A new a ~ ~ r o a c h :

Range Finding with
: Diffraction Gratings
by Tom De Witt
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or many machine vision applications,
three-dimensional image acquisition is
preferred. In guidance, docking and other
motion control functions, for example, or in
target discrimination, identification and
other pattern recognition tasks, 3-D surface
descriptions ease the overhead of computer
processing. The computer itself handles 3-D.
databases and computations with the same
facility as 2-D; the only reason 3-D acquisition systems are not yet common would
seem to be the absence of practical range
finders-the tools to efficiently measure and
record distances.

Range finding background

The side view profile of a face appears in a
large diffraction grating-a holographic
optical element. Subject was illuminated
with a stripe of HeNe laser light, and the
photograph taken nearly on-axis with this
illumination. The diffraction view shows
depth-range-along
the stripe axis.

Holographic
Optical Elements
for machine
vision range
data

This is no new challenge. The invention of
perspective drawing in the Renaissance advanced image acquisition, by accounting for
the third dimension. Much like Columbus,
Renaissance artists revolutionized thinking
about distance. Today, perspective rendering
is routine, but it is only an illusion. The twodimensional projection of three-dimensional
space is not space itself, and a technology to
efficiently record distance is not yet
ubiquitous.
Perspective drawing suggested one type of
range finding called stadimetry ,the measurement of distance by consideration of the apparent change in size of known objects. And
the invention of the telescope during the Renaissance offered some improvement on naked-eye stadimetry, since it magnified distant targets. Moreover, the telescope could
range distant objects of unknown size simply
by quantifying the adjustments required to
bring a target into optical focus.
Another innovation of Renaissance perspective drawing, multiple vanishing points,
suggested another impbrtant range finding
method. If two views with different vanishing points overlap, the parallax between the
views can be used to make range measurements-in short, triangulation.
The development of perspective drawing
was assisted by the use of the camera ob-

scura. When photographic recording materials came into existence in the nineteenth cent u r y , t h e camera became much less
"obscure." It became a popular instrument
that allowed anyone to produce images witk
realism beyond the reach of most artists. T b
images themselves, however, were flat, ar
stereo photography quickly became a voguc
Although the illusion of depth was evident 1.
stereo pairs, the range information was embedded in two flat images. Extracting range
data as quantities proved to be difficult.

The coherent light era
The invention of coherent radiation
sources opened new possibilities in the design of range finders. Holography, laser radar, and a variety of interferometric technolgies are, of course, only possible with
coherent light. Despite the emergence of
these new range finding methods, their implementation outside the laboratory has be1
surprisingly slow.
The creation of a hologram requires suffi.
cient levels of illumination by coherent light
to expose films that resolve patterns at the
frequency of light. These films are insensitive, and exposure times are long. Moreover
the sources of coherent light are weak whr.

Figure I.The curvature of the wave front
radiating from a target determines the angle of the central axis for the virtual images
of the higher order diffraction spectra. This
displacementcan be used to determinethe
distance to the target, the radius r of the
circular wave front.
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Figure 2. Images at a finite distance from a grating have higher
order diffraction spectra that are offset from the zero order as a
function of their range.

distributed over large areas, lengthening exposure time in order for the process to work,
the coherence of the reflected light must be
preserved, so the subject must be motionless
to a fraction of the wavelength of light.
These constraints have kept holography from
achieving widespread use. Even if holography were more practical, the range information in a hologram is embedded, much as it is
in stereo pair photography. Additional processing would be required for a computer to
extract range data.
The coherence and nearly negligible beam
divergence of laser light facilitate another
form of range finder-laser radar (lidar). The
time-of-flight of a packet of light is a direct
range measurement. Needless to say, measuring the travel time of light is a non-trivial
problem. Solutions have been offered in amplitude modulation or frequency modulation
of the light. These allow for time-of-flight
detection using phase detection and optical
heterodyning, respectively.
These lidar methods are promising, but
they are still early in their evolution. The
phase detection method, for example, suffers
from ambiguities. Targets at integral multiples of phase angle give identical readings.

On-axis view of the prismatic surface through the HOE. The zero
order diffraction spectrum is the central vertical line. The first order
spectra show a profile view of the surface along the structured light
stripe.

The heterodyne detection method requires
precise frequency modulation of laser light.
No commercially marketed laser has such
specifications. Those researchers who have
simply tried to read the time-of-flight of a
pulsed laser have been unable to achieve
resolution under a centimeter, because measurement electronics are intrinsically slower
than the speed of light itself.
Since laser light is by definition coherent,
steps of phase change between a target and
the source can be counted to give very precise measurements of change in distance.
This range finding method, interferometry,
and variants have been practiced for a century, since the famous Michelson-Morley experiments. However, this method only measures contiguous surfaces. Any discontinuity
greater than the wave length of light goes
undetected.
A less sophisticated form of this interferometry, moire range finding, allows for
larger steps of range than the wave length of
light, but suffers from the same ambiguities.
Interferometry has been integrated with holography to produce valuable tools for stress
and deformation study, but these holograms
produce relative, not absolute, range

measurements.
As the earth's size can be calculated by
studying the curvature of its surface, the distance of light source from an observer can be
determined by studying the curvature of its
wave front. (See Figure 1 .) When a lens is
focused on a foreground target, the lens barrel is adjusted to compensate for the curvature of a wave front originating at finite distance. The longer the focal length of the lens,
the greater the physical adjustment required.
Thus lenses can be used as range finders.
Telescopic lenses with narrow depths of field
make the most accurate range measurements.

A holographic approach
Holograms are diffraction gratings. Diffraction gratings create new wave fronts from
the incident light reaching them; each element of the grating becomes a point source
radiator. These point sources originate spherical envelopes of radiation that interfere constructively to create visible higher order diffraction spectra. Holograms retransmit incident light as a complex wave front that
recreates the phase relationships of the light
that reached them during exposure.
When a hologram is being exposed, the
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Figure 3. Gratings with parallel lines in one direction produce
higher order spectra that are symmetrical around a central axis.
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A prismatic surface illuminated with a HeNe laser, right, is viewed
through a HOE, left. The HOE has 1311 grooves per mm.
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Gratings with orthogonally-ruled lines produce 2-D diffraction
patterns.
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spatial features of the subject are recorded as
diffraction gratings. The interference between the reference beam's coherent light
and the spheres of light radiating from each
illuminated point in the subject creates very
finely spaced bright and dark bands on the
recording emulsion. The frequency or spacing of these gratings varies as a function of
the distance of each illuminated point. When
viewed later, the composite grating on the
hologram reproduces the wave front that created it, that is, the image of the subject.
Holograms of complicated objects are
complicated diffraction gratings. On the
other hand, simple diffraction gratings, such
as a grid of ruled lines, are neutral, "vanilla'' holograms. Their properties have been
increasingly studied and exploited. Diffraction gratings that are used to produced periodic wave fronts are now generically called
holographic optical elements, or HOEs.

HOEs
HOEs are a recent development, but diffraction phenomena have been studied for
well over a century. Often theoretical analysis follows the distinction between plane
wave diffraction, called the Fraunhofer case,
and the more complex case where the incident wave front is curved, referred to as the
Fresnel case.
In Fraunhofer diffraction, the incident
light arrives across that face of the grating in
phase with itself, and the resultant diffraction
pattern has fixed angles of displacement for
the higher order diffraction spectra. In the
Fresnel case, on the other hand, the position
of the higher order diffraction spectra shift,
as a function of the curvature of the incident
light. This curvature increases as the source
of incident light approaches the grating, and
the higher order diffraction spectra move toward the zero order. When a source of light is
next to the grating itself, the higher order
diffraction spectra collapse into the zero
order.
The shift of the higher order diffraction
spectra as a function of the distance of the
source of illumination is a direct measurement of range. (See Figure 2 . ) The effect is
particularly pronounced when the grating has
a frequency approaching the frequency of the
incident light. With such gratings, the higher
order spectra slide dramatically toward the
zero order as the source of light approaches
the grating. The offset from the zero order is
easily measured. In effect, the observer can
determine the distance of its higher order diffraction spectra across the width of a grating.
Hence, a kind of holographic camera can be
conceived which is built from HOE and computer vision subassemblies.
The range dependency that appears in the
Fresnel case of diffraction suggests that a
holographically-fabricated grating can be
produced which would provide, point by
point, the depth information encoded in conventional holography as complex interference patterns. In effect, one fixed "vanilla"
hologram would be used to produce diffrac-

tion patterns in a subject, rather than making
a unique diffraction grating (hologram) of
each subject.
Although fabrication of a conventional
hologram can be technically demanding,
some HOEs are relativelv. simole
. to manufacture. A basic diffraction grating, composed
of regular spaced groves, can be made holographically by splitting a laser beam into two
expanded wave fronts that intersect at the
recording emulsion. Little light energy is
lost, since it is almost all directed at the film.
The HOE fabrication process lends itself well
to the laboratory environment of an optical
bench, simplifying the problem of dampening vibration.
Mass production of diffraction gratings
with holographic quality has become increasingly common-HOES are widely marketed
as decorative materials. Integrated circuits
are themselves mass-produced diffraction
gratings, although that is usually hidden from
view by their packaging. It is interesting to
contemplate procedures to fabricate HOEs
using the same photo reduction processes
that are typically used to make photographic
masks for integrated circuits.
Gratings can be designed to produce a
wide variety of diffraction patterns. The arrangement of lines on the grating determines
the shape of the resultants pattern. Parallel
lines produce diffraction spectra symmetrical
around a central axis. Cross-hatched grooves
result in a two-dimensional diffraction pattern, a dot grid (See Figure 3.) The shape of
the grooves themselves is important. Sinusoidal grooves, typical of holography, focus
all the energy of the higher order spectra into
the first order. Grooves that are blazed in saw
tooth or square shapes produce many multiple higher order images.
Automation
The hand measurement of diffraction patterns would be tedious; but the phenomenon
lends itself to automation. Diffraction patterns have little intuitive meaning to the untrained human observer, but programming a
computer to convert these patterns into threedimensional surface coordinates can be relatively simple.
One acquisition method uses a classical
input architecture, the light pen. These devices transmit to the computer the position of
targets within a two-dimensional scan. A
typical light pen interface has a register to
store the corrdinates of each light pen "hit".
If the light pen photocell is replaced with a 2D scanner, a video camera, a diffraction pattern viewed by the camera can be converted
on-the-fly into spatial coordinates. The author has implemented this method with an
Apple I1 microcomputer, and it can be realized with many extant small computers.
Once a computer has acquired 3-D surface
coordinates, it can display the data for human
interpretation. When the coordinates are digitized, of course, the areas of pattern recognition, machine motion control, and human interaction with the 3-D database are opened
UP.

Illumination
Most computer-controlled range finders
sight their targets with structured illumination. Typically, this is done by scanning a
laser beam over the target area. The scanning
process provides the computer with horizontal and vertical coordinates, and the range
finder returns the corresponding depth coordinates. Lidar and most interferometric devices scan a point at a time. Automated triangulation systems have been designed which
project one or two dimensional patterns.
Either approach can work with diffraction
range finders, depending on the type of grating, the nature of the photo pickup, and the
sophistication of the image processing computer. Curiously, the diffraction method of
iange finding does not require coherent illumination. A properly fabricated grating produces phase interference patterns with incoherent light. The extreme monochromaticity
and directionality of the laser beam favor the
effect, but the diffraction method is extensible to virtually any form of illumination,
even ambient light.
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Tom De Witt, Research Associate a t De Wilt
Brothers Tool Co. of New York City, holds the
U.S. patent on Range Finding by Diffraction.
H e is also a noted artist with works in such
collections a s the Museum of Modern Art and
the Chicago Art Institute.

ADVANCED IMAGING

