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Positioning, Scope and Boundaries of the GRACE Multi-agent System

The GRACE multi-agent collaborative system consists of physical electro-mechanical resources (e.g.,
processing machines, handling machines, conveyors and quality control stations), which have their
control embedded (e.g., using IEC 61131 controllers), and intelligent agents acting autonomously on
behalf of the resources and representing logical entities, introducing intelligence and cooperating to
achieve global production objectives (e.g. preserving an high quality production).
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Conceptual model of a generic agent

In spite of the particularities of each agent representing different (physical or logical) objects, the
conceptual structure for a generic agent of the multi-agent system comprises four main components:
 Inter-agent communication: it is responsible for the interaction with other agents, making transparent
the data exchanged to support the cooperation among the agents.
 Internal behaviour: it is responsible for the several control functions that regulate the agent’s
behaviour, namely the monitoring, control, adaptation and learning.
 Local database: it is used to store the agent’s information and knowledge, namely its current status
and the historical information about the operation execution.
 Interfaces: it is responsible to support the interaction of the agent with the physical equipment (e.g.,
robots and machines) and/or legacy systems (e.g., factory database), if they exist. This component may
also comprise a graphical user interface to support a direct interaction with the user.
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UML Class Diagram of the GRACE Agents
GRACE MAS architecture identifies several types of agents:
 The product type agents represent the catalogue of products/parts that can be produced by the
production line and contains the process and product knowledge required to produce the product,
namely the product structure and the process plan.
 The product agents manage the production of product instances in the plant/production line (e.g.,
washing machines and drums). They possess a process plan to produce the product and interact with
the RA agents for the process and quality control.
 The resource agents are associated to the physical resources of the production line, such as robots,
quality control stations and operators. They manage production/testing/transportation/assembly
operations in the production line. The resource agents comprise several specializations, namely the:
o The machine agents represent the mechatronic equipments, such as robots and machines that
execute production operations (adding value to the product), and manage the execution of the
processing operations.
o The quality control agents are associated to the quality control stations and their role is to
manage the execution of quality control operations over the parts being manufactured and on
the final product in the production line.
o The transport agents represent the devices performing transportation operations, namely
Automated Guided Vehicles (AGVs) or conveyors, transporting/routing the products identified
by their product agents from one manufacturing station (and the respective MA or OA agents)
or quality control station (and respective QCA agent) to the next station.
o The operator agents represent the manual operations performed by human operators.
 The independent meta agents introduce a kind of hierarchy in the decentralized system, allowing the
implementation of global supervisory control and optimized planning and decision-making
mechanisms, e.g. defining and adapting global policies for the system.
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Life cycle of a Product Agent (PA)
Being the production on-demand typically a product-driven approach, the Product Agent assumes critical
importance. It contains production information, interacts with Resource Agents and collects all the
information about the production history of the associated physical product.
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GRACE multi-agent system emerging from the interaction among the individual agents
Interaction patterns among GRACE agents are designed to enhance integration and collaboration
among intelligent units, to perform the re-configuration, adaptation and optimization in the
production control, quality control processes, allowing the achievement of a global modular,
distributed, adaptive and reconfigurable control platform.
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Interaction pattern used to adjust the processing parameters of the machines and quality control stations

After performing the inspection tests of a product instance, the QCA agent provides the results to the
associated PA agent and to the IMA agent. The IMA agent can use this information to analyse possible
deviations by using proper adaptation/optimization mechanisms, providing feedback to the RAs
responsible for the execution of previous operations (i.e. responsible for the observed quality
problem). These agents may use this information to improve the execution of future operations by the
associated machine it represents, and correcting the detected problems/deviations, e.g. by calibrating
the program parameters. The IMA agent also provides feedback to the PA agent, namely advices about
new strategies and policies for the production execution, aiming to increase the overall quality and
performance of the production process.
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Interaction pattern for adjusting the control board parameters of a washing machine

During the execution of the process plan along the production line, the PA agent collects the results of
the execution of the machining operations and the testing results provided by the quality control
stations. At the end of the production line, the PA agent uses that knowledge, also combined with the
advices provided by the IMA agent, to determine the best parameters to be written in the EEPROM
(updating the default parameters already stored in the controller), using proper algorithms. The
operation of writing these parameters to the EEPROM is accomplished by a writer machine
represented by a RA agent, which receives the correct information from the PA agent.

GRACE meta-model ontology schema

The design of the ontology is crucial to provide a common understanding on the vocabulary used by
the intelligent, distributed agents during the exchange and sharing of knowledge. The ontology schema
defines the vocabulary used by distributed entities, the agents, and indicates the concepts (objects or
classes), the predicates (relation between the classes), the terms (attributes of each class), and the
meaning of each term (type of each attribute).

GRACE Independent-Meta Agent (IMA) Graphical User Interface (GUI)
The GUI of the IMA provides a global perspective of the entire production system. The status and the
results of each production station, associated to a Resource Agent, are monitored. IMA knows also the
production history of all products, associated to Product Agents, that are currently in production line and of
those that have been already completed.

Simulation of the bearing insertion process controlled by a self-organizing scheme
Bearing insertion process has been modeled using a multi-agent architecture. A different agent has been
associated to production items (e.g. bearings, tubs) and production resources (e.g. tub manufacturing,
bearing insertion, storage, quality check). Simulation results show that the multi-agent control scheme with
self-organization capability produces and delivers more products than a classic feedback control scheme:
self-organization improves the throughput of the system redistributing the load to resources when their
efficiency changes (perturbations).

Adaptive screwing profiles generation
The strategy of keeping a static predefined screwing velocity profile works efficiently in nominal cases, but
generally a velocity profile dependent on material strength/geometry and environmental changes can be
advantageous with respect to optimizing production speed and minimizing scrap. The identification of
mathematical models for the screwing process, which represents the effects of changes in both material
and environmental properties, permits to generate an adaptive profile which includes both a feed forward
and a feedback mechanism based on quality assessments of the products done before and after the actual
screwing process.

...
station #1

station #1

station #3

...
station #n

station #i

production
data

WU #1234
WU #1235
WU #1239
weak
global
adaptation
(performed
by PA)

...

local adaptation
(performed by RA)

strong global adaptation
(performed by IMA)

Adaptation functions in the GRACE MAS
Self-adaptation is a key issue in the GRACE system that is composed by a community of distributed of
autonomous and cooperative agents. Adaptation procedures are present at different levels:
• Local adaptation: performed by a Resource Agent and involving only its own data; for example a RA (e.g.
the bearing insertion station or a visual inspection station) can improve its behaviour taking into
consideration the historical data about the execution of previous operations.
• Weak global self-adaptation: performed by a Product Agent collecting data related to a product instance
from the other Resource Agents; for example the PA can use the data about the production of a specific
appliance to reason and customize the parameters of posterior processing/inspection operations.
• Strong global self-adaptation (self-optimization): performed by Independent-Meta Agent collecting all
production data from individual agents and reasoning considering all this data; for example the IMA can use
all production data to reason and provide warning and suggestions to change the correlation functions.
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Independent-Meta Agent activity

The Independent-Meta Agent (IMA) collects information from individual Product Agents (e.g. when
a product enters or exits from the production line) and Resource Agents (e.g. when a station starts
or finishes its operation). When the IMA receives a number of messages, it aggregates the
information received and stores it in its database. IMA also applies trend analysis methods in order
to detect deviations in the production process and is able to send warnings and advices to the
individual agents or to the maintenance department.

On-board controller flow rate parameter adjustment
Variations in the performance of the flow valve of the product have an impact on water level and energy
consumption of washing cycles. Correct estimations of water consumptions are important with regards to
the performance of the final product. Tests show dependencies between valve flow rate and pressure
across the valves. Taking advantage of the GRACE multi-agent architecture, estimation of bias in different
flow meters in the Functional Test (FT) or Reliability Lab (RL) areas can be used to adjust the parameters in
on-board controller.
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Functional Tests plan adaptation
The Product Agent (PA) exploits the information collected along the production line to customize the
sequence of the tests to be performed by the functional tests stations. According to the MPFQ Model a set
of parameters (Var1, Var2, …) are calculated using the Performance Indices given by the individual stations
and the Correlation Table. Depending on the desired level of quality and the values of the calculated
parameters, the functional tests plan can be modified reducing or increasing the number and the time of
the tests.

Screwing model simulation tool
A mathematical model of the screwing process has been defined and implemented in MATLAB™. In order
to validate the model a Graphical User Interface have been developed that permits to modify the model
parameters (e.g. friction, tension and torsion coefficients) and control parameters (e.g. screwing max
torque and speed) and visualize the resulting torque and clamping force. Real data comparisons permit to
confirm the model and use it for on-line applications.
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Self-adaptation scheme for Quality Control Station
A feed-back control loop performs a control action on an influencing parameter acting on the measurement
system, so to keep signal quality at the desired level. A practical example could be the automatic repositioning of a transducer (a camera for example) around the theoretical optimal position in order to
center the target object of the image or the control of the illumination for image contrast enhancement.
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Washing Unit
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Vision system based on come mirror: a) measurement principle; b) layout of the system configuration for
the drum geometry control inspection.
A conic mirror is aligned with its axis coincident with the optical axis of the camera objective. The cone
mirror has a tip angle equal to 90°. The imaging system forms on the camera sensor an image of a cylinder
centred in the cone axis; in particular, the cone mirror performs an optical transformation that generates a
circular image of a cylindrical region. Any segment AB parallel to the cylinder axis at a distance r from the
axis is imaged into a radial segment A’B’ on the image sensor. The magnification ratio is constant along any
radius of the image, while it may vary from radius to radius, due to possible misalignment of the conic
mirror with respect to the cylinder axis that we need to image.

The drum geometry control station.
The heart of the drum geometry control station is the conic vision system, composed of two rings of LED
illuminators, a camera and the cone mirror holding element; the optical system is mounted on a vertical
line axis for its correct re-positioning inside the WU (adaptation).
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Typical images acquired by the drum quality control station.
The gap is images as a circumpherential ring, without the need of any scanning device.

The robot vision system in the laboratory configuration.
The robot vision system performs a series of self-optimization strategies in real time implemented in the
prototype:
1. Optimization of the position of the camera in case the component to be inspected is hidden by
another component.
2. Optimization of the colour of the light (e.g. the contrast of the belt and the grounding wire with
respect to the background can be improved by changing the colour of the light. For the belt, blue light
is used, while for the grounding wire red light is used. White light is used for all the other inspections).
3. Optimization of the camera exposure time to have a constant level of image brightness with varying
light conditions (unwanted reflections or environment lightning can change the quantity of light
captured by the camera).
4. Optimization of the acquired image, i.e. if the scene is not recognized the camera is slightly moved and
a new image is acquired in order to reach a higher score of the matching algorithm, thus a larger
confidence level in the recognition of the part.
5. Optimization of the matching algorithm in case of erroneous matching by using more than one
template.
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c)
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d)
Typical images acquired by the robot vision system.

Series of images acquired by the robotized vision system to perform the following quality control tests:
•
a) Position of the clamp and of the exhaust pipe.
•
b) Correct insertion and screwing of the heating element.
•
c) Belt presence and position on the pinion.
•
d) Check if grounding wire is inside the two clamps.

Typical images acquired on-line.
The vision stations in GRACE embed hardware and algorithms for self-adaptation of illumination color,
camera exposure time control, template selection. The final global result of the inspections performed by
the vision control stations on the images captured is a Boolean value, good or not good. In the second case,
the vision control station is able to provide information on which component has been not correctly
assembled also. For some components is important not only the presence result but the measurement of
position. All information is shared within the MAS.

Vibration spectra measured without and with self-adaptation.
The FFT of the vibration velocity acquired during the test on the same washing machine with and without
local adaptation. Black signal is obtained when the local adaptation is on. Blue signal is referred to a signal
not optimized. Self- adaptation of the laser Doppler vibrometer determines a remarkable improvement of
the signal-to-noise ratio, i.e. a significant improvement in the confidence level of the diagnosis performed
by the system.

Vibration velocity signals acquired from different models of washing machines.
The production produces many models of washing machines; each model has its own vibration signature.
Processing of these signals in time or frequency domains, or in time-frequency domain, allows for
diagnostics to be performed.

Functional testing station.
The system for the Modular Functional Testing has been designed to operate in the Functional Testing area,
located at the end of the production line. The tests are customized for each washing machine under test,
which means they can be individually different from machine to machine, depending on the production
history of each single product.
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GRACE Agent integrated into mechatronic unit (integrated agent).
The engineering methodology suitable for the engineering of multi-agent systems makes use of the concept
of mechatronic units. The basis for the integration of agents and mechatronic units is a clearly defined
structure of both of them. It is highly important that the interaction of the modules over their interfaces is
precisely defined. The integration of agents and mechatronic units is done by encapsulating modules
according to their functions.
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Engineering methodology framework.
The general MAS engineering workflow model with its phases and sub-processes uses the MAS approach,
the MU approach, the general engineering process reference model and the engineering activities as a
basic input, describing the interrelations among these concepts and resulting in a general workflow model
for MAS engineering. In addition to this workflow model there is a Material-Process-Function-Quality
Model (MPFQ model), based on the House of Quality, the engineering activities and the engineering
process reference model.

Material Process Function Quality (MPFQ) model.
The MPFQ-model highlights the central role of manufacturing in order to realize the designed product
quality.

Material Process Function Quality (MPFQ) model.
Within the MPFQ model, there are recursive dependencies between the Materials, Processes and
Functions; it is present a strong interlocking of the Product Design and Plant Engineering of a product.
Looking at the final product quality this MPF-part of the model is strictly forwards dependent.

MPFQ in operation.
After the MPFQ-model is fully updated, it can be used within the running production. The final product
quality of the real product is compared to the quality elaborated based on the MPFQ-model during the
production process based on data collected on the running plant and quality indicators measured for each
product at each process. Then MPFQ-model and GRACE MAS can be integrated and implemented for
advanced production control.

MPFQ: Data Acquisition and Elaboration by Agents during operation.
During plant operation, each resource agent calculates the process Performance Index (Pij). The index Pij is
a number in the range ]0,1] which indicates how much the actual value of the Quality Index QIij is far from
the desired value, 0 denoting a bad process, 1 a good process. A quality correlation table can be calculated
from the MPFQ-model and is stored within a quasi-static part of the database. The table will then need to
be tuned based on statistical correlation methods. These can be done by an IMA during production to
improve table reliability. Additionally IMA may also run statistical analysis during production to detect
trends in raw data, quality numbers or quality of products produced.
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The production line and the selected processes for the on-line demonstration.
The production line and the series of processes which were selected; they are distributed across all the line
and represent significant processes. The GRACE approach has been to develop self-adaptive behaviors at
local level on a sub-set of selected critical processes across the WM assembly line. They are:
•
3 manufacturing processes:
o
Bearing insertion station;
o
Screwing stations;
o
On-board controller programming (this means that each product is individually tuned);
•
4 types of quality controls:
o
Drum Geometry Control Station;
o
Vision stations:
- Washing Unit Vision Station;
- Assembly Vision Station;
- Final Assembly Vision Station;

Vibration control station:

Functional Testing.
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The bearing insertion station and the exchange of data process for the interaction of RA and the station.
The bearing insertion station is associated to a RA in the multi-agent system infrastructure that is
responsible for managing the process operations performed by the machine. It is important to notice that
the direct connection between the RA agent and the physical bearing insertion station is not implemented,
because it is not possible in the Whirlpool factory to interact with the bearing station controller and modify
it, but instead a connection to the GraDaCo database (via the Virtual Resource component) is used to
gather the results from the real production execution.
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Image processing from the gap control station on-line and its interaction with RA on-line.
The quality control station (QCS) for the control gap machine is associated to a QCA agent in the multiagent system infrastructure that is responsible for managing the inspection operations performed by the
machine.
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Image processing from the gap control station on-line and its interaction with RA on-line.
The quality control station (QCS) for the control gap machine is associated to a QCA agent in the multiagent system infrastructure that is responsible for managing the inspection operations performed by the
machine.

Final Assembly (WMA) Vision Inspection Station installed in production line; the two pictures show the
adapting illumination on-line.
The self-adapting vision strategies developed in GRACE (camera self-adapting exposure time and variable
color illumination) have been implemented and validated in production line.

The vibration control station during the on-line demonstration and some spectra.
The vibration control station acquires and processes vibration data in time and frequency domain. The
integration procedure of the vibration control station with the MAS is similar to that described for the
Drum Geometry Control station and for the Vision Inspection stations. Namely, each pair QCA and QCS
(implemented as a LabVIEW application) interact by exchanging XML files using socket communication.

The front panel of the vibration control station developed for the demonstration.
The interface shows all the main input and output between QCS and production line. For example, the
panel shows the vibration velocity signal acquired by the laser and its velocity profile computed using the
STFT algorithm (see label 1). Are shown the local and global adaptation phases (label 2-3 ) and the model
and serial number (label 4) of the washing machine under test. After the diagnosis the features computed
with their average values and thresholds are shown in a specific graph in normalized units (label 5).

The front panel of the vibration control station developed for the demonstration.
The interface shows all the main input and output between QCS and production line. For example, the
panel shows the vibration velocity signal acquired by the laser and its velocity profile computed using the
STFT algorithm (see label 1). Are shown the local and global adaptation phases (label 2-3 ) and the model
and serial number (label 4) of the washing machine under test. After the diagnosis the features computed
with their average values and thresholds are shown in a specific graph in normalized units (label 5).
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Distribution of agents in the installed system at the Naples factory.
In the installation of the GRACE MAS system in the Naples factory, the agents were distributed by 7
computers. Each agent comprise a local database, a graphical user interface (that can be launched at
beginning or not) and a set of proper behaviours (inherited from its agent type), being customized
according to a proper XML file.
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Different Quality Indicators values for 100 washing machines produced.
During the testing of the GRACE MAS system in the factory, it was possible to monitor quality indicators for
all the products being produced.

100

Screen-shot of the agent user interface.
The inteface visualizes the information available through the MAS and highlights eventual problems. This
allows a real time analysis of the quality indexes for each washing machine and generation of warnings in
any point of the production line in case the desired quality is not possible to be achieved anymore. Note
that a yellow warning is generated if the achievement of the desired quality is at risk, and a red warning is
generated when the system detects that it is not possible anymore to achieve the desired quality (even if
the remaining operations will be performed with a performance of 100%).
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Overview on the main contributions of GRACE).
The single implementation of the GRACE MAS itself can be found to be maybe the largest implementation
in industrial environment. But this was only possible due to the additional yields gained from integration of
process and quality control. New quality control stations developed are integrated into the production line
and ensure product quality of future washing machines produced. Process control algorithms especially for
the on-board controller customization lead to high increase in energy and water efficiency of future
washing machines. Finally the engineering methodology has been tested during the engineering of new
quality control stations and the MPFQ model servers a new basis for quality based process control and
quality assessment of washing machines produced.

Some pictures during the on-line demonstration in the Whirlpool plant in Naples, Italy, at the presence of
PO (Dr.J.Ramboer) and PTS (Dr.A.Bellé).
A real demonstration on a real factory required strong motivation of all partners to develop the research up
to the industrial application; indeed this is a very challenging task, both for academic partners and for
industrial partners, because the interaction with a real production system, while it is operating and cannot
be stopped, poses severe difficulties for prototype testing, which are not commonly encountered in
laboratory activities. These difficulties have been overcome by the GRACE consortium through a continuous
and full involvement of industrial partners in the research activities throughout all the project, which has
led the consortium partners to become a real “team”. GRACE partners were very different in terms of
expertise and of scientific interests, had very different professional back-ground, coming from universities,
research institutes and industries. Therefore, apart from the scientific and technical developments, bringing
a project to an on-line demonstration has been also a very exciting and rewarding professional and human
experience.

