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duction are some of the objectives to be reached for better quality and high performance
production. Sustainability requires a holistic approach to cover not only flexible intelligent
manufacture but also product and services activities. New routes philosophy of possible
machine architecture with characteristics such as hybrid processes with in-process inspec-
tion and self-healing will be presented with great features as well as challenges related to
various aspects of the next generation of intelligent machine tool centres.
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1. Introduction

Complex component machined with zero defects is a top performance in mass production and it becomes a new chal-
lenge required for the new generation of intelligent machine-tools. Increasing the precision and accuracy of machines, prod-
ucts and processes offers substantial benefits to a wide range of applications from ultra-precision to mass production with
higher quality and better reliability. The recent development of ultra precision machines is reaching nanometre precision
under very tight conditions [1,2].

The machine-tool industry is responding to a number of requirements, e.g. e_commerce, just-in-time-production and
most importantly zero defect component. This is facilitated by integrating new materials, design concepts, and control mech-
anisms which enable machine tools operating at high-speed with accuracies below than 5 pm. However the integration of
human experience in manufacturing towards flexible and self-optimising machines is widely missing. This can be achieved
by enhancing existing computing technologies and integrating them with human knowledge of design, automation, machin-
ing and servicing into e-manufacturing.

The next generation will be described as new intelligent reconfigurable manufacturing systems which realises a dynamic
fusion of human and machine intelligence, manufacturing knowledge and state-of-the-art design techniques. This may lead
to low-cost self-optimising integrated machines. It will encompass fault-tolerant advanced predictive maintenance facilities
for producing high-quality error-free workpieces using conventional and advanced manufacturing processes.

Machining process monitoring and control is a core concept on which to build up the new generation of flexible self-opti-
mising intelligent NC machines. In-process measurement and processing of the information provided by dedicated sensors
installed in the machine, enables autonomous decision making based on the on-line diagnosis of the correct machine, work-
piece, tool and machining process condition, leading to an increased machine reliability towards zero defects, together with
higher productivity and efficiency. Indeed, the main sensing and processing techniques in the literature [3-5] focus on
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monitoring strategies for part condition monitoring (surface roughness, surface integrity and dimensional accuracy), tool
condition monitoring (the so-called TCM for wear and breakage detection), process condition monitoring (chatter onset
and collision detection) and machine component condition monitoring for predictive maintenance purposes (rotary compo-
nents and parts subject to friction such as guideways). Since direct and in-process measurement is not generally possible due
to the aggressive environment in the cutting zone surroundings, the main research effort over the last decades for part and
tool monitoring has been focused on indirect measurement techniques (process condition-based), in which cutting process
characteristics (i.e. cutting forces and power, vibrations, cutting temperature, acoustic emission, etc.) are measured in order
to indirectly infer the part and tool condition [6,7]. Sensitivity offered by CNC internal servo signals from open architecture
controllers is under study as well [8,9], since they enable the development of monitoring and control strategies without the
need of installing additional sensors in the machine.

In the same way, based on the data provided by in-process monitoring, autonomous self-optimisation can be performed
with the integration of process control strategies into the machine tool control architecture. Machining process control strat-
egies are classified into two main groups [5], namely adaptive control constraint (ACC) and adaptive control optimisation
(ACO).

In the former ACC control strategies, a process variable (i.e. cutting force) is kept constant and under control through the
real-time in-process regulation of a cutting process parameter (i.e. cutting feed), with the aim of increasing process produc-
tivity and repeatability. Main research efforts on ACC strategies focus on cutting force control [10-12] and chatter vibration
suppression [13,14].

On the other hand, special attention has to be paid to the latter process control strategies (ACO). Characteristic examples
can be found at [15-19]. The main functionality provided by such control systems is the post-process self-optimisation of
process parameter set-up (i.e. feeds, depths of cut, etc.), with the objective of set-up time minimisation, process knowledge
management and process optimisation, towards flexible just-in-time production. With the in-process monitoring of process
performance and the post-process measurement of the resulting part quality, a knowledge based process model is used to
determine the new optimised set of cutting parameters, enabling autonomous self-optimisation. In the same way, as a pre-
vious step to optimisation, ACO systems are also applied to select the first process set-up for new part quality and process
requirements. Therefore, if a flexible intelligent NC machine tool is to be developed, process knowledge based models are a
component of primary importance to be integrated under the machine tool control architecture.

In addition to the adaptation of control parameters according to process conditions, control parameters have also to be
optimal during handling (including changing operations of work pieces and tools) and positioning operations as these oper-
ations account typically for more than 50% of the overall operating time. Earlier methods for parameter optimisation con-
centrated on the reduction of positioning and settling times of the feed axis by tuning only a few basic control
parameters (e.g. gain of the position control loop and gain and reset time of the velocity control loop). With increased com-
putational power, optimisation methods as described in [20] can now be reinvestigated for the use with a wider parameter
set including the parameters for acceleration and jerk limits which are directly influencing the vibrations of an axis.

If the characteristics of a controlled axis are known by means of the vibration behaviour, an adequate generation of the
programmed trajectories can yield a further optimisation. Methods for input shaping [49] can be used to design trajectories
that do not excite resonant frequencies of a given system. Hence, settling times and thus positioning times can be further
reduced.

Concerning parameter optimisation through self-learning particularly, the interest of the so-called machine learning ap-
proaches [21] will be introduced as the main research trend in process monitoring and control strategies towards the intel-
ligent manufacturing system.

2. Expected characteristics of the next generation

The expected characteristics of the next generation of machine centres are described as follows:

(a) Integration: development of an integrated machine tool being capable of performing both conventional and non-con-
ventional processes in one platform. (b) Bi-directional data flow: definition of a bi-directional process chain for unified data
communication exchange between CAD, CAM, CNC and Drive systems. (c) Process control loop: development and CNC inte-
gration of robust and reliable real-time strategies for the in-process tool, part, and process condition monitoring and control.
(d) Predictive maintenance: specification of a load- and situation-dependent condition monitoring for machine components
as a basis for self-reliant machine operation. This will be followed by the formulation of a self-organising predictive main-
tenance schedule that is based on self- and remote diagnostics and covers both short and long term aspects. (e) Autonomous
optimisation: development of a self-configuring self-optimising control system for autonomous manufacturing, based on the
in-process monitoring, characterisation and management of process knowledge. To facilitate such characteristics, the follow-
ing topics will be necessary to be implemented:

(a) To develop an integrated intelligent machine centre dedicated to e-manufacturing.

(b) To investigate and develop fast, stable and stiff reconfigurable machines with hybrid machining processes to prepare a
new platform for future machine-tools.

(c) To investigate implementation of total error compensation and in situ inspection facility.
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(d) To develop and produce new methodologies and concepts of autonomous manufacturing, self-supervision and self-
diagnostic/tuning/healing.

(e) To develop and integrate real-time process controllers into open CNC and drive system architecture, taking the
machine from an axis-controlled system to a machining process-controlled self-reliant system, based on the on-line
information provided by robust and reliable sensing techniques for tool, part, and machining process condition
monitoring.

(f) To develop and incorporate an extendible and knowledge based CAM system capable of recognising complex features,
performing self-learning based on in-process monitored data provided by machine control loops, and autonomously
determining the optimum tools/sets for given requirements of part quality, machine productivity and process effi-
ciency. Following the e-manufacturing approach, in a second step, CAM systems capable of sharing self-optimised pro-
cess knowledge between networked machines are to be developed.

An interdisciplinary approach of machine-tool builders in order to achieve these objectives becomes necessary and in-
cludes control manufacturers, research institutions and potential end-users. Such a development will realise a number of
breakthroughs in the future, e.g. (a) Delay-free cum zero-downtime production: the proposed e-manufacturing approach will
see the use of electronic services based on available data from machined processes, sensor signals, and human experience
that is integrated in a zero delay-time system to enable machines with near zero-downtime and production that meets user
requirements with zero delay time. (b) Self-reliant production: machines will be enabled to operate widely autonomously. (¢)
Optimal production: self-configuration and self-optimisation will eliminate production errors down to the limitations of the
in-process measurement devices.

3. Concepts of intelligent and flexible machines

In Fig. 2, the authors propose a new integrated concept for the next generation of machine tool centres. Based on the
knowledge acquired and the features extracted, the performance of control systems will be extended towards self-controlled
manufacturing with the objectives of cost-effective, high quality, fault-tolerant and more flexible systems with better pro-
cess capability. New intelligent control systems have to be developed and integrated with open architecture controllers such
as OpenCNC® or OSACA-based CNCs. In order to allow an automated error-free production with near zero down time, open
interfaces, learning capabilities, self-tuning and self-adjusting mechanisms as well as sophisticated model-based prediction
instruments have to be implemented at these layers. Quality inspection could operate in situ with environmental conditions
taken into account. For the first time, the concept of self-healing with e-maintenance could be operational.

3.1. Industrial requirements for machining process monitoring and control

Among the future requirements that have to be focused on, are the aspects of the just-in-time-production and zero defect
components, together with continuously higher part quality and process productivity. Automation level provided by
machining process monitoring and control systems contributes to those requirements. However, taking into account that
there is a growing need for production of small lot sizes in the market, flexibility lack in such automation systems is the main
drawback to deal with.

Indeed, flexible monitoring systems are required under the actual market requirements and thus, reliable process diag-
nosis is necessary under different cutting conditions. Nowadays, a common problematic shared by conventional process
monitoring approaches for part and tool condition monitoring is the lack of reliability under changing cutting conditions
hence limiting the flexibility of such automation systems [3]. As a characteristic example of this problematic for process con-
dition based tool condition monitoring (TCM), the process condition is not only influenced by changes in tool condition, but
it is also directly affected by cutting conditions. Furthermore, under different cutting conditions, different wear mechanisms
can be activated on the tool, each one having its particular impact on process and part condition. Therefore, when setting-up
process monitoring systems for new cutting conditions, previous trials for process signal database retrieval are required [4].
These are combined together with skilled operators with the necessary process knowledge in order to interpret changes in
process behaviour (i.e. forces, vibrations, etc.) and set-up suited detection limits. Additionally, flexible process monitoring
equipments often requires additional sensors that can fail and result in unforeseen downtime. As a result, when high flex-
ibility is required, monitoring systems are usually switched-off in industry, and direct post-process measurement is per-
formed, with the corresponding reliability lack in the machined part quality.

Dealing with such a problematic, model-based process monitoring and sensor fusion approaches are pointed out as the
alternative in order to get reliable process condition diagnosis, with a clear research effort over last years for machining pro-
cesses such as turning [22-24], grinding [4,25,26] and milling [27].

On the other hand, the integration of human experience in manufacturing is widely missing concerning machining pro-
cess optimisation. Set-up time reduction is critical when flexible just-in-time production is required. Nowadays, set-up-time
mainly depends on process knowledge concentrated in skilled operators, and there is a lack of systematic management, re-
trieval, sharing and optimisation of that key knowledge. Furthermore, characterisation of process knowledge and develop-
ment of models for autonomous process optimisation are required if set-up times are to be drastically reduced.
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Fig. 1. Bi-directional process chain.

Concerning this process knowledge related problematic, intelligent manufacturing systems (IMS) are the key on going
research concepts. The main objective of the IMS concepts is the development of an autonomous machine tool control sys-
tem able to perform self-tuning and self-learning, provided by the on-line monitoring and retrieval of cutting process related
knowledge (i.e. forces, part quality, machining time, tool life econometrics, predictive maintenance, etc.), towards flexible
and self-optimising machine tools. With the successful incorporation of IMSs into machine tool control integrated CAM sys-
tems, set-up times for new parts and process optimisation needs will be minimised, enabling just-in-time production, inde-
pendent from machine operator skills.

3.2. New possibilities in knowledge based society

The core concept of developing a flexible machine operated by a controller that performs process-adaptation on the basis
of a bi-directional data exchange between all parts of the process chain will yield a completely new way of manufacturing,
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Fig. 2. A new approach for the future machine centres.

especially small lot sizes, (Fig. 1). Economically speaking, this will have a large impact on end-users of machine tools that will
be able to meet customer requests in shorter time.

In addition to adaptiveness, there is a growing need for intelligence in numerical controllers as processes are becoming
more complex and manufacturing time has to be decreased. Much of this intelligence can be realised by introducing e-tech-
nologies for self-maintenance supported by remote-maintenance functions. If a machine has the ability to be serviced in part
preparation, load-dependent monitoring, fault diagnosis from internal and external knowledge bases, optimal manufactur-
ing can be guaranteed while downtimes and set-up times are minimised, especially when a variety of different parts must be
manufactured in a short time.

Consequently, the most important advantage for end-user will be the availability of machines that are able to operate in a
self-reliant manner, self-optimising and automatically serviced. Thus, there is no need to employ a number of cost-expensive
personnel to accomplish a large number of different process types which is not profitable to small companies.

At first glance, the advantages for machine tool builders may be less obvious. By taking a closer look, it is obvious that
with a growing need for production of small lot sizes there is also a growing market for machine tools to fill this gap.
Although a number of approaches to build modular machines and controls are known, their application to commercial prod-
ucts is missing as these approaches are mostly scientific.

Concepts could be created to combine modular machine approaches with modular numerical controllers that integrate e-
technologies derived from other disciplines, namely e-business and e-servicing. By generating common knowledge bases of
machine abilities and possible machine disabilities and faults, not only an automated maintenance can be achieved but also
an automated machine design optimisation which mainly addresses the machine tool builders, towards a holistic product
life cycle management (Fig. 3).

3.3. Research trends in process monitoring and control towards IMSs
The expertise in the machine-tool sector must rapidly converge towards new paradigms of production and new concepts

of product-services and will move to a production industry from resource-based towards knowledge-based approaches, to
remotely manufacture on-demand, multi-use, upgradeable product-services. Intelligent manufacturing systems (IMSs) are a



S. Mekid et al./Mechanism and Machine Theory 44 (2009) 466-476 471

SEs Time/Machine
A ' life-cycle
2 Machine £ Process +
Design stage parameters +

8 4 4

M 1g and
adaptive control

| LOW COST |
ﬁl:u

Parameters Maintenance uﬁﬁ —{ Intelligent procedures |

optimization planning
1 1 Measurements (process,
quality, cost...)
\
Seif regulating | I W Locp 1. machine, tool
*

el [ 00D 2: process, workprece

machine
il (00D 3 market, LC data

Fig. 3. Holistic approach to evolutionary manufacturing.

research area with world-wide interest encompassing all industrialised nations. Progress has already been made in countries
such as the USA, Japan, Canada and Australia; European countries have also initiated some work in this area. In order to make
a significant impact, the next generation of IMS should embody not only the processes but also the associated ‘intelligence’,
so that they can be used to manufacture high-value components with near-zero faults.

Integration of human expertise into machine tool control system has been a key research issue over last years in the
machining process monitoring and control field. It can be emphasised that intelligence is strongly connected with learning.
Learning ability must be an indispensable feature of future IMSs. In particular, artificial intelligence (AI) modelling ap-
proaches under the machine learning concept (knowledge-based systems (KBS), expert systems (ES), artificial neural net-
works (ANN), fuzzy logic (FL), etc.) have to be pointed out as a core concept for the new generation of intelligent NC
machines. A comprehensive study in machine learning approaches for machining process monitoring and control can be
found at [21].

On the other hand, regarding the integration of monitoring and control systems into machine control architecture, most
of the control strategies are single input single output (SISO), as in ACC strategies for force control, where only one process
variable in controlled (i.e. cutting force) through the regulation of one process parameter (i.e. feed). However, in order to deal
with the existing interdependence between different process variables, first proposals in the literature consider MIMO ap-
proaches (multiple input multiple output) [28], where multiple inter-related controlled variables and regulating parameters
are considered. Following that integration trend, ACC strategies subordinated to ACC controllers are also presented [29].

Recently, there has been work focusing on integration of multiple controllers leading to research in supervisory control
systems [11,30], where the joint processing of the data concerning machining process, part, tool and machine component
conditions is carried for the co-ordinated management and situation-dependant decision making onto the corresponding
set of subordinated and inter-dependant process control modules. Several approaches and techniques can be found for
supervisory system development: KBSs [31,32], hierarchic control systems [33,34], Grafcet based decision-making [35],
etc. An example of the superior performance of a supervisory control system over independent single controllers in terms
of productivity and part quality can be found at [36]. Additionally, as a potential advantage of such an integrated approach,
networked supervisory systems to machine component suppliers will enable periodical remote machine condition inspec-
tions, leading to fault-tolerant advanced predictive maintenance facilities for producing high-quality error-free workpieces.

Therefore, a systematic design approach is necessary for the effective construction and implementation of supervisory
systems into an open-architecture machine tool control as inter-dependant and co-ordinated machining process control
modules.

3.4. Aspects of the new generation of machine tools
The next generation of machine tools will be reconfigurable and self-adaptive as single machine or within a manufactur-

ing system. It is designed for a rapid change in structure and components in order to rapidly introduce a new product and
adjust production capacity and functionality in response to market changes.
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The next generation of machines will be characterised by a limp from independent assembled sensor, actuator and con-
trols towards mechatronic knowledge based system. The machines could also be modular with embedded intelligence and
standardised interfaces to be able to assemble and reconfigure. To Secure work envelope, high dexterity, high stiffness, etc.,
in the new configuration knowing the programmed tasks, a rapid simulation should be computed to check specifications. The
innovative design of the next generation is heading towards adaptronic modules, i.e. intelligent spindle, haptic cutting tools
and real time reconfiguration interfaces.

Hence, the aspects have to be addressed for the next generation of machine tools:

New self-adaptive machine structures based on mechatronic concepts.
Mechatronic knowledge-based intelligent modules.

Integrated process control with in-process product characterisation.
Intelligent manufacturing equipment.

Development of tools for integrated/embedded optimised system.
Embedded simulation capability for current configuration.

Scalability of the machines.

4. Virtual design and simulation

Virtual machine tool engineering gives the possibility to design, test, optimise, control and machine parts in a computer
simulation environment. This saves much time and money in avoiding build the first test-prototype. The rigid and flexible
machine tools models are analysed under various jerk, acceleration, velocity and control profiles at high speeds. The coupled
simulation of machine structure, drives and CNC control offers not only the chance to study the interactions between the
different instance for offline optimisations of a new machine tool. In contrast, real-time simulation models are able to be
connected to a real CNC building a hardware-in-the-loop system which allows for optimisation of control parameters and
a completely virtual ramp-up process [37].

The digital model of the machine is integrated to the numerical simulation of the cutting process; hence the machine tool
can be tested to machine particular parts under desired cutting conditions. However, the virtual machine tool technology
still requires fundamental research in the area of process simulation, integration of all analysis modules in a user friendly
simulation programme for the users [38]. Fundamentals of precision engineering with second and third order errors could
be taken into account in the design process to drastically reduce most of the errors [39].

Simulation of manufacturing processes using multi agent technologies allows testing of various configurations of pro-
duction processes and locates bottlenecks and other possible problems [40]. To achieve higher accuracy in machining at
micro and macro scale, full virtual simulation including control, manufacturing process and mechanical capabilities are
required.

5. Intelligent open architecture controllers

Successful development and implementation of supervisory systems concerning process monitoring and control demands
high flexibility for the machine tool controller architecture [3], both for software and hardware component integration and
upgrading. Open architecture control (OAC) is a concept derived from this flexibility requirement. In particular, PC-based
homogeneous and standardised platforms are pointed out as the best solution for flexibility [41]. Although there are avail-
able commercial solution in the market under the OAC concept (Delta Tau PMAC-NC, IBH PA 8000, etc.), together with large
international consortiums addressing this field (OSACA in Europe, OMAC in United States, JOP in Japan, etc.), the use of OAC
systems is still limited to research and development activities, since standardisation still remains unresolved for their wide-
spread application in the machine tool industry.

Nowadays, most of the available commercial process monitoring and control systems (Prometec, Artis, etc.) remain as
add-on external hardware systems integrated to machine tool CNCs, with various available communication standards
(Ethernet, Profibus, CAN, etc.), and with a clear trend towards higher HMI (Human Machine Interface) integration level as
additional and flexible software modules into PC-based CNCs. There are only few systems that allow the integration of pro-
cess monitoring routines at a lower level. An example for an open system is the newest generation of servo-drives offered by
Bosch-Rexroth which has a freely programmable PLC. Bosch-Rexroth’s own productivity agent is using this PLC to offer mon-
itoring and maintenance algorithms based on drive signals (current and scale information). However, processing algorithms
and decision making strategies integrated by commercial systems are relatively simple, and the ability to extend system re-
sources in order to upgrade system performance through the integration of process knowledge in terms of complex user-de-
fined signal processing algorithms and advanced control strategies is widely missing. Furthermore, standardised interfaces
are missing that enable the distribution of monitoring, control and servicing algorithms to different NC and drive platforms
at the levels of velocity and current control (i.e. below 1 ms cycle times). On the other hand, last generation of open CNCs
available in the market (Fanuc, Siemens, etc.) offer the possibility of real-time execution of user-defined control algorithms
in the cycle times of the position controller (usually >1 ms). Again, programming languages for such algorithms are
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proprietary solutions, with a clear lack of a standard in this field. In the same way, complexity of programmable algorithms is
still restricted by the limited processing capability offered nowadays.

A core problem that hinders the realisation of flexible interfaces is related to the system design. Both drives and CNC are
usually based on digital signal processors or microcontrollers. Both types of processing units feature a serial execution of all
tasks. Consequently, a complex task scheduler must be implemented to guarantee a stable real-time processing of data. Con-
trol, monitoring and serving tasks can never be performed in a truly parallel way. An alternative to these serial control sys-
tems are units that are based on field programmable gate arrays (FPGA). With new FPGA-based control platforms, it is
possible to configure drive controllers and PLCs on one chip using hardware description languages (VHDL). All of these units
can access the same signals and process data in parallel in hard real-time. As an extension to the set of control and PLC func-
tionality, it is possible to instantiate complete DSPs or CPUs as additional units. As these blocks are not simulated but estab-
lished as real hardware circuits, they can execute sophisticated code that is programmed in high level languages (C,
Assembler) in the same way as the low-level units - in real-time and in parallel. A sketch of an open drive architecture is
shown in Fig. 5 [50].

6. Concept of self-healing in machines

Self-healing is an important feature required in the new generation of machine-tools. This will go beyond faults monitor-
ing and scheduling maintenance to achieve extremely high reliability. The aim is to heal a component from software and
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environmental errors. A worst case would be to replace a defect component by either automatic maintenance scheduling, or,
engage a new mode of functioning among others in the machine but this would need prediction of scenarios at the initial
stage of the machine design. Once this is possible, it is assumed that the system would never fail, hence and great increase
in life time and economic outcomes.

The concept of self-healing in software based systems will intervene after perceiving faults and attempt to solving bugs
and conflicts, make the necessary adjustments and restore a working order required for the particular on-going application.
Human intervention could be required; otherwise agents could be programmed to assist the self-healing. While writing this
paper an interesting survey has been published to cover self-healing software based systems [42].

Many active research developments are working in this direction and could support machine design aspects like new
materials such as composite materials that can heal themselves. Fibres break under relatively low impact loads releasing
repair agents that seep into the cracks and harden, repairing the damage [43]. Nervous materials could also be key materials
for machines as the can feel ‘pain’ and attempt to recover from it, hence bringing the machine dynamic and thermal char-
acteristics back to requirements.

7. Up-coming intelligent multi or hybrid agent systems

Recent agents have been developed to address a number of obstacles and ease the use both communication and param-
eter monitoring in manufacturing. Sensor clustering becomes a very attractive application particularly in manufacturing
where various types of phenomena are monitored and information should be exchanged between internal sensors (i.e. drive
sensors to measure current and positions), external sensors (such as vibration sensors) and the CNC control that supervises
the machine performance.

It is clear that agents have to either work alone or cooperate to achieve a task. The question could be whether a single
agent could perform all the tasks or the concept of multi-agent has to be introduced. Communication between agents is
important to transfer information between agents with a capability of prioritization. With multi-agent systems could par-
allel computation be used to speed up the system. Robustness, scalability and the programming become easier [44].

Multi agent systems would not probably be of systematic use if the system is not suitable or if it is applied it may intro-
duce delays or will be an expensive solution. Further multi-agents are not suitable when used only to decentralise a system
normally modelled as a centralised system. One should not try to provide multi-agent solutions to the non-suitable prob-
lems, it is foremost important to focus on the problems the multi-agents are meant to solve and not on the possible benefits
[45].

Today the focus of agent research is more on multi-agent systems than on single agent systems, since agents that co-oper-
ate and/or communicate can solve much more complex tasks than just one single agent is capable of [46]. Verification and
validation of multi agents has already been addressed in [47]. Learning and autonomous capabilities should be part of the
multi-agents strategy. Nahm and Ishikawa [48] have proposed a hybrid network of agents as shown in Fig. 4, they employ
a lightweight middle agent, called “interface agent” for continuous or discrete interactions between local agents (type 1),
between a collection of local agents and a collection of remote agents (type 2), and between a local agent and a remote agent
(type 3). Therefore, agent interactions are made only via the interface agent.

Concerning networked machines to a central process knowledge server, process information data can be forwarded to a
centralised agent for expert analysis and decision making [3], sharing knowledge to thirds in the net. Synergistic union of
networked machines could perform as process knowledge generation nodes.

8. Concluding remarks

Although strong research efforts have been conducted over the last decades in machining process monitoring and control
field, there has been little transfer of such technologies into industry. The main lacks to overcome the challenges in order to
increase the impact and to bring all the potential benefits provided by such automation and optimisation systems into ma-
chine tool industry could be summarised as follows:

(a) Development of robust sensing and signal processing techniques, implementing monitoring and control techniques
proposed in the literature into usage requirements of real life applications (e.g. aggressive environment, fluids, noise
and chips), both for direct and indirect measurement techniques. Miniaturisation and embedding of sensors and actu-
ators into machine tool components is an on going exciting research trend.

(b) Development of reliable and process knowledge-based diagnosis with control strategies, so that systems could be
autonomously self-adapted with zero set-up time for the end user, operating under a wide range of machining con-
ditions and part requirements. As a result, without the need of skilled operators, flexible application of process auto-
mation and optimisation systems will become possible under changing market requirements.

(c) Adoption of OAC systems including integrated and co-ordinated open process controllers, towards the industrial stan-
dardisation of machining process monitoring and control systems, enabling the integration of user-defined, flexible,
self-learning and multipurpose supervisory systems.
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(d) Synergistic and co-ordinated research and development efforts between machine tool builders, control manufacturers,
research institutions and machine end-users, avoiding resource overlapping, and enabling high-risk and long-term
studies for ground-breaking results.

(e) Development of new ‘adaptronics’ for modular machines with mechatronic aspect to ease reconfiguration of the next
generation of machine tools.

Intelligent process control should address both workpiece quality (dimensional and material integrity with surface finish
quality) and the related cost in terms of tooling and time. This can be best accomplished by using precise process models and
sensory information in an open-architecture control environment. To achieve these objectives it is required to use precise
process models with compliant cluster sensors within an open architecture control environment. In addition, it is also re-
quired to develop and integrate a variety of support technologies as mentioned previously.
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