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Abstract - The gplicaion d agent-based approaches
to developing interadive, virtual environments for
manufaduring assembly proceses is explored and
demonstrated in this paper. The overal reseach focus is on
the investigation and integration d appropriate behavior
spedficaion medanisms with virtua redity to buld
interactive virtual environments for dynamic online simulation
based design of manufaduring systems, with the intent of
designing intelligent and robust manufaduring control
software. Spedficdly the design of virtual environments using
an agent-based design framework, taking into acourt risks
and urcetanties, while aenbedding domain-spedfic
intelligence dou system failures and lre&kdowns, is
investigated.

1. Introduction

Hexibility, reliability, autonomy and efficiency are important
design charaderistics of automated manufaduring systems
[9]. XAnimate, a graphicd, threedimensional simulation todl,
which displays the numericd results of kinematic, dynamic
equations and animates roba motion, is presented in [3]. It
helps in design inspedion and the observation d system
performance  However, toods sich as XAnimate do nd
provide aty mechanisms for interactive dynamic simulation.
Virtual redity is a mbination d techndogies whaose
interfaces with the human user can so daminate one’'s ®nses
that the user intuitively interads with the immersive and
dynamic computed-generated environment [1]. The
applicdion d virtual redity for reseach isaes in roba
gripper grasping is presented in [11]. In [6], virtua
prototyping is used to visuaize amecdanicd assembly with
deformable comporents and test the system CAD model
beforeit is physicdly fabricated. The ssimulationisinteradive
and dynamic, thereby allowing for the interadive simulation
of real-world situations.

In virtual environments, red world oljeds are represented in
detail as threedimensional objeds. The rapid growth of
Internet software has fostered the development of Distributed
Virtual Environments (DVESs). In such an environment, a
group d people (agents) operate within the DVE and they
have the aility to interad with ead oher and their
surroundng environment. In military applicdions, virtua
battlefields and armies of virtual soldiers are aeaed to train

individual soldiers who are dlowed to maneuver entities uch
as tanks and aircrafts [7]. Such an approach is highly cost-
effedive in terms of training and educaion. In recet yeas,
virtual environments for howsing, architedure ad
entertainment have dso been developed. Reseachers in
biology, medicine axd aher engineaing areas are using
virtual simulation techniques to investigate axd prototype
reseach applicaions withou investing substantial resources
into bulding adua prototype systems. Virtual prototyping
results can be used to improve system design and it can
effectively reduce product development cycle time.

Advances in virtual redity have made it feasible to diredly
utilize virtual redity techniques for the modeling and
redizaion d virtual manufaduring environments. The use of
virtual redity in simulating manufaduring environments give
designers the oppatunity to play a pro-adive role in
identifying flaws and ogimizing the design.  Current
techniques do nd alow the designer to be progressvely
involved in the development process Often, the designer is
limited to the initial spedfication stages and her/his
experience is not exploited completely. This approach dffers
the following advantages: (i) Evaluate the feasibility of the
floor layout for maximum efficiency, (i) Understand and
refine the job flow in an automated manufaduring
environment, (iii) Use interadive simulation techniques to
spedal the development of automated manufaduring systems,
and, (iv) Evaluate the interadion between the various
subsystems in the ewironment as well as design efficient
human-interface omporents for the redizaion d the adua
factory floor.

In this paper, a virtual environment prototyping model, as
discussd later in this sdion, is used to develop the
manufaduring applicaion within a Distributed Interadive
Virtual Environment, also known as DIVE, a virtua redity
tool developed by the Swedish Institute of Computer Science
[5]. DIVE is a loosely couded heterogeneous distributed
system runnng in an UNIX environment. Eac virtua
environment in DIVE is cdled a world and DIVE suppats 3-
D visua and audio worlds. Each “world” can have many
different objeds and hes a globa coordinate system. Each
objed is cgpable of exhibiting multiple functionality. For
example, an ojed can send a signal when it touches ancther
objed in the virtual environment. Participants in the virtual
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environment can interad with the virtual world by using either
the keyboard or a mouse. Multi-users can join in the same
virtual world over the Internet. In [8], and references therein,
simple virtual simulations using DIVE are presented.

Any tod used for simulation besed systems design must
suppat scdeeble hierarchy and minima intrusion. By
scdeédble hierarchy, it is meant that the design shoud expand
like a onicd tree structure in depth [10]. A design will
suppat minimal intrusion if it alows for the streamlined
representation o the system communicaion structure
(between the various sub-systems, or, sub-designs). This can
be acomplished uwsing objed-oriented design tedchniques.
Several modeling tods and methoddogies, based on oljed-
oriented techniques, have been developed for system
spedficaion and anaysis. Current agent-based design
methoddogies extend the objed-oriented design approach to
intelli gent agents operating in distributed environments. An
agent, as considered in this reseach, is akin to a dass of
objeds along with appropriate medanisms for exhibiting
intelli gent behavior. Thus, objeds can be used to implement
agents.

From a pradicd point of view, such agent-based approaches
for systems development will enable dfedive management
and revision control during software evolution. By virtue of
the design technique, such software systems will be eay to
modify and maintain. The gproach dfers the following
advantages. (i) Objeds in the system can be defined, both in
structure and kehavior, in close wrresponcdence to red-world
objeds. (ii) Objed reuse adsin the rapid development of new
software dements. (iii ) Objed inheritance enables the aedion
of new objeds and relationships with minimal effort. (iv)
Objed encapsulation provides the gpropriate distinction
between oljed boundiries and is effedive in identifying and
controlli ng the propagation d errors. It also helps to establish
well-defined communicaion medhanisms and to set up data
and process security features.

Gathering the advantages offered by the éove techniques, an
agent based virtual environment development cycle has been
defined, as wown in Figure 1. It consists of four distinct
stages: (i) Responsibility Analysis: In this gage, the system
requirements are used to derive various smple resporsibiliti es
(or goals) for the dfedive functioning of the system. (ii)
Agent Design: In this dage the various g/stem
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be noted that the requirements and behavior tuning phases do
not take placein isolation o one ancther. These aeintricaely
linked and a designer may, in fad, iterate on these phases.
Moreover, these phases may aso be interleaved aadoss these
iterations. This interadion between these two pheses is
illustrated inFigure 1.

Virtual redity may be used for both spatia and logicd
ressoning isdes in manufaduring environments. The
applicaion d virtual redity to spatial reasoning cgpabiliti es is
well justified, espedaly in case of domains that exhibit the
following charaderistics: (i) hazads to human hedth, (i)
space/ undersea eploration, and, (iii) understanding multi-
dimensional problems wch as atomic and molealar
structures, etc. The gplication o virtua redity to logicd
ressoning iswes in manufaduring is an evolving area of
reseach and it is presently very controversia with resped to
its net worth to any organizdion. It is the authors view that
future manufaduring applicaions in spite of greder and wider
automation, will keep the human element in the loop, wherein
they will be required to have both criticd dedsion making
skills and keen plysiologicd reflexes (aura and visua
observation skill s). In such cases, it beames imperative that
the right person ke assgned to the right group d automated
resources on the manufaduring floor to maximize dficiency
and minimize saf ety related risks. Such a match often involves
not only the technicd skill of the human in question bu will
aso involve aphysiologicd assssment of the human so that
the human can rightly "fit" into the working environment. An
immersive virtual environment from this perspedive, will be
worthwhile in training new employees to interad with the
virtual shop floor resources (current examples in this regard

agents / objeds (defined in relationship to red
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world obeds) are defined based on the
resporsibiliti es identified in the previous dep.
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behaviors leads to the behavior tuning phase that
results in a posdble redesign for agents and the
refinement of individual agent behaviors. It is to

c. A Smple Example

Figure 2: Traditional vs. Agent-Based Views
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Such an exercise may also help to develop better
human computer interfadng techniques based on
advances in multi-media.  Results from
implementing such virtual environments can be
used to judge non-logicd issues such as fatigue
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Figure 3. The Example Assembly
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This paper is organized as follows: Sedion 2
differentiates traditional approaches to agent- Pole
based design approaches and summarizes the Big arm
example &ssembly process Sedion 3 addresses Small arm
the roba motion control and aientation Small ball
adjustment algorithms used by the roba agent. ma a
Sedion 4 analyses different kinds of system Gripper

Shape Height(cm)  Length(cm) Radius(cm)
cylinder 10 - 50
cylinder 70 - 15
beam - 60 -
beam - 60 -
ball - - 25
bent beam - 11.5 -

fallures and failure handling medanisms
implemented within the virtual environment.
Sedion 5 concludes the paper and presents
issues for future research.

2. Agents and the Example Assembly Process

2.1. Software Agents in

Environments

It is well known that it has been dfficult to find a widely
accetable definition for the word - “software agent” . In [4],
a brief introduction to its different meanings is provided.
However, despite the inability of the agent reseach
community to read an amicable definition, one must be ale
to define some of the innate dtributes that charaderize an
agent in any system. With such attributes in mind, instead of
trying to define what a Software Agent (SA) is, a software
agent is defined to be aty system comporent (or part, or
subsystem, etc.) that appropriately answers the question "aRe
yoU A Software Agent? (R U A SA?)" where, R represents
the ability to Represent, U the aility to Understand, and A the
ability to Act. In detail, these dtributes mean the foll owing: (i)

Manufacturing

Table 1. Puma Components

Represent: Represent both behaviora and structural
charaderistics of the software agents comprising the system,
(ii) Understand: Understand bdh locd and system objedives,
prioriti ze them acording to knowledge éou the other system
agents, the ewironment and itself, (iii) Act: Perform either
deliberative or readive adions based on the agent's
knowledge, with resped to events generated by itself, the
environment and aher system agents. The diff erence between
the traditional and herarchicd control strategies and an agent-
based control strategy is illustratedrigure?2.

Software agent reseachers have identified various isales in
agent-design that need to be aldressd. With resped to
manufaduring systems, some of the iswes that are worth
investigating include: (i) Are aents in a manufaduring
environment adive, passve or both? For example, a shop
floor may be mntrolled by an adive shopfloor agent, while a
shop floor resource may be @ntrolled by an adive or passve
agent, depending on its current use. (ii) Are the aents
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powerful enough to have aprivate thread of control? Do they
have accss to “knowledge” contained in the process or
processs that bring them into existence? If so, what are their
accessrestrictions and how can they be designed so that they
do nd misuse such knowledge? For example, a roba agent
may have built-in priorities abou job scheduling. If a part
agent gets access to the roba’s knowledge, can it exploit /
manipulate this knowledge? (iii) Will the aents be
cooperative or self-serving? In either case, how does one
track and amend (if necessary) such behavior with resped to
the system’s objedives? If cooperative, how is the extent of
cooperation measured? If self serving, how does one devise
measures to stem negative dfeds? (iv) What is the
development process for these agents? How do we dedde
what amourt of intelligence is necessary? (v) Findly, if the
agent-based architedure is integrated with a distributed
virtual redity framework on the Internet, will t here be mobile
agents which can “fly” across the network? If so, how will
they be defined and dstinguished from other “non-mobile”
agents, what will be their role axd what will be their
limitations?

It isto be noted that in this paper, the interest isnot in finding
generdly applicable analyticd solutions to the éove isales,
but rather working on feasible implementations on a spedfic
problem. The problem, a manufaduring assembly processfor
a PC manufaduring process is discused in the next
subsection.

2.2. The Example Assembly Process

The prototyping environment ill ustrated in Figure 1 is used to
model and simulate the assembly process $iown in Figure 3a.
Figure 3b details the asembly model for a PC assmbly
process The asmbly consists of four unique parts which
arrive in randam order. The four parts, as ill ustrated in Figure
4, include the following: the base or the mother board (part
A), the front panel (part B), the mver (part C) and the back
pand (part D). The motherboard (Figure 4a-Figure 4b) is a
redangular objed with a pair of groves at ead side of the
board. It has two hdes at its badside to lock the badk panel
and two T-shape dents at the front side to hdd the front panel.
The front panel (Figure 4c) has two T-shape fed and two
cubic eas. The two T-shape fed will be inserted in the
motherboard’ s T-shape dents. The two eas of front panel are
used to link with the cover. The M-shape @ver (Figure 4d-
Figure 4€) is composed dof threelarge pieces: the top panel and
two verticd pieces. Thereisahorizontal lace & the inner side
of ead verticd piece These laces will be couded with the
groves in bah sides of the motherboard. At the front side of
the aver, thereis an indent at ead verticd piecés front side,
which will embracethe two eas of front panel. There aetwo
square holes at the rea side of the cver’stop. The over has
the same length as the motherboard. The bad panel (Figure
4f - Figure 4g) has four auto-lock spikes, two at the top and
other two at the bottom. The four spikes are pushed in the
four holes at the badside of the motherboard and IM-shape
cover when it is aseembled with ather parts. The four parts
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Figure 5. The Robot Motion Control Algorithm

will be interlocked when the box is asembled’. The final
assembled object is also showrFigure4h andFiguredi.

Since the part objeds arrive in random order, the roba has to
discern which part has arrived, then determine if the other
parts necessary for the essembly have drealy been bufered.
Incoming part objed types are communicated to the roba
agent by the part agent. If other necessry part objeds are
buffered, the roba agent then combines these objeds in the
desired order to form a subassembly objed. Part objeds
contain information abou the gpropriate mating partners and
the mating orientations which are mmunicaed to the roba
agent. However, if the part objeds are nat avail able, the roba
buffers the aurrent part objed. Once individua part objeds
are aembled into a subassembly objed, the part objed
instances are destroyed. Once the robd constructs a
subassembly, it cheds for the crrespondng mating objeds
(either other subassmblies or parts) to complete the fina
prodwct. If the mrrespondng objeds are not present, the
roba buffers the subassembly. Upon completion o the final
prodict, the assembled product is depasited and sent down the
output conveyor and the whole process then repeds itself
again.

The shape daraderistics of the parts determine the order of
the asembly. The front panel will be inserted into the
motherboard verticdly. If the front panel arrives ealier than
the motherboard, it will be buffered urtil the motherboard

1 Parts are essentially caled part objects / objects in the implementation
of the virtual environment. Hereafter, these terms are used
interchangeably. When discussng an implementation a part essentially
refers to the part object.




comesin. If the motherboard comes ealier than the
front panel, then the front panel can be put together
with the motherboard diredly to form subassembly
S1. Similar to the subaseembly of S1, S2 is asembled
using the cover and the bad panel. Moreover, when
the over comes in, if Sl has dready been
asembled, the wver is combined with S1 (this
processhas priority over forming subaseembly S2, if
the badk panel is also bufered) by horizontal
pushing to form subassembly S3. If the back panel
comes ealier than the cver, the badk panel will be
buffered. When the bac panel comes later than the
cover and if S3 exists, then the badk pane is
assembled with S3 to form the PC box ($4). If both
S1 and S2 have been asembled, they can be put
together by horizontal pushing to form the PC box
($4). The possble orders of assembling processare
sketched in Figure 3b. The details of the roba
motion control and the part orientation adjustment
algorithm is discussed in Secti8n

2.2.1. ThePUMA 560

The Pumais a 6-DOF manipulator which consists of
alarge drcular base, atall verticd poe, abigam, a
small arm and an adroit gripper. The main dmension
of ead roba comporent is listed in Table 1. The
verticd pole can rotate aoundits central axis. The
big arm is hinged to the verticd pole by a horizontal
cylinder. This horizontal cylinder can rotate whil e it
is moving with the turning of the pole. The rotation
of the hinge dhanges the big arm position. The small
arm is conneded to the big arm by a small horizontal
cylinder hinge.  This hinge can aso rotate
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Figure 6. The Robot Orientation Adjustment Algorithm

independently. The gripper is linked to the small
arm through asmall ball. The ball can rotate in any diredion.
The gripper can open and close to cach o relesse a part.
Even if the big arm is nat in the diredion d the radius of the
verticd pade, the small arm is designed to move in the verticd
pol€e's radius diredion at any time. Due to this gructural
charaderistic, the moving of gripper can be decompaosed in
horizontal and verticd movements. The rotation d the pole
triggers the horizontal movement of the gripper. The verticd
movement of the gripper can be redized by rotating the big
arm and small arm.

The small ball, which links the gripper and the small arm, is
adroit. It can rotate in any diredion with any angle. So the
gripper can rotate to any degree aounda verticd line. Dueto
spacelimitations, the small ball can only rotate the gripper 90°
around haizontal line. It is very powerful for adjusting part
orientations. A sensor attached to the small ball can

paralel to eat aher. There ae invisible obstades, cdled
stoppers, generaly redized by an infrared o camera driven
stoppng mechanism, on bdh incoming and ougoing belts.
When a part to be ssembled is delivered, it will be stopped at
the stopper. Stoppers can be alded or removed acording to
the assembly requirements in the virtual environment. Four
buffers are used to bufer intermediate parts and
subassemblies during the assembly process Failures due to
irregular conveyor stoppng may be eaily implemented by
user-induced errors as described in Section

3. Control Algorithms

When a part agent annourtes the arival of an incoming part,
the roba agent first inquires the part's position and then
makes a dedsion to grasp the part. Parts in an assembly may
be smal and fragile; they can be eaily destroyed by the

deted the position d every objed in the Puma's
world.

2.2.2. Conveyor Belts, Buffers
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The onveyor belts deliver incoming parts in randam
order and transfer out assembled prodwcts. The
distance between the belts is 120 cm and they are
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Figure 7. The Worst Orientation Adjustment




gripper if the roba canna predsely control the movements of
gripper. The roba motion control algorithm and the robat
orientation adjustment algorithm are designed to work on
fragile parts and improve system performance.

3.1. Robot Motion Control Algorithm

From the verticd pole to the small fingers of the gripper, al
roba movements are rotations. Rotations are caried ou in
incremental steps. In ead step, the roba rotates a small
angle. The smaller the step, the smaller the total movement
error. However, smaller rotating steps may cause serious
performance problems. To efficiently perform the roba
move operation, multiple rotating steps are used by this
algorithm depending uponthe distance to the part which is to
be picked up / assembled.

The dgorithm is a multi-step predict-and-move dgorithm. It is
divided into two pheses (i) Phase 1. In phese 1, the corred

big am, small arm, bal and the gripper. In the
implementation, there ae up to five rotating steps in eah
procedure. The largest step is designed to be 200times larger
than the smallest step.

3.2. Orientation Adjustment Algorithm

Parts in the asembly are delivered by the part agent through
the inpu conveyor not only in randam order, but also in
randam orientations. For succesul asembly, appropriate
parts must be mated in the mrred orientations. If a part’s
orientation is incorred, it must be aljusted before it is
asembled. In pradice different parts in various shapes /
orientations may exist. The orientation adjustment algorithm is
used to arient the parts in the right diredions before mating.
The burden o providing the information abou part
orientations and mating partners are on the part agent. The
part agent embeds information about the aurrent orientation,

roba rotating diredion is dedded. If a
roba neals to rotate by some angle, the
angle is first measured. If the angle is less
than the predsion requirement, no rotation
is neaded. If the angle is larger than the
predsion requirement, the part is rotated by
a very smal step (less than the smallest
rotating step). Then the total angle is
measured again. If the new angleis smaller
than previous measurement, the rotating
step’s diredion is corred. Otherwise, the
rotating diredion reeds to be changed. (i)
Phase 2: In this phase, the rotation is
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choice of rotating step repeas itself until a
step smaller than the aurrent total angle is
found Then the roba rotates the
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Begin part rejection
e. Part Moved Out of Range

d. Assembly Successful

b. Moved Within Reach

c. Picked up

Buvéred part rejected
f. Reject and Reset

Figure 9. Handling User Induced Failures

the orred orientation for mating and the cmpatibility of
mating partners within the part spedfication as they arrive for
assembly.

Red objeds can be daraderized by threedimensions. Since
two pants are required to completely define one dimension,
six points are necessry to define a1 oljed’s orientation.
Moreover, every part has sme regular geometric shape. In
this algorithm, this dhape is enclosed into a 6-face abe. It is
further assumed that the part has only one orientation that is
suitable for assembly. Therefore the dgorithm is essentially
to move the box until the part is in its assembly orientation.
The centers of the six surfaces of the aibe which encloses the
part are defined as X1, X2, Y1, Y2, Z1 and Z2, with the center
of the box defined by C. A part’s proper incoming orientation
for Puma system is shown in Figure 7e. If the part does not
have this orientation, it must first be aljusted to this
orientation.

When an oljed is delivered and it stops on the incoming belt,
the objed’s positionis first deteded by a sensor and conveyed
to the roba. Then the roba moves to the objed with its
gripper open. When the gripper is over the objed, the gripper
adjusts its orientation to a pair of control points (say, Y1 and
Y2) which is very close to the X diredion. Then the

a. Initial Part Arrival b. Getting Part

orientation adjustment follows the dgorithm in Figure 6.
When an oljed is moved away from the incoming belt, the
roba first raises the objed to some height to avoid colli sion
with ather objeds or the belt. In Figure 6, the largestX,
largestY and largestZ denote the three ontrol points which
have the largest X, y and z value respedively. If an ohjed
comes in with a favorable orientation, i.e, largestX being X1,
largestY being Y1 and largestZ being Z1, the orientation daes
not need to be ajusted. If the objeds Y1 is at the top
surface its orientation can be aljusted by rotating aroundthe
verticd axis until control point X1 has the largest x value. If
one of control paintsin X1, X2, Z1 or Z2 is at the top surface
the roba first raises the objed to some height, then turns the
surface of Y1 to the top and pus the objed badk to the
incoming belt. Then the orientation is adjusted similar to the
case in which Y1 is at the top.

The worst orientation accurs when control point Y2 is at the
top, asill ustrated in Figure 7a. In this case, the LargestY isY2
and LargestX isZ1. In this case, the objed is grasped nea Z1
and Z2, raised to some height, rotated 9¢° and pu badk, as
illustrated in Figure 7b. For this orientation, the LargestY is
X1 and the LargestX is Z1, so it is grasped nea Z1 and Z2,
raised, rotated 90 and put badk as shown by Figure 7c. Now,

c. Grasp Failure

d. Failure Recovery

Figure 10. Handling Grasping Failures



a. Part Being Moved b. Part Dropped on Belt

c. Part Pick Up

d. Part Picked Up

Figure 11. Move Failure - |

the LargestY is X1 and LargestX is Y1, it is grasped nea Z1
and Z2, raised, rotated 90 and pu bad, as illustrated by
Figure 7d. Finaly, LargestY is Y1 and the orientation can be
changed orly by rotating the objed aroundaverticd line. The
final part orientation is shown ifigure7e.

4. Failure Handling

System failures happen randomly and are unpredictable. In a
manufaduring assembly domain, like the problem investigated
in this paper, it is crucial for the various s/stem agents to
exhibit some accetable level of intelligence while handling
failure situations. In this paper, potential system failures are
classfied as either externa (caused by externa fadors) or
internal fail ures (diredly associated with the system). Internal
failures may be further classfied as hardware failures or
software failures. Hardware failures can be minimized by
good maintenance and comporent replacement policies. It is
not the objedive of this paper to dscuss hardware fail ures or
hardware falure rewmvery policies. Software failures are
clasdfied as either hard or soft falures. Hard failures are
defined as failures in which the arrent operation hes to be
abandored and restarted, whil e soft fail ures are defined to be
failures in which the arrent operation can be performed to
completion on succesful remvery. To reduce software
failures, fault-tolerant software techniques are necessary. Such
techniques may alow the aitomatic recvery from system
software failures. However, it is to be noted that different
types of failures may dictate the use of different failure
handling techniques.

Failures that need to be aldressed in an interadive virtual
simulation d manufaduring assembly processes may
esentialy be caegorized into the following: (i) user induced
failures, (ii) grasping failures, (iii) moving failures, and, (iv)
grouping failures. Groupng falures may happen if a
redundant part is delivered to the assembly, i.e., unrecessary,
multiple instances of the same part objed exists in a
groupbatch. It is assumed that the grouping of part objeds

'y

a. Part Being Moved

b. Part Dropped to Floor

into a batch (a batch contains one eab of the parts needed for
the asembly) is fault free and thus, is not a posshble scenario.
However, such a failure may be handled very easily by
disabling the stopper mechanism on the input conveyor and
passng them to argjed area The rgjed areais assumed to be
at the end of the input conveyor belt.

While dgorithms that ded with grasping and moving fail ures
can be programmed into the software cntrol mecdanisms for
the system, user induced failures may be dfedively used in
not only studying system responses, but also in studying user
resporses. Part objeds that are out of the manipulator’s reath
are rejeded by the roba agent. Once apart objed that is out
of range is deteded, the roba continually seaches for
subassembly objeds, followed by individua part objeds, in
that hierarchicd order as ill ustrated by Figure 8. When any
such ojeds are encourtered it places them on the inpu
conveyor and sends it to arejed area Once dl the objedsin
the system are rejeded, the roba destroys the part that is out
of reath automaticdly. In pradice this procedure will be
acomplished through a operator request. In the sequel, the

three different failure scenarios are discussed in more detail.

4.1. Grasping Failures:

Grasping fail ures happen when the robd tries to read a part
objed far away from the gripper. This failure is deteded when
the gripper closes completely withou touching any objed
(i.e., the two fingers touch ead ather). Failure remvery is by
repeding the sensing and grasping steps, i.e., when a grasping
failure occurs, the roba initiates a re-detedion d the target's
pasition, re-plans its trgjedory, and then moves to grasp the
object.Figurel0illustrates the handling of grasping failures.

In the implementation o the virtual environment, grasping
failures are randomly generated. If a grasping failure is

identified by the gripper, it generates a grasp failure signal.
On this dgnal, the roba initiates a part relocaion request
which returns a revised target locaion. Given thisinformation,
the gripper’s fina pasition is recdculated, and robot moves

T

/

d. All Parts Rejected

c. Begin Part Rejection

Figure 12. Move Failure - Il



the gripper to its redefined pasition. In the simulation, while
the orientation adjustment is being performed, grasp failures
are not allowed to occur.

4.2. User Induced Failures:

User induced failures are caised by a user’s deliberate adions
within the virtual environment. In the virtual environment, a
user can move apart objed when the objed is either on the
belt or onthe buffer. For example, a user may move apart out
of the roba’s pickup range. Such failures are aiticd to
understanding the robustness of the software dgorithms used
and the aility of the system agents to ded with such adverse
situations. Although such failures may never occur in a red-
world situation, these user induced failures may be used to
study not only the system’'s predefined resporses to such
events, but in a multi-user training environment they may be
effedively used to study operator resporses in criticd
situations, thereby helping in skill matching and job
placement.

User induced failures may produce two dfferent kinds of
failure situations: (i) Move an object to another position
within range: When a user induced failure occurs and the
objed (part or subassmbly) is moved to a new position
within the roba’ s reatable space the roba agent tredsiit like
a grasping failure and it re-plans a new trgjedory to pick it
up. If it is a part objed, then the objed is picked up from its
current position. If the objed is a subassembly, then the part
objed to be mated with the subassembly is moved to this new
position. The situation when a buffered part is moved is
ill ustrated by the snapshotsin Figure 9a - Figure 9d. (ii) Move
the object to an out of range position: When a user induced
failure occurs and the objed is moved to a new pasition
outside the roba’s read, the roba agent treds it like a
moving failure (part dropped to the floor) and it rejeds the
current objed and the rest of the objeds in the asmbly and
the batch. This stuation is illustrated by the snapshots in
Figure9e andFigure9f.

4.3. Moving Failures:

Moving failures may occur when a grasped oljed falls to the
belt or to ore of the buffers while being moved. Moving
failures are dso randamly generated in the simulation. When
the grasped part objed is moved through the failure location,
it fallsdown. Thisrandam fall i s either onthe wnveyor belts,
the buffers or the ground.

In the virtual environment, only ered front and badk panels
(Parts B and D) can fall through the gaps between bufer and
belt (i.e., the part widths are sufficient to alow the part to fall
through the gap). Objeds faling into these small gaps canna
be picked up ty the roba, thereby leading to a hard failure. If
the motherboard or the cver falsinto these narrow gaps, they
will stay either onabelt, the buffer, or partialy on the belt and
the buffer. Spedficdly, if the geometricd center of the part
objea fallsin the gap, then the objed will fall to the groundif
the objed can passthrough the gap; otherwise, the objea will
not fall to the ground If an oljed falls down, either between
buffers 1 and 2 or between bufers 3 and 4 the roba can pick

up the objed again. However, since such afall may cause the
objed to be deformed, thisis considered a hard failure. Thus,
if a moving failure occurs and the objed is nat falen to the
ground such amoving failure is considered a soft failure and
the system recvers by failure handing. If the failure caises
the objed to fall to the ground the failureis considered a hard
failure and the roba just moves all the remaining objeds out
of the work space a&d requests operator assstanceto destroy
the fallen part. In the simulation, the fallen part is
automaticdly destroyed after al the buffered oljeds are
rejected.

Figure 11a - Figure 11d ill ustrate the cae wherein the objed
is dropped on the @nveyor belt. In this case the objed is
picked up and moved for assembly. Figure 12a - Figure 12d
ill ustrate the cae wherein the objed is dropped on the floor
between two bufers. In this case, the rgjedion algorithm, as
discussd ealier, is adivated to rejed the remaining objeds.
The objed that has fallen to the floor is thus rejeded even
though it could have been picked up and assembled.

5. Conclusions

This paper presents an agent based design of a virtua
environment for a PC manufaduring asembly process The
multi-step predict-and-move dgorithm has been devised to
adaptively control roba movements. In this algorithm, first
the crred diredion for the move is dedded by a small trial.
Then the robd’s movement is caried ou with the largest
feasible movement step. This provides an efficient and
predse method to control roba movement. Due to the
limitations of the Puma's gripper, a part’s orientation cannat
be changed in a single procedure. Therefore, the heuristic
orientation adjustment algorithm has al'so been designed. User
induwced failures were interadively generated and
acommodated orline. Grasping and moving failures were
randamly generated and handled effedively. The system
agents, the roba and the part agents in perticular, were
designed to be caable of handing failure situations by
communicaing with ore acother and taking appropriate
failure recovery specific to the problem domain.

The following issues are aurrently being addressed: (i) Part
objeds may be defined with dfferent levels of deformity. In
such a cae, only certain part objeds may deform during a fall
to the groundand hence will cause ahard failure. While these
failures will adivate the rejedion agorithm, non dformable
part objeds will not cause ahard falure and these will be
acommodated as oft failures. (ii) Currently, the virtua
environment is asingle user environment. This is because of
hardware limitations at the SODA laboratory. A multi-user
virtual environment is necessary to addressnonlogicd issues
in the asembly process However, since user adions are not
the main oljedive of this paper, a single user virtua
environment was aufficient to addressthe isaues discussed in
this paper.
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