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SYSTEM AND METHOD OF DETERMINING OBJECT POSE

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit under 35 U.S.C. § 119(e) of

U.S. Provisional Patent Application No. 60/845,932 filed September 19, 2006,

where this provisional application is incorporated herein by reference in its

entirety.

BACKGROUND

Field of the Invention

This disclosure generally relates to robotic systems and, more

particularly, to robotic vision based systems operable to determine object pose

(location and orientation) in three dimensional space.

Description of the Related Art

It is often necessary or desirable to determine object pose (i.e.,

position and orientation) for objects in controlling robotic systems. However, some

objects do not possess clear, visible and/or readily identifiable geometric features,

such as sharp, high contrast edges, contours, holes, etc. For example, car body

panels such as roofs and hood panels are typically flat and lack sharp or high

contrast features.

While computer aided design (CAD) models of the objects may exist,

these models are typically difficult to obtain from original equipment manufacturers

(OEMs) due to confidentiality concerns. Thus, end users must independently

develop their own models of the objects for use with their robotic systems.

Independently developing models is time consuming and expensive.

A priori measurements of the geometry of these objects are typically lengthy

operations and require specialized equipment, such as coordinate measurement

machines, or complex and expensive secondary scanning devices that require a

high level of expertise to operate.



A separate challenge is related to the problem of determining the

pose of such objects. Given the sparseness or lack of well-constrained visual

features such as holes, corners, and fillets on many objects of interest, as well as

the typically large size of such objects, the information from one region of the

object is often insufficient to determine the overall pose of the object, at least to a

sufficient degree of accuracy/repeatability for the required number of degrees of

freedom or constraint. In such situations, it may be highly beneficial to have the

ability to seamlessly incorporate surface information from one or more additional

regions of the object captured by the same or different sensors from one or more

stations. Existing methods may provide some insight into addressing the above-

described problems of identifying object pose, for example those described in U.S

Patent Nos. 5715166, 6549288, 6392744, and 5461478, all of which are

incorporated herein by reference in their entirety.

However, the above U.S. patents are deficient in at least two major

areas. First, a priori modeling information is required for the surface geometry of

the target objects which, as explained above, may be difficult and/or expensive to

obtain. That is, object pose is not determinable in the absence of an object model

or other prior known information. Secondly, there are no practical methods for

using a relatively small surface region of the object to determine overall object

pose, unless that small surface region has unique features and/or characteristics

which allow precise determination of pose. For example, determining the pose of

an automobile hood based upon a small region is not practical because the hood is

typically a relatively flat and smooth surface with no readily discernible unique

features and/or characteristics (in at least a small localized area of the hood).

Accordingly, although there have been advances in the field, there

remains a need in the art for increasing efficiency in determining object pose,

particularly for objects that do not have readily discernible unique features and/or

characteristics in at least a small localized area of the object. The present

disclosure addresses these needs and provides further related advantages.



BRIEF SUMMARY

A system and method for determining a pose of an object of interest

at a run time are disclosed. Briefly described, in one aspect, an embodiment of a

method may be summarized as capturing a first image of a first structured light

pattern projected onto a first local surface of the object of interest; determining a

first run-time data set from the captured first image, wherein the first run-time data

set corresponds to information determined from the first structured light pattern

projected onto the first local surface; comparing the determined first run-time data

set and a corresponding first reference data set, the first reference data set

corresponding to an ideal pose of the first local surface on an ideally posed

reference object; and determining at least one first degree of constraint that

defines a first partial pose of the first local surface, the at least one first degree of

constraint based upon the comparison of the first run-time data set with the

corresponding first reference data set.

In another aspect, an alternative embodiment may be summarized as

a system that determines a pose of an object of interest at a run time, comprising

an image capture system operable to capture a first image of a first structured light

pattern projected onto a first local surface of the object of interest and operable to

capture a second image of a second structured light pattern projected onto a

second local surface of the object of interest, a structured light source system

operable to project the first structured light pattern onto the first local surface and

operable to project the second structured light pattern onto the second local

surface, and a processor communicatively coupled to the image capture system

and the structured light source system. The processor is operable to determine a

first run-time data set from the captured first image, wherein the first run-time data

set corresponds to information determined from the first structured light pattern

projected onto the first local surface; determine a second run-time data set from

the captured second image, wherein the second run-time data set corresponds to

information determined from the second structured light pattern projected onto the

second local surface; compare the determined first run-time data set and a

corresponding first reference data set, the first reference data set corresponding to



an ideal pose of the first local surface on an ideally posed reference object, to

determine at least a first degree of constraint corresponding to the pose of the first

local surface; and compare the determined second run-time data set and a

corresponding second reference data set, the second reference data set

corresponding to the ideal pose of the second local surface on the ideally posed

reference object, to determine at least a second degree of constraint

corresponding to the pose of the second local surface.

In another aspect, another alternative embodiment of a method for

determining a pose of an object of interest may be summarized as capturing at

least one reference image of each of a plurality of reference local surfaces on a

reference object oriented in a reference pose, wherein each of the plurality of

reference local surfaces of the reference object has a structured light pattern

projected thereon; and determining a plurality of reference data sets, wherein one

reference data set is determined for each one of the plurality of reference local

surfaces, and wherein the plurality of reference data sets corresponds to

information determined from the structured light pattern projected onto its

respective reference local surface.

In another aspect, another alternative embodiment may be

summarized as a system that determines a pose of an object of interest at a run

time, comprising a means for capturing at least one image of each of a plurality of

local surfaces on the object of interest in an unknown pose at the run time, wherein

each of the local surfaces of the object of interest in the unknown pose has a

structured light pattern projected thereon, and wherein each one of the local

surfaces of the object of interest in the unknown pose corresponds to one of a

plurality of reference local surfaces; a means for determining a plurality of run-time

data sets, wherein one run-time data set is determined for each one of the plurality

of local surfaces, and wherein the plurality of run-time data sets corresponds to

information determined from the structured light pattern projected onto its

respective local surface; and a means for comparing the determined run-time data

sets and a plurality of corresponding reference data sets.



BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify similar elements

or acts. The sizes and relative positions of elements in the drawings are not

necessarily drawn to scale. For example, the shapes of various elements and

angles are not drawn to scale, and some of these elements are arbitrarily enlarged

and positioned to improve drawing legibility. Further, the particular shapes of the

elements as drawn, are not intended to convey any information regarding the

actual shape of the particular elements, and have been solely selected for ease of

recognition in the drawings.

Figure 1 is an isometric view of an object pose determination system

employing at least one image capture device and a structured light source

according to one illustrated embodiment.

Figure 2 is an enlarged isometric view illustrating in greater detail a

portion of the vehicle roof of Figure 1 having a plurality of local surfaces with

structured light patterns projected thereon.

Figure 3 is an isometric view illustrating in yet greater detail the

portion of the vehicle roof with the local surface having the structured light pattern

projected thereon.

Figure 4 is an isometric view illustrating an exemplary point cloud

determined from a captured image of a local surface (see also Figures 1 and 2) in

an ideal pose.

Figure 5 is a comparative isometric view illustrating the ideal pose

point cloud of Figure 4 and a point cloud determined from an imprecisely posed

object at run time.

Figure 6 is a block diagram of the robot control system of Figure 1.

Figures 7 - 9 are flow charts illustrating various embodiments of a

process for determining the pose of an object of interest.

DETAILED DESCRIPTION

In the following description, certain specific details are set forth in

order to provide a thorough understanding of various embodiments. However, one



skilled in the art will understand that the embodiments may be practiced without

these details. In other instances, well known structures associated with robotic

systems have not been shown or described in detail to avoid unnecessarily

obscuring descriptions of the embodiments.

Unless the context requires otherwise, throughout the specification

and claims which follow, the word "comprise" and variations thereof, such as

"comprises" and "comprising," are to be construed in an open sense, that is as

"including, but not limited to."

The headings provided herein are for convenience only and do not

interpret the scope or meaning of the claimed embodiments.

Overview of the Object Pose Determination System

Images of one or more local surfaces are captured to determine a

pose of an object of interest. Image capture occurs while illuminating the local

surfaces with a structured light pattern. Image data is analyzed and a data set is

determined from the shape of the projected structured light incident on the local

surface. The data set represents, or corresponds to, surface contours of the local

surface. Data sets, described in greater detail below, are compared with

previously learned data sets of the corresponding local surface in an ideal pose.

Differences from the comparison allow determination of a partial pose for the local

surface. Partial poses of individual local surfaces are referenced to each other to

determine the complete pose of the object of interest.

Figure 1 is an isometric view of an object pose determination system

100. In the illustrated embodiment, the object pose determination system 100

comprises a robot device 102, at least one image capture device 104, at least one

structured light source 106, and a robot control system 108. The object pose

determination system 100 is illustrated as determining pose (i.e., location and

orientation) of an object of interest, illustrated for convenience as a vehicle 110

having a roof 112. Furthermore, the image capture device 104 and the structured

light source 106 are illustrated as separate devices. In other embodiments, they

may be the same device or may be housed in a common enclosure.



Object pose refers to position and orientation of an object in a three

dimensional space. Pose of an object is typically referenced to a suitable

reference coordinate system 114, such as the illustrated Cartesian coordinate

system. Other types of reference coordinate systems may be used by alternative

embodiments. Also, other objects, devices, and/or systems may have their own

respective base coordinate systems, related to the reference coordinate system

114 through a known transformation. For example, image capture device 104 may

have a base coordinate system which may be used to determine location

information of an object in a captured image.

Embodiments of the object pose determination system 100 are

operable to determine pose for an object of interest based upon captured image

information from one or more local surfaces that may not have sufficient features

or characteristics, by themselves, to determine the entire pose of the object of

interest. Referring to Figure 1, it is appreciated that pose of vehicle 110 is

determinable once the pose of the roof 112 has been determined because the

pose of the roof 112 is fixed relative to the pose of the vehicle 110. The roof 112

may be generally characterized as a surface that does not have at least one

significant discernable unique feature, unique characteristic, and/or unique

marking (such as a fiducial or the like) that would otherwise readily enable

determination of the complete pose of the roof 112. That is, a conventional object

pose determination system would have great difficulty determining, or may not be

able to determine, the object pose of the roof 112 based upon imaging of the

surface, such as roof 112, that is generally characterized by an absence of

discernable unique features, characteristics, and/or markings.

Figure 2 is an enlarged isometric view 200 illustrating in greater detail

a portion of the vehicle roof 112 having a plurality of local surfaces 116a-1 16c with

structured light patterns 118a-1 18c projected thereon from the structured light

source 106. To determine pose of the roof 112, images of one or more local

surfaces 116a-1 16c are captured while the local surfaces 116a-116c are

illuminated with a structured light pattern 118a-1 18c.



As noted above, data sets corresponding to the imaged local surface

are determined from the captured images. The determined data sets are

compared with previously determined reference data sets of the corresponding

local surface. Reference data sets of the local surface are determined at training

with the local surface in an ideal pose. Differences determined from the

comparison allow determination of a partial pose for the local surface.

A complete pose of any individual one of the local surfaces 116a-

116c may not be determinable because of the nature of the local surfaces 116a-

116c (i.e.: an absence of at least one significant discernable unique feature,

unique characteristic, or unique marking). However, once the partial poses of the

individual local surfaces 116a-1 16c are determined, the partial poses are

referenced to each other with respect to a coordinate system, such as the base

coordinate system associated with the image capture device 104, the reference

coordinate system 114, or another suitable base coordinate system. That is, the

determined degrees of constraint which define the partial pose for the individual

local surfaces 116a-1 16c are considered in aggregate to define a complete pose

for the object of interest.

In the illustrated example of Figures 1 and 2, the objective is to

determine the pose of the vehicle 110. The local surfaces 116a-1 16c on roof 112

are viewable by the image capture device 104. Partial poses (determined from

determined degrees of constraint) of the local surfaces 116a-116c are determined.

When the partial poses of the local surfaces 116a-1 16c are considered in

aggregate, the complete pose of the roof 112 is determined. Then, a translation

can be determined therefrom, which defines the complete pose of the vehicle 110.

In the illustrated exemplary embodiment, the image capture device

104 and the structured light source 106 are illustrated in a first pose 120 such that

the field of view of the image capture device 104 is directed towards the local

surface 116a, and such that the structured light source emits the structured light

such that a structured light pattern 118a is projected onto the local surface 116a.

When an image of local surface 116a is captured, a data set is determined from

the captured image. At least one degree of constraint is determinable from the



determined data set. Namely, in this simplified example, at least a height of the

roof 112 is determinable. That is, a position of the roof 112 with respect to the y-

axis of the reference coordinate system 114, or another coordinate system, is

determinable.

For purposes of describing operation of the various embodiments, a

degree of constraint is defined as a known position of an object point with respect

to one degree of freedom of a coordinate system. In the example above, height of

the roof 112 corresponds to a first degree of constraint. Here, height corresponds

to the position of the local surface 116a with respect to the y-axis (one degree of

freedom) of the reference coordinate system 114 (or another suitable coordinate

system). Further, a partial pose is defined as a pose that is determined by one or

more degrees of constraint, but where there are not a sufficient number of

determined degrees of constraint such that a complete pose is determinable.

In this simplified example, it is appreciated that the above-described

determination of the partial pose of local surface 116a (e.g., height of roof 112

determined from a captured image of the local surface 116a having the structured

light pattern 118a projected thereon) is not sufficient to determine the complete

pose of the roof 112. More degrees of constraint must be determined from the

determined data set to determine the complete pose of the roof 112.

Accordingly, an image of a second local surface 116b is captured

having a structured light pattern 118b projected thereon. In one embodiment,

where the image capture device 104 and/or the structured light source 106 are

mounted on the robot device 102 (described in greater detail hereinbelow), the

robot device 102 is operated to adjust the position and orientation of the image

capture device (now designated with reference numeral 104') and/or the structured

light source (now designated with reference numeral 106') into a second pose

(now designated with reference numeral 120'). Alternatively, a second image

capture device and/or a second structured light source may be used for capturing

the second image.

The second local surface 116b is appreciated to correspond to a

portion of the roof 112 where the structured light pattern 118b is projected onto a



top portion of the roof 112 and onto at least the edge 202. The structured light

pattern 118b may even extend onto a side portion 204 of the vehicle 110, such as

the driver's side window (not shown).

Based upon the second captured image, a second data set is

determined. At least one second degree of constraint is determinable from the

determined data set. For example, that portion of the structured light pattern 118b

incident on the edge 202 (or on the side portion 204) allows determination of a

degree of constraint corresponding to position of the second local surface 116b

with respect to the z-axis of the reference coordinate system 114 (or another

reference system). Thus, a second degree of constraint (e.g., position of the roof

112 with respect to the z-axis) may be determined from the second captured

image.

Other degrees of constraint may also be determined from the

determined second data set. For example, a third degree of constraint

corresponding to the height of the roof 112 on the second local surface 116b could

be determined. If the roof 112 is "flat" and/or if the vehicle 110 is located on a level

surface, the previously determined first degree of constraint, corresponding height

of the roof 112 of the first local surface 116a, would be equal to, or approximately

equal to, the third degree of constraint determined from the second captured

image. Or, the first and second degrees of constraint may be related by some

known factor defined by a suitable translation.

Accordingly, in this simplified example, the above-described first and

third degrees of constraint may be used to more accurately define the partial pose

along the relevant axis (here, height of the roof 112). In one alternative

embodiment, the first and third degrees of constraint may be averaged or

otherwise combined to determine a composite degree of constraint. In other

embodiments, after a sufficient number of partial poses are determined along a

degree of constraint of interest, the most accurate one of a plurality of related

degrees of constraint may be used to determine partial object pose.

Yet another degree of constraint is determinable from the exemplary

second captured image (the fourth degree of constraint in this simplified example).



Because the second structured light pattern 118b is incident on the top portion of

the roof 112 and on the side portion of the roof 112, a view of the edge 202 (Figure

2) of the roof 112 is visible in the second captured image. Accordingly, a fourth

degree of constraint is determinable (e.g., angular orientation of the roof edge 202

with respect to the x-z plane) from the determined second data set.

The above-described second, third, and/or fourth degrees of

constraint determined from the second captured image may be combined with the

previously determined first degree of constraint determined from the first captured

image. Accordingly, a partial pose of the roof 112 may be determined by

combining the determined degrees of constraint with respect to the z-axis (e.g.,

position of the second local surface 116b determined from the second captured

image), with respect to the y-axis (e.g., height of the roof 112 determined from the

first captured image and/or the second captured image), and with respect to the x-

z plane (e.g., angular orientation of the roof 112 determined from the second

captured image). However, the complete pose of the roof 112 is not yet

determinable since at least the position along the x-axis has not yet been

determined.

Accordingly, an image of a third local surface 116c is captured

having a structured light pattern 118c projected thereon. In one embodiment,

where the image capture device 104 and/or the structured light source 106 are

mounted on the robot device 102, the robot device 102 is operated to adjust the

position and orientation of the image capture device 104 and/or the structure light

source 106 into a third pose. Alternatively, another image capture device and/or

another structured light source may be used for capturing the third image.

The third local surface 116c is incident on a portion of the top of the

roof 112 and on at least a second edge 206 (Figure 2) of the roof 112. The

structured light pattern 118c may even extend onto the front window 208.

Based upon the third captured image, a third data set is determined.

A t least another degree of constraint is determinable (the fifth degree of constraint

in this simplified example) from the determined third data set. For example, that

portion of the structured light pattern 118c incident on the second edge 206 (or on



the window 208) allows determination of a degree of constraint corresponding to

the position of the roof 112 with respect to the x-axis of the reference coordinate

system 114. Thus, a fifth degree of constraint (e.g., position of the roof 112 with

respect to the x-axis) that has been determined from the third captured image may

be used to determine the partial pose of the third local surface 116c.

Other degrees of constraint may be determinable from the third

captured image. For example, another degree of constraint corresponding to the

height of the roof 112 (with respect to the y-axis) could be determined to more

accurately determine the above-described composite degree of constraint

corresponding to height of the roof 112.

The above-described degrees of constraint determined from the third

captured image may be combined with the previously determined first, second,

third, and/or fourth degrees of constraint. Accordingly, position of the roof 112 with

respect to the x-axis (determined from the third captured image), position of the

roof 112 with respect to the z-axis (determined from the second captured image),

height of the roof 112 with respect to the y-axis (determined from the first and/or

second captured images), and angular position of the roof 112 with respect to the

x-y plane (determined from the second captured image) may be combined to

determine a partial pose of the roof 112.

At this point in the exemplary pose determination example, position

along the x-axis, position along the y-axis, position along the z-axis, and

orientation on the x-z plane has been determined from the three determined partial

poses of the three local surfaces 116a-1 16c. Additionally, one or more of the

partial poses of the three local surfaces 118a-1 18c may include orientation of the

local surface in the y-z plane and/or x-y plane. For example, if the roof 112 is not

at the same level, for example if one or more of the vehicle wheels were not

pressurized the same as the test vehicle, the local surface 118a may allow

determination of pose along the y-z plane and/or x-y plane.

Further, the translation relating the pose of the three local surfaces

116a-1 16c with respect to each other is known or determinable. Assuming that the

vehicle 110 is located on a level surface, which provides for degrees of constraint



in the x-y plane and the y-z plane, a complete pose of the roof 112 is now

determinable. That is, the determined degrees of constraint corresponding to the

plurality of partial poses for the three local surfaces 116a-1 16c may be combined

and/or correlated to determine a complete pose of the roof 112. Furthermore,

because the relationship between the vehicle 110 and the roof 112 is known, a

translation is determinable such that pose of the vehicle 110 is determinable.

In the event that orientation of the roof 112 in the x-y plane and/or the

y-z plane is not determinable, additional images of other local surfaces having a

structured light pattern projected thereon may be captured and analyzed to

determine additional degrees of constraint. In some embodiments, the process of

capturing images of local surfaces in a closed loop process continues until the

pose of the object of interest is determined with a requisite degree of accuracy

and/or reliability.

Robotic System

As noted above, in some embodiments, the image capture device

104 and/or the structured light source 106 are repositioned about the object of

interest such that images of a plurality of local surfaces having a structured light

pattern thereon are captured. With reference to Figure 1, the illustrated

embodiment of the robot device 102 comprises a plurality of robot device members

122a-122d, a plurality of joints 124a-124b, a base 126, and an optional end

effector 128. Accordingly, the robot device 102 is operable to maneuver at least

one of the plurality of robot device members 122a-122d through a workspace.

A plurality of servomotors and other suitable actuators (not shown) of

the robot device 102 are operable to move the various members 122a-122d. The

robot device 102 moves the image capture device 104 and/or the structured light

source 106 by adjusting the position of its various members 122a-1 22d. Rotational

movement of the robot device 102 may occur about the joint 124a, which couples

the members 122a-122b, and/or about the joint 124b, which couples the members

122b-122c. In the exemplary robot device 102, translational movement of the

image capture device 104 may be made by extending or retracting member 128d.



Further rotational movement may be made about the base 126. In some

embodiments, base 126 may be moveable. Accordingly, the image capture device

104 and/or the end effector 128 may be positioned and/or oriented in any desirable

manner to capture images of portions of the object 110.

Similarly, the optional end effector 128 may be positioned and/or

oriented in any desirable manner such that the end effector 128 may perform work

operations on object 110 from any position and/or orientation of interest. It is

appreciated that the exemplary embodiment of the robot device 102 may be

comprised of fewer, of greater, and/or of different types of members such that any

desirable range of rotational and/or translational movement of the end effector 128

may be provided. Also, the end effector is illustrated as a simplified grasping

device. Any suitable type of end effector 128 may be used to perform a task in a

work area may be used.

Robot control system 108 receives information from the various

actuators indicating position and/or orientation of the members 122a-122d.

Because of the known dimensional information of the members 122a-122d,

angular position information provided by joints 124a and 124b, and/or translational

information provided by telescoping member 122d, pose of the image capture

device 104 and/or the structured light source 106 is precisely determinable at any

point in time. That is, robot control system 108 may computationally determine

pose of the image capture device 104 and/or the structured light source 106 with

respect to the reference coordinate system 114. Since pose of the image capture

device 104 is known, the field of view of the image capture device 104 is known.

Similarly, since pose of the structured light source 106 is known, the direction of

the projected structured light patterns 118a-1 18c from the structured light source

106 is also known.

The image capture device 104 and/or the structured light source 106

are illustrated as physically mounted to the end effector 128 for convenience. In

alternative embodiments, the image capture device 104 may be mounted on a

moveable structure (not shown) to provide for rotational, pan, tilt, and/or other

types of movement such that the image capture device 104 may move



independently with respect to the structured light source 106, as described in

greater detail hereinbelow. In yet other embodiments, the image capture device

104 and the structured light source 106 are separately mounted so that they are

independently moveable with respect to each other. In such alternative

embodiments, the image capture device 104 may be re-positioned and/or re¬

oriented in a desired pose to capture additional images of a particular local surface

having a structured light pattern thereon.

As used herein, a "translation" denotes a function which converts

pose information from one coordinate system to another coordinate system. For

example, when pose information of an object is determined from a captured image

with respect to the image capture device base coordinate system, a translation is

determinable which translates the determined object pose to the reference

coordinate system 114. Another translation may be used to convert the pose to

yet another coordinate system, such as the robot coordinate system. Alternatively,

a single translation may be used to convert the pose of the object from the image

capture device base coordinate system to the robot coordinate system.

Capturing Multiple Images To Determine Pose

As noted above, image capture device 104 captures an image of a

local surface with the structured light pattern projected thereon. In some

embodiments, the single captured image is analyzed to determine the partial pose

for the local surface.

In some applications, the degree of constraint(s) determined from a

single captured image may not be sufficient to determine the partial pose for the

local surface with a desired level of accuracy and/or reliability. Accordingly,

alternative embodiments capture a plurality of images of the local surface with the

image capture device 104 in different positions and/or orientations.

For each captured image of the local surface having a structured light

pattern projected thereon, a different data set is determinable. The data sets may

be averaged, combined, correlated, or otherwise analyzed as a group to determine

a more accurate and reliable partial pose for the local surface. In other



embodiments, the degree(s) of constraint determined from each one of the plurality

of captured images may be averaged, combined, correlated, or otherwise analyzed

as a group. In yet other embodiments, the partial pose determined for each one of

the plurality of captured images may be averaged, combined, correlated, or

otherwise analyzed as a group.

Figure 3 is an isometric view 300 illustrating in yet greater detail the

portion of the vehicle roof 112 with the local surface 116a having the structured

light pattern 118b projected thereon. In Figure 3, a single image capture device

104 is illustrated in four different positions and orientations 302a-302d. The

illustrated vector projected from the lens 304 of the image capture device 104

corresponds to the field of view of the image capture device 104. Accordingly, it is

appreciated that Figure 3 illustrates that four captured images are taken of the

local surface 116b while the structured light 118b is projected thereon. In this

example, the structured light source 106 is stationary. In some embodiments, the

structured light source 106 also is moved. The structured light source 106 may be

moved with the image capture device 104, may be moved to another location

independent of the movement of the image capture device 104, or may be moved

while the image capture device 104 is stationary.

Since the field of view and/or the structured light pattern changes for

each captured image, the data sets determined from each captured image will

vary. Also, the determined partial pose for the local surface may vary from image

to image. Further, the determined degrees of constraint may vary from image to

image. As noted above, the determined data sets, partial poses, and/or degrees of

constraint may be compared to determine a more accurate and reliable partial

pose for the local surface 116b.

In alternative embodiments, an image capture system having a

plurality of image capture devices (not shown) may be used to capture images of

the local surface. For example, with respect to Figure 3, four separate image

capture devices could capture the four images of the local surface 116b. In other

alternative embodiments, a structured light source system having a plurality of

structured light sources could be used to sequentially project structured light, at



different orientations, onto the local surface such that a plurality of images are

captured, each having a different structured light pattern. Some embodiments may

use optical elements such as movable reflectors, prisms, mirrors, etc. to

sequentially project structured light, at different orientations or an orientation of

interest onto the local surface. In embodiments where a plurality of images are

captured, each captured image may have a different structured light pattern and/or

orientation. In yet other embodiments, a plurality of image capture devices and a

plurality of structured light sources may be operated in a coordinated manner to

capture a plurality of images of the local area. In these various embodiments, the

determined data sets, degrees of constraint, and/or partial poses are compared to

determine a more accurate and reliable partial pose for the local surface of

interest.

Data Sets

As noted above, data sets are determined from captured images of a

local surface having a structured light pattern projected thereon. In at least one

embodiment, the determined data set corresponds to a point cloud. Alternative

embodiments determine data sets using other suitable formats.

Figure 4 is an isometric view 400 illustrating an exemplary reference

point cloud 402 (the group of illustrated points) determined from a captured image

of a local surface 116a (see also Figures 1 and 2) in an ideal pose. The captured

image used to determine the exemplary reference point cloud 402 may have been

captured during a previously performed training process.

Five lines 404a-404e are illustrated in Figure 4. The lines 404a-404e

correspond to the structured light pattern 118b (Figures 1 and 2) comprising five

lines of structured light projected onto a reference local surface. The curvature of

the lines 404a-404e graphically represents the contour of the second local surface

116b (Figure 2) that corresponds to the top portion of the roof 112 and the edge

202 in the above-described simplified example. Lines 404a-404e are referred to

hereinafter as "contour lines" for convenience.



For each visible contour line 404a-404e, a position of one or more

points 406 of the reference point cloud 402 are determined in three dimensional

space with respect to the reference coordinate system 114 (or to another suitable

base coordinate system related to at least the reference coordinate system 114

through a known transformation). Collectively, the points 406 are referred to as a

"point cloud" herein. Information corresponding to position of individual points 406,

and/or position and orientation of the contour lines 404a-404e, and/or position and

orientation of the point cloud 402 are referred to herein as a reference data set.

From the reference data set, one or more reference degrees of

constraint may be determined for the reference object in the ideal pose.

Depending upon the embodiment, the reference data sets or the reference

degrees of constraint may be compared with respective data sets or degrees of

constraint from images of the object of interest captured at run time, described in

greater detail below.

Various systems for capturing images of structured light patterns,

and the associated determination of point clouds and/or data sets may be

employed. An example of vision inspection of surfaces using structured light

stripes is found in the paper "Complete Calibration Of A Structured Light Stripe

Vision Sensor Through Planar Target Of Unknown Orientations," Fuqiang Zhou

and Guangjun Zhang, July 7, 2004, which is incorporated herein by reference in its

entirety. For brevity, a detailed description of using a captured image of structured

light projected onto a surface to determine a data set is not provided herein other

than to the extent necessary to describe the various embodiments of the object

pose determination system 100.

Comparing Data Sets to Determine Partial Pose

Figure 5 is a comparative isometric view 500 illustrating the reference

point cloud 402 of Figure 4 and a point cloud 502 determined from an object of

interest at run time. The five contour lines 504a-504e illustrated in Figure 5 are

associated with the object of interest. The contour lines 504a-504e correspond to

the structured light pattern 118b (Figures 1 and 2) comprising five lines of



projected structured light. The curvature of the lines 504a-504e graphically

represents the contour of the second local surface 116b (Figure 2) that

corresponds to the top portion of the roof 112 and the edge 202 in the above-

described simplified example when the image is captured at run time. Figure 5

also shows the five reference contour lines 404a-404e of the previously illustrated

reference point cloud 402 (Figure 4).

For purposes of describing the relationship between the reference

point cloud 402 and the run-time point cloud 502, assume that the point clouds 402

and 502 are located at the same height from the reference coordinate system 114

(z-axis). That is, since the reference point cloud 402 was determined from the roof

of a reference vehicle identical to the roof 112 of vehicle 110, an assumption is

made that the roof of the reference vehicle was at the same height (and/or flat) as

the roof 112 of the vehicle 110 when the image of the above-described second

local surface 116a is captured. Accordingly, the degree of constraint of the cloud

points with respect to the y-axis of the reference coordinate system 114 is fixed

since the heights of the vehicle roofs are the same.

Like the reference point cloud 402, the run-time point cloud 502

comprises a plurality of points 506. Information corresponding to the points 506

comprises a run-time data set. In an exemplary embodiment, the point 506f of the

run-time point cloud 502 corresponds to the point 406f of the reference point cloud

402. The difference in position between the point 506f and the point 406f is

illustrated as dx (along the x-axis of the reference coordinate system 114) and as

dz (along the z-axis). The distances dx and dz define a position difference between

the reference point cloud 402 and the run-time point cloud 502. In alternative

embodiments, the run-time point cloud 502 may be used to independently

determine partial pose of a local surface since orientation of the run-time point

cloud 502 (and/or one or more cloud points therein) may be determined with

respect to the known orientation of the image capture device, orientation of the

structured light source, orientation of the structured light pattern, and/or orientation

of another known object.



However, a relationship between reference point cloud 402 and the

run-time point cloud 502 cannot yet be determined because the reference point

cloud 402 is not at the same angular orientation as the run-time point cloud 502, as

indicated by the illustrated angle Φ. Accordingly, location of a plurality of points

506 of the run-time point cloud 502 may be analyzed with a corresponding a

plurality of points 406 of the reference point cloud 402 to define the orientation

difference (represented by the angle Φ) between the run-time point cloud 502 and

the reference point cloud 402.

In this simplified example where the reference point cloud 402 and

the run-time point cloud 502 are at the same height (y-axis position), the partial

pose of the local surface 116b (Figures 1-3) is determinable by determining the

distances dx and dZ and the angle Φ. Accordingly, a translation between the

reference point cloud 402 and the run-time point cloud 502 can be defined. The

translation comprises at least three degrees of constraint (e.g., position along the

x-axis, position along the z-axis, and orientation in the x-z plane).

In a similar manner, when the degree of constraint is determined for

the z-axis (e.g., height of roof 112) from an image of local surface 116a as

described above, and when the degree of constraint is determined for the x-axis

(e.g., position of the roof 112), the degrees of constraint determined from the three

local surfaces 116a-1 16c (Figures 1-3) may be combined or analyzed together to

determine a complete pose of the roof 112.

Exemplary Robot Control System

The above-described simplified example conceptually demonstrates

how an embodiment of the object pose determination system 100 determines a

complete pose of an object of interest by capturing images of a plurality of local

surfaces, determining partial poses of the local surfaces, and then combining the

partial poses to determine the complete pose of the object of interest. In practice,

the determined point clouds, or data sets used by other embodiments, may contain

more points or information than implied by the simplified example above.

However, given the sophistication of processing systems available for image



analysis, embodiments of the object pose determination system 100 may quickly

analyze a plurality of captured images with structured light patterns projected

thereon, and determine and process a plurality of very large data sets, such that

compete pose of an object of interest can be determined on a real-time, or near

real-time, basis.

Figure 6 is a block diagram illustrating selected components of an

exemplary robot control system 108 (Figure 1). Other components and/or systems

(not shown) residing in the exemplary robot control system 108 are not illustrated

or described herein for brevity and convenience.

The robot control system 108 comprises a processor 602, a memory

604, an image capture controller interface 606, and a robot system controller

interface 608. For convenience, processor 602, memory 604, and interfaces 606,

608 are illustrated as communicatively coupled to each other via communication

bus 610 and connections 612, thereby providing connectivity between the above-

described components. In alternative embodiments of the robot control system

108, the above-described components may be communicatively coupled in a

different manner than illustrated in Figure 6 . For example, one or more of the

above-described components may be directly coupled to other components, or

may be coupled to each other, via intermediary components (not shown). In some

embodiments, communication bus 6 10 is omitted and the components are coupled

directly to each other using suitable connections.

Image capture control logic 614, residing in memory 604, is retrieved

and executed by processor 602 to determine control instructions to cause the

image capture device 104 to capture an image of at least one local surface.

Captured image data is then communicated to the robot control system 108 for

processing. In some embodiments, captured image data preprocessing may be

performed by the image capture device 104.

Also, image capture control logic 614 determines control instructions

to cause the structured light source 106 to project a structured light pattern onto

the local surface at least at the time of image capture. In an alternative



embodiment, logic to control the structured light source 106 may be implemented

separately from the logic controlling image capture device 104.

Control instructions, determined by the image capture device control

logic 614, are communicated to the image capture controller interface 606 such

that the control signals may be properly formatted for communication to the image

capture device 104 and/or the structured light source 106. For example, control

instructions may control when an image of the vehicle 110 is captured. As noted

above, the image capture device 104 may be mounted on a moveable structure to

provide for rotational, pan, tilt, and/or other types of movement. Accordingly,

control instructions would be communicated to the image capture device 104 such

that the image capture device 104 is positioned and/or oriented with a desired field

of view to capture the image of a local surface. Control instructions may control

other image capture functions such as, but not limited to, focus, zoom, resolution,

color correction, and/or contrast correction. Also, control instructions may control

the rate at which images are captured if multiple images of a local surface are

captured. Similarly, control instructions may control other functions of the

structured light source 106, such as, but not limited to, pattern focus, pattern

characteristics, pattern orientation, pattern color correction, and/or pattern contrast

correction.

Image capture device 104 and/or the structured light source 106 are

illustrated as being communicatively coupled to the image capture controller

interface 606 via connection 130. For convenience, connection 130 is illustrated

as a hardwire connection. However, in alternative embodiments, the robot control

system 108 may communicate control instructions to the image capture device 104

and/or receive captured image data from the image capture device 104 using

alternative communication media such as, but not limited to, radio frequency (RF)

media, optical media, fiber optic media, or any other suitable communication

media. Similarly, in alternative embodiments, the robot control system 108 may

communicate with the structured light source 106 using alternative communication

media. In other embodiments, image capture controller interface 606 is omitted



such that another component, or processor 602, communicates directly with the

image capture device 104 and/or the structured light source 106.

Robot system controller logic 616, residing in memory 604, is

retrieved and executed by processor 602 to determine control instructions for

moving components of the robot device 102. For example, the pose of image

capture device 104 may be adjusted to capture images of different local surfaces

and/or may be adjusted to capture multiple images of a single local surface.

Control instructions are communicated from processor 602 to the robot device 102

via the robot system controller interface 608. Robot system controller interface

608 formats the control signals for communication to the robot device 102. Robot

system controller interface 608 also receives position information from the robot

device 102 such that the pose of the robot device 102 and its components are

determinable by the robot system controller logic 616.

Robot system controller interface 608 is illustrated as being

communicatively coupled to the robot device 102 via connection 132. For

convenience, connection 132 is illustrated as a hardwire connection. However, in

alternative embodiments, the robot control system 108 may communicate control

instructions to the robot device 102 using alternative communication media, such

as, but not limited to, RF media, optical media, fiber optic media, or any other

suitable communication media. In other embodiments, robot system controller

interface 608 is omitted such that another component or processor 602

communicates command signals directly to the robot device 102.

The local surface pose determination logic 618 resides in memory

604. As described in greater detail hereinbelow, the various embodiments

determine the partial pose (position and/or orientation) of local surfaces using the

local surface pose determination logic 618, which is retrieved from memory 604

and executed by processor 602. In one embodiment, the local surface pose

determination logic 618 contains at least instructions for processing the received

captured image data, instructions for determining partial pose of at least one local

surface, and instructions for determining complete pose of the object of interest, as



described herein. Other instructions may also be included in the local surface

pose determination logic 618, depending upon the particular embodiment.

Database 620 resides in memory 604. As described in greater detail

herein, the various embodiments analyze captured image data to determine partial

pose of at least one local surface. Captured image data may be stored in

database 620. Reference data sets may also reside in database 620. Any

suitable model type and/or format may be used for the reference data sets.

Models of the robot device 102, previously learned paths of motion associated with

various tasks performed by the robot device 102, object definitions, and/or tool

definitions may also reside in database 620.

It is appreciated that the above-described logic, captured image data,

and/or pose information may reside in other memory media in alternative

embodiments. For example, captured image data may be stored in another

memory or buffer and retrieved as needed. Reference data sets and models of

object, tools, and/or robot devices may reside in a remote memory and be

retrieved as needed, depending upon the particular application and the particular

robot device performing the application. It is appreciated that systems and

methods of storing information and/or models are nearly limitless. Accordingly, for

brevity, such numerous possible storage systems and/or methods cannot be

conveniently described herein. All such variations in the type and nature of

possible storage systems and/or methods employed by various embodiments of an

object pose determination system 100 are intended to be included herein within

the scope of this disclosure.

Exemplary Processes Of Determining Pose From A Plurality Of Local

Surfaces

Figures 7 and 8 are flow charts illustrating various embodiments of a

process 700 and 800, respectively, for determining a pose of an object of interest.

The flow charts show the architecture, functionality, and operation of a possible

implementation of the software for implementing the image capture control logic

614 (Figure 6) and/or the robot system controller logic 616. In this regard, each



block may represent a module, segment, or portion of code which comprises one

or more executable instructions for implementing the specified logical function(s).

It should also be noted that in some alternative implementations, the functions

noted in the blocks may occur out of the order noted in Figures 7 and/or 8, may

include additional functions, and/or may omit some functions. For example, two

blocks shown in succession in Figures 7 and/or 8 may in fact be executed

substantially concurrently, the blocks may sometimes be executed in the reverse

order, or some of the blocks may not be executed in all instances, depending upon

the functionality involved, as will be further clarified hereinbelow. All such

modifications and variations are intended to be included herein within the scope of

this disclosure.

With respect to Figure 7, the process 700 process starts at block

702, for example, in response to the starting or powering up of the system or in

response to a signal from a sensor or user interface. At block 704, a first image of

a first structured light pattern projected onto a first local surface of the object of

interest is captured. A first run-time data set is determined from the captured first

image, wherein the first run-time data set corresponds to information determined

from the first structured light pattern projected onto the first local surface at block

706. The determined first run-time data set and a corresponding first reference

data set are compared at block 708, wherein the first reference data set

corresponds to an ideal pose of the first local surface on an ideally posed

reference object. At 7 10 , at least one first degree of constraint is determined that

defines a first partial pose of the first local surface, the at least one first degree of

constraint based upon the comparison of the first run-time data set with the

corresponding first reference data set. The process ends at block 712.

With respect to Figure 8, the process 800 starts at block 802, for

example, in response to the starting or powering up of the system or in response to

a signal from a sensor or user interface. At block 804, at least one reference

image of each of a plurality of reference local surfaces on a reference object

oriented in a reference pose is captured, wherein each of the plurality of reference

local surfaces of the reference object has a structured light pattern projected
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thereon. A plurality of reference data sets are determined, wherein one reference

data set is determined for each one of the plurality of reference local surfaces and

wherein the plurality of reference data sets corresponds to information determined

from the structured light pattern projected onto its respective reference local

surface at block 806. The process ends at block 808.

Alternative Embodiments

For convenience, the illustrated object of interest (Figure 1) is a

vehicle 110 and, more particularly, the roof 112 of the vehicle. As noted above,

the roof 112 is generally characterized as a surface or the like that does not have

significant discernable unique features, unique characteristics, or unique markings

(such as a fiducial or the like) that would otherwise readily enable determination of

the pose of an object of interest. For brevity, such varied types of objects, large or

small, cannot be described herein. All such variations in the type, size, and/or

functionality of an object of interest for which pose is determined by various

embodiments of an object pose determination system 100 are intended to be

included within the scope of this disclosure.

Alternative embodiments may optionally include supplemental object

and pose determination logic operable to determine object pose based upon

recognizable features, unique characteristics, and/or unique markings. For

example, a portion of the object of interest may include one or more recognizable

features that are, by themselves, sufficient to determine object pose. If the

embodiment captures an image of the object of interest where one or more of the

recognizable features are discernable, object pose may be directly and/or

immediately determined from the visible feature. As another example, if a fiducial

is visible in a captured image, pose may be directly and/or immediately determined

from the visible fiducial. However, if the feature, characteristic, or unique marking

is not visible or discernable, then object pose may be determined based upon a

plurality of local surfaces, as described herein. Some alternative embodiments

may integrate the above-described local surface pose determination logic 6 18 with

conventional pose determination logic. In other embodiments, the local surface



pose determination logic 618 may be added to an existing conventional pose

determination system and operate in a default mode or the like in the event that

the conventional pose determination system is unable to determine object pose.

In the various embodiments described above, partial pose of local

surfaces are determined from captured images having a structured light projected

thereon. In alternative embodiments, one or more degrees of constraint are

determinable by other, non-image based devices. That is, a non-image based

detector may detect a local surface such that at least one degree of constraint is

determinable. For example, returning to the roof 112 (Figure 1), a radar detector,

acoustic detector, infrared detector, ultrasound detector or the like may be used to

detect the height of the roof 112, which corresponds to a first degree of constraint.

Or, a touch-sensitive device may detect the physical presence of the roof 112 such

that the height is determinable. All such variations in the type, size, and/or

functionality of alternative image-based devices and/or non-image based devices

used to determine a degree of constraint used by various embodiments of an

object pose determination system 100 are intended to be included within the scope

of this disclosure.

Furthermore, alternative embodiments may capture image-type

information using other devices, such as radar devices, sonar devices, acoustic

devices, infrared devices or ultrasound devices. These alternative devices emit

electromagnetic energy, the structured light pattern, towards the local surface.

These devices capture returning information that may be used to determine point

clouds and their associated data sets. However, with such devices, the structured

light patterns may not be in the visible range of the electromagnetic spectrum.

Also, one or more point sources of electromagnetic energy may be emitted from

the alternative type device onto the local surface, thus constituting the structured

light pattern. The information acquired from the local surface with such devices

may be used to determine partial pose of the local surface and/or complete pose of

the object of interest. Such embodiments may be desirable in determining pose

when the object of interest, or a local surface of the object of interest, is in a

medium that is not well suited for the above-described image capture device 104.



A plurality of the above-described data sets, such as the exemplary

point cloud 502 (Figure 5), may be independently analyzed to determine partial

pose of a local surface. The determined partial poses of the plurality of local

surfaces may then be combined or considered in aggregate to determine complete

pose of the object of interest. In alternative embodiments, the data sets are

combined into a global data set after they are determined or as they are

determined. Then, the global data set is compared to a reference global data set

such that complete pose of the object of interest is determined during a single

comparison process. That is, the intermediary step of determining partial poses of

local surfaces is not required since a single object pose is determined from the

comparison of the global data set and the reference global data set.

In alternative embodiments, selective subsets of the acquired surface

data may be used for pose calculation. That is, instead of using all points in a

point cloud, selected points may be used to determine partial pose of a local

surface. In some embodiments, points may be selected randomly. In other

embodiments, points may be selected that meet predefined criteria. For example,

points that are in the vicinity of a sudden slope change in the structured light

pattern (representing edge points, sharp corners) may be selected. Any suitable

criteria of interest may be used to define a subset of the acquired surface data.

Furthermore, the acquired surface data may be in another form at the time of

selection. For example, image data subsets may be defined prior to determining

cloud points.

In at least one embodiment, the structured light source 106 is a laser

light device operable to generate and project the structured light onto a local

surface. Such laser-based structured light sources 106 are well known and are not

described in detail herein for brevity. In alternative embodiments, other types of

structured light sources may be used. One exemplary type of structured light

source 106 projects a moire fringe pattern onto the local surface. Any suitable

source of light operable to generate and project a structured light pattern onto a

local surface is intended to be included within the scope of this disclosure.



Furthermore, the structured light pattern of the preferred embodiment

employs a plurality of lines. In other embodiments, other structured patterns may

be used to determine partial pose of a local surface. For example, the structured

pattern may be comprised of a plurality of perpendicular lines or concentric

patterns, such as circles, squares, triangles, or the like. Furthermore, different

structured light patterns may be projected onto different local surfaces. Any

suitable structured light pattern is intended to be included within the scope of this

disclosure.

In the illustrated preferred embodiment, the image capture device

104 and the structured light source 106 (Figure 1) are illustrated and described as

mounted onto a common robot device 102. In alternative embodiments, the image

capture device 104 and the structured light source 106 are separately mounted.

They may be separately mounted on other robot devices or may be mounted on a

fixed structure. Furthermore, an optional end effector 128 was coupled to the

robot device. In alternative embodiments, the robot device to which the image

capture device 104 and/or the structured light source 106 are mounted does not

include an end effector. That is, the robot device is dedicated to changing the

position and/or orientation of the image capture device 104 and/or the structured

light source 106 so that a plurality of images of one or more local surfaces may be

captured. All such variations are intended to be included within the scope of this

disclosure.

In the above-described embodiment of the robot control system 108

(Figure 6), image capture control logic 614, robot system controller logic 6 16, local

surface pose determination logic 618, and database 620 were described as

residing in memory 604 of the robot control system 108. In alternative

embodiments, the logic 614, 616, 618, and/or database 620 may reside in another

suitable memory medium (not shown). Such memory may be remotely accessible

by the robot control system 108. Or the logic 614, 616, 618, and/or database 620

may reside in a memory of another processing system (not shown). Such a

separate processing system may retrieve and execute the logic 614, 616, and/or

618, and/or may retrieve and store information into the database 620.



For convenience, the image capture control logic 614, robot system

controller logic 616, and local surface pose determination logic 6 18 are illustrated

as separate logic modules in Figure 6. It is appreciated that illustrating the logic

modules 614, 616, and 618 separately does not affect the functionality of the logic.

Such logic 614, 616, and 618 could be coded separately, together, or even as part

of other logic without departing from the sprit and intention of the various

embodiments described herein. All such embodiments are intended to be included

within the scope of this disclosure.

In the above-described various embodiments, the robot control

system 108 (Figure 1) may employ a microprocessor, a digital signal processor

(DSP), an application specific integrated circuit (ASIC) and/or a drive board or

circuitry, along with any associated memory, such as random access memory

(RAM), read only memory (ROM), electrically erasable read only memory

(EEPROM), or other memory device storing instructions to control operation.

The above description of illustrated embodiments, including what is

described in the Abstract, is not intended to be exhaustive or to limit the invention

to the precise forms disclosed. Although specific embodiments of and examples

are described herein for illustrative purposes, various equivalent modifications can

be made without departing from the spirit and scope of the invention, as will be

recognized by those skilled in the relevant art. The teachings provided herein of

the invention can be applied to other object engaging systems, not necessarily the

exemplary robotic system embodiments generally described above.

The foregoing detailed description has set forth various embodiments

of the devices and/or processes via the use of block diagrams, schematics, and

examples. Insofar as such block diagrams, schematics, and examples contain one

or more functions and/or operations, it will be understood by those skilled in the art

that each function and/or operation within such block diagrams, flowcharts, or

examples can be implemented, individually and/or collectively, by a wide range of

hardware, software, firmware, or virtually any combination thereof. In one

embodiment, the present subject matter may be implemented via ASICs.

However, those skilled in the art will recognize that the embodiments disclosed



herein, in whole or in part, can be equivalently implemented in standard integrated

circuits, as one or more computer programs running on one or more computers

(e.g., as one or more programs running on one or more computer systems), as

one or more programs running on one or more controllers {e.g., microcontrollers),

as one or more programs running on one or more processors (e.g.,

microprocessors), as firmware, or as virtually any combination thereof, and that

designing the circuitry and/or writing the code for the software and or firmware

would be well within the skill of one of ordinary skill in the art in light of this

disclosure.

In addition, those skilled in the art will appreciate that the control

mechanisms taught herein are capable of being distributed as a program product

in a variety of forms, and that an illustrative embodiment applies equally regardless

of the particular type of signal bearing media used to actually carry out the

distribution. Examples of signal bearing media include, but are not limited to, the

following: recordable type media such as floppy disks, hard disk drives, CD ROMs,

digital tape, and computer memory; and transmission type media such as digital

and analog communication links using time-division multiplexing or internet

protocol based communication links (e.g., packet links).

Reference throughout this specification to "one embodiment" or "an

embodiment" means that a particularfeature, structure, or characteristic described

in connection with the embodiment is included in at least one embodiment of the

present systems and methods. Thus, the appearances of the phrases "in one

embodiment" or "in an embodiment" in various places throughout this specification

are not necessarily all referring to the same embodiment. Further more, the

particular features, structures, or characteristics may be combined in any suitable

manner in one or more embodiments.

From the foregoing it will be appreciated that, although specific

embodiments have been described herein for purposes of illustration, various

modifications may be made without deviating from the spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended

claims.



These and other changes can be made to the present systems and

methods in light of the above-detailed description. In general, in the following

claims, the terms used should not be construed to limit the specific embodiments

disclosed in the specification and the claims, but should be construed to include all

systems and methods that read in accordance with the claims. Accordingly, the

embodiments are not limited by the disclosure, but instead its scope is to be

determined entirely by the following claims.



CLAIMS

1. A method for determining a pose of an object of interest at

a run time, the method comprising:

capturing a first image of a first structured light pattern projected

onto a first local surface of the object of interest;

determining a first run-time data set from the captured first image,

wherein the first run-time data set corresponds to information determined from

the first structured light pattern projected onto the first local surface;

comparing the determined first run-time data set and a

corresponding first reference data set, the first reference data set

corresponding to an ideal pose of the first local surface on an ideally posed

reference object; and

determining at least one first degree of constraint that defines a

first partial pose of the first local surface, the at least one first degree of

constraint based upon the comparison of the first run-time data set with the

corresponding first reference data set.

2. The method of claim 1 wherein the first local surface is a

portion of a surface on the object of interest, and wherein the first local surface

is characterized by absence of a discernable feature that, when captured in the

first image, would otherwise provide sufficient information to determine a

complete pose of the object of interest.

3 . The method of claim 1, further comprising:

capturing a second image of a second structured light pattern

projected onto a second local surface of the object of interest;

determining a second run-time data set from the captured second

image, wherein the second run-time data set corresponds to information

determined from the second structured light pattern projected onto the second

local surface;



comparing the determined second run-time data set and a

corresponding second reference data set, the second reference data set

corresponding to the ideal pose of the second local surface on the ideally posed

reference object; and

determining at least one second degree of constraint that defines

a second partial pose of the second local surface, the at least one second

degree of constraint based upon the comparison of the second run-time data

set and the corresponding second reference data set.

4. The method of claim 3 , further comprising:

determining the pose of the object of interest based upon the at

least one first degree of constraint that defines the first partial pose of the first

local surface and the at least one second degree of constraint that defines the

second partial pose of the second local surface.

5. The method of claim 3, further comprising:

combining the at least one first degree of constraint that defines

the first partial pose of the first local surface with the at least one second

degree of constraint that defines the second partial pose of the second local

surface; and

determining the pose of the object of interest based upon the

combined at least one first degree of constraint and the at least one second

degree of constraint.



6. The method of claim 3 wherein comparing the determined

first run-time data set and the corresponding first reference data set,

determining the at least one first degree of constraint, comparing the

determined second run-time data set and the corresponding second reference

data set, and determining the at least one second degree of constraint is

replaced by the method comprising:

combining the first run-time data set with the second run-time data

set to determine a global data set;

comparing the global data set and a corresponding reference

global data set, the reference global data set data set corresponding to the

ideal pose of at least the first local surface and the second local surface on the

ideally posed reference object; and.

determining a plurality of degrees of constraint that define at least

partial pose of the first local surface and the second local surface.

7. The method of claim 6 , further comprising:

determining the pose of the object of interest based upon the

determined plurality of degrees of constraint.

8. The method of claim 3 , further comprising:

moving an image capture device after capturing the first image so

that the second image is captured with a different orientation.

9. The method of claim 1, further comprising:

determining a transformation that defines a spatial relationship

between the first run-time data set and the corresponding first reference data

set.

10. The method of claim 1, further comprising:

projecting the first structured light pattern onto the first local

surface of the object of interest.



11. The method of claim 10 wherein projecting the first

structured light pattern comprises:

projecting a first structured laser light pattern.

12. The method of claim 10 wherein projecting the first

structured light pattern comprises:

projecting a first moire fringe pattern.

13. The method of claim 1, further comprising:

capturing a second image of the first structured light pattern

projected onto the first local surface of the object of interest; and

determining a second run-time data set from the captured second

image, wherein the second run-time data set corresponds to information

determined from the first structured light pattern projected onto the first local

surface.

14. The method of claim 13, further comprising:

comparing the determined first run-time data set and the second

run-time data set to determine an aggregate run-time data set;

comparing the determined aggregate run-time data set and a

corresponding reference data set, the reference data set corresponding to an

ideal pose of the first local surface on an ideally posed reference object; and

determining at least one first degree of constraint that defines a

first partial pose of the first local surface, the at least one first degree of

constraint based upon the comparison of the aggregate run-time data set with

the corresponding first reference data set.

15. The method of claim 13, further comprising:

comparing the determined second run-time data set and a

corresponding reference data set, the reference data set corresponding to an

ideal pose of the first local surface on an ideally posed reference object;



determining at least one second degree of constraint that defines

the first partial pose of the first local surface, the at least one second degree of

constraint based upon the comparison of the second run-time data set with the

corresponding first reference data set;

comparing the determined first degree of constraint and the

second degree of constraint to determine an aggregate degree of constraint;

and

determining at least partial pose of the first local surface based

upon the comparison of the a first degree of constraint and the second degree

of constraint.

16. The method of claim 1, further comprising:

determining a second degree of constraint that further defines the

first partial pose of the first local surface, the at least one second degree of

constraint based upon the comparison of the first run-time data set with the

corresponding first reference data set.

17. The method of claim 10 wherein projecting the first

structured light pattern comprises:

projecting the first structured light pattern using an optical element

operable to project the first structured light pattern at an orientation of interest

onto the first local surface.

18. A system that determines a pose of an object of interest at

a run time, comprising:

an image capture system operable to capture a first image of a

first structured light pattern projected onto a first local surface of the object of

interest and operable to capture a second image of a second structured light

pattern projected onto a second local surface of the object of interest;



a structured light source system operable to project the first

structured light pattern onto the first local surface and operable to project the

second structured light pattern onto the second local surface; and

a processor communicatively coupled to the image capture

system and the structured light source system, and operable to:

determine a first run-time data set from the captured first

image, wherein the first run-time data set corresponds to

information determined from the first structured light pattern

projected onto the first local surface;

determine a second run-time data set from the captured

second image, wherein the second run-time data set corresponds

to information determined from the second structured light pattern

projected onto the second local surface;

compare the determined first run-time data set and a

corresponding first reference data set, the first reference data set

corresponding to an ideal pose of the first local surface on an

ideally posed reference object, to determine at least a first degree

of constraint corresponding to the pose of the first local surface;

and

compare the determined second run-time data set and a

corresponding second reference data set, the second reference

data set corresponding to the ideal pose of the second local

surface on the ideally posed reference object, to determine at

least a second degree of constraint corresponding to the pose of

the second local surface.

19. The system of claim 18, wherein the image capture system

comprises:

a robot device operable to maneuver at least one robot device

member through a workspace;



a single image capture device coupled to the at least one robot

device member such that the robot device moves the single image capture

device to a first position and a first orientation so that the single image capture

device captures the first image, and such that the robot device moves the single

image capture device to a second position and a second orientation so that the

single image capture device captures the second image.

20. The system of claim 18, wherein the single image capture

system comprises:

a first image capture device at a first position and a first

orientation so that the first image capture device captures the first image; and

a second image capture device at a second position and a second

orientation so that the second image capture device captures the second

image.

2 1 . The system of claim 18, wherein the structured light source

system comprises:

a robot device operable to maneuver at least one robot device

member through a workspace;

a single structured light source coupled to the at least one robot

device member such that the robot device moves the structured light source

system to a first position and a first orientation so that the structured light

source system projects the first structured light pattern onto the first local

surface, and such that the robot device moves the structured light source

system to a second position and a second orientation so that the structured

light source system projects the second structured light pattern onto the second

local surface.



22. The system of claim 18, wherein the structured light source

system comprises:

a first structured light source at a first position and a first

orientation so that the first structured light source projects the first structured

light pattern onto the first local surface; and

a second structured light source at a second position and a

second orientation so that the second structured light source projects the

second structured light pattern onto the second local surface.

23. The system of claim 18, wherein the structured light source

system comprises:

a laser light source, such that the laser light source at least

projects a first structured laser light pattern onto the first local surface.

24. A method for determining a pose of an object of interest,

the method comprising:

capturing at least one reference image of each of a plurality of

reference local surfaces on a reference object oriented in a reference pose,

wherein each of the plurality of reference local surfaces of the reference object

has a structured light pattern projected thereon; and

determining a plurality of reference data sets, wherein one

reference data set is determined for each one of the plurality of reference local

surfaces, and wherein the plurality of reference data sets corresponds to

information determined from the structured light pattern projected onto its

respective reference local surface.

25. The method of claim 24, further comprising:

determining at least one reference degree of constraint from each

of the plurality of reference data sets; and



determining a partial reference pose for each of the reference

local surfaces based upon the determined at least one reference degree of

constraint.

26. The method of claim 24, further comprising:

capturing at least one image of each of a plurality of local surfaces

on the object of interest in an unknown pose at a run time, wherein each of the

local surfaces of the object of interest in the unknown pose has the structured

light pattern projected thereon, arid wherein each one of the local surfaces of

the object of interest in the unknown pose correspond to one of the reference

local surfaces;

determining a plurality of run-time data sets, wherein one run-time

data set is determined for each one of the plurality of local surfaces, and

wherein the run-time data sets correspond to information determined from the

structured light pattern projected onto its respective local surface; and

comparing the determined run-time data sets and the

corresponding reference data sets.

27. The method of claim 26, further comprising:

determining at least one reference degree of constraint from each

of the reference data sets; and

determining at least one run-time degree of constraint from each

of the run-time data sets,

wherein comparing the run-time data sets and the reference data

sets comprises:

comparing the determined at least one run-time degree of

constraint and the determined respective reference degree of constraint; and

determining the pose of the object of interest in the unknown pose

based upon the comparison of the determined at least one run-time degree of

constraint and the determined respective reference degree of constraint.



28. The method of claim 27, further comprising:

determining a reference partial pose for each of the reference

local surfaces based upon the determined at least one reference degree of

constraint; and

determining a run-time partial pose for each of the local surfaces

based upon the determined at least one run-time degree of constraint,

wherein comparing the run-time data sets with the reference data

sets comprises:

comparing the determined run-time partial pose and the

determined respective reference partial pose; and

determining the pose of the object of interest in the unknown pose

based upon the comparison of the determined run-time partial pose with the

determined respective reference partial pose.

29. A system that determines a pose of an object of interest at

a run time, comprising:

means for capturing at least one image of each of a plurality of

local surfaces on the object of interest in an unknown pose at the run time,

wherein each of the local surfaces of the object of interest in the unknown pose

has a structured light pattern projected thereon, and wherein each one of the

local surfaces of the object of interest in the unknown pose corresponds to one

of a plurality of reference local surfaces;

means for determining a plurality of run-time data sets, wherein

one run-time data set is determined for each one of the plurality of local

surfaces, and wherein the plurality of run-time data sets corresponds to

information determined from the structured light pattern projected onto its

respective local surface; and

means for comparing the determined run-time data sets and a

plurality of corresponding reference data sets.



30. The system of claim 29, further comprising:

means for capturing at least one reference image of each of a

plurality of reference local surfaces on a reference object oriented in a

reference pose, wherein each of the plurality of reference local surfaces of the

reference object has a structured light pattern projected thereon; and

means for determining the plurality of reference data sets,

wherein one reference data set is determined for each one of the plurality of

reference local surfaces, and wherein the plurality of reference data sets

corresponds to information determined from the structured light pattern

projected onto its respective reference local surface.
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