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ABSTRACT
A method of determining reflective optical quality of a reflective product
includes refiecting a first gray-scale pattern off the product; obtaining a first image of
the first pattern with an image pickup device after the first pattern has reflected off of
the product; and determining optical quality of the product based on data obtained

from the first image. An apparatus for determining reflective optical quality of such a

product is also disclosed.
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VIETHOD AND APPARATUS FOR DETERMINING REFLECTIVE OPTICAL
QUALITY USING GRAY-SCALE PATTERNS

TECHNICAL FIELD

[0001] The invention relates to an apparatus and method for determining
reflective optical quality of a reflective product using one or more gray-scale patierns,
wherein the one or more patterns are reflected off of the product.

BACKGROUND OF THE INVENTION

[0002] A prior method for determining reflective optical quality of a reflective
product, such as a front windshield for a motor vehicle, involves reflecting a point
light source off of the product and onto a white screen. A camera is then used to

measure intensity variations of the light as seen on the screen. This method,
however, is subject to errors if reflective properties of the proeduct are not uniform.
For example, if the product has a surface coating with variations in thickness, such
variations are interpreted as variations in optical power.

DISCLOSURE OF INVENTION

[0003] The invention overcomes the shortcomings of the prior art by providing
a method and apparatus for determining reflective optical quality of a reflective
oroduct at any and all points on the product. Furthermore, the method and apparatus
provide accurate and repeatable results.

[0004] Under the invention, a method of determining refiective optical quality
of a reflective product includes reflecting a first gray-scale patiern off the product;
obtaining a first image of the first pattern with an image pickup device after the first
pattern has reflected off the product; and determining optical quality of the product
based on data obtained from the first image.

[0005] Exemplary gray-scale patterns that may be used to practice the
method include sinusoidal gratings as well as sawtooth gratings. Advantageously.
the gray-scale patterns may be projected at the product, or generated on a reference

place and reflected off of the product. Consequently, the method may be used with a
variety of product and test configurations.

{0006] More specifically, the method includes determining a phase for each of

a plurality of pixels of the first image, wherein each pixel corresponds to a patticular
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point on the product. One or more optical characteristics are then determined for
each of a plurality of points on the product based on the phase at the corresponding
pixel

10007] An apparatus according to the invention for determining reflective
optical quality of a reflective product includes an image generating device for
generating a gray-scale pattern. The apparatus further includes an image pickup
device for obtaining an image of the gray-scale pattern after the pattern has reflected
off of the product, and an image analyzing device in communication with the image
pickup device, The image analyzing device includes instructions for determining
optical quality of the product basea on the image of the gray-scaie pattern.

[0008] These and other objects, features and advantages of the invention are

readily apparent from the following detailed description of the best modes for
carrying out the invention when taken In conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF DRAWINGS

{0009] FIG. 1 is a schematic view of an apparatus for practicing a method
according to the invention for determining reflective optical quality of a reflective
product such as a motor vehicle windshield, wherein the apparatus includes a
projector for projecting a sequence o1 phase-shifted sinusoidal gratings onto a
screen. and a camera for obtaining images of the gratings as reflected off of the
windshield;

[0010] FIG 2 is a schematic view of an alternative configuration of the
apparatus, wherein the projector Is positioned so as to project the sequence of

phase-shifted sinusoidal gratings onto the windshield such that the gratings are
raflected onto the screen, and the camera is positioned so as to obtan images of the
gratings as seen on the screen;

[0011] FIGS 3 is a schematic view of the apparatus having a similar
configuration as in FIG. 1, and showing the projector projecting a sawtooth grating
onto the screen;

[0012] C1G. 4 is a schematic view of an object having a periodic structure, and
an image of the object;
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[0013] FIG. 5 is a schematic view of the windshield, the screen and the
camera showing the geometrical relationship therebetween; and
[0014] FIG. 6 is a schematic view of the windshield, the screen and the
camera showing a surface facet of the winashieid.

BEST MODES FOR CARRYING OUT THE INVENTION
[0015] FIG. 1 shows an apparatus 10 according to the inventon for

determining reflective optical quality ot a reflective product, such as a front
windshield 12 for a motor vehicle. Other exemplary reflective products include
mirrors. windows and any other shiny, relatively smooth object. The windshield 12 1s
supported on a generally flat surface 14 of an optionally rotatable work table 16.
[0016] As shown in FIG. 1. the apparatus 10 includes a projector 18 In
communication with a computer 20. The projector 18 is used to project one or more
gray-scale targets or patterns onto a reference plane, such as a screen 22, which 1s
located behind the windshield 12 at a distance do from the windshield 12. Gray-scale
pattern as used herein refers 10 a pattern having a varying light intensity, such as
sinusoidal grating or sawtooth grating, and the pattern has a well defined phase at
each point that is coded by intensity. Advantageously, the projector 18 and computer
20 can be used to quickly generate and project a sequence of phase-shifted gray-
scale patterns onto the screen 22. Alternatively, the apparatus 10 may incluge any
suitable image generating device for providing one or more gray-scale patterns, such
as a computer monitor, television monitor, painted pattern, or slide projector

[0017] The apparatus 10 further includes an image nickup device, such as a
digital camera 24, for obtaining digital images of the gray-scale patterns. Preferably,

the camera 24 is disposed in front of the windshield 12 at a distance d, irom the

windshield 12. as shown in FIG. 1, so as to obtain digital images of the gray-scale
patterns as reflected off of the windshieild 12. The camera 24 1s also In
communication with the computer 20, and the camera 24 transmits signals to the
computer 20 corresponding to the digital images. The computer 20 s used to

process the signals so as to determine optical quality of the windshield 12 as
explained below in greater detail,
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[0018] A method according to the invention ior determining reflective optical
quality of the windshield 12 involves determining one or more optical parameters or
characteristics of the windshield 12 at discrete locations or points on the wmdshleld
12. The optical characteristics are determined based on phase changes introduced
to one or more gray-scale patterns by the windshield 12, as a result of the patterns
being refiected off of the windshield 12,

[0019] Optical characteristics that may be determined include instantaneous
apparent magnification, focal length, optical power, and astigmatism. In order 1o
calculate such characteristics, wrapped vertical and horizontal phase distributions of
images of the one or more gray scale patterns are first determined. As used herein,
vertical and horizontal phase distributions refer to vertical and horizontal phase
values, respectively, at a plurality of pixels of the images. The phase distributions
may be determined using any one of several known techniques.

[0020] If the windshield 12 is stationary, a phase-shift technigue 1s preferably
utilized. Under the phase-shift technique, in order to determine the vertical phase
distribution introduced by the windshield 12, the projector 18 first projects a single
reference point onto the screen 22 The camera 24 then obtains an image of the
reference point as reflected off of the windshield 12, and transfers the image (o the
computer 20 where it is stored. Next, the projector 13 projects a horizontally oriented
gray-scale pattern, such as a first grating 26 of horizontal lines having a sinusoidal
intensity profile and a pitch p, onto the screen 22. The camera 24 then obtains an
image of the first grating 26 as reflected off of the windshield 12, and the camera 24
transfers the image to the computer 20 where the image is stored. Alternately, the

reference point may be incorporated into the first grating 26, and a single image of

the reference point and the first grating 26 may be obtained.

[0021] Next, the projector 18, in cooperation with the computer 20, shifts the
first grating 26 vertically by a distance p/n to create a second, phase-shifted grating
(not shown), where n is the desired number of phase-shifted gratings to be utilized In
determining the vertical phase distribution. Furthermore, should be greater than or

equal to 3, and is preferably 4. The projector 18 then projects the second, phase-
shiffted grating onto the screen 22. Next, the camera 24 obtains an image of the
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second, phase-shifted grating, and transfers the image to the computer 20 where the
image is stored.
[0022]

camera 24, and transferred to the computer 20. Thus, the phase-shift technigque

This process is continued until n images have been obtained by the

nvolves generating a sequence of n phase-shifted gray-scale patterns, and
obtaining images of each pattern within the sequence as reflected off of the
windshield 12. Furthermore, each image comprises a plurality of pixels and each
nixel corresponds to a particular point on the windshield 12.

[0023]
windshield 12 to obtain images of the patterns as refiected oft of the windshield 12, it

Because this technique involves directing the camera 24 at the

may be referred to as a view-at approach. Alternatively, as shown I FIG. 2, the
phase-shift technique may involve projecting a sequence of phase-shifted gray-scale
patterns at or onto the windshield 12 such that the patterns are reflected off ot the
windshield 12 and onto the sereen 22 or other reference plane. This alternative
approach further involves obtaining images of the patterns as seen on the screen 22.
Such an approach may be referred to as a project-at approach. Generally, then, the
method involves reflecting one or more gray-scale patterns off the windshield 12
wherein such a description covers both view-at and project-at approacnes.

[0024] Next. the computer 20 analyzes the n images to determine vertical

phase ¢  for each of the pixels of the images. The vertical phase ¢ ,for each pixel Is
determined based on light intensities at the same pixel location on the n different
images, and the reference point is used to calibrate unwrapped vertical phase

values. The general equation for determining ¢, for a particular pixel (x,y) Is as

follows:

[ n-1 . o r ey T ]
-1 Z‘ i={} !-.-!("\" y)Sln n_
Q’(x:, y) = tan - —Z n-} T ) 2 i

im0 :-H(x'-‘ )}) cCOs” 7]

-
L

where 1(x,y)=light intensity at pixel (x,y) of image . For n=4, the equation

bhecomes:

¢ Y(x,y)=arctan((ld(x,y)ulz(x,y))/(l.,(x,y)~13(x,y))).
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[0025] The above process is then repeated using the reference point and

vertically oriented gray-scale patterns, such as a grating of vertical lines having a

sinusoidal intensity and a known pitch, to determine horizontal phase ¢ , for each of

the pixels of the images.

[0026] If the windshield 12 is moving, then a Fourier transform technique Is
preferably utilized to determine the phase distributions. Under the Fourier transform
technigue, only one horizontally oriented gray-scale pattern and one vertically
oriented gray-scale pattern are required 10 determine the vertical phase ana
horizontal phase, respectively, for each of the pluraiity of pixels. Briefly, this
technique involves obtaining an image of each pattern, and performing a Fourier
transform of each image. Next, each Fourier transform is edited, and an inverse
Fourier transform is performed to determine the vertical and horizontal phases for
each pixel, Additional details regarding the Fourier transform technique may be
found in “Fourier-Transform Method of Fringe-Pattern Analysis for Computer-Based
Topography and Interferometry,” by M. Takeda, H. Ina, and S. Kobayashi; J. Opt.
Soc. Am. 72, 156(1982), which is hereby incorporated by reference,

[0027] If the camera 24 or other image pickup device has linear intensity

response, and if the intensity profiles generated by the projector 18 or other image

generating device are relatively accurate, then a technique that involves generating
sawtooth gratings is preferably utilized to determine the phase distributions. Under
this technigue, as shown in FiG. 3, the projector 18 generates a horizontally oriented
sawtooth grating 27 on the screen 22. The camera 24 then obiains an image of the
sawtooth grating 27 as reflected off of the windshield 12, and the computer 20
acquires the image to determine a light intensity value | at each pixel (X,y).

[0028) Next, the projector 18 generates a uniformiy white target on the screen
29 the camera 24 obtains an image of the white target as reflected off of the
windshield 12 and the computer 20 acquires the image 10 determine a maximum

light intensity value |__ at each pixel (xy). The projector 18 then generates a

uniformly dark target on the screen 22, the camera 24 obtains an image of the dark

target as reflected off of the windshield 12, and the computer 20 acquires the image
to determine a minimum light intensity value | at each pixei (x,y).
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{0029] Next, the computer 20 determines the vertical phase ¢, at each pixel
using the following equation:
(b Y(X,Y):zn ('(XSY)"mm(le))/(lmzm(x'y)_|mln(xiy)
[0030] Similar to the phase-shift technique, the reference point is also used to

calibrate unwrapped vertical phase values. Furthermore, a second phase-shifted

and/or inverted horizontally oriented sawtooth grating may be required to fill in the
phase distribution where the light intensity changes rapidly.

[0031] The above process is then repeated using the reference point and one
or more vertically oriented sawtooth gratings to determine horizontal phase ¢, for
each of the pixels of the corresponding images. Because this technique requires

determination of only three variables for each pixel, phase distributions can be
determined relatively quickly.

[0032] Alternatively, any other suitable technique for determining the phase

distributions may be utilized, such as a phase synchronization technique, a
demodulation-convolution technique, a 3-point Fourier fit, or a polynomial fit fringe
order technique. Furthermore, any of the techniques may involve view-at or project-
at approaches.

[0033] After the vertical and horizontal phase distributions have been
determined, the computer 20 then determines the partial derivatives of the vertical
and horizontal phases for each pixel point. The partial derivatives of the vertical
nhase for a particular pixel (x,y) may be determined using the following equations:

fi; (x, y) = (p‘(T + 1, y) - . ('X, ,1’) + k7,
e , .

and
(?{;v (.Y! y) _ gﬂ‘,(}:’ v+ l) al {034(')“’ _,V) + Kkm
5% |

where k=-1, 0, or + 1 as needed to correct for the 2n ambiguity in the wrapped
nhase. Similarly, the partial derivatives of the horizontal phase for a particular pixel
(x,y) may be determined using the following equations:

% (5. = px e 10) - g (50)1 ke

and
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P (x, y) = (27.\.(35-, y+ I) =Py (x9 y) ¥ km

[0034] Next, optical characteristics are determined for each point on the
windshield 12 by determining optical characteristics at each corresponding pixel of
the images based on the phase data obtained at each pixel. For example,

instantaneous apparent vertical magnification m, and Instantaneous apparent
horizontal magnification m,_ may be determined at each pixel (x,y) using the following
equations:

ap

m (X V)= p(x, ¥ = (x, ),

and

0.
;nt(x, ';J) — pt(x,'y) / -—p:c (xs})),
~ ' X

where p, (xy) and p, (Xy) are the vertical reference phase gradient and

horizontal reference phase gradient, respectively, at a particular pixel (x,y). As used
herein, reference phase gradient at a pixel (x,y) refers to the rate of phase change at

nixel (x,y) when apparent magnification is 1.0. In other words, reference phase
gradient is the rate of phase change at a particular pixel of an undistorted image.

[0035] The derivation of the above equations regarding Instantanecus
apparent magnification will now be explained. Generally, apparent magnification m,

for a typical mirror is defined as the ratio of the angle subtended by the image of an
object, which is referred to as image angle, to the angle subtended by the object
which is referred to as object angle. For mirrors with varying apparent magnification

values, instantaneous apparent magnification m in a direction o ,is defined as the
ratio of the change of image angle to object angle, and is represented by the
following equation:

m(cw ,)=HmA o ->0A o /A v ,=dw /do
where A o is the subtended image angle, and A o , is the subtended object

angle.
[0036] In the case where the object has a periodic structure, as shown in FIG.
4 such that each object point has a well defined phase, then each image point will

3
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have a phase identical with the phase at the corresponding object point For example,
the phase at a particular image point P,Is identical to the phase at the corresponding

object point P.. Because do |dy=dw j|dy,, the equation for m then becomes'

(‘.{(pu ‘Tf(pi
Moz o=
dy, dy,

where ¢ _is the object phase and ¢ ;is the image phase.

f0037] For a particular image point (x,y), vertical and horizontal apparent
magnifications m, (x,y) and m, (X,y). respectively, may be represented as:

a (x, v)=— G0 arcd
' T

AV

i

o Ax )
mAx,y)= é‘ga‘ ,
Y,

[0038] Thus, to determine magnification at a particular noint on a mirror, the

reference phase gradient is divided by the phase gradient as influenced by the

MITOr.

[0039] The reference phase gradients p and p ,may be determined using any
suitable approach, such as a geometric approach. For simplicity, the discussion to
follow will focus only on the relationship between the vertical reference phase

gradient p and the configuration of the apparatus 10. A similar approach may also
be utilized to determine the horizontal reference phase gradient p ,.

[0040] FIG. 5 shows the windshield 12 having a reference plane that is
oerpendicular to a target T, which is projected on screen 22. Target T comprises a
gray-scale pattern having a varying light intensity profile and a pitch p. With this
configuration, windshield 12 produces an image | of the target T. For example, when
looking at a point Q on windshield 12, point P on target T can be seen as image
point P’, Using the chain rule, the relationship between pvy, for a particular image
pixel (x,y), and the configuration of the apparatus 10 can be writien as

A e Y, AP PR 2 Y, S .

g 3 ‘—WW
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where ¢ ,(X.y) is the phase at pixel (xy), w»,is the angle of altitude and is
optically equivalent to the previously described object angle w , h;is the height of
target point P, which corresponds to pixel (x,y), dé O/dh, equals 2x /p, ana dw Jdy Is

a constant « of the apparatus 10. The relationship can, therefore, be rewritten as:

| 2z dh,
/)_If(‘r-" )’,) - p dwl'
[0041] In order to calculate the distance h,, the wrapped vertical phase

distribution must be unwrapped using one of several Known algorithms to obtain the
unwrapped vertical phase &  at each pixel. The distance h, may then be determined
by the following equation:
N =(D o (X,Y)-P )P+ Neg
where @ , is the unwrapped vertical phase at a reference pixel (X,y,), & (Xy¥)

s the unwrapped vertical phase at pixel (x,y), and h_, is a constant representing the

height at point (X,V,).

(0042] FIG. 6 shows that point Q may be located on a facet of the windshield

12 wherein the facet has a surface normal n at an angle o to the reference plane.
Furthermore, the point Q is within a distance § (not shown) of the reference plane,
where 3 is much less than vertical distance h, from the camera 24 to point Q. The
error in calculating the reference phase gradient at point Q is approximately & /z,.
Given the above, dh /do ,may be expressed as follows:

_,‘,i]zz? o,

— ——— e v
—

dor. cos?(a, - 2a)
[0043] The distance dL may be represented by the following equation:
dL =lh/sin{e )+ h/sin(o )]jcos(w -2a )=[h/sin(w S+ h/sin(e )lcos(w ~w ),
where o _=arctan(h,/z ) and o =arctan(h/z ). Distance z, (or alternately angle
@) can be determined based on a standard camera calibration which relates

coordinate location (x,y) te z, through function Z(xy). Distance z, can, therefore, be
expressed as:

z,=Z(X,Y),

10
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Distance z, may then be expressed as:
' Zp:Zt‘Z(x1Y)
[0044] The reference phase gradients may aiso be measured using a

procedure such as described below in detail. First, a test mirror that is optically flat 1s

instalied into a test arrangement. Next, a reference point P, is displayed on the
screen 22, and P, is used to define unwrapped phase & . The picture point P,

corresponding to point P, is then located. Next, the phase at P, is determined by the

following equation:

de,
6;‘:)0'(-1:» }’} =~ @O(X, Yo l)_ ‘p:}(xwy(}) + kﬂ',

where k=1.0. or + 1 as needed to correct for the 2z ambiguity in the wrapped
phase. The reference phase gradient may then be determined from the following
eguation:

'/ (j/? 2 ( X * y ) \

' (3’600 ( X My ) cl v .
0, (. y) = L

S

ay b dh}(zvo) i
\ dw y

where dh /dw ,may be determined as described above in detail.

(0045] Once instantaneous apparent magnification values have been
determined at each pixel, additional optical characteristics ot the windshield 12 may
be determined. For example, optical power OP at each pixel may be determined In
the x and y directions. Based on the thin lens formula and triangle relationships, the
relationship between the instantaneous apparent magnification m and focal iength f
which is the reciprocal of OP, for a view-at approach is:

1/m=1-1((1/d,. 1/d )D.

where d_is the distance from the windshield 12 to the screen 22, and ¢, 1s the

distance from the windshield 12 to the view point, such as the camera 24. For this
equation to be valid, the focal length T must satisfy one of the two following
conditions: either <0, or f>1/(1/d_, 1/d,). If >1/(1/d,, 1/d,), then the windshield 12

functions as a positive lens and forms a real image. In this case, the camera 24 must
be between the windshield 12 and the reai image.

11
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[0046] Given the above expression for m, the vertical optical power OPF and

the horizontal optical power OP, may be determined at each pixel (x,y) from the

following equations:

OP (x,y)=1/f (x,y)=(1/d,. 1/d ){1-1/m(x,y)). and

OP (x.y)=1/f (x,y)=(1/d,, 1/d)(1~1/m(X,¥)),

where m_and m, are the instantaneous apparent magnifications in the vertical
and horizontal directions, respectively. With these equations, OP, and OP, are

determined based on the vertical position of the camera 24 relative to the windshield
12.
[0047] Because optical power of the windshield 12 is a function of the angle
the windshield 12 is tipped toward or away from the camera 24 or view point, it is
beneficial to determine optical power based on a standard view angle. Vertical
optical power normal to a surface or facet of the windshield 12, OPN,, may be
determined at each pixal (x,y) from the following equation:

1/£,(x.y)=(1/d,. 1/d )(1-1/m (X, y})cos(m - ),

where o is the angle of altitude, and « is the angle between a line normal to
the particular surface or facet of the windshield 12 on which the corresponding

material point (x,y) is disposed, and a line normal to a reference surface or plane of
the windshield 12.

[0048] Additionally, vertical and horizontal focal lengths f, and f,, respectively,

may be determined at each pixel (x,y) by taking the reciprocals of the vertical and
horizontal optical powers OP and OP,, respectively, at each pixel (X.y).

[0049] For a project-at approach, the relationship between the instantaneous
apparent magnification m and the focal length fis:
m=[(d,. d,)f-d d, }/(df),
where d, is the distance from the windshield 12 to the projector 18, and

d, is the distance from the windshield 12 to the screen 22. Focal lengths ana optical

powers in the x and y directions may then be determined for each pixel using this
relationship.

12

WA e T

ot D N ST PR oL LR T Yo T T A W o v v o




B =

CA 02353301 2001-07-18

10541-579

[0050] In order to evaluate optical distortion perceived by a human observer, it
is helpful to have an optical measure that accounts for the distance the observer will
be from the windshield 12 during use. One such optical measure is standardized
apparent magnification m, which may be used to evaluate optical ettecls as

perceived by the occupant when looking at an object at infinity while located a
standard distance d. from the windshield 12. Using the above equations nvolving

instantaneous apparent magnification m and focal length f, the standardized

apparent magnification m_ may be expressed as:
/ 1 \ - |
% \o
mo=t -y —— o= == S d, o d LA N -V m
i L (1 [, b l/oo)f) ( ( v | )( ))

where m and f are determined in the x or y directions, as necessary, using the

procedure described above in detail. With this equation, standardized apparent
magnification m_may be determined in the x and y directions at each pixel.

[0051)] Another aspect of the invention involves evaluating astigmatic
characteristics of the windshield 12. If the instantaneous apparent magnification m
for a particular point (x,y) is not the same in all directions, then the windshield 12 is
astigmatic at point (xy). In such a case, point (xy) will have a maximum

instantaneous apparent magnification a in a certain direction 0, and a miNimum

instantaneous apparent magnification b in a direction perpendicular to © . where © 1S

referred to as cylinder axis angile.

[0052] Discrete phase differences may be used to determine maximum anda
minimum instantaneous apparent magnifications a and b, as well as cylinder angle .
for each point on the windshield 12. The discrete phase differences are expressed
by the following equations:

Ao, =, (x,y+1)- ®, (X, y)= [(act + hs')/ ablp,.
A= o (x,y+1)-p(x.y)=[-es(a~ b)Y/ ablp,.
A, =0 (x+L,y)= o (x.y)=[(as’ +be")/ ablp,, @and

A, =@ (Xt Ly)-nx, yy=[~cs(a—- DY ablp

13
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where ¢ = cos (8), s = sin (6), »v, is the vertical difference in vertical phase by AL,

s the vertical difference in horizontal phase ¢ ,, A X is the horizontal difference in

horizontal phase ¢ ., and A , is the horizontal difference in vertical phase ¢ . These
equations reduce to the foliowing:

S=N oo+ Ao,/ p, =1/a+1/b;
C = A .\'{p.-\'pj' - qu)y /p| - [I /CY -1/ b]bOS(Zé’)‘

D= - [4(/\ &, /p}.)(»ﬁ WP, ) + C?]m =1/a-1/5;

a=2/(S+ D), b=2/(S-D); and

g = 0.5 arctan (/\ P o+ D NN / py) / C'] .

[0053]} Optical characteristics such as focal length, optical power and
standardized apparent magnification may then be determined for each pixel using _
the maximum and minimum instantaneous apparent magnifications a and b, and the
above equations.

[0054] Vertical disparity may also be evaluated for the windshield 12. Vertical
disparity, experienced by an observer |ooking at an object at infinity, is the difference
in altitude angle between the direction to the image of the object as seen from the
left eye of the observer, and the direction to the image of the object as seen from the
nght eye. In order to calculate vertical disparity, the wrapped vertical phase
distribution must be unwrapped using one of several known algorithms to obtain the

unwrapped vertical phase ¢, at each pixel. Next, the vertical disparity W . is
determined for each pixel (x,y) using the following equation:

¥ e(xy)=arctan([p (¢ ,(X,¥)-¢ X+ X, ¥))/2x }/d,,
where d is the distance from the windshield 12 to the screen 22, x_is the horizonta!

distance corresponding to the interocular spacing (approximately 65 to 70
millimeters) projected to the windshield 12, and p is the pitch of the particular gray-
scale pattern. It shouid be noted that vertical disparity evaluations are most usefui for

retlective products that produce relatively accurate images, such as flat mirrors.

[0055] Next, the optical characteristics for each point on the windshield 12
may be evaiuated to determine whether the optical quality of the windshield 12 is

acceptable. For example, the optical characteristics for each point may be compared

14
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with predetermined, acceptable values. As another example, the computer 20 may
generate one or more output images or profiles that graphically represent optical
characteristics of the windshield 12. Furthermore, such images or profiles may be
color coded so that potential problem areas of the windshield 12 may be easlly
identified.

[0056] Advantageously, by utilizing gray-scale patterns rather than black and
white patterns known as binary patterns, the method and apparatus enable opticai
characteristics to be determined at all points on the windshield 12. Consequently, the
apparatus and method of the invention provide a significantly more complete
determination of optical quality of the windshieid 12 compared with prior ar
apparatuses and methods. Because the optical characteristics of the windshield 12
are determined by the computer 20, the invention also provides an efiicient and
accurate determination of optical quality of the windshield 12. Furthermore, because
the method preferably includes determining standardized apparent magnification,
optical performance of the windshield 12 in use conditions may be effectively
predicted.

[0057] While embodiments of the invention have been illustrated and
described. it is not intended that these embodiments ilustrate and describe all
possible forms of the invention. Rather, the words used in the specification are words
of description rather than limitation, and it is understood that various changes may

be made without departing from the spirit and scope of the invention.
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CLAIMS

oflective optical quality of a reflective

1. A method of determining r

oroduct, the method comprising:
reflecting a first periodic gray-scale pattern off
obtaining a first image of the first pattern with an

first pattern has reflected off the product, and
oduct based on data obtained from the first

the prodtict;
image pickup device after the

determining optical quality of the pr

image.

2. The method of claim 1 wherein reflecting a first periodic gray-scale

pattern comprises reflecting a first sinusoidal grating off the product.

The method of claim 1 wherein reflecting a first periodic gray-scale
ct.

3.
attern comprises refiecting a first sawtooth grating off the produ

P

4, The method of claim 1 further comprising

reflecting a second periodic gray-scale pattern ofi the product, wherein the

second pattem is phase-shifted with respect to the first pattern: and

obtaining a second image of the second pattern with an image pickup device

after the second pattern has reflected off the product;

wherein determining optical quality of the product further includes determining

optical quality of the product based on the second iImage.

5. The method of claim 1 further comprising determining a phase for each

rality of pixels of the first image, wherein each pixel corresponds 10 a

of a plu
ical quality of the product

the product based on the phase at the corresponding pixel.

6. The method of claim 1 wherein determining optical quaiity of the

product comprises determining apparent magnification for each of a plurality of

points on the product.
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7. The method of claim 1 wherein determining optical quality of the

8. The method of claim 1 wherein determining optical guality of the

product comprises determining optical power for each of a plurality of points on the

product.

9. The method of claim 1 wherein determining optical guality of the

oroduct comprises determining standardized apparent magnification for each of a

plurality of points on the product.

10. The method of claim 1 wherein determining optical quaity of the

product comprises determining maximum apparent magnification and minimum

apparent magnification for each of a plurality of points on the product.

11. The method of claim 10 wherein determining optical quality of the

product comprises determining cyhnder angle for each of the plurality of points on

the product.

12. The method of claim 1 wherein determining optical quality of the

product comprises determining vertical disparity for each of a plurality of points on

the product.

17
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13 A method of determining reflective optical quality of a reflective

J.

product, the method compnsing:

projecting a sequence of phase-shiftea sinusoidal gratings onto the product

such that the gratings are reflected off of the product and onto a reference plane;

obtaining an image of each of the gratings within the sequence as reflected oft

of the product,
determining a

each pixel corresponds 10 a particular point on the praoduct; and

optical quality of the product at each of a plurality of points on the

phase for each of a plurality of pixels of the images, wherein

determining
product based on the phase at the corresponding pixel point.

14, A method of determining reflective optical quality of a reflective

product, the method comprising:

positioning the product relative to an image generating device and an image

pickup device such that light passing between the image generating device and the

image pickup device reflects off of the product,
generating a sawtooth grating with the image generating device;
obtaining a first image of the sawtooth grating with the image pickup device,

wherein the first image is influenced by the product;
generating a uniformiy white target with the image generating device,
obtaining a second image of the uniformiy white target with the Image DICKUP

device, wherein the second image is influenced by the product;
generating a uniformly dark target with the image generating device;
obtaining a third image of the uniformly dark target with the image pickup

device wherein the third image is influenced by the nroduct; and
determining optical characteristics of the product based on the iImages.

15.  An apparatus for determining reflective optical quality of a reflective

product having light reflection properties, the apparatus comprising:
an image generating device tor generating a gray-scale pattern;
an image pickup device for obtaining an image of the gray-scale pattern after

the pattern has reflected off of the product, and

18
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g device in communication with the image pickup device,

an image analyzin .
cluding instructions for determining optical quality of

the image analyzing device in
the product based on the image.

16 The method of claim 13 wherein determining a phase for each of a
-s determining the phase for each pixel of the

f the images.

olurality of pixels of the images includs
images based on variations in light intensities at each pixel ©

19
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