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L IN ODUCTION.

This report presents some navigation and almanac algorithms with implementation pro-
grams that re written in the Radio Shack T.S-80 MODEL 4 BASIC language. This language
can be customised for the Navy adopted Sharp PC-S00A or other BASIC language com-

puterma.

Because the Pe--IO0A has limited memory, many of the classical navigation formulas
from spherical trigonometry have been rewritten in a form which minimmes or eliminates
the need to determine special cam e y those of quadrant. Details are contained

in Section IL

The navigation algorithms are detailed in the BASIC program NAVALGOR, presented in
Section i Programs for the determination of the position of the Sun, Moon, Venus, Mars,

Jupiter and Saturn are contained in the BASIC program NAVFPum which is presented in
Section IV. These programs reproduce the tables in Th Nav&sal AlmanAc and The Air

Almanac to within 0.2'.

IL THE GENERAL SPHERICAL TRIANGLE
AND COORDINATE TRANSFORMATIONS.

A. Backpound. Many of the algorithms and procedures used for navigational compu-
tatious were designed for use with tables of sines, cosines and tangents. To save space and
eliminate repetitk~i, these tables usually contained only values for the first quadrant. To

generate values for other quadrants, many cumbersome rules were adopted. These rules--

contained in classical references such as Bowditch [Rd. 11-are promulgated in modern
computer programs, causing needlessly additional programming effort. This additional ef-
fort can lay be eliminated by uing the concept of the general spherical triangle which
is described in the next section.

B. Theory. The formulas for the general spherical triangle expounded on by Win. Chau-
venet [Rd. 31 in his book, A Truaties on Plsae and Spherkal lWonomtry, which was first
published in 1850. One usually thinks of a spherical triangle as looking something like the

object depicted in Figure 1, where the arc length of each leg is less than 180. Chanvenet's
general triangle does not have the 180" limitation and so objects similar to the one shown
in Figure 2 are also considered to be spherical triangles. In Figure 2. the crompoint P
is 180 from the vertex of angle A. In labeling spherical triangles It is important that an

- - - - - ~ ..
,-..- 5
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Cosa coubcosc+inbuinccosA,

sinaco.B cosbuin -in bcosccos A,(1
sinasin B =sin bsin A,

*or the polar form oflEqu& (1)

couA = -cosBcosC+sinBsinCcosa,

sinAcoeb =coellhinC +sin BcosCcoma, (2)

sin Asin b =sin B sin a,
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Fonmulas for spherical coordinates should be developed so that quantities such as "
latitude, declination and altitude, which have valum in the range -W0 to +90, are de-.-.
termined by amine or arctangeat formulas so that quantities such as longitude, azimuth,

Greenwich hour angle and local hour angle, which have values in the range -1N* to +1.-
or O to 3W, are determined by both a sine and a cosine formula used in conjunction with
a quadrant determining arctangent function (the qatn function); and so that a quantity
such a distaace, which has a spherical arc value in the range of O to 10 (auming the
user wishes the shortest distance), is determined by an arccosine formula.

Mustratimo 1. Consider the Invee problem of spherical geometry, which a. Given
the latitude, 0, and longitude, A, of two points P(OilA) and P2(02 , A2), determine the
distance d, the forward auimnth am and the backward asimuth a21. The solutions will be
derived using the convention that eastern longitudes ae positive and western longitudes
are negative. Also, northern latitudes are positive and southern latitudes are negative.
The geometryis illustrated in Fgure 3.

North Pole

A2 At.

C11 3600 -. ..

d

Pigut & G~cmetry di the Navigmain Tfangki.
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Solve for d and a12. Label the ag and les o tha A =A 2 - Ali, B =a2
C =360 - a, a = b =0 - and = 90 - 01. Substituting thes into Equs. (1)
and simplifying the difference, of angles, we obtain

m n d sin 02 sin 01 + coo 02c 1 c@(A2 - A,),
han dcos a12 shin 2 coos# 1 - COGs2 Smi1CO(A 2 -A 1),

sindsin a12 =co 2 Sin(A 2  AI).

Ile first equation can be used to ve for d. Usingtheprinciple angle of the ccosine, d
lies in the range 00 to 18W. If the non-prnciple angle is used, d in in the nge 1800 to
300, we can either travel the shortest great circle distance from P to P or we can travel
the great circle route which goes around the backside of the earth-the former solution is
assumed to be preferred. Hence, d is restricted to lie between 00 and 180. Multiply d by
60 to get the distance in nautical miles.

Chauvenet states that this system of equations has two solutions, but has only one
solution if the sip of the sine or cosine of one of the parts is known. Since d les between
0 and 1W, the sip of sin d is known, thus the system has only one solution. Further,
and most important, the sip of sind is positive for l d between 00 and 180 and so there
are no special case.-

The first equation is used to compute d:

d arccos~sin 02sin 01 + coo# 2 coos01cos(A 2 - Az)Ob (3)

The second and third equations are used to compute a12. A natural tendency would be to
solve either the second equation or the third equation, but doing so loses the information
concerning the quadrant of at2. Use the second equation to determine coo a12 and the third
equation to determine sin a12. With both the sine and the cosine known, the quadrant is
uniquely determined using the quadrant determining arctangent function. The solution is

a12 = qatn(sin a2, cos a2)

as long as d is not 0* or 36W. Even though the chance of division by sero with the
occurrence of a value for d of exactly 0* or exactly 3'WO is very remote, it can be eliminated
entirely. Since the sign of sin d is positive or sero in both the second and third equations,
it effectively cancels out using the qatn function. The asimuth a12 is found solving

a12 =qatncos 4 sin(A - A),sin4' coe 1 -cosejsin 1 cos(A2 - A)j. (4)

4
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To find the back uimuth, labeI the anile and lep so that A - A-A1 , B =3W0'-21,
C = 12 ,- d, b 90"- 1 and c 90-. Substitute these into Equs. (1) and simplify
to obtain

aim qatn[-coel in(A1 - A2),inj €cos4, - cos 1 sinO2 coe(Al A2)j. (5)

fliustratlam 2. Consider the "direct' problem of spherical geometry, which is: Given

the latitude, 0, and lonktude, At, of a point P(01, A), the distance d and the forward
auimuth 012 to a point P2(0, -), determine 2, A2 and the backward azimuth 021.

Solve for # and Al. Relbel the angles and lep so that A = 1s2, B = Ai -A2,
C= 360" - a12, a = 90' - #2, b = d and c = W - 1 . Substituting these into Equs. (1)
and simplifying the differences of angles, we obtain

nn 2 =cosduin 1 + sin dco 01cosa 2 ,

coe#2 cosA2 - A) coadcoso, -uin duin 01coeau,

COM 02i&(A,2 - At) =Sin dsina 12.

The first equation can be used to solve for .Usng the principleangle of the arcsine, 2
lies in the range-90 to 90, which is correct for a latitude. Since 02 lies between -900
and +0", the sig of cos q is known, thus the system has only one solution. Further, and
again most important, the sp of coo 02 is positive for all 2 between -W and +900 and
so there are no special casre.

The first equation is used to compute 02:

2= arcsin(cosd sin 1 +uind co 1CO al2). (6)

The second and third equations determine coe(Aj - A 1) and sin(A - At). As before, with
both the sine and the cosine known, the quadrant in uniquely determined using the qatn
function. Since cos is always pouitive, it can be eliminated in both equations. Then

A2 = At +qatn(sindsinat.cosdcoes 1 - sindsinot cosaI2 ). (7)

The back auimuth can be found by relabeling the angles and leg so tha A t -I.

B = 3W - al, C = A, - A2, = 90 - h, b = 90' - 01 and c = d. Substituting these
into Fqus. (1) and simplifying the differences of angles, we obtain

a-1 =qatn(- coO 1 sina12 ,sin 1 sin d- coe 0cCdco ). (8)
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isecond formula for the back h int used in the spiitthat the unknown parameters
should be determined as a function of the known parameters rather than determining
the second unknown parameter as a function of the previously evaluated first unknown
parameter. That is, any one of the unknowns can be found as a function of the knowns
without having to first find one of the other unknowns.

mustratim S. Although derived from different principle., the equations of coor-
dinate trasformation obey the rule of Chauvenet. For example, the equations which
transform local hour angle and declination to altitude and auimuth are

couausin A = coos6sin h,

cosacosA=sin6co#-cos6in cosh, (9)

sina = sin6in#+cosbcos#cosh,

where a =altitude, A -aimuth, 6 =declination, h- local hour angle and =latitude
[Ref. 4, pg. 261.

The third equation is used to solve for altitude

a rcicm(s 6 sin +coo6cocosA). (10)

The altitude lies between -9V and +W , and so is correctly determined by the arcin
function. Since coo a is always positive it can be eliminated between the first two equations

* when using the qatn function. The local hour angle, which lies in the range V to 360, is
determined by

A =qatn(- coo 6 sin h, sin 6 co -cos 6 sin co). (11)

C. Shnpiification of Standard Works. Using the general triangle and the qatn func-
tion, the simplifications listed below can be made in Volume II of Bowditch [Ref. 11. The
various section. are preceded by the section symbol § and equation numbers from Bowditch
within those sections are prefixed with the letter B. Unprefixed equation numbers are those
contained in this document.

§706. Solving for altitude.-Using the conventions that northern latitudes and
declinations are positive and that southern latitudes and declinations are negative, the
altitude of a star can be computed directly from Equ. B(2a) or Equ. B(2b). Equ. B(2a) is
equivalent to Equ. (10). All of the special cases are thus eliminated.

§707. Solving for asimuth.-Instead of using Equ. B(4b) or Equ. B(5b), use
Eu. (11). See §708 below.

8. ."
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17M. Thus uimtL-Bowditch uses meridian angles which can be labeled either
eat or west. Since albitude/auimth is a left-handed coordinate system, the convention is
that wat meridian angles are positive and east meridian angles are negative.

Egwi#. I.-The latitude of the observer is 30"25!ON; the declination of the celestial
body is 2"106!2N; the local hour angle is W54.7W. Using Equ. (11),

A = qatn(- coo 2"06!2 sin 39 547, sin 206!2 coe 30"2S!0

- co. 2"06!2sin 3*25!O co ,3V54!7)

Sqatn-(o.02 Ml)(0.64161), (0.376 )(o.86237)

-(0.9261)(0.52)(0.76703)!

= qatn(--0.59446, 022449 - 0.3598)
= qatn(-0.59446, -0.03631)

= -93V39913

= 266?60087

A = 26636!1.

Awnl L-The latitude of the observer is 3025!0S; the declination of the celestial
body is 2206!2N; the local hour angle is 39S4.7,_. Using Equ. (11),

A = qatnj- coo 22?06!2 sin(-39 54!7), sin 22?06!2 co.(-30"2S.0)

o- o 2'06!2 sin(-02s!O) co(-3" 54!7)]
-. qatn(-(0.92651)(-0.64161), (0.37628) (0.86237)

- (.92s1)(-o..6M28)(.76703)j
= qatn[O.5%4,5, 0.32449 - (-0.3980)1

qatn(0-5944 , 0.68429)

= 40?98141

A = 4058!9.

D. Spheroid Earth and Great Chrcle Formulas.

1. Spheroid Earth Formulas. The spheroid earth algorithms are those of Thomas
[Ref. 61. Some changes by Shudde [Ref. 6 make quadrant determination automatic by
use of the qatn function. East longitudes and south latitudes are negative. The earth's
equatorial radius is denoted by a. and the earth's flattening factor is denoted by I.

7



a. hy n Solution. Input variables are the latitude #1 and longitude At of P1,
the laitude 02 and longitude A2 ofP2, 02 and A2. Output variables are distance, (S/ae),
forward =imth from P to P2 , a 12, and back azimuth from P2 to P a 2 .All angular -

input and output is in radians. Compute:

0 =tan-'[(I - f) tani, for i =1,2,
AA =As2 - O = (e1 +02)/2, Am = (82-1$)/2,

H = cos' A . n2 9m, L = gn2 Ai,,, + Hmsi 2(A)/2),

d= 2in-'( 1 2), U=2 si2 #I Co 2 Ad,/(I - L),

V = 2sin2 AO. cos2 #./L, X= U+V, Y = U-V,

T=d/sind, D=4 2 , E=2Cosd, A=DE,

C = T-(A- )/2, n1 = X(A +CX),

B = 2D, n2 = Y(B + EY), n3 = DXY, (12)

61d = f(TX - Y)/4, 6&d = 11(n, - ft + n3)/64,

S/ae=(T-61 d+,4d)ind, M=32T-(20T-A)X-(B+4)Y,

F = 2Y - E(4- X), G =fT/2 + fM/64, Q -(FGtan AA)/4,

= (AA + Q)/2,

t1 =qatn(-sn A8.coeA ,cos O in AA'),
t= qatn(cos A&m coeA,4, sin Osin AA.1),

C42 =tl + t2 and ftl =t1 -t 2 .

b. Dhect Solution. Input variables are the latitude and the longitude Al of
P1, the forward azimuth a12 from P to P2 , and the distance (S/a.) from P, to P2 . The
output variables are the latitude .1 and longitude A2 of P2, and the backward azimuth
a21 from P2 to P1. All angular input and output is in radians. Compute:

01 = tan- [(1 - f) tan 01,
M= coB s1 Sina 12 , c, = fM, c2 = f(I- M2 )/4,

D = (1 - c2 )(1 - c - cM), P c- 2(1 + cIM/2)ID,

f CO = coe B cof 12, al =qatn(N, sin 81),
d= (S/a)/D, u = 2(o'1 - d), W = 1 - 2P coeu,

V =coe(ts+d), X= sin d cod(2V' -1),

Y = 2PVWsind, A=d+ X- Y, (13)

........ -
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K = [M2 + (N cos As - uin 01in A)2]1/2,

tan" 2 = (sin 81 coo .A + Nsin ,v)/K,
02= tan-' [(tan 2 )/( - %

= qatn(sin Ae sina 2 ,coO01 cos a - sin0 1 sin A# oe a12),

H c (1 -c) - cc 2 sin Aco(2vt - Av),
A2 -A + A•- -H,

a = qatn[-M,-(N coo A#- sin#$ sin Av)].

2. Spherical Earth Formulas. The inverse solution [Equs. (3), (4) and (6)] and direct
solution [Equs. (6), (7) and (8)] formulas were developed in Section B of this report. They
are summarized here for convenience.

a. Juer.. Solution. Input variables are the latitude 01 and longitude A1 of P1i, the
latitude 02 and longitude A2 of P2, 02 and A2. Output variables are distance, d, forward
azimuth from P to P2 , a12, and back azimuth from P2 to P, a2l. All angular input and
output is in radians. Compute:

d=arcccs(sin#2sinoi +coe#2coeOICoeA 2 -At)I,
912 =qatn(coe s2n(A2 - At),sin 02 coo0 1 - co 2sin0co(A 2- At)), and (14)

031 =qatn(- cos 1 sin(Al -A),sin 1 cos 2-coO s01in 02 C0(A - A)).

b. Direct Solution. Input variables are the latitude 01 and the longitude At of Pi,

the forward auimuth a12 from P to P2 , and the distance d from P to P2. The output
variables are the latitude #2 and longitude A2 of P2, and the backward azimuth a21 from
P2 to P1. All angular input and output is in radians. Compute:

#2= arcsin(coe dsin 01 + sindcoc CoOa 2 ),
Al -At + qatn(sin dsin an,coedcoe - sindsin01 Coa 2 ), and (15)

a21 = qatn(-coO# 1 sin 12, sin 1# sind - cos# 1 cosdcoeoC1 2 ).

e. Given Longitude, Find Latitude. Tnput variables are the latitude # and
longitude At of Pi, the forward azimuth at2 from P1 to P2 , and the longitude A of some
point P on the great circle joining P and P. The output variable is 0, the latitude of
P. All angular input and output is in radians. Using Equs. (2), label the angles and legs
so that A=360- a21 , B= 1 2 , C =A-Asa =900 -01, b = 900 -0 and c d.

9



Substituting these into Equs. (2) and simplifing the differences of ange we obtain

Coo 0121 = -coualc -(A At) + snai2sin(A -AA)sin 40,
M na21 Bin 4-M a 2 sin(A - At) + sin al2 cO(A - A) sin 0, and

sina2l coo= sin an cos0.

Since the only quantity of interer is , and since latitude lies in the range of -00 to +00,
it suffices to divide the second equation by the third equation to obtain an expression for
tan 4. We obtain

._ta- 1 [cohl isin(A-A.)+-sinal2 co(A-A)sinoI] (16)

For almost all applications, Equ. (16) will suffice. It is, however, posible for the denom-
inator of Equ. (16) to become zero in certain circumstances. We now face a situation in
which special cam must be examined. -

One way to handle the dflemma i to first evaluate the denominator and the numerator.
If the value of the denominator is zero, then 9 - 90* if the numerator is positive or
" = -900 if the numerator is negative. If the denominator is not nero, then use Equ. (16).

A second way to handle the dilemma is to compute -4

4) - qatn[cOs als in(A - A) + sin alcsG(A - At) sin 01,sin al <Coo 01], (17)

but this leads to another problem because 4 may now be in the range of -180 to +1800. To
correct the output to a proper latitude, subtract 180" if 4 > 90" or add 180° if 4 < -90 ° .  

4

The question of which method to use is a matter of personal choke. Generally, a
simple one line logic function can handle all of the special canes.

d. Find the Vertex. The vertex of a great circle route is the most northerly or/and
the most southerly point on the great circle. Bowditch [Ref. 1, §1016, Equs. B25-B301 gives
formulas for first, computing the latitude of the vertex, and second, computing the longi-
tude of the vertex as a function of the latitude of the vertex. The Bowditch latitude formula,
from a straight forward application of the Law of Sines, is Cs, ca-(sin a12 cos 01), where

*. 4, is the latitude of the vertex and 01 and al1 have the same meaning as in the previous
',* section. The principle angle of the arccomine lies between 0 and 180 whereas latitudes
* . lie between -900 and +90. Bowditch illustrate, only came. in which 4, in between 00 and

+90" and, unfortunately, makes no mention of how to handle cases when the arccosine is
greater than 9W0.

10
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There are several alternate methods of developing equations for the vertices. One
method is preented here and an alternate method is presented at the end of §.. Input
viables are the latitude 01 and longitude At of P, and the forward auimuth a12 from P
to P2. Let the latitude and longitude of some arbitrary point P on the great circle from
P1 to P2 be denoted by and A, repectivy. All an input and output is in radians.
Labdthe anglmnd lepso thg A =A-AI, B = a2, C=36-a21 , = ,b
and c = 90 - 01. Substituting these into Equs. (1) and simplifyin the differences of
angles, we obtain

cood =in n1h + coecosi coe(A- Ai),
sin dcOSa 12 =hsin coo - cosin 1co(A- i), and

sin dsin at2= COO sin(A - At).

Divide the third equation by the second equation to obtain

tna2cooe0sin(A -At)
sk n coost - coosk cos(A -At)'

Then rearrange the equation in the form

tan lloin 0coo 01 - coossin 01cos(A - A,)] coo sin(A - A).()

Next, we wish to find what value of is an extremum of A. To do this we must firt

compute 80/8A in Equ. (18):

tan 01 2 [cos~Ote~i+in~sin~i cos(A - A)L' + cososinO1 sin(A - A,)]

-sinsin(A - + coscoo(A- A,).

Then we muste e t

8A =0.

Thus,
tan a12 co sin 1 sin(A. -A,) = cos coe(A. - A,

* which rearranges to

tan(A, - A1) 1

or
A" =At +tan -  " (19)
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Once v, ibknown, 0, can be found using onef the methods in e such as Equ. (17). Since
* , -Ai <9, it fows that b, must be in the same hemisphere as 01. Thus, if 01 is in
the northern (southern) hemisphere, then O, must be the northern (southern) vertec.

e. Given Latitude, Fhtd Longitude. Input variables are the latitude ih and

longitude A1 of P1, the forward asimuth a12 from P to P2 and some latitude 0. It in
convenient but not necesary to know the latitude of the vertex 09 of the great circle from

P to P2. We wish to And the longitude(s) on the great circle from P to P2 which have
latitude . There are several posible outcomes: (1) if 101 > lI, there is no solution; (2)
if =,,there is one solution and that is A =A ; and (3) if# < there are two
longitudes which satisfy the given conditions.

Rewrite Equ. (16) in the form

COO 012 COO si(A -At) + sin C12 sin 01 COOs0CO(A -At) =sin C12 COO 01sin 0,

ssin(A - At)+ c (A- At) =K, (20)

where S -c0a12CO C a s ina o i cos , and X a sin a12 cos in .Define p > 0
and as the slutions to the equations

C=pcoaq and S=pmnq. (21)

Solving, we fnd that
p=+V/2 +C and

q qatn(S, C)

Substituting Equs. (21) into Equ. (20) and rearranging, we find

coIA -(A, + q)j 
op.

So that
A- (A, + qi) = cos- 1 (Klp),

* or

(At +q) C- - I(22)

Recall that a knowledge of is not known to determine the number of solutions. (1) if

IK/pi > 1, there are no solutions; (2) if IK/pi = 1, there is one solution; and (3) if
IK/pi < 1, there are two solutions.

12
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In the Previous section it was mentioned that there was yet another way to determine
the position of the vertx. b do this, for fixed ,define f(A) in terms of Equ. (20) as

f(A)S in(A - A,)+C cos(A-At - K.

Then f(A), the derivative of f(A) with respect to A is

P'(A) =Scos(A - At)-CunA - At)

DedneAso that P(A) =0. Thus

sco(A* - )- Csin(A* -A ) =0,

orun(A -A,) = S

or
A - A, qatn(S, C),

so that
*= A, + qatn(S, C) = At + q.

Hence A* , + is an extremum of Equ. (20), orA. A . Note that

fI(A*) =-Ssin(A* - At) - Ccos(A* - A,)

=-8 sin tp- Ccoq

P P

=-p< O.

Thus ATA is the northe vertex

E. Rhmmb Lim (ereator) Pormulas.

L Spheroid Earth Formlu. Bowditch [Ref. 1, Explanation of Table 5, Meridional
Parts] gives the formula for the computation of meridional parts as

=. I tan 4S+). (sin + sin + sin +...)
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whee M is the number of midlional parts between the equator and the given latitude
,. is theequto radiu of the earth, and a= / 7 is the eccentricity of the

art, where = 1/298.26 is the WGS 1972 earth fattening factor.
Using the ientity [Rd. 7, #769J

109 i+X = +jZ3 j0+j7+...[Z2.{"1 "l" z' 1 I ,[z2< 11v..(\1 _2) s 3 + 7+ = + .. -"'

it is poible to rewrite the formula for M as

M a .lntan (4+ - + C) s"

tatk (4 r+)
(as t n In) 2
1 + e sind /Necoe [

* earh rhub lie eqution

If we denote the cou n (forward azimuth) by 2, the [Bowditch, Vol. H[ §1001 and
§o A l - A r s In 1 (2 were m M(gl)- i0d), o t o oat [i e

tpro q t ( -u.)( (22)3)i hefr

ta n *+tn(r

In -  -/. 2 2 In 2/n 0/2(

I + esi 2 ) ( Ci
Cain 2 coin 01

Thi equation is also given by Shufeld and Newcomer [R. 8, pp 81-4 . It is the spheroid
earth rhumb fine equation.

:- ia. Inw Sltohtim., Input valriables are the latitude 01i and longitude A, of P1, the
latitude 2 and longitude A2 and P2, 2 and A ,. Output varables are distance, d, forward

asimuth C112 fromn A to P2, and back azimuth aiz from P2 to Al. All angular input and
~output is in radians. In Equ. (23), express the angles in radians, then to obtain a12 in the

i,- l .. "-proper quadrant, rewrite Equ. (23) in the form ::i:i

C112= gain A2 A1- 2 (2 2h -in ("" 2'"4

• ~ ~1 4 : -.-



" ~The distance is:'"

. -z-. -. i .w a-W-W o, .'-:.

COG a12 A0,
. COOa12j (25)

1asjAt2 - ,Ajcost, otherwise.
In the WGS 1972 earth model, a = 3443.9174 nautical miles. A1so, a2l = 12 + r..

b. Dhf t Solution. Input variable. are the latitude 01 and the longitude At of P1,

the forward asimuth a12 from P to P, and the distance d from P1 to P2. The output
variables are the latitude 02 and longitude A2 of P2, and the backward azimuth a21 from
P2 to P1. All angular input ,'td output is in radians. In the direct rhumb line solution for
the spheroid earth, if cosa 12 =0, then

A2 = At + and(
and (26a)

=CC,

otherwise, if cos a2 0,

n tan ! + In tan +

A2 At +tanl 0 211 2 .]and (2)

2= #1 + (d/a,) coGa12.

Also, a21 + W.12+.

2. Spherical Earth Formulas. The spherical earth formulas are obtained by setting

e =0 in Equations (24) and (26b), and replacing a. by the standard apprcodmation of 60
nautical miles per degree of arc on the earth's surface.

a. lIvrse Solution. nput variables are the latitude 01 and longitude A, of P1, the
latitude 02 and longitude A2 and P2 , 2 and A2 . Output variables are distance, d, forward
asimuth from PA to P2, a12, and back asimuth from P2 to P, a2l. All angular input and
output is in radiani-

The spherical earth rhumb line course is obtained by setting e = 0 in Equ. (24). The
result is

!: For the spherical earth model, the distance d in nautical miles is

if cosa 12  0,
d =/412 (28)

{60( )IA 2 -AIcoso,, otherwise.

:s 15
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MAo, a21 at2 + v.

b. Dhet Solution. Input variables ae the latitude 01 and the longitude At of Pi,
the forward aimuth ua1 fromPi to P2, and the ditance d from P, to P2. The output
variables are the latitude 2 and longitude A2 of P2 , and the backward azimuth a21 from
P to P1. All angular input and output is in radias.
IN COOa12D 0, then-,::

-, )and(9

otherwise, if cO$ a2 0,

A2  A +tan a 2 [Itan( + )-ntan j+)] and

Also, a2- =a1 -+ r.

r
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ML NAVALGORs Navigtim Algoltim Progrm.6

A. Introdhetim. NAVALGOR implement@ three sets of computational procedures: (1)
irect Solution Algorithms, (2) Inverse Solution Algorithms, and (3) Rhumb Line Ap-

prximations to Great Circle Routes.

The 'Direct Solution Algorithm* compute the latitude and longitude of a position P
and the backward auimuth from P2 to P given the latitude and longitude of a position PI,
the forward auimuth from P to P and the distance fromPi to P2 . The 'Inverse Solution
Algorithm? compute the distance from position Pi to position P2, the forward auimuth
from P to P2, and the backward azimuth from P2 to P given the latitude and longitude
of positions P and P2. For comparision, the direct and inverse computations are made
using four procedures: (1) the spheroid earth model, (2) the spherical earth model, and
rhumb line apprimations using both (3) the spheroid earth and (4) the spherical earth
models.

The spheroid earth model shouki be considered the standard of comparison for all
other models. Computations performed using an IBM 3=m and double precision FORTRAN

to compare the inverse solution algorithm [Equs. (12)] to the ACIC long lines (50 to 6000
miles) [R. 91 demonstrated that the maximum average error of the inverse solution algo-
rithm was -0.006 meters with a standard deviation of 0.014 meters (unpublished result).

The spherical earth model is included because of its popularity and simplicity. For
many procedures the spherical earth model is adequate, and it certainly is more compact
for use in a small computer than the spheroid earth model

The "Rhumb Line Approximations to Great Circle Routes* procedure may be used to
find piecewise constant course (rhumb line) approimations to great circle routes for any
given increment in longitude. In addition, if the vertex of a course is, for example, too far
to the north, a limiting latitude may be input to restrict the rhumb line approximation to

L: go no further north than that limiting latitude. The spheroid earth rhumb line equations
are used in this section of the program.

In the sample problems and in the program listing, the east minus and south minus
convention in used.

17



B. Sample Piobems--NAVALGORL The output shown in these sample problems
was computed using Mrosoft IOA/D (double precision) on an IBM Po.

Mmsw Meu. The master menu for NAVALOR is shown below.

NAVIGATION ALGORITHM( DEMO

1) DIRECT SOLUTION
2) INVERSE SOLUTION
3) RHUt LINE APPRoxIATIONS

TO GREAT CIRCLE ROUTES

4) QUIT

Option (1) selects the 'Direct Solution Algorithm', option (2) selects the fInverse Solution
Algorithm', option (3) selects the 'Rhumb Line Approximations to Great Circle Routes'
algorithm, and option (4) returns the user to the operating system.

Plblem 1. Suppose you are at San Francisco (latitude 37*47' north and longitude
122*25 west), that your initial course is 260 and that you travel a distance of 4000 n. mi. .
What is your final position? Select Option I from the master menu.

DIRECT SOLUTION

1st LATITUDE DD.JIMS (-S) ? 37.47
1st LONGITUDE DDDO.MS (-) ? 122.26
INITIAL COURSE DDD.MMS8 ? 260
DISTANCz (i. at.) ? 4000

SPHEROID EARTH DIRECT SOLUTION L
2nd LATITUDE 6038.7'
2nd LONGITUDE -17208.8'
BACK AZIMUTH 51040.7'

SPHERICAL EARTH DIRECT SOLUTION
2d LATITUDE 6241.91
2nd LONGITUDE -17200.71
BACK AZIMUTH 51035.9-

RHUMB LINE SOLUTIONS
SPHERICAL 26012.41 -159056.0-
SPHEROID 26012.4' -160018.4'

PRESS ANT KET TO CONTINUE

18
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Problem 2. Suppose you are at San Francisco (latitude 37*47' north and longitude
1=25' west) and that your destination in Sydney, Australia (latitude 351' south and
longitude 1510 13' east). How far do you travl, what is your initial course, and what is the
backward aumuth from Sydney to San Fransisco? Select Option 2 from the master meu.

II VERSE SOLUTION

lirt LATITUDE DD.MNSS (-9) ? 37.47
Ist LONGITUD DDD.IOISS (-1) ? 122.25
2nd LATITME DD.MNSS (-S) ? -33.51
2ad LONGITUDE DDD.MMSS (-4) ? -151.13

SPHEROID EATH INVERSE SOLUTION
DISTANCE 6443.52 a.mi.
FORVARD COURSE 240029.3"
BACK COURSE 55055.7.

SPHERICAL INVERSE SOLUTION
DISTANCE 6446.3 z..i.
FORVARD COURSE 240018.91
BACK CMR 55045. 9

RHU LINE SOLUTIONS: SPHERE SPHEROID
DISTANCE 6464.49 6485.71 u.ai.
COURS, 228019.7T' 22V29.71

PRESS ANY KT TO CONTINUE
Problem 3. Suppose you are it latitude 37r north, longitude 760 west and that your

destination is latitude 45° north, longitude 10 west. Compute the initial great circle course
and distance, the latitude and longitude of the vertex, and a rhumb line approximation to
the course traveling at most 7 degrees of longitude on each leg of the course. In addition,
no portion of the course is to be more northerly than 470. Select Option 3 from the master
menu.

: .1i
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lit Soi'. "

MaWM LINE APPROXIMATIONS

INITIAL LATIrTE DD.HNSS (-B) ? 37
INITIAL LONGITUDE DX.MNN (-) ? 76
FINAL LATrITUD DO.NWS (-8) ? 45
FINAL LONGITUDE DOD.WSS (-) ? i

GREAT CIRPCLE 50LUTI V
INITIAL COURSE 5,1'
DISTANCE 3307.8 n.-i.

RHUtE LINZ (MERCATOR) SOLUTION
COURSE 81*58.21
DISTANCE 3435.9 n.ai.

VERTZX: LATITUDE 4W 19.8
LONGITUDE 2807.3'

PRESS ANT KET TO CONTINUE

In this fist screen, the great circle solution and a single rhumb line solution are computed

and displayed. In addition, the location of the nearest vertex is displayed. The vertex

may or may not lie between the initial and final positions. hi the vertex is not between
the initial and final positions then any limiting latitude which may be input on the next
screen prompt will be ignored. If the vertex i between the initial and final positions, a

limiting latitude will be ignored unless it is lies between the latitude of the vertex and the

latitude of the position which is closest to the latitude of the vertex.

2nd Scream:
RHUMB LINE APPROXIMATIONS

INPUT THE MAXIMUM NUMBER OF DEGREES
OF LONGITUDE ON EACH RHUMB LINE LEG ? 7

LIMITING LATITUDE DD.(S8 (-5)
(0 TO OMIT) ? 47

LIMITING LONCITUD :
100 45.8' 45°28.8'

PRESS ANT KIT TO CONTINUE

In the second screen a prompt appeared for the maximum longitude between each rhumb

line leg-a value of 7* was input. Also input was a limiting latitude of 47o, which lies

20



betwee the vertx lattude of 48en190 and 460 the latitude of the funal position. Limiing
longitudes of 10'450 and 4028.0 ae computed and displayed. The latitude of a gra
circle route between theme limiting longitudes will be more northerly than 470, consequently
any rhumb line apn will be due east or due west at a latitude of 470 between
theme longitude.-

2d Sereua

RHUMB LINE APPROXIMATION TO GREAT CIRCLE COURSE

GRMT GRMAT RHUMB RHU
CIRCLE CIRCLE LINE LINE

LAT LONG COURSE DIST COURSE DIST
37000.0 7600.W so 0 58 0
3927.9' 71000.O0 59 278 62 279
42018.81 640 00.0 64 639 66 641
"0432.0' "7000.0' 69 971 71 974
46011.7r 50000. 0' 74 1283 76 1287
47'00.01 45028.81 77 1476 90 1480
47000.01 10045.81 103 2884 105 2900
4506.31 5000.0 107 3130 108 3148
46000.01 1000.0 110 3308 108 3326

1) 11KV APPROXIMATION OR 2) NE PROBLEM?

Screen 3 displays the rhumb line approximation for a maximum of 7' of longitude between
course change. The latitude and longitude of the initial and final positions and of the
positions at which course changes are made are given in columns 1 and 2, respectively.
Column 3 shows the great circle heading at each position, while Column 4 shows the
cumulative great circle distance from the initial position. Similarly, Column 5 shows the
rhumb line course to be followed between each pair of positions and Column 6 shows
the cumulative rhumb line distance from the initial position. Note that at 47' north and
4628.81 west (the first limiting latitude position) the rhumb line course changes to due east
until 470 north and 100 46.8' west in reached. Also note that the rhumb line approximation,
including the 'detour' at the limiting latitude, is only 18 u. mi. longer than the great circle
route. The third screen ends with two options: Option I returns to Screen 2 and prompts
for new inputs while Option 2 returns to the master menu.
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C. Pfogram Lkthug-NAVALGOR.

K 10 11M ONAYIGATIOE ALGORTT!KS* I.E. SUDD. 03-12-85. MEY. 0-14-85 1600

30 DDUL A-Y
40 P4-5= (1) :P2wP4eP4 : PIP2eP2: TPuPI.Pl:IDwPI/SO P11-33
50 VLl/26. 26:AI.687135/1862:EC.SQR(FL*(2-FL))
80 DUYINW.ZX-MO*mN(Z/HO) RUE I MOD WO FUNCTION.
70 DDTNLW.Z-TPe'DT((I.PI)/TP):RUM LONGITUDE ADJUST (-PIfl)
80 DO'FNWmINT(14'NO..5)/WO:1U ROUNDING FUNCTION.
90 DU'FlGW.Z+P.UONW.)(AB8(X)P2):RW LATITUDE ADJUST (-PI/2,P112)

100 DWFCUT(Q( 111(-.(u)))P*I0 UARCCO
110 DErFNS(Z)ATN(/(S(1*) -D(AOSWX-1))): RU AICSI
115 GOTO 2000
120 10 QATN (-PI, PI) FUNCTION:
130 AnATS(Y/(Z-P(Z.00)))-PI.(XcO)*(SQ(T)-CT-0)) :RETU
140 REM QATS (0, TVOPI) FUNCTION:
150 AAII(T/(Z-EP.(Z-OE))-PI.(Zc0)TP*(DinOW)*(T0):RETU
170 RUM
200 10 DIRWT SOLUTION. POID EARTH. ALL ANGLES MUST BE IN RADIANS.
210 R0 INFUT: LATITUDE G1, LGNGITUDE Ll. FORWARD AZIMUTH Al AND
220 RUN DISTA1C DD-(S/AE) TO A POINT P2. NOTE: W UAS RADIAN UNITS.
230 RUM OUTPUT: LATITUDE 0. LONGITUDE L2 AND SACIVAD AZIMUTH A2.
240 S9.IN(Ai):COSC(A):TA-ATN((-L)TAN(G1))
250 84fl(TA) :C8mCO(TA) :Nm-SO*CS:CIFrL*M
260 C2VrL*(1-M*)/4:Dm(1-C2)(-2-C*M)
270 P.C2*(1,. 5*CleM)/D:N.CS*CO
280 T4N:X68 :000 130: SOA: SD.C/D: m2* (SG-SD)
290 Wmi-2.P*COCU) :VuCO(U+00): Z'C2*C2*BIN (SD) *COS (SD* (200*-)
300 Ym2*P*V*W*IIN(OD) :DQUDX-Y: LIIN(DQ) :CLCOU(DQ)
310 K.IQR(M.Mi(N*CL-S8*SL) t2) :G2.ATN ( (58*cLoN*SL) /1,/(U11))
320 Ym-BLsSO: I-CSiCL-S3S8L*CD : GOMMI 130: DJ-A
330 3.0* ( 1-C) Dq-C1*c2*BL*CaS(SG.SG-DQ)
340 L2FNL(L1.DJ-H) :YM:Iu-(NCL-8'SL) :00533 160:A2-A
350 RETURN

*360REM
*400 RUM INVERSE SOLUTION, SPHRID EARTH. ALL ANGLES MUST BE IN RADIANS.

410 REM INPUT: LATITUDES G1 k G2. AND LONGITUDES Li & L2.
420 RU OUTPUT: DISTANCE DD=(B/AE) * FORWARD AZIMUTH Al. AND RACIARD
430 RUM AZIMUTH A2. NOTE: DD RAS RADIAN UNITS.
440 TA-ATN((1-FL) sAN(Gi)): :T-ATN((1-FL) 'TAN(Q2))
450 DN.L2-Li: DT(TB-TA) /2: Tm(TAe'TB) /2
460 88-61N(DT): :CN.OS (DT): :SMSIN(TW) WQOS(T)
470 I=C*C-BMSM: L481*8I+H* (8330K/2)) ^2
480 SD-2*FNB(SQR(L)): :U2*MSM*H*C/ (ft-LQ- (P* (LAM1
490 Vw2*S1*SHICXCMA/:1-U+gV:Y.U-V: TwOD/SIN(SD)
500 DE4*T*T: E02*COS (SD): :ADO*: CT- (A-E) /2: NlmI*(AeC*X)
610 9DDD: 12=Y. (B34*Y) : N3D'.Z*Y: D4FL*FL* 0NI-N2'493) /64
520 D3-rLs (T.X-Y) /4: :D~(T-D3+D)4) *BIN(SD)
530 )I-32*T- (20.T-A) 1- (B44) *Y: FYY-E.(4-X)
540 GmrL* (T/24'FL*N/64): :Qw-(*G* TAX (DM)) /4
660 DW=(DN-#Q)/2:svinsSIN(DO) :C~w-CS(DW)
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500 1T6I*CVl:XQ1*S:GUB 130:TI-A
570 T--a*C:X-S*W:G0U 130:T2wA
SOO WmV'-AI.FN(TI.T2) :A241N(TI-T2) RETUR

600 REM DIRECT SOLUTION,. SPZCACL EARTZ. ALL ANGLES MUST SKIN RADIANS.
610 RM INPUT: LATITUDE 01. LONGITUDE Ll. FORWARD AZINUTH Al AND
620 REM DISTACE O TO A, POINT1 P2. NOTE: E IS IN RADIANS.
610 RM OUTPUT: LATITUDE 02, LONGTUDE L2 AND 3ACKNARD AZIMUT A2.
640 89-SINAI) :cgOCAl) :53-SIN(gi) :CS(G1)
650 SD-61(DD):CDNCOI(DD)
660 T18S9:ZC3*C-S3'C*6D: GOSUB 130: L2NL(L1-A)
670 1--S9*C3:XuD*63-(CD*C3 : GOSUD 150: A2=A
660 G2um3(S3*cD.03*SD*C9):lRET

700 RU INVUSE SOLUTION * SPHERCAL EARTH. ALL ANGLES MUST BE IN RADIANS.
710 RU INPUT: LATITUDES G1 & 02. AND LONGITUDES Li k 1.2.
720 RUM OUTPUT: DISTANCE O TO A POINT P2. (NOTE: 0 <- DD <- PI RADIANS).
730 REM 703USAD AzD~n=Al. AND BAWIARD AZINUTH A2.
740 53-SIN(G1) :C3S(G1) :84461N(G2) :C4'COS(G2)
750 DLL-L2:N41mIN(DL) :C~OS(DL)
760 ODiFN(S3s64+C3C*C.)
770 Ymfl*C:IuC3*S4-G3C4*C:GSUB 150:AlAk
780 Y-W*C:XuC4*83-S4*3*C: 008W 150 :A2-A:RETURN
790 R
800 RUN INVERSK SOLUTION. RIUN LINE FOR SPHERCAL & MPCIAL EARTH.
810 RUM INPUT: LATITUDES @1 k 02. AND LONGITUDES Ll k L.2.
820 RUN OUTPUT: DISTANCES DA & US, AND AZIMUTHS ZA & ZB.
830 GhpsTAN(P4G1/2) :G=uTAN(P4.G22) :DLFNL(Ll-L2) :DK*ABS(DLID)
840 GG-C* (GApO) :GlG-P* (=w)
850 DCu(02-G1)/RtD:T-DL:I-LOCG)-LOG(GA): GOSUN 150: ZA"'A
860 CZ'WSB(ZA) :DAam6*OI.CUf(GI) :1 ASE(CZ)>.00017M DA-6OeD/CZ
870 ElESN(1 2.E41131(02): :rpE12

885 COOUI 150:ZNuA
890 CZCOS(ZB) :D~0"'O*COS(G1) :I ASS(CZ),.OOOlTM DD.60000/CZ
ON0 RETURN
910 RU

1000 REM DIRECT SOLUTION, RHUNS LINE FOR SPHERICAL k SPEOIDAL EARTS.
1010 RU INPUT: LATITUDE G1. LONGITUDE LI, FORWIARD AZIMUTH Al AND
1020 RU DISTANCE O TO A POINT P2. NOTE: OD IS IN1 RADIANS.
1030 &ZM OUTPUT: LATITUDE 02 AND LONGITUDE Ll, k LS
1040 C(Al)
1050 IF CB-OTmE IJ.LIDD/COS(Gl):LS-LR:2-G:ETUIN

*1060 G2.GlDD*CS
* 1070 GUiTAN(P4GI/2) :OSUTA(P4tG2/2) : T6TANCAI)

or 1080 LlmLi-T6*(L0G(G3)-LOG(GA))
*1000 glnE*SIN(G1) :E2.FC*8fl(02) :E~FC/2
* 1100 LS.L-T6*(LOG(G3/(C1.2)/(1-2))^1) -LOG(0A((1e1)/(-)))

1110 RETURN
1120 REM
1200 &MB DECIMAL TO OD NE.?
1210 V*-4 *:IF IOTIEN V$--:--X
1220 IX.X1/1200:YuINT(I) :V.Yt.+IIGT(O '+TR$(T) ,3).'*
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1240 y*.v*4M~h*(m32),a. O43IGMT(1*,l0+4a":!URN
1250 MU.
1260 M3 DDD.DU TO DZCIMA
1270 11.0: FOR ZlITC LEN(V*): C*"MM$(V. Z1): IJ C*nl. TM IwZ
1280 NET :IF ED*=TN Z.VALCV*) :33103
1290 Z.VhL(LU(V, I)): Dot: F C0=0D Ofn-S:-I

1300 V*.1t40000:YVALCNID(Y,H1,2)):Z=VALOII(V*41.3,2))
1310 XI6*((Z/60Y)/60I) :13103

2020 PUM SC1)1 IETSLTO
2000 CL PRI SPC();2 MNM UTION QOIWD
2040 PUINT :INT1);3 :RT IN PROD&10

2050 PUINT SPC(16);g TO GMZT CRCE RUE
2060 PUINT :PRINT SPC(l5);'4) QUIT
2070 0050 6010:C;VAL(C$):1 CO00U 3000,350M.4000,6500
20800070O2000
2000 RUM
3000 CI :PRINT SPC(1S;'DIRT SOLUTIONm:PUINT :PRINT
3010 PUNT 8PC(l0);:PRIN l1ST LATITUDE 00)618 (-8) 0;
3020 INPUT VS: :0030 1270 GlZ*RD
3030 PUINT SPC(10);:P&UNT '1ST LONGITUDE 000)013 (-1);
3040 INPUT T*:GOSUS 120LI.1*RD
3050 PUINT SPC(10);:P&UNT 21MITIAL, COURSE DDA 3032;
3060 INPUT TS:GOSU 127:Alml*RD
307 PRfINT OPcC1)M'ISTANZ (N.ul.) 8;:INPU D
3060 D1.0*30/60: 00*0/Al
3000 C050 240: PR33T : PRINT SPC(S); 'SPOID EART1 DIRECT SOLUTION
3100 MO.100:G00W3 3210
3110 00*01:00503 640:PRINT :PRINT BPC(S) ;I'SPUCAL EARTH OTI'CT SOLUTION
3120 00303 3210
3130 0030 1040:PRINT :PRINT SPC(8) ;OREII LINE SOLMTON89;
3135 PUINT UPC(4; OLATO;MP(14); 'LONG
3140 PRINT 8PC(12);'SPUIICAL 8;
3150 lmrWN(Q2):lX/RD:GO8U 1210:Vg*.V$:PUINT T*;gPC(8);
3160 Z-VNLL):Z.X/RD:005U3 1210:PUINT V$
3170 PRINT MP(12);'SPRUID *;VSS;SPC(8); --

3180 Z-?NLU):XX/RD:OE 1210:PRINT VS
3100 G08= 600: COTO 2000
3200 RUM
3210 PUINT SPC(12);2ND LATITUDE 0;:X.02/RD:GOSUI 1210:PRINT VS
320 PUNT1 SPC(12);O2N LONGITUDE ';:XnL2ID:0= 1210:PRINT V$

or 3230 PRINT BPC(12);O3aC AZIMUT 8; : mA2/RkD: ODOM 121O:PRIXT T:RETURN
3240 MU
3500 CLS : PRINT S1) ;8INTERBE SOLUTION : PRINT :PUINT

* 3510 PRINT SPC(10),:PRINT O1ST LATITUDE 00.M08 (-8) '
3520 INPUT Ti:005U 1270:01.1
3530 PRINT OPC(10);:PUNT 01ST LONGITUDE DD.H 30138 C 0;
3640 DIPU VS: COMM 1270: LluI
3650 PRINT MP(10);:PUINT '2ND LATITUDE DAISS (-8) '
3560 INPUT VS: OMM 1270:02.1
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357 PRINT UPC(1O);:PINT 8MN LONGITMD DDD.AM (-9);
35M IMPU ft:00W 127:1.2.
3W 6 1=1*10: M.G23: LI-U14D: L2mL2*=
300 00 440:PRXNT :PRINT UPC) A EA; 'IHO f INT! M 1 OLUTTOX
3610 HOwl00:IA:GON 3700
3620 DD4I :0031 740: PZfIT :PRINT OPCOS SPCAL 11138 SOLUTION
3WG IZ"'2: GOEU 370080UU 830
3640 PRINT :PRINT SPC(S);'UIDI LI3E SOLT MIS: 3PE W Dh
3650 PRINT IPCCI2) ; DTMN * ;F(DA) ;BPC(8) ;FNRDB) ; Nil.
366 PRINT UPC(12);OCOUU ';:4&/D:OMU 1210:PIIT fl;3C(6);
3670 IZBIR:GMSU 1210:PUINT V0
3660MM3 00: 0TO 2000
366 RM
3700 PRINT UPC(12); DITANCH 8;
3710 IF I1wTMW PITMWD*A); ff I.
3720 If I~-2TM PUINT M(o.DD/D) ;@ N. NI.
3730 PUNTl SC12);8FORMARD CODI *;:X=AI/RD:GOSUD 1210:PUINT VS
3740 PUINT IPC(12); OBACK COUIE m;:1uA2/RD:GoUUD 1210:PRINT V:IZTORN
3750 MU
4000 CU8 : PRINT WUPC 1) ; '33 LINE APPUOIMTIONU : PRINT :PRINT
4010 PUINT IPC(10);:PLINT INITIAL LATITUD DD.AUU (-6)Q
4020 IPUT T*:003U 1270:01m14RD:G641
4030 PRINT BPC(10);:PRIN DIITIAL LONGTUDE DDD.)IU (-I)
4040 INPU WG00UM 127:L1.1*BD:LS.L1
4050 PRINT SPC(10);:PRUNT OIn= LATITUD DD.10l3 (-6);
4060 INPUT WflU :031 270:021m*D :0742
4070 PRINT 8PC(10);:PIINT OF=N LONGW =D DDD.D (-Z);
4060 IPUT 15:003 1270:L2.Z*ND:L7nL2L
4000 00KB 740:NO-10:PINT :PRINT OPC(10LOWAT CIRCM BOLUTION
4100 PRINT UPC(15);INITIAL COURS 0;:AZ-A1:X.A1/RD:008U3 1210:PRINT VS
4110 PRINT MIP(8)DIBTANCH m.7X(60*DD/RD);s N.M!.
4120 00303 830:PRINT :PUINT SPC(12);OMUN LINE 00=CTMl) SOLUTION
4130 PRINIT UPC(15);OCOUR 0;:IuUM/U:00UU 1210:PRINT VS
4140 PRINT SP0(15);DISTANCZ O;FN(DD);* N.L
4150 00383 4610
4160 PRINT :PRINT SPC(2);VTU: LATITUDE 0;:I'GTID:0OSUB 1210:PRINT V
4170 PRINT SPCO)LONGITUDE *;:Iu'LT/RD:QOSUB 1210: PRINT VS
4180 00313 600

* 4190 CUS :PRINT MP(15);OREDID LINE APPROMMITINOI: PRINT
4200 PRINT :PUINT SPC( 1) ;INPUT THE MAIDIM NUMED OF DEG1M
4210 PRINT SPC(10);4 Of LONGITUDE ON EACH IHIDI LINE LEG '
4220 INPUT VS: GOSUB 1270: INml*RD
4230 G80:lB.0:IF INu'OT~ INmTP
4240 DLFnL(L7-LO):I' DL=OTHU M.
4250 DV-FN(LV-LS): IF DL<3OTIDN NDV/DL
4260 LlaO:IF F*@0O I TU L~*1:G0TD 4370
4270 PRINT :PRfIT BPC(OXLIITING LATITUDE DD.JOW8 (-8)
4280 PRINT 3PC(10);' (0 TO OMIT) 0;:IPUT 15:0038 1270:LLOX*RD

*4290 L~m:LE0:G.06:0~m1:L-L6:AIuL:PIImLL:G2uCr:L2mL7
4300 IF LL.OTHD 1Lml:00TD 4370
4310 QI=AB3(PV-06) :Q20AB3(PV-07):AmQI: F Q2(A THU AumQ2
4320 AUA*3GEPV):BPV-LL:IF ANO TU GS6:OOTO 4340 77
4330 0.5/A
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4340 VF cOR 1 TM Ul: PUNT 3PC(10);CANT 1333. -140M3.:0am 4370
4350 OM1 U810:PUINT UPC(10);8LDIITIN LONGITUD:
431 X1UL8M:GU 1210:PL1NT UPC(13);V;PC(10):ZL9/D:011 1210:PUINT V
4370 GO= 600:00313 5220
4380 DIMLU-L):DmMLJ-Ll):W hD3(D9)4hM(DS)T1U TmLO:LgmLg:LS-T
4300 4'1:LX=LS:PZ'0:IF LVITID 4450
4400 LT=L$:PY=LL:GM1 4010
4410 UL:lLL:L29:2LL:OBUB 740:0013 830
4420 OM13 51i0:0GmWD:IUDB
4430 LZ.LB:PIULL:LlmLZ:Gl.PI
4440 L2L7:02m~f
441O 3XIm:L1nL7:PTl07:G01U 4910
4460 MU
4470 MlIT :P.IT 3PC(10);O1) NW APPMUOZIMO 0U 2) M1 PROBLOI?
4480 O0M3 6010: CVAL(C$): ON COOMU 4190,2000
449000704480
4500 M
4800 =U COmPTE vzzU
4810 3AP63ICAZ) :CA'COU(AZ) :3PBI1(G1) :CsO3(0)
4620 17 3A-O= GVwP2:LV=(6:lZTUR
462 L1~L1-ATN(i/3P/TAN(AZ)): LA.Li: L1WF (LT): LM-LV:00ODOM 4720
4640 OGinP: RETURN
4650 RU
4700 RU FIND LAMI=D GIlD LONGITUD
4710 I2m'6NCZ):Cuc0(AZ):SP.IN(PA):Cmo(PA)
4720 DL.LL-LX:Y=6P*C0(DL)*8At83T(DL)*C:XC'*6A:00U 130: P1-A

* 4730 PN-FN(PN): EZTUI
4740 RU
4800 RU FIND LONGITUDE GIlD LATITUD
4810 amo': nF AN(P)=3AD(GW)T= KI:ETU
4820 IkauIINC&Z) :CAkO(AZ) :B31(03) :CO3(G3)
482 0 CP3*TAN(P1) : CI4s BA: BaCk: 104Q1(S*B.C*C): :.: Zoe: 00813 130: NUA
4840 CCFN(Il): :DD.LAI-NU: LB=FNL(DD-CC): :L~mMN(DCC): RETUN
4850 MU
4900 RU 13 APPR~lXATIONU 8UNUUINK. INPU: U. Pl. LY PY.
4910 DL.FN(L-L):IC'AB8(IN):AG-AB(DL)/IC
4920 IF IC/&D(1TMiD NPaDiTAG..5):MOu.
4930 IF IC/]D)ITMM NP=INT(AG) :M01l
4940 IF NP(ITHU ICmDL:L2L:GTII 4970
4910 IC-IGN(DL)*IC

* 496 L2FNR((LXe(DL-OIP-1) *IC)/2)/I..5.S*MCDL)) *RD
4970 L1=LI:Gl1-PI: LMwL2: COMM 4720:G2-PE
4960 O08OM 740:00833 830:00113 5110:GB808,DD:3BaIB

* 4990 IF WP(TMM 506
5000 Not: IF WP.ITND 5040
5010 LlnL2: Glm2: L2uFN(L1.IC) :LMwL2:0081 4720 :G2mP
5020 C0OMM 740:C08U3 830:W=SU 5110:G~aG8+DD:B8-38.DS
5030 NC': IT NC<NPTMO 5010
5040 L14L2: Gl'M0: L2=LT: (2-PY
5050 00313 740:00313 830:00313 5110:G3uG84DD:RSwU*DS:IF l%=lTREN RUMN
506 LI-LY:GCllPY:MO.TP:AlnFNM(A2.PI) :00ONO3 110RZTMZ
5070 RU
5100 RU PRIN LINE OF OUTPUT
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5110 N~'1:XuGl/20:GOW 1210:PINT Yt;3P(2)g
5120 Z.LI/RD:015 1210:PL1IT ;'
5130 ZFNI(AI/lD) :003 5200:P&INT V$;SPC(4);
5140 1.F3(00.G/1D) :015 5200:PRINT VS;BPC(4);
5150 XIMF(DB/0) :Gg=5 SM0:PEINT "M;C(3;
5160 Z.U(U) :003 5200:P&ZNT V$

5170 NL41L.1 IF NL'20T OM55 M6001 522

5180 mE
MO0 VS.' '.ITmW :vS.RXGET*(vs.?): REUR

5210 M3
5220 CLE :PRINT NPC(1) ; R&h LINK APPROnDITION To GRET CnIE CMMRO:

5230 PRN GREAT GMA U EWS
5240 PRINT? * C33CL C33CL LINE LINE
5250 aRN LA? LONG COU DIST COURS DINT

5270 M3
550 ClJ :IND

600 PRINT? :PINT IPC(10);PRUU ANY MfT To CONINU
0 010 FOR IlImITO 9: C*-INrET* : NUT 1
602 CSOMUY :17 Csm*TE 602
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D. f. Aza. ta -NAVALGOR.

Urn(s) Uuse

40 P4 r/4. P12 r/2. PI r. TP 2r. RD r/180 is the degree-to-radianconversio. -

0 FL is the earth's flattening factor. AE is the earth's equatorial radius. (Both
of thee constants are from the WGS-72 earth model.) ECC is the earth's
eccentricity.

60 FII is the zmod Mfuction.
70 FNL adjusts longitude to lie between -v and r.
80 FNR rounds.,to the nearest MOth.
0 FNG adjusts latitude to lie between -r/2 and ir/2.

100 FNACS is the arccoeine function. In the Sharp PC-IS0A, function calls may
be replaced inline by the ACS function.

110 FNASN is the arcsine function. In the Sharp PC-1S0A, function calls may be
replaced inline by the ASN function.

130 FIIATN2 is the qatn function which returns a principle value between -r and

140 FNATNP is a qatn function which returns a principle value between 0 and 2r.160 GOTO 2000 to commence execution.

240-350 Computation of the apheroid earth direct solution. GI = , Li A,, Al =
a12 and distance DD are input. G2 = 02, L2 = A2 and A2 =au2 are output.

440-580 Computation of the spheroid earth inverse solution. GI = , Li = At, G2 =
#6and L2 = Aare input. Al = a1 2 , A2 = a1 and distance DD are output.

640-680 Computation of the spherical earth direct solution. Gi = #1, LI f At, Al f
a12 and distance DD are input. G2 = 02, L2 = A2 and A2= a2i are output.

740-780 Computation of the spheriW earth inverse solution. G1 = #1, Li = At, G2 =
02 and L2 = A2 are input. Al = a12, A2 = a2 l and distance DD are output.

830900 Computation of the rhumb line inverse solution. G1i = 1, Li = At, G2 = >2
and L2 = A2 are input. Spherical earth distance DA and uimuth ZA as well
as spheroid earth distance DB and asimuth ZB are output.

1040-1100 Computation of the rhumb line direct solution. Gi = t LI = A,, Al =
a12 and distance DD are input. G2 = ffi , spherical earth longitude LR and F
spheroid earth longitude LS are output.

1200-1240 Convert decimal degrees to degrees, minutes and tenths of minute format.
1270-1310 Convert packed degrees, minutes and seconds format (DDD MMS) to decimal

degrees.
2000-2060 Master menu option display. E

2070 Transfer to selected menu item.
3000.3230 Direct solution option.

3080 D is the distance (input) in nautical miles, DI is the spherical earth distance
in radians and DD is the distance in earth equatorial radius units,

3090 Compute spheroid earth direct solution. Print heading.
3100 Print spheroid earth direct solution.,
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3110 Compute spherical earth direct solution. Print heading.
3120 Print spherical earth direct solution.
3130 Compute rhumb line solution. Print heading.

3140-3160 Print spherical earth rhumb line latitude and longitude.
3170-3180 Print spheroid earth rhumb line latitude and longitude.

3190 Continue prompt. Go to master menu.
3210-323 Output subroutine for option 1.
3600-3740 Inverse solution option.

3600 Compute spheroid earth inverse solution. Print heading.
3610 Print spheroid earth inverse solution.
3620 Compute spherical earth inverse solution. Print heading.
3630 Print spherical earth inverse solution.
3640 Heading for rhumb line solutions.
3650 Print spherical and spheroid earth rhumb line distances.

3660.3670 Print spherical and spheroid earth rhumb line courses.
3680 Continue prompt. Go to master menu.

3700-3740 Output subroutine for option 2.
4000-5260 Rhumb line apprximation to great circle option.
4000-4080 Input prompts.
4090-4110 Compute great circle solution and print initial course and distance.
4120-4140 Compute rhumb line solution and print course and distance.
4150-4170 Compute and print the latitude and longitude of the vertex of the great circle

route.
4180 Display continue prompt.

4190-4220 Prompt for the longitude increment of the rhumb line approximation.
4230 GS and RS are the cumulative great circle and rhumb line distances traveled on

each leg, respectively. Initialize them to sero. IN is the longitude increment
in radians. If input as zero (no increments requested), it is set to 2r.

4240-4260 Determine if the vertex lies between the origin and destination. If not, go to
4370. Otherwise proceed.

4270-4280 If the vertex is on the great circle route, prompt for a limiting latitude LL.
4290-4340 Set limiting longitudes L8 and L9 equal to zero. Determine if the limiting

latitude cuts the great circle course. If it does not, inform the user that the
limiting latitude is ignored. L% is sero if the limiting latitude is to be used,
otherwise it is one.

4350-4360 If the limiting latitude cuts the great circle course, compute and display the -
longitudes LS and L9 at which the limiting latitude cuts the great circle.

4370 Display continue prompt, then print heading.
4380 Determine which limiting longitude is closest to the initial position. L8 becomes

the closest, L9 the farthest.
4390 LX and PX are the initial great circle longitude and latitude. If the limiting

latitude is not to be used, go to 4450.
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4400 LY and PY are the longitude and latitude of the final point on the first segment
of the great circle course. GOSUB 4910 to compute the rhumb line approxima-
tion up to the first limiting longitude. dfme

4410 Compute the great circle and rhumb line distances from the limiting latitude
at the first limiting longitude to the second limiting longitude.

4420 Print one line of output (for the limiting longitudes). Update the distance
counters.

4430-4440 Reset LX, PX, LY and PY for the section of the great circle and rhumb line
following the limiting latitude section of the course.

4450 GOSUB 4910 to compute the final section of a course following a limiting latitude
leg or compute the entire course for cases in which the limiting latitude is not
used.

4470-4490 Prompt for either a rework of the rhumb line approximation with new param-
eters or for a new problem.

4610-4040 Compute the latitude GV an longitude LV of a great circle vertex.
4710-4730 For a given longitude, compute the corresponding latitude of on a great circle.
4810-4840 For a given latitude, compute the corresponding longitudes L8 and L9 on a

given gr A circle. K% is set to one if there is no solution, otherwise K% is L

4910-5060 This i the subroutine which selects the longitude endpoints of the rhumb line
approximation to a great circle between a starting position with latitude PX
and longitude LX and a final position with latitude PY and longitude LY. It
then computes and prints the heading and cumulative distance along each leg.

4910-4950 Using the increment size, IN and IC, compute the number of interior points,
NP, on the rhumb line approximation exclusive of the initial and final points
(the number of interior legs is NP - 1. Redefine IC if it is longer than the
difference of the initial and final longitudes.

4960-4980 Find the heading and distance on the initial leg. Print out first line of output.
4990 If there are no internal legs, go to 5060.
5000 Initialise the counter IC. If there is only one leg remaining, go to 5040.

5010-5030 Loop to compute print each internal leg.
5040-050 Compute the headings and distances for the final leg. If M% is one, return to

compute the limiting latitude leg.
5060 Print the final summary line of output.

5110-5200 Subroutine to print one line of output. NL counts the number of lines of output.
If 20 lines are output, a new screen is started.

5220-5260 Subroutine to print screen heading.
5500 Return to BASIC.

6000-6030 "PRESS ANY KEY TO CONTINUE" subroutine.
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MV NAVI3EMb Almanac and Ephemeris Program.

A. Introduction. The basis for NAVEPIM are the equations of VanFlandern and Pulkki-
nen (VTFP) [Ref. 101. These equations can be used to compute the mean heliocentric
positions of the sun and planets and the mean geocentric position of the moon for the
mean ecliptic and equinox of date. The authors claim their formulas to be of low-precision
(1') and valid for any epoch within 300 years of the present. When corrected for nutation
and aberration the accuracy of their formulas, at least for the sun, moon and navigational
planets, appears to be much better, i.e. 0.2, at least.

The formulas of VFP are used to compute heliocentric spherical ecliptic coordinates
for any specified ephemeris time, ET. These coordinates are longitude A, latitude # and
radius vector r. These coordinates must be converted to rectangular coordinates z, y, and
z using the standard transformation

Z = rcos#co6A, (30
Y =rcopsikA, and (30)

z = rsin.

To obtain the geocentric z, y, and z coordinates of the planets, subtract the z, y, and z
coordinates of the sun from the z, y, and z coordinates of the planets, respectively.

The Julian day number, required in many calculations, is obtained using the equation
on page B2 of Ref. 2. The ephemeris time is obtained from the universal time, UT, from
the equation ET = UT + AT. The factor AT is obtained by astronomical observation
only. The formula used here, AT = 81.94T - 15, was obtained by least squares from the
1980.5 through 1985.5 values given on pages B5 and K9 of The Astroaomical Almanac
1985 IRef. 11], where T is the number of Julian centuries elapsed from 1900 January 0,
12k ET. Although a plot of AT as a function of time is linear for 1980.5 through 1985.5,
this should be checked with each new edition of The Astronomical Almanac. An accurate
value of AT affects only the computation of the moon's position. Errors of as much as
9.69 in AT will affect the computation the moon's position by at most 0.1', consequently
it will not be necessary to change FMPL distribution tapes yearly.

The heliocentric in-plane velocity components, i and y,. of the planets, required for
the aberration correction, can be computed from the formulas [Ref. 12, pg. 851:

i,=- k sin E, and (31)-

atr -E-e2 cos E,
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where is the eccentric anomaly, is the time derivative of E, a is the smimaor axis and
eis the eccentricity. Unfortunately, to find E one must solve Kepler's equation iteratively,
which is a slow proem. With an error of no more than 2% for the navigational planets,
one can u the mananomaly M in place of R in Equ. (31). The in-plane. velocity
components are thus approximated by

i, =-JuinM, and (32)
= aEI -g osM. (32)

From Equ. (3.76) of Rd. 12, it can be shown that

'k ( p) 1/2

where p is the reduced mass and k is the gravitational constant. The heliocentric ecliptic
velocity components, :, y and i, can then be obtained by the transormation

-snfO 1 0 0 [jos 0~n' i~[i -[CO( 0°o con i°  si0- sinsi (I fll0
0 0 0 sini cooei 0 .0::"

where 0 is the longitude of the ascending node, i is the orbital inclination and w is the
argument of perihelion. The equations for computing. a, e, M, w, i and 0 were obtained
from Escobal [Ref. 13, pp. 8-91. The geocentric i, j and i coordinates of the planets are
obtained by subtracting the i, j and i coordinates of the sun from the heliocentric i, '
and i coordinates of the planets. Since the aberration of the moon is negligible, its velocity
components are not computed.

Once the mean geocentric rectangular positions (Zm, Y and z,,) and velocities (i,,,
Sand i,) have been obtained, the longitude and latitude for the mean ecliptic and

equinox of date can be obtained by inverting Equs. (30), so that

A. = qatn(ym, z,,), and
sin " n ta-n-

Next the nutation of longitude A# and obliquity Ae are computed [Ref. 4, §2C]. The
geocentric rectangc ar positions (zt, y and ze) for the true ecliptic and equinox of date
can be obtained from the trandormation

0oA -iA 0 Zm

32.-- 2sinA cos
~]. ")*
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The same transformation is used for the velocity components. The longitude and latitude

for the true ecliptic and equinox of date can be obtained by substituting the true positions
into Equs. (33).

The aberration or light-time correction converts true positions into apparent positions.

The x-coordinate transformation is

where r is the geocentric distance and c is the velocity of light. Similr transformations

are used for the y- and s-coordinates. The apparent longitude and latitude for the true
ecliptic and equinox of date can be obtained by substituting the apparent positions into

EquL (33).

The apparent geocentric rectangular positions (z.., y., and z..) for the true equator
and equinox of date are obtained from the transormation

ya 1 0 0o A sinYoeE~ 0 in At co J[ z6 J
The apparent right ascension a and declination 6 for the true equator and equinox of date .
can be computed from

a= qatn(y.,,z.,), and

The Greenwich mean sidereal time, Greenwich apparent sidereal time, Greenwich
hour angle and local hour angle are computed from formulas given on pages B3 and B4
of Ref. 2. The altitude and asimuth are computed from Equs. (10) and (11), respectively.
The equation for refraction is Equ. (3), page B15 of Ref. 2. The equations for planetary
magnitude are given on pg. 315 of Re. 4 with the correction for Saturn's rings given on
pages 362 to 365. Formulas for the table on page 365 were obtained using least squares.
Equations for the semidiameter of the sun and moon are found on page B16 of Ref. 2. The

lunar parallax in altitude formula is on page B16 of Ref. 2 and the lunar phase formula is
on page 311 of Ref. 4. The lunar age approximation developed by the author is within ±1
day.
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B. Sample Problem. Calculate the position of the sun, moon and navigational plan-
eks for 24 May 1984 at 17h5sm45s sulu time at latitude 3835'4 north and longitude
760180O" wet. Assume that the temperature and pressure are the default values of 10C.
and 1010 mb., respectively. The output shown in this sample problem was computed using
Microsoft BASIOA/D (double precision) on an m i Pc. Several intermediate results, such
a the true position, and apparent positions for the true equator and for the true equinc"
of date are printed only as a debugging aid for those wishing to reproduce the results on.
a computer other than those for which NAVEPIM is available.
Input Screen:

TZAR (4 DIGITS) ? 1984
MONTH NUMBER 5
DAY OF THE MONTH ? 24
ZULU TIME (HH.MMSS) ? 17.5845
LAT (DD.MMSS) (+NI-S)? 38.3524
LON (DDD.MMSS) (+V/-E)? 76.18
TEMP (DEG CELSIUS) ? 10
PRESSURE (MILLIBARS) 7 1010

PRESS C TO CONTINUE

The input screm is used for input only-there are no options from which to choose. The
temrperature and pressure are used only for the atmospheric refraction computation.
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1st Output Sere=:
SIX

TRUE P08, TRE ECL k EQIX OF DATE (UT):
63.73236356163271 0

APP POO, TRU EC M EQNI OF DATE (UT):
63.72674538386791 0

APP PO8. TRUE EM k EQNX OF DATZ (UT):
4.11446999613666 20.89927908414662

GREIVICH HOUR ANGLE & DECL (UT):
90*29.01 20054.0

ALTITUDE a 68.50534784507299 68030.3'
AZIMUT - 218.6611413863376 218039.7'
SD - 15.8'
REURACTION - .4'-p'

PRESS C TO COTIXN

The true and apparent positions for the true ecliptic and equinox of date printed are the
ecliptic longitude and latitude, respectively, in decimal degrees. The apparent position
for the true equator and equinox of date is the right ascension in decimal hours and the
declination in decimal minutes. The Greenwich hour angle and declination are given in
degrees, minutes, and tenths of minute notation. The altitude and asimuth are given in
both decimal degrees and degrees, minutes, and tenths of minute notation. SD is the sun's
semi-diameter. The refraction is for the computed altitude of the sun.
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2nd Output Screm:
MOON

TRUE P08, TRUE E C F NX OF DATE (UT):
355. 6933313549804 -4.991896504201657

APP PO. TRUE IM k EQ X OF DATE (UT):
4355.6933313549804 -4.991896504201657

APP Pos, MMUE1Q EQNX OF DATE (UT):
23.86924533529027 -6.291911880374428

GREENWICH HOUR ANGLE k DECL (T:
1.54009.7' - 6017.5'

ALTITUDE - 5.45172646204884 5027.1' .,
AZIMUTH - 257.4665215802323 257028.0'
PHASE .31 AGE - 24 DAYS
SD - 14.8' SD AUG - 14. 8'
P IN A- 54'
RFRACTION - 10. 2'

PRESS C TO CONTINUE

The output for the moon is similar to that for the sun. In addition, the moon's phase,
approximate age, augmented semi-diameter (topocentric semi- diameter) and parallax in
altitude P IN A are output. The true position and the apparent position for the true ecliptic
and equinox of date for the moon are identical because no aberration correction is made
for the moon (see Section A).
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* 3rd Output Srm:

TRUE P08, TRIll ICM k 1Q11 OF DATE (UT):
57.72453552418941 - .6628498164408445

APP P09, TRUE EML k ZQNX OF DATE CUT):
57.71230545494549 - .6532096744515719

APP P09, TRUE EQU k EQNX OF DATE (UT):
3.706665485856183 19. 01586622158487

GREENICH HOUR ANGLE k DIML (UT):
96036.0'Y 19001.0'y

ALTITUDE - 63.67703088674409 63040.61
AZIMUT - 227.7063425077327 227042.4'
MAGNITUDE = -3.4
ROFRCTION - .5'

* . PRESS C TO CONTINUE

The output for Venus in simila to that for the sun except that the apparent magnitude is
output instead of the semi-diameter.
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4th Output Scramn:

TRUE P08, TRUE ECM k EQII OF DATE (UT):
226.1549997906556 -. 7643527638263081

APP PO8, TRUE IM & EQNX OF DATE (UT):
226.1561434601825 - .7542105991415879

APP P08. TRUE EQU k EQIX OF DATE (UT):
14.89744688277315 -17.39602620686829

GREENWICH HOUR ANGLE k DECL (UT):
288o44.3' - 17*23.8'

ALTITUDE - -64.68434644133615 - 54041.1':
AZIMUTH - 62.30703743152624 62018.4'
MAGNITUDE " -1.6
R-RACTION - -. 7'

PRESS C TO CONTINUE

The output for Mars is similar to that for Venus. Note that the altitude of Mar is negative,
that is, Mars is below the horizon. The leads to the anomolous computation of a negative

value for the refraction. When a planet is below the horizon, the value computed for
refraction is meaninglmee.

or
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Sth Output Sere=n

TRUE POO, TAM3 IML k EQlX OIF DATE (UT)
282.0081844949666 .1412184643412081

APP PC$, TRUE EML k IPX OF DATE (UT)l:
282.010040857H675 .1412662061186586

APP P09, TRUE 1Q11 k EQIIX OF DATE (UT):
18.86941225466823 -22 .75882790181082

GREENWCN HOUR ANGLE &DECL (UT):
229009.5' - 22045.5'

ALTITUDE a -61.97025716907849 -61058.21

AZIMUT - 296.4711031451715 29628.31
IAGNI'UD = -2.1
REFRCTON - - .5'

PRESS C TO CONTINUE

* Thle output for Jupiter in similr to that for Venus. See the comments for Mare regarding
a negative refraction value.
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df.6th Output Sceen:

TRUI POS. TRUE IML EQNX OF DATE (UT):I

APP PC$ 1TRU EM k EQIX OF DATE (UT):
221.5271566155949 2.68091611295858

APP P08. TUE IOU k ZiQNX OF DATE (UT):
14.66067525686222 -12.83630963737889

RUGNZICH HOUR ANGLE k DE. (UT):
292017.41 - 12050.2

ALTITUDE = -49.04279937791162 - 49002.61
AZIMUTH - 60.93733251413396 60056.2'
MAGNITIt - .4
REFRACTION - -. 8W

PRESS C TO CONTINUK

The output for Saturn is similar to that for Venus. See the comments for Mar regarding

a negative refraction value.
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& C. hp*inm Lkthg-NIAVRPHML

10 REM VANDUNDUIN k PULEEIEU PLANET EMOMEIA1. 07-20-85.
REP 05-27-65 6 0600

12 REM @ARTRO = 8
13 RE U YPM BUDIA
20 DUDBllA-U,O-Y:DlK A(25).B$(S)
30 P2.2*ATNI) :PX.P2P2:TPPP:IDPT/180:UDRD/3600
40 Uu.01720209S9:N3~m1010 :DCSm~10 :DIw~*(26)
50 DD'VNAW-(X-INTW )) *Y?:fz DVN(X) mTPeINTCW?):

DzrVIW.DIT(*No+. 5/
60 UU Z O*N(/ )
70 D*(0).SUrO M(1)mNNO U(2)w"2U3': NO3)K&18
80 B*(4)maJUPITU :W$(5)wuTR
90 COTO 2090

100:
110 REM 2-Aa0 ATAN F='N. RADIANS.
120 A20ATN(T/(X Z-10*(XN0))) -PI* (1<0).YP* (1) (YcO): RETURN
130:
140 BEN AMCIN & A1AO1 YCTN'S
150 A.TW3l1ZI-R0iA W1):EU
160 AcuATN(SQ(1-*)I-1-oo.(I) ))-PI*(X-C0) RETUR
170
180 RUM 111.10 SPU-TO-RECT + MOTION CON11UTATION
190 1100000: Cg1*cOS(B)
200 XZuCS*COU(L): :TIC*IN(L) :BOWI(B)
210 IF VIT= RITUN

220wl N1 IF OOTHE Mco.1.I/lM(N)
230 FAIfl*BPCAM(R *MU) Al
24 m-ASNC() :YmA*41(1E(N) 2) *C0S(M(N)): ZOO
250 Am-AP(N) :00335 280:A-IN(N) :033 290:A--AN(N) :0033 280
260 UI*Z:V~wY: W-Z: RETURN
270
280 CA-0S(A) :SA'INC&) :TuE*CApYs6A:Y~Y*CA-X*gA:ImT:RZTURN :RU Z-AXIS ROT
290 CA'CO(A) :SA'IIA) :TYCA+Z*6A:Z'.ZC-.6:*T:ETURN :REK I-AXIS ROT
300:
310 RUM RET-TO-SPU1
320 GOMM! 120
330 L=A2/ID: R2mZXY*Y:BDATN(ZIIQK(R2)) /ID: Rw4QI(R2.Z*Z) :RETURN
340:
350 RUM DECIMAL TO DDD N(. F
360 V*.g 8:17 XOTS1U V*8-l:Xw-X
370 I-X'1/1200:YINT(X) :V'V*.IGIT(B N+STU(T) .3)+Oo*
380 X.'60*(X-Y) :YIII) :UX*-IR(1000Y)
390 Ve-v*+IaD(I*,.2)4..'.IGHT(j*,1):1ETuI
400:
410 AME DDD.NISO TO DECIMAL
420 11-0: FOR Z1lTO LE(V): C~MD*(*, Z.1): IF C~ma.'TN IZZ
430 NEXT :IF IXmOTID X=VAL(V$): ISMUR
440 X.VAL(LEFT$(VS.II)):SN.1:1 IF OTMflh SN-SBN: X-X
450 TVt"a0000':YYALOIID(V, Ie12)) :ZEVAL(MI(V, .3.,2))
460 X.8N*((Z/60.Y)/S0*Z) :RZTURN
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470
480 M3 FWIDITAL A U
400 AC1)m.606434+.036601 1029.73:A(2)*. 374897+.03629164709*T3
500 A(3)-.259001i. 0367481952*73 :A(6)0O:A(7)-.779072+. 00273790031'Tg

5.. 10 A(S)n.903126+.0027377785*To
520 A(13)0. 05498+4.4 450468670000031-03- *T3 :A(13)m. 140023+. 00445036173*TS
630 A(14). .292498+. 00445040017*73: AC 1S)*.9875+. 00145575328*TS
540 A(i)n.058856+.00145561327*73: A(17)=.8494+. 001459465*T3

J.. 550 A(18)m.08908e.00023060893iTS:A(19)m.05651+.0002308083*T3
560 A(20)i.814794.0002308093T:A(21)=.133295*.00009294371s7
570 A(22)m.882987+.0000929431*T3:A(23)=.821218+.00009294371*T3
580 A(25)=. 400689+3.29M3-9--0-0--0-0-3I1El-05*T3
500 A(4-A(1)-A(7):A(5)uL(1)-A(3)
600 FOR Zw17D 25:A(Z)=FXA(A(Z)):NEZ Z:RETURN

* 610
620 PRINT B$(O):3WK OUN(0
630 XuA(8) :TA(13): Z""A(19)
640 Lw(8910- 17*T) *BIN(W)72*I(2*) -7*C03(X-Z) +4.SIN (A()-AM)
650 L-LeS*SIN(4*X-8'A(16)*Z) -5*COB(2. (X-T) )-4*BIN(X-Y)
660 LL+g4gCO(4*X-8*A( 16) 43*Z) .3.81N(2* (X-Y) )-3*873(Z) -3*SIN(2* (X-Z))
670 LzLUDA(7): D-0
680 30100014-1675*CO8 (I) -14*C0S(2*X)
690 A(0).1 .00000023: C(0)m .01670114 :N(0)A(8)
700 AP(0)-( (4. 527781-04i'TJ.1 .719175) *73+101.220833) '3D:

IN(0).0:AN(0)=180*RD
* 710 AM()-l/3230

720 00813 190: lisft: X3.Ul: IB=YE: 73-Ul: 13.03:: VBTR: V UW: RETUR
730 PRINT Mi) :RlM MOON(1)
740 W-A(2): :IinA() :TuA(4 :Zwk8)
75 L-220*8fl1(V)-4586*I(W-2*Y)e2370*81N(2*Y)e769*8IN(2*V)
760 L=L-668BIN(Z) -412.81N(2*Z) -212*833(2* (V-Y) )-206*8INOI-2*Y+Z)
770 L.Li92*8IN(Vi2I'Y *165*81N(2*Y-Z) .148*11N(W-Z) -125*8IN(Y)
780 L-L-i10*811(W+Z)-65*81N(2*(X-Y))-45*81N(V+2*I).40*SIN(W-2*1)
790 LmL-38i8IN(V-4.Y) '36*e811(3*V) -31 .SXN(2e'V-4*Y) *28"SIN(V-2*Y-Z)
800 L=L-24*SfI(2*YZ).19*SINCW-T)+18*SIN(YZ).15*BIN(V2*Y-Z)

*810 L.Lel4*UIN(2*(V.Y))+14*SIN(4*Y)-13*IN(3*V-2*Y)
820 AOw,+16i'A(7) -18*A(12): :LL- I1*BIN (AG) +9408 (AG) +4 *TJ* (COOS(AG) +BIN(AG))
830 LOLeIO.UIN(2*V-Z).0*flI(V-2'X-2*Y)-9UIN(2*V-24'Y.Z)
840 L-L-8*BfIN(WeY) .8*5IN(2*Y-2*Z) -8'fIN(2V*Z)-7'SIN(2*Z)
850 LwL-7*81N(W-2'.Y+2*Z) e7*8IN (A(M) -G"SIN(V-2*1+2*Y)
860 LOL-6.8fl1(2*Xe2*Y) -4*BINCV-4*YZ) -4*SIN(2*We2*X)
870 LOLe3* (SIN(W-3*Y) -BINCVe2*YeZ) -SIN(2*V-4*YeZ) +BIN (V-2* Z)

* *SINCV-2*-2*Z))
880 LOL*2* (SIN(V'4*Y) -IIN(2*V-2u'Y-Z) -SIN(2i'X-2*YeZ))
890 LNL,2* (SIN(4*VAIN (4*Y-Z)1+BI(2tW-Y))
900 D-18461 *BIN(M)+el0l*8.N ((W.I)+1000*8IN (W-X) -624* BIN (X-2*Y)
910 31-8- 199*UIN(W-1-2*Y) - 167*8N(V.I-2'T) *117'SIN(X+2*Y)
920 D-D'2*81N(2*V*X) *33*IIN(V-X+2*T) '32UIN(2*W-X) -30*'SIX-2Y+Z)
930 B-B-16*IIN(2*V*X-2*Y)eiS.81N(V+X+*Y)*12*813(X-2*Y-Z)
940 B3--0.IN(W-X-2*Y'Z)-S*SIN(X'A(5) )tS*IIN(Xe2iY-Z)
950 3-B.7g(-113(WVeX-2*TeZ),813(WIX-Z) -BfICW4X-4*Y))
960 BOD..E'a(-SR(XZ) -IN (3Xs+IN (W-X-Z))
970 B3-D*.(-BIN (X.Y) -IMI(W',Z) -BIN (w-XZ)SIN (X-Z) +IN (Z-Y))
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M1 8.8.2* (-BIN(2.V-Z-4.Y) -8IN(3eX-2'.Y) .SIN(2*V-I.2.Y))
1000 8.6.2* (EhN(V-Z.2'Y-Z).81N(2.V-1-2*Y) .111(3.1-I))
£010 1403629-327746.003 CV) -57994'COU V-2*Y) -46857*COI (2*Y)
1020 D"'1-8904.006(2*V) .38654'C03(2'.V-2'.Y) -3237*008 (24'Y-Z)
1030 14-288COU(V*Y) -235*OS(W-2*Y'Z) -2030*COI(W-Z)

- 1040 8.6.1719*C08Y) 1671*003(1.1) .1247'.CS(1-2*X) '704*C03(Z)
1050 1.I.529e08(2*Y.Z) -624*C03(V-4*Y) e398*COI (V-2*Y-Z) -366*003(3*V)

* ~1060 1EI-296'.C0(2*V-4'.Y) -263CO(Y4Z) .249*003 (3*V-2'.fl -221*008 (1e2'Y-Z)
£070 8.6.185.0O5(24-2*Y)-161C03(2.T-2*Z)e147.CO(V.2*I-2*Y) -142.c08(4*T)
1060 8.I'139*COI(2*V-2*Y'Z) - 18.c0C1(-4*Y*Z) -1 16*.0(2'.V.2*Y)
1090 &=I-10*C03(2*V-Z)
1100 LmLSD.A( 1): SmBID :1/23454 .8: OOUD 190: 3P4: 121011

* 1110 PRINT N(2):REM 1EU3(2
1120 IWO(8: YA(13): ZA(14)
1130 L=(2814-20'TJ) *BINCY) -181*SfI(2*Z) +12*OIN(2*T) - 10*COB(2* (I-T))
1140 L=L.7*COU (3. (X-Y))

-1150 B.12215*SIN(Z).83*(SIN(Y.Z).S~iNC-Z))
1160 3pm2336-4034CO(T

*1170 LL*DA(12): B='BSD
-. 1180 AM(2)w..23331600000000:ZC(2).6.7730410000011-03:M(2)Ak(13)

1190 AP(2)-(C-. 00138U89e11+. 50818611) *TJ.54. 3841861) *RD: fI(2)=3. 3946*RD
1200 AN(2)m((.00041*TJ..8965)*T~I75.77964722000001)*3D:lM(2)-408523.5

*1210 O0DOM 190:1P4: REURN
1220 PRINT W (3):RE MAS(3)
1230 IA(S) :Yu'AC16) : ZuA(?) : QnAC19)

* 1240 Ln(38461i37*TJ) .IINMfl(22384T)*11(2*)181*61(3*Y) -62*SIN(2*Z)
1250 L=L-22'eCOI(T- 2* ) - 19*61N (T-q) + 17*CC8(T-q) + 17T.8IN(4 *Y) - IWO 0(2 * (T-Q))

*1260 LnL,13'.CG0(I- 2*Y) - t10.6D1(T- 2*Z) - 10*8IN (Ye2 *Z) +7*C03 (I-Y) -7*COU (2 *1-3*y)
1.270 L=L-6* BIN(A (13) -SOY) -5* 0IN (I-Y) - 6*BIN (X- 2*Y) -44C08(2 *X- 4 Y) +4*008 (Q)

*1280 LnL'.30003(A( 13) -3*Y) +3* 8IN (2*(y-Q))
1290 fl.6603.6N(Z).622'.SINCY-Z)'615'6fl(T.Z).64*831(2*Y.Z)

* 1300 8.153031-14170'.C03(Y)-660iCOS(2'.Y)-47*COI(3.Y)
1310 1.LSD+A(15) :b.8*30

*1320 AM(3)-1 .52368839:EC(3)-.09340488700000002:Mi(3)*A(16)
1330 AP(3)-((. .31251-04'TJ+. 06076M6) *TJ+286.4317610000001) *RD:

IN(3)in.8497*ID
* 1340 AN(3)=( (-1. 3891-06*TJ..7709916700000001)*TJ+48 .7864467) olD:

11(3)30987 10
1350 OD8OM 190: 3P4: RETURN
1360 PRINT U(4) :11 JUPITU(4)
1370 IA(18) : YA( 19) : ZwA(22)
1380 Lu19934.8DI(Y)e6023*TIe2511.1093*C0U(2*Y-E.Z).401.6IN(2*Y)
1390 LEL-479*8UIN(2*Y-6*Z) - 185'.IIN(2*Y- 2*Z) + i37*BIN(3*Y- 6*Z) -131 BIIN(Y- 2 Z)
1400 LNLe79'.C03(Y-Z) -76*COU(2*Y-2*Z) -74'. JOCOS CT) 48*TJ*olD( T)

.06*001 (2"'T-3s1)
* 1410 LEL.63*003(3*Y-6*Z) +53*C03(T-6*Z) .,49*83I(2*Y-3*Z) -43*Trlosna(2*Y-5.Z)
- 1420 L-L-37*.CO()25'fI(21).25e81(3*T)-23'UfI(T-5'Z)-19.TJ*COS(2*T-6'Z)
*1430 L'.L'17*C03(2*Y-4* Z) + 174C08(3*Y-3* Z) - 14 *BIN (Y-Z) - 13*8 IN (3*T-4* Z)

-2.003(2.2)
* 1440 LuL0'C08(Z) -9*311(Z) -0gIIN(3*Y-2*Z) .9'.3N(4*Y-5oZ) .9

* . sB1N(2'.Y-6'.Z,3*A(25))
1450 L-L-8.C0 (4*Y- 10.1) .7.03(3*Y-4*Z) -7.C08(T-3*Z) -7"SIN(4*T- 10*Z)

43



1460 L.L-7.IIN(Y-S.Z).6*cOS(4*Y-6*Z) -6.UIN(3.Y-3*Z) .5.cOS(2*Z)
-4*6!n(4*Y-4*Z)

1470 LOL-4*COB(3*Z).4*C03 (2.Y-Z) -4*COS (3*Y-2*Z) -4*TJ*COS(2*Y) .3*TJ*SIN(2*Y)
1480 L.L,8*CO3(5*Z).3*C03(5*Y-10*Z).3*BIN(2*Z)-2*IIN(2*X-Y).2*I(2*XY)
1490 LuL-2*TJ*6I1(3*Y-5*Z) -2*TJ*IIN(T-5.Z)
1500 B.-4d92"CU(YM +259*81N(7 +22-227*cOS (2*Y) .30.TJ*8INCY M 21*TJ COS (7)
1510 D.D16IS*I(3Y-54Z) - 13.61N(7-54) -12*COU (3*Y)+12.61N(2*Y)
1520 D.De+7*C0(3Y-5*Z) -S*COC-6Z)
1530 b.52088-25122*C08(Y)-604*cou(2.Y)200.cOU(2*(Y-Z) )-170*COS (3*Y-6*Z)
1540 R-I-1O6*83N(2* CY-Z) ) -0*TJ*SliN(T) -8*TJ*C08(T) .69.IIN(2*Y-3.Z)
1550 &3a-67*INCY-5*Z) +66*U3iN(3*Y-6*Z) +63'.IN (Y-Z) -61 *COB (2*Y-3*Z)
160 &--46*BIN(T) -29*C08(T-5"4) 27*CGS(T- 24) -22'C08(3*Y) -21 *SIX(2*Y-56*Z)
1570 L-L*SD4X:3'E*8D
1580 hM(4)-5. 202561:EC(4)..0484942519:M(4)*M19g)
1590 AP(4)*( (7. 0405E.-04*TJ*. 5994316700000001) *TJ+273. 2775417) *RD:

IN(4)=.3031*3.D
1600 AN(4)n( (3. 52222E-04*TJ. .01053) *TJ.99. 44338611) *AD: RN(4)1047. 35

*1610 GOWS 190: 3P4: RTUN
1620 PUINT BS(5):3DW SATUU(5)
1630 W-A(19) :Z.A(21) :Y-A(22) :Z=A(25)
1640 L=23045'Sfl(Y) .014iTJ-2689.C08(2*V-5*Y) 2507.1 177*BIN(2*V-5*Y)
1650 L-L-826*COS(2*V-4*Y) '802*8111(2*T) '425.SINCW-2*Y) -229*TJI'C0S(T)
1660 L.L-153I.CO(2*-4.)-142*TJ*61N3fl-114*C0U(T)101*TJ*1N(2*W-5*Y)
1670 L-L-70"COS(2*X) 467*S11(2*X) .66*01N (2 *V-S*Y) ..60*TJ *COS(2*W-5*Y)
1680 L=L'41*SIN(V-3*Y) .396fl1(3*Y) .31*SIN( -Y) .31*8111(2* (W-Y))
1690 LmL-29*COS(2*V-3*Y) -28* WI(2V-.Y3'Z)28*CU (1-3*Y)
1700 LOLe22* TJ *SIN(2'iV-4*Y) -22*8IN (Y-34Z) +20*81IN(2.W-3*Y)
1710 L.L.20.COS(4*V-10.Y),19*C0S(2*Y-3*Z) .19*81N(4*W- 10*7)
1720 LU'L-17e'TI*COS(2*Y) -iGSCOS (Y-34e') - 124811(2*1-4*7) .12e'c0S(N)
1730 LOL-12*SIN(2* (T-Z)) -IsTJ*SIN(2*T) -11 *COB(2*V-7*Y)
1740 LmL10*flI(2*Y-3*Z).104'COS(2 (11-7)) 'O*SIN(4*V-9*Y)
1750 L.L-8"'SIN(T-2'Z) -8*CO(2*1iT) .. CS (2*1-7) .8*COU T-Z)
1760 L'.L-8*81N(2*X-T) e7*81N(2*1iY) -7*CCU (12*7) -7*COS (2*Y)
1770 L-L-G.TJ*SIN (4*V- 10*) .6.TJ*CO (4- 10Y) ''TJ *BIN (2 *V-G7)
1780 LOL-61N(3*W-7Y) -5*cOU(3. (1-7)) -6*C0S(2* (T-Z) ) **81(3*W-4*Y)
1790 L=L.5*IIN(2*V-7*Y) .4*6T (3. (W-Y) ) 4.811(3*1-5.7)
1800 L.Le4* Tj*COS (V-2*7) +3*TJ *COB(2*V-4*Y) +3*COS (2tV-G*Y.3* Z)
1810 L.L-3*TJIN(2*I).3*TJ*COS(2.W-6SY) -3*rJ*Cosc2*x)

* 1820 L-L.3*CGS (3*11-7*7) +3*C06 (4*1-9*7) 4.3*SIN(3*W-G*Y)
1830 L-L+3*SIN (2*V-Y) +3*8IN (V-4*Y) +2 *COS (3* (Y-Z))
1840 L'L.2*TJ*8Th(W-2*Y).2*81N(4*Y) -2*COS(3*W-4*Y)

*1850 L-L-2*COS(2*W-T)-2*SIN(2*W-7*Y.3*Z)42*COS(V-4*Y)42*C08(4*V-11*7)
*1860 L=L-2*SINCT-Z)

1870 34297*BfICT) -3346'.COS(T) .462*613(2*Y) -189'C0S(2*7)*185
1880 Bm=e'T9*TJ*COSMT-71*COS(2'.V-4*Y) ,46*SIN(2*W-G*Y)
1890 3~mB-45*COS(2*V-6*Y)29*flI(3*Y) -20*COS(2*W-3*7)

*1900 5.3.+18*TJ*SIN(Y)-14*C08(2*V-5*Y) -11.C08(3*Y)-10.TJ
* 1910 B.D+g*SfI(V-3*Y)'8*BIN(W-y) -6*B1N(2*V-34'Y) .5*8Th(2*.'-7*Y)

1920 3.DB-6*COS(2*W-7*T) .4*813(2*1-5*7) -4*TJ.SIN(2*Y)
* 1930 8-ED-3'COS (1-Y) 3*C08 (w-3*T) 3* TJ*BIN(2*W-4*Y)

1940 lB3*61N(W-2*).2*61N(4*Y)-2*COIS(2*(W-Y))
1950 319774-632S2*C0U(Y)-1878*SIN(2*V-4*Y)-1482.C03(2*Y)

* ~IW 1960 t'817SIN(V-Y) -639*COU (1-2*7) -624*T3.SIN (7)
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197 34.349*1N(2*V-5*Y) ,347D1N(2*V-6*Y) ,328*TJ*COS(1)
196 1-I-2258IIYm.14.c03(2V-*Y) -126*c0(2* (V-Y))
1990 3m1,104*COEV-T),101*cO8(2.W-6.fl .08*CO(W-3*Y)
2000 3m-73*c08(2.V-3*Y) -62'.COU(3"T) .42*81N(2'Y-3*Z)
2010 b4.+41*IIN(2s (1-f) -40*IN(V-3*Y) +40eC01 (2*V-4*Y)
2020 34-28TJ-236IN(V)208IN(2*V-7*Y)
2030 LuL*8D:Dfl*8D:LmL:B M
2040 N(5)-4.54741000000001:EC(5).055 402 0000 -- :M(5)mh(22)
2060 AP()-( (9 .7842-04*TJ.1 .0622069) *T3.338 .3077722) *RD: IN(5)-2. 488*ID
2000 A().((-1. 2181-4*TJ.873195140001)*TJ+112.7903889)*RD:

31(5) -3498.5
2070 00805 190: ZP-A: ETUU
2080.
2090 CIJ :INPUT OYEAR(4 DIGITB) 0 ;1
2110 INPUT IMONTH Un 4;X
2130 INPUT DAY OF THE MONTE 0;1
2150 INPUT mZULU TIM (IIB) m;T$:GOSUB 420:UTX
2170 INPUT OLAT (DD.WB) (ilM/-$) O;VS:GOSU 420:LTIX
2190 INPUT OLON (DDD.N181) (.1/-E) m;V$:008U3 420:LGZl
2210 INPUT OTDW (DIG CELSIUS) *;DC
2230 INPT OPIUUURE (NIllI3AU) * ; M

2250 JD.367*K-flrT(7*(ItINT((MO)/12) )/4) .INT(275*I((9).1e1721013.5s
2260 CUS
2270 TJ.(JD-2415020)/36625 :DT~I . 94*TJ-16: TS.JD-2451545.DT/3600/24
2280 TO-I/36525:TS-TS.UT/24 TJ-TS/3652541
2290 TM-(UT):O:IF DT-OTMN TN=-(TDT):@
2300 00803 490
2310 Ml-(2. 586221-05*70.2400. 051336) * TO. 69737460000001 +1. 002737909.UT
2320 )lO'2: GMFNM (CM) :GB==-. .00020*81N (AM)
2330 DL (-1M.23-. 02 * TJ) *SIN(A (5)) -1. 27*8IN (2*A(M)4 .21*BIN (2 *A(6))
2340 DL-4L-.2*8I(2A()):DL'DL/300e3D:3D1 DLNUTATION OF LONGITUDE
2350 ODE((.00181e'T-. 0059) *TJ-46.845) *TJ84428.26O.21 *COB(AC(5)) L
2360 OE-x(OE+..52*CCO(2*A(7))) *6D
2370 FUR 110T0 5:01 N1141008 620,730,1110,1220,1360,16120
2380 IF NU.OR Nal1THU IaII:TTHR:Z:IF NIT1i U tO:YuO:W0m:GT 2410
2390 IF NOTM0 U=UU:V VH:V4H:X8.X:YSYT:ZBZ:UU:VY:VSV:GTO 2410
2400 1.18.11: YnYS.YI : Z48.P: UuU8UI : VVS. VI: 1.18.11
2410 A--DL: GOBS 280
2420 PUINT DN; TRUE POO, TUE EML & 1QN1 OF DATE 'TX$: GOU 320: PRINT L; B
2430 GDI:LlLJ31O: IF OTN LO-L
2440 C1l73.142:ICt/C:WIM VELOITY OF LIGHT
2450 XaX-IC*U:YY-&C*V: Z-Z-DC*V
2460 PUINT :PRINT OAPP POO, TRUE EML & 1Q OF DATE ;THS:

00803 320:PUINT L;B
2470 A--O:0080 290:00803 320:LPL:BP3B:IF N-OTM0 LB-L:383
24.60 LOL/15
2490 PUINT :PINT 'APP POO, TRUE EQU E Q11 (IF DATE ;TMSPRINT L;D
25M 00 IO36: GNFNM(15* (08-0)
2510 PUINT :PRINT 8GREENVICH HOUR ANGLE & DECL O;TM$
2520 XmG:G0803B 360:L*=V*:XB:GOB 360:PUINT L$+"';SPC(3); V*.1-.
2630 LlI(GI-LG)*RD: CLCO8(LI) :SL4IN(LH): D-if*3D: SB=BIN(BD): :CWS(BD)
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2540 LDoLT*U :au'CO(LD) EZ'41N(LD):XnM6*854(*CB*CL: OGEZ 150:
A~UAL-AB/IID

* 2550 Y--CB*8L : XuB*X-a*Iz*CL:MGSU 120: AZ'A2/]tD
2560 PUNT :P117 'ALTITUK a m;AL;:X'AL:GOWIB 300:PUNT SPC();VY4sl
2W65 PlIN IAZIMMT a O;AZ;:IAZ:WOS 360:PUnff SC();V$m

* ~2570 aN MMBU 70,27902780,2800,2870

26M IT wITCNPUNT m MO10AGE s*A0O DAYS
220M I PTI N'.345.8 :3.7/NO-10:NT * 2 ;S *(N(S).)

2630 I.*(IeSINLA9)/D):PfLIT 0 OD AUG u's;STI* m(S))4
2640 I'.cOSAh)/D:GO3U 150:PA=AB/UD*60
265 PUN OP IN A w O;STI(FU(PA))''l
2660 l37u/TAN( (AL.7.31/(AL144.*4))*3D)
28'T0 URF*(CO-80)/930)/(I.OOOO*(1F39)*(DC-10))
2680 lVWI- .06*SIN((14.7*31e13)4BD) :NMinO:SFUFU(IF)
269 P&M 13IAMTOI a O;STU$(B1) 'l

2700 GO8B 2720:CLB :NEXT N:G070 2090
2710
2720 P1.111 :P~iT mPRZU C TO CONTIuE
2730 C*-DIIZT :17 C~wOOTID 2730
2740 IF C~mCTM I RTUI
2760 GO0102730

* 2770
2780 onldINOPD) *S111(BP.3D) i<CO(Ns3D) *CGS (Bp*StD) *CGS( (B- LP) *RD)
2790 XCD:GOSUD 100:YIZUI1(LC: Z.GD-UCD: 0090 120:PA'ABSCA2/ID)
2800 03 MOT0O 2810,2840,2850
2810 K(1eCO(A2))/2:BNISIN((LO-Ll)*RD) :XBQRI) :00KB 150
2820 A"2. 53*AB/PI:r IF SN)0 AG-29. 53-AG
2830 NO'100:I.Fn(I) :NOUI:AG-mCLG) :11701
2840 NG.m(PA*PA*4. 247E-074 .01322) *PAi2. 1715*LODG(GD*RP)-4 :117013
2850 NC0-.01486*PAI2. 17164L00(GD*IP)-1 .3:117015M
2860 NO-2.1715*LOG(GDsIP-8. 93: RETURN
2870 D0'(l68. 1176e1.394091*TJ)*ID:Illu(2S.0743-.0127991*TJ)*RD

*2880 NN(( 242202*TJe3. 08590) T24 126. 3M2) *D
2890 lU-((. 0171656*TJ-. 4649142) *Ta+.o912936) *RD
2900 S0u(-.239992*T-2.731279)*1TI42.92039
2910 C5-CS(Bg) : YSBIN(II) aSIN(D9).,CO(II) 4*D*IN(9-B)
2920 IwC*CS(L-BO):GSUlB 120:UPOA2/ED
2930 D.DP*D: (O(D): :5561NM(D :SJ-SINCJJ): CJ-COS(JJ)
2940 AGLP*RD-NN: BN-SIN (AG)

* 2950 Y83J*SB4CJ*CB*BN: IuCB*CO8 (AG): GOMMD 120: UU-A2/ILD
2970 fl~u8J*CD*UN-CJ*5
2960 10;-2. 1715*LOG(GDRP)-8. 68+.044*AJU(UP4UO-UU)-2 .6.ABU(BB)'1 . 2*83B*BB

*29903RETURN
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D. Program Anotation-NAVEPHEM

Line(s) Use
30 P2 = /2, PI =r, TP= 2r, RD = deree-to--radian conversion.
40 EK = Sun's gravitational constant. MB$ = atmospheric pressure in millibar's

(1010 is the default value), DC$ = temperature in degrees Celsius (10 is the
default value).

50 FNA converts angls in revolutions to degrees between 0 and 2r, FNR rounds
to the nearest MO.

60 F qis the X modulus MO function.
70-80 B$ is an army of planet names.

90 GOTO 209o to commence execution.
120 Two argument arctangent function with output interval of 0 to 2r. The -IE,-9

must be replaced by +1E-9 in the PC-1500A.
150 The arcaine function can be replaced inline by the ASN function, in the PC-

1&JOA.

160 The arccosine function can be replaced inline by the ACS function in the PC-
I60OA.-

190-200 Unscale the radius vector by a factor of 1E5. Convert spherical coordinates to -
rectangular coordinates.

210 Return if the body is the moon.
220-260 MU is the reduced mas of the body. Compute the approximate heliocentric

velocity vector of the body.
280 Z-ais rotation.
290 X-axis rotation.

320-330 Convert rectangular coordinates to spherical coordinates. L = longitude, B =
latitude and R = distance.

360-390 Convert decimal degrees to degrees, minutes and tenth minute notation.
420-460 Convert DDD.MMSS or HH.)MMS format to decimal
490-00 Compute the fundamental planetary arguments [Ref. 10].
620-720 Compute the geocentric spherical position and velocity of the Sun. Convert to

geocentric rectangular.
720-1100 Compute the geocentric spherical and rectangular coordinates of the Moon.

1110-1210 Compute the heliocentric spherical position and velocity of Venus. Convert to
heliocentric rectangular.

1220-1350 Compute the heliocentric spherical position and velocity of Mars. Convert to
heliocentric rectangular.

1360-1610 Compute the heliocentric spherical position and velocity of Jupiter. Convert
to heliocentric rectangular.

1620-2070 Compute the heliocentric spherical position and velocity of Saturn. Convert to
heliocentric rectangular. Saturn's longitude and latitude are saved as L9 and
B9 on line 2030.

2090-2240 Input prompts should be designed so that default values or previously entered
values are displayed. Pressing the return key will input a displayed value. If
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any value is changed, then the cadre value must be keyed in. This feature
had to be removed on the TRS-80 Model-4 version since it was difficult to
implement.

2250 Computation of the Julian Day Number.
2270 TJ = number of Julian centuries from noon, January 0, 1900 to midnight of

input date. DT = AT correction factor. [NOTE: This equation should be
examined for accuracy yearly-see text]. TS = number of Julian days from
noon, January 1, 2000 to 0000 hours Universal Time of the input date.

2280 TO = number of Julian centuries from noon, January 1, 2000 to 0000 hours -

Universal Time (UT) of the input date. TS = number of Julian days from
noon, January 1, 2000 to the input date and time. TJ = number of Julian
centuries from noon, January 0, 1900 to the input date and time.

2290 If the AT correction is set to zero, then the positions are referenced to TDT
(terrest i dynamic time) rather than to UT.

2300 Compute fundamental arguments.
2310 GM = Greenwich Mean Sidereal Time.
2320 GS = Greenwich Apparent Sidereal Time.

2330-2340 DL = nutation of longitude.
2350-2360 OB = obliquity of the ecliptic corrected for nutation.

2370 FOR loop to cycle through Sun, Moon and planets. N = body number. The
loop ends on line 2700.

2380 X, Y and Z are the geocentric coordinates of the Sun or the Moon. Set the
velocity components of the Moon equal to zero.

2390 Save the position (XS, YS & ZS) and velocity (US, VS & WS) components of
the Sun.

2400 Compute the geocentric position and velocity components of the Nth planet.
2410 Correct position for nutation.
2420 Display true position for the true ecliptic and equinox of date.
2430 Save true distance GD, longitude LI, latitude BI and solar longitude LO.

2440-2450 Correct position for aberration (light time).
2460 Display apparent position for the true ecliptic and equinox of date.
2470 Convert ecliptic coordinates to equatorial coordinate. Save the right ascension

LP and declination BP of the body. For the Sun, save right ascension and
declination as LS and BS.

2480 Convert right ascension from degrees to hours.
2490 Display apparent position for the true equator and equinox of date.
250 GH = Greenwich Hour angle.

2510-2520 Display Greenwich Hour angle and declination.
2530-2565 Compute and display the altitude and asimuth. The altitude is saved as A9 on

line 2540.
2570 Subroutine call for N = 1 through 5.
2580 Display the Moon's phase and age.
2500 Display the planet's magnitude.
2600 Compute and display the Sun's sernidiameter [Ref. 2, pg. B16].
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2610 Transfer if the body is not the Moon.
2620 Compute and display the Moon's semidiameter [Re. 2, pg. B161.
2630 Compute and display the Moon's augmented semidiameter [Ref. 2, pg. B161.

2640-2650 Compute and display the Moon's parallax in altitude [Ref. 2, pg. B16J.
2660-2690 Compute and display the refraction correction at the body's altitude [Ref. 2,

. pp. B14-B15].
2700 Continue prompt. End of FOR-NEXT loop on body number N.

2720-2760 Continue prompt query.
2780-2790 Compute the phase angle PA. CD is the cosine of the elongation [Ref. 4,

pg. 3121.
2800 Transfer for the Moon, Venus or Mar.
2810 Compute the Moon's phase angle K [Ref. 4, pg. 311].
2820 AG is an approximation to the Moon's age developed by the author.
2830 Round the Moon's age to the nearest day and return.
2840 MG is the magnitude of Venus [Ref. 4, pg. 3141.
2850 MG is the magnitude of Mars [Ref. 4, pg. 314].
2860 MG is the magnitude of Jupiter [Ref. 4, pg. 314].

2870-2980 Compute the magnitude MG of Saturn. This computation is complicated by
the varying aspect of Saturn's rings. Details follow.

2870-29W0 Computation of the ring's ascending node BO, inclination HI, right ascension
NN, inclination to the mean equator JJ and arc SO from NN to BO. These
equations result from curve fitting the table in Reference 4, page 365.

2910-2920 Computation of UP = U' [Ref. 4, pg. 364].
2930-2970 Computation of UU = U and BB = sin B [Ref. 4, pg. 345].

2980 MG is the magnitude of Saturn [Ref. 4, pg. 314].
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APPENDIL The QATN PAmction ".

This routine in the standard arctangent function corrected for quadrant. The quadrant arc-
tangent function is occaaionally implemented as the ATAN2 function, the ANGLE function
or the Rectangular-to-Polar function.

Entering variables are the z- and y-coordinates, X and Y. The exiting variable is
the angle e, where -r < 8< r. Use of the quadrant arctangent function is denoted by
e - qatn(Y, X).

1. If X 0, go to step 4.
2. Set e = (C/2) • sn(Y).
3. Go to step 8.
4. Set 0 = arctan(Y/X).
5. IfX > O, go to step 8.
6. Set = e+r*sgn(Y).
7. IfY =0, set 1= r.
8. Return.

Note:
If Y > 0 then sgn(Y) +1.
If Y = 0 then agn(Y) =0.
If Y < 0 then sgn(Y) -1.

Users of Microsoft BASIC can simpify the qatn function significantly by using the code
given below. To return an angle of 0 (designated by A in the code) in the range of (-r, w),
use:

PI - 4*ATNi(): TP - PI + PI: EPS I IE-33
A - ATN(Y/(X-EPS*(X-O))) - PI*(X<O)*(SGN(Y) - (Y-O))

To return a value of A in the range of (0, 2"), use:

PI - 4*ATN(I): TP - PI + PI: EPS - UE-33

A = AT(Y/(X-EPS*(X-O))) - PI*(X<O) + TP*(X >= O)*(Y<O)
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