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ABSTRACT

Methods are investigated which apply to the conversion of latitude, longitude
and height to cartesian coordinates in a plane tangent to the earth's surface in
conneution with onboard missile targeting, The criterion for the usefulness of
the method is the error in the north ard east coordinate with reference to
Clarke's spheroid 1866, This error is determined as a function of ve..tor length
and azimuth for the spherical earth model referenced to the mean geodetic
latitude at White Sands Missile Range utilizing a program prepared for a pro-
grammable 2lectronic desk calculator (Marchant 1016 PR), An approximation
of geocentric latitude is used in the program. It is explaired hov the error in-
herent to the spherical «arth model can be reduced applying a certain correction,
An expression for computing the reference coordinates in a plane tangert to the
ecarth spheroid is derived which requires less rnumerical effort than the standard
procedure,
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SECTION 1

INTRODUCTION

Approximations for Converting
Geodetic to Cartesian Coordinates

The purpose of a study related to the SRAM project was to simplify cal-
culations for the post-flight evaluation of trajectory data and to reduce tf

number of numericai operations so that a programmable desk calculator could

be used for the computations. Of primary interest was the process used to

convert geodetic da*a of latitude, longitude and height to cartesian coordinates
in a plane tangent to the surface of the earth, The Marchant Calculator, Model

PR 1016, was available for these calculations and it was required that position

fixes and target range computations performed during the flight of a B-52 air-

craft be examined on the ground to obtain 'quick-~look' information revealing the

accuracy of the onboard computations. This calc-ulator had to be utilized to save

the "turn-around' time spent in waiting for the results of a large electronic

computer (CDC-3500),

To find an adequate procedure, conversion methods had to be compared with
respect to their accuracy and a compromise m.ude between the complexity of

the calculations and the accﬁracy of the final results, Known approximatiors

had to be examined and their limitations with respect to the maximum range be-

tween the fixed point or target and the aircraft had to be determined. The goal

was to implement the calculator with a program capable of corverting geo-
detic data to tangent plane data with an accuracy equivalent to a few feet com-
pared to the solution of using a spheroidal earth model which was assumed to

yield the exact solution. A specific question was then, up to what maximum

range the spherical earth model would be adequate in this respect.

Target ranges in the White Sands test area barely exceed 100 nautical




miles; however, because of the significance of this subject, errors caused by

some approximations were calculated for ranges up to 700 nautical miles. These
ranges or distances between the aircraft and targets are calculated to determine
the ''range-to-go', which is derived from the output of the inertial platform sen=~
sors and the known target coordinates,

Since information about approximations for the required convereion process
are scattered in the literature, the more important expressions related to this

subject are reviewed and, in some cases, derived.

T T A R

R A




SECTION 1I
METHODS FOR THE CONVERSION PROCESS

It 18 standard practice to calculate positior differences of ar. aircrait w:th
respect to a ground target in cartesian coordinates, To relate the two positions
to each other, it is necessary to convert the geodetic survey data of the target
into cartesian coordinates of the platform system or vice versa, Normally a
north/east orientation is used as a reference, and a deviation of the platform
axes from this orientation is taken into account; results are presented with com-
ponents in north and east direction counted positive which are called Ry or X
and Rp or Y hereafter. Of less interest here is the Z component which may be
computed but can also be found from the altitude measurement of the onboard
radar altimeter combined with information of terrain altitude.

In the following, it is assumed, unless otherwise stated, that the point on
the earth's surface is at a mean sea level, The models investigated with respect
to their accuracy are:

Circular arcs in north/south and east/west direction and
Spherical earth with geocentric radius derived from the mean
latitude of the two points.

The spheroidal earth model with major and minor axes specified for the
basic ellipse serves as a reference to determine the error of the results de-
rived both from circular arcs and spherical earth, It is noted that the spheroidal
earth model is also an approximation, but it best approx:mates the actual carth
shape,

a, Circular-arc Approximations

Circular arcs can be approximated using either geodetic or geocentric
quan:ities for the earth radius and for latitude. Based on geodetic quantities the
equations for the north range Ry and for the east range R in the local tangent

plane are
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Ry = X = Rgod, (la)

Rg = = Rgcosd M (1o
where
Rg = geodetic earth radius
Aég’ = (3ge - &g, ) radians
s» = (Az -1;) radians
bg = (¥gy + 8g)/2

‘ g1, #ge are the geodetic latitudes and X,, ), the longitudes of point 1 and 2
respectively.

From standard text books (for instance, reference 7):

Rg = Req!l - easin"'ég)‘%
where
Req = equatorial radius of the earth
€ = eccentricity of the earth ellipse

Equation (1b) is a valid approximation and ~an be used for quick estimates; (la)
should not be used because it is not a valid expression and leads to significant
errors for values above 200 feet., In this context a few feet are considered as a
tolerable error, Equation (la) is mentioned here because it is occasionally used
for quick-look estimates, with A$g and Rg being readily available. The error is
shown for some typical values of Ry in the section on ''Numerical Examples'’;
values of X(=Ry) computed from (la) are designated as "approximation 1",

Selecting a certain earth model, the equatorial radius Req and the polar radius
Rpol of the earth are given and can be used to compute the eccentricity ¢ which is
defired by

& = 1 =(Rpol/Reg)” (2)
A secord approximation for X uses the mean geocentric earth radius R¢ and

geocentric latitudes $.:

X = RCA‘:’C (33)
where
A§c - §ca 3o,




(3a) ie a valid approximation of X and is adequate for a wider range comparad to

X computed from (la), provided the two points are on the same meridiar,

Rccosde
ﬁ(\‘
| Y

Geocentric and Geo-letic Earth Radius
Figure 1

The corresponding expression for the east/west component Rg

R = Y = Rcagcosdcy A (3b)
is equivalent to equaticn (1b), This can be seen from figure 1, since

Rgcosdc = Rgcoség

Both (1b) and (3b) represent valid approximations of the east range Rp for twe
points on the same parallel. The accuracy of the approximations is limited by:

AY = Regcosdeg (AL - sinph)
The equation

Y Rcycosdca sindh (3.)

is exact for all earth models described here,
The computation of X from (3a) and Y {rom (3b) or (3¢) requires the values

of R¢ and ¥¢: they can be obtained from equations in standard textbooks, For

instance, from reference 4:

-

Rc = Reg(cos®éc + (Req/Rpol)¥sinic]”
L
= Reqll + sin®#c[(Req/Rpot)” - 11172 (4a)
and using (2) we obtain
e’ -1
R, = Reqll+ 3 sin®$.)72 (4b)
5




The gencentric latitude 3, can be computed from

§. = arc tan[(Rpol/Req)ataanJ (5a)
Equation (5a) 1s exact and is found in reference 4, 3§, €an also be obtained by
applying the small angle approximation to tan($. - §g) and then expaanding in a power

series, This is done in appendix A and the first two terms of the expansion are

' dc - 8g - - 0.19390737sin23g - 0.00131249sin23gsin” g (5b)

where §. and Qg are in degrees,

Two other forms of this series are given in references 2 and 3, One can
derive the series of reference 3 by manipulating equation /5b) so that the second
term in (5b) disappears for cne particular value of %g. This is described in

appendix A, Choosing 33" for this particular value of 'I)g yields:

:
:
3

$c - %g = - 0,19429670s:n2%g + 0.00038933(1-3, 371184sin® dg)sin2ég (5¢)
(Corresponding to equation (A7) in appendix A).

If one neglects the second term of (5c) one finds an improved approximation of
(8c - ¢g) compared to a one-term-only solution of (5b). This improvement is ob-
tained of course for the specific value of Qg and to some degree also for values of
$ in the neighborhood of the specific value., Since the mean geodetic latitude at

g
WSMR was 33° or close to 33° for those target ranges, which were evaluated, this

number was considered adequate as basis for the one-term approximation,

e -8 - - 0.19429670sin2dg {*d)
which follows from (5¢),

The values of X and Y from equations (3a) and (3b) can now be computed pro-
vided the geode tio lat:tudes ég are given, Exampl;—s are discussed 'n the sectoon

"Numerical Examples . Equation (d) was used to compuie £_ 1n equatior (3a) ard

<
1 (3b) and the approximations for X and Y fourd ir this way are referred to as
approximation 27, The errors caused by the unr-term approximation are plotted
n higure 2 tor 307 and 3.

npra.tiie, another procedure (s more frequently used to estimate the length
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of an arc of a meridian or a parallel, and this estimate in turn islused for approxi=
mating north or east components in the local tangent plane, This is the raethod of
using precalculated scaled factors of distance in feet per angular degrees or per arc
minute, These scale factors can be derived from a spheroidal model of the earth
and computed as functions of geodetic latitude, In figure 3 and tables 1 and 2, these
factors are presented both for arcs in latitude and longitude based on Clarke's
spheroid of 1866, They were found by converting a one-arc-minute difference in
latitude or longitude respectively to tangent plane coordinates, As a result, the
following expressions can be used for a geodetic latitude of 33° to estimate the

north/south (X) and east/west (Y) coordinates in a tangent plane system,

X = 6064, lA_Qg (ba)
Y = 6093, 20Acos33’ (6b)
where A8 and AX are in minutes of arc, or
X = 363848 04, (6c)
Y = 36559241 cos33° (6d)
= 3066114)

where Adg and A) are in degrees.

It is emphasized here that equations (3a), (3b), (6a}, (6b), (6c) and (6d) are valid
approximations only if the two points of interest are located on the same meridian,
or or. the same parallel, respectively, The error caused by not being on the same
meridian or parallel depends on the value of the angular difference. This Limitation
is related to the subject of the next section.

b. Spherical Earth Approximation

A better approximation is obtained by using a spherical earth model with
a radius R, equal to the geocentric radius which is computed as the mean of the
geocentri- radii of the two particular points of the surface of the earth, The ox-
pressicns for the north and east components of the distance between two points 1n

the local tangent plarc are then derived from figure 4 as follows:
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- ' Point 1
\R'N \'J
(Rc+hg Jeindy %
)
A

(R.+hg Jcosly cosAn

(Rethg )cosdycospitand,

J
“Rethg \Vertical plane
through Ay -meridian
ax ' Poirt !
L |
i
R, ,
— { /
(R.+h,1v0sdy Pows 2 /
X Equatorial plar-
{R k. icosd

Figure 4. Spher zal FEarth Model




TABLE

FEET PER DEGREE AND PER ARC M!NUTE AS FUNCT'ON
OF LATITUDE FOR CLARKE'S 8+ SPHERO'D

Feet per Foet por
Degree of Arc Mirute of
Degree Geodetic Latitude Geodet_« Lat.tude
0 162, 760 604€, 0
i0 362,874 +047.9
20 363,192 6053.2
30 3¢3,684 ECLl. 4
33 3163, 148 €0t4, 1
40 364,230 e€r-i.s
50 3¢4,932 6GR2.2
60 3¢5,538 £C9Z. 2}
70 3e€, 03¢ tlcn, v
) ’80 e 30 AR I ¢

390 3ee 474 P.CT.9
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FEET PER DEGREE AND PER ARC MINUTE OF LONGITUDE

20
30

33

40
50
60
70
80

90

Table II

FOR CLARKE'S 1866 SPHEROID

Feet per
Degree of Longitude

365, 225
359, 713
343,334
316, 562

306,611

280,170
235,230
183,078
125,289

63,650

0

12

Feet per Arc
_Minute of Longitude

6087,

1

5995.2

5722,
5276.

5110,

4669,
3920.
3051,
2088.

1060,

0

3

0




It can be seen in this figure that Ry is the base and
(R¢ + hy)sing, - (R¢ + hg)cosi, cosartand,
is the hypotenuse of a right triangle with the angle §; betweern base arnd hypoter.-
use, Note that the angles §; and $; represent geocentr:c latitudes and R. is

the mean geocentric radius:

Therefore
X = Ry = cosd[(Rc+hy)sind; - (Rc + hy)tand, cosd;cosad]
where
A = Aa - My
or
Ry = (Rc + hg )(cosd, sindy - sind; cosd; coslhr) (7a)

Setting AA = 0, under the assumption that the two points are on the same mer:diar,
one obtains as can be expected

Ry = (Re:t hy)sin($y - &) (7b)

Only for small angular differences (§; - §;) and hy = 0 does this equation
yield approximately the same results as equatior (3a) which indicates the limit-
ation of the circular-arc approximation. The east component R, is
Y = | Rp = (Rt hg)cosd, sinAd (7¢)

Where Reg is the geocentric radius of point 2.
Equation (7c) yields an approximation for Y with errors dependirg on the value of h,.
The exact value of Y is found from

Y = Rp = (Rcpcosd; + hgcosdg,y)sina) (74)

It is noted here that the expression for the north comporent (7a) is ar. approxi=-
mation because of the use of a spherical earth model to represent an €llipti~al
earth; but (7d) is an exact expression for the calculation of the east comporent of
the range. It is noteworthy also that (7d) uses the geocentric radius at point 2.
Rcy, instead of the mean geocentric radius Re which is used in (7a).

In many practical cases, equation (7a) is accurate enough and its simplicity
makes computation possible on a small programmable electronic desk calculator.
An example cf the program which was prepared for the Marchant 1016 PR is listed

in appendix B. The program consists of four parts each of which is recorded

13




B R R TR

T e h . 1 £

on a separate magnetic tape*. These tapes are read into the core memory

sequentially and require four quantities as manual input:

le =

dge
AN =
he =

Geodetic latitude (in degrecs) of point 1
Geodetic latitude (in degrees) of point 2
A2 - Xy (in degrees)

Height of point 2 in feet (multiplied by a scale factor of 10-8).

Typical values of X and Y were calculated from equations (7a) and (7c) or (7d)

respectively and the results are discussed in the section "Numerical Examples'',

When the approximated geocentric latitudes §. from equation (5d) are used to com-

pute X and Y the approximations are referred to as "approximation 3'; when the

exact value of . from equation (5a) is inserted into equations (7a), (7c) or (7d)

the values of X and Y are referred to as ""approximation 4'', With this arrange-

ment the approximations are easy to distinguish. Those designated with higher

numbers should produce more accurate results with respect to the earth spheroid.

A simple relationship (7e) can be used to approximate the Z component of the

vector connecting point 1 and 2:

I

Z

X

Y =

[(Reg + By)? - X2 = Y21% - (R, 4+ by) (7e)
Ry
Rg

Note that (7e) is not ar exact equation since the heights h, and hy do not form a

straight line with R, and Ry respectively; however, this approximation is accu-

rate enough for the applications considered here, For higher accuracy require-

ments the Z component also referred to as R, should be derived from the

spheroidal earth model.

c¢. Spheroidal Earth Model

The most accurate estimate of position differences is obtained by applying

a spheroidal or cllipsoidal model of the earth in the coordinate transformation

process,

ES

Frequently used models are Clarke's spheroid of 1866 and Hayford's

With minor manipulations explained in appendix B the program can be

recorded on 3 tapes,

14
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spheroid of 1910, also called the international spheroid, Improved ecarth model
parameters were recently (1966) derived by the Smithsoriar Astrophysical
Observatory (SAQ) from earth satellite data, The model is referred to later ir
the text as SAO spheroid. The equatorial and polar radius for these three

models are as follows:

Rqlit) Rpo1(ft)

Clarke's spheroid 20,925, 832 20, 854, 892
Hayford's spheroid 20,926,470 20,856,010
SAO spheroid 20,925,738 20, 855,576

Derived from Rp] and Req are by definition the ellipticity E = 1 - Rpol/Req ard
1 ,
the eccentricity ¢ = [1 = Rpol/Req)a] 2, which are listed below together with ¢°

2
and the frequently used term -i?-

1
E € e? e?/(2-¢?)
Clarke's spheroid 1/295 ,082271770 ,0067686441 ,0068147708
Hayford's spheroid 1/297 .08199218 ,0067227183 ,0067€81701
SAO spheréid 1/298.25 .08182018 .0066945419 ,0067396608

Geodetic survey data of targets, impact locations and radar sites, etc., at WSMR
are in general based on Clarke's sphéroid of 1866 and the latter is used in con-
nection with numerical examples discussed later, There are two ways to ~om-
pute the north and east components of the range hetween two poirts from giver
geodetic data, First, the ''classical' or conveational procedure consisting of
the conversion from geodetic to earth-centered coordinates, followed by a
translation and rotation of the coordinates., Secord, relatively simple explicat
formulae can be derived for X, Y and Z, also called RN, RE and RZ ir the text,
The classical method is descrited as follows:

The given geodetic coordinates of point ore and two are converted to earth-
centered cartesian system (ecs) which is a left-handed system. The coordinates

of point two are translated to point one as new origin which yields:

15




Xp - Xecsa = Xecs:
Yp = Yecsa - Yecsy
ZD = Zocss = Zecs:

These coordirates are rotated three times to obtain the final set of cartesian
coordinates in the local tangent plane., The conversion process 1s described in
more detail in appendix C, Statements of a FORTRAN program based on this
procedure are included in appendix D,

The other procedure, mentioned above, for converting geodetic data to
local tangent plane coordinates is described next, It utilizes in a straight-
forward manner the geometry of the ellipse representing the earth and of the
cartesian coordinates connecting the two points of interest. Similarly as for
the spherical earth model in figure 4, point 2 and straight lire connections
through point 2 are shown in figure 5 projected into the vertical plane through
the meridian on which point 1 is located. Ia the derivation of the expression for
Ry the two equations of the vertical and horizontal cartecian coordinates Ry

and RH are used as follows:

Ry =  Rg(l - ¢®)sindy (9a)

Ry RgCOSQg (9b)

Equation (9b) can be derived from figure 5 readily and equation (9a) is found by

inserting (9b) irto the expression for tané.

RV ba
tan@c = —EI:I- B 3—3 tanég (9(.)
which yields
b° ,
Rv =z = Rgsm§g

The expressions for Ry and Rz can be found from figure 5 which shows that Ry
is the base and
H = (Rg + hy)sindy - ¢®(Rgsiné; - R, sind,)
- (Rg + hg)coad; cosaitand, (94,
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is the hypotenuse of a right triangle with 8, being the angle between base and
nvpotenuse. Therefrre
RN = (Rg + hg)(cosd, sind; - sind; cosd; coslhh)
- €®(Rg sind; - R;sind; )cosd, (9e)
As can be expected, this formula is similar to the expression for Ry which was
derived from spherical earth (7c) using the mean geocentric radius. Since (9¢)
is based on the elliptical earth model utilizing the geodetic radii R; and Ry and
the geodetic latitude §;, and §;, an additional term must be applied. This term,
the s~cond part of (9¢), accounts for the distance between the centers of the
radii ¢®(Rg sindy - R, sind; ). The expression for Ry is found as
Rz = Ry +h; = [(Rg + hy)coszcosdl/cosd; + RNtand, ] (9f)
The equation for Rp (9g) is equivalent to equation (7c) with the geodetic radius
Rg and gecdetic latitude §; used instead of the corresponding geocentric data:
Rg - (Ra + hg )cosd, 8injd {9g)
To compare the two procedures described above for the computation of the
LTP components, ore may count the numerical operations (products, divisions,
dditions, subtractions and squaring) ard the subroutine entries. Under the
assumption that 'n either case, as is usual, the geodetic coordinates of the two
points ar« giver, 't is tourd in this way that the second procedure requires
32 op~rations including 7 trigonometric functions
ard 2 square ruots fo compute RN ard Rp.

and ir add:tion
€ oprrations te compute Ry,

The form-r pro «dure requires a mir.mum of
4> operations “roluding 8 trigonometric functions
arc 2 square roots to ~omput: Ry and Rp

and ‘n addition

° operations to compute Ry,
Lecal Targert Flare
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A double precision version of the former program was used as reference
for investigating the accuracy of the two programs. It was fourd that the
second program, the new version, yields slightly more accurate resuits
because fewer operations are involved., The difference was more pronounced
for the Z component than for the X component, and more for the X _omponent
than for the Y component. Results for Ry obtained from the new version agree
to 9 decimal places with the double precision results, v'hereas the older
procedure leads tn an agreement of 8 places.

By manipulating the matrix product in equation (C4) of appendix C repre=

senting the classical procedure it can be shown that (C4) leads to «quations

identical with (9e), (9f) and (9g).
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SECTION III
NUMERICAL EXAMPLES

Accuracy limitations of the ciicular arc and of the spherical earth approxima-
tions become evident from numerical examples discussed in this section. The
errors ARy in Ry are preserted in figures 6 through 10 which are made by the 4

approximations defined as follows:

Approximation 1  circular arcs Rgddy

Approximation 2 circular arcs R Aé,

Approximation 3  spherical earth using (5d) for &,

Approximation 4 spherical earth using (5a) for §.
Those values of Ry served as a reference for all presented errors ARy which wer
computed from equation (9e) based on Clarke's spheroid of 1866 for various ranges
and azimuth angles, These reference values are listed in tables 3 and 4 as functions
of the range Ry (or Rg) and of the azimuth,

The input for the computation is assumed to be given in geodetic coordinates,
latitude ¢ and longitude A in degrees and height h in feet above mean sea level, For
applicatic..s considered in this context, it is adequate to carry six decimal places
for § and A and to use a rounded integer number for h considering a one-foot
accuracy as well within accuracy requirements,

Some details of the computation which apply to approximations 3 and 4 are
clarified first, Neither version computes the mean geocentric radius R, as the
mean of the two geocentric radii R¢y and R¢y which would appear necessary from

a theoretical stardroint; instead R, is derived from the mean geocentric latitude

i |

L.ﬂS

€ 4in?
R, - Rgql+ ] 5 8in"8.) (10a)
-€

[
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Ry; AND Ry FOR CLARKZ'S SFHEROID L84
FUNCTION OF RANGE AND AZIMUTH

Azimuth: 07, <27
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Ry AND Rp FOR CLARKE'S SPHEROD'D [8¢6 AS
FUNCTION OF RANGE AND AZ MUTH

Az:muth: 89", aC

J

, 9.7

Rg Azimuth 89° Azimuth or”
Nautical  43° RN(ft) 88" RN(ft
Miles oh’ REg(it) ar’ Rp(it
60 0.0:75 8430 ¢ 2044
1, 18982 36475 1,19 36484
100 C,G2917 16340 0 R28(
1.98303 €(7798 1.9%3 607889
130 0,04375 28799 0 *289!
2.97455 911396 2,974%  9rle(h
200 0,C5834 44145 G 22913
3,96606 1214667 3,600 125049
400 (i tER 133764 0 9.841
7.922:2 242278 7,912 2424279
500 C,.45%% L 9Ra7R n 142004
9,3.%15 30224%4 9,6 &  3:.248400
* Arprosximate calues tor ravrloal miles
Exa.t vaiucs f‘or 49 ard i+
2% - %gn - ¥g BA - Ay = nq
28

Azimuth 91°

a¢’ RN(ft)
A\’ RE(ft)
-C.0i75 - 4304
1, 18982 354822
=1, 02917 - 4880
1.98303 607998
-0.04375 - 3017
2.97455 911845
-0. 05834 1712
3.9¢60¢ 1215465
-0, 11668 49294
7,93212 2425901
-0, 145853 90239
Q,9:7°% 3027419

.




This simplification produces ar error whi:h is insignlii-ant compared to other
errors, but it substantially reduces the numeri:al effort, The geo entr:.. carth
radius at point 2, Reg, is used to compute the east/vwes! zomro-ecl RE /- oun

Rgp = Rea cosdca sindd (:0t)
This expression is exact and values of Ry computed from (L0b) are .dent! ~al with
those derived from (9g) if the exa.t value of §.5 s used, But ¢«r for aprrovimated
geocentric angles $.3 the value of Rp ~omputed from (10b) agrred for all examples
very closely (the maximum difference {ound was 3.4 feet) with the value of Rp
resulting from approximation 4. Rp wvalues are therefore omitted from further
discussion,

To make various results comparable, th: assumption was made in all cases
that the center of the range between the aircrait and the ground target was at 33~
geodetic latitude. Basically, two parameters have beer varied in the rumerical
examples., These are, first, the length of the range vector for a giver -onstart
azimuth and, second, the azimuth for a giver. constant range vector,

The azimuth A, is the angle between north and the raage vector, counted
positive in clockwise direction. It is computed as ar approximation from angu.ar

data (AX, AQg) instead of from the cartesian coordinates,

A, - arctan 3066118}
36384808,

Six different azimuth angles are corsidered to demorstrate the gereral tehavio- of
Ry 28 function of the range vector length. They are 07, 457
For these angles, Ry was computed from ~quatica (9¢) as fun.tior of the varge:
the results are listed ir. Tables 3 ard 4,

As can be expected, Ry grows nonlirear.y w'th the lergth of ore of the ve -tor
coordinates which is listed in nauti_al miles, The sign of Ry 8 positi e or ne.ga-
tive (same as the sign of A%) and stays so, irdeperdert of the vector iength. An

exception to this rule is found for ar. azimuth slightly larger thar 90° as can be

seen at an angle of 91°. (Table 4), This unusual situatior can be explained as

follows;
29
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The sigrn. of Ry depends ir. this speial case or where point 2 18 located

with respect to a borderline which s defied by

cosd, sirdy - cosdy 8ir§; cosph (1)
This ~quatior. [8 .ourd {rom (7a) by se<tirg Ry C.
If this equatior. 78 satisfied, RN vanishes; :{ 9 .8 not satis..ed, the locaiion of
poirt 2 north or scith determines the s'gr, #-r a 90" azimuihk theveicre, Ry
is a relatively small positive or regative quarntity deperdirg or whether point
2 is west or cast of point 1, respe-tively. In:reasing the vector length and,
as a result, also Ir..reasing Rp for the case o1 a 9:° azimuth, point 2 changes
its position /rom orec side t0 the othe r 8id: of this border line ard RN ~harges
its sign av-ordingly. This situatior has some eftect or ar application dis=
cussed in the rext sectior,

Considering the ac-uracy of vhe cir:ular ar. aprroximation first. it .s found
from {igure 6 that approximation 1 is not adequate for rarges Ry #xzecding 0.%
nautical miles and agproximation 2 i3 restri.ted to ranges Ry up te 33 nautical
miles provided, nt —ourse, that the two points are lo-ated or. the same meridian;
for larger vaiu-s of Ry, ar. error of at least 10 feet is made, If the two points
are not on the sam~ meridian, approximations 3 ard 4 ~an b used over a com-
parati~ely wide Tange to estimate Ry wnth tolerable errors. This is demorst.ated
‘r. figur~s 7 through .0,

Inspect:rg th-se iigures, we tird that as a gene-ral trend for both approxi=-
matior.s of Ry (aprrox mat ons 3 ard 4) the ~rror ORN I8 regative ard its absolute
value grows as a rorY o ear Jurctior with the ve “tox lergth, Its value varies be-
tween 2C ‘eet ard '35 reet at 200 rauny 2} " ea deperdirg or the azimuth argl
ard reaches mo:+ thar ¢0C fevt ar *C0ract: 2l miles, In the reightorhood of 9G7,
the two approx:mavors. ©ard 4, y.o 'd almost idert- . al 3alues: the differerces
are negligible tor pra.t. al purpusis tetves: 89 and 917, Of particular irterest
is the fa t that for the azimuth of 45° the "pocr..r' approximation (3), represertirg
the spher: al varth model, J-ads to a valu~ of Ry mor.. losely resembling the
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value correspending to the spheroidal earth. This, of course, is an effect of
the bias error in the geocentric latitudes derived {rom the trur.-ated equat.on
mentioned earlier,
More information on the tehavior of approximatiors 3 ard 4 I=s fourd irom

figure 10; it shows for a constant vector lergth of about 150 nauti-al miles the

. &Irors RN as functions of the azimuth asgle, The maximum s fourd at 90",
From this diagram, it is also evident that withir. some irterva. between 10° and
40°, approximation 3 yields more accurate values of Ry than approximatior 4.

This includes the case of 45° mentioned earlier,

It is noted that all results of 8Ry; showr in figures 6 through 10 were ob-

tained for an altitude of the target by equal to zero. An ~»periment shosed that
the val:e of hy has no significant effect on ARy. Two values ot hy were ror.-
sidered: hg = 0 and hg = 4000 feet MSL, which is approximately the ele-atior of
the basin of White Sands Missile Range. The effect was 2 feet or less vhen b
was changed from 0 to 4000 feet. As can be seen i~ cyuation (9e), hg doecs ha.«

. an effect on Ry itself, whereas the height of the airplare h; does not.

11




SECTION iV
iIMPROVEMENTS OF THE SPHERICAI, EARTH APPROX!MATIONS

Ar imprcrament of the approximatiors tased on a spherical earth model
(approximatiors 3 and 4 ir the previous sextions) s desirable in the sense that Ry
derived from a s:ightly mndified model, approaches more closely the value of Ry
which is tas~d ox a spheroidal earth model, This is desired over a certain ine
terval of RN values, There may be various ways of achieving this improvement.,

As it has been mentioned earlier, approximation 3 may yield better results in

L
this respect thar approximatior. 4; the improvement is caused in this case by a
Lias error a‘ecting geocentric latitudes, Or.e way which appears practical ard
efi:lent or. account ol some ~-xperiments is described in this section,
Consicering equation (7a), and rewriting It as
E RN = F1 Fg (; 2a)
whers-
; F, = Ret+hg
; Fy : cosdy sind; - cosdy sind; cosph
? it is evid=rt that a2 systematiz or bias type crror either in Fy or F,; or in both may
aifect the —alue of Ry Irtrodu.irg a bias ir. 2 :ontrolled way may lead to the im-
provemesst o the aprros’matior. This has beer dore by adding a correstion term
AR- toc Fy usiog ke lolloaing wguitions:
Fy ’ (Re = hg) + AR
e e
dR ORx;, R eﬂﬁi" (i2b)
R, bvg
A@(R:\,y Toomter e ol predeT late ez Yeswesr noirt - a-d 2.
odo ereosele ted 3§, or vRIF 3Ry IS to be reduced to zero
by adjostme e,
R. mesar geo.~:tri: carth ~adius,
SRy th- e r er to b ad urted o~ ~ompersated,
R, th- ro-sh zcmpar=re of tre tn%a) rarpe “ar whiih ARNJ ]
to be adiuet A4,
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The following numerical example explains the procedure tor iinding wne vaiue ot
AR.. The intention is to make ARy zero at a range Ry of 200 nauti.al miles
for an azimuth angle of 135°, The corresponding, urcompensated «rror ARy
for approximation 3 is found from figure 8b as

ARy = =135 feet
To compensate this error, R, must be reduced by a proportionate value

feet

BReg = -135 5=

With R, = 20,904,910 teet from equation (4b) for Qg - 33° apnd with Ryne
1,183,256 feet from table 3 for 200 nautical miiles (A, = 135°), we obtair

AR, ES - 2,367 feet
For values of RN other thar 200 nautical miles
A%(RN)
BRe = BReg — N
A%,

For instance, for Ry = 100 nautical miles, using the value of 4% = 1,666 from

table 3 and 4§ = 3.32 for 200 nautical miles, we find

1,666
8Re Siatiin ve vy

- 1187 feet

fl

In the same way, additional correction factors can be determined betweer Ry - G
and Ry = 500 nautical miles.
For later reference (12b) is rewritten as

AR = Cy8¥Ry) (M
where C, is a constant which deperds on the azirauth and the rarnge for wh L SRy,
is compensatad. For one particular vector lergth, the error dRy 23« omp- - 51%ed
and for values above and below it, ARy is reduced to some extert. Numes- a’
valr~s of AR, were used in connection with the Mar kart Cal ulator Program
described :n appendix B to compute improved approy.maiio: s of Ry ird the »e-
sults are referred to in this report as "approximation 5, Results obtaned »y
this error compensation are show= 1n figures il, 12a. 12b, !t*and i4', For ¢’

*  These figures also contain the "urreduced erro-’ SRy as obtained irom
approximation 4,
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azimuth (figure 11), the error adjustmernt is of practizal value only at

of Ra(Ry>300 nautizal miles), simply bazaces anrroximaticn 4 (-acds tc ~ompar-
NVEN ) Y o)

D
°
-

atively small errors ARy at lower Ry wvaluszs., For azimuth azgles other thar

a significant improvemert is found il Ry (07 Rp} =vceaeds 100 rauticoal miles,
A similar redection of ARy a3 for 4% arad 133° (Fruares 124 arad 2% pra. cltzined
for 47.5° azimuth also by applying equation (13). Thias re:quation car.be use? ip
general for reducing the error <xcept rear 6C* azimuth, For 907 itseli, a very
simple and effective error correction was achinved by adding a constart amouzt of
AR, = 98925 feet

to the mean geocentric earth radius Re. The reasuls is showrn in figurs 14, [t is
noted here that the value of this cornstant and of thoss listed below deperr or: the
mean geodstic latitude which in the zase zonsidsrsd here was always 327,

The special situation for azimuth arglss slightly btiggar or emeller tharn 9¢
requires a slightly different adjustmert, Corsidering first the'c?.se of an 2Tl
muth sligntly bigger than 90° (e.g. 917}, tha wvalus of AR, was omgutsd from

tRe = Gt (14)

and AR i8 used again tc acjust the factor F; in (J2a) as

Fg = Rg + g + AR.;

The rasulting reduzed error 4Ry is shown I lgare 22, !z a4 amall ragion whizk
is close to 186 nautical miles, squatior (I4) cannnt L= usasd brecauss ‘he dunoma-
inator becomes zero, To zircumvest this diffizclty, another sst of coefficiant
Co and C; must ta chosen *,

1n thes other case, if the azimuth io siightly telor 907 («.g. 26'), a diffmrert
equation is usad to coinput- R.. A s=:ond dngreus ajprorimatios was ‘ound
adequate for the er-or adjustment: v

AR, = Ciat + CA¥ (15)

* A better solution is protably to use two sets of cocfficinnts for equasion (13)
corresponding to the positive and rn=gativye valies of Ry
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For the examples show:n in figures 11, 12a, 12b apd 13, the following coefficients
have beer: used in equations(l?»j"(m)and(l s)e
Azmuth '
(dogrews)
¢ o = 9C. 030 feet/digran ) .
45 Cy = 399.24 fest/degrec
135 C, = T13.08 fect/degres ’
8 G = 1,219,609 fumt/dugres
C;, = 5,671,402 fsst/degree?
91 Co = 0.0543 degres

C, = 100, 305,5 fust

For an azimuth of €7,.5° the contficient C; was 713, 08 fust/degree,
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SECTION V

CONCLUSIONS

The study of methods ard of numerical expressions lor the conversion o
geodetic data to local tangent plane coordirates lsads to the fellowirg <or-

clusions:

1. The equations for computir.g the rorth and east comporn=nts RN ard Rg,
based or a spherical carth modsl car be mrchanized on the p:og'ammahi-,
Marchant desk calculator 1016 PR and stored or. a minimum of thres magnetic
tapes with a storage capacity of 100 bits cach., The« program us«<s ar. approxi=-
mation for compating the geocentric latitude,

2. Depending on the azimuth of the local tar.gs:nt plars veztor, errors of

up to 37 feet in Ry are caused by this program for 2 100 nautical mile dis-
tance in rorth (or sast) direction asing the sphero’dal «arth model as refe-ra
ence, This error grows rapidly with ircreasing lungth of the vector, The:

error in Rp is negli‘gible.

3. The error in RN as merntionsd can be reduced by using precalzulated
correction factors which depend or. the azimuth of the local targert 1.2z
vector, Further investigation is needed Lo determine the optimum cnrer-cion

factors as function of azimutk:.

4. The effect of the height of the targes point (Folrt 2) in the interval Zrom

0 to 4,000 feet (MSL) is tound ir.e/grificant with r~spuct Lo the ¢rro:z ARxN.

TY
Discrepar.cirs iz the results did rot ex:zeed 2 fovt fer all ranges Sroe stigasned,
5. A simplified equatins is drrived to dete - mize Ry, R ard Rz based o
the spheroidal earth model: the: rum- izl elios? "or solving 24 is soducen - e

pared to the effort associated with the starda-d proo~durs,

6. Because of the reduction of the rumerical eflort, the results azd sime-

plifications presented are appii-able for quick look postiiight «~ aluatior. and to
some rxtent for real tim. data proressing,
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APPENDIX A

COMPUTATION OF GEOCENTRIC LATITUDE

Based on equation (5a) in the basic report, a fower series is derived to
approximzte #. and a truncated version of this series can be used to compute §_
for angles in the neighborhood of a given value of Qg. To find the power series,
equa:ions (5a) and (2) are inserted into

u?mtg - tanb,
) unéct‘n’g

un(.g - ;Vc) =

which yields, after manipulation of trigonometric relationships,

3 8in2¢
tan(#g - §c) = E_ B Al)
(bg - b 2 T-2sinttg (

Agzsurmnir.g that 8o - 8. is a small quantity and applying the kinomiral exparnsior,
g P

one finds the diffsrence #g - §c in degrees as
-4~ 180 ¢ | 3,:.3 TP
st L T =5 liﬂZlg(l+c sin“#g + €"sin lg+...)

Solving for #. and carrying only one term yields

3 4
fc ~ ,iS - .1.%9 (E{ + _‘.2_. sin” & )sin2ég (A2)

One may rewrite (A2) so that the term containing si 3.8 disappears for ore
particular value of §g, and that the equation for & :s of the form
‘ - . T - ] L.
. o = g - KpeinZb, + K (1 - Kyein" #5)ain2, ... (A3)
To determine the value of the coefficieats K;, Ky and Ky, ore ma: th:z proceed
as follows: assuming a certain special value for #g called §; , is chosen, ore

substitutes. this value into equation (A2) and finds

180 ¢ _ ¢* _..3
& - T(Tf”{ [ A "")
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The two following equations, derived from (A2) and {A3), are then compared to

determ:ne the coefficients K and K,

~

b T g - (K - Kg)sirzdy - KK s dgmn2dy

~

~ 18 Ve 3 4 i
L PO -_"_Q \EZ.. +%.. sm‘ég?omng . U

To satisfy both equaticns, 't is found that

‘ 4
ke ° 1:8,—-0 %—- sin’ L
K, = 1/8in? 58' o

Insert:ng the nume-i-al value for sinzig, for ¥g - 30° equation (A2) is changed

to be
.~ _ 180 /€2 et N girag. 4+ 180 €0 () L 4gin® s )s.n28 (A4,
v Qg L g ‘\2 * 8 V4 B g ”w 8 ) 8 g ,

In a similar way Jior Qg = 33°

~ _180 rg? et ) N 5
- JR P — (3 + > 0.28663168/ sirZég
180 ¢ 3
+—— 5 0.29663168 (1 - 3.371184s5.r%¢ ) ‘AR)
n 2 8 ’
Applyirg a value for ¢ corresponding to Clarke's spheroid 1866, 1:rally for
Qg,s = 390
$ T %y - 10.19423549 - 0.0C0328'¢c (1 - 4sin®dy)}sin2é, (At)

ard tor Qg_ s 33
- 10,19429670 - €, 0CCI8QA33 (i - 3.371184s:n*9g1}:;n:¢g (A7)

Us.rg equat ors At)ard (A7) the geo rertr: lattude can be cal ulated ac L-ateds

erough i0r mary purpuses _r the ccighborheot of 30 or 33 geod- tic lartude,

Equat uor tAv 1 is towsd it reteren ¢ 3w th rourdsd-o!r oetlroierts, It orly ore

term s uset ocoge tor §y 0 M

I I - UL EIREG 28, (AR
ard tor QK s iy

8- ".g - 0. 19429070 :n24, (A9

a stil! relative 'y smali error s made, [t 1s deprted 1n figure 2. Equat:on {AS) 's

used in the Mar hart . 0ie PR . vmputer program des: robea in apperdix B,
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APPENDIX B

COMPUTER PROGRAM FOR THE MARCHANT i0l¢ PR CALCUI.ATOR

Purpose of the program was to compute from g er. geodet:. data (lorg.tur.,
latitude and altitude) the tangert plane “oord:rates Ry ard Rp ot ro.rt B itk
respect to the origin at poirt A bas«d or. a spher:.al earth model, A m.rimum
of memory space of the calculator had to be used without s.grif:- art loss
of accuracy. The program corsists of 4 se<tiors cach re orded or a mag-
retic tape, read irto the calculator trom the- [OTA tape ur.t,

Tape .:

This part of the program computes the geo.entr:¢ latitudes § o>
poirt 1 and point 2 using the approximatior.

b = 8y - 0.1942067 sir2g, ’
where

’g : geodetic lat:tude ir degrees

and it computes the mean geocentric lat-tude § .

Input:
¥S“ , ég'a, {ir deyreesi are loade d marually reo the kevicard
register
Output:
bo,inWo o g i W2 2 s W

All three argles in degrees,
Code
? W2 M X .CHQ0-28304 X W AN T W-
PMNXWoR: ! «85% 0 . SWsSABO-" BX 27
TRX <1+ T, X.13428 " _W2 R .S\
WIRBOQ - T+?2 WIMEKTMRKBXO0

. This cxpressior :s derived :n appe-d x A,

:*+ Marchant symbols are used for the oce en o7t Som the 1o gavne s pr i~ the
code st above. N stand for negat . sipr. Mar ha bt Lses #tar ¢ o+ a-d
negative sigr.

4°
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Controls set before input values are read into the kevboard:
10 digits *, clear all registers, rourd-off switsh or.
Expiarations:

#g,, is irserted in the keyboard before the "run™ key is operated and the
value of 3g,, is printed immediately before che actual computation starts, In-
sertions of Gg', follows when the program comes to the first stop.

Tape 2:
This part of the program computes the cosines of ¢ ,, ¢ a2 ¥ and Al.
Input:
o, in W1, 8¢, in W2, §c in W3 (all ir degrees), A} in degrees manually
ir.to the keyboard register at the first stop.
Output:
cusdc,, in WI, cos¥c ; in W2, coaic in ¥3, cosdi in W4
Code:

- X ,01742329252 X - We M WS 1 MNX

Wo6R=1:8:.1+5W5ABO4TBX2I> TR+

W1 RBO76 W2 R BOB+ WIRBO 92T Wi M

KTaMW2BX00TMWIBX0OTHMEKE®S# BX 31
Controls set belore runring sectior 2 of the progras.:

YOodlpts, round-oif sattch wn, selelt N
Tapr 3

Th:s part ompates the acan geoc=ntri. carth radius R. and th= north

vourdirate Reoof poret 2 targert plare with polat 1 as *he noipin based on tae

equations (BUoand D0

i
13

L A e e i g 3 K': B
tBevas” :t P

PR it ey aron avordds ar erroar of  feet, cahich 02 aavs if Che {anciion

seelT s e te d otk Doodrgits by, far 2 2,090 degres
K : [ .

JoeeY




where

with

and

formulation of (Bl) reduces the memory spa- -

boar

: 1
(e /(1-¢%)]2
v 3
B : =€ .
e‘
2 - C.0067686441

Pq = 20,925 832

>

2.5348783

B 147.7461

Note that R.., A, R.,., and Ry are ail s.ated dowr by a factor of L7 . Tt
< €q N

Ry - (Re + by isind. jccsd | - s:ir%

AR ]

Irpur:

cosdc,, in W1, _osdc g 1n W2 cost in W3, Cospd ir W4, hg rto kev-

d at the first stop.
Printed Output:

RN in ftcl.
Code:

W3 - X 1477400 - T L 2,07 3R 7ES

+ TAfFAWZRX -1 .T°XWw.R. MTX

e TS AW2ZRXWEIR - =W Re TXWS

Coitrols set before rurp.ry the programs:
{0 dgpts, round-oll sw:it h our,

Tape ¥

To cumpute the fast ompaonent ¥

»
-

acgles s repeated weing tape Y oard tape 2 progtams.

the

al. alator to ~ampure

R ' A - f ;
B0, 5

“crnt the |

K

R- =

2. ulat.o
*

Lacr tape

1:08%c g 0842

Toat the

requirement to a mir_mum.

Ko e

r<ad :“'»

.

i 1L

tadiia o ot
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where as before:

R
A . __.._._ﬂ___._.l
(e /(1-¢%)]2

B 1=€% 41
X
and
RE 2 (R.(-_,a + }b )'“OSQ\‘ 2 sznAA
Input:

cnsd, 3 in W2, cosdi in W4, hy into keyboard at the first stop.
Printed Output;
Rp in feet
Cod: :
W2 R X :-147.7401 + T/ + 2,5348783 + T
W3IAK#AW4RX==-1+T/XW3XW2R=#K
Cortrols for running the program: 10 digits, round-off switch orn,

The <~odes listed above are not necessarily the shortest possible codes.

Remarks on Program Operation With Three Tapes Instcad of Four,
With very little extra effort, tape 4 can be eliminated and both components,
Ry ard R, can be computed using only 3 tapes, Tape 3 has enough unused space

to arry the program for “omputing Rg. After Ry has been computed tapes ! and

2 ha.¢ to be rerun to generate cosd . 5 urlcess the value of this quantity was saved
at the nd of the program 2 run by printing the contents of W2, Before running
tape 3 again cosd. 5 must be transferred into W3 (and also kept in W2), The
code ot the add.tional, secord part of tape 3 for computing Rp is listed below:
W4RX: -t 4+ T/ XWIRXW2R:-#K
The stop -ode K at the end of the first part of the tape 3 program (see page 47)
must be replaced by the t1rst letter of the second part, which is W, If this
ororatior is performed with only 3 tapes, then the result of Rg printed at the end
of the first path and the result of Ry printed at the end of the second path are

disregarded,
48
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APPENDIX C
TRANSLATING AND ROTATING GGEOCENTRIC
COORDINATES TO A LOCAL TANGENT PLANE
This appendix derives formulas which are used :» a stardard computer
program for coordinate transformationr under the option for  orvert’rg geodet: -
to local tangent plane coordinates, The pertinert FORTRAN statemernts are

listed in appendix D, First, the expressions for earth centered (ecs) coordi-

rates (equation 8)’{<
Xecs - Rccosdccosh {Cla)
Yecs = Rcecos®esink (Clb)
Zecs = Resinde (Ci)

are manipulated by inserting the equation for the geocentric earth radius R .

(equation 4b)* and replacing in the expression for R, the term e®/(1-€®) by

(a® <b®)b®
where
a = equatorial radius
b = polar radius
We find
2 1
Xecsg = a(l + %g tar® @c)-zcosk
and using (5a)”
Xees = a%(@° + betanaég)'%cosk (23)
In a similar way we fird
Yecs = a°(a® + bPtar® Qg)'%sin)\ (C2t,
Zees bR+ b“tar”ég)‘%zzanég (C2:)

Note that in the equations (CZ2). the coordinates are functiors of the geow

detic latitude which is more readily avaj.able than the grocentric latitude .
in equations (Cl),

* equation in the basic report
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T

I{ the 2it-tuae h, whi h vas assume¢d as 7+ ro so tar, has a finite value, we

obtair
- 1
XHs [aa(aa + B tan® Qg)'z + h(’OSQgJ\ 0sA
, i ~ L "

Yecs = [a®(a® + b®tar®8,)"2 + hoosdy]sira

cCs g g *

ol ) .1_

Z... - b%@a° +b%*tar®¥;)"2tand, + hsind (C)

©CSs ) g g

The {ollowing steps are then performed: First, the ecs coordinat:e are computed

Skt i,

for point 1 using (C3) and the new coordirates serve as coordinates of the origin
of the new system. The ecs coordinates of point 2 are computed and then trans-

lated to the new origin:

-

Xp - Xecs,z = Xecs, 1
YU - Yecs,e - Ye(_:s,z
ZD - Zecs,a - Zecs,1

The coordinates XD, D’ ZD are rotated in three sters, First, XD and YD are
rotated by an amount of (+};) degrees around the vertical Zp axis so that the X
axis is in the vertical plane through the meridian of point 1. The new coordirn-
ates are called X, Y, Z, Second, Y and Z are rotated by 18(° around X.

Finally X and Z are rotated in north direction by an amount of (90 +§,)
degrees around the Y axis which points into east direction. As a result, X points
north and Z upwards along the local vertical at point 1. The 3 rotations are

expressed 1n the followirg equation

B B ) r
Ry -sind 0 =-cos? 1 cosi ~8ink 0 Xp
Rg : 0 1 0 -1 sinA cos) 0 -Yp
Rz rosé 0 -sind -1 ¢ 0 1 Zp
[~sin®cosi sindsinA cosd XD
“S1nA YT Y-2 0 -YD
| cosdcosh ~-cosdsinl siné J Zp (C4)




The tinal result represents a leit-handed system vwith X replaced by Ry Y

by RE and Z by Rz, ‘

Note: The componert Yp in west direstior in (C4) has a regat o s:¢n ‘o obtar
ositive values along the Y axis from negative longitudes., ir the orre=-
P g ecs g £

sponding FORTRAN program in appendix D the second column o! the 3 x 3 matr. x

is negative instead of Y
PRN --sintbcos)\ -sin§siri cos@m T XD
Rp i - -sinA cosh 0 Yp ¢
_RZ cosdcosh cosdsin) sird ] Zp 3




APPENDIX D

FORTHEAN STATEMEMTS OF CONVERSI!ON PROGRAMS

L, Cor entiora' Program

The: FORTRAN statements listed here are an excerpt of a program for
coordirate trarsformation which was coded for a variety of applications by
D. Dirkinsor. and D, Walter at AFMDC, HAFB in 1969, Symbols have been
changed to aid the understanding,

Before execution of the program at the computer (CDC 3600/3800), orne

card is read to ‘ns- rt the origir, of the LTP system with cooidinates:

Geod: t7c Latittude 35 4 - PH! in degrees
Lorgitude Ay : LAM! in degrees
Al¢tude hl = Hl ‘n feet

The rext card contains the geodetic rcordinates of the point 2:

Geodetrr Latitude §g, 5 - PH2 in degrees
Longitude Ag = LAM? ir. degrees
Altitude. hg = HZ ir feet

Input data are based or. Clarke's spheroid 1866,
Data (DTR 0. 74-3292519;, (REQ 2(92¢832j,
(RPQL 20854:92)

Stateme rt
Numbei

! TYRPE REAL LAMI, LAMZ

2 FH PH DTR $ LAMit{ LAMI:DTR
3 PHZ  PHZ DTR $ LAMZ - LAMZ*DTR
+ SL.2 < SINF(LAMo) § CL2  COSF(PH2)

% SP2  SINF(PPH2) $ CP2 . C@SF(PH2) $ TP2 - SP2/CP2

~2
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Statement
i Number

! 6

7
[ 8
9

10

11
12
13
14

15

16
17
18
i9
20

21
22
23
24

25

Al - SQRTF((RP@LTP2) 72 + REQ+:2)
R : REQ+#2/Al + He CLP¢

XECS2 - R¥CL2

YECS2 = -R*SL2

ZECS2 - RPQL*#2*TP2/Al + H2:SP2

A2l - -SINF(LAM1) § A22 - -CQ@SF(LAM1)

Al3

CQ@SF(PH1) $ A33 - SINF(PHI)

All

'

A22+A33 $ Al2 - ~A21%A33
A3l = -Al13%A22 $ A32 = A13%A2l

A0l = SQRTF(IRPQL%*A33/Al3)%%2 + REQ#*2)

RO = REQ**2,/A01 + H1*A13

XECS1

N

-R0O*AZ22
YECSI = 4(R0*A21)

ZECSI1

LK)

RPQ@L**%2*%A33/(A13*A01) + H1 "A33

DX = XECS2 - XECSI

H

DY = YECS2 - YECSI

DZ - ZECSZ - ZECS!

"

RN = A'1+DX + Al12-DY + AI13 DZ
RE - A2'+DX + A22:DY

RZ - A31+DX + A32'DYV + A33-DZ

2. New Program:

: DATA (DTR = 0,017452292519), (REQ = 20925%+2)

(E2 = 0.006768644065)
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Stateme ot
Numbe r

4

»

-

1C

TYPE REAL LAM!, LAM2

PH: -« PH: "DTR $ PH2 : PH2"DTR

DL ~ (LAM! -« LAM2) *DTR

St - SINF(PHL) $ 1l . C@SF(PHI) § T! - S1/C1

32 - SINF(PH2) $ C2 . CQSF(PH2)

SDL - SINF(DL) $ CDL : C3SF(CDL)

R! - REQ/SQRTF(! - E2:S1+-2)

R2 REQ/SQRTF(! - E2%§2:+2)

RN - (R2 + H2) « (C1%82 - S1*C2:CDL) - T2*(R2%S2 - R1%§1)=C"

RE - (R2 + H2)*C2+SDL

RZ Rl + Hl - (R2 + H2)*C2<CDL/C1 - RN*T!
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