a2 United States Patent

Marrion et al.

US011763444B2

US 11,763,444 B2
Sep. 19, 2023

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(63)

(1)

(52)

DETECTING OBJECT PRESENCE ON A
TARGET SURFACE

Applicant: COGNEX CORPORATION, Natick,

MA (US)

Inventors: Cyril C. Marrion, Acton, MA (US);
Nickolas James Mullan, Ambler, PA
(US)

Assignee: Cognex Corporation, Natick, MA (US)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 16/921,776

Filed: Jul. 6, 2020

Prior Publication Data

US 2021/0125328 Al Apr. 29, 2021

Related U.S. Application Data

Continuation of application No. 15/985,456, filed on
May 21, 2018, now Pat. No. 10,706,528, which is a
continuation of application No. 14/634,717, filed on
Feb. 27, 2015, now Pat. No. 9,978,135.

Int. CL.

Go6T 7/00 (2017.01)

Go6T 7/80 (2017.01)

GO6F 18/00 (2023.01)

U.S. CL

CPC ............. GO6T 7/0008 (2013.01); GO6T 7/85

(2017.01); GOGF 18/00 (2023.01); GO6T
2207/10012 (2013.01); GO6T 2207/10028
(2013.01); GO6T 2207/30208 (2013.01)

100 -

\ {118
. | Machine Vision

T PROCESSOr

(58) Field of Classification Search
None

See application file for complete search history.
(56) References Cited

U.S. PATENT DOCUMENTS

4,916,640 A *  4/1990 Gasperi ................. GO6T 7/0008

382/271

5,535,144 A * 7/1996 Kise ....cccoevviieiinn B60Q 9/008

348/E13.016

6,215,898 B1* 4/2001 Woodfill ................. GO6T 7/593

348/E13.016

6,384,859 B1* 5/2002 Matsumoto .......... HO4N 13/261

348/E13.067

9,240,049 B2* 1/2016 Ciurea HO4N 9/097

9,978,135 B2* 5/2018 Marrion ... .. GO6T 7/0008

10,706,528 B2*  7/2020 Marrion .................... GO6T 7/85
(Continued)

Primary Examiner — Soo Shin
(74) Attorney, Agent, or Firm — Cesari & McKenna, LLP

(57) ABSTRACT

Described are methods, systems, apparatus, and computer
program products for determining the presence of an object
on a target surface. A machine vision system includes a first
image capture device configured to image a first portion of
a target surface from a first viewpoint and a second image
capture device configured to image a second portion of the
target surface from a second viewpoint. The machine vision
system is configured to acquire a first image from the first
image capture device, a second image from the second
image capture device, rectify the first image and second
image, retrieve a disparity field, generate difference data by
comparing, based on the mappings of the disparity field,
image elements in the first rectified image and a second
image elements in the second rectified image; and determine
whether the difference data is indicative of an object on the
target surface.

18 Claims, 10 Drawing Sheets
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1
DETECTING OBJECT PRESENCE ON A
TARGET SURFACE

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 15/985,456, filed on May 21, 2018, which is a
continuation of U.S. Pat. No. 9,978,135, filed on Feb. 27,
2015, the entirety of each of which is incorporated herein by
reference.

TECHNOLOGICAL FIELD

The present technology relates generally to detecting the
presence of an object on a target surface and, more specifi-
cally, to using stereoscopic imaging to detect the presence of
an object on a target surface.

BACKGROUND

Many commercial applications involve placing objects on
target surfaces for later processing and/or use. Some appli-
cations involve placing objects, such as packages, product
parts, or components, in trays, bowls, or other receptacles
for transport along conveyor belts. For example, in some
logistic applications, objects are placed on trays running
along a conveyor belt for automated sorting. In some
instances, an unexpected occupied receptacle can cause
disruptions to the process, resulting in reduced efficiency. In
some instances, the presence of an object can indicate a
failure of an upstream process.

SUMMARY

Accordingly, there is a need for technology to determine
the presence or absence of objects on a target surface, such
as the bottom of a tray, bowl, or other receptacle. Benefi-
cially, the technology described herein can facilitate detect-
ing the presence or absence of such objects using stereo-
scopic imaging.

In one aspect, there is a machine vision system. The
machine vision system includes a first image capture device
configured to image a first portion of a target surface from
a first viewpoint. The machine vision system includes a
second image capture device configured to image a second
portion of the target surface from a second viewpoint,
wherein the first portion of the target surface at least partially
overlaps the second portion of the target surface. The
machine vision system includes a machine vision processor
connected to the first image capture device and the second
image capture device, the machine vision processor config-
ured to: acquire a first image of the target surface from the
first image capture device; acquire a second image of the
target surface from the second image capture device; rectify
the first image to form a first rectified image and rectify the
second image to form a second rectified image; retrieve a
disparity field that provides mappings from a first plurality
of coordinates in the first rectified image to a second
plurality of coordinates in the second rectified image; gen-
erate difference data by comparing, based on the mappings
of'the disparity field, a first plurality of image elements in the
first rectified image to a second plurality of image elements
in the second rectified image; and determine whether the
difference data is indicative of an object on the target
surface.

In some embodiments, the first image capture device and
the second image capture device are a camera and, wherein
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the camera is configured to image the first portion of the
target surface from the first viewpoint and image the second
portion of the target surface from the second viewpoint
approximately simultaneously. In some embodiments, the
first image capture device is a first camera and the second
image capture device is a second camera. In some embodi-
ments, the machine vision processor is configured to acquire
the first image and the second image substantially simulta-
neously. In some embodiments, the first plurality of image
elements is a first plurality of pixel values. In some embodi-
ments, the plurality of pixel values are at least one of grey
scale values, hue values, gradient values, and reflectance
values. In some embodiments, the target surface is one of a
conveyor belt, tray and a receptacle. In some embodiments,
the difference data comprises a plurality of difference values,
and wherein the machine vision processor is configured to
form the difference data by, for each image element of the
first plurality of image elements: generating a difference
value by applying one or more difference functions to the
element and a corresponding element of the second plurality
of image elements, wherein a correspondence between the
element and the corresponding element is based on the
disparity field. In some embodiments, the machine vision
processor is configured to apply at least one of a filtering
algorithm and a shape-finding algorithm to the difference
data to determine whether the difference data is indicative of
the object on the target surface.

In another aspect, there is a method executed by a
machine vision system. The method includes acquiring, by
the machine vision system, a first image of the target surface
from a first viewpoint. The method includes acquiring, by
the machine vision system, a second image of the target
surface from a second viewpoint, wherein the first image and
the second image are captured from distinct viewpoints. The
method includes rectifying, by the machine vision system,
the first image to form a first rectified image and the second
image to form a second rectified image. The method
includes retrieving, by the machine vision system, a dispar-
ity field that provides mappings from a first plurality of
coordinates in the first rectified image to a second plurality
of coordinates in the second rectified image. The method
includes generating, by the machine vision system, differ-
ence data by comparing, based on the mappings of the
disparity field, a first plurality of image elements in the first
rectified image to a second plurality of image elements in the
second rectified image. The method includes determining,
by the machine vision system, whether the difference data is
indicative of an object on the target surface.

In some embodiments, the first image and the second
image are captured by a camera and, the camera is config-
ured to image the target surface from the first viewpoint and
image the target surface from the second viewpoint approxi-
mately simultaneously. In some embodiments, the first
image is captured by a first camera and the second image is
captured by a second camera. In some embodiments, the
method includes acquiring the first image and the second
image substantially simultaneously. In some embodiments,
the first plurality of image elements is a first plurality of
pixel values. In some embodiments, the plurality of pixel
values are at least one of grey scale values, hue values,
gradient values, and reflectance values. In some embodi-
ments, the target surface is one of a conveyor belt, a tray, and
a receptacle. In some embodiments, the difference data
comprises a plurality of difference values, and the method
further includes forming the difference data by, for each
image element of the first plurality of image eclements:
generating a difference value by applying one or more
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difference functions to the element and a corresponding
element of the second plurality of image elements, wherein
a correspondence between the element and the correspond-
ing element is based on the disparity field. In some embodi-
ments, the method includes applying, by the machine vision
system, at least one of a filtering algorithm and a shape-
finding algorithm to the difference data to determine whether
the difference data is indicative of the object on the target
surface.

Other aspects and advantages of the present technology
will become apparent from the following detailed descrip-
tion, taken in conjunction with the accompanying drawings,
illustrating the principles of the technology by way of
example only.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and advantages
of the present technology, as well as the technology itself,
will be more fully understood from the following description
of various embodiments, when read together with the
accompanying drawings, in which:

FIG. 1 depicts a machine vision system in accordance
with the technology.

FIG. 2 depicts a machine vision system in accordance
with the technology.

FIGS. 3A and 3B illustrate a technique for determining
the presence or absence of an object in accordance with the
technology.

FIG. 4 illustrates rectified images of a target surface with
a calibration pattern used for generating a disparity field.

FIG. 5 depicts a flow chart for a method of generating a
disparity field in accordance with the technology.

FIG. 6 depicts a flowchart for a method of determining the
presence or absence of an object on a target surface.

FIGS. 7A-7D illustrate the difference data generated
when imaging a target surface tray.

DETAILED DESCRIPTION

The present technology can facilitate determining the
presence or absence of an object on a target surface using
stereoscopic imaging. In an exemplary embodiment of the
technology, a machine vision system can detect the presence
or absence of an object in a tray. The exemplary machine
vision system includes two cameras in fixed positions for
imaging the upward-facing surface of the bottom of the tray.
The cameras are positioned at distinct viewpoints, and so
that the cameras’ fields of view at least partially overlap
(e.g., the same portion of the tray is in both cameras’ fields
of view). During calibration of the machine vision system,
the machine vision system can generate a disparity field. The
disparity field provides mappings between the pixels of a
rectified image from the first camera and the corresponding
pixels of a rectified image from the second camera for the
tray’s surface, when the images are captured substantially
simultaneously. For example, the disparity field provides a
mapping between a point on the tray’s surface in a rectified
image from the first camera and the same point on the tray’s
surface in a rectified image from the second camera.

During operation, the exemplary machine vision system
can capture images of the tray with the two cameras sub-
stantially simultaneously. Using the disparity field, the
machine vision system can compare values of pixels in the
rectified image from the first camera to values of corre-
sponding pixels in the rectified image from the second
camera. If the tray is empty, the values of corresponding
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pixels will be same, or approximately the same. If the tray
contains an object (e.g., an object of some thickness and of
a different color than the tray), at least some of the values of
the pixels in the rectified image from the first camera will not
match the values of corresponding pixels in the rectified
image from the second camera. The machine vision system
can detect whether an object is present or not based on these
differences in the values of corresponding pixels in the
images.

Machine Vision Systems

Referring now to the drawings, exemplary embodiments
of the technology will be described. FIG. 1 depicts machine
vision system 100 in accordance with the technology. Sys-
tem 100 includes camera 105, camera 110, machine vision
processor 115, and conveyor belt system 120. In the illus-
trated embodiment, cameras 105 and 110 can be area-scan
cameras including a two-dimensional CCD camera sensor, a
two-dimensional CMOS camera sensor or any other type of
camera sensor for generating images of items on conveyor
belt system 120. Camera 105 can have field of view 125.
Camera 105 can generate two-dimensional images of field of
view 125, including objects within field of view 125. Cam-
era 110 can have field of view 130. Camera 110 can generate
two-dimensional images of field of view 130, including
objects within field of view 130. Fields of view 125 and 130
are roughly overlapping. Cameras 105 and 110 can provide
the two-dimensional images to machine vision processor
115 for machine vision processing, as will be described in
greater detail below. During operation, conveyor belt system
120 can convey objects (e.g., tray 135) in the direction of
arrow 140 such that the objects are moved through fields of
view 125 and 130. In the illustrated embodiment, cameras
105 and 110 can capture images of objects on conveyor belt
system 120 approximately simultaneously. In some embodi-
ments, a machine vision system in accordance with the
technology can include lighting (e.g., strobe lights) to facili-
tate image acquisition. In some embodiments, more than 2
cameras can be used.

In the illustrated embodiment, machine vision processor
115 can be any processing device (e.g., embedded machine
vision processor, computing device, etc.). In some embodi-
ments, machine vision processor 115 can be and/or be a part
of a standalone computing device. In some embodiments,
machine vision processor 115 can be a part of camera 105
and/or camera 110. More generally, machine vision proces-
sor 115 can be any processor or set of processors pro-
grammed to perform machine vision processing. Machine
vision processor 115 can receive data from cameras 105 and
110 (e.g., image data) and perform machine vision process-
ing on the data, as will be described in greater detail below.
For example, in some embodiments, machine vision pro-
cessor 115 can determine whether tray 135 contains an
object based on the images from cameras 105 and 110.

FIG. 2 depicts machine vision system 200 in accordance
with the technology. System 200 includes camera 205,
stereo view expander 210, machine vision processor 215,
and conveyor belt system 220. In the illustrated embodi-
ment, camera 205 can be an area-scan camera including a
two-dimensional CCD camera sensor, a two-dimensional
CMOS camera sensor or any other type of camera sensor for
generating images of items on conveyor belt system 220. As
illustrated, camera 205 can include stereo view expander
(SVE) 210. SVE 210 is configured to allow camera 205 to
image two roughly overlapping fields of view, fields of view
225 and 230, from two distinct viewpoints, viewpoints 245
and 250 respectively, simultaneously by projecting field of
view 225 on a portion of the sensor of camera 205 and field
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of view 230 on another portion of the sensor of camera 205.
For example, the top half of an image captured by camera
205 can be of field of view 225 and the bottom half of the
image can be of field of view 230. Beneficially, SVE 210 can
allow the present technology to be implemented using a
single camera. An example of an optical system that can be
used as an SVE is described in W. Lovegrove, Single-
camera stereo vision for obstacle detection in mobile robots,
SPIE Newsroom, 2007; doi:10.1117/2.1200710.0911, the
entire contents of which are hereby incorporated by refer-
ence. During operation, conveyor belt system 220 can
convey objects (e.g., tray 235 containing an object) in the
direction of arrow 240 such that the objects are moved
through fields of view 225 and 230. The invention also
contemplates and includes other camera and optical path
splitter embodiments whereby roughly overlapping fields of
view are acquired from different viewpoints.

In the illustrated embodiment, machine vision processor
215 can be any processing device (e.g., embedded machine
vision processor, computing device, etc.). In some embodi-
ments, machine vision processor 215 can be and/or be a part
of a standalone computing device. In some embodiments,
machine vision processor 215 can be a part of camera 205.
More generally, machine vision processor 215 can be any
processor or set of processors programmed to perform
machine vision processing. Machine vision processor 215
can receive data from camera 205 (e.g., image data) and
perform machine vision processing on the data. For
example, in some embodiments, machine vision processor
215 can determine whether tray 235 contains an object based
on the image from camera 205. It should be appreciated that
disclosure herein that refers to aspects of the technology
involving images from separate cameras can also apply to
the portions of an image captured using an SVE that capture
roughly overlapping fields of view.

Overview of Determining the Presence of an Object

FIGS. 3A and 3B illustrate a technique for determining
the presence or absence of an object in accordance with the
technology. In FIGS. 3A and 3B, tray 335 is depicted as
empty (FIG. 3A) and containing object 340 (FIG. 3B).
Rectified image planes 305 and 310 represent the rectified
image planes for two cameras (e.g., cameras 105 and 110) or
a camera using an SVE (e.g., camera 205). As illustrated in
FIG. 3A, when tray 335 is empty, point 360 in rectified
image plane 305 and point 365 in rectified image plan 310
both correspond to point 370 on tray 335. Accordingly, a
pixel at point 360 in an image in rectified image plane 360
will have approximately the same value as a pixel at point
365 in an image in rectified image plane 310 because both
pixels represent the point 370 on tray 335. Turning to FIG.
3B, when tray 335 contains object 340, point 360 in rectified
image plane 305 corresponds to point 370 on tray 335, while
point 365 in rectified image plane 310 corresponds to point
375 on object 340. Accordingly, a pixel at point 360 in an
image in rectified image plane 360 will a have a different
value than a pixel at point 365 in an image in rectified image
plane 310, provided, e.g., object 340 is an object of some
thickness and a different color than tray 335.

As explained in greater detail below, the technology
involves detecting these differences in pixel values to deter-
mine if the target surface (e.g., a tray) contains an object.
System Assembly and Calibration

In some embodiments, the technology includes assem-
bling and calibrating a machine vision system. For example,
machine vision system 100 of FIG. 1 and/or machine vision
system 200 of FIG. 2 can be assembled and calibrated in
accordance with the technology. In some embodiments one
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or more cameras can be mounted in fixed positions relative
to the target surface. For example, as illustrated in FIG. 1,
cameras 105 and 110 can be mounted in fixed positions
relative to conveyor belt system 120. In some embodiments,
a single camera with an SVE can be used (e.g., as illustrated
in FIG. 2). In some embodiments, lighting can be used to
facilitate image acquisition. For example, a strobe light can
be positioned to illuminate the target surface and triggered
during image acquisition. In some embodiments using more
than one camera, the exposure, gain, and/or offset of the
cameras can be adjusted such that pixel values in the
cameras are approximately the same when imaging the same
point on the same object. In some embodiments, the cameras
can be calibrated, in part, using conventional calibration
techniques. Additional information regarding camera cali-
bration can be found in U.S. Pat. No. 6,798,925, titled
METHOD AND APPARATUS FOR CALIBRATING AN
IMAGE ACQUISITION SYSTEM, and “Multiple view
Geometry in Computer Vision” Second Edition, Richard
Hartley and Andrew Zisserman (2004), the entire contents of
which are hereby incorporated by reference.

In some embodiments, the transforms required to rectify
images from the cameras can be calculated using conven-
tional image rectification techniques. Techniques for calcu-
lating image rectification transforms are well known in the
art for coplanar alignment of camera images for stereoscopy
applications. Rectifying images from the two cameras (or
portions of a single image, if an SVE is used) can produce
rectified images such that a common point in the imaged
scene can be located in a common row in both of the images.

In some embodiments, the technology includes generating
a disparity field. A disparity field can provide mappings
between the two rectified images for points on the target
surface. In some embodiments, the disparity field can be an
N by M array, where N is the width of the rectified images
in pixels and M is the height of the rectified images in pixels.
In some embodiments, the disparity field can be smaller than
the size of the rectified images (e.g., when the cameras’
fields of view do not cover identical portions of the target
surface). FIG. 4 illustrates rectified images of a target
surface with a calibration pattern used for generating a
disparity field. The calibration pattern beneficially can facili-
tate finding corresponding points in the rectified images so
that the disparity values can be calculated. First rectified
image 405 can be a rectified image from a first camera and
second rectified image 410 can be a rectified image from a
second camera. Point 415 is located at (X;,,Y,) in first
rectified image 405 and represents a first corner of the
calibration pattern shown. Point 420 is located at (Xz,,Y,)
in second rectified image 410 and represents the first corner
of the calibration pattern. As noted above, the same point on
the target surface will be in the same row in the rectified
images. In some embodiments, the disparity field for the
illustrated example contains the value X;,-X,, at the index
[X,,1[Y,] to indicate the difference along the X axis of the
location of the same point on the calibration target in first
rectified image 405 and second rectified image 410. Simi-
larly, point 425 is located at (X;,,Y,) in first rectified image
405 and represents a second corner of the calibration pattern
shown. Point 430 is located at (X,,Y,) in second rectified
image 410 and represents the second corner of the calibra-
tion pattern. In the illustrated example, the disparity field can
contain the value X, ,-X, at the index [X,,][Y,] to indicate
the difference along the X axis of the location of the point
on the calibration target in first rectified image 405 and
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second image 410. More generally, the disparity field can
contain the disparity for each pair of corresponding points in
the rectified images.

FIG. 5 depicts a flow chart for a method of generating a
disparity field in accordance with the technology. At step
510, a machine vision system acquires with the first camera
a first image of the target surface with a calibration pattern
(e.g., a calibration plate) placed on the target surface (e.g.,
as illustrated in FIG. 4). At step 520, the machine vision
system acquires with the second camera a second image of
the target surface with the calibration pattern. Steps 510 and
520 are preferably performed with the target surface with the
calibration pattern in the same position for both images. At
step 530, the first image and the second image are rectified
using the rectification transforms previously calculated. At
step 540, the machine vision system calculates a disparity
value for a feature of the calibration pattern and stores the
disparity value in the disparity field. A feature (e.g., a corner
on a calibration pattern) can be located in the rectified
images using commercially available software, such as the
Cognex Vision Library sold by the Cognex Corporation. As
described above, the disparity value can be the difference in
the locations along the X axis of the feature in the first
rectified image and the second rectified image. At step 550,
the machine vision system determines if there are any more
features on the calibration pattern for which to calculate a
disparity value. For example, in the case of a checkerboard
calibration pattern (e.g., as illustrated in FIG. 4), a disparity
value can be calculated for each of the corners in the
calibration pattern. If there are additional features for which
to calculate a disparity value, the method proceeds to step
540 to calculate the disparity value for the next remaining
feature. If there are no more additional features, the method
proceeds to step 560. At step 560, the machine vision system
interpolates disparity values for remaining pixels in the first
image and second image (or a portion thereof) and stores the
disparity values in the disparity field.

In some embodiments, to accommodate non-planar target
surfaces, the disparity field can be generated by moving a
single feature around on the target surface. For example, the
feature can be moved to a new location, images of the
feature can be acquired, the images can be rectified, and then
the disparity field can be updated at the location of the
feature. In some embodiments, structured light of a known
pattern projected onto the target surface can be used to
populate the disparity field.

Runtime Determination of Object Presence

In some embodiments, the technology can use the infor-
mation generated during calibration, such as the rectification
transforms and the disparity field, along with images of the
target surface to determine whether an object is present on
the target surface. For example, the technology can deter-
mine if a tray passing on a conveyor belt is empty. FIG. 6
depicts a flowchart for a method of determining the presence
or absence of an object on a target surface. At step 610, the
machine vision system acquires a first image of the target
area with a first camera. At step 620, the machine vision
system acquires a second image of the target area with a
second camera. Steps 610 and 620 are preferably performed
with the target surface in the same position for both images.
At step 630, the machine vision system rectifies the first
image and the second image, e.g., using the rectification
transforms generated during calibration.

At step 640, the machine vision system generates differ-
ence data based on the disparity field, the first rectified
image, and the second rectified image. In some embodi-
ments, the difference data can be an array of difference
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values. In some embodiments, the difference data is gener-
ated by determining the difference, if any, between the
values of the pixels in the first rectified image and the values
of the corresponding pixels in the second rectified image,
where corresponding pixels can be determined by the dis-
parity field. The values of the pixels can be, for example,
grey scale values, hue values, gradient values, reflectance
values, and/or any combination thereof.

In some embodiments, difference data can be generated
by storing the difference values calculated by applying a
difference function to a pixel in the first rectified image and
its corresponding pixel in the second rectified image for each
pair of corresponding pixels in the first rectified image and
the second rectified image. For example, the following
pseudo code illustrates a method of generating difference
data (Differencelmage) by applying a difference function
(DIFF( )) to the values of each pixel in the first rectified
image and its corresponding pixel in the second rectified
image, as provided by the disparity field (DisparityField):

foreach x in first rectified images{
foreach y in first rectified images {
ExpectedDisparity = DisparityField[x][y]
Differencelmage[x][y] = Diff (Firstimage[x][y], Secondlmage[
x+ExpectedDisparity][y])
¥
¥

The difference function can be any function for determining
a difference in pixel values, such as grey scale values, hue
values, gradient values, reflectance values, and/or any com-
bination thereof.

FIGS. 7A-7D illustrate difference data 705 generated
when imaging target surface tray 725. In the illustrated
embodiments, difference data 705 are represented as a gray
scale image. Rectified image planes 715 and 720 represent
the rectified image planes for two cameras (e.g., cameras
105 and 110) or a camera using an SVE (e.g., camera 205).
Referring to FIGS. 7A-7C, tray 725 (carrying object 710) is
illustrated at various positions relative to the fields of view
of the camera(s). As illustrated in FIG. 7A, pixels at the
points in rectified image plane 715 between point 730 and
point 732 represent points on top 712 of object 710. The
pixels at the corresponding points (e.g., as given by the
disparity field) in rectified image plane 720 between point
736 and point 738 represent points on side 714 of object 710.
As described above, pixels at the points between point 730
and point 732 can have different values than pixels at the
corresponding points between point 736 and point 738,
resulting in non-zero difference values for each pair of pixels
at corresponding points. Region 742 of difference data 7054
represents these non-zero difference values.

The pixels at points in rectified image plane 715 between
point 732 and point 734 represent points on top 712 of object
710. The pixels at corresponding points in rectified image
plane 720 between point 738 and point 734 represent points
on tray 725. Pixels at the points between point 732 and point
734 can have different values than pixels at the correspond-
ing points between point 738 and point 740 resulting in
non-zero difference values for each pair of pixels at corre-
sponding points. Region 744 of difference data 7054 repre-
sents these non-zero difference values.

In the illustrated embodiment, region 742 is shown as
dark grey (e.g., a lower greyscale pixel value), reflecting that
the differences in pixel values at the points between point
730 and point 732 and pixel values at the corresponding
points between point 736 and point 738 are relatively small
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(e.g., because all of the pixels represent points on similarly-
colored surfaces of object 710). In contrast, region 744 is
shown as light gray (e.g., a higher greyscale pixel value),
reflecting that the differences in pixel values at the points
between point 732 and point 734 and pixel values at the
corresponding points between point 738 and point 740 are
relatively high (e.g., because the pixels at points in rectified
image plane 715 represent points on the surface of object
710, while the pixels at points in rectified image plane 720
represent points on tray 725). Region 746 is shown as black
(e.g., grey scale pixel value of approximately 0), reflecting
zero or near-zero differences in pixel values where pixels at
corresponding points in rectified image plane 715 and rec-
tified image plane 720 both represent points on tray 725.

FIG. 7B shows tray 725 and object 710 at another position
relative to the camera(s). Regions 750 of difference data
7056 represent the difference in pixel values where the
pixels at points in rectified image plane 715 represent points
on tray 725 and the pixels at corresponding points in
rectified image plane 720 represent points on top 712 of
object 710, or where the pixels at points in rectified image
plane 715 represent points on top 712 of object 710 and the
pixels at corresponding points in rectified image plane 720
represent points on tray 725.

Regions 752 of difference data 7055 represent the differ-
ence in pixel values where the pixels at points in rectified
image plane 715 represent points on side 713 of object 710
and the pixels at corresponding points in rectified image
plane 720 represent points on top 712 of object 710, or
where the pixels at points in rectified image plane 715
represent points on top 712 of object 710 and the pixels at
corresponding points in rectified image plane 720 represent
points on side 714 of object 712. Region 753 of difference
data 7055 represents the difference in pixel values where the
pixels at points in rectified image plane 715 and the pixels
at corresponding points in rectified image plane 720 repre-
sent points on the same surface of object 710, or where the
pixels at points in rectified image plane 715 and the pixels
at corresponding points in rectified image plane 720 repre-
sent points on tray 725.

FIG. 7C shows tray 725 and object 710 at still another
position relative to the camera(s). Region 754 of difference
data 705¢ represents the difference in pixel values where the
pixels at points in rectified image plane 715 represent points
on tray 725 and the pixels at corresponding points in
rectified image plane 720 represent points on top 712 of
object 710. Region 756 of difference data 705¢ represents
the difference in pixel values where the pixels at points in
rectified image plane 715 represent points on side 713 of
object 710 and the pixels at corresponding points in rectified
image plane 720 represent points on top 712 of object 710.
Region 758 of difference data 705¢ represents the difference
in pixel values where the pixels at points in rectified image
plane 715 and the pixels at corresponding points in rectified
image plane 720 represent points on the same surface of
object 710, or where the pixels at points in rectified image
plane 715 and the pixels at corresponding points in rectified
image plane 720 represent points on tray 725.

FIG. 7D shows tray 725 when empty. Region 762 of
difference data 7054 represents the difference in pixel values
where the pixels at points in rectified image plane 715 and
the pixels at corresponding points in rectified image plane
720 represent points on tray 725.

Returning to FIG. 6, at step 650, the machine vision
system determines the presence or absence of an object on
the target surface based on the difference data. In some
embodiments, a filter can be applied to the difference data to
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account for variations in the cameras, noise, etc. For
example, the filter can set difference values in the difference
data to zero if the difference values are below a threshold.
Beneficially, the application of a filter can prevent false
determination of presence of an object. As described above,
if there is no object on the target area, the difference data (or
filtered difference data) can consist of values indicating little
or no difference between the pixels of the first rectified
image and the second rectified image. For example, if the
first rectified image and the second rectified image comprise
pixels with grey scale values of 0 to 255 and the difference
function subtracts the gray scale values of corresponding
pixels, then the difference data can consist of difference
values that are all zero or near zero (e.g., as shown in FIG.
7D). In this instance, the difference data can appear black
when rendered as a grey scale image. If there is an object on
the target surface, at least a portion of the difference values
in the difference data can be above zero. In this instance, the
difference data can appear with non-black shapes on a black
background when rendered as a grey scale image (e.g., as
show in FIGS. 7A-7C).

In some embodiments, blob analysis or similar machine
vision techniques can be applied to the difference data to
determine whether the difference data indicates the presence
of an object on the target surface. Returning to the example
where the difference data is rendered as a grey scale image,
if an object is present on the target surface, shapes can
appear in the difference data. Blob analysis can be applied
to the difference data to locate the shapes. In some embodi-
ments, the machine vision system can interpret the presence
of shapes in the difference data as an indication of an object
being present on the target surface.

In some applications, it is contemplated and expected that
over time, the target surface might become dirty or might
accumulate stains. Beneficially, in some embodiments, the
technology is not affected by changes in color to the target
surface. This is because, in some embodiments, the tech-
nology differences the corresponding pixel values in the
rectified images from the different fields of view.

In some applications, it is contemplated and expected that
over time low lying debris (e.g., tape or labels) might
accumulate on the target surface. Many users desire the
technology to not be affected by low lying debris. Addition-
ally, many users desire the technology to not be affected by
vibration or small movement of the target surface as it
moves over the conveyor. When either of these conditions
occurs, the distance between the cameras and the surface
seen by the cameras is slightly different than the distance
between the cameras and the target surface at calibration
time. To accommodate small changes in distance between
the cameras and target surface at calibration time versus the
distance between the cameras and the current surface, one of
the above-described filters like blob analysis can be applied
to the difference data so as to ignore small differences in the
difference data resulting from the small changes in distance.

For example, referring back to FIGS. 7A-7C, it can be
seen that the widths of regions 742, 744, 750, 752, 754, and
756 in difference data 705 are a function of the height of
object 710. As the height of object 710 gets smaller, the
widths of regions 742, 744, 750, 752, 754, and 756 in
difference data 705 get narrower. Difference data for a target
surface with low lying debris or with slight vibration can
include non-black regions with short widths. In some
embodiments, these regions can be ignored (e.g., not con-
sidered by the machine vision system when determining
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presence or absence of an object) by performing blob
analysis and filtering out any blobs (e.g., regions) with very
small widths.

In some embodiments, the machine vision processor uses
a plurality of disparity fields to generate a plurality of
difference data sets. The use of a plurality of disparity fields
can improve the robustness of the machine vision system by
accommodating variations in the shape and/or height and/or
tilt and/or position of the target surface.

Differences with Classic Stereoscopy

The technology can provide benefits over classic stereos-
copy. For example, classic stereoscopy can suffer from the
correspondence problem. Where a first camera and a second
camera are positioned to image the same scene, the corre-
spondence problem is the need to correctly match or corre-
spond features found in an image from the first camera to the
corresponding features in an image from the second camera.
Correct correspondence requires the images from the cam-
eras to contain features or textures that can be correctly
corresponded without ambiguity. For many kinds applica-
tions, the objects and scene do not provide sufficient features
or textures to determine this correspondence. This yields a
stereo depth image with sparse data. The sparse data may not
allow correct determination of object presence or absence. In
contrast, the current technology does not suffer from the
correspondence problem because it does not need to match
or correspond features or textures between the first and
second images after calibration. The technology instead uses
the disparity field.

In classic stereoscopy, a machine vision processor with
substantial compute power is necessary to perform the
correspondence. Beneficially, by avoiding the correspon-
dence problem, the technology can be implemented by
slower, less expensive machine vision processors.

The above-described techniques can be implemented in
digital electronic circuitry, or in computer hardware, firm-
ware, software, or in combinations of them. The implemen-
tation can be as a computer program product, i.e., a com-
puter program tangibly embodied in an information carrier,
e.g., in a machine-readable storage device or in a propagated
signal, for execution by, or to control the operation of, data
processing apparatus, e.g., a programmable processor, a
computer, or multiple computers. A computer program can
be written in any form of programming language, including
compiled or interpreted languages, and it can be deployed in
any form, including as a stand-alone program or as a
module, component, subroutine, or other unit suitable for
use in a computing environment. A computer program can
be deployed to be executed on one computer or on multiple
computers at one site or distributed across multiple sites and
interconnected by a communication network.

Method steps can be performed by one or more program-
mable processors executing a computer program to perform
functions of the technology by operating on input data and
generating output. Method steps can also be performed by,
and apparatus can be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or
an ASIC (application-specific integrated circuit). Modules
can refer to portions of the computer program and/or the
processor/special circuitry that implements that functional-
ity.

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor receives
instructions and data from a read-only memory or a random
access memory or both. The essential elements of a com-
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puter are a processor for executing instructions and one or
more memory devices for storing instructions and data.
Generally, a computer also includes, or be operatively
coupled to receive data from or transfer data to, or both, one
or more mass storage devices for storing data, e.g., mag-
netic, magneto-optical disks, or optical disks. Data trans-
mission and instructions can also occur over a communica-
tions network. Information carriers suitable for embodying
computer program instructions and data include all forms of
non-volatile memory, including by way of example semi-
conductor memory devices, e.g., EPROM, EEPROM, and
flash memory devices; magnetic disks, e.g., internal hard
disks or removable disks; magneto-optical disks; and CD-
ROM and DVD-ROM disks. The processor and the memory
can be supplemented by, or incorporated in special purpose
logic circuitry.

To provide for interaction with a user, the above described
techniques can be implemented on a computer having a
display device, e.g., a CRT (cathode ray tube) or LCD
(liquid crystal display) monitor, for displaying information
to the user and a keyboard and a pointing device, e.g., a
mouse or a trackball, by which the user can provide input to
the computer (e.g., interact with a user interface element).
Other kinds of devices can be used to provide for interaction
with a user as well; for example, feedback provided to the
user can be any form of sensory feedback, e.g., visual
feedback, auditory feedback, or tactile feedback; and input
from the user can be received in any form, including
acoustic, speech, or tactile input.

The above described techniques can be implemented in a
distributed computing system that includes a back-end com-
ponent, e.g., as a data server, and/or a middleware compo-
nent, e.g., an application server, and/or a front-end compo-
nent, e.g., a client computer having a graphical user interface
and/or a Web browser through which a user can interact with
an example implementation, or any combination of such
back-end, middleware, or front-end components. The com-
ponents of the system can be interconnected by any form or
medium of digital data communication, e.g., a communica-
tion network. Examples of communication networks include
a local area network (“LAN”) and a wide area network
(“WAN”), e.g., the Internet, and include both wired and
wireless networks.

The computing system can include clients and servers. A
client and server are generally remote from each other and
typically interact through a communication network. The
relationship of client and server arises by virtue of computer
programs running on the respective computers and having a
client-server relationship to each other.

The technology has been described in terms of particular
embodiments. The alternatives described herein are
examples for illustration only and not to limit the alterna-
tives in any way. The steps of the technology can be
performed in a different order and still achieve desirable
results. Other embodiments are within the scope of the
following claims.

What is claimed is:

1. A machine vision system comprising:

a first image capture device configured to image a first
portion of a target surface from a first viewpoint;

a second image capture device configured to image a
second portion of the target surface from a second
viewpoint, wherein the first portion of the target surface
at least partially overlaps the second portion of the
target surface;
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a machine vision processor connected to the first image
capture device and the second image capture device,
the machine vision processor configured to:
acquire a first image of the target surface from the first
image capture device;

acquire a second image of the target surface from the
second image capture device;

rectify the first image to form a first rectified image and
rectify the second image to form a second rectified
image;

retrieve a disparity field that provides mappings from a
first plurality of coordinates in the first rectified
image to a second plurality of coordinates in the
second rectified image, the disparity field generated
during calibration of the machine vision processor
using a calibration pattern placed on the target sur-
face at a plurality of locations and the disparity field
comprising (i) differences between pixel coordinates
of a calibration pattern feature in rectified calibration
images of the target surface captured at each location
and (ii) interpolated differences between remaining
pixel coordinates in the rectified calibration images
of the target surface captured at each location;

generate difference data by comparing, based on the
mappings of the disparity field, a first plurality of
image elements in the first rectified image to a
second plurality of image elements in the second
rectified image; and

determine whether the difference data is indicative of
an object on the target surface.

2. The machine vision system of claim 1, wherein the first
image capture device and the second image capture device
are a camera and, wherein the camera is configured to image
the first portion of the target surface from the first viewpoint
and image the second portion of the target surface from the
second viewpoint simultaneously.

3. The machine vision system of claim 1, wherein the first
image capture device is a first camera and the second image
capture device is a second camera.

4. The machine vision system of claim 1, wherein the
machine vision processor is configured to acquire the first
image and the second image simultaneously.

5. The machine vision system of claim 1, wherein the first
plurality of image elements is a first plurality of pixel values.

6. The machine vision system of claim 5, wherein the
plurality of pixel values are at least one of grey scale values,
hue values, gradient values, and reflectance values.

7. The machine vision system of claim 1, wherein the
target surface is one of a conveyor belt, tray and a receptacle.

8. The machine vision system of claim 1, wherein the
difference data comprises a plurality of difference values,
and wherein the machine vision processor is configured to
form the difference data by, for each image element of the
first plurality of image elements:

generating a difference value by applying one or more
difference functions to the element and a corresponding
element of the second plurality of image elements,
wherein a correspondence between the element and the
corresponding element is based on the disparity field.

9. The machine vision system of claim 1, wherein the
machine vision processor is configured to apply at least one
of a filtering algorithm and a shape-finding algorithm to the
difference data to determine whether the difference data is
indicative of the object on the target surface.
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10. A method executed by a machine vision system
comprising:

acquiring, by the machine vision system, a first image of

the target surface from a first viewpoint;

acquiring, by the machine vision system, a second image

of the target surface from a second viewpoint, wherein
the first image and the second image are captured from
distinct viewpoints;

rectifying, by the machine vision system, the first image

to form a first rectified image and the second image to
form a second rectified image;
retrieving, by the machine vision system, a disparity field
that provides mappings from a first plurality of coor-
dinates in the first rectified image to a second plurality
of coordinates in the second rectified image, the dis-
parity field generated during calibration of the machine
vision system using a calibration pattern placed on the
target surface at a plurality of locations and the dispar-
ity field comprising (i) differences between pixel coor-
dinates of a calibration pattern feature in rectified
calibration images of the target surface captured at each
location and (ii) interpolated differences between
remaining pixel coordinates in the rectified calibration
images of the target surface captured at each location;

generating, by the machine vision system, difference data
by comparing, based on the mappings of the disparity
field, a first plurality of image elements in the first
rectified image to a second plurality of image elements
in the second rectified image; and

determining, by the machine vision system, whether the

difference data is indicative of an object on the target
surface.

11. The method of claim 10, wherein the first image and
the second image are captured by a camera and, wherein the
camera is configured to image the target surface from the
first viewpoint and image the target surface from the second
viewpoint simultaneously.

12. The method of claim 10, wherein the first image is
captured by a first camera and the second image is captured
by a second camera.

13. The method of claim 10, further comprising acquiring
the first image and the second image simultaneously.

14. The method of claim 10, wherein the first plurality of
image elements is a first plurality of pixel values.

15. The method of claim 14, wherein the plurality of pixel
values are at least one of grey scale values, hue values,
gradient values, and reflectance values.

16. The method of claim 10, wherein the target surface is
one of a conveyor belt, tray and a receptacle.

17. The method of claim 10, wherein the difference data
comprises a plurality of difference values, and wherein the
method further comprises forming the difference data by, for
each image element of the first plurality of image elements:

generating a difference value by applying one or more

difference functions to the element and a corresponding
element of the second plurality of image eclements,
wherein a correspondence between the element and the
corresponding element is based on the disparity field.

18. The method of claim 10, further comprising applying,
by the machine vision system, at least one of a filtering
algorithm and a shape-finding algorithm to the difference
data to determine whether the difference data is indicative of
the object on the target surface.
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