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Abstract. A new method of photoclinometry has been devised for radar
images. The most important aspect of the new method is the treatment of
the fundamental problem of photoclinometric indeterminacy, whereby the
specification of surface brightness produces a one-to-one correspondence
between the possible strike and dip at a point of terrain under
investigation, rather than a unique pair of values. The indeterminacy has
been shown to reduce to the requirement for a one-dimensional boundary
condition in the solution of a first-order partial differential equation,
which is, however, unfortunately non-linear and inhomogeneous, with a
driving function containing noise. Therefore, that approach has been
ignored while a point-by-point evolution of strike-line orientation has
been sustained through assumptions constraining the relation between the
surface curvature of the terrain and the gradient in the image of the radar
signal. The method requires radiometrically calibrated radar on a relative
'scale, in order to produce results of metric integrity. It is otherwise
1imited to the promotion of the geologic interpretation of radar images
through partial correction for "layover" and production of subjective
stereo-paired shaded-relief images.

Text. A method of inferring topography from individual images, rfther than
stereometric paigs, has existed in principle for nearly 20 years *. Called
photoclinometry <, it makes use of the integral relation between height and
slope, coupled with the known dependence of a measured surface brightness
in a single image on the local orientation of that surface, whereas
photogrammetry uses the parallax between inter-identified surface elements
in two images of different camera position. Photoclinometry has never .
given genuinely satisfactory results, largely for two reasons: (a)
Surfaces that are homogeneous in both normal albedo and the geometric law
of diffuse reflectivity are gquite rare. (b) Photoclinometry, as a general
theory, is not completely deterministic of the topography of a region of
terrain presenting its image; for there is always a continuous set of
interrelated pairs of values of the possible slopes, in two mutually
perpendicular horizontal directions, that suffice to cause a particular
value of the surface brightness of a given terrain element to be

exhibited. Progress has recently been made toward solution of the former
problem °, but because the latter has remained unsolved, producing
topography of metric integrity still eludes us.

This report describes the results of an investigation into alleviating the
fundamental mathematical indeterminacy of photoclinometry and presents an
encouraging example of its application. The description here is verbal and
geometrically conceptual, and is preseated for information rather than as
an a priori theoretical justification 7. Only the a posteriori
justification based on the results presented is here forthcoming. Such
Jjustification is complete insofar as the goal of providing a tool
facilitating the geologic interpretation of radar images is concerned.
Nevertheless the actual technique has been formulated with maximization of

*Also Astrophysicist, Branch of Astrogeology, U.S. Geological Survey
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metric precision as the goal, and will be described in those terms.
Efforts to apply this new methodology thus far have been confined to radar
images, largely for two reasons: (a) Surfaces homogeneous in back-scatter
parameters are much_more common at radar wavelengths than at and near
visual wavelengths °, and (b) a successful application to radar images is
of especially high priority, inasmuch as the photoclinometric approach to
fine-scale topography may be the only practical possibility for the Venus
Radar Mapper mission expected to fly later in this decade. Inasmuch as the
term "radargrammetry" has been widely applied to efforts to adapt
photogrammetric methods to radar images, and the present effort is the

- first adaptation of the principles of photoclinometry to radar images, I
call the resulting technique "radarclinometry." 1In addition, I call the
auxiliary mathematics which alleviates photoclinometric indeterminacy "the
hypothesis of local cylindricity," whose self-explanatory nature will
emerge.

When photogrammetry is practiced on very narrow field photography, so that
the images are practically orthographic projections of the terrain, the 3-
dimensional positions of the cameras relative to the mean plane of the
topography do not emerge as part of the solution, but must be given as
independent knowledge. This, and more, is required to be given
independently in order to do radarclinometry. Not only must we have the
radar elevation angle above the horizon in order to generate a mean
incidence angle for the image, we must also have a radiometric calibration
for the radar system so that a back-scattering cross-section density can be
inferred from each element of image brightness. And the back-scattered
intensity versus incidence-angle curve (reflectance function) estimated to
be applicable to-the type of terrain under scrutiny must also be
independently given. It is not necessary to know these curves in absolute
radiometric units. The radiometric calibration is first used to produce an
image whose pixel signal values are proportional to back-scattering cross-
section density (equivalent to reflected specific intensity). The
determination of an operating point on the curve representing the microwave
reflectance function that corrésponds to the average incidence angle of
this image, together with a scaling factor for radar image brightness, can
be inferred to first order by making the angle correspond to the average of
the brightness over the entire image. The set of pixel brightnesses in the
decalibrated image can be used to generate a mean incidence angle, whose
disagreement with the pre-known value can be used iteratively to correct
for non-linearities in the calibration curve and reflectance function. By
assuming a normal and isotropic slope distribution for the surface we can
even use the mean-square incidence angle to correct for the fact that the
average incidence angle of the imaged terrain is slightly different for the
real topography in comparison to the corresponding mean plane, where it is
assumed to be the complement of the horizon-elevation of the radar
(effective radar depression angle). The calibration, as a software
problem, can be solved separately from the photoclinometry. Though not
trivial, it is much simpler and I will not focus on it again here (see
reference 4). As for the hardware problem, radiometrically calibrated
imaging radars do not yet exist, at least in accesgib]e form, but efforts
are presently under way by others to produce them °. In the meantime, I
substituted a heuristically-based calibration curve (straightline),
;ogether with the x-band microwave reflectance function for broken desert

, for the purpose of testing the present method. The test is therefore
more qualitative than quantitative, and the mode of presentation of the
results will reflect that fact.
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The basic theory for the determination of topography from a single radar
image, as an array of reflected microwave energies, will now be

described. First, note that while the coordinate of a terrain element in a
radar image delineated parallel to the radar motion (azimuth) is the same
as that for the element's vertical projection onto the mean plane of the
topography, the image coordinate perpendicular to azimuth (radar ground-
range) does not correspond to that vertical projection (Fig. 1). To obtain
this coordinate, the range must be multiplied by the cosine of the horizon-
elevation of the radar, to which must be added the product of the terrain
height above the mean plane and the tangent of the horizon-elevation. The
horizon in question is an astronomical rather than a real topographic
horizon, so the elevation angle is known a priori as the effective
depression-angle of the radar. We must nevertheless solve simultaneously
for the height of each imaged terrain element and its mapping onto the mean
plane as a vertical projection.

We begin by picking a starting point in the radar image that is at the
near-range edge. This starting point is assigned a height of zero relative
to the mean plane. A best estimate of the local orientation of the strike-
line (1ine of zero height change) is made for this terrain element. This
"strike-line orientation resolves the ambiguity in how the down-range slope
component and the azimuthal slope component shall combine to produce the
necessary incidence angle that is consistent with the exhibited magnitude
of the image pixel. For a heuristically idealized imaging radar as a
microwave transceiver of antenna pattern identifiable with resolution in
both dimensions, and also one that scans rapidly in depression angle while
moving in azimuth (i.e. a facsimile camera) this process can be envisioned
as solving for the intersection of the plane perpendicular to the strike-
line that contains the terrain point with the cone whose apex is the
terrain point, whose axis passes through the radar, and whose half-angle is
the incidence angle 8. Both represent geometric loci of possible
directions for the line perpendicular to the local terrain surface. There
are two such intersection lines, but only one represents a terrain slope
shallower than the incoming radar wave-front. The other geometric
possibility actually represents part of a situation in which the image
pixel signal represents multiple reflections (foldover). Images containing
such a phenomenon are not processable by the present method, and their
unsuitability is usualTy obvious to the eye.

With both azimuthal and down-range slope components known, a range-
integration step can be taken which establishes both the height and mean-
plane coordinates for the next down-range pixel of the image-line taken at
constant azimuth. Although only the down-range slope-component is used in
this integration step, the azimuthal component is set aside for later use
after the entire range Tine has been integrated.

With the completion of the first integration step, above, we are not yet
ready to repeat the process at the second pixel in order to jump to the
third. We must first find out how the strike-line orientation has changed
from the first pixel position to the second. To do this, we must
investigate the surface curvature of the terrain in the vicinity of the
first pixel. Since the surface curvature represents the manner by which
the local surface normal is changing direction, it directly determines the
brightness gradient in the image through the photometric function. We can
measure the brightness gradient in the image. But when we attempt to
invert the problem and determine from it the curvature, we face the fact
that while the brightness gradient has two independent components, the
terrain surface curvature has three, in the form of the three second
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partial derivatives of height with respect to horizontal coordinates. It
is at this point that the assumption of a locally cylindrical nature to the
curvature must be invoked. This assumption removes the independence of the
three components of curvature. The axial alignment of local cylindricity
need not be specified a priori. The image pixel brightness and brightness-
gradient are deterministic of this alignment. Its projection into the
image plane can be measured because it must be the local direction of the
image isophote. Its true three-dimensional alignment can be then inferred
because the local strike and dip of the terrain are already known. This
leaves only the magnitude of the curvature, which is now reduced to a one-
to-one correspondence with the magnitude of the image brightness gradient.

With the curvature fully specified, a range integration step can be taken
which establishes both the azimuthal and the down-range component of slope
at the next pixel in the image-line, but this information is used only to
rotate slightly, in a horizontal plane, the strike-line which will apply at
the next integration step of the topography.

The above process is recycled repetitively until the end of the range-line
(actually the range-line pair needed to acquire the brightness-gradient) is
reached. As we now shift by one line in azimuth in order to repeat the
entire procedure and thus develop a topography two-dimensionally, we note
that, in principle, the slope and curvature information developed at the
beginning of the preceding range-line integration is sufficient to give us
starting values for height, coordinates on the mean plane, and strike-line
orientation., However, all images are noisy, especially synthetic-aperture
radar images; and radar image brightness is only weakly sensitive to the
azimuthal component of slope. (If the local surface normal is shifted in
the vertical plane containing the radar, a change in the incidence angle is
directly effected, but a shift perpendicular to this plane by the same
angle produces a much smaller change in incidence angle.) Therefore, while
the starting value of strike-line orientation is produced in this way,
since it tends to be stochastic, the starting value of height is not. It
is set to zero. In fact the other end of this line and all lines are also
forced to zero as an auxiliary constraint. Only after the topographic
profile has been formed is .its average height adjusted using the average
azimuthal component of slope from the preceding line-integration. The
average tilt is also adjusted at this time on the basis of the average
pixel brightness. (This feature is not only not optimum, it is a
perversion of the determinative powers of the theory, from which we may
expect to retreat. But given that it took 20 hours of a continuous
computer run to produce a topographic file from a 630 x 630 pixel radar
image, refining the procedure will likely be slow and painful;
nevertheless, [ foresee possibilities for greatly reducing the computation
time. All these considerations will be explored in future research).

Because of the weak photometric power to determine the azimuthal component
of slope, the topographic noise spectrum is asymmetrically enhanced in
azimuthal spatial frequency. Therefore along each line of azimuth a re-
apodization is applied which brings the Fourier transform of the line
smoothly to zero at one-half the sampling frequency. In addition, the run
in azimuth of the parameters of the linear trends of topography down each
range line is adjusted by normalizing its power spectrum to agree with the
power spectrum of the corresponding run in range of linearization
parameters of the azimuthal trends. Fourier phases are not altered, and
the amplitudes are only renormalized above frequencies (choosable) of about
18 cycles per frame, adjusted to maintain continuity. This heavy-
handedness wi?]l&ike1y be abandoned as we learn better how to do
radarclinometry--.
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The results of this work are shown in Figure 2. It appears to Justify
continuing research and development in this area. My goal remains the
maximization of the metric precision in the implied topography. Even
though the Tlack of radiometric calibration restricts the resulting products
to a partial correction for the primary radar image distortion of
forshortening of terrain tilted toward the radar, and artificial subjective
stereometry, my colleagues in geology (e.g. L.A. Soderblom) have indicated
that this is a more important contribution as far as the geologic
interpretation of radar images is concerned.
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Figure

2

Shaded relief stereopairs produced from digitized topographny 2,
The topography providing the upper pair was derived
radarclinometrically, employing the hypothesis of local
cylindricity, from a single radar image (Motorola SLAR). For
comparison, the lower pair was derived by digitizing the standard
topographic map of roughly the same region (Crazy Jug Point in the
Grand Canyon, Arizona) at approximately the same resolution. The
effective elevation angles of the artificial sun used to produce
the shaded relijef differ because the mean plane of the topography
for the upper pair tilts relative to the plane of mean sea-level
characterizing the lower pair.
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Figure Captions

Figure 1. Illustration of the necessity to solve simultaneously for
topographic height and topographic mapping coordinates. The
solid elevation contours 1ie above the mean plane of the
topography. The dashed contours are below the mean plane. The
dashed portions of straight lines lie below the terrain
surface. Point P is an arbitrary point of terrain. Its range
from the radar is RP. ARGL is a right triangle.

GX' represents the ground-range coordinate of P in a radar
image (relief-to-range ratio assumed small). The corresponding
coordinate on a topographic map is GX. Azimuth, as defined by
radar engineers, is a rectilinear coordinate and not to be
confused with the angle familiar to astronomers and surveyors.

Figure 2. Shaded relief stereopairs produced from digitized topography

9. The topography providing the upper pair was derived
radarclinometrically, employing the hypothesis of local
cylindricity, from a single radar image (Motorola SLAR). For
comparison, the lower pair was derived by digitizing the
standard topographic map of roughly the same region (Crazy Jug
Point in the Grand Canyon, Arizona) at approximately the same
resolution. The effective elevation angles of the artificial
sun used to produce the shaded relief differ because the mean
plane of the topography for the upper pair tilts relative to the

b

plane of mean sea-level characterizing the Tower pair.




