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ABSTRACT 

A new procedure for the calibration of the aerial photographie system 

is described and the results of a live data demonstration are reported. The 

procedure, termed the Method of Mixed Ranges (MMR), utilizes a three-dimen¬ 

sional targeted control range simultaneously with a conventional level range 

in an adjustment in which the elements of interior orientation are carried 

as common parameters for all exposures. The use of the three-dimensional 

range for suppressing high correlations between certain elements of interior 

and exterior orientation is thought to be unique for the normal aerial case. 

The advantage of the MMR procedure is in the fact that no modification to 

the total operational photographic system is required. The only exception 

is in the choice of the conditional function which then includes parameters 

of interior orientation. 

This report describes the theory and results of the application of the 

MMR procedure to the Casa Grande and Mt. Graham ranges located in Arizona. 

Ten photographs were simultaneously adjusted. The rms erroi* of photo coordi¬ 

nate-residuals after adjustment was 5.1 ^ra determined from 250 coordinate 

observations. The conclusion is that the MMR offers a cost-effective proced¬ 

ure for the calibration of the aerial photographic system. 
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EVALUATION MEMO 

While previously relying upon laboratory calibration 
procedures, the photograncnetric community has long recognized 
the merits of calibration of the aerial camera system within 
its intended environment. This has been demonstrated but 
heretofore has relied upon some external means of determining 
the position of the camera at the instant of exposure. Precise 
electronic distance measuring equipment and/or ballistic 
cameras have been used but these are extremely expensive to 
operate and usually require some modification to the aircraft. 
Ideally, no modifications to either the aircraft or the camera 
are desired together with the elimination of external tracking 
requirements. The method of mixed ranges (MMR) outlined in 
this report demonstrates such a procedure. 

Of specific interest to the USAF is the application of 
this technique to reconnaissance cameras employed in high 
performance aircraft. With no modifications required to the 
aircraft, a range, once established, would afford a means or 
calibration which would be economically sound and requiring 
little time expenditure to accomplish the calibration task. 
The task, described in this report, was accomplished using a 
precise mapping camera to serve as an experimental control. 
These results are extremely encouraging and futxire work will 
concentrate upon the application to the non-metric camera. 
Such work is in direct pursuance of RADC TPO-5. 

JOHN R. CALLANDER 
Project Engineer 
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1. Introduction 

The concept of calibration is formulated in the context of the measure¬ 

ment problem. If the goal is that of evaluating the performance of the object¬ 

ive lens of the aerial camera, then, the highly developed concept based on 

laboratory procedures serve well this purpose. These procedures assign num¬ 

bers to principal point location, calibrated focal length, distortion, resol¬ 

ution, etc. of a specific objective lens. Such a concept of calibration is 

of great value to those concerned solely with optical design and performance. 

In contrast to this concept of calibration is that of measurement system 

calibration. It is this concept of system which is well developed by Eisen¬ 

hart [1963] that is of paramount importance to the practicing photogrammetrist. 

Measurement system calibration requires first the definition of the total 

operational system followed by periodic evaluation of the operational system 

against a standard of comparison of higher accuracy. It is the product of 

such a system calibration that will ultimately serve to provide the photo- 

grammetrist with means for improving his final product and for reliably 

estimating iis accuracy. 

With aerial phot.ogrammetry, the system concept of calibration was fo." 

practical reasons set aside in favor of the immediately available laboratory 

calibrations. It is the author's opinion that it is this limited notion cf 

calibration and the problems of adequate control of film shrinkage that have 

relegated aerial photograrametry to a plateau of accuracy above which few 

expect it to rise. 

With the introduction of reseau cameras, a significant improvement has 

resulted in film shrinkage correction. It remains to expand the calibration 

procedures into closer conformance to the concept of system calibration. The 
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problem that arises her. is that of simultaneously determining certain highly 

correlated system parameters, tte linear relationship in the conditional 

funotion between exposure station elevation and the earner« constant over flat 

terrain is well known. Other unfavorable relationships exist as well. Schemes 

which conform to the system concept for the suppression of the high correia- 

tiens have been suggested [Brown, 19691, tMoren, 196t1, [Merchant, 1967, 

1971]. in an outstanding experiment, Brown [19691 demonstrated a total and 

simultaneous treatment of the aerial photographic system under operational 

circumstances. Although too costly a procedure to recommend for routine and 

periodic sampling of system performance, it's singular results rising well 

above the contemporary accuracy plateau offers strong motivation for pursuing 

the development of realistic calibration of the aerial photographic system. 

Hie Syracuse University Research Foundation received a contract from 

the Air Force Systems Command (RADC) in 1965 for the study of the problem of 

calibration of the aerial photographic system. One major result of this 

study was the preliminary findings in connection with three-dimensional tar¬ 

geted test fields for use in aerial, photo system oalibration [Merchant, 19671. 

This work was expanded to look at alternative schemes under sn RADC contract 

awarded in April, 1970 to The Ohio State University Research Foundation. As 

a result of this work, several calibration schemes were devised and reported 

upon [Merchant, 19711. Guidelines for the study were primarily aimed at re¬ 

ducing the requirements for modification of the aircraft and eliminating the 

requirement for supporting equipment either on the ground or in the aircraft. 

AS a result of this study there evolved the "Method of Mixed Ranges” (MMR) 

requiring only targeted ground stations. Absolutely no modification to the 

aerial system is required. Photography over a three-dimensional mountainous 

range is "mixed" with photography over a high density range such as Casa 

Grande by a least squares adjustment in which the elements of interior orien¬ 

tation are carried as common parameters to all exposures. Survey coordinates 
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of targets are carried also as additional parameters of the adjustment. This 

method of adjustment was suggested hy Brown [1969]» Its application to a 

mountainous range is unique. 

In the spring of 1971, a contract was again awarded lhe Ohio State Univ¬ 

ersity Research Foundation (Dept, of Geodetic Science) to undertake a limited 

demonstration of the MMR. This paper reports on the theory, procedures and 

results of this project. 

The overall rms error of photocoordinates after adjustment was 5.1 micro¬ 

meters. Significant improvement could be expected with some alterations to 

the Casa Grande Test Range targets for use with large scale photography. 

The general conclusion is that the calibration of the aerial photographic 

system is feasible by the MMR. By repeated applications of the MMR, the con¬ 

cept of calibration according to Eisenhart could be fulfilled. The cost of 

photo system calibration can become competitive with conventional laboratory 

component calibration procedures. 

The author is indebted to many for their contributions during the course 

of this project. The success of this project is in large part due to Mr. Sol 

Cushman for his work on the geodetic survey of Mt. Graham. Without his expert 

guidance, the duration of the field work would have been doubled with corres¬ 

ponding increase in closure errors. Thanks are due to Mr. Ray Lafferty for 

his enthusiasm and expert pilotage, and to Mr. K. Jeyapalan for his helpful 

discussions and management of the problems of data processing. Thanks are 

also due to Mr. George Leigh, Mr. H. Nagaraja and Miss Sandra Lewis for their 

good work in support of this project. 

The outstanding cooperation of Rangers Sims and Burgess of the U. S. 

Forest Service at Safford, Arizona is greatfully acknowledged. 
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2. Technical Discussion 

2.1 Theory 

Modern computational photogrammetric procedures are generally based on 

the concept that the image forming ray passes from the object, through a 

point of exposure (the exposure station) to the image point; the three points 

lying on a common line. This concept is termed the "collinearity condition" 

and is normally imposed during the development of the general projective 

equations of photogrammetry rather than during the computational phase of 

the problem. This has been termed the "First Order Theory" [Bender, 1971]» 

"Second Order Theory" then accounts for the systematic departures from the 

first or idealized theory. Primary causes for departures in the aerial case 

are film shrinkage, atmospheric refraction and optical distortions arising 

from the lens and from disturbances to the atmosphere in the vicinity of the 

aircraft. The approach taken during this research vas to adopt mathematical 

models to represent the first and second order theory. Aerial photography 

was then acquired over the several control ranges and a simultaneous adjust¬ 

ment was performed to determine estimates for those parameters of the mathe¬ 

matical models that define the system. In this way, the first phase of cali¬ 

bration, that of establishing the measurement specifications, can be realis¬ 

tically accomplished. 

2.1.1 Mathematical Models 

2.1.1.1 The Collinearity Model (General Projective Equations) 

Assuming collinearity, the fundamental relationships between object 

space and image space coordinates may be termed the "General Projective Equa¬ 

tions of Photogrammetry." Their derivations have been presented by many 

authors using various mathematics. However, the results are generally in 

the form presented here. In an earlier report. Merchant [1971] presented 

the development based on the assumption that the survey and photo coordinate 

systems are right handed. Rotations were all adopted as right handed with: 

5 Preceding page blank 



JJ s primary rotation taken about an axis parallel to the 

survey X axis 

<p s secondary rotation taken about a once-rotated Y axis 

X = tertiary rotation taken about a twice-rotated Z axis 

Hie basic relationships between survey coordinates (X, Y, Z) and coordinates 

(X', Y', Z') in a system with an origin at the exposure station and with axes 

parallel to the photo are then: 

(2.1) 

where : 

X' 

Y' M M M 
K Cp (V 

X - X 
o 

Y - Y 

Z - Z 
o 

M , M , M = rotation matracies corresponding 

K ^ ^ to specific gimbal axis 

X , Y , Z = survey coordinates of the exposure 

O 0 0 X X. 
station 

At this point, the condition of collinearity is introduced thereby establish' 

ing similar triangles containing corresponding sides of the projections in 

the image and object space. Based on the assumption of collinearity, the 

relationships between corresponding sides of the resulting similar triangles 

are expressed as: 

(2.2a) 
c 

(2.2b) 
Y' Z' 

or as: 

(2.3a) 
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2.1.1«2 Gaussian Distortion 

Optical lena de.ign taaed on Gauaaian optic, (nrat Order 

reJ in dietur*ancee to th. i^e io^tion proc... even ^ - - 

ayatein ea, te periecti, center, and »noetic lisht i. e^plo^- m 

approximation in deai8n tas teen explored * Sledel and expr.aaed n e,, 

of «ve disturbances to imaee formation or tne «ve Siedel aberration. 0 

u do the distortion aberration. Professor A. E. 
particule importance here is ^ 

Conrady (University of London) has demonstrated that 

aberration may be represented by an odd order polynomial in the radial 

tance (r) from the optical axis. That is: 

(2.5) ôr=Klr^ + K2r +K3r 

A similar development uith identical results has been used by Brovn, U9641. 

B„te that the distortion aberration may be cluracterized as being eymm 

cal about the o,tical axis, free of discontinuities, and non-existent, on the^ 

optical axis. Ihe radial symmetrical distortion may then readily 

to rectangular components in the photo plane resulting in: 

(2.6a) ex = (Kl r2 ♦ K2 r“ > K3 /)(x) - K(x) 

6y = (10. r2 + K2 r* + K3 r )(y) = K(ï) 

2.1.1.3 Decentering Distortion 

Tne practical inability for manufacturers to perfectly align the several 

optical axis of individual elements of a confound objective lens results in 

s series of aberrations similar to those described by Siedel but from a 

different source. Again, the aberration distortion is import** in a metric 

calibration of the photographic system and mill be termed "aecent,,rin6 “ 

tort ion". *e astronomers mere concerned also vith this problem and the ray 

tracing results of Conrady (1919) represented decentering distortion as 

follows: 
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(2.7a) 

(2.7b) 

vhere: 

6r = SPjV cob X 

2 
fit = P3v cos X 

6r, 6t = radial and tangential components of distortion 

P = constant 
3 

v = angle off the optical axis measured to the 

image point 

v - angle measured in the image plane from the 

axis of maximum radial distortion 

The work of Conrady mas adapted by Broun in a series of papers (Broun, 

*4 1965, 19661 uhlch resulted in a model for decentering distortion 

Ü o rlcta^ular coordinate exponents a. in a form «11 suited - ad- 

astment computations. ** magical model to represent decenterl. dis 

(2.8a) 6x . [P^r2 * 2x2) * = lJxl 

(2.8h) sy = t P2(r2 * ay2))!! ♦ P3P2 * -1 = 

where: 
p = J1 sin œ o 

p = J1 COS CD 
r2 o 

p^ = J2/J1 

P. = J3/J1 

As noted by Broun [19651, in this model, the coefficien 2 

, the linearised form of the Motion can he adaduately represented IniUal 

r by assuming s.ro as a first approximation for P3. As a conseguence, 

Stimates taken as tero for parameters uill not seriously influence conver 

ence of the adjustment. 
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2.1.1.4 Atmospheric Refraction 

Ifce aerial scene from conventional altitudes is particularly subject to 

the refraction of rays passing through the varying density levels of atmos¬ 

phere from the ground to the exposure station. Studies have shovn that for 

the extreme corner of the format (a = 45°) and for the most extreme conditions 

of weather, the departure of a correction from that determined based on a 

generalized world wide, seasonably averaged model, is less than two micro¬ 

meters for altitudes of approximately 15000 feet above sea level [Merchant, 

1968] 

For this research, the Air Research and Development Command (ARDC) 1959 

Scandard Model of the Atmosphere has been adopted. Based on the ARDC 1959 

model, Dr. Bertram [ASP, 1966] proposed a model for aerial refraction repre¬ 

senting the systematic affect on the imaging ray (ôa) as: 

(2.9) 6a = R tan a 

in which: 

where: 

H = altitude of exposure station (km) 

h = altitude of terrain point (km) taken 

generally as the scene average 
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2.1.1.5 Film/Qnulsion Deformation 

Probably the most serious systematic departure of aerial photographic 

imagery from the idealized collinearity assumption is caused by the deforma¬ 

tions experienced by the film (base/emulsion) combination between the time 

it is exposed and the time it or its next generation positive is measured. 

Much information is available concerning the physical characteristics 

of the new stable base films [Kodak, 1965], [Brock, 1972]. Work has been 

reported concerning the interpretation of these physical characteristics 

into the environmental context of the aerial photographic mission [Merchant, 

1968]. Analysis of actual data obtained from aerial photography subject to 

the normal extremes of mission environment have been reported [Brown, 1969], 

[Zieraann, 1968]. Some results of live data analysis regarding film shrink¬ 

age are presented in Section 3»7 of this report. 

It appears that the consensus is that for consistently accurate correc¬ 

tion to film distortions there is presently no equal to the methods which 

make use of a reseau. The reseau must be imaged simultaneously with the 

terrain features if it is to exert full effectiveness. 

For this research, a Zeiss KMK-AR-15/23 precision camera was used. The 

optics are so designed that the last optical element possesses a second sur¬ 

face of infinite radius and lies from bO to 60 micrometers from the photo 

emulsion plane. Upon this glass surface is recorded an array of crosses in 

the form of a one centimeter interval grid. This array of control (reseau) 

is projected the very short distance to the image at the instant of terrain 

exposure. The result is a dense array of imaged control by which film defor¬ 

mations and appropriate corrections can be determined on each photograph. 

The reseau was used during this investigation for film distortion correc¬ 

tions. Efcch of the four reseau points bracketing the image of a ground tar¬ 

get was observed once. Alternately, with each reseau point observation, an 

observation was made on the target image. The mean value of the target image 
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coordinates vas transformed into the photo coordinate system by means of a 

general affine transformation. The six parameters of the transformation 

were determined separately for each target by a least squares adjustment of 

the eight observations provided through one pointing on each of the four 

bracketing reseau images. The mathematical model adopted for this transfor¬ 

mation is then of the form: 

(2.10a) f(x) = 0 = x* - Al X - B1 y - Cl 

(2.10b) f(y) = 0 = y’ -A2x-B2y-C2 

The freedom of the general affine transformation accounts not only for 

the shift of origins, rotation of system axes, linear shrinkage along each 

axis independently, but also accomodates a component of film deformation which 

is non-orthogonal in character. 

This is of course a rather conservative model in view of the fact that 

the complete control in all cases is within one centimeter of each target 

image. Alternative schemes for use of the reseau as shrinkage control which 

offer increased efficiency with moderate accuracy losses are presented by 

Ziemann [I968]. 

2.1.2 Computational Problems 

The procedure for estimating the parameters describing the interior 

orientation of the camera and other parameters of the photo system is of 

course the method of least squares. The formulation of the observation 

equations and normal equations as used in this research was accomplished in 

detail and reported earlier [Merchant, 1971]. 

2.1.2.1 Instability of the Calibration Resection Computation 

The problems of instability in the computation arising from the geometry 

of the single photo resection in which both the elements of interior and ex¬ 

terior orientation are carried as unknown and unconstrained parameters have 

12 



been discussed earlier [Merchant, 1971]. If it can be demonstrated that one 

or more columns of the (B) matrix bear a scaler relationship to another 

column, the condition is described as linearly dependent. The consequence 

is that an infinite number of possible selections for the paired parameters 

exist; each of which will satisfy the observation equations with equal satis¬ 

faction. In other words, paired or higher combinations of parameters may not 

be separated by the adjustment when subject to such geometiy. As examples, 

in the case of vertical photography over a level target , field there is the 

influence of strict linear dependency existing between the following paired 

elements of interior and exterior orientation [Merchant, I97I]: 

a. principle point coordinate (xq) and exposure station coordinate 

' 0' 

i. principle point coordinate (yj and exposure station coordinate 

o ' 

c. camera constant (c) and the terrain clearnace (H - h) 

It is clear that computations, problems will arise as calibration is attempted 

»hen such geometry is approached. For vertical photography, which is the 

conventional aerial case, there are basically two alternative approaches which 

have been suggested to supress these unfavorable high correlations existing 

between interior and exterior elements of orientation. 

The first is that suggested and employed by Brown [1969] for the analysis 

and calibration of the KC-ÊA cameras of the USQ-28 Geodetic Sub-System, m 

this approach, the exposure station coordinates were determined by means of 

three ground based stellar cameras occupying known survey stations and by 

using the star field for further control. Ihese "observations" of the expos¬ 

ure station coordinates (Xo, V „ere introduced into the normal equations 

with appropriate weighting thereby altering the poorly conditioned normal 

coefficient matrix. Hie result was the strong separation of the interior and 

exterior positional parameters in the simultaneous adjustment computation. 

13 



The second approach makes use of a three-dimensional control range. An 

adaptation of this is the "Method of Mixed Ranges" (MMR) [Merchant, 1971]. It 

is the MMR which is used as the hasis of this research. 

2.1.2.2 Update of Observables 

In a recent paper. Pope [1972] points up problems that may be experienced 

in convergence of the non-linear least square problem when the solution of 

the normal equations is accomplished by the Newton-Gauss iterative method. 

According to Pope: 

"If the expected values of all observables can be expressed as 

non-linear functions of parameters, then the least square ad¬ 

justment by Newton-Gauss presents no problem." 

It is of interest to relate this statement to the general form of the condi¬ 

tional functions of Brown for the case of direct observations of unknown 

parameters [Brown, I969]. There are two forms of the conditional functions 

relating the observables to the unknown parameters. For observation of photo 

coordinates, the equations (2.4) in abbreviated form, including parameters 

of distortion are: 

(2.11a) x = xq + c (1 + K)”1 + [Jx] 

A Y ' -1 
(2.11b) y = y + c — (l + K) + [Jy] 

O 

Note that if only photo coordinates are observed, the observations (x, y) are 

non-linear functions of parameters only. The question of the existence of 

the radial distance term (r) implicitly in the (K) and (j) terms may cause 

concern. However, its influences on convergence is religated to that of at 

least second order if (r) is defined in terras of the Image's distorted coor¬ 

dinates. The choice of this function for relating observations of photo 

coordinates to the parameters is therefore appropriate, according to Pope, 

when only photo coordinates are observed. 

14 



tta more general notion of Brotm In vhlch all parameters are taten also 

as observables raises a nev question. For this ease, a new form of the con- 

ditional function Is formulated vhlch relates the observables to the para- 

meters [Broun, Bavls, Johnson, l**]. For direct observations of the elements 

of interior orientation, the chosen function is: 

(2.12) 

where: 

the vector of directly observed 

elements of interior orientation 

= the vector of adjusted elements 

of interior orientation 

m this procedure, the observables are again only functions of parameters; 

thus one avoids the "Pitfalls of Pope". 

A similar case may be made for direct observations on the elements of 

exterior orientation and for survey coordinates of object space features. 

in the adopted functions for treating observations of photo coordinates 

(equations 2.11), it is noted that the parameters are also observations and 

are in a non-linear function. Hovever, since they are also treated as para¬ 

meters, they are updated on each cycle of the iterative adjustment. Accord¬ 

ingly, both the parameters and the observables appearing as the independent 

variables of the non-linear functions (equations 2.11) are updated in each 

succeeding cycle of the Mevton-Gauss iterative method of solution. Again, 

the "Pitfalls of Pope" have been avoided by updating of the observables in 

the procedures of Broun vhlch have been adopted for this research. 
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2.2 Method of Mixed Ranges 

threat ^ ^ ^ ^ ^ “ ^1°0 <* ^ =o«^t 0, 
-mensional control fields investigated by Merchant [1967] for the 

aerial case and hy Regard [1967] for the close-range case. 

00nvenlent 40 iU™° ‘»a hasic distinctive geometric character¬ 
istic vith reference to Table ,.1. ibis table indicates the ratio of dffl 

ttitteZrn; “pairB in the photo °~ r-—”—:r ~ 
be recalled from section (2 1 2 11 . s zero. It may 
arated in a. • a e paired parameters cannot be sep¬ 

an adjustment based on a function in vhich the coefficients of one 
parameter in the set «,n v Clents of one 

set of all observations is a scaler multiple of a second 
parameter. That is, in Table ? i -r^ second 
one of the t -t * ' 6 clrcumstances are such that ary 

the terms in the "Ratio- column is a constant for n . 
these parameters cannot be separated and , observations, 
„ , separated and no unique solution in the usual 

nse s possible. Under the circumstances of a flat target field pmvid d 

no direct observations of parameters are introduced, it i evi n ' ZZ 

ere ‘bree parameter pairs that may not be sener J . 
cumstances. ^ ^ ^ the Ascribed dr- 

In the method employed to calibrate the Kr 6a 
.. e KC-oA cameras [Brown. ig6ol 
independent observations of (X r vl , 010.,1969], 
... v 1 0’ r0’ V '"’“'o ‘“‘reduced to destroy the 
singular characteristic of y ne 
solution for tb coefficient matrix and permitted a 

for the corresponding interior elements. 

*or the MMH, an alternative approach is used, m Table 2 1 ,t k 
seen that all coefficients + 2,1, ^ Can be 

Points remain constant r t^ ^ ^ ^ 

es the elevation of points vary.^ ^ ^ 

conditional function for photo coordinates U de " ^ ^ 

parameter pairs msy be separated in a, 8 ^ ^ °0ITe8p0ndi”« 
P ed la 811 1“ “»ich there are no direct 
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Parameter 

Pt'.ir 

#1 

Ratio of 

Coefficients HQ - Si 

-c/(z - z ) 
o 

-c/(Z - Z ) 
o 

observations of exterior orientation elements. 

ibe »0, exploits this characteristic of the three-Oimensional control 

iieia. However, lue to the need for a high density of i^ged control to 

adequately determine parameters describing distortion, photography is also 

tahen over a dense netvorh of targeted control provided by existing control 

ranges. Photography over both the three-dimensional and flat target ranges 

are mixed in a simultaneous adjustment (thus, the method of mixed ranges) in 

Vhich a common set of elements describing interior orientation for all jfcoto, 

is carried. 

It is noted that the MMR requires no departure from operational circum¬ 

stances,- Which is in accord with the concept of calibration according to 

Eisenhart. Note also that no modification to the aircraft is required or no 

external supporting equipment other than the targeted range is required. 

is Of great practical importance in procedures for calibration of existing 

aerial photographic systems. 



Figure 3.1a Casa Grande Range 

<p = 32° SO’N 

(USGS, 1:250,000) 

, X = m0iv5’ w 

Preceding page blank 
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I 
Figure 3.1b Mt. Grahr^ Range (USGS, 1:250,000) 

tp = 32038' N , X rr 109¾1 W 
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3. Casa Grande/Mt. Graham MMR Experiment 

3.1 General Description 

The purpose of this experiment with the MMR was to demonstrate the 

general feasibility of the procedures for dynamic aerial photo system cali¬ 

bration. A search was made to identify a site for the required three dimen¬ 

sional range. Factors bearing on the selection were: 

a. large height differences for points appealing In Individual 

exposures 

b. proximity to an existing targeted calibration range (In this 

case, the Casa Grande, Arizona range) 

c. reasonable access by vehicle to facilitate the control survey 

d. distribution of existing geodetic control 

After some compromise, a section of Mt. Graham In eastern Arizona was 

selected. Figures 3*la and 3*lb Indicate the locations and general relation¬ 

ships of the Casa Grande and Mt. Graham ranges. 

3.1.1 The Casa Grande Range 

The Casa Grande Test Range Is located In south central Arizona south of 

Fheonix. It consists of an array of targets approximately one mile on centers 

over an area approximately seventeen miles square. Figure 3.2 presents the 

details of the design of an individual target. Note that the design was 

guided by requirements for relatively small scale photography. Particular 

notice is directed to the ten foot open space defined by the inner edges of 

the wings o^ the cross. Because of the relatl ,ly large scale photography 

obtained for this investigation. It was the image of this relatively poorly 

defined void at ths marker center which was observed on the photography. The 

consequences are discussed In Section 3.5. 
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3.1.2 The Mt. Graham Range 

The site selected for the three-dimensional range is located on the 

Swift Trail about tvelve miles southwest of Safford, Arizona. The selection 

of stations was guided by an earlier analysis of geometry [Merchant, 1971]. 

The locations of the selected survey stations are indicated in Figure 3.3» 

Note the difference in locations of station (C) as determined from a study 

of the reconnaissance photography and the finally adopted location (C) after 

encountering virtually impossible terrain during the actual geodetic survey. 

As will be shovn later by comparison of the synthetic and live data results, 

the reduction in height differences caused by the use of station (C) rather 

than (C) caused an increase in correlation between the camera calibrated 

focal length and the exposure station (Zq) coordinates. 

The line between stations (D) and (A) is the longest of the survey 

(approximately 12,000 feet) and includes the points of greatest elevation 

differences within the Mt. Graham range (approximately 3000 feet). 

Existing horizontal geodetic control within the chosen range was not 

considered to be of sufficient accuracy to be useful. However, a tie was 

made to station "Heliograph", USFS, 193^. Azimuth was obtained by Polaris 

observations. The adjusted horizontal values of the new geodetic survey are 

therefore in the national network (NAD 1927). 

The vertical control was for the most part destroyed due in large 

measure to the continuous road maintenance program. All vertical control 

for the new survey was based on a single undisturbed bench mark located in 

the vicinity of station (A). The bench mark (GAR W BM NO 7» Kiev. 603, 193*0 

elevation had been determined by less than third order methods and is pub¬ 

lished to the nearest foot only. (Sea Level Datum, 1929) 

In summary, existing geodetic control was of no value other than permitt¬ 

ing the adjusted horizontal values of the Mt. Graham range to be computed 

nominally in terms of the national network. The internal accuracies to be 

* 
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Figure 3.3 Ttaxget Locations, Mt. Graham Range (elevations in meters) 
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discussed later are on the order of one part in 50,000 closures in the hori¬ 

zontal and O.OU meters clorare in the vertical. 

3* 1*3 Casa Grande/Mt. Graham MMR Simulation 

After the selection of Mt. Graham as the site for the required three 

dimensional range, an Investigation vas initiated to offer assurance that 

the geometry of Mt. Graham vould he adequate. Hie study considered not only 

the geometry of the range/camera/exposure combinations but considered also 

the influence of realistic errors associated vlth all observations. 

Hie basic tool required for this study is the digital computer. Fbr 

this purpose and for subsequent use, the program entitled CALIB was developed 

after the method of Brovn. Hie mathematical models were those described in 

Section 2.1.1. Hie adjustment vas by the method of least squares. Hie notion 

that all parameters vere also "directly" observed quantities vas used. 

Hie synthetic data consisted of the true values of survey coordinates 

(X, Y, Z), elements of exterior orientation (h, ip, u), Xq, Yq, Zq), the limit¬ 

ed set of elements describing interior orientation (x , y , c) and the corres- 
o o 

ponding photo coordinates (x, y). Hiis was accomplished for each of twelve 

exposures; four in the cardinal directions over Mt. Graham and eight over 

Casa Grande. Hie unaltered general projective equations, glmbal form, were 

used (equations #2.4). Note that no parameters were introduced in the syn¬ 

thetic data distortion for the simulation. It vas felt that the primary pur¬ 

pose vas to demonstrate an acceptable level of separation of the paired posi¬ 

tional parameters between interior and exterior orientation (see Section 2.2). 

Other correlational problems were not assumed to be strongly sensitive to the 

geometry of the three-dimensional range. However, distortion parameters were 

carried as unconstrained parameters in the adjustment. The influences of 

correlations and observational residuals in generating values for terms ex- 
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pressing distortion (vhich In fact did not exist) in the unperturbed data Is 

evidenced by the numerical values computed for the models of distortion. 

However, an alteration to the computed focal length of only -6^m will cause 

the distortions to be essentially non-existent. 

Table 3.1 Indicates the values selected for introducing normally distri¬ 

buted perturbations to the true values of the parameters. Hie mean of the 

distribution was taken as zero In each case. 

Hie selection of target locations in the several ranges was based on 

the demonstrated absolute celling of the aircraft as well as on the topo¬ 

graphy of Mt. Graham and the existing locations of targets on the Casa 

Grande range. Hiese adopted target locations are indicated In Figure 3«^. 

Hie resulting location of the sum of all target images is indicated in 

Figure 3.5. Hiis target image distribution serves to point out the problem 

of imaging a uniform array of targets such as provided by the Casa Grande 

range on photography taken from a limited altitude. Selection of photo¬ 

graphy should be based on obtaining the maximum density of targeted images 

and on obtaining a random distribution within the format. Hie reasoning 

here is that the higher density will assure a "better" estimate of the para¬ 

meter values and that the random character of the target images will reduce 

the possibility of neglecting significant cyclic trends in the data. In 

the case at hand, the absolute celling of the aircraft was taken as about 

17,000 feet for the seasonal conditions at Casa Grande. Hils meant, that 

with some good fortune, a single photo could be expected to Just image five 

rows and five columns of targets spaced uniformly at one mile intervals. 

Hie conflict arose then in selecting exposures in which all twenty five tar¬ 

gets were imaged but with almost identical format locations for all exposures 

or selecting exposures which could provide a better target image distribu¬ 

tion but at the expense of losing from five to nine target images (out of a 

possible twenty five). Hiis of course would not be a severe problem if a 
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O - Mountain range target image locations 

□ - Level range target image groupings (6 targets each) 

Figure 3*5 Combined Image Locations of Targets for the Twelve Photos of the 

Synthetic Data Experiment 
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more dense array of targets were available or an aircraft capable of higher 

altitudes were employed over the Casa Grande range. 

Ifce adjustment simulation was conducted with the sum of target images 

as indicated in Figure 3.5. The results of the adjustment are presented in 

Table 3.2 and 3.3. Table 3.4 indicates the correlation coefficients relating 

parameters representing distortion, positional interior, and positional exter¬ 

ior orientation elements. Note that a distinction is made between exterior 

positional parameters over Mt, Graham with those from exposures made over 

Casa Grande. 

These results indicated that the Casa Grande/Mt. Graham ranges together 

with observations approxinating the accuracies chosen for this simulation 

would provide adequate parameter estimation and separation for purposes of 

demonstrating feasibility of the MMR approach to aerial photographic system 

calibration. The false indication of distortion emphasizes the danger in 

attempting to ascribe physical significance to individual parameters after 

adjustment when high correlation exists. The increase in strength of such 

parameter separation is the basic problem faced with this dynamic calibration 

procedure. However, even the correlation values of (O.90) and (O.95) between 

the camera constant and the flight height (Table 3.4) still appear to yield 

acceptaole positional values as evidenced by the comparison of "true" and 

"computed" parameter values in Tables 3.2 and 3.3. 

3.2 The Reconnaissance Survey 

After the sexection of Mt. Graham as the site for the three-dimensional 

target range, an aerial and ground reconnaissance was conducted. 

An aerial survey was made using a Cessna I95 equipped with the Zeiss 

EMK-AR camera. Overflights were made of both the Casa Grande and Mt. Graham 

ranges at the aircraft's absolute ceiling and considerable photography was 

obtained. Using the target image from the Casa Grande range as control, a 
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*. ground «com»!..»« con.l.t«l of «cov«ry of «xl.tlng ghetto 

control »d Initial planning of th. »rvw. «n t.,« «« 

visited (vith th. «tcoptlon of Station 0) and 11». of .l«ht t«tati™i, 

v«*lfl«l* During thl. Ph.« of t» -irw U «a. pl»»d to a» t» fir. 

. statlon "HeUograph" for » obMrvatlon .tatlon. ad>»<ju«>tly, 
»tob towr at .tatlon »llograpn 

during th. act»! «rr*, tbl. .tatlon ». at«do»d In far« of • ^ 

ground .tatlon at ao*. 10« In vl^lUty. D.t^l- d.«rlptl»a and 

for «ch .tatlon ar. prcaented in Appendix B* 

». result, of thl. pha» of th. »coo»i.«nc. Indicate tha 

geodetic fl.ld sure* v»ld h. coquet- ln a »Sion vlthin ^Ich f« »- 
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tlons, no «PP11.. »or «coition.. .. only connection *th 

yorld ». by a » «11. obtain r«d. P»P«.tion. for th. g«d 

field survey vere made accordingly» 

3,3 The Mt. Graham Geodetic Field Survey 

primary .tatlon. ..thbliSh* by g«d.tlc «rvW on Ht. Oreham 'or 

perpo... of thl. »»arch a» Indicate in Pi^ 3.S. AU Un. I«*«-«- 

rLitontal ^1.. »re ob«r»d b.t«» th.» .tatlon. or ..lr -d- 

eccentrics. Th... ob..rvatlon. «» all conduct« aft« dart for b.tt« 

conditions of atmospheric stahility. 

All horizontal .ngl.. «» ob«r™d In at l«.t four plat, position. 

hy using th. Wild T-3 th«doUt.. *. Pi.« bubble ». ob«r»d on «ch 

pointing and .bb«qu«tly «l.-l«.l»ant cor»ctlon. «» cc^it« and appUed. 

Thl. ». particularly critical for mountain typ. «r»y. a. «Id»»«« y 

the form of the correction formula: 

(3.1) 
6c = t, tan 8 
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where 

6a = correction to observed direction due to inclination 

(t) of the instrumental vertical axis 

i & Inclination of instrumental axis from local survey 

vertical axis 

B = elevation angle of the line of sight taken as zero 

at the horizon 

For surveys conducted in level regions, (ß) is small and the correction for 

small values of (&) is second order in affect. Not so in mountainous work 

in which, in this case for example, (ß) was approximately IT degrees from 

stations (A) to (D). 

The slant range distances between stations as Indicated in Figure 3*2 

were observed at night by means of an AGA Geodimeter Model 6. Care was 

taken to calibrate and align the Instrument prior to this survey. No diffi¬ 

culties were experienced in the use of this Instrument. 

Hie elevation differences between the primary stations of the survey 

were determined by a method of simultaneous reciprocal trlginometrlc level¬ 

ing. Vertical angles were observed simultaneously from both ends of a line 

by using the objective lens of the alternate T-3 as a target. For the long¬ 

er lines, special targets were constructed. The observations were coordi¬ 

nated by radio to assure that the data gathered at each station was essen¬ 

tially simultaneous, thus subject to the same anomalous atmospheric condi¬ 

tions. Vertical positions were observed until the last three positions did 

not exhibit a spread exceeding ten arc seconds at both ends of the line. 

This observational procedure was repeated at 10:00 a.m., noon, and 2:00 p.m. 

for each line of the survey. Daytime observations were used for vertical 

work to provide maximum mixing of the atmosphere thereby avoiding the possi¬ 

bility of including fixed anomalous refraction conditions. Hie mean values 

of these observations along with theodolite and signal heights were used to 
« 
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compute station elevations according to standard U.S. practice. 

3»3«1 The Horizontal Survey Results 

The field work data was reduced and checked for inconsistencies. Indi¬ 

vidual loop closures were computed in the field. These closure errors are 

indicated in Table 3.5 

Loop 

(Refer to Figure 3.2) 
Closures (meters) 

X Y 

D - A - B - D 

D - Fe - B - D 

D - G - Be - D 

D-E-H-C- B D 

-0.028 

-0.102 

-0.025 

+0.006 

-0.010 

+0.050 

+0.003 

+0.096 

Table 3.5 Individual Horizontal Loop Closures Before Adjustment for the 

Mt, Graham Survey 

The closures were quite acceptable a-d the remaining field work for the 

horizontal survey consisted of preparing the station descriptions (see appen¬ 

dix b) and abstracting the observations. 

The preparations for the horizontal survey adjustment were made by com¬ 

puting approximate geodetic coordinates for all stations. These computations 

were based on a tie to station Heliograph, 1934 (USFS) and an observational 

set on Polaris for scheme azimuth. The adjustment for the first three loops 

indicated in Table 3.5 was conducted simultaneously by least squares. Weights 

on distances were based on a standard error of 2 centimeters and directions 

on 2 arc seconds. The last loop was adjusted independently by traverse meth¬ 

ods by holding stations (B) and (D) as fixed from the previous adjustment. 

The values finally adopted after adjustment for horizontal geodetic coordi¬ 

nates are indicated in Table 3.6. Based on the adjusted coordinates, the 
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STATION NAME LATITUDE LONGITUDE 

A 

F 

G 

B 

E 

H 

C 

D 

32 38 59.80877 

32 38 39.57501 

32 37 ^6.52178 

32 37 35.98639 

32 38 7.55703 

32 38 42.50232 

32 37 46.4124o 

32 38 54.22000 

109 48 29.77518 

109 48 57.17638 

109 49 12.33060 

109 49 51.27152 

109 50 50.09379 

109 51 14.24307 

109 51 17.09997 

109 50 54.13000 

6 List of Adjusted Geodetic Coordinates for the Mt. Graham Survey 
(We to USES Heliograph, 1934 and orientation by observation of 

Polaris yields nominal coordinates in the national system, NAD 
1927) ' 
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final values for forward and back azimuths and spheroidal distances were 

computed by an inverse computation and are presented in Table 3»7» 

The estimated relative internal standard error was approximately one 

part in 50,000 with respect to the center of the survey. 

3.3.2 The Vertical Survey Results 

Hie field reduction of observations was rechecked and final mean obser¬ 

vations compiled. An initial elevation above the sea level datum was ob¬ 

tained to the nearest foot by means of a differential level line from the 

only known existing bench mark (GAR W BM NO. 7, Kiev. 603, 193^) to station 

(A). Holding the elevation of station (A) and using the observed differences 

in elevations between stations of the survey, the loop elevation closures 

were computed and are presented in Table 3.8. Hie closures appeared to be 

quite acceptable. 

Loop ELev. Closures 

(Reference to Figure 3*2) (meters) 

D - A - B - D -O.052 

D - Fe - B - D 4-0.040 

D-G-Be-B-D +O.O23 

D-E-H-C-B-D +O.O6O 

Table 3.8 Individual Vertical Loop Closures Before Adjustment for the 

Mt. Graham Survey 

The least square procedure was used by employing the method of "obser¬ 

vation equations." The initial approximate elevations, the station altera¬ 

tions, and the finally adopted station elevations are presented in Table 

3.9. 

40 



Station Approximate Correction Adjusted 

Values (meters) (cms) Values (m) 

A 

B 

C 

D 

E 

F 

G 

H 

I89U.27 

2769.O3 

2442.21 

SOBO.30 

2716.37 

2104.88 

2316.91 

2742.76 

-0.8 

-2.0 

-3.1 

-1.2 

-5.1 

-2.7 

-2.0 

-3.9 

1894.26 

2769.OI 

2442.18 

3030.29 

2716.32 

2104.85 

2316.89 

2742.72 

Variance of unit weight s 0.45 

Degrees of freedom = 3 

Table 3.9 Results of Internal Adjustment of Elevation Differences for 

the Mt. Graham Survey [Jeyapalan, 1972]. 



3.4 The Aerial Photography 

The photography over both the Mt. Graham and Casa Grande ranges vas 

obtained during the morning of July 26, 1971* 

The flight left the Safford, Arizona airport at 7s30 A.M. vith R. Lafferty 

as pilot and D* Merchant as photographer. The goal vas to obtain the photo* 

graphy prior to the development of "perch" clouds over the mountains which 

usually occur by 11:00 A.M. It vas understood that the development of 

perch clouds is characteristic of the summer season in Arizona. The early 

start vas to assure that the maximum altitude could be obtained veil prior 

to the cloud development. The slov spiraling climb permitted close visual 

examination of all targets on the mountain range. 

The maximum altitude of about 17,000 feet (a.s.l.) vas obtained by 

9:00 A.M.. Test passes vere made over the range in the four cardinal direc¬ 

tions. An identifiable feature was selected at the center of the range on 

the ridge midvay betveen stations (B) and (D). The test passes permitted the 

drift to be established both for purposes of svlng angle setting of the camera 

and for assurance that the center of the range would be included in the flight 

track. The proper setting of the camera swing angle was Important to assure 

that target images would appear as nearly as possible in the extreme comers 

of the photo format. 

The Zeiss HMK-AR camera occupied a heated but unpressurized compartment 

within the aircraft. No photographic window was used. The camera and filter 

combination vere simply placed in the open well in the fuselage at about the 

center of lift of the Cessna. 

The exposure data used throughout were: 

aperature = f/8 

shutter = I/300 second 
filter = type B ("minus blue") 

film = Kodak type 2402 (Plus-X) 



Live photo passes began about 9:30 A.M. and continued until about IOîOO 

A.M. at which time the cloud formations began to cross the range. 

Holding the altitude, the course was set for Casa Grande, 100 miles to 

the west. Upon arriving at Casa Grande the visibility was excellent and no 

cloud problem existed. A target region immediately to the south of the city 

of Casa Grande was selected and repeated test and live photo runs were con¬ 

ducted. Attempts were made to cover the same targets thereby reducing the 

number of survey coordinates required to be carried as parameters in the 

adjustment. 

By 11:30 A.M., the last of the film was used. The fuel was approaching 

a similar condition. The photo mission was concluded at 11:45 after request¬ 

ing a straight in approach at Coolidge-Florence Municipal airport a few miles 

east of Casa Grande. 

During live photo runs, care was taken to initially expend approximate¬ 

ly ten frames to assure unifomity of shrinkage and normal camera operation. 

The unavoidable nose high attitude of the aircraft exceeded the level limits 

of the camera mount by several degrees. However, no vignetting nor excessive 

vibrations appear to have resulted from this circumstance. 

After refueling, the exposed film was flown to Tucson, Arizona for 

processing. The processing was accomplished by Cooper Aerial Surveys. 

The film was developed in a rewind type continuous roll processor 

(Morse M-10) unit using Kodak - "HC110" (high concentrate) developer. The 

development continued for 21 minutes at a temperature of 69? degrees F. A 

stop with hardener was used followed by ten minutes in Kodak- Rapid Fix 

fixer. The film was then washed and treated with Kodak-"Photo Flo • Drying 

was accomplished on a forced air continuous dryer (Tÿpe A-10). A preliminary 

review of the film indicated satisfactory development and contrast. A review 

of target images from the Mt. Graham photography indicated that at least six 

acceptable photos had been obtained. The Casa Grande photography included 



a great number of useful frames and vas also judged to be of satisfactory 

quality. A detailed description of the Zeiss HMK-AR camera used for this 

work is presented in Appendix A. 

3.5 Photo Coordinate Observations 

Hie photo coordinate observations were made on the Zeiss PSK stereo¬ 

comparator located at the Department of Geodetic Science. Some difficulties 

were experienced in the analog to digital encoders on this comparator. Con¬ 

sequently, one of the ten photos used for this work was measured on the 

department's P-CAT comparator. Hie calibration for both comparators has been 

established and the accuracy of both comparators is estimated to be better 

than two micrometers. 

Hie images observed were of three types. Images were produced from 

reseau crosses, circular targets on the Mt. Graham and cross targets on the 

Casa Grande ranges. 

Hie reseau image is produced by the projection of an opaque cross having 

a bar width of about 15 micrometers. Hie projection is from the second sur¬ 

face of the last element of the lens for a distance of about 40 micrometers. 

Hie result is a crisp image. Hie typical standard error of one observation 

on the reseau image is less than two micrometers. Some variation can be 

experienced due probably to variations in diapositive plate production. 

Hie images produced on Mt. Graham photography were from circular flat 

white targets on flat black backgrounds. Hie diameters of the white circu¬ 

lar targets were chosen such that the images would have nominal diameters of 

50 micrometers. For example, the diameter of the target at station (D) at 

an elevation of 10,000 feet was 2.3 feet. Hie target diameter at station (A) 

at an elevation of 6200 feet was 3.9 feet. Hie quality of these images appear¬ 

ed to be quite good. Hie observational procedure called for a pointing on 

the target image after each pointing on the four bracketing reseau images. 
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The analysis of «.n observations Indicated that the standard error of one 

observation on an image of a Mt. Graham target (pooled for x and y) vas 2#7 

micrometers. Hie mean value of four observations on an individual target 

image vas used as the observed quantity in the calibration adjustment. 

The images of targets on the Casa Grande photography vere somevhat less 

satisfactory. The Casa Grande targets are crosses vith tapered wings con¬ 

verging to the center but truncated to leave a ten-foot square opening direct¬ 

ly over the station. Hie targets vere constructed of concrete but treated 

to produce a dark flat finish. The finish contrasted vith the natural light 

color of the bare soil in this region. Such a target design, although quite 

acceptable for much smaller scale imagery, left only the void at the center 

of the target image as the mark. Hie analysis of all Casa Grande photography 

indicated that the standard error of one observation vas 6.7 micrometers. 

Even at the 99 per cent confidence level, the hypothesis that these observa¬ 

tions have been dravn from the same population must be rejected. 

Recommendations for improving the Casa Grande range for use on larger 

scale imagery will be made. 

3.6 Hie Adjustment 

Hie adjustment of all observations vas conducted simultaneously by the 

method of least squares. Six photographs of the Casa Grande and four of the 

Mt. Graham ranges were mixed in the adjustment by carrying the elements of 

interior orientation as common parameters for all exposures. Other parameters 

vere the unconstrained elements of exterior orientation for each of the ten 

exposures and the constrained survey coordinates for all targeted points. 

The details of the adjustment method have been described earlier, 

[Merchant, 1971]» 

3.6.1 Preliminary Data Processing 

The comparator coordinates of target images vere processed by computer 

to correct for atmospheric refractions and film deformation effects. Hie 
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model adopted for atmospheric refraction vas presented and discussed in 

Section 2.1.1.4. The model for film shrinkage, discussed in Section 2.1.1.5 

vas based on a tvo dimensional general affine transformation. No corrections 

vere applied for lens distortion in that these disturbances to the collinear- 

ity model vere to be determined by the adjustment in terms of assigned values 

to distortion model parameters. 

3.6.1.1 Film Deformation 

As described earlier, the comparator coordinates on each target image 

on each photo vere transformed into the reseau coordinate system by using 

observations on the four bracketing reseau images. The affire model possessed 

six parameters; thus, a modest over determination of the parameters vas avail¬ 

able at each target image. The unit standard error vas computed after ad¬ 

justment at each point and for each photo. The unit standard error provided 

an indication of the fit of the adopted transformation to the observed com¬ 

parator coordinates. These values vere averaged separately for the tvo tar¬ 

geted ranges and are presented in Table 3»10. 

Unit Standard Number of 

Range Errors (Micrometers) Observed Targets 

Casa Grande 2.8 97 

Mt. Graham 2.6 28 

TSble 3.10 Unit Standard Errors After Transformation for Film Deformation 

Correction (affine transformation on four bracketing reseau 

point images) 

There is evidently good agreement of the affine model to the observed reseau 

coordinates as veil as good agreement between results from both ranges. 

There is quite an interesting agreement betveen this result and that 

of Brovn [I969] for the fit of the model to the reseau point image. In 
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the present experiment a general affine transformation (6 parameters) employ¬ 

ing the images of the four bracketing reseau points vas used vith an average 

lit of 2.7 micrometers. Brown used a l6 parameter model to fit 37 reseau 

point images over the entire format. The average fit in that case was 2.6 

micrometers. Some improvement in Brown's fit was experienced by dropping 

those reseau images at the film edges during the adjustment. In this way, 

the film region of susceptability to non-unifonn temperature and humidity 

conditioning was avoided. 

3.6.1.2 Parameter Approximations 

The use of non-linear conditional functions led to an approximation by 

Taylor's series which requires estimates of values for the unknown parameters 

for its evaluation. For this purpose, the photography over Casa Grande and 

over Mt. Graham were treated separately in a simultaneous block adjustment. 

This served two purposes. The values computed for exterior orientations and 

for survey coordinates provided good first approximations to the parameters 

for use in the adjustment for calibration. Secondly, blunderous data could 

to some extent be detected and replaced or omitted. It was the problem of 

blunder detection that occupied a large amount of time during this investi¬ 

gation and will deserve special attention in future work. 

3.6.2 Summary of Adjustment Results 

A broad summaiy of the characteristics of the Mt. Graham/Casa Grande 

calibration adjustment pertaining to the Zeiss RMK-AR 15/23 camera (Serial 

No. 21-197) are presented in Table 3.11. The parameters of the adjustment 

and their apriori weights are indicated in Tfcble 3.12. 

me to the need for locating target images in the extreme corners of 

the format for photography of Mt. Graham and due to the problems in navigat¬ 

ing a light aircraft at its maximum ceiling, a great number of exposures were 

taken in each of the cardinal directions. The hope was to chose one frame 
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Table 

Table 3 

No. of Photographs io 

Casa Grande 6 

Mt. Graham 4 

No. of Control Points 58 

Degrees of Freedom 206 

Variance of Unit Weight 1.73 

No. of Iterative Qycles 3 

3.11 Summary of Characteristics of the Mt. Graham/Casa Grande 

Adjustment for Calibration 

Parameters Assigned Aprori Estimates of 
Weights Standard Errors 

0 0 

KL, K2, K3 

PI, P2 

X, y 

X , Y , Z 
0 0 0 

K, <p, (i) 

X, Y 

Z 

0 

0 

40,000 

0 

0 

400 

150 

O.OO5 millimeters 

O.05 meters 

0.08 meters 

.12 Parameters of the Calibration Adjustment and their Assigned 
Weights 
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from each of the four flight tracks. Subsequent study of the photography 

Indicated that there vere six frames which had Ideal target Image locations; 

but unfortunately, they all were taken from the vest to east flights. This 

was of course disappointing and no doubt accounts for some of the degrading 

of the geometzy of the live test when compared to the synthetic data test. 

In this connection, recommendations will be made for Improving the probabil¬ 

ity of obtaining useful photos on each pass over the Mt. Graham range. Hie 

problem Is not necessarily one of navigation but of target groupings. Re¬ 

stricting navigation to visual methods Is feasible and Is in keeping with 

the guidelines of providing a completely passive calibration reuige. Hie 

limited but well-defined pattern of roads on Mt. Graham made it a simple 

matter to Identify well defined features on flight tracks passing the center 

of the target field. In fact, a great number of otherwise useful frames were 

rejected by near misses of only several hundred feet. 

Hie answer seems to lie in the need for additional targets Inboard and 

outboard the prime target locations. In this way, the always present several 

hundred feet of navigation error (or off verticality) will be absorbed by 

selection of the alternative images. A greater number of targets is then 

available but not of particular value geometrically in that they will be 

closely grouped with other target images. 

3.6.2.1 Photo Coordinates 

Hie distribution of target Images is indicated in Figure 3.6 for each 

exposure used in the adjustment. Hie accumulated target Image distributions 

for photography of Mt. Graham and seperately for Casa Grande are indicated 

in Figure 3.7. 

Some discussions have been presented regarding results of pre-processing 

photo coordinate observations. In Section 3.5, the precision of pointing on 

Mt. Graham targets was given as 2.7 micrometers for a single observation and 

6.7 micrometers for Casa Grande. In Section 3.6.1.1, the unit standard error 
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of the fit of the affine model to the four bracketing reseau images averaged 

2.7 micrometers showing no significant difference for both ranges. 

ühe final photo coordinate residuals are presented in Table 3.13 in 

terms of rms errors after the MMR adjustment. There appears to be good 

consistency between results within a given range. As would be expected, the 

residuals from Casa Grande were significantly larger; a fact which can be 

directly attributable to the unfavorable targets at Casa Grande for use with 

large scale photography. 

The marked differences between results at the two ranges cannot be 

totally explained by comparisons of image quality between the two ranges 

since the mean value of four repeated observations was used on each target 

image. Assuming that image quality produces only random pointing errors, 

the coordinate's observational accuracies became 1.4 and 3.4 micrometers for 

Mt. Graham and Casa Grande respectively. 

A second factor existed which could have introduced a strong systematic 

influence on the results as evidenced by the disparity between the precision 

of photo coordinate observations and the fit of these observations to the 

finally adopted model. Reference is made to the rms errors presented in 

Table 3» 13» Photography of Casa Grande was taken during the reconnaissance 

flight in May, 1971» The image of targets during this earlier flight 

appeared in general to be better defined than those of the calibration 

photography taken in July, 1971. Hiring the week prior to the calibration 

flight, some dust storms had passed over the Casa Grande area. A little 

speculation leads to the suggestion that the Casa Grande targets were re¬ 

duced in contrast by a dust covering sind indeed may have in effect been 

biased in apparent position as well. This is quite reasonable when consider¬ 

ing that only the central edges of the wings of the cross formed the useable 

portions of the Casa Grande targets for this relatively large scale photo¬ 

graphy. 
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Mt. Graham 
Exposure 

No. 
No. of rras rms 

X y 
Targets (micrometers) 

1 

k 

8 

9 

7 3.9 2.2 

7 5.1* 

7 ^.6 3.1 

7 4.1 1.9 

Component Average 4.25 3*15 

Group Average 3*70 

Casa Grande 

2 

3 

5 

6 

7 

10 

23 4.5 5.1 

19 4.9 5.6 

18 5.8 6.4 

20 6.5 5.9 

12 7.2 4.9 

17 3.7 5.1 

Component Average 5.43 5.50 

Group Average 5.47 

Overall Average 5.Ill- 

Table 3.13 Photocoordinate Residuals After Adjustment (rms) in Micro¬ 
meters 
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The presence of unmodeled systematic influences on target coordinate 

values can not be properly accounted for by choice of weights. These system¬ 

atic error influences were imposed on the total results of the adjustment. 

They could reasonably have accounted for the discrepancy on Casa Grande as 

veil as Mt. Graham photography between pointing precision and fit of photo 

coordinate observations after adjustment. The possible unmodeled bias of 

only a few centimeters of some of the Casa Grande targets could have also 

accounted for the unacceptably large unit variance apostriori of I.73 as 

indicated in Table 3.11. 
Aside from this problem, there was still a remarkably good agreement 

between the group average coordinate residuals for Mt. Graham photography 

and the results reported by Brown [1969] for the KC-6A camera of the USQ-28 

Geodetic Sub-Qrstem. His results indicated rms residuals after adjustment 

by £MAC of ¿i and micrometers from two tests; whereas, the results 

over Mt. Graham, even though contaminated by Casa Grande, shoved a rms of 

residuals of 3.7 micrometers. Brown proceeded to improve upon his result by 

Judicious remodeling or otherwise accounting for persistent systematic errors. 

3.6.2.2 Comparison of Results 

Hie results of the adjustment by the MMR and by the laboratory calibra¬ 

tion procedures are presented in OSble 3.14. The discrepancy between values 

assigned for the coordinate of the principal point in the x direction could 

be safely regarded as insignificant. The discrepancy between camera constants 

(c) cou’ 1 to some extent, but not totally, be explained by the high correla¬ 

tion coefficient between the camera constant and the exposure station eleva¬ 

tion coordinate indicated in Table 3.15. Finally, the 146 micrometer dis¬ 

crepancy between values assigned for the y coordinate of the principal point 

could in no way be explained by its standard error apostriori nor by its cor¬ 

relation to any other element of interior or exterior orientation. It rep¬ 

resented a clear physical disparity between the two calibration procedures. 
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It is interesting to note that a similar unexplained shift of the princi¬ 

pal point coordinate in the y direction occurred for the KC-6A camera in the 

McClure, Ohio test [Brovn, 1969]. In that case, a value of about 100 micro¬ 

meters was computed for the shift. In the present experiment, it is recalled 

that the camera was installed in a single radial engine aircraft (Cessna 195). 

Th® of the camera was through the turbulent (non-laminar) region generat¬ 

ed not only by the slip stream from the propeller but also by the cooling air 

after passing the cowling. The results of ray tracing through such a volume 

of turbulence in an effort to account for the shift of the principal point 

would be clouded by the necessary assumptions generalizing its physical state. 

In most applications of aerial photogrammetry, the affect of the neglect 

of the systematic discrepancies for values of camera constant and principal 

point coordinates may be effectively suppressed by projective compensation. 

However, there are three distinct cases in which the process of projective 

compensation does not fully account for these errors of interior orientation 

(the first two have been discussed by Brown [I969]): 

1. observations made on some or all of the elements of exterior 

orientation (examples: USQ-28, Apollo SIM) 

2. adjusted values of exterior orientation used as standards of 

comparison for positional or orientational sensors (examples: 

vertically stabilized mounts, SHIRAN, ASPTR) 

3. mapping or aerial triangulation over mountainous regions or 

under circumstances in which variation in the object distance 

approaches a significant portion of the total object distance 

The neglect of proper system calibration for applications within these three 

categories could seriously compromise the photogrammetric procedure. 

To illustrate case 2, two photographs taken over the Casa Grande range 

were used to compare adjusted values of exterior orientation. These photo¬ 

graphs were not used in the MMR adjustment but were taken on the same flight 
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mission. A single photo resection was computed using first the lahoratoiy 

values then the MMR values of interior orientation for each photo. The 

differences in computed values of exterior orientation are presented in 

Table 3.1Ó. The second differences indicate the stability of the photo- 

grarametric resection for the selected locations of targets as well as the 

persistency of the influence of the two calibration procedures. 

Figure 3.8 presents a graphical comparison of distortion determined 

by laboratory and MMR procedures. The physical interpretation of the 

differences between the two procedures is difficult by such direct compari¬ 

sons. A more meaningful comparison would be obtained when applied to all 

of the three non-projectively compensated cases described earlier. 
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Exterior Laboratory Calibration - MMR Second 

Orientation a' a" Differences 

Parameter (Photo l66) (Photo 167) A'-A" 

h (arc sec.) 

çp (arc sec. ) 

u) ( arc sec. ) 

X (meters) 
0 

Yq (meters) 

Z (meters) 

-4 -2 -2 

-58 -66 +7 

+29 +17 +12 

-0.8^ -0.97 +O.13 

♦3.91 +4.21 -0.30 

■6.66 -6.62 -0.04 

Table 3.16 Differences in Results for Exterior Orientation After Single Photo 

Resections When Using Interior Orientations Determined by Labora¬ 

tory and MMR Procedures (terrain clearance about 16,000 feet) 
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4. Conclusions and Recommendations 

This report has discussed the theory and results of a demonstration of 

the MMR procedure for conducting the calibration of the aerial photographic 

system. When compared to previous experiments, this procedure conforms most 

closely to Eisenhart's [1963] concept of calibration. The goal of this re¬ 

search vas not to demonstrate more precise results than have heretofore been 

attained; but rather, to demonstrate that the MMR procedure can be feasibly 

conducted in a cost-effective manner which would lead to reliable results for 

those metric quantities which define the operational photographic system. It 

is concluded that this goal has been attained. 

Sufficient experience is not available to confidently predict the metric 

effectiveness of a specific aerial photographic system. However, the results 

of this research in which the observations of photo coordinates agreed with 

the adopted model with an rms error of 5.1 micrometers offer strong evidence 

that the MMR procedure would be effective as a means for establishing and 

maintaining calibration for the aerial photographic system. From an effect¬ 

iveness point of view, there has been only one other experiment with the 

aerial photographic system which is not considered deficient. The work with 

the KC-6A camera over the McClure Camera Calibration Range is certainly a 

most effective procedure [Brown, I968]. The expected cost of the MMR proce¬ 

dure would include estimates for acquisition of range photography, coordinate 

observations and data reduction. These costs would occur each time the aerial 

system is sampled in an on-going program of calibration but would not include 

those for establishing a mountain range (or other suitable 3-dimensional 

range), or maintenance of the ranges. Photography acquisition costs would 

vary depending on proximity to the ranges. The data processing should not 

exceed 20 man days for a ten photo sample. Computer costs would be relatively 

negligible. In a production mode, the man hours required could drop consid¬ 

erably'. Such costs are modest when compared to anticipated improvements in 
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effectiveness; particularly for those critical applications in which exterior 

orientation is important or over significantly three-dimensional terrain. The 

MMR procedure is offered as an outstanding cost-effective candidate for the 

calibration of the aerial photographic system. 

Several distinct problems arose during the course of the research. The 

quality of the target images on the relatively large scale Casa Grandr photo¬ 

graphy introduced some significantly large influences on the adjustment. Images 

of Mt. Graham targets permitted a standard pointing error of 2.7 micrometers; 

whereas, for Casa Grande, the value was 6,7 micrometers. Although the m^nn of 

four observations on each image was used, the relatively poor Casa Grande 

imagery no doubt accounts to a large extent for the disparity between the 

precision of observations and the rms of the residuals after adjustment (Mt. 

Graham rms of 3«7 and Casa Grande rms of 5.5 micrometers). 

A second aspect of the MMR as revealed by this investigation is the need 

for some additional strengthening of the geometry of the three-dimensional 

range to further suppress the high correlation between the camera constant 

and the elevation coordinate of the exposure station. The remaining correla¬ 

tions between (xq to Xq) and (yQ to Yq) were sufficiently suppressed. 

A prime example of the potential failure of calibration of system compo¬ 

nents alone for subsequent representation of the total operational system is 

provided by the significant difference in the value obtained for the y coor¬ 

dinate of the principal point. Only by rational sampling of the total opera¬ 

ting system can reasonable assurance be offered that such systematic influences 

are taken into account. 

The first recommendation is that a selected region of the Casa Grande 

range be improved by altering the center section of the existing targets. The 

new targets would make the Casa Grande range useful for the broad range of 

normally aspirated aircraft. The use of the range could also then be extended 

to a relatively low altitude calibration procedure for all aerial photographic 
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systems. Ihe improvements vould be accomplished by filling the ten foot void 

at the existing target center with a flat black background. A circular flat 

vhite target vould then be centered on the station. If it Is assumed that 

the targets are to be designed for photography from a six inch focal length 

camera at 20,000 feet, then the target circle diameter should be about six 

feet. Hie resulting image diameter vould be about 30 micrometers. The alter¬ 

ations need be accomplished only over a 6 by 6 array of targets. Further ran¬ 

dom densification vould be desirable but vould be relatively expensive as com¬ 

pared to the slight modifications to the existing targets as recommended. 

Also, recommended in this connection is a continual maintalnance program to 

assure that the targets are reasonably clear from dust, sand, or veed cover. 

Hie primary recommendation is that an aerial photographic system cali¬ 

bration program be instituted on a pilot basis. The procedure vould be that 

of MMR. The periodic reapplication of this procedure coupled with a continu¬ 

ing analysis of system performance by techniques similar to those of statis¬ 

tical process control vould produce the first aerial photographic system in 

full accord with Eisenhart's concept of system calibration. Hie KC-6A camera, 

suitably installed in a representative photo aircraft, vould constitute the 

major component of the aerial photographic system. Alterations to 36 of the 

Casa Grande targets as discussed earlier vould be required. Some additional 

surveys on the south edge of the Mt. Graham range vould be desirable to ex¬ 

tend station C to a lover elevation. A one year program of bimonthly sampl¬ 

ing vould clearly establish the procedure and vould offer reasonable assur¬ 

ance that a state of statistical control vould be established. Uiis program 

vould demonstrate the fined, phase of calibration for the aerial photographic 

System. It vould remain then only to Institute a continuing program for es¬ 

tablishing and maintaining the calibration of those aerial photographic sys¬ 

tems for vhich high accuracy or other special applications are Intended. 
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Appendix A 

The Zeiss Calibration Report for 

RMK-AR 15/23 No. 21 197 

[Zeiss, 1968] 

The lens Pleogon Ar maximum aperature f/5.6 

nominal focal length 153 mm, serial no.: 98 222 

has been inspected in accordance with the existing regulations. The optical 

performance and the external construction are in accordance with our terms 

of deliveiy. 

I. Focal length 

Equivalent focal length = ./. 

Calibrated focal length = 152.01 

The probable errors of these determinations do not exceed +0.02 mm. 

II. Distortion 

in 4 Semi-Diagonals referring to the 

Point of Autocollimation 

Õ 10 20 3Õ 4Ö 50 6Õ 70 8Õ 90 ICO ÏÏÔ 120 I3Õ Ï40 150 

A 0 -4 -6 -6 -4 -3 -1 +2+8+8 +4 +2 +6 +9 +3 ./• 

I b 0 -4 -5 -6 -3 0 +2 +6 +8 +7 +3 +6 +7 +5 -1 •/• 

Q 0 -4 -4 -6 -3 “3 0 +5 +5 +5 +5 +3 +8 +8 +2 •/• 

II D 0 -3 -5 -5 -2-1+2+6+8+8 +5 *3 *7 +7 -3 •/• 

Average 0 -4 -5 -6 -3 -2 +1 +5 +7 +7 +4+4+7+7 0 •/• 

The values of distortion base upon calibrated focal length. They are deter¬ 

mined for points separated by 10 mm from the axis for each of the four radii 

and given in microns. They indicate the displacement of the image from its 

distortion-free position. A positive value indicates a displacement away 
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from the centre Measurements vere made at aperture f/5.6 on the goniometer 

by attaching the filter D (transmittance limit 520 nm) vith an accuracy of 

40.002 ram. 

III. Photographic Resolving Power 

The photographic resolution was obtained in accordance vith the recommenda¬ 

tions of the International Society of Photogrammetry. The contrast cf the 

3 line test figures of the prescription on dark background was (in logarith¬ 

mic scale) 1.6. The following emulsion was used as taking material: 

Perutz - Pervola 

with a speed of DIN. The developer used was 

Perufin 

The photographs were taken under the recommended standard illumination by 

using the filter B (transraittence limit U70 nm) in parallel light. The 

following values were obtained for the aperture ration f/5.6 for radial and 

tangential image elements in lines/mm and reduced to the image plane. They 

refer to the given nominal focal length. 

Image angle: W = 0 14 21 28 *5 42 

Resolution radial 

Resolution tangential 

60 

60 

50 4? 

47 40 

37 

35 

30 

28 

30 

24 

27 

15 

IY. Principal Point of Autocollimatlon 

The lines joining opposite pairs of fiducial markers intersect an angle of 

90° + 30° seconds. Their intersection indicates the location of the princi 

pal point of autocollimation with an accuracy of +0.02 mm. 

V. Fiducial marker separation 

X = 226,004 

y = 226,008 

X lies in the flightline. The values have been determined with an accuracy 



of +0.02 mm. 

VI. Tangential Distortion 

The maximum tangential distortion, that means the displacement of the central 

image from a straight line connecting corresponding image points at equal 

but opposite angular separations from the axis, does not exceed 10 microns. 

VII. Filters 

The two surfaces of the filters 

K (clear) no: 15 ^38 

B (yellow) no: 1.4 480 

D (orange) no: 15 497 

are parallel to within 5 seconds of arc. 

VIII. Magazine Platen 

The platen mounted in Zeiss-Magazine Type FK 24/120 no. : 11 00 26 does not 

depart from a true plane by more than +0.010 mm. 

GAEL ZEISS 

Fhotogrammetric Department 

i.A. 

Oberkochen, the September 10, 1968 

According to inspection slip 

dtd. July 18, 1968 

Pti/FM 
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Appendix B 

Station Descriptions, Mt. Graham Calibration Range Survey 

These station descriptions prepared by Mr. Sol Cushman describe both 

the primary stations of the horizontal and vertical geodetic surveys and 

also the off-set stations on which additional targets were located. The 

additional targets were in all cases located only a few meters from the 

primary stations. These additional targets were used at all stations with 

the exceptions of station (F) and (H). 

(Note: References to page numbers are with respect to Field Book 3207-Al) 

Preceding page blank 
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Station Descriptions (Station A) Mt. Graham Survey 

Near Milepost 124 Swift Trail. Access by climbing rock cliff (10 feet) 

thence 150 feet to station. Station is a £-inch hole drilled in rock near 

south end of rock out crop. Station A1 is also a £-inch hole drilled in a 

rock NNE of A. (Pages 2, 8c, 4) 

A 

3ï*//o/t JJ. 

Distance A to A1 = 4.48 meters (Page 4) 
o 

Direction at A: D to A1 = 134 4919 (Page 1?) 

Difference of Elevation: A to A1 = +0.25 feet (Page 4) 
Elevation of Station A = 6214.8 feet (Page 6o) 

All occupations of A for horizontal angles and double zenith distances were 

without eccentricity. 

All observations of A for horizontal angles were without eccentricity. 

Observations of A for double zenith distances were without eccentricity from 
B; eccentric target shown to D is depcribed on Page 36, station A1 was not 
occupied. 
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Station Descriptions (Station B) • Mt. Graham Survey 

Near Milepost 134 Swift Trail. Ascend either of two draws near milepost to 

foot of rock outcrop. Ascend draw near SE end of outcrop to ridge covered 

with scrub oak, turn left (northwest) and ascend rock to station set in 

hollow top of SE end of outcrop. Station is marked by a five inch chrome 

plated centerpunch driven flush in rock. Station B1 was marked temporarily 

during photography but no longer exists. Station B eccentric is marked by 

a chiselled cross on surface of rock. 3nall holes for tripod feet have been 

chiselled for this station.(Page ll) 

75 ^5/jhorr A j . 1/ 
__Z7 \ ’S ecfsrr/r/c 

Distances (horizontal) B to B1 = 2.89 meters (Page ll) 

B to B ecc = 5.01 meters (Page 24) 

Approx, horizontal angles at B: to D = 0 00' 

to B ecc =22° 42' (Page 25 8c Computations) 

to B1 = 359° 11' (Page 10 but see Page 25) 

Diff. of Elevations: B to B1 = -0.26 meters (Page ll) 

B to B ecc = +4.0 inches (Page 25) 

Station B1 was not occupied. 

Station B had no eccentricities of either occupation or observation. 

Station B ecc was occupied and observed in connection with ties to station 

G, only. 
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Station Descriptions (Station C) 
Mt. Graham Survey 

Near Milepost. 133.3 descend narro» ridge SE through second pine forest to 

"r«r Station is a cross chiselled on upper surface of large houlder 

(lover and easterly of two). Stations Cl and <2 »ere marked during photo- 

graphy only and no longer exist. (Page 5) 

A 

■/j/jori C2- 

y\ 
u 
0\ 
* 

\ 

Sf. 

\ 

c£ 
C. 

visitón C.l 
A 

4.54 m 

t^r/ yro r’a/ar*#**' s*** 

Distances: C - Cl = 4.34 meters (Pages 5 and 217) 

C - C2 = 15.35 meters (Pages 5 and 217; 

Horiz. Directions at C: To H = 0 - 00' 

% Cl = 42° - 02' (Page 217) 

lb C2 =345° - 54' (Page 217) 

Differences of Elevation: C to Cl = - 2.48 meters 

C to C2 = + 0.82 meter 
(Page 217) 

All occupations and observations at C are without any eccentricities. 

Stations Cl and C2 vere not occupied. 
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Station Descriptions (Station D) Mt* Graham Survey 

Near only fork in road to Heliograph Look Out Tower. Leave road at trail 

marker on east side of road. Follow contour and trail for about three hun¬ 

dred feet, thence, bear left, uphill fifty feet to station at rock «-^crop. 

Station is marked by 2 x 2 inch stake with red tape and cup tack. 

Di and D2 were marked temporarily for photography and no longer exist. (Page ) 

O o 
frfl - /7*'/ /ft & hr JJ ^ Ttrf-5 

- X orr rock 

- X o" rack 

io A. 

1* 

Horizontal distances: D to Dl = 8.73 meters 

D to D2 = 2.235 meters 

D to RM1 = 4.507 meters 

D to RM2 = 1.795 meters 

D to RM3 = 0.89 meters 

Horizontal Directions at D: To F = 0-00' 

To D2 = 54-22' 

Tto Dl = 137 ~ 02' 

D to Dl = -8.96 feet 
D to E2 = -1.22 feet 

No eccentricities of occupation or observation except during double zenith 

distances to and from A. Eccentric target Page 32. 

Differences of Elevation: 

(Page 8) 

(Page 8) 

(Page 8) 
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Station Descriptions (Station E) Mt. Graham Survey 

Near nilepost 133«6 on Swift Trail on west edge of roadway. Stations E, 

EL, and E2 are each marked by 2 x 2 inch stakes with red tape and cup tacks. 

All are likely to be destroyed in scheduled and frequent regrading of road 

bed. (Page 13) 

UM 1 

KHZ 

KM l " c/rtje/JeJ\x orr rock. 
RrtZ. " /73// ¿/fa/ M/j¿/ter /* 

2Z "4 pme.) /OjLoe. 
jreisrrj 

3 “Ch iso Hod X on rock 

'c/r/so//<?</x on rock 

'Z/'.s 

RM3 

Horizontal distances: 

Slope distances: 

Horizontal Directions at E 

RM+ 
E to EL = 2.91 meters 

E to E2 = 7-33 meters 

EL to E2 = 4.61 meters 

E to RM1 =23.29 meters 

E to RMI* = 9*52 meters 

E to RM2 = 16.87 meters 

E to RM3 = 14.90 meters 

to H = 0° 

(Page 13) 

00' 

to El = 340° 04' 

to E2 = 356° 35' 
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Station Descriptions (Station E) 

Differences of elevation; 

Page 2 

(Page 13) 

E to EL 

E to E2 

E to ELhub 

E to E2hub 

E to RMI 

„ , E to RM2 _ Aeex, 

¿ eccentric ^observations IT ^ f°r Phot°^Phy. 
or occupations are involved at this station. 

“O.O6 foot 

-0.30 foot 

“2.35 feet 

“2.51 feet 

+5.3O feet 

+2.21 feet 

Stations El and i2 were not occupied. 
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Station Descriptions (Station F) 
Mt. Graham Survey 

Mear Milepost 126.3 on Swift Trail, on large rook overhanging north .id. of 

road approximately one hundred feet east of side road to orchard. Station P 

is marked hy a drill hole on top of .ook, and station F accantrlo is marM 

by a cross chiselled on same rock.(Page 20) 

A/o st/j/t/cj 

Horizontal distance F to F eccentric = 

Horizontal angle at F 

Difference in elevation: 

J..Ü2 meters (Page 20) . 

between D and F = 106° 13' (Page 19) 

F t0 Fecc = +3'° inches (Page 6l) 

All occupations and observations involving this 
station. station refer to the eccentric 

Only one photo target was placed at this 
station and that on station F. 
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Station Descriptions (Station G) 
Mt. Graham Survey 

Hiese stations 

prll - ci 

U 

K 

Near Milepost 128.5 on Swift -Brail on south side of Junction with new high¬ 

way. Station is a hole drilled in a large surface boulder^ Stations G1 

and G2 are marked with 2x2 inch stakes with cup tac..s. 

are likely to be destroyed in the near fvture.(Page 

^4.6Z 

/74// /* /7*4/**/ +/ 

£/f2- ST4// J/tS 0/4JÁ *r//r 3/' 

F/rt jtf 

3*0*e. A^0 fr04**/ 

7T/13 -4?x2 ssirA **/+/& »"/¿ 

J?rf4 - /7*4***/ /r+/* /»/* />•■*/ 
j/ ee/rf**’ +/ f+-*/ 

° 17M 

O *»4 

O 
4/71 

Horizontal distances: G to 

G to 

Ul to G2 = 

G to FMI = 

G to RM2 = 

G to RM3 = 

G to RM4 = 

Horizontal directions at G: to D 

G1 = 23.18 meters 

G2 = 26.97 meters 

U.775 meters 
8.47 meters 

9.69 meters 

8.13 meters 

8.0^ meters 

= 0 - 00' 

to G2 = 8° - 13' 
0 

Differences in elevation: 

to G1 = 15 - 03' 

G to G1 =■ *12.06 feet 

G to G2 = -10.62 feet 

(Page 9) 

(Page l6) 

(Page l6) 

All occupations of and observations to G have been without eccentricities. 

Stations G1 and G2 were not occupied. 
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Station Descriptions (Station H) Mt. Graham Survey 

Near Milepost 134.5 on Swift Trail on souti side of road. Both stations H 

and HI are marked with 2x2 inch stakes with red tape and cup tack. Both 

stations are likely to be destroyed during frequent and regular regrading 

of road bed. (Page 7) 

JTAfJ 

O 
RHZ 

O 

O MS 

H. 

sU. HI 

ffrtl - /V/XtOdsAer tn /3* PonJ~ 
pòte, QndonJ 

- /72//«?/%/êOds/ffr //f /g * 

/rt er rrre/d/ 
C e’/t'e/'f 

/ » * 
X/Í4 - S7J// f u>àsA*r /rr /1 /””* 

Horizontal distances: H to HI = 9.93 meters (Page 12) 

H to EMU = 2.16 meters (Page 7) 

Slope distances: H to RM1 = 17.44 meters 

H to RM2 = 20.69 meters (Page 7) 

H to RM3 = 24.12 meters 

Horizontal directions at H: to E = 0 00 

to C = 32° 47' (Page 6) 

to HI = 310° 10' (Page 12) 

Differences of elevation: H to HI = -2.05 feet 

H to RH3 = -4.61 feet (Page 12) 

H to Hlhub = -4.48 feet 

All occupations of and observations to this stations are without eccentri 

cities. 




