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1. INTRODUCTION

A robot came to play an active role in many fields from this cen-
tury. In the robot manipulator, studies came to be performed for
the manipulation robot which played an active part in various cat-
egories, similarly. Therefore, the use of robot manipulator worked
in several domains such as power plants for maintenance and man-
ufacturing factories for production (Figure 1) has been researched
upon considerably [1-3].

These manipulation tasks tend to be complex. We have consid-
ered the technique that the complicated tasks could be carried
out as easy as possible by using the concept called the skills
[1-3]. The “skills” are technique to resolve one task into the
sequence of motion primitives by making reference to person’s
operational execution. If each motion primitive is feasible using
a manipulator, it is possible to carry out the task using the robot
in many cases.

The robot causes failure as well as a person, too. In late years
practice of the difficult task performed by a robot is often
demanded, and studies of error recovery have been also pro-
posed [4-7]. However, most are studies of recovery which
corrects difference in trajectory of manipulator. The study of
error recovery in which restoration from failure is performed

is hardly done.

We studied the technique of recovery for various error classes
from a small error to big failure [8,9]. About small-scale trajectory
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In general, a manipulation task can be composed of many skill primitives. Therefore, it is desirable to carry out plural visual
sensing in most skill primitives; however, performing sensing all the time is difficult. In this paper, we propose the addition of
importance ranks to the attribute of skill primitives in order to derive a suitable timing for performing sensing. Furthermore, we
show that the skill primitives distinguished by their high importance ranks considerably correlates with error recovery.
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adjustment, error recovery is carried out by a forward correction
process. However, it is difficult to correct big error with the method
of the trajectory adjustment. In the big failure, error recovery is
performed by a backward correction process which returns to the
previous step.

A task performed by manipulator consists of several skill primitives,
and it is desirable that visual sensing is performed in most of skill
primitives. However, performing sensing all the time is difficult
because of some restrictions. In this paper, we propose to distin-
guish skill primitives according to their importance ranks to select
the primitives with suitable timing of visual sensing. Furthermore,
we show that the skill primitive distinguished according to a high
rank is deeply related to the skill primitive in which error recov-
ery is considered in advance. In addition, visual sensing is assumed
to be performed precisely to stop movement before and after skill
primitives are executed.

In the next section, skills performed by manipulator and the strat-
ification of manipulation tasks are explained. The procedure of
marking manipulation skill by the importance ranks is proposed
in Section 3, and a concept of error recovery and a method of error
classification are described in Section 4. Section 5 presents the
effectiveness of applying importance ranks to skill primitives using
examples of repacking tasks.

2. STRATIFICATION OF TASKS

In this section, fundamental matter about manipulation skill is
explained, the details can be found in Hasegawa et al. [1].
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Figure 1 Maintenance robot.
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Figure 2 Manipulation hierarchy.

2.1. Concept of Skills

We observed and analyzed human behavior in motion, and it was
derived that movement of one task consists of sequence of plural
meaningful primitives of motion. We named such primitives of
movement “skills” [1]. For example, there are move-to-touch skill,
rotate-to-level skill, and rotate-to-insert skill. In assembly task, a
particular task can consist of these skill primitives. Therefore, these
skills mean fundamental skills. There are various methods of the
resolution to the sequence with respect to the task. We proposed
a method using fluctuations of number of contacting points in a
motion primitive of skill [2]. Furthermore, a lot of skills can be
derived by observing and analyzing human behavior in motion.

2.2. Stratification of Tasks

Figure 2 shows a hierarchy of manipulation tasks [8]. If the servo
layer is disregarded, the skill layer means the lowest layer marked
the task® layer. This skill layer is composed of elementary motion
primitives. Further, the task®" layer is a layer on one of task® layer.
About the layer above it, the task®* ! layer is located one tier above
the task® layer, similarly. And, the top layer is task™.

3. ADDITION OF IMPORTANCE RANKS IN
SKILL PRIMITIVES TO DERIVE SUITABLE
TIMING FOR VISUAL SENSING

Ideally, visual sensing should be performed twice in each skill
primitive to derive the exact posture of the objects before execution
and confirm the last state of objects after execution. However, in
actuality, it is difficult to carry out sensing at all sensing points
because of the restrictions of time and hardware.

We researched the timing appropriate to visual sensing in skill
sequences with error recovery in Nakamura et al. [10]. It is efficient
that a visual sensing is performed by considering the difficulty in
accomplishing a skill primitive, as shown in Case 4 of Section 4 of
Nakamura et al. [10]. The degree of necessity of a visual sensing
is derived based on the consideration of the following idea in this
paper. An importance rank derived from the degree of the neces-
sity of sensing was added to the attribute of each skill primitive.
Moreover, the priority of performing visual sensing in each skill
primitive can be derived by deciding the whole value of the impor-
tance rank in the total task. To decide the value of an importance
rank, an operator’s teaching is allowed, although it is desirable to
decide the value automatically.

Let us consider importance ranks with a transfer task (Figure 3)
and grasping and gripper-open tasks (Figure 4) as an example. In
the transfer task, it is designated that a skill primitive in which strict
visual sensing is needed has first priority and that a skill primitive
with grasping one or more objects has second priority (Table 1). In
the grasp and gripper-open skills, the skill primitive in which the
contact state, with the grasped object, changes has the top priority
(Table 2). The timing of efficient visual sensing in a total task can be
derived by considering an importance rank in each skill primitive
according to Tables 1 and 2.

4. ERROR RECOVERY USING
CLASSIFICATION

The real performance may differ from the ideal performance. Errors
occasionally happen by various reasons in actual manipulation.
Our ideas of classifying errors and a stream of error recovery process
with hierarchy of task are described in this section (for more details,
please refer to Nakamura and Kotoku [8]).

Figure 3 Transfer task.
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Figure 4 Grasping and gripper-open task.

Table 1 Importance rank of transfer skill

Importantrank Conditions

H" (1) The target position and orientation are demanded strictly.
H"(2) The hand is grasping one or more objects.
L" (= H" (3)) Other than the above.

H' (1) > H' (2) > L" (= H' (3)).
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Table 2 Importance rank of grasp and gripper-open skills

Important rank Conditions

He (1)
L (= H°(2))

The contact state with the grasped object changes.
Other than the above.

HS (1) > LE (= H® (2)).
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Figure 5 Process flow with error recovery.

4.1. Classifying Errors

The reasons of failures in practice of manipulation are attribut-
able to several types of errors. We grouped the states of errors into
plural classes, namely execution, planning, modeling, and sensing,
according to causes [8].

Merely remedying the origins of these errors does not always reach
perfection of recovery. When the environment of robotic work changes
by the error very much, it may be needed to go back to a former step.

4.2. Recovery Based on Classifying Errors

A generalized flow showing process of stratified tasks taking
error recovery into consideration was proposed in Nakamura and
Kotoku [8]. Figure 5 illustrates the central portion of Figure 10 in

Nakamura and Kotoku [8]. Error recovery is executed through
a backward correction process in this process. At the step of confirma-
tion in each skill primitive task®®  , the outcome is decided as cor-
rect or error by using an automated-means or a human judgment.
Error recovery is practiced based on the following classifications.

Class 1: It is judged that the error is an execution error, and task” |
is practiced repeatedly with no correction of the parameters.

Class 2: It is decided that the error is a planning error, and task®
is carried out repeatedly with correcting planning parameters.

Class 3: It is decided that the error is a modeling error, and task® W
is carried out repeatedly with correction of modeling parameters.

Class T": It is decided that the error is a sensing error, and task® |
is carried out repeatedly using different sensing parameters.

Class T®: task® 'is practiced repeatedly after the required changes
are performed and goes back to the initial position one tier above

M
layer task® .

Class T™: task™_ is carried out repeatedly after necessary
changes are done and goes back to the initial position at (max — 1)

tier above layer task™ .
il)

Class Tt +Y: When too many changes are judged to be necessary,
the process being carried out is aborted.

5. IMPORTANCE RANKS IN SKILL
PRIMITIVES WITH ILLUSTRATION
OF REPACKING TASKS

Let us consider manipulation robots playing an active role in phys-
ical distribution. Then, take into account tasks of repacking objects
from a large box into a small box at a distribution center and the
processes of error recovery for the robot tasks. Here, a represen-
tative task of lifting up an object pointed out by using the parallel
jaw gripper on the robot [11] is selected, and an importance rank is
considered for each skill primitive according to Section 3.

The principal errors in the repacking tasks are described in this
section. And the process of recovery is explained with respect to each
error. Moreover, we take into account the relation between typical
errors of the task and skill primitives with high importance degrees.

5.1. Sequence of Repacking Tasks

Let us consider the task of picking up and placing objects such as
Plastic bottles by using a manipulation robot with a gripper. The
processes are shown in Figure 6. Figure 7 shows the flow of the task
sequence if there is no error. These motion primitives are as follows.

(Skill,) Move-to-approach: Moving to the starting point of the
approach motion.

(Skill,) Pre-grasp: Opening to grasp the object.

(Skill,) Approach: Moving at low speed until arriving at the grasp-
ing point.
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Figure 6 Picking and placing task using a gripper.

| Skill, : Move-to-approach | <« Transfer

Skill, : Pre-grasp <— Manipulation
Skill; : Approach <— Transfer
Skill,: Grasp <— Manipulation

~

Skills: Lift
Skillg: Depart

L 2

Skill;: Move-between-
reference frames

I
h 4

| Skilly: Move-to-destination |

)

| Skaillyg: Gﬁpper—openl <— Manipulation
Skill;, : Leave
- <— Transfer
Skill;,: Home

Figure 7 Task sequence of picking and placing a bottle.

74— Transfer

(Skill,) Grasp: Grasping the target object.
(Skill,) Lift-up: Lifting the grasped object.

(Skill,) Departure: Moving to a particular point in a reference frame
of a box from which the object is taken.

(Skill.) Move-between-reference-frames: Moving to a particular point
in a reference frame of a box, in which the object must be placed.

(Skill,) Move-to-destination: Moving to the destination point.
(Skill;) Lower: Bringing down the grasped object.

(Skill ) Hand-open: Opening to place the object.

(Skill ) Leave: Moving to the safe area.

(Skill, ) Home: Going back to the initial point for the continuous task.

5.2. Importance Ranks of Skills
in Repacking Tasks

Here, we take into consideration the importance ranks of skills in
the repacking task. An importance rank of each skill primitive is
derived (Section 3) as follows:

Skill : LT, Skill ; L6,
Skill: H (1), Skill: HT (2),
Skill: H' (2),  Skill: HT (2),
Skill : HS (1), Skill, : L,

skill : HT (1),
skill : HT (2),
skill,: HT (1),
Skill : L.

Let us suppose that the following relation (1) exists among the
importance ranks.

H'Q)>HQ)>H'"Q)>L(=L" =1 (1)
These skill primitives, in turn, can be arranged as follows based on
the importance ranks with inequality (1).
First priority: Skill,, Skill,.
Second priority: Skill,, Skill, .
Third priority: Skill,, Skill , Skill , Skill.
Fourth priority: Skill , Skill,, Skill, , Skill ..

11’

5.3. Candidate Errors in Repacking Tasks
Next, we will consider the representative types of errors occurred
in the tasks.

(1) Errors when grasping and lifting.

(1a) Error about height; the robotic hand cannot attain to a
bottle in Skill, (Figure 8a).

(1b) Error of movement in parallel with the bottom of the box;
the open gripper of hand is not put around the cap of a
bottle in Skill, (Figure 8b).

(Lc) Error in which a bottle cannot be pulled up owing to tight
packing in a box in Skill, (Figure 8c).

(2) Errors when carrying an object.

(2a) Error in which a bottle is dropped in Skill, (i = 6 - 8)

(Figure 9).
Approach
R \ Approach x
Approach!
length ] Approach Agap
A shortage length
(a) Case of (1a) (b) Case of (Ib)  (c) Case of (Ic)

Figure 8 Errors when grasping and lifting.
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Figure 9 Errors when carrying.

(a) Case of (3a)

(b) Case of (3b)

(c) Case of (3¢c)

Figure 10 Errors when packing.

(3) Errors when packing.

(3a) Error of movement in parallel with the bottom of the box;
a gap exists between the target position in Skill,. No move-
ment of another bottle is performed (Figure 10a).

(3b) Error in which the bottle grasped by the gripper pushes
the neighboring bottles in the box in Skill, (Figure 10b).

(3¢) Error in which both (3a) and (3b) occur simultaneously
(Figure 10c). Gaps occur both between the positions of
the grasped bottle and surrounding bottles.

(3d)Error in which Skill, is stopped before completion
(Figure 10d) because the available space is too small.

5.4. Error-recovery Processes

The recovery process from each error is explained in this section.
The following numbers and letters in brackets coincide with those
describing the candidate errors in the previous section. The correc-
tions were carried out based on definite or indefinite causes derived
from the error classification, and the process restarts from the cor-
responding step.

(1) Cases (1a), (1b), and (3a)
Class 1: Execution is simply repeated.

Class 2: The process is executed repeatedly from the plan-
ning step after the planning parameters are modified from
the gap.

Class 3: The process is executed repeatedly from the modeling
step after modification of the geometric models of the bottles.

Class T": The process is executed repeatedly from the sensing
step after adjustment of the coordinate system.

(2) Cases (1c) and (3d)
Class 1: Execution is simply repeated.

Class 2: The process is restarted from the planning step after
the revision of the planning methods such as the motion with
slightly shaking in lifting or lowering.

Class 3: The process is executed repeatedly from the modeling
step after modification of the geometric models representing
the bottles or box.

Class T": [The same as (1)].
(3) Case (2a)

In most cases, the task of picking up a bottle in the box is
changed to the task of lifting the bottle that has dropped to
the bottom of the transition path; Class T® is chosen. The skill
sequence of this task is executed from the beginning.

(4) Cases (3b) and (3¢)

The task according to scenario is finished, and the process
moves to the initial position of the task sequence at one point.
Next, the task in which the bottle should be moved to the cor-
rect position is executed. If necessary to move many bottles, it
is desirable to investigate whether or not the paths of correc-
tion converge efficiently.

5.5. Sensing Time in Repacking Tasks

We considered typical errors in 5.3 and recovery processes of errors
in 5.4. Furthermore, we introduced the importance ranks of skill
primitives in 5.2 so that Skill, (Approach skill) and Skill, (Lower
skill) became high priority tasks. Then, these are included in skill
primitives treated in 5.3 and 5.4. That is, Skill, is relevant to (1a) and
(1b), and Skill, is relevant to (3a)-(3d). Thus, the skill primitive in
which error recovery is almost considered has a deep relation with
the skill primitive in which visual sensing is needed. Moreover, skill
primitives that are important alongside the above-mentioned skills
are grasp and gripper-open skills, i.e., Skill, and Skill, , respectively,
and transfer skills: Skill,.-Skill,. Especially, Skill, and Skill, are skill
primitives with high importance ranks, as in Cases (1) and (2) in
5.3, respectively.

When we take into account error recovery processes in the task
composed of several skill primitives, the total number of skill
primitives in which our error-recovery procedure [8,9] can be
applied becomes very larger. It is difficult to consider those all
the recovery processes, since great effort is necessary for plan-
ning of these recovery processes. When using the importance
ranks proposed in Section 3, it becomes relatively easy to choice
skill primitives, for which it is suitable to consider an error-
recovery procedure.

6. CONCLUSION

In general, a manipulation task can be composed of many skill
primitives. It is desirable to perform plural visual sensing in most
skill primitives as geometric modeling and task planning are
carried out before execution, and task achievement is confirmed
after execution. However, the performance of sensing at all sensing
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points is difficult because of the restrictions of time and hardware.
In this paper, we proposed the addition of importance ranks to the
attribute of skill primitives to derive suitable timing to perform
visual sensing. The use of the proposed method eases the selection
of skill primitives in which visual sensing should be performed.
Furthermore, we showed that skill primitives distinguished accord-
ing to their high importance ranks considerably correlate with
those in which error recovery is considered in advance. This char-
acteristic can be used for selecting skill primitives in which error
recovery planning is carried out in advance.

In the future, we will apply our proposed procedure to sensing,
modeling, planning, and execution in many kinds of tasks using
robotic hands. We will attempt to apply our procedure of error
recovery to tasks executed by actual robots.
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