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Figure 4: Down Range Vs Rotorcraft Altitude Figure 6: Distance to the closest Obstacle along the
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Figure 8: Temporal evolution of the Heading Angle
along the Optimal Trajectory

¢ was well within 15 degrees as may be observed from
Figure 9. To get a feel for the nature of trajectories
produced by the guidance law, the rotorcraft trajec-
tory is next superimposed on the sample image using a
perspective projection in Figure 10. The point marked
with an inverted ‘I’ denotes the current position of the
helicopter. The vertical lines are used to indicate the
helicopter altitude above the runway surface along the
trajectory. The obstacle-avoidance characteristics are
apparent from this figure. '

Conclusions

Development of an obstacle-avoidance guidance
law that uses vision-based range data was presented.
This analysis used a sixth-order nonlinear point-mass
model of the helicopter together with a linear combina-
tion of flight time, square of the rotorcraft acceleration
magnitude and the square of the distance to various ob-
stacles as the performance index. The obstacles were
represented as points.

The rotorcraft model was first transformed into lin-
ear, time-invariant form using a coordinate transforma-
tion. The guidance problem was then solved using the
transformed model. The resulting guidance law is in lin-
ear feedback form. Inverse transformation of the guid-
ance law yields the vehicle guidance commands. The
performance of the guidance law was illustrated using
a realistic vision-derived range data.

The present guidance law is useful for other vision-
based guidance tasks such as spacecraft docking and
autonomous vehicle guidance.
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Fiéure 9: Optimal Trajectory: Rotorcraft Bank Angle
Vs Time

Figure 10: Perspective Projection of the Optimal Tra-
jectory on the Image Plane
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7. Conclusions

This report outlined the research carried out on the development of field-based ranging algorithms
for rotorcraft nap-of-the-earth flight. Based on various publications that have resulted from this work,
the contributions may be summarized as follows :

¢ A field-based method for ranging using motion image sequences was developed by combining the
Horn-Schunk image constraint equation with expressions for incremental perspective projection
and an irradiance tracking filter. This scheme was tested using a simulated image sequence
and included the translational camera motion. The spatial-temporal sampling requirements to
obtain a specified ranging accuracy were examined.

e The field-based ranging algorithm was next generalized to include both motion and stereo image
sequences by replacing the Horn-Schunk image constraint equation with a multi-dimensional
Taylor series approximation for the correspondence hypothesis. This step produces a set of
ranging equations, together with expressions that predict the error involved in the Taylor series
approximation. Several orders of the ranging algorithm was tested using laboratory image se-
quences. The lowest-order approximation was found to be adequate in most image sequences
collected in the laboratory.

e The ranging algorithms require estimates of the spatial partial derivatives of the image irradi-
ances. A method for estimating partial derivatives by product factorization of the images was
developed. This method converts the partial derivative estimation problem into a set of linear
lumped-parameter estimation problems. This method was tested on several laboratory images
and found to produce excellent partial derivative estimates. The factorization approach for par-
tial derivative estimation was next used in conjunction with the ranging equation to yield a fast
stereo ranging algorithm.

¢ By defining various coordinate systems and the incremental transformations, the image-based
ranging algorithm was extended to include rotational and translational motion of the rotorcraft
and the cameras. Both ranging equation as well as the range error equation were developed.
It was shown that ranging can be accomplished if the incremental translation and incremental
rotation angle of the camera are known.

e The need for the computation of the partial derivative before ranging prompted research on
methods that do not require partial derivative estimates. Specifically, the stereo ranging problem
was examined. First, it was shown that a Padé approximation can be used to approximate
the correspondence hypothesis. Depending on the nature of the image sequence, it might be
useful to employ different orders of Padé approximation. For the stereo problem, the first-order
approximation produces a varying coefficient first-order linear ordinary differential equation.
This ordinary differential equation turns out to be identical to that synthesized by combining
the backward and forward Taylor series approximation of the correspondence equation. Instead
of satisfying this differential equation by first computing derivatives, an optimization problem
was posed whereby the irradiance predicated by the Padé approximation is compared with that
from the actual irradiance. Ranges that minimize the integral of the irradiance error along each
image line is then found using the necessary conditions for optimality.

o Finally, research on using the discrete vision-based range data for optimal vehicle guidance was
initiated. The problem of optimally navigating a rotorcraft through a field of point obstacles was
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considered. This research used a point-mass vehicle model and a quadratic criterion. Necessary
conditions for optimality are then used to obtain a nonlinear feedback guidance law.

A few papers were presented at various national conferences based on the present research. These
are listed below in the order in which they appeared.

[1] Menon, P. K. A., and Sridhar, B., “Passive Navigation Using Image Irradiance Tracking,” AIAA
Guidance, Navigation, and Control Conference , August 14-16, 1989, Boston, MA. Parts of this work
was also presented at NASA Vision Science and Technology Workshop, Nov. 30 - Dec. 2, 1988, NASA
Ames Research Center, Moffett Field, CA; and AIAA Houston Chapter Invitational Conference on
Guidance and Control, NASA Johnson Space Research Center, February 12, 1990.

[2] Menon, P. K. A., and Sridhar, B., “Image-Based Range Determination,” AIAA Guidance, Naviga-
tion, and Control Conference , August 14-16, 1990, Portland, OR; Also being revised for the Journal
of Guidance, Control, and Dynamics. Parts of this work was also presented at NASA Workshop on
Vision-Based Rotorcraft Navigation, September 19, 1990.

[3] Menon, P. K. A., Chatterji, G. B., and Sridhar, B., “A Fast Algorithm for Image-Based Ranging,”
SPIE International Symposium on Optical Engineering and Photonics in Aerospace Sensing, April
1-5, 1991, Orlando, FL.

[4] Menon, P. K. A., Chatterji, G. B., and Sridhar, B., “Passive Obstacle Location for Rotorcraft
Guidance,” AIAA Guidance, Navigation, and Control Conference , August 12-14, 1991, New Orleans,
LA.

[5] Menon, P. K. A., Chatterji, G. B., and Sridhar, B., “Electro-Optical Navigation for Aircraft,”
Submitted for consideration in the IEEE Transactions on Aerospace and Electronic Systems.

[6] Menon, P. K. A., Chatterji, G. B., and Sridhar, B., “Vision-Based Optimal Obstacle-Avoidance
Guidance for Rotorcra,f 7 AIAA Gu:dance Navigation, and Contro] Conference , August 12-14, 1991,
New Orleans, LA.

[7] Menon, P. K. A., Sridhar, B., and Chatterji, G. B., “Vision-Based Ranging as an Optimal Control
Problem,” Paper communicated to AIAA Guidance, Navigation, and Control Conference , August 10
- 12, 1992, Hilton Head, SC.

With this background, the following items are suggested as promising future research directions.

1. The ranging algorithms discussed in this report use a pair of images. It is sometimes desirable
to carry out ranging using several images simultaneously. Indeed, such an approach may yield
more accurate range estimates. The field-based ranging algorithms need to be reformulated to
simultaneously handle mutiple images.

2. The present ranging algorithms uses just the scene irradiances and perspective projection ge-
ometry to construct range to various objects within the field-of-view. This process completely
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ignores the relationship between surface brightness, direction of illumination and the surface
orientation. Invoking appropriate reflectance models such as the Lambertian surface model in
conjunction with the ranging equations developed under the present research may yield more
consistent range estimates. Such an approach would directly produce 3-D surface descriptions.
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