344 =4-8}3] =5A] A6HE A4 (2011. 12)

A71-57] A<= AT olF wyFEdlelg e ApA A

Pose Selection of a Mobile Manipulator for a Pick
and Place Task
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Abstract A mobile manipulator is a system with a robotic manipulator mounted on top of a mobile
base. It has both indoor and outdoor applications for transporting or transferring materials. When a
user gives commands, they are usually at high levels such as “move the object to the table,” or “tidy
the room.” By intelligently decomposing these complex commands into several subtasks, the mobile
manipulator can perform the tasks with a greater efficiency. One of the crucial subtasks for these
commands is the pick-and-place task. For the mobile manipulator, selection of a good base position
and orientation is essential to accomplishing this task. This paper presents an algorithm that
determines one of the position and orientation of a mobile manipulator in order to complete the pick-
and-place task without human intervention. Its effectiveness are shown for a mobile manipulator with

9 degrees-of-freedom in simulations

Keywords: mobile manipulator, pick-and-place, pose selection, grasp planning

1. Introduction

Traditionally, robots have been developed for
industrial applications, but recently they are being
developed for a variety of service applications such as
medical robotics, hazardous material handling, and home
-service robots. Unlike industrial robots, these robots
operate in home environments that constantly change,
and perform various tasks to assist humans. They are
typically designed with a mobile manipulator for which
a manipulator is mounted on a mobile base. This
provides the mobility and object-handling capability
necessary for service robots.

Service robots often perform catch-and-ferry operations
wherein they grasp and move common objects like cups
and bottles. They also perform pick-and-place (PNP)
operations wherein more intelligence is required to place

an object in a particular pose, i.e., position and orientation,
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that is consistent with the current context. When tidying
up a room, for example, PNP operations are needed
many times to place objects in appropriate poses.

A PNP operation consists of moving mobile base of
the robot near an object, and then grasping the object
using manipulator of the robot. If the target placement
location is within the current

work volume, then the manipulator places the object
while the mobile base remains fixed. Otherwise, the
mobile base has to move near the target location before
object placement. In order to reliably and efficiently
perform the PNP operation, the robot requires an
integrated algorithm that combines navigation, object
recognition, grasp pose determination, visual servoing
while the object is being grasped, another possible
navigation, and object placement.

So far, the research on mobile manipulation has been
concentrated on using redundant degrees of freedom
(dof) resulting from the combination of the mobile base
(3 dof) and the manipulator (5 or 6 dof) for smooth and



seamless execution of various tasks!™. A system
integration aspect of mobile manipulation was recently
presented by L. Petersson’”, where the components of
the PNP operation are rigorously treated to find optimal
order of execution. T. Takahama presented motion
planning and system integration algorithms for a mobile
robot with dual manipulators for the specific task of
arranging books in a bookcase!”.

R. David presents a method to inverse kinematics for
mobile manipulator grasp pose selection which integrates
obstacle avoidance and joint limit checking into the pose
selection process.”) However this paper does not propose
the optimal solution to solve the PNP problem, which
has a few of pick-and-place tasks.

Thus, almost papers assume that the pose of the
mobile base is given, and thus do not provide a solution
to a PNP problem on mobile manipulation in general,
changing environments. In my previous works™, the
solution of the position of robot base in the process of
PNP tasks was proposed. In this paper, the solution of
the pose of robot base is proposed.

Our paper presents an algorithm that determines the
poses of a service robot’s mobile base that are required
to perform PNP operations in a changing environment.
Section II presents a rigorous analysis of the PNP
operation for a mobile manipulator, while Section III
describes robotmodeling and training-data-acquisition
techniques for mobile manipulation. Presented next in
Section IV is the pose determination algorithm for the
mobile base during PNP operations. Simulation results
and conclusions are then presented in Section V and VI,
respectively. For the purpose of this paper, the term
“robot” refers to a mobile manipulator, “pose” refers to
both the position and orientation of the mobile base or
an object, and “configuration” of the manipulator refers
to the set of joint angles that completely specifies the

pose of each manipulator link.

2. Problem Description

The pick-and-place problem for a robot manipulator

involves the kinematic constraints of the robotic arm,
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grasp constraints for a stable grasp, collision avoidance
between the gripper and other objects, and collision-free
motion for moving the robot base and arm. We use the
term geometric constraints to refer to the restrictions
related to the grasp geometry and collision avoidance
between the robot and objects in its environment. First,
we describe the PNP problem for a robot arm, and then

describe the same problem for a mobile manipulator.

2.1 Pick and Place Task for Manipulator

The procedure for a general PNP operation is a
sequence of arm approach toward an object, grasp
operation, transfer movement, place operation and
retraction movement. In order to successfully execute
each of these steps, there must be a solution for the
inverse kinematics of the manipulator and a collision-
free path for the manipulator. Even when these exist,
there may be no feasible manipulator motion due to the
geometric constraints of the grasp poses (there may still
be collisions between the gripper and objects in the
workspace). On the other hand, there may be a grasp
pose that enables both pick and place operations, but
there may not be an inverse kinematic solution or
collision-free motion to achieve the grasp pose. This
shows the complexity of PNP operations, which have
interrelated constraints including kinematics, grasp
planning, and collision-free path planning[g]. The set of
constraints affecting the grasping and thus PNP
operations can be defined as follows.

Definition 1. Let G,(0) and G,i(o)be the sets of
grasp poses used to pick up and put down an object, o,
respectively. These poses are defined with respected to
the object’s reference frame. Further, let g, ¢, k, and m
denote the satisfaction of grasp constraints (for stable
grasp of the object), collision constraints (for avoiding
collisions with robot hand and objects other than the one
to be grasped), kinematic constraints (for satisfying
inverse kinematics of the robot arm to place the hand at
the grasp site) and collision-free motion constraints (for
moving the robot arm so the hand can reach the grasp

pose without collisions), respectively. Then the set of all
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feasible grasp poses at the pick up and put down sites

can be expressed as

Gjnu\g(’km and G})dlgdmn'

In Fig. 1 below, the set of all gripper (robot hand)
poses that are generated by rotating the hand about the
axis y,constitutes the grasp poses satisfying the grasp
constraints and collision constraints (since there is no

other object to cause gripper collision), G Arm

pdige:
kinematic and motion constraints still need to be
checked in order to be used for an actual grasping
operation. The following theorem is useful for checking
the existence of a PNP operation without a re-grasping
step between the pick up and put down motions.
Theorem 1. It is necessary that G, =0,

pul gckm

n G[)d\gf'km
for the existence of a common grasp pose, g, that can
be used for both pick-up and put-down motions so that
the re-grasping step is not necessary for the PNP

operation.

Grasp frame

Fig. 1. Grasping geometry.

2.2 Pick and Place Task for Mobile Manipulator

Compared to PNP operation of a manipulator, PNP of
a mobile manipulator has two more steps. They are
moving the mobile base at the beginning so the object
to be grasped is within the workspace of the
manipulator, and moving the base after the grasp so the
target pose of the object for put-down operation is

within the workspace. Fig. 2(a) shows a top-down view

working

volume

object

Fig. 2. (a) robot work space. (b) two of the feasible robot poses,
P,,, to grasp the object are A and B.

of a manipulator’s workspace. For a grasp operation, the
object has to lie within the donut-shaped region bounded
by the minimum radius (Ru.») and the maximum radius
(Rmax) of the robot’s workspace. If there is a limit on the
base joint of the manipulator, the donut is clipped to a
C shape. At the same time, the robot should not collide
with other objects in its workspace. There are usually
infinitely many robot poses (P,) that satisfy both the
workspace and collision constraints. The furthest pose
from which the robot can grasp an object is when the
object lies on the outer boundary circle, while the
closest pose is when it lies on the inner boundary circle.
Similarly, to the grasp poses, let P, ,..(F, .)denote
the set of all kinematically feasible, collision-free robot
poses from which to pick up (put down) an object. The
C shapes in Fig. 2(b) represent only kinematically
feasible robot poses, P,,. If we further impose the
constraints that the robot’s body and arm do not collide
with other objects, we get P,

Optimal robot poses for both the pick and place
operations need to be selected from these sets, which are
in turn checked for compatibility with grasp poses and
the existence of collision-free motions of the robot body
and arm.

For the example task shown in Fig. 3, the user



Fig. 3. A pick-and-place task for a mobile manipulator

command is simply “move the object in Pose @ on Table
at left to Pose b on Table at right.” The robot’s base
pose can be either Pose ril or ri2 to grasp the object,
and rtl or re2 to put down the object.

When both of the initial and the target poses of the
object do not lie in the same workspace, a collision-free
path from the initial pose to the target pose of the robot
base must exist to complete the PNP operation. There
are many algorithms for path planning or navigation

planning">" that runs in near real-time.

2.3 Robot Pose Selection Strategy for Pick

and Place Task

Previous research on the pick-and place task can be
found in [10], where a planning algorithm is proposed
to move an object from an initial pose to a target pose
with a robotic arm. This algorithm builds a grasp look-
up table that enumerates all kinematically feasible grasp
poses for each point in the robot’s workspace at a preset
interval. Once this table is built for a particular
manipulator, it can be used repeatedly to solve PNP
problems for that manipulator. When searching for the
optimal grasp pose, each of the grasp poses in the table
is tested for geometric feasibility in real-time. The
algorithm then generates a sequence of moves to move
the object to the target pose, which possibly include a
regrasp step between the pick-up and put-down
operations.

This research makes use of the grasp look-up table to
find a sequence of moves so that a mobile manipulator

can perform PNP operations. We model a mobile
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manipulator in two ways: a combination of a mobile
base (3 dof) and a manipulator (6 dof), and one
continuous linkage from the robot base to the
manipulator hand (9 dof). The mobile base is modeled
as a 3-dof linkage consisting of two prismatic joints for
its position (X, y) and one rotary joint for its orientation.
Fig. 4 (a) and (b) respectively show the kinematic
modeling using the Denavit-Hartenberg (DH) notation
for the mobile base and the manipulator. We use this
dual modeling method because depending on the
complexity of a PNP task, we may need a sequence of
3-dof and 6-dof motions, or we may need a series of

continuous 9-dof motions.

{a) mobile base

{b) manipulator

Fig. 4. Kinematic modeling of the base and manipulator

3. Algorithm

Our robot base pose determination algorithm works in
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two steps. First, it builds the feasible grasp look-up
table, and based on this table, the robot determines the

optimal base poses to pick up and put down the object.

3.1 Pose selection strategy for pick and

place task

The robot workspace is partitioned into a set of nodes
by sampling each of the axes radius (»), pan(é) and tilt
(4) at fixed intervals. A local rectangular coordinate
system (x,, s, z,) is then placed at each node, where x,,
Vn, zn denote the unit vector representing the X, y, z axis
of n” node’s coordinate system. We then rotate the local
coordinate system about z, by an angle o and about x,,
by an angle S at a regular interval to generate dense
samples of possible grasp orientations for the robot
hand.

For each of the grasp pose at each node, we compute
inverse kinematic solutions. The poses with a solution
constitute the kinematically feasible grasp poses for each
hand position of the robot’s workspace. For the FARA
AS2 manipulator we wuse, there are 2380 nodes
representing the workspace, and for each node there are
648 grasp poses, resulting in 1,542,240 grasp poses. To
select kinematically feasible grasp poses, the resolved
motion rate control (RMRC)"' is used to move the
robot hand from its home position in a straight line. In
applying RMRC, we assume the floor is the only object
in the robot’s workspace. When there is a kinematic
singularity on the straight-line path, RMRC may not find
an inverse kinematic solution at the grasp pose. In such
cases, the robot arm is placed in a configuration with a
maximal manipulability before moving on the straight
line to increase the chance of avoiding singularities and
finding a solution.

All the kinematically feasible grasp poses (&, [)
found this way is stored in a table indexed by(x,, ¥, z.)
and is called the (kinematically feasible) grasp look-up
table (see Table II for an example). As mentioned
before, this table is computed once for a manipulator
and used repeatedly in any work environment. Because
of this, we are able to afford the computation of over

a million grasp poses.

Table 1. An example of a grasp look-up table

X y z o range of fB
679 -192 269 330 180 360
679 -192 269 340 180 360
679 -192 269 350 180 280
679 -192 269 350 300 360
679 -192 269 360 180 350
705 202 370 10 240 240
705 202 370 10 270 350
705 202 370 20 240 240
705 -202 370 20 270 350
705 202 370 30 230 240

3.2 Determination of Robot's Base Poses

Depending on whether or not the robot can execute
the pick-and-place operation from a fixed base pose, we
have developed two separate algorithms. Let (Rpa)pu and
(Rmax)pa be the largest distances at which the robot can
grasp an object at the pick-up and put-down locations,
respectively. Depending on whether the distance between
the pick-up position and the put-down position is greater
than (Rumax)put(Rmax)pa, different algorithms are developed
as described below. The overall flow of these algorithms

is shown in Fig. 5.
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Fig. 5. Flow chart for the overall algorithm



3.2.1 Base Pose selection for pickup tasks

The problem of determining the robot’s base pose for
picking up an object is equivalent to that of determining
the pose for put-down operation. Thus, we will only
describe the algorithm for pick-up operation. The robot’s
base pose has to be selected among those that are
kinematically feasible and geometrically feasible (no

collision), which we denote as G The grasp pose

pul ke
look-up table that has been pre-computed is utilized to
perform the search in a short time. From the look-up
table, we select all the nodes whose z coordinate is
within a small distance from the z coordinate of the
object to be grasped. The x and y coordinates are the
positions of the nodes relative to the robot base
coordinate frame in the 2D plane. The absolute position
of the robot base that enables grasping of an object at
one of the nodes can be anywhere between the two

circles of radii Runand R, centered at the node, i. e.,
Rmin < (x -XI1ade)2+(y -ylmde)2 < R)nax (1)

We have already verified during the look-up table
build-up the kinematic feasibility. Among all such nodes,
we select those that do not cause collisions between the
robot and the objects in the environment, and sort them
by the distance from the robot’s starting position in the
increasing order. The final pose of the robot base for the
pick-up operation can be written as

Ty = (R P ) )

One thing that needs to be done at this point is to
align the orientation of the robot base, ), so the robot
arm is pointed toward the object to be grasped. The &
can be easily computed from the node position with

respect to the robot base coordinate frame as follows:
@ = cos” (x/r) 3)

where X, y are the x, y coordinates of the node and
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r=Vazl+y?

After the robot moves to the pose of one of the
nodes, the pose of the object to be grasped is computed

as
Rp— (W) lor @

where § 7 is the object frame w.rt the world frame.
Besides the proximity of the nodes to the robot’s
starting position, we also prefer the grasp pose with the
largest grasp angle range, f. This gives the best chance
to find a kinematically feasible, collision-free robot base

pose for picking up the object.

3.2.2 Base pose selection for both pickup/place tasks

Generally speaking, accurate control of a mobile robot
is often hampered by the wheel slippage and errors in
the odometer sensing. For a manipulator, repeated
calibration and visual servoing are done to increase the
accuracy of its operation. It is, therefore, advantageous
to pick-up and put-down an object from the same robot
base position. To do so, a grasp pose keinematically and
geometrically feasible at the pick-up site must be also
feasible at the put-down site. Let {p,, .} and {p,.} be
the set of all feasible grasp poses at the pick-up and put-
down sites, respectively. Then the pick-and-place
operation can be performed from a fixed robot base pose
if

{Ppmpd\kc} = {Ppu|kc} N {[)pd\k’c}¢ 0 (5)
which is a restatement of Theorem 1.

Fig. 6 shows the two donutshaped regions that
represent {5} and {F,,. }. Their intersection is the
set of possible grasp pose that are kinematically and
geometrically feasible at both sites. A node that does not
cause a collision between the robot and the objects in
the environment and that offers the maximum grasp
angle range is then selected as the final pose of the

robot base.
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Fig. 6. Kinematically feasible robot position for pick-up/put-down
poses.

4. Grasp and motion planning algorithm

The algorithm in Section III finds the robot base
poses that are kinematically and geometrically feasible
for a PNP operation, but are not fully qualified as a
solution yet. In some cases the pose may cause a
collision between the gripper and the object to be
grasped. In other cases, the robot arm may be trying to
reach the object from one of the chosen base poses, but
there may not be a collision-free path for the arm. In
still other cases, a feasible base pose may not be
reachable by the mobile base from the current pose of
the robot. We therefore use a grasp planner and a
motion planner to eliminate the base poses falling into

these three cases.

4.1 Grasp Planning

To achieve a stable grasp, our grasp planner aligns
the hand frame affixed to the midpoint between the two
fingers of the gripper to the grasp frame affixed to near
the object’s center of mass. The hand frame is then
rotated about the y axis of the grasp frame by an angle
p at preset intervals in order to find the angles that do
not cause collisions between the gripper and the object
to be grasped and/or other objects near the gripper (see
Fig. 1). Only the grasp poses that pass this test are used

for further processing.

4.2 Path and Motion Planning
To find a collision-free path of the shortest length for
the mobile base, we can use A* search, a Voronoi

diagram, randomized search or plain grid search

algorithms. These path planners have been well
developed in the past decadel'*'*!

Finding a short, collision-free arm motion is
performed in three steps. First, RMRC is used to move
the hand to the grasp pose in a straight line. If there is
a collision during this motion, a more complete motion
planner such as SANDROS™ is used to find a collision-
free motion, which guarantees the solution if one exists,
up to a certain resolution. If there is no inverse
kinematic solution due to an encounter with a kinematic
singularity, we can either choose a different grasp pose
or use the full 9 dof of the mobile manipulator to get
around the singular point. We can also use the algorithm

U In our

by G. Marnani to avoid singularities
experiments, most cases are solved using only the first

two steps.

5. Simulation Experiments

Our algorithm is implemented in C programming
language, and verified in simulation using OpenGL in
Windows environment. Shown below are two
simulations: the first task executable with a fixed robot
base pose, the second requiring the robot base to move.

When the distance between the pick position and put
down is less than (Ruax)put(Rmax)pa, it 1s advantageous to
perform the PNP operation using only the manipulator
arm from a fixed robot base pose in order to minimize
control errors. Fig. 7(a) shows the target pose and initial
pose of the block, and (b) shows the scenario of moving
a block from the table on the right to the left. Although
it is possible to pick up the block from base pose B,
move the base to pose A, and put the block down from
there, it is better to find a base pose like C (Fig. 7(c)),
from which the robot can perform both the pick-up and
put-down operations (Fig. 7(c)-(d)). It took about 8 mili-
second to find such a pose between the two tables.

When the distance between the pick position and put-
down position is greater than (Rua)put(Rmax)pd, oOUT
algorithm finds separate base poses for pick-up and put-
down operations. The robot then has to move between

these poses. Fig. 8(a),(b) show the orientation of block
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Fig. 7. Simulation example 1

at target pose and initial pose, and (c) shows a case
where the block’s starting point is too far from the table
where the block is to be placed. Our algorithm chooses
base pose B to pick up the block and pose D for the

final placement of the block. Poses like C are eliminated

Target Pose

(£)

Fig. 8. Simulation example 2
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since they cause a collision between the robot and the
table when trying to put down the object. On a typical
PC, it took less than 1 second to find Pose B and D.

6. Conclusions

We have

determination algorithm for service robots so that they

presented an optimal robot pose
are capable of performing pick-and-place operations
reliably in everyday human-living environments. The
efficient performance of this algorithm is verified by
simulation results. The proposed algorithm finds a
solution in 1 second, and it is combined with a collision-
free motion planning algorithm to develop a complete
pick-and-place algorithm for mobile manipulators.

The future work includes the integration of visual
servoing into our current algorithm. Our algorithm
assumes that the robot has perfect control and has
accurate models of the objects in its workspace. Because
of modeling errors and errors in the robot’s pose due to
control error, visual servoing is necessary to correct

these errors. When this is done, we are going to have

a truly autonomous robot system that can
transport/transfer objects without detailed human
instructions.
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