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A DATA REDUCTION TECHNIQUE AND ASSOCIATED COMPUTER
PROGRAM FOR OBTAINING VEHICLE ATTITUDES WITH
A SINGLE ONBOARD CAMERA

By Richard J. Bendura and Philip G. Renfroe*
Langley Research Center

SUMMARY

A detailed discussion of the application of a previously developed method to deter-
mine vehicle flight attitude using a single camera onboard the vehicle is presented with
emphasis on the digital computer program format and data reduction techniques. Appli-
cation requirements include film and Earth-related coordinates of at least two landmarks
(or features), location of the flight vehicle with respect to the Earth, and camera charac-
teristics. Included in this report are a detailed discussion of the program input and out-
put format, a computer program listing, a discussion of modifications made to the initial
method, a step-by-step basic data reduction procedure, and several example applications.
The computer program is written in FORTRAN IV language for the Control Data 6000
series digital computer.

INTRODUCTION

A postflight photogrammetric method was previously devised for determining a con-
tinuous history of vehicle flight attitudes (Euler angles) using only film data from a single
onboard camera along with a ground track of the vehicle. A discussion of method
requirements, assumptions, mathematical relationships, and results is presented in ref-
erence 1. The method is based on work presented in references 2 and 3. Results from
other applications and comparisons with statistical tréjectory reconstruction techniques
are included in references 4 to 6. However, detailed discussions of method application
or data reduction system capabilities are not-included in the reference documents.
Numerous inquiries have been received concerning method application, particularly from
the standpoint of computer programing. In addition, several modifications to the program
which make the method more versatile and streamline its use have been made for appli-
cation to the Viking Balloon Launched Decelerator Test (BLDT) program data reduction

*Philip G. Renfroe is associated with LTV Aerospace Corporation, Hampton
Technical Center, Hampton, Virginia.
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(refs. 4 and 5). The purpose of this paper is to present details concerning method appli-
cation, including an updated program listing and example applications, and to discuss
current capabilities and restrictions of the associated Langley Research Center data
reduction system. This paper is intended as a user's guide for future applications of
the method.

SYMBOLS

Measurements are presented in both SI units and U.S. Customary Units. The
measurements and calculations were made in U.S. Customary Units.

c focal length of camera

h heighf above sea level of camera, meters (feet)

1 point in image space

K _constant of proportionality between object space coordinate system and

image space coordinate system

n number of observations

Q point in object spacé

R geocentric earth radius, meters (feet)

X,Y,Z - object space coordinate axes with origin at focal point; also, di‘stance‘along

these axes, meters (feet)

X,Y,Z distance from origin of geocentric coordinate axes, meters (feet)

Xp Y, Zp Earth-fixed axis system

XI’YI’ ZI image space coordina'te axes with 6rigin at focal point

X,y measured irhage coordinates in image space coordinate system

ip,irp coordinates of point of intersection between focal plane and focal axes in

image space coordinate system; center of frame



Ap kY
A9, Kg, Vo
A3, K3, V3

01,09,03

¥,0,¢

Subscripts:

Superscript:

T

angles of attack in pitch and yaw, respectively, degrees
change in attitude angle, degrees

error in X

error in y

total angle of attack, degrees

longitude of camera measured positive east from Greenwich, degrees

directional cosines of image space coordinate system relative to object
space coordinate system

camera azimuth, pitch, and roll Euler angles relative to Earth-fixed axes,
degrees

geodetic latitude of camera measured positive north, degrees

geocentric latitude of camera measured positive north, degrees

vehicle yaw, pitch, and roll Euler angles relative to Earth-fixed axes,
degrees '

for camera i=1 and for object space points i=2, ...,
initial conditions

vehicle or spacecraft

denotes transpose of matrix



CAMERA-VEHICLE ORIENTATION METHOD

In order to determine the orientation of a flight vehicle (or spacecraft) with respect
_to the Earth by using this photogrammetric method, the following information is required:
location of at least two landmarks on each frame of the film, Earth-related coordinates
of these landmarks, location of the flight vehicle with respect to Earth (as determined by
radar, for example), orientation of the camera within the vehicle, camera focal length,
and lens distortion characteristics. Atmospheric refraétidn corrections are not included
because these corrections would have been insignificant for previous applications.
Digital computer techniques can then be applied to determine the relationship between
the two coordinate systems defined by the film frame (image space) and the Earth (object
space). For the convenience of the potential user, the mathematics of the relationship
(taken directly from ref. 1) are included as appendix A.

Modiﬁcationé

For the previous aipplications of the method, two separate digital computer pro-
grams were employed to operate on the raw data (image space identification points read
from the film) before the final camera or vehicle orientation angles (Euler angles, figs. 1
and 2) were determined. Also a third program was required to operate on the vehicle
Euler angle (y,0,¢) data and produce vehicle angles («,8,7n) relative to the wind. In the
modified version, presented in this paper, the three programs have been combined into
one without any reduction in data output and with significant improvement in user and
computer efficiency. The new version also includes simplified input-output procedures
and a multiple job processing capability. Another significant modification, to be dis-
cussed in the following section, involves converting unknown surface features or non-
permanent objects appearing on the film into usable ""landmarks."

Method Application

Application of the method is discussed in terms of procedures by use of the basic
data reduction and computer systems currently available at the NASA Langley Research
Center and as used to determine test vehicle motions from the Viking Balloon Launched
Decelerator Test (B‘LDT) Program (refs. 4 and 5).

Landmark selection.- The initial, and frequently very difficult, step encountered
~ when using this technique involves identifying distinct features on the film (1) which
appear on a sufficient number of frames and (2) the geodetic coordinates of which can be
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Figure 2.- Vehicle Euler angles.



determined. For many applications the user has little control over what Earth-related
features will be photographed during flight and must instead work with what the film data
offer. Many hours can be spent matching a series of features appearing on the film with
the corresponding features on a topographical map so that their coordinates can be deter-
mined. A feature whose coordinates have been identified is considered a landmark.

) Often, because of the flight trajectory and vehicle motions, a landmark may appear
only on a relatively small number of frames. On the other hand, features appearing on
the film which cannot be identified on a map may be visible for a relatively long period of
time. Such nonpermanent features as clouds, ground vehicles, and ships might fit this
category if they were slowly moving with respect to the camera frame rate (that is, quasi-
stationary). The program has been modified to allow the user the flexibility to process
several "'trial" coordinates (latitude, longitude, and altitude) for a single feature in one
computer run; this procedure allows for a quick iterative solution of its actual location.
The user can accomplish this determination of the location by comparing vehicle Euler
angle results obtained by using only known landmarks with those obtained by using both
known landmarks and features. Solving for the coordinates of the feature readily follows
and permits the feature to be used as a known landmark in other frames of the film where
actual landmarks are not distinguishable.

In applying this option, the iteration procedure is initiated by first estimating the
location of the feature and running a series of latitudes about that estimation. By com-
paring the resultant Euler angles with the values from the known landmarks, the best lati-
tude is obtained. A series of longitudes is then processed at that latitude; as a result, a
best estimate of longitude is obtained. The best estimate of altitude is established in a
similar manner. With these new altitude and longitude values, the process can be .
repeated to define the latitude more accurately and, subsequently, the longitude and alti-
tude parameters. The landmarks defined in this manner may be used to find the coordi-
nates of other quasi-static features during other parts of the data period. Application of
this option permits obtaining vehicle orientation data for time periods when no true.land-
marks are in view of the camera.

As previously stated, a minimum of two landmarks is reduired for each frame.
Theoretically, no limits are required on the maximum number but satisfactory results
have been obtained by using from two to six landmarks, three landmarks being the pre-
ferred number. The current computer program in use at Langley Research Center is
set up with a six landmark maximum.



Basic data reduction.- The basic data consist of film (image space) coordinates of
the selected landmarks (or features to be converted to landmarks) with respect to the

center of the frame. The basic data are punched on digital computer cards.

By using the Gerber film reading system employed at the Langley Research Center,
the basic data are obtained as follows: First, the processed film from the onboard
vehicle camera is inserted into a film reading system capable of providing coordinates
for either 16-mm, 35-mm, or 70-mm film. The film reader magnifies a 16-mm frame
image to dimensions of approximately 26.7 cm by 37.3 cm (10.5 in. by 14.7 in.) and pro-
vides coordinate readings to the nearest 0.00254 cm (0.001 in.) on the enlarged image.
The film reading system is coupled with a visual-display electronic digitizer, a card
punch, and an electronically operated typer (data typewriter). The card punch produces
the basic data deck and the typer provides a record which can be used to determine
rapidly whether any gross reading or film reading system errors exist. Then a manually
controlled pair of crosshairs located on the film reader are consecutively alined on each
corner (or other fiducial point) of the frame, These crosshairs also drive the digitizer.
The coordinates and other reference information displayed on the digitizer are next
recorded by both the card punch and typer by the user pressing a foot switch. For -
accuracy purposes, each reading is taken three times. The software is employed to
average the three readings for each of the four corners of the frame and subsequently to
determine the coordinates of the frame center. In the same manner the film coordinates
of each landmark are obtained.

PROGRAM DESCRIPTION

The computer program (Program VOPD; Library No. A4424) used at the Langley
Research Center is written in Fortran IV and is set up for a CDC 6600 series computer.
For applications utilizing an average of three to four landmarks per frame, computer
running time has averaged 0.17 second/frame. The basic data deck contains the film
coordinates of the landmarks obtained as previously discussed. The control data
include geodetic coordinates of the landmarks, vehicle trajectory data, and camera
characteristics.

Program VOPD is the main program, It calls subroutines TGTCAM and ALPBET
for auxiliary calculations. A flow diagram for VOPD which indicates the basic calcula-
tion procedure follows and a computer listing of the program is given in appendix B.
Computer library routines MATINV and FTLUP are called by VOPD and are described
in appendices C and D, respectively.



PROGRAM VOPD FLOW DIAGRAM

VOPD

\/
INITIALIZE CONSTANTS

Nl

(1215 READ AND WRITE @
INPUT GROUPS

15-19 READ, AVERAGE AND STOQRE
* BASIC DATA ON DISK 9

20  REWIND 9 AND SET UP
INITIAL EULER ANGLES

: NGO=0-9
ARE AL\ YES
RAMES COMPLETED?/
NGO=10
NO

22 READ A FRAME CENTER
OF BASIC DATA,
DISK 9

TO INTERPOLATE FOR
TIME AND VEHICLE
LOCATION,

’




v

THROUGH 29. TO
IGNORE FRAMES AND
LANDMARKS AS REQUIRED

5

THROUGH 31 TO. READ
LANDMARKS AND COMPUTE
GEOCENTRIC LATITUDES. AND
TRIGONQMETRIC CONSTANTS

;

BELOW 32 TO COMPUTE
GEOCENTRIC COORDINATES OF
THE VEHICLE (CAMERA)

1

CONVERTS GEQCENTRIC TO
OBJECT SPACE COORDINATES
COMPUTES DIRECTION COSINES
OF THE CAMERA

B !

50-51  PREPARES TERMS FOR

CONVERSION OF OBJECT SPACE ’4'—

LANDMARKS TO IMAGE SPACE

v

54-55 ~ COMPUTES LENS
DISTORTION CORRECTIONS

!

66-70  PREPARES THE MATRIX
COEFFICIENTS FOR SOLUTION
OF ‘THE EULER ANGLES

;




SOLVES FOR THE CAMERA
ULER ANGLES

¢

BELOW 72 CONVERTS EULER ITERATES

ANGLES TO DEGREES

48  SOLVES FOR VEHICLE
EULER ANGLES

CALL ALPBET

ANGLES OF ATTACK T0
HE FREE STREAM

!

PRINTS THE RESULTS
AND WRITES ON TAPE 10

The following section gives a summary of the basic program operations and is
followed by a more in-depth input-output discussion of the control data format and some
sample program applications. '

General Operation
The program operates under the following general steps:
(1) The control data and basic data are read

(2) The frame center and each landmark location on the frame is computed and
stored on a disk for each frame of the basic data deck

10



(3) All landmarks are transformed from the geodetic to the geocentric coordinate
system and stored in core

(4) Each frame of data is then processed as follows:

(a) The first frame is read from the disk and compared with the control data
to determine whether it is to be ignored or whether any landmarks are

to be ignored

(b) The object space landmarks are converted to their image space coordi-
nates and lens distortion corrections are computed

(c) The camera Euler angles are solved and compared with the initial esti-
-mates from the control deck

(d) Through an iterative process using the new Euler angles as a starting
point, the final Euler angles are obtained when a sufficiently small

change is detected

(e) These camera angles are then converted to the vehicle-oriented values,
and by using the ,r'r'i;eteorological and trajectory data of the control deck,
the vehicle angle'-Qf-attack components are computed and printed

(5) At the completion of all frames of the basic data deck, the program returns to
the input group specified by the control deck for further processing.

An initial estimate of camera Euler angles is necessary to start the iteration pro-
cedure. For the first frame, the initial estimates should be in or adjacent to the quad-
rant of the final solution to obtain satisfactory convergence within the 22 iterations pro-
vided for in the program. For subsequent frames, initial estimates are taken as the
results of the previous frame.

Program Usage

Basic data card format.- As previously discussed, the basic data consist of film -
coordinates of the selected landmarks with respect to the center of the frame. The basic
data card should include, as a minimum, these data and the information specified in the
program control-data deck. For program VOPD, this information includes landmark
number and frame number. A separate card is required for each of the three readings
of each point, whether it is a fiducial point or landmark. Four separate fiducial points
are required for each frame. Thus, a frame with six landmarks would require 30 basic

data computer cards.

The basic data card should also contain the information required for identification
and review, and also, as an aid for determination of possible reading or system errors.

11



The format used in the most recent Langley applications' is listed in appendix E. Also
included in appendix E is a typical sequence of steps employed in reading a frame,

Control data format.- For the convenience of the potential user, program VOPD

has been divided into distinctive input and output groups of control data cards. Detailed
descriptiods in computer terminology of the input for each group are included in appen-
dix F. These descriptions include such iniormation as column location, parameter sym-
bols, parameter description, the number of cards in each group, parameter units, and
input format. The following discussion, summarizing the information in each group, is
in the order in which each group appears in the deck, and should be reviewed in conjunc-
tion with the more detailed information given in appendix F.

Group 1 contains a table of camera lens distortion compared with radial distance
from the lens center. These values are used for correcting the landmark image space
coordinates and are obtained from camera calibration data.

Group 2 is a title card to annotate each page of output. A 1" must be punched in
column 1 to operate the carriage control on the printer and any descriptive information
can be punched in columns 2 to 80.

Group 3 consists primarily of data describing the conversion of camera Euler
angles to vehicle Euler angles and is strictly a function of the relative orientation between
the camera and vehicle axes. To solve for vehicle attitude angles accurately, it is essen-
tial to know the exact orientation between the camera and vehicle axes.” The numbers of
values in the vehicle trajectory table (group 7) and wind table (group 4) are also required
in group 3. The conversion data for camera to vehicle Euler angles are the coefficients
of the equations defined in the input description (appendix F). Camera and vehicle Euler
angles are shown in figures 1 and 2, respectively.

Group 4 is a group of cards each containing an altitude and the corresponding hori-
zontal wind components. The span of altitudes in this group must at least include the
altitude span of the vehicle trajectory group (group 7). These data are required only for
angle-of -attack and velocity calculations. '

Group 5 lists the number of landmarks in the basic data deck, the number of frames
of data in the basic data deck, and the number of values in the time-frame table (group 6).
The remaining spaces on this first card and all the spaces on the following cards in this
group, as many as necessary, comprise a table consisting of the number of landmarks
for each frame. These numbers are listed in the order corresponding to the frame
sequence in the basic data deck.

Group 6 consists of a set of cards each listing the frame number and an associated
time. This group must at least include the frames in the basic data deck. For a constant
frame rate camera, only two values are needed for this group.

12



Group 7 lists the vehicle trajectory data. The origin for this trajectory infor-
mation is described in group 8. Each card of group 7 contains vehicle flight time,
associated vehicle position (X, Y, and Z locations) and velocity, and altitude above
mean sea level (MSL). This set of data must encompass the time span of the basic data
deck. ’

Group 8 contains the following data on one card: camera focal length; the origin of
the vehicle trajectory coordinate system consisting of geodetic latitude, longitude, and
the Earth radius to this origin; and the initial estimates of the camera Euler angles.
These initial estimates are used to initiate the iteration on the Euler angles for the first
frame of each basic data deck. Subsequent frames employ results from the previous
frame to initiate Euler angle iterations.

Group 9 lists the landmarks and their locations. This group includes all the land-
" marks read from the film using the same landmark identification numbers as used in the
basic data deck. Geodetic latitude, longitude, and altitude for each landmark are listed
on each card along with the landmark identification number.

Group 10 indicates the number of frames from which specific landmarks are to be
ignored. This value is, in effect, the number of group 11 cards. Landmarks are ignored
when it is suspected that either their frame coordinates or Earth coordinates have been
incorrectly identified. '

Group 11 consists of a number of cards as specified in group 10 which lists the
frames and landmarks which are to be ignored for these frames. To ignore the entire
frame, an option is also included as described in appendix E.

Group 12 defines the following two parameters: First, the input group to which the
program returns after processing all frames of the basic data deck. This information
allows the user to stack jobs by returning to any input group except 11 and by adding
behind the basic data deck only that input group and those following the one specified.
Additional data in group 12 consist of the landmark number of any lahdmarks which are
to be ignored in calculations for all frames of the basic data deck and eliminates the
necessity for a long group 11 table. '

After these groups of cards, the basic data deck is inserted and appears only once
in the deck setup. For subsequent processing, the basic data deck is automatically
stored on the disk and need not be repeated. The information read from the basic data
deck are the landmark number, its coordinates on the frame (%, y), and the frame num-
ber. The landmark number is zero for the four fiducial (frame corners) points.

Program output is listed by groups in appendix G and contains such information as
parameter description, symbols, and units.

13



EXAMPLE APPLICATIONS

For a better understanding of program application, several example cases taken
from BLDT applications are presented with the corresponding program input and output
format (for one frame only) presented in appendix H. Example case inputs are divided
into the previously discussed input groups (appendix F) and may be referred to for clari-
fication. For all cases, input group 12 provides instructions to the program to be imple-
mented upon completion of the existing case. Program output consisting of a single
frame for all cases is included collectively after the program input for all cases.

Case 1,- This example represents an application where 24 frames are processed
(only one frame is presented) and where no question exists concerning landmark loca-
tion, All 12 input groups, as defined in appendix F, and the basic data deck are included,
Three landmarks, identified as landmarks 65, 66, and 67, are used and their coordinates
are listed in input group 9. As indicated in group 10, no landmarksare to be ignored.
Group 12 provides instructions to the program upon completion of case 1.

Case 2.- Case 2 is a repeat of case 1 exéept that one landmark (landmark 65) was
ignored because there was some question about its exact location on the film. The inputs
for all groups, except group 12, are the same as those for case 1. ‘

By comparing the outputs of cases 1 and 2, a difference of about 1° can be seen
for ¢ and ¢ with little change in 6. By ignoring landmark 65, the residuals are
slightly less for case 2 than for case 1. This result indicates that the results from
case 2 may be more accurate than the results from case 1 and that the coordinates of
landmark 65 may be in error.

Case 3.~ Case 3 is similar to case 2 except that the latitude of landmark 66 was
changed from 32950' to 32°50.3'. (See group 9.) The inputs for all groups, except
“groups 9, 10, and 12, are the same as those for cases 2 and 1. Case 3 illustrates a
typical iteration to define the object space (Earth) coordinates of a previously unknown
landmark to convert a feature on the film to a usable landmark. The results of this
iteration show a slight improvement in residuals over case 2 and about a 1° change in
Y and 0.

Case 4.- This case illustrates the combined approach of completely ignoring
frame 55 and ignoring landmark 69 for several frames (frames 60 and 65) as instructed
through input group 11, This case is independent of the previous three and requires a
different set of input data. For this case, the output for frames 60 and 65 are presented.
A computer listing of the general camera orientation method program (VOPD) is shown
in appendix H.

14



CONCLUDING REMARKS

Details of application of a previously devised photogrammetric method to deter-

mine a time history of vehicle flight attitudes have been included in this paper. Emphasis
has been placed on the techniques involved in reducing the raw photographic data to com-

puter inputs in Fortran IV language and on the computer techniques and programs
involved in obtaining vehicle flight attitude results. Also discussed are the major pro-
gram modifications which allow faster data reduction and permit the user to determine
the Earth-related coordinates of unknown or nonpermanent features appearing on the
film, '
Lo — -
Langley Research Center, .

National Aeronautics and Space Administration,

Hampton, Va., May 3, 1974.
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APPENDIX A
PHOTOGRAMMETRIC DETERMINATION OF CAMERA ORIENTATION

In order to describe adequately how the camera orientation can be determined, it is
necessary to define the coordinate systems in which observations are made. The coordi-
"‘nate system in which the position of observed points are known and in which the camera
is oriented is called the object space. The coordinate system composed of the camera
focal plane and focal axis and in which image coordinates are measured is the image
space. (See ref. 3.) The relationship between a point in the object space and image
space is

N
L MX+ pqY +vy2
X-Xp=¢

A3X+ u3Y+ u3Z

L <)\2X + poY + V2Z>
J

y-yy=c
p AX + pg¥ + vgZ

(A1)

The relationship in equations (A1) can be derived with the aid of figure 3. Let Q(X,Y,Z)
be a point in the object space, then the image of Q will be I(XI,YI, ZI) in the image ‘
space. Since the origins of the two coordinate systems coincide for all practical pur-
poses, the following transformation describes the coordinates of Q relative to the image‘
space

where K is a constant of contraction. In equations (A2) dividing the first and second
equations by the third equation removes the constant K and gives

ﬁ=A1X+ u1Y+VIZ )
ZI )\3X + u3Y + V3Z

(A3)
E=A2X+ u2Y+ UZZ
ZI ,A3X + u3Y»+ 1/3Z
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APPENDIX A - Continued

DIOPOSITIVE |
FOCAL PLANE QX,Y,2)

FOCAL POINT
-/X
7
7
e e e e e e e e ~
Y
Figure 3.- Axis systems relating image space and object space.
Letting

X - Xp = XI

y - yP = I

c= ZI

and multiplying both sides of equations (A3) by c gives

o )\X+uY+uZT
- 1 1 1
X-Xp=¢
7\3X+u3Y+u3Z

y-y,=¢
1Y )\3X+u3Y+v3Z

L <)\2X + qu + v2Z> (Ad)

Equations (A4) are identical to equations (A1l).

For each known point in the object space there exist two equations (A1) relating the
object space to the image space. The directional cosines 1;, By Voo o o of the
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APPENDIX A - Continued

image space axes relative to the object space axes can be expressed in terms of three
angles a4, 0o, and 0g. Consequently, these angles can be used to describe the orien-
tation of the camera coordinate system relative to the object space coordinate system.
To obtain the directional cosines, consider three successive rotations through the
angles 0y, 0o, and 0g. By using figure 3 and imposing a constant of contraction for
the camera, the following transformation is obtained:

X - ip -C0s gy €OS 04 - sin 0y sin 0y sin o3 sin 0} €oSs 04 - €OS 0y sin 2 sin oq cos gy sin og X Ajiqvq X
y - yp = cos 0y sin 0g - sin 0y sin. 0y COS 0g -sin a! sin 03 - €COS 0y sin 0y €OS 03 €OS 0y COS 0g Y|= )‘2“’2”2 Y
c sin 0y COS 0g COS 0, COS 0y sin Oy Z A3u3u3 Z

This equation is equivalent to equation (A2).

The Least-Squares Solution

The solution of equations (Al) contains six parameters which under theoretical
conditions are constants, These parameters are Xx_, ip, ¢, 0y, 0Og, and og of which
ip, frp, and c¢ are measured independently for this experiment and are not unknowns in
the solution. A solution of equations (Al) for ¢y, 09, and 03 can be found with two
properly chosen observations. Associated with X and y in equations (Al) are errors
e and €. Since these errors exist, a computational method is needed which yields the
best possible results with all the information available. The method of least squares
which is described subsequently uses a minimum error criterion and has been used in
the data reduction for this investigation.

In general, equations (A1) with the associated errors can be written as

X = F(oj) + €5 G=1,2,3) (45)

yi=F(crj)+<—si (i=1, ... n)
where. F and F are nonlinear functions of 0j and in order to find a solution they
must be linearized. Expanding equations (A5) in a Taylor's series about a nominal set

o; and dropping the higher order terms results in the following linear approximations:
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APPENDIX A - Continued

where .
8F;
i1~ 30, ~
Yoy 49 6%3,0
b - oF;
i2 7 50
2 °1,o°2,o°3,o
B 9F;
i3 3o,
3191,092,0%3,0
Letting

a0y = (o5 - o5 )

equations (A6) can be put in the following form:

3 \
Axi= z bij ch + €y

j=1
3

Ay; = z bij Ao + €
j=1

i

. oF,
Pi1~ 80110, 0, O
1,072,073,0
- oF,
bjg = T;
°1,o°2,o°3,o
- oF.
big = '5?;
01,002,003,0

- (A7)

For further considerations the linear equations (A7) corresponding to the ith observation

are expressed in matrix notation

where

=3

i2
i2

T

Aol

b3
- Ao = AUZ
bia - Ao
3

m)

(A8)

19



APPENDIX A - Continued

Then for n observations there are n matrix equations of the form of equation (A8)
which may be written

V=BAo+e o (A9)

where
I o .
Y1 By e
vy By €y

<l
[
o
[
(3]
i

_— — s
The problem may be restated: given V and B find the best estimate Ac
for Ao.

The best estimate Z?r is the value of A/c\r which minimizes the sum of the
squares of the residuals &le where '

aTs - (V-8 a0)T(¥ - B a0) | (A10)

In order to minimize equation (A10), the first variation 6 with respect to Ao must
vanish; that is,

o(es) = o[(¥ - B ac)T(¥ - B a0)] = 0

. (A11)

G(éTé) = —2(\7T - AGTET)I_BG Ac=0
Since 6 Ao+ 0, eqﬁations (A11) can be satisfied if

(¥T - aoT8T)B = 0
or

BTB Ao =BTV | , (A12)
Solving for tﬁe estimate of Ao in equation (A12) gives

&5 = (878) '5T% (a19)

20



APPENDIX A — Continued

A second necessary condition for equation (A10) to be a minimum is that the second
variation with respect to Ac be positive definite. Upon examination, the second varia-
tion is

T T5T

52(sTs) = 26 40 BTBS Ac

s
which is positive definite. Therefore, equation (A13) is a valid expression for Ag.

”~N
Since equation (A13) is based on a linear approximation with nominal %, 00 Ac
can be used to find the best estimates 0¢;. With the relationship o = 0, + AQ, the value

of Ao which minimized equation (A10) leads to a new nommal %,0=%,0% Ao This
b 3

process implies an iterative procedure which continues until Ao ~ 0 and the value

of %0 that leads to this result is the best estimate of o]- for o;.

)

Partial Derivatives of Projection Equations

For equations (A5)

X, = F(oj) + e : G=1,23)

§i=f‘(oj)+ei i=1, ... n)

The partial derivatives of F and F with respect to 045 ' Ty and 0g areas follows.
Let

p=)\1X;{-}11Y+V1Z
q=7\2X+ u2Y+u2Z
r=)\3X+u3Y+ usz

then

ap ar
c{——r -——0p
9F _ <801 801 )

30'1 r2
3p __81)
c r p
9F ) <802 802 .
802 r2

21



APPENDIX A — Continued

oF __\%3 ’3
303 ‘ r2
9 or
Py ® ) o q)
60'1 r2
9 or :
_ ¢ 29 .90 q)
oF _ (802 002
802 r2
29 . _8r
c r q
oF ) (803 803 )
803 r2

2P XY
29 - HoX - AgY
DL ugX - AgY
2p -vy(X sin ¢y + Y cos 01)'- (sin ozisin 03)Z

99 _ -vz(x sin oy + Y cos 01) - (sin 0y cos 03)Z

a%rz = -v3(x sin 0y + Y cos 01) + Z cos gy
ap _
8_0% =AgX + oY + VoZ

99 -(M X+ pqY + vy 2)



APPENDIX A - Concluded

Coordinate Transformation

Object space points and the position of the camera are initially identified in terms
of geodetic latitude, longitude, and altitude above sea level. These data are obtained
from maps of the photographed area and radar observations of the vehicle trajectory. In
order to reference the data relative to the camera as described previously, the Earth-
centered geocentric coordinates of both the object space points and the vehicle position
are computed by

}—(i = (R; + hi)cos <I>i cos A,

Y,

(Ri + hi)cos <I>'i sin A4
Z; = (Ri + h;)sin <1>£
and

¢I>'i = <I>i - 11'35.6635'"" sin 2<I>i + 1,1731" sin 4tI>i - 0.0025" sin 6<I>i
Ri = 6378.388(0.998320047 + 0.001683494 cos 2<I>i - 0.000003549 cos 4(1))
where

1 for the vehicle position

-
Il

i=2...n+1 forthe object space points

In the preceding discussion the X axis is in the equatorial plane pointing toward
the Greenwich meridian, the Y axis 90° east in the equatorial plane, and the Z axis
toward the north pole. A slight error is introduced by adding altitude to the Earth's
radius vector but this error is negligible for the accuracy desired of this system.

The following transformation maps the geocentric coordinates into object space
coordinates relative to the camera where the X axis points east, the Y axis points
north; and the Z axis points toward the zenith.

~ 1 T . 1% X
Xi+1 -sin A1 cos A1 0 XH_1 - X1
Y, 1|=|-cos A sin &, -sin A, sin &; cos &, ?i*‘_l - S—{l
Zi+1_ cos A1 coSs <I’1 sin A1 cos <I>1 sin QU _Zi+1 - ZIJ

This transformation is obtained by a positive rotation about the Z axis through an
angle of 90° + A 1 followed by a position rotation about the new X axis through an
angle of 90° - <I>1. '
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APPENDIX B
PROGRAM LISTING
The program listing follows:

PROGRAM VOPD (INPUTsOUTPUT» TARPES=INPUT s TAPES=OUTPUTTAPELO s TAPED)
DIMENSION RRR(25)s ISAVE(30)s AXSAVE(30)s YSAVE(30)s XKR(25)s RR(20
1)y DAR(20)s DXY(20)

DIMENSION XLAM(20)s AKMU(20) s XNU(20)s B(2+6)s BS(692) s AN(b+6)y EP
1S(2+20)s Cl6s1)y XMM(20), XNN(20)s 0Q(20)s NG(20)s X(20)s Y(20)4 S
2X(20) s SY(20)s IDENT(o)s CM(20)s CN(20)s IPIVOT(6)s INDEX(652)

DIMENSION PHIBD(100)s PHIBM(100) s PHIAS(100)s XLOBD(100)» XLOBM(10

10)

DIMENSION XLOBS(100Y s TXYZT(2094)y TGTTAB(2093)s XYZTAHB(3) s XX(20)
1o YY(20) s XNTEMP(b96) s ANUNIT(6940)

DIMENSION TTHJI(90) s TTHIMI(Y0) s TPHU(I0) s TPHIMI(90)s TRJI(Y0)
DIMCNSION GENUA(693) s GEOUE(Os3)

DIMENSION NPT(200) 9 THRM(L10U)y TIMX(L100)e XXX(S0)y YYY(S50)s ZZZ (50
1)s AFRM(190) ’ . .

DIMENSION TOUT(100) s IFM(LOD)s JOUT(6+100)

COMMON /A3/ II[ylWVyTX(bO)vVVX(bO)vVVY(SO)vVVZ(SO)oH(SO)vALT(SO)vV

. 1R0O(30)4VYO(50)

COmMMON ZDTRCOS/ XLAMy XiMUy ANU

DATA (KAD=ST,29577951) 9 (P1=3,14159265) 9 (FTPKM=3280,8336) 9 (FACTOR=,
171351540020%5) 9 (EKADKM=0378416%) s {V=0,0)

DATA (S5FOCAL=.0015) s (SLAT=4058333333333333)+(SXYZ=200.)9+(SRJ=200,)
1(SXPYP=,01) s (SXY=0,1) 9 (VFTPKM=,0003048006) + (RN=0,)

TROP[=2.%P]

ITGTO=1

DELF=0.

KEAD (5976) (XRIR(I)+RRR(T) 9 1=14+25)

READ (577 .

IF (EOQF +5) 13,+2G0

JumeP =g

KEAD (Se73) TITaIWVISIMISIAIS2MeS2A453M953A

RCAd (S5+79) (ALT(UYoVRO(T) oVYO([) 9I=1slwWV)

KEAD (S59HN) NTaNFRINTFRy (NPT(L) sL=1sNFK)

FEAD (5981) (IFRMLL) s TIMX (LY 9 [=1eNTFR)

DO7I0T=1enTFx

XFmm(I)=IFRV)

KEAY (S593872) (TX(U) o XXX IV oYYY(TY 0 ZZZCL) s VVX(I) oVVY () oVVZ (LY eH(]),
1i=1s081 D)

READ (5+82) CCePHIsTHZyRZyALPHAL9XOMEGI s XKAPI

PHITE~=PHI

TRCPRI=(2.%PHI)/RAD

FORPRI=2.2Tw0PHI

SIAPRI=3,#TAHOPHI

SINTPD=SIN(TWOPHI)

SINFPD=SIN(FORPHI)

SIN3PI=SIN(SIAPHI)

Pnl= Pﬂl-.1932398611111“SINTP00.0003258611llllll“SlNFPD07 222222222
1222E8=-072SINSPD .

PHIZ=PAI

DPr=374295779651

PAI2=PR[Z2/0FR

THZ=THZ/DPR

> PP DPIPIP» PPPPEPPRPPIPPERPRPREPRDPREPBEPIEIPLLDDIDEPLEPEDPELELDD D

VONCUN S W -



APPENDIX B - Continued

9 DOL1D91JUK=14¢NT A 62
KEAY (5933) ITGTeTHJIITHIMIPHIJSIPHIJIMIWRI A 63
kJd=rJ21000,/F TPKM
IRENISSDARES N A 65
TTAIMI(LTGOT)=THUMI A 66
TPHI(TTGTY=PHL Y A 67
TPAUMI(LTIGT)Y=PHIUMI A 68

1100 TRI(ITGTI=RY

1¢ KEAD (S59480) NOUT 71
IF (NOUT,LT,1) GO TO 12 72
11 REBD (59d4) (IFMII) o (JOUT(JsI) 9J=1+6)91=19NOUT) 73

DO 1331=1sNOUT
DO 130u=1+5
IF (J0UT (Vs 1) oL Tol) JOUT(JsI)=101
130 CONT [NUE
12 FEAD (5+80) NGOs(IOUT(I)s1=19NT)
DO IS5 LL=14NT
IF (TOUT(LLY.LTL1) TOUT(LL)=101
- 1S CONT INUE
IF (UuUMP.GT,0) GO TO 29
CO 13 N=1leNFR
JUPSNIT(N) #3412
hEAD (Sv85) (lSAvE(I).stVt(l).YSAVE(I)-IFRAM 1=1+1UP)
YPC=0,
xPC=0,

00 16 [=1lyl2 |
XPC= xpc~X5AvE(I)/lz.

16 YPC=YPC+YSAVE(1)/12. 92
fuP=NPT(N) 93
11=12 ! 94

00 18 [=l+fuP
ASAVE (1) =04 :
YSAVE (1)=9. '
00 17 J=1,3 l

11=EL¢1
x5nvc(1)-xSAvE(l)»x5AVE(p1)/3. : 100
17 YSAVE (IV=YSBVE (L) +YSAVELTLL) /3, 3 101
13 ISAVE ([V=ISAVE (I]) _ 102
JusmiPp =l - 1006
2¢ KE®IND 9 105
REAJFG=0 106
IFOCFG=1 107
KK=0 108

ALPHAP=ALPHAL
AOMEGP=A0OMEGI

XKAPP=AKAP 111
21 KK=KkK+ 1 112
IF (KKLLELNFRY GO TO 22 113
KEafnND 9 ’ 114

END FILE 10

wR{TE (0eTT

GO TO (192939495969 T9899+10¢11912913)9 NGO
22 NJI=ARPT (KK) .

REAY (9987) IFRAMyXPCHYPC

XERAM=[FRAM

CALL FTILUP (XFRAMyTIslaNTHFReXFRMsTIMX)

CALL FlLuw (TloXY7vl|(ll TXeAXX)

XYZTA3(1Y=AYZ-

CALL FTLUP (TI9sAYZsloeIIIaTXrYYY)

RY2T183(2)=XYZ

caLe fFrlLur (T[vXYZ!le[[oTXvZZZ)

AYZTa2(3)Y=XYZ

125
126
127
128

x-»:->={>x-»x»»x»»:>>x>>1>>x>»x>>x>>j>p¢f>x>>x>>>»>)>>x->x-»x>>1>>1>>x>»:>>x>>x>>
Vel
vt
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23

24
25

26

28

29
35

26

APPENDIX B - Continued

IF (nOUT.LT.1) GO TO 25

CO 2% [=1enOUT

IF (IFRAMNIL[FMIT)) GO TO 24
1IF (JOUT(1s1).NEL1D0) GU TOU &5
DO 23 L=1sNJ

" -READ (9+87) [T6T9XCO9YCO

WwRITE (6s38) IFRAM

GO 10 ¢l

CONTINUE

INJ=0

NK=0

WRITE (95+77)

WRITE (0989)

DO 31 JJ=1sNJ

READ (9+87) ITGTe+xCO»YCO
IF (NOQUT.LT.1) GO TO 24

DO 27 1=1+«NOUT

IF ([FRAMNELIFM(TI)) GO TO 27
DY 26 M=146

IF (ITGT.NELJOUT(MeI)) GO TO 26
NK=NK+ )

1IF ((NJ-NK)LT.2) GO Tu 28
WRITE (09¢9)) [TGTY

GO TO 3i

CONT INUE

CONTINUE

00 29 I=lenNT

IF (LQUTHI) NELITGT) GO TO 29
NK=nKe | .

IF ((NJ=NK) JLT.2) GO TO 30
W=ITE (6990) 1TGT B

GO TO 31

CONT INUE

INJ=INJ* L

X(INJY=4CO

Y{In)=YCO

Try=TTJLITGT)
rnJm(=rrnJMI((rGTh
PrIV=TPAHIIITIGT)
PHIUMI=TPRIMI([TGT)
RJI=TRICITGT)

TTOENTUINDY =ITOT

THJI=TnJ+ THIMI /60,
GEOLA(INJ 1Y =THY
THISTHI+RWESLAT
GECO3 (INJe1)=TAHJ
PHL J=Pr[J+PHT1JALI/60,
GECLA(INJ2)=PNHIY
PrlJsPATJexNSSLAT
GEOD3(INJ2)=PHIY
PHIJSA=PHIJ
GEODA(INJs3)=rJ
KJ=RJ*RNRSRY
GEODS(INJ e Y =R
kJ=rRJ/F TPKMeERADKM
PrI=FPALJ
TwOPHI=(2.2PHT1)/RAD
FOxPRI=2.2T40PA]
S1xPR[=23.,3Tw0OPHI -
PHI=PALTCEM

CSINTRPO=SIN(TWOPHI)

SINFPI=SIN(FORPHI)
SINSPI=SINISIXPHI)

PEPIPPPDBPLDPEDLDELDEPBIPDPDPDP LD >I>>I>Dl>?l>>l>>l>p!>>)>>l>>l>>J>h->l>>I:>x>>l>>l>>!>>x>>l>> Dl->.

129
130
131

-132°

133
134
135
136
137
138
139
140
a1l
la2
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
1ol
162
163
lo4
165
166
lo7
lo8
169
173
174
175
176
177
178
179
180
lyl
142
183
184

185

186
187
188
189
190
191
192
193
194



APPENDIX B — Continued

FHIJ=PALIJ~ 1932398011111 #SINTPD+.000032586111111112SINFPD+T7,222222 A 195
1222¢22K-072SINSPO A lvo
TGTTA3CINII ) =T ) A 197
TGTIA3 (INJs2) =PRI A 198
A

TOGTTA3(INJs I =Y 199
31 1TGTF=3¢ )
NJ=ENY ’ : A 201
N=NJ A 202
CCSaveE=a, ' A cUu4
32 [rUN=0 ’
KUNFLG=1. A 207
ixUNCO=10 A cub
RNSAY2Z=RNOSAYZ A 209
RYZTA{L)=XYZT 18 1) +-NSXYL A 210
AYZTAS(2)=XYZTAH(2) +HNSXYL A2ll
XY2TAS(3)=XYZTAH{3) ¢RNSAYZ A 212
TAYZT(191)=T1I A 213
TRYZT(1+2)=XY2TAB(]1) ®VFTPKM A 214
TRYZT (1 93V =XYZTAS(2) 2VF TP A 215
TAYZT {190V =AYZ2TAB(3) #VF TPKM ] A 216
CALL TGTCAM AGLaNJIRZsPHIZoTHZsTAYZT»T1GTTAB) A 217
D0 33 [=1wnJ A 218
TGTTA3(I+)=TGTTAB(193)#FIPKM/1000,
ARITE (0e91) INENTCU) o (TATTAD(L9JY9J=193) o (GEDDA(L ) 9J=293) s XLAM( A 21Y
1I) s 2™y () 9 XNUL(T) A 220
33 IGTIAR([93)=TGTTAS([93) /FTIFPKM¢1000, )
CCo~1G6=CC A 221
CC=CCenN®SFOCAL A 222
CCLAST=CC A 223
IF (CCSAVE.GT,0.) CC=SAVF A 224
CcCi=C¢ . A 225
ALFSAY=ALPHAP A 226
OMESAY=AQMEGP ' : | A 2et
AKAS8Y=AKAPP A ¢¢8
WRITE (5992) A 229
WRITE (6993) (XYZTAB(I)]=193)9XPCsYPCaCC A 230
AKPC=APC+RN2SXPYP y A 231
YPC=YPC+RN®SXPYP A 232
APC=XxPC#FACTOR A 233
YFRC=YPC?FACTOR A 234
APCSTO=APC A 235
YPCSTO=YPC A 236
APC1=xPC A 237
YPCl=YPC A 238
APCSay=£PC A 239
YPC58v=rPC A 240
TAWCN=2, %N A 24
00 34 =1 A 242
AXCDY=x () A 243
34 YY(Iy=v (D) A 244
CC 35 [=1sN A 245
35 ACIr=x([) s AN®SXY A 246
D0 35 [=1enN A 247
3o Y)Y =Y (1) ¢ ANPSXKY A.2uH
WKRITE (5995) A 249
DO 37 (=14N A 250
37 WRITE (6994) IDENT(IYex(I)oY(]) A 251
D0 38 [=1leN A 252
X{f)=x(1)YFACTOR A 253
38 Y([)=Y([)=FACTOR A 254
IF (IRUN) 42442439 A 255
39 GO 10 (454+49)y IFUCFG A 256
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“C

41
42

43
44

45

%6
47
48

49

50

28

CC=CCe+DELF
APC=XxPCSAYV
YPC=YPCSAV
XPCl=xPCSAV
YPCl=YPCS5AV
DO 41 I=1lyN
X([)y=xx(1)
Y([y=yv ()
TRUN=[wUN+]

APPENDIX B - Continued

IF IRUNCO=IRUN) 43545445

IF (RUNFLG) 6444944432

RUNFLG:lQ
cC=CCi

UELF ==DELF
IRUN=)

GO 10 40
CONTINUE
IC8s3£=1
I1CaSE=ICASE+]
ALPHA=AQALPSAY
AOMEG=0MESAY
XKAP=XKASAV
ALPHAS=ALPHA/RAD
OMEGAR=XOMEG/HAD
XKAPRSKKAR/RAD
ILingE=0
SIGr=1.19
SIGY=1.)
NOPL=0

NOF 2=y
EPSC=30.,00
1CCUNT=C
ITcr=1

JJ=1

SUM=0,0
CONTINUE

IF (ICASE-1) 4By4R947

CONT INVE

IF (ITE~=22) S0+43+48
SIGl=5142ALPHA+S]A
SI1G2=52M*XUMEG+52A

SI1G3=5312XKAP+53A

IF (SIGl.LT.0.) SIG1=S1G1+300,
IF (3161.6T4360s) SIGL=310L1-360,

IF (S1G2eGTeln0,)

S162=5162+3060.
SIGZ=5162-360.

IF (SIG3.LT.0,) SIG3=$(GB'3hU.

IF (5163.6T.360.)
WRITE (5+96)
DO 45 [=1N

5131=5163-360,

WRITE (5997) TOENT(ID) oA (1) oY (L) sRR(I)+ORR(])

CALL ALPBET (TI9ALFAIBETAYETASCVPSIG29SIGLeSIGI)

WRITE (6+98)

WHITE (6999) IFRAMyTIsALPHA+XOMCG s XKAP s XPCoYPCsSIGL1+SIG29SIG3sALFA

1eoElA,tTA

WRITE (10) TIs31G19SI162+SIG3sALFAIBETASETA

CONnTINUE

SALPHA=3IN(ALPHAR)
CALPHA=COS (ALPHAR)
SOMZGA=SIN (OMEGAR)
COMEZGA=COS (OMEGAR)
SKAPPA=3IN(XKAPR)
CkarPPA=COS (XKAPR)

PPDPDPDEDPDPDPLPDBPEPEPDPDIPIEPEDPEDDDEBLBPBPEDPELPDEPEPEEEDDDDPDEEEDDEEPDEEEDD DD

2917
F4-1;]
299
260
261
202
263
264
265
2606
207
o8
269
270
271
212
273
ela
2715
276
277
els
279
240
281
28l
283
284
cuS
286
P4: %4
6y
269
290
291
292
293
294
295
2v6
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311l
312
313
314
315
316
317
318
319



S1
S2

54

55

57
585

660

62

63

b4

KANNCJY=KNC/GC

APPENDIX B - Continued

AAC==CALPAATCKAPPA-SALPHA®SOMEGA®SKAPPA
BaC=5ALPHASCKAPPA-CALPHA#SOMEGA#SKAPPA
CCC=COMEGARSKAPPA
AACP=CALPAA*SKAPPA-SALPHA®SOMEGA®CKAPPA
BdCP==-SALPHA®PSKAPPA-CALPHA®SOMEGARCKAPPA
CCCP=COMEGARCKAPPY

DOC=SALPHAZCONMEGA

EEC=CALPRASCONEGA

. FFC=S0MEGA.

IF (IZASE-1) 52452951

CONTINUE

IF (ITcR=-22) 534952952

CoOnTnuE

WRITE (5s9100)

CONTINUE

J=0

J=Jel
AMC=8ACAXLAM (D) +BH3C#XMU(J) +CCCHANU ()
XNC=BACYEXLAM( ) +33CPBXMU (J) +CCCPHANU()
CC=D0CUALAM(J) +LEC®XMU(J) +FFC2XNU(J)
AMM(J) =AMC/GC o

Ge(J)=CC/NC
x&l-~)4T((x(J)—&PCbTO)””f’(Y(J)—YPCSTO)““Z)
kik(J)=xx1 )

CALL FILUP (XR19DELK9192591XKReKRR)
VELR=-DELK/L10G0, 4

ORR{JY=DELK

DISTGR=1,-DELK/XX]

ERS(Y s DY =DTISTORR (X (S =APCI=CCoXMM(J)
EPSE2 e I =UISTORRIY(J)=YPC)=CCOXNNV)
DXY (DN =SORKT(EFS (Lo J)#e2¢EPD(24)) 242}
CM(JY=CCramu(Y)

CNE) =CCRANN(D)

IF (IZA3E-1) S6+S56955

CONTINUE

IF (FTER=22) 579506950

CONTINUE

Wfd (69101) EPS(1yJ) +EPS(Z24U) 9 IDENT ()
IF (IToR.LELY) SUm= SUM¢tPS(le)"EPb(1vJ)0EPS(2;J)°EPS(2,J)
IF (nN-J)} S84+5b954

COnTINUE

ILINE=ILINE+heN

{F (ILINEGF45) LLINE=O

Ju=1 )

IF ({TER.LES1) LAN=N

DO 62 J=1N

IF (J-~xutJJ) )Y H09s5Y900

JJd=JJs 1

GO 10 o2

1F (a35(EP3(1sJ)1-VI 613615063

IF (84S(EPS(294))=V) 62962963
CONTINUE .

WRITE (09102) ((EPS(My!MMI 9M=192) sMM=]19N)
WRITE (09103) ’

60 10 21

L0 o064 =143

Cllsl)=u,s0

D0 64 k=143

AN(L9<)=0,0

CONITIHUE

Jd=1

BO 7¢ J=lsN :

1F (J=NG(JUJ)) Hhosb5906

PLPPDPPPPDPPDIPPE DDDP>§>>>>>>>>>>>>>>>>b)bbbbbbbbbb))h’b)Dbbbbb))bb

320
321
322
323
324
325
326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341

342
344
344
345
346
347
Jab
349
350

351

352
353
354
355
356
357
3548
359
360
361

Jol
303
Joa
Job
Jbb
Jo7
3oy
JoY
370
371
372
373
374
375
4706
3717
378
379
340
381

342
343

29



55

o6

67

68

69
70

7

12

73

30

APPENDIX B - Continued

NNENNTY
GO 10 70
FF1=8aC~DDCoXM4(J)

‘FF2=33C~EECaxMm(J)

FF3=CCC~FFCoxMM (L)
F81=2aaCP-DDC2ANNITY)
Foe=B3CP-EEC*ANN(J)
FA33=CCCP-FFCHXNN(J)

GOl=xMM () eCOMFGA+FFC2SKAPPA
O l=ANN({JY *COMEGA+FFCOCKARPPA

HAlzaLAM(J) PSALPHA XU (1) “GALPHA

SI==FF2RALAM(J) +FF12XMU(Y)
S2=3FF 38AH1 +GG 1 #ANU(Y)
Solz=-F329xLamM(J) +Fs]l2XMu(J)
532=F33%nn1 ¢G5l oANUIN)
bBlls1Y=231400G(Y)
Hlle2Y=524Q00(N)
Blle3)=~CCoaNNID)
Bi2y3V=331 9001 -
BlceZ) =552200(Y)
Blce3)=CCrAMM(Y)

VO 07 1=1+3
BS(le1)2(141)
BSl{is2¥=B(¢2y1)

CONI INUE

DO 69 1=1.3

CO 63 L=1+2
CeEry1)I=ClIn1)+3S(TsL)F(-EPS(LrJI))
CONTINUE

00 65 K=1+3

DO %% L=1+2
XN(IoK)“XV(I'K)’BS(IvL)*H(Lyﬂ)
ert~°([oK)—xN([vK)odS(I.L)ﬁd(LoK)
CONTINUE

CONT INUE

J1=3

. Jde=1

CaLiL MATINV (lN(lvl)leoC(lvl)sJZoUFTERM;IPIVOT,lNDEx,ﬁyISCALE)
DO 71 (=143

00 71 J=1,43

ANUNIT(L9J) =G

00 72 [=1+3

DO 72 K=1+3

D0 72 J=1+3
ANUNTITCIyR)=XN{ Lo J) #ANTEMP {JgKY + XANUNIT (I 9K)
ALPHAR=ALPHAK+C(141)

OMEGAR=OMCGARC (291}

XKAPR=AKAPR+C(3+1)

IF (x<3PR,LT,0.) XKAPR= XKAPN¢TWOPI

IF (ALPRARLLT.0.) ALPHAR=ALPHAR+TWOPI

IF (CVYSGAXLT.=-Pl) OMEGAF=0YEGAR+TWOPI

IF (XKAPR.GT,TwUP1) AKAPR=AKAPR-TWCPI

IF (ALPHARLGTLTAOPI) ALPHAR=ZALPHAR=TWOPI
1IF (OMEGAYGT.P{) OMEGAR=CMIGAK-TWOPL
ALPHA=ALPHAR® ALY

XOMEGZOMEGAR®NAY)

AKAPZ XKAPKZXAD

ITER=ITERS]

ICOUNT=COUNT+1

IF ([COUNT=-21) 46446573

Sum=9,

DO 13 J=1lsN

.

>P>>>>>>>>>>>>>>>>>>>>D>>,>>>'>>>P>>P>>>>>>§DDDD>D>D>>>b>>b>>>>>

384
385
3806
387
348
389
390
391
392
393
39«
39S
3ve
397
398
399
400.
40l
02
403
404
405
406
agt
4yd
409
410
all
412
413
als
4ls
416
417
418
419
420
w2l
422
423
424
429
4l0
421
4248
429
430
431
432
433
434
435
436

437

438
439
440
441
442
443
444
445
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16,2
123
164
165

APPENDIX B - Continued

SUMZSUMIEPS (1 9 J) #02+EPS(20J) 00l
SU¥=SAxT(SUM/ TAON)Y

WrITE (ne104) >UM

ALPHAP=ALFPRA

XOMEGP=LOMEG

AKAPPzAKAP

IF (ALFHAP (LT e e e URLALPHAPSGT.TWUPL) ALPHAP=ALPHA[
[F (xXaPPLT,0,e0RXKAPP OT.TWOPI) XKAPP=XKAPI
IF (XROMEOP L Te~PleOReAOMFLP.GTLPI) XUMEGP=XOMEGI
GO 10 (21440)y [FOCFG

WRITE (~+105)

STOP

FORMAT (2F10.3)

FORMAT (80d

FORMBT “(215+6F 5401

FORMAT (3F10,1)

FORMAT (15[5)

FORMAT (11941F1G.1)

FOReAT (8F10,.1)

FORMAT (1110s5F10,2)

FORMAT (715

FORYAT (1I5/(715))

FORMAT (BAs)l1cs30XslFT7e393Xs1F7.346X9114)

FORMAT (1154213, 7)

FORMATY (////76A+%FRAME# 311492 ]1GNORED BY USERS DIRECTION®)
FORMAT (/1Xyop-MaAnK LONGITUJDE LAT=-GUCN RAD ER KM LAT=-GOUT ALTIT
1VOE-F T XLAM b §u1V] ANU®)

FORMAT (119e2X92IGNORED HY USERS DIRECTION®)

FORMAT (115422 92F 104091 0e39lFLU.501F116393F10,7)
FORMAT(IHO9*VEATCLE A Y z XFC YPC
1 cce) :

FORMAT (7Xe3F1N4293F10.5)

FORMAT (1[4e2F15.4)

FO=MAT (1A04321L-MAKK XCO F(NAL YCO FINAL)

FURMAT (1r0 oL -MAKK? o X LHX v 1aRs IHY 9 L1 XeOHR UISTe9Xs THOELTA R)
FORMAT (1M 9[3eaF15.9)

FORMAT (1NnDye FrAME  TIME SI01 $162 SI1G3 XpP . YP
1Pst ThETA PHI aLPHA  BETA ETA®)

FORMAT (11994F3.3e2F7ea3¢2F10,301FR393FBe301F9,3)

FUORYOT (l1A0«4T7TARESIVDUALS Ra(]) RY(I) L-MAKK)

FORMAT (2492Flbebslllu)

FOIMAT (//2c21.3)

FORMAT. (///11n END OF J0g) ,

FORMAT (1HD 98X 92STANUARU DEVIATION OF RES[{DUALS®#+1F13,.5)
FORMAT (//9¢1Xes2ENU OF CASE®)

CEND . -

SURRSUTINE TGTCAM (NCyNJyKZePHIZsTHZ9TXYZT+TGTTAB)
DIMENSION A(393)s XYZTAs({391)s XSYSZS(3s1)ys TGTTAB(2093) e B(3+3)
10XYZJ(3s1)y DAYZJIP(3s1)s AMV(391)s AMVB(3s1)y DELJPT(100+3)s TXYZT

2(23ra)

DIMcNSION ATAp(20)y AMUTAB(Z0) s VTAB(20)
COMMON /DIRCOS/ ATABIAMUTABIVTAY
UPR=37.29577951

COSPZ=CIAS(PAT O

COSThZ=COS(THY)

SINPZ=5(N(PHI D)

SINTHZ=SINITHL)

XZ=R2eC0>PZ%COSTHZ

>PPPD>PPPDPEPEDPLIPEPDEDPPIEDPEPLDDDBDPLIDDPIPEPEDPLDDD DD DB

CTCTCXETOX T 0D D

446
447
a4un
449
450
451
452
453
454
45S
450
wsS7
459
460
4ol
462
463
464
465
466
467
408
469
470
471
472
473
474
a4r1s
410
417
411
47y
479
410
4yl
4a
anl
4gJl
484
489
446
487
488
489
490
491~

—
OVa NG U & WN»-

e
N -
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Y2=n22CYSPZuSINTHL
22=295{NPZ
X5Y325(1s1)=X¢
ASYS32S(2e1) =YL
XS5Y52S5(391¥=2¢
A{ls1V=-5(NTHZ

All92)==5INFP22COSTHZ
Alle3V=+C0OSPZ8COUSTHLZ

Alcs11=COSTHZ

A(2e2)=-5INPZ#SINTHZ
Alcs)=51INTHLECOSPZ

A(3e1)=3.
Al392)=C0O%PZ
A(3+31=5INPZ
INC=0

INC=INC+1
TI=TxYZT(INCs )

APPENDIX B -~ Continued

AY2TA5(1e 1) =TXYLZT{INCy2)
XYZTAS4 (29 1) =TRYLT(INCe )
AY2T84(391)=TAYZT(INCys)

T6GTFLG=0.

INJ=D

INJ=[NJ*]
THIO=TGTTAB (TNJe D)

PHIJO=TUTTAZ(INJ2)

KJ=TGTTAB(INJ+3)
THJI=THII/0PK
FHIJ=PHIJO/OPK

IF (I5TFLGY 39395
CONT I NUE
IGTFL3=1.

DO 4 I=1+3

DO 4 J=1+3

ASYSZ2S (I 1) =A(T o) #XYLTAL(Je1) +XSYSZS(Ir])

XS5=XSYSZs5(1s 1)
YS=ASYS5/Z5(<es 1)
2S=X3Y575(341)
TEMP=L5992+YSHu2
TEMP=SQRT(TEMP)
AL=ATAN2(ZS5.TEMP)
ALPT=al #DPR
T=ATaNZ(YSsX5)
TPT=TaPrKr

TEMP=SASee24ySRR2475002

RESOKT (TE4P)
SINT=S{N(T)
COST=CO>(T)
SINOL=SIN(AL)
COSAL =CUS (AL)

S bBllel)==51INT

B(le2)=CUST
H(l'3)=Uo
B(2s1)==SINALSCOST
Bl2e2)==5NALBSINT
Blzy3)=COSAL

B3I 1) =CuSALOCNST
B{3s2)=5INT#COSAL
B33 =5INAL .

CONT InuS
COSPU=CIS(PrT Y
COSTAHY=CUS(TrY)

T I T T C T a T ErTTATXCCCTETTCTTTHLICITIXTECXT® TTTITTTTCOTCTOCIECPTOODT@O®ET
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APPENDIX B - Continued

SINPJ=SIN(PHTJ)

- SINTRJ=SIN(TAJ)

RJ=x g2 CISPIZCUSTHY

YJ=RJPCOSPI#SINTHI

2J=RJESINPYS

DELAU=XI=XS

DELYU=YJ-YS

CELzy=2J-45

DELJPT(INJ» 1) =DELXJ

DELJPT(INJ92) =0ELYJ

ODELJOT(INJ3)=DELZY

TEMP= )ELAJSH2+DELYJ2B24DELZI##2

CELRY=S IRT(TEMP)

AMy (le 1) =VELXKJI/VELRY

AMy (29 1) =0ELYU/DELRY

AMV (34 1) =0ELZU/DELKY

00 o I=1+3

AMVa(1+1)=0,

CO 6 J=113

ANvﬁ([ol)od(I)J)“AMV(Jvl)’AWVB(I 1)

DXYZuy(lsl)=0ELXJ

DXYZJ(2+1)=DELYJ

DxYZJ(3y1)-0tL£J

GO 7 I=1+3

DXYZ2u2(Is1)=0,

DO 7 J=1l93

DAYZJ2(Ls 1) = (Led) RUKYZI(JIy 1ys0XYZJP (I 1)
ATAs ([nJ) =AMVE (1 1)

AMUTAR (INJY=AMVB (2 ])

VTAa({InNJ) =AMYE (3, 1)

IF (NJ-INJ) Bede2

CONTINUC

DJPIFG=J.

DUFTFG=1.

[F (DJ2TFG) 939911,

WRITE (oyl4)

DO 10 [WNJ=LlsNJ

WRITE (o0id) (DELJPTUINJgn) sK=193)

CUNTINUE .

If (NC-INC) lcoet241

RETURN

FORMAT (lHO9SAITELS.T)

FORMAT (L1HD s8R sIFHVELTA X Jr6XsIHDELTA Y J)6XsFHDELTA 2 J)

END

SU3RQUTINE ALP3ET (TIMEsALPHAD+BETADYETADyCVPsTHETASPSIsPHI)
COMMON /A3/ TITeTwVeTX(50) s vVX(S50)sVVY(S50)sVVZ(S0)sH(50}sALT(50) sV

1X0(350) 4VYO (50}
DR=,0174532925

RD=S7,29577951

CALL FTLUP (TIMEsVX1slolTleTXeVVX)
CALL FTLUP (TIMEsVYLlslelTLeTAsvVY)
CALL FTLUP (TIHEsVZisLlsITIsTRIVVZ)
CALL FILUP (TIWEsZsloIIIsTAH)
CALL FITLUP (79VAD el o lwvealTava0)
CALL FTLUP (ZsVYO0sleIwVealLTavyO)
v20=0,

PSIX=PSI#UR

PHIR=2H]?UR

cCcxTcom® :::tcr.mmmmmm‘mmmmmmmmmmmmmmmmatrma:mmmmd:mmu:mmm

OOOOOOOOOOOOOO
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APPENDIX B — Concluded

THelAR=TrETA®YR

KI=SIN(PSIN)

x2=C0S(PSIR)

A3=S[N(PHIR) -

Xx4=COS5 (PA[K) '

xS=S{n(THETARY

A6=COS(THETAK])

BlsX62X28VR1+XHEX]1OVY [ =-X58V]]
Be=(x29XS8X3~=A1 2XG) VAL (X2HKG+A12XSRX3)PYY] e XORX30VZ]
B3=(X29AS52X4+ A19X3) VAL (ALaXS8X4=X29X3) VY] +XO%X40V2]
BOz=ABFAZUV RN+ XSFXLEVY)=-KA59VZY .

BO= (X259 XA=X]10K4) 2VAV S (AL2HAG+ X 9XG®X])OyY+XOEHAIBVZY
BOS (X29X50X4 0 A1RKI)BVADS (XIPXSHXG=R29KT) FVY O+ XOPXGPVLY
UP=4)-434 :

vP=32-35

wWP=33-40

ALPAAZATANZ (4F 9UP)

ETA=ATA2{(SORT(VRAS2ewpatld) ) 4UP)

EETA=ATANZ (VP 4UP)
ALPHAD=ALPRA®RU
BETAD=3ETA®#~D
ETAD=gTA®RD

V2SUFR #UP+ VP VP + (P 2 WP
CVP=SORT(V2)

RETURyN

END

DO OO0



APPENDIX C
LANGLEY LIBRARY SUBROUTINE MATINV

Language: FORTRAN

Purpose: MATINV solves the matrix equation AX = B, where A is a square coeffi-
cient matrix and B is a matrix of constant vectors. The solution to a set of simul-~
taneous equations, the matrix inverse, and the determinant may be obtained. If the .
user does not want the inverse, use SIMEQ for savings in time and storage. For the
determinant only, use DETEV.

Use: CALL MATINV(A,N,B,M,DETERM,IPIVOT,INDEX,NMAX,ISCALE)

A A two-dimensional array of the coefficients. On return to the calling
program, A1l s storedin A

N The order of A, 1 =N = NMAX

B A two-dimensional array of the constant vectors B, On return to the

calling program, X is stored in B

M The number of column vectors in B. The expression M =0 signals
that the subroutine is used solely for inversion; however, in the CALL
statement an entry corresponding to B must still be present

DETERM Gives the value of the determinant by the formula
DET(A) = (10100)ISCALE pr1gRM)

IPIVOT A one-dimensional array of temporary storage used by the routine
INDEX" A two-dimensional array of temporary storage used by the routine
NMAX : The maximum order of A as stated in the DIMENSION statement of the

calling program

ISCALE A scale factor computed by the subroutine to keep the results of compﬁ-
tation within the floating-point word size of the computer
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APPENDIX C - Concluded

Restrictions: Arrays A, B, IPIVOT, and INDEX have variable dimensions in the subrou-

tine. The maximum size of these arrays must be specified in a DIMENSION statement
of the calling program as A(NMAX,NMAX), B(NMAX, M), IPIVOT(NMAX), and
INDEX(NMAX,2). The original matrices A and B are destroyed. They must be saved
by the user if there is further need for them. The determinant is set to zero for a
singular matrix.

Method: Jordan's method is used to reduce a matrix A to the identity matrix I through a

succession of elementary transformations I, 1.1, . . ., ;. A=L [ these trans-
formations are simultaneously applied to I and to a matrix B of constant vectors, the
results are A~l and X where AX = B. Each transformation is selected so that the
largest element is used in the pivotal position. (See ref. (a).)

Accuracy: Total pivotal strategy is used to minimize the rounding errors; however, the

accuracy of the final results depends upon how well-conditioned the original matrix is.

Reference: (a) Fox, L.: An Introduction to Numerical Linear Algebra. Oxford Univ.

Press, 1965,

Storage: 5428 locations.

Subroutine date: August 1, 1968.
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APPENDIX D
LANGLEY LIBRARY SUBROUTINE FTLUP

Language: FORTRAN

Purpose: Computes y = F(x) from a table of values using first- or second-order
interpolation. An option to give y a constant value for any x is also provided.

Use: CALL FTLUP(X, Y, M, N, VARI, VARD)

X The name of the independent variable x.
Y ~ The name of the dependent variable y = F(x).
M The order of interpolation (an integer)
M =0 for y a constant. VARD(I) corresponds to VARI(I) for
I=1,2, ..., N. For M=0 or N=1 y=F(VARK1)) for any value

of x. The program extrapolates.
M= 1or 2. First or second order if VARI is strictly increasing (not

equal).
= -1 or -2. First or second order if VARI is strictly decreasing (not
equal).
N The number of points in the table (an integer).
VARI The name of a one-dimensional array which contains the N values of the
independent variable.
VARD

The name of a one-dimensional array which contains the N values of the
dependent variable.

Restrictions: All the numbers must be floating point. The values of the independent
variable x in the table must be strictly increasing or strictly decreasing. The fol-

lowing arrays must be dimensioned by the calling program as indicated: VARI(N),
VARD(N).

Accuracy: A function of the order of interpolation used.
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APPENDIX D - Concluded

References: (a) Nielsen, Kaj L.: Methods in Numerical Analysis. The Macmillan Co.,
c.1956, pp. 87-91., ’
(b) Milne, William Edmund: Numerical ‘Calculus. Princeton Univ. Press,
¢.1949, pp. 69-73.

Storage: 430g locations.

Error condition: If the VARI values are not in order, the subroutine will print TABLE
BELOW OUT OF ORDER FOR FTLUP AT POSITION xxx TABLE IS STORED.IN
LOCATION xxxXxXxxX (absolui;e). It then prints the contents of VARI and VARD, and
STOPS the program.

Subroutine date: September 12, 1969,
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APPENDIX E
BASIC DATA

Computer Card Format

A typical basic data computer card format is as follows:

Column
1. shows whether the data are for a landmark or fiducial point and, if
the latter, which fiducial system is being used: 4 is used for land-
marks; 1 for frame corner fiducial points; and O for film sprocket
_hole fiducial points
2to 5 vehicle or test identification numbers
7 onboard camera identification number
8 blank
9 to 10 A, landmark number for landmark readings; 00 for fiducial point
readings
11 film reading system identification number
12 . blank
13 to 14 1, 2, or 3; indicates which of the required three readings (for aver-
aging purposes) of each fiducial point or landmark is on the card
15 to 19 accumulated point number, including fiducials
20 to 40 blank
41 to 47 x-value (in inches X 10'3) of the landmark or fiducial point on the
frame, measured horizontally on the projected image, with origin
at right edge of image or right sprocket holes of film
48to 50  blank

39



APPENDIX E - Continued

Column

51 to 57 ¥-value (in inches x 10-3) of the landmark or fiducial point on the
frame, measured vertically on the projected image, with origin at
bottom edge of projected image or bottom sprocket holes of film

58 to 63 blank

64 to 67 frame number based on a convenient zero reference frame

Only the data in columns 9 to 10 and after column 40 serve as inputs to the com-
puter program. The remammg data are used for identification and gross readmg or
system error analyses only and may be altered at the user's discretion, For the system
employed at Langley Research Center, the data through column 11 are input manually
on dials located on the digitizer. The remaining data are input automatically and dis-
played on the digitizer. All data are recorded by the typer as well as on the punched
computer cards.

Data Reading

The following discussion is related to the procedures and system currently
employed at the NA_SA Langley Research Center utilizing the Gerber film reading system
and focuses on getting the basic data into a form usable by the computer.

First a frame reference time must be established and the landmarks and features
to be used must be identified. Next, sketches showing the position of the landmarks (and
features) in relation to other distinct features (for example, mountain ranges, rivers,
surface discolorations) on the film should be prepared. These sketches are useful in
determining the general_landmark location on the projected film image. '

A typical sequence in reading a frame of film, after the film has been installed in
the film reader, is enumerated. These instructions are for the Gerber film reading
system at the Langley Research Center and may be modified for other systems.

(1) Set the frame counter to the proper value
(2) Establish the image space axes system (X, §) origin (for example, frame corner)
(3) Focus the frame (do not change the focus until the next frame)

(4) Assure that the x and y values increase in the desired direction by moving
the crosshairs

(5) Aline the crosshairs on the first fiducial point (for example, frame corner,
film sprocket hole) '
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APPENDIX E - Cpncluded

(6) Assure that all dials on the digitizer are properly set and reset the x and ¥
values on the digitizer to zero '

(7) Assure the readiness of the typer and card punch
(8) Punch the fiducials (three readings for each of the four fiducials)

(9) Adjust the digitizer dials as necessary for landmark readings and punch the
Jlandmarks (three readings each)

(10) Check the printing from the typer for general correctness
(11) Advance to the next frame to be read and repeat these steps.

Finally, the cards should be interpreted and listed. A review of this listing should
reveal any errors or blank cards which should be removed prior to processing.
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APPENDIX F

CONTROL DATA AND BASIC DATA INPUT DESCRIPTION

Control Data

For user's convenience, program VOPD has been divided into distinctive input and

output groups. Following is a detailed description in computer terminology of the input
for each group of control data. ' :

Column
Input Group 1

1to 10

11 to 20

Input Group 2
1

2 to 80

Input Group 3

1to 5
6 to 10

11to' 15

16 to 20

42

Parameter

Format (2F10.3)

XRR

RRR

Format (80H)

TITLE

Format (215, 6 F5.1)

I

S1M

S1A

Description Units
25 cards
Radial distance from frame mm
center
Lens radial distortion pLm

1 card
Punch 2 1 in column 1

Descriptive title, printed at top
of each output page

1 card

Number of data values in Input
Group 7

Number of data values in Input
Group 4

Multiplying factor to convert
camera yaw angle (g7) to
vehicle yaw angle ()

Addition factor to convert deg
camera yaw angle (o) to
vehicle yaw angle (¥)
PSI = SIM * SIG1 + S1A,
SIM=+lor -1



Column

21to 25

26 to 30

31to 35

36 to 40

Input Group 4
1to 10

11 to 20

21 to 30

Input Group 5

1to 5

APPENDIX F — Continued

Parameter

S2M

S2A

S3M

S3A

Format (3F10.1)

ALT

VX0

VYO

Format (16I5)

NT

Description

Multiplying factor to convert
camera pitch angle (og) to
vehicle pitch angle (9)

Addition factor to convert
camera pitch angle (02) to
vehicle pitch angle (9)
THETA = S2M * SIG2 + S2A,
S2M = +l or -1

Multiplying factor to convert
camera roll angle (03) to
vehicle roll angle (¢)

Addition factor to convert
camera roll angle (o3) to
vehicle roll angle (¢)

PHI = S3M-* SIG3 + S34,
S3M = +1 or -1

IWV cards
Altitude table, mean sea level

North-South wind velocity -
table, + from South

East-West wind velocity
table, +from West

(NFR + 3)/16 cards

Number of landmarks read on

this film, also number of
Input Group 9 data values

Units

deg

deg

ft

fps

fps
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Column

6 to 10
11to 15

16 to 20 (etc.)

Input Group 6

1to 5

6 to 15

JInput Group 7
1to 10

11 to 20
21 to 30
31to 40
41 to 50

51 to 60

44
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Parameter

NFR
NTFR

NPT(I)

Format (115, 1F10.1)

IFRM

TIMX

Format (8F10.1)

TX

XXX

YYY

2727

vvy

Description

Number of frames read from
this film

Number of Input Group 6 data
values

Number of landmarks in each
frame, etc., I = 1 to NFR

NTFR cards

Frame number, does not have
to correspond to frames
read, but must encompass

those of the basic data deck

Flight time of this frame

I cards
Time table

X-location of the vehicle
from origin, + East

Y -location of the vehicle
from origin, + North

Z-location of the vehicle
from origin, + zenith

Vehicle velocity, +toward
North

Vehicle velocity, + toward
East

Units

sec

sec

ft

ft

ft

fps

fps



Column

61to 70

71 to 80

Input Group 8
1to 10

11 to 20

21to 30

31 to 40

41 to 50
51 to 60

61 to 70

Input Group 9
1to 10

11 to 20

APPENDIX F — Continued

Parameter Description

Vvz Vehicle velocity, + toward
Earth

H : Altitude of vehicle, mean
sea level

Format (7F10.0) 1 card

CC Camera focal length

PHI Latitude of the origin of

Group 7 coordinate
system, geodetic

THZ Longitude of the origin
of Group 7 coordinate
system, geodetic

RZ Distance from center of
Earth to origin of Group 7

coordinate system

SIG1 Initial estimate of camera
Euler yaw angle

SIG2 Initial estimate of camera
Euler pitch angle

SIG3 Initial estimate of camera
Euler roll angle

Format (1110, 5F10.1) NT cards
ITGT : Landmark ID number

THJ Longitude of this landmark,
degree part only

Units

ft

deg

deg

103 ft

deg

deg
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Column

21 to 30

31 to 40

41 to 50

51 to 60

Input Group 10

lto 5

Input Group 11

1to 5

6 to 10 (etc.)

APPENDIX F -~ Continued

Parameter

THIMI

PHLJ

PHIJMI

Format (1I5)

NOUT

Format (71I5)

IFM

JOUT(D)

Description

Longitude of this landmark,
minute part only

Geodetic latitude of this
landmark, degree part
only

Geodetic latitude of this
landmark, minute part

only

Landmark altitude, mean
sea level

1 card

Number of data values in
Input Group 11

NOUT cards

Frame number as read from

film

Landmarks to be ignored for
this frame only, I=1to 6

. for as many as required

Units

min

deg

min

ft

If JOUT(I) = 100 this entire frame is ignored; do not remove its data from the

basic data deck.
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APPENDIX F - Concluded

Coiumn Parameter - Description Units
Input Group 12 Format (1615) NT /16 cards
1to 5 NGO Input group number to which

program returns after pro-
cessing all the frames of
this job = 13 to stop further
calculations '

6 to 10 (etc.) 10UT Landmarks to be ignored in
computations for all frames

Basic Data

The basic data deck as punched from the film reader is input after the control data
deck. It consists of three cards for each of four fiducial frame corners plus three cards
for each of the NPT landmarks for a total of 12 + 3 * NPT cards. Following is a list of
the essential information from the basic data deck required for program operation. For
an explanation of inputs for all columns of the basic data c_ards see appendix E.

Column Desériptibn Units
9to 10 Landmark number

41to 47 x-value of landmark on the film in.

51 to 57 y-value of landmark on the film in.

64 to 67 Frame number

Only one copy of this basic data deck is required. For additional calculations with
these data only these input groups, including and following the one specified by NGO,
must be inserted behind this basic data deck.
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APPENDIX G

PROGRAM VOPD OUTPUT DESCRIPTION

The output of this program is listed one page to a film frame and includes the
following groups of data: '

Parameter

Description Units

The title card is printed at the top of the page.

Output Group 1
L-MARK
LONGITUDE
LAT-~GOCN
RAD-ER-KFT
LAT-~GODT
ALTITUDE-FT
N

XLAM

XMU )

XNU

Output Group 2

X

Y

48

NPT lines

ALandm ark number

Landmark longitude deg
Landmark geocentric latitude deg
Earth center to landmark distance 103 ft
Landmark geodetié latitude deg
Landmark altitude, mean sea ievel ft

Direction cosines of image space coordinate system
relative to object space coordinate system (see

appendix A)
1 line
X-location of vehicle, same as Input Group 8 XXX ft
Y-location of vehicle, same as Input Group 8 YYY ft
Z-location of vehicle, same as Input Group 8 ZZZ ft



Parameter
XPcC
YPC
CC
Output Group 3
XCO FINAL
YCO FINAL
Output Group 4
X
Y
R DIST
DELTA R
Ou’Fput Group 5
FRAME
TIME
SIG1
SIG2
SIG3
XP

YP

L-9461

APPENDIX G - Continued

Description
X-location of film frame center, average of fiducials
Y-location of film frame center, average of fiducials
Camera focal length
NPT lines
X-location of landmark in image space (on film)

Y-location of landmark in image space (on film)

) NPT lines

X-location of landmark in object space
Y-location of lax;dmark in object space
Landmark loqation from frame center, image space
Radial distortion of landmark due to camera lens
i line

Frame number

Flight time

Camera E..uler angle, yaw

Camera Euler angle, pitch

Camera Euler angle, roll

X-location of frame center in object space

Y-location of frame center in object space

Units

in.

in.

in.

in.

in.

in,

in,

in.

sec

deg

deg

deg

in.

in,

49



APPENDIX G - Concluded

Parameter Description Units
PSI Vehicle Euler angle, yaw -deg
THETA | Vehicle Euler angle, pitch deg
PHI Vehicle Euler angle, roll : deg
ALPHA Vehicle pitch angle of attack ' | deg
BETA Vehicle yaw angle of attack _ deg
ETA Vehicle total angle of attack , deg
Output Group 6 NPT lines
R)é(I) Error in X-coordinate from frame center in.
RY(I) Error in Y-coordinate froﬁl frame center in.
L-MARK Landmark number
Qutput Group 7 1 line

The standard deviation of the residuals is listed here.
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