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A BST RACT: The description, operation, and accuracy of the three basic optical
instrumentation systems in use at the A ir Force j1![issile Test Center for obtain
ing missile trajectory information are discussed. These are the Ballistic
Camera, the CZR-l Fixed Camera, and the Askania Cine-Theodolite. The
present philosophy for using optical systems to obtain missile position data is
that of Intersection Photogrammetry. A discussion of this concept, together with
the associated error propagation. both random and systematic, is also presented.

INTRODUCTION

T HERE are basically three metric opti
cal instrumentation systems in use at

AFMTC for obtaining missile trajectory
data. These are the Ballistic Camera, the
CZR-l Fixed Camera, and the Askania Cine
theodolite. These cameras are fundamentally
triangulation instruments and are primarily
used to obtain the spatial posi tion of the mis
sile along its trajectory at particular instances
of time. From this position data it is possible
to derive velocity and acceleration informa
tion. In addition, both the Fixed Camera and
Cine-theodolite are used to obtain attitude
data: the pitch, yaw, and roll of the missile
in flight. The ballistic camera system by vir
tue of its being the only range instrumenta
tion system to be sensibly error free (having
the systematic error less than the random
error), can also be used as a range calibration
system; to calibrate or remove the system
atic error from any other system of range
instrumentation. This procedure is currently
being used with the Azusa System.

The present philosophy for using optical
systems to obtain missile position data is that
of In tersection Photogram metry. I n essence,
this concept requires first the independent
orientation of each camera to be used in the
triangulation net; and second the determina
tion of the most probable spatial position by
the intersection of directed rays from each of
the separate camera stations, considering the
orientation to be error free. Rigorous mathe-

matical adjustment procedures based upon
the Theory of Least Squares are used
throughout all computations, and the propa
gation of error by co-variance analysis tech
niques indicates the accuracy of the reduced
data. Associated with the reduced position
point is the error ellipsoid in space caused by
the uncertainty of the adjustment. The mag
nitudes of the three semi-axes of this error
ellipsoid are a function of the geometry of the
triangulation net, and of the random error of
the fundamental measurements. Thus there is
available the GDOP (the Geometric Dilution
of Precision).

Geometry is a consideration of the location
of each camera station with respect to the
position point of interest, the slant range from
each camera to that position point, focal
length of each camera, direction of the optical
axis of each camera, and primarily the angle
of intersection of the rays in space. The ran
dom error of the measurement, called the
reading error, is a function of the quality of
the image to be measured, the instrument
used for the measurement, and the operator
making the measurement. The compensation
for systematic error effects is accomplished
through the use of a mathematically estab
lished error theoretical model. Comparison of
the estimate of the variance resulting from
the adj ustmen t with a pre-established esti
mate called the unit variance gives a mini
mum indication of any residual systematic
error effects.

* Presented to the Range Users Conference of the Atlantic Missile Range, 6 and 7 January, 1960.
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FIG. 1. Mobile CZR camera with operators.

The most important contributor to system
atic error of the reduced position point is
the oricntation of each camera in the triangu
lation net. The orientation of the optical axis
of the individual cameras can be established
by any of several methods. The most accu
rate method utilizes photographs of the stars
at a particular instant in time; time of expo
surc is determined to an accuracy of 0.001 sec
ond. The orientation is performed by re
establishi ng the directions to the stars by
means of a least sq uares adj ustmen t. The
star orientation method is one of the most im
portant contributors to the high accuracy of
the ballistic camera system. The second most
accurate method of orientation utilizes photo
graphs of ground surveyed target boards. As
with the star technique, the directions to the
target boards are re-established by means of a
least squares adjustment.

These mathematical adj ustmen t tech
niques directly orient the negative plane with
respect to the base coordinate system, elimi
nating many error considerations of the cam-

era and mount. The least squares adjustment
results in an indication of both the random
and systematic errors of the camera orienta
tion.

The least accurate of the three orien tation
procedures is that using dial readings to de
termine the orientation angles of rotation. As
the name of the method implies, the only
things that are exactly and directly deter
mined are the readings of the dials. Any simi
larity to the actual orientation of the nega
tive plane is sometimes only coincidental;
and is a direct function of the design and
manufacture of the instrument itself. Among
the many problems to be considered are: mis
level of the instrument, misperpendicularity
of the axes of rotation, standards errors, col
limation errors, dial graduation and eccentric
ity errors, and so forth, to name only a few.

THE CZR-l FIXED CAMERA SYSTEM

The CZR-l Fixed Camera is a modifica
tion of the RC-2, Bowen ribbon-frame cam
era developed by Dr. Ira S. Bowen at thc

FIG. 2. CZR camera on mobile mount.
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California Institute of Technology. The cam
era utilizes 5t inch ,\"ide roll film passing over
a cylindrical drum focal-plane. The shutter is
an open slit in a second cylindrical drum ro
tating around the film drum and having a
focal-plane shutter effect on the surface of
the film. Both the film drum and the shutter
drum rotates at a constant, although differ
ent rate. By varying the number and location
of the shutter slits, a varied rate of 30, 60, 90
or 180 frames per second can be obtained.
The height of each frame decreases with in
creased frame rate; the dimensions are 0.90,
0.45, 0.30, and 0.15 inch respecti vely for the
above frame rates.

The camera is operated in a position of
fixed orientation selected to obtain maximum
coverage over the desired portion of the tra
jectory. The precision 3-axis mount allows
for rotations in azimuth, elevation, and roll.
Interchangeable lenses of 5, 7, and 10 inch,
nominal focal-lengths are fitted to the cam
eras. Film measurements are made to 3
fiducial crosses which are internally projected
onto the film, and which define the film co
ordinate system. Timing data are indicated
along one edge of the film by a 1000 cycle-per
second flashing bulb. Ful1 second time is indi
cated in binary code.

In normal operational use, orientation of
the CZR-l camera may be performed by
using target boards, dials, or a combination
of the two methods. Triangulation is per
formed using 2 through 4 camera combina
tions with the best geometry obtainable un
der ordinary field conditions. Systematic
errors for this system are normally considered
to be 20 to 40 seconds of arc usi ng target
board orientations, and 180 to 240 seconds of
arc using dial orientations. In actual opera
tion the errors of the system are practically
dou bled. On the other hand, the system has
an ul timate accuracy capabili ty of 10 seconds
of arc or better. This value was established in
an earlier test using star orientations and re
construction of the directions of rays to the
stars.

Why this tremendous discrepancy factor
of 50 between the theoretical capability, and
the actual operation of the instrument? This
becomes the story of the systematic errors in
the system, and as stated earlier, the major
source of systematic error is in the camera
orientation. The 10 second of arc capability
was determined in the field under the most
optimum of operating conditions: 1) Star ori
entation of the negative; 2) stabilized at
mospheric conditions over a short period of
time; 3) no time delay between orientation

FIG. 3. Askania Cine-theodolite
r;( ll1cra wi th opera tors.

and reconstruction of direction, since the
same negative frame was used for each phase
of the test; 4) automatic compensation for
residual refraction errors; 5) orientation of
the entire negative and reprojection of the
rays within the projective orientation bundle;
6) reprojection of the rays within the distance
limits of the orientation; 7) optimum star
images for measurement. Compare these con
ditions with those existing for normal opera
tions: 1) dial orientation, the least accurate
method; 2) unstable atmospheric conditions
over extended periods of time; 3) extreme
time delay between orientation and opera
tion, daytime orientation and nighttime
shoot; 4) extreme differences in atmospheric
conditions and incomplete refraction com
pensation. This comparison could continue
indefinitely if desired, but this will convey an
idea of the si tuation.

THE ASKANIA CINE-THEODOLITE SYSTEM

The Askania Cine-theodolite is a precision
tracking instrument manufactured by the
Askania Werke GMBH of Berlin, Germany.
The present system was designed approxi
mately 30 years ago for prime use in bomb
drop trajectory studies and similar opera
tions.

The pulse type camera uses 35 mm. film
stored internally in the instrument on 100 ft.
spools. Like any optical theodolite, the instru
ment is used to measure horizontal and verti
cal angles (azimuth and elevation) of a line of
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FIG. 4. Wild BC-4 camera on
pedestal, right front view.

sight. Two operators track an object along
the path of a flight trajectory using exterior
sighting telescopes. The primary telescopic
objective acquires the recorded data. The
camera photographically records the object
in flight, together with the azimuth and ele
vation dials, at specific time intervals. With
the measurements obtained from two or more
instruments at different ground positions, it
is possible to determine the spatial position of
the object being tracked. The AFMTC Cine
theodolites operate at a rate of 4 frames per
second. The film format size is 56X35 mm.
The dial readings are projected to the upper
left and right corners, and daytime fiducials
appear at the center sides and center top of
the frame. Nighttime fiducials appear in the
dial reading blocks. A 24 inch focal-length
lens is normally used with the instrument.
Timing marks and frame number appear on
each frame.

Triangulation with the Cine-theodolite sys
tem does not explicitly utilize the orientation
of the instrument, but rather uses the direc
tion of the ray in space to the object being
tracked. This direction is determined by ap
plying a tracking correction (as determined
by film measurements) to the azimuth and
elevation of the optical axis as read from the
dial recordings. The random error of the
measurements is considered to lie in the abil
ity of the operator to interpret these dial re
cordings. The potential angular accuracy of
the Askania Cine-theodolite is 5 to 10 seconds
of arc, which is the random error of the exist-

ing system. Current use of the system at
AFMTC indicates an operating accuracy of
about 30 to 40 seconds of arc.

The systematic errors of the system are
those listed above for any dial orientation of
an optical instrument. For the Cine-theodolite
it is a simple enough procedure to eliminate
the effects of the systematic errors through
proper calibration techniques. The mathe
matical model to effect the calibration can be
established by pre and post operation expo
sures on both the stars and a series of target
boards. Calibration coefficients can be deter
mined by a least squares fit of the directed ob
servations to the true directions of the stars
and target boards. Of course, all that is re
quired for proper operation of this technique
is optimum distribution of stars and target
boards for both day and night operations.
Certain operating difficulties are confronted
at AFMTC with providing stars in the day
time and target boards out to sea.

THE BALLrSTIC CAMERA SYSTEM

For the discussion of the Ballistic Camera
System, the reader is referred to the paper,
"Precision Photogrammetry in Missile Test
ing," by Duane C. Brown, PHOTOGRAM
METRIC ENGINEERING, Vol. XXV, No.3,
June 1959, pp. 372-376.

CONCLUSIONS

A major disadvantage of optical data is the

FIG. 5. Wild BC-4 camera on
pedestal, right rear view.



OPTICAL SYSTEMS AND THE BALLISTIC CAMERA OPERATION 55

extended time cycle between the missile test
operation and the publication of the final re
duced data. Under present operating condi
tions the time cycle for optical data reduction
is in excess of 7 to 10 days. For the future,
consideration is being given to a 6 hour bal
listic camera reduction; this will be accom
plished by plate processing and reading in the
field, and the data transmitted to the com
puter center for reduction. Also being con
sidered for the near future is a 72 hour CZR
Fixed Camera reduction, which together with
the 72 hour Azusa reduction will present an
entire missile trajectory. The shortened Fixed
Camera reduction will necessitate only a re
vision of current operating procedures such as
ready availability of overtime man hours,
immediate-upon-call computer utilization,
and release of data in tabular and/or tape
computer output form rather than in a fin
ished report.

The problem of increasing the accuracy of
the Fixed Camera and Cine-theodolite sys
tems is within the capability of the existing
state of the art. Mainly required is a re-eval
uation of current operating conditions and
the expenditure of a minimum in time, effort,
and funds. It becomes the responsibility of
the data user to establish realistic accuracy

The Implementation of the
Integrated Mapping System *

requirements based upon the needs of his par
ticular systems, rather than upon the ability
of the range to supply the reduced data. Then
the justification exists for expending that
which is necessary to increase the accuracy of
the systems.

At this point, some thoughts will be ex
pressed on the concept of Experimental De
sign in missile testing. A missile test launch
is a complex experiment of an important and
expensive nature. As such, it is imperative
that as much information as possible be de
rived from each test operation. In order to
obtain the desired trajectory data to as high
a degree of accuracy as possible, it is neces
sary that considera tion be given to the rigor
ous and complete design of the entire test
experiment. This includes the thoughtful con
siderations of experts in the allied fields
of Planning, Engineering, Instrumentation,
Data Processing and Data Reduction. It is
only by effecting coordination through the
medium of meetings and conferences, suffi
ciently in advance of the missile operation,
utilizing the experience and abilities of the
specialists in the above mentioned fields, that
the range user can be assured of obtaining his
required data to the desired degree of ac
curacy.

JOHN BOY AJEAN, Section Supervisor,
Fairchild Camera & Instrument Corp.,

5 A erial Way, Syosset, L. I.

(Abstract is on following page)

V IRTUALLY everyone connected with the
operational phases of the photogram

metric processes as applied to cartography has
had in his own plans, the application of an
automatic process of matching images and
thus obtaining automatic stereo plotting.
Steps are being taken which will bring this
into reality.

Camera and supporting equipments are
reaching higher performance levels. As a
source of error the camera is virtually no
longer a problem. Lens distortions can be
maintained at tolerably negligent levels, film

and processing can be controlled. Instru
mentation for the purposes herein described
must, therefore, not destroy the accuracy
contained in the diapositives from which it
works.

A modification of the approach to the pro
duction of accurate orthophotoscopes, the de
velopment of which was explained by Russell
K. Bean in 1955, provides the basis used in
this instrumentation for the orthophotoscopic
record.

The concept of contour delineation through
the act of profiling, as revealed in the Decem-

* Presented at the Society's 26th Annual Meeting, Hotel Shoreham, Washington, D. C, March 23
26, 1960.


