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executed with a defined frequency of alarm. The alarm frequency
dictates the speed to receive and send signals. For example, if tt
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simulations include: This design greatly facilitates the programming of the robotic sim-
ulator. Each process of rotation within the simulator is enacted only
on one joint. Other simultaneous movement of joints are dependent
on the position of the original joint. Thus, rotation of the first three
joints is hierarchical and solely around the z-axis of that joint object.
The robot is constructed with the base of the robot being defined
as the top object and the joints being defined hierarchically as sub-
objects. Each subsequent joint is defined as a sub-object of the object
before it. The design is chosen to facilitate graphical consistency and
movement. The data file description of the robot joints is illustrated
in Figure8. In addition, changes in the robot arm link coordinate pa-
rameters can be easily implemented in the data file by changing pa-

1. Multiple users evaluate/control the robot: Users activate and
view the robot within the same VE using the same tools.

2. Three-dimensional movement/control is facilitated: Users sim-
ply ‘walk around’ to view diferent perspectives of robot move-
ment.

3. Immediate solutions/problems visually observed by a group of
users: Users viewing backlog or idleness can deactivate robot
to make simple scheduling changes.

- rameter variables. By changing appropriate values, users will be able
ey o @ to test future designs of robots or designs of robots not in their pos-
© S request (P session.
acknowl‘e’dge (Rack i
M
proc_begin (P i)
\Li(‘) Y%converted to meters
done (C) #define A10.0
#define A2 2.4318
Part Agent free (€ 2) #define D1 0.0
#define D2 .14909
%converted to radians
oo (1 #define THETA1 1.57
ey #define THETA2 0.0
pmc,b;’%n ® #define ALPHAT1 -1.57
2 - Robot Agent #define ALPHA2 0.0
%base of robot
object {
done (Ci) view 0 {
N cylinder .4 .4 .1 %.4m radius, .1m height
2
Cutting Agent }
subs object { %joint 1
e conoltoken (O status place O Decision place Source-sink place view 0{

cylinder .15 .15 .6604
%.15m radius, .6604 height
}

subs object { %joint2

o Flowtoken (9 Actionplace [ Subnetplace () Message place

Inter pretation of Graphical Symbols

FIGURE 6. PETRI NET SYSTEM MODEL OF INDIVID- o A o
UAL SYSTEM AGENTS culercyz v ALPHAL 00
view 0 {

Simulation. A surface modeled robot is created as shown in cylinder .15 15 44909 %(D2 +.3)
%D2 + diameter of joint1

Figure7. The robot arm link coordinate system as well as the de- }

rived equations giving the forward and inverse kinematics are takel subs object | %joint 3

from [Lee83][Spo89]. The base of the robot defines the starting co- ;E?ytf: e
ordinate axes, a right-handed coordinate system with the z-axi eulerxvy v ALPHA2 00
pointing upward through the center of joint 1. Each following joint V‘ewolcylmder .

rotates around a z-axis transformed from the base z-axis. For exar |

ple, rotating around the base z-axis by 90 degrees and then rotatir

around the x axis -90 degrees, both according to the right hand rule

will result in a new z-axis controlling the rotation of the second }

joint. !
FIGURE 8. DIVE DATA FILE FORMAT

Communication. Robot agents are introduced into the VE with
the help of a setup controller agent as shown in Figu@ommuni-
cation between the controller agent and the robot agent, although vi-
sually transparent to the user, is directly controlled by buttons on the
console of the setup controller. For example, to test if communica-
tion lines are open between the controller and the robot, a user press-
es the test button. If the agent receives the test signal from the
controller agent, it will send back an acknowledge signal to the con-
troller agent. Each agent executes independently, but a signal from

FIGURE 7. PUMA ROBOT WITHIN DIVE



tion about the source or destination for the particular event, that is|
it is of the form:
E : ‘type’, ‘'source’, ‘destination’

igandfgrepresent initial and final state specifications or petri net
markings.G represents the goal state. All goal states must be speci
fied in terms offg states, bulg states can also be states that are not
recognized goals, i.e. error states. As an example, a robot agent wi
be represented by the six-tuplgypor = (R,Ei.Eroiirsfrs,Gr). The
operational states of the robot are shown in Figur€he robot
moves from thédle state to théctivestate by picking up an object
and returns to aldle state after successfully moving the object to its
destination, represented as ‘put down’ in Figlwrény error will
cause the robot agent to transition tddtsvn state. Agents can ei-

robot agent does not pick up the part. This will be indicated by the
part reaching an error state of operation. If one machine isl@iats
state, it will send an appropriate event to the robot allowing the robot
to move the part to that machine. When both machinescires the
robot waits until one becométie. Consequently, if the robot cannot
reach the cutting machines or reaches a singularity from which it
cannot return, it will transition to itSown state. (This is not repre-
sented in Figuré). When the part receives an acknowledgement
from the robot after being picked up successfully, it sends another
event, Boo instructing the cutting agent to perform the cut opera-
tion. Finally, the cutting agent will receive the cut instructiogy E
(proc_begin from the part agent and perform the cutting task. The
event pathways are summarized in Figaire

ther receive (input) events or send (output) events while iAdhe
tive and Idle states. In théDown state an agent can only send

(output) events, thereby announcing to other agents that it is not of In
erational. Therefore, Bownstate consists of onfy states, whereas Paf t _
anldle state can contain bothandf; states. Cutting
Machine
wait move Cut“ng
o Dt Machine
Out
[ Event | Part | Robot | Cutting Machine
T T - Pick up 3- put down A~ AcK. put dowp
FIGURE 4. STATES OF ROBOT AGENT 5- Cut 2 - Ack. pick up 6 - Ack. cut
i 2 AcK. pick up[L - Pick up 3 - Put down
6 - Ack Cut 4 - Ack. put dowrp - Cut

Agent Communication
Communication within the virtual manufacturing system is be-
tween agents. Communication among objects is in large part define
as internal to an agent. Of course, communication among objects i
often reflected in communication protocols among agents. For ex- |MPLEMENTATION
ample, if a moving joint of a robot reaches a singularity or joint limit
in theActivestate, this may be seen as an error message from the r - USers can enter a VE and interact in real time with each other and
bot agent. Every agent can generate input events for other agents athe VE, €ither by pointing devices, such as a mouse, or aural vehicles
each agent can become active upon receiving an input event. that relay voice messages. Gateways within the virtual world act as
As an example, consider a virtual factory floor consisting of a bridges between other worlds or computers. In addition to users, var-
conveyor, one robot, two cutting machines, and a part to be manipious application processes can be simultaneously executing within
ulated by these machines, as shown in Fi§uRarts arriving onthe  the VE. For example, one application allows multiple users to draw
conveyor, are picked up by the robot and moved to one of the twShapes and text on a white-board mdraw , while another application
cutting machines. The numbers in Figéirsignify event pathways.  displays a clock. There can be multiple instantiations of each appli-
Dashed arrows in Figug refer to event acknowledgments. The cation. Also, each application can be located anywhere in the VE.
Petri net model of the various agents in the system is shown ir Using standard internet protocols and the ISIS distributed com-
Figure®6. puting package, DIVE allows the creation of a dynamic VE for both
As soon as a part arrives on the conveyor, the part agent sends Users and applications. The VE rests upon a threaded shared data-
outgoing event, §;, (requesin Figure6) to the agent able to per- base that s_ever_al computers can access. An interface_ application,
form some operation on the input part (in this case, a pick-up evencalled the visualizer, supports the use of several I/O devices such as
for a robot, represented as an incoming evepy, Erequestin head-mounted displays (HMD) and datagloves.
Figure6) to the robot agent). The robot remains in an idle state until Adent Example: Robot. A robot agent acts as a three-dimen-
the part is in its range. Then, the robot picks up the part and movesional robotics simulator within the VE. The robot agent employs
it to one of the cutting machines. The communication between theforward and inverse kinematics to accurately simulate a robot. Mul-
robot and the cutting agents determine whether one of the cuttindiPle robots can be active simultaneously in the virtual factory floor
machines is free to perform a cut on the incoming part. If a machineSetting. Multiple users, connecting through a virtual gateway, can ei-
is free the part is moved to the appropriate cutting machieer¢p- ~ ther view or interactively control these robots.
resents the available cutting machine in Figi)eOtherwise, the Advantages in using VE's over standard two-dimensional robotic

Event Communication Table

FIGURE 5. VIRTUAL FACTORY FLOOR



isfy each system responsibilitfhis stage also establishes a lustrated in Figur@. Users have access to all aspects (objects and
sequence of such responsibilities and a high level communicaagents) of the manufacturing system. Single or collective manipula-
tion structure between the system resources based on the cotion and observation by single or multiple users affect the visual sys-
straints invlioved and the necessary schedules. tem description. In addition, users can affect each agent individually
2. Agent Design This stage involves the definition of distinct by generating certain events. Simulation and behavioral analysis
groupings within the system, the various states of the individualtools such as state charts [Har87][Bar94] or petri nets [Mur89]
agent, and events that trigger the transition between thes[Ram96] will also be accessible to the VE users/designers.
states. The interactions with other agents in the system and th Figure3 shows a detailed representation of the various agents
means of such interaction is also defined. populating the virtual manufacturing system. Users and system
3. Evaluation In this stage, the event based state description oftools, such as scheduling systems, process planners, and behavioral
each agent is modeled and analyzed using state based modeliimodeling tools, are agents that communicate with other agents de-
and simulation tools, such as state charts, petri nets, or timefined within the VE. These tools aid in defining and analyzing spe-
finite state automata. cific system characteristics. Once users enter a VE they are
4. Refinementln some instances, especially during initial devel- considered to be higher level agents that can control the behavioral
opment and after the evaluation of certain behaviors, there macharacteristics of other agents in the VE. Users can view the behav-
exist a need to define new system requirements or identify addiioral specifications of individual agents and can directly manipulate
tional responsibilities. In such cases the VE development fol-these agentdNote that agent definitions may themsehaftect a
lows the requirements tuningcycle. However once the nested hierarhical structue.
responsibilities have been completely established, additional
constraints, new behaviors, or methods may be added to agel
definitions. In this case, the VE development follows the
behavior tuningcycle. The agent-based VE prototyping model { ovioral
allows for new agents to be defined even at the final stages ¢ Modeling Tool
development so that objects and agents can be redefined t Envronment Sup Contraler Agent e
decrease coupling and increase cohesion.

Two kinds of agents are distinguishedtiveandpassiveagents.
Active agents are agents that have some assigned responsibility at
hence are always executing towards accomplishing their stated re
sponsibilities while passive agents are those that become active on
in response to some service request. In the VE all agents are consi
ered to be active agents. Each active agent operates in two differe|
modes:(i) Autonomousin this mode, the agent operates by itself,
executing some functionality that is derived from its overall respon- peravtord
sibilities. The agent does not interact with other agents(@n8er- (petri net)
vice In this mode, an agent’s execution is dictated by requests fron

other agents that require some service. The agent's communicatio FIGURE 3. AGENT-BASED SYSTEM DESCRIPTION
module is active in this mode.

Agent «—— ' Agent

pSe

Agent

SN

Agent |e—— Agent

The initial configuration of virtual objects within the virtual fac-
tory is controlled by an environment setup controller agent. Users as

System Visual Description well as other system tools can communicate with this agent.
Users

/ \ Agent Description

- Objects that comprise an agent description significantly collabo-
Virtual System . - . . . .
Objects Tools rate with each other. Specifically, each object is associated with an

agent specification, and in each mode the agent has three macro-
FIGURE 2. SYSTEM SPECIEICATION states of operation: Idl&ctive andDown. The first two states de-

scribe operational states; in tlite state the object conducts a self-
diagnosis and in thActive state it attempts to satisfy a goal. These
states are contained in either mode of operation. IDtven state
the object is disabled from operating in the virtual factory.

An agent is described by a six-tuple:

Agent responsibilities are partitioned into distinct stages of exe-
cution. Each of these stages are executed in an autonomous moc
However, in between these stages, agents check for service reque:
and depending on the relative priority of the requests, an agent chc

ses to intertwine the service within its thread of execution. The com:- Apehavior™ (D’Ei’EO"S'fS’G.). . .
munication module of an agent is always enabled to queue servic where, D represents the behavior specification, either by state
requests charts or petri nets; specifically, hierarchical extensions to these ba-

The system development environment incorporates object beha\;s'(l:, sys]:[ekm behavior modﬁ!share usgﬂ [B§r94][Rani96@presents
ior, visual descriptions, simulation, analysis, and user inputs, as jj.2 list of known events, which are eit er input evelEits,or. ou.tput
eventskE,. Furthermore, every event variable also contains informa-



provide astronauts with step by step instructions for repairing theformation, such as the purpose of the VE, important activities to be
hubble space telescope [Lof94]. performed, resources involved in performing these activities, and the
Significant, successful results have been obtained by organizaconstraints involved(ii) tools and resources required to construct
tions using VE to aid manufacturing processes. Ross Operatinthe VE, and(iii) tools and resources required for interaction with
Valves have incorporated VM techniques to reduce delivery timeand manipulation within the VE.
from concept to product time. The delivery time was reduced from The above factors dictate the VE system architecture. The archi-
six months to 24 hours. This reduced engineering and direct labotecture supports the identification of the resources involved, the re-
cost by 80%, and inventory by 35%. Pitney Bowes has utilized as-sponsibilities of individual resources and methods or procedures
pects of VM to reconfigure its factory while meeting the production involved in establishing subtasks to accomplish some overall re-
schedule. This resulted in decreasing parts inventory by 60%, whilesponsibility. These factors influence the definition of agents and
production increased by 50% per factory floor space [VM93]. Otheragent behaviors. Figuteillustrates the various stages involved in
organizations have also produced promising results using VE irthe construction of the VE.
manufacturing areas. Caterpillar Inc., reported both cost and time
benefits by using VE’s to design and evaluate wheel loader anc
back-hoe loader designs [Res94].
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as an implementation of a manufacturing prototype.

The virtual factory is designed to be modular. Before proceeding

DecowmposiTion ReriNnemeNnT

The objectives of this paper are (9):provide a complete model et
for VE development(jii) enumerate, in detail, the various aspects of i S S ements Refine i
the model and the various stages involved in the development of th i . Bauiremers i
VE, and,(iii) implement a simple case study to illustrate this ap- ! d mgm‘s\) !
proach. The proposed virtual factory will act as a testbed to visualize i Y i
and test technology for manufacturing applications. For example,  consranis! ' —— !
the virtual factory will allow the testing and integration of different P Repedbily e e B - A
assembly sequence or knowledge-based planners, scheduling alg mm.gi’ E
rithms, and behavioral modeling techniques. The virtual factoryacts . ;;,;’7{’ p— E
I

I

|

|

|

|

|

Agent
further, it should be noted that terms such as objects and agents ha oo bnaors ! Behair
been used interchangeably in this paper to identify a compact repre i mi
sentation of the system resources and its critical operations. In ger
eral, agents refer to a grouping of a set of resources and the i S
common operations, akin to a class definition in object-oriented pro- E
gramming languages, and, objects refer to class instantiations wit|
the definition of specific methoffanctions.Objects in the VE act FIGURE 1. VIRTUAL ENVIRONMENT PROTOTYPE
independent of one another and communicate by pre-establishe MODEL

protocols. Objects are further associated with agents depending o

their behavior specifications. This design approach allows for the A complete VE definition depends on accurate information relat-
combinations of devices to create different virtual factories and fa-€d to resources, constraints, and schedules in the real world domain
cilitates easy changes in the factory floor system. For example, thand an effective representation. Resources consist of hardware and
internal workings of a robot agent controlling its kinematics can besoftware systems as well as personnel involved in the creation and
adjusted for different types of robots. Individual joints or links of the manipulation of the system. From the initial system description,
robot could be derived as separate objects. These changes do ragents are defined and developed using a responsibility-based re-
change the overall behavior of the agent and can be easily re-intequirements analysis [Coh93]. The design of agents along with their

grated into the virtual factory. communication and behavioral models, defines the final VM proto-
type. A complete VM prototype defines a testbed for the analysis of
MANUFACTURING PROTOTYPE MODEL the system.

Agent-based VE definition is an iterative and interactive process.

A virtual manufacturing pototyping envionmentis an environ-  gyccessive iterations lead to a well designed system structure and re-
ment designed for the construction of an agent-based virtual mantfinement of agent behavioral requirements. The first few iterations
facturing environment integrated with modeling and analytical tools|ead to a well defined external system view while successive itera-
that facilitate the specification and analysis of design and manageijons lead to a coherent internal view. An external view is one that
ment decisions. The effects of such decisions can be studied directigescribes the agent in terms of its external activities while the inter-
on the manufacturing prototype. This approach not only gives an oppg| view provides details of the agent’s complex internal functional-

purtunity to feel and examine design decisions on a virtual factoryjtieg [Coh93]. The VE development cycle follows four distinct
floor, but can also serve as a communication medium between destages. stages. These four stages, as illustrated in Eigane

signers at various sites.

The VE development is carried out to assist in the design or rede
sign of the actual manufacturing floor. Information required for the
construction of the VE include the followin@ domain specific in-

1. Responsibility AnalysisThis stage identifies the major tasks in
the development of the virtual system and the overall system
responsibilities. The output of this stage identifies various sub-
responsibilities with certain system resources, necessary to sat-
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ABSTRACT ed Interactive Virtual Environment), developed by the Swedish In-
stitute of Computer Science [Car93][And94]. With the aid of the
ISIS package [Bir94], the DIVE system provides a non-homoge-
neous, distributive computing environment.

VE'’s offer manufacturers the ability to evaluate manufacturing
capabilities, schedules, process plans, production processes, and
new technologies that affect manufacturing, without committing a
scheduling, planning, and behavior modeling. The imple- vast amount of technical and financial resources. Several compa-
mentation consists of a heterogeneous, distributed interac- nies and organizations have investigated using VE’s in manufactur-
tive virtual environment using the virtual environment tool, ing domains [Res94][VM93]. Virtual manufacturing (VM) will
DIVE. allow organizations to conduct rapid and thorough assessments of

risks, affordability, producibility, and other impacts on manufactur-
INTRODUCTION ing capabilities. In addition, VM simulation will provide a founda-

Price and availability are some of the main drawbacks in restrict-fion for continual experimentation and process development,
ing the widespread use of virtual environments (VE). Therefore, théreby aiding in product advancement.
VE's have been used more in research than in practical applica- 1he U-S. Air Force VM initiative attempts to develop technology
tions. While virtual reality (VR) system hardware (a head-mounted to investigate the development of advanced VE manu_fact_urlng sys-
display and dataglove with trackers, etc.) is costly, numerous VRI€MS before actual deployment [VM93]. Some organizations have
software tools have been developed and are available free of cos{ficorPorated virtual technology for more specific aspects of manu-
or, at a nominal licensing fee. Certain tools are essential to adef@cturing. Boeing and Ford Motor Company have both used virtual
quately create an immersive VE. An ideal multi-user virtual envi- "€2lity (termed Augmented Reality in Boeing's research) within the
ronment system consists of multiple workstations and a variety ofProduct design phase. Specifically, Boeing uses a HUDset (Heads-
application specific virtual reality devices. Interactive modes of op- UP See-through, head-mounted Display) to superimpose computer
eration are most benefited by the use of position sensitive glove dedenerated images over physical objects [Res94]. The Ford Motor
vices. A position sensitive head-mounted display (HMD) can be COmpany’sGlobal Studiois a networked computer environment
used at all times to facilitate the observation of all manufacturing Which will enable the company’s designers and engineers through-
activities. Haptic and spatial audio devices aid in analysis and allowUt the world to work together on three-dimensional models of new
cues for evaluation and observation. In this research, we use th¥ehicles [Ford9s].

freely available, academically licensed software, DIVE (Distribut- _ NASA has pioneered virtual reality (VR) work within many
fields, such as computer design and education. One such work is the

virtual wind tunnel, a VE allowing a user to explore three-dimen-

sional unsteady flows. Using a boom-mounted six degree of free-

"This Research was supported in part by teza$ Higher Education = dom head-position-sensitive stereo CRT system and a position
Coordinating Board, Advanced@hnology Program, under granfSR sensitive glove, one can interactively view air flows moving around
115 and APD- 12. an object [Bry92]. More recently, NASA has developed a VE to

The building of a virtual environment for the construction,
analysis, and design of a three dimensional virtual manufac-
turing prototype is discussed. An agent-based framework is
used to specify the visual environment. The environment is
built to be flexible enough to support research efforts in



