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(57) ABSTRACT

Electromagnetic radiation is directed from an optical grating
in a regular array of beams in rows and columns toward a

target object surface; and the reflected beams are focused
through a lens to form beam images on an image plane of a
single camera. Each of the beam images has a position on the
image plane that moves substantially linearly with variation
of a target distance between the optical grating and a point
on the object surface from which that beam image is
reflected; and the direction of the substantially linear move-
ment of each beam image forms a predetermined angle with
the column of the array of beam images on the image plane
to which that beam belongs at a common target distance.
Positional data for each of the beam images on the image
plane is derived and provided to a processor which uses
stored reference data defining predetermined beam paths in
the image plane for the beam images to locate and determine
the associated one of the predetermined beam paths for each
of the beam images on the image plane, determine the
location of each of the beam images along its associated
predetermined beam path, determine the target distance for
that beam and store an array of the determined target
distances for each of the located beam images to character-
ize the object surface. The predetermined angle may provide
for each beam having a separate predetermined beam path.
For greater resolution, some of the beam paths may have two
associated beams, and processing is provided to distinguish
the beams on a single beam path uniquely.
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OBJECT SURFACE CHARACTERIZATION USING
OPTICAL TRIANGULATON AND A SINGLE
CAMERA

TECHNICAL FIELD

[0001] The technical field of this invention is object sur-
face characterization using optical triangulation ranging.

BACKGROUND OF THE INVENTION

[0002] When cameras are used for optical triangulation
ranging, the most common approach requires a stereo vision
system. Besides the cost and speed disadvantages, the dis-
tance measurement accuracy of the system is typically poor
when the object lacks surface texture. In some alternative
approaches, temporally encoded probing beams can be used
with a single camera for triangulation. In those systems, the
probing beams are sequentially directed to different parts of
the object through beam scanning or control of light source
arrays. But such methods are either not suitable for high
volume production or they are limited in spatial resolution.
Because the distance is measured one point at a time, fast
two dimensional (2D) ranging cannot be achieved unless an
expensive high-speed camera is used.

[0003] The real challenge of using a single camera with
simultaneously projected probing beams for triangulation is
to efficiently distinguish each individual beam image from
the rest of the beam images on the image plane. The target
distance is measured through the correlation between the
distance of the target upon which the beam is projected and
the location of the returned beam image on the image plane.
Such a correlation is different for each beam. When multiple
beam images are simultaneously projected, one particular
location on the image plane may be correlated with several
beam images with different target distances. In order to
measure the distance correctly, each beam image must be
labelled without ambiguity.

SUMMARY OF THE INVENTION

[0004] Electromagnetic radiation is directed from an opti-
cal grating in a regular array of beams in rows and columns
toward a target object surface; and the reflected beams are
focused through a lens to form beam images on an image
plane of a single camera. Each of the beam images has a
position on the image plane that moves substantially linearly
with variation of a target distance between the optical
grating and a point on the object surface from which that
beam image is reflected; and the direction of the substan-
tially linear movement of each beam image forms a prede-
termined angle with the column of the array of beam images
on the image plane to which that beam belongs at a common
target distance. Positional data for each of the beam images
on the image plane is derived and provided to a processor
which uses stored reference data defining predetermined
beam paths in the image plane for the beam images to locate
and determine the associated one of the predetermined beam
paths for each of the beam images on the image plane,
determine the location of each of the beam images along its
associated predetermined beam path, determine the target
distance for that beam and store an array of the determined
target distances for each of the located beam images to
characterize the object surface. The predetermined angle
may provide for each beam having a separate predetermined
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beam path. For greater resolution, some of the beam paths
may have two associated beams, and processing is provided
to distinguish the beams on a single beam path uniquely.

[0005] For embodiments in which some predetermined
beam paths are associated with pairs of beam images, the
beam images can be uniquely identified by the presence of
only one of the beam images in a range of locations defined
by a region cutoff datum in which only that beam may be
found and the location of the other of the pair of beam
images outside the region. If neither of the pair of beam
images is located in the range of locations, the beam images
may be uniquely identified by examining their locations
relative to those of other uniquely identified beam images in
other beam paths.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present invention will now be described, by
way of example, with reference to the accompanying draw-
ings, in which:

[0007] FIG. 1 is a perspective view of an optical surface
sensing system configuration.

[0008] FIGS. 2A and 2B show mathematical vertical and
horizontal triangulation relationships for the system of FIG.
1.

[0009] FIG. 3 shows a prior art beam array with a com-
mon beam path for all beams in a column.

[0010] FIGS. 4-6 show beam arrays according to this
invention.

[0011] FIGS. 7A and 7B show a flow chart illustrating an
aspect of a preferred embodiment of this invention.

[0012] FIG. 8 is a chart illustrating an aspect of this
invention.

[0013] FIGS. 9A and 9B show a flow chart illustrating an
aspect of a preferred embodiment of this invention.

[0014] FIG. 10 is a graph of beam center of gravity as a
function of target distance illustrating an aspect of this
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0015] FIGS. 1, 2A and 2B show an optical surface
configuration sensing system. A laser or similar source of
electromagnetic radiation 10 directs an optical beam to an
optical diffraction grating 12 that splits the beam into a
plurality of beams producing a rectangular grid pattern on
the surface 15 of a target 14. The beams are reflected from
the target surface 15; and a camera 17 is positioned to
receive the reflected beams. In camera 17, each beam is
focused by a lens 16 onto an image surface 18 providing an
image plane 20. A processor 19 having memory 21 is
provided to provide processing of the images on image plane
20.

[0016] Referring particularly to FIG. 2A, target 14 is
shown as having a surface 14 in an x-y plane at a distance
D in the z direction from lens 16, where the x direction is
perpendicular to the page and the x and y directions are
horizontal and vertical, respectively on the page. Grating 12
is closer than lens 16 to surface 14 in the z direction by a
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distance d; and image plane 18 is a distance f from lens 16
in the opposing z direction direction. The center 22 of
grating 12 is a distance L, from the lens axis 24 in the y
direction. A beam 30 is directed by grating 12 at an angle 0
from the horizontal (z) axis to strike the target surface 15 and
is reflected back through lens 16 of camera 17 to strike the
camera’s image plane 20 a distance Y, from the lens axis 24.
Vertical triangulation is based on a mathematically derived
relationship expressed in the following equation:

Y={ALO+(D-d)tan 6)]}/D

[0017] For a given target distance, the preceding equation
uniquely defines an image location Y in the image plane.
Thus, the target distance may be derived from the image
location in the following equation, if d is chosen to be zero
(the diffraction grating is placed in the same plane as the
camera lens):

Y=f{L /D+tan 6)

[0018] When two dimensional probing beams are
involved, there is generally horizontal triangulation also.
The horizontal triangulation arrangement is shown in FIG.
2B, wherein the diffracted beam angle is o and the image
location is X. The mathematical relationship is expressed in
the following equation:

X=f*tan a(1-d/D)

[0019] Since the beams have different horizontal diffrac-
tion angles (o), the spatial separation between the beams
will be non-uniform as D varies. But if d is made zero (the
diffraction grating is placed in the same plane as the camera
lens), the dependence will disappear. In the latter case, the
X distance may be derived from the following equation:

X=f*tan a

[0020] Thus, an optical configuration is chosen as
described above with the optical grating 12 placed in the
same plane as that of the camera lens. The horizontal
triangulation, which causes difficulties for spatial encoding,
can be eliminated. Such an arrangement allows the use of
larger beam densities, larger field of view and larger sensing
ranges for simultaneous multiple beam ranging with a single
camera and 2D probing beams.

[0021] Using the apparatus described above, a two dimen-
sional (2D) array of beams may be generated by optical
grating 12 that comprises a first predetermined number of
rows of beams, each row containing a second number of
individual beams. Each of the beams, when reflected from
surface 15, forms a beam image which lies somewhere on a
beam path in the image plane 18, wherein the beam paths of
all beam images are straight, generally parallel lines (vertical
in this example). For example, FIG. 3 shows a 5x4 array of
beam images reflected from a flat surface onto the image
plane, wherein the horizontal rows of beam images are
aligned perpendicularly with the vertical beam paths. With
sufficient spacing between the beam paths, all the individual
beam images of a row, such as those (1,C with C=1, 2, 3, 4,
5) enclosed within the dashed line box 100, are readily
distinguishable. But beam images in the same column (R,1
with R=1, 2, 3, 4) share the same beam path; and the beam
paths are thus not unique for each beam image. With a
non-planar reflecting surface, the location of each beam
image on its beam path will change vertically from the
regular spacing shown in FIG. 3, and some beam images on
the same beam path may become confused with other beams
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in the same column with respect to which beam is in what
row. Temporal and spatial encoding can be combined to
label remove this confusion, for example by presenting only
one row at a time; but this requires more complex and
expensive equipment, as well as more time, to measure the
entire 2D range.

[0022] In this document, to “label” a beam or beam image
means to uniquely identify it on a beam image path or in a
particular location within a beam array and provide it with
a unique identifying datum in memory for processing. In
order to label 2D beam images projected simultaneously, the
spatial distribution of the probing beam pattern must be
reconfigured so that only a minimum number of beam
images are associated with each beam path. Such a configu-
ration may be realized by horizontally shifting the location
of each row, which can be accomplished by rotating the
triangulation direction or by rotating the beam matrix. An
example of such an arrangement is shown in FIG. 4, in
which a portion of an M (row)xN (column) beam matrix is
essentially rotated relative to the beam path direction by an
angle 8 (beam path to column direction) so as to provide
separate, identifiable beam paths 65-80 for each separate
beam image simultaneously. If the inter-beam image dis-
tance in each row is a and in each column is b, the angle of
rotation required is O=tan~(a/Nb).

[0023] The example of FIG. 4 is a portion of a 4x7 beam
image dot matrix that was projected using a pulsed IR laser
and a diffraction grating as shown in FIG. 1. The inter-beam
image distance (angle) was 1.5 degrees in both the horizon-
tal and vertical directions. The beam matrix was rotated by
14 degrees relative to the triangulation direction. A VGA
camera was synchronized with the laser pulses. The vertical
separation between the camera and lens was 60 mm. In order
to reject the background from the scene, two consecutive
frames with probing beams on and off were subtracted from
each other to extract the beam images. The images were
transferred from the camera to a computer through an image
frame grabber for further processing.

[0024] The beam image labelling process for the matrix of
FIG. 4 begins with creation of the beam paths. Over the
sensing range, the center of gravity of each beam image is
recorded at different target distances (a planar target is
convenient but is not required). The beam images may be
distinguished from noise by their strength and spatial loca-
tion: with good quality equipment, the beam images will
generally be stronger than noise artifacts and will create a
recognizable grid pattern. Once all beam images are iden-
tified, any other artifact in the image plane may be ignored.
Linear fit to the beam image positions is then used to create
the beam paths. The calculated beam paths are stored as a
look-up table for later use. With the beam paths stored, the
system can be calibrated (for distance as a function of beam
image position on the path) and used for ranging. Both
processes are described with reference to the flow chart of
FIGS. 7A, 7B.

[0025] Routine BEAM CALIBRATION AND RANGING
begins at step 100 with the selection of a beam path, for
example, path 67 of FIG. 4. The beam paths from which the
selection is made are predetermined and stored in memory
21 such that each beam is associated with one of the beam
paths and no more than a predetermined number of beams is
associated with any one beam path. At step 102 the system
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searches the beam path to find beam images. This can be
accomplished, for example by finding any beam image that
intersects the path or comes within a predetermined distance
from the path. At step 104, the system retains up to three
largest beam images found on the beam path, with any others
being discarded. At step 106 the center of gravity Cg(x,y) of
each retained beam image is calculated; and at step 108, the
distance of the calculated center of gravity of each retained
beam image to the path |Cg(x,y)-Path(x',y)|is compared to
an offset threshold; and the beam image is discarded at step
110 if the distance is greater than the offset threshold.
Continuing in FIG. 7B, step 112 determines if more than one
beam image is retained. If so, it is labelled to the path at step
114. If not, the largest of the retained beam images is
labelled to the path at step 116. In the example of FIG. 4,
with the selection of beam path 67, beam image 2,1 would
be found and labelled to the path. If the process is applied
to calibration, at step 118 the distance of the target will be
calibrated to the position of the center of gravity of beam
image 2,1 along beam path 67 and stored in memory 21, for
example in an array of such calibration data used to define
positions for each beam image along its associated beam
path relative to variation of the target distance. Alternatively,
if the process is applied to ranging, the position of the target
surface on beam path 67 will be determined from the stored,
calibrated value determined in the calibration process for the
detected position of beam image 2,1 on the beam path, with
interpolation if required, and stored in memory 21, for
example in an array of such target distances that together
characterize the target surface 15. Finally, at step 120, the
routine would return to step 100 and repeat the process for
the next chosen beam path until all beam paths have been
processed and the distances determined for all beam images.
The surface would then be characterized by the pattern of the
determined distances.

[0026] As long as no two beam images are labelled to the
same beam path, the system described above will provide
surface characterizations with a high degree of confidence.
But as the resolution of such a system is increased, for
example by increasing the number of beam paths (equivalent
to decreasing the horizontal distance between beam paths)
without decreasing the beam image size, a point will be
reached where multiple beam images become labelled to the
same beam path. Such beam images that appear on the same
beam path are spatially confused; and the procedure must be
modified to label them with the highest degree of confi-
dence.

[0027] An example of spatially confused beam images is
shown in FIG. 8, in which the emitter optical center 130 is
separated from the receiver optical center 132 by a distance
d, in the direction and a distance L, in the direction. Two
beam images 136 and 138 are sufficiently close to alignment
in the triangulation direction that they are aligned, as shown
by the line 134, and will thus overlap on the image plane.
The definition of “overlap” as used here is that the beam
images cannot be distinguished with a predetermined degree
of confidence: for example, that the distance between their
calculated centers of gravity is smaller than a predetermined
separation distance based on experimental error and similar
factors. Beam images 136 and 138 are presented in FIG. 8
with different target distances D, and D, respectively. If
these beam images were presented with the same target
distance, the beam image locations on the image plane
would not be aligned; they would have a known sequence
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order and could thus be distinguished. The target distance
difference D,-D, has a critical value above which the order
of the beam images cannot be distinguished, which is
expressed in the following equation:

Dy (Dy —dy)F

Dy,-Dj=— "~
2T LT o+ dytanfy - DoF

[0028] wherein F=tan(B,+a)-tan 8, and the angles 6, and
a are as shown in FIG. 8. If the critical target distance is
greater than the system sensing range, the critical conditions
will never occur, and the prior knowledge of the normal
order can then be used for discrimination. To optimise the
system, the right hand side of the equation should be as large
as possible. Due to the requirement of distance resolution,
the most flexible parameter in the system is .. Astudy of the
effects of varying Vindicates that larger angular separation
between confused beam images should be preferred for
better discrimination.

[0029] Examples of arrays in which two beam images
appear on certain beam paths are shown in FIGS. 5 and 6.
In FIG. 5, beam path 82 includes beam images 1,1 and 2,5,
which are shaded in the Figure. Similarly, each of beam
paths 83, 84 and 85 includes two shaded beam images as
indicated in the Figure. The remaining 17 beam paths are not
shown, to avoid unnecessary clutter; but each includes just
one of the remaining beam images, the beam images being
shown unshaded for contrast. In FIG. 6, beam path 87
includes beam images 2,1 and 5,2, which are shaded in the
Figure. Similarly, each of beam paths 88-94 includes two
shaded beam images as indicated in the Figure. The remain-
ing 9 beam paths are not shown, to avoid necessary clutter;
but each includes just one of the remaining beam images, the
beam images being unshaded for contrast. For arrays such as
these, a different process for beam labelling is employed as
described with reference to the flow chart of FIGS. 9A and
9B.

[0030] Prior to the beginning of the beam labelling pro-
cess, the beam paths are created by plotting beam image
location (center of gravity Cg(x,y) on the image plane at
different target distances and deriving a best fit linear path
for each beam path. From a priori knowledge of the appa-
ratus, each beam path is identified as a single beam path or
a shared (two) beam path. The routine LABEL SPATIALLY
CONFUSED BEAM ARRAY is described as two consecu-
tive sub-processes or “passes,” the first comprising steps
140-152 shown in FIG. 9A and the second comprising steps
154-166 shown in FIG. 9B. The first pass acts on all the
beam paths and begins at step 140, shown in FIG. 9A, by
selecting a beam path. At step 142, the routine searches the
selected beam path for all valid beam images. A valid beam
image is selected if its size exceeds a predetermined refer-
ence and its center of gravity Cg(x,y) is less than a prede-
termined distance from the beam path.

[0031] At step 144, the routine then checks the stored
identity of the beam path to see if it is a single beam path.
If the selected beam image is a single beam path, the beam
image is labelled at step 146. This involves a selection of one
beam image from the valid beam images identified along
that beam path; and this may proceed as described in steps
102-116 of the flow chart of FIGS. 7A and 7B, wherein a
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single beam image is identified and labelled on a beam path
where a maximum of one beam image is expected, with the
following addition. Because the beam paths and beam
images are packed tighter in this higher resolution array, a
second distance test is preferably performed on each beam
image remaining in the process just before step 116. This
second distance test is the same as that of step 108— that is,
comparing the distance between the center of gravity of the
beam image and the path with a threshold—but with a
smaller threshold than that used in step 108. Any beam
image falling outside the new, smaller threshold is dis-
carded; and the routine then proceeds to step 116 where the
largest remaining valid beam image (the only beam image if
only one remains) is selected and labelled to the beam path.
If no valid beam image is found that meets the criteria for a
single beam path, than no beam image is labelled. Regard-
less of whether or not a beam image is labelled to the beam
path, the routine proceeds from step 146 to step 152, whereat
it determines if there are more beam paths to process. If there
are more beam paths, the routine returns to step 140 to select
the next unsearched beam path.

[0032] If the selected beam path was not identified as a
single beam path at step 144, it must be a shared beam path.
With such a result at step 144, the routine process to step
148, at which it is determined if any valid beam images are
found located along the beam path beyond a region cutoff.
In explanation of the phrase “region cutoff” attention is
called to the curves of FIG. 10, which define the ranges of
beam image locations for a shared beam path as a function
of target distance (which corresponds to distance along the
path). The curves for individual beam images fall within two
distinct and separated ranges: the first defined between lines
170 and 172 and the second defined between lines 180 and
182. In fact, for each shared beam path one of the beam
images will be in the first of these ranges and the other will
be in the second of these ranges. A region exists to the right
of vertical dashed line 192 (i.e. greater than a predetermined
target distance) wherein all curves within the second of these
ranges are above a region cutoff value (dashed horizontal
line 190) and all curves within the first of these ranges are
below the region cutoff value. Thus, if target distance is
greater than the value indicated by vertical line 192, the
beam path can be divided into two regions by the region
cutoff line 190 and each of the beam images must be in a
separate one of the shared regions. For smaller target dis-
tances (to the left of vertical line 192), it is possible that both
beam images may be in the region below the region cutoff
line 190; but it is not possible for both to be above the region
cutoff. Thus, if any beam images for a shared beam path are
found above the region cutoff value at step 148, the region
cutoff rules are applied at step 150 to determine if the beam
images may be labelled to the selected beam path. At step
150, if one beam image is located above the region cutoff,
one beam image is located below the region cutoff and no
more beam images are identified with the beam path, then
both beam images are labelled to the beam path. It should be
noted that no test need be performed to determine whether
the target distance is greater than the value of vertical line
192 as shown in FIG. 10; since this will be determined, for
the purposes of this routine, by whether a valid beam image
is found above the region cutoff. The region cutoff value
(dashed line 190) will be determined for each shared beam
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path as some margin above the highest possible value of the
range of the lower beam image (in the group between curves
170 and 172).

[0033] But the beam path is still spatially confused if (1)
no beam images are labelled to the shared beam path at step
150 or (2) no beam image is found above the region cutoff
at step 148. In either of these cases, the beam path will be
marked as spatially confused (temporarily) and, if step 152
finds more beam paths to process, the routine will return to
step 140 to select the next beam path.

[0034] From step 152, when there are no more beam paths
to be searched, the routine proceeds to step 154, shown in
FIG. 9B. At this point, a beam path is selected from those
marked (temporarily) as spatially confused, and the routine
proceeds to step 156, for a determination of whether a set of
boundary rules may be applied to label the beam images of
a shared beam path. This set of rules basically attempts to
identify and label either one or two beam images on a shared
beam path, to a predetermined degree of confidence, by
means of its (their) neighboring labelled beam images.

[0035] If two beam images share a beam path, the higher
ordered beam image may be designated beam image A and
the lower ordered beam image may be designated beam
image B. A confused beam image with Cg (y)=y may be
labelled to A or B and resultant target distances will be D,
and Dy, respectively. The four way adjacent labelled beam
images in the image plane are chosen as boundary condi-
tions to estimate the beam image labels. Assume beam
image B is associated with label (i,j) and beam image A is
associated with label (i+4, j+1). The immediate four-way
neighbors of A are the beam images with labels (i+4+1, j+1)
and (i+4, j+1x1). Similarly, the B neighbors are the beam
images with labels (iz1, j) and (i, j=1). If these neighbors are
all or partially labelled without confusion, their target dis-
tance values will be used to estimate the reasonable labels of
the confused beam images.

[0036] To do this, both the averaged target distance
D ,(ave) for the labelled A neighbors and the averaged target
distance Dy(ave) for the labelled B neighbors are calculated.
The boundary conditions are further evaluated with the
distance standard deviation S, and S, for the labelled A and
the labelled B neighbors, respectively. A normalized “pull-
ing” factor is calculated as:

F=|Co|(|C,[+|CuDs

[0037] Where C,=|D,-D,(ave)| and C,=[Dyp-Dg(ave)|.
Clearly, F has a value between 0 and 1. When F is larger than
0.5, the confused beam image is closer to A boundary.
Otherwise, the confused beam image is closer to B bound-
ary. A threshold T can be established based on an acceptable
confidence level so that when T<=F the confused beam
image will be labelled as A. When 1-T>=F the confused
beam image will be labelled as B. For all other conditions
the beam image will not be labelled due to lack of confi-
dence. This process is called one-beam boundary rules.

[0038] The confidence of one-beam boundary rules will
depend on the number of neighboring beam images used and
the boundary conditions. For the former, an adaptive thresh-
old T, is created as T =kN+b, where N is the number of
labelled beam images among the neighboring beam images
of A and B (four each). N may clearly range from 1 to 8. In
addition, k and b are constants that depend on the choice of
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the threshold of confidence desired. For example, when T,
is chosen as 0.55 and 0.85 for N=8 and N=1, respectively,
the equation will become T,=0.893-0.043N. In this model,
each neighboring beam image is considered equal and the
confidence level increases linearly with the number of beam
images used for the label. For the boundary conditions, an
adaptive threshold Ty is created as Tg=(S,+S,)/2(C,+Cp).
This threshold takes the boundary variations into account as
a confidence factor. When the boundary variations are large
compared with the “pulling” factors, the confidence for
labelling becomes lower. The overall threshold T for the
labelling is T=T_+Tj.

[0039] Referring again to the flow chart of FIG. 9B, at
step 156 it is determined if valid beam images are found with
labelled neighbors. If only one valid beam image is found
(158) the beam image will be labelled (or not) at step 160
according to the one-beam boundary rules as described
above. If two valid beam images in the confused beam path
are found (162), two-beam boundary rules will alternatively
be applied at step 164. In two-beam boundary rules, the
one-beam boundary rules will be applied to both beam
images. If the results are consistent, both beam images will
be labelled accordingly. If there are any inconsistencies,
neither beam image will be labelled. If the required valid
beam images are not found at step 156, no beam images will
be labelled for the selected shared beam path. From any of
steps 156, 160 and 164, the routine proceeds to determine,
at step 166, if all possible labelling of shared beam paths is
complete. If not, the routine returns to step 154 to select a
still confused beam path. When all possible labelling is
complete, any beam paths still confused are marked as
unlabelled, along with any single beam path for which no
valid beam images were found.

[0040] Once the beam images are labelled to the proper
beam paths, the results can be used, as in the system
described with respect to FIGS. 7A and 7B, for either
calibration or ranging. In the former case, known target
distances are used and look-up tables are calibrated for such
distances for locations along the beam paths. The latter case
is just the reverse, in which an unknown surface is presented
and the stored look-up table used to convert locations along
the beam paths to an array of target distances, and thus a
target surface characterization. For the former case, unla-
belled beam images are not acceptable, since they would
leave “holes” in the look-up table. But with the use of a
planar target such unlabelled beam images can only be the
result of improperly designed or operating equipment; and
such problems can be fixed. In the latter case, some irregular
surfaces (in shape, color, etc.) can occlude certain beam
images so that they are not seen. In such cases, even with
equipment that is designed and operating properly, confused
beam paths may provide no value for target distance and
leave “holes” in the array of detected surface points.

1. Apparatus comprising:
a source of electromagnetic radiation;

an optical grating receiving the electromagnetic radiation
and emitting a regular array of beams in rows and
columns toward an object surface;

a camera having an image plane, a lens for focusing the
beams of the array reflected from the object surface as
an array of beam images on the image plane and means
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for deriving positional data for each of the beam images
on the image plane, each of the beam images having a
position on the image plane that moves substantially
linearly with variation of a target distance between the
optical grating and a point on the object surface from
which that beam image is reflected, the direction of the
substantially linear movement of each beam image
forming a predetermined angle with the column of the
array of beam images on the image plane to which that
beam image belongs at a common target distance; and

a processor for the positional data comprising:

a memory storing reference data (1) defining predeter-
mined beam image paths corresponding to the substan-
tially linear movement of the beam images, (2) asso-
ciating each of the beam images of the array of beam
images with one of the beam paths such that no more
than a predetermined number of beam images is asso-
ciated with each of the beam paths and (3) defining
positions for each of the beam images along its asso-
ciated beam path relative to variation of the target
distance;

means using the stored reference data for locating, and
determining the associated one of the predetermined
beam paths for, each of the beam images on the image
plane;

means for determining the location of each of the beam
images along its associated one of the predetermined
beam paths and, responsive to the determined location,
using the stored reference data for determining the
target distance for that beam image; and

means for storing an array of the determined target
distances for each of the located beam images refer-
enced to the emitted regular array of beams to charac-
terize the object surface.

2. The apparatus of claim 1 wherein the predetermined
angles are defined between the columns and rows of the
regular array of beams emitted by the optical grating.

3. The apparatus of claim 2 wherein the predetermined
angles are at least partly defined by a rotation of the optical
grating relative to the direction of the substantially linear
movement of one of the beam images.

4. The apparatus of claim 1 wherein the predetermined
angles provide a separate one of the predetermined beam
paths on the image plane for each beam image.

5. The apparatus of claim 1 wherein the predetermined
angles provide a first set of the predetermined beam paths
each associated with a pair of the beam images on the image
plane and a second set of the predetermined beam paths each
associated with only one of the beam paths on the image
plane.

6. The apparatus of claim 5 wherein:

the memory further defines, for each of the first set of the
predetermined beam paths, a region cutoff datum defin-
ing an allowable range of locations thereon which are
possible for only one of the pair of associated beam
images; and

the processor further comprises means responsive to
location of only the one of the pair of associated beam
images within the allowable range of locations and the
location of the other of the pair of associated beam
images not within the allowable range of locations to
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uniquely label each of the pair of associated beam
images with reference to the emitted regular array of
beams.

7. The apparatus of claim 6 wherein the processor further
comprises means responsive to neither of the pair of asso-
ciated beam images being located within the allowable range
of locations to uniquely label each of the pair of associated
beam images at least partly responsive to the locations of
others of the beam images uniquely identified on others of
the predetermined beam paths.

8. The apparatus of claim 7 wherein the unique identifi-
cation of each of the pair of associated beam images is
determined responsive to distances on the image plane
between each of the pair of associated beam images and
predetermined neighboring ones of the uniquely identified
others of the beam images.

9. A method for characterizing an object surface compris-
ing the steps:

generating electromagnetic radiation;

receiving the electromagnetic radiation with an optical
grating and emitting the electromagnetic radiation
therefrom in a regular array of beams in rows and
columns toward the object surface;

focusing ones of the beams of the array reflected from the
object surface through a lens onto an image plane of a
camera as an array of beam images on the image plane,
each of the beam images having a position on the image
plane that moves substantially linearly with variation of
a target distance between the optical grating and a point
on the object surface from which that beam image is
reflected, the direction of the substantially linear move-
ment of each beam image forming a predetermined
angle with the column of the array of beam images on
the image plane to which that beam image belongs at a
common target distance;

deriving positional data for each of the beam images on
the image plane; and

storing reference data (1) defining predetermined beam
image paths corresponding to the substantially linear
movement of the beam images, (2) associating each of
the beam images of the array of beam images with one
of the beam paths such that no more than a predeter-
mined number of beam images is associated with each
of the beam paths and (3) defining positions for each of
the beam images along its associated beam path relative
to variation of the target distance;

using the stored reference data for locating, and deter-
mining the associated one of the predetermined beam
paths for, each of the beam images on the image plane;

determining the location of each of the beam images
along its associated one of the predetermined beam
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paths and, responsive to the determined location, using
the stored reference data for determining the target
distance for that beam image; and

storing an array of the determined target distances for
each of the located beam images referenced to the
emitted regular array of beams to characterize the
object surface.

10. The method of claim 9 wherein the predetermined
angles are defined between the columns and rows of the
regular array of beams emitted by the optical grating.

11. The apparatus of claim 9 wherein the predetermined
angles are at least partly defined by a rotation of the optical
grating relative to the direction of the substantially linear
movement of one of the beam images.

12. The method of claim 9 wherein the predetermined
angles provide a separate one of the predetermined beam
paths on the image plane for each beam image.

13. The method of claim 9 wherein the predetermined
angles provide a first set of the predetermined beam paths
each associated with a pair of the beam images on the image
plane and a second set of the predetermined beam paths each
associated with only one of the beam paths on the image
plane.

14. The apparatus of claim 13 further comprising the
steps:

storing, for each of the first set of the predetermined beam
paths, a region cutoff datum defining an allowable
range of locations thereon which are possible for only
one of the pair of associated beam images; and

uniquely labelling each of the pair of associated beam
images with reference to the emitted regular array of
beams responsive when only the one of the pair of
associated beam images is located within the allowable
range of locations and the other of the pair of associated
beam images is not located within the allowable range
of locations.

15. The method of claim 14 further comprising the step of
uniquely labelling each of the pair of associated beam
images at least partly responsive to the locations of others of
the beam images uniquely identified on others of the pre-
determined beam paths when neither of the pair of associ-
ated beam images is located within the allowable range of
locations.

16. The method of claim 15 wherein the unique identifi-
cation of each of the pair of associated beam images is
determined responsive to distances on the image plane
between each of the pair of associated beam images and
predetermined neighboring ones of the uniquely identified
others of the beam images.



