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problem. Each time one of the three agent will modify something in its local blacboard, modifications
(or updates) will be sent to the two other blackboards (of the two other EMN-nodes). Each EMN-node
will have one blackboard per antagonistic task and among the decentralized system, for a specific
antagonistic task, there will be as many blackboards as involved EMN-nodes (figure 3-31).

)

7+

Figure 3-31: Example of task decomposition

In the previous paragraph and in figure 3-31, we define coordination and negotiation protocol as a
basis for our distributed problem solving architecture, this in addition with the schemata describing
the decentralized organization and the task blackboards. These protocols can be viewed as generic
rules to follow for negotiating and coordinating decentralized EMN-nodes. These protocols should be
general and must cover a class of problems instead being too precise and restrictive. Our idea for the
coordination layer is to define generic protocols which can allow agents to start working and to add
learning mechanisns so that the protocols can be improved during their execution. As an example of
generic protocol, we can refer to [43]. In this paper, a protocol for distributed scheduling system is
presented. Distributed scheduling is a process carried out by a group of agents each of which has (a)
limited knowledge of the environment, (b) limited knowledge of the constraints and intentions of
other agents, and (c) limited number and amount of resources that are required to produce a system
solution. Some of these resources may be shared among many agents. Global system solutions are
arrived at by interleaving of local computations and information exchange among the agents. There
is no single agent with a global system view.

The multi-agent communication protocol is as follows:

1. Each agent determines required resources by checking the process plans for the orders it has to
schedule. It sends a message to each monitoring agent (as specified in a table of monitoring agent)
informing it that it will be using shared resources.

II. Each agent calculates its demand profile for the resources (local and shared) that it needs.

III. Each agent determines whether its new demand profiles differ significantly from the ones it sent
previously for shared resources. If its demand has changed, an agent will send it to the monitoring
agent.
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IV. The monitoring agent combines all agent demands when they are received and communicates the
aggregate demand to all agents which share the resource’.

V. Each agent uses the most recent aggregate demand it has received to find its most critical
resource/time-interval pair and its most critical activity (the one with the greatest demand on this
resource for this time interval). Since agents in general need to use a resource for different time
intervals, the most critical activity and time interval for a resource will in general be different for
different agents. The agent communicates this reservation request to the resource’s monitoring agent
and awaits a response.

VI. The monitoring agent, upon receiving these reservation requests, checks the resource calendar
for resource availability. There are two cases:

1.If the resource is available for the requested time interval, the monitoring agent (a)
communicates "Reservation OK" to the requesting agent, (b) marks the reservation on the
resource calendar, and (c¢) communicates the reservation to all concerned agents (i.e. the
agents that had sent positive demands on the resource).

2. If the resource had already been reserved for the requested interval, the request is denied.
The agent whose request was denied will then attempt to substitute another reservation, if
any others are feasible, or otherwise perform backjumping.

VII. Upon receipt of a message indicating its request was granted, an agent will perform consistency
checking to determine whether any constraint violations have occurred. f none are detected, the agent
proceeds to step II. Otherwise, backjumping occurs with undoing of reservations until a search state
is reached which does not cause constraint violations. Any reservations which were undone during this
phase are communicated to the monitor for distribution to other agents. After a consistent state is
reached, the agent proceeds to step II.

The system terminates when all activities of all agents have been scheduled Backtracking, with
this version of the protocol, is based on the following design decisions: 1) Once an agent has been
granted a reservation, this reservation is not automatically undone when some other agent who had
to backtrack now needs the reservation. This can lead to situations where one agent solves its local
scheduling problem but the other agent cannot due to unresolvable constraint violations. 2) If an
agent backtracks, it frees up resources but the reservation of other agents on these resources remain
as they were. This policy may result in non-optimal reservation for other agents since it denies the
other agents greater opportunity to take advantage of the canceled reservations of the backtracking
agent, but it results in less computationally intensive performance.

At the Organization Layer, we must structure an organization. The grid schema supports such a
description. It partially specifies the decision center, the modules, the data-modules and the links
between them. The distinction is made between decisional and informational links. Both are

ipported by schemata. The grid provides the global view of the organization we want to structure.
TinswiﬂbethebammthedeﬁmtmmofthedecenﬁaluedEhm-nodes.’I‘hegranulantyof
this model is the decision center. This graphical tool produced from the GRAI method [36],
supported by a schema, describes the main characteristics of the decision system of this specific
organization. It shows the links between the EMN-nodes, as well as those with the environment of
the system. It provides a decisional and global description of the organization.

TWith the exception of the first time demands are exchanged, agents do pot wait for aggregate demands to be computed and returned prior to
continuing their scheduling operations (although they can postpone further scheduling if desired).
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Schema 38-1: Grid

Grid
SLOT FACET VALUE

Name Value: | type string
Restriction:

Is-a Restriction: | model

Functions Value: | type string*
Restriction:

Decision-levels Value: | type (horizon/period)*
Restriction:

Decision-centers Value: | type decision-center-name*
Restriction:

Decisional-links Value: | type decision-frame*
Restriction:

Informational-links Value: | type informational-link*
Restriction:

The x-axis of the GRAI grid is composed by a set of functions. Each function can be described by
an instance of the schema 3-2. This schema defines the goals and decision centers composition of
each function. In addition, a description of the purpose of each function is provided.

Schema 3-2: Function
Function
SLOT FACET ‘ VALUE

Name ‘ Value: | type string
Description Value: | type string*

| Restriction:
Goals ‘ Value: | type goal*

| Restriction.: |
Has-modules | Value: | type decision-center*

The y-axis of the GRAI grid is defined by a set of decision levels. A decision level is a pair
(horizon, period). We describe each decision level by an instance of the schema 3-3. Each decision
level schema includes the value of the pair H/P and also an identifier which is generaly determined
according to the following rules:

¢ Each decision level is identified by a multiple of 10.
» The decision levels are classified by decreasing period.
» At equivalent period, the decision levels are classified by decreasing horizon.
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Schema 8-3: Decision-level

Decision-level
SLOT FACET VALUE

Identification Value: | type string
Restriction:

Horizon Value: | type string
Restriction:

Period Value: | type string
Restriction:

In this paragraph, we have to provide the elements to define the content of the two specific
subsystems of an EMN-node:
¢ a domain modeling subsystem,

¢ and a problem solving subsystem (figure 3-32).

CENTRAL

SEARCHER KERNEL RESPONDER

Figure 3-32: Content of the central kernel

The determination of the domain modeling subsystem can be done by using the model we defined
in the previous section. We have defined in figure 3-25 the structure of centralized data base. We
must identify on this global model the subdomain of each functions. By this way we identify the
content of the decentralized data base or domain modeling subsystem.
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To complete this work we must reorganize the elements of the subdomain (figures 3-26, 3-27 and
3-28 shows an example for the supplying function) to have the "best” and more efficient organization
in a decentralized utilization.

For the problem solving subsystem, we have to build in the same way a decentralized structure
able to have an autonomous running and capability to react to the perturbations related to the
subdomain.

We can start our description with the centralized process model (figure 3-19) and to define the
subdomain. We have to identify the elements of the decentralized problem solving subsystem. We
must have a hierarchical decomposition to be able to respect the coordination aspect of an EMN-
node. We have seen previously that several criteria can be used to split up such a global structure
into a set of decentralized elements. To follow the hierarchical view of the grid, we can split up the
problem solving subsystem into several hierarchical levels (figure 3-33).

%FUNCT]ON\
DECISION DECISION DECISION DECISION
CENTER CENTER CENTER CENTER

ACTIVITY ACTIVITY  ACTIVITY
Figure 3-33: Problem-solving hierarchical levels

For each of these elements, we can build a schema defining their charasteristics and content. The
first element is the function. A function represents a column of the grid (figure 3-25). A function is
composed of several decision centers. A decision center is a "box" of the grid. It is in fact the
intersection of a function and a decision level (H/P level). A decision center can be split up into
several activities. Each activity can be define as an object. We can identify two kind of activities:
the decision activities and the execution activities.

A decision activity implies a choice. This choice is done according to some rules or knowledge
rules. For each choice, we have to respect a local-goal and our choice is done by determining the
value of decision variables.

An execution activity is a calculus, an information processing we can define by an algorithm.

All these elements (EMN-nodes, Function, Decision center, Activity, Decision activity and
execution activity) are objects. For all these objects, we can build a schema. If we want to implement
this structure into knowledge craft, we must identify the schemata of such a structure. Figure 3-34
provides an overview of these schemata.

The basic element of the organization level is the EMN-node. As an EMN-node is responsible for a
specific task, we represent it as a decision center. The concept of decision center comes from the
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GRAI method. A decision center contains all the elements needed to perform a specific decision
activity.

has-module has-module

has-module

next-DC

has-module
as-module

has-module

Figure 3-34: Problem solving hierarchical decomposition

We create for each decision center an instance of the schema 3-4. This one contains knowledge
related to the decision aspect. The decision center is the basic element of our organizational model.
The granularity used to define the EMN-nodes is the decision center. Generally, a decision will
represent an EMN-node. But, in some structure, an EMN-node can be defined as a combination of

A decision center has a specific role (described in the role slot), performs its activity according to
one or more goals (described in the goal slot) and determines the value of certain decision variables
(listed in the decision-variables slot). To perform its activity, a decision center has a specific
Knowledge Base, a specific problem solving sub-system and can get information (schemata) from the
other decision centers.

As we have seen, each EMN-node possesses a Knowledge Base sub-system and a Problem Solving
sub-system. Both of them are models. A model can be viewed as an abstraction of a specified object
[16]. In each model, an abstraction is composed of states and transitions between them.
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Schema 8-4: Decision-center
Decision-center
SLOT FACET VALUE
Name Value: | type EMN-node-name
Restriction:
Decision-variables Value: | type string*
Restriction:
Goal Value: | type goal-name*
Restriction:
Role Value: | type role-name*
Restriction:
Decision-rules Value: | type string*
Restriction:
Decision-level Value: | type decision-level
Restriction:
Period Value: | type time
Restriction:
Function Value: | type function
Restriction:
Has-module Value: | type activity*
Restriction:
Previous-decision-center Value: | type decision-center*
Restriction:
Next-decision-center Value: | type decision-center*
Restriction:
Inputs Value: | type information*
Restriction:
Outputs ‘ Value: | type information*
Restriction:
| Knowledge-Base-subsystem Value: | type data-model-name
; Restriction:
| Problem-solving-subsystem Value: | type Problem-solving-name
| Restriction:

A state in the computation is defined by a subset of state-variables with a particular position in
the object’s code. A model is the generic entity which represents an abstraction of a real object. All
the other specific models we will describe will be linked with that one with the IS-A relation.

The Knowledge Base sub-system and the Problem Solving sub-system are both models. We create

a schema for each one which describes their specific elements.

The Knowledge-Base schema is a collection of data-objects and knowledge objects. The purpose

of this schema is mainly to identify a KB as member of one EMN-node.
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Schema 3-5: Model

Model
SLOT FACET VALUE

Name Value: | type string
Restriction:

State-variables Value: | type string
Restriction:

States Value: | type string
Restriction:

Abstraction Value: | type string
Restriction:

Schema 3-8: Knowledge-Base

Knowledge-Base
SLOT FACET VALUE
Name Value: | type string
Restriction:
Is-a Restriction: | model

Knowledge-objects Value: | type knowledge-object*
Restriction. |

Each knowledge-object is also described by a schema which defines its content, attributes and
relations with the other knowledge-objects. The Knowledge-object schema describes a specific
piece of data or a specific piece of knowledge in an EMN-node (We can identify this piece of dataas a

schema or as a rule).
Schema 3-7: Knowledge-object
Knowledge-object
SLOT | FACET VALUE
Name | Value: | type string
|1s-a Restriction: | model
| Description Value: | type string*
Attributes Value: | type (name, value [, value, ...))*
| Relation | Value: | type (knowledge-object-name, cardinality)* |

For the problem solving subsystem, we use the first schema: Problem-solving. This schema IS-A
model, and it describes the procedures specific to an EMN-node. Each procedure is also defined as a
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schema. The procedures® are subsets of the Problem-solving schema. Each of them represents a
specific function or functionality. The procedures manipulate the knowledge objects of the
Knowledge Base.

Schema 3-8: Problem-solving

Problem-solving
SLOT FACET VALUE
Name Value: | type string
Restriction:
Is-a Restriction: | model
Procedures Value: | type procedure-name*
Restriction:

Schema 3-9: Procedure

Procedure
SLOT FACET VALUE
| Name Value: | type string
Restriction:
Is-a Restriction: | model
Description Value: | type string*
Restriction:

Each decision center can be split up into several activities. Two activity types are identified: the
execution and the decision activities. Each activity is defined by an instance of the activity
schema (schema 3-10). The activity is defined as one of the module of a decision center.

In the decentralized system, each EMN-node (or decision center) has a specific purpose and role to
play in the organization. A hierarchy exists in the organization. In this hierarchy, each specific
decision center has some responsibility and authority over other decision centers. Similarly, each
decision center also receives some orders and commands from the upper level of this hierarchy. The
decision centers are linked together. We can distinguish two kinds of links: information links and
decision frame links.

The first kind just concerns exchanges of information needed for the internal processing of the
EMN-node. We define for each informational link a schema which contains the information
exchanged between two EMN-nodes. The second kind of link concerns the decisional activity. A
decision frame contains elements concerning goals, decision variables and objectives. To allow the
transmission of coordination aspects through out the entire organization of EMN-nodes.

8[n our current implen
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Schema 3-10: Activity

Activity
SLOT FACET VALUE

Name Value: | type string
Restriction:

Input Value: | type data*
Restriction:
Output Value: | type data*
Restriction:
Description Value: | type string*
Restriction:
Previous-activity Value: | type activity*
Restriction:
Next-activity Value: | type activity*
Restriction:

Schema 3-11: Decision-activity

Decision-activity
SLOT FACET VALUE

Name Value: | type string
Restriction:

is-a Restriction: | activity
| Goal Value: | type goal*

| Decision-variables Value: | type information*
Restriction:

Schema 3-12: Execution-activity

Execution-activity
SLOT | FACET | VALUE
Name Value: | type string
‘| Algorithm | Value: | type string*
| | Restriction:

We have just described the structure of a decision center. These schemata are connected by
channels. Channels allow the exchange of schemata. To this point, we have developed information
exchange. The coordination of the decentralized structure needs goal, decision-variable and rule
exchanges as well. The purpose of the Decision-frame schema is to support such exchanges. In
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this way, we can describe the organization structure of a manufacturing system. The content of a
decision frame is as it has been described in section 3.2. We define goals, decision variables, and
some rules used in decision process.

Schema 3-13: Informational-link

Informational-link
SLOT FACET VALUE

Name Value: | type string
Restriction:

Provenance Value: | type decision-center-name
Restriction:

Destination Value: | type decision-center-name*
Restriction:

Information Value: | type schema slot value
Restriction:

Schema 3-14: Decision-frame

Decision-frame
SLOT FACET VALUE

Name Value: | type string
‘ Restriction:
Provenance Value: | type decision-center
| | Restriction:
| Destination Value: | type decision-center
Restriction:
| Decision-variable Value: | type string*
Restriction:
{ Goals Value: | type goal*
| Restriction:
| Decision-rules Value: | type string*

An EMN-node uses another aspect: the EMN-node goal. This element is described by a specific
schema. The description of a goal is of primary importance to an organization. We can refer to [16] to
find the description of the Goal schema. In addition, a Role schema can be defined to provide the
link between the EMN-node activity definition and the local goals.
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Schema 3-15: Goal

Goal

SLOT

FACET

VALUE

Name

Value:
Restriction:

type string

Type

Value:
Restriction:

type string

Precondition

Value:
Restriction:

type string

Postcondition

Value:
Restriction:

type string

Resource-consumption

Value:
Restriction:

type string

Resource-production

Value:
Restriction:

type string

Resource-transformation

Value:
Restriction:

type string

Initiation

Value:
Restriction:

type string

Goal-model

Value:
Restriction: ‘

type string

Ports

Value:
Restriction:

type string

Objects

Value:
Restriction: |

type string

Value:

Organization-membership  type string

Restriction:

Schema 8-16: Role

SLOT FACET VALUE

| Name ‘ Value: | type string

Value:
| Restriction:

Dmnphon | type string
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3.4 Example

In this example, we define the hierarchical structure of the planning function. The figure 3-35
provides a global view of this structure and establishes the link between the generic schemata
defined in the previous section and their instantiation for the planning function.

Figure 3-35: Problem solving hierarchical decomposition example

Then, we define the content of some schemata part of this hierarchical structure. We present the
content of the load planning decision center. We detailed its content by defining two of its activities:
"to-detect-problems” and "to-solve-problems".

{ PLANNING-FUNCTION
INSTANCE: Function
NAME: Planning
DESCRIPTION: to synchronize the manufacturing activity
BASIC-ELEMENTS: P and R and T
GOALS: to satisfy due-date and delay of the customers
FRIENDS: 1 - Resource-Management function
2 - Product-Management function
3 - Engineering function
HAS-MODULES: PP, MPS, 1P, S, AS, D. }

PP: Production Plan

MPS: Master Production Schedule
LP: Load Planning

S: Schedule

AS: Adjust Schedule

D: Dispatch
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{ LOAD-PLANNING
INSTANCE: Decision-center
NAME: Load Planning (LP)
IS-MODULE-OF: planning-function
DESCRIPTION: to adjust load according to capacity
DECISION-LEVEL: Tactical
GOALS: satisfy due-date
INPUTS: MRP calculus
OUTPUTS: load planning at finite capacity
PREVIOUS-DECISION-CENTERS: MPS
NEXT-DECISION-CENTERS: S
HAS-MODULES : - to make load planning at infinite capacity
- to detect problems
- to solve problems }

{ TO-DETECT-PROBLEMS
INSTANCE: execution-activity
IS-MODULE-OF: Load-planning
NAME: to detect problems
DATA-INPUTS: entities Machine, operation, routing,
task and date.
DATA-OUTPUTS: task and date
PREVIOUS-ACTIVITIES: to make load planning at infinite
capacity
NEXT-ACTIVITIES: to solve problems
ALGORITHM: to compare previsional load to capacity.
IF (load > capacity) THEN problem
IF (load < capacity ) THEN nil }

{ TO-SOLVE-PROBLEM

INSTANCE: decision-activity

IS-MODULE-OF: Load-planning

NAME: to solve problems

DATA-INPUTS: entities Machine, operation, routing,
task and date.

DATA-OUTPUTS: task and date

PREVIOUS-ACTIVITIES: to detect problem

NEXT-ACTIVITIES: to translate load into operations

RULES: < if overload then subcontract the task>

LOCAL-GOALS: to keep a regular manufacturing activity

DECISION-VARIABLES: internal or external machine }

3.5 Organization Layer example
In this Layer, we add to figure 24 the definition of roles, responsibilities, authority and goals
specific to each EMN-node to get figure 3-36. With these elements, the EMN-node knows exactly its

place in the organization of the decentralized system.
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NETWORK
IN-NODE-1 IN-NODE-2
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CHANNEL CHANNEL
COMMUNICATION
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Figure 3-36: Organization Layer implementation example



4. Conclusion

The Enterprise Management Network is designed to facilitate the integration of heterogeneous
functions distributed geographically. Integration is supported by having the network first play a
more active role in the accessing and communication of information, and second by providing the
appropriate protocols for the distribution, coordination and negotiation of tasks and outcomes.

As described in this paper, the Organization Layer plays a central role in the EMN architecture. It
is the connection between a real manufacturing environment and its implementation as a multi-
agents system. This layer is also a platform for the negotiation and coordination activities between
antagonistic EMN-nodes. The different mechanisms defined in the three first layers of the
architecture provide the support for distributed knowledge base but also for all types of
communication. They are instantiated according to the EMN-nodes identified at the Organization
layer. In addition, the organization model provides conceptual links betwen the EMN-nodes and
identifies interactions between them in order to make them solve antagonistic problems. The
resolution of distributed problem solving is done by applying the coordination and negotiation
protocols defined at the Coordination Layer according to the identified EMN-node interactions on the
organization model. The schemata we define at this layer are the main elements to support
distributed problem solving. The way we intend to use them is presented at the Coordination Layer.
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