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1 Introduction
Modeling and simulation support for virtual manu-
facturing requires support for the full range of analyt-
ical activities performed during an acquision process.
During system Concept Exploration and Develop-
ment, virtual prototypes can assist in developing
a system produciton strategy, performing industrial
base assessments, performing producibility engineer-
ing and planning, analyzing material/process capa-
bilities, creating a tooling concept, assessing produc-
tion risk, and estimating manufacturing costs. Dur-
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ing system Demonstration/Validation, virtual pro-
totypes can assist in constructing manufacturing
process models, CAD/CAM models and factory sim-
ulation models which comprise the virtual manufac-
turing environment. The virtual manufacturing envi-
ronment can aid in developing the preliminary man-
ufacturing plan, delivering producibility estimates,
conducting material/process tradeoffs, resolving pro-
duction risk, and performing QA planning. Dur-
ing system Engineering and Manufacturing Develop-
ment, the virtual prototypes and virtual manufac-
turing environment can be used with live-production
demonstrations in developing a final manufacturing
plan, completing MANTECH development, perform-
ing production readiness reviews, performing tooling
design, completing detailed production planning, per-
forming process proofing, and performing long lead
procurement. During system Production and Deploy-
ment, the virtual prototypes and virtual manufac-
turing environment can be used to help execute the
manufacturing plan and make decisions concerning
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production, second sources and spares. During sys-
tem Operation and Support, the virtual prototypes
and virtual manufacturing environment can be used
to assess production and process advances.
In this paper, we discuss how our generic hybrid

control architecture, Multiple Agent Hybrid Contol
Architecture (MAHCA), can be implemented to cap-
ture the complexity of the manufacturing process in
an incremental fashion. We provide an example of
how a MAHCA network of agents can be used to
solve a planning, scheduling and control problem.

2 Current Industry Status

Implementation of factory planning, scheduling and
control requires synchronization of complex events
and continuous processes. The quality of factory
schedules in smoothly synchronizing these events and
process determines return on investment for factory
components. Improved utilization would affect qual-
itity and increase return on investment. The quality
of factory schedules also impacts customer satisfac-
tion through on-time delivery of goods. Raw mate-
rials (stock) are transformed into finished products
via operations performed at a number of work sta-
tions. The manufacturing plan for a product con-
strains the path of the raw stock through the work
stations and the scheduling system must assign this
stock to an actual sequence of work stations where
the operations prescribed in its plan are undertaken.
A good example, having several dozen work cells, is
a Floor Panels Factory. It would contain a work cell
of one or more workstations where an “align-panel-
with-support-frame” function would be performed.
The scheduler must pay attention to a number of

factors:

Achievable Can the plan called for actually work in
this factory? Can it interface between multiple
jobs — Hundreds of parts are undergoing some
work at any moment? Do they interfere with
each other? Do two parts require the same tool
at the same time? Is any work piece likely to be
ruined because it spoiled, or because the fixture
required to hold it was busy?

Material Is the required stock available to start this
job?

Improvements Can the order of work be changed
to eliminate the need to reconfigure a worksta-
tion?

Safety Does the schedule allow for required operator
breaks, shift changes? Is the schedule safe?

Even without these subjective factors, the gen-
eral scheduling problem cannot be solved by classical
methods. To compound the difficulty of achieving a
solution, schedules are rarely used to completion. A
machine breaks, stock fails to arrive, a tools breaks;
a change in the schedule is required.
Before a schedule change, one must consider that

many workpieces are already flowing through the fac-
tory. The cost to restart this work is usually too high
to consider. Thus, the scheduler must produce a new
schedule quickly while taking new, possibly not pre-
viously anticipated, constraints into account.
The scheduler for a factory must produce the

schedule by evaluating throughput, tardiness, work-
in-progress, machine wear, and other metrics. Each
of these input-output criteria can be measured as a
number. These numbers are global criteria (apply to
the factory as a whole), and, since the criteria are not
associated with a particular step in the manufactur-
ing process, treat the factory as a black box (i.e., to
be analyzed by input-output considerations).
Contrast this with the problem of deciding what

to do next at an individual work cell. The logical de-
cisions discussed above, normally captured as events
occurring at discrete instants in time, must be com-
patible with the laws of physics which govern the con-
tinuous operation of motors, conveyor belts, sensors,
actuators and so forth. If the factory is equipped with
a single super computer and a very fast, unfailing
sensor environment, then one program can be tasked
with deciding for every work cell what it should do
next, in complete detail. If communication lines to
that computer fail, the factory stops. If its sensors
lie, the factory may not stop, which can be worse.
If simultaneous events overload the supercomputer,
everyone waits. If small amounts of another product

2



need to be produced between production runs of the
current product, the plant must be reconfigured.
These considerations argue for a multiple-agent ap-

proach with coordination among work cells to achieve
reasonable performance. Technical details of the net-
work are discussed in Section 3. The mathemati-
cal foundations of MAHCA, the Kohn-Nerode hy-
brid control extraction procedure, is outlined in sec-
tion 4. While a high degree of autonomy among
agents is needed to support a “divide-and-conquer”
approach to meeting the complexity of producing
workable plant schedules, it is possible for one con-
troller to degrade factory performance by shuffling
parts between two orders in a looping fashion, causing
downstream workcells undue overhead in reconfigur-
ing. Distribution of control is needed, so that work
cells can make autonomous decisions, using advice
from neighboring work cells, and performance cri-
teria (goals) from a factory-wide goal-setting agent.
Factory plans are made by considering certain con-
straints, normally in the context of a nominal manu-
facturing scenario. However, factory execution occurs
in the context of actual decisions and events, which
can deviate from the nominal scenario. In a gen-
eral sense this is true for any application that spans
the boundary between planning, where limited exper-
imentation can be conducted, and situated activity,
which has a much larger set of possible outcomes.
The concept of an agent must appear on both sides
of this boundary. Multiple-agent, declarative control
promises to substationally contribute to analysis and
resolution of factory planning, schedule and control.

3 The Multiple Agent Hybrid
Control Architecture

In this section, we describe the main operational and
functional characteristics an agent in a MAHCA net-
work. As we mentioned in the introduction, our
Multiple Agent Hybrid Control Architecture is imple-
mented as a distributed system composed of agents
and a communication network which we call the logic
communication network. The architecture realizing
this system operates as an on-line distributed theo-

rem prover. At any update time, each active agent
generates control actions as side effects of proving an
existentially quantified subtheorem (lemma) which
encodes the model of the plant as viewed by the
agent. The conjunction of lemmas at each instant
of time, encodes the desired behavior of the entire
network. Each agent of MAHCA, consists of five
modules: a Planner, a Dynamic Knowledge Base, a
Deductive Inferencer, an Adapter and a Knowledge
Decoder. We briefly overview the functionality of an
agent in terms of its modules.
The basic architecture of an estimation agent is

pictured in figure 1. The agent consists of 5 modules
with the following functionality:

1. Planner The Planner constructs and repairs the
agent state optimization criteria which we refer
to as the Lagrangian associated with the agent.
In particular, the Planner generates a statement
representing the desired model of the plant as
an existentially quantified logic expression herein
refered to as the Plant Statement.

2. Inferencer The Inferencer determines whether
there is a solution for the agent’s relaxed varia-
tional optimization problem which is a near op-
timal trajectory where the agent’s Lagrangian is
used as a cost function. If there is such a solu-
tion, the agent infers control actions and sends
data to the other agents. Otherwise it infers fail-
ure terms and a new state for the agent and re-
ports the failure to the other agents. In particu-
lar, the Inferencer determines whether the Plant
Statement is a theorem in the theory currently
active in the Knowledge Base. If the Plant State-
ment logically follows from the current status of
the Knowledge Base, the inferencer generates, as
a side effect of proving this Plant Statement to
be true, the current control signals. If the Plant
Statement does not logically follow from the cur-
rent status of the Knowledge Base, that is, the
desired behavior is not realizable, the inferencer
transmits the failed terms to the Adapter mod-
ule for replacement or modification.

3. Adapter The Adapter repairs failure terms and
constructs correction terms.
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Figure 1: MAHCA Agent Architecture

4. Knowledge Base The Knowledge Base stores
and updates the agent’s plant model and con-
straints. The Knowledge Base also stores the
requirements of operations or processes of the
plant. It also encodes system constraints, inter-
agent protocols and constraints, sensory data,
operational and logic principles and a set of
primitive inference operations defined in the do-
main of equational terms.

5. Knowledge Decoder The Knowledge Decoder
receives and translates the other agent’s data.

4 The Kohn-Nerode Extrac-
tion Procedure

Recall that a simple hybrid system consists of a con-
tinuous plant which interacts with a control automa-
ton at times ∆n. A hybrid system has a hybrid state,
the simultaneous dynamical state of all plants and
digital control devices. Properly construed, the hy-
brid states will form a differentiable manifold which
we call the carrier manifold of the system. To in-
corporate the digital states as certain coordinates of
points of the carrier manifold, we “continualize” the
digital states. That is, we view the digital states
as finite real valued piecewise constant functions of
continuous time and then we take smooth approxi-
mations to them. This also allows us to consider log-
ical and differential or variational constraints on the
same footing, each restricting the points allowed on

the carrier manifold. In fact, all logical or discontin-
uous features can be continualized without practical
side-effects.
Every constraint of the system, digital or continu-

ous, is incorporated into the definition of what points
are on the carrier manifold. Lagrange constraints
are regarded as part of the definition of the mani-
fold as well, being restrictions on what points are on
the manifold. We then look for a feedback function
F (x) = y of points x on the manifold. For the pur-
pose of this paper, the value of F (x) = y will be
a vector in the tangent space of the manifold such
that y = ẋ. Thus we can think of F (x) as telling
us what direction to steer when in state x to get to
the goal which in this case is to provide an unbiased
estimate of the plant state. The goal will always be
of the form to end in state x1 or in a neighborhood
of x1, representing the desired estimate, steering in
the prespecified direction y1.
Next we shall briefly review the highlights of that

extraction procedure [14, 15, 16, 17].
First, corresponding to an autonomous problem,

ẋ = F (x, t),

we formulate a non-negative Lagrangian L(x, ẋ)
where we have included time as an extra variable
t = xn+1 with the constraint that ẋn+1 = 1.
We assume that the Lagrangian L(x, ẋ) is positive

definite in ẋ along an extremal tube. That is,

(gij(x, ẋ))
¯̄
∗ =

³∂2(L(x, ẋ))
∂ẋj ẋi

´¯̄̄
∗

is a positive definite matrix for each fixed x where (*)
restricted to an extremal tube of trajectories which
are solutions to ẋ = F (x, t).
Under suitable convexity assumptions on L, we can

then define a metrix gound form ds on the carrier
manifold such that

ds2 =
X
ij

gij(x, ẋ)
¯̄
∗ dxidxj (1)

A key result of the theory is the fact that the geodes-
ics under the metric ground form induced by L are
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the extremals of the corresponding parametric calcu-
lus of variations problem which is to find an admissi-
ble curve on the carrier manifold which minimizesZ t1

t0

L(x(t), ẋ(t)) dt (2)

satisfying given endpoint conditions. That is, the
geodesics are solutions to the Euler-Lagrange equa-
tion

d

ds

∂L(x, ẋ)

∂ẋi
− ∂L(x, ẋ)

∂xi
= 0. (3)

Second, the performance specification for the plant
is reformulated as the requirement that the plant
state trajectory has an integral within a user pre-
scribed ² of its minimum. A control function of state
that gives such a trajectory is called an ²-optimal
control.
Third, we replace L(x, u) by L∗(x, u) which is the

convexification of L with respect to u. Then an ex-
istence theorem for relaxed controls can be applied
to L∗(x, u) which ensures that the optimal control
problem has a relaxed solution. We can approximate
this relaxed solution to obtain an ²-optimal control
for the original problem.
Fourthy, for any prespecified ², we compute an ²-

optimal control for the original problem [2] and im-
plement ²-optimal control as a finite state, physically
realizable, control automaton [14]. The actual con-
trol law issued by the finite control automaton at
state x is a chattering control [2, 3]. The chattering
is between approximations to some local extrema of
L(x, u).
Fifth, we repeat the derivation of the control au-

tomaton on-line, if due to unmodelled dynamics, the
performance specification is not met by observing
some violation of the Noether invariant conditions.
Then we substitute a new control automaton for the
old as required. This type of substitution represents
the basic adaptive capability of the architecture.

4.1 Manufacturing Example — A Plas-
tic Excrusion Process

Next we will illustrate some of MAHCA features with
an example. The figure below illustrates MAHCA

with 5 permanent agents controlling a manufacturing
process for producing molded plastic products. The
plant is composed of 5 functional cells.
Cell 1 performs the shipping and receiving fuc-

tions and also includes an automated forklift which
can transport materials and products through the
factory. The functions of Cell 1 are controlled and
scheduled by the Shipping and Receiving MAHCA
agent. Note that the agent in this cell interacts
with a human operator (MAHCA can perform semi-
autonomous tasks).
Cell 2, the Accounting Agent which performs the

accounting and plant coordination functions. This
agent also performs inventory and control functions
on the element of Cell 3, an automated warehouse
bin.
Cell 3 is composed of a blender that mixes the raw

materials and produces the resin mix used in the final
products. The Blender is controlled by the Blender
Control agent.
Cell 4 is composed of a molder and the Molder Con-

trol agent. This agent also performs control functions
on the component of Cell 5, the packaging unit, which
is also controlled by MAHCA’s Packaging agent.
Let us illustrate how this process operates. Sup-

pose that an order for plastic bottles arrives. This
order becomes a goal to be satisfied by the Account-
ing Agent. The agent generates a command to up-
date the factory’s backlog file and the scheduler. It
also sends a request for service to the shipping and
receiving agent for the use of the automatic forklift
to transport raw materials from the warehouse to the
input bin of the blender cell. The shipping and re-
ceiving bin issues a command to update the scheduler
for the automated forklift and sends a request to the
accounting agent for the ordinates (in warehouse co-
ordinates) of the bin(s) in the warehouse where the
raw material is (are) located. Once this information
is available, the shipping and receiving agent com-
mands the forklift to that location. If the accounting
agent determines that the raw material is not avail-
able it issues a command to purchase the raw ma-
terial and it communicates this to the shipping and
receiving agent which issues a command to update
the delivery ledger.
We can see that the operations sketched above are
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more or less the ones that human agents would carry
out if in control. Agents communicate among them-
selves through the logic network connecting them.
The information that an agent stores in its knowl-
edge base is directly associated with the aspects of
the process it is controlling and the information about
the other agents with which it directly communicates.
If a permanent agent finds that its computational

load is high enough that it would cause its function to
fall out of schronism, it can spawn a helper, a Tem-
porary Agent, which inherits some of the knowledge
of the permanent agent. This temporary agent exe-
cutes a specific function, determined by the spawn-
ing agent, in the processor selected by the spawning
agent. Once that function is executed the temporary
agent self-destructs.
The on-line reactive matching of current logic and

continuum constraints from plant sensors with user-
defined logic and continuum models is the basis
for generating procedures to interface heterogeneous
components of the manufacturing process, and for
our belief that the resulting architecture will sup-
port incremental expansion of new components with
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greatly reduced requirements for expensive experi-
mentation validation. We do not expect to fully elim-
inate the need for experimentation because the degree
of “trust” in the newly composed architecture will
depend on the rules for composition of the compo-
nents. However, to the degree that the composition
rules are correct, the methodology will be a formally
correct composition of the components, the focus of
the verification and validation effort will be raised to
the component level and the results will be reusable
across the confederation of components.

5 Conclusions

We have reviewed the Multiple Agent Hybrid Control
Architecture. MAHCA allows for the on-line reactive
matching of current logic and continuum constraints
from plant sensors with user-defined logic and con-
tinuum models is the basis for generating procedures
to interface heterogeneous components of the man-
ufacturing process. The MAHCA architecture will
support incremental expansion of new components
with greatly reduced requirements for expensive ex-
perimentation validation. We do not expect to fully
eliminate the need for experimentation because the
degree of “trust” in the newly composed architecture
will depend on the rules for composition of the com-
ponents. However, to the degree that the composition
rules are correct, our hybrid systems methodology
will yield a formally correct composition of the com-
ponents. This will allow the focus of the verification
and validation effort will be raised to the component
level and allow the construction of agents which are
reusable across the confederation of components.
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