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PREFACE

This report documents and discusses twenty-three programs--
written for the Hewlett-Packard HP-67/97 programmable calculators—-
covering a wide range of problems of interest to staff officers in
all the military services. Using this material, the user may quickly
obtain answers to specific questions arising in meetings, at the desk,
or in the field. Full documentation is given to clarify the back-
ground of a topic and to enable the programming of a subject of
special interest for a machine other than the HP-67, but with com-
parable power.

In general, the report avoids the ''slide-rule" type of topic
where only a given formula is to be evaluated. Rather, topics are
chosen that would consume too much of a staff officer's time to pro-
gram because the underlying mathematics may be obscure, because
approximating techniques must be sought, or because the programming
itself presents problems.

Several programs reduce published volumes of tables to one mag-
netic card.

The major part of this research was supported by The Rand Cor-

poration from its own funds.
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SUMMARY

The report is summarized by an overview of the topics covered

in it.

Part I. Geographic and Orbital Programs

1. Geographic Coordinates to UTM and Conversely

Army tactical maps use Universal Transverse Mercator (UTM) co-
ordinates. For joint operations with the Air Force and the Navy,
coordinate conversion to geographic coordinates and the converse is
essential. Accuracy of this program is better than 10 meters in the
northing (distance from the equator) and 1 meter in the easting (dis-

tance from the central meridian of a zone).

2. Sunrise, Sunset, and Twilight

The times of sunrise and of the various categories of twilight
are important in planning many types of military operations and ac-
tivities, although adverse weather conditions all too often vitiate
such planning. This program gives twilight times for any day of the
year, at any latitude and longitude, and at any altitude. Accuracy is
three minutes or less, except under special conditions such as high

latitudes.

3. Geodetic Distances and Bearings

The usual formulas of spherical trigonometry that are programmed
to give great circle distances and bearings employ a spherical earth
of some mean radius. Distances can be in error by as much as 20
kilometers. The program here uses formulas of the National Geodetic
Survey based on Bessel's solution for the geodesic on an ellipsoid of

revolution. Accuracy is good, about 0.1" or 3 meters.

4. Reentry Trajectories

The program uses Sec. 20 (Fourth-Order Differential Equations).
For a body with zero lift and a given 'beta' entering the upper atmo-

sphere, find the subsequent range, altitude, and velocity to impact.
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5. Satellite Orbital Elements

This program solves two of many possible orbital problems: Given
a satellite's injection altitude, velocity, and flight path angle,
find the remaining six orbital elements; or given the injection alti-
tude and the altitudes of perigee and apogee, find the remaining ele-

ments. Equations are provided so that other problems may be programmed.

6. Satellite Tracking

Given the time and longitude of equatorial crossing of a satellite,
select a ground station. Determine if the orbit can be viewed on that
pass, and if so, determine its range, bearing, and elevation from local

horizon to horizon as functions of time.

Part II, Military Models

7. The Deer Hunt (Defenseless Bombers)

The model assesses the expected outcome of a time-limited battle
in which a group of armament-limited interceptors engages a group of

defenseless penetrating bombers. A deer hunt is the paradigm.

8. A Bomber Penetration Model (Defended Bombers)

In this model, the bombers are not defenseless. As part of mis-
sion planning, bombers divide their payloads between defense missiles
and ground attack munitions to maximize weapons delivered to ground

targets.

9. Damage Probabilities, PVN and QVN Targets

The program gives damage probabilities for nuclear weapons of
given yield and CEP applied against PVN and QVN targets at the optimal

airburst altitude.

10. Four Deuces (Precision 4.2-inch Mortar Fire)

This section is an example of data-table replacement by func-
tional fitting. It applies to the 4.2-inch mortar, reducing firing
table corrections and meteorological conditions to formulas. The pro-
gram yields corrected shell charge and corrected azimuth and elevation
for precision fire, and permits a difference in altitude between mortar

and target.
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11. A Laser Equation

The equation programmed applies to propagation in the atmosphere
and allows for blockage, thermal blooming, and jitter factors. Given
any two of the three primary variables power, range, and average in-

tensity at the target, the program finds the third factor.

12. Shaking the Dice (A War Gaming Example)

This section provides an example of how random numbers are used
in a firefight model to assess outcomes quickly in war gaming, The
example employs a conceptual mortar round with an on-board heat-seeker

sensor that causes the round to home on an armored target.

13. Optimum Allocation of Resources

The title promises too much. This is a topic in nonlinear, con-
vex programming. Military applications arise in search planning,

allocating weapons to target classes, and allocating budgets.

Part ITI. Cost Programs

14. Log-Linear Cumulative Average and Unit Costing

These programs implement the basic assumption of learning curve
theory as it applies to production. That is, each time total produc-
tion doubles, the cost per item reduces to a constant percentage of

the previous cost.

15. Time-Phased Procurement Costing

Consider a system, weapon or otherwise, with several major com-
ponents. Each component has its own lead time and its own, possibly
segmented, learning curve. Specify a delivery schedule over future
years, and find the New Obligational Authority by fiscal year to sup-

port the program.

16. Cost/Benefit Streams

This model deals with the decision to spend money now as opposed
to later during the life cycle of a weapon system. For example, should
engineering development money be spent now in the expectation that
future operating and support costs will be lower? The yardstick is
the present value of a discounted stream of cost and benefits (savings).
An "internal rate of return" is calculated to provide go-no-go for the

decision.
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Part IV. Mathematical Functions and Algorithms

17. The Normal Function and Its Inverse

The normal function (probability integral) is pervasive in military
calculations. The program is frequently used in conjunction with

others, such as that for the Q function.

18. The Q Function (Offset Coverage Function)

The Q function is used in radar detection theory and offset
bombing calculations, as well as in calculations of collateral damage

to point targets.

19. Linear Programming and 3 X 3 Matrix Games

Many models may be stripped in a meaningful and transparent formu-
lation to three activities as a programming problem, or to three own
courses of action pitted against an enemy's three courses of action,
in order to make a command decision by game theory. This program uses

the pivot method and has some interesting indexing aspects.

20. Fourth-Order Differential Equations

This program supports applications to reentry trajectory determina-

tion, Lanchester models of combat, and optimal control theory.

21. Curve Families and Mach Numbers

Military data are frequently presented as sets of tables or as
families of curves, with a parameter naming the family member. This
section suggests methods of representing these data through curve-
fitting, using elementary functions. The methods are applied to the
determination of best Mach number for the A-7D aircraft on long-range,

constant-altitude cruise.

22. Ten-Point Gaussian Integration

This is a utility program for evaluating definite integrals as
they arise. Accuracy is usually excellent. For example, incomplete

elliptic integrals are computed to eight decimal places by this method.

23. Truth Tables

A calculus of propositions is tailored for ready implementation

by the calculator. The program systematically solves problems in
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symbolic logic, consisting of a set of logical conditions that the
atomistic propositions must satisfy. There are real-world applica-

tions, usually overlooked.
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TO THE USER OF THIS REPORT

If your temperament is like that of the author, this description
of the psychology of programming will sound familiar: After the
usual time-consuming process of getting the mathematics of a topic
in shape, the urge is to program as quickly as possible and make
independent checks of the validity of the outputs. It works! And
we move on to something else.

Any program, however, certainly including those in this report,
can be improved--can be shortened and made more elegant and transparent.
The result of this product-improvement effort may be to reduce the run-
ning time and to find program and storage space to extend the program's
capability. A reexamination of program logic is part of this effort.
The program may be made more robust, minimizing operator errors that
occur when complex input operations are otherwise required.

If you as a user are interested in a particular topic in this
report, you may choose to make this extra effort, which will be re-
paid with an enriched understanding of hand calculator programming.

Finally, you are invited to communicate to the author any errors
you detect, errors and unforeseen restrictions being inevitable in
a report of this nature. You are also invited to send to the author,
for possible future programming, descriptions of topics that you feel
may be of interest to some significant subset of the staff officer

community. And by all means, copies of your own programs would be

welcomed.
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INTRODUCTION

"The general who wins a battle makes
many calculations in his temple ere
the battle is fought. The general who
loses a battle makes but few calcula-
tions beforehand."

- Sun Tzu Wu, The Art of War, ca. 500 B.C.

Programmable hand calculators are little more than five years
old, but they are already in their third generation, the gestation
period being one and a half to two years. Up to now, they are unique
in our inflationary world, in that each new generation has much more
power than its predecessor, but sells for much less. This cost trend
may reverse should these calculators become more competitive in power
with microprocessors.

We can assess the impact in the civilian sector by noting that
the number of user programs submitted to the Hewlett-Packard HP-67
program library is approaching 3000. The PPC (Personal Programmers
Club),* with more than 2500 members, is a nonprofit worldwide group
of people who own and use PPCs (personal programmable calculators).
The monthly club newsletter contains a wealth of programs and imagina-
tive programming techniques.

Remembering that modern digital computers were initiated by the
military under the pressures of World War II, it is curious that
these PPCs, these powerful little animals, are not as equally wide-
spread in the service of the Department of Defense as in the civilian
sector.

The PPCs are used, of course. The Joint Technical Coordinating
Group for Munitions Effectiveness (JTCC/ME) under the JCS has had 25
HP-67 programs prepared for mission planning by squadron ordnance
officers in the Air Force, Navy, and Marine Corps. The Strategic Air

Command uses the HP-65 in bombing mission planning. Some System

*
2541 W. Camden Place, Santa Ana, CA 92704; Attn: Richard
Nelson.
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Project Offices (SPOs), such as the F-16 SPO at Edwards Air Force
Base, use the HP-67. Junior officers are using their own funds to pur-
chase PPCs, which in some cases must represent a tradeoff against a new
TV set. But there is no recognizable community of users in the mili-
tary sector. There is no mechanism--no clearinghouses like those in
the civilian world--to exchange programs, to share ideas, and to state
requirements for new programs. The notion of a loosely organized
"national security users group' to achieve these implied objectives
naturally comes to mind. We hope that this report may have some
catalytic effect in accelerating such a development.

The hand calculator is particularly suited for military use be-
cause so many applications can be made in the field or in a meeting
where a senior officer wants a quick answer to support a decision, or
where a briefer is to be confounded. But for field use the calculator
as currently designed would probably not meet military specifications.
The operating range for the HP-67 is 10° to 40°C (50° to 104°F) and
the battery pack life under continuous use is about three hours before
recharging or replacement is required. However, current machines are
compatible with avionics, producing little or no interference with
sensitive electronic circuits.

But powerful as they are in their domain, the PPCs are far from
a final answer to personal computing, although this statement depends
on their future evolution. In preparing this report, many instances
occurred where much more storage than available was needed and where
it was frustrating not to have available a programming capability of
more lines of code with a higher-level interpretive language.

Again, the civilian sector is leading the way. More than 120
companies are now manufacturing microprocessors with peripherals for
home use, and more than 900 home computer dealers in the United States
are marketing these machines at relatively modest prices. Memory may
be added, there is keyboard input and cathode ray tube display, with
BASIC apparently the language of choice. The military is lagging,
even though it is a reasonable bet that many staff officers would like
to be freed from the computing-center bureaucracy in doing their daily

jobs.



But once more, too strong a position should not be taken. Mili-
tary computing in general requires large main frames to support
extremely large data bases and programs with a million or more lines
of code. One would certainly hesitate to try to use a microcomputer
for logistic management or for solving three-dimensional partial dif-
ferential equations.

Nevertheless, there is a real gap in the spectrum of required
computing capability to meet military requirements, a gap whose filling
this report can only adumbrate.

A word of apology is in order. Recorded program cards are not

provided with this report. The reasons are:

o No recipient is likely to use all programs;

° The per-copy cost of the report would be high;

° It requires 10 to 20 minutes to key in a program and check
it; and

° Hopefully, the keyer will understand the program and be

able to modify or tailor it to his or her desires.

It is recommended that users step through the illustrative prob-
lems to get the mechanics straight. And it is always a good idea to
do a problem twice. Errors in keying are easy to make, especially
when under pressure.

Finally, what is to be said to the staff officer who wants to pro-
gram his or her own problems on a PPC? The natural question for the
officer to ask first is: What bounds a problem that can be "fitted"
to the machine?

The general answer is: If the problem can be formulated as a
chain of subproblems, each of which is within the machine's coding
and storage capability, then there is in principle no bound. For
example, in the prediction of tides by harmonic analysis,* 37 con-
stituents (cosine terms) each with three constants are employed. Since

these terms need only be added, one program card and five data cards,

*
Special Publication No. 98, U.S. Department of Commerce, 1940.



used successively, would suffice. As other examples, six linear
algebraic equations in six unknowns can be solved using both sides
of two cards, and a Star Trek battle can be programmed with eight
cards.

For problems that can be chained, the practical limitation is
execution time, which can be long and hardly acceptable if many prob-
lems are to be run, as in tidal prediction.

But not all problems can be chained. Operations with matrices
of order higher than five, and solutions of partial differential equa-
tions, are usually nonchainable.

Even if a problem should fit, it is frequently hard to see how
to make it actually conform to the calculator's Procrustean bed. This
could be because the underlying mathematics, including approximating
techniques, is beyond one's reach. The help of a specialist colleague
is then essential. Once this mathematical hurdle is cleared, program-
ming--which is really an art form with personal brush strokes--can be
exasperating. Advice? Read and understand good programs, as many as
possible--something that few of us have the self-discipline to do.

As a postscript to this Introduction, an as yet unexploited area
of the military application of PPCs should be mentioned. Two or more
people may operate their calculators in parallel, engaging in a co-
operative, interactive exercise.

For example, two submarines may be allies in a simulated battle
against one enemy boat. The purpose of the exercise is to examine,
by repeated simulation runs, the tactical utility of communications
between the two friendly boats during the battle--ranging from none,
through restricted, to complete information and command exchanges.
Each player has his own program which, by sampling from probability
distributions, shows the output of his sensor systems in respect to
target position and bearing, and the damage, if any, inflicted by
ordnance launched. FEach player keeps his own log and battle plot.

At each battle increment (say, 15 minutes of real time), the calcu-
lators may be physically exchanged so that, as appropriate, informa-
tion can be entered in assigned storage registers, and the calculators

then returned to the right boats.



As another example, a War College seminar may be examining the
cost implications over the next ten years or more of various possible
strategic postures. Weapon systems may be phased in and out. New
systems require research and development monies and time. In general,
each weapon system has cost profiles of funds required for RDT&E,
procurement, and annual maintenance and operating expenses. The cost
envelope of each weapons system with respect to time is calculated by
the seminar member assigned that system. All programs are the same,
differing only in their cost and time parameters. The seminar leader
totals the year-by-year costs of all systems in the posture and checks
for feasibility against an assumed yearly ceiling. After discussion,
the seminar members revise phasing or numbers procured and go through
another iteration to see if the ceiling is reached or exceeded, and
to determine if the posture is balanced in regard to the threat and
required missions.

These examples have indeed been programmed for interactive com-
puting on large computers; but this is time-consuming and facilities
may not be readily available. The suggested use of PPCs in parallel
is an option that can be implemented quickly and can provide a shake-
down for more sophisticated approaches, which in some cases may prove

not to be warranted.






PART 1

GEOGRAPHIC AND ORBITAL PROGRAMS







1. GEOGRAPHIC COORDINATES TO UTM AND CONVERSELY

1.1. REFERENCES

a. Universal Transverse Mercator Grid, AMS Technical Manual
No. 19, Army Map Service, Corps of Engineers, Washington,
D.C., 1952.

b. Map Projections, P. Richards and R. K. Adler, North-Holland,
1972.

c. Map Reading, FM 21-26, Department of the Army, October 1960.

1.2. DISCUSSION

Tactical-scale (1:50000) Army maps use the Universal Transverse
Mercator Grid (see Ref. c¢). The map borders show latitude and longi-
tude ticks, but it is difficult to locate the geographic coordinates
of a point with any precision. Conversely, Air Force maps use geo-
graphic coordinates only. Consequently, in joint operations such as
targeting, coordinate conversion from one system to the other is
essential. FORTRAN programs exist. The program used at The Rand
Corporation has 132 lines of code. Although perfectly adapted to the
preparation of coordinates for a list of agreed targets, it hardly
meets the requirements of ad hoc field use.

The UTM system covers the world between 80°S and 84°N. Starting
at the 180° meridian of longitude and moving eastward, the globe is
divided in zones 6° of longitude in width, numbered 1 to 60. Each
zone has a central meridian (CM). The following formulas relate zone

number (ZN) to the CM:

ZN

(CM + 183)/6

CM

(6 » ZN) - 183

For example, Fort Knox, Kentucky is about 86°W. Hence the ZN is the
rounded value of (180 - 86)/6, ZN = 16, and CM = -87 or 87°W. (See
Ref. ¢ for further details on lettering 8° zones south to north, and

on double-lettering for 100,000 meter squares within each 6° X 8° block.)
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The value assigned to the CM in each zone is 500,000 meters,
called the false easting. Hence locations in a zone west of the CM
have an easting less than 500,000 and conversely. The northing is
the distance from the equator in meters. For the Southern Hemisphere,
the equator is assigned a false northing of 10,000,000 meters and
numbers decrease southward.

The major complication in coordinate conversion is that allowance
must be made for the earth's oblateness. Hence the equatorial radius
a and the polar radius b must be selected. Actually, a and the re-
ciprocal of the flattening f = (a - b)/a are given. For the Inter-

national Spheroid,

a=6 378 388 m , 1/f = 297

f 2
Since f = 1 -41 - €, where € is the eccentricity,

82 = 0.006 722 67

Unfortunately, different spheroids (different a and f) are used
for different areas of the world, for historical reasons. For example,
the Clarke 1866 spheroid is used for North America. The other spheroids
used are Clarke 1880, Everest, and Bessel. The International Spheroid
is used for Europe. (Consult Ref. a.) Consequently, the data a, 82,
n = (a - b)/(a+ b) used here have to be changed for certain parts of

the world.

1.3. EQUATIONS

The full equations for the conversions (Refs. a and b) are quite
lengthy because extreme accuracy is desired in surveying applications.
For military purposes, it is possible to dock the tails of these formu-
las and still get accuracies better than 1 meter in the eastings (E')
and better than 10 meters in the northings (N)--the distance from the

equator in meters.
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1.3.1. Geographic Coordinates to UTM Grid Coordinates

(1) + (ID)p% + (IID)p”

=z
I

(Iv)p + (V)p3 >0, E =500 000 =+ E' .

=
I

South of the equator,

N = 10 000 000 - N .

The given coordinates are latitude ¢ and longitude A. Then

(1)

(2)

(3)

p = 0.0001 + A\, where AX is the difference of longitude from the CM,

measured in seconds. E' is the (positive) distance from the CM.

(1)

S - ko, where

»n
I

A$-Bsin2 ¢+ C sin 4 ¢ .

S is the true meridional distance from the equator in meters and

A= a[l -n+ 0.75 n2(l - n)]

B=1.5 an(l - n)

C = 0.9375 an’(1 - n), n = (a - b)/(a + b)
ko = 0.9996, the central scale factor to reduce

distortion.
kO sin2 1" - 108
(I1) = 4 * v sin 2 ¢, where
v = a/\ll - €2 sin2 ¢ is the radius of curvature in

the prime vertical.

(4)

(5)
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kO sin4 1" - 1016 3 9
(111) = 2% * vysin ¢ cos” $(5 - tan” ¢)
(Iv) = kO sin 1" - lO4 * v cos ¢
kO Sin3 1" - lO12 )
W) = 5 * v cos $(2 cos” ¢ - 1)
1.3.2. UTM Grid Coordinates to Geographic Coordinates
6 =¢' - [(VID q° = (VIID) q"1/3600
M = [(IX) q - (X) ¢°1/3600
q=E""- 10_6 >0
" = N/Ak,
N/k, + B sin 2 ¢" - C sin 4 ¢"
pr = —
A
v o= a/\Jl - 62 sin2 o"
12
_ 10 . tan ¢'
(VII) = 7 , 5
2k0 sin 1 V)
(VIII) = 1024 , tan ¢'(5 + 3 tan2 ¢')
24kg sin 1" U4
6
_ 10 L1
(X) = ko sin 1" v cos ¢'
x) = 101 142 tan” ¢

6k8 sin 1" U3 cos ¢'

(6)

(7)

(8)

(9)

(10)

(1D)

(12)

(13)

(14)

(15)

(16)

(17)
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1.3.3. Data Card (International Spheroid)

a =6 378 338
82 = 0.006 722 67
) kO = 0.999 6
10~ sin 1" = 4.848 136 8
A =6 367 645.45
B = 16 106.99
C = 16.976
3600
500 000

2.4. PROGRAM NOTES

STO
STO
STO
STO
STO
STO
STO
STO
STO

a. It will be noted that the powers of 10 in

, 6 . .
from those in the formulas because 10 sin 1" is a

[« )NV, B N v~ B S T Y

the program differ

stored datum.

b. West longitude is prefixed by a minus sign.

Example 1. N 49°48'00", E 08°24'0" to UIMC.

49.48 STO D, 8.24 STO E, 9 STO 7 (CM)
5516670 (5516677.7)
456820 (456819.7)

Press A: Northing

Press R/S: Easting

The numbers in parentheses are the AMS values.

Example 2. Northing = 5516677.7, Easting = 456819.7 to geographic

coordinates.

N STO D, E STO E, 9 STO 7

Press A: Latitude

Press R/S: Longitude

49.4801 (49°48'01")
8.2360 ( 8°24'00")
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1.5.1 USER INSTRUCTIONS

1 1.1 GEOGRAPHIC COORDS TO UTM GRID

2P

| i
— — — —
—_—— — — )
"’ I |
e

STEP INSTRUCTIONS o A'T"A'/’l‘,’;”s KEYS o STUAT/S:L.S
1 | KEY LAT (D.MS) STO D 49,48 (sTO][ D | 49,
LI ]
2 | KEY LONG (D.MS) STOE 8.24 [STO][ E | 8.
(- FOR W. LONG.) C_ 0]
[ 10 ]
3 | KEY CM STO 7 9 [STO|| 7 | 9.
I N
[ 4 | PRESS A | I[ A ] | 5516670
I
|| OUTPUT IS NORTHING (M) IN D (N
[ 1]
[ 5 | PRESS R/S [ JIR/S] 456820
(I
'OUTPUT IS EASTING (M) IN E I
[ 1]
(I
[0 ]
(]
(]
INT., GEOID DATA CARD (10
| (10 |
o - o $276368.860 @ (I
— o L | -
106sin 1" 4.84813688 4 I —
e s 3 -
- 5 icioc.%%ea B .
C 1£.97666088 C [:_t]
| 1]
I
1]
[ 1]
0
L]
(I
S
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1.6.1 GEOGRAPHIC TO UTM COORDINATES

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 681 ¥LBELA 21 11 | €57 Y -24 |
882 RCLT 36 67 ] g5z RCL3 36 83
ee:  RCLE 36 13 | 8ss -35 |
8@ HMES 16 36 | DEC, DEGS. 060 RCL4 36 64
aes - -45 | x2 53 ]
885 ABS 16 31 ] -35]
@ar  RCLS 36 85 EEX -23 ]
8as X -351 Ax IN SECS 4 04 |
eas  EEX -23 ] + -24 |
010 ae 4 84 ] RCLI 36 46 ]
alt + -24 xe 53 |
a1z 870l 3546 ] p % -35 ]
3:2  RCLD 36 147 RCLS 36 69
814 HMS* 16 36 070 - + -55 B
@15 370D 35 14 ] LAT. IN DEC DEGS "oF: 2TO0 IS4 1)+ @dp
515 4 84 ] arz  RCLZ 36 62 ]
817 =357 877  TAN 43
B18 5IN 41 7 ars $E 53]
36 13 7S 5 85
020 -357 . -45j
36 14 ] -2z ]
82 36 82 ]
_35: 42 |
41 080 83 |
36 127 31 ]
-357 -35
-45 1 36 62 ]
36 14 ] 41 ]
16 4571 RADIANS -35
030 36 117 36 88 | v
=357 -357
-557 8z ]
36 837 84 ]
=357 090 -24:
3589k, S () 36 83
36 147 -35
35 827 LAT 36 84
417 84
537 317
540 36 817 €2 -35
-357 -23
617 88
-457 -24
=22 7 100 36 46
54 1 84 ]
36 66 317 .
-24 7 =357 (IO
5271 36 147 (e
358871 v .55 ]
050 36 827 39 14 | NORTHING
627 51
-357 36 82
417 4z ]
36 08 ] 110 36 68 |
-35 ] -35 |
84 36 63
REGISTERS
° a [ & PLAT.¢ [© ko' [10%sin1" 3600 [°500000 | cM |° v | koS
SO S1 S2 S3 S4 S5 S6 S7 S8 S9
A B o] D E I
A B C LAT. ¢, D LONG. X\, E P




STEP

KEY ENTRY

KEY CODE
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1.6.1 PROGRAM LISTING

COMMENTS

STEP

KEY ENTRY

KEY CODE

COMMENTS

140

160

=35 ]
36 84
-35 ]
-23
82
-24
36 46
-35
35 89
36 82
42
53]
8z |
-35 ]
81|
-45
36 82
42’
-35

L1 1 1 1

I¥)p

E' (2)

LONG = CM?

EASTING

180

190

200

EASTING

220

LABELS

FLAGS

SET STATUS

USED

D

FLAGS

TRIG

DISP

d

3

ON OFF
m}

wN = O
oogoo
ooo

DEG O
GRAD O
RAD O

FIX O
sci O
ENG O
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1 1.2 UTM GRID TO GEOGRAPHIC COORDS

2P

STEP INSTRUCTIONS b A'T"A'I’S;"s KEYS o ﬂ‘ﬂﬁ:}s
1 [ KEY N (D.MS) STO D 5516677.7| [STO|[ D ] SAME
LI ]
2 | KEYE (D.MS) STO E 456819.7| [sTO][ E | SAME
L 1]
3 | KEYCM STO 7 9 [STO][ 7 ] 9.0000
]
| 4 | PRESS A | I A ] | 49.4801
|0
OUTPUT IS LATITUDE (D.MS) IN D )
I B
| 5 | PRESSR/S [ TIR/S] 8.2360
[ ]
OUTPUT IS LONGITUDE (D.MS) IN E | 11 ) [8°24%0"
N
[ 10 ]
R
|0 ]
[ 1]
| [ ]
(00 ]
.
[0
[0 ]
[0
[ ]
[
(10 ]
[
00
[ ]
[ 10
L]
]
i
]
o
|
|
|




STEP

-20-

1.6.2 UTM TO GEOGRAPHIC COORDINATES

KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 ge1 xLBLA 21 11 857 RCL9 36 @9
062 RCL6 36 86 g58  TaN 437
863 RCLE 36 15{E 859  x -35_|
804 - -45 | 060 660 RCLE 36 88_|
865  ABS 16 31 ] 861 4 &
005  EEX -23 | 962 yx 31|
ear 6 66 | 063  * -24]
ges < -24 064 RCL4 36 04
g2  STOI 3546 q 865  + -24_|
o1 0i@ RCLD 36 14 856 RCL3 36 03]
811  RCLA 36 11 ] 067 4 o |
812+ -24 068 rx 317
617 RCL3 36 83| 869  * -247]
814 =+ -24 o0 | 87 2 2]
015 RsD 16 46 | DEGS. 71 4 84
015 ST09 3589 ¢ (17) 72 % -247]
817 4 84 73 EEX -23
818 x -35 ers 3 837
819 SIN 41 075 ) 867
020 828 RCLC 36 13 ] o7 x -357]
e2: X -35 77 RCLI 36 46
822 CHS -22 | a7s 4 04
823 RCL9 36 @9 | 79 yx 317
024 2 62 | 080 ose X -35
825 X -35 ] @81  STO2 35 27| (V) q?
g26  SIN 41 882 RCLS 35 897
27 RCLB 36 12 ] 883  TAN 437
g2e  «x -35 884 RCLS 36 687
829 + -55 885 X2 537
00 030 RCLD 36 14 _ 6ge =+ <24
831 RCL3 36 63 _ @sv  RCL4 36 647
2+ -24 8es  + -247]
833+ -55_ 88¢ RCL3 36 837
834 RCLA 36 11_ 050 890 xe 53]
835 % -24 291 < -24
836 R 16 46_| DEGS 892 2 @
g7 STO9 3589 | ¢ (12) 893 =+ -247]
833 SIN 417] 894  EEX -237]
839 e 53 ] 95 1 01
040 846  RCLI 36 81 | 095 8 T
841 X =35 | 897 x -35 |
042 1 o1 898 RCLI 36 46| g
043 - -45 | 039 xe 53]
844  CHS -22 | 100 100 X =357
845 X 54 181 RCL2 36 827
84¢ RCLE 36 68 182 - -457]
847 + -24] 183 CHS -227]
848 1% 52 184 RCLS 36 05 |
849 ST08 3588 | v (13) 195 = -247]
050 658 RCLY 36 @89 186 RCL9 36 89
851  TAN 437 o7+ -55_
652 X2 53] 188 HHMS 16 35| D.MS
853 3 63 189 STOD 3514 ¢
854 X -35 | 110 118 R/S 51_] DISPLAY
855 5 85 111 RCLS 36 09 ]
836 + -55 112 ¢6s €2
REGISTERS
-
° a €2 P q*® ko [10%in1"[> 3600 [°500000 | M [P v ¢!
SO S1 S2 S3 S4 S5 S6 S7 S8 S9
A ° B °c < ° N,e fFE 'oq
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1.6.2 PROGRAM LISTING

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
113 RCLE 36 08 | 169 RCLZ 36 @2
114 x =35 | 170 179 + -55 |
i:g Rc§4 3% 03;_ 171 9HMS 16 35] D.MS
5 =35 | 172 8
117 RCL3 3 83 173 ;% ® 3 LONG
118 X =35 174 +LBLB 21 12
119 1/% 52 ] 175 RCL? 36 87
120 120 EEX -23 176 RCL2 36 62
121 1 o1 177 - -45
122 2 a2’ 178 HMS 16 35| D.MS
123 x =35 179 STOE 35 15_| LONG
124 RCLI 36 46 180 188 RIN 24|
125 X -35
126 ST02 35 827 (IX) q
127 RCL9 36 89
128 TAN 437
129 X2 53
130 130 2 827
131 X =357
132 1 817
123 + =557
134 RCL9 36 89 ] 190
135 (oS 42
136 % -24
137 RCL8 36 8
138 3 837
132 yX 317
140 14¢ <+ 247
141 RCL4 36 847
142 + -24 7]
143 RCL3 36 837
144 3 837 200
145 ¥x 317
146 3 -247
147 6 86 ]
148 + -247
149 EEX =237
150 15¢ 2 827
151 4 847
152 X =357
153 RCLI 36 46
154 3 837 210
155 YX 317
156 x =351 X)q3
157  CHS -22
158 RCLZ 36 827
159 + -5571
160 168 RCLS 36 857
161 = -247]
162 sT02 35827 AN (10)
167  RCLE 36 157
164 RCL6 36 667 220
165 - 45
166  X<8? 16457 E-500000< 0 ?
167 6708 22 12
168 RCL? 36 67
. LABELS FLAGS SET STATUS
USED USED |[° o 0 FLAGS TRIG DISP
a Py d 1 ON OFF
o OO DEG O FIX O
0 2 3 2 1.0 0 GRAD O ScCI O
< = = 3 2 O 0O RAD 0O ENG O
3 00 n
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2. SUNRISE, SUNSET, AND TWILIGHT

2.1. REFERENCES

a. Russell, Dugan, and Stewart, Astronomy, Ginn & Co., New York,
1945.

b. The American Ephemeris and Nautical Almanac for the Year 1977,
U.S. Govermment Printing Office, Washington, D.C., 1976.

c. Explanatory Supplement to the Astronomical Ephemeris, Her
Majesty's Stationery Office, London, 1961.

2.2. DISCUSSION

Charts are prepared and issued for each major military operation
or operational area giving sunlight, moonlight, and tidal data.
Nautical twilight (sun's zenith angle from 102° to 96°) provides enough
illumination for most types of ground activity, although bomb loading
and repair work require artificial light. Civil twilight (sun's
zenith angle from 96° to 90°) permits normal day activities such as
observed artillery fire and visual bombing. Sunrise occurs when the
sun's upper limb has a zenith angle of 90°. This makes the zenith
distance of the sun's center 90°50' (90.83°), allowing 34' for hori-
zontal refraction and 16' for the sun's semidiameter. For some air-
craft applications, a correction of 1'.17vh is added, where h is the
altitude in feet. If H is in kilofeet and decimal degrees are used,

this correction is 0.617VH degrees.

2.3. EQUATIONS

The fundamental relation (Ref. c, p. 403) is

cos h = - tan ¢ tan § + sec ¢ sec § cos z , (1)

where h and § are the hour angle and declination of the sun at the
time of the phenomenon, ¢ is the latitude, and z is the zenith angle.
(The correction of the declination from ephemeris noon to approximate

rising or setting is at most 0.1°, a refinement we will neglect.)
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The sun's declination is the number of degrees the earth's axis
departs from a plane that is normal to the sun's direct rays. The
declination is tabulated in the annual Ephemeris. An approximate
formula is derived and checked against the tables.

In Fig. 2.1, 6 is the true anomaly on day D and o is the eccen-

tric anomaly.

Earth, day D

Orbit

/ / |
/ /
/ VA
/ / '
/ / |
/ / :
/ g I
a_ |
Sun 22 Dec
Day O
Fig. 2.1— Anomalies
Kepler's equation is
o - € sin o = %%% , (2)

where € = 1/60 is the eccentricity of the earth's orbit. Also,

Vl - 82 sin 0

sin a = 1+ € cos 6 ° (3
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Neglecting Ql - 82 (= 0.99986), and solving for 6 yields

sin a
1 * € cos a

) (4)

sin 6 =

where the + branch is used from the vernal equinox, 21 March (Day 89),
to the autumnal equinox, 23 September (Day 275).

From (2) a first approximation to o is simply o = 21ID/365. This

is refined by using o uo + A in (2) to get the correction

sin a

o .
A = 60 ~ cos o (radians) . (5)

Finally, using direction cosines, the declination becomes
sin § = - cos 6 sin v , (6)

where U = 23.44° is the inclination of the earth's axis. The sign
becomes + between the two equinoxes as the earth passes through the
summer solstice, 21 June.

Next a formula for the Equation of Time (EOT) is required. The
EOT is the difference in hour angle of the sun and the fictitious mean
sun used for ordinary time. The difference owes to two causes: (1)
the variable motion of the sun because of the eccentricity of the
earth's orbit, and (2) the obliquity of the ecliptic.

The figure on p. 147 of Ref. a suggests that
EOT = - A sin (8 - a) - B sin (206 + b) . (7)

We get from that figure the approximate values A = 8, a = 5.92°,
B =10, b = 4.73°. Here Day O (D = 0) is 25 December, since the EOT
is O on that date.

The extrema of the EOT are:
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12 February D = 49 EOT = -14.29 min

14 May D = 140 EOT = +3.72 min
26 July D = 213 EOT = -6.46 min
3 November D = 313 EOT = +16.41 min .

Replace A by A + AA, etc., substitute in (7), take only first-order
terms, and get four linear equations in the unknowns AA, Aa, AB, Ab.
These are solved quickly by Program 7 of the Hewlett-Packard Math

Pac 1. The corrected values of the parameters are

A = 7.4447 a=5.935, B = 9.894 , b = 4.941
The resulting mean absolute error throughout the year with respect
to the tabulated values of the EOT is 24 sec.

Rising and setting times are now computed by

12 - EOT - h

Rising

(8)

Setting = Rising + 2h .

These are local mean times with respect to the central meridian (CM)
of a given time zone. To correct for other longitudes, subtract 4
min for each degree east of the CM, since the sun is earlier, and
add 4 min for each degree west of the CM. The correction is

programmed.

2.4. PROGRAM NOTES

(1) The day number D (6 =D + 3) for a given date is needed,
counting from Christmas as Day 0. Subtract 1 from the month number
and multiply by 30.42, the average number of days in a month. Take
the integral part. For month numbers 1, 8, 9, 10, 11, 12, add 6;
for months 3, 4, 5, 6, 7, add 5; and for month 2, add 7. Finish by
adding the days of the date.

(2) For the longitude correction (f LBL 0) add 360° if West
longitude (entered negative). Then obtain the correct central
meridian by checking whether the fractional part of the longitude

divided by 15 is less than or greater than 0.5 (1/2 hr).
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(3) At dates when the sun's declination is close to 0, formula
(4) can yield a number very slightly greater in absolute value than 1.
This would generate an Error signal. Such a number is replaced by 1
in £ LBL 5.

(4) This program required 220 steps. There was not space to
program rising and setting in the Southern Hemisphere. To do this,

proceed as follows:

e Find the sun's declination on the desired date.
° Change the sign and use formula (6) to get a new 0 and a
new day number (365 ¢ 6/360), differing by about 6 months.
° Find the rising time for the latter day in the Northern
Hemisphere.
o Add EOT2 - EOTl.
Example. Find sunrise on 5 May at 38°S (Central Meridian). Run pro-
gram with +38°. RCL 2 to get § = 15.48° (the true declination is
16.15°). RCL 1 to get EOTl = .0600 hr. By (6) with § = -15.48,
6 = 47.9 or 312.1. Choose the latter. D = 317, or 7 November. Run
program with date 11.07. Rising time is 6 h 32 m (6.53), EOT, = 0.26.
Rising time is 6.53 + 0.26 - 0.06 = 6.73 or 6 h 43 m. The value for
this example given on p. 566 of Ref. (b) is 6 h 45 m.
(5) Program running time is about 25 sec. Compared with the
values tabulated in Ref. b (pp. 434ff), errors are O to 3 min with O
and 1 the most likely values. The errors can be greater, however,

at high latitudes at dates close to those with twilight lasting all

night.

Example. Astronomical twilight, 50°N, 14 July: The computed value
is 0 h 31 m versus the actual 0 32 for beginning, and 23 39 versus

23 32 for end of twilight.
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2.5 USER INSTRUCTIONS

2. SUNRISE, SUNSET AND TWILIGHT
ZENITH A, DATE B, LAT. C, LONG. D PRESS A, R/S

4

INSTRUCTIONS

INPUT

KEYS

OUTPUT

DATA/UNITS DATA/UNITS
1 | LOAD BOTH SIDES OF PRGM AND DATA CARDS (0]
I
2 | ZENITH DESIRED  STO A 10
SUNRISE (UPPER LIMB) 90.83 90.83 __J[ENT 90.83
| [CIVIL TWILGHT 9 I
NAUTICAL TWILIGHT 102 ]
| | ASTRONOMICAL TWILIGHT 108 I .
I
TO CORRECT FOR ALTITUDE IN KFT .
ADD 0.617 VH TO THE ABOVE (40 KFT) 3.90 | [ Il + ] 94.73
| [sTOl| A | 94.73
4 | DATE AS MM.DD STO B [
(N.B. OCT 9 IS 10.09) 10.09 [ [STOJ[ B | 10.09
I
5 | LATITUDE (NORTH ONLY) [0 ]
DD.MM STO C 36° 22' N 36.22 | [sTO][ € | 36.22
I
6 | LONGITUDE + DDD.MM _ STO D (R
(- FOR W, LONG) 121° 8' W -121.08 | [STO|[ D | [-121.08
[ 1L ]
7 | PRESS A TO GET RISING HH.MM (5h 45m) [ ] 5.45
[ 0|
8 | PRESS R/S TO GET SETTING HH.MM (17h 57m) 10 ) 17.57
[
9 | DAY NUMBER OF DATE [RCL|[ O ] 291
RCL 0 AND SUBTRACT 9 9 [ 1l =] ] 282
L]
10 | EQUATION OF TIME [ 1|
DSP 4, RCL 1, g H.MS [RCL][_ 1] | 0.2128
TO GET .MMSS (12m 46s) [T9 | H.MS L1246
(10 ]
11 | DECLINATION OF SUN [RCL][ 2 | | -5.9663
RCL 2, g H.MS to get + DD.MMSS (-5°58") [ 9 |H.MY [-5.5759
I
12 | RISING IS STORED IN 3 [RCL]| 3 | 5.7632
SETTING 1S STORED IN 4 [ 9 |H.MY 5.4548
(g H.MS) .
N .
13 | ERROR MEANS TWILIGHT LASTS ALL NIGHT L
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2.6 SUNRISE, SUNSET, AND TWILIGHT

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 8i wBLA i i ] PRGM NOITE 1, T =35 ]
ge2  ROLS 3 1] a5 2 82"
ees  INT 16 34_| MONTH es9 % 35126
204 1 &l 060 ese  PaS SEC
ges -~ -45_
23 ROLT  3E 87
687 35
gz IuT 37| D* -8
ges  £T0@ 35 88 - -35 ]
010 gi&  RCLE 3¢ 18] (719 55
3K e e6T &
g1l ? es &
a3 ' gs = -24
814 g 070 gre P2 16-5i 7]
gre 72 &7i 1 35 & | EOT IN_HRS, __
e w 3% &)
i Lille &
818 RCLE 1
ais z s D
020 828 XLy MONTH 2 7? PE
RN ] 377 X 3
g1t MONTH 1 &g STOE wWET|P
#LBL1 MONTHS 8 to 12 72 SIN di_]
RCLA AND 1 |[°80 & do_|
26 ST+8 ADD 6 &8z RCLE 36 157
27 614 gEz €05 §27
328 BLZ MONTHS 3 TO 7 264 - -457 ]
g2z ROLB aas B -24 7]
030 aze 5 as&  Rsl 1€ 46| A RADIANS (5)
831 ST+8 35-55 6| ADD 5 ge7  RCLE 36 157
g2 £10d4 22 &4 age + 557
€37 #BLF 21 83 | MONTH 2 883 STOE I
834 ? a7 090 &5 T o3BT T Eoar | T T T
835 ST+8 35-55 88 | ADD 7 831 RCLE I 157
@38 604 22 847 gsz  SIM 417
TI7 +LBL4 T o 857 RCLG % 86
e3¢ RCLE % 27 ao4 + -247] sin 6 (4)
823 FRC i€ 44 295 6SBS 23 &5
040 848 1 & 89c  SINY €4 g
641 & & 837 s 327
a4z &8 7] 2%  RCLE 36 857 sin v = sin 23.44°
842 X -357] gas X 357
844 ST+# 35-55 86| DAY D . 100 188 SING 1€ 417 (6)
B4 TRLT T I8 | EQN. OF TIME i@ RCL 3E 6] +1
646 RCLY 36 85 g2 S35 T8
e4r  x -357 g 183 __gra-‘- 7
g 28 i6-51 & TRA T &z T T T Ty
845 RCL? 3€ 637 §ch g5 cos 427 M
050 ese + -55 7 186 RCL 3 &2
85t SIN 417 187 o8 527
852 RCLt k8] -A g8+ -24
852 x -357] 189 RCLC 3¢ 137
85i  pes 16-51 | PRI 110 118 RS i6 35_| ¢ DEC.DEGS
855 RCL® 3¢ 88 | 1 <o 42|
856 RCLY 36 &9 12 s -24
REGISTERS
1 4 7
°+,D,D|EOT(HRS) +8 |’ RISING [SETTING[® h(HRS) |"1tecosg|’ 30.42 | .3978 |’360/365
3 7 S8
>0 *7.447 [-9.894 [-5.985 " 4.9m [ ° ° >
* ZENITH Z |° DATE MM.DD |* LAT. DD.MM [0 Eanait | %o ® | #1,057)




2,6 PROGRAM USTING

STEP KEY ENTRY COMMENTS KEY ENTRY KEY CODE COMMENTS
{13 RCL2 ] 169 RN zi [ (gLBLb)
e TaN 43| tan § 7o 178 &lBLb Zi 16 12 ]
115 RCLC 26 i3 171 RCL3 26 83
116 HES+ 16 36 172 RCLT %6 46
117 TaN 43 iz = -45 ]
118 x -35_ 174 8703 3583
19 - -45_| cos h (1 175 RN 2
120 128 C0SY 16 42| 17¢ #L8L7  Zi & _| BRANCH CHECK (4)
121 ! &i 177 RCLE 38 | D
122 5 178 9 85
23 = 24| 178 a 88 _
124 5705 35_| h IN HRS 188 K 16-34_|90>D?
125 1 FET O (-3
12¢ 2 182 2 %
27 RCLI 182 7
2 - RISING (8) te4 5
129 RCLS 185 RCL2 _
130 128 - 186 KHv? 1D >275?
131 <703 &7 erea
132 5388 &&_| 188 5109
133 HMS 55| 189 #LBLD |
134 RS 5i_| CORRECTED RISING 138 1 g _|
135 RCLZ 83_] 198 ROLE 36 15
136 RCLS a5 192 €08 2]
17 z z 192 6 &
128 194 2 &6
133+ 195+ 24
140 148 §T04 %€ - -45 ] USE - SIGN
141 s CORRECTED 187 ST06 358 _|1- € cos ¢
142 RN SETTIN 198 1 8|
143 #BL3  Zi @8_| PRGM NOTE 2 195 CHE -2z 7]
144 RCLD %6 14 288 stel 3546 | -1 INRg
145 HHE» 1€ 36 281 RIM 24| (TO SHOW BRANCH)
146 x28?  16-44_|LONG POS ? (EAST) 782 eBLS 21 &5
147 70« 22 16 1i_] 2e2 1 8|
148 3 83_| IF NOT, ADD 360 284 RCLE 36 15|
149 3 8 285 C0S iz
150 15¢ & 8a_| 266 § 3
151+ -55_] 267 g 88|
152 £T0a 22 i6 ii e+ 24 ]
152 #lBLa 21 16 il_| s+ -35_] USE + SIGN
154 1 8| 218 5106 35861 + € cos ¢
155 5 85| 211 1 6|
156+ -24] 212 ST01 35 46| +1 IN R,
157 FRC 1€ 44_| FRAC OF LONG/15 212 RIN 24" (TO SHOW BRANCH)
156 ST0I 35 46| 217 &85 21 &_| PRGM NOTE 3.
15 . -62_] 215 &BS 1€ 31
160 168 ] 85_] 216 1 ei_|
C16r Xy 16-34 217 Ky -4i ]
162 6T0L 22 16 12_] (GTO fb) 218 0¥ 16-34_| |sing|>1?
162 RCL2 36 43_| E OF CENTRAL MER 212 t *:{f_ REPLACE BY 1
164 RCLI 36 46_] (BECAUSE OF DIVISION |2 22 RN 24
165 ! Si_{ BY 15, ABOVE APPLIES-
e - ~$3— 4 MIN/DEG CORREC-
e - “45— TION.)
168 5103 3543
LABELS FLAGS SET STATUS
NOTE: DATA CARD ENTRIES | ° FLAGS _ TRIG DISP
ARE MARKED :] IN [ 1 0 0[5 T| oee o | mx 8
3 2 1.0 0O GRAD O SCI
REGISTERS, - " 2oo00O0| RD O| ENG O
3 0O n
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3. GEODETIC DISTANCES AND BEARINGS

3.1. REFERENCES

a. Erwin Schmid, Triangulation Position Computation Without
Tabulations, unpublished Ms., National Geodetic Survey,
July 1972.

b. P. A. Smith and H. G. Massey, A JOSS Program for the Geodetic
Inverse Computation, The Rand Corporation, P-4950, January
1973.

3.2. DISCUSSION

The programs usually written for great circle distances and bear-
ings assume a spherical earth of some mean radius and employ the ele-
mentary formulas of spherical trigonometry. The results can be in
error by as much as 20 kilometers. To the geodesist (which I am not),
such programs are to be anathematized. But beyond the evident demands
of surveying, there are applications in the military and international
domains where much greater precision is required.

In 1828, F. W. Bessel gave the general solution for the geodesic
on an ellipsoid of revolution. Two differential equations must be
solved as part of Bessel's rigorous procedure.

Unfortunately for rigor, the geodesist's world is neither perfect
nor static. Periodically, the semi-major and semi-minor axes of the
geoid are changed somewhat in value. We recommend using WGS 72 (World

Geodetic System 1972), now rather generally accepted, which assumes
a==6 378 135.0 m b =6 356 750.233 m ,

and hence a squared eccentricity of

82 =1 - (b/a)2 = 0.006 694 407

(The reciprocal of the flattening f is 298.256.)
The forward problem in geodesy takes the latitude and longitude

of a station, an azimuthal bearing measured clockwise from north, and
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a distance or geodetic segment, and asks for the geographical coordi-
nates of the terminus of the segment. The Znverse problem wants the
geodetic distance between two stations, given their geographical co-

ordinates, as well as the bearings of each station from the other.

3.3. EQUATIONS

The equations for the solution of these two problems are rather
lengthy. To conserve space in this report, they are not reproduced
here. They are found in Ref. b, available from The Rand Corporation,
Publications Department, Santa Monica, CA 90406.* For those readers
who delve into this reference, note that in the forward solution pro-

grammed here there is a replacement in formula (8) of

.._]‘__—%_ by 1 -k,
1+ k7/4

. 2 . -6 . . .
since k“/4 is less than 1 x 10 ~, and there is a deletion in formula

(10) of the term

2—9. 3 [ ' . i !
48 k cos 6 S sin 3 AS' ,

which is of the order 1 X 10—9.

This is done to save scarce program space and to accelerate exe-
cution slightly. In comparing the results with the more exact values
found by the National Geodetic Survey, the resulting latitude may be
in error up to 0.2" (6 meters), and the longitude by considerably

less than this.

3.4. PROGRAM NOTES (FORWARD SOLUTION)

(1) There are three places in the program where care must be
taken to ensure that the arctangent gives an angle in the correct
quadrant. The 'g tan_l' function on the HP-67 produces angles only
in quadrants I and IV, but the rectangular-to-polar-coordinate con-

version provides the correct quadrant for +/+, +/-, -/-, and -/+. Key

*
Price to private individuals: $3.00 postpaid.
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in the y value, the numerator with 7ts sign. Press ENTER. Key in
the x value, the denominator with its sign. Press g = P. Press
h x <> y to get the angle.

(2) Stack manipulation is used in two places to hold values in
stack storage until they can be placed in primary storage, avoiding
the extra steps involving 'f P <> S' if secondary storage were used.
It is good practice in such programming to use 'SST' in run mode and
get successive traces of the stack contents by 'g STK'. (This is
pre-bugging rather than de-bugging.)

(3) Because of program size (218 steps), the user is asked to
make, if necessary, a simple final correction to the displayed longi-
tude (8 and 9 under 3.5.1, User Instructions). It is important to
use '360, CHS, h H.MS+' rather than straightforward subtraction in

step 8.

Examples. The following comparisons with National Geodetic Survey

values use their geoid constants of

a=6 378 145.00 m b =6 356 759.76 m

82 = 0.006 694 545

Moreover, their imverse solutions (geoid distances as segment lengths)
are used to check forward solutions. (Note: To convert kilometers
to nautical miles, divide by 1.852 exactly.)

Let the station of origin be the municipal airport at Fairbanks,

Alaska--64°49'08.95", -147°51'51.36". Then we find

Place Los Angeles Jakarta Tel Aviv
Azimuth 135°12'18.42" 281°25'57.06" 357°45"26.32"
Kilometers 3961.6444 -11344.3480 -9259.2287
Latitude 34°02'59.93" -6°10'00.16" 32°04'59.79"
A lat 0.07" 0.16" 0.21"
Longitude -118°13'59.96" 106°49'59.93" 34°46'0000"

A long 0.04" 0.07" 0.00"



If the azimuth (bearing) is greater than 180°, the distance is entered

as a minus quantity.

The A's show the difference with respect to the

NGS's more accurate value (0.10" in latitude is about 10 feet).

3.5. PROGRAM NOTES (INVERSE SOLUTION)

(1)

In this program also, the 2-parameter arctangent procedure

must be followed to get angles in the correct quadrant.

(2)

k3 and except for one case those involving kz.

(3)

Again because of program space, we neglect terms involving

On the first R/S if the number appearing (the difference

in radians of the longitudes of the second and first stations) is

greater than 7, then key CHS, hm, 2, x, t, R/S.

the greater of the two geodesic distances between the stations.
course, this is readily programmed but we do not have remaining avail-

able space.

Otherwise we get

of

We now repeat the above examples using the inverse solution.

Place Los Angeles Jakarta Tel Aviv

Latitude 34°03" -6°10" 32°05"
Longitude -118°14" 106°50" 34°46"
Kilometers 3961.6406 11344.3418 9259.2221
A (meters) 3.8 6.2 6.6
Azimuth 135°12'18.62" 78°34'03.00" 02°14'33.65"
A AZ 0.20" 0.06" 0.03"
Back AZ 158°45'02.66" 155°07'39.00" 178°52'19.11"
A B/AZ 0.08" 0.01" 0.01"

In this program, azimuths are less than 180° and give the angle
from N to the eastbound portion of the geodesic.

The accuracy should be acceptable to all but the most demanding
user. We pay for this accuracy in the usual coin of increased com-
puting time. The reader may wish to program using a mean earth radius
and the formulas of spherical trigonometry, as mentioned in Sec. 3.2,

to persuade himself.
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Because of lack of program space, the user must take account of

three procedures:

e If both given latitudes are negative (Southern Hemisphere),
change signs of both latitudes and both longitudes.

° If both stations have the same longitude (meridional arc),
the program will show an error at step 044 (1/tan 0). 1In
this case add 0.01' to one longitude (0.01) and run from the
beginning, although the solution is unstable for such small
differences in longitude.

° Registers A, B, C, D are used both for initial and inter-
mediate storage. If a new problem is to be run with the
same first station, its coordinates must be restored. You
can, however, store the coordinates also in S6 and S7, being

careful to precede and follow by f P <> S.
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3.5.1 USER INSTRUCTIONS

3.1

GEOGRAPHIC COORDINATES OF A GEODETIC

¢ SEGMENT FROM GIVEN POINT P
= (FORWARD SOLUTION)
&
STEP INSTRUCTIONS DA‘II'NA'/’S:J’ITS KEYS oﬂ‘i’,ﬁﬂfws
1 | LOAD DATA AND PROGRAM CARDS C 1]
LI ]
2 | KEY LAT OF STATION (D. MS) STO A 64.4909 | [STO)
(-FOR S, LAT) L JC ]
1]
3 | KEY LONG OF STATION (D.MS) STO B -147.5151| [STO|[ B |
| | (-FOR W. LONG) 1
[ 1]
4 | KEY AZIMUTH (D.MS) CLOCKWISE FROM 135.1218| [STO|| C
NORTH. STO C R
[ 1]
5 | KEY SEGMENT DISTANCE IN KMS, CHS [T ]
IF AZ > 180 , STO D (IF INPUT IS IN [ I )
NAUT. MILES KEY IN, MULTIPLY BY N
1.852, STO D) 3961.64 | [STOI[ D]
[
6 | PRESS A TO GET LAT (D.MS) [ J[CA] | 34.0300
(1]
7 | PRESS R/S TO GET LONG (D.MS) [__1[R/S] |-118.1359
(1]
8 | IF LONG > 180 , KEY 360, (1]
CHS, h H.MS + 1]
(10 ]
9 | IF LONG < -180 KEY 360, h H.MS + (I
L 1]
DATA CARD 10 7]
(10 ]
€ STO 0 0.081 819 356 [STO][ 0 |
, 10 ]
Vi-€2 STO 1 0.996 647 176 [STOI[ 1 ]
(I
b STO 2 (IN KMS) 6 356 .75023 [sTO] [ 2 |
1
(WGS 72) (L]
10 ]
(1]
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3.6.1 FORWARD SOLUTION
STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 A@! ¥LELA 21 117 I ] 35 88 ]
€@z DIFE -63 66 | 852 FCLE 36 06 |
237 PG 16-2z | RADIAN MODE 04 |
Fi 16-24 | -35 |
RILC 36 13 | 41
HME» 16 36 | 68 |
L+R 16 45 ] -24
e 16-34 -2z ]
0] 23 o8 | 36 68 |
010 STOE 35 15 | 33 |
2:1  RCLA 36 11 | -35 |
P! 16 35 ] 36 86 |
e:r 16 45 ] ez
84 43 ] -35 ]
313 36 &1 | 41 ]
£1s -35] 36 68
e1r 16 43 -35 7
2 35 84 -55 ]
¢ 42 36 86 |
020 z2e 36 15 ] ez |
e R 41 ] _35 -
-35 -55
16 42 35 89
35 85 | 81 ]
36 15 36 68
42] -45 7
-2z ] 36 147
-21 -35 7]
36 64 36 82 7]
030 43 | POLAR COORDS -24 |
P 34 ] o3 IN CORR.QUAD 35 83 ]
Ly -4 35-95 83
2706 35 @6 36 63 ]
FCLE 36 15 ] 62
cos 42 | -35 ]
CHE -2z 41
ENTT -217 36 89 7]
RCL4 36 84 7 8z ]
' -35 ]
040 42
] -35
] TO GET X\, oy 36 85 ]
IN SAME QUAD 3
-35
85 ]
=35
85 ]
-24 7]
36 89 ]
050 42
36 83
41 ]
1 -35 ]
110 115 RCLS 36 88 |
11 X -35
112 - -45
REGISTERS
4
0 3A51, (o “’1' \p2 ° ll’m 0-11 0-2 ! )\11 >‘2 8 92311,231,A0
SO S3 S4 S5 S6 S7 S8 S9
A ¢1 ° ,01 Q4 ° +AS . a1*l A
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3.6.1 PROGRAM LISTING
STEP KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
36 63 153 B -24
-85 ] 7 178 CHS =22
3589 | Ao iIFY PCLS 36 89
36 86 172 SIN 41
-55 ] 177 RCLZ 36 83
-2l | STACK 172 2 8z
-21 | MANIPULATION 175 -35
120 36 86 175 cas 42
=55 [ T ¥ -35 ]
356320 7 + -55
-41 72 ROLS 36 88
35 86 o, 180 26 2 ez
82 ] z -24
35-24 83 | o a2 ! 81
36 86 a3 + -55 |
41 ] 34 ROL9 36 89 ]
-21 1 TO GET X,, o, g X -35
130 36 86 + -39
42 7] IN SAME QUAD {37 RCLS 36 @5
36 85 ] 168 £as 4z
42 ] 182 -35 ]
=35 ] 190 132 RCLE 36 88
34 15! -35
-41 122 4 84
-2 SR -24 ]
36 67 94  RCL 36 60
-45 a5 53
140 3515 | AN 3 -35
-41 a1
35 677 » 36 81
36067 2 =45 |
42 200 36 85 |
36 65 42
41 -35]
-35 36 89
16 411y, -35
35 64 -45
150 43 ] 36 157
36 81 =35 |
-24 36 12 ]
16 437 ¢ 16 36
16 46 2 210 16 45
16 35 -39
51 1 DSP LAT 16 46
36 89 16 35 | DSP LONG
0z 24 ]
-35 21 66 ]
160 41 -41
: 36 83 -45
5z 84 24
1537 -35
164 42 220
155 -35 ]
162 36 88 |
167 -35
155 84
] LABELS FLAGS SET STATUS
A c > FLAGS TRIG DISP
a c d ON OFF
o OO DEG O FIX O
0 2 3 1.0 0 GRAD O SCI O
2 00| RAD O enag O
5 7 8 3 00 n
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3.5.2 USER INSTRUCTIONS

3.2 GEODETIC DISTANCE BETWEEN TWO STATIONS,
AND THEIR BEARINGS

(INVERSE SOLUTION)

4

INSTRUCTIONS

INPUT

KEYS

OUTPUT

I

I

——
i

DATA/UNITS DATA/UNITS

1 [ LAT. OF IST STATION, D.MS STO A 64.4909 | [STO|[ A]

- IF S. LAT I ]
1

2 | LONG. OF 1ST STATION, D.M.S. STO B -147.5151 STOI (B ]

- IF W. LONG. 10 ]
[ ]
| 3 | LAT OF 2ND STATION, STO C 34.03 [sTO|| C |
[ 1]

4 | LONG. OF 2ND STATION, STO D -118.1359| [STO|| D ]
O
5 | PRESS A A
[ ]

6 | ONR/S, IF > 7 (3.1416), [ 1)
KEY CHS, hm, 2, x, +, R/S I

[ 1]

7 | ON NEXT R/S, SEE DISTANCE (KMS.) [ 1[R/A] | 3961.64

|10 ]

8 | ON NEXT R/S, SEE BEARING STATION [___J[RA] |135.1218
1 TO STATION 2 (<180, FROM N TO LI
EASTBOUND PORTION OF GEODESIC) D.MS [ 1)

[ ]

9 | ON LAST R/S, SEE BEARING FROM STATION [ J[R/A] | 158.4502

2 TO STATION 1 (AS ABOVE) D.MS .

[ 1)

10 | FOR S HEMISPHERE SEE NOTES (I

L1 ]

DATA CARD [ J[ ]

[

€ STO ¢ 0.081 819 356 C 0]

-2 STO 1 0.996 647 176 [ 1]

-

b STO 2 6 356.750 23 [ 10

[

(WGS 72) 10 ]
-




STEP

KEY ENTRY

KEY

CODE

3.6.2
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COMMENTS

STEP

INVERSE SOLUTION

KEY ENTRY KEY CODE

COMMENTS

001

010

020

030

#LBLA
FEARD
RCLA
I3

G+R

2T 11
16-22]
36 11]
16 36
16 45
43 ]
36 61
-357
35 11]
36 12

RADIAN MODE

tan y,

tan “’2

-ﬂ2'£1

1AXY/2

060

070

080

090

12 PARAM tan-!

110

e Y Y

[ b amy ) 0

s 1

RCLS 36 65 ]

+ -55
ST08 35 88 ]
36 11 ]

P2 16-51 ]
ST05 35 85

REGISTERS

3tan Y,

4 tan {,

> ANi/2

S3

-tan Y. tan Yo

540"

AC

S5

ki

¢ 4’2/1'0“ “’2

2,




3.6.2 PROGRAM LISTING

STEP KEY CODE COMMENTS STEP KEY CODE COMMENTS
117 -2Z | -24
4 8z 70 -22]
1= -24] 36 85
1€ 36 84 53
17 62| -35]
118 -35] 36 83
112 4] 417
120 iz3 -35 36 84
36 83 az
41 =35
-35 42
8z 180 -35
16-51 36 85
36 81] -357
ai -557]
-55 ] 36 837
-24 -55 ]
130 16-51 817]
36 @5 36 857
82 -457]
-24]] -247]
-45] 180 16-517]
36 83 cL2 36 62
-35] b -35
-55 RS 51 | DISTANCE
16-51 1 a1
36 89 ENT? -21
130 LS 42 ROLT 36 877
131 -35] TAN 45
142 8z 20LA 36 11
[N -24] 28 23 14
141 36 80 200 5171 AZIMUTH
148 53] 817
14f -35] -21
147 36 15]] 36 68
14¢ -55 43
133 8z7] 36 137
150 i52 -247 23 14:
151 35 86 24 | BACK AZIMUTH
b 36 85 Z1 14
152 -45 | 16 437]
ig: -63 86 ] 210 41
=S 16 24 -35
152 16-421 LOOP =227
157 22 13 347
: 16-517 -417]
1E: 36 63] 16 467
160 b 2] 16 357
15! -35] 24
41 21 13
7 36 84 36 867
EE 847] 220 35 857
s -357] 22 12
152 42
ien -35]
158 88
LABELS SET STATUS
8 © ° FLAGS TRIG DISP
a c d ON OFF
o OO DEG 0O FiIX O
0 2 3 1.0 0 GRAD O sci O
5 7 B 2 00 RAD O ENG O
3 00 n
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4. REENTRY TRAJECTORIES

4.1. REFERENCES

a. M. M. Moe, "An Approximation to the Re-Entry Trajectory,"
ARS Journal, January 1960, pp. 50-53.

b. R. Blum, "Re-Entry Trajectories: Flat Earth Approximation,"
ARS Journal, April 1962, pp. 616-620.

4.2. DISCUSSION

For a body with zero lift and given weight-to-drag ratio (beta),
entering the upper atmosphere at time O with assigned altitude, velocity,
and path angle, find at desired time intervals the subsequent range,
altitude, velocity, and path angle to impact.

An "exact" solution (an analytic solution is not possible) re-
quires the numerical integration of two second-order differential
equations, both highly nonlinear. The technique is to merge a program
for the functions of the differential equations with a slightly re-
tailored version of Program 20, which solves fourth-order differential
equations, also providing on a separate card an initialization program
to determine values for the variables at the first time interval, t = h.
This merging, retailoring, and initialization is a useful model for
similar applications in other work, when a particular set of equations
is to be solved frequently.

The equations adopted are those for a nonrotating round earth.

There are three assumptions:

1. In the weight-to-drag ratio B = mg/CDA, the drag coefficient
is held constant, although it actually varies with Mach
number;

2. Surface gravity g is used uncorrected for altitude by (re/r)z,
where r, is the radius of the earth and r is the distance to
the body from the earth's center;

3. The density of the atmosphere is approximated by
p(y) = 0.00237 exp {-y/24,000} slug/ft3, where y =1 - r

is the altitude in feet (Ref. a).

e
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We have at Rand an on-line, time-sharing program in JOSS, written

by D. C. Kephart, which performs the numerical integration using the

fourth-order Runge-Kutta formulas and a time interval of 1 sec.

Hence

a convenient base of comparison with the simpler and coarser predictor-

corrector approach of Program 20 is available.

4.3. EQUATIONS

The

D < 6 K
|

basic variables are:

= distance from earth's center (ft)
= polar angle from initial vector to current vector
= speed of the body (ft/sec)

= angle measured positively downward from the local

horizontal to the velocity vector.

In these variables, the equations of motion are

where the drag force due

r(d¢/dt)

Using the variables

»
I

re¢ (range) y

at (1)

2 2 F
dr_, (%%) - g+ 52 sin 0 , (2)
dt

. . 2

to air is FD = p(y)V CDA/2. We also have

=V cos O , dr/dt = -V sin ©
(3)

(dr/dt)> + (r d/dt)>

r-r, (altitude)



bl

the system of four first-order differential equations is

x' =u y''=v
v 2v gp(y)V
u' = [y T T + 28 u 4
+
ol Te 2 oGV
r2 2R ’
e

where

2

<
Il

(1 + y/re)2 u2 + v

As a matter of interest, it will be found by computing dVO/dt
and deo/dt that for some reentry altitudes V can increase initially
and © can decrease (pitch-up). An example will illustrate these
phenomena.

Turn now to the determination of X5 ¥ys Ups V at t = h, the

1
first time increment, which are values needed for the method of Pro-

gram 20. This will be programmed to initialize the numerical inte-

gration. We have

2 2
= ' = 1
X uOh + h™/2 vy =Yt voh + vy h /2

(5)

o -
=
(&)
o -

where h is the interval of integration (10 sec seems suitable).
The equations for the flat-earth approximation are found from

(4) by putting r, = ®. The interested reader may wish to try pro-

gramming this case along the lines of this section to compare the

answers with those for a round earth.

4.4. PROGRAM NOTES

Program 20 is modified as follows:
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1. At the beginning of LBL A, 4 is stored in registers D and
E, replacing V0 and 60 used during the initialization.

2. Most of LBL 4 is deleted, since we are working with 4
equations and we want to compute velocity and path angle
for display.

3. The subroutine programming of u' and v' is straightforward,
but we have had to use program steps for g/2 and g because

storage registers are not available.
Example. Reentry conditions at t = 0 are

Yo = 250,000 ft VO = 30,000 ft/sec g = 1000 6, =5°

The tabulation below shows values at intervals of 30 sec, although
the step size used was 10. The numbers in parentheses are the outputs
of Kephart's more refined integration procedure. His density function

was used,

0.0027 exp {-y/23,500} ,
instead of

0.00237 exp {-y/24,000} ,

whose constants are stored on our data card (in S8 and S9).

After the ''knee' of the trajectory the altitudes are in error
by about 1000 ft low. The reason is that 10 sec is too great an inter-
val in this region. If h = 2 sec is used, the maximum error in altitude
reduces to about 80 ft and the other values are sensibly exact. And
if h = 1 sec, the value used in Kephart's calculation, the maximum
difference in altitude is 3.5 ft.

This is entirely of theoretical interest as a comparison of two
methods of numerical integration: the fourth-order Runge-Kutta and
the extended Hamming predictor-corrector method employed here. In

the practical sense, the variation of the drag coefficient with Mach
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x y v 0
TIME RANGE ALTITUDE VELOCITY ANGLE
(sec) (n mi) (ft) (ft/sec) (deg)
20 97.33 199 751 29 993 4.60
(97.37) (199 753) (29 987) (4.58)
50 242.03 132 807 28 692 4.05
(242.07) (133 228) (28 730) (4.00)
80 363.79 80 636 19 009 4,27
(364.40) (81 490) (19 176) (4.19)
110 422.90 46 342 6 657 8.26
(424.67) (47 349) (6 786) (8.06)
140 441.84 19 889 2 109 23.19
(444.03) (20 860) (2 218) (22.36)
160 446.25 3 474 1 154 43.38
(448.64) (4 328) (1 207) (41.82)
170 447 .37 -4 333 921 55.10
--) (=-) (--) (--)

number, the departure of the atmosphere from the ideal one used in

the calculation and, above all, the probably asymmetric ablation of

the nose cone can vitiate such accuracy.

Taking h = 10 sec is a

reasonable choice that minimizes computing time while yielding accept-

able accuracy for the purposes to which this program should be put.
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4.5 USER INSTRUCTIONS

4. RE-ENTRY TRAJECTORIES

INPUT

OUTPUT

STEP INSTRUCTIONS DATA/UNITS KEYS DATA/UNITS
1 | LOAD DATA CARD (BOTH SIDES) ;J (] 0.00
L1 ]
2 | TIME INTERVAL h, STO D, STO 1 10 [0 ]
STOJ [ 1 ]
3 |B STOB, V STOD,8,STOE 1000 [STO][ B ] 1000.00
(1S POSITIVE DOWNWARDS) 30000 [STO][ D | 30000.00
, 5 [STOl [ E | 5.00
4 |y, STO6, STO7 250000 [sTOI[ 6 | | 250000
[STO]| 7 ] | 250000
5 | LOAD INITIALIZATION CARD (0 250000
[ ]
6 | PRESS E Y [ J[E ] |[224358.95
[ 1]
7 | LOAD PRROGRAM CARD [ ]
I
8 | PRESS A [ J[A ]
[ 10 ]
9 | SEE t (h PAUSE) (I | 20.00
[
SEE RANGE n.mi. (f-x-) (0] 57.32
I
SEE ALT ft (f-x-) [ | | 199752.44
1)
SEE VEL ft/SEC (f-x-) 1) 29989 .44
1]
SEE ANGLE (f-x-) [ 1 ] 4.60
(10 ]
10 | IF MORE TIME NEEDED TO RECORD, USE R/S L0 30.00
I
(NOTE: VALUES DO NOT AGREE 1] 146.00
C 1]
WITH EXAMPLE IN TEXT BECAUSE [ 101 |176225.76
.
A DIFFERENT DENSITY FUNCTION L_'_'_J [‘_7:] 29870.78
10 ]
IS USED HERE.) 1] 4.41




STEP KEY E
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4.6 RE- ENTRY TRAJECTORIES (INITIALIZATION)

NTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
001 bei #LBLE <. <] (IN PRIL) __ @57 RCLA (LBL9 NOT NEEDED
Be:  GSES S.T_VO(COULD BE RCLD 858 + FOR INITIALIZATION
3 i il 853 1 -- ~SEE STEP 002.
- & 1g/2 060 a6h + BUT WILL BE NEEDED
851 F2s FOR RE-ENTRY PRGM.)
] 862  RCLI
2 863 X
18 864 HE
_ 4 865 RCLS
7] 66¢ Xe ;
i ] (SEC) 8ev + =55
88 i 54
863 P25 16-51
070 878 RIN 24 1 Vo
871 #LBLE 15
] 72 RCLE i5
873 Co0s 42
19p(y) Vo/28 674 RCLD 36 14
] 75 X =33 |V, cosg,
020 1 (PRI 876 RCLE 6 BE
@77  RCL& 36 i1
X e +
[ [ RCL? ar3 1
RCLA 080 a6 + 1+y,/re
+ a1 +
+ 832 F25 (SEC)
+ 863 STOE
CHS 884  5T01 Vocos8/(1+y,/re)
i P RCLE
030 838 RCLI Uo SIN
831 ® CL
a3z p2S .
632 RTH 1] vo
634 #LBLa <. TN PRIL) 090
835  ROLT ;
836 RCLA
637+ 1o
b3 FeS { (SEC)
39 RCL:
040 @46 RCLA
a4l +
@42 Xe
642 X
@44 ki 100
845 z g
a4¢ =
@47 2
a4a -
843 RCLC
050 @58  RCLS
85 x
852 -
653 25
854 RTH 110
855 #LBLZ
@56 RCLY
REGISTERS
0 h 1 h 2 3 4 5 6 Yo 7 Yo 8 9
O vy Plugr g [P oud X P ow Preen P ow [Ty, 00237 [%-24000
A 20903040 [° B € (018) ° A € 8, !
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4.6 PROGRAM LISTING

STEP KEY ENTRY COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
113 P25 | ]
114 &§T01 v, =
115 RCLE
116 FRCLZ
117 P23
118 FRCLé
i3 %
120 12a 2
12z +
23 RCLB
124 b 180
25 5T03
126 Fas
27 RCL4
128 RCLE
129 P35
130 138 RCLE
131 X
132 2
132 +
134 + 190
135 L
136 x
137
138
135
140 14a
141
200
DATA CARD
SECONDARY STORAGE
150
g.28 &
g
Z.3ra & DENSITY CONSTANT
160 “otbve. -:Y ALT. CONSTANT
28563848, # EARTH RADIUS (FT)
: E
£
LABELS FLAGS SET STATUS
A USED ° INnmiay zel° FLAGS TRIG DISP
1
2 UsED |° ¢ ¢ 0 DEG O | FIX O
o 3 r 1 GRAD O | sci O
2 RAD O | ENG O
8 9 3
5 USED 3 n
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4.6 RE-ENTRY TRAJECTORY PROGRAM (ROUND EARTH)

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
%01 661  ¥LBLA <i 11 1 (PRGM NOTE 1) 857 DSZI 16 25 46

@az  pSP: -c3 @z 658  RCLi 36 45

863 4 a4 859 + -55

be4  STOS 35 14 os¢ 868 DSZI 16 25 46

6es  STCE 35 15 861  RCLi 36 45

g z a3 862 4 a4

eer  ST0I 35 46 863 X -35

888 CTOC 2z i3 864 + -55

869 LEBLC 21 13 | (SEE PRGM 20) 865 5 85
o10 818  GSBi 23 45 | 866 : -24

811 ISZ1 16 26 46 | @67 ISZI 16 Z€ 46

81z  sTGi 35 45 | 868 ISZI 16 26 46

813  RCLE 36 68 | 863 ISZI 16 26 46

a14 X -35 ] 070 @78  ST0i 35 45

815 2 6z | 871  RCLD 36 14

816 X -35 | 72 1 al

817 DSZI 1€ 25 46 | 73 - -45

818 DSZI 1€ 25 46 @74 STOD 35 14

813  RCLi 36 45 75 X=@? 16-43
020 828 + -55 876  6T04 22 o4

@21 ISZ1 16 26 46 877 ISZI 16 26 4

22 RCLi 36 45 878 ISZI 16 26 46

823 DSZ1 16 25 46 879 €101 22 a1

824  STGI 33 43 080 888 xiBL4 Zi @4 | (PRGM 20 STEPS)

825 Ré -31 @81  RCLE 3 15| 077

626 ISZ1 i¢ ZE 4¢ 882  STOD 35 14

827 ISZI 16 26 ¢ 883  £SBzZ 23 8z

828 1521 16 26 46 884  RCLI 3¢ 81 | 080

629  STO: 35 45 @85  PSE 16 51 | ¢
030 838  RCLD I 14 886 RCL3 36 83 | o082

831 1 a1 as7 6 6

832 - -45 age & 86 | (TO GET N.MI.)

833  STOD 35 14 ags 8 52

834 x=87 16-43 090 898 é aa

835 cT08 2z ae as1 2 -24

83 1SZI 16 26 46 @92  PRTH -14| 083 x

837 ISZ1 e Ze 46 833 RCLT 3¢ a7 | 089

838  ETOC 22 13 894 PRTH -14 Yy

839 «LBL® 21 6@ | (SEE PRGM 20) @95 €ses  zs ez |
040 848  RCLE 3 15 896  STOD 35 14 \%

841  STOC 35 14 897  FRTK -14

842 RCLB 36 ae 698 &5 i6-5i

843 ST+l 35-55 61 899  RCLS Bes| v

844  GSBZ 23 &z 100 100 25 16-51

845 3 @32 161 RCLD 76 14

846  STOI 35 46 182 + -24

847 6701 22 81 183 CHS -22

848 *LBLI zZi &1 | (SEE PRGM 20) 164  SIN HAEH 6

849  GSBi 23 45 185  PRTX -3
050 858 ISZI 16 Z€ 46 186 GTOA 22 11

851 RCLi 36 45 167 #LBL3 21 a3

852 + -55 188 P35 16-51 | (SEC)

@53 RCLE 35 86 189  RCLI 36 81

854 X -35 110 118 PSS 16-51 | (PRI)

855 z 52 111 RIN 24|y

856 X -3 112__#LBL7 Z1 ar

REGISTERS

0 1 2 3 4 5 6 7 8 9
SO S1 S2 S3 S4 S5 S6 S7 S8 S9
A B (o} D E I
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4.6 PROGRAM USTING

STEP KEY ENTRY KEY CODE COMMENTS STEP KEY ENTRY KEY CODE COMMENTS
113 P25 16-51 1169 FEE 16-5
114  RCL5 36 85 7 178 RTH 24
115 25 16-51 171 wLELS 21 83| (PRGM FOR V)
116  RTN 241V 172 RCL7 36 &7
117 *LBLB 2i 12]1(PRGM FOR u 73 RCLA 36 11
118  GSBS 23 89| SEE PREVIOUS 174 < -24
119 1 61 | LISTING.) 175 1 a1
120 128 6 a6 176 + -55
121 . -62 77 RS 16-51
122 1 81 178  RCLI 36 al
123 X =35 179 Y -35
124 RCLB Je iz 180 188 YE 53
125 = -24 181 RCLS 36 as
126 RCL? 36 &7 182 §E 52
a7 25 i6-51 183 + -53
128 RCLS 36 @3 184 I 54
125 + -4 185  F&S 16-51
130 13@ e” 332 186 RTHN 24
131 X =35 187 LBLZ Z1 6z
132 RCLE 36 8z 188 25 16-51
133 X -35 189  RCL7? 36 ar
134 sT0C 35 13 190 196  STOS 35 @5
135 RCLS 36 @5 181 RCLZ 36 &3
136 P28 16-51 182 S8T01 35 61
137 z &z 193 25 16-51
138 -35 194  RCLS 36 8s
139 RCLT 36 87 195  S§TO7 35 &7
130 148 RCLA 36 il 196 RCLS 36 @85
141 + -55 197 5703 35 83
142 + -24 19¢  RTN 24
143 + -55 | 199 R-<S 51
144 CHE -2z 200
145 P23 i6-5i
146  RCLi 35 81
147 x -35
148 25 16-51
145 RTH 24
150 158 #LBLa 21 16 11 [(PRGM FOR vT)
151  RCL7 3¢ a7
152  RCLA 36 11
153 + -55
154 25 16-51 210
155 RCLI 3¢ al
156  RCLA 36 11
157 = -24
158 5z 33
153 X -35
160 166 3 83
161 2 2
162 . -62
163 z az
164 - -45 220
165 FRCLE 36 13
166 RCLS 3¢ as
167 X -35
168 - -45
LABELS FLAGS SET STATUS
A START B c o 0 FLAGS TRIG DISP
a b c d 1 ON OFF
o OO DEG 0O FIX O
0 2 3 2 1.0 0 GRAD O SCI O
2 OO RAD O ENG O
5 6 7 8 3 300 n
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5. SATELLITE ORBITAL ELEMENTS

5.1. REFERENCES

a. R. H. Frick, W. I. Rumer, and E. H. Sharkey, Trajectory and
Orbit Plotter Instruction Manual, The Rand Corporation,
R-418-PR, October 1963.

b. Space Planners Guide, USAF Air Force Systems Command, 1 July
1965 (For Official Use Only).

5.2. DISCUSSION

The orbital elements are

1. Injection altitude (n mi) HI
2. Injection velocity (ft/sec) VI
3. 1Injection flight path angle (deg) Y1
4. Period (min) T
5. Eccentricity (dimensionless) €
6. Semi-major axis (n mi) A
7. Perigee altitude (n mi) Hp
8. Apogee altitude (n mi) Ha
9. True anomaly (deg) vy

(at injection measured
from apogee)

The program below solves two of many possible problems:

A. Given 1, 2, 3 find the remaining elements.

B. Given 1, 7, 8 find the remaining elements.
Reference b uses a sequence of nomograms to solve these problems.
Some of these nomograms are difficult to read with any precision be-

cause of close interval spacing for relatively large increments.

5.3. EQUATIONS

In Fig. 5.1 distances are measured in units of earth's radius

(3437.9 n mi) and velocity in units of VREgO (25,943 ft/sec), the
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LINE OF APSIDES

Perigee

Fig. 5.1— In-plane orbital elements
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surface orbital velocity, and 8o> the surface gravitational accelera-

tion (32.174 ft/secz).

r = R/RE y v = V/»/REgO (1)
C=R.V_cos Y. =RV cosyYy c =2¢C/ R3g (2)
I'1 ’ E®0
2
2 g~R
\ 0O'E
B2 " ® E = Ey/Rg8g (3)
2
2y
2 _ (1. 1 tan I
= <rI 2) + 2 : (4)
c r;
The orbital period is
R
T = or | £ |-28| 732 . (5)
0 g
0
Other pertinent relations are
1_1 _ -
.- 2~ P cos (6 vI) (6)
c
tan Y = -r p sin(6 - VI) (7
1 1 1 1
—r——._—z-p, "r—'— 2+p (88,8b)
a c P c

where r.s rp are the apogee and perigee distances,
r, -1
e =—2>_F (eccentricity) 9)

r +r
a

r +r
a-= —Q—E——R (semi-major axis) . (10)
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5.4. PROGRAM NOTES

Flag F3 (set by digit entry, cleared by test) is used to direct

the program to Problems A or B. The program flow for Problem A (equa-

tion numbers in parentheses) is:

10.

LBL

LBL

LBL

LBL

LBL

LBL

LBL

LBL A, GTO LBL 0 (1), r

I

LBL B, GTO LBL 1 (1), v,

LBL C, GTO LBL 2, Y1

e

D

o

on

@]

(2), 1/C2, (3), |E| (total energy/non-dim.)

(8b), Hp
(8a), Ha
(5) TO
9, €
(10), A

(7, Vi

This program can be appreciably shortened by a judicious use of

subroutines.

A suggested exercise is to rewrite it to see how many

problems other than A and B can be packed on one card.
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5.5 USER INSTRUCTIONS

‘1 5. SATELLITE ORBITAL ELEMENTS
A: HI
SR
OUTPUT
STEP| PROBLEM A INSTRUCTIONS DATAUNITS KEYS DATA/UNITS
1 | KEY Hy(n. mi.), PRESS A, SEE r, wo| [ [ ] 1.029
2 | KEY V; (f.p.s.), PRESS B, SEE vq 20000 | [ 1] 1.003
3 | KEY 7 (degs), PRESS C, SEE » 2| [ ] 2.000
4 | PRESS f e 1] .046
5 | PRESS D, SEE Hp (n.mi.) 1 46.534
6 | PRESS E, SEE H, (n.mi.) [ ] 405.442
| 7 | PRESS f a, SEE Tg (mins) N 92.866
8 | PRESS f b, SEE € [ .049
9 | PRESS f ¢, SEE A (n.mi.) [ ] 3663.9
10 | PRESS f d, SEE v] (degs) I . 47.442
[
PROBLEM B [ ]
| T
1 | KEY H;, PRESS A, SEE r 150 [ 1] 1.044
2 | KEY H,, PRESS D, SEE rp 100 [ 1[_ ] 1.029
3 | KEY H,, PRESS E, SEE r, 600 | [ J[ 1.175
4 | PRESS C, SEE y; | 1] 2.273
5 | PRESS B, SEE Vi (] 26047
6 | PRESS R/S [ 454
7 | PRESS f a, SEE Ty [0 97.62
8 | PRESS f b, SEE € [0 ] -066
9 | PRESS f c, SEE A (10 3787.9
10 | PRESS f d, SEE v; [ 1] 39.203
(I
B —
L1 ]
(1]
DATA CARD #&.&abGoseees 8 o
2.£R0000086 1 [F:IJ L-—J]
Z.BGpaaeees 2 —
c.oocoeaees 3| [ | ]
G.080060808 4 —<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>