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ABSTRACT

The Optical Reduction Programs have been written to obtain
the space trajectory of a re-entering body from measurements of
position on two photographic plates taken of a re-entry event
from two separate stations. The method of analysis follows
closely that developed by Whipple and Jacchial. The Programs are
a modification for the Lincoln Laboratory TO94 computer of a
program originally written at the Harvard Observatory for
reduction of meteor trails. The computation is divided into two
progreams:

1. The Plate Calibration Program calibrates the plate by
using coordinates and plate measurements of known stars as
reference points.

2. The Optical Trajectory Program camputes range, height,
time, direction cosines, and distance along the trail fram the
neesured points on the trail.

This paper discusses these two programs in detail, including
program listings, flow charts, and directions for running the
programs. The mathematical background and the experimental method
for obtaining the input data are also discussed.
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GLOSSARY

Sky and Plate Coordinates

Symbol Definition

a, A Altitude and azimuth as referred to the
local horizontal

5, H Declination and hour eangle as referred to
the equator

0, a Declination and right ascension as referred
to the equator

8, A Celestial latitude and longitude as referred
to the ecliptic

E, 7, ¢ Direction cosines in the altitude-azimuth
system

1; my; n Direction cosines in the declination-hour
angle system

A, u, v Direction cosines in the declination-right
ascension system

T Vernal equinox or first point of Aries

€ Obliquity of the ecliptic (23 1/2°)

E, T Standard rectangular plate coordinates with
origin at the optical plate center

X T Measured rectilinear coordinates on the
photographic plate

o Angular distance from the optical plate center

a&X, AY Corrections to measured rectilinear coordinates
on the photographic plate

Xx,Xy,Xz

Yx,Y ’Yz Precession direction cosines for the declination -

Y right ascension system
Zx,Zy,Zz

vii




Uy, U Proper motion in right ascension and declination

per year
a,b,c,d Plate constants in four constant solution
A,B,C,D Inverse plate constants in four constant solution
a_,a ,8 ,b ,b ,b Plate constants in six constant solution
Xy 2 Xy 2
ag,a ’bg »b ,cg e Inverse plate constants in the six constant
1 n n solution
Time and Terrestrial Coordinates
S.T. or @ Sidereal time at observer
9G Sidereal time at Greenwich
90 Sidereal time at 0000 Greenwich time at Greenwich
A8 Correction to sidereal time Trequired since a
soler day 1s longer than a sidereal day
U.T. Universal or Greenwich time
L Terrestrial longitude
¢ Terrestrial latitude (geographic)
]
¢ Terrestrial latitude (geocentric)
o] Radius of earth at sea level at observer's
latitude
R Radius of earth at observer
'3 AR’ n AB’ 4 AB Direction cosines in equatorial system of the
vector from station A to station B
3 AB *Mag ,t AB Direction cosines in the equatorial system of
o] o] o] the vector from station A to station B at
sidereal time equal to zero at station A
Az,uz na Direction cosines in the equatorial system

of the zenithal point of the observer

viii
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q

Other Symbols

Subscripts

Lens focal length
Length of the trail in angular measure

Angle between the two meteor trails seen from
the two stations

Distance from station A to the plane determined
by the re-entry object and station B

Range fram station A to the point i on the
re-entry object

Height above mean sea level

Distance along the trail from an arbitrary zero
point

Period of revolution of shutter
Number of occultations of shutter per revolution
Relative time fram arbitrary zero time

Angle that blade edge makes with dash

Coordinates of stars
Coordinates of plate center

Center of rotating shutter

Double letter subseripts are used for points along the trail. The first
letter is always A (for station A) or B (for station B)

:

b

A point on the trail - any shutter break or segment

Beginning of photographic trail

End of photographic trail




E, M
X Y

Computer Symbol

TITLE

N

XX, XY, XZ
YX,YY,YZ

ZX,2Y,27

ACHR, ACMIN,ACSEC

DCDEG,DCMIN,DCSEC

XC,YC

M

DTH

AC

Pole of trail considered as a part of great circle

Greenwich

Refer to t and 7 standard plate axes

Refer to X and Y axes on plate

Radiant of the event
Plate Calibration Program

Math Symbol

XXX,
oYY,

20252,

Definition

Title of event - any T2
characters desired

Number of sets of precession
constants

Number of stars

Precession constants

Right ascension of plate
center in hours, minutes,
seconds

Declination of plate center in
degrees, minutes, seconds

Measured coordinates of plate
center

Number of precession set to
use with plate center or star

Correction in sidereal time to
be used with non-tracking cemeras

Right ascension of plate center
in radians

Declination of plate center in
radians




EIC,EMC, ENC

EICP,EMCP,ENCP

ELETA,EMETA, ENETA

ELEXT,EMEXT

AHR, AMIN, ASEC

A

DDEG , DMIN, DSEC

EL,EM,EN

COSSIG

EXI,ETA

ACAP, BCAP, CCAP, DCAP,ECAP

DX, DY

CF,SF

A v
eMere

A v
eMe?e

n,u’n)u n

I ]
e,b,c,d
A,B’C,D,-A

X, AY

cos A9, sin A6

xi

Direction cosines of unprecessed
plate center in declination
right ascension system

Direction cosines of precessed
plate center in declination
right ascension system

Direction cosines of 7 axis
Direction cosines of E axis

Right ascension of star in hours,
minutes, seconds

Right ascension of star in
radians

Declination of star in
degrees, minutes, seconds

Declination of star in radians

Measured coordinates of star

Unprecessed direction cosines of

star in declination-right
ascension system

Precessed direction cosines of
star in declination-right
ascension system

Angular distance of star from
plate center

Standard plate coordinates
of star

Plate constants from four
constant solution

Inverse plate constants from
four constant solution

Residuals in X and Y

Cosine and sine of A6




EIC,EMC,ENC
EIEX,EMEX, ENEX

ELET,EMET,ENET

SIXCON

SEXI2
SEXTET
SEXT
SEXEXTI
SETA2
SETA

SEXETA

SEYETA
SEY

A
B

ASEXT, BSEXT, CSEXT

ASETA,BSETA,CSETA

e?e? ¢ Corrected (for A8) direction

At ooyt cosines of the plate center
g 2 M2 3 and the standard axes in the
% 4 x W declination-right ascension
n 2P Ty system

Coefficient matrix

ag,b ,cg
§ Inverse plate constants

a_,b_,c for six constant solution

xii




Optical Trajectory Program

TITLE .
TITLE 1 (1) o
TITIE 1 (2) -
Constants
CON P/N
DTRAD m/180
2 £
PI mw

Trail Equation

EN,N n
SLOPE m
SUMX ZX
SuMx2 er
SUMXY Xy
SUMY Zy
p ('} X,
¢ Y

xiii

Title of event - any 72
characters desired

Title of station A

Title of station B

Period of revolution/mumber
of occultations per revolution

Conversion of degrees to
radians

Focal length of camera squared

3.141592654

Number of points used to
get trail equation

Slope of line found by trail
equation

Sum of X readings
Sum of X readings squared

Sum of the product of the X
and Y readings

Sum of the Y readings
First X reading on trail

Average Y reading on trail




YBAR

ZTRAIL

Relative Coordinates

ELEV

ELORH
ELONM

ELONS

ELON

ELZ,EMZ,ENZ

EXTABO, ETAABO, ZETAAB

EXTAB, ETAAB, ZETAAB

GTHR, GTM, GTS

PHD, PHM, PHS

=

>l

|

xiv

Difference between actuel
reading of point and Xb,
Yﬁ for points on trail

Average value of X reading
Average value of Y reading

Y intercept of trail equation

Elevation of station above
me&n sea level

Geographic longitude of
station in hours, minutes,
and seconds respectively

Geographic longitude of
station in hours

Direction cosines of zenith
of station

Direction cosines of vector
from station A to station B
at sidereal time zero at
station A.and at the time of
the event, respectively

Direction cosines of vector
from station A to station B
at time of event

Given event Greenwich time
in hours, minutes, and seconds

Geographic latitude of
station in degrees, minutes,
and seconds

Geographic latitude of
station in radians




CPHI,SPHI cos @, sin ¢

PHIP, PHIFD ¢

RAB Ryp
RHO P
THET@$H, THETYM, THET@S 6,
DTHETS 00
THET, THETA )

CTH, STH cos 6, sin €
uT -

DL AL

CDL cos AL
SDL sin AL

Calculation of Pole and Radiant

CAX, CBX,CCX 8 b ,c.
C cc a ,b ,c
AY,CBY,CCY FLLH
EXTBAR,ETABAR 13

X X

Y

Cosine and sine of latitude

Geocentric latitude of
station in radians and
degrees respectively

Range from station A to
station B

Earth's radius at the
station

Sidereal time at 0000 U.T.
at Greenwich for the date
of the event in hours,
minutes, and seconds

Correction in sidereal
time (seconds)

Sidereel time in degrees
or radians

Cosine and sine of theta
Universal time of event

Difference in longitudes of
the two stations

Cosine and sine of AL

Inverse plate constants for
six constant solution (or
four constant solution
expanded to give six numbers)

Standard plate coordinates
of a point

Measured reading of X on plate

Computed Y of point read at X




EIC,EMC,ENC

ELETA,EMETA,ENETA

ELEXT,EMEXT

EL,EM,EN

ELP, EMP,ENP

DLONG

SINL

SR

EIR,EMR,ENR

Celculation of Ranges,
Xp
YP

C0SZ, COSZ1

PEL, PEM, PEN

Kc’pc’vc
’pﬂ’vﬂ
Ag b

Ayu,¥

NpHp'p

sin 1

sin

e

Direction cosines of plate
center declination-right
ascension system

Direction cosines of n axis
declination-right ascension
system

Direction cosines of T axis
declination-right ascension
system

Direction cosines of any
point on trail declination-
right ascension system

Direction cosines of pole
declination-right ascension
system

Trail length in degrees

Sine of trail length

Sine of angle of intersection
between the two trails as
seen in the sky from stations
A and B

Direction cosines of the
radiant

Heights, and Distances

Ay, ¥

X reading of any point

Corresponding Y camputed
for this X point

Cosine of zenith distance
of any point

Distance along the trail
from an arbitrary zero

Direction cosines of each
point in declination-right
ascension system




HEIGHT, H H

DH on
n h

RANGE, R R

NUM -
NDASH, ENDASH —
NWT -
EXIP,ETAP,ZETAP --

Calculation of relative time

Y
XQ)YQ xq’ q
XC,YC xc’Yc
DX,DY -
XMEAS X
DYTR -
MEGA w
OCCULT N

P P

xvii

Height above mean sea level
for the point

Height correction

Height above the tangent
plane

Range from the station to
the point

Number of dashes

Number of the dash
(numbering from 1-NUM)

Weight or reliability of
dash

Direction components of

point declination-right
ascension system

Observed coordinates of the
center of rotation of the
shutter

Observed coordinates of the
projection center

Differences in two centers
X reading of any point

Difference between Y

computed and Y of rotation
center

Angle that blade makes with
dash

Number of occultations per
revolution

Period of revolution




SIGN, IF PLUS

IFEXT

ELAZ,EMAZ, ENAZ

E,n,t

xviii

Code describing direction
of revolution of shutter

Code if cards are
desired

Direction cosines of point
in the altitude-azimuth
system




I. INTRODUCTION

The optical reduction programs for the 7094 computer have been written
to compute the space trajectory of the re-entering bodies of the Trail-
blazer experiments fired from Wallops Island, Virginia. When a body
re-enters the atmosphere it is heated and may become luminous; thus, it may
be photographed. Trails are recorded photographically from several stations
by Lincoln Laboratory and the NASA and the photographs are available for
analysis. The programs discussed in this report compute positions along
the re-entry trail using known stars as calibrations. Relative time may be
introduced by the use of chopping shutters on one or more cameras, so that
breaks at regular time intervals are produced along the trail.

The mathematical background of the reduction procedure is discussed
in Section IT and the experimental techniques in Section III. The programs
themselves are documented in Sections IV and V. The astrometric reduction
is modeled after the technique discussed by Whipple and Jacchia; and McCroskya.
The progreams are adapted from programs written by Dr. McCrosky's group at the
Harvard Observatory for meteor analysis.

A camera usually maps the celestial sphere onto a flat focal plane.

In the case of the Super-Schmidt Cemeras, the focal plane is curved and
the f£ilm must be copied by projection onto a flat plate for analysis. All
measurements for this reduction are made on the flat plates. Positions on
the plate are measured as discussed in Section III.

The angular direction to the reference stars and the vehicle trail
are determined with respect to each camera station, and from these directions
the angular bearing of measured points along the trail can be found. The
trails from the two stations may look quite different since they are
photographed at different distances and angles. Also, clouds sametimes
obscure parts of the trail. Thus the beginning and end points of the
trails recorded from the two stations may not be identical. No attempt
has been made to synchronize the chopping shutters in the Wallops Island

camera systems.




Since the Trailblazer vehicles are axially symmetric, the only force
acting to change the direction of the re-entry from a straight line is the
gravity effect on a freely falling body. This effect is generally small
over the short time of the event and the deviation from a straight line
trajectory, if any, would be found near the end of the trail. Also the
re-entry body of the Treailblazer system is fired downward and re-enters
about 10-12° from the vertical so that gravity acts mainly along the
vehicle trajectory. Thus the re-entry trail is usually a straight line
on the plate. If the trail is curved, it must be broken up into straight
line segments and the program must be run separately for each straight line
part.

From the known positions of stars near the trail at the time of the
event, a calibration is performed on each plate; from the results of this
calibration, the angular position of points along the trail may be
determined for each plate. Since the trall appears as a straight line, the
position vectors of points along the trail as seen from the camera station
must determine a unique plane. The re-entry must lie on the intersection of
the two planes determined from a pair of photographs taken at separate
stations. The distance from the camera site to the point on the line of
intersection may be computed individually for each point. Therefore, a
set of slant ranges Ri for points along the trail may be found for each
plate. Helght , direction cosines, and relative distance along the trail may
then be computed for each measured point along the trail. If the pia.tes
were obtained from a camera with a chopping shutter, relative time may be
camputed for each dash.

In general a unique time for any given point on the plate can not be
found. Also, no exact correlation exists between points on the two trails.
If a coomon point such as a flare can be identified on both plates, the
points may be considered to occur at the same time. The height of the
point computed from both stations should be identical (this will serve
as a check on the height computations). In this case, also, the exact




sidereal time of the flare can be camputed; however, since in general flares
need not occur, this computation of sidereal time is not included in the
present progrem. In the Project PRESS coded shutters have been built
into the cameras and the chopping shutters have been synchronized so that
absolute time can be recorded and an analysis performed using unique time
points from two or more stations. The Super-Schmidt Cameras used in the
Trailblazer program are not equipped to record absolute time since suiteble
coded shutters can not be easily installed. It should be noted that the
re-entry events of Project PRESS are much longer than those of the Trail-
blazer series; thus the design and use of absolute timing equipment presents
much less difficulty in Project PRESS.

The present set of programs is designed to compute the position of
the body, i.e. height, range, and direction cosines of each point along
the trail. If the trail is chopped, relative times can be computed for
the dashes; relative distances along the trail from an arbitrary point on
the trail are also computed. These programs do not compute velocity. If
the distance along the trail as a function of time is known, various methods
of computing velocity might be used. Harvard has obtained good results in
meteor work with the equation

D=a+bt+cexp (kt)

vhere D is the distance along the trail; t is the elapsed time from an
arbitrary reference point on the trail and a, b, ¢ and k are camputed
constants. However, this fit did not appear particularly suitable for the
Trailblazer work. At present velocity is computed from the results of the
optical trajectory program by hand computation. Since this method is not
yet suitable for machine calculation, the camputation of velocity has been
omitted from the present program.




II. MATHEMATICAL BACKGROUND
A. Astronomical Coordinate Systems

When the stars are observed from a point on earth they appear to lie
on the surface of a sphere with the observer at its center. Although the
eye can not determine the distance to the stars, an estimate of the angles
subtended at the observer by any pair of stars can easily be made. These
directions are defined in terms of the positions on the surface of a
sphere - the celestial sphere - in which the straight lines Jjolning the
observer to the stars intersect this surface. The axis of the earth pierces
the sphere at two points called "the celestial poles". The radius of the
celestial sphere is considered arbitrarily large.

The position of any point on the surface of a sphere may be completely
specified by reference to two principal great circles on the sphere, or by
one great circle and a point on that great circle. Thus a point on the
surface of the earth is completely specified by its latitude, measured from
the equator, and its longitude, measured east or west from Greenwich.
Several methods of defining position on the celestial sphere are in common

use.

1. Spherical Coordinate Systems

a. The Altitude-Azimuth System

let O, the observer on the surface of the earth, be the center of
the celestial sphere. Z, the zenith, is the point directly overhead
(defined by a plumb line) and the nadir is the point directly underfoot.
The plane through O perpendicular to the direction of the zenith is called
the plane of the horizon and, as shown in Fig. la, cuts the celestial
sphere in the great circle NAS dividing the celestial sphere into two
hemispheres, the upper being visible and the lower being hidden by the
earth itself. A vertical circle is & great circle passing through the
zenith and the nadir.




Let X be the position of a star on the celestial sphere at a given
moment. The angle Aak or the great circle arc AX is called the altitude, a,
of the star. To completely specify the position of a point on the
celestial sphere the particular vertical circle on which it lies must be
specified. Iet OP be parallel to the earth's axis. If the observer is in
a northern latitude the position P is called the north celestial pole. The
vertical circle through the pole, ZPN in Fig. la,is defined as the principal
vertical; it is the circle traced on the celestial sphere by the observer's
meridian. The point where this circle cuts the horizon is called the north
point, N, of the horizon plane; the point S directly opposite N on the
horizon is the south point,

If the star is in the easterﬁ*part of the sphere, as is X in Fig. 1la,
the spherical angle Pék or the great circle arc NA is called the azimuth A;
if the star is in the western part of the sky, as is Y, the azimuth is the
angle P?Y which in this case is greater than 180°. Throughout this report
azimuth will always be measured from north in an easterly direction from
0-360°. Since the angle PGE in Pig. la equals the angle between the radius
of the earth which passes through the observer's position and the earth's
axis, Psé is seen to be equal to the co-latitude of the observer.

b. The Declination-Hour Angle System

The celestial equator is the great circle of the celestial sphere
perpendicular to the polar axis and is thus the great circle in which the
plane of the earth's equator cuts the celestial sphere, RWT in Fig. 1lb.

The celestial equator and the horizon intersect at two points E and W which
are each 90° from N and S and are called the east and west points.

Iet X be a star in the northern hemisphere. If PXD is the semi-great
circle through X and the pole P, the arc DX is defined as the declination
8 of X, i.e. its distance in degrees north (*) or south (-) of the celestial
equator. A great circle passing through the pole of the celestial sphere

*If the observer faces north, the west is on his left and the east on his
right.




is called a meridian or an hour circle. The second great circle required
for complete specification of the star's position in the declination-hour
angle system is taken as the observer's meridian (i.e. that meridian
passing through the zenith) PZRSQ (L) in Fig. 1b. At any moment the
position of X is specified by the angle at the pole between the observer's
meridian and the meridian PXQ through the star at that time. This angle
ng or Zﬁk or the arc RD is called the hour angle H and is measured from
the observer's meridian westward 0° -360° or Oh -2Lh.

c¢. The Declination-Right Ascension System

In the hour angle-declination system only one coordinate, the
declination, remains constant as the earth rotates whereas the hour angle
increases uniformly from Oh -2kh during a day. It is usually more
convenient to define the second coordinate relative to a fixed point on
the equator (although all the stars appear to change position during the
daily rotation of the earth, their relative posifions with respect to one
another remain unchangedover long periods of time). The point chosen as
standard is the vernal equinox or the first point of Aries denoted by 7.
Then the arc 7D or angle Tﬁk is called the right ascension of star X,
denoted by @, and is measured eastward from Oh -2kh (or from O -360°)
Fig. 1b. Note: right ascension is measured in the opposite direction
to hour angle.

d. The Celestial Latitude - Longitude System

The earth is a planet rotating around the sun in an elliptical orbit
with the sun at one focus with a period of revolution of approximately one
year. During the year, as observed from earth, the sun appears to make a
complete circuit of the sky against the star background. The plane of this
orbit is called_the plane of the ecliptic and the great circle in which
this plane cuts the celestial sphere is called the ecliptic. This plane
is found to be inclined at an angle of about 23 1/2° to the celestial




equator; this inclination is called the obliquity of the ecliptic, denoted
by €; € = M?R T Big. 2C.

Relative to the earth the sun appears to move on the surface of the
celestial sphere along the ecliptic in the direction Y™, and twice a year
its position on the celestial sphere coincides with the intersection of the
ecliptic with the celestial equator. This position 7 at which the sun's
declination changes from south to north is defined as the vernal equinox;
it is the reference point in the right ascension-declination system.

A fourth set of coordinates can be derived using the ecliptic as a
fundamental great circle and the vernal equinox 7 as a principal reference
point. In Fig. lc let K be the pole of the ecliptic and KXA a great
circle arc passing through star X meeting the ecliptic in A. The arc 7A
measured from T to A along the ecliptic in the direction of the sun's
annual motion, i.e. eastward, is called its celestial longitude A and is
measured fram O -360°. The arc AX is called the celestial latitude B and
is measured north or south of the ecliptic.

e. Notes on Coordinate Systems

In the previous definitions, the center of the celestial sphere was
taken as the observer on the surface of the earth. However, since the
stars are at distances which are almost infinitely large as compared with
the dimensions of the earth, no appreciable error results fram taking the
center of the earth as the center of the celestial sphere; this convention
will be used in this report when dealing with the star background. Although
our figures have been drawn for the northern hemisphere, similar figures
apply for the southern and the definitions of the coordinate systems apply
to both hemispheres. For an observer exactly at the pole the definitions

of azimuth and meridian break down; thus in the following study it will be
assumed that the observer is not at a pole.

2. Rectangular Coordinate Systems

In the preceding discussion, points on the celestial sphere were
defined in temms of spherical coordinates; however, in most of the following




work it is much more convenient to use a rectangular reference system. A
right handed coordinate system is chosen in which the coordinates x, y, z
are measured along three perpendicular axes such that the rotation of the
x axis into the y axis around the z axis is accaomplished by the right hand
rule; the origin of the system is taken as the observer or the earth's
center (see above). The position of a star on the celestial sphere may

be represented in vector form by

r = rxT + ryj + rzf (1)

vhere 1, J, and k are unit vectors in the x, y, z directions respectively,
and Tes ry and r, are the projections of T on the respective axes. The
cosines of the angles between the positive x, y, and z axes and the vector
T measured in the direction from the axis toward r are called the direction
cosines of r. We will express all coordinates in terms of direction

cosines; in this way the magnitude of T will not appear and only the directions
will be used.

8. The Altitude-Azimuth System

The horizon will be taken as the xy pla.fxe, the positive x axis will
pass through the east point of the horizon, the positive y axis through
the north point, and the positive z axis through the zenith.

Iet S in Fig. 2a be any star on the celestial sphere with altitude
a and azimuth A. Then using &, 7, ¢ to represent direction cosines in
the x, y, z directions, respectively

E= cosasinA
M= cosacosA
= gina (2)

b. The Declination-Hour Angle System

The plane of the equator will be taken as the xy plane, the positive
x axis will pass through the west point on the equator, the positive y
axis through the intersection of the observer's meridian and the equator,




and the positive z axis through the celestial north pole. Thus,in the form
of direction cosines £, m, n (Fig. 2b)

£ = cos 0 sin H
m = cos 0 cos H
n = sin 0. (3)

c. The Declination-Right Ascension System

The plane of the equator will be taken as the xy plane; the positive
x axis will pass through the vernal equinox 7, the positive y axis through
the point whose right ascension is +90°, and the positive z axis through
the celestial north pole. Thus (Fig. 2c)

A =cos 0 cos &
# = cos 0 sin @
V=gin 0 (&)

where A, K, V are direction cosines in the x, y, z directions respectively.
B. Precession and Proper Motion

Although the phenomenon of precession was observed by Hipparchus over
2000 years ago, the first correct dynamical explanation was given by Newton.
As is well known the earth has the shape of an oblate spheroid rather than
that of a sphere due to an equatorial bulge produced by its rotation about
its polar axis; this bulge is inclined to the plane of the ecliptic by about
23 1/2°. Thus the solar and lunar attractions produce moments about the
center. Since the earth is spinning rapidly on its axis much like a top,
instead of turning the equatorial plane into coincidence with the ecliptic
plane, the result of these attractive forces is to cause the axis of the
earth to precess about the axis of the ecliptic. Thus the earth's axis
has a conical motion about the pole of the ecliptic so that the pole of
the equator describes a small circle about the ecliptic pole and the
vernal equinox moves backwards along the ecliptic.




The precession of the equinoxes causes the celestial longitude of a star
to increase at the rate of about 50 seconds of arc per year while the
celestial latitude shows no significant change. In our current study
we are interested primarily in the effect of precession on the right
ascension and declination of a star. When the coordinates of the star are
expressed in direction cosine form precession may be considered the result
of a rotation of the axes of the system with the origin unchanged. Iet us
consider the effect on & star S with direction cosines A, p, ¥ relative
to the original axes X, Y, Z of a rotation of these axes to & new position
X', Y', Z' where the angles between OX', OY', 0z2' and OX, 0Y, OZ are shown
in Table I where, for example, X, represents the angle between OX' and OZ.

TABLE I
oX oY 0Z
. :
oX Xx X& Xz
1
oY Yx Y& Yz
]
0Z 2, Zy Zz

A = A
X, xy X,
1 =
1] Yk Y& Yi i
o = Z, zy z, v (5)

The direction cosines A', p', V' giving the position of a star at any
given time can be easily obtained from the direction cosines A, u, V at a
standard equinox if the values of the transformation matrix are known.
Usually the right ascension and declination of & star are tabulated for the

equinox of 1950 in star catalogues; the values of the transformation matrix
can be fbund5.
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In 1718 Halley discovered that the position of certain bright stars had
changed eppreciably in relation to the general star background since the time
of Hipparchus. This suggested that these stars had a definite space velocity
relative to the sun and lay at finite distances fram the earth. The proper
motion of a star is defined as its apparent angular rate of motion on the
celestial sphere; it is usually measured in seconds of arc per year. The
proper motion is usually found by comparing precise observations of the
right ascension and declination of the star taken many years apart. The
star catalogues give the camponents u o » the proper motion in right ascension,
and 57 the proper motion in declination, per year or per century for
each star tabulated. Since the components of proper motion depend upon
the epoch and equinox for which they are measured, it is important to
apply proper motion corrections to the tabulated values of a and O for a
star before precession is applied. Thus, for example, suppose the right
ascension and declination of star S in 1935 referred to the equinox of
1950.0 is known and it is desired to coampute the coordinates of the star
in 1964 referred to the 1964.0 equinox. The simplest method is to first
apply proper motion corrections fram the tabulated values to find the position
of S in 1964 relative to the equinox of 1950.0 and then to precess the star
to the eqinox of 1964, A detailed discussion of precession and proper
motion may be found in Sna.rth.

Another effect of some interest is nutation which is a slight periodic
oscillation of the actual pole around the mean pole where the mean pole is
precessing uniformly. Since the effects of this nutation are small no
corrections for them appear in this work.

C. Time

The sidereal time at any place on earth at any instant is, by definition,
the hour angle of the vernal equinox at that instant. When 7 is on the




observer's meridian the sidereal time is O; when 7 is next on the observer's
meridian after 2kh of sidereal time or one complete revolution of the earth
about its axis, a sidereal day has passed. From Fig. 1lb it is obvious that

RT = RD + 7D

Now RD is the hour .angle of star X and & 1is its right ascension; moreover

RT is the hour angle of 7. Therefore

Sidereal time (observer) = hour angle X + right ascension X
S.T.= H+aQ (6)

Now let G on the celestial sphere in Fig. 1b be the zenith of Greenwich;

A A\

GPZ is the longitude of the observer, GPX the hour angle of X from Greenwich
A

and ZPX the hour angle of X from the observer's meridian £ . Since

ng B Zﬁk - Z§b = ng - longitude of observer
obviously:

H.A. of X at Greenwich = H.A. of X at { # longitude of /£
Since this relation is general it also holds for 7. Thus

S.T. at Greenwich = S.T. at £ * longitude at £  (7)

The sign of £ is + when £ is west of Greenwich and - when £ is east of
Greenwich.

A mean solar day is defined as the interval between two successive transits
of a mean sun®* across the observer's meridian and is the aay used in our
system of civil time. A sidereal day has been found to be 3m 56.5%6s
shorter than a mean solar day.

*Te mean sun is a fictitious body which is defined to move in the celestial
equator at a uniform rate around the earth so that it completes a revolution
in the same time as the true sun completes a circuit of the ecliptiec.




In our later work it will often be necessary to campute the sidereal
time at a point on earth at a given local time. It is most convenient to
compute the sidereal time at Greenwich first and then to use equation 7
to find local sidereal time. The American Ephemeris and Nautical AJ:ma.na,c5
for the proper year contains a table called "Universal and Sidereal Times"

which gives the sidereal time for each day of the year for Oh Greenwich time
for that day, i.e. the sidereal time at midnight at Greenwich for the given
day; each day starts at a different sidereal time since the length of a day
in the two systems is different. The given local time is changed into
Universal time by adding the proper correction (+5 hours for E.S.T.). The
sidereal time at Greenwich is next calculated by

= + U.T. + A8
0% = 9, U.T (8)

where GG is the sidereal time at Greenwich, 90 is the sidereal time at Oh
UT taken from Ref. 5 and A8 is the correction required since & solar day is

longer than a sidereal day.

A6 = 3m 56.556s (U.T.h/2kh) = 236.556 (U.T.h/2kh) sec (9)

To find the sidereal time at station A from its value at Greenwich at the
same time we merely use equation 7 and the whole equation then becomes

=6 + - »
eA k uT Ly A8 (10)

vhere 6, is the desired time at A and L, is the longitude of A (west in

this case).
D. Transformation of Coordinates

In our later work it will be necessary to transform between the
altitude - azimuth and the declination - right ascension systems. Iet us
consider the problem of converting fram the right ascension-declination
system to the altitude-azimuth system in direction cosine form. We are
given a and 0 for star X at a given time t and a given latitude ¢. We must
first transform our three direction cosines A, M, V, to the 1, m, n cosines

13




of the declination-hour angle system (Fig. 3a),
It is obvious that n= V since the axis is identical for the two systems
and the x, y plane is the same in both cases.

6 = & + H where 6 is sidereal time at the observer
so that the transformation may be seen to teke place as in Fig. 3b
where the rotation of axes in the x,y plane is shown.

1= ANcos (90 - 6) -u sin (90 - 6) = A sin 6 - p cos 6
= Asin (90 - 6) + u cos (90 - 8) = A cos 6 + u sin O (11)
n= V

Next, we must transform from the declination-hour angle system to the altitude-

azimuth system (Fig. 3c). The y,z -plane is common to both systems and x3
= - x2, so that immediately

g = K cosb - A sinf

Also, PZ = 90 - ¢ so that the transformation may be represented in the plane
as in Fig. 3d.

H# cos@ - A\ siné
= - [nxcos (90 - @) - n sin (90 - ¢)] =V cos P - (A cosb + ¢ sinf) sin ¢
m sin (90 - @) + n cos (90 - #) = (A cos6 + K sinb) cos § + vsin ¢

o~ I
] I

(12)
E. Astronomical Photography

A section of the celestial sphere can be photographed by using the
general configuration of Fig. 4. ILet CO be the optical axis of a lens with
focal length f and assume that CO passes through the geametric center of the
plate. The focal plane of the lens, FG, is perpendicular to OC. let us
consider a star on the optical axis at C; all the rays from this star falling
on the lens will be brought to a focus at O and an imege formed at that
point. If another star lies on the celestial sphere at S, it is seen to form
an image at R. If the astronamical coordinates of C and S are known, since
f is the known focal length of the lens and ¢ = b, we can find the relation
between the linear distance d on the photographic plate and the corresponding
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angular distance ¢ in the sky. Thus

d=fteanb=7ftan @ (13)

We will now define a system of axes on the plate through the plate
center such that the position of a star on the plate can be related to its
astronomical coordinates. First, the direction cosines for the plate center
in the right ascension-declination system are found by applying equation L
to the special case of the plate center.

cos 0 cos @
c c
cos 6 sin «
c c

o
sin O (14)

Standard coordinates € and 7n will be rectangular coordinates in the plane
tangent to the celestial sphere at C with their origin at C such that m
increases northerly along the hour circle through C and ¢ increases toward
the east tangent to the parallel of declination of C (Fig. 5).

Having found the direction cosines of the plate center in terms of thedecli-
nation right-ascension system, it is now desired to determine the direction cosines
of the plate axes ¢ and ?f, defined above, using the same system. The angle
OCP' is a right angle since T on the sphere must be perpendicular to a radius
OC of the sphere. Therefore, OP'C must equal Gc and so Vn = cos Gc. Also
the projection of | on the equatorial plane must be - sin 60 so that the
direction cosines of M| are given by

= . sin 0 cos «
c c

= . gin 0 sin @
c c

cos 5c (15)

Since E increases along & tangent to a parallel of declination, its
projection on the z axis is zero so that Vg = 0. The E axis is directed
eastward from the point on the sphere representing the plate center; hence
its direction is @ + 90° (Fig. 5). Hence:




0 (16)

Now let S be a star on the celestial sphere with coordinates (og, ds)
s). Let us
find the direction cosines of S relative to the coordinate system of the

and direction cosines in our normmal equatorial system (As,us,V

photographic plate (E, W). The direction cosines of the standard plate
system's axes relative to the equatorial axes are shown in Fig. 6b. Thus
the direction cosines of S in the plate-centered system are
P = AN+
£ els Mt

Po= AN+ + v
1 "' Ma¥s T Tn's

By = Mg ¥ nghg Y VY (17)

It is also true that

g = + + vy
cos T xcks HeMsg c s (18)

where 03 is the angle between the star and the plate center. From Fig. &4
it can be seen that the star located on the celestial sphere at S is seen by
the camera at R, as if it were located on the tangent plane at D. This type
of projection is called a gnomonic projection and it is assumed that the
camera lens is located at the center of the celestial sphere. The gnomonic
projection is accomplished by dividing equation 17 by the cosine of Us.

One then obtains the palr of standard plate equations for the star S:

Es =(7\§'/\S + ugus) { cos"S

n = + + g
Mg = (MDA g * 27,) / cos? (19)
P. Plate Constants

ILet us now assume that we have a photographic plate containing a re-entry
trail against the star background with the camera driven by an equatorial




mount so that the stars appear as points on the plate. The trail of the
re-entry object will appear as a broken line if a chopping shutter is used.

The first part of the analysis will be the calibration of the plate. This
will allow us to find the right ascension and declination of any point on the
plate (at least in the region of interest) when the X and Y measurements on
the plate are known. A number of stars (probably about 6-15) are identified
near the trail; their right ascensions and declinations are found fram
standard tables for a given date. After corrections are made for proper
motion and precession on the tabulated coordinates, we have exact values
of @ and 68 for each star at the time of the event *, so that we now know
the astronomical coordinates of points on our plate. An approximate position,
0; and éc for the plate center is required so that the standard plate
coordinates gs and ﬁs can be calculated for each star using equation 19.

Two methods of relating 0;, 58 of the star and the X,Y readings on the
plate are in common use. The measurements are taken so that the X-axis is
parallel to the trail of the re-entry and the Y-axis is perpendicular to
the X. 1In the "four constant solution" we solve the two equations

aES+bﬁs+c=xs

- + =
b E a ﬂs d YS (20)

Two stars at the ends of the trail are used to campute the four constants
a,b,c and d and the standard coordinates of any point on the trail may then
be found from the inverse transforms:

& =AX +BY +C

S ] ]

N = N +

n,=BX -AY +D (21)
where:

A=a/(a2+b2) B=b/(a2+b2)

C=- (ac *+1d) / (a° + b°) D = (ad - be) / (a° + b°)

¥Proper motion is corrected to the nearest month and precession to the
nearest 1 January.
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The "six constant solution" requires a solution of the equations

E O+ n o+ = . + + =
8 gs bxns x Xs’ ygs byns cy Ys (22)

for the constants ax,bx,cx,ay,by, and cy by a least squares method. The

standard coordinates can then be found by

E = agX+b§Y+cg
n = anX*'bnY*'cn
where:
a§=by/c}q an = . g Cry
bg=-bx/cxy bn=a.x/cxy
g = (bye, * oo Moy, = (ay - oy Cxy
c. = ab_ -ab (23)

xy Xy ¥yX

The six constant solution is more complex. However it has the advantage
that the X and Y measuring axes need not be exactly perpendicular so that
it can be used to correct for any non-orthogonality of a measuring engine.

It will also correct for any linear distortions on the plate.

When the plate constants have been found a process of second order
corrections is usually applied. These corrections make allowances for errors
caused by optical distortions, distortions caused by the emulsion, misplacement
of the plate center, errors in the screws, etc. It is now possible to compute
theoretical values of X and Y for each star -- i.e., the position where a
star of the given right ascension and declination should lie on the plate.
Fram these values residuals are computed from the equations:

a %, =X (comp) - X_(obs) A Y, =Y (comp) - Y (obs)  (23)

The observed values of X and Y for points on the trail are usually corrected
by the equations:

X (corr) = X (meas) + AX (curve) Y (corr) = Y (meas) + AY (curve)
where AX (curve) and AY (curve) are values found from a smooth curve through
the residuals AX and AY. The measured X is the abscissa for the correction
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curves and the AX or AY is the ordinate. By examining the residuals it is
usually easy to spot an obviously misidentified or misread star since its
residuals will be much larger than normal. Often one or more stars can be
eliminated and the calibration rerun.

When the plate calibration has been completed, it is possible to relate
the X, Y readings of any point on the plate to a position on the celestial
sphere. Pirst the standard plate coordimtes are found by equation 21 or 23.
Direction cosines of the point can then be obtained directly by:

he (8 AT D (e B ) M2
R CRYE R AR SR D s
v= (v + vﬁﬁ)/ (1+ B2+ 79) 1/2 (24)

G. The Trail Equation

It 1s assumed in the following reduction that the re-entering vehicle
travels in such a path that its projection on the plate is a straight line.
If this is not the case the reduction must be done separately on straight
line segments of the trail. It is therefore possible to compute a straight
line of the form

Y=mX+b (25)

where m is the slope of the line and b the y intercept; thus only X need be
measured directly fram the plate after the equation of the line is found.
Reading to compute the trail equation is done by dividing the trail into a
suitable number of equally spaced (usually between 10 and 20) sections in
X and reading the Y corresponding to these readings. Then the X and Y

measurements are related by a least squares formula

m=(ZXY, -nXDNEX°-n¥) b=-F-nX (26)

i
where n is the number of points read and Y end X are average values.
H. The Pole of the Trail

As discussed above the vehicle appears to travel in a great circle if
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the trail is straight along the plate. If the trail is not straight the pole
is computed by using points from the early straight line part. The pole of
a great circle is, by definition, a point 90° from each point on the great
circle. In computing the pole of a trail we will use the beginning and end
points (a middle point may be used as a check). It is readily seen that

the pole of a great circle through the trail can be found from the cross
product of the beginning and end points on the trail. Hence, the direction
cosines of the pole (Ab,#p,vp) are given by

i £ = V -
A.p sin “b e yb He
4 = A - 14
#p sin Py, e Ab -
v P = -
- sin A M, HoAg (27)

where Ab’ ”b’ Vb are direction cosines of the beginning point of the
trail and Ae, #e, Ve those of the end point, and £ is the length of the

trail (in angular measure).
I. Relative Coordinates of the Two Stations

It is necessary to use two photographic plates taken from two separate
stations to perform a complete optical reduction. These stations will
hereafter be called station A and station B. We will now compute the relative
positions of the two stations with respect to each other. We will assume that
we know their geographic latitudes and longitudes, their elevations above sea
level and the exact time of the event. The coordinate system will be that
shown in Fig. 7. We must first find the geocentric latitude* ¢' of the two
stations since we are working in a geocentric system; we will also find the
earth's radii RA and RB for stations A and B, respectively, using the

international ellipsoid. We find5

g = ¢ - 11'35."6635 sin 2 + 1."1731 sin 4f - 0."0026 sin 6@

*Geographic latitude is measured at the earth's surface with reference to the
local vertical; geocentric latitude is measured from the center of the earth.

20




a(0.998320047 + 0.00168349L cos 2f - 0.000003549 cos 4f + 0.000000008 cos 6¢)
a 6378.388 Km = 20926.42796 Kft
R P + elevation of station (28 contd)

Letting ¢A, ¢B be the geographic latitudes, R,,R; the earth's redii, ¢A’ ¢£
the geocentric latitudes and PA’LB the longitudes of stations A and B
respectively, we can find the relative rectangular coordinates in the right
ascension-declination system of station B with respect to station A at
sidereal time zero at station A. Note: as GA = 0 the x axis goes through
the meridian of station A.

Ry cos § cos (I - 1) - By cos

R, cos ¢é sin (Ly - LA)
Ry sin ¢é - R, sin ¢'

A A

and obviously

¢ =R _°
ABO AB

Next we must compute the relative coordinates of station B with respect

to A at the time of the event GA, the sidereal time of the event at station

A. 1In general 6, # 65+ At this time the system will appear as in Fig. Tb. Thus

cos GA - nAB sin GA
o o

= +
nAB nABo cos GA EABo sin GA

Eap 7 fam

gAB = §AB° (30)

We also make use of the direction cosines of the zenithal points for the
two stations. From Fig. Tb

- A
cos ¢A cos 6, cos ¢B cos 6,

cos ¢A sin eA K cos ¢B sin 9B

sin ¢A sin ¢B (31)

where §§ is now the geographic latitude.




J. The Radiant

The radiant of a meteor or other moving body is defined as the direction
from which it appears to have originated. In our case this point is easily
seen to be the point at which the projected great circles defined by the
trails on the two plates intersect. The angle between the two great circles
is the same as the angle between their poles; the radiant is the cross
product of their poles. Hence, using equation 27 for stations A and B

= 14 -V
Ag 810 Q = wyp ¥pp - ¥pp Hpp

sinQ =V

= 14
MR AP pp =~ Map VP

YR 517 Q = Mp Hpp 7 Pap Agp (32)

where Q is the angle of intersection between the two meteor trails as seen
from station A and station B. The radiant chosen must lie sbove the horizon;
this is done by requiring the dot product Z*R to be positive or zero, (Z
being a vector in the zenith direction).

K. The Computation of Range

Since the trajectory of the re-entering vehicle is assumed to lie on a
great circle only one possible plane exists through the re-entry track and
the observing station; the pole for that great circle is perpendicular to
this plane. The distance Sy from the first station (A) to the plane determined
by the missile and the second station (B) is seen to be (Fig. 8) the projection
of RAB (equation 29) onto a perpendicular to the plane, i.e., onto the line
through the pole. Hence, using the direction cosines of the pole (equation
27) we get the distance

S0 7 G et e " fan Vmp (33)

The distance or range of station A to any point on the plane isgiven by

R
Al
= 3 € P R
RAi SA sec 1 where i is the angle between PB and the range vector RAi'
Since points on the re-entering track are just specific points on this

plane we have the equation
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= ot + vV
M1 Mgp Ha1 Hap

80

Rpy

sA/ cos €

i
L. The Computation of Height

In computing height above sea level, the height hAi above a plane
through the station normal to the zenith direction is first computed. The

zenith distance ZAi for any point on the re-entry is given by

= + +
ol B, Az Mg Hza Hag Yoo ¥ a1 (35)

see Fig. 9. Thus the height above the plane normal to the zenith is found by

hAi = RAi cos ZAi (36)

To obtain height H1 above sea level, the elevation of the station HA’ and a

correction ¢ hAi for the earth's curvature must be added. As in Fig. 9
the total height of the vehicle from the center of the earth is given by
2 2 2
+ =+ = +
(pp * By * Oy,) Pa Rps
6
and thus solving for hAi 1/2
- 24+g 24 - +
Oy = (py” *Ry" * 20, by,) (py
The total height above mean sea level is

= # +
Hy By Hy %y

where EA is the elevation of the station.

M. The Calculation of Distance Along the Trail

After the ranges have been computed for any two points on the re-entry
track the distance between them can easily be found. The components of the
in the astronomical equatoriel system are

=Ry My

Rai Mag

= 14
Ray Vat

vector RAi




Ietting the first point seen on the trail be called DAl_we can find the

distance from the beginning of the trail to any other point by

D, = [t - 6,07 + (ny, -0, )2 + (5, -¢,)° ]2
Al [A1 Al M~ " Al Al] (40)

N. The Computation of Relative Time

Except in special cases where a coammon point can be identified along
the trail in both photographs, it is impossible to find exactly simultaneous
points on the two plates; also, no absolute time is available for any point.
However, if one or more of the photographs has been chopped, a relative time
(i.e., time measured from an arbitrary zero point) can be computed and makes
possible the calculations of height and range as functions of time and also
an estimate of the velocity of the vehicle as the time derivative of
distance along the trail.

The cameras used to compute relative time employ a shutter which opens
and closes at known constant intervals, thus making chops on the plate.
The coordinates of the mid-point of each chop are read; these points
correspond to known relative times since the chopping rate is known.

If P is the period of revolution of the rotating shutter and N the
number of occultations, all equally spaced, per revolution, the instant t

3;
corresponding to the i'th break is

k= 1(%) AN (41)
where A.ti is a function of the position of the re-entry body on the plate
relative to the center of rotation of the shutter. For calculations not
involving Super-Schmidt cameras it will be assumed that A tl is negligible.

For Super-Schmidt cameras the correction is often fairly large. As a
first approximation let us assume that the projection center (Xc, Yé) very
nearly coincides with the center of rotation of the shutter (Xq, Yé); in
practice this approximation is usually valid for a distance between the
two centers less than one ecm. In Fig. 10 let Xi’ Yi be the coordinates of
the i'th point on the trail. The angle that the blade edge makes with the

i'th dash is obviously given by
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. - _ - 4o
ten w, (% - %)/ (¥, - X)) (42)
If By is the value of « at the origin of the time scale we have

Bt =2(o -w)PpT (43)

vhere the *+ sign is used when the shutter edge chases the re-entry body as
in Fig. 10, since here more than one revolution of the shutter occurs
between chops and the - sign is used when the edge runs toward the body.
If the distance between the center of rotation of the shutter and the
projection center is too large for equation 42 to be valid an exact expression

for tan wi has been found by Whipple and Jacchial to be

tan ©, =z [u (xi - xq) - (Yi - Yq) ] / [u (1{i - Yq) + (x1 - xq)
(Lk)

vhere

u (Yq - Yc) / (xq - xc)

2°= 1 + (1/£°) [(xq - xc)2 * (T - yc)e]

and f is the focal length of the camera.
0. The Problem of Stationary Cameras

One or both of the photographs used in the analysis may have been made
by a stationary camera. In this case the star image consists of a trail
rather than a point on the plate. The ends of this trail correspond to the
opening.and closing of the camera. Thus the end of the star trail where the
measurement is made is not simultaneous with the time of the event. The
declinations of the stars are unchanged but the right ascensions are shifted
by an amount A8 = 6, - 6' where OA is the sidereal time of the event and

A A

GA the time at the end of the star trail where the plate is measured.
] A

Therefore the direction cosines (;Ai’ “Ai’vAi) computed by equation 4

nmust be changed to the true direction cosines by

]
A=A = k
AL ay €O JaXc) Hag sin A6
] (]
= + A
Hag = Mag cos A6 A4 sin A6
]
14 =y
Al Ai (45)
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It is easily shown that if only the direction cosines of the plate center
and of the T and 7| axes are corrected by equation 45 from the time of the
star trail's end to the time of the event, the direction cosines of
each point on the re-entry trail computed from equation 24 will be correct.

III. THE EXPERIMENTAL OPTICAL PROGRAM

The optical reduction method outlined in the present paper for determining
the space trajectory of a re-entering body requires that the event be
photographed simultaneously from two stations separated by a relatively long
baseline. If velocity is to be camputed, at least one of the cameras must
be equipped with a chopping shutter so that relative time may be obtained.

The Trailblazer program utilizes two Beker Super-Schmidt cameras, one at
Arbuckle Neck, the other at Eastville. In addition, photographs taken by
NASA on ballistic cameras from their Wallops Island and Coquina Beach
stations are usually available. Figure 11 shows the relation of these camera
sites to each other and to the launch site.

A. The Super-Schmidt Camera

Figure 12a is a photograph of a Baker Super-Schmidt camera used to
obtain the re-entry photographs. This camera has an aperture of 12.25 inches,
a focal length of 8 inches, an effective focal ratio of 0.85 and a field of
view of approximately 58 degrees. It is supplied with an interchangeable
shutter and motor capebility, so that, depending upon the number of blades
in the shutter and the rpm of the motor, different chopping speeds are
possible. The surface of the shutter is immediately in front of the
photographic emulsion.

A schematic diagram of the optical system appears in Fig. 12b. Two part-
hemispherical correcting shells, concentric with the center of curvature of
the spherical mirror, provide almost complete correction of spherical
aberration. Any remaining aberrations and achromatism over the range 3800-
T000 R are corrected for by an aspherical correcting plate through the center
of curvature. The spherical focal surface, concentric with the rest of the
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system, lies just within the second shell. A light ray entering the system
passes first through the outer shell, the correcting plate, and the second
shell before it is reflected at the mirror; it then passes through the
inmer shell a second time before it reaches the focal surface.

Since the focal surface of the Super-Schmidt is spherical, flat film
must be molded to this shape. The film is held in the focal plane, convex
toward the mirror, by a partial vacuum (about 20" Hg) between the film and
the focal plane. A special, very fast, blue sensitive X-ray film is usually
employed in these tests. It is made by Fastman Kodak especially for the
Harvard Meteor Project.

The optical projection in the Super-Schmidt camera is very nearly a
truly concentric spherical projection; this allows the star images to
maintain their relative positions on the celestial sphere without distortion.
The curved film is projected onto a flat plate by a very nearly gnomonic
projection; this flat plate (a positive) is then used for the analysis.

Although much of our work is done with the Super-Schmidt cameras the
reduction methods and the computation program discussed here will work with
any set of ballistic plates.

B. Star Identification

At each station the re-entry trail and the field stars are photographed
simultaneously. If the photograph is taken by a camera equipped with an
equatorial mount, such as the Super-Schmidt, the stars appear as points on
the plate (Fig. 13a); if the camera is stationary, the stars will appear as
streaks (Fig. 13b). However, if the time of opening and closing of the
shutter is known the ends of these stresks are identifiable in time and may
be used in the analysis as discussed in Section II-O.

The approximate coordinates of the plate center in right ascension and
declination are recorded by the camera operator; the direction of north on
the photogreph is also indicated. Thus the general position and orientation
of the photograph are known. For Super-Schmidt plates, in particular, the
use of Norton's Star Atlas for a preliminary identification of the brighter
stars is recommended since the scale of its star maps is very nearly that of
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the Super-Schmidt film. By overlaying the film on the charts, many of the
stars may be immediately identified and the same stars easily found on the
BD or CD chart, thus outlining the area of interest. The position of the
trail among the stars is then found on the BD or CD charts and may be
sketched in lightly for future reference.

Stars to be measured should be chosen at uniform intervals along the
trail, (X-direction) and alternately on opposite sides of the trail (+ and
- Y). 1In order to minimize centering errors the stars chosen should be of
nearly the same photographic magnitudes and as near the plate limit as
possible. The stars to be measured may be marked on the star charts and
their BD or CD numbers as well as their approximate coordinates recorded
from the BD or CD tebles. When the BD or CD number of a star is known
its position may be found in the more exact star catalogues.* The following
information should be recorded for each star:

Right Ascension

Declination

Equinox of Reference

Epoch of Observation

Components of Proper Motion in Right Ascension and Declination.

The stars to be measured may be marked on the glass side of the plate.
About 8 to 10 stars are usually sufficient for a plate calibration; at
least 6 should always be used.

C. The Position of the Plate Center

In addition to the coordinates of the selected stars, the coordinates
of the plate center must be estimated. Four stars are chosen such that
two lines intersecting at the center may be drawn through the stars (i.eu
each two stars will lie on a line through the center; the stars should be
on opposite sides of the center). The four stars are identified on the star
charts and the lines drawn lightly on the charts. The point of intersection
of the two lines on the star chart may be read ofrf as the approximate right

* A 1list of star catalogues will be found in Appendix A.
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ascension and declination of the plate center.
D. The Measurement of the Plates

The plates should be measured on & measuring engine equipped with
two mutually perpendicular precision screws so that the X and Y coordinates
may be measured simultaneously in a plane (Fig. 14). The plate should be
oriented in the measuring engine so that the trail of the re-entry is
parallel to the X axis; if the trail is not completely straight, the X axis
should be made parallel to the straight line portion. All measurements of
the plate must be made without removing the plate from the machine. To avoid
possible backlash effects, all measurements are made with the screw turning
in the same direction (customarily toward increasing scale readings). To
check the consistency of the readings over a period of time, two points are
selected near the ends of the trail and read at occasional intervals during
the measuring of the plates. 1In this way any disturbances of the machine by
temperature changes or mechanical vibration will show up. Readings are
made to the nearest micron.

Various methods of finding the coordinate of a point are possible --
usually an average of three settings is sufficient, as long as the readings
do not vary by more than a few microns. It is sometimes advisable to repeat
a series of measurements with the plane rotated 180° to check for possible
systematic or accidental errors. Whatever method of averaging is used, only
one value of each point is used in the program. Therefore any averaging
or statistical analysis on the readings must be performed prior to entry
into the program.

When the plate has been adjusted in the machine so that the X-axis is
parallel to the re-entry trail, the center point of each star selected for
analysis is read to get the coordinates in X and Y of the star. Next, the
trail, starting from the first distinct point and ending at the last
distinct point (whether or not these points are seen as dashes) is divided
up into fram about 10 to 20 equal parts (in X). The Y measure at each of
these equally spaced X's is read for camputing the trail equation.




If the re-entry event is photographed with a camera equipped with a
chopping shutter the re-entry trail will appear as a fairly straight dashed
line -- the dashes being caused by the shutter breaks (Figs. 13a and 13b).
If the camera does not have a chopping shutter, the re-entry treil will
appear as a streak among the stars (Fig. 13c). The X-measurement of the
middle of each dash should be taken in the case of a chopped plate. The Y
coordinate may then be caomputed for each dash by the trail equation so that
Y need not be read for the dashes. On a streak photograph any point of
special interest, such as a flare, should be measured. Also, the very first
and very last points visible on the trail must be measured. At least five
measurements should always be made along the trail.

A diagramatic sketch of the required measurements in shown in Fig. 15.
This diagram is only theoretical and does not represent a particular re-
entry. Stars appear over the entire plate, but only those near the trail
are of interest here. Stars labeled A-H have been selected for measurement.
These stars are seen to be selected on alternate sides of the trail and
relatively evenly spaced along the trail. Star F is seen to lie on the trail
itself. The actual trail lies between the two lines marked T.B. and T.E.
(veginning and end); it will be noticed that many dashes are missing at the
start of the trail and a few near the end. The measurements for the trail
equation will be made at equal X increments between TDB and TDE, the first
and last distinct points. 1In this case the interval is divided into 10
equal increments (in X) labeled Tl, T2...Tll. Notice that the reading is
taken along the trail and that the point read may lie between two dashes.

A Y measure is taken for each of the 11 X's. The first point T.B. and the
last point T.E. are alsc measured.

The center of each dash should next be read in X starting with the first
distinct dash, D1 and continuing for the rest of the distinct dashes (one or
more may be missing as is dash 18 in the diagram). The flare occurring at
dash 17 is particularly interesting since it may also show on the other plate
and so could be used as a common point. The plate center should also be

measured in X and Y.
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E. Computations

After the measurements have been made, the next step is a plate
calibration which will relate the X, Y measurements on the plate to positions
in the sky. The plate calibration program is run using as input the measured
X, Y of the known stars and the coordinates of the stars from the catalogues.
The output consists of inverse plate constants, and direction cosines for
the plate center and the coordinate axes which are needed as input to the
optical trajectory program. When the results of the plate calibration program

are available, the residuals (or A X and A Y) for each star are examined; if

any of them are extremely large, the calibration is repeated omitting the
offending star. When the calibration is satisfactory, i.e., the residuals
are very small, the residuals may be plotted against X (Fig. 16). If the
residuels are within the limits of measurement they are usually ignored;
in other cases they are applied to each measurement along the trail as
discussed in Section II-F.

When both plates have been calibrated by the plate calibration program,
the input cards to the optical trajectory program are made as discussed in
Section VI. The optical trajectory program uses the results of the calibration
program, the geographic coordinates of the stations, the time of the event,
date about the cameras, the measured X, Y readings taken at equal X increments
for computing the trail equation and the X readings for each measured point
elong the trail from the two plates and has as output such meaningful parameters
as range, height, direction cosines, and distance along the trail for each
measured point along the trail.

F. The Reduction of Trailblazer Ik

To demonstrate the use of the optical trajectory program the reduction
of Trailblazer Ik will be discussed. Trailblazer Ik was fired from Wallops
Island on 27 July 1962 at 21:50:00 E.S.T. and was photographed by the Super-
Schmidt cameras at Arbuckle Neck and at Eastville at 21:56:21.583 (Figs. 17a
and 17b). The plates were read at Harvard University on a Mann Measuring

Engine as discussed above.




The astronomic coordinates and the X, Y measurements of the stars are
given in Table II for the SL (Arbuckle Neck) camera. The coordinates have
already been corrected for proper motion. Care must be teken in using the values
of proper motion given in the star catalogues, since some catalogues give
proper motion as A & and some as A& cos 0 per year or per century. Corrections
in proper motion are made to the nearest month. Also, the X, Y measures have

been averaged to give one reading for each point.
TABLE ITI

Stars Identified and Measured for the SL Photograph
of Trailblazer IK taken at Arbuckle Neck

Name Right Ascension Declination Equinox X b4

mm mn
A 20h 6m  13.75Ws -28° 35'  13.95" 1950  173.1015 20.k11
B 20h Tm 28.968s -29° 54'  35,97" 1950 178.155 20.738
c 20h 8m 17.23 s -30° 56' 52.6 " 1950 182.086 21.1255
D 20h 13m L45.23 s -32° 45' 45,2 " 1950  189.9875 18.8385
E 20h 1km 25.78 s -33° 50' 22,2 " 1950  194.171  19.4k495
F 20h 1Tm  2.57 s -34° Ly 34,3 " 1950  198.177  18.4505
Flate 19k Uom -18° 17 1855  133.205  23.520

The first step is to perform a calibration of the plate. (We will discuss
only the reduction of the SL data as the SS data are reduced in an identical
manner.) From Teble II we see that we have a total of 6 stars all of which
have their coordinates referred to the equinox of 1950. We also see that
the coordinates of the plate center are referred to the equinox of 1855. Thus
two sets of precession constants must be used; the first will precess the
coordinates of the plate center fram 1855-1963 and the second will precess
the coordinates of the stars from 1950-1963 (the nearest 1 January). The

correct precession constants are shown in Teble V. A6 will be zero since
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the Super-Schmidt cameras track the stars. We will run one four constant
solution, using stars A and F (or 1 and 6). The card set-up and a sample
computer print-out are given in Appendix B.

Upon inspection of the results of the calibration program, it is seen
that the residuals are very small and within the accuracy of measurement.
Therefore, no corrections need be applied to the measured values of X and
Y. The six constant solution will be used in the reduction. The next
step is to prepare the cards for the Optical Trajectory Program.

The event took place at 21:56:21.583 E.S.T. on 27 July 1962. Converting
to Greenwich time, we have 02:56:21.583 G.M.T. on 28 July 1962. We must
therefore find the 90 for 28 July in the 1962 Almanac since the date at
Greenwich must be used. It is found to be 20h 20m 43.038s. The Greenwich
time and geographic coordinates are given on the next card.

From Table III we see that 15 equally spaced points were read along
the trail. The first X point is at 176.000mm and an average Y on the trail
is about 20.14Omm. These are subtracted from each reading along the trail
and the differences are inserted into the program. This set of cards will
be used to compute the trail equation to give Y as a function of X.

The next two cards will give the inverse plate constants (from Page 4
of our print-out for the six constant solution) and the next three will
give direction cosines of the plate center and standard axes (fram Page 5
of the print-out). The names of the variables in the plate calibration
print-out are identical to those used in the card write-up (Section V).

The next card gives the X coordinates of 5 points of special interest
(the first point must be the physically first point read on the trail, T.B.
in our diagram and the last point must be the physically last point, T.E.).
The other three points may be any intermediate points such as flare points
or other points of special interest.

The next cards will give information about the dashes as shown in
Table IV. Table IV is not complete but enough dashes are shownto give an
understanding of the card set up.
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TABLE III

X, Y Readings at Equal X Increments Used in Computing
the Trail Equation Data from the SL Photogreaph
of Trailblazer Ik Taken at Arbuckle Neck

X Y &X AY

omm mm mm mm
176.0 20.1%0 0 0.000
< g d £ 20.14 3.9 0.001
179.0 20.148 3.0 0.008
180.5 20.1b2 k.5 0.002
182.0 20.146 6.0 0.006
183.5 20.1b2 TeD 0.002
185.0 20.139 9.0 -0.001
186.5 20.140 10.5 0.000
188.0 20.1h4 12.0 0.004
189.5 20.142 13.5 0.002
191.0 20.140 15.0 0.000
192.5 20.139 16.5 -0.001
194.0 20.137 18.0 -0.003
195.5 20.140 19.5 0.000
197.0 20.136 21.0 -0.00k

X = 175.861

End Point Y = 198.6uL
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TABLE IV

X Readings for Dashes for the SL Photograph
of Trailblazer Ik taken at Arbuckle Neck

Dash # Wt. X
mm
1 L 175.946
2 4 176.245
3 1 176.534
4 2 176.796
5 ) 3 177.057
6 2 177.332
871 1 198. 567
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TABLE V

Precession Constants

1855-1963

0.99965376
-0.02412862
-0.010k49k50

0.02412862

0.99970885
-0.00012664

0.01049490
-0.00012661

0.999914490
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1950-1963

0.99999498
=0.00290553
-0.00126316

0.00290555

0.99999578
-0.00000183

0.00126316

-0.00000183

0.99999920




Table VI gives information about the cameras and is used in making
out the remaining cards. A similar set of cards must be made for the SS
camera. Appendix C gives a listing of cards used as input to the trajectory
program, and a sample camputer output. Not all of the card set up and
print-out are shown, since Appendix C is meant to show a sample calculation
and not give useful values of a particular shot.

TABLE VI

Camera Data for Trailblazer Ik

SL Camers SS Camera
X 133.205 126.656
b} 23.520 10.333
Xc 133.205 126.656
YC 23.500 10.333
P KOTY KoY
Period 0.1 0.1
Occult 2 2
Direction Clockwise Counter Clockwise

IV. THE PLATE CALIBRATION PROGRAM

The plate calibration program is designed to carry out the computations
necessary to relate X, Y measurements on the photographic plate to astronomical
coordinates and to compute residuals for the correction of the measurements
of points along the trail. The plate constants are computed by both the
four and the six constant solutions and the method giving the best (i.e.,
smallest or most consistent) residuals is used in the later work.
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The input to the program includes the right ascension and declination
and the X, Y measurements of each star selected and of the plate center.
The astronomical coordinates of the stars are corrected for proper motion
to the nearest month before being inserted into the progrem; however, the
corrections for precession to the nearest 1 January are performed within
the program in direction cosine form. A generalized flow chart of the
plate calibration program and of subroutine SIXCON appears in Fig. 18.

The camputer output consists of the following print-outs:

Page 1 Listing of the input data for the plate center and each

star in easily understandable form

Page 2 Direction cosines for the uncorrected (A6 = 0) plate center

and the coordinate axes
Direction cosines and standard coordinates (7, 7, E)
for each star

Page 3 * Plate constants, inverse plate constants, and residuals for

the four constant solution (each four constant solution
will be on a separate page)

Page 4* Plate constants and inverse plate constants and residuals

for the six constant solution

Page §° Corrected direction cosines for the plate center and

coordinate axes (Note: since in our case A6 = 0, the
direction cosines on Page 5 are identical with those on
Page 2).

Appendix B gives & print-out sample of the results of the plate
calibration program.

The residuals should be inspected to see if any star gives either
very large (probably above 100 microns) or very inconsistent values. Such
a star should be eliminated and the calibration program rerun. When the
residuals seem to be small and lie on a& smooth curve (to within the
accuracy of measurement), they should be plotted against the X reading.

¥
If more than one four constant solution is run, they will appear on
pages 3', 3", etc.




Fig. 16 is a sample curve of the residuals for a theoretical case. A smooth
curve is drawn through the residuals and this curve (one for AX and another
for AY) is used to correct the sets of X, Y readings to be used in computing
the trail equation and the set of X readings measured at points to be reduced
(equation 23).

A listing of the plate calibration program appears in Appendix D. The
six constant solution is performed by subroutine SIXCON which solves the
matrix equation

AX = B
where
(. — 2 S <A
z b b
A = |zEs, =§2 zj§
M4 i 1
TF )
k Ei ny N J
a.x ay
X = b L
kx %y
S = 2 —
A Eely Y84
+ 2xT S B
B XNy ¥y
z
\{xi Yy (46)

using library routine XSIMEQF. This routine solves equation 46 for

X by triangularization of the A matrix. If the solution is successful,
the X matrix will replace the original A matrix in storage. In the
program the word MATRIX is & code which equals 1 for a successful solution
of the equation, equals 2 for overflow or underflow, and equals 5 for a
singular matrix. The arguments used in calling the subroutine XSIMEQF
together with their values for this example are:
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Arg, = maximm value of subscript I of A (I, J) = 10

Arg; = number of rows in matrix A = 3

Arg3 = number of columns in matrix B = 2

Argh = name of matrix A = A

Arg5 = neame of matrix B = B

Arg6 = scale factor for use in calculation = 1

Arg7 = one dimensional erasable array for use in solution = TWO = 10

A more detailed description of the subroutine XSIMEQF is available.
The data cards are set up as follows:

Data Cards for the Plate Calibration Program

Card 1 Column 1 contains & "1" and columns 2-72 contain a
Hollerith title to be written on tape A3. This title may contain any
identifying information desired.
Card 2 Contains two fixed point numbers (format 2I5)

NN

number of sets of precession constants used in the reduction
in columns 1-5 (format I5) Up to 5 sets may be used
number of stars used in the reduction in columns 6-10
(format I5).

The next group of cards will consist of 4 cards for each of the NN
sets of precession constants.

The first card of each precession set will be a Hollerith date card

constructed as follows:

N

A zero in column 1

Year of equinox of table in columns 2-5

Hollerith hyphen in column 6

Year of event to 1 January in columns 7-10.

The next 3 cards of the precession set will each have 3 precession

constants in floating point form (format 3E15.8) as follows:

Precession card 2

Xx in columns 1-15

X& in columns 16-30

X, in columns 31-45




Precession card 3

Y& in columns 1-15
Y& in columns 16-30
2 in columns 31-45

Precession card U
Zx in coluwns 1-15
Zy in columns 16-30
Zz in columns 31-45

Each precession set will also have a number J associated with it;
J being assigned acoording to the placement of the set in the deck, i.e.,
Jd = 1 for the first precession set read in, J = 2 for the second precession
set, etc. The precession set to be used in each case will be that one
corresponding to the equinox for which the coordinates of the star (or
plate center) are recorded in the standard tebles.

The next card will have 10 numbers ( formats 2Fk.0, F8.L4, 2FL,0,
F7.3, 2F10.5, I5, E15.8) which give the coordinates of the plate center
as follows:

Right ascension in hours in columns 1-k4
Right ascension in minutes in columns 5-8
Right ascension in seconds in columns 9-16
Declination in degrees in columns 17-20
Declination in minutes in columns 21-24
Declination in seconds in columns 25-31
X reading of platecenter in mm in columns 32-41
Y reading of plate center in mm in columns 42-51
J = number of precession set to use in columns 52-56

A8 = correction of plate center for in columns 57-T71
stationary cameras

(Note: A8 = 0 for tracking cameras.)

The next N cards will give the coordinates of the N stars to be used
in the analysis and will have 9 numbers per card (formats 2FL.0, F8.L,
2FL.0, F7.3, 2F10.5, I5). Corrections in right ascension and declination
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for proper motion must be made before the values are punched on the cards.
The N cards will have the following format:

Right ascension in hours columns 1-4

Right ascension in minutes columns 5-8

Right ascension in seconds colunns 9-16
Declination in degrees columns 17-20
Declination in minutes columns 21-24
Declination in seconds columns 25-31
X reading of plate in mm columns 32-41
Y reading of plate in mm columns L2-51
J = number of precession set to use columns 52-56

Each star will have a number L associated with it depending on its
placement in the deck, i.e.,L = 1 for the first star card read in, L = 2
for the second card, to L = N for the last star card reed in.

The next card will have one mumber MM (format I5) in columns 1-5;
MM is the mumber of four constant solutions to be run. (Note: it may
be desired to try different combinations of stars as end points in the
four constant solution; this card allows for this possibility.)

The last MM cards will each have 2 numbers (fommat 2I5), the first
number is the L for the star used as the beginning point in the four
constant solution in columns 1-5 and the second number is the L for
the star to be used as end point in columns 6-10.

V. THE OPTICAL TRAJECTORY PROGRAM

The optical trajectory program camputes such physically meaningful
parameters as range, height, direction cosines, distance along the trail,
and relative time for the X, Y measurements of two photographic plates
of the re-entry event. Cards may be made for a future velocity calculation;
however, velocity is not computed by the present progream.

Input to the progrem includes the sets of X, Y readings taken at
equal X increments along the trail to be used to campute the trail equation,
the sets of X readings taken at selected intervals along the trail (such
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as the centers of the dashes) where a reduction is desired, the time of the
event, the geographic coordinates of the camera stations, the plate calibration
data obtained from running the calibration program for the two plates, and
information about the cameras used to photograph the event. Only one

position measurement is entered for each point read; any averaging or

residual corrections necessary to obtain this measurement is done prior

to entry into the program.

A generalized flow chart of the optical trajectory program and of
each subroutine appears in Fig. 19. The program itself is given in
Appendix E.

The computer output consists of the following print outs:

1. A listing of the input data

2. Time (Greenwich and sidereal) and geographic coordinates of

the two stations; direction cosines for vector from station 1
to station 2 at sidereal time zero and at the time of the event

5. Plate calibration data, treil equation, X, Y, and direction

cosines of the five points and direction cosines of the pole
for each station

4. Direction cosines of the radiant

5. Ranges and heights for the five points

6. Tables of X, Y, range, cos Z, and height above mean sea level

for each dash for the two stations

7. Taebles of relative time, range, height, and direction cosines

in the altitude-azimuth system for each dash for the two stations

Note: Certain checks have been performed in the program and the
small errors found printed out for inspection. For example, checks have
been made to determine if the sum of the squares of the direction cosines
of a point equalsone.

A sample output is shown in Appendix C for the Trailblazer Ik re-entry.

A card output containing values of distance along the trail, relative
time, range, height, direction cosines in the altitude-azimuth system, dash
number and dash weight is also available.
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The dash weight gives a measure of the confidence level that the
person reading the plate put on that dash. The weights are assigned as
follows:

. very poor
2 poor
4 fair
6 good
8 excellent

The weights are not used in the calculations of this program but are
included in the card output for possible use in future velocity calculations.
The following is a description of the input cards necessary for
running the optical trajectory progrem.
Card 1 Column 1 contains a "1" and columns 2-72 contain a Hollerith
title to be written on tape A5. This title may be any identifying
information desired.
Card 2 will contain three numbers (formats 2F4.0, F8.4 )

Thetal in hours in columns 1l-4
ThetaO in minutes in columns 5-8
Thetal in seconds in columns 9-16

ThetaO is the sidereal time at Greenwich for Oh Universal Time for the
day of the event at Greenwich (the day will be defined to start at 0000
Universal Time); the theta0 is found in the table of "Universal and
Sidereal Times" of The American Ephemeris and Nautical Almanac for the
proper year - thetaO is tabulated separately for each day of the year.
Following cards 1 and 2 which give general information about the

event, we will have two sets of cards, one for each station. In the
following discussion the making of these cards for station A will be shown;
those for station B are made in exactly the same way and immediately follow
those of station A in the deck.
Card 3 will have a zero in column 1 and any Hollerith identification

of station A desired in columns 2-T2.
Card 4 will have 10 numbers giving the coordinates of station A

(format 3(2Fk.0, F8.4), F11.7)
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Event time (Greenwich)
Event time

Event time

Latitude of Station A
Latitude

Latitude

Iongitude of Station A
ILongitude

Longitude

Elevation of Station A

in
in
in
in
in
in
in
in
in
in

The next group of cards will be used

A X

Xi - Xo

AY Yi - Yo.

hours
minutes
seconds
degrees
minutes
seconds
hours
minutes
seconds
kilofeet

in
in
in
in
in
in
in
in
in
in

columns 1-k4

columns 5-8

columns 9-16

columns 17-20
columns 21-2k
columns 25-32
columns 33-36
columns 37-L40
columns 41-48
columns 49-59

to compute the trail equation
by the least squares method. A starting Xo and Yb are chosen and the
calculation performed on the differences from these values where

The Xo chosen is the first X reading on the trail, the Yb is about
the average of the Y readings along the trail.

Card 5 contains a single number N which is the number of points along
the trail (format I5) in columns 1-5.
Card 6 contains two numbers (format 2 E15.8)

X
o]

%

in columns 1-15
in columns 16-30.

Card 7  etc. The next N/2 or (N/2) + 1 cards contain the values of

A X, and A Y, punched two to a card (format 4 E15.8)
A Xi in columns 1-15
) Yi in columns 16-30
A Xi+l in columns 31-45
AY 4 in columns 46-60

The next five cardsgive calibration data obtained as output fram
the plate calibration program; each card (except the last which has only
two numbers) has three numbers (format 3 E15.8). These values are given
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as output from the plate calibration program where they are labeled by
the same symbol as in this description.

Card 1 of the 5

AEXT in columns 1-15
BEXT in columns 16-30
CEXT in columns 31-45

Card 2 of the 5

AETA in columns 1l-15
BETA in columns 16-30
CETA in columns 31-45

Card 35 of the 5

LAMC in columns 1-15
LAMEXT in columns 16-30
LAMETA in columns 31-45

Card 4 of the 5

MUC in columns 1-15
MUEXT in columns 16-30
MUETA in columns 31-45

Card 5 of the 5

NuC in columns 1l-15

NUETA in columns 16-30
The next card gives 5 values of X; the first X on this card must be the
X reading at the physically first point of the trail and the fifth X
on this card must be X reading at the physically last point of the trail.
The other three X's should be camon points if any exist or any other
pa.rticu_larly interesting value of X. Note: this card must always
contain 5 X's whether or not any common points are found; also, the first
and last X on the card must be the physically first and last X read on
the event (format 5F10.5).

The next card will contain one number (format I5) which will be the

number of dashes read along the trail plus 2 (for the end points of the




trail which in general are not the middle of dashes)
NUM = number of dashes + 2 in columns 1-5

The next group of cards will give the information for each dash with three
readings to & card. The first reading will correspond to the beginning
of the trail and the last to the physically last point on the trail

(these two readings will not, in general, be read from the middle of the
dashes). These two end points will have a dash number of O and a weight
of 1 (format 3 (2I5 , F10.5)).

Dash number in columns 1-5

Weight of dash in columns 6-10
X reading of dash in columns 11-20
Dash number in columns 21-25
Weight of dash in columns 26-30
X reading of dash in columns 31-40
Dash number in columns 4l-U45
Weight of dash in columns 46-50
X reading of dash in columns 51-60

The next and last group of the set givesinformation about the

cameras used.

Card 1 of the group contains four numbers (format 4 E15.8)
Observed X coordinate of

shutter center XQ in columns 1-15
Observed Y coordinate of

shutter center YQ in columns 16-30
X projection center XC in columns 31-45
Y projection center YC in columns 46-60

The next card will contain 3 numbers (format 3 E15.8)
Fz = focal length squared in colums 1-15
Period of revolution of

shutter in columns 16-30
Number of occultations
per revolution in columns 31-45

bt




The last card for station A will have two numbers (format 2I5)
The first number will be in columns 1-5

= 5 if card output is desired
=0 if cards are not desired

The second number will be in columns 6-10

=] if counterclockwise revolution of Super-Schmidt camera

-1 if clockwise revolution of Super-Schmidt camera
=) if non-Super-Schmidt camera

This completes the input cards for station A. A second set in
the same formats starting with card 3 will be required for station B.
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3-21-6094

P (north celestial pole)

Fig. la. The altitude-azimuth system.
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3-21-6095

Fig. 1b. The declination-hour angle and the declination-right
ascension systems.
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3-21-6096

Fig. lc. The celestial latitude-longitude system.
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Fig. 2a.
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ZENITH

The altitude-azimuth system.

5k




3-21-6098
Z

NORTH POLE
/H
o,
6&9
»
ng ~——__ L(\
& )
| o
| Z
™
| )
| 2
>
| z
\3 | m
0 | i
2 P ¥
w
EQUATOR

Fig. 2b. The declination-hour angle system.
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3-21-6099
Z
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Fig. 2c. The declination-right ascension system.
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3-21-6100
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Fig. 3a. Transformation from the right ascension-declination system
to the hour angle-declination system.
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Flg. 3b. Transformation fram the right ascension-declination system
to the hour angle-declination system.
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3-21-6102

POLE=12 ZENITH=z3

Fig. 3c. Transformation from the hour angle-declination system to the
altitude-azimuth system.
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90-¢

Fig. 3d. Transformation from the hour angle-declination system to the
altitude-azimuth system.
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Fig. 4. Diagram of the optical system used for photographing celestial
objects.

29




3-21-6105

Y
POLE
O€C
= (//V‘<1 r £_
/ 0
QCLE N C
0 e
\1 y
~N
~
a. \\
M
EQUATOR
xT
p*
ﬁ y z
P
C
Sc
0 M e X, T

Fig. 5. Standard plate coordinate system with center at the optical
center of the plate.
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Fig. fa. Transformation from the declination-right ascension system
to the standard plate coordinate system
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Fig. 6b. Transformation from the declination-right ascension system
to the standard plate coordinate system.
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3-21-6108

Fig. Ta. Relative coordinates of station B with respect to station A
at sidereal time zero at station A.
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Fig. Tb. Relative coordinates of station B with respect to station A
at sidereal time of the event.
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Fig. 8. Construction to show the plane through the missile trail and
station B and the range vector to measured points from station A.
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Flg. 9. Construction to show the method of computing height above
mean sea level.,
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X

fig. 10. The effect of the rotation of the shutter on points on the
photographic plate.
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Fig. 11. Camera locations in relation to the launch site and the

predicted trajectory of the missile.
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P436-430

Fig. 12a. The Harvard Super-Schmidt cemera at Arbuckle Neck, Virgini.
The small camera on the right is a baby Schmidt.
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-312-T06k

Fig. 12b. The Super-Schmidt optical system (from "Meteor Science and

Engineering," Donald McKinley).
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Fig. l3a. Eastville Super-Schmidt photograph of Trailblazer Ik sixth
stage re-entry. Chopping rate, 15 chops per second.
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1312-665

Fig. 13b. Coquina Beach K 24 amerial camera photograph of Trailblazer Ic

sixth stage re-entry.

No chopping shutter.
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Fig. 13c. Bastville WIID BC 4 photograph of Trailblazer Th sixth stage
re-entry. No chopping shutter
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P 127-2061

Fig. 14 A 2 screw rotatable horizontal measuring engine of a type

suitable for reading ballistic plates.
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Fig. 1l6a. Sample curves showing residuals in X measurements,
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Fig. 16b. Sample curves showing residusls in Y measurements
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-21-6386

Fig. 17a. Arbuckle Neck Super-Schmidt photograph of Trailblazer Ik sixth
stage re-entry. Chopping rate, 20 chops per second.
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-051A

Fig. 17b. Eastville Super-Schmidt photograph of Trailblazer Ik sixth
stage re-entry. Chopping rate, 20 chops per second.
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APPENDIX A

The following charts and catalogues may be used to obtain the
astronomical coordinates of the stars chosen for the plate calibration.

Charts
Bonner Durchmusterung (B D) +90°® - 23°
Cordoba Resultados (C D) -23° - -90°

Norton's Star Atlas very preliminary identification of
brightest stars

Preliminary Catalogues

Bonner Durchmusterung (B D) - 2° - +90°
Schurnfeld's Southern Extension of Bonner Durchmusterung (BD) - 2° - -23°
Cordoba Durchmusterung (C D) used mainly -23° - -52° -23° . -90°
Cape Photographic Durchmusterung (C P D) used mainly

-52° to -90° -4o® - -90°

Intermediate Catalogues

Henry Draper Catalogue intermediate catalogues used with the
Boss General Catalogue

Final or Precision Catalogues

AGK, with EBL Nord (for proper motion) -90° - - 2°
(Zweiter Katalog Der Astronomischen Gesellschaft)

Yale Zone Catalogues +90° - +85°
(Transactions of the Astronomical Observatory of +60° - +50°
Yale University) +30° - =30°

Cape Zone Catalogues appearing in Cape Annals -30° - -L40°

Cape Zone Catalogue with Cape Proper Motion Catalogue or -52° - -6k°
Cape Catalogue of Faint Stars =40° - -52°

la Plata Catalogues (or Cordoba Catalogues) -6L4° - -82°

Boss General Catalogue -90° - +90°
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1TRAILBLAZER 1K OPTICAL TRAJECTORY SL-SS TITLE
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6  2+177+33200 7  4+177.59900 8  4+177.90000 DASH3 A
9 3+178.16400 10  4+178.44300 11  4+178472800 DASH4 A
DATA MISSING
87 14198456700 0 14198464400 DASH30 A
0413320500E+03+0423520000E+02+0013320500E +03+0+23500000E+02
0.40740000E+04+0+ 10000000 +00+0e 20000000E+01 CAMZ A
0o- 1
0SS PLATE EASTVILLE TITLE B
024+4560+214583 +3704204+460+4300+05++03¢+3647650+0040000000 COOR B
15 NTR B
0 18000000E+03+04+44885000E+02 X0 YO B
0.00000000E+00+0+ 20000000E~01+0+ 15000000E +01+0+40000000E~02 R1 B
0+30000000E+01-0+ 10000000E-02+0+45000000E+01+0+10000000E-02 TR2 B
0460000000 +01-0¢ 50000000E~02+0« 75000000E +01-0480000000E-02 ]R3 B
0490000000E+01~0490000000E~02+0+10500000E +02-0+10000000E-02 R4 B
0« 12000000€ +02-0+50000000E-02+0« 13500000E +02—0 + 13000000E-01 RS B
0+15000000E+02-00¢ 70000000E-02+0¢ 16500000E +02-00+60000000E-02 R6 B
0+18000000E+02-0+30000000E-02+0e 19500000 +02+0+ 50000000E-02 TRT B
0+20100000E +02-04 10000000E-02 TR8 B
0425734 744E-02-00+41302408E-02-0+28662772 +00 EXIS B
0441605029E-02-00425337586E-02+0054358602 +00 ETAS B
0475910489E+00+0465095623E+00+40439516512 -02 LAMB B
046509474 1E+00+0. 7591151 7E+00-0033886189 —-02 MU B
0452056018E-02+0499998645E+00 NU B
176.84700+186471700+199426900+202+44800+202+52500 5 xs B
51
0  14176+84700 1 14186471700 2 14186497500 DASH1 B
3 14187.36800 4 14187466000 5  1+187.96200 DASH2 B
DATA MISSING
52 14202.22000 53 14202, 44
0.126656OOE+O3+O.103330005+02*0.f266;2805+0g+0.1;;;3:63:382 ot -
o.agzaoo?os+05+o.1ooooooos+oo+o.200000005*01 S:H; :
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WILSONsFLORENCE PLATE CALIBRATION PROGRAM OF FEBe. 1841965
L1ST

LABEL

SYMBOL TABLE

CPCAL PLATE CALIBRATION PROGRAM

nN

a¥al

nn

DIMENSION STATEMENTS
DIMENSION XX(5)eXY(5)eXZ{S5)sVYX(S)eYY(S5)eVY2Z(5)eZX(5)e2Y(5)e22(5)
1X(25)9Y(25)sEL(25) 9EMI25) +sEN(25)9COSSIGI25)9EXI(25)sETA(25) 9 TITLE(
212)

COMMON STATEMENTS
COMMON TITLESEXI+ETAsXeYsN

FORMAT STATEMENTS

20 FORMAT(12A6)

21 FORMAT(1015)

22 FORMAT(72H
1 )

23 FORMAT(3EL15¢8)

24 FORMAT(1H 9F13.8)

25 FORMAT(2F4009sF8e492F4e09F7ea392F10e5+15+E15.8)

26 FORMAT(17THORTe ASCe CENTER=F4¢0+2H HF400+2H MFB8,492H S/13H DECe CE
INTER=FA,092H DF&e042H MFT7e392H S/74H XC=F10e597H YC=F10e5/8H DTH
2ETA=1PE15e7)

27 FORMAT(T2HO RIGHT ASCENSION DECLINATION X
1 Y /37TH HR MIN SEC DEG MIN SEC)

28 FORMAT(1H F8009F5009F9e49FBe0sF5¢0sFB8e39F13a39sF13,.3)

29 FORMAT(1THORTe ASCe CENTER=F4e¢092H HF4e0s2H MFBo4+2H S/13H DECe CE
INTER=FA¢0v2H DF&4e09s2H MFT7e39s2H S/6HOLAMC=1PEL1Se7+10H MUC=1PE1
25¢7910H NUC=1PE15¢7/8H LAMETA=1PEL15,7,10H MUETA=1PE1547+10
3H NUETA=1PE15e7/8H LAMEXI=1PE15e7910H MUEX1«1PE15.T9+10H N
AUEXI=1PE1567)

30 FORMAT(104HONO. LAMDA MU NU
1 C0SS16 ETA X1y

31 FORMAT(I491P6E1867)

32 FORMAT(3H A=1PE15¢7910H B=1PE15.7910H C=1PE15¢7»10H
1 D=1PE15¢7/6H ACAP=1PE15.7910H BCAP=1PE1547+10H CCAP
2=1PE157910H DCAP=]1PE15¢7/TH STARS 1542H 15)

33 FORMAT (72HONO X(S) Y(s) DX DY
1 )

34 FORMAT(13+2F10e3+2F1045)

35 FORMAT(1H 1P3E15.7)

36 FORMAT(32HOCORRECTED COORDINATES OF CENTER)

37 FORMAT(6HOLAMC=1PEL1Se7+10H MUC=1PE1547+10H NUC=1PE15.7/8
1H LAMETA=1PE15¢7+10H MUETA=1PEL1S547+10H NUETA=1PEL1Se7/8H LAME
2X1=1PE15e7+10H MUEX1«1PE157410H NUEX1=1PE1S5,7)

38 FORMAT(6HOAEXI=1PE15.7+8H BEXI=1PE1547,8H CEX1=1PE15.7/6H AETA
1=21PE15¢7+8H BETA=1PE15¢7+8H CETA=1PE1S.7)

DEFINE Pl AND DTRAD=DEGREES TO RADIANS
PI1=3,141592654
DTRAD=3,141592654/180.

READ AND WRITE TITLE

1 READ INPUT TAPE 2+20»TITLE
WRITE OUTPUT TAPE 3520+TITLE

91




la¥a¥aXal (a}

(a¥aNa¥al

N NN

[aXa)

NUMBER OF SETS OF PRECESSION CONSTANTS AND NUMBER OF STARS
READ INPUT TAPE 2921sNNsN

READ IN FOUR CARDS FOR EACH PRECESSION SET

CARD ONE GIVES DATES FOR PRECESSION

CARDS TWO-FOUR GIVE PRECESSION CONSTANTS--THREE PER CARD
DO 100 I=1sNN
READ INPUT TAPE 2,22
READ INPUT TAPE 2923 oXXCI)oXY({I)oXZUIDoYXUIDoYYLIDoYZUI)02ZX(1)02ZY(
11122(1)
WRITE OUTPUT TAPE 3,22

100 WRITE OUTPUT TAPE 3424 s XX{I)aXYUID o XZCIDaYXUI)oYYUIDoYZUI)9ZX(1)s2

1vtly,22t1)

PLATE CENTER CALCULATIONS

READ AND WRITE PLATE CENTER DATA
READ INPUT TAPE 2¢25+ACHRsACMINSACSECsDCDEGsDCMINIDCSEC»XCoYCoMsDT

14
WRITE OUTPUY TAPE 3926 9sACHRoACMINIACSECIDCDEGsDCMINsDCSECXCsYCHDT
1H
COMPUTE RIGHT ASCENSION AND DECLINATION OF PLATE CENTER
IN DEGREES AND RADIANS
AC=15. % (ACHR+(ACMIN+ACSEC/606)/60s)
DC=DCDEG+(DCMIN+DCSEC/604)/600
AC=DTRAD*AC
DC=DTRAD#*DC
COMPUTE UNPRECESSED DIRECTION COSINES OF PLATE CENTER
EQe 14
IF(DC)60+61962
60 DC=-DC
ENC==SINF(DC)
GO 10 63
61 ENC=0,
GO TO 63
62 ENC=SINFIDCQ)
63 ELC=COSF(DC)#COSF(AC)
EMC=COSF(DC)#SINF (AC)

PRECESSION OF PLATE CENTER

M IS THE PRECESSION SET TO USE FOR PLATE CENTER
I=M

PRECESS PLATE CENTER DIRECTION COSINES BY EQs 5
ELCP=XX(I)®ELC+XY (1) ®EMC+XZ(I)®ENC
EMCP=YX (1) ®ELC+YY(1)*EMC+YZ(])#ENC
ENCP=ZX(T)®ELCH2ZY{1)#EMC+ZZ(1)*ENC

COMPUTE DIRECTION COSINES OF XI AND ETA AXES-—EQes 15,16
ENETA=SQRTF(1+-ENCP®ENCP)
ELETA=-ENCP#ELCP/ENETA
EMETA=-ENCP®#EMCP/ENETA
ELEXI=-EMCP/ENETA
EMEXI=ELCP/ENETA
ENEXI=0e¢

WRITE COLUMN HEADINGS
WRITE OUTPUT TAPE 3,27
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CALCULATIONS FOR STARS
PERFORM LOOP FOR EACH STAR
DO 101 J=1,N
READ IN DATA FOR CURRENT STAR
READ INPUT TAPE 2925)AHRsAMINsASECIDDEGeDMINIDSECoX{J) oY (J) oM
WRITE OUTPUT TAPE 39289AHRIAMINIASECsDDEGsDMINWDSECsX(J)oY (J)
COMPUTE UNPRECESSED RIGHT ASCENSION AND DECLINATION
OF STAR IN DEGREES AND RADIANS
A=lSe®{AHR+( AMIN+ASEC/60e)/600)
D=DDEG+ (DMIN+DSEC/604) /60
A=sDTRAD®*A
D=DTRAD#D
COMPUTE UNPRECESSED DIRECTION COSINES OF STAR --EQ. 4
IF(D)67+68+69
D=-D
ENS==-SINF(D)
GO TO 70
ENS=0¢
GO TO0 70
ENS=SINF (D)
ELS=COSF(D)®*COSF(A)
EMS=COSF(D)#SINF(A)

PRECESSION OF CURRENT STAR

M=PRECESSION SET TO USE WITH CURRENT STAR
I=M

PRECESS DIRECTION COSINES OF CURRENT STAR——EQ, 5
EL(J)=ELSEXX(T)+EMS®*XY(T)+ENS*X2(])
EM(J)=ELS*YX(T)+EMS®YY(I)+ENS*YZ(])
EN(J)=ELS®#ZX(1)+EMS*ZY (1 )+ENS®*22Z(1])

COMPUTE STANDARD COORDINATES OF CURRENT STAR--EQe 18,19

COSSIGIJI=ELIJ)RELCP+EM(J)®EMCP+EN(J) *ENCP
EXI(J)=(ELIJ)RELEXI+EM(J)*EMEXT)/COSSIG(J)
ETA(J)=(EL(JIRELETA+EM(J)*EMETA+EN(J)I®ENETA)/COSSIG(J)

WRITE OUT DATA COMPUTED FOR PLATE CENTER
WRITE OUTPUT TAPE 3+20»TITLE

WRITE OUTPUT TAPE 3929+ACHRIACMINsACSEC+DCDEGoDCMINIDCSECIELCPEMC

1P s ENCPoELETAZEMETAJENETALELEXI »EMEXTI »ENEXI
WRITE COLUMN HEADINGS
WRITE OUTPUT TAPE 3,30

WRITE OUT COMPUTED DIRECTION COSINES AND STANDARD
COORDINATES FOR EACH STAR
DO 102 J=1+N

WRITE OQUTPUT TAPE 39310eJsEL(J)9EMIJ)sEN(J)sCOSSIG(JIGETA(I) SEXI(J)

NUMBER OF FOUR CONSTANT SOLUTIONS TO PERFORM
READ INPUT TAPE 2521sMM

LOOP FOR EACH FOUR CONSTANT SOLUTION
DO 103 J=1oMM

READ IN STARS TO USE FOR END POINTS IN SOLUTION
READ INPUT TAPE 2+21sLoLL

PERFORM FOUR CONSTANT SOLUTION
COMPUTE A#sBy»CsD FOR THESE TWO STARS--EQ. 20
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104

105

106
103

DEN=(ETA(LL)-ETA(L) ) ##24(EXI(LL)-EXI(L))#®2
IF(DEN-1¢E~10)103+104»104
A= (X(LL)=X(L) ) ®(EXT(LL)=EXT(L))=(Y(LL)=Y(L))®(ETA(LL)-ETA(L))
A=A/DEN
B=(EXI(LL)=EXI(L)I®(Y(LL)=-Y(L))+(ETAILL)=-ETA(L))*(X(LL)=X(L))
B=B/DEN
CeX(LL)-A®EXI(LL)-B®*ETA(LL)
D=Y(LL)~B*EXI(LL)+A®ETA(LL)
DEN=A®A+B#*B

IF DEN TOO SMALL IGNORE THIS STAR
IF(DEN-1¢E-101103+105+105

COMPUTE INVERSE PLATE CONSTANTS-~-EQe 21
ACAP=A/DEN
BCAP=B/DEN
CCAP=—(A®C+B%*D) /DEN
DCAP=(A®D-B#C) /DEN
ECAP=-ACAP

WRITE OUT PLATE CONSTANTS AND INVERSE PLATE CONSTANTS
FROM FOUR CONSTANT SOLUTION

WRITE OUTPUT TAPE 3520+TITLE

WRITE OUTPUT TAPE 3+32+AsBsCsDsACAP+BCAP sCCAPsDCAP,sLsLL

WRITE OUTPUT TAPE 39389ACAPsBCAPsCCAPyBCAPIECAPDCAP

WRITE COLUMN HEADINGS
WRITE OUTPUT TAPE 3,33

WRITE INVERSE PLATE CONSTANTS ON CARDS FOR USE IN
TRAJECTORY PROGRAM

WRITE OUTPUT TAPE 14+20sTITLE

WRITE OUTPUT TAPE 14+354ACAP,BCAPsCCAP+BCAP+ECAP+»DCAP

COMPUTE RESIDUALS FOR EACH STAR FOR FOUR CONSTANT WORK

DO 106 I=1sN

COMPUTE DX AND OY FOR CURRENT STAR--EQ. 23
DX=A#EXI(1)+B*ETA(I)+C=-X (1)
DY=B*EXI(1)-A®ETA(I)+0-Y(1])

WRITE OUT OX AND DY FOR CURRENT STAR
WRITE OUTPUT TAPE 343491 9X(1)eY({I)sDXsDY
CONTINUE

PERFORM A SIX CONSTANT (LEAST SQUARES) SOLUTION
CALL SIXCON

COMPUTE CORRECTED DIRECTION COSINES OF PLATE CENTER
AND AXES --EQe 45
DTH READ IN AS SEC OF TIME MUST BE CONVERTED TO RADIANS
DTH=DTH#*P[ /43200
SF=SINF(DTH)
CF=COSF (DTH)
ELC=ELCP®*CF-EMCP#*SF
EMC=EMCP®*CF+ELCP#SF
ELEX=ELEXI#CF-EMEXI#SF
EMEX=EMEXI®*CF+ELEXI®#SF
ELET=ELETA®CF-EMETARSF
EMET=EMETA®CF+ELETA®SF
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WRITE OUT CORRECTED DIRECTION COSINES
WRITE OUTPUT TAPE 3+20»TITLE
WRITE OUTPUT TAPE 3,36
WRITE OUTPUT TAPE 3+37+ELCoEMCoENCPsELET 9EMET+ENETALELEXEMEXENEX
11
WRITE CORRECTED DIRECTION COSINES ON CARDS
121 WRITE OUTPUT TAPE 14+35+ELCoELEXsELETsEMCIEMEX2EMET+ENCPIENETA
C DO NEXT SET OF DATA IF ANY
GO 70 1
END
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SUBROUTINE SIXCON

CSCON SUBROUTINE FOR SIX CONSTANT SOLUTION
€
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DIMENSION STATEMENTS
DIMENSION TITLE(12)+EXI(25)+ETALZ25)9X(25)9Y(25)9A(10+10)9B(10+10)>
1TwWO(10)

COMMON TITLESEXIsETAsXoYsN

FORMAT STATEMENTS

20 FORMAT(12A6)

21 FORMAT(6HOAEXI=1PE15+798H BEXI=1PE154748H CEXI=1PE15e7/6H AETA
1=1PE15e7+8H BETA=1PE15e798H CETA=1PE15.7)

22 FORMAT(4HOAX=1PEL15,7»8H BX=1PE15+7+8H Cx=1PE15+7/4H AY=1PE
115¢798H BY=1PE157+8H CY=1PE1S.7)

23 FORMAT(1H 1P3E1547/1H 1P3E1547)

33 FORMAT(72HONO X{S) Y(S) DX DY
1 )

34 FORMAT(1392F10e3+2F10e5)

35 FORMAT(8HOMATRIX=15)

SET ALL SUMS TO ZERO AT START

ONE=],
SEX12=0.
SEXIET=00
SEXI=0e.
SEXEX1=0e
SETA2=0.
SETA=0.
SEXETA=0e.
SEX=0,
SEYEXI=0o
SEYETA=0e.
SEY=0.
EN=N

N=NUMBER OF STARS
PERFORM LOOP FOR EACH STAR
DO 100 J=1sN

SUM OF XxI SQUARED
SEXI2=SEXI2+EXI (J)*#EX] (J)

SUM OF XI TIMES ETA
SEXIET=SEXIET+EXI(J)I®ETA(J)

SUM OF XI
SEXI=SEXI+EXI(J)

SUM OF X TIMES XxI
SEXEXI=SEXEXI+X({J)#EXI (J)

SUM OF ETA SQUARED
SETA2=SETA2+ETA(J)*ETA(J)

SUM OF ETA
SETA=SETA+ETA(J)

SUM OF X TIMES ETA
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200

SEXETA=SEXETA+X(J)I®*ETA(J)
SUM OF X
SEX=SEX+X(J)
SUM OF Y TIMES XI
SEYEXI=SEYEXI+Y(J)#EXI(J)
SUM OF Y TIMES ETA
SEYETA=SEYETA+Y(J)®ETA(J)
SUM OF Y
SEY=SEY+Y(J)

SET UP MATRICES AS IN EQe 46
A(ly1)=SEXI2
Alle2)=SEXIET
All93)=SEXI
A(2+1)=SEXIET
A(2+2)=SETA2
A(2+3)=SETA
A(3,1)=SEXI
Al3,2)=SETA
A(3+3)=EN
B{le1)=SEXEXI
B(2+1)=SEXETA
B(3,1)=SEX
B(le2)=SEYEXI
B(2+2)=SEYETA
B{3+2)=SEY

SOLVE MATRIX EQUATION BY LIBRARY ROUTINE XSIMEQF
MATRIX=XSIMEQF (10939029 AsByONE»TWO)

WRITE OUTPUT TAPE 3920+TITLE
PRINT OUT CODE WORD=1 IF SOLUTION SUCCESSFUL
OTHERWISE IS GREATER THAN 1

WRITE OUTPUT TAPE 3+35,MATRIX

WRITE OUT PLATE CONSTANTS FROM SIX CONSTANT SOLUTION
WRITE OUTPUT TAPE 3+1220A(1+1)19A(291)0A{341)9A(192)0A02+2)+A(302)

COMPUTE INVERSE PLATE CONSTANTS--EQ. 23
CXY=A(191)%A(2+2)=A({1+2)%A(2,1)
ASEXI=A(2+2)/7CXY
BSEXI==A(24+1)/CXY
CSEXI=(-A(2+2)PA(3,1)+A{2+1)%A(3+2))/CXY
ASETA==A(142)/CXY
BSETA=A(1s1)/CXY
CSETA=(A(1+2)%A(391)-A(1+1)%A(3,42))/CXY

WRITE OUT INVERSE PLATE CONSTANTS

WRITE OUTPUT TAPE 3021 9ASEXI 9BSEXIsCSEXIyASETAIBSETA+CSETA
PUT INVERSE PLATE CONSTANTS ON CARDS

WRITE OUTPUT TAPE 14923 ,ASEXI+BSEXI oCSEXI+ASETABSETASCSETA

WRITE OUT COLUMN HEADINGS
WRITE OUTPUT TAPE 3,33

COMPUTE AND WRITE OUT RESIDUALS FOR EACH STAR

COMPUTED BY SIX CONSTANT SOLUTION
00 101 J=1:N
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OX=A(11)REXI(JI+AL2,1 ) RETA(JI+A(3,1)-X(J)
DY=A(102)%EXT(JI+A(2+2)%ETALJI+AL3,52)-Y(J)
101 WRITE OUTPUT TAPE 33934+J9X(J)sY(J)sDXsDY

C

C RETURN TO MAIN PROGRAM
RETURN
END




- WILSON»FLORENCE OPTICAL TRAJECTORY ASSEMBLY OF 2/17/65

- LIST

* LABEL

* SYMBOL TABLE

CTRAJ OPTICAL TRAJECTORY REDUCTION PROGRAM

(4

( DIMENSION STATEMENTS
DIMENSION CAX(2)9CAY(2)»CBXI2)sCBY(2)9CCX(2)9CCY(2)9COSZ(250+2)+CO
1521(592)9CPHI(2)sCPHIP(2)+sCTH(2)9D125092) +DLONG(2),EL(5+2)+ELAZ(25
2092)9ELCL2)9ELETA(2)»ELEV(2)ELEXI(2)9ELON(2)+ELONH(2)»ELONM(2)EL
3ONS(2)9ELP(2)+ELZ(2) sEM(592)9EMAZ{25092) sEMCI2),EMETA(2)EMEXI(2)
SQEMP(2)9EMZ(2) 9EN(5+2) s ENAZ(25002) sENCI2) sENETA(2)ENP(2)+ENZ(2)ET
5AP(25092)+EXIP(25002)9F2(2)»GTHR(2)9GTM{2)4GTS(2)9sH(5+2)9»HEIGHT (25
6002) s IFEXT(2) 9 IFPLUS(2)sNDASH(25092) s NUM(2) o NWT(250+2)»0CCULT(2),P
T(2)9PEL(25002)9PEM{25092) sPEN(25092) sPHD(2)sPHI(2)PHIP(2)sPHM(2)
BPHS(2)9R(5+2) sRANGE(250+2) sRHO(2) oSINL(2)9sSLOPE(2)+sSPHI (2)+SPHIP(2
9)9STHI2) s THETA(2) o TIME(250+2) s TITLE(12)sTITLEL(1242)
DIMENSION X(592) s XBAR(2)sXC(2)sXP(25052)¢XQ(2)sXTR(30)sY(5+2)»YBAR
1(2)9YC(2)9sYP(25092)sYQL2)sYTRI30)sZETAP(250+2)4+2TRAILI2)

C

€ COMMON STATEMENTS
COMMON CAX»CAY»CBXsCBY»CCXsCCY»CDLCOSZ9COSZ1sCPHIZCPHIPsCTHsD#DL»
1OLONGyDTRADsEL s ELAZvELCIELETASELEVIELEXI yELONIELONHsELONMyELONSHEL
2P2ELRIELZyEMIEMAZ yEMCoEMETASEMEXI vEMPsEMRIEMZsENSENAZ sENCHENETAHEN
3PsENRIENZIETAABIETAABOETAPyEXIAB2EXIABOYEXIPsF2+sGTHR9GTMGTSsHHE
QIGHT I IFEXT o IFPLUS s JsK o Ny NDASHoNUMsNWT 9OCCULTsPoPEL s PEMs PENsPHD sPHI
59PHIP ¢PHMsPHS»P I sRyRANGE s+ RHO» SDL o SINL +SINQsSLOPE s SPHI s SPHIP»STH» TC
6ORR s THETAs THETOH» THETOMs» THETOSs TIME s TITLESTITLEL o X o XBAR o XCoXPpXQo X
TTRsXOsYsYBARsYCsYPsYQsYTReYO+ZETAAB»ZETAP»ZTRAIL

C

C FORMAT STATEMENTS

20 FORMAT (12A6)

21 FORMAT(1015)

22 FORMAT(3(2F440sFB8e4)sFlle7)

23 FORMAT({THOTHETO®F 40+ 1HHF 4209 1HMFBo 4y 1HS)

24 FORMAT(6H TIME(Il92H)=F&4e0s1HHF440s 1HMFBo492HS /5H PHI(11+2H}=F&40
191HOF 4409 1HMFBo491HS/6H LONG(I192H)=F4e091HHF A0+ 1HMFBe4s1HS/6H EL
2EV(1192H)=F1lle7s4H KFT)

25 FORMAT (4E15.8)

26 FORMAT(3E15.8)

27 FORMAT(7F10e5)

28 FORMAT(215+F10e5%59215+F10e5+215+F1045)

29 FORMAT(38HOACCUMULATOR OVERFLOW AT END OF DASHPT)

30 FORMAT(30HODIVIDE CHECK AT END OF DASHPT)

31 FORMAT(27HONO CHECKS AT END OF DASHPT)

32 FORMATI21HOACCUMULATOR OVERFLOW)

33 FORMAT(13HODIVIDE CHECK)

35 FORMAT(1H 4E15.8)

36 FORMAT(1H 3E15.8)

37 FORMAT(1H 7F10e5)

38 FORMAT(1H 2I5+sF10e592159F10e5+215+F10.5)

C

C TURN OFF INDICATORS AT START FOR LATER TESTING
1 IF ACCUMULATOR OVERFLOW 10,10
10 IF DIVIDE CGHECK 11,11

C
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DEFINE P! AND DTRAD=DEGREES TO RADIANS
11 DTRAD=1,74532925E~2
PI=3¢141592654

READ AND WRITE TITLE
READ INPUT TAPE 2+20.TITLE
WRITE OUTPUT TAPE 3520+TITLE
READ IN SIDEREAL TIME AT 0 HOURS Z FOR DATE OF EVENT
READ INPUT TAPE 2+22+THETOHsTHETOM, THETOS
WRITE OUTPUT TAPE 3923 +sTHETOH» THETOM, THETOS

LOOP FOR READING IN DATA FROM EACH OF TWO STATIONS
DO 100 J=1,2
J=J
CURRENT STATION TITLE
READ INPUT TAPE 2920+ (TITLE1(JLsJ)eJL=1,12)
WRITE OUTPUT TAPE 3020+ (TITLE1(JLeJ)sJL=1,12)

DATA FOR COMPUTING RELATIVE COORDINATES
GT=GIVEN TIME (GREENWICH)~=—PH=LATITUDE OF STATION
ELON=LONGITUDE OF STATION---ELEV=ELEVATION OF STATION
READ INPUT TAPE 2+22+GTHR(J) sGTMIJ)IsGTS(J)sPHD(J) o PHM(J) sPHS(J) EL
1ONH(J) »ELONM(J) oELONS(J) sELEV(J)
WRITE OUTPUT TAPE 39249 JsGTHRIJ) osGTM(J) oGTS(J) o JePHDIJ) oPHMIJ) oPHS
10J) o JoELONH(J) +ELONM(J) »ELONS(J) o JHELEV (D)

DATA FOR COMPUTING TRAIL EQUATION
N=NUMBER OF POINTS ALONG TRAIL--X0sYO=APPROXIMATE X»Y
ALONG TRAIL—-XTRyYTR=ADDITION TO XO0sY0 TO GIVE EXACT
READING
READ INPUT TAPE 2»21+N
READ INPUT TAPE 2+25+X0»Y0
READ INPUT TAPE 29259 (XTR(JJ) e YTR(JIJI)sJJ=1sN)
WRITE OUTPUT TAPE 3+35+X0,Y0
WRITE OUTPUT TAPE 3935+ (XTR(JJ) o YTR(JIJ) s JJI=1sN)
COMPUTE TRAIL EQUATION FOR STATION BY SUBROUTINE TRAIL
CALL TRAIL

READ IN DATA TO USE IN COMPUTING POLE OF EVENT

DATA INCLUDES INVERSE PLATE CONSTANTS AND DIRECTION

COSINES OF PLATE CENTER AND COORDINATE AXES

DATA OBTAINED FROM PLATE CALIBRATION PROGRAM

62 READ INPUT TAPE 29269CAX{(J)eCBX{J) 9sCCX(J) s CAY(J) sCBY(J)oCCY(J)WELC

LOJ)oELEXI(J) oELETALI) 9 EMCIJ) 9EMEXT(J) 9 EMETA(J) oENC(J) sENETALJ)
WRITE OUTPUT TAPE 3436+CAX(J)oCBXI(J)9CCX(J)eCAY(J)9CBY(J)»CCY(J)HE
ILCUI) 9ELEXTUJY 9ELETA(J) 9EMCII) oEMEXT(J) sEMETA(J) 9ENC(J) »ENETALJ)

READ IN X VALUES FOR FIVE POINTS OF SPECIAL INTEREST
READ INPUT TAPE 2+2T7s(X(KoeJ)sK=1s5)
WRITE OUTPUT TAPE 3937+(X(KeJ)sK=1,5)

READ IN DATA FOR EACH DASH
NUM=NUMBER OF DASHES READ AT THIS STATION
MDASH=NUMBER OF DASH-———NWT=WEIGHT(QUALITY) OF THIS DASH
XP=ACTUAL X READING OF THIS DASH
THREE DASHES PER CARD
READ INPUT TAPE 2921sNUM(J)
MUM=NUM(J)
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READ INPUT TAPE 2928 (NDASH(KsJ) sNWT (KeJ) s XP(KsJ)sKn]lsMUM)
WRITE OUTPUT TAPE 3938+ (NDASH(KsJ) oNWT(K9J) o XP(KeJ)sKm1sMUM)

READ IN DATA USED TO COMPUTE RELATIVE TIME
XQoYQ=OBSERVED COORDINATES OF CENTER OF SHUTTER ROTATION
XC» YC=COORDINATES OF PROJECTION CENTER
F2=FOCAL LENGTH OF CAMERA SQUARED
IFPLUS=+1 FOR COUNTERCLOCKWISE ROTATION---]FPLUS=-1 FOR
CLOCKWISE ROTATION---1FPLUS=0 FOR NON SUPER SCHMIDT
P=PERIOD OF REVOLUTION OF SHUTTER---OCCULT=NUMBER OF
OCCULTATIONS PER REVOLUTION
IFEXT=+1 IF CARDS ARE TO BE MADE---1FEXT=0 IF NO CARDS
ARE TO BE MADE
READ INPUT TAPE 2925¢XQ(J) 92 YQUJ) 9 XC(J)oYC(JI)oF2(J)sP(J)s0CCULT(J)
WRITE OUTPUT TAPE3535:XQ(J)sYQ(J)oXC(JI) o YC(JI)9F2(J)sP(J)sOCCULT ()
READ INPUT TAPE 2+21»1FEXT(J)sIFPLUS(Y)
WRITE OUTPUT TAPE 3,38, 1FPLUS(J)
READ IN DATA FOR STATION 2 WHEN STATION 1 IS DONE
CONTINUE

DATA ALL IN COMPUTER-—-START CALCULATIONS

WRITE TITLE ON NEW PAGE
WRITE OUTPUT TAPE 3,20,TITLE

COMPUTE RELATIVE COORDINATES FOR THE TWO STATIONS
CALL RELCO

COMPUTE THE POLE OF THE EVENT FOR EACH STATION
DO 101 J=1»2
J=J
CALL POLE
COMTINUE

COMPUTE THE RADIANT
CALL RAD

PERFORM LOOP FOR EACH STATION

DO 102 J=1,2

J=J
COMPUTE RANGES AND HEIGHTS FOR THE FIVE POINTS OF
SPECIAL INTEREST FOR CURRENT STATION

CALL RANDH
COMPUTE RANGESsHEIGHTS+COSINE OF ZENITH DIRECTION AND
DISTANCE ALONG THE TRAIL FOR EACH DASH OF CURRENT STATION

CALL DASHPT
CHECK INDICATORS AT THIS POINT-—IN CASE PROJECTION AND
SHUTTER ROTATION CENTERS VERY CLOSE WILL SET DIVIDE CHECK
IN NEXT SUBROUTINE-—-—THIS WILL NOT HARM RESULTS

IF ACCUMULATOR OVERFLOW 12,13

WRITE OUTPUT TAPE 3,29

IF DIVIODE CHECK 14,15

WRITE OUTPUT TAPE 3,30

GO 70 15

IF DIVIDE CHECK 16417

WRITE OUTPUT TAPE 3430

GO 10 15

WRITE OUTPUT TAPE 3,31
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COMPUTE RELATIVE TIMES FOR THE CURRENT STATION FOR EACH DASH
DIRECTION COSINES IN ALTITUDE AZIMUTH SYSTEM ALSO
COMPUTED FOR EACH POINT IN SUBROUTINE RELTIM
CALL RELTIM
COMPUTE FOR STATION 2 OR END PROGRAM HERE
CONTINUE

CHECK INDICATORS AT END OF PROGRAM
1F ACCUMULATOR OVERFLOW 2000201
WRITE OUTPUT TAPE 3,32
IF DIVIDE CHECK 2024203
WRITE OUTPUT TAPE 3,33
GO 7O 1
END
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» LIST

LABEL

* SYMBOL TABLE
SUBROUTINE TRAIL

E J

CTRAIL LEAST SQUARES LINE THROUGH TRAIL MAY 5,1964

€

C DIMENSION STATEMENTS
DIMENSION CAX(2)9sCAY(2)9sCBX(2)9CBY(2)9CCX(2)9CCY(2)+COS2(250+2)9CO
1521(5+2)9CPHI(2)oCPHIP(2)9sCTH(2)9D(250+2)+DLONG(2)+EL(5+2)9ELAZ(25
2092)9ELCI2)sELETA(2) sELEV(2)sELEXI(2)+ELON(2) »ELONH(2)»ELONM(2) sEL
3ONS(2)sELP(2) 9ELZ(2)+EMIS5+2) 9EMAZ(2504+2)sEMC(2)+EMETA(2)+EMEXI(2)
GEMP(2)sEMZ (2) +EN(S5+2) +ENAZ(25092) 2ENC(2) sENETA(2)9ENP(2)+ENZ(2)ET
SAP(25092) vEXIP(25002)9F2(2)9GTHR(2)oGTM(2)+GTS(2)sH(502)sHEIGHT(25
60+2) s IFEXT(2) o IFPLUS(2) o NDASH(25092) sNUM(2) sNWT(250+2) +sOCCULT(2) P
T(2)sPEL(25002) sPEM(25002) sPEN(25092) sPHD(2)sPHI (2)sPHIP(2) sPHM(2)»
8PHS(2)sR(5+2) sRANGE(250+2) »RHO(2) sSINL(2) +»SLOPE(2)SPHI (2)+SPHIP(2
9)oSTH(2) o THETA(2) o TIME(25002) o TITLE(12)sTITLEY(1242)
DIMENSION X(502)9sXBAR(2)sXC(2)sXP(250+2)+XQ(2)sXTR(30)sY(5+2)sYBAR
1(2)sYC(2)sYP(250+2)9YQ(2)9YTR(30)+ZETAP(250+2)+2TRAIL(2)

(a¥aNal

COMMON STATEMENTS

COMMON CAX9sCAYoCBXsCBY sCCXoCCYsCDOLICOSZ+COSZ1oCPHI oCPHIP+CTH4DDL»
1DLONGsDTRADSEL 9 ELAZ sELCELETASELEVsELEX] yELONSELONHIELONM,ELONSHEL
2PyELRIELZyEMoEMAZ s EMC s EMETASEMEX I sEMP oEMRIEMZ sENIENAZ s ENCIENETALEN
3PsENRIENZIETAABIETAABO+ETAPIEXIABIEXIABOSEXIPsF29sGTHRIGTMsGTSsHIHE
GIGHT Y IFEXT o IFPLUS»JsKoNsNDASHyNUMsNWT 9»OCCULT sPosPEL oy PEMsPENYPHD»PHI
SsPHIP sPHMsPHSsPI sRyRANGE sRHO s SDL o SINL 9SINQ s SLOPE s SPHI 9 SPHIP» STHe TC
G6ORR s THETA9 THETOHs THETOMy THETOS o TIMEs TITLEsTITLEL o X9 XBAR s XCoXPoXQo X
TTReXOeYoYBARsYCsYPsYQsYTRyYO+ZETAABsZETAP2ZTRAIL

ERROR MESSAGE FORMAT
26 FORMAT(41HODENOMINATOR LESS THAN 1.E-10 IN TRAIL EQ)

START COMPUTATION
N=NUMBER OF POINTS ON TRAIL

(a¥aXa) (a¥al

EN®NR

n

SET SUMS EQUAL TO ZERO AT START
SUMX=0e
SUMY=0.
SUMXY=0,
SUMX2+=0.

COMPUTE SUMS OF POINTS ON TRAIL
DO 100 JJ=1,N

SUM OF X
SUMX=SUMX+XTR(JJ)

SUM OF Y
SUMY=SUMY+YTR(JJ)

SUM OF X TIMES Y
SUMXY=SUMXY+XTR(JJ)®YTR(JJ)

SUM OF X SQUARED
SUMX2=SUMX2+XTR(JJ)#XTR(JJ)

100 CONTINVE

(o TN o N o NN o BN o W a

NN

COMPUTE AVERAGE X9sAVERAGE Y AND SLOPE
XBAR(J)=SUMX/EN
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N N N N

92
91

102

YBAR(J)=SUMY/EN

COMPUTE SLOPE---EQe 26
SLOPE(J)=SUMXY~EN#XBAR(J)#YBAR(J)
EMD=SUMX2-EN®XBAR(J) ##2

IF DENOMINATOR TOO SMALL WRITE ERROR MESSAGE
IF{EMD—=1eE~-10)92+91+91
WRITE OUTPUT TAPE 3426
SLOPE (J)=SLOPE(J)/EMD

VALUE OF AVERAGE X IN MM
XBAR{J)=XBAR(J)+X0

VALUE OF AVERAGE Y IN MM
YBAR(J)=YBAR(J)+Y0

COMPUTE Y INTERCEPT-——-EQ. 25
2ZTRAILUJ)=YBAR(J)~SLOPE(J)*#XBAR(J)

RETURN TO MAIN PROGRAM
RETURN
END
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SYMBOL TABLE
SUBROUTINE RELCO

RC RELATIVE COORDINATES

DIMENSION STATEMENTS

DIMENSION CAX(2)9CAY(2)9sCBXI(2)+CBY(2)+CCX(2)eCCY(2)9C0OS2(2504+2)+CO
1521(592)sCPHI(2) 9CPHIP(2) ¢CTH(2) 9D(25002) sDLONG(2) +EL(5+2)9ELAZ(25
2002)9ELC(2)sELETA(2)+ELEV(2)+ELEXI(2)+ELON(2)+ELONH(2) +ELONM{2) sEL
3ONS(2) oELP(2) 9ELZ(2)9EM(542) 9yEMAZ125092) 9EMC(2)9EMETA(2)+EMEXI(2)
LEMP(2)+EMZ(2) vEN(S5¢2)sENAZ(25092)9ENC(2) +sENETA(2)+sENP(2)9ENZ(2)ET
5AP(25042)+EXIP(25002)sF2(2)9GTHR(2) sGTM(2)+GTS(2)sHI(5+2)sHEIGHT (25
6092) s IFEXT(2) o IFPLUS(2)9sNDASH(25092) ¢NUM(2) sNWT {250+2)s0CCULT(2) P
Ti2)oPEL(250+2) +PEM(25042) sPEN{25002)+sPHD(2)+PHI(2) 4PHIP(2) +PHM(2),
8PHS(2) +R(5¢2) »yRANGE(250+2)9RHO(2) »SINL(2)+SLOPE(2)sSPHI (2) sSPHIP (2
9)sSTHI2) s THETA(2) s TIME (250+2) » TITLE(12)+TITLEL1(12+2)

DIMENSION X(592)9sXBAR(2)+XC(2)+XP(250+2) ¢XQ(2)sXTR{30)sY(5+2)sYBAR
102)9YCU2)0YP(25092)9YQ(2)+YTR(30)9ZETAP(25092)¢2TRAIL(2)

COMMON STATEMENTS

COMMON CAXsCAYsCBXoCBY 9 CCX9CCYsCOL9COSZ 9COSZ1+CPHI yCPHIPSCTHsDoDL»
1DLONG sDTRADEL vy ELAZ 9ELCoELETA2ELEVIELEX] yELONSELONHELONMSELONSHEL
2P yELRIELZsEMIEMAZ 9EMCyEMETASEMEX] ¢EMP yEMRIEMZ yENGENAZ9ENCSENETAGEN
3P +ENRIENZIETAABSIETAABOYETAP EXIABIEXIABOJEXIPsF2+sGTHRoGTMoGTSsHIHE
GIGHT o IFEXT o IFPLUS»JsK s NosNDASHINUMINWT »OCCULT sPsPEL yPEMsPENSPHDPHI
59PHIP sPHM9PHS oP I s RoRANGE yRHO» SDL 9 SINL 9ySINQsSLOPE +SPHI s SPHIPsSTH,TC
60RR ey THETA+THETOHsTHETOMs THETOS» TIME s TITLES»TITLE]L 9 X9 XBAR 9 XCoXP o XQ 9 X
TTRoX0sYsYBARIYCosYPoYQ9sYTRoYOsZETAABZETAP,ZTRAIL

FORMAT STATEMENTS

20 FORMAT(12A6)

24 FORMATI(6H TIME(I192H)=FAe0s1HHFA4eO0s 1HMFB o4 +2HS /5H PHI(1142H)=F&e0
191HDF 4009 1HMFB oA 9 1HS/6H LONG(I192H)=FheOos1HHF4e0s1HMFBAo1HS/6H EL
2EV(11+s2H)=F1leT94H KFT)

26 FORMATITH THETA(Ils2H)=1PE1SeTs4H DEG/5H ELZ(1192H)=1PE1547»10H
1 EMZ(1192H)=1PE15e7910H ENZ([1,2H)=1PE15.7/10H PHIPRIME(I]»
22H)=1PEL1SeTo4H DEG/SH RHO(11+2H)=1PE15eT94H KFT)

27 FORMAT(B8HOEXIABO=1PE15.7914H KFT ETAABO=1PE15e7Te4H KFT/TH EXIAB=
11PE1547013H KFT ETAAB=1PE]15+7914H KFT ZETAAB=1PEL1S«Ts4H KFT/TH
2 ERROR=1PE15e794H KFT)

COMPUTE SIDEREAL TIMES AND GEOGRAPHIC COORDINATES
FOR CURRENT STATION
DO 101 J=1,2
J=J
WRITE STATION TITLE AND INPUT COORDINATES
WRITE OUTPUT TAPE 3+20s(TITLEL1(JLsJ)9JL=1912)
WRITE OUTPUT TAPE 39249 JsGTHR(J)eGTM(J) sGTS(J) o JsPHD(J) oPHM(J) 9PHS
1(J) 9 JoELONH(J) 9ELONM(J) »ELONS(J) s JoELEVLY)

COMPUTE UNIVERSAL TIME IN HOURS
UT=GTHR(J) +(GTM(J)+GTS(J)/60e)/604

COMPUTE CORRECTION IN THETA-- EQ. 9
DTHETS=236¢555*(UT/24e)
DTHETS=DTHETS/3600.

COMPUTE THETAQ IN HOURS
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TTHETO=THETOH+(THETOM+THET0S5/606)760
COMPUTE LONGITUDE OF STATION IN HOURS
ELON(J)=ELONH{J)+(ELONM{J)+ELONS(J)/600)/60¢

COMPUTE SIDEREAL TIME IN DEGREES AND RADIANS--EQ. 10
THET=15e* (TTHETO+UT-ELON(J)+DTHETS)
THETA (J)=THET*DTRAD
CTH(J)=COSF(THETA(J))
STHUJ)=SINF{THETA(J))

LATITUDE CALCULATIONS
PHI(J)=(PHD(J)+ (PHM(J)+PHS5(J)/600e)/60¢)%*DTRAD
SPHI(J)=SINF(PHI(J))
CPHI(J)=COSF(PHI(J))
COMPUTE DIRECTION COSINES OF ZENITH DIRECTION-——EQ. 31
ELZ(J)=CPHI(J)I*CTH(J)
EMZ(J)=CPHI(J)®RSTH(J)
EN2(J)=SPHI (J)
COMPUTE GEOCENTRIC LATITUDE OF STATION--EQ, 28
69 PHIP(J)=-695¢6635#SINF(2e*PHI(J))+1e1T731#SINF(4e*PHI(J))=-a0026%SIN
1F(6#PHI(J))
70 PHIP(J)=PHS(J)+PHIP(J)
PHIPD=PHD(J)+(PHMI{J)+PHIP(J) /6041760,
PHIP({J)=PHIPD®*DTRAD
COMPUTE EARTHS RADIUS OF STATION—EQ. 28
71 RHO(J)=0e99832005+16683494E-3%COSF(24%PHI(J))-3+549E-6%COSF (4e¥*PHI
1(J))+BeE-9%COSF(6e#PHI(J))
72 RHO(J)=20092642796E+3%RHO(J)
73 RHO(J)=RHO(J)+ELEV(J)
CPHIP(J)=COSF(PHIP(J))
SPHIP(J)=SINF(PHIP(J))
LONGITUDE CALCULATIONS
ELON(J)=15e#(ELONH(J)+(ELONM(J)+ELONS(J)/60e) /600 )#DTRAD

WRITE OUT SIDEREAL TIME+DIRECTION COSINES OF ZENITH
DIRECTION+GEOCENTRIC LATITUDE AND EARTHS RADIUS
101 WRITE OUTPUT TAPE 39269 JeTHETsJoELZ(J) 0 JvEMZ(J) 9 J9ENZ(J) o JePHIPDsJ
1sRHO(J)

CALCULATE LONGITUDE DIFFERENCE BETWEEN STATIONS
LONGITUDE MEASURED POSITIVE TOWARD WEST
T4 DL=ELON(1)-ELON(2)
IF VERY SMALL USE SERIES TO CALCULATE COS AND SIN
IF(ABSF(DL-0e1))107+113,113
107 COL=COSF(ELON(1))*COSFIELON(2))+SINF(ELON(1))*SINF(ELON(2))
SDL=SINF(ELON(1))*#COSF(ELON(2))-COSF(ELON(1))#SINF(ELON(2))
GO TO 114
113 IF(DL)108+109»110
108 DL=-DL
SOL=~SINF(DL)
GO 10O 111
109 SDL=0,
GO 70 111
110 SDL=SINF(DL)
111 COL=COSF(DL)

CALCULATE DIRECTION COMPONENTS OF VECTOR FROM STATION 1
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TO STATION 2 AT SIDEREAL TIME ZERO AT STATION 1--EQ, 29
114 EXIABO=RHO(2)#CPHIP(2) *COL-RHO(1)#CPHIP(1)
ETAABO=RHO(2) #CPHIP(2) #SDL
ZETAAB=RHO(2)*#SPHIP(2)=RHO(1)*SPHIP(1)
RANGE BETWEEN STATION 1 AND STATION 2--EQ. 29
RAB=SQRTF(EXIABO#*#2+ETAABO®*#2+ZETAAB##2)

COMPUTE DIRECTION COMPONENTS OF VECTOR FROM STATION 1

TO STATION 2 AT TIME OF EVENT--EQ. 30
EXIAB=EXIABO*CTH(1)-ETAABO®*STH(1)
ETAAB=ETAABO#CTH(1)+EXIABO®STH(1)
ERROR=SQRTF(EXIAB**2+ETAAB*#24+ZETAABR#2) -RAB

WRITE OUT DIRECTION COMPONENTS OF THESE VECTORS

WRITE OUTPUT TAPE 3+27+EXIABOsETAABOWEXIABIETAABL»ZETAAB » ERROR
RETURN TO MAIN PROGRAM

RETURN

END
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SUBROUTINE POLE

POLE CALCULATION OF POLE OF TRAIL

DIMENSION STATEMENTS

DIMENSION CAX(2)»CAY(12)9+CBXE2)sCBY(2)9sCCX(2)9CCY(2)9CO0S2(250+2)+CO
1SZ1(5+2)9CPHI(2)sCPHIP(2)9CTH(2)9D(250+2)»DLONG(2)+sEL(592)9ELAZ(25
2092)sELCI2)sELETA(2)9ELEVI2)sELEXI(2) +sELON(2) sELONH(2)+ELONM(2) sEL
3ONS(2) sELP(2) 9ELZ(Z)+EM(5+2) »EMAZ(250+2) yEMC(2) sEMETA(2)+EMEXI(2)
GEMP(2) 9EMZ (2) sEN(592) »ENAZ(25002) 9ENC(2)+ENETA(2)+ENP(2)9ENZ(2)ET
S5AP(25002) sEXIP(25092)9F2(2)9GTHR(2)9sGTM(2)9GTS(2)sH(S592)sHEIGHT (25
6002) s IFEXTU2) s IFPLUS(2) s NDASH(25092) sNUM(2) s NNT(25092) »OCCULT(2) oP
TU2)sPEL(250+2) yPEM(25092)9PEN(25092) yPHD(2)9PHI(2)9yPHIP(2)9sPHMI(2)»
BPHS(2)9sR(592) sRANGE(25092) sRHO(2)sSINL(2)sSLOPE(2)9SPHI(2)sSPHIP(2
9)sSTH(Z2) s THETA(2) s TIME(25002) s TITLE(12) s TITLEL1(12,2)

DIMENSION X(592) s XBAR(2)sXC(2)sXP(25092)9XQ(2)sXTR(30)»Y(59+2)9YBAR
102)9YC(2)9YP(25092)sYQ(2)9YTR(30)sZETAP(25092)92TRAIL(2)

COMMON STATEMENTS

COMMON CAX9sCAY»CBX9sCBYsCCX9sCCYsCDLPCOSZ9COSZ1 sCPHI »yCPHIP»CTHsD9DL »
1IDLONGsDTRADSELWELAZsELCWELETAWELEVIELEXI oELONSELONHsELONMELONSHEL
2P ELRIELZ yEMIEMAZ vEMCyEMETAYEMEX I 9 EMPsEMRIEMZsENIENAZ 9yENCHENETASEN
3P+ENRIENZVETAAB+ETAABOsETAPsEXIABIEXIABOSEXIPsF2+sGTHRIGTMsGTSeHIHE
GIGHT 2 IFEXTo IFPLUSsJsK s NsNDASHINUMsNWT sOCCULT 9P sPELsPEMsPENYPHDPHI
SoPHIP sPHMsPHS +sPI sRoyRANGE sRHO 9 SDL 9 SINL +SINQoSLOPE 9 SPH1 s SPHIP»STHe TC
60RRy THETA» THETOHs THETOMy THETOS» TIME9 TITLEsTITLEL s X9 XBAR s XCoXP9XQs X
TTReXOsYsYBARsYCoYPoYQsYTRIYOeZETAABsZETAP»ZTRAIL

FORMAT STATEMENTS

20 FORMAT(12A6)

29 FORMAT(5HOCAX=1PE15e7s7H CBX=1PE15,7+7H CCX=1PE15+7/5H CAY=1PE
1157+7H CBY=1PE15e7+7H CCY=1PE15¢7/5H ELC=1PE15+749H ELEXI=]
2PE1547s9H ELETA=1PE15.7/5H EMC=1PE1547»9H EMEXI=1PE156799H E
3META=1PE15¢7/5H ENC=1PE15e799H ENETA=1PE1547)

31 FORMAT(2HOY=1PE15¢795H X +1PE1547)

32 FORMAT (98HO X L EL
1EM EN ERROR)

33 FORMAT(1H F10e5+F15.5+1P4E2047)

34 FORMAT(19H SINL LESS THAN E-5)

35 FORMAT (SHOELP=1PE1547+10H EMP=1PE1547910H ENP=1PE1547/6H
1 SINL=1PE1547/14H TRAIL LENGTH=1PE15.794H DEG/THOERROR=1PE154793H
2 1PE1547+3H 1PE15.7)

WRITE OUT TITLEs» INVERSE PLATE CONSTANTSs AND DIRECTION
COSINES OF PLATE CENTER AND COORDINATE AXES

WRITE OUTPUT TAPE 3+20»TITLE

WRITE OUTPUT TAPE 39205 (TITLELI(JL»J)sJL=1+12}

63 WRITE OQUTPUT TAPE 3929+sCAX(J)sCBX(J)»CCX(J)sCAY(J)sCBY(J)sCCY(J)HE

ILCUJY sELEXI(J) sELETA(JI) 9EMCUJ) 9EMEXT(J) sEMETA(J) »ENC(J) sENETA(J)
WRITE OUT TRAIL EQUATION

WRITE OUTPUT TAPE 3,31,SLOPE(J)»ZTRAIL(Y)
WRITE HEADS OF COLUMNS

WRITE OUTPUT TAPE 3,32

CALCULATION OF STANDARD COORDINATES AND DIRECTION
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201

202
203
205
204

COSINES FOR THE FIVE POINTS

PERFORM LOOP FOR THE FIVE POINTS

J=NUMBER OF STATION(I<Ee 1 OR 2)-—-K=NUMBER OF POINT

READ AT THIS STATION
DO 201 K=145

COMPUTE Y—EQe 25
Y(KoJ)nsSLOPE(J)#X(KeJ)+ZTRAIL(J)

COMPUTE XIBAR AND ETABAR FOR GIVEN POINT——EQ. 23
EXIBAR=CAX(J)®X(KsJ)+CBX{J)#Y(KsJ)+CCX(J)

ETABAR=CAY (J) X (Ko J)+CBY(J)#Y(KsJ)+CCY(J)

COMPUTE DIRECTION COSINES OF THIS POINT--EQ, 24
DENOM=SQRTF (1 ¢+EXIBAR®*#2+4ETABAR®#2)
ELIKeJ)=(ELCIJ)+ELETA(J)*ETABAR+ELEX]I (J)#EXIBAR) /DENOM
EMIK»J)=(EMCIJ)+EMETA(J) *ETABAR+EMEXI (J)®*EXIBAR) /DENOM
EN(KsJ)=(ENCIJI+ENETA(J)®ETABAR) /DENOM

SUM OF DIRECTION COSINES SQUARED MUST BE ONE
ERR1ISEL (Ko J)#224EMIKoJ)#¥24+EN(KyJ)002-],

WRITE OUT XsY AND DIRECTION COSINES OF THE POINT
WRITE OUTPUT TAPE 3+33eX(KesJ)sY(KoJ)sELIKsJ)sEM(KsJ)+EN(KsJ)9ERR]

COMPUTE POLE OF TRAIL--EQe 27
Cl=EM(1oJI®EN(SsJ)-EN(1sJ)REM(S5+J)
C2=EN(1oJIREL(5+J)=EL(1sJ)REN(59J)

CI=EL (1o J)*EM(B»J)=EM(L1sJIREL(5+J)
SINL(J)=SQRTF(C1®#%#24+C2##24C3822)
ASINL=ABSF(SINL(J))
IF(ASINL-1E-5)202+203+203

WRITE OUTPUT TAPE 3,34
IF(ASINL=-1)204+204,205

SINL(J)=1.

ELP(J)=C1/SINL(J)
EMP(J)=C2/SINLLJ)
ENP(J)=C3/SINL(J)

COMPUTE ERRORS
ERRP=ELP(J)®R2+EMP (J) #E€24ENP(J) Re2-],
ERRPL=ELP(JIREL (Lo J)+EMP(J)EM(1s J)SENP(J)®EN(14J)
ERRP2=ELP(JIREL (59 J)I+EMP(J) REM(S+ JI+ENP(J)REN(S,4J)

COMPUTE TRAIL LENGTH
DLONG{J)=ASINF(SINL(J))/DTRAD

WRITE OUT DIRECTION COSINES OF POLE+SIN TRAIL LENGTH
AND LENGTH OF TRAIL
WRITE OUTPUT TAPE 3¢35+ELP(J)sEMPIJ) sENP(J) +SINL(J)+9DLONG(J)+ERRP»
1ERRP1 sERRP2
RETURN TO MAIN PROGRAM
RETURN
END
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RAD CALCULATION OF RADIANT

DIMENSION STATEMENTS

DIMENSION CAX(2)9CAY(2)9CBX(2)9CBY(2)9sCCX(2)9CCYI2)9+COSZ(250+2)+CO
1S21(5+2)9CPHI(2)+sCPHIP(2)sCTH(2)9D(250+2) sDLONG(2)+EL(5+2)9ELAZ(25
2002)9ELCI2)9ELETA(2)9ELEV(2) +ELEXI(2)+ELON(2) +vELONH(2) sELONM(2) sEL
3ONS(2)+ELP(2)sELZ(2)sEM(592) +sEMAZ(25092) +EMCI2)+EMETA(2)+EMEXI(2)
LEMP(2)9EMZ(2) sEN(5+2) 9 ENAZ(25002) 9ENC(2) +ENETA(2)+sENP(2)9ENZ(2)+ET
SAP(25002) +EXIP(25002)9F2(2)sGTHR(2) sGTMI2)9sGTS(2) sHI(B542)sHEIGHT (25
6092) 9 IFEXT(2) » IFPLUS(2) sNDASH(25092) +NUM(2) +NWT(250+2)»OCCULT(2) P
T(2)+PEL1250+2)+PEM(250+2) sPEN(25092)9PHD(2)sPHI(2)+PHIP(2)sPHM(2)
BPHS(2)sR(592) yRANGE(250+2) sRHO(2) sSINL(2) +SLOPE(2) » SPHI(2) +SPHIP(2
9)sSTH(2) s THETA(2)+TIME(250+2) o TITLE(12) 9 TITLEL(12,42)

DIMENSION X(5+2)9sXBARI2)9sXC(2)9sXP(250+2)+XQ(2) 9 XTR(30)sY(5+2)9+YBAR
1(219YCU2)9YP125002) 9YQ(2)sYTR(30)+ZETAP(25092)+2ZTRAIL(2)

COMMON STATEMENTS

COMMON CAX9sCAY »CBXsCBY»CCXoCCYsCDL9COSZ+COSZ1+CPHI 9CPHIP9sCTHoDsDL »
IDLONG s DTRADSEL s ELAZsELCIELETALELEVIELEXI ¢ELONSELONHIELONMSELONSHEL
2PSELRIELZvyEMIEMAZsyEMCoEMETAVEMEXI yEMP yEMRVEMZIENVENAZYENCIENETALEN
3P sENRIENZ+ETAABIETAABOIETAPyEXIABIEXIABOsEXIPsF29sGTHRGTMsGTSsHIHE
4IGHT s IFEXT s IFPLUS 9 JsK s Ny NDASHoNUMINWT sOCCULT sPsPEL sPEMIPEN+PHDWPHI
59PHIP sPHMsPHS+sPIsRsRANGE yRHO ¢ SDL oSINL+SINQsSLOPE»SPHI s SPHIP s STHs TC
G6ORR e THETAY THETOHs THETOMs THETOS s TIME s TITLESTITLEL o X9 XBARsXCsXP sXQ o X
TTR9XOsYsYBARIYCosYPsYQsYTRoYOeZETAAB+ZETAP2TRAIL

FORMAT STATEMENTS
20 FORMAT(12A6])
37 FORMAT(B8HORADIANT)
38 FORMAT(5HOELR=1PE15e7+7H EMR=1PE154797H ENR=1PE15.7/6H SINQ=1P
1E15¢7/7H ERROR=1PE1547)

WRITE OUT TITLE
WRITE QUTPUT TAPE 34+20sTITLE

COMPUTE RADIANT-—-EQs 32
CA=EMP(1)®ENP(2)-ENP(1)#EMP(2)
CS5=ENP(L)*ELP(2)-ELP(1)*ENP(2)
CO6=ELP(1)*EMP(2)-EMP(1)%ELP(2)

COMPUTE SIN Q---EQ. 32
SING=SQRTF(CA##2+C5%#2+C6%#2)
ELR=C4/SINQ
EMR=CS5/SINQ

50 ENR=C6/SINQ
ERROR=ELR##2+4EMR##24ENR##2-1 o +ELR*ELP (1) +EMR®EMP (1) +ENR®ENP(1)+ELR
1#ELP(2)+EMR®EMP (2 ) +ENR®ENP(2)

IS RADIANT ABOVE THE HORIZON
IFIELZ (1) *ELR+EMZ (1) #EMR+ENZ (1) *ENR) 74848
NOs» CHANGE SIGNS SO THAT IT IS ABOVE HORIZON
7 ELR=-ELR
EMR=-EMR
ENR=-ENR
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C
8 WRITE OUTPUT TAPE 3,37
C WRITE OUT DIRECTION COSINES OF RADIANT AND SIN Q
9 WRITE OUTPUT TAPE 3+38/9ELRsEMRIENR»SINQ+ERROR
C RETURN TO MAIN PROGRAM
RETURN
END




L]

LIST

LABEL

SYMBOL TABLE
SUBROUT INE RANDH

CRANDH RANGES AND HEIGHTS FOR THE FIVE POINTS
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DIMENSION STATEMENTS

DIMENSION CAX(2)sCAY(2)+sCBX(2)+sCBY(2)+CCX(2)9CCY(2)+COS2(25092)+CO
1S21(592)9CPHI(2)9CPHIP(2)+sCTH(2)9D(25002)9DLONG(2)EL(5+2)sELAZ(25
2002)9ELCI2)sELETA(2)+sELEV(2)sELEXI(2)oELON(2)+ELONH(2)+ELONM(2) +EL
30ONS(2)+ELP(2)+sELZ(2)+EM(502)+EMAZ(25002) sEMCL2) sEMETA(2)sEMEXI(2)
LEMP(2)9EMZ(2)+sEN(502)9ENAZ(25002) 9ENC(2) osENETA(2)sENP(2)1+ENZ(2)4ET
SAP(25002)+EXIP(25002)sF2(2) 9GTHR(2) 9GTM(2)+GTS(2)sH(5+2)sHEIGHT (25
60+2) 9 IFEXT(2) 9 IFPLUS(2) +NDASH(25002) ¢NUM(2) sNWT (25002)90CCULT(2) 4P
T(2)sPEL(25002) 9PEM(250+2)sPEN(25002)9PHD(2)9PHI(2) sPHIP(2)9PHM(2)
8PHS(2)sR(5+2) +RANGE(250+2) sRHO(2) sSINL(2)+SLOPE(2)+SPHI(2)sSPHIP(2
9)9STH(2) s THETA(2) s TIME(25092) 9 TITLE(22)»TITLEL(1242)

DIMENSION X(5+2)9XBAR(2)sXC(2)»XP(25002)9XQ(2)sXTR(30)9sY(5+2)9YBAR
1(2)9YC(2)9YP(25092)9YQ(2)sYTR(30)9ZETAP(25092)+ZTRAIL(2)

COMMON STATEMENTS

COMMON CAXsCAYsCBXoCBY s CCXoCCYsCDLICOSZ9sCOSZLsCPHIsCPHIPoCTHIDIDL s
1DLONGsDTRADSELsELAZ sELCHELETASELEVIELEXI oELONIELONHIELONMELONSHEL
2P2ELRIELZ sEMIEMAZ yEMCoEMETASEMEXI sEMPosEMRIEMZ9ENIENAZ sENCHENETALEN
3P+ENRIENZIETAABIETAABOIETAPSEXIABIEXIABOSEXIPsF29GTHRyGTMsGTSsHIHE
KIGHT IFEXT o IFPLUS ¢ JsKo Ny NDASHoNUMINWT yOCCULT 9P oPEL yPEMoPENsPHD s PHI
59PHIP sPHMyPHS sPIsRsRANGE sRHO 3 SDL s SINL o SINQs SLOPE s SPHI 9 SPHIP ¢ STHe TC
6ORRy THETA» THETOHs THETOMs THETOS e TIMESTITLEsTITLEL 9 X o XBARsXCoXPoXQy X
TTRsXOsYsYBARsYCoYPsYQsYTReYO»ZETAABsZETAPLZTRAIL

FORMAT STATEMENTS

20 FORMAT (12A6)

33
41

62

206

207

FORMAT(1H F1l0e5+F15e551P3E20e7)
FORMAT(77HO X Y R
1H DH)

WRITE OUT TITLES AND COLUMN HEADINGS
WRITE OQUTPUT TAPE 3+20.TITLE
WRITE OUTPUT TAPE 3420+ (TITLEL(JLsJ)sJL=1s12)
WRITE OUTPUT TAPE 3441

COMPUTE DISTANCE FROM STATION TO PLANE OF EVENT
IS THIS STATION 1

IF(J~11206+207+206
NO COMPUTE DISTANCE FROM STATION 2 TO PLANE DETERMINED
BY TRAIL OF EVENT AND STATION 1---EQ. 33

L=1

SST=~(EXIAB#ELP (L)+ETAABREMP(L)+ZETAABRENP(L))

GO TO 208
YES COMPUTE DISTANCE FROM STATION 1 TO PLANE DETERMINED
BY TRAIL OF EVENT AND STATION 2-—EQ. 33

L=2

SST=EXIAB*ELP (L) +ETAAB®EMP (L) +ZETAABRENP (L)

COMPUTE RANGESsHEIGHTS AND COSINE OF ZENITH FOR EACH
POINT
J=NUMBER OF STATION-~K=NUMBER OF POINT AT STATION
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208

210

205

DO 205 K=1+5

COMPUTE COS EPSILON-—-EQe 34
SK=EL (Ko J)#ELP(L)+EMIKsJIREMPILI+ENIK»J)RENP(L)

COMPUTE RANGE OF POINT FROM STATION—EQ. 34
R(K9J)=SST/SK

COMPUTE COSINE OF ZENITH DISTANCE OF POINT--EQ. 35
COSZ1(KsJI=ELZ{J)RELIK s J)+EMZ(JIREMIK)JI+ENZIJIREN(K S J)

COMPUTE HEIGHT ABOVE SEA LEVEL OF POINT--——EQ. 38
H1=R(K+JI®#COSZ1(KsJ)
DH=SQRTF (RHO(J) #*RHO(J) +R(KsJIRR(KsJ)+2#RHO(J) *#H1 )= (RHO(J) +H])
H(KsJ)=HL1+DH+ELEV(J)

WRITE OUT RANGEHEIGHTs AND DH FOR EACH POINT

WRITE OUTPUT TAPE 3933sX(KsJ)sY(KoJ)sR(KeJ)rH{KsJ)»DH
RETURN TO MAIN PROGRAM

RETURN

END
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SYMBOL TABLE
SUBROUTINE DASHPT

CDASHPT RANGES AND HEIGHTS FOR THE DASHES
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20
24
25

62

102

103

104

DIMENSION STATEMENTS

DIMENSION CAX(2)9CAY(2)9CBX{2)9CBY(2)9CCXI2)9CCY(2)9COSZ(25042)+CO
1521(592)9CPHI(2)9CPHIP(2)9CTH(2)9sD(25002) +DLONG(2) +EL(592)sELAZ(25
2092)9ELCU2)sELETA(2) 9ELEVI2)sELEXI(2)+ELON(2) oELONH(2)sELONM(2]) 9EL
3ONS(2)9ELP(2) 9ELZ(2) +sEM(5+2) 9EMAZ(25092) 9EMC(2) yEMETA(2)EMEXI(2)
GEMP(2)9EMZ(2) sEN(S92) 9ENAZ(25002) 9ENC(2) 9oENETA(2)9ENP(2)sEN2(2)4ET
SAP(25002) s EXIP(25002)9F2(2)9sGTHR(2) 9GTM(2)9GTS(2)sH(5+2)sHEIGHT (25
6092) s IFEXT(2) 9 IFPLUS(2) »NDASH(25092) s NUM(2) s NWT(25002)»0CCULT(2) P
TU2)sPEL(25092)sPEMI25042)9PEN(250902) 9sPHD(2)9PHI(2)sPHIP(2)sPHM(2)
BPHS(2)9R(592) yRANGE(25092) 9»RHO(2) 9SINL(2)9SLOPE(2)sSPHI(2)sSPHIP(2
9)9STH(2) s THETA(2) o TIME(25002) o TITLE(12)s TITLEL(1242)

DIMENSION X{(592)9XBAR(2)9XC(2)sXP(250+2)sXQ(2)9XTR(30)sY(5:2)»YBAR
102)sYCL2)9YP(25042)9sYQ(2)9YTRI30)sZETAP(250+2)92TRALIL(2)

COMMON STATEMENTS

COMMON CAX»CAYsCBX»CBY»CCXoCCYsCDL9COSZ»COSZ1+CPHIyCPHIP»CTHsDsDL»
1DLONGyDTRADsELsELAZsELCHIELETAWELEVSELEXT »ELONSELONHsELONMSELONSHEL
2PsELRyELZ sEMs EMAZ s EMCoEMETASEMEXI s EMPyEMRsEMZ oENIENAZ sENCsENETAVEN
3PsENRIENZ+ETAABIETAABOSIETAPYEXIABIEXIABOIEXIPsF29GTHRyGTMyGTSsHIHE
4IGHT» IFEXTo IFPLUS s JoKoNoNDASHoNUMINWT s OCCULTsPosPEL yPEMsPENsPHDsPHI
59PHIP sPHMyPHS»P I 9sR sRANGE s RHO 9 SOL 9 STHL 9 SINQoe SLOPE 9 SPHI s SPHIP s STHY TC
60RRy THETA» THETOHs THETOM o THETOS» TIMES TITLESTITLEL s X o XBARsXCoXPoXQo X
TTReXOsY s YBARsYCoYPoYQoYTRsYO+sZETAABsZETAPsZTRAIL

FORMAT STATEMENTS

FORMAT(12A6)

FORMAT(1H I5+2F15591P&E20e7)

FORMAT (106HO DASH X Y R
1 cosz H D}

MUM=NUMBER OF POINTS OR DASHES TO PROCESS
MUM=NUM(J)

WRITE OUT TITLE AND COLUMN HEADINGS
WRITE OUTPUT TAPE 3+20+TITLE
WRITE OUTPUT TAPE 39209 (TITLE1(JLsJ)sJIL=1,12)
WRITE OUTPUT TAPE 3,25

IS THIS STATION 1

IF(J-11102+103+102
NO COMPUTE DISTANCE FROM STATION 2 TO PLANE DETERMINED
BY TRAIL OF EVENT AND STATION 1-—EQ. 33

L=l

SST=—(EXIAB*ELP(L)+ETAAB®EMP(L)+ZETAAB®ENP(L))

GO TO 104
YES COMPUTE DISTANCE FROM STATION 1 TO PLANE DETERMINED
BY TRAIL OF EVENT AND STATION 2--EQe. 33

L=2

SST=EXIAB*ELP(L)+ETAAB®EMP(L)+ZETAAB®ENP (L)
SET LINE COUNT TO 1
M=1

14
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COMPUTE RANGEsHEIGHT+DIRECTION COSINES AND DISTANCES

ALONG THE TRAIL FOR EACH DASH

J=NUMBER OF STATION---K=NUMBER OF POINT AT STATION
DO 101 K=1sMUM

COMPUTE Y---EQ. 25
YP(KsJ)=SLOPE(J)#XP(KsJ)+ZTRAIL (J)

COMPUTE ETABAR AND X1BAR---EQe 23
EXIBAR=CAX(J)I®XP (Ko J)+CBX(J)#YP(KsJ)+CCX ()

ETABAR=CAY (J)#XP(KsJ}+CBY (J)®#YP(K9J)+CCY(J)

COMPUTE DIRECTION COSINES-=--EQe 24
DENOM=SQRTF (1 «+EXIBAR®#2+ETABAR##2)
PEL(KsJ)=(ELC(JI+ELETA(J)HETABAR+ELEXI (J)*EXIBAR)/DENOM
PEM(KsJ)=(EMCIJ)+EMETA(J)*ETABAR+EMEX] (J)#EXIBAR) /DENOM
PEN(KsJ)=(ENC(J)+ENETA(J)*ETABAR)/DENOM

COMPUTE COS EPSILON—-EQe 34
SK=PEL(K»JIRELP(L)4PEM(KsJ)®EMP (L)+PEN(K s J)*ENP (L)

COMPUTE RANGE FROM STATION-—--EQ. 34
RANGE (K9 J)=SST/SK

COMPUTE ZENITH DIRECTION COSINE~---EQe 35
COSZ(KeJ)=ELZ(J)ZPEL(K o JI+EMZ(J)RPEM(KsJI+ENZ(J)*PEN(KsJ)

COMPUTE HEIGHT ABOVE SEA LEVEL---EQ. 38
H1=RANGE (K+ J) #COSZ(KsJ)

DH=SQRTF (RHO(J)#RHO(J) +RANGE (Ks J) *RANGE (K9 J) 42+ #*RHO(J) #H]1 )~ (RHO(J)
1+H1)
HEIGHT(K s J)=H1+DH+ELEV(J)

COMPUTE DIRECTION COMPONENTS OF POINT---EQ, 39
EXIP(K9J)=RANGE (K s J)®PEL (KsJ)
ETAP(K+J)=RANGE (K s J) #PEM(KsJ)

ZETAP(K s J)=RANGE(K s JI*PEN(KsJ)

111 DOL={EXIP(KsJI=EXIP(LlsJ) ) #®24(ETAP(KoJ)=ETAP(1+J))R¥24+(ZETAP(KsJ)~
1ZETAP(19J) ) #®2
DD1=SQRTF(DD1)

COMPUTE DISTANCE OF POINT FROM FIRST POINT ON TRAIL—EQ. 40
1S THIS THE FIRST POINT
1F(K-11105+106+105
YESsDISTANCE OF FIRST POINT
106 D1=DD1
D(KsJ)=D1
GO 10 107
NO COMPUTE DISTANCE FROM FIRST POINT
105 D(KsJ)=DD1-D1
WRITE OUT DASH NUMBER»XsY»RANGEsCOSINE ZENITH DIRECTION,
HEIGHTs AND DISTANCE ALONG THE TRAIL

107 WRITE OUTPUT TAPE 392&4+sNDASH(KsJ) oXP(KsJ) o YP(KsJ) s RANGE (K9J) +COSZ(
1KsJ)sHEIGHT(Ks»J)oDI(Ks J)
INCREMENT LINE COUNT
M=M+1
1S PAGE FINISHED
IF{M-50)101,101+108
YES START NEW PAGE WITH PROPER HEADINGS
108 WRITE OUTPUT TAPE 3920+TITLE
WRITE OUTPUT TAPE 35202 (TITLELI(JLeJ)sJL=1,12)
WRITE OUTPUT TAPE 3925
SET LINE COUNT TO 1 FOR NEW PAGE
M=1
NO GO ON TO NEXT POINT

15




101 CONTINUE

RETURN
END

RETURN TO MAIN PROGRAM

16
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SYMBOL TABLE
SUBROUTINE RELTIM

CTIME CALCULATION OF TIME FOR THE DASHES
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DIMENSION STATEMENTS

DIMENSION CAX(2)9+CAY(2)+CBX(2)+CBY(2)9+CCX(2)9+CCY(2)9COSZ(250+2)9+CO
1521(592) sCPHI(2) 9CPHIP(2)sCTHI2)+D(250+2) +DLONG(2) +EL (592 ) +ELAZ(25
2092)9ELCU2)+ELETA(2) sELEV(2)+sELEXI(2)+ELON(2) +ELONH(2)+ELONM(2)EL
3ONS(2)sELP(2) 9ELZ(2)+EMIS92) sEMAZ(25042) +EMC(2) +sEMETA(2)EMEXI(2)
LEMP(2)9EMZ(2) 9EN(592) 9ENAZ(250+2) vENC(2) sENETA(2)4ENP(2)+ENZ(2)4ET
SAP125092)9EXIP(250+2)9F2(2)9GTHRI2)+GTM(2)+GTS(2)+HI5+2) s HEIGHTI(2S
60+2)s IFEXT(2) s IFPLUS(2) yNDASH(25092) +NUM(2) sNWT(25042)+s0CCULT(2) P
T(2) +PEL(250+92) sPEMI250+2) sPEN(250+2)+sPHD(2)+PHI(2)PHIP(2)+PHM(2)
BPHS(2)sR(5+2) yRANGE(250+2) sRHO(2) sSINL(2)+SLOPE(2) +SPHI(2)+sSPHIP(2
9)9STH(2) s THETA(2) s TIME(1250+2) o TITLE(12),TITLEL(12+2)

DIMENSION X(5+2)9XBAR(2)9XC(2)+XP(250+2)+XQ(2)+XTRI30)sY(5+2)+YBAR
102)sYC(2)9YP(25092)9YQ(2)9sYTR(30)»ZETAP(2504+2)9ZTRAIL(2)

COMMON STATEMENTS

COMMON CAX»CAY sCBX+CBY »CCX9CCY+CDL2COSZ+COSZ1+CPHI 4CPHIPsCTHsD DL
1DLONG sDTRADSEL 9 ELAZ +sELCoELETAVELEVsELEXT +ELON+ELONH'ELONMsELONSHEL
2P sELRVELZ +vEMIEMAZ yEMCyEMETAJEMEX T sEMP sEMR2EMZ yENIENAZsENCHENETAVEN
3PsENRSIENZIETAABETAABOSETAPSEXTABIEXTABO+EXIPoF2+GTHR9GTMsGTSsHoHE
4IGHT s IFEXT» IFPLUS 9 JoK o NoeNDASHINUMsNWT s OCCULT 9+ P+PEL yPEMsPENsPHD+PHI
SesPHIP sPHMsPHSsP1 sRoyRANGE sRHO 9 SDOL 9 SINL +SINQeSLOPE+»SPHI s SPHIPSTHSTC
GORRyTHETA9 THETOHs THETOMs THETOS» TIMEsTITLEsTITLEL 9 X9 XBAR»XCoXPsXQ s X
TTRsX0sY+sYBARsYCoYPsYQsYTRsYO9ZETAAB+ZETAP,ZTRAIL

FORMAT STATEMENTS

20 FORMAT(12A6)
21 FORMAT (4HOXQ=1PE15.7+7H YQ=1PE1S5e74+7H XC=1PE15+7+7H YC=1P

1E15¢7/4H F2=1PE15e7+7H P=1PE1547911H OCCULT=1PE1547)

22 FORMAT(127HO DASH X TIME RANGE
1 HE IGHT ALPHA BETA
2 GAMMA)

23 FORMAT(1H I5+F10e391P6E1947)
24 FORMAT(22HODIVIDE CHECK AT DY/DX)
26 FORMAT(1591392F10e6+sF9¢39FBe3+3F946)

USE LONG FORM WHEN PROJECTION AND SHUTTER ROTATION
CENTERS MORE THAN A CM APART
LONG FORM FOR CALCULATING OMEGA--EQ. 44
OMEGF ( XMEAS)=ATANF (Z#*(W#* ( XMEAS-XQ1)-DYTR)/(W*DYTR+ (XMEAS-XG1)))
SHORT FORM FOR COMPUTING OMEGA---EQe 42
SOMEGF { XMEAS) =ATANF [ (XMEAS—XQ1)/DYTR)
COMPUTE DT BY EQe 43
DTIF(OMEGA)=0415915494 %S IGN* (OMEGA-OMEGAO ) *PER

CALCULATE CONSTANTS
CON=P (J)/70CCULT (J)
TWOPI=2,%*P]

MUM=NUM(J)

REDEFINITIONS OF QUANTITIES TO USE WITH FUNCTIONS
XQl=XQ(J)

17




(aNakal

(g} NNNAN

n

(@)

NN NnNN N

10

11
70

50

60

71

51

PER=P (J)
DISTANCE BETWEEN CENTER OF ROTATION AND PROJECTION
DX=XxQ(J)=XC( J)
DY=YQ{J)-YC(J)
W=DY/DX

MAY GIVE DIVIDE CHECK 1F DX VERY SMALL--NEED NOT AFFECT
RESULTS IF SOMEGF USED

IF DIVIDE CHECK 6+7

WRITE OQUTPUT TAPE 3,24

D2=DX%#24DY R %2

Z=SQRTF(1.+D2/F2(J))

CALCULATION OF OMEGAO

DISTANCE OF POINY FROM Y OF ROTATION CENTER
DYTR=YP(1sJ)=-YQ(J)

X COORDINATE OF THE FIRST POINT
XMEAS=XP(1,J)

NEED WE USE THE LONG FORMULA
IF(D2-1004)10+10011

NO SET UP TO USE SHORT FORMULA
ASSIGN 50 TO KO
ASSIGN 51 TO MO
GO 10 70

YES SET UP TO USE LONG FORMULA
ASSIGN 60 TO KO
ASSIGN 61 TO MO
GO TO KOs(50+60)

COMPUTE OMEGAQ BY SHORT FORMULA---EQ. 42
OMEGAO=SOMEGF ( XMEAS)

SET CODE FOR SHORT FORMULA USE
AAl=1.
GO TO 71

COMPUTE OMEGAO BY LONG FORMULA---EQ. &4
OMEGAO=0OMEGF ( XMEAS )

SET CODE FOR LONG FORMULA USE
AAl=2.

LOOP FOR EACH POINT
J=NUMBER OF STATION---K=NUMBER OF POINT AT STATION
DO 100 K=1,MUM
COMPUTE DIRECTION COSINES OF POINT IN ALTITUDE AZIMUTH
SYSTEM—--EQe 12
ELAZ(KsJ)=PEM(KsJ)#CTHIJ)=PEL (KsJ)#STH(J)
EMAZ (K +J)=PEN(K+J) #CPHI (J1~(PEL(K»J)*CTR{J)+PEM(K»J) #STH(J) ) #SPHI {
1J)
ENAZ(K»J)2(PELIKsJI#CTH(JI+PEMIK»J)*STH(J) ) 8CPHT (J) +PEN (K +J) #SPHI (
19
X MEASUREMENT OF POINT
XMEAS=XP (K+J)
DISTANCE OF Y TO PROJECTION CENTER
DYTR=YP(K+J)=YQ(J)
COMPUTE OMEGA OF POINT BY PROPER FORMULA
GO TO MO»(51+61)
OMEGA =SOMEGF ( XMEAS )
AA2=1,
GO TO 72

118
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100

103

106

104

200

204

201

OMEGA=0OMEGF ( XMEAS )
AA2=2,

SIGN OF ROTATION DIRECTION
SIGN=1FPLUS(J)

COMPUTE DT FOR POINT---EQe 43
DT=DTIF (OMEGA)

DASH NUMBER
ENDASH=NDASH(K +J)

COMPUTE RELATIVE TIME OF POINT---EQ. 41
TIME(K»J)=CON®ENDASH+DT

WRITE OUT TITLE AND CAMERA PARAMETERS AND HEADINGS
WRITE OUTPUT TAPE 34+20+TITLE
WRITE OUTPUT TAPE 3020+ (TITLEL(JLsJ)eJl=1,412)
WRITE OUTPUT TAPE3+21eXQ(J)sYQUJI)oXClI)eYCII)oF2(J)sP(JI)2OCCULTII)
WRITE OUTPUT TAPE 3,22
SET LINE COUNT TO 1 AT START OF PAGE
M=]

WRITE OUT DASH NUMBERe+X READINGeRELATIVE TIME+RANGEHEIGHT
AND DIRECTION COSINES ALTITUDE AZIMUTH SYSTEM EACH POINT

DO 104 K=1sMUM

WRITE OUTPUT TAPE 3923 sNDASH(KeJ) oXP(KeJ) s TIME(KsJ) sRANGE(K»J) sHE]

1GHT (Ko J) sELAZ(K9J) sEMAZ (KoJ) oENAZ (K »J)
INCREMENT LINE COUNT

M=M+1
END OF THIS PAGE

IF(M-50)104+104+106
YES SET UP NEXT PAGE

WRITE OUTPUT TAPE 34+20.TITLE

WRITE OUTPUT TAPE 3920+ (TITLEL(JL»J)yJL=1,12)

WRITE OUTPUT TAPE 3,22
SET LINE COUNT TO 1

M=]
NO GO ON TO NEXT POINT

CONTINUE

DO WE WANT CARDS
IF(IFEXT(J))200¢201+200

YES WRITE DISTANCE»TIMEsRANGE+HEIGHT »DIRECTION COSINES
sDASH NUMBER AND DASH WEIGHT FOR EACH POINT ON CARDS

WRITE OUTPUT TAPE 14+20+TITLE

WRITE OUTPUT TAPE 14+200{TITLEI(JLeJ)eJL=1,12)

DO 204 K=1,MUM

WRITE OUTPUT TAPE 14+26sNDASH{KsJ) oNWT(KsJ)sD(KsJ)sTIME(KsJ) +sRANGE

1Ko J)sHEIGHT(K 9J) o ELAZ (Ko J) 9EMAZ{KsJ) sENAZ (Ko J)

CONTINUE
RETURN TO MAIN PROGRAM

RETURN

END

19
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