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1
PARTIAL COHERENCE MITIGATION IN
VIDEO MEASUREMENT SYSTEMS VIA
ILLUMINATION APODIZATION

BACKGROUND OF THE INVENTION
Field of the Invention

This invention relates to illuminators for video measure-
ment systems, and more particularly to such illuminators
that provide for apodizing the illuminator.

Description of Related Art

Video measurement machines gather metrological data
from test objects. U.S. Pat. Nos. 10,701,259 and 9,784,564
teach various aspects of such video measurement machines
and are incorporated herein by reference in their entirety.
One way video measurement machines gather metrological
data is by “backlighting,” wherein the test object is illumi-
nated from one direction and the test object is imaged from
the opposite direction. When backlighting a test object, the
test object itself appears dark to the imaging system and the
remaining background appears light. Thus, the test object
appears in silhouette. The object profiles are then identified
by the points of transition between light and dark, where the
light that surrounds or passes through the test object is
contrasted with adjacent portions of the view at which light
is blocked. The imaging system then images the test object
silhouettes. Object profiles can then be identified by the
points of transition where light that surrounds or passes
through the test object is contrasted with adjacent portions of
the view at which light is blocked. Backlights of video
measuring machines are typically designed to form an
angularly uniform illumination distribution, but this can
cause an apparent shift of edges on the backlit test objects as
observed on video measurement machines. The apparent
edge shift goes from dark-to-light regardless of the orien-
tation of the edges, so that silhouettes of opaque, backlit
objects generally measure larger than expected and the inner
diameter of rings measure smaller than expected. This is due
largely to an optical phenomenon called partial coherence.

There are several techniques used to resolve the problem
of shifted edges. Typically, the aperture stop of the illumi-
nator is approximately matched to the aperture stop of the
imaging system to limit the range of angles through which
the object is illuminated. Overfilled imaging system aper-
tures have higher angles of light that can enter the imaging
system aperture by specular or diffuse reflections which may
cause the boundaries of the object silhouette to be obscured.
Thus, a certain range of angles is collected by the imaging
system to image the silhouette boundaries while the range of
illumination angles is limited to avoid unnecessarily illumi-
nating the test object from different directions. Current
configurations of video measuring machines can provide a
magnitude of the apparent edge shift of a backlit test object
of less than 10 um. However, this edge shift is observable
and still consequential in many applications. Incoherent
illumination, or vastly increasing the angular extent of
illumination has also been considered as an illumination
solution to edge shift. For an F/100 imager, experiences have
shown that increasing the illumination from F/50 to F/5
greatly reduces the magnitude of the apparent edge shift.
Moreover, placing a diffuser immediately after a backlight
or opening the backlight pupil can help some objects mea-
sure closer to nominal, for example, “zero thickness”
chrome on glass reticles. These techniques, however, can
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still create problems when measuring certain test parts. For
example, a “wraparound” effect can be observed when test
objects with curved or inclined surfaces, such as a gage pin,
are measured. The “wraparound” effect is a result of the
wide angular extent of the illumination reflecting from the
curved or inclined surfaces within the test object profile and
entering the imagining system aperture. In other words,
edges created by curved or inclined walls can specularly
reflect light into the imager, introducing another error source
into edge localization. Another possible technique to resolve
the problem of shifted edges is to correct the values using
software after the edges of interest have been located. In this
case, the true edge position is determined by both system-
and object-specific post-processing of edge profiles. Typi-
cally, a nuanced algorithm is used to find the true edge
position, requiring inputs of illumination angular extent and
object-edge depth. A problem with this approach, however,
is that it is more desirable to acquire an image where no such
corrections are needed and a prior knowledge of the object
is unnecessary.

BRIEF SUMMARY OF THE INVENTION

The invention contemplates a video measurement system
for measuring a test object where partial coherence-induced
edge shift is mitigated via illumination apodization. Accord-
ing to one approach, a video measurement system for
measuring a test object comprises an imaging system com-
prising an imager having an imaging pupil, the imager
arranged for viewing at least a portion of a silhouette of the
test object by receiving light transmitted by the test object
over a first angular extent, and, an illumination system
comprising (i) an illumination source; (ii) output having a
second angular extent in object space that is larger than the
first angular extent received by the imaging pupil; and (iii)
a substrate arranged to diffuse light from the illumination
source, the substrate having an axial centerline and a light
obscuration element, wherein the light obscuration element
is at least approximately coaxial to the axial centerline of the
substrate, and wherein the pupils of the illumination and
imaging systems are in at least approximately conjugate
image planes.

In one configuration, the substrate of the video measure-
ment system comprises a front surface illuminated by the
illumination source and a back surface wherein the light
obscuration element is disposed on the front surface and is
at least approximately coaxial to the axial centerline of the
substrate. The substrate is a volumetric diffuser in certain
configurations. The illumination system of the video mea-
surement system in certain configurations has an object
space numerical aperture that is larger than an object space
numerical aperture of the imager. Typically, the imaging
pupil axial centerline is at least approximately aligned with
the light obscuration element. The second angular extent of
the first illumination system in some configurations is twice
as large as the first angular extent received by the imaging
pupil. Moreover, the illumination system in a configuration
further comprises an illumination pupil having an axial
centerline and wherein the substrate further comprises a bore
in the front surface and a ball disposed within the bore,
wherein the bore is approximately coaxial to the axial
centerline of the illumination pupil. The ball is an opaque,
spherical ball in some configurations and the bore is sub-
stantially cylindrical.

In another configuration, the substrate of the video mea-
surement system comprises a front surface illuminated by
the illumination source and a back surface, wherein the light
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obscuration element is a pair of linear polarized filters
comprising (i) a first linear polarizing filter located between
the illumination source and the front surface of the substrate;
and (ii) a second linear polarizing filter overlapping the first
linear polarizer, wherein one of the first and second linear
polarizing filters is rotated in relation to the other one of the
first and second linear polarizing filters. The illumination
system in this configuration can further comprise an illumi-
nation pupil having an axial centerline, wherein a diameter
of the second linear polarizing filter is smaller than a
diameter of the illumination pupil and at least approximately
coaxial to the axial centerline of the illumination pupil, and
wherein the second linear polarizing filter is larger than a
diameter of the conjugate image of the imaging pupil at the
back surface of the substrate. In a configuration, the second
linear polarizing filter is adhered to the back surface of the
substrate. In another configuration, the second linear polar-
izing filter is adhered to the front surface of the substrate. In
yet another configuration, the second linear polarizing filter
is located between the illumination source and the first linear
polarizing filter. The substrate can be rotated to rotate the
second linear polarizing filter relative to the first linear
polarizing filter. In one configuration, a mechanism rotates
the first linear polarizing filter relative to the second linear
polarizing filter.

According to another approach, a video measurement
system for measuring a test object comprises an imaging
system comprising an imaging pupil, the imager arranged
for viewing at least a portion of a silhouette of the test object
by receiving light transmitted by the test object over a first
angular extent, an illumination system comprising an illu-
mination source and having a second angular extent that is
larger than the first angular extent received by the imaging
pupil and a output wherein the pupils of the illumination and
imaging systems are in at least approximately conjugate
image planes, a substrate arranged to diffuse light from the
illumination source, the substrate having a front surface and
a back surface, wherein a bore is disposed in the front
surface and wherein the front surface is illuminated by the
illumination source; and an opaque ball disposed in the bore
in the front surface of the substrate and sized to provide light
obscuration of a portion of light from the illumination
source. In some configurations, substrate front surface is
diffuse and the substrate back surface is diffuse. In a con-
figuration, the ball is a spherical ball bearing and the bore is
substantially cylindrical. The imaging pupil and the ball
each have an axial centerline, wherein the imaging pupil is
at least approximately coaxial to the axial centerline of the
ball.

In yet another approach, a video measurement system for
measuring a test object comprises an imaging system com-
prising an imager having an imaging pupil, the imager
arranged for viewing at least a portion of a silhouette of the
test object by receiving light transmitted by the test object
over a first angular extent, an illumination system having an
illumination source and a second angular extent that is larger
than the first angular extent received by the imaging pupil
and a output, wherein the pupils of the illumination and
imaging systems are in at least approximately conjugate
image planes, a substrate arranged to diffuse light from the
illumination source, the substrate having a front surface and
a back surface, a first linear polarizing filter located between
the illumination source and the front surface of the substrate;
and a second linear polarizing filter overlapping the first
linear polarizer, wherein one of the first and second linear
polarizing filters is rotated in relation to the other one of the
first and second linear polarizing filters. In a configuration,
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the illumination system further comprises an illumination
pupil, the illumination pupil having an axial centerline,
wherein the second linear polarizing filter is smaller than the
illumination pupil and at least approximately coaxial to the
axial centerline of the illumination pupil, and wherein the
first linear polarizing filter is larger than the imaging pupil.
The second linear polarizing filter is either disposed on the
back surface of the substrate, between the first polarizing
filter and the substrate, or between the illumination source
and the first linear polarizing filter.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

FIG. 1 is a diagram of a video measuring system for
backlighting a test object having an illumination system and
an imaging system arranged for capturing the silhouette of
the backlit test object, wherein the angular extent of the
backlight is larger than the angular extent received by the
imaging pupil.

FIG. 2 is a diagram of an illumination system of the video
measuring system for backlighting a test object.

FIG. 3 is a diagram of a video measuring system for
backlighting a test object showing the test object on a
mounting stage.

FIG. 4A is an enlarged top view of a front side of a
volumetric diffuser having a light obscuration element
within a bore.

FIG. 4B is a cross-sectional view of the volumetric
diffuser having a bore taken along line L-L of FIG. 4A.

FIG. 5 is an image of an illumination distribution using
the light obscuration element within the bore of FIG. 4A.

FIG. 6 is an enlarged diagram of a light obscuration
element using a first and second linear polarizer, wherein the
first linear polarizing filter is at least proximate the front
surface of the diffuser and the second linear polarizing filter
is disposed on the back surface of the diffuser.

FIG. 7 is an enlarged diagram of a light obscuration
element using a first and second linear polarizer, wherein the
second linear polarizing filter is disposed on the front
surface of the diffuser.

FIG. 8 is an enlarged diagram of a light obscuration
element using a first and second linear polarizer, wherein the
second linear polarizing filter is located between the illumi-
nation source and the first linear polarizing filter.

FIG. 9 is a set of images of the distributions shown in
grayscale, the images obtained from using a first and second
linear polarizer shown in FIG. 6 and rotating the second
linear polarizer relative to the first linear polarizer.

FIG. 10 is a graph of the approximate corresponding
illumination radial profiles of the distributions which were
extracted via digital image analysis.

FIG. 11 A is a grayscale representation of a color heatmap
of edge shifts provided with a median dark width minus light
width error of -0.986 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 0 in FIG. 9.

FIG. 11B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of -0.986 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 0 in FIG. 9.
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FIG. 12A is a grayscale representation of a color heatmap
of'edge shifts provided with a median dark width minus light
width error of -0.423 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 1 in FIG. 9.

FIG. 12B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of -0.423 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 1 in FIG. 9.

FIG. 13A is a grayscale representation of a color heatmap
of'edge shifts provided with a median dark width minus light
width error of -0.008 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 2 in FIG. 9.

FIG. 13B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of -0.008 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 2 in FIG. 9.

FIG. 14A is a grayscale representation of a color heatmap
of'edge shifts provided with a median dark width minus light
width error of +0.196 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 3 in FIG. 9.

FIG. 14B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of +0.196 px taken from a video measuring
system being tuned using a first and second linear polarizer
shown in FIG. 6 and rotating the second linear polarizer
relative to the first linear polarizer to provide the image of
the backlight distribution designed as 3 in FIG. 9.

FIG. 15A is a grayscale representation of a color heatmap
of'edge shifts provided with a median dark width minus light
width error of +0.377 px taken from a video measuring
system without a light obscuration apparatus.

FIG. 15B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of +0.377 px taken from a video measuring
system without a light obscuration apparatus.

FIG. 15C is an image of the backlight distribution shown
in grayscale which created the plot shown in FIG. 15A.

FIG. 16A is a grayscale representation of a color heatmap
of'edge shifts provided with a median dark width minus light
width error of +1.032 px taken from a video measuring
system without a light obscuration apparatus where the
illumination source is not properly collimated.

FIG. 16B is a grayscale representation of a color histo-
gram of values showing the median dark width minus light
width error of +1.032 px taken from a video measuring
system without a light obscuration apparatus where the
illumination source is not properly collimated.

DETAILED DESCRIPTION OF THE
INVENTION

At the outset, it should be appreciated that like reference
numbers are intended to identify the same structural ele-
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6

ments, portions, or surfaces consistently throughout the
several drawing figures, as such element, portions or sur-
faces may be further desired or explained by the entire
written specification, or which this detailed description is an
integral part. Unless otherwise indicated, the drawings are
intended to be read together with the specification, and are
to be considered a portion of the entire written description of
this invention.

The video measuring system 10 shown in FIGS. 1-3 is
presented in a schematic layout featuring an illumination
system 12 for backlighting a test object 100 and an imaging
system 14 arranged for measuring a silhouette of the test
object 100. Measuring the silhouette of backlit test objects
is known as “shadow imaging” or “silhouette imaging.” The
video measuring system 10 for opaque parts is one of many
possible configurations, which includes a test object 100
positioned on a mounting stage 16. The mounting stage 16
can be made of transparent optical material or otherwise
provide for the transmission of light to convey light past the
test object 100 to the imaging system 14. The test object 100
is backlit by the illumination system 12 having an illumi-
nation source 20 and an illumination lens 22. Although one
illumination lens is shown, it should be appreciated that
additional illumination lenses may be included in a configu-
ration. Typically, the illumination lens 22 is a collimation
lens providing collimated rays, for example, as shown in
FIG. 2. The illumination system 12 further includes an
illumination pupil 26. The illumination system 12 in one
configuration is aligned with an optical axis or “centerline”
28 of the video measuring system 10. The imaging system
14 is arranged for detecting transmitted light from the
illuminator on the opposite side of the test object 100,
known as diascopic illumination.

The imaging system 14 includes at least an imager, for
example, an arrayed image sensor 48, which can be aligned
along a common optical axis 28 of the video measuring
system 10. The illumination system 12 includes a relatively
high angular extent compared to the imaging system 14. The
imaging system 14 further includes at least one imaging
front-end lens 42 and an imaging pupil 44. The imaging
system 14 also includes a rear lens 46 and an arrayed image
sensor 48 in the image plane. The front-end lens 42, together
with the collimating lens 22, images the illumination pupil
26 of the illumination system 12 onto the imaging pupil 44
of the imaging system 14. The silhouette of the test object
100 is collected from a wider range of off-axis angles, but
opportunities for stray deflections from the test object 100 to
enter the imaging pupil are limited because the imaging
system 14 has an object space numerical aperture that is
smaller than the object space numerical aperture of the
illumination system 12. Using this video measuring system
10, the illumination output 24 has an angular extent 40a in
object space 34 that is larger than the angular extent 405
received by the imaging pupil 44. In one configuration, the
angular extent 40a of the illumination source 20 in object
space 34 is approximately twice as large as the angular
extent 405 received by the imaging pupil 44. It should be
appreciated that the illumination pupil 26 and the imaging
pupil 44 are in at least approximately conjugate image
planes, and typically are in conjugate image planes. The
illumination pupil 26 and the imaging pupil 44 each include
an axial centerline 30, 32, respectively, which aligns with the
optical axis 28 of the video measuring system 10.

The illumination source 20 can include a standard back-
light having a high angular extent. The angular extent of the
illumination source 20 in object space in one configuration
is approximately twice as large as the angular extent
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received by the imaging pupil 44. The backlight object space
f-number (F/#) may be about half that of the associated
imager. For example, the illumination system 12 may have
an object space F/50 while the imaging system 14 may have
an F/100. The illumination source 20 in one configuration
may be a light emitting diode (LED) or a plurality of LEDs.
In another configuration, the illumination source 20 is an
incandescent lamp, high intensity discharge (HID) lamp, or
superluminescent diode (SLD or SLED). The illumination
system 12 further includes a substrate 50 arranged to diffuse
light from the illumination source 20. The substrate 56 is
preferably at least approximately aligned with the optical
axis 28 and even more preferably the substrate 56 is a
diffuser 50 aligned with the optical axis 28. The illumination
system 12 also includes a light obscuration apparatus 18
comprising the substrate 56 and a light obscuration element
52 which is arranged to dim the part of the illumination
distribution that is directly captured by the imaging system
14. In one configuration, the light obscuration element 52 is
at least approximately coaxial to the axial centerline 30 of
the illumination pupil 26, and more preferably coaxial to the
axial centerline 30 of the illumination pupil 26. Even more
preferably, the imaging pupil 44, light obscuration element
52 and illumination pupil are coaxial to the optical axis 28.
As described below, most preferably, the imaging pupil 44
is centered on the dark spot formed by the light obscuration
element 52. It should be appreciated that the substrate 56 and
light obscuration element 52 can be located within a region
of axial positions “R” positioned between the illumination
source 20 and the illumination pupil 26.

The light obscuration apparatus 18 comprising the light
obscuration element 52 and substrate 56 can take many
different configurations. Many examples of the light obscu-
ration element 52 and the substrate 56 are described below.
It should be appreciated that each of the illumination dis-
tribution arrangements described emits light that is not
directly captured by the imaging optical system. Further, it
should be appreciated that the illumination system may
optionally include additional optics between the illumina-
tion source 20 and the substrate 56.

As shown in FIGS. 1-4B, the substrate 56 can be a
volumetric diffuser 50. The term “diffuse” or “diffusing”
means light scattering, for example by reflection, refraction
or diffraction. A volumetric diffuser 50 is generally a sub-
strate that scatters light throughout the volume of the bulk
material. An example of a volumetric diffuser 50 is a white
acrylic sheet such as Acrylite 020-4, Plexiglass 2447, or
similar material. However, it should be appreciated that
other suitable materials are possible, and these are intended
to be within the spirit and scope of the invention. Addition-
ally, in a configuration, the volumetric diffuser 50 includes
diffuse front and/or back surfaces. In another configuration,
the volumetric diffuser 50 has polished or buffed surfaces.

In another configuration, the illumination system includes
a substrate 56 that is a dual-sided non-volumetric diffuser, or
surface diffuser. By “surface diffuser” it is meant to refer to
a substrate where the points of scattering are confined to a
surface, usually due to a rough surface finish on an exterior
surface. Examples of “surface diffusers™ include, but are not
limited to, a piece of clear glass with rough ground front and
back surfaces and a single-sided surface diffuser.

The light obscuration element 52 is arranged for apodiz-
ing the illuminator pupil 26 by providing a darker center and
brighter annulus near the pupil edge. The light obscuration
element 52 and substrate 56 control the angular distribution
of light emitted from the illumination system 12. It should
be appreciated that rotational symmetry within the imaging
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pupil 44 is important, especially when the object is out of
best focus, to avoid anisotropic measurement errors.

One effective way of achieving distributions is using a
thick volumetric diffuser 50 which is illuminated from the
front side 54 uniformly, wherein a bore 58 is drilled into the
center of the diffuser material and a ball 60 is disposed in the
bore 58 as shown in FIGS. 4A-4B. The volumetric diffuser
50 preferably has a thickness in the range of 2 mm to 6 mm
and a diameter in the range of 3 mm to 7 mm. In one
configuration, the volumetric diffuser 50 has a thickness of
2.9 mm with a diameter of 5.65 mm. The ball 60 is sized to
fit within the bore 58 and is typically approximately the
same size as the bore 58 with tolerances that result in
minimum gap sizing. In one configuration, the diameter of
the bore 58 is between 1 mm and 5 mm, and more preferably
between 1.5 mm and 3 mm, with a cylindrical shape. The
bore 58, in certain configurations, further includes a tapered
edge or cone-shaped bottom. In one configuration, the
bottom is a right cone shape having an apex angle of
approximately 118°. In some configurations, the depth of the
bore 58 is smaller than the diameter of the ball 60. Thus, the
ball 60 can in some configurations, protrude from the surface
of the diffuser 50 when disposed within the bore 60. For
example, the ball 60 may protrude between 0.1 mm and 0.4
mm from the front surface 62 of the diffuser 50 in one
configuration, and more preferably between 0.2 mm and 0.3
mm. It should be appreciated that while a spherical, steel ball
bearing is shown as the light obscuration element 52, other
materials can be used and other shapes that fit within the
bore 58 of the diffuser are possible. The geometry of the
light obscuration element 52 may need to change depending
on the properties of a specific diffuser material to produce a
suitable distribution. The light obscuration element 52 can
be any type of material or shape that blocks some or all of
the light proximate or at the center of the illumination pupil
26. In one configuration, the ball is approximately spherical.
If the diffuser 50 is volumetric and the ball 60 is not directly
seen on the output side of the diffuser 50, the resulting
distribution typically does not provide abrupt changes in the
light intensity. The adjusting of the depth of the bore 58 as
well as the diameter of the bore 58 provide control param-
eters for the resulting illumination distribution. The bore 58,
in a configuration, is coaxial to an axial centerline of the
diffuser 50. Moreover, the ball 60 and bore 58 are each at
least approximately coaxial to the axial centerline of the
illumination pupil 26 and imaging pupil 44, and more
preferably, coaxial to the axial centerline of the illumination
pupil 26 and imaging pupil 44.

It should be appreciated that other single static central
obscuration components that provide less than 100% trans-
mittance can be used instead of or in addition to the ball.
Further, other light obscuration elements can be used,
including, but are not limited to, rod stock, a deposited metal
dot (for example, chrome on glass), shim stock disc, black
paint filling in the diffuser bore, a metal foil disc, etc.

In a configuration, the substrate 56 is part of an illumi-
nation system assembly, wherein the illumination source 20
is on one side of the substrate 56 and the illumination lens
element(s) 22 are on the other side.

Turning to FIG. 5, this figure shows an image of an
illumination distribution using the light obscuration element
within the bore of FIG. 4A. It should be appreciated that
while the imaging system 14 can be aligned with the
illumination source 20 along an optical axis 28 such that the
circular imager acceptance region is centered in the illumi-
nation distribution, having the imaging system 14 aligned
with the illumination source 20 is not required. The light
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obscuration element 52 provides a brighter annulus 66 near
the edge of the illumination pupil 26 and a dark spot 68 near
the center. The light obscuration element 52 may be approxi-
mately centered to the sharp outer edge, or there may be no
sharp outer edge. Preferably, however, the imaging pupil 44
is centered on the dark spot 68 formed by the light obscu-
ration element 52.

In another approach, an illumination distribution is
achieved by a light obscuration apparatus 18 that apodizes
the illumination pupil 26 using a pair of linear polarizing
filters as shown in FIGS. 6-8. The intended effect of adjust-
able edge shift is achieved by rotating one of the polarizing
filters relative to the other polarizing filter.

In one configuration, the light obscuration element 52 is
a pair of linear polarized filters 70, 72. As shown in FIG. 6,
linear polarizing filter 70 is located between the illumination
source 20 and the front surface 62 of the substrate 56 and
linear polarizing filter 72 overlaps linear polarizing filter 70.
The illumination system 12 of this configuration includes an
illumination source 20 as described above, a substrate 56, a
first polarizing filter 70 and a second polarizing filter 72
where one of the polarizing filters 70 or 72 is at a different,
adjustable orientation and rotated in relation to the other
linear polarizing filters 70 or 72 to provide a darker center
and brighter annulus near the edge of the illumination pupil
26. Typically, linear polarizing filter 72 has a diameter that
is smaller than the illumination pupil 26 to dim the corre-
sponding central portion of the distribution by an adjustable
amount and at least approximately coaxial to the axial
centerline of the illumination pupil 26. Moreover, typically
linear polarizing filter 72 has a diameter that is larger than
the imaging pupil 44. In a configuration, the substrate 56 is
a diffuser 50. Linear polarizing filter 72, in one configura-
tion, is disposed on the back surface 74 of the substrate 56
as shown in FIG. 6. Linear polarizing filter 72 in this
configuration is disposed on the substrate 56 itself. Linear
polarizing filter 72 may be taped or otherwise adhered to the
back surface 74 of the substrate 56 in a manner that does not
completely obstruct the transmission of light. Methods of
securing the linear polarizing filter 72 to the diffuser include,
but are not limited to, optically clear adhesive, clear tape,
press-fitting into a hole in the substrate 56, for example, the
diffuser 50, etc. In fact, linear polarizing filter 72 need not
be physically attached to the diffuser 50 at all, though the
diffuser 50 makes for a convenient substrate. The transmis-
sion of light through linear polarizing filter 72 is then
adjusted by rotating the diffuser 50. For example, the linear
polarizing filter 72 can be rotated in about 10 degree
increments.

In another configuration according to FIG. 7, linear polar-
izing filter 72 is positioned between polarizing filter 70 and
the substrate 56. In yet another configuration, as shown in
FIG. 8, linear polarizing filter 72 is between the illumination
source 20 and linear polarizing filter.

Turning now to FIGS. 9 and 10, FIG. 9 is a set of images
of the distributions shown in grayscale, the images obtained
from an exemplifying use of linear polarizing filters 70, 72
shown in FIG. 6 and rotating linear polarizing filter 72
relative to linear polarizer 70. FIG. 10 is a graph of the
approximate corresponding illumination radial profiles of
the distributions which were extracted via digital image
analysis. In this graph, the x-axis is the distance from the
distribution’s center and the y-axis is the relative intensity at
each radial position. Here, in this example, linear polarizing
filter 72 had a diameter that was slightly larger than the
imaging pupil 44, was taped to the diffuser 50, and rotated
in about 10 degree increments (labeled O, 1, 2, and 3) starting
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at the least transmissive rotational position until the edges in
the images of a test object 100 did not appear shifted. In this
configuration, the linear polarizing filter 72 was aligned by
eye to the center of the bright portion of the distribution
created by the illumination source 20 by translating the
diffuser 50. Images of the distributions themselves are
shown below in grayscale, labeled 0, 1, 2, and 3, and the
central portion 80 can be observed getting lighter as the
diffuser 50 is rotated. Maps of edge shifts, as shown in the
grayscale representations of color heatmaps in FIGS. 11A,
12A, 13A, and 14A, are provided with the median dark
width minus light width error displayed in text on the
corresponding plots. The error map plots described herein of
FIGS. 11A, 12A, 13A, and 14A show a two-dimensional
data visualization using a selected gradient, wherein values
of the difference between the dark stripe widths and the
adjacent and bright stripe widths are given assignments
along the grayscale based on the greatest and least values
calculated in the dark width minus light width calculation. In
a color heatmap version of the images in FIGS. 11A, 12A,
13A, and 14A, the different colors along the RGB scale
correspond with the levels of brightness of the grayscale.
More specifically, in one configuration of the color heatmap
version of the images in FIGS. 11A, 12A, 13A, and 14A, the
largest dark minus light pixel value is represented by red, a
median pixel value is represented by green, and the smallest
dark minus light pixel value is represented by violet.
Additionally, a histogram of values is shown in FIGS.
11B, 12B, 13B, and 14B, respectively. FIGS. 11B, 12B, 13B,
and 14B each depict a histogram in grayscale using different
levels of brightness to represent colors along the RGB scale.
In color versions of the grayscale histograms shown in
FIGS. 11B, 12B, 13B, and 14B, different colors along the
RGB scale correspond with the levels of brightness of the
grayscale. More specifically, in color versions of the gray-
scale histograms described herein, the histograms classify
colors in the color error map, showing the spread of values
along the RGB scale from the highest dark minus light
value, which can be represented by red at the top of the dark
minus light pixel histogram, median dark minus light value
which can be represented by green and located approxi-
mately near the horizontal line on the histogram, to lowest
dark minus light which can be represented by violet at the
bottom. The method used to measure the magnitude of edge
shift on an existing video measuring system 10 is as follows.
First, a chrome on glass Ronchi ruling with a verified 50%
duty cycle is placed in the focus of the imaging system 14
and an image is captured. Next, the digital image is analyzed
by finding a variety of edge positions, preferably using the
same edge finding method that will be used when measuring
real parts. Edge positions throughout the image (i.e. the
system’s field of view or FoV) are found and the difference
between the dark stripe widths and the adjacent and bright
stripe widths is determined. If the difference is not zero,
there is some edge shift that changes direction with the edge
orientation. Next, the dark stripe width minus an adjacent
light stripe width is mapped throughout the field of view of
the imaging optics, which is used to generate a false-color
map of error magnitude. The median of all dark minus light
values is considered to reduce this to a single value. In the
analysis output figure, FIG. 15A, for example, the median of
all dark minus light values is 0.377 px. Additionally, a
histogram of values is shown in FIG. 15B, wherein the
highest dark minus light value was 0.435 px, shown in light
gray in FIG. 15B, the median was 0.377 px shown in
medium gray located in the area of the horizontal line, and
the lowest dark minus light value was 0.330 px shown in
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dark gray at the bottom of the histogram. In one configu-
ration of a color version of the histogram depicted in 15B,
the highest dark minus light value of 0.435 px can be shown
in red at the top, the median of all dark minus light values
01 0.377 px can be shown in green located in the area of the
horizontal line, and the lowest dark minus light value of
0.330 px can be shown in violet at the bottom of a color
version of the histogram. This shows the spread of values in
the plot, which can help indicate a problem, e.g. the range of
edge shift values is significantly higher than other machines
of the same design.

Considering partial coherence effects, traditional illumi-
nators tend to shift the edge from dark to light, so the dark
stripes tend to appear wider than neighboring light stripes.
Therefore, the dark-light values tend to be positive. As an
example of this tendency, FIG. 15A is a grayscale represen-
tation of a color error map as described above, taken from
a multisensory video measuring machine with a backlight.
An image of the backlight distribution that created this plot,
FIG. 15C, is also included in the bottom left hand corner of
the analysis output figure.

Having the edge shift measured throughout the FoV is
useful for diagnosing inconsistent illumination angular dis-
tribution or inconsistent alignment between the illuminator
system 12 and the imager system 14. For example, if the
illumination source 20 (also referred to as the backlight) is
not properly collimated, a field-dependent error map is
possible. Similarly, if the arrayed image sensor 48 is not
telecentric but the backlight is properly collimated, a pattern
can be visible in the error map in the presence of partial
coherence edge shift effects. A field-dependent pattern indi-
cates a problem in the system, but does not specity the root
cause. FIGS. 16A and 16B show an example of a field
dependent error map. In the analysis output figure, FIG.
16A, the median of all dark minus light values is +1.032 px.
Additionally, a histogram of values is shown in FIG. 16B,
wherein the highest dark minus light value was 1.100 px,
which is shown in light gray, the median was 1.032 px,
which is shown in medium gray, and the lowest was 0.925
pX, which is shown in dark gray. In one configuration of a
color histogram version of FIG. 16B, the highest dark minus
light value of 1.100 px can be shown in red at the top, the
median of all dark minus light values of 1.032 px can be
shown in green located in the area of the horizontal line on
the histogram, and the lowest dark minus light value of
0.925 px can be shown in violet at the bottom.

Other edge orientations can be tested by rotating the
Ronchi ruling before capturing and image and running the
analysis. Since a well-aligned system is expected to have
isotropic partial coherence edge shift, a single orientation
can be cautiously used as a measure of this aspect of
machine performance.

This method has an advantage of not needing an accurate
(or any) physical pixel size, so at a minimum, the magnifi-
cation of the video measuring machine 10 need not be
calibrated. This is because the found edge positions are
referenced to other found edge positions in the same image.
The only thing that is needed is an artifact with a verified
50% duty cycle, for example, a chrome on glass Ronchi
ruling. In order to convert the edge shifts from units of pixels
into physical distance, an object space pixel size is needed,
but a good approximation of this parameter is usually
adequate for this purpose.

Since the measurement is the dark width minus light
width, the isotropic edge shift is counted several times (two
widths at two edges per width). If we assume the edge shift
is constant, the shift of any individual edge can be calculated
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simply by dividing the dark-light value by 4. Another
convenient calculation is that objects whose widths are
measured will typically have an error of half the dark minus
light value since a width constitutes two measured edges.

Thus, using the above method to measure the magnitude
of'edge shift on an existing video measuring system with an
illumination system 12 tuned using a light obscuration
apparatus 18 described herein to remove partial coherence
edge shift, the map of edge shifts as shown in the grayscale
representations of the color heatmaps in FIGS. 11A, 12A,
13A, and 14A, show a measured edge shift was closest to
zero (0.008 pixels), and therefore having the most desirable
corrective factor, for configuration 2 shown in FIG. 13A.

If polarized illumination creates issues for measurement
of certain artifacts, a wave plate may be used after linear
polarizing filters 70 and 72 to mitigate such effects by
creating non-linear output polarizations.

It should be appreciated that alternative configurations of
the pair of linear polarizing filters approach may be used.
For example, oversizing linear polarizing filter 72 to be
significantly larger in diameter than the imaging pupil 44
could ease alignment sensitivity while maintaining enough
adjustment to correct the edge shift the desired amount.
Alternatively, linear polarizing filter 72 could be placed on
the side of the diffuser 50 that is closer to the illumination
source 20, thus softening any features in the output distri-
bution via action of the diffusive substrate.

Finally, a mechanism (not shown) to rotate linear polar-
izing filter 70 may be used instead of rotating the diffuser 50
having linear polarizing filter 72 since rotation of the diffuser
50 can throw the system out of alignment, including but not
limited to the alignment of the linear polarizing filter 72 to
the illumination source 20, the linear polarizing filter 72 to
the imaging system 12, or both.

As the present disclosure describes particular configura-
tions, it is not limited to these configurations. Alternative
configurations, embodiments, or modifications, which will
be encompassed by the invention can be made by those
skilled in the configurations, embodiments, modifications or
equivalents, may be included in the spirit and scope of the
invention, as defined by the appended claims.

The invention claimed is:

1. A video measurement system for measuring a test
object comprising:

(a) an imaging system comprising an imager having an

imaging pupil, the imager arranged for viewing at least
a portion of a silhouette of the test object by receiving
light transmitted by the test object over a first angular
extent; and

(b) an illumination system comprising (i) an illumination

source; (ii) an illumination pupil; (iii) a lens system;
(iv) output having a second angular extent in object
space that is larger than the first angular extent received
by the imaging pupil; and (v) a substrate arranged to
diffuse light from the illumination source, the substrate
having an axial centerline and a light obscuration
element, wherein the light obscuration element is
approximately coaxial to the axial centerline of the
substrate, and wherein the pupils of the illumination
and imaging systems are in conjugate image planes.

2. The video measurement system of claim 1 wherein the
substrate comprises a front surface illuminated by the illu-
mination source and a back surface, and wherein the light
obscuration element is disposed on the front surface and is
approximately coaxial to the axial centerline of the substrate.

3. The video measurement system of claim 1 wherein the
substrate is a volumetric diffuser.
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4. The video measurement system of claim 3 wherein the
illumination pupil includes an axial centerline and wherein
the substrate further comprises a bore through the front
surface and a ball disposed within the bore, wherein the bore
is approximately coaxial to the axial centerline of the
illumination pupil.

5. The video measurement system of claim 4 wherein the
ball is an opaque ball.

6. The video measurement system of claim 4 wherein the
ball is spherical and the bore is substantially cylindrical.

7. The video measurement system of claim 1 wherein the
illumination system has an object space numerical aperture
that is larger than an object space numerical aperture of the
imager.

8. The video measurement system of claim 1 wherein the
second angular extent of the illumination system is twice as
large as the first angular extent received by the imaging
pupil.

9. The video measurement system of claim 1 wherein the
imaging pupil is approximately aligned with the light obscu-
ration element.

10. The video measurement system of claim 1 wherein the
diffuser comprises a front surface illuminated by the illu-
mination source and a back surface, and wherein the light
obscuration element is a pair of linear polarized filters
comprising (i) a first linear polarizing filter located between
the illumination source and the front surface of the substrate;
and (ii) a second linear polarizing filter overlapping the first
linear polarizer, wherein one of the first and second linear
polarizing filters is rotated in relation to the other one of the
first and second linear polarizing filters.

11. The video measurement system of claim 10 wherein
the illumination pupil includes an axial centerline, wherein
a diameter of the second linear polarizing filter is smaller
than a diameter of the illumination pupil and approximately
coaxial to the axial centerline of the illumination pupil, and
wherein the second linear polarizing filter is larger than a
diameter of the conjugate image of the imaging pupil at the
back surface of the substrate.

12. The video measurement system of claim 11 wherein
the second linear polarizing filter is adhered to the back
surface of the substrate.

13. The video measurement system of claim 12 wherein
the substrate is rotated to rotate the second linear polarizing
filter relative to the first linear polarizing filter.

14. The video measurement system of claim 12 further
comprising a mechanism to rotate the first linear polarizing
filter relative to the second linear polarizing filter.

15. The video measurement system of claim 11 wherein
the second linear polarizing filter is adhered to the front
surface of the substrate.

16. The video measurement system of claim 11 wherein
the second linear polarizing filter is located between the
illumination source and the first linear polarizing filter.

17. A video measurement system for measuring a test
object comprising:

(a) an imaging system comprising an imager having an

imaging pupil, the imager arranged for viewing at least
a portion of a silhouette of the test object by receiving
light transmitted by the test object over a first angular
extent;

(b) an illumination system comprising an illumination
source, an illumination pupil, and a lens system, the
illumination system having a second angular extent that
is larger than the first angular extent received by the
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imaging pupil and an output wherein the pupils of the
illumination and imaging systems are in conjugate
image planes;

(c) a substrate arranged to diffuse light from the illumi-
nation source, the substrate having a front surface and
a back surface, wherein a bore is disposed in the front
surface and wherein the front surface is illuminated by
the illumination source; and

(d) an opaque ball disposed in the bore through the front
surface of the substrate and sized to provide light
obscuration of a portion of light from the illumination
source.

18. The video measurement system of claim 17 wherein
the substrate front surface is diffuse and the substrate back
surface is diffuse.

19. The video measurement system of claim 18 wherein
the ball is a spherical ball bearing and the bore is substan-
tially cylindrical.

20. The video measurement system of claim 17 wherein
the substrate is a volumetric diffuser.

21. The video measurement system of claim 17 wherein
the substrate further comprises an axial centerline and
wherein the bore is approximately coaxial to the axial
centerline of the substrate.

22. The video measurement of claim 17 wherein the
imaging pupil and the ball each have an axial centerline,
wherein the imaging pupil is approximately coaxial to the
axial centerline of the ball.

23. A video measurement system for measuring a test
object comprising:

(a) an imaging system comprising an imager having an

imaging pupil, the imager arranged for viewing at least
a portion of a silhouette of the test object by receiving
light transmitted by the test object over a first angular
extent;

(b) an illumination system having an illumination source,
an illumination pupil, and a lens system, the illumina-
tion system having a second angular extent that is larger
than the first angular extent received by the imaging
pupil and an output, wherein the pupils of the illumi-
nation and imaging systems are in conjugate image
planes;

(c) a substrate arranged to diffuse light from the illumi-
nation source, the substrate having a front surface and
a back surface;

(d) a first linear polarizing filter located between the
illumination source and the front surface of the sub-
strate; and

(e) a second linear polarizing filter overlapping the first
linear polarizer, wherein one of the first and second
linear polarizing filters is rotated in relation to the other
one of the first and second linear polarizing filters.

24. The video measurement system of claim 23 wherein
the substrate front surface is diffuse and the substrate back
surface is diffuse.

25. The video measurement system of claim 23 wherein
the substrate is a volumetric diffuser.

26. The video measurement system of claim 23 wherein
the illumination pupil includes an axial centerline, wherein
the second linear polarizing filter is smaller than the illumi-
nation pupil and approximately coaxial to the axial center-
line of the illumination pupil, and wherein the first linear
polarizing filter is larger than the imaging pupil.

27. The video measurement system of claim 23 wherein
the second linear polarizing filter is either disposed on the
back surface of the substrate, between the first polarizing
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filter and the substrate, or between the illumination source
and the first linear polarizing filter.
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