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Abstract: The e-mass-customisation is one of the curremteecies in production, in which each client detdiésired
products using e-means. This imposes advancestegration and collaboration of manufacturing erggtj aiming at
adaptability to achieve production heterogeneity amility. An integration element of management ahdp floor
systems is the Manufacturing Execution System (MEShy take into account smart-product technoltmgeal with
customised manufacturing. In this technology, tkecation of each order is driven by an entity chldenart-product.
A smart-product requests and even competes folicesnof resources, which in turn collaborate based their
features and some flexible logic. However, thisabaration is by itself complex, firstly due to theterogeneity of the
resources. Thus, resources and even smart-prodhasts been “encapsulated” in collaborative entitegdled Holons
(HLs), for homogenisation and integration issuekisTcontributes for achieving Holonic MES (HMES)MHES
comprises also other issues like control of theadadlynamics. In this context, authors’ previousii&s proposed a
particular solution, based on “Rules” and “Notifitin”, for control of Holon collaborations. This &dion was
developed as a HMES meta-model and implemented av@mulator called ANALYTICE II, applied mainly on
simulated manufacturing cells. In turn, this pajpeoposes a meta-model application over a simulatediufacturing
plant using ANALYTICE Il. The proposed case stallgd into account aspects of agility in customaediuction.

Keywords: Holonic system, mass-customisation, product-dris@mtrol, H-MES, manufacturing-plant simulation.

1. INTRODUCTION

The mass customisation tendency is a challengeeténtelligent Manufacturing System community (DivéSra et
al., 2001). In fact, customers want to buy prodticés meet their needs and desires using the sasirieghe technology
(e.g. e-commerce) (Gouyon et al., 2004). This megyproduction agility to customize the productBmited time. This
agility can be partially achieved through Manufaictg Execution System (MES) whose purpose is thegiation and
synergy of management systems and shop floor sgsttorel et al., 2003)(Qiu et al., 2003). Howevarrrent MES
technologies do not effectively allow customiseddurction because they do not provide support fetaruisation of
each single product, product traceability, re-cgunfability of resources, and so on (Siméo et &06). Thus, it is
necessary to employ additional concepts like smarttuctand Holonic Manufacturing System (McFarlane et al.,
2003).

The smart-product concept defines each producanest coupled with a smart-entity that drives itsdpiction.
Thus, a smart-product requests services to Manufagt System resources (e.g. equipment and worls)cédr
achieving its production needs. In this contexsprteces are also improved with some collaborativarsiess, in order
to suitably deal with received requests in an agismner (McFarlane et al., 2003). This allows pobidm and order-
dispatching independence, as well as the consist@aintenance of physical and informational flows.

Nevertheless, the collaboration of these entitestself a problem mainly to their heterogeneitheTentity
heterogeneity may be attenuated by their encapsnlétt communicating entities with common interfacealled
Holons (HLs). Thus, Smart-Product-HLs collaborafthviresource-HLs composing a Holonic Manufactur8ygtem,
which is by definition agile and able to deal wlitigh-production variety (Van Brussel et al., 1998pwever, Holonic
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Manufacturing System composition is not trivial Bese the Holon dynamic is in general complex. Iddégs subject
motivated authors’ previous studies where the asgdion of Holon collaborations is achieved viaitezg called
“Rules”, which allow establishing a flexible collatation logic (Siméao et Stadzisz, 2002).

Rules decide moments for collaboration of Resottts; based on state notifications from Resource;hitgch
allows requesting their services (Siméo, 2005)(8i&Stadzisz, 2008). In fact, Rules are allocate®mart-Product-
HLs that need operations related to the Resourceedllaboration. Thus, the Rule set is a decouplamy
organisational mechanism of Smart-Product-HL ansbbRece-HL collaborations (Simé&o, 2005)(Siméo et24l06).

This solution represents a Holonic Manufacturingt&m (MES) evolution, which has been proposed esnéol
meta-model for Holonic MES (HMES) and tested in@dtic Manufacturing System design and simulatmoi talled
ANALYTICE Il (Simao, 2005). However, the majorityf dests were related just to simulated manufactcells.
Therefore, this paper proposes an alternative cigdy, which is related to a manufacturing plantd amas
redesigned/simulated in ANALYTICE Il by using theoposed control meta-model.

In fact, a short-term objective of the authors'eaghes is to evolve the meta-model into an engiggéool to aid
in different types of Holonic Manufacturing SystériMS) composition, by using a set of previously eleped and
tested smart-entities and their relationship. Thetaamodel must allow reducing the composition tiofieHMS of
different types or levels, such as manufacturiniis and plants. This becomes a reality in ANALYTICEwhere
experiments allow demonstrating the potential &f #pproach.

This paper is structured as follows: section 2 gmés mass customisation issues, HMS/HMES rationales the
HMS design/simulation tool called ANALYTICE IlI; seon 3 presents a process-driven control solution f
HMES/HMS and describes previous experiments; sectipresents the evolution of the control solutssna product-
driven solution and describes other previous erpamis; section 5 presents the application of thetiea in a case
study related to a manufacturing plant; and sedipresents conclusion and future works.

2. HMS/HMES FOR MASS CUSTOMISATION

In order to deal with varying production, manufaitty organisations must exploit their own produatio
flexibilities. Thus, some researches propose atgarised Manufacturing System entities for imprgvithe
manufacturing processes (Deen, 2003)(Morel et Gr&i®3). Classically, production is planned irs)otia Enterprise
Requirement Planning (ERP) systems, based on p®wiéent demands, where entities (e.g. controlieds machines)
are prepared to produce few types of productsperéod of time. This policy is not appropriate tasa customisation
production once response time to product may bg leeg.

A solution is each production-order, related toiveely product, to be a smart-entity that knows skilhd states of
advanced resources (i.e. flexible, configurablel imtegrated resources) and that suitably launithesvn production.
The resources are also enhanced with some exptatisow smart-orders knowing their states/skilisd requesting
their services (McFarlane et al., 2003). This may dccomplished by attaching an agent to each respwia
computational-electronic means as representedgn(E). The physical resource and its agent arethay considered
as a smart-resource (Simao et al., 2006).
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Figure 1. Integrated environment with Smart-Resesiand Smart-Orders.

This entire scenario composes a “smart ManufaguBystem” in which smart-orders negotiate with gmar
resources and launch their own production. Thisodtiven approach makes collaborations easier pneduction
actors and their negotiations are carried out fiivace level. However, some complicated questi@msain, such as the
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possible following incoherency: a smart-order malidve that its concerned product is in a giverc@laut it is not. A
solution to this problem is each smart-order toitegrated with its product, thereby composing arsmroduct. A
manner is to identify the product with a given itigcation frequency and update the correspondgeng which can
be made via RFID (Radio Frequency Identificati@ghinology (McFarlane et al., 2003).

The smart entity concept can be related to the maoncept. A Holon is an autonomous and collabegati
Manufacturing System building block for transpogtirstoring, and/or validating information and plegdiobjects. It
consists of an information processing part andnodtghysical part (Van Brussel et al., 1998). kt,fehe most focused
approach in the Intelligent Manufacturing Systersesgches is the holonic paradigm, originated frophiéosophical
theory on the creation/evolution of world adapteyestems (e.g. social systems). The main idea schieve good
properties of natural systems (e.g. adaptabilitd dtexibility) in Manufacturing System (Morel et &lot,
2003)(Valckenaers, 2001).

A Holonic Manufacturing System (HMS) is based onld#ocollaborations, namely on Smart-Product-HLs and
Resource-HLs. However, just Smart-Product-HLs aresdrrce-HLs negotiating in heterarchical manner f(ee
manner) are not enough once problems may appegaistates unpredictability, deadlock or combinatogixplosion of
states (McFarlane et al., 2003). Thus, a MES-like @ control system) is necessary to controlrthellaborations
ensuring operability/adaptability by avoiding stgohierarchism, i.e. a heterarchy and hierarchyetraff, forming a
holarchy. In fact, this MES-like is an industrialcalntelligent Manufacturing System-community camcéQiu et al.,
2003)(Morel et al., 2003)(Van Brussel et al., 1998)

The next sections present efforts in a Holonic MBMES) solution, which is validated over the sirguHMS
design/simulation tool ANALYTICE Il. This tool wasleveloped at LSIP/UTFPR initially for CIM (Computer
Integrated Manufacturing) issues. Neverthelessbulitding blocks allowed its holonification (Simaa005). Like in
real Manufacturing System, ANALYTICE Il separatés £xecution of resources and Shop Floor ContfeC(& MES
synonymous) via a ‘virtual’ network sketched in F{@). Thus, an agent in the control side receisigpals and
requests services for each resource, via the nketfaming realistic Resource-HLs. Besides, in ANALICE Il or
even in real Manufacturing System, Resource-HLsstiwibe a Shop Floor Control part usually calleco&wisory
Control and Data Acquisition (SCADA).
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Figure 2. ANALYTICE Il structure, its graphics aramor module, and its holonification
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3. HOLONIC CONTROL SOLUTION — PROCESS-DRIVEN CONTRO L

The solution of HMES or Holonic Control firstly cqmsed the improvement of the Resource-HL condapthis
solution, Resource-HLs express resource statesttripute (sub) Holons and receive services demasmadviethod
(sub) Holons, homogenising their interaction mararad then facilitating control activities. The fildESs composed
over instances of this type of Resource-HLs wemegss-driven controls (i.e. without smart-prodwss)uthat allowed
generating a control architecture (Siméo et Stad2i802).

Control Rule 1

Resource  Lathe. ] Arntribute  Stams
Resource  Lathe.l Attribute  Part_In
Resource  ERIILD Attribute Stams
Resource lFable2P.3  Arrvibute Posl

Instiganle FBRC ERIIL.1 Trangpon.Pan (Table2P.3 Posl, Lathe 1) =

Instignte FRC Lathe 1 Prepare.to.Part.Type A L, ——

Figure 3. A Rule Holon and its associated (sub)Hslin causal-rule knowledge form.
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Figure 4. UML class-diagram of the Rule Holon (s)aand its associated (sub) Holons (classes).

The solution was inspired by Rule Base System fwdrith each instance is a type of Expert Systermatoycout
the control of Resource-HL collaborations (Simaalet 2003). In fact, each control instance is apdft System-like
whose fact-base is related to the states of ResddiccAttributes, the decision & coordination is fdad out” by
causal rules, and the final conclusion is a sétsifgations of Resource-HL Methods.

An example of causal-rule that evaluates Attribwad instigates Methods of Resource-HLs is predeintd=ig.
(3). However, in this Holonic Control solution, tlsausal rules are not just simple passive data diatabase. The
causal-rules are Holons (called Rules) and sohayie dwn associated entities (e.g. Premises arijfti®ns) (Simao et
al., 2006), which constitute a differenced cont@old inference solution (Siméo et Stadzisz, 2008usT Fig. (3)
presents in fact an example of Rule (Holon) knogted

In turn, the Fig. (4) presents a class-diagram hig Holonic Control solution in UML (Unified Modelg
Language), where the Holon relations (based orficetibn) are modelled. This Holonic Control soduti allows
alternative inference by an elegant notificatiominhpresented in Fig. (5). In short, the AttributdfsResource-HLs
notify just related Rules about changes of theitest via Premises and Conditions. This brings afebntrol and
inference advantages as detailed in Sim&o (20a58anao et Stadzisz (2008)
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Figure 5. (a) Notification chain composed by thddddor inference execution.

This Holonic Control solution was tested in a seHMES experiments (Siméo, 2005). Among the dewvetbp
control instances using this Holonic Control salatitwo process-driven or rule-driven Holonic Cohinstances over
ANALYTICE Il are here described. In the first instae, the production of parts X and Y was simulatethe system
shown in Fig. (2). The Production Plan for X anav¥re:

- X: {buffering on Store.1 [pos 1, 2, 3, 4, 5, d},gbuffering on Table.1 [pos 1]}, {operation in Eichine-Tool.1},

and {buffering Table.2 [pos 1 or 2]}.

- Y: {buffer on Store.1 [pos 7, 8, or 9]}, {bufferg on Table.1 [pos 2]}, {buffering on Table.3 [pbR, {operation

in Lathe.1}, and {buffering on Table.3 [pos 2]}.

1 Actually, the agent-notification is more than degant control solution. It represents an inferesmieition that eliminates

searches and takes into account good practiceystérs engineering, such as functional independdmteeen entities and
avoidance of processing redundancies (Siméo, 280b3i0 et Stadzisz, 2008). This allows achievintpble features in: (a) control,
e.g. trade-off between determinism & reactivitynfiat identification & resolutions, and Petri neampatibility (Siméo et al., 2003);
(b) computation, e.g. excellent performance andogss to distribution (Siméo et Stadzisz, 2003)afal systemic integration, e.qg.
rules are intuitive for humans and it is easy egdhe solution to be product-driven (Siméao et2006).
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In agreement with the Production Plan, a Rule set eveated allowing Resource-HL collaborationsatmycout the
production. For example, in Fig. (6) is presentexlilaset with Rules that allows carrying out thetfproduction steps
of the X and Y parts, i.e. these Rules allow transpg parts from Store.1 to the Table.1. The pXrtare placed in
position 1 to 6 of the Store.1 and after that they transported to position 1 of the Table.1, waerthe parts Y are
placed in position 7 to 9 of the same Store.1 diedt that they are transported to position 2 ofsame Table.1.

The complete set of Rules is presented in SimaStadzisz (2008) and Sim&o et al. (2008), as welbthsr
experiment and set variations. In this sense,rd hioduct type (Z) was introduced in this caselygtand the second
type (Y) was enabled to use a second added lathie |&d to change Production Plan and rule setbtlzan to observe
that system adaptability for agility is feasible blyanges of Rule-knowledge, as detailed in (Sin2®85)(Siméo et
Stadzisz, 2008). However, it was also detected Rudes must be validated and simulation is, besidesappropriate
manner for this activity

It was still simulated in that manufacturing-c@liesented in Fig. (2), the production of a reat pgrusing another
instance of the Holonic Control meta-model (i.e #econd instance). The part considered in thendeiostance is a
real one produced by means of a lathe and a machiool, in the plant of AIPL Atelier Inter-établissements de
Produtique — Lorraing a training place related @entre de Recherche en Automatique de NéGRAN) (Gouyon et
al., 2004). Actually, the presented cell from K&j. can be considered a simulation of AIPL celleptdy the transport
system.

In the simulated cell, the Production Plan to tkel rpart is the following: {buffering on Table.3dp 1]},
{operation in Lathe.1}, {buffering on Table.3 [p@3}, {buffering on Table.1 [pos 1 or pos 2]}, {op&tion in Machine-
Tool.1}, and {buffering on Table.2 [pos 1 or pos}.2Based on this Production Plan, a Rule set we® al
elaborated/used and statistical results were takershown in Sim&o (2005). Briefly, the productiwitas 83.68%,
which is an acceptable production rate. Nevertselehe Resource-HL loading/unloading time could be
improved/optimised. Anyway, in the control viewppithe Rule Holons made their function of contraliResource-
HL collaborations.

Other experiments have also been made after arovmprent of the Holonic Control solution as proddidten.
These issues are discussed in the next section.

Rule A1 Rule 4.5 Rule A8
o If If
PumaS60.1 Status= Free PumaS60.1 Statug= Fres Puma$0.1 Status= Free
Tablkel  Posl = HMot_Busy Tahle 1 Posl = Hot_Busy | Teblel FPosd =Hot_Busy
Store.l Posl = Bugy Store 1 Posl = Mot Buay Storel  Posl =HNot_Busy
Then Store 1 Pos2 = Hol Busy Storel Posd = Hot Busy
PumaS6l 1 Transpodt Store 1 Pos3 = Nt Busy Store]l Pos3 = Not_Busy
(Store.] Posl, Table. 1 Posl) Store ] Fosd = Not_Busy Storel  Posd = Hot_Busy
Bule A4 Store 1 Pog’ = Busy Store.]l  Fos? = Mot Buey
I Store 1 PosT = Not_Busy Storel PosE = Busy
PumaS60 | Status = Free Store.l  Post =Hol Pusy | Then
Tehls 1 Poal = Hot Busy 'l'hm_ Purna$60.1 Transport
Srarel Posl = Mot Busy Pama$60.1 Transport {Store.1 Posg, Table 1 Pos2)
Fule A2 Stere. 1 Pos2 = Hot Busy (Store.] Fogd, Table I Fosl) Rule A9
I Purna®il.] Status = Fres S4ore 1 Pos3 =Hot Busy | Rule A6 i
Tt Rk oo Ry Storel  Posd = Busy It Puna$60.1 Statue= Free
Store.1 Fosl = Not Busy Store. | Fos7 =HNot_Pusy | PumaS601 Status = Free Table!  Pos2 = Net Busy
Stare. | Fos2 =Busy Then Table. ] Posl = Hot Dusy Store 1 il N-:I_E'n
Then Puma’0 1 Trangport T | o
o B Puma560 1 Trenspaort Storel  Posl =Mt Busy | Storel  Pos2 = Not_Busy
{Store. 1 Pos2, Table 1 Posl) (Store. | Posd, Table 1 Fosl) Store 1 Pos2 =Net Pusy | Storel  Pos? = Mot Busy
Rule A Rule A7 Store 1 Pos3 =Hot_Busy [ Stam1 Posd = Mot Busy
I Puma®il.] Status= Free I PumaSél ] Slatus= Fres Store. 1 Posd = Mot Busy || Store!  Pos5 = Hot_Busy
Table!  Posl =HNot_Busy Table! Fos2 =Hot_Busy | Storel  PosS =Hot Busy | Stomel  Post = Mot Busy
Stome 1 Pogl = HNot_ Busy Store.l  Posl = Mot Buoy Store 1 Posti = Bugy Store.1 PosT = Hot_Busy
Stoie. 1 Fos2 = Hot_ Busy Store.]  Pos2 = Mot Busy Store 1 Pos? = Hot_Busy Store. 1 PosE = Not_Busy
Store, | Fos3 = Busy Storel  PosT = Busy Stoae 1 Pos2 = Hot_Busy Stowe ! Fos% = Busy
Store. 1 Pos? = Hot - Busy Then Then Then
Then Fuma™ill.1 Transport Puma560 1 Traresport Fumea560.1 Transport Pumasél 1 Transpoit
(Store 1 Pos3, Table, ] Posli0 (Store, | Pos7, Tahle | Pos2) (Store.l Post, Table 1 Posl) (Store ] Pog9, Tahle 1 Pos2)

Figure 6. A subset of Rule Holons from a first cagsgly for transporting parts from the Store.1hi® Table.2
4. HOLONIC CONTROL SOLUTION — PRODUCT-DRIVEN CONTRO L

In the case of product-driven, the improvementhaf tonsidered Holonic Control solution is “simpl&mart-
Product-HLs allocate Rules according to its “needdiich technically is its Production Plan stepsptactical terms,
an expert associates each Production Plan stepetmoeven more Rules. This expert can even batéicial agent
that compares Smart-Product-HL “needs” and RulesiRee-HLs “skills” aiming to connect them, as dethin
Simao (2008).
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Figure 7. UML diagram of the Holonic Control sotntiupgraded as a product-driven Holonic Contralitsorh.

Anyway, in this improved Holonic Control solutioa, Rule Holon execution also depends of its allocaty a
Smart-Product-HL, as modelled in Fig. (7). Moregvarsome cases, the Smart-Product-HL can itseltige some
data to the Rules/Resource-HLs.

In short, the main advantage of this product-driveslution is a better Holonic Manufacturing System
adaptability/agility by profiting Rule gains that, this context, is organisation and optimisatidiHolon collaborations
(Siméo et al., 2006). The Holonic Control produdt«n was tested in three cases, which were ddtailethe first
author’s Ph.D. thesis (Simédo, 2005) and succirghcribed in Simao et al. (2006).

The first case study used the simulated-cell showthe previous section. It was used the simulatdériwo
(virtual) part-types, whereas the other simulatidra (real) part-type was not used once it doesuset production
flexibility. In this first case study, the obseneat was that products could be put in any placthefStore.1 and Rules
are simpler, once Smart-Product-HLs allocate theecd Rules to arrive in Table.2 Positionl or Tabl@osition2
(depending of its type) and inform their positiorthem, as presented in Fig. (8) and detailednméSiet al. (2008).

In short, the product-driven control allows an ipdedence of position pre-allocated in the stoee,iti.could be put
n (n < 10) products Y andn (m < 10+) products X in the store, allowing a better bufgitisation (Sim&o et al.
2006)(Siméo et al., 2008). In the process-drivesecthis would be complicated (at least) once @adfition was pre-
allocated to a given part-type being this informatised to compose and carry out the Rules.

Rule A.1 Rule A.2

Ji g I

Puma560.1 Siatus = Fres Poma560.1 Status = Fres

Tahls2P 1 Posl = Not Busy TableZP1 Pos? =Hot Busy

Store3x31 Status = Not Empty Store3x31 Status = Mot Empty

Then Then

Puma560.] Transport { Store3:3.1. Pog?, Table2P1. Posl) | PumaS60.] Transpor { Store3x3 1. Pos?, TabledP.] Posd)

Figure 8. Product-driven Rules — Rules that depends Smart-Product-HL allocation and even data.

The second case study was related to a Flexiblemsiing Cell (FAC) from AIPL, a real Manufacturir@ystem
for engineering students presented in Fig. (9). A8 assemble six pedagogical product types (AC,H), E, and F
shown in Fig. (9)) from six base part types (09, &4, 11, 60, and 10) buffered in workstations (YWSbere are a WS
for loading pallets that move on a conveyor, fouss\for assembling products on pallets stoppedde, fand one WS
for unloading products. Certainly, the type of bpaet in WS for assembling defines the product tjipat it can
assemble on the pallets. In turn, the conveyorshgments for pallet buffering and stopping-idecsifion positions for
deciding if a pallet have to visit a given WS ott.nBach pallet can carry four products and hasgaadimemory for
product information (Gouyon et al., 2004).
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In this second study case, by means of models endlagion efforts, it was observed that the proeirten
Holonic Control solution allows exploiting the FAf@xibility, as detailed in Siméo et Stadzisz (2DOFxamples of
that exploitation are: (a) Smart-Product-HL searghRrules to reach an alternative WS-HL when theediWS-HL is
not available (e.g. very-loaded or even semi-loaidethe case of WS balance) and (b) Smart-Producthbcating
Rules to go out of the system when production atepssible (e.g. some WS-HLs are in failure state) avoiding the
creation or launching other of its type in the eyst

Actually, the presented solution of product-driéolonic Control has been mainly applied to casdistirelated
to manufacturing-cells, whose results have beefestsof the aforementioned publications. Howeteese is a case
study related to a simulated plant using the smhtihich is detailed in first author’s thesis amak not yet detailed as
paper. Therefore, as evolution of authors’ workes paper details that case study, which is reltdesl manufacturing-
plant in a context of customised and just-in-timeduction. The plant is inspired by the AIPL shdémof dynamics,
which is composed of manufacturing-cells and inttiated resources, drafted in Fig. (10). In thecstudy, the plant
was holonified and simulated in ANALYTICE Il by mesof the proposed Holonic Control technology.

Machining Cell

Stock A

Stock In
}

| 4k [stock B|
Feege® |

Figure 10. A similar production context to AlPAtélier Inter-établissements de Produtique — Langhi

| Fenalisation Cell

5. CASE STUDY - HOLONIC PLANT

The third case study was about the realistic ptiafted in Fig. (10). In this plant, there is a FAC for
assembling six types of products (i.e. A, B, CEDand F types) from base-parts stored in its WS;hthich can be of
six types (09, 01, 88, 11, 60, and 10). There $s al Finalisation-Cell-HL that concludes and sepalse-parts to the
FAC-HL, a Machining-Cell-HL that produces and sebdse-parts to the Finalisation-Cell-HL, and a i@gtCell-HL
that cuts bars and sends the rough pieces to tiebiMag-Cell-HL.

Each production-cell and each intermediary resourge simulated as a black-box in ANALYTICE Il emtida-
part. Also, for each emulated-resource, an agettiarsimulator control-part allowed composing adrRese-HL with
suitableAttributes and Methods After that, it was elaborated a set of Rules Basethe notification of Resource-HLs,
as imposed by the Holonic Control solution. Actyathe Rules allow controlling the cooperation lobde Resource-
HLs.

Rule Produce-Product-Type-B Bule Produce-Froduct-Type-E Rule Product-Finashed
If If If

FAC Part_Twpe_01_Inside = True FAC Part_Type_60_Inside = True FAC Froduct_Fimished = True
FAC Part Type_11_Inside = True FAC Part Type 08 Inside = True Store-Out Position,_Free = True
FAC Part Type 10 Inside = True FAC Part Type 09 Inside = True Then

Then Then FAC Liberate Product Finished.

FAC Start Production Product-Type-B
FAC Decrement Mumber Part-Type-01
FAC Decrement_Mumber_Part-Type-11
FAC Decrement MNumber Part-Type-10

FAC Start Production Product-Type-E
FAC Decrement Mumber Part-Type-60

AC Decrement Mumber Part-Type-08
FAC Decrement Mumber FPart-Type-0%

Store-Cut Eeceive Product (Type?)

Figure 11 — Examples of product-driven Rule for FA&Semblages.

2 The Resource-HLs related to production-cells cdwdde a more refined simulation. In this case, tiAeiributes and

Methodswould be based on the Attributes aviitthodsof its internal Resource-HLs. For example, the RAChas an Attribute
calledPart_Type_01_Inside€for determining if there is at least a base-parinside, which would be based on Attributes okgi

WS-HLs related to base-part-01 number. Surely,ctngsal-relation of external and internal Attributesuld be given by Rules.
Anyway, the used simulation is enough to presemttblonic Controlsolution is a plant.
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Some Rules are allocable by pre-established typ&snart-Product-HLs and other Rules are indepenadititem.
The former are called product-driven Rules and I#teer are called process-driven Rules. Actualhe Rule type
depends upon its role in the system. Anyway, inegaln the Rules are useful to Smart-Product-HLgtoeluced once
they control the Resource-HL cooperation in thepla

In the considered plant, the goal is to produceddfferent types of products without prevision® (ijjust-in-time).
Thus, for each created production-order, a rel&edrt-Product-HL is created, which starts its owodpction in the
FAC-HL by allocating a suitable Rule. For exammeSmart-Product-HLType Bwould allocate the Rule (Holon)
Produce-Type-Bresented in the causal-rule form in Fig. (11)isTdilocation allows its production in the FAC-Hh,
a given moment. After the production in the FAC-Hlach Smart-Product-HL uses the RRteduct-Finishedo reach
the Stock-Out-HL.

The production in the FAC-HL decreases the numlbéisdase-parts. Thus, when the FAC-HL has felwantan
established limit of a given type of base-partsiaitifies a certain Rule, using the notificatiomnpiple imposed by the
Holonic Control meta-model. This notified Rule tregs the creation of an appropriate Smart-Productethted to the
wanted base-part. For example, when the FAC-HLeaelsi a low number of base parts of type 09, thee Rul
Start_Smart_Product_For_Part-Type-(®resented in Fig. (12)) is notified aiming atdtsecution.

Rule Start Smart Product For Part-Type-09
I
Fac
Then
ATPL Start Smart-Product-HL{Part-Type-0%)
FAC Watt-For(Part-Type-0%)

Low Mumber Part Type 09 =True

Rule Start Smart Product For Part-Type-88
If

FACT Low IMNumber Part Type 88 =True
Then

ATPT, Start Smart-Product-HL{Part-Type-25)
FAC “Wat-For(Part-Type-88)

Figure 12 — Examples of process-driven Rules fandhing base-part Smart-Product-HLs.

Each base-part Smart-Product-HL allocates somandgitdes for production, thereby reaching the MaicigiCell-
HL, following to the Finalisation-Cell-HL, and aving in the WS-HLs. For example, a Smart-Product+idlated to a
base-part-09 allocates the Rieoduction_Part_Type 0@ ig. (13)) for achieving the Machining-Cell-HL.ftar its
production in this cell, it still allocates the R@tore_Machined_Parfor achieving the StockB-HL.

Rule Production Part-Type-02 Rule Store Machined Part

Ir I

StockB Low MNumber Parts 0% = True StockB Position Free = True

Stock A Cut_Bar Inside =True Mach-Cell Part Finished = True
Mach-Cell Eeceive Part Fossible =True Then

Then Wlach-Cell Liberate-Part-Finished
Stockd  Liberate-Product. StockB  EReceive Product{Part-Type?)
Mach-Cell Receive ProductPart-Type-09)

Figure 13 — Examples of product-driven Rules relatethe machining process.

Subsequently, that Smart-Product-HL allocates thie Rroduction_Part-Type-09Fig. (14)) for reaching the
Finalisation-Cell-HL. After the finalisation, it lacates the Rul&tore Finalised _Parto reach the Stocks-HL. Finally,
it allocates the Rul8tore_Part_ 09 FAC_WSihalising its own production.

Actually, the production of base-parts decreasesniimber of rough-base-parts in the Stock A. Thuen the
level of base-bars therein is fewer than an estaddi limit, the RuleCut_Bar (Fig. (15)) is notified aiming at the
cutting of bars in the Cutting-Cell-HL. After theutting of bars, the Rul&tore_Cut_Baris notified aiming at the
transport of the cut bar (i.e. rough-parts) to 8teckA-HL. These Rules are process-driven and nodyct-driven
because there is not flexible production of roughtg i.e. they are the same for all base-parts.

Rule Finalisation Part-Type-09 Rule Store Finalised Part Rule Store Part 0% FAC W32

It It It

StockC Low MNumber Parts 09 StockC Position Free = True StockC Parts 09 Tnside = True
StockB Machined Parts 09 Inside = True || Finalis-Cell Part Finished = True FAC Parts 09 Wanted W32 = True
Finalis-Cell Eecetve Part Posaible Then Then

Then Finalis-Cell Liberate-Part-Finished StockC Liberate Part(Part-Type-09)
StockB Liberate- Part(Part-Type-09) StockC Receive_ProductPartType?) | FAC  Receive Part (W352)
Finaliz-Cell Eeceive_ Part(Part-Type-09)

= True

= True

Figure 14 — Examples of product-driven Rules relatethe finalisation process.
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These two process-driven Rules represent the tastuption enchainment triggered when a productdeied in
the FAC-HL. This entire scenario of enchained putitdun was simulated in ANALYTICE Il by using a HMHBSsed
on the proposed Holonic Control meta-model, therébmonstrating its applicability in a different prection level
than manufacturing-cell.

This HMES permitted tgimulate the production without previsions, i.estjin-time, as observed on the graphical
module of the simulator and verified by statistidata. For example, if a produype Fis demanded, this results in
four suitable base-parts produced to supply thegdea stocks and also in the cutting of a bar tcegea other four
rough-parts.

Moreover, this experiment allowed the concomitgyli@zation of the Holonic Control both on processren and
product-driven models. Examples of process-driventrol Rules are those to decide good momentsdaterSmart-
Product-HLs, whereas the examples of product-dro@mtrol Rule were those to allow Smart-Productsdthieving
their production goals.

Rule Cut_BEar Rule Stere Cut_Bar

I If

StockIn  Eough Bar Inside = True Cutting-Cell Cut_Bar Inside = True
Cutting-Cell Eeceive_Bar Possible =True Stockd  Position Free = True
Stockd  Position Free =True Then

Then Mach-Cell Liberate Cut Bar
StockIn LiberateBar Stockd  Receive Cut Bar
Mach-Cell Receive_Bar

Figure 15 — Examples of process-driven Rules fandhing bar production.
6. CONCLUSIONS

This paper presents a control approach for HoldWiEnufacturing Execution System (HMES) of Holonic
Manufacturing System. This solution firstly compss the resource holonification, based on computatio
homogenisation, which generates Resource-HLs wighertise for expressing their states and receisegvice
requests. In fact, this expertise allows Resource-tarrying out control functions, namely monitgriand command.
Subsequently, Rules are presented as organisdResuafurce-HL collaborations, allowing process-drivéMES. The
Rules are also Holons that work based on a prelyiqueposed inference process: a notification-aadnmethod
(Siméo et Stadzisz, 2002)(Simao et Stadzisz, 2008).

The paper follows presenting a solution improvemienideal with Smart-Product-HLs, in which each Smar
Product-HL indirectly reserves Resource-HLs by alling suitable Rules. Each Rule coordinates Reseidt
services to carry out a given Smart-Product-HL réesThus, a solution to product-driven HMES is givey these
Holon collaborations regulated by Rules. In thedpiai-driven context, Rules are a decoupling medmarbetween
Smart-Product-HL and Resource-HL collaborationsrehy allowing their organisation and optimisation.

This Holonic Control architecture has its first tilbution in the ANALYTICE Il holonification, facitating
composition of simulated Holonic Manufacturing ®yss. In fact, Holonic Control experiments have bdewveloped
therein, demonstrating the solution generalityrésult, it is considered a meta-model to Holonioal (i.e. HMES),
firstly in this simulation environment. Neverthedeshe solution can be also understood as an astlistion for real
Holonic Manufacturing Systems once similar congdlResource-HLs and Smart-Product-HLs have beeslajesd in
Intelligent Manufacturing System community, namigyyMcFarlane (2003).

On a mass-customisation point of view, this papesents HMES tools to support and examine prodrteeiol
benefits. The results agree with those from Irgelit Manufacturing System literature, namely thegacéty to produce
parts from possible product-types without previsidhoreover, an advantage of the presented apprische
organisation and the information enabled by Ruled their notification net. In this paper, thesetdeas were
particularly observed by means of the proposed sas#y of a holonic plant, which is an additionattazmodel
application.

The case study of holonic plant has confirmed fh@@ach properties and allowed to investigate netail$, such
as concomitant use of process-driven and produe¢iRules. Moreover, the case study has highliyttie actual use
of the approach in larger context than manufacgdcell. In fact, this highlighted that the Rulestbé& control solution
works in the same manner over Resource-HLs witferdifit kernels (such as machines, cells, plantspmtentially
other entities) whether the standard interactiverface (i.e. Attributes and Methods) is preserved.

Beyond the generality or fractal property of thatcol solution, the case study has also confirned éxploitation
of Manufacturing System flexibility, for agility @nhcustomization, depends on enabled informatiomaons, namely
Rules, Resource-HLs, and Smart-Product-HLs. Fin#llg case study has equally confirmed that ANALGEIII is a
suitable tool for realistic test of these holond #reir relations.

The future works includes a deep development aatuation of case studies about simulated and pgaications.
A newstudy example will be related to a real manufaotysiell from UTFPR. It could be re-designed andutated in
ANALYTICE Il by applying the Holonic Control meta-mdel. Also, the Holonic Control meta-model coulddieectly
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applied to the real cell, once it is decoupled fittven simulator. Besides, taking into account thedRece-HL and Rule
generality, other works about larger control-santiuse are under development, highlighting apptioatand
advantages of the notification mechanism for infeee and discrete systems in general (Banaszewskl. gt
2007)(Simao et Stadzisz, 2008).
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