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ABSTRACT

Intelligent machining systems enable to adapt éoctianges of manufacturing environment
such as orders, disturbances happening in thensyftemachining system, machine tools play
an important role to have the products with higlaliy, low cost and high productivity. The
paper presents a new concept of intelligent maegisystem, namely Autonomous Machining
System- AMS. Biology inspired technologies are &gapko the machine tools for equipping
these machines with biological characteristics sash self-diagnostic, self-recovery, and
cooperation. With these advanced characteristiésS Aas ability to adapt to changes on the
shop floor.

Keywords. autonomous machining system, artificial intelligencognitive agent.
1. INTRODUCTION

In traditional manufacturing systems, the worketaypan important role, with their
knowledge and experience, the workers adapt flgxiol changes in the manufacturing
environment. With new problems, their knowledgeujzdated through learning [1lWVith
abilities in processing information and cognitimlidies, the workers keep an important role in
monitoring, control, production planning. The warkevith the ability to solve problems and
cognitive capacity enable to adapt with changinghufacturing environment. However, the
system manipulated by workers with a high pricenly suitable for small production.

In the era of computer integrated manufacturingkexs are replaced by automatic control
systems and robots, so the cognitive abilities afkers in solving problems such as perception,
learning, reasoning for a decision also are remd2¢dThe limit of the automatic control
system is not capable to adapt to the changesodie system operating under preset programs.
So the system needs to reset and restart whem@roecurs. To overcome these shortcomings,
and combination of both advanced automatic corgg@tem and the cognitive abilities of
human, cognitive sciences and artificial intelligeras well as the biology inspired technologies
have been applied to the manufacturing systemshamiake the production system to become
more intelligent and more flexible [3 - 5]. Kristiret al. proposed a manufacturing system with
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applying the achievements of cognitive sciencehis system, the machines work together for
machining workpiece. The system adapts flexiblyhwite change of orders and changes in the
machining shop [6].

The paper presents the application of biology mgptechnologies allowing the system to
perform intelligent behaviors which mimic humanigities such as reasoning for decision-
making, cooperation in problem solving.

2. MODEL OF AN AUTONOMOUSMACHINING SYSTEM

With the important role of machine tools in machmisystems, many research projects
have proposed technological solutions to get thaligent machine tools such as applying the
adaptive control [7], intelligent controller [8]e4configuration of the machine tools [9], or
online system for monitoring processes [10] whitbvathe machine to adapt to the changes in
the production environment, ensuresthe productitguaControl solutions to improve the
flexibility and extend the workspace of the machiaee also been studied [11].

The concept of an autonomous machine tool (AMT) firas mentioned in the 1980s [12 -
14]. Studies on AMT have focused on themachiningcess model of the intelligent machine
tools, multi-sensor networks, identification andlfaliagnosis. An AMS has many AMTs which
cooperate to perform the machining process.
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Figure 1.Model of an autonomous machine tool in AMS.

Currently, self-adapting thecuttingconditions inalmi@ing process on the machine tool was
made successfully by applying adaptive controlldre adaptive control systems for machine
tools are classified into three groups: adaptivatrob with constraints (ACC), geometric
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adaptive control (GAC), and adaptive control wigitimization (ACO) [15, 16]. ACC is based
on the maximum value of processing variables sucltwdting speed in cosideration of the
machine and cutting process such as cutting fand, machine power. With the GAC, the
cutting process parameters are continuously adjusteelation to the geometric precision and
workpiece surface quality. ACO adjusts the maclgnimocess parameters such as feed rate,
cutting speed and depth of cut to get the largastuat of material removed with the constraints
of the surface roughness, the power consumptioncattthg force. Virtual reality technology
has also been proposed to apply for the CNC milnaghine, in which the digital copy milling
system is connected to the CNC machine, the chahgetting conditions or tool paths on the
digital system will be updated on a real machirgggtem [17].

The paper presents the research results on AMS théthapplication of cognitive agent
technology as shown in Figure 1. Cognitive agentegrated from agent technology and
cognitive technology is a computer program whiagheguipped with artificial cognitive abilities
to perform cognitive activities from the behavidrtmman such as perception, reasoning and
decision-making, communication, and learning [19, The intelligent features of the machine
tools are carried out by cognitive agents. Diffeeewith the adaptive control system mentioned
above, this research considers to self-adaptimiistarbances of each machines as well as of the
systemdue to cooperation among machines in ordexdiace the downtime of the machine or
the system in the case of an error happening sacto@ wear, machine breakdown when
machining product.

The model of an autonomous manufacturing system $AM shown in Figure 2. Each
machine tool is equipped with artificial cognitiabilities so that it can perform intelligent
behavior such as perception, decision making, amunmunication. For machining a new
product, manufacturing execution system (MES) sdhdsplans to the machine tools via the
cognitive agents.
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Figure 2. Autonomous machining system.
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In case the system does not have disturbancebE$manages the machining process. In
the case of disturbances such as tool wear, madhizekdown cognitive agents manage the
machining process to ensure that machining prosesse carried out continuously. For
example, in the case of the tool wear, the macadjests the cutting conditions in consideration
of the tool wear amount in the allowable range, dods not affect the quality of machining
process. When a machine fails, the remaining mashwill cooperate to find a suitable machine
to do the work of the breakdown machine.

To connect the devices in the machining system thighapplication software needs to use
communication protocols such as MTConnect, OPCcgs® control protocol for linking and
embedding objects) [20, 21]. In this study, thet@erol for connecting between the CNC
machine tools as well as other equipments in thstesy such as robots, workpiece, and
transporter is OPC. The machines communicate veith ®thers via the cognitive agents in the
wireless environment using messages in XML (Extdasvlarkup Language) format.

3. TECHNOLOGIESFOR REALIZING THE SYSTEM

3.1. Cognitive agent
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Figure 3.Architecture of a cognitive agent.

Cognitive
agent

Cognitive agent [18, 19] is a computer program pped with the artificial cognition to
have the cognitive abilities of human. Cognitiveiattes are loop of three steps: perception,
reasoning and action. According to the cognitivedetoof human for adapting to changes of
environmental conditions, the architecture of ctigaiagents has been proposed to apply in
manufacturing field as shown in Figure 3. In whitte cognitive agent is made up of five basic
modules: perception, decision making, knowledgatroh and communication. The perception
module keeps the role for getting data of conttblddjects such as machine tool, workpiece.
The decision-making module is to drive out a resgaa decision according to the obtained
data and the knowledge of the cognitive agent. ddrgrol module processes the plan to tasks
and activates the commands to the controlled abjEte interaction among agents is done
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through the communication module. The knowledge uteodstores the plans and action
mechanisms of the cognitive agent.

3.2. Swvarm intelligence

In the nature, swarm intelligence is built from plminteractions of individuals and with
their environment. Swarm intelligence is expressbdough mechanisms to adapt to
environmental change which shows in the study ofdgy, such as ant colony, fish school,
birds, and the cooperation of human in problemisglv

Ant colony shows swarm intelligence as finding shertest path from food source to their
nests through simple interactions among them uaitbemical substance called "pheromone"
[22, 23]. Ant colony adapts to environmental chanlgg changing the relationship between the
members. Applying this principle to the manufactgrfield in which the manufacturing system
is considered as a combination of autonomous atidbooative entities, the manufacturing
system adapts with disturbances by comparing thigyadf the machine to the requirements of
the product. Each machine has a value of "pherofmongass a particular type of disturbances,
and the machine having the highest pheromone \alselected to perform the work of the
breakdown machine.

3.3. Information technology infrastructure

Radio frequency identification (RFID) technologydasensor systems have an important
role in changing the way to control, automatic nfanturing, and data acquisition, as well as in
connection with information systems of the upperelesuch as ERP (enterprise resource
planning), SCM (supply chain management), or CR¥s{@mer relationship management) [24].
These technologies allow to reduce the costs, mysimvntime, and to increase productivity.
RFID plays an important role in monitoring the pFss in real time, monitoring the objects of
system such as workpiece, materials due to thisitdogy allows to read and write data into the
RFID tag attached directly to objects.

Wireless sensor network (WSN) includes temperaseesors, pressure sensors, force
sensors, or vibration sensors. WSN is a tool ftlecting data in real time. It plays an important
role in monitoring the status of the machine whiallows improving the quality and
performance of the machine [25].

4. PROGRAMMING THE SYSTEM

Cognitive agents were programmed using .NET and. Ch# systematic structure of the
machining system based on the cognitive agentsoisin Figure 4. There are three core issues
to implement the cognitive agents, which are theroanication protocol, agent behavior and
database as well as information flow among the pgants in the system to perform the
function. Agent interacts with MES and other age¢htsugh XML format.

OPC protocol is used for communication betweendagents with PLC (programmable
logic controllers). PLC is connected to the phyisitevices of the machining system such as the
RFID reader, disturbance input, and alarm devi¢be. database includes process information,
agent address for interacting in the network, therpmone value, and disturbance database are
built using SQL ServéY 2005. Agents use the "search" method for diagrarsisclassification
of disturbances. According to disturbance typegnidive agent reasons to make a decision
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using the “adjust” or “collaboration” method. In agperation, the agent uses the “calculate”
function to generate the pheromone value. Then;ribgotiate" process is carried out among
agents to find out the agent with the highest pmere value. This agent transfers the
machining plan of the breakdown machine to thecsetemachine tool. These functions of the
agent are done using the database of process mtionm agent database in which SQL

(structured query language) is used for queries.
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Figure 4.Structure of the cognitive agent based machinirstesy.

5. EVALUATION OF THE DEVELOPED SYSTEM

5.1. Hardwar e structur e of the experimental model

Figure 5. Hardware structure of the experimental model.
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Hardware structure of the experimental model iswshan Figure 5. In order to save
investment costs, the disturbance-input device i¢devon/off) is used to generate the
disturbance.

PLC considered as the controller of the machinérexeives the process information from
the MES system and activates the machining op@satiBrocess information of the system is
displayed on the monitoring screen. Workpiece imfation is collected via RFID system. Each
computer including three agents (machine agentkpiece agent, and transport agent) is
responsible for managing the machining workpieca amachine tool.

Display the system
status

MES system
Status of
the machines

Disturbance
Worlpiece ID input

RFID
Reader )
@ ﬁ
RFID tag RFID tag RFID tag

Figure 6. Working mechanism of the system.

Working principle of the system shown in Figures@kplained as follows:
- The RFID reader sends the workpiece informatioBlt@ (described by 1).
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- Workpiece agent receives workpiece ID from the Rir@ sent to the machine agent
(described by 2).

- Machine agen requests task from MES (described.by 3

- Machine agent sends task to PLC (described by 4).

- PLC activates the green light (described by 5).

- After the operation finish, the green light is (d&scribed by 6).

- PLC sends a signal to the transport agent to teanisé workpiece to the next machine
(described by 7).

- Generating the disturbance (expressed by 8).
- PLC sends a signal to the machine agent (descoip&dl.
- Agent overcomes the disturbance by itself or inpepation with other agents.

5.2. Softwar e structure of the experimental model
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Figure 7. Software structure of the developed system.
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Figure 7 shows the software structure of the deezlesystem. Agent communicates with
MES and other agents through XML message which tises802.11 protocol for wireless
communication. OPC protocol in KEPServetsoftware is used for communication between
agents with the PLC device. SQL is used to comnaieiwith databases.

5.3. Communication protocol

Communication diagram among devices in the experiaianodel shown in Figure 8 is
explained as follows:

- Communication protocol between the RFID tag attdahethe workpiece and the RFID
reader is UHF: 1ISO18000-6C (Gen2) standard for RRtingmagic devices.

- Communication protocol between the RFID readertardPLC is wired with an RFID
reader connected via USB and a side connected PLEDG via RS 232.

- Disturbance-input devices connect to the PLC thindDgport (digital input) of the PLC.
- Alarm light connects to the PLC by wire through 8-RS232C port of the PLC.
- PLC connects to computer by wire.

- Communication among computers and computers witls Mi&a wireless devices which
are Buffald"Ethernet converter.

cOM[ PLC #2 ‘ | PLC#3 ‘
CP341- $7-300 $7-300
RS232C ‘ ‘ CP343-1 %
IPLC #1
i [Ethernet Ethernet y
$7-300 m o 50 Ethernet
‘ PC#1 ‘ PC#2 ‘ PC#3 ..%
——RJ45 i E:
Wireless | _ Wireless | Wireless g
converter converter converter =
-~ T s =
s 1 s =
T L e
Wireless MES |
converter |

Figure 8.Comunication protocol among devices.
5.4. Experimental results

Figure 9 shows the self-adjusting mechanism ofatent about the cutting condition when
machining on a lathe in the case of tool wear. @agnagents were programmed using .NET
and C#. Machine agent #1 receives disturbance Isignam the PLC #1 through software
KEPServerEX" (described by 1). Then, the disturbance is diagmiqslescribed by 2). If the
disturbance belongs to the non-negotiation type,ef@ample tool wear (described by 3), the
agent adjusts the cutting parameters. After chantiia cutting parameters (described by 4), the
cognitive agent send the new cutting parametetfset@ontroller of machine tool.
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Figure 9. Screenshot of the system in the case of tool wear.
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Figure 10. Agent negotiation.
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Figure 11. Screenshot of the machine agent in negotiation case

The negotiation process of agents is shown in Eidx. Machine agent #2 sends requests
for help to the remaining machine agents. Messagetin the process information, the address
of the receiver. Agents negotiate to find an atézmoute.

Screenshot of the machine agent shown in Figugrddents the response of the system in
case of tool break. Machine agent #2 receivesi#tardance signal from the PLC #2 via
KEPServerEX'software (described by 1). Then, the disturbancieignosed (described by 2).

If the disturbance belongs to the negotiation typeexample broken tool (described by 3), the
network server/client is established (describedbygents cooperate to overcome the
disturbances (described by 5).

6. APPLICATION OF THE AUTONOMOUSMACHINING SYSTEM

To applythe proposed AMS to the real machiningesysheeds to synthesize, analyze the
disturbance types happening in the system;to band for agent for making a decision. In this
research, the AMS is applied to ensure the worlepopality in the case of the tool wear using
the self-adjusting mechanism of agent.

Figure 12 shows the integration of modules of maehagent to diagnose the tool wear
amount when machining and generating a new cugtamgmeters corresponding to the tool wear
amount to ensure the value of surface roughnetseahachined product within allowed limits.
Accordingly, the recorded signals from the sensalisbe amplified and transferred to neural
networks ANN #1, in order to predict the tool wekirthe value of the surface roughness in
consideration of tool wear exceeds the allowedt]ithie system will report a notice to replace
tool. Conversely, ANN #2 is used to generate a netting condition. In this research, neural
network ANN #1 is used to model and predict the amof tool wear in turning. Configuration
of ANN #1 is 6-10-1. The input layer includes 6 rans: cutting speed, feed ratef, cutting
deptha,, force, cutting time, the initial tool wear. Thedtien layer includes 10 neurons. The

378



Autonomous Machining System

output layer contains only one neuron that is tewnt of tool wear. To get this structure, the

number of learning is stopped after 2000 iteratiovith the smallest deviation is 0.025. Results
of prediction are shown in Table 1.

In the machining process, if the amount of tool megffects the machining qualify, then
the new cutting parameters are generated usinficiattineural network ANN #2. ANN #2 is
structured 3-3-6-1 with two hidden layers. The inparameters were: cutting speedamount
of tool wearT,, cutting deptha,. Output layer is composed of the feed rate pammdihe
learning is stopped after 2000 iterations with tiained smallest error 0.28. Results on the
optimal amount of feed rate corresponding to thewarhof tool wear are shown in Table 2.
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Figure 12. Prediction of the tool wear amount and generaticth@ new cutting parameters.

Database Machine agent

Table 1. Result of predicting the tool wear and comparigith the experimental data.

Test Cutting Feed rate Depth Processing Cutting Initial Actual Predicted Error
force (mm/rev) of cut time (mm) speed tool tool tool wear (mm)

(N) (mm) (m/min) wear wear (mm)
(mm) (mm)
1 609 0.1449 15 5 160 0 0.140 0.133 0.007
2 608 0.1398 15 10 160 0 0.174 0.173 0.001
3 607 0.1347 15 20 160 0 0.208 0.205 0.003
4 609 0.1449 15 30 160 0 0.292 0.279 0.013
5 619 0.1680 2.0 5 160 0 0.165 0.147 0.015
6 610 0.1500 2.0 20 160 0 0.195 0.216 -0.021

379



Tran Ngoc Hien

Table 2. Results of generation of the feed rate and corsparnvith the experimental data.

Test Cutting Amount of tool Depth of cu Expected Generated Error

speed wear (mm) (mm) feedrate feed rate

(m/min) (mm/rev) (mm/rev)
1 160 0.158 1.635 0.29 0.270 0.020
2 160 0.174 1.755 0.45 0.423 0.027
3 160 0.180 1.800 0.55 0.500 0.050
4 160 0.230 2.175 1.11 1.010 0.100
5 160 0.290 2.626 1.61 1.580 0.030
6 160 0.248 2.310 1.19 1.170 0.020

7. CONCLUSIONS

Recommendationfor applying new technologies suchcagnitive agent and swarm

intelligence in manufacturing control field to rapk the centralized control of the current
manufacturing system to a distributed control bilding an autonomous machining system to
reduce system downtime in the case of disturbaisa@sew contribution of this research.

The experimental results show that the cognitivenads capable to overcome disturbances

by itselfas well as the cooperation ability withhet agents. For applying the proposed
autonomous machining system to the real machinysjem, further researches such as
processing data from multiple sensor networks énrttachining system as well as the laws for
agents to drive out decisions with each specituibance must be carried out.
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