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Abstract: We introduce new heuristics of HTN (Hierarchical Task Netigygplanning for mobile robots with two
arms/hands that pick and place objects among movable tdstaBased on our new heuristics, the robot
moves obstacles if necessary, picks and places the target®lvithout collisions. The robot chooses the
(right or left) hand to use for each manipulation in ordervoid collisions and reduce the number of obstacle
movements. In most of the previous approaches that comasghkepianning and motion planning, collisions
between an arm and obstacles are checked only by the lowedrdeometric motion planner. Therefore,
the high-level general-purpose task planner often praglacplan that is not executable by the lower-level
modules. On the other hand, in our new heuristics, the tashnglr roughly checks collisions, and produces
executable plans.

1 INTRODUCTION planner to backtrack and call the motion planner many
times. This is a serious problem for service robots
Object manipulation among movable obstacles hasworking in real time. For example, if the task planner
been an important research area of robotics. Typ- calls the motion planner 100 times, and it takes 1 sec-
ically, a service robot equipped with hands/arms ond for each motion planning, then the total time for
moves around, picks and places objects in the envi-motion planning will be 100 seconds, which is unac-
ronment. When reaching a hand to an object, obsta-ceptable.
cles might exist in the path of the arm. Therefore, it This problem arose because the task planner did
is sometimes necessary to avoid or remove the obsta-not consider kinematic constraints of robots and the
cles. obstacles in the environment. For example, consider
Traditionally, the combination (Cambon et al., the blocks world problem, a well-known problem of
2009; Choi and Amir, 2009; Haspalamutgil et al., Al and task planning explained in many widely used
2010; Hauser and Latombe, 2009; Kaelbling and Al textbooks such as (Russell and Norvig, 1995). A
Lozano-Perez, 2010; Wolfe et al., 2010) of high-level typical task of the blocks world problem is to rear-
general-purpose task planning and low-level geomet- range the blocks on the table using a robot arm. In
ric motion planning has played important roles for order to pick the block A or place a block on top
service robots of this kind. In order to do the given of the block A, the robot has to remove all the other
tasks, the task planner makes a rough plan using sym-blocks above the block A. However, neither the path
bolic information. Typical actions of the task plan are, of the robot arm nor the collisions between the robot
for example, “go to tablel”, “pick objectl”, “gotota- arm and blocks are considered. In reality, the robot
ble2”, and “place objectl on table2”. In order to exe- stretches an arm from a side of the table and there are
cute these actions, the motion planner controls robots,many chances of collisions between the arm and other
considering kinematic constraints of the robot and a objects on the table.
detailed 2D/3D map of the environment. This paper presents new task planning heuris-
However, there is a problem in combining task tics for manipulation among movable obstacles. We
planning and motion planning. Even if the high-level consider the use of typical mobile robots with two
task planner makes a plan, it is not always possible hands/arms. Unlike the previous approaches, the path
to execute the plan when the low-level motion plan- of the arm and locations of obstacles are roughly
ner cannot find a path or a grasp. This forces the tasktaken into account by the task planner. Based on our
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new heuristics, the robot moves obstacles if necessary,

picks and places the target objects without collisions.
It is not the aim of this paper to improve efficiency of
motion planning algorithms. We would like to make

The robot cannot grasp the object from above.
Therefore, in order to pick or place an object from the
side, the robot has to control the arm so that it does
not collide with obstacles. We assume two types of

“executable” task plans. shelves. Some shelves have walls like shelves inside

The remainder of this paper is organized as fol- afridge. Some shelves do not have such walls and are
lows: Section 2 describes the problem we solve. Sec-like table tops.
tion 3 shows how to solve the problem based on our ~ We use rough 2D maps to recognize the rough
new task-decomposition heuristics. Section 4 evalu- location of each object. However,we do not use de-
ates the heuristics by means of experiments. Sectiontailed 2D/3D-maps for finding obstacles. Instead, we
5 is the conclusion. use new task-decomposition heuristics for pick-and-
place operations, considering rough geometric and
kinematic constraints.

The robot executes “go to”, “pick” and “place” us-
ing lower-level modules. We do not explain how to
implement these actions by lower-level modules in-
cluding the motion planner. However, we assume the

&obot can pick and place any object on a shelf with
the right (left) hand if there is no obstacle at the right

2 PROBLEM DESCRIPTION

We consider a mobile robot equipped with right and
left hands/arms. There are shelvesinside a room. (Se
Figure 1.) There are some objects on the shelves.

bed table (left) front of the shelf, which will be explained later
] in Heuristic 2.
bed
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side table D g 2 This section shows new heuristics for pick-and-place

manipulation. We express the heuristics using task
decomposition rules of a forward-chaining HTN (Hi-
erarchical Task Network) planning agent called Dyna-
gent (Hayashi et al., 2006). Forward-chaining HTN
planners (Hayashi et al., 2006; Nau et al., 1999) make

Each object has an RFID tag and the RFID reader plans by decomposing abstract tasks into more con-
attached under each shelf can recognize rough 2D-Crete subtasks in the same order that they will be ex-
grid location of each object on the shelf. Each cell ecuted. A task decomposition rule expresses how to
of the 2D grid on a shelf has a unique number. The decompose a task to a sequence of subtasks (= a plan).
robot has a sterio camera, and can pick recognizedA task decomposition rule is applicable when its pre-
objects. For simplicity, we assume that there does not condition holds.
exist more than one object in each cell of the 2D-grid,
and each movable object on the shelf exists inside one3.1  Heuristics for Transferring an
cell. , Object

There is a node on the floor in front of each shelf,
from which, the robot moves an arm to pick or place
an object. Like shelves in a fridge, there might be
more than one shelf in front of a node. The robot
can freely move from one node to another, localizing
itself at each node. Therefore, the problem we solve
is mainly for arm manipulation.

We give the robot the task of transferring an ob-
ject (objectl) from one shelfg¢hel f1 = side table) to
another ghel f2 = upper shelf of the fridge). In or-
der to do the task, the robot needs to go to the node
(node) of shel f1, pickobjectl with the right or left
hand, move to the node¢de3) of shel 2, and place
objectl onshel f2.

1]
[4 ]2 |5~ wall

fridge with two shelves

Figure 1: Room.

The robot is given the task of transferring a specified
object to a specified shelf. This top-level task will
be decomposed as follows where “go to” is an action
= primitive task) and the other subtasks need to be
decomposed further by the heuristics that will be de-
fined later. Even if it is possible to pick an object
with the right hand, in the later stage of planning, we
might find that we cannot place the object with the
right hand, in which case, we need to backtrack and
consider using the left hand. It might seem that we

1Dynagent is a registered trademark of Toshiba Corpo-
ration.



have only two alternative plans that use the right or
left hand. However, there are many ways to decom-

An object or a wall on the ce(X1,Y1) is regarded
as apossible obstacle for the left armapproaching

pose each subtask further. Therefore, there would bethe cell(Xc,Y¢) if YI <Y cand Xc- k< XI < Xc.

more alternative plans.
Heuristic 1. The abstract task:
e Transferobj ect 1 fromshel f 1 to shel f 2.

is decomposed by the following task decomposition
rule whereobj ect1 is an object,cel 1 is a cell,
shel f 1 andshel f 2 are shelves:

e Task decomposition rule:

— Precondition:

x The robot does not hold an object with the

right (left) hand.

— Plan:

1. Primitive: Go to the node cfhel f 1.

2. Abstract: Pickobject1 atcell1 onshel f1
without collision with the right (left) hand by
the heuristic 3.

. Primitive: Go to the node cfhel f 2.
. Abstract: Placeobj ect 1 onshel f 2 with the
right (left) hand by the heuristic 5.

w

3.2 Heuristics for Finding Obstacles

In Figure 2, the robot is facing one side of a rectan-
gular shelf and picking (placing) the object A from
(at) the cell 4. The robot moves the right (or left)
arm diagonally from the right (left) front of the shelf.
Therefore, if there are other objects or a wall at the
right (left) front of the cell 4, there is a high chance
of collision. In other words, if there is no obstacle at
the right (left) front of a cell, it is not difficult to move
the right (left) arm to the cell without collision. This
is our key heuristic for finding obstacles.
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Figure 2: Finding Obstacles.

Heuristic 2. Suppose that the robot is in front of a
rectangular shelf. Let the x-axis of the 2D-grid be the
front side of the shelf. Let the y-axis of the 2D-grid
be the left side of the shelf. Let k be a non-negative
integer. (kis 1 in Figure 2.)

An object or a wall at the cellXr,Yr) is regarded
as apossible obstacle for the right armapproaching
the cell(Xc, Yo if Yr <Ycand Xc< Xr < Xc+k.

A cell is regarded aspproachable for the right
(left) arm if there exists no possible obstacle for the
right (left) arm.

3.3 Heuristics for Picking an Object

There are several ways to pick an object. In order to
pick an object from a cell on a shelf, the robot has to
move an arm to the cell. Even if there is an obstacle at
the right (left) front of the cell, if there is no obstacle
at the left (right) front of the cell, it is possible to move
the left (right) arm to the cell without collisions. Or
the robot might be able to remove obstacles.

Heuristic 3. The abstract task:

e Pickobjectl atcell1 onshel f1 with the right
(left) hand without collision.
is decomposed by one of the following task decompo-
sition rules wheresel | 1 is a cell,shel f 1 is a shelf,
andobj ect 1 is an object:

e Task decomposition rule 1:

— Precondition:

x The robot is at the node shel f 1.

x cell1l on shelfl is approachable for the
right (left) arm (by Heuristic 2).

— Plan:

1. Primitive: Pickobj ect1 atcel | 1 onshel f1
with the right (left) arm.

e Task decomposition rule 2:

— Precondition:

x The robot is at the node shel f 1.

x cel | 1 is not approachable for the right (left)
arm (by Heuristic 2).

— Plan:

1. Abstract: Remove all the possible obstacles
for the right (left) arm approachingel | 1
without collision by the heuristic 4.

2. Primitive: Pickobj ect 1 atcel | 1 onshel f 1
with the right (left) arm.

3.4 Heuristics for Removing Obstacles

This subsection shows the heuristic to remove obsta-
cles. In this heuristic, the robot moves an obstacle to a
different cell on the same shelf without collision. The

robot can move the obstacle to several different cells.

Heuristic 4. The abstract task:

e Removeobj ectl at cell 1 on shel f1 without
collision.



is decomposed by the following task decomposition3.6 Cost Estimation

rule whereobj ect 1 is an objectgel | 1 is a cell, and
shel f 1 is a shelf:
e Task decomposition rule:
— Precondition:
x The robot is at the node shel f 1.
— Plan:
1. Abstract: Pickobj ect1 atcel | 1 onshel f1
without collision with the right (left) hand by
the heuristic 3.
2. Abstract: Placeobj ect1 at another cell on
shel f 1 with the right (left) hand without col-
lision by the heuristic 5.

3.5 Heuristics for Placing an Object

Dynagent keeps several alternative plans. When se-
lecting the plan to decompose a task, it selects a plan
whose estimated cost is the lowest. This is called best-
first search. The cost of a plan is estimated as the sum
of the estimated cost of each task in the plan. We can
specify the cost of each (abstract or primitive) task. If
we do not specify the cost of a task, the cost will be
estimated as 0. If we do not provide cost information
at all, then it conducts depth-first search.

In manipulation planning, it takes time for the
robot to execute an action. Therefore, we would like
to reduce the number of action executions. We es-
timate the cost of each action (= primitive task) as
aroundc (> 0). Although we estimate the cost of each
abstract task as 0, we would like to adjust it more care-

In order to place an object on a cell, the arm needs to fully and improve the efficiency in the future.

be able to approach the cell without collision. There

There are several cells on a shelf. We would like to

is more than one cell to place the object at. (This Place the object as far as possible from the front side.
produces alternative plans.) In addition, we would Therefore, we slightly reduce the cost when placing
like to place the object as far as possible from the an object on the far side of the shelf.

robot so that the robot can place many objects on  Normally, if there is no wall on the shelf, it is
the shelf. If the robot places an object near the front closer for the right (left) arm to approach the right
side, it m|ght become an obstacle when p|acing an- (Ieft)-hand side of the shelf. However, if there are
other object. Note that “bottom-left” and “bottom- ~ Walls on the right- and left-hand side of the shelf, it
right” (Baker et al., 1980) are well known strategies IS €asier for the right (left) arm to approach the left

for bin-packing.
Heuristic 5. The abstract task:

e Placeobjectl on shel f1 with the right (left)
hand without collision.

(right)-hand side of the shelf without colliding with
a wall. Therefore, we adjust the estimated costs of
pick-and-place tasks accordingly.

Heuristic 6. Suppose that the robot is in front of a
rectangular shelf. Let the x-axis of the 2D-grid be the

is decomposed by the following task-decomposition front side of the shelf. Let the y-axis of the 2D-grid be

rule whereobj ect 1 is an object,shel f1 is a rect-

the left side of the shelf. Letbe the width (number of

angular shelf, the x-axis of the 2D-grid is the front cells) of the shelf. Let, mandn be positive constants.

side ofshel f 1, and the y-axis of the 2D-grid is the
left side ofshel f 1:

e Task decomposition rule:
— Precondition:

*x The robot is at the node ghel f 1.

* Nothing is at the cel(X,Y) shel f 1.

x The cell(X,Y) onshel f 1 is approachable for
the right (left) arm (by Heuristic 2).

x The cell(X,Y + 1) onshel f 1 is either off the
shelf or not approachable for the right (left)
arm (by Heuristic 2) or there is an obstacle at
(X,Y+1).

— Plan:

1. Primitive: Place objectl at (X,Y) on

shel f 1 with the right (left) hand.

Suppose that each of X, n¥(w-X-1), andn*Y is much
smaller tharc where (X,Y) is a cell on the shelf.

e The cost of “go to” isc.

e When there is no wall on the shelf, the cost of pick-
ing an object from (X,Y) with the right handds
meX.

e When there is no wall on the shelf, the cost of pick-
ing an object from (X,Y) with the left handds-
mF(w-X-1).

e When there are walls on the right- and left-hand
sides of the shelf, the cost of picking an object
from (X,Y) with the right hand is - m*(w-X-1).

e When there are walls on the right- and left-hand
sides of the shelf, the cost of picking an object
from (X,Y) with the left hand is - nX.

e When there is no wall on the shelf, the cost of plac-
ing an object at (X,Y) with the right hand ¢s-
mX-n*Y.



When there is no wall on the shelf, the cost of plac-
ing an object at (X,Y) with the left handds nt(w
X-1)1*Y.

When there are walls on the right- and left-hand
sides of the shelf, the cost of placing an object at
(X,Y) with the right hand is - m*(w-X-1)-n*Y.

When there are walls on the right- and left-hand
sides of the shelf, the cost of placing an object at
(X,Y) with the left hand is - n¥X-n*Y.

3.7 Examples

This subsection shows some plans for pick-and-place
manipulation that are made from the heuristics intro-
duced in this section.

Example 1. As shown in Figure 3, initially, the robot
is atthe node 1, and the objects A, B, C are at the cells
1, 5, 6 on shelfl, respectively.

Given the task of transferring A to shelf2, the robot
first goes to the node 2, and picks A with the left hand
avoiding collision with B and C. Then, the robot goes
to the node 3, and places A at 3 on shelf2 with the left
hand, following the “far-right” strategy. Note that
the robot cannot pick A directly with the right hand
because it might collide with B and C.
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Figure 3: A Plan for Transfering an Object (1).

Example 2. As shown in Figure 4, initially, the robot

is atthe node 1, and the objects A, B, C are at the cells
1, 5, 6 on shelfl, respectively. Given the task of trans-
ferring B to shelf2, the robot first goes to the node 2.
In order to remove the obstacle C, the robot picks C
with the right hand, and places C at 7 on shelfl with
the right hand, avoiding collision with B. Then the
robot picks B with the right hand, goes to the node 3,
and places B at 1 on shelf2 following the “far-left”
strategy. Note that the robot needs to use the right
hand when placing B at 1 on shelf2 to avoid collision
with the wall.

Example 3. In Example 2, if initially there is another
object D at the cell 1 on shelf2, then the robot cannot
place B at 1 on shelf2. In this case, as shown in Fig-
ure 5, the robot will place B at 3 on shelf2 following
the “far-right” strategy. The robot uses the left hand
when picking and placing B. Note that the robot needs
to use the left hand when placing B at 3 on shelf2 to
avoid collision with the wall.

1. right hand

Initial Position
of the robot
2. right hard
BN P

shelf2
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Figure 4: A Plan for Transfering an Object (2).

1. right hand

Initial Position
of the robot
2. left rand
3

Figure 5: A Plan for Transfering an Object (3).
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4  EXPERIMENTS

We tested the scenarios in Examples 1, 2, and 3 us-
ing a service robot called SmartPaf \SmartPal V

is a mobile robot equipped with two hands/arms. The
robot can recognize an object through a stereo camera
and pick the recognized object.

We placed SmartPal V in a room shown in Figure
1. The side table and the upper shelf in the fridge in
Figure 1 correspond to shelfl and shelf2 in Figures 3,
4, and 5. The width and depth of each cell on shelfl
are both 150 mm. The width and depth of each cell
on shelf2 are respectively 200 mm and 130 mm. The
objects (PET bottles) A, B, C and D have RFID tags,
and the rough location of each object can be obtained
through the RFID reader.

We installed a forward-chaining HTN planning
agent, Dynagent (Hayashi et al., 2006), on a PC
(Windows XP), and connected it with other mod-
ules on SmartPal V through the middleware called
OpenRTM-aist 1.0.0.

We confirmed that the robot can execute the plans
in Examples 1, 2, and 3 without collision with ob-
stacles. (We also tested other similar scenarios using
different shelves in the room.) In Figure 6, the robot
is moving an obstacle (C) on a side table so that it
can pick the target object (B) without collision with
C. In Figure 7, the robot is placing an object (B) on
a shelf inside a fridge. In order to avoid the collision
with the wall, the robot is using the right hand when
placing an object at the far-left corner. Similarly, the
robot is using the left hand when placing an object at
the far-right corner.

2SmartPal is a registered trademark of Yaskawa Electric

Corporation.
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5 CONCLUSIONS

In order to make executable task plans, we introduced APPENDIX
a new task-decomposition heuristics of HTN planning

for pick-and-place manipulation. Based on the plan, A part of this work is supported by a grant from the in-
the robot uses an appropriate (right or left) hand to telligent RT project of the New Energy and Industrial
pick and place an object without collisions, and re- Technology Development Organization (NEDO). We
moves some obstacles if necessary. also would like to thank the researchers of Yaskawa

~ We tested our task-decomposition heuristics us- Corporation who cooperated with us in conducting
ing a real robot and shelves in the room in Figure 1. experiments.

We confirmed that our heuristics work as long as ob-
jects are on standard shelves (with/without walls) and
within the reach of a robot hand. We also confirmed
that planning time is acceptable.

Because the HTN planner considers rough loca-
tion of objects and kinematic constraints of robot
arms, the plan is executable for lower-level modules
that use motion planners, which is different from the
previous approaches that combine task planning and
motion planning. Therefore, it is possible to avoid
backtracking and execute the plan in real time.



