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FOREWORD 

Photogrammetrists have long been aware of the importance of the 
calibration of their complete measurement system. On the other hand, 
practical considerations have directed their interest toward adoption 
of selected approximations to calibration. These compromises were 
encouraged In part by the burdensome computational loads imposed by 
a realistic calibration and in part by the inability of the convention¬ 
al analog approach to make use of other than nominal or characteristic 
type information concerning the photographic system. 

Recent advances in computational techniques have virtually elim¬ 
inated the earlier basis for compromise regarding photographic system 
calibration. Indeed, the lack of a reliable photographic system cali¬ 
bration is the limiting factor pertaining to the attainable accuracy 
of aerial photogrammetric processes when employing the purely analyti¬ 
cal (computational) method. In appreciation of this trend, the 
International Society of Photogrammetry as early as the Seventh 
International Congress (1952) considered a draft specification regard¬ 
ing camera calibration in which was stated "Calibration should 
preferably be done photographically under conditions approaching 
closely that which the camera will encounter in service". This view 
Is firmly endorsed by, among others, such photogrammetrlc authorities 
as Proctor of England, Hallert of Sweden and Cruset of France. 

The notion of system calibration was developed by Or. Churchill 
Eisenhart in a paper presented at the 1962 Standards Laboratory 
Conference, National Bureau of Standards, Boulder, Colorado entitled 
Realistic Evaluation of the Precision and Accuracy of Instrument 
Calibration Systems. He states: 

Calibration of instruments and standards is a refined 
form of measurement. --- it becomes evident that a 
particular measurement operation cannot be regarded as 
constituting a measurement process unless statistical 
stability of the type known as a state of statistical 
control has been attained. In order to determine 
whether a particular measurement operation is, or is 
not, in a state of statistical control it is necessary 
to be definite on what variations of procedure, apparatus, 
environmental conditions, observers, operators, etc., 
are allowable in "repeated applications" of what will be 
the measurement of the same quantity under the same 
conditions. 

With reference to this concept of the measurement process it may be 
stated that current aerial photographic system calibration methods, 
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with few exceptions, fall far short of the ideal. Accordingly, it 
was the objective of this investigation to explore the feasibility 
of providing an aerial photographic system calibration procedure 
which, as a minimum, conforms to Eisenharts* concept of a measure* 
ment process applied to the measurement of the same quantity under 
the "same conditions." The task of "repeated applications" to 
attain the ideal state of statistical control is necessarily left 
to others. 

The considerate advice and guidance offered by Dr. A. Brandenberger 
of Laval University and Dr. S. Ghosh of the Ohio State University 
during the course of this investigation is gratefully acknowledged. 

The author is appreciative of the able assistance and support 
provided by the Syracuse University^Comput5ng Center which work was 
supported in part by the National Science Foundation under Grant 
GP - 1137. 

Thanks are extended to Mr. Douglas S. Johnston for his capable 
work in connection with the observing and processing of data. 

This document is submitted by Syracuse University Research 
Institute, Department of Civil Engineering, Syracuse, New York to 
Rome Air Development Center, Griffiss Air Force Base, New York, as 
the Final Report under Contract AF 30(602)-A329» Project 5569i Task 
556902. Mr. Joseph Del Vecchio, EMIRA, was the RADC Project Engineer. 

Particular thanks are due Mr. Del Vecchio and Mr. Don Zulch, 
EMASi, for his cooperation in providing suitable photography over the 
McClure camera calibration range. 

Information in this report is embargoed under the U.S. Export 
Control Act of 1949, administered by the Department of Commerce. 
This report may be released by departments or agencies of the U.S. 
Government to department or agencies of foreign governments with which 
the United States has defense treaty commitments. Private individuals 
or firms must comply with Department of Commerce export control regulations. 
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Technical Evaluation 

1. As early as 1952, it was realized throughout the photo- 
grammetric community that, in order to achieve the precise 
determination of calibration data necessary in the photo¬ 
graphic collection system, it is essential to perform this 
calibration under the actual conditions which the camera 
encounters in service. Without external tracking information, 
this becomes exceedingly difficult due to the high degree of 
correlation which exists between the focal length and the 
actual flying height. 

2. Dean C. Merchant has successfully demonstrated that this 
correlation can be suppressed by deriving the projection 
equations employed in terms of height differentials. The 
results hold a great deal of promise for a dynamic calibration 
procedure. A follow-on program is planned in which such a 
procedure will be used over a night calibration range over 
the Arizona test area, during FY 69. 
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1.2 Scope 

To assure that this investigation might reasonably lead to logical 
conclusions, the scope of the work was limited. It was defined to 
include only those factors which bear on the obtaining, controlling 
and reducing of aerial photography necessary for calibrating a standard 
precision aerial film camera. 

During the course of this investigation two standards of dimension 
were adopted. The first standard was the McClure camera calibration 
range geodetic control data which were accepted as if without error. 
The second standard was the calibrated glass scale by which the photo 
comparator was calibrated. Both standards were secondary; that is 
they were related only numerically to the primary length standard de¬ 
fined in terms of wave lengths of Krypton 86. Secondary standards 
must always be used with caution and means provided for periodic 
verification. 

A major obstacle to realistic calibration has been the substitu¬ 
tion of a photographic plate for the film and magazine combination. 
Accordingly, considerable effort was directed to the use of film 
rather than plates for photography and the associated problem of 
overcoming the difficulties with film shrinkage. 

The uncertainty of variations of the actual atmosphere from the 
accepted model and its influence on photo coordinates was studied 
and suitable corrections were introduced into the data reduction 
procedure. 

Verification of much of the procedural development was undertaken 
by using photography taken with a Fairchild KC1B camera at an altitude 
of 14,000 feet over the McClure, Ohio range. 

Finally, the important question of unfavorable strong correlation 
that exists between the camera constant and the object distance was 
studied. This question would have particular importance for cameras 
intended for use in mountainous regions. A method was devised based 
on the assumption that a calibration range would be available with a 
significant difference in ground target elevations. The method was 
evaluated using various combinations of artificial control distribu¬ 
tion and certain recommendations were presented. 

2 
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TECHNICAL DISCUSSION 

During the course of discussions pertaining to aerial camera 
calibration, reference is repeatedly made to certain terms and 
acronyms which are germane to this investigation alone. They are 
defined at the beginning. 

The term fiducial center is taken to mean the point on the image 
plane defined by the intersection of lines connecting two pairs of 
opposing fiducial mark images. In general, other terms are taken as 
defined by the Committee on Nomenclature of the American Society of 
Photogrammetry. [1966] 

Acronyms which appear in the discussion make reference to computer 
routines. They are fully discussed in connection with the computation 
in which they first appear. To aid in subsequent references to these 
acronyms, Table 1 presents a brief note concerning their meanings, 
and indicates the respective locations in which they are more fully 
described. Symbols are defined in connection with the respective 
formula derivations in which they appear. 

TABLE I. ACRONYMS REFERRING TO COMPUTATIONAL ELEMENTS 
OF THE CALIBRATION PROCEDURE 

Acronym 

COMCO 

CRP 

SPR 

MPR 

CER 

Purpose of Computation 

Comparator correction sub program 

Comparator to photo coordinate 
transformat ion 

Single photo resection 

Multiple photo resection 

Correlation Elimination Resection 

First Reference 
(section) 

2.1.1.2 

2.1.2 

2.1.3 

2.1.4 

2.3.2 

2.1 Derivation of Significant Formula 
With Real Data Applications 

In each of the computational phases referred to in Table I, an 
adjustment of redundant data was required. In all cases the method 
of least squares was used. In particular, the method of "variation 
of parameters" was used exclusively. [Uotila, 1963]. In the event 
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conditions were imposed on the solution, they were introduced directly 
into the functional relationships between the observations and the 
parameters. 

2.1.1 Comparator Calibration 

To assure meaningful results in subsequent phases of the investi” 
gat ion it was evident that a thorough calibration of the comparator 
would be required. Earlier work on the Syracuse University Mann 422C 
comparator indicated that it could be depended on from the standpoint 
of stability although the character of the comparator errors could not 
be described as linear. 

2.1.1.1 The General Adjustment for Comparator Calibration 

For purposes of the calibration a glass grid was ordered from 
Zeiss (Jena) on December 23, 1965. The grid was to consist of 272 
intersections distributed over a 9" * 9" area with calibrat ion data 
accurate to ±0.3 microns standard error. Based on the availaoility 
of such ò grid standard a general mathematical model was selected 
using first, second, and third degree terms and an axis non-ortho¬ 
gonality term. 

Observations were to be made directly on the grid standard in the 
comparator. Temperature would be stabilized to 22 C with a 1/2 degree 
maximum variation. 

The results of the calibration were to be the values of the model 
parameters, estimates of their standard deviations and a computed 
standard deviation of unit weight. 

The general functional relationship between observed comparator 
coordinates and the parameters of the calibration for the comparator 
with reference to Figure 1 are: 

X « (Ax + Ax2 + Cx* - X cos or - y sin or)Kx 

y « (Ay + By2 + Dy3 - x sin (or - 3) + y cos (or - 3))Ky 

where: 

X, y ■ calibrated coordinates of the grid standard 

X, y “ directly observed comparator coordinates 

Ax, Ay s the difference in origins between the comparator and 
grid systems along the x and y axis respectively 

a " swing of the x axis with respect to the x axis 

% 
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Figure 1. Elements of Transformation From Grid to 

Comparator Coordinates. 
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0 ■ non-orthogonality term 

A through D 

scale terms in A and 9 coordinate directions respectively 

additional constants of the calibration 

A conventional least squares adjustment by the method of "Variation 
of Parameters" was employed. All observations were assumed to be of 

equal weight. 

The adjustment was programmed for all ten parameters and verified 
with artificially computed data. The results of the adjustment 
computation on artificially generated data is presented in Tables II and 

III. 

TABLE II. RESULTS OF GENERAL COMPARATOR CALIBRATION ADJUSTMENT 
USING ARTIFICIAL DATA (10 parameter adjustment) 

Para¬ 
meter 

Initial Values 
(assumed) 

True Values 
Final Values 

(after 8 cycles) 

or 

Kx 

\ 

Ax 

Ay 

8 

Aß 
A 

B 

C 
I 

D 

+0.0 rad 

1.000 

1.000 

295.000 mm 

295.000 mm 

0.0 rad 

0.0 

0.0 

0.0 

0.0 

+0.1 rad 

1.01 

1.01 

300.000 mm 

300.000 mm 

+0.001 rad 

+0.4 X 10-6 

+0.4 X 10 6 

+0.4 X 10 8 

+0.4 X 10 8 

+0.10000001 rad 

1.0099988 

1.0100010 

300.00006 mm 

299.99986 mm 

+0.0010000042 rad 

+0.406 X 10‘6 

+0.397 X 10'6 

+0.399 X 10"8 

+0.400 X 10’8 

2.1.1.2 The Modified Adjustment for Comparator Calibration 

After the completion of the general comparator calibration program 
there was a delay in the receipt of the calibrated grid. In October, 
after a delay in excess of six months, it was decided to look for other 
means of providing an adequate comparator calibration. A method by 
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TABLE III. COORDINATES AND RESIDUALS AFTER A TEN 

ADJUSTMENT FOR COMPARATOR CALIBRATION 

are mm) 

XC, YC * comparator coordinates 

XG, YG = grid coordinates 

VX, VY - observational residuals 

XC 

269.868 
229.631 
189.^05 
149.187 
108.977 
68.772 

273.906 
233.668 
193.440 
153.222 
113.011 
72.805 

277.944 
237.705 
197.476 
157.257 
117.045 
76.839 

281.982 
241.741 
201.512 
161.292 
121.079 
80.873 

286.020 
245.778 
205.548 
165.327 
125.114 
84.907 

290.058 
249.816 
209.584 
169.362 
129.148 
88.941 

YC 

533.894 
529.886 
525.877 
521.869 
517.861 
513.854 
493.546 
489.540 
485.534 
481.528 
477.522 
473.516 
453.219 

449.215 
445.210 
441.206 
437.202 
433.199 
412.911 
408.908 
404.906 
400.904 
396.902 
392.9OO 
372.621 
368.620 
364.619 
360.618 
356.618 
352.618 
332.346 
328.347 
324.348 
320.348 
316.349 
312.351 

XG 

10.000 
50.000 
90.000 

130.000 
I7O.OOO 
210.000 

10.000 
50.000 
90.000 

I3O.OOO 
I7O.OOO 
210.000 

10.000 
50.000 
90.000 

130.000 
I7O.OOO 
210.000 

10.000 
50.000 
90.000 

I3O.OOO 
I7O.OOO 
210.000 

10.000 
50.000 
90.000 

130.000 
I7O.OOO 
210.000 

10.000 
50.000 
90.000 

I3O.OOO 
I7O.OOO 
210.000 

YG 

23O.OOO 
23O.OOO 
23O.OOO 
230.000 
230.000 
230.000 
190.000 
190.000 
190.000 
190.000 
190.000 
190.000 
150.000 
150.000 
150.000 
150.000 
150.000 
150.000 
110.000 
110.000 
110.000 
110.000 
110.000 
110.000 
70.000 
70.000 
70.000 
70.000 
70.000 
70.000 
30.000 
30.000 
30.000 
30.000 
30.000 
30.000 

VX MM 

O.OOOO3O 
O.OOOO3O 
0.000020 
0.000010 
0.000030 
0.000020 
0.000020 
0.000040 
O.OOOO3O 
0.000020 
0.000020 
0.000003 
0.000020 
0.000020 
0.000010 
0.000010 
0.000020 
0.000006 
0.000020 
0.000010 
0.000020 
0.000010 
0.000020 
0.000000 
0.000020 
0.000020 
0.000020 
0.000020 
O.OOOO3O 
0.000002 
0.000020 
O.OOOO3O 
O.OOOO3O 
0.000010 
0.000020 
0.000005 

PARAMETER 

(all units 

VY MM 

0.000040 
O.OOOO5O 
0.000040 
0.000040 
O.OOOO5O 
0.000040 
O.OOOO5O 
O.OOOO3O 
0.000040 
0.000040 
0.000040 
O.OOOO3O 
0.000040 
0.000040 
O.OOOO5O 
O.OOOO3O 
0.000040 
O.OOOO3O 
O.OOOO3O 
0.000040 
0.000040 
O.OOOO3O 
0.000040 
O.OOOO3O 
O.OOOO3O 
0.000040 
O.OOOO3O 
O.OOOO3O 
0.000040 
0.000040 
O.OOOO3O 
0.000020 
O.OOOO5O 
O.OOOO3O 
O.OOOO3O 
O.OOOO3O 
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provided^y^he^an^calíbration*1 'unfort°f the -Pareto 
tlons for calibration of the *-s¿rew thl Ü y’ dur'n9 the observa- 
results. The x-screw data could not be r peTator noted some unusual 
the Mann calibration. The Ã-screw daíe e 35 rel îable from 
Of nonlinearity not found other co^arazors“is“"?^! de9r” 

comp.f«óíni™t^ w.sVadéJlsti'foacÍHbraftr?hrÍCreW °f th' SyriCUSe 
of a series of well distributed arid olere 0 !h x-screw by measuremen 
9-screw. Th. Int.rv.ls wer. cor e teS f' 7 us,"9 “"'v the 
data. By rotating the plate on1* !L 11. , h y’SCrew «'¡bration 
using the x-lead screw the disrre * the same intervals 

observed intervals could be c^outePdanÎhîSbbetWf!n C°rreCted 3nd 
tions to the x comparator observât ions. C W°U d represent the correc- 

independent observât °f f0Ur SetS °f 
sisted of the average of five observers. The set con- 

distributed points. This approach proved°f twe,ve uniformly 
To assure that no blunders existed in ríe th ade^ate if not ideal, 
of the calibration parameters le7e ÙL î„ ^‘ the final va,u« 
between the observed quantities and íhí I WOrkm9 quations. Agreemen 
computed to a standard dív atiín thl C-0rr?spo"dîn9 standard were 
the X-axis to ±0.95 micros rí. ? Y‘aX'S °f ±0*2 microns and In 
the result of a more irregula/disiídeviation In (x) is 
*~axis than for the y-axis Furríír °n °f. correctîons for the 
that the estimated standard erïoÎÎf ®íp,!nation is offered by the fact 
was ±|.o microns and the x-screw standard7 SCr6W callbrat|on standard 
vat ions, was ±1.34 microns. tandard, computed from y-screw obser- 

a working^ub-ííígra^for^s^í^fr ca,ibration were used to prepare 
parator observations arí tí be usíd in which raw ctm- 
to assure that "true" or standard ti,. sub"Program was checked again 
values by the processing of the sub-program*^ £°mputed from observed 
sub-program is CQMCO and will be T* Th® acronym for this 
paragraphs. - W'M be refaTed to accordingly in subsequent 

The working equations for screw corrections are: 
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X *K + Ax2 + Bxy + Cx3 + Dx2y2 

where: 

y - yKy + Ey2 + FÍy 

X, y b corrected comparator coordinates 

X, y ■ observed comparator coordinates 

Kx » X“screw scale « 1.0000346 

Ky = y-screw scale ■ 0.9999925 

A « coefficient of 2nd degree term in x - -0.5557 x lo"^ 

B - coefficient of 1st degree mixed term for x - -0.2140 x lo"^ 

C - coefficient of 3rd degree term in x - 0.2050 x lo"® 

D - coefficient of 2nd degree mixed term for x - 0.6431 x IO-11 

E = coefficient of 2nd degree term in y = 0.1511 x lo"® 

F = coefficient of first degree mixed term for y = 0.3437 x lo"^ 

Figure 2 and Table IV indicate the locations of points used and 
the comparator corrections and residuals respectively after applying 
the working equations using the above parameters. 

2.1.2 Comparator to Photo Coordinate Transformation 

This phase of the computation is for the purpose of transforming 
the observed comparator coordinates into photo coordinates using an in¬ 
termediate transformation through a reseau coordinate system. This 
will be referred to as the ÇRP program corresponding to Comparator to 
jteseau to ¿hoto program. Included will be those computations necessary 
for correcting the comparator coordinates for calibration results and 
independent film shrinkage correction for each ground point image. 

The necessary information to begin this phase of computation 
is: 

a. directly observed comparator coordinates (Ã, ÿ) 

b. coordinates of reseau marks in their own system (x, y) 

c. comparator correction subprogram (C0MC0) 
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W IM—I 

Point 
no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

TABLE IV. COMPARATOR CORRECTIONS AND RESIDUALS AFTER 
CALIBRATION 

X (microns) Point y (microns) 
correction residual no. residual correction 

5.5 

0.8 

-1.7 

0.0 

0.0 

-2.0 

-3.6 

0.0 

1.1 

-0.1 

-1.1 

0.0 

-0.2 

0.7 

-0.1 

1.1 

-0.4 

0.6 

-1.7 

0.6 

0.2 

0.8 

-0.4 

-0.3 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

0.3 

-0.1 

-0.4 

-0.1 

-0.1 

0.2 

0.3 

0.1 

0.0 

0.0 

-5.7 

-7.5 

-3.8 

-4.5 

-1.6 

-1.9 

0.0 

-0.6 

0.0 

0.0 

sum of X residuals * +0.9 microns 
mean x residual » +0.075 microns 

standard deviation of x residuals about zero ■ + 0.80 microns 

sum of y residuals - +0.2 microns 
mean y residual ■ +0.020 microns 

standard deviation of y residuals about zero - +0.20 microns 
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d. estimate of rotation of reseau coordinate system with 
respect to that of the comparator 

e. additional information for automatic reseau point 
ident ification. 

The results of this phase of computation in order of their 
printed appearance are: 

a. the computed standard deviation of the mean of three 
observations on each fiducial mark 

b. the comparator coordinates on each image point after 
correction for comparator calibration 

c. the reseau point identifications in terms of the 
standard matrix notation (i. j) 

d. the photo coordinate residuals after each coordinate 
transformation between corrected comparator and reseau 
coordinate system 

e. the transformation parameters after adjustment with 
reference to Figure 3. (Ax, Ay, Ô, x scale, y scale) 

f. computed standard deviation of unit weight. 

The above results are provided for each ground point image 
based on independent least squares adjustments and for the fiducial 
mark observations which are treated in a common adjustment. 

After each ground point image is individually adjusted into the 
reseau coordinate system it is transformed into the photo coordinate 
system. For this application the photo coordinate system is defined 
as that system lying in the plane of the positive photo having an 
or gin at the intersection of the lines connecting opposite fiducials 
(fiducial center), having a (x) axis in the line defined by connectin< 
the opposite fiducial pair which is most closely oriented to the 
flight direction (positive in the direction of flight) and having a 
(y) axis taken at 90 to the (x) photo axis. The (z) axis is taken 
as that axis passing through the fiducial center and normal to the 
(*» y) plane. A right handed coordinate system is assumed. 

The results of adjustment computations for each point are summar¬ 
ized in a tabulation indicating the point Identification, final photo 
coordinates corrected for film shrinkage and comparator calibration, 
the computed standard deviation of unit weight for each individual 
ground image point and the computed standard deviation of the mean 
of three observations in (x) and in (y) independently for each ground 
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image point. 

that ls“!hí«5™np«"dChobs«?v«lSnstfir.«haÔfT,,'Ííe'y,0b5erVe<l tw'“! 

the standard deviation of the mean valve of !he « aelH™ ïïîl S',S Tl> 
These data are tabulated In a final summation 

kîSât"--““ :ï.. 
nJeí'rl'^rpuícíís «n:«r“;dd.coor<l,n*tM-A photo 

for each °",* T' * b«ls 
compasses ali fIducia^marks Shi’s zon» inSf T1? S thaî 2°ne wh,ch en" 

!K«nrrîs'S:;H:F^ 
2.1.2.1a 

Functional Relationships Between Coordinate Systems 

coordlnh:tafnòíoÍMsr^^;íór.„br^ frrv'd ■"•i «...„ 
Independen, pound point Images Is given belL^rí.^nTír^u^; 

Ä - AÃ - (x cos â + y sin a)/C 

9 ■ A9 - (x sin (d - B) - y cos (â - ß))/C 

where, with reference to Figure 3: 

(x, 9) - coordinates in comparator system 

(x, y) ■ coordinate in reseau system 

(Ax,Ay) - separation of respective origins measured 
along the comparator axis 

(Cx,Cy) - linear film shrinkage coefficients measured 
along the respective comparator axis 

a - swing between comparator and reseau x axis 
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Figure J. Relationships Between Comparator, Reseau 

and Photo Positive Systems of Coordinates. 
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e ' "»"orthogonality of comparator axis determinad 
rrom the comparator calibration. 

omitted. Dsiow. Details of the derivations are 

- _ (x - Ax)Cx cos (& - ß) » (9 ■ s[n â 

cos á cos [à - 0)"+ sind? sin (I - ß)- 

- _ “(Ã - AÃ)Cv sin (a - ß) f (y ■ ^y)C cos á 

” cos (S cos (cy - b) + sin à sin (¿ -1)- 

After the adjustment and transformation 
ates into reseau coordinates, the parameters 
relating the photo coordinate system defined 
ate system can be computed. The elements of 
formation will be rotation (a) about the (z) 
along the reseau (x, y) ‘ ~ * 
format ion are: 

of fiducial image coordin- 
of the transformation 
above the reseau coordin- 
this rigid body trans* 
axis and translation 

axis. The working equations for the trans- 

X - (x - xo) cos õ + (ÿ - 70) sin õ 

y ■ (x - xq) sin o + (y - y^) cos a 

whe re : 

(x» y) ■ photo coordinates 

O' - swing between reseau and photo coordinate (x) axis 

(x, y) ■ reseau coordinates 

(VV0> “ reseau coordinates of the fiducial center 

The swing angle (ä) is computed from: 

arctan 
V4 

x2 ‘ ^ 

followed by testing for the quadrant. The subscripts refer to th. 
fiducia position beginning with No. 1 at the (+y) fiducial anH^ 
increasing clockwise in the plane of the positive phoJo’ 
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The fiducial center coordinates were computed from the following 
formula. Derivations are omitted. The approach was to co«pute the 
coordinates of intersection of lines connecting opposite f ¡¡suciais. 

“o * ^*i ■ *3)<v4 ■ vV ■ (xi, ■ *2>^ÿi ■ 

ÿ0 - [<ÿ2 * v4)ôyi - ;,v3) + (ÿj - ÿ,)<v2 - x274)]/d 

where 

D - - x2)(73 “ ÿj) - (7] - x3)(y2 - ÿ4) 

For examples of results of these computations please refer to 
Section 2.7. 

2.1.2.2 Analysis of Paired Photo Coordinates 

The differences of computed photo coordinates for the same image 
points measured at substantially different times provide data by which 
the adequacy of the procedure for elimination of systematic film shrink¬ 
age due only to changes occurring while the photo negative was in the 
comparator may be evaluated. 

Comparator coordinates were determined during direct observation 
on the original photographic negative. Two complete observational 
circuits, each including all images, were made. The complete measure¬ 
ment process on each photo took, on the average, four days. Conse¬ 
quently, a time interval of approximately two days occurred between 
successive measurements of the same images. Substantial comparator 
coordinate differences were noted on the identical images ranging in 
magnitude up to ten microns. Since the temperature during the observa¬ 
tions was maintained within ± 1/2*C and since the stability of the com¬ 
parator had been demonstrated to be within one micron, the unusually 
large differences of "paired" points could reasonably be attributed to 
changes in film (combined influences of emulsion and base changes) 
due to changes in humidity. The film used in this experiment was 
Kodak Plus-X Aerographic (Type 5401). The dimensional change is 
0.0070 percent per one degree (F) change [Kodak, 1966] for temperature. 
Further, according to Kodak "The reversible dimensional changes which 
occur as a result of a change in relative humidity are considerably 
more complex than those due to temperature changes." [Kodak, 1966]. 
Accordingly, the following tests of paired points in which each point 
having been measured at substantially different times is computed into 
the reseau system of coordinates and compared. This comparison will 
serve to indicate not only the adequacy of the procedure for elimin¬ 
ating film shrinkage occurring while the film is in the comparator due 
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to humidity changes but due to temperature changes as well. 

This part of the data analysis was handled in three phases. The first 
phase consisted of eliminating obvious blunders by rejection criteria based 
on three times the standard error of one difference determined from exper¬ 
ience. A rejection level of this magnitude can safely be expected to in¬ 
clude only blunders without including statistically significant outlying 
observations. It cannot, in any sense, give assurance that all data sub¬ 
ject to blunders has been eliminated. A standard error of a single dif¬ 
ference of five microns was chosen as the apriori value of this test. 

The second phase consisted of rejecting observational differences that 
exceed the limits established at the 99 percent confidence level using the 
computed standard deviation from the mean of the sample. [Parratt, 1961]. 

The third phase of analysis was used to confirm the hypothesis that 
the significant coordinate errors introduced during comparator observations 
through film shrinkage have been eliminated within the statistical sig¬ 
nificance of the experiment. This test was accomplished at the 99 per¬ 
cent confidence level using the null hypothesis that the average bias of 
the paired point differences is not significant. It was concluded that if 
the null hypothesis is accepted, the computational procedure for elimina¬ 
tion of film shrinkage during comparator observations was adequate. 
Based on this analysis of observations on five actual photos, photograph 
2825 was rejected as exhibiting a significant bias between means of the 
two observational sets. 

Figure A presents the form used for anlysis of each photo indepen¬ 
dently. The analysis was designed according to Handbook No. 91 of the 
United States Department of Commerce [N.B.S. 1963]. Results of these 
analyses are discussed in Section 2.2.1. 

2.1.3 Single Photo Resection 

The Sjngle Photo Resection (SPR) computation is accomplished primar¬ 
ily for the purpose of providing first approximations to the elements of 
exterior orientation for individual photographs. There data are required 
for each photo prior to its inclusion in a general adjustment of a series 
of photographs resulting in elements of interior orientation. The SPR 
computation also performs the secondary tasks of compensation for atmos¬ 
pheric refraction and of detection of errors due to image mis-tdentlfica- 
tion or due to errors in ground control data. In addition, through study 
of photo coordinate residuals from all photos subsequently to be employed 
in a general adjustment, an estimate may be made of the parameters neces¬ 
sary to describe the complete interior orientation. 

The information necessary to enter the SPR computation consists of: 

a. photo coordinates with associated weights, corrected for 
comparator calibration and film shrinkage, and edited for 
observational blunders 
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by (‘Distribution Tasting 
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Figura 4. Paired Photo Coordinata Analysis Form 
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b. survey coordinates in a plane coordinate system of 
targeted ground points corresponding to the photo 
points above 

c. coefficients of the polynomial expressing the influence 
of atmospheric refraction according to Leyonhufvud 
[1952] and as adapted by the U.S.C. and G.S. [Harris, 
Tewinkel, Whitten, 1962] 

d. gross first approximations to the exterior orientation 

e. previous camera calibration data 

The SPR computation results in photo coordinates corrected for effects 
of atmospheric refraction, film shrinkage, and edited for removal of blun¬ 
ders. The elements of exterior orientation computed from SPR are retained 
for the subsequent adjustment. The photo coordinate residuals after the 
SPR computation represent the discrepancies to be accounted for by the 
mathematical model of interior orientation. It is recognized that a cer¬ 
tain portion of these residuals which rightfully should be attributed to 
interior orientation, were actually accommodated in the SPR adjustment by 
choice of the values for exterior orientation. The final general adjust¬ 
ment employing up to four photos simultaneously will be less subject to 
this compensating influence. 

2.I.3.I. Derivations of Significant Formula Used By the Single 
Photo Resection Adjustment 

The transformation formulas used to relate photo coordinates to sur¬ 
vey coord nates are of the form originally attributed to Dr. Sebastian 
Fmsterwalder. Br efly, they may be described with reference to Figure 5. 
Right handed coordinates are assumed for both the survey and photogra- 
phic systems. When starting with survey coordinates, the primary rota- 

Iboût ih.'(»'iken-ab0U‘.th! (X,) axls; the «“"«ary rotation <J Is taken 
about the (Y ) axis, and the tertiary rotation (k) is taken about the 
\/ 3X1 S * 

where: X' 

X" 

axis through the air station parallel to the survey 
(X) axis 1 

Y" “ axis in a vertical plane, containing the air 
station, normal to the (X1) axis and rotated 
from the horizontal by an angle (w) 

Z"“ ^¡!..?aS?in9 throu9h the alr station and normal to the 
(X'Y ) plane. 

All rotations are assumed to be right handed. 
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Figure 5» Relationships Between Survey and Photo 

Coordinate Axis 
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Y',' 
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in which: 

* M* • M K (jj 

X, - X 

Y, - Y 

2, - Z 

Mk5 Ma) “ orthogonal rotational matri ces 

(x¡. Yj, Zj) - survey coordinates of any point (i) 

(Xo’ V Zq) " surveV coordinates of the air station 

(Xj, Yj', Z'") - spatial coordinates of object point (i) 
In a coordinate system which is parallel 

ir'X but w,th 

:?.th%ordrof »f the 
tat ion are to be made, or the adjusted x/aiientSküf angu,ar exterior orien- 
plotter, it is required that tSeJaonronr?ïeS 6 USed f°r fnStance w,th a 
lected. In this apolication thf approPriate sequence of rotations be se- 
a system of rectangular coordinates™^ ^°0^103165 were transformed into 
tern. As seen from the ab^e ! Paru,,e, t0 the Photocoordinate sys- 
(w) was chosen as the primary (¿) secoída rotaJi°nabout the X-survey axis 
For the application a/hand ^he celerm Y rdu(<) terItiarY rotations, 
no consequence. For the ShitoSranS r " ?f the °rder °f rotatîon îa of 
rotated survey coordinates bj the íati^of thelal hS t0 SCa,e the 
length (c) to the obiert Hîe«-an camera focal 

axil kl XÍceco0oJr"í,«:t:;eCet^Tred ln the dlr«tl0" 

xi -Ä“ . X¡ 

Y' 
i - jm- ’ i y- 

i 
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The need for a negative camera focal length in-the above equations is the 
result of the arbitrary consistent choice of right handed coordinate sys- 
tems. If the Z'" axis had been chosen as positive nominally downward 
through the air station, a positive camera constant would be required. 

The fully expanded equations relating photo and survey coordinates 
are published extensively elsewhere [Harris, Tewinkel, Whitten, 1962] 
IRosenfleid, 1959], consequently they will not be reproduced here. 

The adjustment computation was performed by the method of variation 
of parameters. No restraints were used on the orientation elements. 
Weights determined from the CRP computation were applied to the photo 
coordinate observations. The process of linearization of the parameters 
with respect to the observations by means of the Taylor's series required 
partial differentiation of (x,y) with respect to each element of exter- 
or orientation. This exercise is also omitted in the Interest of brev- 
ty. A detailed example of a specific linearization process may be found 

in the published work of the Coast and Geodetic Survey [Harris, Tewinkel, 
Whitten, 1962]. 

2.I.3.2. Derivation of the Compensation Computation for Effects of 
Atmospheric Refraction 

The effect on photo coordinates of the influence of varying densities 
of atmospheric layers has been studied by others. For purposes of this 
Investigation the work of Leyonhufvud [1952] is used. A discussion of in¬ 
fluences of refraction is treated in paragraph 2.2.2.1. The work of 
Leyonhufvud has been adapted by the Coast and Geodetic Survey [Harris 
Tewinkel, Whitten, 1962] for application to a fictitious vertical camera 
of 153.00 mm focal length. Variables are height of the air station and 
mean elevation of the terrain above sea level. The corrections for a 
given altitude and terrain elevation lend themselves to expression by 
means of an odd power third degree polynomial. 

d - kj . r + k2 . r3 

whe re : 

d ■ correction to photo radial distance 

r ■ radial distance to image from fiducial center (assumes that 
the principle point coincides with the fiducial center) 

The expression is valid for a fictitious vertical camera with an arbitra¬ 
rily selected focal length to agree with the coefficients (k., kj. For 
application therefore, it is required that the uncorrected photo coordi¬ 
nates be rotated and scaled to correspond to the fictitious vertical 
photograph. After correction of the artificial data for effects of re¬ 
fraction, the coordinates are transformed back to the actual photo orienta¬ 
tion. 
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The procedure for these photo coordinate transformations makes use of 
the rotational transformation developed between survey and photo parallel 
coordinate systems. The three rotations used in that transformation may 
be combined into a single orthogonal rotation matrix. 

The true photo coordinates may be related to their equivalent vertical pho¬ 
to coordinates by: 

Post multiplying both sides by M yields: 

Advantage is taken here of the orthogonality of the matrix (M). A char¬ 
acteristic of an orthogonal matrix is that its transpose equals its in¬ 
verse. Therefore, without further derivation beyond what was required for 
the first transformation, the required rotational transformation may be 
taken as: 

X ‘ 

-c 

The equivalent vertical coordinates may then be scaled to correspond 
to the fictitious vertical photography for which the correction coeffi¬ 
cients apply. 

153 
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where: 

xvs* yvs " sca*e<^ equivalent vertical photo coordinates 

The correction terms are then computed using the aritifical coordinates. 
After corrections for refraction are added to (x ) and (y ), the coor¬ 
dinates are rescaled to correspond to corrected \x ) and (ys) coordinates. 
Finally, the corrected equivalent vertical photo coordinated are trans¬ 
formed back Into their original orientation by: 

The computation for correction of atmospheric refraction influences 
was prepared as a sub-program and employed in the SPR computation. The 
working program was verified with artificial data and found to agree with 
the tabulated corrections to a standard error of less than one micron. 

2.I.3.3 Representative Results of the SPR Computation 

To prove the program, a set of artificial photo coordinates without 
errors was computed based on a series of well distributed arbitrarily 
chosen survey coordinates and elements of exterior orientation. The com¬ 
putation was supplied with substantially different values of exterior 
orientation. The test of the computation would be its ability to produce 
the "true" (artificially chosen) elements of exterior orientation and 
photo coordinate residuals. The result of this test using 9 points is 
presented in Table 5> 

Í 

> 

* 

TABLE V. RESULTS OF ADJUSTMENT BY SPR COMPUTATION 
BASED ON ARTIFICIAL DATA (for 9 points)1 

Exterior 
Elements 

True 
Initial 

Estimation 
Computed Discrepancy 

Xä (ft) 10,000. 

YÄ (ft) 10,000. 

ZÄ (ft) 11,000. 

K (rad) 0.0000 

* (rad) 0.0000 

u (rad) 0.0000 

10,500 9,999.9990 

10,500 10,000.0010 

10,500 11,000.9390 

0.017453 0.0000000 

0.017453 -0.0000003 

0.017453 +0.0000062 

+ 0.0010 

- 0.0010 

- 0.9390 

0.0 

+ 0.3 X lo'6 

- 6.2 x lo'6 
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he relatively large elevation discrepancy was due to the introduction of 
a correction for atmospheric refraction when, In fact, the artificial data 
had not been influenced by refraction. artificial data 

An example of the results of the SPR computation workina with real 
data is presented n Table 6. The first information i^ntlîies the ^to 
by number, and ndicates the number of control points employed The 
tllüt^of^h ? ementS °f an9ular orientation are printed followed by es- 

L the,T resPectIve standard errors. The covariance matrix from 
which these variances were extracted was computed using photo coordinate 

fini i S,aftr.adjUStment °n data wh,ch had be*n correetedtbyC?nformatîon 
mDlnP rn^fr:î?ry HCailbrat!0n* The a,r Station coord I nates I n^eet" are pr nted next followed by estimates of their standard errors. The 

nal information is the tabulation on a point by point basis of: 

a. point identification number 

b. photo coordinates corrected for film shrinkage 
and atmospheric refraction but with no alterations 
due to lens distortion 

c. computed standard errors of photo coordinates 
derived from the CRP computation 

d. photo coordinate residuals corrected for film 
shrinkage, atmospheric refraction but with no 
alterations due to lens distortion 

Additional Information such as the variance co-variance matrix is also 

Duiched oüî fUt \n0t lnc,uded ,n Tab,e 6- The information Is alsi 
punched out for subsequent use in graphically displaying the residuals. 

aHj.cIhe ?raPh,caI display of photo coordinate residuals after the SPR 
adjustment are presented in Figures 7 through 10. 

2*1.** Multiple Photo Resection 

the flÜ!l!\HÍ.'í’!'.r°t0 computation Is Intended to provide 

ií thémMPR ldi It "T r °f Ph?tOS that may be sim^taneously ?reatid in 
of the computer!tment C°mpUtat,0n ,S "0rma"V '^ed by storage capacity 

The information necessary to enter the MPR computation is as follows: 
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*' fir*0 coordinates wlth associated weights corrected 
îrL Mpa?,0r î*"br*,l°". fin, shrinkage and ÎÎ*. 

i reoílseítlri “'!9htS are tak«" as the Inverse of 
representative photo coordinate variance) 

b' fr¿nc;^a"! a ractahgular sys„m and free 

c. first approximations to all naram-tAre «r «-in. j. 
~n, Inrlvdlng Interior oÆÂ™ ^ ï“' 

lndèp:íd"?|a:ter'0r 0r,entat,°" «ach photo 

d- zz?.\ xz'iïiïiïS' pri"‘lpai 

tc^Zr^îîorîng'Ôf tie' LT5:™"' 
the printed results consist of: ft f adjustment 

■' ¡ÄfsÄ-i.rrüs.r«. 

".“■Äs :1¾1 

c. the computed standard error of unit weight 

d. the complete variance covariance matrix Is printed 
out for up to thirty unknown parameters. 

2'M'' FOr,”U'a Usad bV ,ha "“'‘'O1* Pl»'» Resection 

t.t?ifSHrZ3S': ™?™;'-"-5??5?:t;edp::se„. 

?ïe 

- radia, s^trlca, : 

6 r « 
s K.r3 + K2r5 + K r; '1 



where: 

¿rs - radial component of symmetrical lens distortion 

coefficients of polynomial 
symmetrical lens distortion 

expressing radial 

r * radial distance from principal 
point 

point to image 

..r, „r:f, ^T^c:iv.d 1 ?‘r :sur to d'“n- 
ta.lon of the thin prism Jelsõ^nldíyTerlhSâÍ 

Wrewkí, dnnrÎÎeV il'9' -15 ‘"'»’•'‘'«"y »»r« «cureté bot iomp^atîollî- ly awkward. The thin prism model suggested by Brown nq6i»l u h 
The rectangular tangential components are expîessTby: here* 

xt " ’^Jlr^ + J2ri*^ s'n 

yt " +(J|r^ + cos $0 

whe re : 

(xt,yt) - rectangular components of tangential distortion 

(J|’J2> ' ^1'!!!?“,°! Po!y"“’läl expressing maximum 
tangential distortion 

r * Min?' diSti,nCe fro” Prl«¡Pal point to Image 

*° ' ?x??kãúderr9i? bet“en the P°5ltl« (*) Photo axis and the direction of maximum tangential 
distortion. 

coordînh:,?™«?rf?rrt^??ar?,?îeMdC“abn^;,aMenrrdU!?;o?trîonPh0t° 

O + - xQ) - (j)r2 + J^) sin 

(1 + JyO(Ç - yo) + (jir2 + COS 4) 
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where: 

(x,y) ■ fiducial center coordinates corrected for lens 
distortion 

(x,y) ■ fiducial center coordinates uncorrected for lens 
distortion 

(x ,y ) * fiducial center coordinates of the principle point 

After expanding the (6r ) term, the expressions for corrected photo 
coordinates are: 

Six elements or model parameters are used to express the complete 
objective distortion. The remaining elements of interior orientation 
are not included due to their strong correlation with certain elements 
of exterior orientation. In a later section of this report, several 
suggestions are made for elimination of correlation between the cal¬ 
ibrated focal length and the elevation of the air station for a nom¬ 
inally vertical camera. 

To form the general observation equations for use in the MPR compu¬ 
tation, the above equations are introduced into the expanded equations 
relating photo coordinates and survey coordinates described earlier in 
Section 2.1.3.1. In abbreviated notation the final formulas used in the 
MPR computations are: 

x * x + 
o 

Ax + By + Cz 
Gx + Hy + Iz 

whe re : 

(x»y) ■ photo coordinates uncorrected for lens, distortion 

(x,y,z) * differences between exposure station and ground point, 

(X0 - X), <Y0 - Y). <Z0 - Z) 
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(A,B,C,D,E,F,G,H,|)= coefficients of .the projective transformation 
discussed in Section 2.1.3.1 

(JrJ2,4’o^ * coefficients of tangential objective distortion 

(k1*K2'K3) = coefficients of radial objective distortion 

r = radial distance from principal point to image 

*o*yo^ = fiducial center coordinates of principal point 

For use in a least square adjustment these equations are put in li¬ 
near form with respect to the calibration coefficients and elements of 
exterior orientation for each photograph employed. The least squares ad¬ 
justment is accomplished according to the method of variation of para- 
meters. The adjustment is repeated until no significant improvement in 
residuals is noted. Each repetition of the adjustment employs the pre¬ 
vious adjusted parameters as first approximations. 

From the general MPR equations above, it is seen that before adjust¬ 
ment, a value for at least (J.) is required so that alterations to (4> ) <V -- 
are provided after each adjustment. For this application, the vaíué¡° 
computed from a stellar calibration on the same camera and published bv 
Autometrics Corp. [Raytheon, I965] were used. If previous calibration 
data were not available, an estimate could be made for (J.) and (d> ) 
using the graphical display of residuals from the SPR comjutation.° 

The National Bureau of Standards procedure for camera calibration 
locates the principal point. The fiducials are affixed to the camera 
cone to provide a means for referencing the location of the principle 
point. Errors in this procedure will be absorbed by the mathematical 
model chosen for the MPR computation. 

2.1.4.2 Representative Results of the MPR Computation 

The validity of the MPR program was established by means of artifi¬ 
cial data generated by a separate computation. For this purpose twenty- 
four well distributed ground points were selected with elevations ranging 
from zero to fifty meters. The elements of interior and exterior orlen-9 
tation were assumed and a set of artificial photo coordinates were corn- 

neared Ifrro cooïd,nftes.w®re free from all errors and tabulated to the 
6 " C ; qUai.We'9htS rre aS5igned to all photo coordinates. 

ïhoL l^Â ?oord!nates the MPR computation was entered using four 

ual was : C T j the °ther- The photo ^ordinate resid¬ 
ual was +0.28 microns standard error after seven iterations. This can be 
attributed entirely to the fact that the least significan! figure In îhe 
observations was one micron. The results of the MPR computation regard- 
mg interior orientation are presented in Table 7. 9 
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TABLE Vil. RESULTS OF ADJUSTMENT BY MPR COMPUTATION 
BASEO ON ARTIFICIAL DATA 

Interior Initial 
Elements True Estimate Computed Deviations 

Kj +0.24988x10“7 +.25xlO-7 

K2 -0.13896xI0"10 -.13x10“10 

K3 +0.51406x1o"15 +.50xl0“15 

J, +0.39642x10“6 +.40x!0"6 

J2 -0.31691x1o“11 -.32x1o“11 

^(rad) +1.3401 +1.30 

+.24668x10“7 

-.13828x1o“11 

+.51143x1o"1 

-.40059x10“6 

+.30545x1o“1 

-1.7855 

-.0032x10-7 

-.00068x10“10 

-.00263x10_ 15 

-.00417x10“6*1) 

+ .01146x1o“11 ^1^ 

+.016 + ír 

(1) deviations after allowance 
change in $ . 

for sense change induced by aradians 

At an altitude of 15000 meters, the deviations were consistently less than 
several centimeters in exposure station position and angular orientations 
deviated consistently by less than one half arc second from the true value. 

In Table 7, note the reversed sense but correct magnitude of the 
(J.) and (J ) terms. This Is explained by noting that the ($ ) term dé¬ 
viâtes nearfyITradians from the true value. The combined inf?uences on 
the calibration of the (Jj), (J2) and (¢) terms taken together is equal 
to the influence of the true values for these terms. Further, the rather 
large deviations in some terms indicate the relative insensitivity of the 
solution to these terms. Fortunately, the consequence on photo coordinate 
correction of the larger deviations in application will be relatively 
small. The prime test for validity of the solution lies in the magnitude 
of the observational residuals and not the amount of parameter deviations 
from the true values. In this case, the mean photo coordinate residual of 
+O.28 microns is quite satisfactory as indicated above. 

The significant results using four photos taken over the McClure 
range are presented in Section 2.7 of this report. The photo coordinate 
residuals after adjustment are plotted for these photographs and are pre¬ 
sented in Figures 13 through 20. 

32 



2.2 Discussion of Significant Problems 

2.2.] Photo Coordinate Errors 

E.rors in photo coordinates may be attributed to several sources. 
Mrst, errors may arise during the measurement process. These are due 
primarily to uncompensated comparator errors, and observational pointing 
errors. The second general error source class arises from character- 

St, , 0!.the f1’ m1 ltse,f- These are film shrinkage non-linearity and 
emulsion/base thickness irregularity. A third class of ¿rror arises 
from such sources as approximations in refraction corrections or due to 
computational expediencies. 

nn resue]t\from real data discussed in some detail earlier and 
on the find mgs of others regarding characteristics of film, this section 
attempts to combine these components of error to provide a realistic es¬ 
timate of the errors In photo coordinates. 

Because of the difficulty experienced with film shrinkage caused by 
changes in relative humidity, the results from real data have value only 
for computation of precision. A full discussion of this problem is pre¬ 
sented in Section 2.3.3. The real data would have provided computed 

thlUSpR rr coo;;d*na5e errors arising from all sources at the end of 
the MPR computation had the reseau been flashed onto the film at very 
nearly the 'nstant the film was exposed in the camera. The following 
discussions will be directed toward estimating the error that would have 
occurred had the reseau technique been effective. 

p"ec*s!on of measurement process is best estimated from the 
analysis of photo coordinate differences between the two values deter¬ 
mined independently as described in the CRP computation. An analysis was 
made after the CRP computation for detection of significant bias In photo 
coordinates determined from observations made at significantly different 

Ah IT"? °í thíS ana,Vsis described in detail in Section 2.1.2, 
a standard deviation was computed for paired coordinate differences. 
Table 8 presents the computed standard deviation of paired differences 
for the four photos which displayed no significant bias. 

TABLE VIII STANDARD DEVIATION OF PAIRED PHOTO COORDINATE 
DIFFERENCES (+ microns) 

Photo No. s.d. for Ax s.d. for Ay 

2729 
2822 
2826 
2829 

Average 

3.52 
3.26 
3.68 
3.51 
3.49 

3.14 
4.21 

3.19 
2.91 
3.34 
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It appears that ±3*5 microns is a representative standard deviation 
of paired coordinate differences. Since they do not exhibit significant 
bias, it is assumed that a standard error (m) of an individual photo 
coordinate is: 

mdifference 

Also, the standard error of the mean of tue paired coordinates will be 

rn- and m- 
y 

m 
JL 
/T 

The computed standard deviation of the mean of the two paired photo 
coordinates is then: 

mdifference (x) m- ■ -s-^ and mdifference (y) 
m* ■ .. "1 

The result is that the standard deviation of the mean value due to the 
precision only of the observation is jj.75 microns. For purposes of 
weighting, a value of ±2.0 microns was used. 

The systematic error introduced by the comparator was discussed In 
section 2.1.1. The standard deviation of computed corrections was +1.0 
microns in (y) and +1.3^ microns in (x). These are representative of the 
magnitude of comparator calibration errors and will be systematic to some 
extent. 

The second source of errors arising from the film consists primarily 
of effects due to non-affine or irregular film shrinkage and due to ir¬ 
regularity of the effective emulsion plane with respect to the fixed 
camera platen. By use of the one half inch interval reseau and assuming 
that it could be exposed on the film concurrently with the image from the 
ground, the irregular and affine film shrinkage influence would be effec¬ 
tively reduced to the micron level. [Brock, Faulds, 1962]. 

The irregularity of the effective plane of the emulsion may have a 
greater effect than residual shrinkages. Or. Ahrend [1966] describes 
this problem as consisting of five contributing factors. 

The first factor is that of platen flatness. In the application to 
airborne system calibration in which film rather than plate photography 
is used, the influence of platen flatness anomalies may be to some extent 
absorbed within the parameters of the calibration. 
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DlaJe!nüd!h: îh;iqUeSt,°" 0f fun f,a«ening of the film against the 
fourme! il!*0“ con¡blne0d base and emulsion thickness ir¬ 
regularities must be considered. Registration is grossly a question of 

r ! rÜCUUm app,!ed for a suff|cient period of time/ Vacuum failure 
would of course require rejection of the photography. Thickness vara- 

THa,1th?n|írePreSentjtiVe aeriaI f,,ms have been reported by Haliert [1962] 
lïôn ï:eîS/t?ndîrd deï,at,0n was found to ran9® from I0.8 to «;! mii' 
crons. Peak deviations of 10 microns were found to exist"” The tTTlcknace 

2S^,at ?íeaoíesernd i? natUre W,th a rePet,tl°n interval of about 
íiOmm. The presence of such disturbances emphasizes the need for at lea«t 

”rri“t:i5pho,os for -dj“ '"«»= — »«• 

cSE!idah °?h0ffthe VaCUUm lAhrend* 1966][Clark, Cooper, 1964]. This is 
caused by the fact that small pockèts of air trapped between the film and 
the platen require time to escape to the vacuum source points. This fn- 
f uence should be avoided by proper vacuum distributionlesion and nro- 
vlsion of ample time for air pocket dissipation. 9 Pr° 

avoided51 a"demu,slon Particles between the film and platen must be 
avoided. It Is recommended that thorough, frequent cleanlnn «-h- 1 

“n by C0^r“!'d *"• accompl ¡shed to ivold’thú 

SnSaSSSä-SirSlfe 

£.&p:s==SäSä=. 
a fld2clíírÍ«tI;roí?3?neIísí:mTP;í*tl0n 0f Ph0t0 «°"""ates based 00 
termlning the fiducie? ",nï!r withoutaCCUra5V ch ls obtai"ed d'- 
error In coordinates of the fiducial cente?3?« )0™payator frrorf' the 
equal to the standard deviation of the W ls aPProxlately 

.e. : xi + x3 

m 
(2 V>2 + 4 mx )2 “ r(rnj + ml ) 
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If It Is assumed that they are of equal precision; 

m 
X 

The results from the CRP computation regarding precision of repeated 
pointings on the standard side flducials of KC1B camera are presented in 
Table 9. From these results, the standard deviation in the x coordinate 
of the fiducial center (s ) is +1.03 microns, and for (s ) is +0.50 mi- 

° yo 
crons. The disparity In precision may be explained by the superior images, 
of flducials at the left and right fiducial positions. 

TABLE IX. PRECISION OF OBSERVATIONS ON FIDUCIAL MARKS 
USING A FAIRCHILD KCIB CAMERA 

Photo 
No. 

standard 
deviations 

fiducial 
identification 

+ x (microns) 

fl f3 

+ y (microns 

f2 fi* 

2729 
2822 
2826 
2829 
Fiducial 
Ave rage 

1.73 0.88 2.03 2.58 
1.^5 2.60 0.33 0.33 
0.58 0.58 0.00 0.00 
P.OO_0_188_0J2_0.58 

1.28 1.65 0.90 0.50 

x or y 
Average sy - + 0.70 

The error in determining the fiducial center will vary from photo to 
photo with the precisions indicated above. Because of the nature of this 
and other errors contributing to what is defined as the photo coordinate 
error it would be inappropriate to combine them quadraticall y to compute 
their total effect. The combined photo coordinate error may be obtained 
most realistically from the standard error of unit weight and the appro¬ 
priate photo coordinate weight after the MPR adjustment provided the tech¬ 
nique of film shrinkage control by means of a reseau is effective. 

2.2.2 Atmospheric Refraction and Earth Curvature 

The discussions of the influences of atmospheric refraction and of 
the assumption that the geoid can be replaced by a plane over the limited 
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range of the control field are presen-ted In this section, mey win oe 

rJ»tn.r«-iSeP*rne Y* ^ 6ach ^56 ^ ,s ,ntended t° demonstrate that their 
In « 1 i* lnf,“enc*s are 50 wen predictable that they need not be treat¬ 
ed as unknowns In the resection adjustments In the usual aerial photo¬ 
graphic case over the McClure range. 

2.2.2.1 Refraction 

_ j *°rli Ley°nh^vud t>952] is particularly outstanding with re- 
gard to the influences of optical refraction through the standard atmos- 

iînternaH hCiT a T*'« ^ resu,ts are developed for the ICAN 
w îh r«„U«3 h^T !Si°n foruA,r Navigation) atmosphere and compared 
tiln îhï Íh °íta ned otïe: "»d«1*- For purposes of this investiga- 
tion, the adaptation of Leyonhufvud's results by the U.S. Coast and Geo¬ 
detic Survey [Harris, Tewinkel, Whitten, 1962] has been used. 

Iv ™en^P:ri|SOn °l íeSü,n^S!n9 var,ous atmospheric models oriniral- 
at h¡nd ^yonhufvud [,952i has been adapted to the specific'case 
fraction allnllin P/CSentS ? oo^aHson of influences of atmospheric, re- 
m o ^ I?!?? M° sources assuming a camera focal length of 

sea'íeveí On °l ^°0° ab°Ve th* 9r0und assumed to be it 
/ ^ ' ° T the extreme case of the ray at 45° off the vertical 
(nadir distance) is compared. It is seen that the maximum discrepancy of 
0.95 micron exists between ICAN and the model proposed by Gast [193/]. 

TABLE X. COMPARISON OF INFLUENCE OF ATMOSPHERIC REFRACTION 
ON THE AERIAL CASE FOR SEVERAL ATMOSPHERIC MODELS 

(alt. - 4000 meters, ground elev. » 0 meters 
nadir distance - 45°, focal length - 153 mm.) 

Source sexigesimal radial 
arc sec. microns 

dlfferences 
from ICAN (microns) 

ICAN 9.11 
Aschenbrenner [1937] 8.96 
Schutte [1937] 9.50 
Gast [1957] 9.76 

13-50 o.OO 
13.27 -0.23 
14.08 +0.58 
14.45 +0.95 

An attempt was made to estimate the Influence of variations of the 
actual atmosphere from the assumed ICAN atmosphere. The separate influ- 
ences of temperature, pressure, lapse rate and relative hSmiduí were con- 

6 ?d;he PPre?t,y* dU!:« 1aCk °f informat|on concerning the^ariabi 1- 
ty of these factors at different altitudes, Leyonhufvud computed only 

maximum influences and unit rates of influence of these factors Aaaïn 
they were computed for the extreme ray of 45° off the nadir, and a ground 
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elevation of 0 meters. His results have been converted to the case at 
hand for an altitude of 1*000 meters and focal length of 153. mm. and are 
presented in Table XI. 

It is seen that by assuming the most wide range of temperature, and 
to a lesser degree other properties, a significant range of photo coordi¬ 
nates could be expected for the extreme ray. This gives also an indica¬ 
tion of the unit rates of change of photo coordinates for the extreme ray 
per un ij change of the influencing property. Information concerning the 
temperature for various altitudes with associated standard deviations has 

5elre^u,y by C0,e and Nee [,965]- Thls data a,on9 «'th the 
standards of the ICAN atmosphere permit an estimate of the standard error 
that may be expected due to variations of temperature from the assumed 
values for the aerial case of 1*000 meters altitude and for the extreme 
™y* T5e l"t'uence>of lapse rate, pressure and humidity variations appear 
to be of secondary significance as compared to temperature variations. 

The ICAN atmosphere as used for refraction correction represents an 
estimated seasonal mean. Accordingly, variations in photogrammetric re- 
I» í °ü Üí' °?CUr due both t0 dePartures from seasonal means and to 
standard deviations of temperature. 

The KAN atmosphere uses 288°K (where (K) denotes degrees Kelvin) as 
ÍÍ! !ÍS°íUt! íempeurature standard at sea level. The maximum spread from 
the standard for the geographical sample points occurs at Great Falls, 
ontana at the surface. The seasonal departures from the standard are 

ñil*Í ÍnM"'teü t0 +l C in SUmmer [Co,e* Nee* ,965' P* ,2i- These are 
predictable and may be used to compute systematic photocoordinate correc¬ 
tions if considered significant. Using Leyonhufvud's unit rates adapted 
to the case at hand, the seasonal change in temperature would require a 

InH !i i"13?* COrr?Ct °? at ^5° nadir distance of -1.2 microns in January 
and +0.6 microns in July. The maximum variation in temperature of +9°C 
standard deviation about the monthly mean also occurs at the surface at 
breat Fais, Montana during January. For the extreme ray, the temper- 
ature variation will introduce a standard deviation of +0.72 microns. 
The influences of variations of the atmosphere from the ICAN standard 
atmosphere were not considered significant for this application. 

2.2.2.2 Earth Curvature 

The elevations of targeted survey control points were published in 
terms of elevation above sea level. These elevations when used with the 
assumption that the reference surface is a plane will introduce a distor¬ 
tion of a magnitude several times greater than that introduced by refrac¬ 
tion and with an opposite sense. It is convenient to treat regular earth 
curvature influences as a distortion and correct the photo coordinates 
directly. An alternate approach would be to convert the published geode¬ 
tic coordinates to rectangular spatial cartesian coordinates, thus remov¬ 
ing the need for artificial corrections. 
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The method employed during this investigation was to compute and ap¬ 
ply corrections to the observed photo coordinates to compensate for the 
plane assumption for the vertical datum. For this purpose, the separation 
between the plane and the local spherical normal may be calculated from 
[Brandenberger, 1951]: (Referring to Figure 6) 

+ 

where: 

AH' ■ separation 

R ■ a mean earth radius of curvature computed from 
(a + a + b)l/3 using the parameters of Clarke 1866 
(6,370,977 meters) 

X - distance of point from the nadir point 

Then: 

2 2 2 
- IT tan n 

au. H * 2 AH' ="2p- tan n 

where : 

n ■ nadir distance 

For small values of (n), the elevation departure (AH') may be 
approximated by (AH). 

Converting to influence on nadir distance: 

n * arctan (^) 

dn/dH * - 
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Figure 6. Departure of Reference Plane from Spherical Earth 
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This is equivalent to: 

H sin^ n 
2R cos n 

(note: The change in notation from (d) to (6) corresponds 
to the change in assumption from a differential to 

a finite quantity. ) 

whe re : 

6n * the change in nadir distance in radians due to 
earth curvature 

The change in photo coordinate per radian unit change in nadir 

distance is then: 

The correction (+6r) for Influence of earth curvature may be computed 
from the above formula assuming a vertical photo of focal length 
(c) for an altitude of (H). The units of (H) and (R) must be the same. 
The units of the correction will be those of (c). This correction is 
conveniently computed and applied at the same time atmospheric refrac¬ 
tion is treated during data processing. This was accomplished during 

this investigation. 

2.2.2.3 Spherical Assumption Influence on Photo Coordinates 

In Section 2.2.2.1 the vertical datum was assumed to be plane. In 
that section an expression was developed to correct for the assumption 
that the earth is planar rather than spherical. The validity of that ex¬ 
pression is investigated here from the standpoint of use of the sphere to 
approximate the reference ellipsoid. The expression relating change in 
photo coordinate due to a spherical assumption (i.e., constant radius 

earth) was: 

H 3 
ôr * c 2R tan n 



The change in displacement of the photo image (A6r) due to the separation 
occurring between the spherical and ellipsoidal earth (S) is then derived 
by differentiation of the correction (6r) with respect to the nominal 
earth radius (R). The separation and earth radius are very nearly co- 
1 inear for small central angles (y). Accordingly, the radial correction 
to the photo image position becomes: 

A6r ■ [- c tan^nlS 
2R 

The separation 

Let 
Let AR - R - R 

(S) may be derived with reference to Figure 6. 

I 

Then very nearly: 

S - R - AR • cos y - R' 

S * Ar (1 - cos y) 

Substituting in the above expression for photo image displacement: 

H 1 
Aôr ■ -c ’ —s- * AR • (1 - cos y) * tan^ h 

2R 

where : 

Aôr = photographic image displacement 

c * camera constant 

H ■ elevation of exposure station 

R = local earth radius of curvature 

AR = change of local earth radius over the extremes of 
the camera field 

Y “ geocontric angle subtending the camera field 

n ■ nadir distance of imaging ray 

This derivation of image displacement is conservative in that it as¬ 
sumes an instantaneous change in earth's radius of curvature. In fact, of 
course, it is a gradual process. Further refinement of this derivation is 
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not necessary. If changes in curvature can be shown to be insignificant 
with the conservative formula above, they certainly will not be signif¬ 
icant using a more refined formula. 

The formula for image displacement due to changes of radius of cur¬ 
vature Is evaluated for the meridian in the vicinity of the camera cal¬ 
ibration range. Assuming a camera constant (c) of 150 mm, a flight height 
of J'000 m, a geocentric angle (y) of one minute corresponding to the half 
field coverage of the camera and a change in the radius of curvature in 
the meridian of 16.7 meters as determined from Gossett [195Q] for Clarke 
1866, the image displacement is computed to be -0.50 x 10-1 mm. Obviously, 
the spherical assumption does not introduce a significant influence. 

2.2.2.4 Earth Gravity Anomalies 

Using the expression developed in Section 2.2.2.3 for relating image 
displacement (A<5r) to separation (S), the influences of anomalies of the 
earth's gravity field may be estimated. In recent studies of the earth's 
gravity in the State of Ohio it has been determined that the greatest rate 
of change of the deflection of the vertical occurs over a 30 km distance 
in the amount of 10 seconds [Uotila, 196?] [Heiskanen, Uotila, 1956]. 
With reference to Figure 6, the change in deflection may be related to 
the change in radius of curvature (AR). 

Assuming: 

D « 0' 

Then: R M D 
Y 

AR * - .'Ay 

Evaluating this expression over the 30 km distance and for a change 
In deflection (Ay) of 10 arc seconds, the computed change in radius of 
curvature is 60 km. Assuming that the change in radius of curvature over 
the 30 km interval is representative of the rate of change that occurred 
within the interval, the change in radius may be scaled to correspond to 
the 4 km half field angle. The change of radius of curvature due to 
anomalies is then computed to be 8 km over the half field of the camera. 
Using the assumptions of Section 2.2.2.3 regarding the photography, the 
image displacement resulting from extreme anomalies of gravity in Ohio 
can be computed as before. The image displacement is computed to be 
0.25 x 10"9mm. It may be safely stated that gravity anomalies in Ohio 
will not introduce significant image displacements for purposes of this 
study. 
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2.2.3 Film Dimensional Stability and Reseau Control 

The results of the investigation with regard to film/emulsion sta- 
bility have revealed that significant non-linear image distortions occur 
under operational conditions due to the uncontrolled influences of rela¬ 
tive humidity. A significant part of the process of providing reliable 
photo coordinate measurements lies in adequate consideration of humidity 
changes that occur prior to and after exposure. 

Comparator observations were processed through the CRP (comparator 
to reseau to photo coordinate transformations) and the results were ana¬ 
lyzed individually for four photos. Data were rejected as described for 
CRP in paragraph 2.1.2. The approved observations, corrected for compar¬ 
ator calibration and film shrinkage as computed from the reseau standard 
data were then processed through the SPR (single photo resection program). 
As described in paragraph 2.1.3 above, the SPR corrects for interior 
orientation using information obtained from a previous calibration. The 
photo coordinate residuals, however, are computed after adjustment as¬ 
suming a purely projective relationship between the image and object 
space. Consequently, the residuals that remain should represent the com¬ 
ponents of the individual observations which require compensation by 
means of an appropriate mathematical model of the interior orientation. 
It was expected that the residuals should nominally describe one of a 
number of theoretically possible optical objective distortions. As an 
example, provided all other systematic influences had been removed and 
provided the magnitude of the residuals were sufficiently small, it was 
expected that the residuals could be described by Conrady's model for de- 
centered objectives or by D. Brown's [1964] thin prism model. 

The residuals for each photo were plotted independently by the graph¬ 
ical component (CAL-COMP) of the digital computer. Inspection of these 
plots indicate that a significant departure from the expected results has 
occurred. It is evident that a systematic influence which is considerably 
larger than could reasonably be attributed to the objective itself has re¬ 
sulted. The camera had been previously calibrated first by Fairchild 
Camera and Instrument Corp. (Syosset, N.Y.) using the "bank collimator" 
method and later by Autometrics Corp (Alexandria, Va.) using the stellar 
method. The results of these calibrations, although far from an agreement, 
at least indicate reasonably predictable residual patterns that can be 
adequately described by Brown's model. 

Figures 7 through 10 present the photo coordinate residuals assuming 
a pure central point projection and employing a best available exterior 
orientation. 

These residual plots indicate quite strongly that a significant affine 
disturbance has occurred in excess of the shrinkage which was compensated 
by means of reseau control and in excess also of that which may be expres¬ 
sed in terms of accepted mathematical models of interior orientation. 



Photo Coordinate Residuals After SPR (Photo 2729) 



Figure 8. Photo Coordinate Residuals After SPR (Photo 2822). 



Figure 9. Photo Coordinate Residuals After SPR (Photo 2826). 
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2.2.3.1 Identification of Source of Error 

The first step In location of the unusual systematic Influence con¬ 
sisted of identifying the error as one of interior or exterior origin. 
The error was quite positively identified as one which was independent of 
the direction of flight. This is quite evident by comparison of residual 
plots for photo 2729 and the remaining photos. Ail exhibit the peculiar^ 
affine disturbance yet photo 2729 was exposed during a flight heading 90 
from the other three and at the same altitude. It was concluded that the 
disturbance originated either within the camera or as a consequence of 
deformation of the photographic window. Since the window had been checked 
for quality according to military specification (refer to [Military Speci¬ 
fication]) and was not subject to differential pressures, it was decided 
that the disturbance was caused by an element of Interior orientation. 

With the systematic disturbance identified as one of interior orien¬ 
tation, a vacuum failure was suspected. After some review of results, 
vacuum failure was discounted for the following reasons. The qua! ity of 
the images of fiducials was excellent. This was substantiated by the fact 
that the standard deviation of the mean of three observations on a given 
fiducial was consistently less than two microns and nearly always less 
than one micron. Further, If vacuum failure were the cause of the dis¬ 
turbance, it would not be reasonable to expect consistency of the results 
from exposure to exposure as indicated In the plots of photo coordinate 
residuals. Accordingly, other sources of interior disturbance were 
studied. 

The stability of the film was then considered. The ideal specifica¬ 
tions for obtaining suitable photography required that the calibrated 
reseau be exposed in the camera simultaneously with the image of the 
photo control range. For practical reasons It was not possible to in¬ 
clude the reseau within the camera. This would have provided the ideal 
control standard whereby film shrinkage could have been computed within 
acceptable limits. A compromise solution which appeared at the time to 
be satisfactory was required. The reseau was preflashed onto the unex¬ 
posed film (Type 5^01) and rerolled onto the film spool. This process 
was accomplished within the Base Photo Laboratory at R.A.D.C., Griffiss 
Air Force Base, New York. The temperature was maintained at 23 C plus or 
minus one degree during exposure and during the process of storage. The 
relative humidity during laboratory storage of the film within its closed 
container may be taken as 50 percent [Kodak, 1966]. Prior to flight the 
film was loaded into the magazine also at 23°C and Installed in the camera 
located in the camera compartment of the B-57 aircraft. The camera body 
temperature was also approximately 23°C. The loading of the film into 
the magazine and aircraft was accomplished at about O8.3O on December 21, 
1965. The camera compartment was then subject to temperature control but 
open to ambient pressure for the remainder of the photographic mission. 
Photography over the McClure, Ohio range was exposed at about 13:00 the 
same day [Flight Log, 1965]. Temperature within the camera during ex¬ 
posure over the range averaged 27°C [Flight Log, 1965]. No attempt was 
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made to measure the relative humidity during any portion of the photogra¬ 
phic mission. With this as background, the influence of possible changes 
in relative humidity in the camera compartment from that which existed at 
the time the reseau was flashed on the film was investigated. From mat¬ 
erial supplied by Eastman Kodak [1966] regarding mechanical properties of 
rolled film subject to change in surrounding relative humidity it was dis¬ 
covered that indeed relative humidity could be responsible for the syste¬ 
matic disturbance of photo residuals. It is noted [Kodak, 1966] that the 
rate of moisture loss increases substantially with decrease in atmospheric 
pressure and also with decrease In winding tension. Two figures are re¬ 
produced in part below from the Kodak [1966] manual to indicate the nature 
of the Influence on film dimensions as a result of relative humidity 
changes. Figure 11 indicates the changes In relative humidity of film 
completely stabilized initially at fifty percent relative humidity and at 
70 degrees (F) (approximately 210C). The film was then rolled and sub¬ 
jected to an external environment of five percent relative humidity still 
at 70 degrees (F). The changes in relative humidity across the width of 
film for various periods of time are remarkable non-linear. Note that 
these results refer only to widths of 70 mm. for film Type 8402 and Type 
4401. Some variation may be expected for Type 5401 but the nature of the 
influence of relative humidity will be essentially the same. 

Figure 12 Indicates the dimensional changes that may be expected due 
to changes in relative humidity for film Type 5401, unprocessed, at 70 
degrees (F). It may be noted that a change in relative humidity of only 
14 percent from the stored or initial condition of 50 percent causes a 
dimensional changes of 0.1 percent. In terms of photo coordinates, the re¬ 
sult for a uniform change in relative humid: :y at a point 100 millimeters 
from the principal point is a shift of the image equal to 100 microns. 
Quite evidently, the cause of the unexpected residuals after the SPR pro¬ 
gram could be explained by a change in humidity. It may be further noted 
that the unprocessed film exhibits a dimensional hysteresis. Beginning 
at a relative humidity of 5 percent and increasing to 80 percent, the film 
exhibits a certain dimensional change. However, as the relative humidity 
is gradually returned to 5 percent, the dimensional changes are somewhat 
different for any given relative humidity. That is, according to Calhoun 
and Leister [1959], the dimensions for any given relative humidity are 
dependent on the direction from which the humidity was approached. As an 
example, a point located at 100 millimeters from the origin would undergo 
a 25 micron dimensional shift even when the initial and final measurements 
were made at 50 percent relative humidity. This would result before and 
after the occurrence of a change from 50 percent to 55 percent and back to 
50 percent relative humidity. These examples assume uhiform changes of 
humidity across the total film width. From Figure 11 it is seen that 
some non-linear humidity conditions are to be expected. However, the mag¬ 
nitude of dimensional changes due only to a 14 percent change in relative 
humidity may be reduced to equal the magnitude of the disturbing photo 
coordinate residuals which are of concern here. 
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Figure 11. Typical Equivalent Relative Humidity 

Distribution of Roll Film [Kodak, 1966]. 
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Figure 12. Typical Dimensional Hysteresis Loop for 

Unprocessed FiDn (type 5^01) [Kodak, 1966]. 

53 



In summary, It was evident that changes of perhaps 10 percent relative 
humidity between the laboratory exposure of the calibrated reseau and ex¬ 
posure In the camera could explain the unexpected photo coordinate resid¬ 
uals. The nature of the dimensional changes during a photo mission could 
be complicated by a series of independent factors: (1) variation of re¬ 
tive humidity with time, (2) variation of film winding tension, (3) accel¬ 
eration of film humidity changes under reduced atmospheric pressure. 

A detailed verification of the shrinkage due to change in relative 
humidity Is not possible for the McClure photography. However, a compar¬ 
ison of scale coefficients as determined by reseau data and as determined 
by a direct comparison to calibrated fiducial separation indicates that 
substantial shrinkage did occur in the y-coordinate direction while little 
if any was experienced in the x direction. The shrinkage differences are 
direct measures of the overall photo shrinkage that occurred between the 
exposure of the reseau and of the photo within the camera. Table 12 indi¬ 
cates that an average scale difference of -24.6 parts per 100,000 exists 
in the y-coordinate direction. Only +4.2 parts per 100,000 exists in the 
x-coordlnate direction. 

The scale factors (K ,K ) were computed from: 
x y 

AF (true) 
K ■ x 
x A^ (observed) 

AF (true) 

AFy(observed) 

where: 

AF(true) indicates the separation of the respective fiducial 
determined either from the calibrated reseau value 
or the initial camera calibration 

AF(observed) indicates the comparator value corrected 
for rotation and comparator calibration 

These scale differences verify that an overall film shrinkage has oc¬ 
curred which is In agreement in character and magnitude with that which 
can be expected from moderate changes in relative humidity within the 
camera compartment. 
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2.2.3>2 Scaling of y-Coordlnate to Correct For Uncompensated 
Film Shrinkage 

With the origin of the unexpected photo coordinate residuals identi¬ 
fied, it was understood that no simple linear corrections would be adequate. 
In fact, the consequences on film dimensions of the influences of changing 
humidity, film spool tension and decreased atmospheric pressure would make 
any attempt to compute corrections for film distortions impractical. The 
question of film stress Induced by shrinkage strains due to continuously 
varying humidity across the film width would further seriously complicate 
any attempt at complete shrinkage compensation. 

However, a measure of the improvement of results offered even by a 
simple y-coordinate scaling was of interest. For this investigation, the 
MPR (multiple photo resection) was used first with photo coordinates cor¬ 
rected for shrinkage based only on the calibrated reseau. Then MPR was 
used with the same photo coordinates except with the y-coordinates scaled 
by the average difference of scale of -25 parts per 100,000 as computed 
above. By use of the MPR solution, the influence of lens distortion would 
be removed thereby accentuating the systematic errors attributed to film 
shrinkage caused by humidity changes. Unfortunately, some of the film 
shrinkage would also be compensated by the model for interior orientation. 
However, due to the magnitude of the disturbing shrinkages, this compensa¬ 
tion was felt to be of secondary Importance. Figures 13 through 16 indi¬ 
cate the nature of the photo coordinate residuals after simultaneous pro¬ 
cessing through the MPR program without alterations to the y-coordlnate 
scale. As expected, the magnitude of the residuals is reduced as compared 
to the results cf the SPR program since allowance is made for Interior 
orientation. Two points exhibited extraordinarily large residuals In the 
results of the MPR program which were not apparent earlier. Points 0.011 
on photo 2829 and point 0.010 on photo 2826 were investigated and rejec¬ 
ted. The y-photo coordinates were then scaled by 1.ÜU0258 and the MPR 
program repeated. Figures 17 through 20 indicate the improvement of the 
rescaled solution over the previous solution in which only reseau con¬ 
trolled scaling was used. 

The computed standard deviation for a typical residual before rescal¬ 
ing is + 10 microns. After rescaling of the y-coordinates only, the typ¬ 
ical residual standard deviation is computed as ^ 8 microns. The typical 
residual standard deviation was computed as the square root of the product 
of the unit variance and the reciprocal of a typical photo coordinate 
weight. Based on the precision of coordinate observations made to this 
point in the camera calibration process it would be reasonable to expect 
that the residuals should be several microns smaller than those computed 
after y-rescaling in the MPR program. It is evident that the difference 
in residuals between the best result and the expected result could be ex¬ 
plained by the uncompensated residual film shrinkages. 

0 
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Figure IJ. Photo Coordinate Residuals After MPR But Before 

y-Coordinate Corrective Scaling (Photo 2729)* 
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Figure 14. Photo Coordinate Residuals After MPR But Before 

y-Coordinate Corrective Scaling (Photo 2822). 
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Figure 15. Photo Coordinate Residuals After MPR But Before 
y-Coordinate Corrective Scaling (Photo 2826). 
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Figure l6. Photo Coordinate Residuals After MFR But Before 

y-Coordinate Corrective Scaling (Photo 2829)• 
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Figure 17. Photo Coordinate Residuals After Corrective 

Scaling and MPR (Photo 2729). 
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Figure l8. Photo Coordinate Residuals After Corrective 

Scaling and MPR (Photo 2822). 
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Figure 19. Photo Coordinate Residuals After Corrective 

Scaling and MPR (Photo 2826)• 
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Figure 20. Photo Coordinate Residuals After Corrective 

Scaling and MPR (Photo 2829). 
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2.2.3-3 Alternate Solutions to the Problem of Operational 
FI 1m Stabi11ty 

A possible solution to the problem of film stability when used with 
conventional cartographic (precision) cameras subject to changes of hu¬ 
midity environment will be considered from two points of view. First, 
the problem as it applies to calibration photography will be considered. 
Consideration will then be given to the problem as It applies to opera¬ 
tional photography. 

The fundamental concept on which this study is based is that calibra¬ 
tion processes shall metrically define the photographic system under cir¬ 
cumstances as equal as possible to those anticipated operationally. The 
introduction of a glass plate substitute for the film would seriously 
mitigate the value of the calibration. Further, no modification of the 
camera to include a reseau within the plane of focus would be permitted 
for the same reasoning. Accordingly, what may be termed a "reseau bonnet" 
is suggested which will permit the control reseau to be pre-flashed (or 
post-flashed) on the film within six seconds from the instant of esposure 
in the camera itself. The term "bonnet" is used here to indicate that 
the device is positioned above the camera when in use. Reference is made 
to Figure 21 in which a schematic diagram of the reseau bonnet Is pre¬ 
sented. By means of air conditioning, the film supply and camera magazine 
would be maintained at 50 percent relative humidity; the value under which 
film is stored [Kodak, 1966], Temperature would be stabilized to a value 
anticipated for the specific photographic system operationally. Film ten¬ 
sion, although of less importance, could be measured and adjusted by means 
of a drag roller to equal that found in the operating camera. No special 
requirements exist for pressurization other than attempting to equal that 
found operationally within the system being calibrated. Note that for 
most precision camera types, no modification whatever is required to adapt 
the reseau bonnet. No significant load changes are introduced on the 
camera. 

By means of the reseau bonnet as suggested above it is visualized 
«■hat a given airborne photographic system will provide suitable photo¬ 
graphy for purposes of calibration. The photography would be exposed 
under conditions as close to those anticipated under normal operational 
conditions as predictions of temperature and relative humidity will permit. 

The problem of film stability for routine operational photography does 
not appear to have been given the consideration warranted by its large sys¬ 
tematic influence on the measured photo coordinates. Perhaps it was felt 
that little could be done to improve the overall photogrammetric system by 
careful film dimensional control since many other factors also Introduced 
systematic errors. As an example, the assumption that laboratory calibra¬ 
tions on glass plate are metrically equivalent to the characteristics of 
the operational camera apparently introduces systematic errors of approx¬ 
imately^ the same magnitude. However, if the airborne photographic sys¬ 
tem calibration is to be exploited operationally, a practical refinement 
to achieve a higher degree of film dimensional stability or at least con- 

65 



Figure 21. Reseau Bonnet 
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trol must be employed. If the aircraft normally stabilizes temperature to 
room temperature (21 C), then It remains to stabilize the camera compart¬ 
ment to the relative humidity under which the film was stored; that is 
50 percent relative humidity [Kodak, 1966]. Care must be taken to not per¬ 
mit the film to depart from these conditions for any appreciable length of 
time for a period of perhaps three months prior to exposure. This will 
reasonably assure a uniform moisture content across the width of the rolled 
film. If such a period of preconditioning is not practical for a film roll 
special handling of unspooled film would also be satisfactory from the point 
of view of dimensional stability. 

In the event the camera compartment Is not, stabilized to 21°C, an 
estimate of the expected operational temperature should be made and the 
film spool temperature soaked at that value for several days [Kodak, 1966]. 
Under these circumstances however, the relative humidity of the stored film 
(sealed in a storage container) will change according to a predictable a- 
mount. Three months of storage at the predicted temperature and induced 
relative humidity will then be required unless special handling by unspool¬ 
ing the film in the new humidity environment is undertaken. A stabiliza¬ 
tion of the carrier a compartment to the predicted film storage relative hu¬ 
midity is then required. 

Any attempt to expose photography under conditions in which no rela¬ 
tive humidity stabilization to an appropriate value is accomplished must 
be subject to doubt concerning the dimensional fidelity of the photography. 
Relative dimensional disturbances as large as 0.2 percent can reasonably 
be expected due to the non-linear moisture content of the film alone. It 
appears that serious camera system calibration in which film is used should 
not be undertaken without stabilization of relative humidity within the 
camera body and magazine. 

Other factors may seriously influence the stability of film. The 
amount of tension introduced to the film during the drying period after 
photographic processing influences the longitudinal film stability. How¬ 
ever, the result would be substantially linear and consequently of a less 
damaging nature. Kodak [section 9, p. 26, Figure 9-8, 1966] Indicates 
that approximately 2.2 pounds per linear Inch of width applied as tension 
during the drying period will stretch the film by 0.10 percent. It is 
suggested that care be taken during all phases of photographic processing 
to employ the minimum required tension under prevailing circumstances and 
that the tension be maintained at a constant level. 

The dimensional hysteresis due to change in relative humidity could 
introduce dangerous dimensional disturbances if the film were subjected 
to only a 10 percent change in relative humidity for perhaps a week prior 
to processing [Kodak, 1966, section 9, p. 22, Figure 9-4]. The influence 
of the hysteresis after exposure could reasonably result in 0.025 percent 
relative dimensional change and would be of non-linear nature across the 
fi1m width. 
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In summary, calibration photography should ideally be made on photo¬ 
graphy subject to a relative humidity environment of 50 percent, and a 
temperature environment of 21°C. Both should be maintained without inter¬ 
ruption for a period of several months prior to exposure and during expo¬ 
sure. Reseau control should be exposed onto the film as nearly simultan¬ 
eously with exposure of the ground control imagery as is permitted with¬ 
out camera modification. This will provide further assurance that the 
small changes In relative humidity and temperature that will occur under 
even controlled conditions will not unduly disturb the calibration. Finally, 
film tension should be minimized during the processing period and applied 
uniformly throughout. 

2.3 Supression c-f High Correlation Between 
Camera Constant and Object Distance 

In an operational or field calibration of an aerial photographic 
system, a question arises concerning the strong geometric correlation 
that exists between the camera constant (c) and the flying height (object 
distance). In the usual projection equations relating photo and survey 
coordinates through elements of interior and exterior orientation, the 
ratio of camera constant to flying height above a ground target tends to 
be constant, that is, the correlation between these two factors approaches 
unity. In the event that the survey control field is a plane , the con¬ 
sequence of using an erroneous camera constant for vertical photography 
will be fully off set by use of an appropriate flying height. For the 
case In which the survey control field contains a third dimension, the 
compensation afforded by the use of an appropriate flying height can be 
only approximate. Cameras Intended for use over mountainous terrain should 
be calibrated with particular attention to this question. The following 
discussions pertain to possible solutions for the camera constant under 
circumstances that closely simulate those expected operationally. 

The direct approach would consist of directly observing either the 
calibrated focal length or the camera station elevation coordinate. The 
usual approach is to determine the calibrated focal length as part of a 
conventional laboratory calibration; however, this defeats the purpose of 
the airborne system calibration. The independent observation of the camera 
station elevation conceivably could be accomplished by such means as use 
of a radio altimeter operating over a lake, or by space intersection using 
simultaneous tracking either by cine-theodolite or directly by theodolite. 
It is felt that none of these methods offer assurance that the necessary 
spatial coordinate accuracies would be achieved. The use of three or more 
ballistic cameras employing a star field background for control would pro¬ 
bably achieve sufficient accuracy and esti ites of reliability; however, 
the night operations require that the photo control zone be provided with 
illuminated targets thereby introducing undersirable artificial circum¬ 
stances. Synchronization between the aerial and ballistic camera expos¬ 
ures would be required. The ballistic camera appears to be an excessively 
expensive and unrealistic approach. 
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Jhe tHt 09 ?fLthe camera through some appreciable angle for at least 
an Dhntn«era ca,‘bratlon photos Allowed by a common adjustment in which 
isfJÍn!?? arc used does not suppress the correlation of focal length sat- 
sfactorily unless the horizontal coordinates of the camera are observed 

pnn?hea^nn?r‘ a.res“,t* the ,ar9e correlation factor between focal 
length and elevation in the vertical case, becomes equally large with re¬ 

siné îhi ?t,0,î defined by the extension of the camera ^optical axis, 
f! 5%îh Î direct,on (the direction of the extension of the optical axis) 

thednh!,?ed !\fermS Af îhe h0'-1200^1 as W«H as vertical coordinates of 
the photo station and since the horizontal coordinates are also unknown 
the unfortunate correlation remains. 

The method investigated here for development and subsequent appllca- 
tion is a variation on the well known method for indirect measurement of 

Inn ?hinh ?aiLd r!!!ce °f a St?re0 P,otter projector. Rather than observ¬ 
ing the height of the camera directly, the difference of target height is 
measured. This difference may be related functionally to the principal 
distänce. n general, this suggests that a target field in which there 
is substantia elevation difference between targets would provide the 
solution required necessary to suppress the correlation. A similar sug¬ 
gestion was made by Hallert regarding the possibility of using relief In 
the control field [Hallert, 1965], 

Prelimiiwy investigations indicate that correlation remains strong 
between focal length and elevation coordinate of the camera even when 
using the most extreme elevation differences under combinations of select¬ 
ed target locations. Computations using six to nine target points select- 

hpif°!hbe?î ?treî9îhu0fuS0,Ut,0n’ at heÎ9ht d,ff®rences ranging up to one 
half the flying height have Indicated that the correlation factor between 
focal length and camera station elevation still ranged from 0.934 to 0.988. 
It s apparent that a moderately weak suppression of the correlation is 
achieved by providing depth in the control field when the usual resection , 

Aqaeoieí?¡eXnnde? t0 ,nclu?e ?,ements interior orientation are employed. 
A geometrically stronger solution is desirable. K 7 

The plotter projector calibration equations mentioned above provide 
an interesting alternate concept for an approach. They may be modified 
to «xpress the observed photo coordinates as a function of focal length 
target height differences and horizontal coordinates of the camera station 
For photography taken close to a vertical orientation, these equations ar£' 
independent of photo station elevation. In the following paragraphs an 
approach to correlation elimination based on control field dep?h is sug¬ 
gested, derived and, studied by means of artificial data. The develoo- 
ment assumes that the photo coordinates are free from systematic errors 
due to film shrinkage and atmospheric refraction. 

2,3J jLMethod for Elimination of Correlation Between Fivinn 
Height and Focal Length --1—*- 

This method makes use of a series of paired contre 
such that a marked difference !n elevation exists betwe 

points selected 
them. Figure 22 
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Figure 22. Relations Between Photo and Survey 

Coordinates. 
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indicates the relationships between paired ground control points used 
during this development. 

The (x', y', z') coordinate system is defined as that system which 
is parallel to the survey system of coordinates (X,Y,Z) but with Its 
origin at the exposure station. The photo coordinate system (x, y, z) is 
defined as a right handed rectangular system whose axis are rotated se¬ 
quentially from the (x1, y', z') system beginning with a rotation about 
the (x ) axis (u) followed by a rotation (¢) about the displaced (y') axis, 
and finally by a rotation (x) about the twice rotated (z') axis. The 
origin of the photo coordinate system is then displaced a distance from 
the exposure station equal to the focal length (c) measured In a negative 
(z) direction. 3 

Beginning with these as difinltions, the derivation of the equations 
relating photo coordinates to paired survey coordinates independent of 
flying neight may begin. First, by proportionality: 

líre ™ ?V ‘ ,¡",nate the elevation coordinate of the expo- 
thaï 5* ab!ve equat,ons* ßy writing each expression 

H™* fîL V/7 ÎÎ? dePe"dent variable and then subtracting, two equa¬ 
tions free of (Z ) will result. After some development, the equations may 

iabTe îheWi«i? îqMVa,!?t Vert,Ca, coordlna*es as the dependent var¬ iable. The basic relationships are then: 

Y I 
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These equations are free from the (Z ) term but assume verticality. To 
transform the (x1, y', z') system Into the photo coordinate system, use 
is made of the rotational matrix suggested in section 2.1.3. Since the 
development at hand is novel, a more complete derivation of the relation¬ 
ships will be presented in this section. It Is assumed that beginning 
from the (x1, y', z') system and with reference to Figure 22, the pri¬ 
mary rotation is (w), the secondary is (¢) and the tertiary rotation is 
(<). This may be expressed as In section 2.1.3 as: 

- M 

The rotational matrix (M) was determined from the ordered product of three 
orthogonal independent rotation matrices. Accordingly, (M) is also ortho¬ 
gonal permitting the following equal Ity: 

That Is, the inverse of the orthogonal rotation matrix is equal to Its 
transpose and will be denoted by the symbol (T). The equivalent verti¬ 
cal coordinates (x‘, y', z') may be expressed in terms of photo coordi¬ 
nates by: 

x' 

Y' - T 

x 

•y 

-c 
■ 

Assuming a right handed coordinate system and right handed rotations, and 
according to the conventional practice of matrix subscript notation, the 
elements of (T) are: 

Tl I » cos $ cos 

T2I —cos u sin 

T3I ■ sin at sin 

T12 ■> cos $ sin 

T22 - cos t sin 

T32 «-sin u> cos 

K 

K + sinb)sin<|> cos k 

k + cos U sin $ cos k 

K 

K 

k + cos b) sin $ sin k 
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TI3 "-sin <(i 

T23 ■ sin oí cos 4> 

T33 * cos ui cos 

Assuming Brown's model 
described in section 2 

for expressing the objective lens distortion as 
.l.H, the photo coordinates are modified. 

X - (I + Kl r2 ♦ K2 r11 ♦ K3 r6)« - xj - (Jl r2 ♦ J2 r') sin ^ 

y - <1 + Kl r2 + K2 r4 + K3 r6)(Ç - y ) + (jl r2 ♦ j2 r*1) cos * 
O Tq 

In abbreviated notation, the corrected photo coordinates are: 

X « K(x - X ) - J sin d» 
o To 

y ■ K(y - yQ) + J cos ^ 

where: 

(x,y) ■ corrected photo coordinates 

(x,y) - photo coordinates subject to objective distortion 

(xo»yo) " coordlnates of principal point in a fiducial center 
system 

K - 1 + Kl r2 + K2 r* + K3 r6 

J « Jl r2 + J2 r4 

^o " 3ngle between x axis and direction of maximum tangential 
distortion 

After substitution, the expanded basic rel 
abbreviated notations become: 

ationships using the above 
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2.3.2 Correlation Elimination Resection 

The £orrelation £1 imination Resection (CER) computation is intended 
to provide values of adjusted parameters including the camera constant. 
Use is made of the equations developed in section 2.3.1 which relate photo 
and survey coordinates independent of the camera station elevation. Al¬ 
though no real data were available to investigate characteristics of the 
CER computation, a limited study of the behavior of this method was under¬ 
taken by means of artificial data. 

2.3.2.1 Verification of CER Computation 

For purposes of adjustment computation, the equations developed in 
Section 2.3.1 were used to derive the observation equations. The usual 
process of arranging the observations as linear functions of the para¬ 
meters by means of the first two terms of the Taylor's Series was employ¬ 
ed requiring lengthy partial differentiation. In the Interest of brevity, 
this work is not included here. However, the derivations were checked and 
verified by means of artificially generated data. Table 13 indicates the 
photo coordinate residuals after adjustment. These results serve to verify 
the derivations employed by the CER adjustment computation. 

2.3.2.2 Geometric Strength of CER Computation 

By means of artificially determined data, several combinations of 
control field depth and numbers of survey control points were used in the 
CER computation. Figure 23 indicates a representative pairing of high and 
low control. In ail cases there were used four widely separated pairs of 
points in which the high and low points had the same horizontal positions. 
The remaining control was paired so that the high points occupied substan¬ 
tially different horizontal positions. This procedure provides a logical 
pattern within which the various combinations of control could be studied. 
All solutions were run assuming a photo coordinate error of £ 5 microns 
due to all unmodeled error sources. The weight number corresponding to 
the camera constant and the camera constant's standard error for the var¬ 
ious combinations tested is presented in Tables 14 and 15. The term 
(Ah/AH) denotes the ratio of the control field depth (Ah) to the height 
of the camera station above the low control (AH). 
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Figure 23. Representative Pairing of Survey Control 
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TABLE XIV. CAMERA CONSTANT WEIGHT NUMBER (QCC) (ASSUMED 
ALL PHOTO COORDINATE OBSERVATIONS WEIGHTED BY 
THE RECIPROCAL OF 0.005 MM., SQUARED) 

1/4 0.298 X lO"* 0.410 x IO'1* 

1/5 0.505 x 10-4 - 

TABLE XV. CAMERA CONSTANT STANDARD ERROR (+ MICRONS) AS 
COMPUTED FROM THE WEIGHT NUMBER ffND AN ASSUMED 
PHOTO COORDINATE ERROR OF ♦ 5 MICRONS 

1/5 0.505 x 10"4 

Th« results of th«s« purely geometric consIderetions of the neture of the 
CER computetion Indícete eccurecy thet might be expected for the comers 
constent under various conditions. These results are further conditioned 
by the assumptions that no other systematic Influences were present, the 
errors In photo coordinates were random about a zero mean, and were drawn 
from a parent population possessing a standard deviation of ± 5 microns. 
It also assumes that sufficient observations were used to assure that the 
parameters of the mathematical modöl do not tend to absorb observational 
errors. The results of a comparison of the camera constants computed In 
the CER solutions and the true values indicate that some model absorption 
of the observational errors probably did take place In those solutions 
employing less than 40 control points. These results are presented in 
section 2.3.2.3 
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2.3-2.3 Comparisons of True to Computed Camera Constant After the 
CER Computation 

In solutions in which parameters are indirectly "observed" quanti¬ 
ties, the influences of correlation between two or more parameters will 
tend to distort the impression received by comparing an individual para¬ 
meter to its true value. Of course, true values are rarely available for 
comparison except under artificial circumstances such as this. The para¬ 
meters have meaning only when all are taken together in the model in which 
they were determined. The evaluation of the result should be made with 
respect to the quantity that is intended to be measured by the system. 
However, it is still of Interest in this case to extract the camera constant 
out of its mathematical context to observe its character under those 
conditions of control which were used in section 2.3.2.2. Table 16 
indicates the difference or "error" in computation of the camera constant 
by the CER solution. The relatively large values of errors along the 
diagonal of Table 16 are not simply the result of geometric dilution but 
indicate a failure of the solution to converge. 

TABLE XVI. TRUE ERRORS IN CAMERA CONSTANT (MICRONS) FOR 
VARIOUS COMBINATIONS OF SURVEY CONTROL (STD. 
DEVIATION IN PHOTO COORDINATES WAS + 5 MICRONS). 

1/5 +38.í» 

Due to the probabilistic nature of such solutions in which photo 
coordinate errors are subject to random errors, it is recognized that a 
great number more such computations are required before any firm conclu¬ 
sions may be drawn. However, the trend of the influences of control point 
density and depth can already be seen. For control fields with depth- 
height ratios (Ah/aH) of 1/3; more than thirty points should be used and 
for depth-height ratios of \/k, more than forty points should be used. 
In the case of smaller depth-height ratios, the solution does not appear 
to be successful for even kO points. The final test of success as men¬ 
tioned earlier, however, »s not the direct comparison of any one parameter, 
but a comparison of the result of the measurement process when all para¬ 
meters are employed. 
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2.4 McClure Ohio Camera Calibration Range 

The U. S. Coast and Geodetic Survey estábilished an aerial camera 
calibration range near McClure, Ohio in 1947. Since then the range has 
been gradually improved by resurvey and addition of more targeted control. 
At present, the basic range consists of approximately 120 targeted points 
In a 5 mile by 5 mile flat area. Recently, an 85 mile southwesterly ex¬ 
tension to the range has been added consisting of 25 stations. 

The targets that were estábilished up until 1959 consist of crushed 
limestone placed flush with the ground In circles of 6 foot diameter. 
Subsequently, targets have been made to the same specification but of con¬ 
crete. Each target is fully described according to standard station de¬ 
scription practice of the Coast and Geodetic Survey. 

The horizontal control was established by means of triangulation and 
geodimeter traverse. The adjusted positional accuracy Is assumed to be 
one part in 100,000. The coordinates are published in terms of State 
Plane Coordinates, Lambert Projection, North Zone for Ohio. The vertical 
control was established by fourth order leveling strengthened by first and 
second order level lines. 

2.5 Camera Installation 

The details of the camera Installation are described by Major C. 
Fortney, USAF [1965] In a final report concerning the modification of a 
USAF B-57B for purposes of precision photography. 

The camera, a KCIB (Fairchild), was installed on an ART-25 (Aeroflex) 
gyro-stabilized vertical mount. The camera compartment was expressly de¬ 
signed to maintain a constant temperature environment at 2I°C. This was 
accomplished by means of a balanced design of compartment insulation, and 
servo controlled heat lamps. Temperature was controlled by means of a 
sensor located In the camera compartment. Three additional sensors were 
located within the camera, two of which were thermistors. One thermistor 
was attached to the objective assembly and the other against the regis¬ 
tration frame. An excellent record of temperature at critical points may 
be obtained by means of these devices during the actual photo mission. 
No attempt was made to control either pressure or humidity environment in 
the aircraft. 

The camera compartment and associated equipment was mounted directly 
on the bomb bay door of the B-57B aircraft. Figure 24 shows the compart¬ 
ment on the bomb bay door but detached from the aircraft. 

The photographic window consisted of a 23" x 13" x 1/2" crown glass, 
shock mounted in a metal frame. This was installed and flared into the 
B-57B bomb bay door. 
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Results of flight tests presented In Figure 25 Indicate the perfor¬ 
mance of the camera compartment and camera temperature stabilization 
equipment. [Fortney, 1965]. 

2.6 Photography of the McClure Range 

Photography for purposes of the present Investigation was taken with 
a Fairchild KC1B camera serial number 63-027 with lens number 289. The 
lens was a Goerz planigon, 6 inch focal length and was operated at its 
maximum aperture of f/6.3. The camera was calibrated on March 21, 1963 
by Fairchild using the standard bank collimator photographic laboratory 
procedure [Norton, 1963]. This Information was used as a starting point 
for the airborne calibration. Later, the same camera was calibrated ac¬ 
cording to the stellar method using glass based photography. This work 

Ished by the Autometrics Operations of Raytheon on June 22. 
1965 [Raytheon, 1965]. 

For purposes of elimination of film shrinkage it was originally 
planned to flash a calibrated reseau grid onto the film during exposure 

n the camera. This would require camera modification and would not be 
in keeping with the requirements of a realistic camera calibration. 
Accordingly, a compromise was arranged whereby the reseau would be ex¬ 
posed onto the film In the laboratory prior to loading into the camera 
magazine. The consequence of this compromise is fully discussed in sec¬ 
tion 2.2.3 of this paper. 

The film was type 5^01, Plus-X Aerographic on an acetate butyrate 
*>rocess*n9 was accomplished at the base photographic laboratory at 

Griffiss Air Force Base, New York according to standard procedures. 

io¿c Tïertoh^Î0rmiS! on be9an at Gr,ff,ss A,r Force Base on December 21, 
j at E»S.T. One hundred eighty five feet of film were loaded 

a? Pre_f,,9ht check list completed. The first photography flown 
at 1*1,000 feet over the McClure range was obtained at 12:41 E.S.T. and 
completed at 12:56 E.S.T. 

An example of the photography Indicating the reseau overlay is ore- 
sented in Figure 26. 

2.7 Summary of Significant Results 

The following paragraphs are a compendium of results taken from the 
various phases of the camera calibration Investigation. They are intended 
to provide a quick reference to the most significant findings of this re¬ 
search. All references to photo coordinate errors assume that a standard 
mapping camera of 153 mm focal length is used. 

The initial comparator calibration computation was developed based 
on the assumption that a calibrated grid standard with published coordinates 
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Figure 26, Sample Photo of the McClure, Ohio Calibration Range
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Figures 27 and 28. By inspection, it is apparent that the camera constant 
used in the computation does not provide a symmetry in the sense of the 
photo coordinate corrections. The symmetry could be arbitrarily improved 
by assigning an appropriate value to the camera constant in the MPR com¬ 
putation. Such a procedure, however, would also require corresponding 
changes to all parameters of the calibration. It is the opinion of the 
investigator that in spite of the asymmetry of the corrections, the cal¬ 
ibration is valid for the mathematical model adopted for this calibration. 
The results are satisfactory for computational photogrammetric applica¬ 
tions since these need not depend on symmetry. The standard error of a 
representative photo coordinate observation computed from the residuals 
after adjustment of ]kS points (290 observations) was +8.0 microns. The 
primary cause of the large error after adjustment is believed to be due 
to unmodeled film shrinkage caused by marked changes in relative humidity. 

The CER computation for the purpose of including the camera constant 
as a parameter was investigated using various combinations of artificial 
data. It was generally concluded that the calibration range should pro¬ 
vide a minimum of 32 well distributed targets for relief to flight height 
ratios of 1/3 and a minimum of 40 points for a ratio of 1/4. For Inves¬ 
tigations concerning the characteristics of the CER computation a + 5 
micron random photo coordinate deviation was used. For the conditTons 
mentioned above, the computed camera constant agreed with the true value 
within 6 microns. 
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Figure 27. Plot of Corrections to the (x) Photo Coordinates 

After the MPR Computation Using the Fiducial 

Center as an Origin. 

Figure 28. Plot of Corrections to the (y) Photo Coordinates 

After the MPR Computation Using the Fiducial 

Center as an Origin. 

87 



111 

CONCLUSION AND RECOMMENDATIONS 

This investigation was made for the purpose of studying the 
problems in connection with undertaking a realistic calibration of 
the complete airborne photographic system. Emphasis was placed on 
obtaining photography for purposes of the calibration under circum¬ 
stances which in every respect were equivalent to those which would 
be expected operationally. 

Application of this type of calibration is most valuable for 
photographic systems intended for use with purely computational data 
handling procedures. Its use on photo systems intended to provide 
photography solely for analog reduction is limited to verification 
of the fact that the system is performing within expected bounds. 
Those who are developing the AN/USQ-28 geodetic sybsystem for the 
U.S.A.F. should show particular interest in the problem of cali¬ 
bration of the photographic system. The KC6A camera intended for 
use with the USQ-28 subsystem is well suited to this type of 
calibration. 

Results derived from actual photography over the McClure, Ohio 
camera calibration range indicated a need for improvement in the 
technique for correction of irregular film shrinkage. The author 
suggested equipment and procedures adapted to the control of this 
problem. The suggestion is in keeping with the requirement that no 
departure from anticipated operational conditions would be permitted. 

A primary objection to the use of reseau type photography is 
the laborious reduction of observations. The author developed a 
procedure whereby a separate transformation of comparator coordinates 
to photo coordinates was made for each image point. The observer 
is relieved of the need to identify reseau points. This work was 
accomplished in a digital computer by exploitation of its character¬ 
istic truncation process. 

Correlation between flying height and camera constant is near 
unity. There results a mutual compensation between the effects of 
these two parameters when they are computed in a common adjustment. 
This is of no particular significance unless the photo system is to 
be used over mountainous terrain. Under these circumstances, the 
use of a camera calibration performed over a level calibration range 
would not be appropriate. Accordingly, the author has developed 
and investigated a procedure in which flying height and thereby 
correlation with the camera constant is eliminated as a parameter 
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m the computation of the calibration. This was accomplished by 
pairing high and low points in a hypothetical camera calibration 
m which significant amounts of control point elevation differences 
existed. 

3.1 Conclusions 

The results of this limited investigation into the problem of 
airborne photographic system calibration indicate that such calibra¬ 
tions are feasible. The nature of the intended application of the 
photographic system must justify the added costs particularly in 
man hours for this form of field calibration. 

The problem of compensation of film shrinkage requires careful 
attention. The proposed "reseau bonnet" will do much to correct for 
irregular film shrinkage without need for alteration of the con¬ 
ventional cartographic photographic system. 

The influence of atmospheric refraction can be adequately elimin¬ 
ated by use of presently available standard atmospheric models. 
Actual daily variations from the model are of little significance. 
The seasonal variations are of marginal magnitude (-1.2 microns at 
45 nadir distance) only for the winter months. The remainder of 
îïl.7*31/ the atmosPhere conforms sufficiently close to the standard 
ICAN Model atmosphere. 

The use of a sphere as an approximation to the geo id in the 
region of the McClure Ohio camera calibration range does not intro¬ 
duce a significant error into the calibration of the aerial camera 
system. 

The method developed and investigated for correlation el imin¬ 
ation between the camera constant and flying height will compute the 
true focal length within 6 microns, provided at least 40 well dis¬ 
tributed points are used and that the ratio of control field depth 
to flying height is 1/4 or more. The convergence of the solution 
improves most rapidly by increasing the number of control points. 
This increase in control point density is also preferred from the 
standpoint of more thorough consideration of the total photographic 
field. Under these circumstances, little improvement in the accuracy 
of the results was noted by increasing the depth/height ratio. 
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3.2 Recommendations 

The goal in aerial camera calibration as with any calibration 
according to Eisenhart [1963] is the achievement of the condition 
of statistical control of the measurement system. Accordingly, it 
is recommended that the "reseau bonnet" device be developed and 
employed in connection with photography over the HcCiure camera 
calibration range. The remaining procedures developed during the 
course of this investigation may then be applied under control of 
established observational specifications. The results would lead 
to improvement in the calibration procedures developed during this 
investigation and to the realistic calibration of a given photo¬ 
graphic system. 

Further work is recommended for the development of a feasible 
calibration scheme for photo systems intended for use in mountainous 
regions. The development would be most useful along the following 
1ines: 

a) use of a small number of closely spaced towers located 
within the control field by which tower heights can be 
introduced as direct observations into a conventional 
resection solution 

b) use of an independent direct measurement of exposure 
station elevation by means of an electronic ranging 
device such as the Cubic "Autotape". Such a device 
may be used during daylight hours precluding the need 
for artificially illuminating the ground targets thereby 
not departing from the desired operational conditions. 

Finally, it is recommended that a program of calibration and 
periodic recalibration be established for the photographic com¬ 
ponents of the USAF's USQ.-28 geodetic subsystems. Without such 
knowledge of calibration, much of the value of these photographic 
systems will most certainly be lost. 
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APPENDIX A. FLOW DIAGRAMS 

The material In this appendix consists of the 
of both subroutines and main programs developed and 
course of this investigation. Detailed discussions 
opment and use appear In pertinent sections of this 
enees may be conveniently made to the discussion of 
programs through the "Table of Contents" of this report. 

flow diagrams 
used during the 
of their devel- 
report. Refer- 
individual 
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APPENDIX B. FORTRAN LISTS 

The FORTRAN Lists for programs flow diagrammed in Appendix A 
appear In this Appendix. The program language used was "PEST" which 
is essentially a sub-set of FORTRAN II. The programs were designed 
for use on the IBM 7074 computer. No external storage was required. 
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