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ABSTRACT

The advent of intelligent, target-seeking submunitions has generated the need to remotely
sense their aimpoint with respect to a target. Conventional still photography and cine
techniques cannot provide the required accuracy. This paper describes an aimpoint
measurement system consisting of an array of tracking video sensors. The derivation of
submunition aimpoint from the tracking geometry and projectile attitude will be described.
Error mechanisms within the tracking and image processing systems will be identified and
their combined influence on system accuracy will he assessed.

INTRODUCTION

Improvements in miniature target seeker technology have fostered the development of
various artillery-delivered intelligent submunition systems. One such system is dispensed
from an artillery shell over potential targets and, supported by a parachute, descends to the
ground. It scans the area for a target in an organized fashion. When a valid target is
encountered, the warhead is fired at that target. In order to assess the performance of the
submunition during testing, it is essential to be able to accurately measure where the
submunition is aimed when it fires, and, if possible, before.

Various schemes have been proposed, including still and cine photographic techniques and
others which require on-board instrumentation and/or large arrays of equipment placed on
the ground in the target arena. This paper describes a system that remotely measures the
submunition aimpoint using an array of video tracking sensors.

SYSTEM CONSIDERATIONS

It was desirable to develop a system that operates external to and independent of the
submunition. This allows the system to be used repeatedly, thus lowering the



instrumentation cost. Further, the flight dynamics of the submunition will not be disturbed
by an additional payload of measurement system circuitry. It allows use on full production
submunitions for stockpile reliability testing. Also, the system can easily be used on other
projectiles or submunitions.

It was decided that the system should be completely passive and not emit any radiation
while tracking the submunition (i.e. radar, laser tracker, etc). This would allow use with
submunitions employing any type of seeker, since the measurement system would emit no
radiation to interfere with the submunition’s sensors. These considerations led to the use of
an imaging sensor using ambient light.

SYSTEM CONFIGURATION

The Aimpoint System consists of a triad of tracking video sensors situated on an
equilateral triangle within which a target arena is placed. A video processor and tracking
system is associated with each sensor to control its tracking platform and to derive
submunition attitude information from the video image. The tracking platform orientation
information and projectile attitude information from each sensor are sent to a central
processing system which computes the submunition space position, the submunition
attitude, and its aimpoint on the ground.

AIMPOINT DETERMINATION

The space position of the submunition is calculated using the azimuth and elevation
outputs from only two tracking sensors. Since three sensors are active, the pair whose
position with respect to the suhmunition yields the lowest geometric error is selected in
real-time.

Analyzing the video image presented by one of the tracking sensors yields the submunition
attitude projected on the image plane of the sensor. Figure 1 depicts the submunition as it
appears in one sensor image. The submunition is a right cylinder and it is assumed that the
determination of an aimpoint based on a line, precisely parallel with and centered between
the sides of the cylinder, can be related to the warhead aimpoint. A video processor
derives the perceived angle of the cylinder by calculating the angle of the sides of the
cylinder with respect to the frame reference.

This angle is called the declination angle of the submunition image. Again, only two
declination angles are needed to calculate the submunition aimpoint. Figure 2 shows a
typical situation. The submunition is located at position X1, Y1, Z1. The two optimally
situated sensors are located. at O, O, O and S, O, O respectively. The aimpoint on the
ground is at X, Y, O. The method used to calculate the aimpoint is to determine the



intersection of two planes, each bounded by its particular sensor location, the submunition
position and the projection of the submunition centerline onto the X-Y plane. The point on
the X-Y plane where these two planes intersect is the submunition aimpoint. As the
submunition descends above a target arena, the central processing unit uses error
minimization criteria to continually select the optimal pair of sensors for its calculation.

ERROR MECHANISMS

There are twelve degrees of freedom within the physical system. The space position and
orientation of the projectile define five degrees of freedom. (Ordinarily, six degrees of
freedom are used to define an object’s position and orientation in space, but since the
submunition is a right cylinder and its rotational or “roll” axis is unimportant to this
analysis only two degrees of freedom are used to define its orientation.) Each of the two
sensors requires three degrees of freedom: azimuth, elevation and perceived declination
angle. The twelfth degree of freedom is the distance between the sensors.

The errors associated with the measurement of azimuth and elevation are manifest
primarily in the precision of the resolvers and in the mechanical stability of the platforms.
Commerically available platforms can resolve angles to 16 or 17 bit accuracy. The
distance between sensors can be measured to an accuracy approaching several parts per
million (17 or 18 bit resolution).

Several error mechanisms affect the measurement of the perceived declination angle of the
submunition at the imaging sensor. The resolving power of the optics and imaging device,
atmospheric transmission effects, and the ambient light level determine the ability of the
video processor to identify the submunition edges and precisely compute their angle and
position. Electronic noise mechanisms also affect this measurement. The conversion of the
image to an electronic signal generates quantum noise. The imaging device generates dark
current noise, and the processing circuitry generates quantum and thermal noise.

In analyzing the magnitude of the perceived declination angular error in the imaging
process alone it was decided to consider three variables: video bandwidth, video signal-to-
noise ratio, and image size within the video frame. All of the imaging error mechanisms
manifest themselves by causing an effect in the first two parameters. A three-dimensional
polynomial correction for static optical and imaging aberrations is assumed.

The imaging error sources were quantized and ranges of expected variations were
established. A separate Monte Carlo evaluation of the peak disturbance of normal
amplitude distributed random noise on the angle calculation process was performed to
develop a simplified mathematical model. Thus the overall imaging error analysis was
performed using four degrees of freedom, and with no random variables. The results were



presented as peak angular error vs. actual declination angle for various ranges of signal-to-
noise ratios, video bandwidths and image sizes. A representative group of plots are shown
in Figure 3. The imaging error analysis established the bounds for the error in declination
angle. These bounds were used in the final error analysis to establish the radial error in
submunition aimpoint.

Performaing a Monte Carlo analysis on the overall error assessment would have been time
consuming and costly, considering the number of degrees of freedom. A preliminary
iterative single-degree of freedeom analysis was performed, varying one parameter at a
time within specific limits and evaluating the sensitivity of radial aimpoint error. The
individual measurement limits were established from operational accuracies of the
proposed hardware and from the video angular error assessment.

Several conclusions were drawn from this analysis. It was found that errors in the distance
between the sensors had several orders of magnitude less effect than any other error input.
Thus, this decree of freedom was eliminated from the final multi-variable analysis. The
aimpoint error proved to change linearly with each small measurement error input imposed
on the system. It was found that the submunition space position and aimpoint errors
increased monotonically with increasing altitude. As the projectile attitude was varied, it
was observed that a particular orientation produced maximum errors in aimpoint under all
conditions. Thus, the number of degrees of freedom in the multi variable analysis and
therefore, its complexity were reduced.

A two-step multi variable analysis was performed. First, the conditions that caused the
worst case errors were determined; second, an oblique view of the solid object
representing the radial aimpoint error magnitude and the position radial error magnitude as
a function of the submunition X and Y position at the maximum operational altitude was
produced. The multi variable analysis assumed that each input (azimuth, elevation and
perceived declination for each sensor) was in error and a binary sequence of combinations
of positive and negative error combinations was initiated. The sixty-four combinations
were scanned in X and Y to determine the location of the worst case space position and
aimpoint errors. This allowed the optimal sensor placment to be determined, maintaining
the required measurement accuracies throughout the operational arena around the target.
Also determined was the best size and shape of the arena within the sensor triad.

Figure 4 shows a typical aimpoint radial error map. Distances are normalized to unit sensor
separation. To clarify the error contour shape, the two sensors are placed at the origin and
on the Y axis, respectively. In Figure 5, a representative radial space position error map of
the submunition is shown.



CONCLUSIONS

A complex optical tracking system using scanned imaging sensors was analyzed with the
purpose of performing a heretofore difficult measurement on an intelligent submunition.
The many error mechanisms that could potentially compromise this system’s accuracy
were identified and quantized. A system of equations defining the operation of the
measurement were developed. Several techniques were used to reduce the complexity and
computation time of the final error analysis:  First, a mathematical model of the peak error
due to noise in the imagine system was developed; second, a sequential, single variable
analysis was performed to evaluate the error magnitude and sensitivity of each error
variable within the system; third, a much-simpiified, normalized, multivariable error
analysis was performed; finally, the errors and distances were scaled to actual operational
magnitudes and a practical target arena was generated.

It was found that the required aimpoint accuracy could be acheived using high-qualtiy
commercially available optics, imaging sensors and tracking platforms. A custom-designed
image processor, tracking processor and central processor will be used to perform the task.



FIGURE 1

Sensor View of Submunition



 FIGURE 2

Typical Submunition Situation
Showing
Relationship Between the Sensors, the
Submunition and its Aimpoint on the
XY Plane.



FIGURE 3

Peak Imaging Error Vs. Perceived Declination Angle
For Several Signal-To-Noise Ratios



FIGURE 4

Submunition Aimpoint Radial Error Map



 FIGURE 5

Submunition Position Radial Error Map


