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INTRODUCTION

The USGS Denver image-prcduction equipment consists of
three Optronics([l] film writing machines. The first of these
machines to be acquired is capable of writing on or digitizing
from black and white film and digitizing from color film. The
second machine acquired is designed to write on color film and
the third is capable of writing on either color or black and
white film. These machines are used to convert digital data
into black and white or color images. Any type of data that
can be put into the format required by the machines can be
used. The purpose of this report is to describe the operating
principles of the machines, characteristics of the film used,
and quality control considerations. For descriptive purposes
the machines will be designated as the o0ld black and white
(BW) machine, the o0ld color machine (CO), and the high speed
color (HSCO) or high speed black and white (HSBW) machine.

OPERATING PRINCIPLES

The Optronics film writing machines are raster pmlotting
devices which wuse photographic film or paver as a plotting
medium although paper 1is seldom used at the USGS Denver

facility. The photogranhic material 1is mounted on a
cylindrical drum which rotates at a fixed number of
revolutions per second. A raster line of data is written on

the film during a revolution of the film drum and the raster
line position is changed by moving a light focusing mechanism
alcng a rod which is parallel to the axis of rotation of the
film drum. :

The data to be displayed in an image form are exvected
tc consist of measurements of some varameter from noints or
areas that are contiguous in an x-y coordinate system. These
data are ordered as successive rows of measurements and data
that are adjacent on sequential rows are assumed to be
contiguous in space. If the original data do not meet these
requirements, artificial data ovoints mnust be inserted to
obtain a geometrically correct image. Each data point
represents a picture element (pixel) and each row (raster
line) 1is <called a scanline. Pixels are sjuare and can Fke
selected to have side Adimensions of 25, 50, 100, or 210
microns. Figure 1 illustrates the layout of a data set.



Before the data can be written on film they must be
rescaled into the range of integer values from 0 to 255 which
corresponds to the range of values that can be represented by
an B8-bit binary number. The choice of the data range is
related tc the fact that the use an 8-kit binary number
vermits maximum efficiency for data storage on 9-track

magnetic tapes. Other factors such as the properties of
photographic materials and the ability of the human eye to
discriminate shades of colors are also important. BEach

logical record cn a tame corresponds to a scanline of data.
Because the data are to be written on film with a variable
film density , the data values will be designated as density
numcers (DN's) for the purposes of this paver.

Exposure cf the film 1is accomplished wusing an
appropriate 1light source. The light sources for the color
machines are gaseous glow tubes which oroduce a light flux
directly oromortional to the voltage apvlied to the tube. The
light sources for the black and white machines are light
emitting diodes (LED’s) which also oroduce a light flux
directly prooortional to the voltage avpolied to them. Because
of their small size the LED s are mounted on the carriage that
moves the light focusing mechanism which assures a constant
light intensity along the axis of the film drum if the DN
value is constant. The glow tubes are large comovared to the
LED’s and are mounted in fixed vositions at one end of the
machines. Because the glow tubes are in fixed positions, the
light from them must be collimated and focused tc vroduce a
beam of light narallel tc the axis of the film drum. The beam
of 1light 1is reflected by a beam splitting airror on the
focusing mechanism such that prart of the light nmasses through
the lens onto the film. The remaining light shines on a light
detector which measures the intensity of the light. This
detector is part of a feedback loop designed to keem the light
intensity for a given DN value constant along the length of
the film drum.

The film exposure 1is controlled by controlling the
voltage apwvlied to the light sources and the length of time
that the voltage is kept constant. In the case of the black
and white machines the exposure time 1is <constant and
apcroximately egqual to 10 microseconds. The exwnosure time of
the coleor machines is devendent upon the rotaticn speed of the
film drum and the ratio of exposure times at Aifferent drum
speeds is equal tc the ratio of the sveeds. The relationshio
between the DW’s and the voltages apnlied to the light sources
is determined by an anti-lcgarithmic amolifier and the
equation gcverning the relationshio is of the fcrm:

(1) V=Ae +3



where V is the voltage, N is the DN value, A is a scaling
factor, and B is a zerc level adjustment normally equal to
Zero.

FILI! CHARACTERISTICS

Black and white film

Black and white film normally consists of a film base
(usually a cellulose ester - commonly triacetate or
acetate-butryrate (Jacobson and others, 1978)) with one or
more emulsions made of silver halide crystals suspended in
gelatin. The BW and HSBW machines use a 10 inch by 10 inch
sheet of Kodak 2476 tlack and white film which has three
emulsion lavers designed to extend the sensitivity of the film
over a greater range of light intensity than a single emulsion
would orovide. The choice of film type was governed »y the
fact that the LED's emit red light, and the film size is the
maximum size that can be used, although the film drums can be
modified to accent other sizes. The emulsions are sensitive
to red light and exposure to light oroduces a latent image of
the light source. Develcoment chemicals are used to make the
image visible. 35See Jacobson and others (1973) for cocmplete
details on the develooment process.

The effects of the film exvosure and development can be
guantified by comparing the relationshin bestween the intensity
of light incident on the developed film and the intensity of
the light transmitted through the film. One such relationship
is called the ovacity and is calculated as the ratio of the
incident light to the transmitted light. Because the resnonse
of the human eye to 1light 1is avoroximately legarithmic
(Jacobson and others, 1978), the film density (D) defined as
the logarithm of the opacity is a more avorooriate varameter
to use.

The film exovosure is another useful parameter and is
calculated as the exposure time multivlied by the light
intensity (flux). A characteristic curve for the film can ke
defined as the relationshio hetween exvosure and film density.
Because a characterstic curve of film density versus exoosure
increases raovidly and avproaches an asymototic value, a more
convenient curve for film characteristics is the density
versus the logarithm c¢f the exposure. These curves are
comronly called DlogE curves. Figure 2 presents a curve of
density versus DN for a filr exposed using the 3BV, This
curve 1s eguivalent to &a DlogL <curve because the light



intensity wused was prooortional to the antilcgarithm of the
Dd.

The minimum f£ilm density achievable is determined by
the 1light transmission vprorerties of the film kase. The
maximum film density is a function of the develcpment
chemicals and develooing time. The mazimum f£ilm density
increases as the develcping time increases; however, the
minimum film density alsc increases as the develcring time
increases. Usually develcoper chemical activity must be
modified to achieve desired results for minimum and maximum
film densities with reasonable develooment times.

Color reversal film

Color reversal film has a film base similar to film
bases used for bhlack and white film. The color filwm, however,
has three emulsion 1layers each of which is designed to be
sensitive to a different part of the visible light spectrum,
The CO and H3CO machines use an 8 inch ky 10 inch sheet cf
Kodak 50-273 film., The size choice was govarned by the fact
that 19 inch by 10 inch sheets 1increased the cost
significantly and 3 inch by 10 inch sheets are large enough tc
meet most of our needs. The choice of film tyve was hased
upon a desire to ooerate the machines at the highest vossible
drum spreed, and because increasing the drum sveed decreases
the £ilm exvosure, the available film with the oreatest
sensitivity to 1light was chosen. Other film tyves with
greater light sensitivity are now available in sheet format.
Figure 3 presents a schematic remresentation of color film,
The yellow filter layer shown is needed to orevent »lue light
from exposing the red and green sensitive enulsions.

The develooment of color film is complicated and the
reader is referred to Jacobson and others (1978) for comnlete
details. Fcr our purposes we only need to know that the film
is first orocessed in a black and white develover which
develops the latent images in the emulsions and Jdestermines the
maximum film density of the develcped f£ilm. Contrary to the
effects on black and white film, longer develcoina times
result in lower values for the maximum film density. Lower
film densities mean greater light transmissicn anéd the overall
result 1is that the image avpears briaghter and colcrs btecome
more pastel. Using longer black and white develonunent times
is called "onush vprocessing" the film. One stoo npush
processing (ideally) results in a 0.3 Jdecrease in the maximur
film density and two stops (ideally) causes a 0.5 decrease for
color reversal film using E6 orocessing. In practice, cne
ston push processing is dcne by using twice the normal
development time in the first develover and two stcos uses



three times the normal time. The definition of normeal
rrocessing 1s bhased wupon test developing strios of film
provided ty a film manufacturer. These strips contain neutral
density step wedges fcr which the ideal film densities are
known as a result of measurements on a calibration strio. The
film processor adjusts the process chemistry to match the
ideal film densities within acceotable limits (in most cases
the limits are 0.09 akove or kelow the ideal value).

Because we are using a color film, the measurement of
film densities is done using aporcpriate filters to restrict
the light to the red, green, and blue parts of the svectrum.
An additional filter which is a nonselective neutral filter is
also used and is called a visual filter. By 3esign neutral
colcrs are produced when the film densities measured with each
cf the four filters are anproximately the same. figure 4
presents the film densities measured usinag the red, green, and
blue filters to measure red, dgreen, ond blue images,
respectively. The visuzl film density was measured on a grey
(neutral c¢olor) image. Figure 5 nresents the visuel film
density measured on grey images which were vrocessed normal,
push one stop, and vush two stors. Th2 straighter nortions
of the curves in Figure 5 are aonroximately wvarallel which
means that oush processing to two stoos does not significantly
degrade the response function of the film. Push nrocessing
can affect the granularity cf the film; however, examination
with 10X magnification of films nrocessed normal, push one
ston, and oush two stops did not show any visually significant
differences. '

QUALITY CONTROL CONSIDEPRATIOUS
Black and white film

Quality control for black and white film consists of
two sevarate vpvarts -- control of the film »recessing and
control of the image voroduction machines. Film crocessing is
controlled using grey step wedges nroduced by exvosure of the
£ilm with a calibrated light source. Identifiable roints in
the steo wedge are required to have film 3Jensities within 0.09
of fixed values. Whenever these requirements are not met, the
chemistry must be modified. The control orocedures used are
given in detail by Eastman Xodak Commany (1273). These steo
wedges are also nut on test films used to examine the
performance of the machines tc rprovide a measure of the
quality of the film processing which is separate from the
normal orocess control done by the technician omeratina the
film orocessing equipment. An averade characteristic curve for



the stev wedge was defined by processing a number of films
with the calibrated step wedge. This average curve was then
taken as the standard against which a calibrated step wedqe
could bke compared as an indemendent check on the orocess
control. Table 1 lists values of a goodness of fit parameter
calculated as the sum of the sguares of the deviations from
the standard curve divided by the number of measurements.
Values greater than 0.01 indicate a worcblem with the
processing.

Contreol of the image production machines begins with an
examination of the focus of the image. Because of their
rhysical oroperties the LED s can be turned on and cff in a
time interval (avoroximately 10 microseconds) that is short
compared to the time needed for a wncint on the film drum to
rctate nore than a few microens. As a result each onixel of a
vroperly focused black and white image can be seen as a
distinct sgquare when approoriately magnified. If the pixels
are distinct and have sharv edges under 10 vpower
magnification, the focus 1is correct, Figure 6 shows a
rroperly focused image with a megnification of aooroximately
ten. Other ©ovroblems such as dust or fikers on the pixel
collimation slits can cause distcrtions in the vixel shaves
and may cause the user to think that the focus 'is incorrect.

Proper exoosure is tested by comparing a characteristic
curve to a standard curve established as the mean of a numwher
of curves judged ¢to Le acceptable. A goodness of fit
parameter 1is calculated as the sum of the squares of the
deviaticns from the standard curve divided by the number of
density measurements. Table 2 presents some results of these
measurements for both the BY¥ and H3BW machines. Values
Jreater than 0.01 indicate that the ex»c¢sure is not correct.

Color film

Quality control for coler film also involves the film
nrocessing and the image production eguinment. DRecause the
film is ©oprocessed at a commercial facility, we can orly
monitor the processing. This is done in the same way it is
done for the black and white film. Steo wedges are out on the
coler film wusing the calibrated light source. fle can then
calculate an average curve for the film densities cf the sgtewv
wedje using a numkter of films »nrocessed in a short nericd of
time (one month) and compare additional curves tc the averane
curve.. ¥hen doing this tyoe cf comrarison, it is imoerative
that all of the film be from the same manufacturing tatch.
Table 3 presents some results of measurements comvering the
step wedges for one stcp push processing of the film. Values
greater than 0.01 indicate a rrcblem with the film »rocessing.



The focus of the color images is more difficult to
adjust than the fccus of the black and white images bhecause
distinct pixels cannot be distinguished excevt where adjacent
cixels are significantly different in coler or shade. The
lack of distinct pixels is caused by the fact that the glow
tubes cannct change intensity levels as raridly as the LLD s.
The color image production machines can be checked for prover
focus by examining »laces on the image where the exposure
changes from minimum tc maximum and back tec minimum. The
boundary between the 1light and dark pixels should be
relatively sharo and under 10 vpower magnification should not
aopear fuzzy.

Proper exposure of color film involves not only
intensity but also colcr kalance. If the film densitometer
being used is designed toc pnrovide what is denoted as Status A
densitometry, color balance can be defined as being satisfied
if the red, green, blue, and visual film densities are ecgual
(Jacobson and others, 1978). Any deviation from that
condition can be easily measured. A goodness of fit oaramster
can, however, be misleading because the maximum film “Jensities
of the red, green, and blue measurements can differ
significantly. This difference may be related tc the kasic
design of the film as well as to the manufacturing vrccess.
Another factor to ke considered is the fact that exnerience
has shown that most observers cannot distinguish moderate
(0.3-0.5) changes in film density for values grsater than 2.0.
ror these reasons granmhs of the deviation from the ideal are
used to Jjudge the adeguacy of te color bhalance. Figure 7
presents examcle curves fcr testing color talence. Ideelly all
three curves should follow the dashed lines that reoresent a
"verfectly” neutral colcr (the ideal values are egual to zero
and the curves have been offset for clarity). If one of the
curves is abkove the line, light intensity of that cclcr is tco
high relative to the other colors. Conversely, values belcw
the dashed line indicate that the light intensity ic tco lcw
relative to the cther colors. Jithin limits the intensity cf
the 1light for each cclor filter can be adjusted and a fault
light blinks 1if the limits are exceeded. We are currently
using the criteria that the color balance is adequate is zll
of the film density curves zre within 0.1 of the ifeal value.
The limit of 0.1 is based upon the limits used at the
commercial film rtrocessing leboratcry and the results to date
have been subjectively judged to ke satisfactory. Given the
machine configurations and the film tyve and crocessing keing
used, I nave found that abcve a DN of about 150 the curves are
nct critical because the film density vroduced by the
conditions of exvosure and pnrecessing is such that the colors
are toc dark to be discriminated. Checks on intensity lavels
are dcna2 in the same way the black and white checks are done
using visual film density measured on grey steo welqges, This



crocedure is adeguate provided the color balance is accd.
Taktle 4 oresents the results cf these intensity checks for
both the €O and HSCO machines. Values greater than 02.01
indicate a rroblem with the overall intensity of the exposure.

SUMMARY AND CONCLUSIOWNS'

One important property o©f an 1image nprocessing
laboratory should be an ability to reliably revrcduce images
from digital data with predictable results. An essentiel
element in this ability is a cuality control orojram desianed
to test both the image writing machines and the film
processing. Film processing can be monitored by using a
calibrated 1light source to put step wedges on test film as
described above. The verformance of the machines can ke
checked using color or neutral color step wedges as described
above. Used properly these quality control orocedures are
adequate to test and maintain an image processing laboratory.
The contrel 1limits given in this paper are based upon the
sutjective judgement that film products produced within those
limnits do not exhibit any visual Jdifferences that
significantly affect the usefulness of the vroducts.
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FIGURE CAPTIONS

\

Figure 1. Schematic diagram of data set used for image
oroducticn.

Fioure 2. Visual film density versus the input DN for a black
and white film.

Figure 3. Schematic diagram of the essential elements of a
color film.

Figure 4. Film densities measure on a colored film. Reqd,
green, and blue densities were measured using red,
green, and blue filters on red, green, and blue
images, respectively. The wvisual film dencity was
measured on a grey image.

Figure 5. Visual film density measured on grey images for
films ©vprocessed normal, push one stop, and wush two
stops.

figure 6. Properly focused ktlack and white image magnified
anproximately ten times.

Figure 7. Curves used to test the color balance of the color
machine.



Table

1. Typical values of the goodness-of-fit varameter
calculated as a
prccessing of black and white film.

DATE

01/25/82
02/01/92
02/09/82
02/16/82
02/22/82
03/01/82
03/03/82
03/15/82
03/22/82

GOODHESS-0

.0013
.0006
.0002
.0130
.0026
.0004
.0010
.0020
.0004

measure of the quality cf the film

F-FIT VALUE

11



Table 2. Typical values of the joodness-cf-fit varameter
calculated as a measure of the quality cf the exncsure
of black and white film by the BW and HSEY film writing
machines.

DATE 3% M"MACHIJE 153V ACHINE
01/25/81 .0013 .0013
02/01/82 .0019 .0027
02/09/82 .0002 .0930
02/16/82 0071 .0217
02/22/82 .2077 .0227
03/01/82 .0020 .0253
03/03/82 .0012 .0240
03/15/82 .0052 .0752
03/22/82 .0033 .0145

12



Table

3. Typical
calculated

as

values cf the gocdness-cf-fit rarareter
a measure cf the cguality cf the filr

processing cf color £ilm with opush one stor crocessing,

CATE

11/09/31
11/10/31
11/12/31
11/23/81
12/97/81
12/29/31
01/18/32
01/25/32
02/91/32
02/03/82
02/15/32
02/22/32

RED

.0003
.0013
.0004
.0004
.0025
.0009
.0045
.0032
.0025
.0002
.0034
.0003

GREEXN

.0001
.00008
.00007
.0007
.0017
.0008
.0040
.0073
.0028
.0005
.0032
.0004

13

BLULE

.00007
.0001
.00005
.0004
.0034
.0032
.0024
.0032
.0003
.0005
.0010
.0016



Takle 4. Typical values of the goolness-cf-fit vararmeter
calculated as a measure of the aguality cf filwm
exnosure by the colcr film writing machines.

DATE CO !'ACHIJE HSTO MACHINE
11/23/81 .09010 .0010
12/07/31 .0033 .000092
12/21/81 .0006 .0021
02/91/82 .0014 .0030
02/03/82 0017 .0022
02/15/82 .00205 .0037
02/22/82 .0041 .0223

14
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