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HIGH SPEED OPTICAL INSPECTION SYSTEM WITH
CAMERA ARRAY AND COMPACT, INTEGRATED
ILLUMINATOR

BACKGROUND

Automated electronics assembly machines are
often used in the manufacture of printed circuit
boards, which are used in various electronic devices.
Such automatic electronic assembly machines are often
used to process other devices that are similar to
printed circuit boards. For example, the manufacture of
photovoltaic cells (solar cells) often uses similar
machines for printing conductive traces. Regardless of
the substrate being processed, the process itself is
generally required to operate quite swiftly. Rapid or
high speed manufacturing ensures that costs of the
completed substrate are minimized. However, the speed
with which the substrates are manufactured must be
balanced by the acceptable level of scrap or defects
caused by the process. Printed circuit boards, for
example, can be extremely complicated and small and any
one board may have a wvast number of components and
consequently a vast number of electrical connections.
Printed circuit boards are now produced in large
gquantities. Since such printed circuit boards can be
quite expensive and/or be used in expensive equipment,
it 1is important that they be produced accurately and

with high quality, high reliability, and minimum scrap.
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Unfortunately, Dbecause of the manufacturing methods
available, some level of scrap and rejects still
occurs. Typical faults on printed circuit boards
include inaccuracy of placement of components on the
board, which might mean that the components are not
correctly electrically connected in the board. Another
typical fault occurs when an incorrect component is
placed at a given location on a circuit board.
Additionally, the component might simply be absent, or
it may be placed with incorrect electrical polarity.
Further, other errors may prohibit, or otherwise
inhibit, electrical connections between one or more
components, and the board. Further still, 1if there are
insufficient solder paste deposits, this can lead to
poor connections. Additionally, if there is too much
solder paste, such a condition can 1lead to short
circuits, and so on.

In view of all of these industry demands, a
need has arisen for automated optical inspection
systems. These systems can receive a substrate, such as
a printed circuit board, either immediately after
placement of the components upon the printed circuit
board and before wave soldering, or ©post reflow.
Typically, the systems include a conveyor that 1is
adapted to move the substrate under test through an
optical field of wview that acquires one or more images
and analyzes those images to automatically draw
conclusions about components on the substrate and/or

the substrate itself. One example of such device is
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sold wunder the trade designation Flex Ultra'™ HR
available from CyberOptics Corporation, of Golden
Valley, Minnesota. However, as described above, the
industry continues to pursue faster and faster
processing, and accordingly faster automated optical
inspection is desired. Moreover, given the wide array
of various objects that the system may be required to
inspect, it would be beneficial to provide an automated
optical inspection system that was not only faster than
previous systems, but better able to provide wvaluable
inspection data relative to a wider wvariety of
components, substrates, or inspection criteria.
SUMMARY

An optical inspection system is provided for
inspecting a workpiece including a feature to be
inspected. The system includes a workpiece transport
configured to transport the workpiece 1in a nonstop
manner. An illuminator is configured to provide a first
strobed illumination field type and a second strobed
illumination field type. The illuminator includes a
light pipe having a first end proximate the feature,
and a second end opposite the first end and spaced from
the first end. The 1light pipe also has at least one
reflective sidewall. The first end has an exit aperture
and the second end has at least one second end aperture
to provide a view of the feature therethrough. An array
of cameras 1s configured to digitally image the
feature. The array of cameras is configured to generate

a first plurality of images of the feature with the
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first illumination field and a second plurality of
images of the feature with the second illumination
field. A processing device is operably coupled to the
illuminator and the array of cameras, the processing
device 1is configured to store at least some of the
first and second plurality of images and provide the
first and second pluralities to an other device.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a cross-sectional elevation view
of an automated high speed optical inspection system
with a camera array and compact, integrated illuminator
in accordance with embodiment of the present invention.

Fig. 2 i1is a diagrammatic elevation view of a
plurality of cameras having overlapping fields of view
in accordance with an embodiment of +the present
invention.

Fig. 3 1s a system Dblock diagram of an
inspection system in accordance with an embodiment of
the present invention.

Fig. 4 is a top plan view of a transport
conveyor, printed circuit board, and a camera array
field of view acquired with a first illumination field
type.

Fig. 5 is a top plan view of a transport
conveyor, printed circuit board, and a camera array
field of view acquired with a second illumination field
type.

Figs. 6A-6D illustrate a workpiece and

camera array fields of view acquired at different
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positions and wunder alternating first and second
illumination field types 1in accordance with an
embodiment of the present invention.

Fig. 7 is a coordinate system for defining
illumination direction.

Fig. 8 1s a perspective view of a known
linear line source illuminating a camera array field of
view.

Fig. 9 is a polar plot of the illumination
directions of the illuminator shown in Fig. 8.

Fig. 10 is a perspective view of an example
hollow light pipe illuminator in accordance with an
embodiment of the present invention.

Fig. 11 is a polar plot of the input
illumination direction of the illuminator shown in Fig.
10.

Fig. 12 1is a polar plot of the output
illumination directions of the illuminator shown in
Fig. 10.

Fig. 13 is a perspective view of a
reflective surface of a light pipe wall in accordance
with an embodiment of the present invention.

Figs. 14A-B are cross sectional views of the
reflective surface shown in Fig. 13

Fig. 152 is a perspective view of a 1light
pipe illuminator and camera array in accordance with an

embodiment of the present invention.
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Fig. 15B is a cutaway perspective view of a
light pipe illuminator and camera array in accordance
with an embodiment of the present invention.

Fig. 16 1is a cutaway perspective view of a
camera array and illuminator with multiple sources in
accordance with an embodiment of the present invention.

Fig. 17A is a perspective cutaway view of an
illuminator and camera array 1in accordance with an
embodiment of the present invention.

Fig. 17B is a cross sectional view of a
chevron shaped mirror employed in accordance with an
embodiment of the present invention.

Fig 18. is a cutaway perspective view of an
illuminator and camera array 1in accordance with an
embodiment of the present invention.

Fig. 19 is a second cutaway perspective view
of the illuminator and camera array shown in Fig. 18.

Fig. 20 is a polar plot of the illumination
directions of the illuminator shown in Figs. 18 and 19.

Fig. 21 is a <cross—-sectional perspective
view of an inspection sensor in accordance with an
embodiment of the present invention.

Fig. 22 is a polar plot of the illumination

directions of the illuminator shown in Fig. 21.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
Embodiments of the present invention will
generally be described with respect to the figures. 2

number of reference numerals are used to refer to the
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various features of the figures. For clarity, a listing

of the various reference numerals follows.

Reference numbers:

2 — camera

4 - camera array

10 - printed circuit board

11 - small workpiece

14 - belt

18 - motor

20 - encoder

22 - programmable logic controller
24 - panel sensor

26 - workpiece transport conveyor
30 - camera field of view

32 - camera array field of view
33 - camera array field of view
34 - camera array field of view
35 - camera array field of view
41 - illuminator

42 - illuminator

43 - illuminator

44 — illuminator

45 - illuminator

46 - LED

48 - linear light source

50 - aperture

52 - diffuser plate

54 - mirror

56 - aperture
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58 - top aperture plate

60 - light source

62 — collimated light ray bundle
64 - light pipe

65 - light pipe illuminator

66 — light pipe side wall

67 - mirrors

68 - light pipe exit aperture

69 - light pipe entrance aperture

70 - reflective surface (side wall interior surface)
71 - inspection application program

72 - conveyor interface

76 - system computer

80 - main electronics board

82 - image memory

83 - strobe assembly

84 - strobe board

86 - strobe monitor

87 — flash lamp (darkfield light source)

88 — flash lamp (cloudy day light source)

92 - inspection system
94 - optical inspection sensor
FEmbodiments of the present invention

generally provide an inspection system and method with
high speed acquisition of multiple illumination images
without the need for expensive and sophisticated motion

control hardware. Processing of the images acguired
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with different illumination types may appreciably
enhance the inspection results.

Fig. 1 shows a cross—-sectional elevation
view of a system for generating high contrast, high
speed digital images of a workpiece that are suitable
for automated inspection, in accordance with an
embodiment of the present invention. Camera array 4
consists of cameras 2A through 2H preferably arranged
at regular intervals. FEach camera 2A through 2H
simultaneously images and digitizes a rectangular area
on a workpiece or substrate, such as printed circuit
board 10, while the workpiece undergoes relative
movement with respect to cameras 2A through 2H.
Illuminator 45 provides a series of pulsed, short
duration illumination fields referred to as strobed
illumination. The short duration of each illumination
field effectively “freezes” the image of printed
circuit board 10 to suppress motion blurring. Two oOr
more sets of images for each location on printed
circuit board 10 are generated by camera array 4 with
different illumination field types for each exposure.
Depending on the particular features on printed circuit
10 board that need to be inspected, the inspection
results may be appreciably enhanced by joint processing
of the reflectance 1images generated with different
illumination field types. Further details of
illuminator 45 are provided in the discussion of Figs.

21 and 22.
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Workpiece transport conveyor 26 translates
printed circuit board 10 in the X direction in a
nonstop mode to provide high speed imaging of printed
circuit board 10 by camera array 4. Conveyor 26
includes Dbelts 14 which are driven by motor 18.
Optional encoder 20 measures the position of the shaft
of motor 18 hence the approximate distance traveled by
printed circuit board 10 can be calculated. Other
methods of measuring and encoding the distance traveled
of printed circuit board 10 include time-based,
acoustic or vision-based encoding methods. By using
strobed illumination and not bringing printed circuit
board 10 to a stop, the time-consuming transport steps
of accelerating, decelerating, and settling prior to
imaging by camera array 4 are eliminated. It 1is
believed that the time required to entirely image a
printed circuit board 10 of dimensions 210 mm X 310 mm
can be reduced from 11 seconds to 4 seconds using
embodiments of the present invention compared to coming
to a complete stop before imaging.

Fig. 2 shows the Y dimension location of
each field of view 30A through 30H on printed circuit
board 10 that i1is imaged by cameras 2A through 2H,
respectively. There 1s a slight overlap between
adjacent fields of view in order to completely image
all locations on printed circuit board 10. During the
inspection process, the images of discrete fields of
view 30A through 30H are digitally merged, or stitched,

into one continuous image 1in the overlap regions.
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Example camera array 4 1is shown 1in Figs. 1 and 2
arranged as a single dimensional array of discrete
cameras. As shown, cameras 2A-2H are configured to
image 1n a non-telecentric manner. This has the
advantage that the fields of view 302 through 30H can
be overlapped. However, the magnification, or effective
resolution, of a non-telecentric imaging system will
change as printed circuit 10 and its features are
positioned closer or further away from cameras 2A-2H.
Effects of circuit Dboard 10 warpage, thickness
variations and other camera alignment errors can be
compensated by image stitching. In another embodiment,
the camera array may be arranged in a two dimensional
array. For example, the discrete cameras may be
arranged into a camera array of two columns of four
cameras where adjacent fields of view overlap. Other
arrangements of the camera array may be advantageous
depending on cost, speed, and performance goals of the
inspection system, including arrays where the fields of
view do not overlap. For example, a staggered array of
cameras with telecentric imaging systems may be used.
Fig. 3 1s a Dblock diagram of inspection
system 92. Inspection application program 71 preferably
executes on system computer 76. Inputs into inspection
program 71 include the type of printed circuit board
10, CAD information describing the location and types
of components on printed circuit board 10, the features
on printed circuit board 10 to be inspected, lighting

and camera calibration data, the transport conveyor 26
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direction, et cetera. Inspection program 71 configures
programmable logic controller 22 via conveyor interface
72 with the transport direction, velocity, and width of
printed circuit board 10. Inspection program 71 also
configures main electronics board 80 via PCI express
interface with the number of encoder 20 counts between
each subsequent image acguisition of camera array 4.
Alternatively, a time-based image acquisition sequence
may be executed based on the known velocity of printed
circuit board 10. Inspection program 71 also programs
or otherwise sets appropriate configuration parameters
into cameras 2A-2H prior to an inspection as well as
strobe board 84 with the individual flash lamp output
levels.

Panel sensor 24 senses the edge of printed
circuit board 10 as it is loaded into inspection system
92 and this signal is sent to main board 80 to begin an
image acquisition sequence. Main board 80 generates the
appropriate signals to begin each image exposure by
camera array 4 and commands strobe board 84 to energize
the appropriate flash lamps 87 and 88 at the proper
time. Strobe monitor 86 senses a portion of 1light
emitted by flash lamps 87 and 88 and this data may be
used by main electronics board 80 to compensate image
data for slight flash lamp output variations. Image
memory 82 1s provided and preferably contains enough
capacity to store all images generated for at least one
printed circuit board 10. For example, in one

embodiment, each camera in the array of cameras has a
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resolution of about 5 megapixels and memory 82 has a
capacity of about 2.0 gigabytes. 1Image data from
cameras 2A-2H may be transferred at high speed into
image memory buffer 82 to allow each camera to be
quickly prepared for subsequent exposures. This allows
the printed circuit board 10 to be transported through
inspection system 92 in a nonstop manner and generate
images of each location on printed circuit board 10
with at least two different illumination field types.
The image data may begin to be read out of image memory
82 into PC memory over a high speed electrical
interface such as PCI Express (PCIe) as soon as the
first images are transferred to memory 82. Similarly,
inspection program 71 may begin to compute inspection
results as soon as 1image data 1s available in PC
memory.

The image acquisition process will now be
described in further detail with respect to Figs. 4-6.

Fig. 4 shows a top plan view of transport
conveyor 26 and printed circuit board 10. Cameras 2A-2H
image overlapping fields of view 30A-30H, respectively,
to generate effective field of view 32 of camera array
4. Field of view 32 is acquired with a first strobed
illumination field type. Printed circuit board 10 1is
transported by conveyor 26 in a nonstop manner in the X
direction. Printed circuit board 10 preferably travels
at a velocity that varies less than five percent during
the image acquisition process, although larger velocity

variations and accelerations may be accommodated.



WO 2011/037903 PCT/US2010/049617

10

15

20

25

14—

In one preferred embodiment, each field of
view 30A-30H has approximately 5 million pixels with a
pixel resolution of 17 microns and an extent of 33 mm
in the X direction and 44 mm in the Y direction. Each
field of view 30A-30H overlaps neighboring fields of
view by approximately 4 mm in the Y direction so that
center—-to-center spacing for each camera 2A-2H is 40 mm
in the Y direction. In this embodiment, camera array
field of view 32 has a large aspect ratio in the Y
direction compared to the X direction of approximately
10:1.

Fig. 5 shows printed circuit board 10 at a
location displaced in the positive X direction from its
location in Fig. 4. For example, printed circuit board
10 may be advanced approximately 14 mm from its
location in Fig. 4. Effective field of view 33 is
composed of overlapping fields of wview 30A-30H and 1is
acquired with a second illumination field type.

Figs. 6A-6D show a time sequence of camera
array fields of view 32-35 acquired with alternating
first and second illumination field types. It 1is
understood that printed circuit board 10 is traveling
in the X direction in a nonstop fashion. Fig. 6A shows
printed circuit board 10 at one X location during image
acquisition for the entire printed circuit board 10.
Field of wview 32 is acquired with a first strobed
illumination field type as discussed with respect to
Fig. 4. Fig. 6B shows printed circuit board 10

displaced further in the X direction and field of view



WO 2011/037903 PCT/US2010/049617

10

15

20

25

_15_

33 acquired with a second strobed illumination field
type as discussed with respect to Fig. 5. Fig. 6C shows
printed circuit board 10 displaced further in the X
direction and field of view 34 acquired with the first
illumination field type and Fig. 6D shows printed
circuit board 10 displaced further in the X direction
and field of wview 35 acquired with the second
illumination field type.

There is a small overlap in the X dimension
between field of views 32 and 34 in order to have
enough overlapping image information in order to
register and digitally merge, or stitch together, the
images that were acquired with the first illumination
field type. There 1is also small overlap in the X
dimension between field of views 33 and 35 in order to
have enough overlapping image information in order to
register and digitally merge the images that were
acquired with the second illumination field type. In
the embodiment with fields of wview 30A-30H having
extents of 33 mm in the X direction, it has been found
that an approximate 5 mm overlap in the X direction
between field of views acquired with the same
illumination field type 1is effective. Further, an
approximate 14 mm displacement 1in the X direction
between fields of view acquired with different
illumination types is preferred.

Images of each feature on printed circuit
board 10 may be acquired with more than two

illumination field types by increasing the number of
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fields of view collected and ensuring sufficient image
overlap in order to register and digitally merge, or
stitch together, images generated with like
illumination field types. Finally, the stitched images
generated for each illumination type may be registered
with respect to each other. In a preferred embodiment,
workpiece transport conveyor 26 has lower positional
accuracy than the inspection regquirements in order to
reduce system cost. For example, encoder 20 may have a
resolution of 100 microns and conveyor 26 may have
positional accuracy of 0.5 mm or more. Image stitching
of fields of wview in the X direction compensates for
positional errors of the circuit board 10.

It is desirable that each illumination field
is spatially uniform and illuminates from consistent
angles. It 1is also desirable for the illumination
system to be compact and have high efficiency.
Limitations of two prior art illumination systems,
linear light sources and ring lights, will be discussed
with reference to Figs. 7-9. Linear light sources have
high efficiency, but poor uniformity 1in the azimuth
angle of the projected light. Ring light sources have
good uniformity in the azimuth angle of the projected
light, but are not compact and have poor efficiency
when used with large aspect ratio camera arrays.

Fig. 7 defines a coordinate system for
illumination. Direction Z is normal to printed circuit
board 10 and directions X and Y define horizontal

positions on printed circuit board 10 or other
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workpiece. Angle P defines the elevation angle of the
illumination. Angle Y redundantly defines the

illumination ray angle with respect to normal. Angle
is the azimuth angle of the ray. Illumination from
nearly all azimuth and elevation angles 1is termed

cloudy day illumination. Illumination predominantly

from low elevation angles, P, near horizontal is termed

dark field illumination. Illumination predominantly

from high elevation angles, P, near vertical is termed
bright field illumination. A good, general purpose,
illumination system will create a 1light field with
uniform irradiance across the entire field of view
(spatial uniformity) and will illuminate from
consistent angles across the entire field of view
(angle uniformity).

Fig. 8 shows known linear light sources 48
illuminating camera array field of wview 32. Linear
light source 48 can use an array of LEDs 46 to
efficiently concentrate light on a narrow rectangular
field of wview 32. A disadvantage of using linear
light sources 48 is that although the target receives
symmetrical illumination from the +two directions
facing the sources, no light 1is received from the
directions facing the long axis of the FOV.

Fig. 9 1is a two axis polar plot showing
illumination directions for the two linear 1light
sources 48. The polar plot shows that strong
illumination 1is received by camera array field of

view 32 from the direction nearest to light sources
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48 (at 0 and 180 degree azimuth angles) and that no
illumination received from the 90 and 270 degrees
azimuth angle. As the azimuth angle varies between 0
and 90 the source elevation angle drops and the
source subtends a smaller angle so less light 1is
received. Camera array field of view 32 receives
light which wvaries in both intensity and elevation
angle with azimuth angle. The linear light sources 48
efficiently illuminate field of view 32, but with
poor uniformity in azimuth angle. In contrast, known
ring lights have good uniformity in azimuth, but must
be made large in order to provide acceptable spatial
uniformity for large aspect ratio camera field of 32.
Although a ring light could be used to
provide acceptable uniformity in azimuth, the ring
light would need to be wvery large to provide
acceptable spatial uniformity for camera field of
view 32 of approximately 300 mm in the Y direction.
For typical inspection applications, 1t is believed
that the ring light would need to be over 1 meter in
diameter to provide sufficient spatial uniformity.
This enormous ring fails to meet market needs in
several respects: the large size consumes valuable
space on the assembly line, the large light source 1is
expensive to build, the illumination angles are not
consistent across the working field, and it is very
inefficient - the light output will be scattered over

a significant fraction of the 1 meter circle while
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only a slim rectangle of the board 1s actually
imaged.

An optical device, referred to as a light
pipe, can be used to produce a very uniform 1light
field for 4dillumination. For example, United States
Patent 1,577,388 describes a light pipe used to back
illuminate a film gate. Conventional 1light pipes,
however, need to Dbe physically 1long to provide
uniform illumination.

A brief description of light pipe
principles 1is provided with respect to Figs. 10-12.
Embodiments of the present invention are then
described with respect to Figs. 13-17 that
significantly reduce the length of a 1light pipe
required for uniform illumination. In one embodiment,
the interior walls of the light pipe are constructed
with reflective materials that scatter light in only
one direction. In another embodiment of the present
invention, the light pipes are configured with input
and output ports that allow simple integration of a
camera array to acquire images of a uniformly and
efficiently illuminated workpiece.

Fig. 10 shows illuminator 65 which consists
of 1light source 60 and light pipe 64. Hollow box
light pipe 64 which, when used as described, will
generate a uniform dark field illumination pattern.
Camera 2 views workpiece 11 down the length of light
pipe 64 through apertures 67 and 69 at the ends of

the light pipe. A light source 60, for example an arc
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in a parabolic reflector, 1is arranged such that it
projects light into the entrance aperture 67 of light
pipe 64 with internally reflecting surfaces such that
light descends at the desired -elevation angle.
Alternatively a lensed LED or other source may be
used as long as the range of source elevation angles
matches the desired range of elevation angles at
workpiece 11. The light source may be either strobed
or continuous. The fan of rays from light source 60
proceeds across the pipe and downward until it
strikes one of the side walls. The ray fan is split
and spread in azimuth at the corners of the pipe but
the elevation angle is preserved. This expanded ray
fan then spreads out, striking many different side
wall sections where it is further spread and
randomized in azimuth angle and largely unchanged in
elevation angle. After a number of reflections all
azimuth angles are present at exit aperture 68 and
workpiece 11. Therefore all points on the target are
illuminated by light from all azimuth angles but only
those elevation angles ©present 1in the original
source. In addition, the illumination field at
workpiece 11 1is spatially uniform. Note that the
lateral extent of 1light pipe 64 is only slightly
larger than the field of view in contrast to the
required size of a ring light for the condition of
spatially uniform illumination.

Fig. 11 shows the polar plot of the

illumination direction at the source, a nearly
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collimated bundle of rays from a small range of
elevation and azimuth angles.

Fig. 12 1is a polar plot of the rays at
workpiece 11 and the angular spread of the source is
included for comparison. All azimuth angles are
present at workpiece 11 and the elevation angles of
the source are preserved.

As the elevation angle of 1light exiting
illuminator 65 1is the same as those present 1in the
source 60, it is relatively easy to tune those angles
to specific applications. If a lower elevation
illumination angle is desired then the source may be
aimed closer to the horizon. The lower limit to the
illumination angle 1s set by the standoff of the
light pipe bottom edge as 1light cannot reach the
target from angles below the bottom edge of the light
pipe. The upper limit to the illumination elevation
angle 1is set by the 1length of light pipe 66 since
several reflections are required to randomize, or
homogenize, the illumination azimuth angle. As
elevation angle 1s increased there will be fewer
bounces for a given length 1light pipe 64 Dbefore
reaching workpiece 11.

The polygonal light pipe homogenizer only
forms new azimuth angles at its corners, therefore
many reflections are needed to get a uniform output
If all portions of the light pipe side walls could
spread or randomize the light pattern in the azimuth

direction, then fewer reflections would be required
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and the length of the light pipe in the 7 direction
could be reduced making the illuminator shorter
and/or wider in the Y direction.

Figs. 13 and 14 illustrate an embodiment of
the present invention with 1light pipe side walls
which diffuse or scatter light in only one axis. In
this embodiment it is preferred that the azimuth
angles of the 1light bundle be spread on each
reflection while maintaining elevation angles. This
is achieved by adding curved or faceted, reflective
surface 70 to the interior surface of light pipe side
wall 66 as shown in Fig. 13. Cross sectional views of
side wall 66 are shown in Figs. 14A and 14B. Figure
142 demonstrates how a collimated light ray bundle 62
is spread perpendicular to the axis of the
cylindrical curvature on reflective surface 70. 1In
Fig. 14B, the angle of reflection for 1light ray
bundle 62 is maintained along the axis of the
cylindrical curvature on reflective surface 70.
Hence, the elevation angle of the source is
maintained since the surface normal at every point of
reflector 70 has no 7 component. The curved, or
faceted, surface of reflective surface 70 creates a
range of new azimuth angles on every reflection over
the entire surface of the 1light pipe wall 66 and
therefore the azimuth angle of the source is rapidly
randomized. Embodiment of the present invention can

be practiced using any combination of refractive,
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diffractive and reflective surfaces for the interior
surface of light pipe side wall 66.

In one aspect, vreflective surface 70 1is
curved 1in segments of a c¢ylinder. This spreads
incoming light evenly in one axis, approximating a
one—-dimensional Lambertian surface, but does not
spread 1light in the other axis. This shape 1is also
easy to form in sheet metal. In another aspect,
reflective surface 70 has a sine wave shape. However,
since a sine wave shape has more curvature at the
peaks and wvalleys and less curvature on the sides,
the angular spread of light bundle 62 is stronger at
the peaks and valleys than on the sides.

Figs. 154 and 15B show the curved,
reflective surfaces applied to the interior surfaces
of light pipe illuminator 41 for camera array 4.
Light pipe illuminator includes side walls 66 and
light source 87. The one-dimensional diffusely
reflecting surfaces 70 randomize azimuth angles more
rapidly than a light pipe constructed of planar,
reflective interior surfaces. This allows a more
compact light pipe to be used which allows camera
array 4 to be closer to the workpiece. Fig. 15B shows
how light rays are randomized in azimuth angle after
a small number of reflections.

Light pipe illuminator 42 can be shortened
in the Z direction compared to illuminator 41 if
multiple 1light sources are used. Multiple sources,

for example a row of collimated LEDs, reduce the
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total number of reflections required to achieve a
spatially uniform  source and hence reduce the
required light pipe length. Illuminator 42 is
illustrated with light sources 87A-87E which may also
be strobed arc lamp sources.

In another aspect of the present invention
shown 1in Figs. 172-17B, i1lluminator 43 includes
mirrors 67 that reflect portions of the input beam
from source 87 to the desired source elevation angle.
Like the multiple source embodiment, this also
results 1in a spatially uniform 1light field in a
shorter light pipe. Mirrors 67 are placed between
cameras to avoid blocking the view of the target and
at different heights so that each mirror intercepts a
portion of the light coming from source 67. Mirrors
67 are shaped to reflect 1light at the desired
elevation angle and toward light pipe side walls 66
where the curved, reflected surfaces 70 rapidly
randomize the source azimuth direction. A cCross
sectional view of mirror 67 1s shown in Fig. 17B.
Mirror 67 may be, for example, a flat mirror that is
formed into a series of chevrons.

In another embodiment of the present
invention, Figs. 18 and 19 illustrate illuminator 44
integrated with camera array 4. Light is injected by
source 88 1into light mixing chamber 57 defined by
mirrors 54 and 55, top aperture plate 58, and
diffuser plate 52. The interior surfaces of 54, 55,

and 58 are reflective, whereas diffuser plate 52 1is
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preferably constructed of a translucent, light
diffusing material. Apertures 56 are provided on top
plate 58 and apertures 50 are provided on diffuser
plate 52 such that cameras 2 have an unocbstructed
view of the workpiece. In order to more clearly
visualize diffuser plate 52 and apertures 50, mirror
55 has been removed in Fig. 19, compared with Fig.
18.

Light projected by source 88 1is reflected
by mirrors 54 and 55 and aperture plate 58. As the
light reflects in mixing chamber 57, diffuser plate
52 also reflects a portion of this 1light and 1is
injected back into mixing chamber 57. After multiple
light reflections within mixing chamber 57, diffuser
plate 52 is uniformly illuminated. The light
transmitted through diffuser plate 52 is emitted into
the lower section of illuminator 44 which 1is
constructed of reflective surfaces 70, such as those
discussed with reference to Figs. 13 and 14.
Reflective surfaces 70 preserve the illumination
elevation angle emitted by diffuser plate 52. The
result is a spatially uniform illumination field at
workpiece 10. Fig. 20 1s a polar plot showing the
output illumination directions of illuminator 44.
Illuminator 44 creates an output 1light field, as
shown in Fig. 20, which 1is termed cloudy day since
illumination is nearly equal from almost all

elevation and azimuth angles. The range of output
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elevation angles, however, can be controlled by the
diffusing properties of diffuser plate 52.

Fig. 21 shows a preferred embodiment of
optical inspection sensor 94. Optical inspection
sensor 94 includes camera array 4 and integrated
illuminator 45, Illuminator 45 facilitates
independently controlled cloudy day and dark field
illumination. A dark field illumination field 1is
produced on printed circuit board 10 by energizing
light source 87. A cloudy day illumination field 1is
projected onto printed circuit board 10 by energizing
light source 88. Fig. 22 shows the polar plot and
illumination directions for the cloudy day and dark
field illuminations. In one aspect, sources 87 and 88
are strobed to suppress motion blurring effects due
to the transport of circuit board 10 in a non-stop
manner.

It is understood by those skilled in the
art that the image contrast of various object
features vary depending on several factors including
the feature geometry, color, reflectance properties,
and the angular spectrum of illumination incident on
each feature. Since each camera array field of view
may contain a wide wvariety of features with different
illumination requirements, embodiments of the present
invention address this challenge by imaging each
feature and 1location on workpiece 10 two or more
times, with each of these images captured under

different i1llumination conditions and then stored
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into a digital memory. In general, the inspection
performance may be improved by using object feature
data from two or more images acquired with different
illumination field types.

It should be understood that embodiments of
the present invention are not limited to two lighting
types such as dark field and cloudy day illumination
field nor are they limited to the specific illuminator
configurations. The light sources may project directly
onto workpiece 10. The 1light sources may also have
different wavelengths, or colors, and be located at
different angles with respect to workpiece 10. The
light sources may be positioned at wvarious azimuthal
angles around workpiece 10 to provide illumination from
different gquadrants. The light sources may be a
multitude of high power LEDs that emit 1light pulses
with enough energy to “freeze” the motion of workpiece
10 and suppress motion blurring in the images. Numerous
other lighting configurations are within the scope of
the invention including 1light sources that generate
bright field illumination fields or transmit through
the substrate of workpiece 10 to backlight features to
be inspected.

Although the present invention has Dbeen
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made in form and detail without departing from

the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1.

An optical inspection system for inspecting

a workpiece including a feature to be inspected, the

system comprising:

workpiece transport configured to
transport the workpiece in a nonstop

manner; and

an illuminator configured to provide a first

strobed illumination field type and a
second strobed illumination field type,
the illuminator including a light pipe
having a first end ©proximate the
feature, and a second end opposite the
first end and spaced from the first
end, the 1light pipe also having at
least one reflective sidewall, and
wherein the first end has an exit
aperture and the second end has at
least one second end aperture to
provide a view of the feature

therethrough;

an array of cameras configured to digitally

image the feature, wherein the array of
cameras 1is configured to generate a
first plurality of images of the
feature with the first illumination
field and a second plurality of images
of the feature with the second

illumination field; and



WO 2011/037903 PCT/US2010/049617

20—

a processing device operably coupled to the
illuminator and the array of cameras,
the processing device being configured
to store at least some of the first and
second plurality of images and provide
the first and second pluralities to an
other device.

2. The optical inspection system of claim 1,
wherein a first plurality of cameras of the array of
cameras includes non-telecentric optics and wherein the
cameras of the first plurality of cameras are aligned
with one another along an axis perpendicular to a
direction of workpiece motion.

3. The optical inspection system of claim 2,
wherein a second plurality of cameras of the array of
cameras includes non-telecentric optics and wherein the
cameras of the second plurality of cameras are aligned
with one another along an axis perpendicular to the
direction of workpiece motion, but spaced from the
first plurality of cameras 1in a direction of the
workpiece motion.

4, The optical inspection system of claim 1,
wherein the array of cameras includes:

a first plurality of cameras having
telecentric optics, wherein the cameras
of the first plurality of cameras are
aligned with one another along an axis
perpendicular to a direction of
workpiece motion, and have fields of
view that do not overlap with one

another;
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a second plurality of cameras having
telecentric optics, wherein the cameras
of the second plurality of cameras are
aligned with one another along an axis
perpendicular to a direction of
workpiece motion, and have fields of
view that do not overlap with one
another; and

wherein the first and second pluralities of
cameras have fields of view that are
staggered in a direction perpendicular
to workpiece motion.

5. The optical inspection system of claim 4,
wherein the first and second pluralities of cameras are
staggered such that each camera in the array has at
least a portion of its field of wview that 1is not
overlapped by any other camera in the array.

6. The optical inspection system of claim 1,
and further comprising an encoder operably coupled to
the workpiece transport to provide an indication of
workpiece motion to the processing device.

7. The optical inspection system of claim 6,
wherein the indication has a resolution of
approximately 100 microns.

8. The optical inspection system of claim 1,
wherein the illuminator includes at least one arc lamp.
9. The optical inspection system of claim 1,
wherein the illuminator includes at least one 1light

emitting diode.
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10. The optical inspection system of claim 1,
wherein the light pipe includes a ©plurality of
reflective sidewalls.

11. The optical inspection system of claim 1,
wherein the at least one reflective sidewall includes a
curved reflective surface that preserves illumination
elevation angle while mixing illumination azimuthally.
12. The optical inspection system of claim 1,
wherein the illuminator includes at least one mirror
disposed to reflect at least a portion of illumination
to a desired source elevation angle.

13. The optical inspection system of claim 12,
wherein the at least one mirror is angled to reflect
the portion of illumination toward the at least one
reflective sidewall at the desired elevation angle.

14. The optical inspection system of claim 1,
wherein the array of cameras 1s mounted proximate the
second end of the light pipe and is configured to view
the feature through at least one second end aperture.
15. The optical inspection system of claim 14,
wherein the illuminator includes an illumination mixing
chamber disposed proximate the second end, and wherein
the mixing chamber and the light pipe are separated by
a translucent diffuser having at least one diffuser
aperture aligned with each respective at least one
second end aperture.

16. The optical inspection system of claim 15,
wherein a first light source is configured to introduce
strobed illumination into the mixing chamber.

17. The optical inspection system of claim 16,

wherein a first darkfield light source is configured to
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introduce strobed illumination into the 1light pipe
between the diffuser and the first end.

18. The optical inspection system of claim 17,
and further comprising a second darkfield light source
configured to introduce additional illumination into
the light pipe between the diffuser and the first end.
19. The optical inspection system of claim 15,
wherein the mixing chamber includes a plurality of
reflective surfaces.

20. The optical inspection system of claim 1,
wherein the processing device includes random access
memory configured to store a plurality of images from
each camera of the array of cameras.

21. The optical inspection system of claim 20,
wherein the random access memory has a capacity that is
sufficient to store a number of images to represent the
entire workpiece for each of the first and second
pluralities of images.

22. The optical inspection system of claim 21,
wherein each camera in the array of cameras has a
resolution of about 5 megapixels and the random access
memory has a capacity of about 2.0 gigabytes.

23. The optical inspection system of claim 21,
wherein the processing device 1includes a high-speed
data transfer bus to provide the stored images to the
other device.

24, The optical inspection system of claim 23,
wherein the processing device is configured to
simultaneously acguire and store images from the array
of cameras while providing the stored images to the

other device.
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25. The optical inspection device of claim 23,
wherein the high-speed data transfer bus operates in
accordance with the peripheral component interconnect
express (PCIe) bus.
26. The optical inspection system of claim 23,
wherein the other device is configured to provide an
inspection result relative to the feature on the
workpiece based, at least in part, upon the first and
second pluralities of images.
27. A  method of inspecting an article of
manufacture having at least one region of interest to
provide an inspection result, the method comprising:
generating relative motion between the
article of manufacture and a camera
array;
simultaneously acquiring images from the
camera array through a 1light pipe
during the relative motion and while
strobing a first illumination field
type upon the article of manufacture;
generating a stitched image with the
acquired images;
determining an inspection result relative to
the at 1least one region of interest
based, at least 1n part, upon the
stitched image; and
providing the inspection result.
28. The method of claim 27, and further
comprising:
acquiring additional images from the camera

array through the 1light pipe while
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strobing a second illumination field
type upon the article of manufacture;
generating an additional stitched image from
the additional images acquired from the
camera array; and
determining the inspection result relative
to the at least one region of interest
based, at least 1n part, upon the
additional stitched image.
29. The method of claim 27, wherein the first
illumination field type is darkfield.
30. The method of claim 29, wherein the second
illumination field type is cloudy day.
31. The method of claim 29, wherein the second
illumination field type is brightfield.
32. The method of claim 28, wherein the first
and second illumination field types are energized
alternately.
33. The method of claim 27, wherein the image
stitching is used to correct for workpiece positional
error.
34. The method of claim 27, wherein the
stitching is used to correct for workpiece warpage.
35. The method of claim 27, and further
comprising storing all images in random access memory
prior to transferring the images to a computer.
36. The method of claim 27, and further
comprising providing at least some images to an other

device while collecting images from the camera array.
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