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ean principles in manufacturing
support cost-efficient, customer-
driven management of opera-
tions.* For example, while traditional
approaches to manufacturing manage-
ment rely on centrally scheduled pro-
duction or “push” systems, lean prac-
tices suggest customer-driven task
scheduling or “pull” systems and glob-
ally synchronized scheduling or “tak¢”
systems that minimize costs of invento-
ry and work-in-progress.

Transitioning from traditional to
lean manufacturing, however, is a com-
plex, enterprise-wide process, requiring
major investment and business process
change. Understanding the scope and
impacts of these changes is critical, and
requires multidisciplinary expertise to
investigate the current cost and state of
manufacturing processes and to com-
pare these values to the desired lean
operation. Compounding the problem
is the effect this transition has on the
external supply chain, typically not
controlled by the core company.

We have developed the Manufac-
turing Agent-Based Emulation System
as an open framework for design and
analysis of discrete manufacturing sys-
tems . MABES currently supports the
transition from traditional to lean
manufacturing in two major functions:

»  Analysis of alternative agent-based
scheduling and control approaches
that can be implemented across the
extended enterprise.

*For more information on lean manufacturing f)rin-
ciples, see the Lean Aerospace Initiative, available
online at http://lean.mit.edu/.
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»  Real-time collaboration of design
teams during manufacturing line
design and analysis stages.

MABES bases its support for these
functions on on two system paradigms:
distributed agents and synchronous
collaboration.

Distributed Agents

The MABES scheduling and manu-
facturing control structure is a distrib-
uted autonomous agent framework.
Each agent is responsible for monitor-
ing and acting on a component of the
manufacturing process. A component
may be a process, such as a simple drill
press; a process center, such as a collec-
tion of welding robots; or a stack, such
as an inventory of preprocessed com-
ponents. The agents interact to control
the flow of parts through either a tra-
ditional push or a lean pull or takt sys-
tem. Within the adopted approach, the
overall desired behavior for a manufac-
turing line emerges from individual
behaviors of, and interactions among,
distributed agents.

We have identified several agent
types and coordination protocols from
analysis of traditional and advanced
scheduling approaches. Figure 1 illus-
trates the types and their interactions.
It shows a part being “pulled” through
three process centers by four types of
agents: customer, stack, process center,
and process agents. (The same agent
types appear in other approaches, such
as push and takt.) These agents are
responsible for components of the
manufacturing process; they do not
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overlap in their respective competen-
cies and responsibilities, and together
they cover all parts of a process line.

In the case of a manufacturing line
implementing a pull approach, as
shown in Figure 1, the agent interac-
tions are initiated when the customer
agent sends requests, or pull signals, for
products to the output stack agent at
scheduled times. The receiving agent
propagates the signal upstream to the
other agents in the process line with
the goal to “pull” the resources required
for completing the product.

The agents communicate through
messages, taking into account their
local context. The context includes

» commitments to deliver resources
to requesting downstream agents or
to complete processes that would
generate requested products, and

»  knowledge of expected product
completions.

Agent behavior patterns, encoded as
separate rule-based systems, also take
the current context into account, and
an agent performs an action either on
its respective component within the
manufacturing line or in further com-
munication with other agents.

This distributed approach to sched-
uling and execution control is both
robust and easy to implement across an
extended enterprise because it relies
only on local rules of behavior defined
for each agent type and on an agent-to-
agent coordination protocol. The mod-
ular nature of this approach allows
anomalies in the manufacturing line,
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such as machine failure or supplier tar-
diness, to be localized and dealt with
by applying only the local rules of
agent behavior and coordination. In
this way, the global integrity of the
manufacturing line is more likely to be
preserved than in the case of tradition-
al, centralized scheduling. The modu-
larity also allows simple replication of
the agent scheduling and control
mechanism throughout the internal
and external supply chains.

Synchronous Collaboration
To support collaborative work of man-
ufacturing teams, we have evolved the
initial single-user interface to MABES
into a synchronous, multiuser interface.
We adapted a synchronous collabora-
tive framework to support real-time
interactions among multidisciplinary
teams. A collaborative team can syn-
thesize a model of a manufacturing line
in real time, defining an agent-based
scheduling model for the manufactur-
ing process, specifying a schedule, sim-
ulating the model, and animating the
result of the simulation. In this way,
MABES greatly improves the time-con-
suming, error-prone information
exchange and negotiation of collabora-
tive decision-making.

Figure 2 shows the MABES collabo-
rative interface to the multiagent design
and analysis tool. The tool can animate
message passing among agents and dis-
play manufacturing-process statistics for
several metrics, including span-time and
work-in-progress. We used the MABES
tool to analyze the performance of alter-
native scheduling strategies such as push,
pull, and take. We also analyzed special
events, such as production disruptions
and bottlenecks, in the context of these
alternative strategies.

Implementation

In the initial MABES prototype, graph-
ical interfaces were implemented in
Tcl/Tk language, while the manufac-
turing and agent models and simulation
engine were implemented using CLIPS
language. To extend the user interface
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Figure 1. Four agent types and their interactions in “pulling” a part through
three process centers and various numbers of stacks.
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Figure 2. The Manufacturing Agent-Based Emulation System collaborative
interface for analyzing performance of alternative scheduling strategies.

and to support synchronous collabora-
tive work, we employed the TeamWave
Workplace Software Development Kit,
available from TeamWave Software. =
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