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MULTI-MODAL PUSH PLANNER FOR HUMANOID ROBOTS

INVENTORS
VICTOR NG-THOW-HING
KRIS HAUSER

HECTOR GONZALEZ-BANOS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority under 35 U.S.C. §119(¢) to co-pending U.S.
Provisional Patent Application No. 60/933,909 entitled “Multi-Modal Motion Planning For A
Humanoid Robot Manipulation Task,” filed on June 8, 2007, the subject matter of which is
incorporated by reference herein in its entirety.
FIELD OF THE INVENTION
[0002] The present invention is related to a method and system for planning motions in a
robot, more specifically to a method and system for planning motions involving multiple
modes where each mode is subject to different constraints.
BACKGROUND OF THE INVENTION
[0003] Inorder to accomplish a certain task, robots or other devices may need to perform
operations in multiple modes. One mode (for example, walking) may impose one set of
constraints on the configuration of the robot while another mode (for example, pushing) may
impose another set of constraints on the configuration of the robot. Such multi-modal
planning is found in many areas of robotics including legged locomotion and reconfigurable
robots.
[0004]  Algorithms for planning single-mode motions may not be suitable for planning
multi-modal operations. Single-mode planning methods assume that all the motions of robots
or devices are subject to the same set of constraints. Effective single-mode motion planning
methods such as probabilistic roadmap (PRM) methods are currently available to obtain
efficient paths to reach the target configuration of robots. In multi-modal planning, however,
not only the motions within each mode but also transition configurations between two
adjacent modes must be decided. The transition configuration is a configuration that the
robot takes before transitioning from one mode to another mode. In multi-modal operations,

transition from one mode to another mode must be made via the transition configuration. The
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choice of the transition configuration also significantly impacts the effectiveness of overall
path to the target configuration. Conventional single-mode planning methods, however, are
not effective in producing effective transition configurations.

[0005] In mutimodal operations, there may be multiple transition configurations or a
continuous set of transition configurations for transitioning from one mode to another mode.
One way of addressing the continuous set of transition configurations is to discretized the
continuation set of transition configurations and expand path searches from the discretized
transition configurations. If the discretization of the transition configurations is too sparse,
transition configurations leading to the target configuration may be missed. In such case, a
path to the target configuration may not be obtained from the discretized points of transition
configurations. Conversely, if the discretization is too dense, excessive resources may be
needed to conduct searches for the path of configurations.
[0006] Pushing operation is a useful form of manipulation that involves multi-modal
motion planning. In a humanoid robot, for example, the robot may first walk (a first mode) to
the table, reach its arm (a second mode) toward the object, and then push (a third mode) the
object to a certain location. Even for a simple pushing task, the robot may need to perform a
number of pushes. Between the pushes, the robot may need to reach or retract its arm, switch
hands, or walk to a new location while satisfying various sets of constraints. Further, some
pushes may be irreversible because of limited reach of the manipulators and other constraints
on the configuration of the robots or devices. For these reasons and others, pushing motions
need to be planned carefully to achieve a target objective.

SUMMARY OF THE INVENTION
[0007] Embodiments of the present invention provide a method, a system and a computer
readable storage medium for planning motions for a subject device (e.g., a humanoid robot)
operable in two or more modes (e.g., walk, reach/retract and push). Each mode has a set of
constraints that must be followed by the subject device. A first transition configuration of the
subject device is selected from candidate transition configurations shared by the most
constrained mode (e.g., push mode) and a mode adjacent to the most constrained mode (e.g.,
reach/retract mode) and closer to an initial configuration of the subject device. A search is
performed to obtain a first series of configurations between the first transition configuration
and the initial configuration. Another search is also performed to identify the path from the
first transition configuration to the target configuration.

[0008] Inone embodiment, a tree is generated to include multiple nodes. Each node
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represents the configuration that may be taken by the subject device to reach the target
configuration from the initial configuration. To expand the tree with a sampled transition
configuration, distances between the nodes of the tree and the sampled transition
configuration are calculated. The sampled transition configuration is connected to a node
with the shortest metric distance.

[0009] In one embodiment, a feasibility table and a utility table are generated and stored.
The feasibility table stores information about feasibility of reaching transition configurations
for the first transition configuration from the first mode. The utility table stores the utility of
the candidate transition configurations for the first transition configuration. The utility
represents changes in configurations effective in reaching the target configuration. The
transition configuration is sampled based on the utility and the feasibility of the transition
configuration.
[0010] The features and advantages described in the specification are not all inclusive and,
in particular, many additional features and advantages will be apparent to one of ordinary
skill in the art in view of the drawings, specification, and claims. Moreover, it should be
noted that the language used in the specification has been principally selected for readability
and instructional purposes, and may not have been selected to delineate or circumscribe the
inventive subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] The teachings of the present invention can be readily understood by considering
the following detailed description in conjunction with the accompanying drawings.
[0012] FIG. 1 is a diagram illustrating a robot in an environment including an object for
pushing, according to one embodiment of the present invention.
[0013] FIG. 2A is a mode transition diagram illustrating permissible transitions between
modes, according to one embodiment of the present invention.
[0014] FIG. 2B is a conceptual diagram illustrating manifolds representing configurations
that can be taken by a system including a subject device and an object being manipulated by
the subject device.
[0015] FIG. 3A is a diagram illustrating an example where the most constrained mode
appears as the last mode, according to one embodiment of the present invention.
[0016] FIG. 3B is a diagram illustrating another example where the most constrained
mode appear between the first mode and the last mode, according to one embodiment of the

present invention.
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[0017] FIG. 4 is a block diagram illustrating components of a robot, according to one
embodiment of the present invention.

[0018] FIG. 5 is a block diagram illustrating components of a motion planner, according
to one embodiment of the present invention.
[0019] FIGS. 6A and 6B are diagrams illustrating a coordinate system for describing
operation in a push mode, according to one embodiment of the present invention.
[0020] FIG. 7 is a diagram illustrating a utility table, according to one embodiment of the
present invention.
[0021] FIG. 8 is a flow chart illustrating a method of planning multi-modal motions,
according to one embodiment of the present invention.
[0022] FIG. 9 is a flow chart illustrating a method of expanding a tree using expansion
strategy, according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0023] A preferred embodiment of the present invention is now described with reference
to the figures where like reference numbers indicate identical or functionally similar elements.
[0024] Reference in the specification to “one embodiment” or to “an embodiment” means
that a particular feature, structure, or characteristic described in connection with the
embodiments is included in at least one embodiment of the invention. The appearances of the
phrase “in one embodiment” in various places in the specification are not necessarily all
referring to the same embodiment.
[0025] Some portions of the detailed description that follows are presented in terms of
algorithms and symbolic representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations are the means used by those
skilled in the data processing arts to most effectively convey the substance of their work to
others skilled in the art. An algorithm is here, and generally, conceived to be a self-consistent
sequence of steps (instructions) leading to a desired result. The steps are those requiring
physical manipulations of physical quantities. Usually, though not necessarily, these
quantities take the form of electrical, magnetic or optical signals capable of being stored,
transferred, combined, compared and otherwise manipulated. It is convenient at times,
principally for reasons of common usage, to refer to these signals as bits, values, elements,
symbols, characters, terms, numbers, or the like. Furthermore, it is also convenient at times,
to refer to certain arrangements of steps requiring physical manipulations of physical

quantities as modules or code devices, without loss of generality.
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[0026] However, all of these and similar terms are to be associated with the appropriate
physical quantities and are merely convenient labels applied to these quantities. Unless
specifically stated otherwise as apparent from the following discussion, it is appreciated that
throughout the description, discussions utilizing terms such as “processing” or “computing”
or “calculating” or “determining” or “displaying” or “determining” or the like, refer to the
action and processes of a computer system, or similar electronic computing device, that
manipulates and transforms data represented as physical (electronic) quantities within the
computer system memories or registers or other such information storage, transmission or
display devices.

[0027]  Certain aspects of the present invention include process steps and instructions
described herein in the form of an algorithm. It should be noted that the process steps and
instructions of the present invention could be embodied in software, firmware or hardware,
and when embodied in software, could be downloaded to reside on and be operated from
different platforms used by a variety of operating systems.

[0028] The present invention also relates to an apparatus for performing the operations
herein. This apparatus may be specially constructed for the required purposes, or it may
comprise a general-purpose computer selectively activated or reconfigured by a computer
program stored in the computer. Such a computer program may be stored in a computer
readable storage medium, such as, but is not limited to, any type of disk including floppy
disks, optical disks, CD-ROMs, magnetic-optical disks, read-only memories (ROMs),
random access memories (RAMs), EPROMs, EEPROMs, magnetic or optical cards,
application specific integrated circuits (ASICs), or any type of media suitable for storing
electronic instructions, and each coupled to a computer system bus. Furthermore, the
computers referred to in the specification may include a single processor or may be
architectures employing multiple processor designs for increased computing capability.
[0029]  The algorithms and displays presented herein are not inherently related to any
particular computer or other apparatus. Various general-purpose systems may also be used
with programs in accordance with the teachings herein, or it may prove convenient to
construct more specialized apparatus to perform the required method steps. The required
structure for a variety of these systems will appear from the description below. In addition,
the present invention is not described with reference to any particular programming language.
It will be appreciated that a variety of programming languages may be used to implement the
teachings of the present invention as described herein, and any references below to specific

languages are provided for disclosure of enablement and best mode of the present invention.
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[0030] In addition, the language used in the specification has been principally selected for
readability and instructional purposes, and may not have been selected to delineate or
circumscribe the inventive subject matter. Accordingly, the disclosure of the present
invention is intended to be illustrative, but not limiting, of the scope of the invention, which
is set forth in the following claims.

[0031] The configuration of a subject device is a specification of the position and the
orientation of each rigid components of a subject device with respect to a fixed coordinate
system. For example, a configuration of the subject device may be specified by parameters g
=(q0, 91, . . . » ga1), Where d is the number of degrees of freedom of the subject device. The
set of all configuration forms the configuration space of the subject device. In each mode,
the subject devices may take a subset of the configurations within the configuration space due
to various constraints imposed by, among others, obstacles, kinematics constraints, self-
collision, and dynamics of the subject device.

[0032]  An object configuration is the configuration of an object being manipulated by the
subject device. The configuration of the subject device and the object configuration are
collectively referred to as “configuration” herein. The object configuration may be
represented by parameters qo = (qo, 41, - - - » qa-1), where d’ s the number of degrees of
freedom of the object being manipulated. For example, the object configuration of an object
pushed on a flat surface has three degrees of freedom (two horizontal coordinates and the
orientation of the object).

[0033] The subject device may be any device that has one or more degrees of freedom and
is operable in two or more modes where each mode imposes different sets of constraints on
the configuration of the subject device. The subject device includes, among others devices, a
robot, industrial equipment, a vehicle, virtual devices and computer-animated characters.
[0034] Two modes are referred to as being adjacent if transition between the two modes is
permissible. To transition from one mode to another, the modes must share at least one
common configuration (hereinafter referred to as a “transition configuration”) that can be
taken by the subject device in both modes.

[0035] Multi-modal motions are planned by first performing searches on the most
constrained mode of operation, and then expanding the search to other modes. Searching
motions for the most constrained mode involves sampling transition configurations for
transition between the most constrained modes and a mode adjacent to the most constrained
mode. The transition configurations are sampled so that non-feasible configurations are

precluded. Further, the transition configurations are also sampled in a manner so that
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transition configurations with higher utility are sampled with a higher probability. After
sampling the transition configurations, a series of configurations between a starting transition
configuration and an ending transition configuration are searched within a single-mode using
a conventional single-mode motion planning method.

OVERVIEW OF MULTI-MODAL PLANNING

[0036] FIG. 1 illustrates a robot 130 in an environment including an object 112 for
pushing, according to one embodiment of the present invention. The robot 130 is a humanoid
robot that is capable of performing various operations akin to human motions. One example
of such a robot is ASIMO advanced humanoid robot of Honda Motor Co., Ltd., Tokyo, Japan.
Although the following embodiments are described below with reference to a humanoid robot
130, the present invention is not limited to humanoid robots and may be used in other types
of robots and mechanical devices that are operable in multiple modes.

[0037] The robot 130 may operate in multiple modes to accomplish certain tasks. For
example, the robot 130 of FIG. 1 may walk (a first mode) over to the table 110, reach/retract
its arm (a second mode), and push (a third mode) an object 112 to a target location 114. In
order to accomplish such tasks, the robot 130 must take a series of configurations. By
operating in different modes, the robot 130 may perform diverse types of tasks more
effectively relative to operating only in a single mode.

[0038] The configuration of the robot 130 may include, among others, planar coordinate
of the robot 130 (Xrobot, Yrobot» Orebot), the joint angles for each arm, open/close parameter for
cach hand, and the joint angles of the legs. The object configuration of the object being
pushed has three parameters: two parameters representing a planar horizontal coordinate (x
and y) and one parameter representing the orientation of the object. The configuration of the
overall system includes the configuration of the robot 130 and the object configuration.
[0039] In one or more embodiments, the robot 130 operates in at least the following five
distinct modes: (i) a walking mode, (i1) a reach/retract left arm mode, (iii) reach/retract right
arm mode, (iv) a mode where an object is pushed using the left arm, and (v) a mode where an
object is pushed using the right arm. Each of these modes imposes different sets of
constraints on the configuration of the robot 130. In a walking mode, for example, the left
and right legs of the robot 130 must operate in a predefined series of configurations so that
the robot 130 walks to a destination without tipping over or causing collision between
different parts of the body (i.c., self-collision). Likewise, in a reach/retract mode, the arms

must be coordinated so that self-collisions or collisions with other obstacles (e.g., table 110)
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do not occur. In a push mode, the arm and hand of the robot must move along a path so that
the tip of the hand maintains contact with the object and pushes the object in the right
direction.

[0040] FIG. 2A is a mode transition diagram illustrating permissible transitions between
the modes in a robot 130, according to one embodiment of the present invention. The robot
130 is allowed to transition from the walking mode to the pushing mode via the reach/retract
mode but not directly from the walking mode to the pushing mode. After retracting the arms,
the robot 130 may return to the walking mode to walk to a different location. Direct
transition between the reach/retract right hand mode and reach/retract left arm mode is also
allowed so that the robot 130 changes the hand pushing the object. The transition diagram of
FIG. 2A is merely illustrative. Modes may be added, replaced or omitted depending on the
configuration of subject device, the object being manipulated or the task the subject device is
designed to accomplish.

[0041] FIG. 2B is a conceptual diagram illustrating manifolds 210 through 250
representing configurations that can be taken by the system including the robot 130 and the
object 112 being manipulated. The robot 130 and the object 112 may take any configuration
within configuration space 200 absent any constraints imposed by modes. In one
embodiment, the configuration space 200 is defined so that awkward or ineffective
movements of the robot are prevented (e.g., pushing an object without facing the object).
[0042]  Within the configuration space 200 are the manifolds 210 through 250. Each
manifold represents a set of configurations of the robot 130 and the object 112 that may be
taken when the robot 130 is operating in a mode. The manifolds 210 to 240, for example,
may indicate configurations of the robot 130 and the object 112 in a reach/retract mode at
four different planar coordinates of the robot 130 (Xobot> Yrobots Orobet). The manifold 250
represents configurations that the robot 130 and the object 112 may take in a pushing mode.
[0043]  Assume that the manifolds 210 through 250 represent modes for
reaching/retracting an arm and pushing the object 112 to the target location 114 using the tip
of the robot’s hand. The configuration of robot 130 before reaching out the arm is
represented by a point A on the manifold 240. The robot 130 reaches its arm so that the
system takes configuration B. While transitioning from configuration A to configuration B,
the robot 130 takes a series of configuration within the manifold 240. The configuration of
the object 112 does not change during such transition because the object 112 stays on the

table 110 without any manipulation. After taking configuration B, the robot 130 may push
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the object 112 by taking a series of configurations within the manifold 250. The tip of the
robot’s hand starts touching the object 112 at configuration B. Between configurations B and
C, the robot 130 is subject to the constraints that (i) the robot’s hand maintains contact with
the object 112, and (i1) a normal vector at the contact point of the robot’s hand and the object
112 maintains a horizontal direction to push the object 112 without tipping over the object
112. The configuration of the object 112, along with the configuration of the robot 130,
changes between configuration B and configuration C because the robot 130 pushes the
object 112. After taking a series of configurations within the manifold 250, the system takes
the configuration C. After taking the configuration C, the robot 130 retracts its arm so that
the system takes configuration D. The system takes a series of configurations as represented
by a line C-D while its arm is being retracted to configuration D.

[0044] In FIG. 2B, configurations B and C are transition configurations that are shared by
both the reach/retract mode and the push mode. The major difficulty in planning motions
involving multiple modes lies in determining such transition configurations that are effective
in reaching the target configuration. After the transitional configurations to and from a mode
are determined, a series of configurations within a mode may be obtained by using
conventional single-mode planning described, for example, in Oussama Khatib, “Real-Time
Obstacle Avoidance for Manipulators and Mobile Robots,” International Journal of Robotics
Research, Vol. 5, No. 1, 1986, pp. 90-98, which is incorporated by reference herein in its
entirety.

[0045] In one or more embodiments of the present invention, search for the paths of
configurations starts and expands from the most constrained mode. The most constrained
mode refers to a mode that is subject to the most restrictive constraints, and thus, requires the
most amount of computation and resource to obtain an effective series of configurations
within the mode. The constraints may be due to, among other reasons, presence of obstacles,
kinematics limits of the robot, unpredictable or unstable control characteristics of motions,
and the need for an effector to maintain certain relationship with the object being manipulated.
[0046] FIG. 3A is a diagram illustrating an example where the most constrained mode
appears as the last mode N. The robot 130 operates in modes A through N in a sequence.
Specifically, the robot 130 starts at an initial configuration 312 in mode A, and then proceeds
to mode B and other subsequent modes, ending at mode N. A target configuration 324 is in
mode N. The robot 130 must transition between modes via transition configurations sampled
from candidate transition configurations 316, 318, 320, and 322 shown as hashed area of

ellipses representing configurations for a mode. The dots in the transition configurations 316,
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318, 320, and 322 represent transition configurations that are sampled to search for the path
of configurations (i.c., a series of configurations to be taken by the robot 130) between the
initial configuration 312 and the target configuration 324. In the example of pushing
described above with reference to FIGS. 1 through 2B, the most constrained mode is the
pushing mode.

[0047] To obtain a path of configurations, a transition configuration is sampled from the
candidate transition configurations 322. After the transition configuration is sampled, a
single-mode planning is performed within the mode N to determine if there is a path of
configurations to the target configuration 324 within the mode N. If there is a path, then
searches for path of configurations to the initial configuration 312 is performed by expanding
a tree of nodes that represent the transition configurations for various modes. If there is no
path between the sampled transition configuration and the target configuration 324, then
other transition configurations are sampled from the candidate transition configuration. By
starting and expanding the search from the most constrained mode, paths of configurations
unlikely to result in feasible transition configurations in the most constrained mode are
discarded before further investigation. Because the most constrained mode requires the most
amounts of resources, starting and expanding the search from effective transition
configurations of the most constrained mode reduces resources wasted on planning for path
that fails to yield effective paths in the most constrained mode.

[0048] FIG. 3B is a diagram illustrating another example where the most constrained
mode F appear as an intermediate mode between the first mode A and the last mode N. The
example of FIG. 3B is the same as the example of FIG. 3A except that the mode F, having
candidate transition configurations 342 and 346, is the most constrained mode. First
transition configurations are sampled from the candidate transition configuration 342.
Second candidate transition configurations are also sampled from the candidate transition
configuration 346. The dots in hashed area 342 of mode F represent sampled first transition
configurations. The dots in hashed area 346 of mode F represent sampled second transition
configurations. After sampling the first and second transition configurations from the
candidate transition configurations 342 and 346, a single-mode planning is performed to find
any path of configurations between the first and second transition configurations.

[0049]  The first transition configurations and the second transition configurations that do
not produce any feasible path of configurations between them are discarded from further
investigation. Conversely, combinations of the first and second transition configurations that

produced paths of configurations become nodes of a tree for expanding toward the initial
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configuration 312 or the target configuration 324.
[0050] Regardless of whether the most constrained mode appears as the last mode (as in
the example of FIG. 3A) or somewhere between the first mode and the last mode (as in the
example of FIG. 3B), the paths of configurations between the initial configuration 312 and
the target configuration 324 are searched more efficiently by first sampling the transition
configurations for the most constrained mode, and then expanding the search to a series of
configurations in other modes. By searching for high utility paths in the most constrained
mode first, less resource is wasted on searching paths for other less constrained mode that
leads only to a non-feasible or low utility path in the most constrained mode.
EXAMPLE ARCHITECTURE OF SUBJECT DEVICE
[0051] FIG. 4 is a block diagram illustrating components of a robot 130, according to one
embodiment of the present invention. The robot 130 includes, among other components,
sensors 440, a computing module 410, and effectors 490. The computing module 410
receives sensor signals 442 from the sensors 440 to determine its location and orientation
relative to various objects in the environment surrounding the robot as well as determine the
current configurations of the robot. The sensors include, among other components, image
sensors, linear sensors and rotary sensors for determining the position and orientation of one
body segment (e.g., arm) with respect to another body segment (e.g., upper arm). In one or
more embodiments, the sensor signals 442 may function as feedback signals to control the
motions of the robot 130.
[0052] The effectors 490 include, among others, motors, hydraulic actuators, solenoids,
and other components for causing physical changes in the configuration of the robot 130.
[0053] The computing module 410 identifies the current configuration of the robot 130,
plans motions to accomplish certain tasks, and executes the planned motions by sending
generated effector signals 482 to the effectors 490. In one embodiment, the computing
module 410 includes, among other components, an object detector 450, an environment
mapper 460, a motion planner 470, and a controller 480.
[0054] The object detector 450 determines identity and/or the location of objects in the
environment. In one or more embodiments, the object detector 450 is implemented using
techniques, for example, as disclosed in copending U.S. Patent Application Serial No.
12/124,016 (Atty. Dkt. No.: 23085-12756) entitled “Rectangular Table Detection Using
Hybrid RGB and Depth Camera Sensors,” filed on May 20, 2008.
[0055] The environment mapper 460 maintains and tracks information about the objects in

the surroundings of the robot 130. Specifically, the environment mapper 460 receives object
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information 452, and maps the objects 110, 112 to three-dimensional coordinates. The
environment mapper 460 may store information regarding shape or geometry information
(e.g., width, height, and length of objects) and locations of the object as detected by the robot
130. In one embodiment, the environment mapper 460 also stores information about location
and attributes (e.g., length, width and height) of objects that is provided by a user or other
sources. The environment mapper 460 provides environment information 462 to the motion
planner 470. The environment information 462 includes the information concerning location
and profiles of the objects in the surroundings of the robot 130.

[0056] The motion planner 470 receives the environment information 462 and generates a
motion plan (e.g., walk to a location via a certain path) to be executed by the robot 130.
Based on the plan, the motion planner 470 sends commands 472 (e.g., bend the leg joint by
30 degrees) to the controller 480. The controller 480 then sends control signals 482 to
various effectors 490 instructing the effectors 490 to perform certain motions.
COMPONENTS OF MOTION PLANNER

[0057] FIG. 5 is a block diagram illustrating the motion planner 470, according to one
embodiment of the present invention. The motion planner 470 includes, among other
components, a search strategy chooser 510, a critical mode planner 520, a search tree
expander 540, and a plan path extractor 560. The search strategy chooser 510 selects one
search strategy among multiple search strategies for searching and planning paths of
configurations depending on priorities given weight under the circumstances. For example, if
the least computation time is given the highest priority, a search strategy known to generate
paths within the shortest time may be selected. If the speed of accomplishing the task after
executing planned motions on the robot 130 is given the highest priority, a search strategy
known to generate the most efficient paths may be selected. The search strategy chooser 510
also determines the modes to be taken by the robot 130 to reach the target configuration. The
search strategy may determine the sequence of modes, for example, based on conditions
imposed on operations in different modes.

[0058] The critical mode planner 520 searches for transition configurations in the most
constrained mode. In the example of FIG. 3A, the critical mode planner 520 searches for the
path of configurations between the transition configuration 322 and the target configuration
324. In the example of FIG. 3B, the critical mode planner 520 searches for the path of
configurations between a configuration sampled from the transition configurations 342 and a
configuration sampled from the transition configurations 346. In one embodiment, the

critical mode planner 520 is specialized and adapted to generate paths for only a certain mode
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of operation (e.g., push mode). In another embodiment, the critical planner 520 may be used
to generate paths for a number of operations.

[0059] The critical mode planner 520 includes, among other components, a utility table
generator 522, a feasibility table generator 526, and a transition configuration sample 530.
The utility table generates and stores utility for the transition configurations of the most
constrained mode. The utility represents changes in configuration effective in reaching the
target configuration within the most constrained mode. In one embodiment, the utility is
determined by computing the average metric distance that can be taken from the starting
transition configuration sampled from the transition configuration 322.

[0060] The feasibility table generator 526 generates a feasibility table 528 indicating
whether a starting transition configuration in the most constrained mode is feasible and can
actually be taken while complying with various constraints. Certain transition configuration
may not be taken by the robot 130 because of, among other reasons, collision between
different parts of the subject device, obstacles or kinematics constraints such as the
reachability of an end effector to a particular location. The feasibility table 528 stores
information on whether a certain starting transition configuration violates such constraints.
For example, the feasibility table 528 may indicate a value of 1 for transition configurations
that does not violate any constraints and a value of 0 for transition configurations that violate
such constraints. In one embodiment, the feasibility table 528 is combined with the utility
table 524, for example, as described below in detail with reference to FIG. 7. In one
embodiment, the utility table 524 and the feasibility table 528 are precomputed and stored for
reference by the transition configuration sampler 530.

[0061] The processes of generating the utility table 524 and the feasibility table 528 are
described herein with reference to pushing of the object 112 placed on the table 110 using a
hand of the robot 130. A three dimensional space of configuration including x, y, and 0 are
defined for a pushing operation, as illustrated in FIGS. 6A and 6B. x,y and 0 define a
coordinate system for the robot where x-axis is parallel to the direction the robot 130 is facing,
y indicates the horizontal displacement normal to the x-axis, and 0 indicates the orientation of
a normal vector at the tip of the hand contacting the object 112.

[0062] When pushing the object 112 using a hand, the normal vector at the tip of the hand
(e.g., finger, palm or knuckle) touching the object 112 must be horizontal. Otherwise, the
object 112 may be tipped over and a stable push may not be performed. The height of the tip

of the hand must also be fixed because raising the tip of the hand during pushing may also tip
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over the object 112 and lowering the tip of hand may cause the hand to collide with the
surface of the table 110.

[0063] The feasibility table generator 526 may first initialize all entries to zero (0)
(constraints violated) for all transition configurations 322. In one embodiment, a sample
configuration from a robot arm’s degrees of freedom is created and inverse kinematics is
performed for the sampled configuration to determine (i) whether the hand may be brought to
a height where contact with the object can be made, and (ii) a vector normal to the point of
contact between the object 112 being pushed and the tip of the hand can be oriented
horizontally. If the height can be brought to the fixed height and the normal vector can be
oriented horizontally, a check is performed to confirm whether other constraints are also
satisfied. Other constraints may include, among others, that there is no self-collision, the tip
of the hand touching the object lies in the robots’ field of view, and there is no collision with
other obstacles. If all the constraints are satisfied, the entry for the sampled transition
configuration is changed to one (1) to indicate that this transition configuration is feasible.
[0064] The utility table generator 522 computes the utility for the push operation. In one
embodiment, the utility for a transition configuration is computed as the expected distance an
object can be pushed from the transition configuration in the absence of obstacles. The utility
can be estimated, for example, by performing a Monte Carlo integration over configurations
from which push can be performed. The Monte Carlo integration allows computation of the
average path length an object can be pushed from a particular location. The information
about whether push can be performed from a configuration is stored in the feasibility table
528 The estimates of the utility are stored in the utility table 524 for each starting position
computed.

[0065] When an object is pushed, the object traces out a helix that rotates around a center
of rotation (COR). An assumption is made of a prior probability I'T over stable CORs for a
reasonable range of physical parameters of the object 112 such as mass of the object, friction
between the effector surface and object surface, and density distribution of an object.
Probability IT indicates the range of possible directions that an object can take if pushed from
a position. The physical parameters may be simplified to be of uniform distribution to
facilitate analysis.

[0066]  Starting from wo = (x, y, 0), a path wo, wy, . . ., wy is generated where cach of the
k+1 points in the path wy, wy, . . ., wx represent configurations of the hand contact points that

can be reached by pushing the object from the previous contact point in the path. For
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example, w; can be reached from wy, and w; can be reached from w;. The sequence
terminates when the feasibility (i.c., reachability) at wi.; becomes zero (0). After generating
a number of paths, the average length is calculated and stored in the utility table 524.

[0067] FIG. 7 is a diagram illustrating entries of the utility table 524 in the form of a three
dimensional graph for push operation using a tip of an open right hand, according to one
embodiment of the present invention. A cloud of dots 710 represents utility and feasibility of
the transition configurations that can be obtained by an open right hand of the robot 130 (i.c.,
the entry in the feasibility is one (1)). The portions of the cloud 710 with darker area indicate
the transition configuration with higher utility whereas the portions of the cloud 710 with
lighter color indicate the transition configuration with lower utility. Blank area outside the
cloud 710 represents the transition configurations that are not feasible because of one
constraint or another. A similar utility table 524 may be generated for a left hand of the robot
130 and other hand configurations of the robot (e.g., closed hand or pushing by palm of the
hand).

[0068]  After generating the utility table 524 and the feasibility table 528, the transition
configuration sampler 530 samples the transition configuration for obtaining the paths of
configurations in the most constrained mode based on the precomputed utility and feasibility
of the transition configuration. Specifically, the transition configuration sampler 530 samples
a transition configuration from the set of feasible configurations whose feasible table 528
entries are equal to one (1) with probability proportional to the utility of the configuration as
defined by the corresponding entry in the utility table 524. Referring to FIG. 7, the transition
configurations marked with a darker color are more likely to be sampled compared to the
transition configurations marked with a lighter color. Because the transition configurations
are sampled randomly based on this utility distribution over feasible configurations rather
than a uniform discretized grid, the chances of finding successful transition configurations
that result in good pushing performance is increased.

[0069]  After the transition configuration is sampled, the critical mode planner 520 plans a
series of configurations to be taken within the most constrained mode 520 using a single
mode planner 550, as described below in detail.

[0070]  The search tree expander 540 functions to expand nodes of a tree representing
transition configurations between the initial configuration 312 and the target configuration
324. A node of the tree represents a transition configuration between the modes. First, the
search tree expander 540 samples a configuration g,..s in the configuration space. The

configuration ¢,4,s may be sampled randomly or it may be chosen to coincide with the target
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configuration of the object being manipulated by the subject device. The distances between
the sampled configuration ¢,..s and the nodes of the tree are computed to select a node closest
in distance to the sampled configuration ¢,4uq.

[0071]  After selecting the node in the tree that is closest to the sampled configuration ¢,4ua,
the tree is expanded from this node towards the sampled configuration ¢,qns, possibly adding
new nodes in the path.

[0072]  The search tree expander 540 includes, among other components, a distance metric
calculator 542 and a node selector 544. The distance metric calculator 542 computes the
distance between the sampled configuration and the nodes in the tree. The distance between
the sampled configuration and the nodes may be defined using a choice of metric that reflects
the goal of the task. For example, in the push example described herein, the distance metric
may be defined as the distance between the object configurations (i.c., the configuration of
the object 112) of a node in the tree and the sampled configuration. The configuration of the
robot 130 is ignored because the goal of the task is to move the object 112. After the distance
is computed, the node selector 544 determines the node that is closest to the sampled
configuration. The search tree expander 540 then selects a transition configuration between a
mode of the selected node and its adjacent mode.

[0073]  The transition configuration for transitioning from the mode of the selected node
and a node adjacent to the selected node may be selected using a variety of methods. In one
embodiment of the search tree expander 540, the transition configuration is randomly
selected without any biasing. In another embodiment, intermediate mode transitions are
sampled to find a path towards the mode transition selected by the transition configuration
sampler 530 of the critical mode planner 520.

[0074]  The single mode planner 550 of the critical mode planner 520 searches a single-
mode path in the critical mode between the node and the sampled transition configuration.
After confirming that there is a path between the configuration as represented by the node
and the sampled transition configuration, the tree is expanded by adding sampled transition
configurations as a node that is connected to an existing node closest to the sampled
transition configurations. In one embodiment, if the distances to two or more nodes are
identical, one node may be randomly selected and evaluated for connection to the sampled
transition configuration.

[0075]  The single mode planner 550 plans single-mode motions between the sampled
transition configuration and a node of the tree after the transition configuration is sampled by

the search tree expander 540. The single-mode planner 550 implements various single-mode
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planning algorithms such as probabilistic roadmap (PRM) method and potential field
methods as disclosed, for example, in Oussama Khatib, “Real-Time Obstacle Avoidance for
Manipulators and Mobile Robots,” International Journal of Robotics Research, Vol. 5, No. 1,
1986, pp. 90-98, which is incorporated by reference herein in its entirety.

[0076]  The plan path extractor 560 functions to generate the path of configurations after a
path between the initial configuration 312 and the target configuration 324 is identified by
expanding the tree. The plan path extractor 560 eliminates nodes that do not yield the path,
and outputs a series of configurations the robot 130 should take in reaching the target
configuration 324. Based on the series of configurations, the motion planner 470 may
generate the commands 472 fed to the controller 480, as described above with reference to
FIG. 4.

METHOD FOR PLANNING MULTI-MODAL OPERATIONS

[0077] FIG. 8 is a flow chart illustrating a method of planning motions in multiple modes,
according to one embodiment of the present invention. First, the target configuration is
received 806 at the motion planner 470. In the example of pushing of an object to a location,
the target configuration is defined in terms of the object configuration of the object being
manipulated. In the example of pushing described above in detail, the object configuration
may include horizontal coordinates and orientation of the object. The motion planner 470
determines 808 permissible transitions between modes of the robot 130, for example, as
illustrated in FIG. 2A. Then, the motion planner 470 determines the most constrained mode
in the path between the initial configuration 312 and the target configuration 324. The
motion planner 470 computes and stores 814 feasibility of taking a transition configuration
and the utility of the transition configuration.

[0078] A configuration ¢ is then sampled 818 in the configuration space. The
configuration ¢,4,s may be sampled randomly or it may be chosen to coincide with the target
configuration of the object being manipulated by the subject device. A node in a search tree
that is closest in distance to the sampled configuration gq.s is selected 822. The tree is then
expanded 826 from the selected node using expansion strategy. A node newly added at the
end of the expanded tree is defined as an end configuration.

[0079]  After the tree is expanded, it is determined 830 whether the distance between the
target configuration and the end configuration in the tree is below a threshold. If the distance
between the target configuration and the end configuration is below the threshold, the path of
configurations from the initial configuration to the target configuration is extracted and

outputted. If the distance between the target configuration and the end configuration of the

17



WO 2008/154228 PCT/US2008/065677
tree is not below the threshold, then the process returns to the step 818.
[0080] FIG. 9 is a flow chart illustrating a method of expanding the search tree using an
expansion strategy, according to one embodiment of the present invention. First, the object
configuration g, 1s extracted 904 from the target configuration. Then a transition
configuration shared by the most constrained mode (e.g., push mode) and an adjacent mode
(e.g., reach/retract mode) is sampled 908. Sampling of the transition configuration may be
biased so that transition configurations with higher utility are sampled with higher possibility.
Transition configurations that are not feasible may also be excluded from sampling.
[0081] A search is performed 910 backward from the sampled transition configuration to
initial configuration. Transition configurations in modes between the initial configuration
and the mode adjacent to the most constrained mode are obtained. If it is determined 912 that
the search for a path backward is successful, the process proceeds to perform 916 a single
mode planning within the most constrained mode between the transition configuration
sampled in step 908 and the target configuration. If it is determined 920 that the single path
planning is successful, the transition configurations sampled in step 908 and the transition
configurations successfully obtained in step 910 are added to the search tree 924.
[0082] Ifstep 910, step 916 or both steps do no yield a successful path, the transition
configurations are not added to the tree. Instead, the process returns to step 908 to sample
another transition configuration and repeat the steps 910 through 920.
[0083] The steps of FIG. 9 may be performed in a different sequence. For example, step
910 of searching for the path backward from the sampled transition configuration to the
initial configuration and step 916 of performing the single mode planning within the most
constrained mode may be performed in parallel or in a reverse order (i.e., steps 916 and step
920 followed by steps 908 and 910).
ALTERNATIVE EMBODIMENTS
[0084] In one embodiment, the motion planner 470 also implements a blind motion search
strategy where the transition configurations are sampled at equal possibility without any bias.
The blind motion search strategy does not involve computation of the feasibility or utility
before sampling of the transition configuration. The blind motion search strategy, however,
does not bias the sampling of the transition configuration to the transition configuration with
higher utility. Therefore, the blind motion search strategy may result in more numbers of
motions compared to the case where the sampling of the transition configurations was biased
toward a higher utility.

[0085] In one embodiment, only the feasibility information of the transition configurations
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is precomputed and stored in the feasibility table 528. The utility of the transition
configuration is not stored in the utility table 524. The feasibility information is then used to
exclude non-feasible transition configurations from being sampled.

[0086]  Although the present invention has been described above with respect to several
embodiments, various modifications can be made within the scope of the present invention.
Accordingly, the disclosure of the present invention is intended to be illustrative, but not

limiting, of the scope of the invention, which is set forth in the following claims.
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CLAIMS
What is claimed is:
1. A method of planning motions for a subject device operable in two or more modes,
cach mode having a set of constraints on configuration of the subject device, comprising:
receiving a target configuration of the subject device;
selecting a first transition configuration of the subject device from candidate
transition configurations shared by a most constrained mode of the two
or more modes and a first mode adjacent to the most constrained mode,
the first mode placed between the most constrained mode and a mode
of an initial configuration;
performing a first search for a first series of configurations from the first
transition configuration to the initial configuration;
performing a second search for a second series of configurations from the first
transition configuration to the target configuration; and
outputting the first and second series of configurations.
2. The method of claim 1, wherein performing the first search comprises:
sampling a second transition configuration shared by the first mode and a
second mode adjacent to the first mode, the second mode placed
between the first mode and the mode of the initial configuration; and
searching a third series of configurations of the subject device in the first
mode between the first transition configuration and the second
transition configuration using a single-mode planning.
3. The method of claim 1, further comprising generating and expanding a tree including
nodes, each node representing a configuration that may be taken by the subject device to
reach the target configuration from the initial configuration.
4. The method of claim 1, further comprising;:
determining feasibility of reaching transition configurations for the first
transition configuration from the first mode; and
computing utility of the candidate transition configurations for the first
transition configuration, the utility representing changes in
configuration effective in reaching the target configuration within the
most constrained mode from the first transition configuration; and

wherein selecting the first transition configuration comprises sampling a
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candidate transition configuration biased by the feasibility and the
utility of the candidate transition configurations.

5. The method of claim 4, further comprising:
storing the determined feasibility for the candidate transition configurations in
a feasibility table; and
storing the computed utility for the candidate transition configurations in a
utility table.
6. The method of claim 1, wherein the target configuration is in the most constrained
mode, and wherein the second search is performed using a single-mode planning.
7. The method of claim 1, wherein the most constrained mode comprises a mode for
pushing an object.

8. A computer readable storage medium adapted to plan motions for a subject device
operable in two or more modes, cach mode having a set of constraints on configurations that
may be taken by the subject device, the computer readable storage medium structured to store
instructions, when executed, cause a processor to:

receive a target configuration of the subject device;

determine two or more modes taken by the subject device to reach the target
configuration from an initial configuration;

perform a first search for a first series of configurations from the first
transition configuration to the initial configuration;

perform a second search for a second series of configurations from the first
transition configuration to the target configuration; and

output the first and second series of configurations.

9. The computer readable storage medium of claim 8, further comprising instructions to:

sample a second transition configuration shared by the first mode and a second
mode adjacent to the first mode, the second mode placed between the
first mode and the mode of the initial configuration; and

search a third series of configurations of the subject device in the first mode
between the first transition configuration and the second transition
configuration using a single-mode planning.

10. The computer readable storage medium of claim 8, further comprising instructions to
generate and expand a tree including multiple nodes, each node representing a configuration
that may be taken by the subject device to reach the target configuration from the initial

configuration.
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11. The computer readable storage medium of claim 8, further comprising instructions to:
determine feasibility of reaching transition configurations for the first
transition configuration from the first mode; and
compute utility of the candidate transition configurations for the first transition
configuration, the utility representing changes in configuration
effective in reaching the target configuration within the most
constrained mode from the first transition configuration; and
wherein the instructions to select the first transition configuration comprise
instructions to sample a candidate configuration biased by the
feasibility and the utility of the candidate transition configurations.
12. The computer readable storage medium of claim 11, further comprising instructions
to:
store the determined feasibility for the candidate transition configurations in a
feasibility table; and
store the computed utility for the candidate transition configurations in a
utility table.
13. The computer readable storage medium of claim 8, wherein the target configuration is
in the most constrained mode, and wherein the second search is performed using a single-
mode planning.
14. The computer readable storage medium of claim 8, wherein the most constrained
mode comprises a mode for pushing an object.
15. A system for planning motions for a subject device operable in two or more modes,
cach mode having a set of constraints on configurations that may be taken by the subject
device, comprising:
a critical mode planner adapted to select a first transition configuration of the
subject device from candidate transition configurations shared by a
most constrained mode of the two or more modes and a first mode
adjacent to the most constrained mode, the first mode placed between
the most constrained mode and a mode of an initial configuration; and
a search tree expander adapted to perform a first search for a first series of
configurations from the first transition configuration to the initial
configuration;
a single mode planner adapted to perform a second search for a second series

of configurations from the first transition configuration to the target
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configuration; and
a plan path extractor adapted to output a first and second series of
configurations.
16. The system of claim 15, wherein the search tree expander is further adapted to:
sample a second transition configuration shared by the first mode and a second
mode adjacent to the first mode, the second mode placed between the
first mode and the mode of the initial configuration; and
search a third series of configurations of the subject device in the first mode
between the first transition configuration and the second transition
configuration using a single-mode planner.
17. The system of claim 15, the tree expander is further adapted to generate and expand a
tree including multiple nodes, each node representing a configuration that may be taken by
the subject device to reach the target configuration from the initial configuration.
18. The system of claim 15, wherein the critical mode planner is further adapted to:
determine feasibility of reaching transition configurations for the first
transition configuration from the first mode; and
compute utility of the candidate transition configurations for the first transition
configuration, the utility representing changes in configuration
effective in reaching the target configuration within the most
constrained mode from the first transition configuration; and
sample a candidate configuration biased by the feasibility and the utility of the
candidate transition configurations.
19. The system of claim 18, further comprising:
a feasibility table adapted to store the determined feasibility for the candidate
transition configurations; and
a utility table adapted to store the computed utility for the candidate transition
configurations.
20. The system of claim 15, wherein the target configuration is in the most constrained
mode, and the search tree expander is adapted to perform the second search using a single-

mode planner.

21.  The system of claim 15, wherein the most constrained mode comprises a mode for

pushing an object.
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