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/)// ABSTRACT B
In this paper, the potentials of a Large Format Camera (LFC)
photography are explored specifically for the purpose of carrying
out photogrammetric control extension. This study is based on
the error propagation analysis in photogrammetric triangulation
of a block of 22 LFC frames, having an approximate scale of

1:755,000 and taken during the October '84 Shuttle Mission 41-G.

A study of error propagation in photogrammetric triangulation of
the block of 22 LFC frames was carried out for several simulated
cases, representing various present and future systems of data
acquisition aud reduction. In these simulated cases, the
geometric configuration of the block of photographs was obtained
from the triangulation solution, using the existing ground
control and the plate coordinates, measured on the National Ocean
Service Analytical Plotter (NOSAP). Further, the block
triangulation and error propagation solution were obtained by
statistically constraining the parameters; such as, plate
coordinated, camera position attitude, and ground control, in
order to simulate a certain system. General Integrated
Analytical Triangulation (GIANT) program was used for error
propagation and block triangulation computations.

SThe results of the study are shown graphically as error curves
for each of the simulated systems. The best results are
achievable when the Geodetic Positioning System (GPS), along with
minimum ground control, is used in the LFC photography block
triangulation. The stellar camera is also useful in conjunction
with the Geodetic Positioning System, in areas where the ground
control is not available for use in the block triangulation.
Average standard deviation of determination of coordinates of
triangulated ground points can be as good as +)2.7 meters
(planimetry) and +-5.4 meters (elevation). These correspond to

+ 3.5 micrometers (planimetry) and + 7.2 micrometers (elevation)
at the photo scale. flM STATEMENT
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INTRODUCTION

From the viewpoint of improved precision, resolution, area
coverage, and other terrain mapping considerations,in 1965 a
working group within National Aeronautical and Space
Administration (NASA) recommended4a large format camera of 30-cm
focal length,and a pair of stellar cameras to determine camera
attitudeAfor Apollo Missions.\ It was not until the early 1980's
that Itek Corporation designed and constructed for NASA a Large
Format Camera (LFC) and the Attitude Reference System (ARS),
composed of a dual lens ballistic camera called the Stellar
Camera Array (SCA). / I

The LFC and ARS are a part of the Orbiter Camera Payload System
(OCPS) for deployment on space shuttle sortie mission in low
earth orbit aboard the Space Transportation System (STS) Orbiter
Vehicle. The LFC is, of course, used for making very high
resolution images of the earth surfaces with great geometric
fidelity. The SCA is used to take simultaneous photographs of
the two star fields at the instance of the midpoint of exposure
of each LFC terrain photograph, in order to determine the precise
pointing attitude of the LFC with reference to the ground nadir
point. A precise relationship of the LFC optical axis to the two
SCA optical axes is obtained by executing an inflight stellar
calibration sequence of exposures.

The camera system LFC/ARS was carried into space on shuttle
Mission STS-41G on October 5, 1984. The orbit inclination was
570 and the shuttle operated at nominal altituder of 352, 272,
and 222 kms. A total of 2160 frames were exposed (Ref. #1.)

Some of the descriptive parameters of the LFC are as follows:

o Fully metric design lens (focal length of 30.5 cms and
aperture of f/6.0).

o High resolution system with an area weighted average

resolution (AWAR) of 80 lines per millimeter on a
high resolution aerial film at a contrast ratio of
2:1.

• Automatic exposure control from 1/250 to 1/30 seconds.

o Rotary (between the lens) shutter.

0 Image motion compensation, 0.01 to 0.045 rad/sec.

* Maximum lens distortion of 20 micrometers.

* Format 23x46 cms. (longer dimension in the flight
direction).
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a Forward overlap of 10, 60, 70, or 80 percent.

* Twelve illuminated fiducials.

* Backlighted 5x5 cms reseau grid (total of 45 reseaus).

o Vacuum film flattening.

* Minimum cycle time between exposures of 4.3 seconds.

* Film capacity of approximately 4,000 feet or 2,400
" 9" x 18" photographs.

* Weight of the camera - 506 pounds.

* Physical size of the camera - 50" x 35" x 20".
(height, length, and width, respectively)

Compared to a 9 x 9-inch aerial mapping camera, the LFC has the

following obvious advantages:

Few photographs in a project will result in:

- Lesser time for measurements and data reduction.

- Lesser error propagation.

- Lesser requirement and more likelihood of
fulfilling ground control requirement.

* Higher resolution will enable more precise measurements
because of clearer image detail and better point
identification.

On the other hand, there are other considerations which must be
kept in mind; such as, the triangulation solution will obviously
be weaker in the cross-flight (shorter photo dimension) direction
than in the along-flight (longer photo dimension) direction.
This may be compensated by using flight lines in a perpendicular
pattern. Also, compared to the Wild RC-10G camera which has
reseau spacing on a 2 x 2 cm. grid, the LFC has reseau spacing on
a 5 x 5 cm. grid, which may be a slight disadvantage as far as
precision goes. - . . .. ..-

Acceis" !'r
. ~~NTIS O ? w

: DTIC T L:[

DIA

Diot v . , . .3 '. :, .o
a AlL



PHOTOGRAMMETRIC CONTROL EXTENSION

One of the most promising areas in which LFC could be used is in
photogeodesy, or photogrammetric control extension. In several
photogeodesy projects (Ref. 3), using the 9 x 9 -inch format
aerial mapping cameras, it has been established that the scale of
the photography ha! a direct relationship to the accuracy with
which ground points are positioned. In a typical case of a
project using Wild RC-10G reseau camera, the relationship for
ground positioning error is:

scale factor ±1 (meters)
500,000 =

Table #1 (Ref. #3) lists several projects in photogrammetric
point extension, giving the normalized system precision and photo
accuracy. Special attention may be given to the Casa Grande,
New Mexico, 1978, and the Ada County, Idaho, 1981 projects, using
the Wild RC-10G (reseau) camera, in which the best possible
results were obtained, with normalized system precisions of
516,159 and 641,025 or photo accuracy of 1.9 and 1.5 micrometers,
respectively. Cross flights were used in these projects. The
achievement of accuracies less that 2 micrometers on.the
photographs is mainly due to (Ref. 3):

" The isolation of systematic errors and their "a priori"
removal from the observations, before resorting
to the application of "self-calibration" parameters
into an adjustment process.

o The statistical rigor in all mensuration activities.

This involved the most accurate determination of radial and
decentering lens distortions and other camera Constants;
determination of atmospheric refraction, comparator calibration,
grid plate (reseau) calibration, film distortion, and most
significantly, adjustment techniques for large systems of

simultaneous equations. The basic requirement for optimization
of geometry is two-thirds forward and side overlap of the
photographs. The well defined points (pass points and ground
control points) must be spaced at regular intervals throughout
the entire project area and every photograph must contain a
minimum of nine image points (Ref 3).

9
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SIMULATION STUDIES

In .order to- determine the potentials of the LFC photography, for
photogrammetric control extension, photogrammetric block
triangulation of 22-LFC frames from Shuttle Mission 41-G was
carried out by simulating data for several cases, representing
various data acquisition and reduction systems with the LFC.

Figure 1 shows the layout of the 22-LFC frames with
80 percent forward overlap in the geographic location of the
States of Montana, South Dakota, and Nebraska, covering an
overall length along the strip of about 600 miles and a width
across three strips of about 200 miles. Each LFC photo covers
approximately 200 x 100 miles at the average photo scale of
1:755,000.

Figure 2 shows the distribution of the existing ground
control points in the block.

Figure 3 shows the location of selected minimum ground control
points for simulation studies of error propagation in block
triangulation. These points were selected from the triangulated
ground points whose coordinates were obtained from & real-data
triangulation solution, using the existing ground control points.
(Figure 2)

Figure 4 shows the selection of every other frame to simulate 60
percent forward overlap LFC photography coverage of the area.

Figure 5 shows the location of pass-points as selected for the
triangulation of the 22-LFC frame block. In general, in the case
of 80 percent forward overlap LFC photographs, each photograph
has at least 15 pass-points, in addition to ground control
points. Pass-points in one strip only, and not common to other
strips, will appear in 2 to 5 photographs. Pass-points common
to two strips will appear in 4 to 10 photographs.

National Ocean Service (NOS) stellar calibration data for the LFC
was available. The calibration is a comprehensive determination
of camera constant (Ref. #4.)
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In order to carry out error propagation analysis in block
triangulation for various simulated systems, the follow data
files were generated for use in the General Integrated Analytical
Triangulation (GIANT) program:

CAMERA - Camera parameters

FRAMES - Camera station parameters, position and attitude,
and standard deviations of these, for all frames.

GROUND - Positional coordinates and standard deviations of
these, for all ground control points in the
block.

IMAGES - Image plate coordinates of all ground and pass
points, and standard deviations of their
measurement, for all plates.

The image plate coordinates were obtained from the comparator
measurements of all the 12 fiducials and image points in each of
the LFC photographs by means of the National Ocean Service
Analytical Plotter (NOSAP). For the simulation study of error
propagation, it was not necessary to measure the image points by
rigorous procedures; such as, repeated point measurements.
Camera station positions were approximated from the layout of the
project on a map sheet, showing photocenters. Camera attitude
was assumed for the normal (vertical) case of photography, and
the direction of flight. Ground control for the minimum control
distribution was obtained from the initial block triangulation
solution with the NOSAP measurement data and the existing ground
control. Pass points located at the desired ground oontrol
location were then considered as ground control for simulation
studies. However, to simulate a certain system, constrainsts
(standard deviations) were applied to the parameters or
determined by the simulated system. Thus, the systems were
simulated as shown in Table #2.
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SOME PRELIMINARY INVESTIGATIONS

For investigating the potentials of the LFC in photogrammetric
control extension or triangulation, various systems were
simulated (Table #2) and evaluated for the best possible results
in the determination of triangulated ground points. In order to
do so, some of the common factors entering the block
triangulation solution for all the simulated systems were
considered before hand. Preliminary investigations were made to
find out the effect of the following factors:

* Plate coordinate measurement precision;

* 80 percent vers s 60 percent forward overlap;

* Camera attitude precision;

on the accuracy of the triangulated ground points.

Simulated study cases were setup by using proper constraints to
give the error curves from the error propagation solution thereby
demonstrating the effect of the above factors.

Curve #1 (Figure #7 and Table #3) shows the effect of the
precision of plate coordinate measurements on the accuracy of
determination of the triangulated ground points. In the
solution, the precision of the plate coordinate measurements was
varied from ±3 to ±10 micrometers, and all other factors, such
as, minimum ground control distribution with the accuracy of ±0.1
meters in ground coordinates; and 80 percent forward overlap LFC
photography, were kept the same in all the study cases. The
variation of the precision of plate coordinate determination from
±3 to ±10 micrometers would represent the degree of refinement to
which the comparator coordinates are subjected to. It varies
from the most elaborate refinement (Reference 2), consisting of
the elimination of film and lens distortions, use of reseau and
the fiducial marks, comparator calibration, etc. to the least
refinement, consisting of the use of the fiducial marks only.

It is clearly seen that the results for the determination of the
triangulated points are much improved with the precision of plate
coordinate measurements. In this simulated systems study, the
precision of plate coordinate measurements is taken to the +3
micrometers.
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Curve #2 (Figure #7 and Table #4) shows the effect of the
precision of the LFC attitude angles, as determined by the
stellar camera, on the determination of the triangulated ground
points. The precision with which the attitude angles are
determined depends on the number and distribution of the stars on
the stellar photography, the number and orientation of stellar
cameras relative to the LFC camera, etc. The values of such a
determination were considered ranging from ±1 sec. of arc to ±30
sec. of arc., although the most likely range of values at the
present time can be expected to be from ±5 sec. of arc. to ±15
sec. of arc. For all practical purposes, in the simulated
systems study,*±10 sec. of arc. is considered as the precision of
LFC attitude angles.

Curve #3 and #4 (Figure #8 and Tables #5 and #6) show the effect
of 80 percent and 60 percent forward overlap LFC photography,
respectively, on the accuracy of determination of the
triangulated ground points. It is clearly seen, that the 80
percent forward overlap gives better results. Hence, in all of
the simulated systems study, 80 percent forward overlap LFC
photography is considered.
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RESULTS AND CONCLUSIONS

Figure #9 and Figure #10 show the potentials of each of the
simulated LFC photography systems as a means of photogrammetric
control extension. The error propagation results from the block
triangulation, using the GIANT program, were plotted as average
standard deviations of determination of latitude/longitude and
elevation, averaged over all the triangulated ground points, for
each of the cases studied for a system. The error curves
obtained for each of the LFC system study are now discussed.

LFC System with Constraints for Camera Position (GPS Type
System) (Figures #9 and #10)

Curves #4P and #4E (Table #6) are the error curves, showing the
error trends in the determination of planimetry
(latitude/longitude) and elevation, plotted as average standard
deviations over the triangulated ground points, due to the
variations in the accuracy of camera station coordinates,
determined by systems such as the GPS. This simulated system
study covers the range of accuracies for the camera station
coordinates within which the GPS will be operational.
Considering absolute accuracy of the GPS, it mtay be considered
operational somewhere at the higher end of the accuracy range
(up to +20m). However, in the GPS defined coordinate system, it
may be considered to be at the lower end of the accuracy range

(C1 to +2m). The camera position determination to +0.1M is
included for theoretical consideration of systems In the future.
It may also be noted that the GPS type constraints inthe error
proagation solution gives better results in planimetry than in
elevation of the triangulated ground points when the constraints
have values less.h.n or equal to +7.5m in the simulated study.
The accuracy of a systegZ, aj~ be as goodQ +4m in
planimetry and +I n elevation-when the system constraints on
the camera positions is in the decimeter range. With the +2.
constraint on the camera position, the accuracy of the -

triangulated ground points may be about +4.7m in planimetry and
+6.6m in elevation, which correspond to+6.2 micrometers and +8.7
micrometers, respectively, at the photo scale.

LFC System with Ground Control: (Figures #9 and #10)

Curves #5P and #5E (Table #7) show the error trends in the
accuracy of determination of the triangulated ground points with
the variations in the accuracies of the ground control points
(Figure #3) used in the block triangulation. In the decimeter
range of the accuracies of the ground control,



the accuracies of the triangulated ground points are ±2.7m in
planimetry ±5.6m in elevation, which correspond to ±3 *and ±7.4
micrometers, respectively, at the photo scale. The range of the
ground control accuracies are considered up to ±4 meters, in
order to cover cases where the ground control is obtained from
maps or other approximate means. The error curves (#5P and #5E)
show that for accuracy of the ground control better than
±2.7m (±3 micrometers on the plate, and corresponding to the
accuracy of plate coordinate measurements), the accuracy of the
triangulated ground points is about the same: ±3.4m in
planimetry and ±7.3m in elevation, which corresponds to ±4.5
micrometers and ±9.7 micrometers, respectively, at the photo
scale. This clearly indicates the strong influence of the
precision of the plate coordinates in the solution. However,
when the ground coordinates have relative accuracy of greater
than ±2.7m, the errors values increase at a higher rate.

LFC System with Constraints for Camera Position (GPS Type System)
and Camera Attitude (SC):

Curves #6P and #6E (Table #8) show the error trends in the
accuracy of determination of the triangulated ground points with
variation in the accuracy of the camera position (using the GPS
type system), given a known precision (±10 secs. of arc) of the
camera attitude angles. The error trends are favorable compared
to the LFC System with only the camera position (GPS type)
constraints. Compared to the LFC system with ground control,
this system is much better for elevation and about the same for
planimetry. In case the camera position constraint is ±2m, using
a GPS type system, and ±10 secs. of arc camera attitude from a
stellar camera (SC), the achievable accuracy are ±3.8m in
planimetry and ±6.3m in elevation, which correspond to ±5.1
micrometers and ±8.4 micrometers, respectively, at photo scale.

LFC System with Constraints for Camera Position (GPS type system)
and Ground Control (±O.lm):

Curves 7P and #7E (Table #9) show the error trends in the
accuracy of determination of the triangulated ground points with
the variation in the accuracy of the camera position (using GPS
type system), given the ground control (Figure #3) with accuracy
of ±0.lm. This system gives the best possible results compared
to the rest of the systems studied. It may be observed,
that there is a slight variation in the accuracy of determination
of triangulated ground points: ±3.5m to ±4.7m in planimetry, and
±5.5m to ±6.7m in elevation, corresponding to a considerable
variation in the accuracy of the camera position (GPS type
constraint): ±1.Om to 20.0m. This indicates that the use of the
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ground control points (±0.lm) along with the GPS type constraint
helps in minimizing the effect of the variation in the GPS type
constraints. Overall, this system has a great potential for
mapping purposes.

At the ±2m, GPS type constraint on the camera position, and
ground control of tO.1m accuracy, the relative accuracy of
determination of the triangulated ground points is ±2.9m in
planimetry and ±5.7m in elevation, which corresponds to ±3.8
micrometers and ±7.6 micrometers, respectively, at the photo
scale.

In conclusion, from amongst all of the LFC systems studied, the
LFC system with GPS type constraints and a few well distributed
ground control (Figure #3) of decimeter accuracy, gives the best
possible results. Accuracies of ±2.9m-in planimetry and ±5.7m in
elevation at the photo scale (1:755,000) are achievable in the
determination of photogrammetric ground control when the camera
positions are known with an accuracy of ±2m and the ground
control with an accuracy of ±0.1m. In areas where there is no
ground control, the best system for obtaining photogrammetric
ground control is the LFC system with GPS type (camera position)
and SC type (camera attitude) constraints. In the present
configuration, with the camera position accurate to ±2m and
camera attitude angles known to ±10 sec. of arc, the accuracies
achievable for the photogrammetric ground control are ±3.8 meters
in planimetry and ±6.3 meters in elevation, which corresponds to
±5.1 micrometers and ±8.4 micrometers at photo scale,
respectively.
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ERROR PROPAGATION STUDY

TABLE # .3 - STUDY OF THE EFFECT OF
ACCUACY or AlAgrX Cc7PIA14 TfCA/ rW W rI7" CURVE #1

ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #
RESULTS & ANALYSIS

_ _ _ _ _ __ _ 1. 23 4 56
CONSTRAINTS 

UNITS

IMAGE:
**S.D. OF IMAGE COOREMICRONS 3 a a /0

FRAME:
S.D. OF LONGITUDE .M.S i00 /0 . '000. /00. 0 . fO 0.
S.D. OF LATITUDE .M.S /06. /0 00. 1900. to 00. /o &. /000.
S.D. OF ALTITUDE ETERS 6oO00. 600. 64". 6000. 600. 6o4.
S.D. OF ROLL (W) .M.S. 'gox . 9o0 at o 0. 00 . ?a4v . g0o . 900d0.
S.D. OF PITCH (0) .M.S. 06? 00. 0x 00. 910 0000. 10qOOX0. 90 ha. g000v*-
S.D. OF YAW (k) D.M.S. ? 4 0 4 0 - X . /o oo 6V. qoOpgg.9 0000 . q90qXo.

OVERLAP:
(LONGITUDINAL) ERCEN 800 t O O o to

(%)

* GROUND CONTROL:
S.D. OF LONGITUDE .M.S. ,oo0i 004 "WA .004 0$
S.D. OF LATITUDE .M.S. .003 .003 "003 "005- -"003 "V
S.D. OF ELEVATION .ETERS O.i 0"0 0"i o"/ 0"/ 0
NUMBER OF POINTS UMBER .....
(MINIMUM) INM. M IAIM1. 1,A/44. /A1 /MA . IMAA . MfIA4, 1. kIV1.

RESULTS & ANALYSIS

PLANIMETRY: (LAT/LONG)
S.D.: MAX. METERS 6.9 /2.7 2/.9 225 26.7 552-9

MIN.+M METERS 14 /a Z. 2.3" .7 4-7
AVG. METERS 3"25' 4.19 5.21 6-30 9.02 0" 65'

(AVG. OVER 96 POINTS)

ELEVATION:
S.D.: MAX. ETERS 13'14 2/-' 26-8 52"2 2"9 3

MIN.M ETERS 3.2 35 5'* i6-2 .-AL /0-6
AVG. + M  ETERS 6397 950 io ' 13"91 18'53 24'27

(AVG. OVER 96 POINTS)

* SYSTEM PRECISION:
NORMALIZED PLAI. ACTOR 232,306. /0,191. "4,92. /M9,B'/. 83,70. 7a6%.
*SF/+M

*S/MELEV. ACTOR IO,2.81,183. 9,97Y/. S#,161. 4roj6/3. 32, #'is,
PHOTO-ACCURACY PLAN. IICRONS . .5" 6.9 83 a "

' /SF ELKV. ICRONS 9-1 /'2.3 /s.9 /83'y 2q0

CURVE NUMBER: M.iP
SI e _ __ _ _1_ 1_ 1_ 1

IF - SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES
M - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: *GIANT"

**S.D.- STANDARD DEVIATIO



ERROR PROPAGATION STUDY

TABLE # STUDY OF THE EFFECT OF
T/I' toC Ac 7-Mt s5rgrA C AM*1 A CURVE #12

ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #
RESULTS & ANALYSIS

_ _ _ _ _ _1. 2 3 4 5 6
CONSTRAINTS UNITE

IMAGE:
**S.D. OF IMAGE COOREICRONS -3 3 -3 -3 -3

FRAME:I
S.D. OF LONGITUDE D.M.S /0 0.0 10od . /0 0 . /O v'V.
S.D. OF LATITUDE .M.S 10 00. 100o. /0 X- fo& /0V0 100.
S.D. OF ALTITUDE ETERS 6 000. 60000- 6000. 60000. 6CtX0.
S.D. OF ROLL (W) .M.S. 00 000/- 00 a03. 000/0 t. 000020. 000030.
S.D. OF PITCH (0) *M.S. 0000/. 0000v03. 00010. x002. o00053
S.D. OF YAW Wk I.M.S. 00001/. 000003. 0000f0. 000024a o 000

OVERLAP:
(LONGITUDINAL) ERCEN s0 80 s0 go 80

GROUND CONTROL:
S.D. OF LONGITUDE D.M.S. 0001Y .00v 04v 00# 0
S.D. OF LATITUDE M.so .003 .003 00 100.7 .03
S.D. OF ELEVATION ~.TERS 041 49.1c
LSUMBER OF POINTS UMBER -----

(MINIMUM) INX. AMNAM MlN/'i. AlWI. -A Mi*ht. MYVA

RESULTS & ANALYSIS

PLANIMETRY: (LAT/LONG)
S.D.: MAX. 1-TERS 13.2 13.9 /s./ il .19 /6.3

MIN.+M ETERS 2-5 2-7 3-0 3/1 3-
AVG. ETERS 2.77 305C 3-20 33 3-#L3

(AVG. OVER 96 POINTS)

ELEVATION:
S.D.: MAX. ETERS 9.- 94 t0.o 10 4 110/_

MIN.+m ETERS /.y)6- h /-7/-
AVG. TERS 510o 607 6-" 695 7.32

(AVG. OVER 96 POINTS)

SYSTEM PRECISION:
NORMALIZED "N~t. ACTOR 272,53 5L141 23j19 38 228O7 217

*SF/+M ELEV. ACTOR /30,1/72P. /214321576./43 o3/'
PHOTO-ACCURACY PLA rN. IICRONS 3- ZA-0 4.2 4.4 9.4
M/SF ELXV. ICRONS 7-7 1-0 94~ -97

CURVE NUMBER: i

IF- SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES

H - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: "GIANT*
**S.D.-. STANDARD DEVIATION /



ERROR PROPAGATION STUDY

TABLE # 5 - STUDY OF THE EFFECT OF
Ac~ re~w7 Ax,-&AAgP Ok'Ei! IA CURVE # 3

ON THE 'DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS- CASE #
RESULTS & ANALYSIS

_ _ _ _ _ _ _ 1 , 2 3 4 5 6

CONSTRAINTS UNITS
IMAGE:
**S.D. OF IMAGE COOREICRONS -3 3 3 3 .3

FRAME:
S.D. OF LONGITUDE .M.S *O04* 00,' 42 12 81
S.D. OF LATITUDE .M.S .003 *03 .09 .73 .4
S.D. OF ALTITUDE TEES 041 10o 30 /0.40 Z0.0
S.D. OF ROLL (W) .Moso to00 op. qvp 00. go 000. qooo0. qppp Co.
S.D. OF PITCH (0) .M.S. e 00C. d.~ q~v .9 of W. oooo.x
S.D. OF YAW (k) .M.S. 0vCo tv W. ?tg qo . go iX . goo40.

OVERLAP: 
0 10(LONGITUDINAL) ERCEN re0 60 60 6

GROUND CONTROL: NAV I( 4AtE AMiC MAX
S.D. OF LONGITUDE .Mo.
S.D. OF LATITUDE .M.S.
S.D. OF ELEVATION .ETERS
NUMBER OF POINTS UMBER
(MINIMUM) INH.

RESULTS & ANALYSIS

PLANTIMETRY: (LAT/LONG)
S.D.: MAX. METERS1 10.0 12#4 /4Ij. 20-9 36.8

MIN.+M ETERS 42 49 e7 /T3.5 25-0
AVG. ETERS 6 Ar- 1.- 6-35 28.67f

(AVG. OVER 96 POINTS)

ELEVATION:
S.D.: MAX. ETERS 12-3 13 ' /4-1 22/1 3/3

MIIN ETERS 1/.S- *7 511 8* /.

AVG. ETERS 792 82o .9.41 19 .?
(AVG. OVER 96 POINTS)

SYSTEM PRECISION:
NOPI-IALIZED PLAN. ACTOR 12,1795. ,$6. J~33 46177 2f,5
*SF/+m E L E 41 ACTOR 95,324 92,o 7. ad.54 Z %S1S/2/ 15,9Jtf7

PHOTO-ACCURACY FLA 09. IICRONS 8.0 a 7 39.3 2/-7 37-.
M/SF ELr6V. ICRONS 10.5- 109 /5 1- .27-,r

CURVE NUMBER:
W 3 _ _ _ _ _ _ _ __ _ _ _ _ _

*F- SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES

M - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: "GIANT,
**S.D.- STANDARD DEVIATION-



ERROR PROPAGATION STUDY

TABLES # STUD_ OF THE EFFECT OF
QWT rof~llrJ ON? CA4ItAA vfd!a/ iWfM ( CURVE # I
ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #
RESULTS & ANALYSIS

*_ _ _ _ _ _1. 2 3 4 5 6

CONSTRAINTS UNiT-
IMAGE:

*"S.D. OF IM4AGE COOREICZONS 3 3 33

FRAME:
S.D. OF LONGITUDE .M.S 009 .06 *O87 #2 as
S.D. OF LATITUDE M1.S .003 $03 *06 0/2 .33 c
S.D. OF ALTITUDE TEES 0p/ f10 2-0 41.0 /0 20.0
S.D. OF ROLL (W) *.S.. fo ov 00. 900000. fox X. 9000. 0 ooo0. 0v000.
S.D. OF PITCH (0) .S. 91006'. 90vo foo00W. 90oded. 900 00. W0 go td.
S.D. OF YAW (k) -. S.. (?61,00 . 900000. fox 60 q04X. x 0. aoo Co0

OVERLAP:
(LONGITUDINAL) ERCEN 80 50 8 o

4 GROUND CONTROL: Wil AAMC All0NA7 A/ONE AV"J AMEW
S.D. OF LONGITUDE ..
S.D. OF LATITUDE *M.S.
S.D. OF ELEVATION .ETERS
NUMBER OF POINTS UMBER
(MINIMUM) INMi.

RESULTS & ANALYSIS

PLANTIMETRY: (LAT/LONG)
S.D.: MAX. ETERS 9.4 99 // i4( 267

MIN :+M TERS 2.6 32 78 1.
AVG. ETERS 3."0 'J2O q0 5tS5 /0-29 /7-iff

(AVG. OVER 96 POINTS)

ELEVATION: /- 3 377 /4 2
E SD.: MAX. ETERS /2 5 37 47 /6 27

M4IN.+ ETERS 3.0 3/1 3-2 369 8.0

(AG VRAVG.:+ ETERS 607 626 661 72S" 931 /2 d.8

*SYSTEM PRECISION: /732 A7i
NOR1ALIZED PLAN. ACTOR ,93,SV0. /79702. 1609i/770 73,7.~

'SF/434~ ~LEW. ACTOR /2,%$381. 120,607. f/S..' 0 o-9/ :,0~%~
PHOTO-ACCURACY PLAHN. ICRONS S52~ -2 71 13. 23
3/SF ELEV. iICRONS J-0 8- ~ 7 9.5 /2-3 /7-1

CURVE NUMBER: #'4p

*F- SCALE FACTOR -755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES
34 - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: "GIANT"

"*S.D.- STANDARD DEVIATION-



ERROR PROPAGATION STUDY

TABLEt #STUDY OF THE EFFECT OF *01.
5&&m/,0 ce1 L A CCUI AC Y (A,4v4.CwdnMt) CURVE #.6-

ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #

RESULTS & ANALYSIS
2 3 4 5 6

. CONSTRAINTS UNITS
IMAGE:

D**s.D. OF IMAGE COOR:KICIONS 3 3 3 3

FRAME:
S.D. OF LONGITUDE .M.S 1000. /000. /co0. /0. /00.
S.D. OF LATI'TUDE M..S l 000. /000. /000. 0 00. 00 a.

S.D. OF ALTITUDE TERS o 6000. 60000 6000. r00d.

S.D. OF ROLL (W) .. S. 900 90o00. e # 00oo. fo tvD0. tv0000.

S.D. OF PITCH (0) .. S. &000Om. 0000. goaded. qO0OD-'. pv0.

S.D. OF YAW (k) .m.s. 900x . 90 0000. 90000- go00 o0. 9000 1 .

OVERLAP:
(LONGITUDINAL) PERCEN SO d'0 so

GROUND CONTROL: -o 1
S.D. OF LONGITUDE M.*.S. .004 •04 "05 "I3 .17
S.D. OF LATITUDE .. s. ,0 03 "0 *o9- ".
S.D. OF ELEVATION .ETERS re '.0 20 ?.0 4.

NUMBER OF POINTS UMBER ..- -
(MINIMUM) INK. Al,thi . f MI . l MI . /l,V*lI . ,A41OWl.

RESULTS & ANALYSIS

PLANIMETRY: (LAT/LONG) /0.1
S.D.: MAX. METERS 6. 9. r. /90 21

MIN.+M ETERS /.i t' ,' /1 2
AVG. + 4ETERS T "2.r 3"26 3.4e3 3"73 42' 3

(AVG. OVER 96 POINTS)

ELEVATION: /19 1. 0
L TS.D.: MAX. ETERS /3"4f /53 .65 2o"

MIN. ETERS .0 2.9 3.3 37 "

AVG. +M  TERS 6-97 70o 7- 3z 7"Z '7"

* (AVG. OVER 96 POINTS)

SYSTEM PRECISION:

W ORMALIZED PtM.~ ACTOR 232,708. 25140M. 224//il 202,113- 1,44f7
•sF/+s ELEV. -ACTOR 108, 72/ 10g6,3. to:; 1A2. 1, oawl -,zo0.

PHOTO-ACCURACY PLAN. IICRONS U#-3 45 l 4 9 P
1/SF ELEV. [,ICRONSl 9.2 9.7 101 0 I

CURVE NUMBER: -4'P

* - SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES

M - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: 'GIANT*

**S.D.- STANDARD DEVIATION

% I-* mlv *- cei..;.. coov% 
'.)+r1.J.'' P J



ERROR PROPAGATION STUDY

TABLE # S - STUDY OF THE EFFECT OF
QffrZ&aIN0 d2~i &n~ ,aer) ~ f PaW CMM)CURVE #

ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #
RESULTS & ANALYSIS

1 2 3 4 5 6
CONSTRAINTS UNITS

IMAGE:
**S.D. OF IMAGE COO MICRONS 3 3 3 3 3

FRAME:
S.D. OF LONGITUDE .M.S " '/7"
S.D. OF LATITUDE .M.S .003- 006 /2 "3 "
S.D. OF ALTITUDE TERS 0f/ 2-0 4"0 /0.0 20.0
S.D. OF ROLL (W) .M.S. 00/06. co do /0. o 0o do 00 co O00l.
S.D. OF PITCH (0) .M.S. 0O010fO. 00 000./ 000 10. 0C/O0 0000/0.
S.D. OF YAW WM .M.S. 00010. 000 /0. 00 00. 000 10. 000d

OVERLAP:
(LONGITUDINAL) ERCEN 5 t0 8O 80 9O

(')

GROUND CONTROL: A/AIC AO" AVNE AWE A10AF_
S.D. OF LONGITUDE .M.S.
S.D. OF LATITUDE M.S.
S.D. OF ELEVATION .ETERS
NUMBER OF POINTS UMBER
(MINIMUM) INM.

RESULTS & ANALYSIS

PLANIMETRY: (LAT/LONG)
S.D.: MAX. METERS 9"3 /0"0 10.9 /2.9 /5.1

MIN. METERS 2,2 2 2. f 3 !5'-7
AVG. +M  METERS 3-'/9 3" 63 q30 5"56 7- 7

(AVG. OVER 96 POINTS)

ELEVATION:
S.D.: MAX. ETERS /27 1'' /'1 4 I5 /70

MIN + ETERS 21 35 /8
AVG. TERS '93 6'* 6.77 7" 75 9.54

(AVG. OVER 96 POINTS)

SYSTEM PRECISION:
NORALIZED ;P.A4. ACTOR 2/6,7 2. I/')7j26. /75,0/. 13!5 M. 97,79d.

*LEV. ACTOR /27 /.9. // 273. I1, 52. V7 419. tq15S.
PHOTO-ACCURACY PLAN. MICRONS 4', 6'7 7.4 /'2M/SF ELEV. MICRONS 9' 8 .0 /0.2 1241

CURVE NUMBER: $06P

*tF - SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES
M - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: "GIANT"

**S.D.- STANDARD DEVIATION

a



ERROR PROPAGATION STUDY

TABLE # 9 OF THE EFFgCT
couARiNrs OMcAm0WWIrA,?pm ) I~I±OIn CURVE #
ON THE DETERMINATION OF TRIANGULATED GROUND POINTS

SYSTEM CONSTRAINTS CASE #
RESULTS & ANALYSIS

_ _ _ _ _ _ _1 
2 3 4 5 6

CONSTRAINTS 
UNITS

IMAGE:
**S.D. OF IMAGE COOR MICRONS 3 3 3 .3

FRAME:
S.D. OF LONGITUDE .M.S "oo4 '04 .0 .17 '42 85
S.D. OF LATITUDE .M.S "003 .03 .0* 12 "33
S.D. OF ALTITUDE TERS 0.1 1.0 2.0 4-0 1O.C 20.0,
S.D. OF ROLL (W) .M.S. 0 00o. oA0000. C 0c0 . 0 C. ' 00 0. 4)00000.
S.D. OF PITCH (0) .M.S. LO 0000. qoo0co00. 9 0 0. 00 00O. qO qOO.
S.D. OF YAW (k) .M.S. qoo,oo qoo co. jO0oco. 00 006 qo co co o0.
OVERLAP: 0II eIr
(LONGITUDINAL) PERCE 8O0 0 d0 81O '"O

GROUND CONTROL:
S.D. OF LONGITUDE .M.S. "04 '0044 - .0."
S.D. OF LATITUDE .M.S. "00s .003 .003 t00 3 "3 "00
S.D. OF ELEVATION METERS 0.- 0 " ' o. I oI
NUMBER OF POINTS UMBER ....
(MINIMUM INM. mINM. IAJ M. /I INM. tMIAI1. MINY. Mm.

RESULTS & ANALYSIS

PLANIMETRY: (LAT/LONG)
S.D.: MAX. METERS 57 9.0 9-2 1., /0"3 10"4

MIN. METERS 1/.', /..* /-s /-5" /"
AVG+M METERS 2"68 2.72 2.86 2.88 3 /l 3 73

(AVG. OVER 96 POINTS)

ELEVATION:
S.D.: MAX. ETERS /2.3 /2-4 .2 /..9 S / /5"7

HIN. _ ETERS 2.1 2-/ 2-2 2. / 29 3-0
AVG.+M TERS 5-3 9.r .72 5*97 6'/2 6"71

(AVG. OVER 96 POINTS)

SYSTEM PRECISION:
NOR14ALIZED PLAN. ACTOR 281, 71( 27 7'71. 23, . %Z, . X2,/,3r. 20Z4/3
*SF/+M ELEV. ACTOR 137/012 /3f79/ 134 , g /2,4a. If, /59

PHOTO-ACCURACY PLAN. 1ICRONS 3.5- J"b .". 3 -o 35' 419
M/SF XLEV. ICRONS 7-2 7 " / 7" 7"9 7"9 8"9

CURVE NUMBER: 07P

* - SCALE FACTOR - 755,000 NOTE: BLOCK TRIANGULATION: 22 LFC FRAMES
M - AVG. S.D. (ELEV. OR PLAN.) COMPUTER PROGRAM USED: "GIANT"

**S.D.- STANDARD DEVIATION
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points can be as good as + 2.7 meters (planimetry) and + 5.4 meters
(elevation). These correspond to + 3.5 micrometers (planimetry) and+ 7.2
micrometers (elevation) at the photo scale.
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