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I. INTRODUCTION 

I.A Aerial Camera Mount in '.1e thods 

There are several ways i n which an aerial camera or aerial camera 

system can be mounted in an aircraft/spacecraft. 

The simplest method is to rigidly bolt the camera onto the air-

frame. The camera body can now be considered as an extension of the 

airframe, i.e., experiencing the same motions and vibrations as the air-

craft/spacecraft. In some cases, the vibration spectrum anticipated may 

be sufficiently small to permit this type of mounting; however , the 

effects of landing shocks upon the camera may cause detrimental internal 

movement of the camera system components. For this reason, the method 

of rigid mounting is rarely used. 

When it is necessary to achieve the highest resolution possible, 

the best camera mounting system available i s t hat which provides a sta-

bilized platform for the camera system to operate from . _Using gyro-

scopic references and electronic controls, these platforms can keep a 

camera relatively motionless in spite of very severe external perturba-

tions and vibrations. In addition to providing the best steadiness , 

stabilized platforms also provide a highly accurate vertical direction/ 

attitude to which the camera may be precisely referenced. While the 

gyroscopically stabilized platform is the best available means for 

mounting aerial cameras, it also is the heaviest, requires the most 

space and is the most costly. 
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In between the two extremes of a rigid mount i ng and a stabilized 

platform, is the method using vibration isolators or spring type devices . 

Although the vibration isolators afford no compensation for aircraft 

roll, pitch and yaw motions, t hey do offer excellent isolation against 

airframe vibrations as well as providing shock protection for the camera. 

For this reason, and because of its simplicity and inexpens i veness, the 

vibrat i on isolator is the mounting device most generally used . As a con-

sequence, however , users tend to accept resultant imagery as the best 

available under the circumstances, without questioning that the results 

achieved might not reflect the full capabili ty of the camera system being 

used . It would be a safe bet that someone, desiring improved resolution , 

would try to obtain it by using a finer grained f i lm in the same camera 

system . Yet it might be the camera system itself and not the film , that 

is causing poorer quality parameters than desired . More specifically , 

the dynamic environment of the camera system may be the culpri t in the 

whole photographic process . 

I . B Dynamic Environment 

The dynamic component of an aerial photographic system consists of 

two interacting sub- components : 

The internal dynamic system of a camera including t he motors , shut-

ter, film advance mechanism and all other moving parts which establish a 

dynamic environment through the operation of t he camera alone . 

The external dynamic system incl uding vibrations from the camera 

stabilization system (mount), dynamic response from the aircraft/space-

craft caused by engine vibrations, air turbul ence etc . , and all other 

factors which cause t he camera to receive external excitation . 
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The fact that image motion causes d_egradation of photographic image 

quality is mentioned in many photogrammetric references. That portion 

of image motion caused by vibrations, however, is literally neglected in 

textbooks but has been the sub ject of several special studies, some of 

which are referenced i :: ---~- s report. However , there is a need for lab-

oratory controlled dynamic tests of a complete camera system in its 

operational mode to supplement the mat hematical approaches and those 

actual dynamic tests which project the results of limited laboratory 

conditions to those conditions which would be experienced in a normal 

operational mode . 

I.C Image Quality Parameters 

If i mage quality degradation is to be studied, one must first de-

cide which image quality parameters should be used. In chapter 23 of 

reference [l], James and Mees discuss the many subjective and objective 

parameters used and the dozens of studies devoted to the subject. 

It is generally agreed t hat resolving power is one valid parameter 

for judging image quality or definition, and a relatively objective de-

termination of resolution is easily obtained. (This pap~r will normally 

refer to resolving power as a capability, and to resolution as the actu-

al result . In other words, although a camera lens, film etc. indicates 

a certain resolving power capability, vibrations could cause poorer 

actual resolution values.) 

The modulation transfer function (MTF) is gaining popularity at 

this time; however, its value is debatable, and it requires special in-

strumentation that was not readily available locally. 

Sharpness is an image quality parameter that everyone appreciates 
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when studying a photograph, but sharpness is basically a subjective 

term. Acutance, nevertheless, is advertised as the objective correlate 

of sharpness, i.e., acutance is supposed to determine, without human 

prejudice, t he relative sharpness of i mage edges. Except for a micro-

densitometer and auxiliary equipment, all of which is locally available, 

no special targeting or instrumentation is required beyond that for re-

solution determinations. 

Therefore, it was decided that the image quality parameters to be 

studied would be resolution and acutance. 

I.D Objectives 

The objectives of this study are t he following: 

1. To determine the static resolution and acutance capabilities of 

a camera system for subsequent comparison with these parameters when the 

camera system is subjected to internal and external dynamic loading. 

2. To isolate the internal dynamic components of a camera system, 

and to determine what image degradation occurs as a result of these in-

dividual and combined components. 

3. To apply, to the camera system, laboratory controlled and mea-

sured steady state vibrations over the frequency and amplitude range of 

normal expectancy for camera systems; to study i mage quality degradation 

resulting from this external dynamic loading . 

4. To assess the criticality of vibrations in general on image 

quality, and to make recommendations for i mproving camera system perfor-

mance, if possible. 
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II. VIBRATION ISOLATION 

Translational and rotational vibrations of a camera during the ex-

posure period result in a relative motion of the image over the film with 

a consequent loss of image quality. Fish [2], however, describes how 

pure translational motion of the camera has the same effect on the image 

a s if the camera were held still and the ground moved by the same amount. 

With current camera systems it is obvious that camera translations of a 

fraction of an inch can easily be tolerated since aerial cameras cannot 

detect such small movements of the object space. 

Rotation of the aircraft/spacecraft or the camera system about its 

x (longitudinal), y (lateral) or z (vertical) axes during the exposure 

period, however, has considerable consequences. This rocking type of 

motion causes a notable image shift which would affect any parameter 

used to judge image quality. 

One might logically ask how rotational vibrations become involved 

when the input vibrations are basically up and down, back and forth, or 

various combinations of translational vibrations. The answer to this 

question is simple. The solution to the problem is not so simple. 

The answer can best be explained with z 
the help of the adjacent diagram. Assume the 

elastic center of the vibration isolation 

system of an aerial camera is at the point 

marked e. c. , and assume the center of grav·i ty 

of the camera is at the point marked e.g. 
5 --------------x 



The center of gravity is displaced from the elastic center by Dx and Dz 

as shown, and also by Dy not shown, which is directed perpendicular to 

the plane of the paper . A vertica l vibr ation , wi th inherent accelera-

tion, will effective ly act upon t he mass concentrated at e. g . and wi l l 

create the force Fz , where Fz equals the camera mass (effe ctive l y con-

centrated at the center of gravity) multiplied by the vibration acceler-

ation in the Z- direction. Similarly, a vibration in the X- direct i on 

will have an acceleration in the X- direction which acts on the camera 

mass at the center of gravity and creates the force Fx in the X- direc-

tion. Not shown is a force Fy , directed perpendicular to the plane of 

the paper , which results from t he acceleration of a Y- dire ction vibra-

tion acting on the mass at t he center of gravity . 

In t he XZ plane of motion , the force Fx acts on moment arm Dz to 

form a couple or torque about the elas tic cent er of the isolat ion sys -

tem . Similarly , Fz acts en moment arm Dx t o r or ·m another couple or 

t orque about the elastic cen~2r. Thes e coup l ing forces are continuo~sly 

changing i ,a -:-:iagn i tude and direction becaus e t he accelera tion components 

vary sinusoidally and are i ndependent from each other in the X and Z 

directions. Although both forces Fx and Fz are shown i n t he case where 

they ea ch produce a counterclockwise t orque , it is equally possible t hat 

they combine to form a clockwise torque , or opposing torques which par-

t ially c - n ce l each other . Obviously, the greatest amount of roc king 

:notion is obtained when thes e torques reinfor ce each 0 -:-·:_2:r in the s ame 

dire c·c- .:: .·. . 

In t : e YZ plane of motion (nots .own), the force Fy acts on t he 

same moment arm Dz as before, 2nd t he same force Fz acts on moment arm 
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Dy. These forces acting on moment arms produce couples or torques in 

the YZ plane of motion and cause a rocking motion in that plane. 

In the XY plane of motion, Fx acts on moment arm Dy and Fy acts on 

moment arm Dx. However, the vibration isolators are resistant to (shear 

type) coupling forces in the XY plane and effect ively a llow movements 

only in the vertical directions. Thus, any XY plane rocking motion 

(swing/kappa type oscillation) is negligible. For this reason, most 

vibration isolated camera systems are considered to have three primary 

degrees of freedom, i.e., since the isolators generally allow movements 

in the Z (up/down) direction only, the three principal motions the cam-

era system can have are (1) Z-direction translation, (2) YZ plane rota-

tion about the X-axis, and (3) XZ plane rotation about the Y-axis. The 

three secondary degrees of freedom, which are normally ignored in devel-

oping equations of motion, are (1) X-direction translation, (2) Y-direc-

tion translation, and (3) XY plane rotation about the Z-axis. 

For detailed explanations of these principles, the reader is re-

ferred to Crede [3], for an analysis of rotatory motions caused by in-

ternal vibrations, and to Crafton [4], for an analysis of rotatory mo-

tions caused by external vibrations. In addition to these textbooks on 

shock and vibrations, Casper [5] has prepared an interesting paper which 

deals specifically with aerial cameras and the theoretica l development 

of motions caused by vibrations acting on an unbalanced camera system. 

The primary reasons for camera unbalance are t he following: 

1. The center of gravity of a camera lies in a horizontal plane 

which normally contains important camera components for which accessabil-

ity i s mandatory. Thus the camera mount with isolators cannot surround 
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the camera at the level of this horizontal plane and is lowered for con-

venience. 

2. A mount with three isol ators is best for leveling purposes, and 

most cameras are basically rect angular i n cross section since the photo-

graph format is rectangular . Thus the thr ee point suspension of a rec-

tangular object pr esent s an added design problem in balancing the system. 

3 . Partly because of the previous problem and partly because of 

uneven weight distribution of camera components, the three isolators 

normally carry uneven weights. 

4. There is considerable difficulty in matching spring and damping 

cons t ants for the differently loaded isolators, required to prevent addi-

tional system unbalance . 

5. There is always uncertainty in the location of the isolation 

system elastic center. 

6. There is sornE;: 1-J,ncer,tainty in the location of the center of gra-

vity caused by manufacturing tolerances. 

7. Film transfer from storage spool to take-up spool theoretically 

requires compensation as the center of gravity shifts accordingly. 

All of the above considerations are fundamental to the design of a 

balanced camera system. In addition, there is the critical problem of 

selecting vibration isolators with the proper spring and d~~ping con-

stants, natural vibration frequencies etc . to provide optimum damping of 

all anticipated vibrations. I mproperly selected vibration isolators may 

amplify rather than attenuate undesired motions i mparted to the camera. 

As a result photographic quality can be unnecessarily degraded. 

8 



III. DATA ACQUISITION 

III.A Instrumentation 

III.A.l Camera System 

Because of its availability, and the fact that it is representative 

of the modern commercial aerial camera, the Zeiss RMK AR 15/23 camera, 

belonging to The Ohio State University Department of Geodetic Science, 

was used for the test. An outline of the camera system with center of 

gravity positions is shown at Figure 1. In this figure, CG1 is the 

position of the center of gravity with a 400 foot roll of film on the 

left spool; CGR is the position of the center of gravity with the film 

on the right spool. CG indicates the central position with half of the 

film on either spool, and CG0 is the position with no film. 

Characteristic curves of the Vibrachoc vibration isolators used are 

shown at Figure 2. Vibrachoc isolators are a French product designed 

specifically for the protection of electronic apparatus against vibra-

tions and shocks aboard modern aircraft, remote control machinery and 

similar equipment. Their operational efficiency is allegedly notinflu-

. enced by variations of temperature, humidity, dust, oil, water or ice 

conditions, air-density, ozone, mildew or micro-organisms. All inf orma-

tion on the Vibrachoc isolators was extracted from reference [~6], a Vib-

rachoc publication provided to the author by the Zeiss organization. 

The Vibrachoc is an all metal isolator consisting of a helical 

spring filled with a knitted cushion of rustless steel wire coils, simi-

lar in some respects to steel wool. It has the combined effect of a 

spri.ng - dashpot system. The spring has a weak natural frequency for 
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effective vibration isolation, and the auxiliary cushion acts during 

temporary overloading and serves as an elastic protection buffer against 

shocks. 

As is shown in Figure 2, the isolators are non-linear, giving them 

a large load tolerance with limited distortion. Appendix D will include 

a more thorough analysis of these curves. 

III.A.2 Vibration Simulator 

The camera system was mounted in an aircraft vibration simulator 

(Figure 3) at the Air Force Avionics Laboratory, Wright-Patterson Air 

Force Base, Ohio. The simulator was equipped with MB Electronics 

Model T-195 Vibration Test Equipment capable of producing steady state 

sinusoidal type vibrations of variable amplitude with a frequency range 

of 5 through 500 cps. This vibration capability matched the photographic 

aircraft vibration spectrum listed in Procedure XII of MIL-E-5272, a U.S. 

government publication covering various environmental conditions for 

many types of aircraft. 

III.A.3 Targeting 

Two interchangeable USAF resolving power test targets were used, one 

of 1000:l and one of 6:1 contrasts, referred to herein, respectively, as 

the high and low contrast targets. The design of the high contrast tar-

get is shown at Appendix A, which also lists the calculations involved in 

determining resolution values. The low 'contrast target has the same de-

sign as the high contrast target, except that the background is grey in-

stead of white. The large black rectangle provides edges for scanning 

purposes. It is obvious that this target affords the opportunity to scan 

edges and measure resolution values in both the x and y directions. 
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Target illumination was provided by a 500 watt xenon lamp in a 

twelve inch integrating sphere (Figure 4). At the exit of the integra-

ting sphere was located a slide box for t he i nsertion of neutral density 

filters as required for i l l umination attenuation . Next, in order of 

positioning, was a modified ~ap idyne s hutter from a KA 2 twelve inch cam-

era. Although limited in speed to l/350th of a second and slower, this 

shutter provided a capability for external exposure control. This shut-

ter was aligned with the objective end of an 80 inch F8 collimator. 

After leaving the collimator, light rays from the target were reflected 

off of a mirror positioned at a 45 degree angle so as to reflect the 

parallel rays from the collimator up through t he bottom of the aircraft 

vibration simulator into the camera where the target image was positioned 

at the center reseau cross of the format . 

III.A.4 Vibration Measurement 

The camera was fitted with three accelerometers and three M.B. Elec-

tronics Model 122 vibration pick-up transducers, mounted in a specially 

built bracket so t hat mutually perpendicular translational vibration 

measurements could be taken in the x, y and z directions . This assembly 

(Figure 5) will be referred to as the transducer assembly - a transducer 

being a device which converts shock or vibratory motion into an electric 

signal that is proportional to the parameter of the experienced motion. 

These t ransducers were then connected to a power suppl y, an amplifier 

and. a Honeywell Oscillograph (Figure 6) which plotted the vibration char-

acteristics received at the camera along the three major axes. The am-

plifier contained discrete dial settings for gain control required in 

adjusting amplitudes of recorded values. The transducers , oscillograph 
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and gain control settings had previously been jointly calibrated for 

direct conversion of recorded amplitudes into accelerations and veloci -

ties of the measured vibrations . The chart speed could l ikewise be ad-

justed up to a maximum of 40 inches/second , whi ch was fast enough to be 

able to count recorded vibration frequencies up to and including 500 cps . 

III . B. Tes t Procedure 

III . B. l Film Preparation Phase 

The fi l m magazine was l oaded with Kodak Panatomic X SO-136 f ilm. 

This fine grained mapping film , with characteristi cs as explained in 

Appendix B (an extract from Kodak Publication No . M- 11 8- N), was selected 

so that the camera system , and not the film itself , would be the limit-

ing factor in the resolution and acutance determinations . 

A seri es of test exposures were made , and it was deci ded t o conduct 

the tes t using f / 5 . 6 aperture with exposure times of 1/200 and 1/500 sec-

ond , with 0 . 3 neutral dens i ty filter light attenuation required for the 

1/200 second exposures . 

In addition to making all subsequent exposures at either of these 

two exposure times , each film strip was exposed i n an Eastman Intens i ty 

Scale Sens i tometer Automatic Type IB, Model IV , to a density step wedge 

for subsequent density calibration . 

In deciding on the number of exposures to be made under each test 

condi tion it is necessary to analyze just what effect a vibration has 

during an exposure . If one considers the common steady state type of 

vibration as a rotating vector , plotting the amplitude of vibrat i on 

against time produces the common sine curve where t he s i ne wave period 

is equal to the inverse of the vi bration frequency. Considering a 5 cps 
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vibration, it is obvious that the time period of the sine wave is 1/Sth 

second , but the exposure is made over only a small fraction, l/200th or 

1/SOOth second, of t hat vibration period. If the exposure is made when 

the vibration phase angle is near TT/2 or 3TT/2, the cosine of the vibra-

tion, which represents the velocity, is near zero; thus there will be 

practically no image motion during the exposure. However , if the expo-

sure is taken when the vibration phase angle is near O or TT, the velocity 

is near its maximum value and maximum image motion should result. This 

would be the condition we are interested in if a single vibration phase 

angle created a maximum rotatory motion of the camera. However , as was 

shown in section II, maximum image motion would be obtained in the XZ 

plane , for example, when the vibration accelerations in both x and z 

directions cause maximum torques in the same direction (clockwise or 

counterclockwise) about the center of gravity. It is this latter con-

dition that we are interested in. 

Although we have no way of assuring that an exposure is made at the 

time of maximum image motion , we can apply the laws of statistics to 

determine the probability that at least one of many photos is taken with-

in a vibration range near the maximum image velocity. The calculations 

of Appendix C indicate that one photo of twenty should b e taken within 

90 - 100 % of maximum vibration velocity with a probability of about 94% 

in the x-direction and with a probability of about 97% i n t he y-direc-

tion. Therefore, by selecting the poorest resolved photo of 20 taken in 

a series under identical conditions, it ·is quite probable that this photo 

was taken very near to or included that portion of the vibration cycle 

where image degradation should be most severe. Since the same general 
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reasoning can be app l ied to all photographs taken when the exposure time 

is less than a vibrat ion period , twenty exposures were made of each ex-

ternal vibration test condi tion using vibration frequencies less than 

200 cps. However, since full doub l e amplitude vibration is assured for 

all excitati o~ frequenci es equal to or exceeding 500 cps, only three 

exposures were made under those condi tions to avoid what was thought to 

be wasteful redundancy. In t he case of internal vibrations, when it was 

not positive that vibration frequencies exceeded 500 cps, it was decided 

to take five exposures under each test condition to provide a little 

better margin of safe ty. 

III.B.2 Internal Vibration Phase 

Duri_ng t he i nternal vibration phase of the test it was desired to 

see what vibr ation effect the various internal motors of the camera sys-

tem would have on resolution and acutance. The experiment was conducted 

in four steps as follows: In s tep 1 , the static situation, no motors 

were run internally. In step 2, only the vacuum motor was run inter-

nally. In step 3, only the main motor (which operates the shutter and 

film advance system) was run internally , and in step 4, both internal 

motors were run in the normal operational mode, without external excita-

tion. In steps land 2, 1/200 second exposures were made with the exter-

nal shutter, and the film was advanced by hand between exposures; 

the external shutter could not achieve a 1/500 second exposure t ime. For 

steps land 3, the vacuum motor was removed from t he camera body and was 

sus pended from the ceiling of the aircraft vibration simulator, as indi-

cat ed in Figure 7. In this manner, vital vacuum was retained through 

connecting rubber hoses while isolating the inherent vibrations of the 
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motor. Where possible, the camera was operated in serial mode with auto-

matic exposure interval con trol of about 5 s e conds. A total of 60 expo-

sures were made in t he i n ter nal vibration phase of the test. 

Sizeable oscillograph vibration r ecord ings were taken under each 

test condition of the actual v i bration frequency acceleration and velo-

city values detected by the transdu cers. The oscillograph was operated 

in blackout mode so that the t r aces could be developed and permatized on 

the Kodak Linagraph Direct Print Paper. While this · mode allowed f or 

permatized graphs of recorded vibrations, it prevented sample recordings 

of vibrations from being made for instant analysis . Sample recordings 

would have been desirable in preli minary testing of internal vibrations, 

and, later on, in the presetting of desired external vibration ampli-

tudes. 

III.B.3 · External Vibration Pha se 

During the external vibration phase of the test, it was considered 

more important to know the characteristics of the vibrations received 

at the camera mount from external sources than to know what vibrations 

filter through the isolators and are received at the camera. For this 

reason, all transducers were relocated outside of the isolation sys~em 

and were p laced at the foot of the forward isolator (Figure 8) so as to 

record external vibrations being received. 

Since the frequency spectrum under procedure XII of MI L-E-5272 indi-

cates a frequency spectrum of 5 to 500 cps, it was decided to conduct the 

external vibration tests using frequencies of 5, 50 and 500 cps, which 

could be set directly on the vibration test e quipment . The amplitudes, 

however, could not be set directly although they were continuously varia-
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ble. Thus it was impossible to know at the time just what amplitudes of 

external vibrations were being applied. It was decided to use personal 

judgment at each frequency to select a low amplitude vibration to repre-

sent a routine vibration, plus a high amplitude vibration at what might 

be considered to be maximum rough conditions. This was done by sight, 

feel, and, in the case of the 500 cps vibrations, by sound. This rather 

unsophisticated approach, however, produced reasonable vibration ampli-

tudes, as will be shown later. 

Exposures were then made with externally applied and recorded vi-

brations at 5, 50 and 500 cps, at two amplitudes each, for low and high 

contrast targets, and with both 1/200 and 1/500 second exposures. This 

required 344 additional photographs. 
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IV. DATA PROCESSING AND ANALYSIS 

IV.A Vibration Data 

After t he 400 feet of oscillograph paper was developed and perma-

ti zed , it was found that one roll of recording paper had been developed 

improperly and the recorded information was destroyed. Fortunately, the 

roll contained recordings of internal vibrations. As the real purpose 

of the internal vibration phase was to study t he effect, and not the 

size, of internal vibrations, the measurement of internal component vi-

bration parameters was an unnecessary attempt to know more about the 

nature of those components. The internal motor operating frequencies 

were later obtained from the manufacturer as approximately 50 and 250 cps 

for the main and vacuum motors respectively. 

A problem pertaining to t he recording of external vibrations, how-

ever, was cause for concern. It was immediately noticed that recorded 

accelerations were very erratic, with many instances that the recorders 

went completely off-scale. The problem was analyzed by WPAFB Avionics 

Laboratory engineers to be one of improper grounding, which caused the 

accelerometers to pick up electrical signals from within the camera. The 

value of redundant instrumentation was proven, however, since the re-

corded data from the velocity transducers was completely sufficient for 

the determination of vibration amplitudes and accelerations from graph 

1-9 of Harris and Crede [6]. 

The recordings used consisted of three sinusoidal waves for each 
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test condition, one wave each for the x, y and z velocity pick-ups . The 

amplitudes of these waves were converted directly i nto vibration peak 

velocity values per calibration values established for the range of gain 

settings of the amplifier. The vibration frequency values were measured 

direct l y on t he graph reco,~ .ings as cycles/inch of graph paper mult iplied 

by the inch/second chart speed of the recorder. Tables VI and VII are 

tabulations of recorded external vibration parameters for each t est con-

dition . In addition, Graphs 1 and 2 are plots of recorded vibrations as 

compared with the vi bration spectrum graph from MIL-E- 5272 Procedure XII 

a3 compiled by Casper [5] . Also shown is the vibration spectrum of a 

moder n jet aircraft , the KC - 135, military equivalent of the Boeing 707 . 

Since the vibrat i on spectrum includes those vibrations recorded during 

take- off and landings, t he vibrat ions occurring duri ng a photographic 

fl i ght would be somewhat less severe. The test vibrations appear to f it 

quite well below the envel ope of poss i ble values; however, the h i gh am-

pli tude 5 cps vibrations are probabl y nearer to maximum conditions than 

would be tolerated on a photographic mission . 

IV . B Resol ving Power 

IV.B.l Resolution Determination 

The fi lm was uniformly developed in a Houston Fearl ess A- 6 Continu-

ous Process ing Machine to a gamma of 1 . 6 , which prior experience i ndica-

ted would yield optimum sharpness . Resolution determinations in the x 

and y directions were made by two independent observers for each of the 

404 photographs using a 120 power microscope . The target pattern numbers 

were converted to resolution values in l ines/mm wi th calculations listed 

in Appendix A. Although the resolution determinations were purely a 
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matter of personal judgment, nearly all determinations of the t wo sets 

agreed with each other within one t est pattern. 

The mean x and y reso_ut ~on values of the 404 photographs are tab-

ulated in Tables I throu3\ I V. Note t hat resolution values indicated i n 

the left co lumns ar e t he c: .~y resoluti on values possible from the vari-

ous numbered resolving power patterns of the targets . The number of 

phot ographs indicated in a row between the tabulated resolution values 

is t hat number of times that one observer judged the higher value and 

one observer j udged the lower value . Thus the between the line record-

ing is in effect the mean of the two values . For example, in comparing 

t he resolution values computed i n Appendix A with those values listed in 

the first column of Table I, it can be seen that 67 l ines/mm i s obtained 

f rom resol ution of target element 3 from group 2 , while 60 lines/mm is 

obtained from resolution of target element 2 from group 2 . Theoretic-

ally, no resolution val ue between 60 and 67 lines / mm can be observed . 

The number l wri tten between t he lines for 60 and 67 lines/mm (under t he 

vacuum motor test condi t ion of Table I) indicates t hat on one exposure , 

target 2- 2 was read by one observer and target 3- 2 by the other observer . 

Wh i l e 63 . 5 l ines/mm was not one of t he discrete poss i ble values , i t would 

be r easonable to consider a r esolution of 63 . 5 l ines/mm as a mean of the 

two discrete values obser ved . 

IV . B. 2 Analysis of Result s 

In anal yzing the results of t he resolution determinations it is ob-

vious that resolution in the upper ranges is extreme l y sensitive t o t he 

s l i ghtest di sturbance . For exampl e, t he static photographs taken of the 

high contrast target indicate t hat resolutions up to about 160 lines/mm 

are possible, an indication of the f ine grained film and the quali ty of 
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the lens. Yet, under what was thought to be identical static conditions, 

resolutions as low as 128 lines/mm were recorded. With the low contrast 

target, resolution values of 48 to 57 lines/mm were recorded under "sta-

tic" conditions. Obviously the camera was not truly static and was dis-

turbed by vibrations from the vacuum motor transmitted through the flex-

ible rubber hose, from other machinery running in _the building or by 

human perturbations from a man standing on the simulator platform to 

advance the film when required. 

The vacuum motor, which vibrates at about 250 cps, produced slight 

image degradation from the static test condition. The main motor, which 

vibrates at about 50 cps, produced greater image degradation generally, 

as can be seen in Tables 1 thro_ugh 4. However, the combination of the 

two internal vibration motors rarely produced resolutions that were worse 

than from the individual components vibrating alone. 

Since the internal vibrations were of fairly high frequency, the 

500 cps external vibrations received at the mount did not degrade the 

image very often. In fact, the opposite result occurred in many cases. 

The system react ed as though it were better balanced as a result of this 

high frequency external excitation. Possibly, the external vibrations 

were of such frequency and m_agni tude that they served as a dynamic damp-

ing system which "broke up" the inertial rocking motion caused by the 
. 

internal dynamic system of the camera. This theory is supported even 

stronger by the fact that high amplitude vibrations at 500 cps produced 

better resolution values generally than did the low amplitude vibrations 

at that frequency. This would indicate that the high amplitude 500 cps 

excitation did a better balancing job than did the lower amplitude vibra-
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tion at that frequency. The author can furnish no explanation why this 

phenomenon was more pronounced with the high contrast target than with 

the low contrast target. 

The 50 cps external excitations produced interesting resolution 

values. Again several of the high amplitude test conditions yielded 

better resolution values than the low amplitude test conditions; this 

time, however, the phenomenon was more pronounced with the low contrast 

target. Another interesting result is that the 50 cps test condition 

produced both expected image degradation in some photographs and unex-

pected image improvement in others. In several photographs the recorded 

resolution values equalled the highest value recorded under the static 

test condition; these exposures were evidently taken when the 50 cps 

external vibration was out of phase with, and effectively balanced, the 

50 cps internal vibration from the main motor. In other words, the 

force vector from internal components was then approximately equal to 

but opposite in sign from the force vector from external excitation. 

Image degradation in the other photographs occurred in various degrees 

proportional to the vector addition of the various force vectors, reach-

ing a maximum when the component forces are all maximum in the same dir-

ection. 

The 5 cps external vibrations proved what had been expected all 

along - that low frequency vibrations are the most damaging. Resolution 

values of the low contrast targets degraded in the range from 60 to 10 

lines/mm for the same test condition, and resolution of the high con-

trast target degraded in the range from 143 to 8 lines/mm. 

By the same test condition, it is meant that with the same target, 
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the same camera settings and the same steady state external excitation 

from the aircraft vibration simulator, the c amera is set in serial mode 

operation and all 3,5 or 20 exposures are made without changing any of 

the parameters . The large disparity of resolution values for each test 

condition is then a r e u of the phase angle combinations or vector 

additions of the various forces occurring in the camera at the instant 

of exposure , as explained in section II and Appendix C. 

In all cases , the faster exposure t ime proved to be mor e effective 

in combating image motion . This result was fully expected since reso-

l ution degradation is a direct function of vibrational image velocity 

multiplied by exposure time . 

IV . B.3 Resolution Prediction 

The theoretical prediction of resolution values could be performed 

by any organizati on experiencing or anticipating a possible r eso l ution 

degradation problem resulting from vibrations or unknown causes . Little 

additional i nformation is required beyond what is normal ly available to 

an organization with an aerial camera . The theory and requirements are 

listed in Appendix D for those with further interest in this subject . 

Several interesting conclusions can be drawn from the analyses of Appen-

dix D, and these are listed with Section V of this report . 

IV . C. Acutance 

IV . C. l Calibration of Microdensi t ometer 

As was mentioned previously in secti on III.B . l , each strip of film 

was exp osed to a d·ensity step wedge . This wedge was a glass plate con-

taining twenty- one sections with uniform densities varyi ng from clear to 

comp letely opaque . Although each strip of film was developed in a Houston 
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Fearless Continuous Process ing Machine to a gamma of 1.6, it is possible 

that slight differences in development could affect the acutance deter-

minations. Thus, it was necessary to calibrate t he microdensitometer 

separately for each strip of fi lm. Each step of t he step we_dges on each 

film strip was measured twice on a Ma cbeth TD-102 Quanta Log Densitome-

ter, which had previously been calibrated to NBS standards. This is a 

densitometer which measures diffuse transmission density integrated over 

a rather large portion of each step of the wedge . It was found, however , 

t hat r epeatability was excellent , as meas urements made at either end of 

t he s teps were virtually the same. 

Actual scanning of edges was to be performed with t he Mann-Data 

f Micro-Analyzer, This microdensitometer is s hown in Figure 9 on the 

right, with chart recorder in the center and magnetic tape recording 

unit on the left. 

Before calibration of the microdensitometer could begin, it was ne-

cessary to decide on the size and s hape of the scanning aperture. Mag-

nified views of the edge scan pattern (the large nearly square black 

pattern of the target shown in Appendix A) of the poorest resolved pho-

tographs indi cated t hat the vibrations did in fact cause the edges to 

have narrow streaks or steps of diff ering densities parallel and immedi-

ately adjacent to the pattern edges. I n order to scan and measure these 

streaks, it was mandatory that the edge be scanned with a slit as op-

posed to a circular shaped aperture which would integrate the dens i ty 

over the area of the circle. The circular s hape would only suffice if 

the micro-dot mode were used, but a much larger aperture area was re-

quired to e liminate most of the granularity "noise." Several dozen slit 
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width and length possibilities were tested in an attempt to remove most 

of the granularity "noise" while using the narrowest slit possible for 

best edge measurement. It was decided that the optimum slit was one 

with a width of 3 micro-meters and a length of 502 micro-meters. This 

length was approximately one half of the side dimension of the edge scan 

pattern. 

As each strip of film was introduced to the microdensitometer, cal-

ibration was performed by scanning back and forth along the steps of the 

wedge, adjusting the gain settings until the average recorded density 

for each step best fit the density values for those steps as recorded 

with the Macbeth densitometer. 

IV.C.2 Scanning 

Because of economic considerations, it was decided to scan only 

those edges of photographs which indicated maximum or minimum resolution 

values for each test condition. This required a total of 144 edge scans 

of a possible 808. 

After the microdensitometer was calibrated, the appropriate photo-

graphs were advanced to be scanned. All horizontal scans were made of 

the left edge of the edge scan pattern: all vertical scans were made of 

the bottom edge of the edge scan pattern. The biggest problem involved 

was the alignment of the scanning slit parallel with the edge to be 

This problem alone took more than half of the total scanningscanned. 

time. In addition to the angular alignment, it was necessary to align 

the slit so that the center of the edge was scanned. After this angular 

and linear alignment was accomplished, the slit was "backed off" from 

the apparent edge by 60 micro-meters. Scanning was then accomplished by 
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taking 40 density readings at the 3 micro- meter intervals over the 120 

micro- meter scanning distance of each of the 144 edges to be scanned . 

(A scanning distance of 120 micro - meter s was used because it was found 

that the edge scan pat t e :cn of the p oorest resolved target appeared to 

have a latera l edge blu~ _ : nearly 1 00 ~~ er a - meters , as me asured on the 

microdensitometer, and t he e xpected sigmoid shape of the trace needed 

overages at either end in order to f latten out . ) Us i ng a 3 micro-meter 

wide slit, the 3 micro- meter sampling interva l enabled compl ete scanning 

of the edge f or optimum integration of density val ues withou t sample 

area voids and overlaps as would be encountered with a circu lar aperture . 

A diagram of the procedure used in scanning a vertical edge is shown 

in Figure 10 . In order to scan t he horizontal edge, the photograph would 

be rotated approximately 100 grads , the slit and edge would be realigned , 

and t h e same basic procedure would be repeated . 

IV . C. 3 Acutance Determination 

Although the scan s general ly produced the expected s i gmoidal shape , 

i n cludi ng edge effects , many of the edge traces had " steps" part way up 

the sigmoid where the gradient was temporari l y smal l anq. even negative . 

These steps had been seen on the negatives under high magnification , were 

evident on the recording chart paper and were verified by the magnetic 

tape "dump" of density recordi ngs . The acutance of each edge t rac e was 

comp ~-~ as follows . 

rv·. C. 3. a Acutance Formula Me thod 

The acutance of each edge trace was computed using the modified 

acutance formula of Jones and Higgins [ 7] . This pro cedure i s explained 

in Appendix E . The formula indicated in Figure E .l would appear to pro-
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vide an objective indication of image sharpness ; however, the gradient 

steps along the sigmoid created problems in that it was often difficult 

to distinguish g~adient steps near the . 005 gradient limit for points 

A and B along the curve, f ::·om the granularity noise which also starts 

near these po : -:. ts and ha s -che same e ffect . I t then became necessary to 

make a human decision in deciding where the points A and B occurred. 

This human decision removed complet e objectivity from the process, and 

differing decisions were found to produce 30 to 40 % disparity of acu-

tance values. 

IV.C.3.b Curve Fitting Method 

In order to obtain completely objective acutance values, an attempt 

was made to fit the density VS. scanning distance values to an arctangent 

and to a hyperbolic tangent curve by the method of least squares. These 

were the most common curves that had the general sigmoid shape. 

This procedure, also explained in Appendix E, had the aim of deter-

mining the parameters of the smooth curve which best fit the recorded 

values; one could then measure the acutance from the parameters of this 

best fitting smooth curve. This would eliminate all complications caused 

by the granularity noise and gradient steps, and would produce a unique 

acutance value for each scan, obtained through complete objectivity. 

This method produced results which generally agree (within 25% ap-

proximately) with results using the acutance formula method and unaltered 

data; however, some values disagreed by as much as 100% and even more . 

While unique acutance values were obtained, the variance of unit weight 

indicated a very poor fit of some data to the design curve, particularly 

those with more pronounced edge effects. In effect, the same scans that 
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produced questionable results with the acutance formula method a l so pro-

duced a poor fit to the arctangent and hyperbolic ' tangent curves , and 

produced large discrepancies wi t h the acutance formula method values . 

Indeed, the fallacy of the curve fitting method is that there is i n fact 

no reason why t he data should fi t the mathematical model used, part i cu-

larly since the edge effect is a very real characteristic of an edge 

trace which should not be artificially removed. 

The curve fitting method was abandoned and the acutance formula 

method used with guidelines established for selection of point s A and B 

nearest to t he leveled- off density values beyond the edge effects . 

IV . C. 4 Analysis of Res ults 

If the computational method of acutance determination was bewilder-

ing , the results were even more so. Although there was a modest trend 

throughout the data of acutan ce degradation being directly proportional 

to resolution degradation , t his trend was definitely expressed onl y for 

those photographs with resolution values poorer than 50 lines/mm. For 

photographs with resolution values in excess of 70 lines/mm, the results 

appear virtually random, i . e., approximately one- half of the maxima-

minima condition pairs indicated better acutance for the poorer resolved 

ta_rget, and vice versa . Even after meaning the acutance values of all 

phot_ographs with t he same resolution values , as was done at Table V, the 

acutance va l ues can be seen to have unsystematic correlati on to the re-

lated resolution values over much of the table . While the meani ng pro-

cess would smoothen out any small irregularities in the data , it is ob-

vious that there are either large data acquisition irregularities, or 

else a point is reached where the two quality parameters are in fact 
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uncorrelat.ed. This latter possibility will be investigated first. 

Higgins and Wolfe [8] photographed a similar type of test target in 

various parts of the field of the lens at a series of focal settings. 

They found some images where resolution was high and sharpness was low, 

and others \•r:--_.:; :."'e resoluti o,, ': a s low and s harpness h i gh. While vibra-

tions should in no way change the metrically stab.le interior orientation 

of the camera, a similar type of phenomenon could possib ly occur. If 

the focusing of t h e camera can so affect the spread function (reference 

James and Mees [l], page 501) that its shape or degree of light mounding 

at one setti.ng is optimum for resolving power, and its shape at another 

focal setting is optimum for sharpness, it would appear possible that 

vibrations could randomly shake a spread function either toward or away 

from its optimum shape for sharpness, which is known to differ from its 

optimum shape for resolving power. Furthermor e, it is possible that a 

random adjustment in the shape of the spread function, in the direction 

of i mproved acutance, could b e so strong that it reaches and exceeds the 

optimum shape for image sharpness, producing degradation in an opposite 

sense. This would account for the correlation between low resolution 

and low acutance values, both being produced by unusually strong adjust-

ment of the spread function. 

A more logical explanation, however, might be that gross errors did 

occur in t he data acquisition phase of the acutance determinations. More 

s pecifica l ly, it is possible t hat t he i nves t igator failed to obtain t he 

optimum parallel alignment of the scanning slit and edge that he attemp-

ted to achieve. It was known from the microdensitometer instruction 

manual t hat a l x 300 micro-meter slit, measuring a 100 line/mm e.dge, 
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gives a 50% error in acutance from a mere 30 arc-second misalignment an-

gle. Although more than half of the total scanning time was spent in 

attempted alignment, it is possible that either a better alignment pro-

cedure should have been used, or else the scanning slit itself was not 

aligned with the index mark used for this purpose. 

One method of overcoming this problem might be to track the scan 

three times with rotation of a few seconds in either direction in addi-

tion to the center orientation. Only if the center orientation produces 

the greatest acutance of the three scans, and the rotation angles ap-

proach zero, can one be assured that optimum alignment has been achieved. 

This, however, could require a great many scans for each edge which would 

be impractical for analyses of numerous edges. It might be better to 

scan with a circular shaped aperture and accept the fact that the result-

ing scan is a poor representation of the vibrated edges. 

29 



V. CONCLUSIONS 

In order to bes t express -~::e conclusions of this study, it is ne-

cessary to provide a generalized listing of resolution degradations re-

sulting from the vibration test conditions, summarized from Tables I 

through IV . As this study is concerne d with the poorest results that 

might be expected from any test condition , the degradations l isted will 

pertain to the poorest recorded resolution values in either the x - or y-

directions, for each tes t condition . 

With the low contrast target, the static resolving power capability 

was found to be 67 lines/mm . The maximum degradation for the total in-

ternal as well as external exci tations were found to be as fo l lows: 

Exposure Time 
Test Condi tion 1 / 20 0 Sec . 1 /500 Sec . 

Total Inte rnal Vibrations 36 % 32 % 
External Vibrations : 
500 cps, l ow amplitude 28 % 28 % 
500 cps, high ampli t ude 28 % 24 % 
50 cps, low amplitude 40 % 32 % 
50 cps, h igh amplitude 32 % 28 % 
5 cps, low amplitude 43 % 36 % 
5 cps, high amplitude 84 % 64 % 

With the high contrast target , the static resolving power capability 

was fou nd to be 160 lines/mm . The maximum degradation for the total in-

ternal as well as external excit ations were found to be as follows: 
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Exposure Time 
Test Condition ·11200 Sec. 1/500 Sec. 

Total Internal Vibrations 41 % 41 % 
External Vibrations: 
500 cps, low amplitude 47 % 41 % 
500 cps, high amplitude 37 % 33 % 
50 cps, low amplitude 47 % 41 % 
50 cps, high amplitude 56 % 47 % 
5 cps, low amplitude 66 % 44 % 
5 cps, high amplitude 95 % 88 % 

The conclusions of this study are the following: 

1. High contrast images are more easily degraded by vibrations 

than are low contrast images. 

2. Internal vibrations of a camera system do cause rather large 

degradations of image quality. Furthermore, the internal vibration pa-

rameters will add to or subtract from external vibration parameters at 

random, the net result being dependent upon the phase angles of the 

various contributing (sinusoidal type) forces at the time of exposure. 

3. A single vibrating condition will produce serial photographs 

possessing a great disparity in image quality. For example, while un-

dergoing the same vibrations, one exposure could resolve 160 lines/mm, 

while the very next exposure could resolve 8 lines/mm. This disparity 

of results is particularly critical when the exposure time is quicker 

than the period of the vibrations acting on the camera system. 

4. Image quality degradation in the direction of flight on the 

photographs is somewhat independent from image quality degradation in 

the cross-flight direction. While both degradations are dependent upon 

the same vertical vibration accelerations, the same (Dz) vertical moment 

arm of unbalance and certain isolator characteristics, many contributing 

parameters are independent for the two directions. Some of the independ-
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ent parameters are the following: 

a. Independent vibration accelerations in the longitudinal 

and lateral directions (see Tables VI and VII). 

b. Different longitudinal (Dx) and lateral (Dy) moment arms 

of unbalance between the center of gravity of the camera and the elastic 

center of the isolation system (see section II). 

c. Different lo_ngi tudinal and lateral camera dimens ions and 

isolator spacings, as well as different isolator loadings. These fac-

tors contribute to different isolation system natural frequencies which 

significantly affect the different angular rotations which cause image 

quality degradation. 

5. Some medium and high frequency external excitations can actually 

improve image quality. This could be done by "breaking up" internal vi-

bration resonance or by balancing internal vibrations with out-of-phase 

yibrations of the same general frequency. It is also possible that the 

mass inertia of the camera, mounted on a low natural frequency isolation 

system, is such that the camera is physically incapable of following the 

path of the external vibrations at higher frequencies and amplitudes. 

(This would be similar to an automobile, with a low natural frequency 

suspension system, remaining fairly. steady while its tires are bouncing 

violently on a rough road.) The net effect is that an element of balance 

is achieved and resolution is improved : · 

6. Medium to low frequency vibrations can be extremely damaging to 

im_age quality. Resolution loss, as high as 95%, could be experienced 

from vibrations at the extreme range of expectancy for a photographic 

mission, with a related acutance loss of 93%. 
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7. Although increased exposure speed consistently improves image 

quality in a dynamic situation, the i mprovement in results is not as 

great as would be expected . The 2 1/2 time faster exposure times pro-

vided an average relative i mprovement in resolution degradation of 13.5%, 

with maximum relative improvement of 30% . 

8. Image sharpness, or acutance, varies directly with the resolu-

tion as degraded by vibrations. The proportionality becomes more pro-

nounced as image degradation increases as a result of stronger vibra-

tions. This conclusion is drawn, however, with the knowledge that the 

data contained limitations imposed by t he practical inability to obtain 

optimum orientation of t he scanning slit when scanning t he edges. 

9. Camera systems could definitely be designed so as to minimize 

the influence of vibrations; recommended improvements are listed in 

Section VI. 



VI. RECOMMENDATIONS 

In an attempt to lessen t he image qu2lity d egrad ing influence of 

vibrations on aerial camera systems, .the following recommendations are 

made. 

VI.l Existing Camera Systems 

It is assumed that any operator would use the largest aperture and 

fastest exposure time settings available for the film, lighting condi-

tions etc. The common sense rule for i mproved image quality with exist-

ing camera systems is to avoid turbu lent weather conditions and to avoid 

taking photographs if the camera operator can see the camera rocking or 

can feel strong vibrations under-foot . If these conditions cannot be 

avoided, any me chanical eng ineer could determine where to attach weights 

to the camera so as to move the center of gravity of the camera as close 

as possible to the elastic center of the isolation system. 

In all cases, the most expedient method of controlling i mage. de-

gradation would be to have the camera operator hold the camera as steady 

as possible with his hands . The human body remains the best shock ab-

sorber known to man . 

VI . 2 Future Camera Systems 

The following principles should be followed in the design of future 

aerial camera systems. 

1. The camera body should be a ttac hed to the mount in such a way 

that the center of gravity of the camera with loaded magazine falls in 
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the same horizontal plane as the center of the vibration isolators. 

2. Heavier internal components should be located so as to bri_ng 

the center of gravity of the system as close as possible, as permitted 

by other design requirements, to t '--_e elastic center of the vibration 

isolators. 

3 . I f the isolators receive different loading , the spring constants 

and damping factors should be carefully matched to each other. 

4. Isolation systems with low natural frequencies should be used. 

5. Faster exposure time capabilities should be developed, providing 

shutter efficiency is retained. 

VI .3 Future Study 

It is recommended that studies of this general nature be performed 

and expanded to analyze the effects of vibrations on the Modulation 

Transfer Function as well as t he effects on image quality parameters at 

off-axis positions of the format. 
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VII . FIGURES, GRAPHS, and TABLES 
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Note: 
All Dimensions 

Vibration Isolators are in mm. 
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Figure 1 - Diagram of Zeiss RMK AR 15/23 Camera 
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Figure 2 - Characterist ic Curves of Vi brachoc I s olator s 
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Figure 3 - Aircraft Vibration Simulator 

Figure 4 - Light Source, External Shutter and Collimator 
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Figure 5 - Transducer Assembly for Internal Vibration Recording 

Figure 6 - Vibration Recording Equipment 
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Figure 7 - External Operation of Vacuum Motor 

Figure 8 - Transducer Assembly for External Vibration Recording 
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Figure 9 . Mann- Data Micro- Analyzer with Auxiliary Equipment 

Scanning Distance = 120 µm 

Edge 
Scanning Scan 
Direction Pattern 

'----Edge to be scanned 

'-------- 3 x 502 m scanning slit, center ed on 
and parallel to edge to be ~canned 

~-------------- StarT of scan 

Figure 10. Diagram of Scanning Procedure 
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4 3 1 1 1 1 2 6 
1 2 3 

3 8 3 l 

34 4 
3 

30 5 
1 

27 

Tota l s 5 5 5 5 3 3 20 20 20 20 5 5 3 3 2 0 2 0 20 20 

Not e: Reso lution va lues i nd icated are the only values possible f rom the tar -
gets t hems e lves . Any number written on a line between r esolution va: -
ues indicates t he number of t imes t hat one observer re corded t he h igher 
val ue while the other obs erver recorde d t he l ower value . 
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TABLE II - LOH CONTRAST TARGET 
l!UMBEP. or PHOTOS \-/ITH Y- DI RE: CTIO" Fi:SCi:,UTIO~:s INDICATED 

1/ 200 Sec . exposure time 2. 1 :, CO Sec. exposure time 
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48 2 3 · 2 3 1 2 6 5 7 1 1 3 5 2 4 2 
2 5 2 1 1 1 1 

43 1 l 1 1 1 
1 1 1 4 
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34 1 
1 

30 1 
1 
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.l 
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19 3 
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13 
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Totals 5 5 5 5 3 3 20 20 20 20 5 5 3 3 20 20 20 20 
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NUMBER OF 
TP.3LE III - HI GH COlJT R.\ST TARGET 

? H0TOS \-/IT:l X- DiiECTIO:: RESOLUTIO!'I S I NDICATED 

1/200 Sec. ezposure time 1 /50 0 Sec . exposure time 
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TAELE IV - f-LLGH CQN~?-.A ST TAP.G:::T 
NUMBER 0 : PHOTOS WITH Y- DI?EC:TIC'.: P.ESOLUTIOl;S P!DICAT:C: D 

1/200 Sec. 1:::xcosure time 1/500 Sec. expo s ure time 
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TABLE V 

Resolution in lines /mm Mea'l.1 Ac1..:.t2r:. :i.e z. 10 4 Sa:nple size 

160 28. 71 l 
151 2~ .. GO 2 
143 25.39 2 
133 2Lf. 66 3 
127 21. 59 6 
120 27.00 6 
113 23.86 6 
107 23.30 12 
1 01 24.51 2 

95 23.16 15 
90 31. 80 2 
85 24 .58 6 
71 22.17 1 
67 11. S~- 3 
63 5 .17 1 
60 10.88 8 
57 12 .27 8 
53 12.70 14 
50 12.08 6 
48 13.06 17 
45 12.86 4 
42 12 .68 5 
40 9.90 3 
38 11. 82 2 
28 8 . 86 2 
24 8.62 1 
19 4.95 1 
10 4.49 1 

8 2.23 1 
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TAB LE VI 
EXTERNAL VIBRATI ON DATA 

FOR EXPOSURES OF LOW CONTRAST TARGET 
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TABLE VII 
EXTERNAL VIBRAT I ON DATA 

FOR EXP OSURES OF HI GH CONTRAST T,ll_~GET 

Frequency 
(cps) 
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APPENDIX A 

USAF Resolving Power Test Target With Calculations 

The USAF Resolving Power Test 
,' 

Target, as shown, consists of 10 tar- \ RESOLVING POWER TEST TARGET 
get groups, every two target groups -2 -I 
forming a square. There are 5 

squares of different size, the smal-

ler squares being inside the next 

larger ones. Every target group 

consists of 6 target elements. 

The groups are designated by 

2 § Ill O W1~~ 
3 = 111 i!P~ 11lt W1~ - 111 ::: ,~iii 111~4 Ill= 504 111 =•- -111 -- '= 111:B Ill= 6 

5 =Ill ~2· 
6 :: Ill 111 = I 

group numbers k. For example, -1, USAF· 1951 

O, +l, +2 and +3 in the range ob-

served for this study. The elements are designated by element numbers 

n; n is equal to 1, 2, 3, 4, 5 or 6. The dimensions of the elements are 

such that the element number n within group number k represents a re-

solving power of 
n-1 

(k + -6-) 
R = 2 lines/mm. 

The resolving power of elements having the same element number, but 

belonging to groups of subsequent group numbers differ by the factor 2. 

Within a group, the resolving powers in subsequent elements differ by a 

factor 1.122, equal to the sixth root of two. 

Because the scale of the target is reduced at photo scale by the 
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ratio of camera constant divided by collimator constant, any ta_rget pat-

tern read at photo scale would actually represent a resolving power of 

Rx 80 11 /6 11 • 

The following target element numbers, within the range observed for 

this study, represent the resolution values in lines/mm observed at photo 

scale. 

Group Number (k) 

Element No. (n) -1 0 +l +2 +3 

1 7 13 27 54 107 

2 8 15 30 60 120 

3 9 17 34 67 135 

4 10 19 38 75 151 

5 11 21 43 84 169 

6 12 24 48 95 191 
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APPENDIX B 

Characteristics of Kodak Panatomic-X S0-136 Film 
TYPE S0-136 

IJ•N. 11111) 

KODAK Special PANATOMIC-X Aerial 
Film, Type S0-136 (ESTAR Base) 
Intermediate speed; high dimensional stability for mapping 

BASE: 4-mil EsTAH polyester with dyed gel backing 
SENSITIVITY: Panchromatic with extended red sensitivity 
RMS GRANULARITY VALUE: 19 (Processed in K ODAK Developer D-19 for 8 minutes 

at 68 F and read at a net density of 1.0) 
RESOLVING POWER: 186 lines/mm at T .O.C. 1000:1 (D-19) 

65 lines/ mm at T .O.C. 1.6:1 (D-19) 
SAFELIGHT: Tola/ darkness required. A KODAK Safelight Filter, WRATTEN Series 3 (dark 

green), in a suitable safelight lamp with a 15-watt bulb can be used at not 
less than 4 feet for only a few seconds after development is half completed. 

AERIAL EXPOSURE INOEX: Daylight-20 
(Based on normal development of 8 minutes at 68 Fin D-19) 

FILTER FACTORS: WRATTEN Filter No. 12 No. 25 
Factor 2.0 4.0 

1.0.------------------------,SPECTRAL 
SENSITIVITY 
D-19 
D• 1.0 
grou fog 

T.01.----'---.....L.----'---..____.......___~---
400 450 500 550 WJ 650 700 7YJ 

WAVELENGTH (m•) 

I- i--, I 
MODULATION " I 

TRANSFER CURVE 
I 'r-.. 
1 

~ I 11::0DAK D-t9, I lfflf'I ot 61 f 120 C) '\. 
W'loS.~fricMod-M 

10 I 
I a, 

J 
2 l .S 7 10 20 JO ,o 70 100 200 

1'A1W...at.e«:Yl<-,d,,o/-) 

RECIPROCITY 
CHARACTERISTICS 
0-19 
D • 1.011tove 
llrNlfoS 
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SENSITOMETRIC CURVES 

.------------------.J.6 
llluminont: Da ylight illvmiftonl· Doyl,ghl 

o.,,.lopm,arit: 0,76 ot 68 f ift S.n1itometric Mochi~ 0.-,.k>Pf"ltnl: 0 ,19 at 68f"' 
S.nwtOl'fte"t< Moch,~ 

1.2 

,Q .a 

.. ,A 

1.0 LOG EXPOSURE 0.0 0.0 

TIME-GAMMA CURVES 
llhnainaat: Daylight 

2.s.--------------, 
2., 

S 10 IS 20 
TIME Of OEVE.Of>MENI (MINUTES) 

.. 

EASTMAN KODAK COMPANY • ROCHESTER, N. Y. 14650 
Department GS . . 

Section 19 - Data Shccu 6-66 Minor Revisio n 
L-IPS-Bd 

KODAK Publication No, M•l18•N UHITIID 
~ftlHTED IN THI 

eTATl:a OP' AMIUIICA 
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APPENDI X C 

Pr6b2b i lity Calculat i ons 

The underlying obj ec ~.:.. v -' of t he extern- 1 vibrat ion phase of this 

study is t o de termine empirically what maximum i mage degradation coul d 

result from each applied test condition. While it would be desirable t ,o 

take exposures at that instant of the vibration cycle when _image velocity 

on the focal plane i s the greatest, t here is no practical means of achiev-

ing such precisely t i med exposures . For this r eason , t he rules of pr oba-

bility theory ar e applie d t o i ndicate the approximate probability that at 

least one of many exposures is taken at a time when image motion will be 

near to its maximum value. For this experiment, it was determined t hat 

image motion , exceeding 90% of its maxi mum possible value during the per-

iod of the exposure , would be perfectly acceptable in determining empiri-

cally how much degradat ion could be expected. Therefore, in t he follow-

i _ng formulas, a successful event will be considered as an exposure being 

t aken during which the i mage quality degradation recorded on film was the 

result of i mage motion which exceeded 90% of maximum image motion for the 

exposure time being used. 

The probability formulas used herein are taken from page ~2 of 

Cramer [9]. 

p = probability of a s uccessful occurence of an event 

q = probabilit y of an event failur e= 1 - p 

n = the nu~~e~ of possible events , each having the same probability 
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of success (p) and failure (q) 

The probability of failure in all n events is equal to qn = (1-p)n. 

The probability of success in at least 1 of n events= 1 - qn. 

For a simple harmonic (sine wave type) of vibration with a single 

degree of freedom, the probability that the vibration at any instant is 

greater than 90% of peak velocity equals that percentage of time that 

the cosine function is greater than 0.9 in absolute value, which is 

about 28.7% of the time. Thus pin this case equals 0.287, and q equals 

0.713. If n is taken as 20 exposures, then the probability of at least 

1 of 20 exposures producing a successful event equals 1 - (0.713) 20 

equals 0.9988 or nearly 100%. 

However, as was mentioned in Section II, the maximum torque in the 

XZ plane, which produces the maximum x-direction image motion, is caused 

when the Fx and Fz forces are both maximum in the same (clockwise or 

counterclockwise) direction about the center of gravity. Thus, the pro-

bability of near maximum torque is dependent on combined maximum condi-

tions of two cosine functions simultaneously acting on the system. 

The probability, for a single exposure, of both cosine functions 

exceeding 90% of maximum values in the same direction, equals (1/2 x .287) 

x (1/2 x .287) = 0.206 for a clockwise torque and 0.206 for a counter-

clockwise torque. In this case p = 0.0412, q = 0.9588, and the probabil-

ity that 1 of 20 exposures will be successful equals 1 - (.9588)20 equals 

.5686 8 or about 57%. 

This latter example would produce the probability percentage of in-

terest if both Fx and Fz equally contributed to the degrading torque. 

Fortunately, this is not the case as Fx acts with a moment arm of about 
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130 mm, while Fz acts with a moment arm of about 17 mm ( ±7 mm dependi_ng 

on amount of film on spools). In the YZ plane, Fy acts with a moment 

arm of about 130 mm, while Fz acts with a moment arm of 10 mm. These 

moment arms (referred to as distances Dx, Dy and Dz in Section II) can 

be computed from the dimensions of Figure 1, assuming the elastic center 

to be at the geometric center of the three isolators. 

While the exact probability determination would be computed by in-

tegrating a probability function with components of differing we_ights, an 

approximate solution is sufficient for this study. 

One can consider the first example above to be a case where Fx acts 

on a Dz moment arm of 130 mm, while Fz acts on a Dx moment arm of zero. 

The probability of one of 20 events being sucdessful then equals 99.9%. 

The second example above would be equivalent to both forces acting 

on moment arms of 130 mm; here, the probability of one of 20 events being 

successful equals 56.9 %. 

Although intermediate solutions would be non-linear, they can be ap-

proximated by linear interpolation between these two extremes. Using 

Dx = 17 mm, the probability of one exposure of 20 being successful equals 

94.4%. Using Dy = 10 mm, the probability of one exposure of 20 being 

successful equals 96.7%. 

In summation, the probability is about 94% that x-direction image 

degradation, for the poorest quality photograph of 20 taken under the 

sam·e test condition, exceeds 90% of maximum possible i mage degradation 

for that test condition. Likewise, the probability is about 97% that 

they-direction image degradation, for the poorest quality photograph 

59 



of 20 taken under the same tes t condit i on, exceeds 90% of maxi mum poss i -

b l e image degr adation for that test condi~ion . 
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APPENDIX D 

Resolution Prediction 

For the s··c:c·c:1ger vibr2. (._ ,:,;:s , where :..,..,esolution degradat ion is in ex-

cess of 20%, Wernicke [10] found that resolution degrades quadrati cally 

in accordance with the formula 

l where :
-:! = 

/R 

R = degraded resolution value caused by vibrations, in lines /mm 

Rs = static resolving power capability , in lines/mm 

S = i mage mot ion during exposure, in mm 

However , Wernicke did not study an aerial camera system, nor is 

Lhere an easy way to measure how much i mage motion is obtained from vi-

~ration par ameters norma_ly knowu. 

If one knew the angular rotation, made about t he perspective center 

in either major direction from the principal axi s of the lens, one could 

.2ter mi ne the ,naximum ai-nount of image motion during any exposure. If G 

is the single ampli t ude camera rotation angle (in radians) in any plane 

of interes t, and t he camera constant= 150 mm , t hen the image of a point 

on the principal axis would move back and forth from i ts centraJ.. location 

with a single amplit ude i mage motion of A = 150 mm x e (since G is qui te 

small) or a total movement of 2A. However, an exposure wh i ch is quicker 

than the period of a low frequency vibration (which causes greatest image 

degradation) will on_y r ecord a fraction of the total image motion. The 
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product of vibration frequency and exposure time yields that fraction 

of the image motion cycle during which image motion is recorded. If . 

that fraction of the total image motion cycle is called a, then maximum 

image motion is recorded when the exposure starts at a/2 before the 

central position and ends a/2 beyond that position. 

For example, consider a camera with focal length of 150 mm, a 

shutter speed of l/200th second, a vibration frequency of 5 cps which 

produces a single amplitude angular rotation of 0.00962 radians back and 

forth about the principal axis of the lens. A= 150 mm x .00962 = 

1. 44 mm; but image motion is recorded only during 1/200 x 5 = l/40th of 

a cycle. a = 1/40 x 360° = go; a/2 = 4. 5° 

Considering the maximum image 

motion as the projection of rotating 

vector A on the focal plane, the 

maximum image motion during a 1/200 

second exposure: S = max image 
motion duringS = (2)(A)(sin a/2) 1/200 sec. exposure 

= (2)(1.44)(sin 4.5°) = .226 mm. 

The value of S found in this manner could then be inserted in the 

quadratic formula of Wernicke; however, the angle 9 in the plane of 

interest is still an unknown. 

Casper [5], nevertheless, provides an idealized method of obtaining 

the angle 9 in any plane of interest, from parameters which are either 

known or can be computed or measured. Casper's approach will be listed 

below, with modifications to adjust his idealized method into a more 

general approach. 
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8 = T d x Gr where T d is the disturbi_ng torque due to displacement 

of the center of gravity from the elastic center of the isolators; and 

Gr is the isolator rotational transfer function . These terms are com-

puted as follows: 

Td = (ac . m . d) where: 

= camera vibration acceleration= af x Gta 0 

af = external vibration acceleration 

Gt= isolator translational transfer function 

m = camera mass= camera weight/acceleration of gravity 

d = moment arms of disturbing forces 

In the diagram of section II, it can be seen that force Fx (caused 

by the camera mass multiplied by the camera acceleration in the x-direct-

ion) multiplied by the moment arm Dz produces a counterclockwise torque 

about the elastic center, as does the force Fz multiplied by moment arm 

Dx. At this point, all parameters would be known except Gt and Gr. 

Gt = Xe = . ( 2st/Wnt)f + 1 
xf (1/w )2£2 + (27; /w )f + 1nt r nr 

Xe = double amplitude camera displacement (meters) 

Xf = double amplitude external vibration displacement (meters) 

e = single amplitude camera rotation (radians) 

Td = disturbing torque (Kg/m) 

L = effective spacing between isolators in plane of interest (meters) 
/ 

Wnt= natural frequency of isolator system in translation (rad/sec) 

(radians/second) 
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r = radius of gyration in direction of interest (meters) 

kt = translational spring constant of isolator (Kg/meter) 

kr = 0.5ktL2 (Kg/meters) 

damping factor of isolator system in translation (unitless)Z::t = 
o.s LZ::tlr damping factor of system in rotation (unitless)z;;r = = 

m = camera mass (Kg-sec2/meter) 

The external vibration displacement and frequency are the input 

vibration parameters for which image degradation is to be predicted . 

The various spacings should be known from the camera design diagrams . 

The translational spring constants and damping factors of the iso-

lators should be known from design data provided by the manufacturer . 

At a minimum, one would need a load-deflection diagram for the isola-

tors, such as that shown at F_igure 2. The spring constant is equal to 

the slope of the load-deflection curve at the point of loading. The 

individual isolator loads can be computed by moment analyses, as dis-

cussed in paragraph 3.4 of Beer and Johnston [11] or any Statics text-

book. The damping factor is computed from isolator characteristic curve 

data as indicated in section VII of Pepi [12]. If these curves ar~ not 

available- one could use a value of 0 . 2 and be fairly close to the value 

for t he normal underdamped system. Errors in z;; have a very slight effect 

on the computed value of 8. 

A moment analysis of the camera system used in this test was made. 

Considering a total weight of 90 Kg carried by the vibration isolators, 

with half a roll of film on either spool, the forward isolator carries 

a we_ight of 24. 9 Kg, the left-rear isolator carries a weight of 34. 9 Kg, 

and the right-rear isolator carries a we_ight of 30. 2 Kg. The non-linear 
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spring characteristics, and the unequal loadi_ngs, indicate that each 

spring has a different spring constant. From Figure 2.1, these spring 

constants are found to be approximately 9890, 24940 and 17270 Kg/meter, 

computed as the slope of the load-deflection curve at the weights carried 

by the isolators. 

The characteristic curves of Figure 2.2 are for a 5 Kg loaded sin-

gle degree of freedom system . Note the differences in the three curves. 

The vertical curve is smooth because the vertical movement is in the free 

direction. From Figure 2.1, it can be seen that the spring constant at 

5 Kg is about 2040 Kg/meter. Since the natural frequency for a single 

degree of freedom system equals ~kt/m, the natural frequency in the ver-

tical direction is found to be 63,2 radians/second or about 10.l cps, as 

shown in F_igure 2. 2. 

The lateral and lo_ngi tudinal directions, however, have two natural 

frequencies. These are explained in section VII of Pepi [12]. Any at-

tempt to restrict a system to a single degree of freedom is never fully 

achieved. Slight secondary degrees of freedom nearly always exist, which 

would allow slight movements in the longitudinal and lateral directions. 

Any direction in which an element of unbalance exists will have two re-

sonant frequencies, from which natural f requencies are derived. The one 

lower in frequency is called the lower rocking mode, and the other is 

called the h_igher rocking mode. 

Since most camera systems have 3 principal and 3 secondary d_egrees 

of freedom, there will be 3 lower and 3 higher rocking modes. The equa-

tions of motion for thos-e modes are computed as indicated in chapter 3 

of Tse, Morse and Hinkle [13]. If instrumentation is available a better 
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method would be to determine the natural frequencies experimentally, as 

explained in section 2-11 by the same authors. Use only the 3 lower 

natural frequencies in the formulas by Casper if the isolators are stiff 

enough to strongly resist translational movement in the x and y direc-

tions and rotation about the z axis. 

The radius of gyration in each direction is computed from fflm, 

where I is the moment of inertia for the direction of interest, as com-

puted by Beer and Johnston [11], page 321, or by numerous mathematics or 

engineering texts. 

While this detailed analysis of resolution prediction might appear 

cumbersome, there is much to be learned from the equations, particularly 

for the purpose of camera des_ign. 

The major point to be observed is that vibrations would be no pro-

blem whatsoever if the center of gravity of the camera system were de-

signed so as to be located very close to the elastic center of the iso-

lators. 

Even with current unbalanced systems, weights could be applied (sim-

ilar to tire balancing weights on automobiles) to the camera so a$ to re-

locate the center of gravity closer to the elastic center. 

Rocking motion of the camera system could be "broken up" by other 

simple methods, such as by steadying the camera with the hands of the 

camera operator. 

Spacings between isolators should be the maximum practical within 

space limitations. 

Vibration isolators should have low natural frequencies with strong 

damping factors. 
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Increased shutte~ soeed is the best ove~all weapon against image 

motion. 
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Appendix E - Methods of Acutance Determinations 

Figure E.l - Normal Computational Method 

Acutance = Gx2/ DS where: 

DS is the density difference 
between points A and B along 
the curve where the gradient 
till/W.. = .oos. 

DS Gx2 = E(6D/6X) 2 

0 n 
:>, 
+' 
•rl 

{/J 
i:::: 
(1) 

0 

which is the mean square of 
the gradient taken at n equal 
intervals of X between points 
A and B. 

Granularity 
"noise" "step" 

X - Direction of Scan 

Figure E.2 - Lease Square Curve Fitting 
Method 

D Acutance computed from same 
formula as above; however 
density values computed from 

-t-1 -----------D = Hyperbolic tangent (X) 

as fit to observed density 
values by the use of trans-
lational and scaling para-
meters in both directions. 

X 

D = Tanh (x) 

-1 
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The acutance of all e.dges was initially computed using the acutance 

formula expressed in Figure E.l on the previous page. Unfortunately, it 

was difficult to decide where the points A and B occurred, because it 

was hard to distinguish gradient steps from granularity noise, both of 

which caused the gradient to be less than • 005 and even n.egative. These 

factors had to be distinguished from each other because gradient steps 

are on the part of the curve over which the acutance is to be determined, 

while granularity noise is outside of the limits imposed by points A and 

B. Differing opinions as to where the cut-off points A and B occurred 

caused 30 - 40 % differences in acutance values. 

In order to instill complete objectivity into the acutance deter-

minations, a computer program was written to fit the density VS scanning 

distance data to an arctangent curve, which has the same general sigmoid 

shape. It was desired to obtain the parameters of the best fitting 

smooth curve thro.ugh the procedures of least squares. One would then 

compute the acutance from the smooth curve where points A and B would 

be determined objectively. 

In order to do this, it was necessary to translate the origin of 

the density (D) and scanning distance (X) data to the center of the s.ig-

moid and then scale the data separately in the X and D directions. This 

was done by the method of observation equations initially, as explained 

on page 51 of Uotila [14]; with this procedure all four parameters 

(2 translational and 2 scaling) were considered as unknowns to be deter-

mined. Because of complications involving correlation of the scaling 

parameters, these two parameters were estimated and treated as weighted 

observations, and a combination observation/condition equation method 
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was used, as explained on page 55 of Uotila [14]. Since there was no 

justification for estimating only 2 of the 4 parameters, all parameters 

were estimated, weighted and a least square adjustment was performed 

using the method of condition equations, as explained on page 53 of 

Uotila [14]. 

A variety of weighting techniques were used, but none of them pro-

duced a very good fit of a curve to the data. It was then decided to 

perform the procedure using the hyperbolic tangent curve. The hyper-

bolic tangent curve, shown in Figure E.2, has the same basic sigmoid 

shape, but would be more responsive to curve fitting techniques, because 

hyperbolic trigonometric functions are exponentially formed (reference 

page 224 of Selby [15]). 

The hyperbolic tangent function, using the method of condition 

equations, provided the best fit of all procedures attempted. Most of 

the acutance values agreed, within about 25 %, with the acutance values 

determined by the normal computational method. However, those scans 

with pronounced edge effects were found to produce a very poor fit to 

the data; furthermore, some of the acutance values by this method dis-

agreed with the normal computational method values by more than 100%. 

The fallacy of the whole curve fitting technique appears to be that 

the mathematical models used are not adequate representation of the data 

for which an artificial fit was desired. Since the edge effect 
0 

s belong 

on the traces, and should not be eliminated by artificial smoothing, 

there really is no reason why the data should fit the design curves of 

the mathematical models. 

The curve fitting technique was abandoned, and a procedure was de-

70 



veloped to objectively determine points A and B for use with the normal 

computational method of acutance determination. It was decided to mean 

the last 5 density values at either end of the scan so as to determine · 

a leveled-off density value in the granularity noise area beyond the 

edge effects. Gradients less than .005 falling between these leveled-

off density values were considered as gradient steps, and outside these 

values were considered as the points A and B. Thus, a quasi-objective 

technique of acutance determination was achieved. 
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