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ABSTRACT: A study has been made of the nonuniform dimensional changes
which can occur in aerial film negatives. The method of measurement employs
the principle of moire. A JOO-line halftone pattern is exposed onto the aerial
film by contact from a glass plate. After processing, the film negative is reregis­
tered with the plate. Dimensional changes are measured from the resulting
moire pattern and any nonuniformity is quantitatively determined. Precision
of the method is such that the standard deviation is 0.002% size change. Dis­
tortions are expressed as standard deviations of the processing dimensional
change within a 9" X9" frame.

Measurements were made of the dimensional behavior due to processing in a
tray, in a rewind mechanism, and in a continuous machine. Nonuniform
dimensional changes in a single frame of topographic aerial film on cellulose
acetate butyrate base can result in a standard deviation of 0.03% size change.
This could account for a random tinear displacement of 30 microns in some
cases. Estar polyester base topographic aerial films show a much higher degree
of dimensional uniformity, and random tinear displacements are usually less
than 5 microns.

Dimensional errors may result when film is dried only to sensible surface
dryness after processing. This is manifested both by the overall film size aud by
dimensional distortion.

INTRODUCTION

I N PHOTOGRAMMETRIC work, the importance
of high precision has been well recognized.

Much work has been done over the years to
improve camera design, to minimize lens dis­
tortion, and to provide better plotting in­
struments. A very important component of
the photogrammetric system is the photo­
graphic film, and this has been receiving in­
creasing attention in recent years.

One of the earliest studies of the dimen­
sional changes of photographic aerial film was
by Davis and Stovall (1) in 1937 and Carver
(2) in 1938. This was followed by the work of
Carman (3) in 1946 and by an extensive discus­
sion of this subject the following year by
Calhoun (4). This latter paper presented com­
prehensi ve laboratory data on the size
changes due to humidity, temperature, proc­
essing and aging. Moreover, the importance
in photogrammetric work of minimizing di­
mensional differences between the length and
width directions was emphasized. In fact it is
usually more important for the length-width
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differences in size or "differential distortions"
to be kept to a minimum rather than for the
overall size change to be small. The latter
can be corrected by a change in magnification.
The magnitude and importance of length-
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width differential changes was also reported
by Atwell (5) and Filmer (6).

However, in the Calhoun paper, thc work
was concerned "'ith overall or averagc size
changes. Results were not available on pos­
sible nonuniform dimensional changes or
"local distortions." These lattcr effects can
be as important as length-width size change
differences, since they would result in errors
in the photographic image, as has been em­
phasized by Eden (7) and Sadler (8).

Over the past ten years there has been con­
siderable activity investigating possible non­
uniform dimensional changes of film. Most of
this work has consisted of exposing a reseau
or grid on the film, and subsequently compar­
ing the intersections of this grid with the
glass master, using an optical comparator. In
1951, McNeil (9) reported that the displace­
ment of the grid intersections could amount
to 30 microns. He found that these displace­
ments were fairly systematic. In 1956, a simi­
lar study was done on spectroscopic glass
plates (10) and displacements of 5 to 15 mi­
crons were observed near the edges of the
plates. These were attributed to distortions of
the gelatin emulsion.

One of the most comprehensive studies was
made in the same year by Brucklacher and
Luder (11) using the grid and optical com­
parator method. They found that nonuniform
dimensional changes amounted to ± 2.4
microns* for plates and 4.3 microns* for the
film-plate combination. They did report a
value as high as 25 microns in one experiment.
These authors observed no effect due to film
aging but some effects due to uneven heating
during drying or uneven illumination.

Altman and Ball (12) used a similar experi­
mental technique but were concerned pri­
marily with photographic plates. They did
limited work with photographic film and ob­
served non uniform di mensional changes of
3.5 microns.

Tn a recent study, Calhoun, Keller and
Newell (13) departed from the grid-optical
comparator system because of the laborious
nature of the procedure. Instead they exposed
the fil m to a 50-per cen t halftone pattern on a
glass plate. The halftone pattern was like that
of a checkerboard where each square was 2.38
mil (60 microns) on a side. The spacings be­
tween these halftone squares in anyone row
were measured with a recording microdensi­
tometer. The relative position of these squares
compared to the glass master was electroni­
cally computed and gave a measure of the
nonuniform dimensional changes. The limit

* Lineal displacements.

of detectability of nonuniform dimensional
changes using this method was about three
microns. No evidence of local distortions
larger than this value was found in aerial
films that were processed and handled care­
fully. Local distortions caused by waterspots
were observed which wcre as large as 18
microns. It should be noted that in this work
the nonuniformity of dimensional change
could only be measured over a relatively
small length. This method is not suited to
study changes over a complete aerial film
frame.

These authors also described a second
method to detect small random dimensional
changes in film using a moire pattern. This
method also required the exposure of a half­
tone pattern onto the aerial film. After proc­
essing, the film negative was registered with
the original glass halftone. Any difference in
dimension between the glass plate and the
film, due to shrinkage or swell of the latter,
caused a moire pattern. Nonuniformities in
dimensional change showed up as distortions
in the moire pattern, and their magnitude
could be determined. This procedure has the
advantage of being quite rapid, and is capable
of detecting nonuniform dimensional changes
which might be missed in the grid method.
Calhoun et al observed distortions in the
moire pattern due to waterspots, excessive
heating, and high film tensions during process­
ing. Limited work under normal handling
conditions showed no evidence of nonuniform
dimensional changes.

Subsequent to this study, a preliminary
comparison was reported (14) between cellu­
lose acetate butyrate base and Estad polyes­
ter base aerial films using the moire method.
This showed lower overall size change for the
Estar base film and greater uniformity be­
tween the different directions compared to the
cell ulose acetate bu tyrate base film. This
agreed with the findings of Harman (15) on
polyester base film.

The present paper reports the continuation
of the investigation of nonuniform dimen­
sional changes in aerial fil m usi ng the moi re
pattern method. A more comprehensive com­
parison between cellulose acetate butyrate
base and Estar base fil ms has now been
made, and the effect of normal processing and
handling has been studied.

DEFI! ITIONS

Tn studies on the dimensional stability of
aerial film, many terms have been used to

t "Estar" is a registered Trade Mark of the
Eastman Kodak Company.
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FIG. 2. IlIlIstratioll of a 300-line per inch,
50% halftone paltern.

halftones. I t is actually a mechanical inter­
ference pattern. 1\n explanation of the mOire
pattern, and the calculations that can be
made frolll such patterns, was described in de­
tail in earlier papers (13, 16). The salient fea­
tures of this technque are briefly reviewed.

[n this study, all exposures were made from
a JOO-line halftone print. This consists of an
opaque and clear area checkerboard pattern
in which the opaque areas comprise 50% of
the total. As shown in Figure 2, there arc 424
squares-per-linear-inch in the directions par­
allel to the edges and 300 squares-per-linear­
inch in the diagonal directions. Visually,
without magnification, the halftone has a
uniform gray density.

When two identical halftone prints are
superimposed so that their rows of squares
are parallel, either of two extreme conditions
can occur. If an opaque area of one halftone is
directly above an opaque area of the second
halftone, then the sandwich has an overall
gray appearance, since about 50% of the light
is transmitted. However, if an opaque area is
directly above a clear area, then the overall
appearance is opaque. The light transmitted
through the sandwich can be varied from 0 to
50% depending on the degree of overlap of
the opaque areas in the two halftones. Since
the size of the squares in the two is identical,
the sand ",ich will only appear as various
shades of gray. A moire pattern will not result.

Howe\'er, if one halftone print has been
allowed to shrink relative to the other, then
the size of the squares in the t\\-O is obvi­
ously not the same. \Vhen these prints are
superimposed without rotation so that the
rows of squares are parallel, the relative
degree of registration varies from one edge of
the print to the other. Assume for example
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FJG. 1. Continuous tone photograph of
a typical moire pattern.

describe some of the dimensional distortions
that can occur. To avoid confusion, it is
advisable to briefly define the various types of
distortion that will be referred to in this
paper.

"Differential distortion" is the difference in
the average di mensional change between an y
two film directions. This mayor may not be
the length and width directions.

"Local distortion" is considered a non uni­
formity in film dimensional change that is
confined to a relatively small area (roughly
one-half inch square). Previous work (13)
has indicated, for exathple, that these can be
caused by waters pots.

"Unidirectional distortion" is a term used in
this paper to describe the nonuniformity in
film di mensional change wi thi n a gi ven fil m
direction. In other words, this describes the
distortion when the length wise di mensional
change in one area of the frame differs frolll
the length wise change in another area.

"Overall distortion" is the nonuniformity in
'-ibn dimensional change between all areas
and all directions of the frame. Tt includes the
differential and unidirectional distortions.

EXPERI~IENTAL PROCEOUI<E

"Moire" is the name given to the pattern
formed by superimposing two halftone photo­
graphs (Figure I). I t applies to the pattern of
ligh t and dark areas formed by the interfer­
ence of the light and dark areas in the two
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FIG. 3. Moire pattern formed by two superimposed halftone prints.

that the clear areas are in register at one edge
of the print, then at some distance from the
edge of the pattern the clear areas are com­
pletely out of register. This results in zero
per cent light transmission through the sand­
wich and the appearance of a "moire dot."
vVhen the total shrinkage of one of the half­
tone prints equals the spacing of one clear and
one opaque halftone square, a moire dot is
formed in the center of the area. In other
words, the distance between moire dots can
be used to quantitatively calculate the shrink­
age of the film print. The greater the shrink­
age, the closer is the spacing between the
moire dots.

Figure 3 illustrates a typical moire pattern
formed by superi mposing two halftone prin ts
which are out of size. The percent dimensional
change can be calculated from the formula

d
% dimensional change = D X 100

where

d is the distance between two opaque
areas in the halftone pattern, and

D is the distance between two moire dots.

The larger the magnitude of D, or the
smaller the value of d, the greater is the pre­
cision of this method. In this study, the value

of D is limited by the size of the aerial film
negative, that is, 9t inches. The 300-line
halftone pattern pictured in Figure 2 is the
finest that is currently available which meets
the necessary requirement of pattern uni­
formity. Therefore, a single moire dot spacing
is fGrined when the relative shrinkage of the
two halftone prints is 0.05%. However,
measurements of the nonuniformity of dimen­
sional change require at least three or four
moire dot spacings in each film dimension, and
this would only occur if the overall size dif­
ference amounts to 0.2%. To improve the
precision of this system, the halftone print
was registered with a second print that was
deliberately made "off size." The steps in­
volved in this process are illustrated in Figure
4. Two master halftone glass plates were used
which differed in magnitude by 0.17%.
Otherwise these two halftone plates, were
identical. The aerial film negative (or other
photographic plate or film) under study was
then contact printed with one of the glass
plate masters, and after processing, it was
registered with the second. This produces a
satisfactory moire pattern.

The contact printing of the film negative
from the glass master, and the subsequent
registration was accomplished using a vacuum
frame. The film was "sandwiched" between
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FIG,S. Vacuum frame used for either printing
or registration of fJlm negative,
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FIG. 4. Steps in moire paLLeril method used to
llleasure unifonllity of dimensional change.

two micro flat glass plates (i" thick), one con­
taining the master halftone, and a vacuum
was applied as shown in Figure 5. Use of this
vacuum printing frame ensured close plate­
film contact. Permanent records of the moire
patterns were made by photographing the
plate-film sand\\'ich through the printing
frame. All measurements of moire dot spac­
ings \\'ere made directly from the photo­
graphic record.

PRECISIOX OF THE METHOD

To determine the oyerall error involved in
this method, the steps outlined in Figure 4
\\'ere made \\'i th the master glass halftone
being exposecl on to another glass plate, The
glass plate material used \\'as specially made
Kodalith Ortho Type 3 on i" X 12" X 12" glass
with a surface flatness of .00002 in./in.* The
moire pattern produced by registration of the
processed Kodali th plate wi th the second glass
plate master is shown as a high contrast print
in Figure 6, The uniformity of the moire pat­
tern was quantitatively evaluated by mcasul'­
ing the distances between moire dots.

In each of the length, width and (he two
diagonal dircctions of a 9-inch frame, there
are usually about eightecn distances which
can be measured between adjacent pairs of
moi re dots. Therefore, in each of the fou r
directions of the moire pattern, eightecn
values of size chan~e were obtained, For each
direction, the average size change and the
standard deviation, s, is given in Table 1. The
standard de\'iation is a measure of the "uni­
directional distortion" in that particular di­
rection. Both the size change and the standard
deviation values were extremely small. This

TABI"E I

COMPOSITE ERROR IN THE SYSTEM-USING

GLASS PLATE IN PLACE OF AN AERIAL

FILM NEGATIVE

Size Change, %

Direction
Std. Dev.,

ll,![ean Overall
Average Std. Dev., Std. Dev.,

s s s.

Length - .0003 .0018
Width - .0005 .0018 .0020 .0021
Diagonal 1 +.0008 .0024
Diagonal 2 +.0002 .0021

will be more evident when corresponding
values for photographic film are presented.

The mean standard deviation value, :5, is
the mean of the standard deviations for the
four different directions. This value indicates
the average standard deviation between
measurcments of size chan~e in any particular

-~ I !e I Ie· I

I ~It·
, I lei. lei I

• I. f 11-l
I .' '.' 1-1 1'I I I I r- ~-1

t -f T- • l
I I I- \-, j ~-

* A standard means of indicating surface flat­
ness. The units are inches per linear inch on the
plate.

FIG. 6. High contrast print of moire pattern
formed by two halftone patterns on glass plates
which were offsize hy 0.17%.
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LENGTH DIRECTION

TABLE II

EVALI;ATlON OF THE MOIRE PATTERN OF A

BADLY DISTORTED AERIAL

FILM 1 EGATIVE

FIG. 7. High contrast print of moire pattern
formed from halftone print on distorted film and
master halftone glass plate. (This illustrates dis­
tortion obtainable on cellulose acetate butyrate
base Film used under uncontrolled temperature and
humidity conditions.)

•
•

~
-'

dot patlern. Thcse arc the average size change
of thc film in each of four directions; the
standard deviation of this size change in these
samc four directions; the mean standard
deviation s; and the overall standard devia­
tion So. The physical meaning of thesc numer­
ical parameters can be describcd best by
consideration of a moire pattern produced by
a distorted frame of photographic film. Such
a moire pattern is given in Figure 7 and was
obtained as outlined in Figure 4. The ten
numerical values describing the moire pattern
are listed in Table II. The types of film and
processing conditions which show this be­
havior will be described later in this paper.

Visual examination of Figure 7 shows a high

INTERPRETATIO:-\ OF THE METHOD

Table Tillustrates that ten numerical values
are used to describe the uniformity of a moire

direction. It can be considered as a measure
of the average "unidirectional distortion" for
the frame. The value of 0.002% for the glass
Kodalith negative indicates excellent uni­
formity of size change in anyone direction.

The overall standard deviation, So, is cal­
culated from all 72 measurements of moire
dot spacings made on the moire pattern. This
value not only reflects the variation in size
change in anyone direction, but also the
variation between di fferen t directions. It is a
measure of both the "unidirectional distor­
tion" and "differential distortion," and there­
fore can be considered indicative of the "over­
all distortion."* Sincc the distance between
moire dots varies from two to three inches,
the values of so would not reRect any "local
distortions" if these are present. However,
such "local distortions" would show up as a
density variation in the moire pattern as
described earlier (13).

The very low So measurcment of 0.002%
for the glass ncgativc shows the high uni­
formity of the moire dot pattcrn produced by
this experimental procedure. This vallie is
considered the Ii mi t of the precision of this
systcm and proves to be more than adequate
for a study of photographic film. The meas­
urements reRect the difference in the halftone
pattern of the two glass plate masters; the
nonuniform dimensional changes in the emul­
sion on thc Kodalith glass negative due to
processing; and the elTors in the measurement
of the moire dot spacings. The last is believed
to be the dominant factor.

The reproducibility of this system was also
evaluated using photographic film. Six succes­
si ve moi re patterns were made by reregister­
ing a single frame of film and a glass master
positive. Subsequent measurements of the
moire dot spaci ng showed that the di fferences
in overall standard deviation (so) of all six
patterns were less than 0.002% size change.

Siz~ Ch,mge of Film Negative, %

So terms should sen'e as a reasonable method of
comparison.

Length - .031 .034
Width - .063 .0lD .021 .028
Diagonal 1 - .023 .020
Diagonal 2 - .063 .020

* A more exact method of evaluating this "over­
all distortion" would be the use of the "Analysis of
Variance" technique to obtain the appropriate
components of variance. However, the shorter
method of computing So from all 72 measurements
is satisfactory for this study since both the Estar
polyester and cellulose acetate butyrate values are
obtained from the same type and nllJnber of meas­
urements. A more basic problem involving these
estimates is the fact that the measurements are
somewhat interrelated. Further study is being con­
ducted to reduce this complication. However, the
relative results of the comparison between the two
film bases should not he affected seriously and the

Direction
Average S So
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degree of non uniformity In dimensional
change, particularly when Figure 7 is com­
pared to the uniformity inherent in this
method, as illustrated in Figure 6. This non­
uniformity is numerically expressed by the
relatively high values shown in Table fI. Of
particular concern is not the magnitude of the
size change val ues themsel ves, bu t the fact
that they are not uniform even within a given
direction. This is shown by the four standard
deviation values which range from 0.010 to
0.034%. The mean standard deviation in this
example is more than tenfold greater than
that found in glass plates.

The differences in the different directions
are taken into consideration in the overall
standard deviation of 0.028%. This can be
interpreted to mean that about 60 per cent of
the time a given point in this film will show a
displacement from its correct position of less
than 0.028% of its distance from any other
point. Relative to the center of a 9-inch frame,
a significant percentage of the points can
show a displacement greater than 0.00028
X 4.5 inches, or 32 microns. For a 20,000: 1
reduction, this would amount to an error in
horizontal ground measurement of two feet.
This may be of concern to the photogram­
metrist in some applications. It should be
pointed out that this value refers to the non­
uniformity in size change which cannot be

corrected by simple magnification of the film
negati ve.

A pictorial representation of the nonuni­
formity in size change is shown by the illus­
tration in Figure 8. This shows a drawing of
two moire patterns, for two films, superim­
posed one on the other. The broken Ii nes and
open dots represent a film with uniform di­
mensional change, and the solid lines and solid
dots represen t the fil m shown in Figure 7
which has a nonuniform dimensional change.
The relative amount of displacement and
direction of displacement in the area of the
moire dots is shown by the dotted lines. This
nonuniform size change is relative to the
center of the film which is in register at points
A and B. This represents the area of both
films which have been adjusted by printing to
the same average size change.

RESULTS

COMPARISON OF CELLULOSE ACETATE BUTYR­

ATE AND ESTAR BASE FILMS

The relative performance of cellulose ace­
tate bu tyrate and Estar polyester base aerial
films was studied using 7S-foot by 9t-inch
rolls. The fil ms were first exposed to the
master halftone plate at a controlled condi­
tion of 70°F., 50% R.H. The film in the can is
at a moisture equilibrium close to this humid­
ity. Eight exposures were made at equal

" /'"- /
A

/ "­
/

/

g{

1 :-1 '--.::-__----'e..-----'---=---~

FTC,. 8. Drawing of two superimposed moire patterns, one showing uniform (broken lines) and
the second showing nonuniform (solid lines) dimensional changes.



156 PHOTOGRAMMETRIC ENGINEERING

TABLE III

NONUNIFORM PROCESSING SIZE CHANGE OF AERIAL FILM NEGATIVES
_.

Processing Size Change of Film N egativc.*" %

Film Average Standard Deviation Me:Jll Overall
Std. Std.

Length Width
Diagonal Diagonal

Length Width
Diagonal Diagonal Dev. Dev.

J 2 1 2 S So
--------------------------------

Kodak Plus-X +.015 -.027 +.006 +.004 .010 .007 .012 .010 .010 .017
Aerographic Film,
Type 5401'

-----------------------------
Kodak Super-XX +.008 - .080 -.016 -.015 .003 .010 .007 .007 .OQ7 .027

Aerographic Film,
Type 5425'

-------------------
Kodak Special Plus-X -.015 - .022 -.016 - .017 .002 .002 .003 .003 .003 .004

Aerial Film (Estar
Base), Type 50-135

* Cellulose acetate butyrate base.
** Measured at 'looF., 50% R.H. before and after processing.

in tervals throughout the 75-foot rolls. The
films were then processed in a Morse Rewind
Processor, Type B-5, and dried on a Smith
Automatic Electric Dryer, Type A-5. To
eliminate film dimensional changes due to a
change in the equilibrium relative humidity,
the film rolls were conditioned after process­
ing to 50% R.H. prior to registration with the
master halftone plate. The dimensional
changes due to processing and the standard
deviation values, as calculated from the moire
pattern, were averaged for the eight frames of
a given roll. These average values, as listed in
Table IT r, are considered typical of the three
films studied.

The nonuniformity in dimensional change
of the cellulose acetate butyrate base products
is appreciable. It should be pointed out that
the length-width difference in dimensional
change is not surprising. Similar unbalance in
aerial films when in roll form and machine
processed was reported by Calhoun (4) over
fifteen years ago. What is surprising is the
variation in dimensional change within a
given direction. This is shown by the stand­
ard deviation -values as high as 0.01 %. As
illustrated by the example shown in Figure 8,
this nonuniformity is not confined to a local
area, but is a general departure from uniform­
ity over the complete film frame.

The overall standard deviation, So, which
takes into consideration the differences in
size change in the different directions, was
0.017% for the Type 5401 Plus-X and 0.027%
for the Type 5425 Super-XX Aerographic
films. As discussed in the previous section,
this might account for an error in linear dis­
placement in the film of 30 microns. However,
as noted in Figure 8 both smaller and larger
values are obtainable.

A consideration of the size changes in the
Kodak Special Plus-X Aerial Film (Estar

Base), Type 50-135, shows a striking differ­
ence in behavior. The non uniformity in size
change both wi thin a gi ven direction (5) and
between directions (so) is very low. In fact the
values of the standard deviations are barely
greater than the errors inherent in the method
of analysis. This would amount to a random
linear displacemen t of less than 5 microns
between two points which are 4} inches apart.
These data illustrate a very marked improve­
ment in dimensional unifoImity of polyester
base film compared to cellulose acetate butyr­
ate base film.

Several repeat tests were made of the
experiment described in the previous section,
and the same relative behavior was found.
Differences were found in the magnitude of
the nonuniformity of the cellulose acetate
butyrate base films, but this nonuniformity
was al ways considerably greater than that
observed with the Estar base films. In all
cases the uniformity of size change of the
polyester base films was excellent.

VARIATION IN SIZE CHANGE THROUGHOUT A

ROLL

The behavior of the cellulose acetate butyr­
ate base films also showed some variation
within a given roll of film. This is illustrated
in Figures 9 through 12. Generally the overall
distortion became worse from the outside to
the core end of the roll although this pattern
was not always observed. However, the
Estar base films showed no significant varia­
tion throu~hout the roll

It is noted that the Type 5425 Super-XX
film on the cellulose acetate butyrate support
showed a greater nonuniformity of size change
than the Type 5401 Plus-X film on the same
base. As will be discussed subsequently, this
is caused by the thicker emulsion layer of the
Super-XX film compared to the Plus-X film.
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DIMENSIONAL CHANGE IN LENGTH
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FIG. 9. Processing dimensional change in length
direction of aerial film as a result of processing.
Film processed in Morse Rewind Processor and
dried in Smith Automatic Electric Dryer. After
drying, film was conditioned to 70°F.-SO% R. H. All
films tested as 9!"X7S' rolls. The first and last
exposure on the cellulose acetate butyrate base
Plus-X film was made on the integral leader and
trailer.

EFFECT OF PROCESSING TYPE

All results reported pre\'iously were ob­
tained on aerial rolls processed using the
Morse Rewind Processor, Type 8-5 and the
Smith Automatic Electric Dryer, Type A-5.
This represents a practical method of film
processing which is widely used in the trade.
In addition, films were also de\'eloped in a
continuous type processor in \\-hich the proc­
essing and the drying were accomplished in
one pass through the machine. For compari­
son purr-oses, individual frames of film were
cu t from a single roll and were gi ven tray
processing. Following processing, they were
allowed to dry by hanging freely in the air.

The uniformity of dimensional change is
shown in Table IV for films processed by the
three methods described. These results are
the averages obtained on eight different

DIMENSIONAL CHANGE IN WIDTH
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FIG. 10. Processing dimensional change in width
direction. (Same experimental conditions as in
Figure 9.)

frames throughout one roll for each processing
method. As with the previous data, both the
exposure and the registration with the master
halftone plate were made at 70°F., 50% R.H.

The same pattern observed previously is
again evident. Regardless of the method of
processing, the cellulose acetate butyrate base
films show appreciably higher average "uni­
directional distortion" (s) and much higher
"overall distortion" (so) than the Estar base
films. Similar behavior was observed for all
three methods of processing. It is of interest
to note that even when the fil ms were tray
processed and were not subjected to external
tensions, the nonuniformity in size change
was appreciable.

PHACTICAL FILM DRYI:-.JG

All the measuremen ts so far reported were
obtained from film that was completely con­
ditioned to 50% R.I-!. after having attained
sensible dryness in the processing or drying

TABLE IV

EFFECT OF PROCESSING METHOD ON THE NONUNIfORM PROCESSING SIZE

CHANGE Of AERIAL FILM NEGATIVE

Processing Size Change of
F£lm Negalife, %**

Processing Film Type Mean OverallNo. At'eraKe Std. Std.
Dev. Dev.

T.ellglh Wid'" S So- -- - -----
Tray Processing * Kodak Plus-X Aerographic Film 5401 - .0311 - . (J75 .005 .010

* Kodak Super-XX AeroRraphic Film 5425 -.0511 -.060" .009 .018
Kodak Special Plus-X Aerial Film SO-135 -.1115 - .012 .003 .003

(Estar Base)
---- --- --- ------- ----

:Morse Rewind Processor * Kodak Plus-X Aerographic Film 54(11 +.015 - .027 .010 .017
Type B-5 and Smith * Kodak Super-XX Aerographic Film 5425 +.008 -.080 .007 .027
Automatic Electric Kodak Special Plus-X Aerial Film SO-135 -.015 - .022 .003 .004
Dryer. Type A-5 (Estar Base)

---- ----------
Continuous Type * Kodak Plus-X Aerographic Film 5401 +.032 -.029 .007 .024

* Kodak Super-XX Aerographic Film 5425 +.072 -.012 .009 .033
Kodak Special Plus-X Aerial Film SO-135 +.016 +.012 .004 .005

(Estar Base)

* Cellulose acetate butyrate base.
** Measured before and after processing at 70°F., 50% R.B.
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FIG. 11. Mean standard deviation, s. (Same
experimental conditions as ill Figure 9.)

equipment. It is recognized that this is an
idealized procedure and does not represent a
very common method of operation. Size
change measurements were therefore made on
film that reached sensible dryness, hoth in the
Morse Rewind-Smith Dryer System and in
the continuous type processor. The har
graphs in Figure 13 represent the average size
change values. Also shown are the a\'erage
size changes after conditioning the film to
70°F., 50% R.H.

In the rewind system the two cellulose
acetate butyrate base films had a very large
swell immediately after processing. Although

these films appeared dry to the touch, the
film base still contained a relatively large
amount of moisture. After complete condi­
tioning, these films showed the small shrink­
age characteristic of these prod ucts. The
Estar base film showed only a very small swell
after processing. This is due to the low water
pickup of this base (14). "\Then the emulsion
was dry to the touch, the film contained vel'y
little excess moisture; in fact it was very
nearly in equilibrium \\'ith the ambient condi­
tions.

I t should be recognized that the values
reported here are very dependent upon the
drying conditions used in the A-5 Dryer, such
as film speed, temperature and moisture con­
tent of the drying air, and the type of baftle
system employed. These values point out that
under reasonahle operating conditions, film
may appear to be dry and still contain a large
quantity of ,,'ater. The lower water take-up of
Estar base is clearly an advantage.

nder the conditions used in the continuous
type processor, the films were better dried
than in the rewind system. The two Plus-X
films were actually somewhat overdried,
whereas the Su per-XX fil m wi th its thicker
emulsion layer was slightly underdried.

The need for complete conditioning of the
til m for topographic work can not be over,
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FIG. 12. Overall standard deviation, so. (Same experimental conditions as in Figure 9.)
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MORSE REWIND - SMITH DRYER

ACETATE BUTYRATE

SUPER -xx PLUS-X

CONTINUOUS TYPE PROCESSOR

LEGEND

r.ss:sJ DRIEO TO SlNSI8L[ DRYNESS
c::J CONDITIONED ra "lO"F-50%RH

-.2 '---------------'-------------'

FIG. 13. Dimensional change after processing of 9V X 75' rolls of aerial films showing effect of drying
efficiency. The Smith Dryer was operated at 70°F.-50% H..H. while drying in the continuous machine was
at llO°F.-40% R.H. Measurements made using moire pattern method.

emphasized. Figure 13 illustrates how the
o\'erall size may be in considerable error, even
when the film is sensibly dry. In addition to
the overall size, incomplete drying can result
in tremendous errors due to nonuniformity in
size change. Figure 14 shows a moire pattern
obtained on Kodak Plus-X Aerographic
Film, Type 5401 (cellulose acetate butyrate
base) which was underdried. This film re­
mained wound in this condition for about a
month, and during this time the edges began
Lo dry out. The moire pattern shows the short
edges and the long center of this roll. This
severe nonuniformity can not be completely
corrected by subsequent conditioning of the

LENGTH -+-

FIG. 14. Moire pattern of cellulose acetate
butyrate base Plus-X Aerographic film illustrating
the distortion resulting from nonuniform moisture
conditioning during storage of the processed film
on a roll. The smaller spacing of the dots along the
edge of the rilm indicates a more thorough con­
ditioning of the edges to the ambient air.

film. During the month of storage, some
plastic flow of the film base took place which
caused permanent nonuniformity in the film
dimensions.

For the ultimate in topographic precision,
processed film at the time of printing the
diapositives should be in equilibrium with air
at the 50% relative humidity which is the
condi tion in the fil m package. This would
"equire a conditioning time of about an hour
for an unwound length of film, but more than
half the necessary moisture equilibrium would
be reached in ten minutes (17). Where air
conditioned space is not available, an im­
provement in precision is realized if the entire
negative is at the uniform humidity of the
printing room air.

DISCUSSION

This study has demonstrated that nonuni­
formity of size change in carefully handled
cellulose acetate uu tyrate base aerial films
may be greater than the maximum levels
tolerable to the photogram metrist for some
applications. This nonuniformity can occur
as the well known length-width unbalance or
"differential distortion," and also as a "uni­
di rectional distortion" wi thi n a gi ven iii m
direction. The possibility of "local distor­
tions" in areas less than one inch in size was
not investigated in the present work.

One of the causes of lilm nonuniformity is
believed to be due to the compressi ve forces
exerted by the emulsion on the base. These
result from contraction of the wet emulsion
during the drying operation. However, the
emulsion does not dry at the same rate over
its complete area. (This is evident by the
buckling of film which occurs during the
course of drying.) Therefore, nonuniform
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compressive forces of the emulsion result and
cause nonuniform dimensional changes in the
film due to plastic Row of the base. The better
uniformity for the Plus-X film, Type 5401
compared to the Super-XX Film, Type 5425
is due to the thinner emulsion layer of the
former. This thinner emulsion causes reduced
emulsion compressive forces on the base and
consequently less base Row.

The better dimensional uniformity of the
Estar base films compared to the cellulose
acetate butyrate base films is due to the supe­
rior mechanical properties of the Estar sup­
port. When plastic base is subjected to a com­
pressive force, it will sho\l' (a) an instantane­
ous elastic compression followed by (b) a time
dependent creep or cold flow. Previous studies
(14) have shown that the Estar base is con­
siderably stiffer than the cell ulose acetate
butyrate base. Therefore, it is more resistant
to the instan taneous elastic compression and
its magnitude of dimensional change is very
much less. This elastic compression is be­
lieved to be "frozen in" once the emulsion is
dry. The earlier investigation (14) also indi­
cated that the creep of Estar base is signifi­
cantly less than that of cellulose acetate
butyrate base. The higher sti ffness and lower
creep of the Estar support compared to the
cellulose acetate butyrate base is greatly
accentuated when the supports are wet. This
is the practical situation in the drying of film.

Another factor should be noted in a com­
parison of the cellulose acetate butyrate and
Estal- base films. The latter films have an
emulsion on one surface and a gelatin backing
on the opposite side. However, the cellulose
acetate butyrate base films have a gelatin
layer on only one side. Therefore, during the
drying operation, the cellulose acetate butyr­
ate base is subjected to a greater unbalance
of forces than the Estar base. This is evident
from the film curl and buckle, and helps con­
tribute to the higher nonuniformity in di­
mensional changes for these products.

The mechanism of base flow due to com­
pressive forces caused by the drying emulsion
can be looked upon as due to internal forces
in the film. It is also well recognized that ex­
ternal forces, such as machine tensions, can
contribute to nonuniformity of size change.
This is believed to be another important
factor in this particular study, as indicated by
the dimensional increase in the lengthwise
direction of the cellulose acetate butyrate
base films after processing in, the Morse Re­
wind-Smith Dryer and the continuous type
processor (Table IV). The tensions used in
this study were not considered greater than

would occur in practical operations. Estar
base films again have an advantage in such
instances because of their high stiffness and
low Row. It is therefore believed that the ex­
cellen t mechanical properties of Estar base
allow the films to better resist both the com­
pressive forces of the emulsion and the tensile
forces of the processing equipment.

It should be emphasized that all the values
reported in this paper \I-ere obtained from
laboratory studies. v"hile the relative be­
havior of the different film types is well estab­
lished, the numerical values should not be
used to quantitatively predict the random
linear displacements found in every practical
operation.

CONCLUSIONS

A mOire pattern method can be used to
quantitatively measure the dimensional
change nonuniformity of aerial films. The pre­
cision of this method is such that repeat di­
mensional change measurements will show a
standard deviation of less than 0.002% size
change.

Using the moire method, cellulosic base
aerial fil ms may show random linear displace­
ments of the order of 30 microns after process­
ing. This is believed to be due to the flow of
the base under stress during the processing
and drying operations. Comparable errors
with Estar polyester base films amount to less
than 5 microns. This general behavior occurs
regardless of whether the fil ms are processed
by a rewind system, by a continuous machine,
or when they are given tray processing. The
use of aerial films on polyester base will give
marked improvements in photogrammetric
accuracy.

Appreciable errors in dimensions result
when processed films are not conditioned to a
standard moisture content prior to use. Dry­
ing film to sensible surface dryness does not
mean that it is adequately dried with respect
to moisture equilibrium. Use of inadequately
dried film can cause very large errors in photo­
grammetric work because of both the overall
film size and because of distortionsduetosub­
sequent nonuniform drying in the roll.
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Calibration of a Precision Coordinate
Comparator*
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(A bstract is on next page)

SECTION I :-INTRODUCTION

T HE comparator is a precision coordinate measuring instrument which has been
manufactured and adjusted to meet a particular level of accuracy when used in

accordance with the manufacturer's specifications. However, by proper calibration
it is possible to achieve additional accuracy in the measurements. The calibration
procedure consists of determining an appropriate error model to describe the sys­
tematic errors of the comparator. The correction is then performed by oper'lting
on the observations with the correction equations obtained from the computed error
model. Since calibration is not entirely a stable condition, it is necessary that re­
calibration be performed at periodic intervals. In the meantime a comparator evalu­
ation will determine whether significant changes in accuracy have taken place.
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