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ABSTRACT

This report develops a dynam ic map projection especially suited

for processing and display of satellite electro—optical remote sensing

of the earth’s surface. The new map projection (the Space Oblique

Mercator) projects the satellite ground—track from the ellipsoid into

the map plane , free of length distortion and free of normal view

curvature distortion . The length and curvature distortions in the

finite sensed region are negligible for most applications. The report

details the formulation, provides numerical examples for the LANDSAT

multi—spectral scanner, and includes FORTRAN IV software as an appendix .

~- e S,~r.tofl

\ •~ 
ilt SeLt~~’

_



TABLE OF CONTENTS

Page

ABSTRACT .  ,  - . , ~~~~
, • , , iii

1.0 ST.JNMAB.Y , 1

2.0 PREFACE 2

3.0 INTRODUCTION 3

4.0 COMPUTATIONAL SUMMARY , 5

4.1 Forward Transformation (c~,X)-+(x,y) 5
t t

4.1.1 Calculation of the Integrals f Vcos fd’r , f Vsinf di , and -

t V

f~~~~di

4.1.2 Scan Time Determination 8

4.1.3 Calculation of Map Coordinates 10

4.2 Inverse Transformation (x.y)-’(cb )~) 10

5.0 COMPUTATIONAL TESTS 12

5.1 Groundtrack Projection - 12

5.2 Example Forward and Inverse Transformations 14

5.3 The LANDSAT Graticule 16

5.4 Distortion Analysis for LANDSAT 17

6.0 DETAILED FORMULATION OF THE MAP PROJECTION 18

6.1 Preliminary Remarks 18

6.2 Length and Shape Preserving Projection of the Satellite 20

6.3 Local Oblique Mercator Projection of the Region Centered

on the Groundtrack 25

6.4 Partia l Derivatives (for Distortion Analyses and Inverse

Transformations) 35

7.0 CONCLUDING REMARKS 61

ii



TABLE O~ CONTENTS (cont~d,)

Page

8.O REFERENCES 43

APPENDIX A ORBIT INTEGRATION AND TRANSFORMATIONS 44

APPENDIX B SUB-POINT GEOMETRY AND MOTION  . . . 50

APPENDIX C RUNGE—KU TTA NUMERICAL SOLUTION OF DIFFERENTIAL

EQUATIONS 

APPENDIX D FORTRAN SOFTWARE 56

DISCUSSION . , • , , , , , , , , , , 56

LISTINGS . . . ,, , . .. .  , , , • , , , 65

TEST CASES • , , . , ,, , .  . , - . , , 107

iii



1.0 SUMMARY

We report herein upon a research and development effort which has

led to the following results:

A rigorous mathematical development of a Space Oblique Mercator

map projection . This projection is especially designed for

processing and displaying data from LANDSAT—type satellite—

borne multi—spectral scanners and is characterized by the

following desirable features:

Zero length and angle distortion along the satellite

groundtrack , and only a few parts in 10,000 length

distortion as far as 200 km off typical groundtracks .

- Rigorously valid for an arbitrary continuous ~,atellite

orbit; the formulation can be routinely interfaced to

state—of—the—art orbit integration programs , or can use

simplified Keplerian or circular orbit approximations ,

depending upon the needs of particular app lications.

- Rigorously valid for an arbitrary ellipsoid reference

figure for the earth.

• Coinputationally efficient; the most expensive calculations

are orbit—dependent integrals which need only be determined

once (for each specific nominal orbit).

• Prototype software (FORTRAN IV) has been developed , checked out ,

and is dem~’-istrated herein. The software has been developed

and all calculations performed on the University of Virg inia ’s

CThER 172 computer system .
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2.0 PREFACE

This report constitutes the final report of Phase III of contract

no. DAAG—53—76—C—0067 performed by the University of Virginia for the

U . S .  Army Engineer Topographic Laboratories , Fort Belvoir , Virginia ,

under the sponsorship of the U.S. Geological Survey , (USGS), Reston ,

Virginia .

The authors acknowledge the competent guidance and technical

liasion of Mr. L.A. Gambino (technical mointor , USAETL) and Dr. A .P.

Colvocoresses (EROS Program Cartography Coordinator , USGS).
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3,0 INTRODUCTION

In Ref, 1, Colvocoresses conceived a dynamic map projection concept

especially suited to satellite mapping. Unlike classical static map

projections , the line which is projected distortion—free is not restricted

to be an equator , a meridian , a parallel , or an oblique great circle;

rather, the distortion—free line is the satellite sub—point path (ground—

track) on a reference ellipsoid . Colvocoresses developed a geometrical

analog involv4ng an oscillating cylinder to which projections are made

from the reference ellipsoid , the cylinder oscillation is such that the

cylinder instantaneously osculates with the normal sub—point on the

ellipsoid . A small region near the sub—point , when projected from the

ellipsoid onto the oscillating cylinder and developed onto a plane , is

projected with negligible length and angle distortions .

Unfortunately, Colvocoresses ’ elegant geometric analog was not

supported by a mathematical formulation of the map projection equations ;

rather , he issued a challenge”for the cartographic community to undertake

a considerable and dedicated effort to develop the mathematical model

and associated computer programs” to implement this map projection

concept . The present report documents our response to the above

challenge . While motivated (and occasionally perp lexed !) by the

oscillating cylinder analog, we have not used this concept in our

formulations. We elected instead to set down the mathematical constraints

underlying Colvocoresses ’ objectives. These lead immediately to

differential equations which are the key to a rigorous solution to the

problem.

3



We have successfully developed a most general version of this space

oblique mercator (SON) map projection formulation (really, an infinite

family of map projections , depending upon definition of the nominal

orbit). The derivation , computational summary , and software for the

SON projection are documented herein .

The present report is arranged in a modular fashion . The computational

summary concentrates on the structure of the solution and relegates

details to ~-ppendixes , Exclusive of Section 6. the report is directed

primarily toward readers seeking to understand the essence of and learn

to use the map projection . Section 6 is intended to document the

geometrical , mathematical , and intuitive details and to develop the

equations in a fashion which parallels their invention .

4



4,0 SOM C~MPUTATIONAL SUMMARY

4.1 Forward Transforma tion

The map coord inates (x .y) are related to the corresponding

ellipsoidal coordinates (~ ,2.) by the formulae

x f Vcosf d t + R ln [tan(-~- + 
~)]cos y /

cosO (la)

= Vsin f dt + R
~
ln[tan(

~ 
+ ~)]sin ys

kOSO
s+ Yg

(O) (lb)

where

t time since some selected initial point in the orbit

t~~ the “scan ins tant” for  which the scan vector passes through ( ç , Ä ) .

V = satel l i te  sub—point ’ s instantaneous speed re la t ive to the ear th

p = the ins tantaneous radius of curva ture of the sub—poin t  p a t h , as

projected into the plane tangent to the ellipsoid at the sub—point.

di: r = dummy (time) integration variable. (2)

R
c
= the local radius of curvature of the ellipsoid in a plane

whose normal is the earth—fixed velocity vector of the sub—point

(ct ,y , O )  angles defined in §6.3.

Methods for evalua ting the right—hand side of equations (1) are now

discussed .

4.1.1 Calculation of the Integrals f Vcos f di , f Vsin f dr , f ~ dr

As will be seen in ~6.l, the integral terms of equa tions Cia) and

(ib) are correc tly interpreted as (X
g~Yg

)~ the map coordina tes of the

groundtrack or sub—point path. We can write instead of the three integrals ,

the three differential equations

5



dx
~c ~~~~~~~~~~~~~~~~ Vcos f (3a)
g dt

dy
= —~~~~~Vsin f (3b)Y g — dt

- df V
f~~~— = - -  (3c)

Given the appropriate formulas (Appendixes A and B) for calculation of

V and p , the given initial conditions {x (o), y (0) . f(o)}, theng g

equations (3) can be integrated numerically to evaluate  the in tegra ls

in equations (1) and (2). However , it is expensive to carry out these

in tegra tions many times , and since these integrals have been found to be

very smooth functions of time, they can be conveniently and accurately

rep laced by their  harmonic series as
0) tflir t nu t

x Ct) = * t + V {S sin (—) + C cos ( )
~~~ f V cosf di(4a)g g L x n  P x n  P

n=O g g 0

0) t
nut nut

y (t) = Si
g 

t + ~ {S sin(—) + C cos (—)}u f V sinf d-r (4b)y n  P y n  P 0n=O g g

Co

f ( t ) = f t + ~ ~S sin (~
ut
) + C 

gi rt  
di (4c)

f 
—.

~
;— cos (—.~--)}u

n 0  o 
p

where

P = o r b i t a l  pe r iod

— 
dx P d x

*
k = the average value of —i = -

~~
- f ~~~~~~~~~~~~~~ di , x -‘-y , f ( 5)

g d t P dT g g
0

*The symbol “-p” ( in t e r p r e t e d  as “ r .~p laced  by ”) a l lows  the  t h ree  e q u a t i o n s
P dx

—

g P o dt

P dy
Yg ~~

- f (—~ -~)di
0

~ f ( ~ .~)d i
P

0
( fo o t n o t e  c o n t i n u e d  on n e x t  page )
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P2 -- nir-r -~ I [Xg(~V) — x
g
’r]sin (

~~~~~~~
-) Qt X

g~~
Y
g~~

f (6)
gn o

C
x 

= 
~~~ f~~ xg

i — X
g
T]COS(~~~ ) di, X

g~Yg~
f (7)

For cer tain approxima te orbits and choice of the initial point (position in

the orbit for which t 0), many of the above coefficients are either zero or

negligible. For examp le , for circular LANDSAT orbits , (99 0 inclination , 103

m m .  period) equations (4) have been found to reduce to simply

X
g
(t) = *g

t + A
1
sin (

h t
) + A

2
sin(-~~-~-)+ . . . + A

9
sin (2~-~

) (8a)

Yg
(t) = B

0 
+ B

1
cos (~-~-) + B

2
sin(~~-~-)+ . . . + B

9
sin (2-~~-) (8b)

f ( t) = C
1
sin(~~ ) + C

2
sin(1~

-)+ . , . + C
9
sin(2~-~-) (8c)

where the specialized version of equations (5), (6), and (7) are
P dx

~~~~ 

--
~~~~~ di (9a)

A
n 

= 
~~~ 1~~[Xg

(T) - 
~ g 

u]sin(~~
L)di (9b)

~ I Yg
(T) cos(~~~ )d u (9c)

C = 
~~

- f P 
f(’t) sin(~~ -~)di

and wi th  t=O the ins tan t  for which the satellite is at its northernmost

la ttitude. In eqs. 8, all but two coefficients are near-n~-g 1Lgihle

in each of the three series (see §5.1).

The solution procedure (restricting the discussion to the LANDSAT case)

for  the c o e f f i c i e n t s  (9)  is as fol lows :

Using the Runge—Kutta algorithm of App endix B and the calculations

lead ing to instantaneous values for V and f (established in Append ix

B), calculate ~C
g 
by numerical integration of the differen tial

*footnote cont ’d.: to be wr itten as only the first , eq. (5) , since replacing
X
g 

by Yg yields the second and rep lacing X
g 

by f yields the third . This

shorthand notations is used in all subsequent equations for compactness.7



equat ion

•
~Ii~ 

(k
g
) = Vcos f (10)

using zero as the initial condition.

The integrals (9) are evaluated by simultaneous Runge-Kutta

solution (Appendix C) of the following system of (3+3n) differential

equa t ions

df V (lla)

dx
~~~~~~~~ 

= Vcos f (llb)

dy
= Vsin f (lic)

= ~~~ [X
g
(t) — 

~ g 
t]sin (

f li rt
) (lld)

= 
~~~ Yg 

(t )  cos (:9~~) (lle)

= .
~~

- f (t) sin (‘i~~~~~~) (h f)

us ing  zeros for  in i t ia l  values .

Analogous integrations establish the coefficients for the general

case of equations (5), (6), and (7).

4 . 1. 2  Scan Time De te rmina t ion

For given ellipsoidal coordinates (~~,A ), the corresponding scan t ime

J t~ is defined as the i n s t a n t  tha t  the  p lane es tabl ished by the un i t  vec tor

n (normal to the ellipsoid) and the scan vector w (tangent plane

projection of the orbit normal) contain the vector AR [from the 
sub—point8



(~ g
X

g
) to the point of interest (~~,A ) on the el l ipsoid] ;  th i s  geometr ical

condition requires that these three vectors satisfy the cons traint

F(t*) = [ (  x fi) • AR]
~~~ * 

= 0

= [AR (w n — w n ) + AR (w n — w n ) + AR (w n - ~~ n ) ]  
*x y z  z y  y z x  X Z  z x y  y x  t=t

(12)

This constra int  neglects the finite scanner sweep time ; upon finding

a t~ sa t i s f y ing (12) ,  an addi t ive correction (l3b) is introduced to

account for the scanner sweep time .

In Appendix B, the exp licit earth—fixed components of w and n are

given , and the components of AR are developed in §6.3; these expressions (6.13)

and their derivatives are required to calculate F(t) and 
dF(t) The

time t~ for which (12) vanishes is determined via a Newton ’s successive

approxima t ion algorithm as
(k+1) 

— 
(k) F[t~~~ ]t — — dF

1 
(l3a)

dt 
~~~

(k) 
-

with the approximate estimates ~~~~~ determined by calculating the ang le

AO between the initial sub—point position vector and the position vecter

to (~‘ ,A ), then dividing by 2u / P: ~~°‘ = , with appropriate

quadran t checks .

The condition (12) and the resulting converged t~ from (13a) must

be corrected to account for the finite scan time At for the scanner

to sweep from the center of scan [t(~ g~
A 0)]out to the sensed point at

‘~~ ,)) .  This correction , added to (13a), has the for m

At = T (---
~
——) (h3b)

max

9



where

T = ½ the scan period

= 18.355 milliseconds (for the LANDSAT scanner)

c = the maximum scanner beam deflec tion angle awa y from local ver ticalmax
= 5.78 degrees (for the LANDSAT scanner)

= instantaneous scanner beam deflection angle away from the local

vertical

1 
S H

= cos sign (AR-c) (l3c)

where from figures 6.4C, 6.4D, the disp lacement of the sensed point

from the satellite is,

S = R —  r

Equa tion (13b) assumes a constant linear scan rate and that center—of—scan

is exac tly on the sub—point path; these idealizations should be

rep laced if more precise vehicle altitude and scanner dynamics are

available.

4.1.3 Calculation of SON Map Coordinates

Upon convergence (usually 4 or 5 iterations) of eqn . (13a), with

t* the converged value, the integral terms of the map projection equations

(1) can be evaluated from the series (8a) and (8b). The second terms

of equations (1) are then calculated immed iately, given the values of

m , y ,  and 0 from Appendix B for the instant t t * .

4.2 Inverse SOM Transformation

The ellipsoidal coordinates (~ ,A) correspond ing to map coordinates

(x ,y) are determined as follows :

10



First the instant t* that the scan vector w is colinear with the

displacement vector cSR from the groundtrack (x ,y) to the point of

interest (x,y) is determined via the iteration

- ~
(k) G[t~~~] 14dG

dt

where

G(t) = (w x n) . SR (15)

6R = [x — X
g

( t ) ]  :~. 
+ [‘ — Yg

(t)]~ 
(16)

Explicit equations are obtained for calcula tion of G(t) and

by substituting n and w from Appendix B. The starting approximation

for (14) is taken as ~~~~~~~~ X/kg~ 
The converged value [usually requiring

3 or 4 iterations of (14)] is t*. The unit vectors i and j are parallel

to the x and y axis of the mapp ing p lane .. The correc tion for finite scan

time , eqn. (l3b), should be added to the co nverged t”~ from (l4L The

associated partials assume an infinite scan speed .

Knowing t*, it is a simp le ma tter to de termine (~~,A ) via the 2

variable success ive approxima tion

[
k+l)~~~~J~~

(k)~~ + ~~ 
~~ (k)~~ -1 f~ - x~

’
~~~

\

L
~~~

k÷l)J \

L
x (k)J 

~Y~~
(k) ~~ (k)j 

- y(k)J 
(17)

(k) (k) (k) (k)
where ~ and A are substituted into eqns. (1) to determine x y

and the partial derivative matrix is determined via the formulas

summarized in §6.4. The iteration (17) has been found very well behaved

(usually converging in 4 to 5 iterations) . The starting estinntes are

tak en as ~~~~~~ = 4g
(t*)~ ~~~~ = A

g
(t*)~ calcula ted from formulas of

Appendix A.

I
11



5.0 COMPUTATIONAL TESTS FOR THE ERTS-l (LANDSAT) ORBIT

We adop ted a nominal orbit with an inclination of 99°, a period of

103.267 minutes , and zero eccentricity. This orbit approximates that

of the Earth Resources Technology Satellite (ERTS.-1, also known as

LANDSAT). For the reference ellipsoid , we adopted the values

a = equatoria l radius = 6378.165 km

b = polar radius = 6356.783 km

These correspond to a flattening of 1/298.3 or an eccentricity of

0.0818130. In e a r t h — f i x e d  coordinates , this satell i te generates the

sub—point trace shown in the oblique views of figures 5.la and 5.lb .

For the special case of the LANDSAT orbit , we summarize below numerical

resul ts  of the major options of the sof tware  documented in Appendix

D.

5.1 LANDSAT Groundtrack Projection

Following the approach of 4.1.1 , the s o f t w a r e  of Appendix D was

used to evaluate the groundtrack’s projec tion into the map pla ne as

X
g
(t) = f Vcos f di = A

0
t + 

~ 

A~ sin (!~~~~~~) (5.la)

Yg
(t) =f Vsin f di + Y

g
(t
0
) = 

~ 

B
0 

cos (~~~~~~~) 
(5,lb)

where the coefficients were found to be

P dx
A -

~~ 
f ~~ dt = 6.504961 km/sec (5.2a)

o g P d t
0

= ~ - 

~ g 
t]s1n(~~~ )dt (5.2b)

B

0 

= 
~ I Yg

(t) cos (~-~
.
~-)dt (5,2c)

12
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n A B
U

0 6.50496

1 +.00000 — .00000

2 — .00000 916.45110

3 -.00000 .00000

4 9.73648 — .00000

5 .00000 .00000

6 .00000 — .09648

7 — .00000 .00000

8 .00232 — .00000

9 — .00000 .00000

As is evident from the coefficients , only two harmon ic terms each are

actually required . This fact is evident only af ter the coeff icients

are determined and in general is a function of the particular orbit.

Appendix D provides Table Dl*listing 
~g

’ A g~ 
X
g~ 

Yg~ 
for 100 equally

spaced time increments spanning the orbit . The map plane projection

(X
g~Yg

) of the LANDSAT groundtrack is the bold line of figure 5.2.

5.2 Example Forward and Inverse Transformations

Using the LANDSAT orbit data and ref. ellipsoid of §5.0 and the

calculation sequence summarized in §4.1 , the following ellipsoid point

(c~,A ) = (_O 0.l6549 , —7° .O23 1O)

resulted [eqns.(l), using software of Appendix D] in the following map

p lane coordina tes

(x ,y) = (10099.66 km, — 58.587 kin).

*On page 109.

1. 14
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When substituted into the inverse transforma tion (as discussed in §4.2

and implemented in Appendix D), the above (x,y) values result in

recovery of the original (q, X) values (to within 10
_Il

). The printouts

of the “Forward and Inverse Test Cases” of Appendix D supp ly values of

intermediate quantities en—route to these end results

5.3 The LANDSAT Graticule

By simply selec t ing a sequence of closely spaced (~~,X) values

along lines of constant ~ and A , the forward transformation equations

of §4 .1 (as implemented in Appendix D) result in the projections of

the meridians and parallels into the map plane . The resulting

gra ticule is displayed in Figure 5.2. Except for ~ = 
± 

85°, the

parallels are plotted a t a 10° interva l (_800, —70°, —60°, 700, 80°)

and the meridians are plotted at a 5
0 

interval. The reg ion d isp layed

is f or roughly ± 200 (centra l angle) of the groundtrack.

Observe , qualitatively, tha t angles are well—preserved , even 200

off the groundtrack (meridians and parallels intersec t at right angles).

However , observe that slight shape distor t ions are evident in the

depart ure of the 80
0 and 850 parall els from circles. As is evident in

the formulation herein (and as is clear in the numerical error analyses

of ~5.4), rigorous satisfaction of constant scale and conformality are

achieved along the groundtrack. These distortions off the groundtrack

are ent irely satisfactory within 
± 

100 km of the groundtrack (the

approxima te length of the LANDSAT scan—lines) .

r
1 16



5.4 Length Distortion Analysis

Adopting the notation

s = arc length measured along some line on the elli psoid

= arc length measured along the corresponding line in the map

plane

then the basic equations for length distortion analys is are

2 . 2 3/2 2 ,
= 

(l— e sin ~~) [(
BX
)
2 
+ ~~~~~~~~~~ (5.3a)

a(1—e2)

= local length distortion along a meridian (line of A constant)

2 2~~~ 2
= 

(l—e 
a
5im ~)

2
a 2  

+ (If) ]½ (5.3b)

= local length distortion along a parallel (line of ~=constant).

The partial derivatives

~~Bx
BA

ax

are developed in §6.4.

Evaluation of equations (5.3) at various points along and near the

groundtrack resulted in the table of test case 4 (Appendix D). As is

ev iden t , the absolute length distortions are zero along the groundtrack ,

worst case errors of less than 3 parts per 10,000 occ ur a t the outer

fringe of the sensed region (± 1°).

I
I
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6.0 DETAILED FORMULATION OF THE MAP PROJECTION

6.1 Prel iminary Remarks

In this section , we presen t the derivation of the map projection

roughly in the manner it was developed originally, (sans the unproductive

blind a1leys~ ) attempting to expose major features of the logical

process underlying the derivation . This logical process (and the

r e su l t i ng  mathemat ic s )  p a r t i t i o n s  n a t u r a l ly i n to  two major  s teps .

With reference to Figure 6.1 , the  f i r s t  step is to p ro j ec t  the

satellite sub—point path (groundtrack) from the reference ellipsoid

onto the mapping plane. This transformation should he such that the

groundtrack length is not subject to local length distortions (zero

sc a le distor tion) and the “shap e” of the groundtrack should be preserved

(curvature constraint) at every point. These two objectives lead

immediately to two corresponding differential equations which are

developed and solved in §6.2.

With reference to Figure 6.2, the second step is the projection of

all sensed points in a finite region on the ref. ellipsoid , centered on the

groundtrack (i.e., the “sensed r ibbo n” on the earth’s surface) into the

mapp ing plane . This problem is approached using the intuitively

clear not ion tha t small disp lac ements are made on the ellipsoid from a

“locally nearly stra ight line” (the groundtrack ; the radius of curvature

of the groundtrack’s tangent plane projection for LA~DSAT orb its varies

from over three earth radii to infinity, for examp le). This logic led

us to consider the idealization that displacements near the groundtrack

to nearby po ints might be well—approximated by disp lacements near the

1 18



Pro jec t S u b - - S a t e l l i t e  P o i n t  P a t h  C G(~ g~
A
g
)

From E l l i p s o i d  to Map P l a n e

- Zero L e n g t h  D i s t o r t i o n

- Shape ’ P r e s e r v i n g  y

G (x  , v )

t • (~g~A g) * (X
g~~Y g

) _____ 

x

Figure 6.1 Projection of Sub—point from the Elli?soid to the ~iap Plane

Pr oj e c t  (~ .-) Nu ~~r t he  S u b — S a t e l l i t e  P a t h  C

Fr o n  t he  E l l i pso id  to C o r r e s p o n d i n g  (x .v)  in  t h e  ~-1ap P l a n e

- ;~~~r~ L e n g t h  D i s t o r t  ion St C

- R j ’ -~ r o u s  C o n f o r m a l i t y  at  C

- S m a l l  L c i ~’t h D i s t o r t i o n s  w i t h i n  10° of  C

- S ma l l  A n g l e  D i s t o r t i o n s  w i t h i n  100 of C

~ g 

~~~~~~~~~~~~~~~~~~~~~ 

Y 

— ~

‘S 
~~~~~~~~~

Figure 6.2 Projection of an Arh~ trary Point (~~,A ) on the gilipsoid
to the Correspondin~; Point (x.y) in the flap Plane
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equator  of an oblique merca tor  p ro jec t ion  (where the ob l ique  equa tor  is

locally tangent to the groundtrack) . The resulting map projection

(based upon this idealization) is developed such tha t rigorous conformality

and length preservation are satisfied only along the groundtrack , but

the appr oximat ion is exc ellent within several hundred km of typical

satellite groundtracks . Since this intuitively appeal ing ap p rox ima tion

has worked out so well , we have not pursued the possibilit” that a more

rigorous approximation to conformality and length preservation may be

feasible (we did devote sufficient attention to this question , however

to rule out the exis tence of exact conformal solutions for any cases

other than trivial cases such as equatorial orbits or inclined orbits about a

non—ro tating spherical earth~). We develop the geometry and equations

for the local mercator approximations in §6.3. These , in conjunction

with the groundtrack projection equa tions of §6.2 , are the essentia l

formula of the desired map projection.

In §6.4 , we develop the equations necessary to rigorously compute

the partial deriva t ives

ax
= (6.1)

ax

which are necessary to do distortion analysis (~ 5.2) and which are

required in the inverse transformation (~ 4.2) from given (x,y) in the map

plane to the corresponding (~~,A ) on the ellipsoid .

6.2 Length and Shape Preserv ing  P r o j e c t i o n  of the Sat ellite Groundtrack

First we state two desired constraints which lead directl y to the

projection of the sub—point path C from the ellipsoid to the map p lane

20



(see Fig. 6.1). Observe tha t a transforma tion is desired from (~ ,X t )
g~~~

along a line on the elli psoid to the corresponding (x
g
,y
g
,t) along a

line in the map plane. The line is generated as t varies from zero to an

orbital period. Since a unique “two—to—two ” mapp ing is des ired . it is

clear that two independent constraints are necessary and sufficient

to establish the desired transformation.

Constant Scale Constraint

Let

s = arc length measured along the satellite sub—point trace

(ground track)

t
= f v (t )  dt (6.2)

s’= arc length measured along the projection of the groundtr~ ck onto

the map p lane

t rcix dy
= Y (__ ~)

2 ~(~~~ )
2 

d~~. (6.3)

We require , for no scale distortion along the groundtrack , that s=s ’ for

all values of t. By inspec tion of equations (6.2) and (6.3). this is

possible  only  if
dx dy

= (__ ~)
2 
+ 
(_~&)

2 (6 .4)

is satisfied at every point (X
g~Yg~

t) along the map plane projection of

the groundtrack.

Curvature Constraint

To preserve the groundtrack “shape ” , we require tha t the radius of

curva ture of the groundtrack pro jection (in the map plane) equa l at

2 1
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Ta n~ ent P l a n e

FIgure 6.3 Radius of Curvature in the Tangent Plane
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every point the instantaneous radius of curvature (o) of the projection

of the groundtrack into the plane tangent to the ellipsoid at the

sub—point (see l igure 6.3). This requires tha t

2 2d x  d y
+ (_ ._~~&) 

2 
= (6 , 5)

ds ds p

Solution of eq~p~~ (6.4) and (6.5) for the Groundtrack P~~ jection. To change

the independent  var iable  of e q n .( 6 . 4)  f rom t to s , observe f rom eqn .

( 6 . 2 )  tha t

ds
= V (6.6a)

dx dx dx
—~~ = —~~ ~~ =V ~~~dt ds dt ds

(6.6b)

dy dy dy
& ~~~~ = V —~~ 

~
‘ 6 6dt d s dt ds - C

so that the length constraint can be written as simply

dx dy
(~~~ )

2 + (~~~ )2= 1 (6.6d)
ds ds

Thus we requi re a simultaneo us solution for X
g 

and Yg satisfy ing equations

(6 .5) and (6.6d). By inspection of (6.6d) it is cloa r that the solution

for  t he  de r iva t ives  can be take n as simp ly

dx
= ~~~ f (6.7a)~ds

* ~~~~~ 

= ~~~1l f (6.7b)*

Strictl y speak i ng ± signs should accompany these equations; numerical
experiments support the conclusion tha t the positive signs adooted are
c o r r e c t ;  no t e  t h a t  the  sign of t he  r ig ht hand side of e q n .  (6.71
car , :hanoi’ with the vari ar ion of p (soe App~ nd i:. B)

I
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where f is an appropriate function to guarantee satisfaction of the

curva tu re  cons t ra in t s  eqn (6 .5 ) . Substitution of (6.7) into (6,5) le ads

immedia tely to the conclusion that the first derivative of f must satisfy

(6.7c)*
ds p

Making use of eqn. (6.6a ) eqns . (6.7) can be written as the

differential equations

= Vcos f (6 ,8a)

dy
—

~~

-

~~ 

= Vsin f (6.8b)

- df V
f = - ~~~

- —  ( 6 .8c)

The solu tion of which is ind ica ted fo rmal ly as

f(t) =f ~~~~~~ dT (6 .9a)

X
g
(t) = 0 + 5 V (1) cos f (~r) dT ( 6 . 9 b )

0 
t

y ( t ) = Yg(O) 
+ 5 V(r~ sin f (T) d1 (6 .9c )

where V(t) and p(t) are calculated as established in Append ices A and B.

It is obvious tha t the scale and curvature constra ints , in the form

of e q u a t i o n s  ( 6 . 4 )  and ( 6 . 5 )  a re  s a t i s f i e d  by equa t ion  (6 .8 )  and t h e r e f o r e

equations (6 .9)

As is discussed in §4 . 4 . 1 , the  e v a l u a t i o n  of the  in tegra ls  in

24



eqn . (6 .9 )  (if required fo r  many t values)  is grea t ly f a c i l i t a t e d  by

replacing equations (6.9) by their fourier series. The integration of

(6.9) can be done sequentially or simultaneously. Since the right hand

sides of (6.9b) and (6.9c) contain f(t), f(t) can be integrated first

from (6.9a) and then the (6,9b) and (6.9c) integrations can be carried

out. Alternatively, we have found it much more convenien t to do the

integrations by using the Runge—Kutta algor it hm (Appendix C) to integrate

all three of equations (6.8) simultaneously; this is the method

recommended. [If a large number of (~~, A )  po in ts  need to be

t ransformed to the  corresponding (x ,y) , the ca l cu la t ion

of the Fourier series , discussed in §4.1.1, is strong ly recommended].

The sof tware of Appendix D implements the Runge—Kutta integration

procedure to determine the coefficients of the Fourier series

expansions for f(t), X
g
(t)~ and Yg (t)~

6.3 Local Oblique Mercator Projection of the Sensed Region from the

Ell ipsoid to the Map Plane

Since the scanned (sensed) points represent small disp lacements off

the satellite groundtrack (which is typically relatively stra ight on a

local scale , the LANDSAT orbit ’s radius of curvature component in the

tangen t p lane var ies from several earth radii to infinity) , one i s

motivated to consider approximations to account for the small disp lacements

f rom the  ririorously p r o j e c t e d  g r ou n dt r a c k .  We wi l l  now discuss local

approx ima tions which , together with §6.2 comp lete the map projection .

6 .3 .1  Scan Time_D e t e r m i n a t i o n

P e c u l i a r  to the  d:o! ‘: map p r o j e c t i o n  under  c o n s i d e r a t i o n  is the
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necessity to associate a particular time with the projection of (4,x)

into the corresponding (x,y). In particular , this time is denoted t*,

it is the in s t an t  tha t the s a t e l l i t e  scan vector passed over the earth—

fixed point (4,A), (see Fig. 6.4d). Assuming infinite scan rate , this

instant is characterized by the fact that the point (~,x) and the

satell ite sub~.point (~ g 3 A g
) mus t lie in the plane determined by the vector

n (normal to the ellipsoid) and the vector w (the scan vector , noniiall y

normal to the orbit as seen in inertial space) . This condition leads
immediately to the c,onstraint:

F(t*) = [(w x n).AR]
~~~~ 

= 0 (6 .10)

where the time varying vectors

n = n  i + n  j~ + n  k (6.11)
— x—  y

w w  i + w  j+ w  k
— x —  y z —

are computed according to formulas given in Appendices A and B and

AR = (R — R ) i + (R — R ) j + (R — R ) k (6.13)
— x xg — y yg z zg —

= the vector from (~ g~
A
g
) to (~ , x )

and

R = x - H , R = y - H  , R = z - Hxg S yg ,y zg 2

(x ,,7,a) e a r t h — f i x e d  components  of the  s a t e l l i t e  pos i t i on  vectors ,

calculated from eqn . (Al6).

(TI ,H ,H )  earth—fixed components of the satellite heig ht vector ,

calculated from eqns. (B.2).

R = a2(a2cos2~ + b
2sin 2

4 ) cos~ cosx

R = a2 (a 2cos~ + b2sin 2~ )~~~~ cos~ sin\ (6.14)

R = h2(a 2cos2~ + b
2sin 2

~ )~~~~ s1n4
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When earth—fixed components of the three vectors are substituted into

eqn . (6.10). the func t ion  we seek to find the zero of is

F(t*) = [(R
~~ 
+ ZI~. — x) (W

y
nz 

— w
~

rI
~
)

+ (R + H  - i)(w n — w n  )
y ~‘ Z X  ~~~Z

+ (R + H — a)(w n — w n ) ]
~~~~ 

= 0 (6.15a)

and the time derivative F(t) follows immediately upon taking the

derivative of (6.l5a) . Newton ’s method is used , as is disc uss ed in

14 .1.1 to find t* ~uch that (6.l5a) is satisfied . Usually convergence is

achieved within 5 iterations.

Implicit in eqn , (6.l5a) is the assumption tha t the scan is instantaneous

(all points  under the scan vector are imaged simultaneously). A

rigorous calculation of the time varying location of the imaged point

(~~,X) requires a rigorous model for the scanner motion and the attitude

mo t ion. For our purpos es here , it is sufficient to correct linearly

for finite scan time by adding the correction

At = T(—~-—) (6.15b)
max

to the root t~ sa t isf ying eqn. (6.l5a), where

T = ~ the scan per iod

= 18.355 ms for the LANDSAT scanner

c = the maximum scanner beam deflection away from local vertical
max

= 5.78 deg for the LANDSAT scanner

= instantaneous scanner deflection angle away fr om local ver tical

(see Fig. 6.4D)

= cos~~ (- - 
~~ 

) - sign (AR c) (6.l5c)

where S = R — r
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6.3.2 Local Oblique Mercator App~~~ imation

With particular reference to Figures 6.4d and 6.5, the equations

rela ting a given (~~~ , ? )  on the elli pso id to the corresponding (x,y) in

the map plane ar e

t* cos_ Y
_

x =5 Vcos f dt + R ln [tan(!~ + ~:)] 
~0~ 0

’
~0 S (6 .16)

sit-fl,
y = y (o) + Vsin f dt + R ln[tan(~ + -~

)] 
~~~~~

where the integral terms are the groundtrack coordinates (X
g~ Yg

)~ develo ped

in 56.2 and from the geometry of figures 6.4d and 6.5

O
s 

= — sin 
1
(w’t) = — sin

1
(wt + W

z
t
z

) = sc an angle (6.l7a)

1y = + 0 + tan (~~
-
~~) (6 . l 7 b )
g

wh ere

w = scan vector , projection into t , c plane or

w = ( ) t + ( - )c (6 , i M ~~ )
— U — U —

2u = (w ’ t) + (~~~ 
. 

~~) ( 6 . l 8h )

= orbit norma l , in inertial f r a m e

= r x = constant , for unperturbed orhit(r = SI) ~e c ra f t  ( 6 . l 8c )

position vector)~
and

R = ellipsoid radius of c rvature in the n , c p lan e
c 

2
= (~-

~ — II )cos4 cosA + (~ — H )cos~ sinA + ~~~ (a — H .s i n ~ (6.19)
x g g g g g

See Appe ndix A
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c . AR  c(R -R ) + c ( R  — R  ) + c ( R —R )
a = tan

1 
~ R 

-) = tan
1 

~ 
x x xg y yg z z zg

= the angle between n and the vector from the cross—track center

of curvature to the orthogonal projection of point (~~,A ) onto

C (see Figure 6.4c).

(c ,c ,c ) = earth—fixed components of the cross track vector c ,x y z —

calculated from eqn. (B.8) of Append ix B.

Notice tha t the distance R
c 

1n [tnn(~ + ~ -) ] ,  measured normal to the

groundtrack (Figure 6.5 and Eqns. 6.16), is identical to the classical

formu la for “y” of the transverse mercator projection (see References

2 and 3). Thus , to the extent tha t the groundtrack approximates a

great circle , the map projection approximates an oblique mercator

projection. However , the degree to which the classical oblique mercator

map pr jection is approximated is not terribl y important , in as much

as the present projection is motivated by the fact that none of the

classical projections fulfill the objectives being pursued here (primarily,

a continuous distortion—free mapping of the entire sensed region of

typical earth—scanning satellites). As is noted in §5.3 , the length and

ang le distortions are sufficientl y small to compare favorably with the
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corresponding errors for the classical transverse mercator projection.

6. 4 SUM Partial Derivatives (for Distortion Analysis and Inverse

Transformations )

We summarize here the equations in hack—substitution form for

computation of the partial . deriva tives

(6.20)

which are necessary in the calculation of 54 .2 . 5.2 and 5.4.

To compact the notation , we will make use of the symbol ‘
~~

—
~~\

“

whenever the identical equation for A results by simp ly replacing ~ by

A. These equations follow by simp l y app lying chain partial differentiation

to the equations of §6.2 and 6.3. While references are frequently made

to the equations differentiated to obtain these results , the present

treatment is more nearly an “annotated summary ” rath er than a rigorous

derivation.

Taking partial derivatives of equations (6.16) yield

3D s
= + -

~
-
~~

- cos-y — -
~~~~-— D siny ,

(6.21)
~~~ ~

-
~:-~ 

siny + ~~~~~ D cosy , ~-~A

where

x r f  V c o s f d t
g

(6 .22)
Yg 

CY
g
(O) + Vsin f dt

D E R
c 

ln [tan (-~- + ~-)]/cos0 (6. 23)
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Bx By By3D s
~--A ) needed to calculate eqns. (6.21)The par tials  (-

~
-
~

-
~~~ , 

3~~ 
, -

~
-
~

- , 
3~~

are determined as follows :

X
g~ Yg 

partials

from eqns. (6.22)

Bx Bx
* ~ Bt~= —s- -~ -~ -— = V (t*)cos[f(t.)] -~--~--— ,

3~ 3t~ 3~
(6 . 24)

3
~ 3t ’~— —~~ = V (t*)sin[f(t*)] —— 

Bt~ 3~

D Partials

R sec ( — +
- 

cosO ~~~~ l n [ t a n (~ + ~ ] + ~~~~ c 4BD _ l 

(R 

2 i r a

s 2 tan(~~ +~~) 3
sinG 30

5 S (6.25)— R ln [t a n (~- + 2 3~(cosO )
5

where

BR BR 3~ BR BA B R
C — [ C  

~~~~~~~ + 
C 

~~~~~~~~ + 
X

c~ cA— 
D ’~ 3t ~~ BA  B t *  B t*  g gg g

BR 2 BR B
+ -—--~~c~ sA +~~~ — Z

B t * g g 
b
2 ~~~~ 

s~~
g
] -

~
-
~~
— ~—*A (6.26)

BR 2
C 

— R s~ cA — R s.~ sA + -
~

--- R c~ (6.26)
x g g y g 2 z g

g b

BR
c _

— R c~ sA + R cc~ cA (6.28)
B A x g g y g g

g

B A R  Bc . BRBa 1 c,
2 
(R [-~~

-— - c + AR . — (AR - c) -
~—

-- ; , ~~~~ (6 .29)
J

- 

R 
2 

+ (AR - c)
C — —

B AR
,~~~ (T 1, T2 ,  T3

) (6.30)
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w i t h

c~ cA — Ns~ cA (6.31a)

T7 = -
~
-
~

- c~ cA — N sc~sA (6.31b)

T
3 

= -
~~~

- (-
~
-
~~ s~ + Nc~~’ (6.3lc)

then

N = a 2(a2c2~ + b
2
s
2
~ )

½ (6.32)

= - N
3 (a

2
~~ b

2
) sin(2~ ) (6.33 )

BA R
= (S~~,S2,S3) (6.34)

wi th

S
1 

= — N c~ sA (6.35a)

S
2 

= N c~ cA (6 .35b)

S
3 

= 0

then

Bc Bn e
d
2
R 

edR 
*

= (n x ~~ ) = x ~~ + ~ 
x 

~~~ 2 
- 

~~~~~~ 
] ~

-
~
--- ,4r’-A (6 .36)

Ba Bn 3~ Bn BA 
*

~~~= [ ~-~~ ~~~~~~~~~~~~~~ 
(6 . 3 7 )

Bn
= (T J , T2,T3

) (6 .38)
g

wit Ii

T = —s -~ cA (6.39a)
1 g g

37



T
2 

_54(
g 

SA
g 

(6 ,39h)

T = C4~
g 

(6.39c)

then

Bn
= (S 1,S2~S) (6.40)

g

with

= — C t~(
g 

SA
g 

(6 .4 la )

S2 C~
(
g 

CA
g 

(6 . 42b)

S3 
= 0 (6 . 43c)

then

By 1 
edR e

d
2

R
= v 

dt~ 
~~~~ 

(6.44)

From eqn . (6.l7a)

= — 

1 — (w - t ) 2 ½ 
+ ~-‘-A (6.45)

From Eqn . (6 .18)

= Y ‘
~~A (6 .46 )

See eqn. (6.62) for

Bt 
edR e

d
2
R 

edR
dt
~~~~

V dt*
2 

-
~~~~~ ~~~~~~~~~~~~~~~~~ 

(6 .47 )

y Partials

From eqn. (6.17b)

By BO
s s B —1 -
_ = - -

7
_ _ +

~~-~j- [tan ç..()]
g
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or

By BO dx dt —l dx d
2
y dy d

2
xs s 

+[ (_-_~~\ 
2 

+ ~~~~~~~ 
2
] 

~~
__

~~ ~~~~~~~~~~ - _-.~ & _&
} ~~~~~ ~

-
~Adt / 

dt dt * , 2 dt* 2 B~ ‘

dt~c dt *

(6.48)

with

2

= coo (f(t*)) - V(t*) sin (f(t*)) 
df(t*) 

(6.49a)
dt *

2
d y

~ dV(t*) df(t*)
2 

= 
dt* 

sin (f(t*)) + V(t*) cos (f(t*)) —---~~~~ (6 .49b)
dt*

From the t~ deriva tive of eqn . (6.10)

Bt* BF —l BF
= — (-

~
-
~

- )  -
~

-
~~

- , q-~-A (6. 50)

when

F(t*) = [w x n ) - A R ]  ; t w x ti

= tp AR ~~, AR (AR . t) t + (AR . c) c

then

F(t*) = (t . t) (AR . t) + (t . c) ( R  . c )
-p — - •- - -  - - --

and

— B( t i R) B(A R)
= ~ B~ 

- ~~~~~~~ 
- tp + c—— . )~~ 

-

B 
B(A R) - ~.. l t p

~~~~~~~~~~~{(  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

B :A R) Bc Bt Btp

+ ~~ Bt* 
c) + (AR .-~-~~)}(c 

- tp) + (AR- 
~~~~~~~~~ 

i°) + (c -



B t Bn Bw
(6.53)

= r x (normal to orbit in the inertial frame) (6.54)

E n , n e  ~~, n e  -

w = w + w x w , w = 0 k = ang. vel. of earth (6.55)

= r x ar (=0, for un-perturbed elliptical orbits) (6.56)

Given inertial components of w ’ and 
e
~~

, 
, the earth—fixed components are

obtained via the transformation

= [E
3
(O)](w ’}  (6.58)

{
e
} = [E

3
(O)](

e
W} (6.59)

[E (~~ 1 = 
cO sO ol

3 —sO cO 0 (6.60)
L o  O l J

0 0 + u (tt ),w = rotational rate of the earth (6.61)
0 e 0 e

then

Bw Bc Bt
= A t + B c + c -

~
-
~
- + D -h—- - (6 .62)

where
Bt w ’ . t - - , , . Bc

A = — [w ’ t + w ’ 
_
~ ] iL-_L {w ’ . t[w’ .t + u .  - - -

] ~~
- 
~ - c L v’~c + ~~

’ . ]}

Bc ~~~~~~~~~ . : - .,
(6.64)  B = I [~ ‘.c + w ’ .—~ —~ — L_T ~w ’ -t [U” t + 

~~ ~~~~~~T] + W ’ C [~~‘ c + 
~~~~~~ 

]}

c = I w ’ c (6.65)

D = -1 w ’ - t  (6.66)

= (w ’ t) 2 
+ (w~~.c) 2 ( 6 . 6 7 )
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7,0 CONCLUDING REMARKS

This report  documents a f a i r ly  general fo rmula t ion  and implementation

of the Space Oblique Mercator map projection which embody the attractive

f e a t u r e s  fo recas t  by Colvocoresses when he first conceived of this

projection. During the middle stages of this development , the authors

became aware tha t a parallel effort was being carried out by John

Snyder 
(4)~ Based upon recent communications , it is clear that Snyder

has accomplished an approximatel y equal feat , but using a dif fer ent

approa ch . *

Snyder ’s insightful formulation is much more Compact than the

present developments , althoug h th e one—time character of many of the

calculations would appear to diminish the gap in computational

efficiency.

The question of “wh ich formulation should o~~used” may boil down

to the i_sue of “how much flexibility is required vis—a—vis the

nominal orbit ” . Should circula r orbits he exclusiv~ ly des ired , then

Snyder ’s formulation may prove preferable. Should a state— of—the

a r t  o rb i t  i n t e g r a t i o n  program he used to d e f i n e  the nominal orbit ,

then , wU hcur quest ion . tho present form itlat ion is app licable whereas

Sny der ’s is not , Another important unresolved issue is how important

*
Snyder has not rigorously enforced the curvature Constraint (that tie

map p l a n e  p ro j ec t ion  of t h e  g r o u n d t r n c k  have t h e  same rad ius  of
c u r v a t u r e  as the  t a n g e n t  p lane p r o j e c t i o n  of t he  g r o u n d t r ack ) , hu t
his s o l u t i o n  ap p r o x i m a t e l y s a t i s f i e s  t h i s  c o n s t ra i n t  n o n e t h e l e s s .
Sny der ’s r e s u l t s  do not a l low as much generality with regard  to
s e l e c t i o n  of the  nomina l  o r b i t ,  Wh ereas  t h e  p resen t  f o r m u l a t i o n
permits routine use with either anal ytical or numerically inte~ rated

nominal orbits , Snyder ’s formulations were designed for circular

orbits (althoug h we understand that he is attempting to  m o d i f y  his

formulation to account for non—circular orbits) .
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rigorous enforcement of the curvature constraint will prove f or orbits

other than the LANDSAT near—polar , near—circular , cases studied thus

far.

In any event , we believe both Snyder ’s formulation and the present

fo rmula t ion  are  use fu l  con t r ibu t ions; both will likely be emp loyed

in future utilizations of LANDSAT and similar imagry.

As a final remark , we note that the considerable logical processes ,

al gebra , calculus , and computer programming underlying th is work ,

coup led with the usual editorial/typographical headaches leave a finite

probability that significant errors have escaped the attention of

several proof—r eaders. We sincerely hope that any rema ining errors

prove of no conceptual or practical consequence , and we solicit the

readers communication of all errors or suspected errors. It is

ant icipated tha t computational studies and further analys is wi l l  lead

to addendums to this work in which all known errors will be corrected .
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APPENDIX A

ORBIT INTEGRATION AND TRANSFOR~IATIONS

A,1 Comments

Here we consider two levels of generality for orbit calculation ,

viz:

(1) The case of arbitrary , but given , smooth perturbation , (non—

2 body effects) and

(2) The Keplerian 2—bod y orb it (including all possible spe cies of

el l i p it a l  and c i rcu la r  orbi ts) .

The f irs t class of orbits clearly includes the latter as an

obvious special case of zero perturbations. However , the well known

an a lytical solution for the Kep lerian case is so efficient (relative to

numer ical l y integrated orbits) that we treat it s e p a r a t e l y .

A . 2 Eq~ia t ions  of M o t i o n , In e r ti al  Coord ina tes

We observe first that the differential equa t ions of motion for the

general case have the form

X —CM X/r
3 

+ (X p e r t u r b a t i o n  a c c e l e r a t i o n)

Y = —GM Y/r
3 

+ (Y p e r t u r b a t i o n  a c c e l e r a t i o n )  ( A . l )

Z — GM Z/ r 1 + (2 p e r t u r b a t i o n  a c c e l e r a t i o n)

where

r XI + YJ + ZK = sat  e l li t e  r e c t a n g u l a r  c o o r d in at e s  in a n o n — r o t a t i n g

e a r t h  -~~e ntercd frame , with 7 a long  t h e  po la r  ax i s .

r2 x
2 ÷y 2

+ 2
2 

3 (A .2)

GM = Earth ’s gravitation—mass constant = 3 9 S O O 1 .2  sec 2

Given initial position and velocit y c erdinates (X . Y , 7 , X , Y , Z )
0 0 0 0 0 0
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at time t
o
, numerical methods such as Runge—Kutta ~App endix C) can be

employed to integrate equations (A.l) to determine instantaneous

position and velocity (X,Y,Z,X,Y ,Z) at an arbitrary given time t ,

A .3 Satellite Motion: Analytical Solution for Inertial Rectangular

Coordinates (Keplerian Special Case)

The fo l lowing equations , in order of solution , determine the inertial

coordina tes (x,Y,z,x,Y ,Z) at time t , given the same quantities (X , ——— , Z )

at time t
0

cons tant s:

p GM = 398601.2 km
3/ sec2

r X ~~+ Y ~~+ Z ~ (A.3)

D = X X  + Y Y  + Z Z  (A . 4 )
o o o  0 0  0 0

= x 2 + + (A .5 )

-~~ = 2 / r  - V 2 /p ( A .6 )

c = 1 — r / a (A .7 )
o o

Solve for the change in e c c e n t r i c  anomoly  E (u s ing  Newton ’ s m e t h c d )  f rom
D

= E - (1-n a) sing ~~~~~~~~ (1-cosE) (A.8)

then

f = 1 — a(l — cosE)/r (A.9)

g = (t-t ) - a
3/ 2  

(A- sinE)/p~ (A .lU)

r = a(l — c cosE) — D (~ )sin A (A.ll)

f = —(rr )~~ pa sinE (A.12)

g = 1 — a(l — cosE)/r (A.13)
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and f inally1>~t~ IXO 1

Y(t) = f + g~ ~c, (A.14)

Lz(t )J LzJ

rx(t)1 - rx~1 1~1
~~Y(t) ~~ - f 

~~~ 
~~~~~ g~~ 

V (A.l5)

Lz(t)J H
A . 4  S a t e l l i t e  Motion: Transformation to Earth—Fixed Rectangular Coordinates

Regardless of whether the satellite orbit is calculated via the

anal ytical solution of §A .3 or whether perturbations are considered and

equations (A,l) are integrated numerically, the same transformations must

be ap plied to the inertial position , velocity , and acceleration coordinates

(X ,Y .Z :X ,Y ,Z;X ,Y ,Z}

to obtain the analogous coordinates

i_ _ i. ~~~ ,~~~ -x

with respect to earth—fixed axes. The transformations are compactl y

written in matrix form as

cos O sinG 0 X

~~~~~~~~~~~~ [sine cosO (A.16)

~~ =EE :: ~ (A.17)
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sinG 01 Ix + 2 Y~~ — Xui 2l

= 

L 5:fb co sO oJ 
~~~~~ 

e 
— 

~~~~

where

O = 0 + w ( t — t  ) (A. 19)
0 e o

= s idereal  time of greenwich

= counter  clockwise r o t a t i o n  about the Z=z polar axis

W
e 

= angular velocity of the earth

A .5 Satellite Motion: Transformation to Earth—Fixed Ellipsoidal

Coord ina te s

The earth—fixed ellipsoidal coordinates {~~.X ,H : ~,A ,H; ‘~,\,H }

can be calculated from the earth—fixed rectangular coordinates ~s~;~ :
from the following equations:

Pola r  D i s t a n c e  and D e r i v a ti v e s

r = + (A , 2 0a)p - -

r = ~ + - .~) / r  (A . 2 0 h )p 
- .  

p

r = a + a + ~
- + ~ - /r  (A 20c )

p - p p

Long itude ()~~ and Derivatives

A tan
1 

- ‘x. (A.2l a)

= - ~ ~~) / r 2 
(A .2~ h)

p

A = (x - x + a - ) / r 2 
— 2 ( r  1 - 

~ 
x ’r

2/ r 3 (A.21c)- p p p

L a t t i t a d e  ()~~ and H~~J’~~~ (11) and T h e i r  Per iva t ives

~ and H are determined via th~ Newton iteration

~~~ (k+l) ../k) —
- 

= ~ + D (k )  -- — 
(A.22a)

l~j i )  H r~
_r
~~(k))
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Q= 
D~~ ( A . 2 2 b )

I ~1 + ~~2
[(

~~~~~ N + H)s in~ - 2~~~ ~~~~ COS~ -- 

2 

~~~~~ st n : ]- 2~~~~os~~
a a 

2 

a

H r + ~
2 [ (N-i-H)cos~ + 2-~-~- sin~ — -

~
--—

~
- cos~ ]+ 2~ iIsin~

(A.  22 c)

where the iteration (A.22a) normally converges in 3 iterations , using the

spherical earth starting approximations

(0) — l ‘ (0)
~ = sin (~~) , H = r — 6 3 7 8 km

and ~~ -
~

-
~~ 

[
~-~- 

~~ 
sin~ + 

~~~~~~ 

N+H)c os~~] [sin~~]

D = D ( ~~, gB~ = (A .23)

~ 
[
~f-~ cos~ - (N+H)sin~] [cos~ ]

D(k)  ~~~~~~~ H~~~~) = eqn (A.23) evaluated with ~~~~~ (A .24)

2 ‘ 2 2 2 —~-N = a (a~ cos ~ + b sin ~~) 
2 

= rad ius  of curvature in the prime
vertical p lane (A.25a)

2 2dN 
= - 

(a —h ) 
N
3
sin2~ (A .25b)

2a

7 2 2
= — 

(a —b ) [3M 2 
~ -~

- sin2~ + 2N
3 

cos2~] (A.25c)
d~~

2 2a 4

2
a = (~~

-
~

- N + H)sin~ (A . ?6)

r = (N + H)cos~ (A.27)

(k) = eqn (i\.26) = evaluated with <)
, ~~~~
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r
p~~~ 

= eqn (A~ 27) eva lua ted  w i t h  ~
(k)

H
(k)

In several  ins tances , the  o rb i t  norma l u n i t  vec to r  w i s  r equ i r ed  in

Carrying out calculation s needed in the t ex t  of th is  repor t , The scan

vector  can be de te rmined  by the  cross p roduc t

r x ~~ /~~r x i~~= (h /h )  I + (h / h ) J  + (h / h ) K  (A , 28 )
-— — — x — y -— z

where

h = (Y~ - ZY) h = (zX - xz) , h = (X~ - YX) (A , 29)
x y z

h
2

= h
2
+ h

2
+ h

2 
(A.30)x y z

The components ( A .2 9 )  are cons tan t  fo r  Kep ler ian o r b i t s , hut  m u s t  be

calculated instantaneously in the presence of perturbations , The

rotating earth—fixed components of w ’are determined via the transformation

cos~ sinó 0 (hx x

w ’ = -?~- —sin~ cos~ 0 h (A.31)

1~w ’J 0 0 1 Lb
and , when necessary, the tangent (t) crosstrack (c) and normal (n)

components of w are det e rrni ricd by

t
y

~~ ~~~
‘ = c c c ~ w ’ (A . 3 2 )

( C  x y z 1 y

n n n
L n  X y -z

where the t , c , n vectors are defined (and expression for computing their

c(a’Ip( nents art given) in Appendix B(eqn 8.8).



APPENDIX B

SUB—POINT GEOMETRY AND MOTION

B.l The Sub—point Vector R and its Derivatives

With reference to Figure 6.4h , it is clear tha t the sub—point vector

R and its earth—fixed deriva tives are
-0

0

R = r — H (x — H ) i + (y - H )j + (a — H )k (B.la)
—g — — x —  a —

e
R 

e. P
H ( H ). (~~~~ H ).+( H)k (B .lb)

g — — x—  y a—

e
R = 

e
r - 

e
H = (x - H ) i  + (y - H )j + (a - H )k (B. c)

The lef t superscr ipt e denotes tha t the derivatives of the groundtrack

(sub—point) vector R are taken with respect to earth—fixed axes. The

earth—fixed satellite coordinates (x,a ;x,a,r ;x ,a,a) are ava ilabl e

from Append ix A , eqns (A.l6), (A.l7) and (A.l8) . The H vector and its

derivatives follow from the geometry of Fig . 6.4a as

H = H COS~ COS\ Hc~ cA (B.2a)

H = Hc~ sX (B.2b)

H = Hs~ (B .2 c)

H = Hc~ cA— If~s’~cX — H~ r~ sA (B .3a)

:7 = i!c:sA — II~ s~ sX + HA c~ c X (B.3b)

H = Us-: + H~ c-~ (B.3c)

-. -- -
~ -2 -2

H = Hct~cX — H~ s~ c A — H As~ sA — H(~ +A ) a~ cA

— 2Ii~ s4 c A  — 2H X c~ sA + 2 1-L~ A s~ sA (B.4 a )

H = H c~ sA — H~ s~ sA + HA c~ sA — H(~
2 
+ A

2
)c~ sA

— 21l~ s~ sX + 211~ c~ cA — 2H~ Xs~ cA (B.4b)

Hs~ + H~c~ + 2H~c~, — H~~ s~ (B.4c)
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B.2 Tangent, Crosstrack and Normal Vectors

Referring to figure 6.4b , the unit vector tangent to the sub—point

pa th genera ted in earth—fixed axes is clearly
y .- lI a - H

1 e~ = 
~~~~

_ X
) ~ + ~~~~~~~~ ~~~~ 

+ 
~~~~~ 

a
)k (B ,5)

Referring to Figure 6.4a the unit vector normal to the ellipsaid is

clearly

fl (COS ~~~ CO5A
g
)1 + (Cos~ g

sinX
g)1 

+ (Slfl~tt g
)~~ (B ,6)

The crosstrack unit vector is defined according to the right hand rule

as

c n x t (B ,7)

In summary 
- . . -[

~1 ~ t t (
a
) I f~~~~~~~) 

-

c c c ) (n t - n t (n t~~~~ n t ~~~ n t - n t i j— X y Z — y z  zy  Z x  x z  x y  v x  —

n n n n k c~ cA c~ sA s~ k
\ — .J ~. x y z . ~,—J g g  g g  g ~-~~\z-

(B.8)

The ellipsoid coord inates {~~,X ,H} and their deriva tives needed in eqns

(B.2), (B.3) and (B.4) are determined in terms of satellite motion by

equations (A.20), (A.2l) and (A. 22). Thus the vectors •
~g

’ 
e
R , and eM

characterizing the sub—point ’s position , veloci ty and acceleration can

now be calculated from equations (B.l).

B.3 Radius of Curvature of the Sub—Point Path ’s Projection in the

Osculating Tangent Plane.

With reference to Figure 6.3 , d e f i n e
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p = p ( t )  = instantaneous radius of curvature of the groundtrack ’s

instantaneous projection into the ellipsoid ’s tangen t

pla ne

or
e
d R

-
~ = c .  (B.9)

ds
= tangen t plane component of groundtrack (sub—point) acceleration

with respect to earth—fixed axes

whe re

c unit  vector normal to groundtrack , li es in the tangent plane

= n x t (B.1O)

t = unit vector tangent to the groundtrack

= 
1 e

R = -~~ [( ~~ - ~4 )i  + (
~~
i -1’ ) j  + (~~ 

- P )k] (B.ll)

n = unit vec tor normal to the ellipso id

= (c cX)i + (c
~ sX)I 

+ s~ )k (B.l2)

= speed of the sub—point with respect to the earth—fixed axes

= = = {(~~ — + (~~ — ~ (~~ — (B.13)

s = arc length along the groundtrack
t

= V(-r) dT (B.14)

c edR dR
= . 

dt 
= 

1 eR (B.l5)
is dt ds V —g

°d
2
R .
—g 1. d V C R + LeR

ds 
ds —g

V e~ ~~~~~~ (B.l6)
g ~~2
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Substitution of Equations (B,l) and (B ,l6) and then equations (B.ll)

(8.12) into (B,lO) and (B.9) ultimately reduces (B,9) to the explicit

f ormula

= ~~~ {(x -. H )  [(
~~ — ~~)c~ sA — (

‘
i —

+ (y - H~~)[(~~ - ~~~~ 
- (~ -

+ (a - H )[(L’ - 7 )c~ cX - (~~ - ~~)c~ sX]} 
(B.17)

Equa tions (B.l3) and (B.17) provide the important equations for calculating

the sub—point velocity and the sub—point path radius of Curvature.
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APPENDIX C

4 CYCLE RUNGE-KUTTA ALGORITHM

Given a sys tem of f irst order ordinary differential equations of

the form

dx .
= f.(t ,x1,x2, . . - , x )  , 1=1 ,2 . . . ,n (C.l)

and specif ied initial condi tions

{x
1
(t )  , . . - x(t )} , (C.2)

the following 4 cycle Runge—Kutta algorithm permits recursive , step—

by—step integration of equations (C.l) to determine the x~ at sequence

of times t1,t2 
t
k
:

x i (tk+l) = x i (t
k
) + ~ [A 1

x . + 2A 2
x. +2A

3
x~ +

I = 1,2,... ,n (C .3)

where

i~1
x . = 

~
t[f.(t

k
.x
j
(t
k
), . X~~(t~~)]~ I = 1,2, . . ., n (C.4a)

A 2x . = 
~
t[fi (t

k 
+ 

~~~~~~
, x~ (t~ ) + , . . . ,  x (t~ ) + 

A~~x

(C.4b)

~3
x . = ~~t[f i(t~~ + ~~~~ , x

l
(t
k
) + ~~~~~~~ X ( t

k
) + ~~~~ ) ],  i=1 ,2 . . .  ,n

(C.4c)

A4
x . = At[f .(tk+l , x l

(t
k
) + t~3x1, . . X(t

k
) + A

3
x)], i l ,2 ,. .

(c.4d)

tk+l = t
k 
+ ~~t (C .4d)

The atcp  A t mus t be de termined emp irically to maintain the desired

number of significant figures.
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The above Runge—Kutta algorithm is implemented in subroutine

RIJNGE. For each set of differential equations of the form (C,1), the

f unc tions on the righ t hand side must be programmed in subroutine

DERIV.

The subroutines are given in Appe ndix D , set up for the integrations

of §4 .1.1, eqns. (11).
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APPENDIX D

IMPLEMENTATION AND DOCUMENTATION OP COMPUTER PROGRA~-1S

The various programs developed in the co urse of this work can be

d ivided intc f o u r  major  categories , cor responding  to the fou r  major

funct ions of this software. The first group (D.l through D.12) consists

of the subroutines necessary to compute the coefficients for the Fourier

series fit to the satellite groundtrack projection and the f~ function *,

The seco nd group (viz., Forward Transformation) , subroutines D,l3

through D.l6, generate map p lane x and y coordinates given ~ and A.

The third group (viz. Inverse Transformation) , subroutine D ,l8 ,

generates q and A given map p lan e x and y coordinate. And the last

group (viz, sensitivity ananlysis), subrout ine D.17 , determines length

distort ions along lines of cons tant ~ and A. In add ition to the

subrou t ines cited , the final three groups of subroutines , rely upon

severa l of the f irs t group to perform var ious seco ndary calc ulati ons ,

D.l Subroutine ROC (T, cons)

This subroutine computes the radius of curvature (eqn . B ,17

Appendix B) and the first and second derivatives of the motion along

the satellite groundtrack (eqns. A .l6 and A 2 2 , App endix A). Time is

input as T. The vector CONS(30) contains the various required constants

and initial conditions defining the orbit and the reference ellipsoid ,

The output of this routine is passed through common blocks and CONS.

The calculations are based on the equations of Appendix A and B and

the Fortran names in terms of these Appendic es are:

=1 di
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TERN = —p

N(3) = n

DRDS(3) 

~~~~CC(3) = C 0 X t

DRDT(3) = r — H , r = satellite position vector

DDRDT(3) = r — H , H = height above the su r face  of the ea r th

PHI =
g

LANDA = A
g

DSDT = 
e~ = V
-g

DDSDT = V

DPHI =
g

DLANDA = A
g

XN(3) = X , Y , Z

DXN(3) = X , Y , z required for scan vector calculations

DDXW (3)= X , Y , Z

Subroutine ROC has external references to ORBIT , ROTATE . CROSS , EFRANE ,

PHIH, DPHIDH . and VECPRD .

D.2 Subroutine ORBIT (X,XF ,TI ,TF ,CONS)

This subroutine uses the f,g,E ,and g solution of Appendix A to

compute t he  o r b i t  S t a t e  at time TF ±or all spec [ :5  ‘1 eli i gt ical orbits

(including circular). X is the initial state vector at  t ime TI and

XF is the state vector at time TF. CONS is the vector used to pass

various consiants and the output of subroutine ROC , The position ,



velocity and time are given in units of km , km/sec and sec respectively.

Subroutine ORBIT has an externa l reference to NEWTON .

D .3 Subroutine NEWTON (CONS, PHI, TI, TF)

This subroutine uses Newton ’s method to iteratively solve Kepler ’s

equation for change in eccentric anoma ly E (eqn, A .8  Append ix A).

Subroutines ORBIT and NEWTON provide the means to compute the

satellite position at arbitrary given times as a function of the given

initial conditions .

0.4 Subroutine ROTATE (M ,TO ,T,WE)

This subroutine computes the earth’s r ota tion direc tion cosine

matr ix M (3,3). TO is the initial time. T is the fina l time. And

WE is the earth’s rota tion rate. 0 is passed in CONS .
0

0.5 Subroutine CROSS (A ,B ,C)

This subroutine computes the cross product of two vectors (e.g.

A x B = C).

D.6 Subroutine EFRAME (A ,B ,N)

This subroutine rotates given components of an arbitrary vector

from the inertial ref. frame to the instantaneous earth—fixed , equatorial

frame . A(3) is the vector to be operated upon , B(3 ,3) is the rotation

matrix , and N is dimension of A. The output overwrites the input and

is returned in A(3).

D.7 Subroutine PHIH (RXY ,Z,RN ,PHI ,H ,LANDA ,A ,B)

This subroutine uses a 2—dimensiona l Newton ’s method to find phi

(geodetic lattitude) and H (the height of the satellite above the

reference ellipsoid surface) . The constants and corresponding definition

is:
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Z = z

= (x ~ +
= (v~~ + y2 

+ z
2
)½

A = earth’s semi—major axis

B = e a r t h ’ s semi—minor axis

X ,Y ,Z = Earth fixed components of the satellite pcsition (x,y,z)

See equation A ,22a in Appendix A,

0.8 S u b r o u t i n e  D PHI D H (A , B . H .HP ,HPP .?HI ,~~~ TI , DD P H I. X ,L~~ .R ,NU , DRDT ,DDRD T)

This subprogram computes the first and second derivatives of PHI

(geodetic lattitude) and H (the height of the satellite above the

ellipso id surface) (see Appendix A eqn . A ,22b and A.22c), X (3) is the

vector containing the earth fixed components of the satellite position.

The Fortran definition of the output are :

HP = H

HHP = H

DPHI =

DDPHI =

D.9 Subroutine VECPRD (A,B ,C N U )

This subroutine computes the inner product two vectors. If NU

~ 0 then C = A . B .  If NU = 0 then C = A-A ,

D.l0 Subroutine INTEG(Z ,CONS ,TO ,TF)

This subroutine integrates to determine the satellit e groundtrack

map p l a n e  c o o r d i n a t e s  as wel l  as the coefficient for the Fourier

serh- s representation of these coordinates.

Z ( 4 0 )  is t h e  vec to r  c o n t a i n i n g  t h e  s ta t e  it each step in the
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integration , CONS(3O) is the vector containing initia l conditions and

constants. TO is the lower limit of integration and TF is the upper

limit of integration. The components of the Z acetor are defined as

fellows :

Z
1
(t) = X

g
( t )  = V (t)cos(f(i))di

Z
2
(t) = Y g

( t )  = 

~~(o)~ I V (r)sin(f (i) )di

Z
3
(c) = f ( t )  = 

V (T) 
dT

to p(-r)

Z4
( t )  = A

1
(t) = 

~~ 

V ( T ) c o s ( f ( T ) ) d T

z0~3
(t) = A

0
(t) = ~

. 

I~0
[x
g
(T) - ~g

T]sin(~~1)di

n=l , 2— 9 , 10

z14(t) = B
1
(t) = 

~~ ~~~ 

Y g ( T ) d T

= B~ (t) = 

~~~~~ 

Y g
( T ) C O 5 ( ~~~~) dT

= C (t) = f(i)sin (~~~ )di

In this program one preliminary integration is performed to determine

:~ and Y - N o t e  y0 = B although ,it is not  used in the  Four ie r  series
og g 1

repr esentation of y (t) (so tha t v (t) will oscillat e ab e u t  t h e  x a x i s

with zero mean) -

The so le  o u t p u t  of t hese  s ub r ou t  ines c o n s i s t s  of tb: Fourier

fit coefficients ,

Subroutine INTEG has an externa l reference to RIJNCE.
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D. 11 Subrou tin e RUNGE(TK~N ,DELT ,CON ST ,XK)

This subroutine uses a 4—cycle Runge—Kutta algor ithm to approximate

the integration of th e state XK over the interva l [TK ,TK+DELT], as

described in Appendix C,
TK + DELI

i.e. XK (TK + DELI) = XK (1K) 

TK ~~~~

N is the dimension of the current state vector. Const(30) is the

ubiquitious vector containing the necessary constants~

Subroutine RUNGE has external references to ROC and DERIV .

0.12 Subroutine DERIV(T .N ,X . CONST ,F)

This subroutine computes the deriva tive approxiaations required

in subrou t ine  RIJNCE. T is the current time . N is the  d i m e n s i o n  of

the state vector X. CONST(30) is the vector of necessary constants ,

And F(N) conta ins , as output , the derivative approximations.

With subroutine DERIV , we c omp lete the Section for determining the

satellite ground map plane coordinates.

D.l3 Subroutine NS (CONS .PHI ZL~
M
~~J

ALPHAO ,XT ,YT ,TIMF ,NU)

This subroutine computes the x and y map plane coordinates . given

ell ipsoid coordinates PHI and LAN DA . CONS i~ the vec tor containing

neces sa ry  c o n s t a n t s .  ALPHA O is the initial equatoria l right ascension

disp laceme nt ang le of the spacecraft relative to the inertia l X axis

( u s ua l l y t a k en  a long  the  i n t e r s e c ti e n  of t h e  i n it i a l~ ~ceen~~ic b me rid ian

plane and the equator~ ii p l a n e ) .  TIME is r i m e  t~~ as found in NS,

If NU~ 100 seach fo r  t* . I f  N U = l O O  bypass the t~~ time search , XT and

YT are the map p lane coordinates .



Subroutine NS has external references to SETCON , ROC , ROTATE . CROSS .

[FRAME , and [‘~f~
9

0.14 Subrou tine SETCCN (A,B ,PIE ,PERIOD ,CON S)

Ti is ~~~routine sets parameter values not passed in CONS , A

is is the reference ellipsoid semi—major axis , and B is the semi-~mi nor

axis in ~~ PERIOD is the satellite orbital period in seconds. CO~ .S is vector

Or ne ce S Sa ry  unetants.

0.15 Subroutine FNTS2~~~~~ ONS ,XCOEFFS .YCO [FFS, FCOEFFS. F. NX~ NY. NZ)
dx d Y r~ dfThis subroutine generates values for x~ ~Yg~ 

f~ ~~~~ 
and 

~j
-
~

- by t h e  Fourier

series representations and the differentia l eqns. for x ,v and f.
g - g

is the c u rr e n t  t ime . CONS is the  vector  of necessary  c o n s t a n t s .

XCOEFFS , YCOEFFS and FCOEFFS are the Fourier series coefficients,

NX , NY and NY are the number of coefficients for x , v a nC fg ~g

respectivel y. As output

F(l) = X
g

F ( 2 )  = Y g

F(3) = y ( t .c - Fra me ro r~~tion u n c l e )

F(4) = F

dx
DX =

dt

DY =

cit

DF =

Subrout inc F N I ~~2 has extern al rt fi- rcn ces to SETCON and ANC

D.16 Subroutine ANG (C ,S ,T.N)

This subroutine computes multi p le ang le sine and cosine terms for
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the Fourier series for X
g~ Yg 

and F.  C is the  vector  c o n t a i n i n g  the

cosine (NT) terms . S is the vector containing the sine (NT) terms.

N is the number of terms desired , and I is the time which has been

normalized to I r (real time)/(satellite period).

This completes the section for determining the forward transformation.

0.17 Subroutine ERRORS(A ,B ,CON S ,FF ,HP ,K ,U1,U2, Vi, V2, ANG1, ANC,2, T)

This subrout ine  computes the p a r t i a l  deriva t ives

Ui =

U2 =

V l = ~~~~

V2 =

and the  l eng th  d i s t o r t i o n  f a c t o r s  HP and K. HP is (~-~— -) f o r  l i ne s  of

contrast X and Y is (~~ —-) for lines of constant ~~~,

A = earth semi—major axis

B = earth semi—minor axis

PP = f l a t t e n i n g  f a c t o r

ANG1 = lamda of current point

A~G2 = phi of current point

I = current t in e  (as found in NS or INVERSE)

Subroutine ERRORS has ex t e rna l  r e f e r e n c e s  to ROC , ROTATE , CROSS ,

VECPRD , and FNTS2.

This comp letes the section on sensitivity ana lys is

0.18 S u b r o u t i n e  INVERSE (TO , TT , CON S , FF , X , Y , PHI , J .ANfl A)

This subroutine computes  PHI and LAMDA given map projection plane

x and y coordin ates. TO is the initial t ime . TI is the current time .



FE is the flu tt enin g factor.

*C ro ’it ine INVERSE has external references to SETCON , ROC , ROTATE ,

CROSS , EFRANE , FN TS2 , N S , and ERRORS .

Thi s completes the section for the inverse transformation .

0.19 Subroutine Scanner (T , [1, R2, R3, Xl, X2 , X3 , Nl, N2 , N3,

H , DR 1, DR 2 , DR3, Cl , C2, C3)

This p rogram computes  a l inear  c o r r e c t i o n  to t ime when the  scan

speed canno t be considered infinite.
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SPACE OBLIQUE MERCATOR

PROGRAM LI STIN G

(Programmed by James D. Turner)

The subroutine listings follow in the following order:

Subroutine

SOM 66

NS 69

ERRORS 7 4

SETUP 

IN TE G 8:

ANG 

FNTST2 85

SE TC ON 86

INVERSE 8:

R UN GE 91

ICS 92

DERIV 93

ROC 

ROTATE 

PHIH 

CROSS 00

E FRAM E 100

ORBIT 101

NEWTON l0~

DPH ID H 10-.

VECP RD 105
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C C O M P U T E  Y — C ! I O I , IIO T R A C K  C O O W I I I N A T E
4 0 1*1 .0

DO 1 112 , 51
1 1* 11 + T C O F F F S ) I I . C ) I  — 1)

C rO MP 113 - A - I R 0 I ,I ,0 T R A C E  C O O k l I ’ , X T E
X * V r ,O E F F S ( T  1 . 1

45 400 2 1*2 ,1 ,0
2 XV V • A C O F F F S ( I ( . S ( I— I )

F T  * A ,

(00 A 1* 1.111
6 11 *11 * C O E F F S I I I , S I I I

50 F I O F I X
1 ) 7 1* 5
1)0  l I F T
IF P ‘=P I F’ /“l 5 1 “5

C CO’1 IT)’ - *,DT FOR 00.0 (150 T N A E o

DV - T I I S f l R I . 1 1 5 1 1 1 4 ) I
C EOMP ‘ T I ’  11/Cl FOR GF C’ ,rji) IHAC:

115:1 0115 1 1 3  1.515 I F  F ‘4 I

DElI.

00 8 1 = l ’ r
LA B 0F~~rlF * 1 . E C O F E F S ) ) I . C ) ) (

OFT * I F  * 13-Il P
F I 9 I = P I I / ? . • A 1 X I J 2 ) D T . D X I
3111111 ‘1
1111)

BEST ‘~AVA1L4S~ COPY
‘1
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S U B R O U T I N E  SETC’1’L I A , B , F’ I E  , P C R I O D , C O N s )  

* * *
C THIS 1317539 1 SETS VALUES OF PARAMETERS USED IN THE CALCU LATI O N OF

5 C THE STFLL IIE GROUNC T ” T C K
C
C ~STEPS * I ‘3CR OF STEPS II) THE IN TEGRATIO N OF 5.G ,T,
C DEL I * TI’r INCR F ’Er,T IN EACH 1’,TESRT TIOT) STEP
C..... *,n,, . .*...* ... .,. .. **

10 C
flI’EN S ID J 1 1 5 * 1 1 1
Fri • /29)’ •
ESCr2. ’I’ -
A01373. INS

15 BrA.SUl ’l)l . — COO l
PT Er ? . I A  5 15 ( 1.  I
PERTO0I110. 7117 * 5 1 ..
NSTFPSII4 C I’(
DE L Tr PLS 107/1)1 T CBS

20 CDTLSIR )*’FRIDI ’
C 01,5 I 7 I = 3-
I’D’  9(0 (10
COlIc 191 * 3
ClOD S 1 1 3 1  +r’FLI

25 10)1011 3 1*1..
C

RE 111311
E~~D

nrCT A~,AI 1 A !V ~DOl MVbU [J-W~ t. Lu( I



V ,II L * V l I 1 I I (  I . 1 , E ’ 1 5 E I T , T T .C ~~
1 LS ,0.F’.*.0~~~

l1
~~~ l A ” l 0 I

C l 1’ I ’ S  “-1 0,10 ) 1. ’f l A  G IV E N  x 01( 0 11 15 T I’). ‘Al ’  P L A T I E .

C
C T j ’ l I
C = * A b S C I S S A

C 11 1. O- l );I l .f l T l

i i  C DI II ’ (1

C “-, l * G E ”  I T I C  L,0 1 F I T L ’- F

C 3A”!’ X * L- ,~~~I T ’ I . ’)’

C 11 = 1 1 ’  F - II SF ’L ,T rl M E ’  I V E C T O R  D E L T A  9 L I E ’  A L O N G  THE S C A r ,

C I’ F 1 . T ‘ - ‘  — •
i S  C 

.

r ’-’ ” I  l / , ;
_
.,T*/,j~~X T,3 01 .C . I , . A , r,

C)’’ I’ I /A ’ II / T C ~~~ ’1. - 1,,. ., * 1 .  1 .1

, /‘1 / 1’ )’”

2 9  l~~
’ ‘)-L/” * ’I ‘11’ ’

” , ‘1
ID “U - / l  * C - ’ F )  1/ + 1’ )E1F* . Ir,,I’ I- • F O 1 . 1 .  FES, 1,1 , 51 , 1)1

,‘ )  Fl III / 5 ’  ,‘ ‘1 , . I ’ I+ :
1.1 ‘ ‘ “ I  I~ ‘ I/ A l  1.1,-AC
‘11 ’ I ’ ’ V ) ’ ’. ‘C I ’ l.” 1 T I  .1 ,11 I .T( .I ’O t I c ) A I , R O T I  0 ,3 1 . 05)61 . 1 1 3 1

75 DT 3-’ - 1 ”  , , I ’ I ,’ I D l , l ) S I , 1 7 . , 1 3 l . ’ ,,,1 3 1 ,. .. ( 3 1 . 7 *1 3 1 , T 1 3 I . I ’ l l S )

Ib’ r i ’1: ’T’) “ I I  .* ,- . l E 1 F 1 1 I ? V I 1 C : 1 F F S I = D ) . ) A
~~F c F S I 2 D l

(IT’ 3- - “1 ) -‘ J I I 1. I ‘ 7” ( C T  I * I • I ” I -  ( I  A I , I’ I -, II,I~~r ’ V I ” ,

I’ Il””i.’ ‘/ ‘ I I / 1 l” ’ ’ .J

‘I’ .’ ) .

~1 C’I L” ”1 .’-C
I’ll “ -* 1 .  -

“ I L L  ‘l S ’’ i  ( ‘ I ’ i ,rTE, ) . 1 ’ . ’ I

3’, I ’ l l  ~,.1T’ I . , A’” ’,S b

C ‘I) ( ‘ )‘: ‘b I ‘IL IL.). -‘9 1)’’ I I -I

U
C 11 1) ‘ A  = I I 11 ‘. 1,0111, 1.131) L,  (lIE -‘I ,’ C ’ - ’ ’ 7 1 V FLC I C I’ D .

A A L I ’  I

II’ ’ h i  I z
I’ll) 11 ,111 ‘ T * l

I 1 7 1 1
(‘‘II  ‘ ‘ ‘ * 3 - ,

7 ) 1’ ’ ’ ,  - 1 4 1 1

C I - “ ' 3 - T I  t .~’: I - a  I ’ ll ‘III “-1 ‘. 191

C ,. 1.111 I’ a I I  I * T 1 1 ,C ‘,,‘CCF

C “‘ ‘ A ‘ i ( I l I ’- , ’l ’ V I , 1 - i’ ,b ’ l T ) , L L  .l- ,ACE

C
C - 

~ - - , “ 7 ” ”  I I , 1’’) - C ‘I , I’ l l’ )  C )  ID, ,

‘IS
I (,~‘‘ 1 1 1 * ’ ,, (‘

BEST 
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I’ l l C i l O I S l O ’ , . O D * I , , U L I

1,1 C

C I I I’  II  T I - F  “[ ‘11541 I C I  (11 THE SC SI , V E C T O R  I ll T IlE L — I V A I E  — I TI. CC ‘3351515

C 1’ 1 ’ ~~’ 1II 5 ’  S E - A C E

5’ , ‘‘I I I )  ‘ I 1,) I I I  I • , I’ , 2 I
9)1125*,) 1 1 2 1  — .1 . 1 1 , 5 )

D I I I  3 1 A U I I  1 . )

70 C “ ‘ IL 11 ’ 7- .)’ C DV I ’ L ” )I- I ) S  ~ F U .IU TO THE [—FRAXE,

C
CA l L C l- ’ -‘ ‘ -‘I I ‘ . 0 1 1 ,3 1
r- ’ l I  ).1 I - ’ F ) D E ,~~ ’ T . .T)

C
79  C I IS T i l l  - 1 -  IT  V E C T ” C  ‘II A l l IS T RAC K .,I 1 C IIAPIC ’,L I L T S  ( I L  I~~F C — I 1  A ’E

lIT 111 1 * 1 , 0
1 1 1 1 * 1 1 1 *  iT II 1/’)

1 5 ‘~~ I 1 U ~~~I’ T 11  I /1] — 0/IT. 1(411 I 1 I / (II ,

C
BA C 0 IS T I l l .1 II SEC Ill II) Ill, CO OPS T R A C K  D I V E  CT 101 , L III’ CO M P O N E N T S  TI)

C ‘‘I
C

‘II I  C P D V *  I 1, ‘,C)

DI” I +C0’IS 1 2 1 1 1
IS IC C , ’ ‘IJ, 5*)11111 /~~ 1

Cc , 1 , I ’ J S 5 * , 1 ) SI l -~F F
SL IT S ))-.) I1I,S I 1 + ) )
I’ll 1 * C 1 ,S I FO l S I  1 3 1 )
0CM, ’, - ( ‘I I I ”  ‘I 5 * (  I

‘Al 17
C ‘~ I 1 =  ~~1’ “ E * I. 1 ,’, A I’ ’I 1*’ 0110. 1I111’I L SE CT -il - II TII F E~~1RA’1

1 1 ) 1 1 1 + — A  l .9 )  ‘ ( * ‘ - ‘ li — 01.1’ L I,A ~~’-I S ” ’ ’ A

‘1’ - )  7 I -  ‘I’ . 4  ‘ 1’ ” I’’ t • C C . F . C L  .I’ ’CI
‘ ‘ F ’ ’

I ’ l l  L~~
T
~~1 I , ’ ‘T . ”(

C I I I  C’, ” ’ L A I l , ’ l , I’l

10 0 C ‘ I C  I A  ~~- ‘ I ’  ‘ITIIJ,’I T I C (  (111 1 3  C V E C I ’-)) TI) TIl L E— F l5/’l .

19 “0)1)’’ I l )  4 3- 1 ) 1

10 ’S
1’ ) * “ I I L ( , l l l l *  I’ I I  I • 7 I I * I ’ l l  ‘ I I I 3 I

I ” — ’ ’ ( , , . ’If ’ ( I  , ‘ I ? I . , ’ I , I * , , l ? ) . I T I X I
I 1  I I I  . 1 , ’. , , ’ 1 2 1 . 1 1 2 1  • I I T I . T I ’ 4
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I / A  ‘ ‘ I I I .  i 1 I  . 1 1 )21. X I  • I I I A I , 1 r ’ F
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115 X A r T ’ / S  I’ ll
+11 + 1 / S  I’ ll,;

C
C 1” III’ ‘C’I’- V E C T O R  AT P* I I , JF ITE ID  01113 THE I.E P L A N E

120 00 ,9 )Vl ,9

‘*5 , ) ) )* . , ‘~ ‘ T ) I (  • ““ . 1 1 ( T )

IT S I I I I ’ 1 ’ I / S ’ l ”SD — T3*I[P’,ISII ,S3 ,’ . . I~’ ’ 1 3* ” II ’A A 3 l
7 1 1+  IT I. ”- I/S I ” Si — T,, T E+ , ’ /  ( 3 1  ‘1511, ‘ . - ‘ T ’ 1 Q .  9113911 1

125 C
C 9 , - I l l  1) .  1-” ‘).III ’1- ,’, ” I ’ J F (‘F TIlE lCD’ . 510 135 L IN THE I C - F A ST ) . ,

nfl 31 0 * 1 , ’
31 I’l ,,l’I( 1 1* 1 5 . 1 1 )1  + A A I C I  I I I  -. I l’ I .C I I I  • HR,OCI II

130 C
C A L L  Cl’ ’l S I  ,,5, T P I

C C L I  l ’ . I L , I T I , C ’’ ’ , ,A11.1~
’[~~ ,1C ,,l ’F Ff , F C IE F FS, F . I I 0 , N T , F 1 F l

11’)’ 1 9+1 I I ‘ ‘ 11  r
171,1 ‘ C I

135 ‘ 1 7 . 1 , 1 1 1 1 - 11 1 1
0 17-5 ,1 / I  ‘ .r , ’ S I I’ I I I )  — I I .511)IE( l . I 1* 1 . 11
‘D).IV~~~ , - . , 1,,I I r l - a l l  • * .i’ IlSI F I * I l * C i T
lil,lV I-1 1 * I ” p . , ’lT — D Y * , ’- A ( / ) l ’ * 1 l 1R  + 01,911

A l *  AC
145 A 2 r ” ’ ’

0 5 1 = 1 - ”

1 . - A  * 12 ,11)
117 5* 1 1 .1,1 — ‘ ‘51

145 C
C L I  * ) ‘ ~~a 1 l 0 ~~~’) , ) I ’ I ’ r I ) - , S~~~.)  

, 
0 . 1  + 11.7 01)’ ’) “ 1 ”’  * I ’C i O ’ , .

E T A ’ ) . L ”  — F I ’ l F  + ‘ , 2 * ) Y  — F l ? I l

150 ‘ i * ~~) 1 1 * 1  — “ I ”FT C ’ ’l ’)’11I I ) I~ A ?  A 7 T H E S . 1 j  ) . C T I
‘1305* / I  — . T C . i L 2 ) * C I  - I C o L I  * C I , I 1 T , C . S 1 1 . S T

‘ 1’ 11~~~ ’’I • I1 , — ‘7 , 1 1 A ( 3 1  . 3  — F I T  ( I  • ‘‘‘II — F 2 l I

155 I L l )  1 ’ S T , ,.1I’ ” J I TJ  T O  ?‘3I1

C Ill I1 , I ’ b F F S TA ” I I T E  v O l . F. I 1110 ‘F)”-’r’

C,
T I ’ 1 I l  ‘ A C ,  II’ )

16 1, C
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1)1111 ‘1- ’ ‘I 1”

11, 5 ,“I’l I ’ . .  ‘ ‘ 7 -
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2 0  I A A ’ I I  I
T I ’  1 2,11

1 7 1  C,
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C ‘1 l’ ’’li (1)11 T’1” p I ll ,  LA’PS I I ’ P O T  NT ‘113- G R D 1 I ’ ’l T R A C I I

5 I f l ~~~~
175 ) O ” I ’A ) 5 * ” ’ “ ) T l

((0 1 7 I = 1 . ~ +
(‘5 ,7 S ) ” ~~~~ l ’ I
5 5 5 * ) -  I
I — I  :CASl 5*”’IS” l

180 ‘1,1 , 1 -

4 5 * 7 ’ ,r ) . ’ .’’l , l ( T l’ ..A . C” , I S  1 ’~~ , ,* ”, ” , ’ -

C 11 ,11 ’ or 3 - ’ . I’- 11,1,0 C,LOPI ’- .,alT[ 1S1)’TA IIS

C
1 ’S ‘ I I I*I ’, l ( J S , ’ 5* -

‘A / A

Ill ) +1’  I ‘ I ’ , * I 1 I — ‘ I • 1 , 1 ) 1 1
190 1’II17* 1 7 — I ‘ , ( I I — - .  .1 2 1

I ’ I - ’ l . T ”  l , I l ’ (  — ‘ - . L I _’ II F
115*1’) IL’

C 11’ ’ , ) U S T  7 1 3 -  F’ -l 5 C C ’ ’  R A T E
195 C

I” I I ‘(C ‘ 1’ ‘11 II • 0 (  II / 1- 3. • I 1 I , * 1 2 1  • * + I I .5 1 1 1  .11) 2 1 .11 1 31 . 1’ .
1 r s i , :  ,‘,“ .)‘‘- ,r ( 11 1 ’ ) 7 )  , I A I

C O F T  ‘ +~~ C P) . A I L l  ‘ 1  C’ T I  - .,TI9
251) C

C C , )  ( 1 ) 5*  5, ”’’1” ,LA ’-’rt. -.1.1. ,T, ,. 1 1 ” 1 5 * ’ 1 O l

C 9 ) . )  15* 1 1 1 1 1 1  5* t V ; C I ’ J F S
2 0 5  C

CA ) I )‘ I ’ D I , l  - , . ,7 ’1NS, li’ . 1 1 5 . 0 , , )  . 1 1 2 , , )  ,1, , 1 A * ~lA (‘ ‘‘ ‘‘ 13 ,111
‘ l T ’ ( 11,1./ ) 1 1 1 ,  ‘ —‘ ‘ ‘- . 1 1

C
C C ,~ 3- ‘I ’ ‘ F ’ , ~ 1’ I • 1 ,11110 10 7 1 - 1 1’  -2 1 0  IC

I’’’T zI ’’d’ , , I I T .  5 * + — * ’ - I .  I~~~ 1 0— 5 * 1 * 1 1 2 1
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II l ’ s) 11 — 1’ I ) l  21 , - I . 1.) — - 1 3 . 9 I I , . , ’l ‘ IS I LA *01,—I ,A”fl A D ) • LE . 1 . E — i s  I i/I) 177,)
( ‘ I - ?  ‘I’, I’ I

21” I 5*’l I1 17 ,0 1  1
‘ 0  ‘1.’ 111,1

‘I ’ I I I i  I , ’ ,  ( ‘ ‘ ‘ I ’
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sURROUTP~
F Ri j~ GE TK .N .OELT,CO NST .XK)

C
C.*...s..*s**t.t.**.*s*..*.s*..**s***.***.”*.****..s....s.*g**.tss**ss**s*..6**
C THIS ~pOG RAM USES A 4—CYCL E RUHGA-~(UTT A ALGORITHM TO NUMERICALLY

5 C T~~T EG R~~TC T P E  STATE VECTOR (0K) FROM TIME 1K 10 (TM + OELT).
C..*...*.**S*i..* .......*..*..*.******.s*.**.**.**,.****s***s*******S******S****
C

flTMFNSIO’4 ~ (~~C ( .0K) U .F(uO( .n ien .02 01.03 01,04140) .COc~S1( 1)

C
10 1—1K

00 10 Irt .N
10 X (I) XK( T )

CALL ROC (T .CO~’S1)
C&LL O (RTV(T. ?~.X .CONST.F)

15 C
00 20 I r i , 1 ~

20 D1(I)~~DELT .~~(I)
C

T~ 1K+D (LT/2.fl
20 00 30 Ir I .N

30 X 4I~~~XK(I +U1(1)/2.0
CAL L ROC (T .C)ThS1 (
CALL DER1V(T .!~.X.CONS1.F)

C
25 00 40 I r l . N

40 O2(I)~~DE LT*F(T (
C

00 30 I~~t .U
50 X (I)~~Xl1(I)+OP(I)/2 .0

30 CALL DCRI%,(1. I’ .X ,CONST .F)
C

DO KO Irt.N
(.0 0 3 ( T ) ~~O E L T * F ( T )

C
35 1rIK,O (L1

00 70 I~~1 .ri
70 0(1 (rAM) I )+~~3( I)

CALL ROC (T .Cfl~ ST)
CALL OLRIVt1. ),X ,CO~(S1,F)

40 C
00 RI Ir I .r j

R0 04(t)rD!LT*F(I)

C
45 TMrT

00 Rn Irl.~
90 ~W (T):X~~(T ,(r l(T(42.o.o2(I)+? .0sn3(T)+04(I) /(..0

C
RE Ti (RN

50 END

BESTIAVAJLABLE COPY



SUR ROUTI’W ICT(Z.CONS.NFIX)
C
Cs*ss..s ..s.ssn. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C THIS PROGRA M SETS THE INITIAL CONOTTIONS FOR THE INTEGRA TION OF THE

5 C SAT(LLTTE GROUND TRACK AND THE FOURIER SERIES COEFFICIENTS
C**S**n..s.Ss,, * *$$ •
C

0,MFNSIO4 2(fl.CONS (1)
DT MFNSIO ’~ XO A)

10 cnMMON /RDCDATA /4.B .XO.TO
C

PIEr2.*AST FJ(1 .(
DO 3 IrI.U FIT

5 2(11:0 .
15 C

RETI (RN
END

BEST ~AVAILABLE COPY



SUB ROUTT~1F DrRIV (T .N,X .CONST,F(
C

C THIS PROGRAM COMPUTES THE F(JNCTION APPROX IMATIONS REQUIRED
5 C TN SURRfl ’JTTNE RUNGE.

C
flTMENS IO’~ 0) I),F (l40),CONST ( 1)
DIMENSIO~ C (,0),S(20)

10 C CONST (17):COSOT
C CONST(t A (:rSDT
C CONST(2 p(~~1./ROC • WHFPE MUC: RADIUS OF CURVATUVE

P=CONST (6)
PIEr2. *A S t h ( 1  •

15 F(I):CO~~ST (1R),CCS (X (3))
F(2) :CO’JST(1R)*STN (X(3))

3)  :CO~JST ( j A )  *CO NS T C 2 R)
C TF NrA WE INTEGRATE TO FINn DXAVG AND TAVG
C

20 (F(N.EQ.4( F (4):X(2)
IF ( N . E G . 4 )  GO 10 100
OXA V G CONST (3C C
XTFRMrX (1) - C*AVG* T
YTERM :X (2)

25 FTERMMXLY )
C NORMALIZE TI ME

T Pr P IE*T/ P
C
C ((TERMS AL (CW S US TO VARY THE NUMBER OF COEFFICIENTS TO BE FIT

30 C
NTERMS :(9 — ~)/3 • 1.F-03
NFIX:NT ERMM • 3
CALL ANG(C.S, 7P,,~TER MS(
00 5 I:4.)JFIX

35 F( 1):XTEIM.S (1 — 3)
F( I  + NT~ PMS (~~YTERM*C (I — 3)

5 E lI  + NTERRY 4 NTERMS ):FTERM*S (1 —3 )
100 CON TI~JU!

RETURN
‘$ 0 E)JO

BEST J AVAILABLE COPY
93



SUBROUTI9E ROC T,CONS)
C
CS*s. . . .s  s , .*s.  s e a t .  s cc *8 f l **  St S**s***SSs *8s *.ssS*,.. S. tSs..sss..o. S..... set cc.
C THIS PROGRAM COMPUTES THE AA DIIJS OF CURVATURE tNO THE FIRST AND

5 C SECOND OER IVAT IVES ~F THE MOTION ALONG THE SATELLITE GROUND TRACK.
C*nssssss..Ss... set .stasssssnssssssss.ssss.sses,.ssss.S..ss*.s.ss....sss.es..
C

DIMENSION CC (!).N(3).DDRDT (3).DOROS)3) .DROS (3 ( .DROT (3
DIMENSION v$3 ) .0)3) ,W (3)•M (3.3(.Wv (3).WWRI3 ( .OHDT (3),00HOT (3)

10 DIMENSION X0(~~).0)6).CONS (1(
DIMENSION XN( ’).flXN (3).DOXN(3)
COMM ON/ROrOA TA ,A .0. XO .TO
COMMON /N Sfl A TA lOOM UT , DRill , CC .H~ ~ . N
COMMON /INEPTAL/XN ,00N•000N

15 REAL LAMDA .M .*L.N
MUr398601 .2

C
C
C

20 CALL ORBIT (Xo .X.TO.T.CONS )
C
C ON = IS THE SATELLITE POSITION IN INLRIIAL SPACE
C OXN IS Tl~E SATELLI TE VELOCITY IN INERTIAL SPACE

00 13 1:1.3
25 X N ( T ) : X ( I (

13 OX ( I):X(T+3
00 II 1+1.3

10 V (I):XCI+3)
C

30 CALL ROT ATE)M.TO .T,RAT (
C
C
C RrR )T). T IIME •RSO R(T)SR)T)
C

35 RSQ X ( 1 ) s X l 1 )  + 0 ) 2 ( 8 1 ( 2 )  + X ( A $ . Y ( 3 )
R SQRT C R SO I
R3 r R S Q I 3 2 R T ( 4 ~~Q )

C
C U 15 T)C ANGULAM VELOC ITY OF THE EARTH w .R .T. INERTIAL SPACE

‘$0 C
U (11:0.
U (71:0.
W (3I RAT C

C
‘+5 C

CALL CRDSS .~.P .O (
C
C CO MPUTE THE C— FRAME VELOCITY WITH COMPONENTS IN INERTIAL SPACE
C

50 00 A I~~1•3

C
C COMMiT ) THE E— FRAME VELOCITY
C

55 CAL L (FtAMF)OMUT .M .3)

C WV IS THE CORIOLIS A CE LLERAT ION

BEST ~AVAIL4BLE COPY



C
C

60 CALL CROS S W .V,WV )
C
C WWR IS THE CENTRIPETAL ACCELERATION
C

CALL CROS S~ W .C,WWR )
65 C

C ODROT IS THE ACCELERATION OF THE SATELLITE IN C—FR AME WITH
C COMPONENTS IN INERTIAL SPACE
C

00 II 0= 1,3
70 11 DDRDT (I) _MU*X(I)/R3 2 .*WV (Il + WWR )I )

C nO ON IS THE SATELLITE ACCELERATI ON IN INERTIAL SPACE
00 15 Irl,R

15 000N)I):—MtlsX6(I)/R3
C

75 C COMPUTE THE C-FRAME COMPONEHYS OF THE ACCELERATION
C

CALL EFRAME(OrRDT,M ,3)
C
C COMPUTE THE E.FRAME COMPONENTS OF THE POSITION VECTOR

80 C
CALL EFRAPE(X .M.3)

C
DOWN ICI).X (1C + X (2)*X (21
LA MOA ATAN2CM( 2).X (1)

85 DLAMOA (XCI)SCR’DT (2) — X)2 SOWu TCI )/OOWN
OOL AMOA:lxl1)* DORDT I2 ) — X (2).(DR0T (l)I/DOWN — 2.*OLAMDA *

1 lX)1)SORUT)1) + X (2 (SbRDT (2~~~/flOWN
C

RXY SORT (X(1) .*l1) + 0 (2 1 . 0 ) 2 1 )
90 C

CALL PHIHRXY .X (3 I ,R.PHI,H ,LAMUA ,A,R)
C

CALL DPHIDPC 4.8,H.HP.HPP,PHI.LiI~HI.D0P+4I,1,RXY,R.MU .DR0T .DDRDT)
C

95 C : C O S ( P H I C
S S I N) PHI)
CL C OS I L A (IDA
SL:SIN (LAMT )A )

C
100 C COMPUTE E~~COMP O NCNTS OF OH/DY

C
OHD1’(l(:HP.C.CL - N* (SsCL ,DPHT + C.SL.OLAMOA )
DHOT)2) lPtC .~ L - H* (SSSL,DPHI CSCLSDLA MOAC
DWOT)5( -4P.5 • HtC*DPHI

105 C
C COMPUTE (- CC MPONENT S OF 02+I/0T2
C

DDHDT)1) HPP.C.CL - 2 . sHPe (S* C L S O pH I  + CsSLsDLAMDA )
I •(i.I CtCL*)DPHISDPHI + DL AM OA SDLA M OA ) + 2..SSSL*DP HI

110 2 •DLA rOA — S*CL.OflPHI — C.SL.ODLAMDA )
ODHOT)21:+IPP.C+SL - 2..Hp.ISCSL.flpHI - C*CL *OLAMOA I

I •i-t( ~~fsS)e (DPHTsbpHI • DIAMDAS DLAM OA ) ~2..S.CL.DP HI
2 .DLAMCA • CSCL .0OLAMUA SSSLSDOPHIC
OOHrCT(3):$4PP*S • 2.SHP.C*0PHI • H.(C.OOPH ! - S.OPHISDPHI)

BEST AVA11.A&~E COPY



115 C
C DM07 IS THE VELOCITY OF THE SATELLIT E G ,T. IN THE (—FRAME.

00 q 1:1.5
9 ORDTII):ORDT (I) — OHOYCI)

C
120 C COMPUTE THE MAGNITUDE OF THE VELOCITY ALONG THE SPACE CURVE

C
SUM O.
00 12 1:1.3

12 SUM:SUM + DRDT)I).ORDT (I)
125 - DSDT SQRT)SUM )

C
C CIDROT IS THE ACCELERATION OF THE SATELLITE 6.1. IN THE C—FRAME.
C

00 16 I=l.s
130 16 DORDTII):PORDT U - O O H O T ( I )

C
C COMPUTE THE COMPONENTS OF THE ((NIT VECTOR ALONG THE SPACE CURVE
C

DO 17 0:1.3
135 17 D R DS ) I ) D R D T ( I ) / C S O T

C
C CONST IS THE DOT PRODUCT OF THE VELOCITY AND ACCELERATION
C

CONST:DDR DTIIIt 0RDT (1) + DDRD1)2)*DROT)2) + rIDRDT (3).ORDT (3)
140 VSO=OSDT*flSflT

C
C NII),I:1,T ARE THE COMPONENTS OF THE UNIT VECTOR FROM THE
C THE SATELLITE GROUND TRACK TO THE SATELLITE .
C

145 N)1) C*CL
N)7):C’SL
N13 ) S

CALL CROSS~~J.C,)OS.CC)
150 C

C ROSQ:1./)RCC),.2.
C
C HERE 4) MA K E USE OF THE FACT THE CC IS PERPENDICULAR TO DROT
C

155 TERM (D)ROTLI)SCC)1) + DDRDT (2)SCC)2) • OORDT (3).CC (31)/VSQ
ROSO:T(RM*TER1’

C
SUP: 0.

• DO 19 1:1.3
160 19 SIJM:SUM • D R D T C T ) . D D R D T ( I )

DDSDT:SUM ,DSnT
C

C0NS (1’+) PHI
CO NS) 15) AMO R

165 CO)(S (17l~~nflSflT
CONS )18)=ncDT
CO)~S C 1 9 ) * R O S G
CON S 126) :flpHT
CON S)??) :DL AMCA

170 C O N c ) ? 8 1 r T ) R M

RETURN
So FORMAT //I0. .IT

END

BEST AVAII.ABLE COPY
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1 SUBROUTINE ROTATE (M ,TO ,T,WC )
DIMENSION M(3.3)
REAL (I

C
5 C ANGULAR RATE AS RADIANS PER MEAN SIDERIAL DAY.

C
PIE 3.1415925!
WE:?. sPIEi~ 6~ K’.. 09054
THETAO O.

10 THETA :THETAO + WE* (T — TO)
C:COS) THETA)
S S TN (THETA )
00 1 1:1.1
DO I .1 I,3

15 1 M( I .J ( O.
M(I.1):C

M)2.2):C
20 M (3.3(:1.

RET URN
END

BEST AVAILABLE COPY
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SUBROUTINE PHIH )RXY ,Z .RN.PHI .H.LAMDA .A.B )
C
C THIS PROGRAM COMPUTES PHI AND H BY A 2-DIMENSIONAL TAYLOR SERIES.
C

5 C R OY • 4 0 * 5  + Y*Y)..0.5
C

R:A
PHI AS IN ) 7/RN )
H:RN - S

10 C
DO I 1:1.10
C:COS (PHI)
S:STN (P41)
T ERM:A* B.C .C + B* BSSSS

15 TERM2 A SA/SORT (TERM )
Q:AsA*)A*A —R*B).SIN )2 .SPHI C/2./(TERM..1.5(
E11:Q*C — IT EMM2 + HISS
F 12rC
E 1=RSBt(O*S + T E R M 2 S C ) / A / A  + HSC

20 E22 S
OEL1 E1I.E22 - E125E21
OtFFj:RXY — ) 7CR 2 + H)SC
DTF F 2 Z  — (RtBSTERM2/A/4 • HISS
PHI(J:PHI + IOTFFI*E22 — 01FF25E121/DELT

25 HN H  • )-r1TFF1*C21 • DIFF2SE11)/DFLT
TFIA R S (P1IN~ PHI(.LC.l.C 06.ANfl.ARS(H~(- H).LE .1 .C-06)GO TO 10
PHI PHIN

1 H H ~(
WRITE 16.5)

30 5 F0RMAT )*lH1~~.//’ FAILED TO CONVERGE TN PHIHS)
STOP

10 PHI PHI’)
H:HN
RET LiP N

35 (ND

BEST AVAILABLE COPY
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SUBROUTINE CRCSS (A .D.C )
DIM ENSION A l l  ),Y)j).C)1)

C
C THIS 7 RO G RAP COMPUTES THE CiLOS S PRODUCT OF TWO VECTORS.

5 C
C ( I ) * A ( 2 ) S B ) S )  — 1(3)511(2)
C)2)r A (3(*R )l) — A ) 1 ) ~~B ) 3)
C)3) A )1)tB)2) — A ( 2 ) . B ) 1)

RET URN
10 END

BEST AVAJLABI.E COPY

99



SUBROUTIN E E F R A M E ( A . B . N )
C
C THIS PROGRAM ROTATES COORDINATES BETWEEN DIFFERENT FRAMES

C
5 DI PENSION A )l),013’3).C (3)

oo I I~~l,(~
1 C ) I ) :A ) I )

DO 2 1 1.N
2 A 1 =B )I,l)sC(1) + B)I ,2)SC)2) + B( I , 3 ) S C ( 3 )

10 RETURN
END

BFS[AVAILAgLE~COpy
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SUBROU TINE OR P IT  ( X .X F .T I . T F , C O N S )
C
CS* SsSsSS**sSS**ssStes.**SstssSS***.S**** ****SS*S*StS**SSSS***SSSS*SS*S*

C
5 C THTS PROIRAM CETERMINES THE STATE HISTORY VIA THE CHANGE IN

C ECC E)JT RI A NO~~AL Y SOLUTI ON
C
Css.sn.s . .S**s.***t  .*..SS**SsnsS.s,....s.ssS..*t.s.*SS*SSS*SSSSSSSS*St
C

10 C
C X ( I )  IS THE INITIAL STATE V E CTOR
C XF )I) Is THE FINAL STATE VECTOR
C RD IS THE INITIAL RADIUS
C vn IS TH E INITI AL VELOCITY

15 C RN IS THE CURRENT RAO IUS
C A IS TUE SEMI -MA ,JOR AXIS
C 0 15 THE OCT PSOOUCT OF (‘OSITION AND VELOCITY)IN IT IAL)
C
C

20 C*Ss.*..ss,.s..s. *.t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C

DIMENSIO N X C  1 ) . A F )  1)
OyM ENS ION cO’JS f 1)
REAL MU

25 C O N S ) 2 0 ) + 7 . *A IN)I.
CONS)1) •39~ 601.2
MU:CO US) 1)
PIF C O T 4 S ) 2 O )

C INITIAL S T A T E  ( INPUT )
30 C

R O r X I I ) t ( ) 1 ) + X C 2 ) * X ) 2 ) * X (~~C S X ( 3 )
VOrX(’.).X(4) • X ( 5 ) . X ( 5 )  + X ( + ( . X I K )

C
R O r T U R T )  NO )

35 V O r S O R T ) V O )
AP ,.0/ RD — V C * V O / M U
IF)AP .LE. l.~~) GO TO Sa ri
A:1 • 0/AP
P P P : ) 2 . O S P I E * 0 * S I I R T ) A ) ) / S Q R T ) M U )

40 C
D X ) 1)SV)A) + X )7j*X )5) ,X (3).0(~ ,)

C
CO (LS)2) •1.0 — NO/A
C O N S ( 3 )  f l / S C R T ( M U * A )

‘.5 CoN c + )  •SO c)1) ~~I L ) / ) A . S Q R T ) A )  )
CO I LS 15 )  :PPP
YY CON S (A)
T T E
DEL T +T — V T

50 D E L T + A M O ) ( f l E l  T , P P P )
5 T f l FLT

C
CALL N E J T e ’ L I C C N S , P H I , T l  .7))

C
I P iT

C : C O S ) ) ) )  C
F:l.fl — I A / q O ) * ) 1 . 0  — C )

BEST AVAILABLE COPY



G : ( T T I) ) l . f l / Y ’E) . )P HI S)
SUM:0 • 0

60 C POSITION AT TIME TF
DO 140 1:1.3
IPIrI +3
X F ) I ) F * X ) I )  + G.X)IP3)

1’+ 0 SUM+XF )I)tXF I) + SUM
65 RTJrSDRT ) St LM)

F O r _ ( S Q Y T I + L J * A ) / ( R O * R T I ) ( t S
00:1 • 0 — )  A / R N )  * ) 1, 0 — C )

C V E L O C I T Y  A T TIME TV
00 145 1+1,3

70 IPI:I.3
145 XFCI P3 )r FO.X) I) + GO*X) IP3)

C
GO TO loan

500 W R I I E ) 6 . 3 0 0 )
75 300 F O R M A T ) 1 - ( 1

W R I T E )  6~ 2c n)
250 FO R M A 1) / / , R 2 H  ERROR :  HYPERBOLIC  E X C E S S  SPEED ACHIEVED IN ORBI T

N C
STOP

80 1000 CO NTINUE
RET U RN
ENf)

BEST AVAILARLE COPY
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SUB ROUTINE NEWTON)CONS ,PHI.TI.TF (
C
CSSs.s.s*..sSs.s..stsS..SSS*s*.*ttS.s*..aS.ssss*.sss****SS*S*t*S*S*S***SS*S**S*S

C THIS ? R0000M USES N E W T ONS METHOD TO I T E R A T I V E L Y  SOLVE FOR THE ANGLE
5 C PHI THAT A PPEARS IN MEPLERS EQUATION.

C**.*s .*es s s sS t . .* .*  St .  .**SS*St*St*e*S* .*** .S** .** .*S*SSSS******SS*S$**SSSS*****
C

DIMENSION CONY ) 1)
Y PI CO NS ( 4 1 * )  T F — T I )

10 DEL=AMOO )TPI .2 ..CONS)2T) I
C STARTIN S VALUE FOR NEWTONS METHOD

PH I DEL
C:COS)P -LT)
S STN)PH) I

15 EPSILON:1.i— 12
DO 100 1:1.10
U:CONS)2)
Z:CONS (3)
T:CONS 14)

20 PHTN+PH I- )PH I—W*5+2* (1.0-C)— DEL h I  1.o—W SC+Z~ S)
I))ARS) HT~L-PHI) .LT. EPSILON) GO TO 101
PHI+PHIN
C:COS)P+I I
5rSTN) P+I I

23 100 CONTINUE
UP I Ti I 6 • I (I)

10 P O R M A T ) I 4 1 . s  FAILED TO CONV EI+G E IN SUBROUTIN E N E W T O N s / / )
ST O P

ill CONTINU E
30 P.~ +PH IN

BEST ~AVAI LIABLE COPY
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SUBROUTINE OPHIDHCA .B,H,HP .HPP .PHT .DPHI.DDPHI .X .RXY .R.MU.OROT.

1 ODR O T )
DIMENSION XII ) .OROT(1 ) .ODRDT (1)
REAL LA M DA , M),

5 C
C THE PROIRAF COMPUTES THE FIRST AND SECOND DERIVATIVES OF PHI AND H,

C
C RA Y ) X * X  +
C R • UeX + Y S Y  • Z SZ ) , a0 . 5

10 C OMIT = D)RXY)/OT
C OORIY O,)RXYI/DT2
C

DRX Y :)Xh1 ).DRCTI1 ) • X)2).DROT)2) I/ROY
W 011)*OSDT)7) — X )2 )SORDT )1+

15 DOPXY :W *4/ )RXYSRXY*RXYI + (X(I)SOClROT) iI + X (2)*DOROI(2)(/RXT

D2:IDRDT (5)
D D 2 = O D R D I I 3 )

C=COS )PHI I
20 S :SIN (PHI(

ANG:?. *0+ 1

C COMPUTE DPI-I/lI T AND OH/DT
C

25 TERM :A*A.C.C s B.BSSIS
TE RM2 A *  4 / S O R T  ( T E R M )
(TA TERM? • U
ETA7 :B*BSTFRM /A/A • H
C r N : A S A  — NcR

30 Q:4.ASCON*SINIANG)/2 ./ (TERM I.51
A 11:O*C — ETA* S
A12:C
A ?IrB*B*Dtc /A /A + ETA2 .C
A 22rS

35 C I r 0 R X T
C?: 07
DELT :A11SA72 — AI 2tA2 I

C
DPHI+IA ?’ .Ct — 112.C2),OELT

40 Hp :)—A2 1.ro * A1It C2 )/TICLT
C
C
C COMPU TE O , ) P H I ) / O T ?  ANO 02N/DT 2
C

45 flQrA .A~~CDN• Irr S IANG ) /IT E RMS * I. ”I • 3..CONS S )N(AN G )tSIN)ANG I/’ ../

1I TERM.*2.S ))*TPHT
OrTA+O*~3PHT • i-P
GE TA2 rW *N .Q.OP4I/A/A * HP
Rl i r O * C

SO RI7:C
R ? 1 : B* U* I * S / A / A  • E T A 2 .C
P72:5
f l l r r L~RX Y  — flG.CP*15C * 2. .OETASS .rPHI * ETA .C.OPHI.DPHI

C
55 07:007 — ii.fl.rG. ’PH ISS/A/ A ..2..UETA2.C .DPHI • 1T42.S .OP+II*OPHI

DELT7rRII.p ’’ — P1 2* B 2 1

C

60 DOP*l1 )N”.fll — 1112*021/OELT�
HPP ).B71.Ol • )3115D2),OELT2

C
C

RET P N
65 END

BESFAVAIMBLE COPY
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SUBROU TINE V E C P R U I A . B . C . N U )
DIMENSIIN A )1).B(1)
IF)NU.LD.fl)GO TO ¶1

C THIS PROGRA M FORMS THE INNEK PRODUCI OF TWO VECTO RS.

5 C:0.
DO 1

1 C:C • A)I).R (I)
RET ((K N

5 C:0.
10 DO 7 I 1.N

2 C C  + A ( I ) . A ) I )
RETU RN
END

BESVAVA1LABLLE~COPY
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SUBROUTINE SCA NNERI T .R 1 .R7,R3.Xl,X2.13,Nl.N2.N3,H.DR1.DR2.OR3 .
I Cl ,r2.C3)

C*SstS.sS..*s*****s*st.s****t*******S ****SS.*S*S*Ss**SSSSS*tS*******S*SSSSSS*SS*

C
5 C THIS 0ROGRAM COMPUTES A LINEAR CORRECTION TO TH( TIME WHEN THE

C SCAN RATE CAN 1901 0) CONSIDERED INFINITE
C
C 7 TIME A5 FOUNI) IN 195 ASSUMING INFINITE SCAN SPEED.
C H HEIGHT OF SATELI . TTE ABOVE EARTHS SURFACE

10 C Rl, R2 , PS MAPPING P1.
C x1. X2 ,xR EARTH FIXED SATELLITE POSITION
C (i1 .IL 2.P~ NORMAL VECTOR TO EARTHS SURFACt
C DRI.0R,.OR’ DISPL ACEMENT OF MAPPING PT. FROM SATELLITE 6.1..

15 Ct * :*fl*.... **** .*.t.t.t*•** .t*i*tSS***S*sSi*SS*SSS*S*SS*55* .**StS5S5SSSS5S**tss

PEA)  11. ‘J2 . J T
51 *01 — R I
57:07 — 02
51:05 — RN

20 S SrCN T) S1.S1 + S,*S2 * SSs S3 (
C

SOO1H~~~1* LSI * )L 1 • 52*N2 * S35 R(

0pIlnTc:’lHI *Cl • CR2SC2 • DR3 * C S
25 C

IT)flNflOT~~.EO.C1 Go 10 1.
STC.r.L:L)W DTC/A FS (rRDOYC)

5 TF (flRDOT~~.E~).fl )STGII 1.
TEN 5 1)0 VU I St I’

30 r : A c o s ) T E p M ) . V I G~,
IT: 1.0 1 N
FMAY O .IGORR
OT:OT ) E iFMIX I

C
35 T~~T * 01

RET P
P

RESFAVAIMBLE COPY
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The following are the program output for six cases and four sub—cases;

Case 1/ Description

1.0 Satellite groundtrack coordinates
and Fourier series coefficients :

(Dc Yg)= map plane coordinates
(~ ,X) ellipsoid coordinates

*2.1 Forward transformation;

(~ ,X) ± (x .y)
for ~ = 1.155860 radians

A = 2 .375706 radians

*2.2 Forward transformation :

for 4 = — .002888 radians
A = — .122576 radians

*3.1 Inverse transformation :

(x .y) (4,X )
for x = 10099.660 km

y = -59.587 km

*32 Inverse transformation:

for x = 37787.170 km
y = 791.363 km

*4.0 Distortion error analysis

**5 1 Forwa rd t r a n s f o r m a t i o n :

(~ ,X ) = (1.155869, 2.375706)

**5 7 Forward transformation:

(4,A ) = (— .002888, — .122576)

**6 l Inverse transformation:

(x,y) = 10099.59, —59 .58)

**6 2 Inverse transformation :

(x ,y )  = 37787.67, 791.390)

*Assumes instantaneous scanner sweep .
**Assumes constant scanner sweep rate of 314.9 deg/sec (13.62 Hz).
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SPACE OBLIQUE MERCATOR

SATELLITE GROUND TP.AC~ PROJEC TION

CASE G O

INPu T PARAMETERS DEFINING THE CURRENT RUN.

POSITIO N VELOCITY

0.0001)0 7.39381
I1’4 0 .6013u) 0 .0 0 0 0 0
7201. 47443 0. 0 0 0 0 0

O RBIT RL ELEMENTS

7291.24171 SEMI—MAJOR AXIS OF THE ORBIT
.00000 ECCENTRICITY OF THE ORBIT

1.727MB INCLINATION OF THE ORBIT
3.114139 LONGITUDE OF THE ASCENDING NODE
l . 570A0  ARGUMENT OF PERIFOCUS
0,00000 TIME OF PERTFOCAL PASSAGE

6 196.02000 S A T E L L iT E  O R W I T A L  PERIOD

EARTH RELATED P A R A M E T E R S

FLATTENING FACTOR : , 3 5 5 2 3 E — 0 2
SE MT ~~MAJ OR: . 63782 (+ 04
5 (M)—MINOR AXIS: .€5568E+04

BESVAVAIL4B~E COPY



TABLE Dl

SPACE OBLIQUE MERCATOR

SATELLITE GROUND TRACK PROJECTI ON

CASE 1.0

INITIAL TIME: 0.0000
FINAL TiME : 6196.0200

IN TEGRATION STEP SIZE : (SATELLITE PERIOD)/’.00. 15.4901 SEC.

RE Su LTS IF GRCUNC TRACK INTEGRATION FOR THE TIME INCREMENT DELTA = CPERIOOI/100 .

YG F PHI LARDA TIME

0. .9~ 635’46C.03 0. .141’.619E+I1 .1570796E•ri 1 0.0000

•l,042696,.flS .9045479(403 — .8935153(.02 .l’402682E*°i .1183M95E,01 61,96112
.8085198F,nN .9n51349(+03 — .1783516E O1 •137j10,E+0l .A82’+?914E.n0 123.9204
•1212’37r.04 .9001308E.03 — .26665001-01 .1327405E*I1 .6732978E.eL O 185.88)6
.161686tc.CIA • BP.75885E+03 — .N538993E—01 .12769301(401 .S29IN6~4E,Ti0 2147.814)8
.2020969(41)4 .#715401E 03 .409756l(—01 .1222606E+O1 .‘$261114E,00 309.80,0
.2’42’.959E+04 .852I5N’.C+03 .5238822(—01 •1165965E:O1 .314917111E .n0 371.7612
.282881431,04 .A,!2057t*03 — .6059463(-01 .1107A43E •01 .2893l9IE.~~O 453.721 4
.3232612r,04 •Bn’086,E,03 — ,6856749E—O1 .10148721E+O1 .2410802(400 495.6816
.36367501,04 .7717973 (403 — .7+2611371—01 .98889i0E+IO .,010192t+ru 0 557.6418
,40397148r.fl* .74145’.3E403 — .89657A11E—O1 .9285391E+0O •1668938E.l1 0 619.6020
.44)SSIOBE.04 .7118184?E+03 — .9fl72’RRE—01 .8677883E+O0 .1371898E. 0 681.3622
.l.846302(.04 .668j25(.E*03 - .97’43A20E-01 .6067235(400 .1106315E,00 7143.5224
.52’493511E,04 .6,74283E.03 — .1n37A25E+00 .745405.E’OO .87121771— Il l 805.4826
.56522431,014 .5542525E+03 - .1096797(400 .6838790E+OO .654’436 1(— fl1 867.41428
.605’4989E,n4 .3187682E.03 — .1151643E,00 .6221185(400 ,4539751E-’~I 929.’4050
.685?367r.04 .4911548t.03 — .l?01947E+O0 .560331 j(.00 .2666074r—5 1 991.3652
.6860046E,0’. .4416000(405 .I?473O7(.OO •‘4983551E+OO .#979e25E—11 2 1053 .523’.
.72623761.0* .33112993E*03 .1?8814’4E*IO .‘4362812~~.00 .78’47R34(—11 2 1115 .78116
.766’4388r,04 .5574554t.03 — .1323695(400 .37’41139E.I0 — .2396821E—Il 1 1177.2’ SA

•80&669’IE.l1le .,8327711E+03 — .1(5’41)P0V+00 .3118?20E+IO - .3957926E—fli 1239.2040
.8468711E.0s .7,79187E*03 — .1578Q97E.00 .21493692(400 — .3’4738’4’4E 11 1301.1642
.8810~~54r,04 .1717773(403 - .10985781+00 .18721814E400 — .&956,9 )t—TI 1363.12414
.92723140(4014 •11’.8973E+03 — .11412534(400 .12’48319E400 .8415912E 01 11425.0846
.9614388V,P4 .s,~~~2~ 2E*02 — .1420961E+OO .62’4218’4E—O1 .9859332E—fl1 1487,01448
•100 762’r*0c — .,STj475E—08 .1423773E,00 •6353353(—13 .1129332E,00 1349.0030
.10478O31.I5 — .57 62’2(+02 .142O061E+OO ~,62l42164(—O1 .1273132E+u’ O 1610 .9632
.1087984~ ,fl5 — .1148973 (40 3 — .1412534(,00 — .1248319E+OO .I41’514E.fl0 1672.9234
.11281781.03 - .i717775t+03 — .1098’,RE,I0 — .1872184E.O0 .15634 25E.O0 1734 .8856
.11683771.05 - .7,797821:03 — .t.478907(,00 — .2’495697t.O0 .171172OE,~~O 1796.8458
.12065741*0M — .,S’2770E*0I — .105l.fl;Op.00 — .3118720E*0O — .1863112E.l’ I 1858.8060
•1214876’31,B3 —~~35745’4(+0 N - .1123A95E .00 ~374jj39(+00 .2019223E.Pfl 1920.7662
• 1 2 89 0 0 6E.03 — . 0902993C+03 - . 2?8811.l4r,00 ..4362817(.OO .7180626(,110 1987.72614
.1329239r,l13 —~~*‘.160IflE403 — .i,$* 73071,00 — .‘.983591E.°1 .23’489O’4E.)0 2044.6866
.13 69485E,I5 — .+q IiS’ BE,03 — .I2O1RII1E,I0 — .560331OE.OO .2525712E,00 2106.61468
.14O971’SE,OS ..558768,E+03 — 11516’.1E’00 — .6221785E+Q0 — .27130#OE,00 2168,6070
•jl.500191,fl3 _ .58925251,05 — .1096797E.I0 ~.6838790(*I0 . — .29135’IlE.flI 2230 .5672
.i’.90.’08r•Oc — .6274283(403 .1037’.?5V,00 — ,7’43405,(.00 .3130323t*110 2292.5274

•1530613E,fl4 - .6A812 5f,(.03 .tl’43+POE-O1 — .6067233(.00 - .3367619E,00 2354.4876

• j 5 l I M S Nr, 0 M  - .7flPlM~4?t+I3 .q(17238O1-01 — ,8677885(+00 - .3631002(.00 2416.14478
.16112691.Vc — . 71414543E*13 - .*065788(.01 — .9285391(400 - .3928fl’.2E*R0 2478.4080
.16516181.03 - . 77’7973(.03 - .7626)371-01 — .9688910E.OO — .,269,96(,110 2540.11682
.169198,E.0M -.8fl’0A6,E+03 - .68562491-01 .IO’.8721F,0i .4669907t.00 2602.3284
.173255,1,03 — .A,520117E403 .6fl59S0.11.Ol — .11078’43(.01 — .5152,95(,110 2664.2886
.1772747r,o5 -.857I504E*03 .‘?38822E—O1 — . 1I65965E.Oi - .3750836(400 2726.2488
.18131’47E.03 ~ .87154l11(+03 — .4397561E-01 — . I222606E’Oi - .6520211(4110 2768.2090
.18535551,03 .8875818(+03 — . 05369931-01 ..1276930E+01 .,75501469Es00 2850.1692
•169341R1,V5 -.QO T1NAME* 03 — 2661,300E—O1 ..132 74011(+01 — .8992083E,Il 0 2912.1294
.195409,r ,Ts — .qnllO’.9c.03 — .1763516E—Ol — .137i10,r.O1 — .OIOA1114OE .ni 29714.0896
.1974Ai6r,O3 — .9145479E.03 — .89351 53E 02 — .140268,E.O1 ,i4+09105(+01 3036.0498
.20152451,115 ~.q , 6 3 5 4 6 E . 0 3  .‘ ‘934151 02 — j ’.l’.~~j q~~+0i — .17961071.01 3098 . 01)0

— .9145475(40 3 . A 9 5 3 j 3 S€ — 0 2  ~ .140268,1401 — .7183606(501 5t59 .qloa
.20~ 6A95t,fl5 - •qo’iI’.9 +13 .1783316(—0l ..1371107E,01 — .,SASn74E.AI 3221.93114
.2136517r.fls — .9nPjOAAE.03 .2+665001—01 ..1327403E.01 - .7695205E.01 3283.69.6

BESFAVAftABLE COPY
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.21764571,03 ..887588*t+03 .05389931—01 .1276930E+Ol — .28385671,01 33145.8508

.221754)1,)’ — .87154011+03 .439754.1E-01 — . 1222606E,Ol - .29415921.111 3407.8110

.2257739(40’) — .8520536(403 .5238822E-O1 — . 1165965E’Ol — .3018330(4111 3469.7712

.2298128E,05 — .8,92057(403 .61159463t—01 — .11078143E+01 ~ .3078l8i4E.n1 3331.73114

.2338505(.05 — .8fl!I862(+03 .6856249(-01 — . 10’48721E.OI — . 31261423E .fll 3593.6916

.23788681*05 —~~77!7973(+O3 .7+26)371-01 — ,9668910(.00 .3116701E*)1 3655.6518

.24192181,03 — .7414543(403 .M .065788E—01 — .9285391E+OO .3082576(4)1 3717.6120

.214595551,115 — .70141842(403 .9072580i—01 — .8677883E.OO .30528721*01 3779.3772

.2499*741,03 — .AA~~l 296E*03 .97436701.01 — .8O67235E.OO .3026334E,flI 3*41.53,4

.2540 1781.05 — .6,7142831+03 .1037625t,00 — .7454054(400 .30028041*fll 3903.149,6
•2 5 8O4 6 8E , 0 5  - .58142575E+03 .10967971,00 — .68387901+00 .29813261*111 3965.45,8
.26207421.115 — .5597687(403 .1151A43(.00 — .6221785(400 .,961080E,01 14027.14150
.26610021*03 — .4911548(403 .1P0I9’.TE+00 — .56033111+00 .79’42543E,111 4089.57112
.2701248(405 — .4416000E.O3 .12475O7E+O0 — .49835911,00 .292’$662E,01 4151,3334
.27’.1461E,05 — .3902993E+03 .12881’O’E.OO — .43628121.00 .29O78314E+fl1 ‘.213.2936
.27817021,05 — . 357’e5!4E.03 .13236951,00 — .117411391400 .289169IE,01 4275.25118
.2821 415r.05 — .7*32770E*03 .,5514070(,00 — .3118720 (400 .7876103E,01 4337 .2140
.2862114(,flI .~~2~~797M7(+03 .1378997(.00 — .2495692 (400 .286O9’44E.nl 4399.1742
.2902503t,0r — .1717775E.03 .1.0985281,00 — .1872184(400 .78’.611’$E,fll 4461.13414
.29424971*11 5 — .1148973E*03 .14125314(400 — .1248519E.00 .28315231*01 14523.09*6
.2982682E~~05 — .57 62’)2t+02 .1420961E.OO — .621421841—01 .2817087E.fl1 4385.0548
30228651,flS .1AR91~~3E—08 .I423773E,00 — .7765209E—12 .2802727EcflI 4647.0130
.306301481,43 .57~ 62’2E+02 .14209611*00 .62’42184E-01 .27881167E.01 4708.9752
.3103?351,fl5 .1148973 (403 .14125341+00 .12’48319(+00 .77735111,01 4770 .9354
•31’43421(,05 .1717775E’03 .1.098528E,00 .1872184(400 .27593401,01 4832.8956
.31 63616F,fl3 .27797871,03 .1.07899?E400 .2’495692E+00 .77’I4SIOE*fl1 ‘.894.8538
.3223*171,05 .7*t277flE,03 .1145141170(.00 .3118720E+OO .27295511*01 4956.8160
.3264028pi.05 ~557435l4(.03 .1.0236931,00 .3741139E+OO .77137601,111 5018.7162
.33042491.03 .11902993(’03 .128814’41,00 .‘.362812E’OO .269762IE,ru l 5080.7364

•33414’8,r,fl5 .44160I0E+03 171475O7E,00 .49835911+00 .26807921,111 5142 .696 6
.33847281,05 .43115148E,0I .1701947E,00 .SAO 3SIIE 00 .7663111(+fll 5204.6568
.3421498*1.05 .‘)58768?(,03 .llSjA4SE,00 .62217851*00 .6’4’.574E.01 5266.6170
.346576,r.03 .5,4252’(E,03 .,091,797E.IO .68387901+00 .262145781.111 5328.3772
.150555,r+flR .6?74263(403 .1037675E,00 .74540541.00 .7602650E*OI 5390.5374
,3545857ç.43 .AA’t2~ 6t403 .97436701-01 .8067233(400 .75789201,111 5452.4976
.3586177(405 .7061842E.03 .90723801—01 .86778A3E’OO .2552382(401 5314.4578
.36265121+115 ,714145143(+03 .A365786E—01 .9285391E,00 .25228781,01 5576.4180
.36668671,05 .7737973 (403 .7+2601111-01 .9888910E+OO .7’488753E,01 5638.3782
.370 72261,05 .803086,(,03 .6856,1491-01 .1048721(401 .74486911.01 5700.3384
.374760,1,03 .8,920971,03 •A059463 (—0l .11078143(401 .?400453E,fll 5762.2986
.37879911.45 .85705161*03 .323*8221-01 .1165963(.01 .23’40599(,flI 58214.2588
.3828590r,fl3 .87154011+03 .4.0975611—01 .1222606 (401 .22636601+41 5886.2190
.3868798r,03 .8875*98(.03 .95389931—01 .127693flE,01 .7160635(4)1 5948.1792
.390 921.1,05 .90I1368(.03 .76665001—01 .132740111,01 .701647+1.11 1 60111.1394
.39496331,)’) .911915149E+03 .1’8331’,E—O 1 .I3711I,E+O1 .180711+21+111 6072.0996
.399 0060r,CJ3 .91454751+03 .*935153E—O2 .1’4I2682E+O1 .1505877(,nl 6134.0598
.40301467~~.Is .91€3546(+03 .21lM279E—12 .1414619(401 .01189751+01 6196.02r1

COE FFICIENTS FOR THE FO u R I ER FIT XG.YG AND F

X- uI(FF!. Y—CO (FFS. 1—COEFFS .

.65fl4R~~1(4I1 .91635’49E*03 • 11008391-12

.‘40874101-09 - .23640321—08 ..142 55821,00
— .61604,01—09 .51645111,03 .2’$77113E—12
— .1907.591—10 .32340301—0* .36314871—04
.971414751,01 - .75004.35E—lO .23803441-12
.31521 801.09 .?7335c8E—08 .19126301.04
.1827,691 I9 — ,9647972E—01 .29167121—12

— .i715c’.~~p-i0 .7090698E—08 — .93711911—15
.23201.991.12 — . 3590699E—10 .3577839E 12

— .l11’*061 09 •2032961(—08 •327575*( 07

BESVAVAILABLE CC~Y
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SPACE OBLIQUE MERCATOR

FORWARD TRANSFORMATION

CASE 2.1

FORWARD TRANSFORMATION TO FIND 1.1 GIVEN pH I.LAMOA

PHI • 1.155860
LARDA = 2.375706

X,T.Z EAR TH—FIXED ELLIPSOIDIAL COORDINATES

58 • 14 839 112
1= 1787.339436
Zr 5814.176682

SCAN VECTOR IN TC PLANE AT TIME 1—STAR

.q058 020E’OO

.90060601+00
— .15567 12E*00

NORMAL VECTOR 19 Al TIME 1- STAR

— . 78704 5 1E+0 0
• 7 87294 31 +0 0

• qj 382011 .0 0

OISPu AC (M~ .,T VECTOR DELTA—R AT TIME T—STAR

— .72 52466E +02
• .5021357E’02

8414 5968 1 ‘0 1

7-ST AR :  3809.886613

5P PRUJECTION COORDINATES

I : •0/78774E,05 1 = .79 13939 1+03

RESFAVAILARLE COPY



SPACE O1l~.t ~~~E MERCATOR

FORWA RD T RANSFORMATION

CASE 2 . 2

FORWARD TRANSFORMATION TO FIND X .Y GIVEN PHI.LAMOA

PHI = — .002888
LAMDA = — .172576

X .Y.Z EARTH—FIXED ELLIPSO IOIAL COORDINATES

5: 6330.283058
Yr •779,~~5j’.~ 9
Zr — 1 8 .299651

SCAN VECTOR IN iC PLANE AT TIME I — S T A R

.11162661+10

.98136021*00
— .156431441*00

NORMAL VIC TOR N A t  TIME I— S T A R

.99351)731*00
— .11368841+00
— .42663031—02

DIS PLACEM fNT VICT IM OELTA -R AT TIME T— STA R

— .6.10795E*01
— .54727931*02
.87294 111*0 1

I— STAR : 1553.259634

MAP PWUJ[CT IO11  COOR I1 I NAT ES

0 .13094661,05 Y : — .59386811.02

BESTTAVAILABLE COPY



SPACE OBLIQUE I€ACATOR

INVE RSE TRANSPOI*IAT ION

CASE 3.1

INVERSE TRANSFORMATION TO FIND PHI. LARDA GIVEN X .Y

5: .1009966(4115 Y r — ,5958680E+02

VEC T OR OELTA - R MAP PROJECTION PLANI COMPONENTS AT TIME T-STAR

X-CO M PON FNT : .l+0178021,01
I—COMPONENT : — .5565014E+02

NORMAL VECTOR N AT TIME I—STAR

.99350 731+00
— .11368841 ‘0 0
— .42663051—02

VICTOR 7-PRIME MAP PROJECTION PLANE COMPONENTS AT TIME 7-STAR

X COMPONFNT : - .99740391+00
T-COMPONENT : .7701009E-01

FINAL PARTIAL S USFO TN THI P441, LAMOA INVERSION

OX/O( PHI) = — .63128121+04
DX/O ILAMO A ) * — .54181301+03
OT/O (PHII • - .53799001+03
DY /OILAM DA ) • .635461AE,I4

THE (PHI,LAMOA ( OF THE ‘AP PLANE POINT )X,T)

PHI = — .2888447E 02
LANDS * — . 122 57 6 2E+ 00

1—STAR r 1553.239635

BESITAVAJL4BLF COPY
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SPACE OBLU QUE MERCATOR

INVERSE TRANSFOPMATUO1;

CASE 3 .2

INVERSE TRANSFORMAT ION TO FIND PHI. LAMDA GIV EN X , Y

5: •377871 7E+05 Yr .79 13626 1+03

VECTO R OELTA .R MAP PROJECTION PLANF COMPONENTS AT TIME 7-STAR

5—COMPON ENT = .15290131+01
I—COMPONENT = - .556562AE+02

NORMAL VECTOR N At TIME T— STAR

— .28712431*00
.28732151+00
.91378661’O 0

VICTOR 1—PRIME MAP PRUJECTION PLANE COMPONENTS AT TIME T—STA R

X-COMPONFNT .9996228E,00
I—COMPON ENT r — .2746207E-01

FINAL PARTIAL S USFD IN THE PHI. LARDS INVERSION

01/0(4441) r .6007216E+04
OI/O)LA MDA ) = .8785523E+03
flY/D(PHI) = — .2176227E+04
DY/O ILAMiI A ) • - .21.24541E,04

THE (PHI.LAMCA ) OF THE TMAP PLANE POINT (X,Y)

PHI .11557771.01
LARDS : .2375193E,0l

F — S T A R :  5809. 798322

BEST AVAILABLE COPY
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SPACE OBLIQUE MERCATOR

DISTORTION ERROR ANALYSI S~~

CASE 4 .0

LENGTH DISTORTIONS FOR PTS. SY>O-~~TRI CALLY PLACED ON
OUTS) SIDES OF THE SATELLITE GROUND TRACK FOR TIlE
DISP LA CEMENT INCREMENT DELTA 55.6~ Eli .

PHI , LAMDA OF THE GROUND TRACK 81,05172 90.00000

TIME ALONG THE SATELLITE GROUND TRACK — 0.00000

Is ’ Is ’

~s A Is ~

.998428 1.000498

.998941 1.000219

.999299 1.000177

.999605 1.000114

.999834 1.000052 (SATELLITE GROUND TRACK)

.999938 1.000031

.999697 1.000151

.999320 1.000340

.998791 1.000603

PHI ,LANDA OF THE GROUND TRACK 44.46685 5.65505

TIME ALONG THE SATELLITE GROUND TRACK = 774.50250

1.000538 .998860

1.000299 .999362

1.000131 .999718

1.000032 .999930

1.000000 1.000000 (SATELLITE GT’1L ND TRACK)

1.000031 .999931

.999725

1.000275 .999385

1.000480 .998915

4
Tiuc fir st (and last) Nuint at ~=Vl .05° indic .ute s 1 sliF h t num eri al

difficul ty in that small distortions ore p r u s e i l l  on the ground tr Ick ;
wher ~~is zero distort loT is present on the ground tr3c~ e I+ewhere .
incl uding s——1~LO5°. We suSpect that errors in tiu e Fourier series
app rllx loa t ion (being ~orsl It either end ‘f the fit) .ure the cul prit
here . It has also he~ n observed that these port lois indic ate ,.ml1 S
but s i~;n if i ca nt  losS of c o n f o r ma l )  t v  (which is o u s t e r  i nt u i t  lye ) .

This is .i point w hich should rece ive  ca re fu l  u I t c n L i o n  in futuire work
on t~~~s problem.
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p~4 ),LA ”flA OF THE GROuN’ )  1+51+ — .09793

TIrE ALOI G TH1 cult) LIlt tiROUND TRACK = 1550.71146

1.0005’,+ .999839

1.00031* .999346

j.0 0 0 1~~i .999709

1 .000031, .999927

1.00000U 1.000 000 (SATELLITE GROUN 0 TRACK)

1.0 0 0 0 .~~ .999927

1.000145 .999709

1.00 03i’. .999346

1.0005~ S .998839

PHT .LAMDA OF THE GROUND TRAC K -44.69872 —18 .68870

TIrE ALONG THE sATE u LIl t GROUND TRACK • 232 7 .59702

1.000479 .998916

1.000274 .999386

1.000174 .999725

1,0000 .91 •999931

1.000000 1.000000 SIT [LLITL GROUN D TRA CK u

1.0 000 .9? .999930

1,5001.9 1 .99971R

1.700299 .999362

1. ru005j u ,  .998861

I ~1 ,L I n I ) A OF T 1 C,R s~ ’~~
) T’17j R “A l .04519 —10 5 .1121 9

I ! 1  5L0 - (, TIlE Nu1!I L I l t  ,Pl)U’Ifl T R A C K  3113, 79611

1,0 0 0 6 0 2

.99931) 1. 3 ,1 30 9

•95949~

I .11 ~O 3 A

1. L ’ O O u u u 1.001)000 uSA I[LL IT I ~~~~~~ 
TRACK )

1, 0000 3+

1. 050151

11 , l.~1 • . 0 33’)

99*7 9 , ,  1.0 0 0 6 0 3

BESVAVAJLABLE COPY



PHI,LS QA OF THE GROUND TRACK —44,14007 172.58558

1 I E  ALONG THE SATE) LITE GROUND TRACK * 3878.27456

1.1)004+? .998914

1,000271, •9993A4

1.0001~’* .999724

1.00003? .999931

1.000001 1.000000 (SATELLITE GROUN D TRACK)

1.00009? .999930

1.000131 .999718

1.110 0299 .999361

j,0005.99 .998860

PII T .LA OA OF T I-I t GROUND TRA IK .23428 160.53058

TI5E ALONG THE , + T t ) L I T T  tiRnIu;lrl TRAC K 4651.07361

1.00055+ .998839

1.000319 .999346

1.0001uu .999709

1 . 0 0 0 0 9 ~ .999927

1.000000 1.000001) (SATELLITE u.,uO UNO TRA IN)

1.00009, .999927

1.000199 .999709

1.0003). .999346

.998839

BEST AVAI LABLE COPY
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PHT .LA MDA OF THE GROUND TRACK 44,56129 146.42096

TIrE ALO NG THE SuTCu LIlt GROUND TRACK 5423.18305

1.1)0059K .998860

1.000299 .999362

1.000131 .999718

1.00009? .999930

1 .0 0 0 0 0 0  1. 0 0 0 0 0 0  ( S A T E L L I T E  GROUN D T R A C K )

1. 0 0 0 0 .91 .999931

1.0 0 0 1) .  .999725

1.0 0 0 2 7 4  .999385

i.0 0 0 4 s +  .998915

P HT , L 1 ” ’ ) S  OF THE G RIJuOD T R A C K  8 1.05 172 64 .1 2310

TI r E A L O N G 14-I t s..Tcu L Ill ORnuiNu) T R A C K  = 6195.99195

. 99 0 4 2 9  1. 300498

~9959~~ 1. 3n 0219

.999299 1. 300177

.9996) 1 1. 0~~011+

• 99984s  1. 0 0 0 0 5 2  u S A T E L L I T L  GROU IIC T R A r K )

I ,00’)O II

1. An 7005

.1 0 1 9 , 4  1. 3 0 0 0 3 6

1. 0 A 0 1 2 1

BESFAVAIL4RLE COPY



OPA l .ILIL , 9 “I I .00 .5

0 - 1

F10~~A RD T R A + J S F O W M A I I O N  ,O FIND 0,1 G IVE N PHI .LAR DA

P H I  = 1,155861
LAMnA 2.37571)6

0. V .2 (AR Iu’ FIXFD rLL IPSOIOI AL COORDINATES

Ar. 1858 . 1+ 3933

Y *  1 7A 7 . 3 9 9 4 9 6
2= 5491 ’4 .1 7668 2

0 1 ) 1  V E C T O R  T I  IC PLA NF Al  lI1~t T — S T A R

. 00611601,00

NOR MAL V F C T O R  0 AT TIME 1- STAR

— .,87T4511*00
• , A 7 ? 9 4 3 F * O I

9 13 870 IF +00

01’ .‘ i “~ . 1 d o s  ‘OrL IA— ll AT TIME T— STAR

— .12574661*02
— ,c 02 1’ ) 57 F .u)2
,84499 6 81+01

T — S T A + *  9809 .87 574 7

RAP P*o , j F r T I O A  C l l I R f l T o 0 1 E ’.

= , 4 7 7 0 7 ~ 71 .1, 11 = • 7 9 1 3 0 0 1 t , 03

BEST AVAILABLE COPY



SPACE OBLIQUE MERCATOP

FORWAIID TRANSFORMATION

CASE 5 .2
F1) ui9ARO T R A N S F O R M A T I O N  TO FIND i.Y GIVEN PHI,LAMDA

PHI = — .002888
LAM Cu A * — .122576

i.Y.Z FO RTH-FI XE D CLL IPS O IOIAL COORDINATES

0= 6530.283088
1= —779.851459
2= —18.299651

SCAN VECTOR IN IC PLA)JF AT TIME T—STAR

.1 1162661+00

.98136021.00
— . 15643441+00

ISORRAL ‘KFtTtuul to AT lItRE 3-STAR

.99351)731,00
— .11366841*00
— , *2663091—02

DISPLACEM I III VECTOR DELTA-R AT lIME 1—STAR

— .64 70795 1+0 1
— .5472793 1* 112
.87294111+1)1

T—ST A R * 1559.228R33

PAP Pu1 u .JECTI QN COOROTNATES

+ = , I , l Oq QsR E,5 5  y = — .5957649E.02

BEST’AVAILABLE COPY
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SPACE 1,001 ~1’E MERCATOR

INVF.E,SE T u1XI000RNAT ION

CASC 6.1

INV ERS E TRA N SFOAM ATTON TO FIND PHI, LAM DA GIVEN 1.1

Or .jO .fl99s9E,05 fr — .5957649E +02

u,ECTCR DELTA_ B MAP PhO .JFCT0ON PLANE COMPONENTS AT TIRE T— STAR

S—COMPONENT = — .40 17801E,0 1
1—CO PPON ENT — .55650 11E+02

NORMAL VECTOR TI AT  TIME T — S T A R

.99350801+0 0
“.1 13683314110
— .4243 970 1—02

A F C T I1 F 1-COOKE MAP PR (I.IECTTON PLANE COMPONENTS AT TIME 1—STA R

X—C 0MI’ONEI-IT = — . 9974039E+00
Y-CO .~PONENT * .7201010E—01

FINAL PAR T IALA USED TN THE PHI. LARDA INVERSION

flX ,Di PHI( = — .6312812E*04
nX/U ILAM fl O ) = — .541812AE+03
1) 1/D IPHI) = - .5379899E+03
TIT/DILAMOA) ,635’4618E,O4

ts r )PIII,LAMUA( uF THE RAP PLANE POI NT u X . T (

i’HI — .28884841 -02
SIMDA = — . (,25762E*00

1— 5100* 1599 .717466
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INVERSE TRANSFORMATION

CASE 6.2
INVERSE T RA N S F O I I M A T T O N  TO FIND PHI. LAMOA GIVEN S.)’

0* ,3778767E+115 1= .7913901t+03

vrr TOR nELTA—R MAP PKOJECTTON PLANE COMPONENTS AT TIME T—STAR

X COMPONEIJ T S .1528720 E,01
1—COM PONENT = - ,556 5614 E*02

NORMAL VECTOR N AT TIME T—S TA R

— . 287fl649E+I0
.28730111.00
,913 8117F+I0

a r r r i u  1_ COOKE MA P PROJECTION PLANE COMPONENTS AT TIME 1-STAR

0—COM PONENT - .99962 30E* 00
Y COMPONENT = — . 2745687E-01

FI lIAL PART IALS USET) TN THE PIll, LAMDA INVERSION

T I X / D I P H I (  = .6 0 3 7 0 6 2 E + 0 4
rux/ O t u  89110 ) = — .8785653E.03
flY / O (’H I I  = — .2 17668 5E * 04
flY / O(LAM fl A ) .?4240I9E+04

ICC (P4II,(AI*OA ) iF TI E MAP PLAN E P01111 IX.T(

‘III = .11598 60E * 0 1
I . M D 5  S ,7978706E.01

T— Slf R 5808.8641,90
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