(ngb3)y
FCOREL(63,463)

LIMENSION BMU63,210),W{210])

1 CONTINUE

DL13I=1,210

GE15J=1+63

Belyd}=0G.0DG

BMiJe [ }=0.0D0

15 CUNTINUE

DGE0i=1,210

EMINV(1)=1.DC/({0.1500%0.15L0}

Wii1)}=0.0D0

20 CCNTINUE

KEADI{S+10INEyNM,NUyNUB

WRITE{Ae LG ) KE ¢iiMetilUy L 1

MP=NE/3

NL=NMLS

CAaLL LASGLVLIDP ¢ XPy iDL g XL B9 tMI{IVyQLASPX s TEMPyLVECMVECENY
2LLRELyNE g NMaNUDaNIB o MNP oIy BSMer)

s5TGP

10 FLRMAT(4I5)

LMD
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APPENDIX F/1

Flowchart for ILaser Range Adjustment

ZERO ARRAYS

¥

FORM WEIGHT
MATRIX
FOR RANGES

¥

/
READ
NE, NM, NV, NOB

v

WRITE
NE,NM,NV, NOB

COMPUTE
NP, NL

!

CALL
LASOL V
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APPENDIX F/2
San;tgie Input
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