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Abstract

In recent years, working robots have been used in various fields, from manufacturing industries to domestic living
spaces. An increasing number of difficult tasks are performed by robots, introducing a necessity for error recovery
techniques. Our proposed error recovery technique is based on a method of returning to the process before the step
in which the failure occurred and starting over. Of course, in practice, not only such a backward recovery but also a
forward recovery that moves forward even after a failure occurs is used. In this study, we consider various paths from

failure occurrence to recovery execution.
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1. Introduction

In recent years, the speed of automated plants that use
robots has increased. However, the possibility of errors
occurring
Therefore, studying the recovery process after an error
occurs remains important.[1]-[5]

We have studied the systematization of error recovery
theory for several years and have previously proposed an
error recovery method based on the concepts of task
stratification and error classifications.[6]-[9] The main
part of the method consists of the basic elements of
sensing, modeling, planning, and execution sequences
(Fig. 1). If an error occurs while working, the process
proceeds to the recovery part,inwhich the cause of the
error is estimated, the error is classified, the system is
corrected, and the process is run with the corrected
system and improved reliability.

in automated operations has increased.

Our proposed error recovery technique returns to the
step before the one in which the failure occurred and
starts from there. Of course, in practice, not only this type
of backward recovery is used, but also forward recovery,
which moves forward after a failure occurs. In this study,
we consider various paths from failure occurrence to
recovery execution.

The remainder of the paper is organized as follows. The
concept of skills, which are motion primitives, is
described in Section 2. The fundamental techniques for
error recovery are presented in Section 3. Multiple
possibilities of various recovery procedures are
considered in Section 4, and examples of each are
presented in Section 5. Section 6 concludes this paper.

2. Concept of skill

In this section, we briefly describe a skill, which we
define as the unit of motion.[10]-[12]
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2.1. Skill primitives

The three skill primitives, shown in Fig. 2 can be
considered by analyzing human behavior. A task such as
‘assembly’ consists of these three skill primitives and the
resemble skill primitives.

2.2. Stratification of tasks

The hierarchy of robotic manipulation tasks is
illustrated in Fig. 3. Neglecting the servo layer, the first
skill layer consists of movement units, such as the
important skill primitives shown in Fig. 2.

3. Error recovery

Errors can occur in equipment for various reasons. In
this section, we outline the concept of error classification
and the proposed error recovery method.[6]-[9]

3.1. Error classification

Errors can be divided into four types, based on their
possible causes: execution, planning, modeling, and
sensing errors (Fig. 4).[6]-[9]

3.2. Error recovery based on classification

When an error occurs, the cause is first estimated, and
then a suitable correction based on the estimated cause is
implemented. In many methods, the executive process
returns to the previous step and the task restarts from that
step (Fig. 4).[6]-[9] For small-scale errors, the process
returns to the previous step in the lowest layer of the task
hierarchy, while for large-scale errors, the process returns
to the previous step in the high-ranking hierarchy layers
(Figs. 4 and 5). The probability of the same error
occurring is reduced because of the correction that has
been executed.

4. Various recovery pathways

As described in Section 3, recovery reruns the process
by returning to the step previous to that in which an error
occurs. In other words, the fundamental recovery process
is executed backward. However, backward recovery is
not the only conceivable option; other recovery
procedures, such as forward recovery, without backward
recovery are also possible. The occurrence of an error
may affect the surrounding environment, such as the
destruction of the arrangement or shape of certain objects.

A
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The error recovery which returns
Task layer to the previous step

Fig. 5 The expression of task stratification and
the process flow of the error recovery
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approach applies to all recovery formulae outlined in this
section (RT-1I to RT-VII). Note that any replacement
results in additional costs.

4.2. Recovery Formula 11 (RF-11): Incomplete
original reproduction from start step

In this method, the environment is not restored to its
original state, but is restored to a level that does not cause
any problems for subsequent processes; the process is
restarted from the original starting point using the same
process (Fig. 6 (b)).

4.3. Recovery Formula Il (RF-I11): Original
repetition from start step with concealment

In this method, the surrounding environment that has
been broken from the occurrence of an error is concealed,
and it is superficially restored; work resumes from the
original starting point using the same process (Fig. 6 (c)).
By concealing the broken environment, no problems
occur in subsequent operations. However, if the
concealed area reappears for any reason, the appearance
of the object may be spoiled. For customer products, for
example, this may result in a decrease in value.

4.4. Recovery Formula IV (RF-1V): Incomplete
original reproduction from step along the way

In this method, the environment is not restored to its
original state, but is restored to a level that does not cause
any problems for subsequent processes; the process is
resumed from a point in the middle of the original process,
using the same process (Fig. 6 (d)).

4.5. Recovery Formula V (RF-V): Original
repetition from step along the way with
concealment

In this method, the surrounding environment that has
been damaged by an error occurrence is concealed,
restoring it superficially; work is resumed from a step in
the middle of the original process, using the same process
(Fig. 6 (e)). The recovery work procedure and
commercial value are subject to the same concerns as
those in RF-111.

4.6. Recovery Formula VI (RF-VI):
through different processes

Recovery

In this method, the environment is not returned to its
original state, but instead is transformed into a state in
which there are no problems with subsequent work. Then,
a process that is different from the original process is
executed to reach the goal (Fig. 6 (f)). Partial planning
becomes necessary for the process to either achieve its
goal or to return to a previous step in the middle of the
original process; sensing and modeling accompany local
planning. The final target state is the same as that of the
original. Therefore, if the originally assumed process is
restored to the middle, no new planning is required from
the middle of the recovery process.

4.7. Recovery Formula Vil (RE-VII):
Continuation of work, including consideration
of any recovery process that may be required
later

In this method, work is continued for as long as possible,
even if an error occurs. Corrections are made to the
environment when the work becomes unsustainable,
thereby continuing the work (Fig. 6 (g)). Local planning
must be performed to execute the modification; sensing
and modeling are performed for local planning. Such a
forward recovery process is symmetrical to the backward
recovery methods outlined in RF-I to RF-VI.

5. Mlustrative examples of various recovery
pathways

This section provides examples of each method outlined
in_Section 4.

5.1. RF-I: Exact original repetition

An example of RF-1 can be found in “Recovery Type |”
in reference [9], where error recovery is considered in an
assembly task, in which a hook is stuck to a plate by
SCrews.

5.2. RF-11: Incomplete original reproduction from
start step

An example of RF-I1 can be considered in that presented
for RF-1, because the outlined example does not consider
whether the environment was destroyed. If the
environment was destroyed, it is simply restored to such
a level that the recovery task can be performed without
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problems, and then the original task is rerun from the start.

Additionally, reference [7] provides an example of
recovery for an error that damages the placement of
objects around it.

5.3. RF-111: Original repetition from start step with
concealment

Examples of RF-111 are shown in conjunction with R-V,
which are described later.

5.4. RF-1V: Incomplete original reproduction from
step along the way

An example of RF-1V can be found in “Recovery Type
I1” in reference [9].

5.5. RF-V: Original repetition from step along the
way with concealment

Consider the cake-making task shown in Fig. 7. To
obtain a cake that is cut with equal divisions from a whole
cake, decorations, such as strawberries, must be placed at
the correct positions in terms of the angles and position
of the cutting device. Let us consider the error in which
the position of the decoration is shifted to the side, as
shown in Fig. 8. In this case, the following recovery task
is performed: the decoration is lifted, the dent in the
cream is filled and finished with a scraper, and the
decoration is placed back on the cake. Note that the repair
task becomes more difficult if the top surface of the cake

0] 0
Fig. 8 Error and recovery process in cake-making task
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Fig. 9 Whole Cake with Cream Decoration
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Fig. 10 The recovery task performed
by laying the object on its side

is decorated with cream before the strawberries are
placed on top, as shown in Fig. 9.

The error recovery approach of RF-V is characterized
by concealing the failure such that it is not visible. If the
process returns to the starting step and the same process
can be re-executed, the approach corresponds to RF-III.
In the cake-decorating example, implementing RF-111 is
easy if the placement of the first strawberry fails;
however, if the placements of the second or subsequent
strawberry fail, returning to the starting state is difficult.

5.6. RF-VI: Recovery through different processes

Let us consider an example of RF-VI using reference
[9], which considers an assembly task in which a hook is
stuck to a plate by screws. The recovery task is performed
by laying the object on its side so that the temporarily
inserted screw could be stabilized, as shown in Fig. 10.
In RF-VI, a process different from the original process is
executed to reach the original goal. Note that this method
cannot always be used, as problems could arise, such as
the inability to lay the object on its side.

5.7. RF-VII: Continuation of work, including
consideration of any recovery process that may
be required later

An example of RF-VII can be found in “Recovery
Type 11" in reference [9].
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6. Conclusion

If an error occurs during work, the process advances to
a recovery part. Many types of recovery processes can be
selected using our proposed error recovery method,
which is based on both task stratification and error
classification. In this paper, we considered the various
paths from failure occurrence to recovery execution, and
not only recovery of backward type but also recovery of
forward type were shown.

There are various recovery routes, and various methods
are conceivable for which route to choose. In future work,
we would like to determine the optimal recovery process.
The method of process selection will change depending
on the type of robotic system considered; however,
deriving a systematized method remains important.
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