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Current manufacturing systems have a very structured production model, expecially when high
complexity and precision is required, as in semiconductor devices manifacturing. In addition,
rapid changes in both production and market requirements may occur, hence great flexibility is
also essential. These goalss, together with the requirement of both adding new features aswell as
removing some model limitations, often impose to re-engineer periodically existing models,
reducing as much as possible the time-to-market of a new product.

Re-engineering means first to create an abstract representation of the system (i.e. the abstract
model) through a reverse engineering process, then this model is re-designed, keeping as much
as possible a high abstraction, so great expandability can be assured, aswell as fully exploiting
personnel know-how, so it is possible to take advantage of their experience about the model.
Updating a model generally also requires to improve existing applications, both re-writing
software components as well as adding new features to existing components.

In this paper, the current model used inside STMicroelectronics facilities to define production
flow (the sequence of operationsto be performed in order to make products) is considered. First,
the model and its limitations are described, then introducing an updated, enhanced, object-
oriented model, with aggregational and constitutional hierarchies used to model and classify
all entitiesand with a flexibl e inheritance mechani sm used to speed-up and improve the definition
of a production flow.

It is also considered which improvements are required on the existing applications, introducing
an enhanced environment capable of supporting the enhanced model while preserving at the
sametime both technical and economic investmentsthrough avoiding radical changesin existing
environment.
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1. Introduction

Modern manufacturing processes [A. Cichocki et a., 1998; F. Leymann, 1999] are highly structured
and automated, so in order to managethemit is necessary aproduction model which may be quite complex,
depending on the requirements of the product being manufactured.

Besides, during the use of amodel over several years, some questions can occur:

- new marketing scenarios may arise, so new kinds of products could be required , Or new
technologies (e.g. chipswith alower consumption) can be devel oped;

- some model limitations may be discovered, even for well-designed models, e.g. ashorter procedure
for products manufacturing can be found or repetitive tasks can be discovered;

- changesin the production area of the model may occur, for instance a new generation of
production machinewith advanced capabilities could allow manufacturing operations
improvements, so time and costs of existing products manufacturing can be reduced.

Such situations often requires a periodic re-engineering of existing production model in order to keep it
updated. Re-engineering [E. Byrne, 1992] first requires to analyze the currently adopted manufacturing
system, identifying its components and their rel ationships, creating an abstract representation of the system
(reverse engineering process [E. Byrne, 1992; Elliot J. Chikofsky and James H. Cross |1, 1990], then the

model obtained in thisway isre-designed through removing itslimitations (whenever possible) aswell as
adding new desired capabilities.

General guidelinesthat should be followed during there-design phase are:

- to keep as much as possi bl e a high-abstraction, achieving expandability and also acting as a base
for future re-engineering. For instance, introducing a“ production machine” with general
characteristics comprehensive of al real machinesis better than just modelling all categories of
current real machines, so it will be likely that anew type of machine can be modelled easier. Such
an abstraction can be achieved using a suitable methodol ogy, e.g. adopting an object-oriented
approach [S. Gossain et al, 1998], in which the concept of class, inheritance and versioning, aswell
as aggregational and constitutional hierarchies[S. Gossain et a, 1998; Bertino E. and Martino L.R.,
1992], alow to mode real environmentswith high abstraction;

- tofully exploit the know-how of personnel, taking advantage of their experience about the model.
Indeed, when working with amodel, on one hand its limitations sometimes | eads personnel to resort
to expedients (for instance performing manually some unsupported coherence checking on the
manufacturing process), in order to bridge the gap between the model and new needs; on the other
hand, the way the personnel works may evolve, e.g. reducing the time for setting up a new product
using a new shorter sequence of actions. In order to allow the re-engineered model to take into
account this experience, it is necessary a complete support for new needs, e.g. providing atool to
defineinternal rulesto automatically guarantee coherence (so users are relieved from using current
expedients), and al so providing some mechanism (e.g. a customizable wizard) that allows
experienced users to define working sequences that can be used by inexperienced users during the
specification of the manufacturing process, reducing training time.

A significant example is the Integrated Circuits (IC) area, where the increasing miniaturization and
rapid obsolescence of devicesaswell asrapid changesin market demand, imposeto re-engineer periodically
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existing production modelsin order to get amodel which isboth sophisticated, so more and more complex
devices can be manufactured, and also flexible, so it is open towards new technol ogies devel opement and
it can rapidly adjust productionin reply to market demand (just in time production).

We addressed all question described so far considering the STMicroelectronics (ST) [ST
Microel ectronics— http://www.st.com] environment, in particul ar analyzing Cataniafacilitiesmanufacturing
model [Longheu A, 1999; Carchiolo V., Longheu A., Malgeri M. and D’ Ambra S., 1999; Carchiolo V.,

LongheuA., Malgeri M. and D’ AmbraS., 2000] for production flow definition and management.

The production flow is the sequence of logical operations that must be performed in order to make
products; we note that such operations just include low-level (i.e. machine devoted) instructions, so an
operation like “take X quantity of raw material form repository Y’ will not belong to production flow
(rather it belongsto ahigher-level flow, on whichwe do not focushere[Carchiolo V., Longheu A., Malgeri
M. and D’ Ambra S., 1999]).

In this case-study paper wefirst consider the reverse engineering task of the ST model, i.e. we outline
the current model, describing any entity together withitslinks, which are aset of relationshipsused both to
group entitiesaccording to ahierarchical classification and to show how different entitiesform the structure
of alarger one. Then we re-design the ST model adopting an object-oriented approach, that is modeling
real entities as object classes, placed together into one or more hierarchies, both aggregationa (when
objects must be simply grouped) or constitutional (when an object consists of others). During re-designwe
follow the previously described guidelines, crafting an “enhanced” object-oriented model that removesthe
limitationsof current model, in particular:

- wegiveall objectstherole suitablefor new needs arisen inside ST, also providing each object with
afinite state machineto completely describe its behaviour;

- we provide an inheritance mechanism for products development, assuring coherence, correctness
and reducing setup time for new products, sincethey will inherit all their common characteristics
from a specific “template” (named process). We aso provide a three step specification when
developing aproduct, so it is possible to decide what must be inherited from a process and what
must be specified for each single product, allowing to set the degree of inheritance.

- weintroduce a set of operation classesin order to improve the definition and management of
production flows, e.g. with the optional operation class we can establish which subsequence of
operation must be followed based on the result of an expression. The optional operation can also
be used to drive the inheritance between operations bel onging to a process and operations
belonging to its products children, providing aconditional inheritance (see sec. 3).

We use object-oriented techniquesin the | C manufacturing model s context, making it easier toimprove
themodel. Indeed, current manufacturing modelsare generally “ hard-wired” on to the specific production
environment, so when changes occur, e.g. when a new kind of technology is developed, it is difficult to
modify the model; on the other hand, object-oriented techniques offers a high abstraction through which
improvements can be easily added.

An obj ect-oriented approach reengineering does not represent a sol ution for any possiblefuture needs,
as when radical changes are required on the core of the model, but it is away to generalize the specific
characteristics of the model, so when new needs arise the abstraction of the model should allow to find a
solution asin many cases as possible.

Another question that must be considered after an existing model isre-engineered iswhether or not the
existing software applications are enough to implement the new “ enhanced” model.
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We addressed this problem in the ST case, where existing software is not compl etely suitable for new
needs, that are:

- toprovideavisual environment for amore user friendly production flow definition and
management (the existing software works using a character-based interface); this environment
should also be cross-platform, since ST intranet presents different operating systems and
hardware;

- to provide support for defining automatic coherence and correctness rules to check the production
flow (with existing software al such controls are manual, hence the training for inexperienced
personnel isharder);

- to manage several user classes, since the model representation, as well as permissions on
production flow specification, must be different depending on the specific user group (e.g. design,
CAD/CAM, marketing...); with existing software, al users share the same model representation
and have the same rights;

- to allow acomplete sharing of all information about production flow specificationinsidethe ST
intranet, i.e. in aweb-based environment (existing software does not support HTML or XML
[XML — http://mww.w3.org/XML; Carchiolo V., Longheu A., Malgeri M. and D’ AmbraS., 2000]
representation of the model).

Given these new needs, on one hand wewant to fully exploit existing applications potentiality in order
to preserve asmuch as possi bl e rel ated technical and economic investments, but at the sametime complete
wewant acomplete support for all model improvements, henceif some limit is present in the software, it
has not to be propagated to the model, influencing the model itself and/or the way it isused (as currently
occurs).

A compromise between enhanced model requirements and these software applications issues can be
reached by enhancing the existing software, without re-writing it whenever possible (e.g. adding alevel
placed on top of existing software, supporting new required capabilites and acting as an interface to
users). Such agoal can be achieved either using general purpose tools, assuring great expandability but
with lessefficiency, or implementing customized tools, with high efficiency but limited expandability and
high costs, since software has to be created ad-hoc; hence, a trade-off between generality-expandibility
and specificity-efficiency must be found when enhancing the software.

Here we consider such questions, introducing an “enhanced” environment capable of supporting the
“enhanced” model, satisfying the requirements described above. In particular, we developed software
enhancements using Java platform [Java — http://www.javasoft.com], that fits well in the web-based,
cross-platform ST environment, thanks to its networking support, appl ets, security management, HTML
and XML support.

Therest of paper isorganized asfollows: in section 2 weintroduce the current model. Then, in section
3 we present the enhanced, object-oriented model, describing objectsand their hierarchies, then focusing
on processfamily, product and operation objects, where major improvementsare made, and finally describing
finite state machine for process families and product objects. In section 4 we consider the existing
environment, i.e. software applications used to implement the model, defining improvements needed to
support the enhanced model, and finally we present our conclusionsin section 5.

2. Overview of the STMicroelectronics Current Model.

ST Microelectronics Catania M5 facilities produces several families of memories, in particular Flash
memories for smartcards, and Eprom and EEprom memories. Capacity for such memories currently
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Fig. 1 ST Production model.

ranges from 256K b to 32Mb, while minimum working dimension islessthan 0.5mm. In the following we
describethe model for the specification of the production flow used for such | Cs manufacturing; the model
is placed in the context of the entire ST production model [Longheu A, 1999], so we briefly present the
latter to better describe the context in which we work.

The ST production model can be viewed as a set of macro-operations (Fig.1) starting from the client
order, evolving through product manufacturing, to delivering of final required products. In the first step
order requests coming from clients are examined by marketing area, where an agreement about quantity,
price and delivery time is achieved with clients. Then, in the planning phase, quantity of products are
expressed in terms of technical parameters, asthe number of slicesto manufacture, cycletime constraints
and so on. The following steps, represented as white boxes, are performed using the production flow
specification model, on which wewill focus.

The production flow specification setting phase consists in definition of the run-sheet, a document
associated with lots (alot isagroup of 25 silicon slices, viewed as asingle production unit).

The run-sheet contains the sequence of operations that must be carried out on lots in order to make
ICs. Inthelots startup step we establish which lots must be associated with agiven product, based on their
crystallographic orientation, electrical resistivity and so on. Then we moveto lots processing, the core of
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Fig. 3 A set of products inside a facility.

production process, in which several physical and chemical operations (from diffusion to lapping) are
performed in order to turn each silicon sliceinto aset of 1Cs according to run-sheet specification.

After lots processing, we must check if anything went ok performing the Electrical Wafer Sort (EWS),
atest inwhich all faulty chips are marked and discarded. In the assembling phase we separate each single
chip from others, packaging it in aplastic or ceramic package, performing afinal test on each IC. Finally,
storing and delivery phases compl ete the production process.

The production flow specification model currently used to accomplish white boxes phases shown in
Fig. 1 isaproduct-centric model, where product isthe logical entity used to represent areal product, and
where all products are grouped into the same facility (Fig. 2), that is the plant where production takes
place.

Each product is characterized by a set of attributes [Longheu A, 1999], e.g. its name, or the material
(silicon or germanium) used to make the product, and by an associated production flow (also named
route), that is sequence of physical operations that must be carried out by production machines to make
ICsbelonging to that product (hence, the routeisthe electronic form of the run-sheet document described
previously). Example of production machines are furnaces, ionic planter, etching machines, and
photolithographic machine, al used to create silicon wafers (dices), dopethem (i.e. increasetheir electrical
conductivity through introducing doping elements as phosphorus or arsenic into silicon), and manifacture
IC on doped silicon wafers.

To logically classify products, three of its attributes (highlighted in Fig.2) are used: Process family,
Technology, Profict and Losses (P&L) family.
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The Process family entity is introduced to group products having “similar” routes, i.e. differing for
some operation of the sequence or for the value of some parameter belonging to agiven operation. Several
process families characterized by the same manufacturing process (even if they may have different
sequences) are grouped into a technology. Finally, technologies are classified according to the P&L
family, an economic parameter.

To better explain these parameters, in Fig. 3 we show an example of current hierarchy (lots are not
represented), where aset of products manufactured inside M5 facilitiesis considered.

Starting from the bottom left, products BG4X-1 and BG4X-3 represent two flash memories with a
capacity of 4Mb, belonging to the same process family, the BG4X. Such products differ for a specific
parameter of an operation of their (identical) production flow, indeed it isrequired adifferent thickness of
the silicon wafer on which they are manufactured, since the BG4X-1 must be assembled on a chip for
smartcards (hence, its dimension must be reduced), while BG4X-3 will be assembled on plastic package
(where more space is available).

Products BG8X00-0 and BG8X00-1 represent two versions of the same logical product, the BG8X00
(aflash memory with 8Mb capacity), belonging to the BG8X process family. Such products have different
operationsin their production flow (differently from the previous case), indeed some etching phases are
made with one operation in the BG8X00-0, while this operation is splitted into two distinct operationsin
BG8X00-1.

Both BG4X and BG8X flash memories process families belong to the same technology T6fsh35,
where the T6 prefix indicates the technology generation, in which guidelinesfor the device geometry are
fixed together with the starting minimum working dimension, that is 0.35mm (fsh standsfor flash). Sarting
means that new improved process families created inside this technology may also be manufactured
operating at alower working dimension. Moreover, any time amajor change is made on the geometry, a
new techology generation is created.

We notethat production flowsfor distinct processfamilies (e.g., BG4X and BG8X) may have completely
different operations, or they may share some subsequence of operations, or they may have the same
operations with different parameters values. So, the same criterias both distinguish process families and
separate distinct productsinside aprocess family. The choice on whether anew product is placed into an
existing process family or it determines the creation of a new process family is not currently rigorously
defined since it is related to corporate internal decisions (e.g., the product may represent a significant
evolution of an existing one, sinceit derivesfrom the application of new technologies, or its production flow
isradically different from previous ones, i.e. the most significant operations (core) have been changed).
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Finally, in Fig. 3 we aso have the 16Mb flash memory r-AE16S, belonging to AE16S process family,
placed into T6fsh40 technology, whose starting minimum working dimension is 0.40nm. Both T6fsh35
and T6fsh40 are grouped in the same P& L family, P-440, while the 0.40mm EEProm memoriestechnology
T6e2p40, which includes the product HX32Na shown in Fig. 3, is placed below a different P&L family
(P-455), according to corporate (internal) economic and marketing considerations.

Considering operations belonging to aroute (Fig.4) mentioned before, they represent abstract actions
that must be further specified through a second level of detail, hence, each operation has an associated
sub-sequence (script) of events, each of whichisan“atomic” actiondirectly linked to production machines.

This further specification for operations is needed since e.g. we have diffusion operations, but while
thissimply meansthat during the execution of the operation doping elementswill beintroducedinto silicon,
al physical and chemical parameters needed to really perform the diffusion phase (i.e. to control furnace
machines), asthetime of diffusion or the quantity of doping element, will be specified just at low (event)
level.

Each operation also has a set of attributes in addition to its script [Longheu A, 1999], e.g. short
description, used for comments, or workarea, specifying the production areawhere the operation can be
used.

Besides, inthe current model an operationisusedin different routes(i.e. different products), maintaining
the same set of valuesfor attributes but with adifferent associated script, so operations belong to aunique
library (Fig. 5) from which we get desidered operation any time a new route is created, then associating
the related script (scripts are also stored in alibrary).

The current model described up to now presents several limitations:

- the product-centric feature impliesthat the product is directly placed below the facility entity,
while P& L family, technology and process family are viewed as simple product parameters, even
if they play asignificant role as products classifiers, hence the hierarchy should be better defined,
explicitly classifying products,

- no mechanismis present to speed-up definition for products having similar operations, so the
specification of anew product is atime-consuming and error-prone task, since it must be created

from scratch or, at most, by first copying from asimilar existing product, then making changes
according to specifications,

- no support for operations setup is provided; indeed, several operations may share a subset of
eventsinside their script, or may have the same script structure with different values for event
parameters, so it would be useful some mechanism for operation management;

Solutionsfor theselimitations, mentioned in sec.1, impose the re-engineering task | eading to the enhanced
model shown in the next section. Table 1 provides asummary for all termsintroduced so far.
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Table 1 Description of the terms introduced.

Entity Description

Product The logical entity representing areal product, i.e. all integrated circuits (ICs)
manufactured with the same identical production flow.

Facility The plant where production takes place.

Profict and Losses| A group of technologies, collected together according to corporate (internal)

(P&L) family economic and marketing considerations.

Technology A group of process families sharing the same manufacturing process (i.e. the

same device's geometry guidelines).

Process family A group of products with similar production flows (i.e. differing for some
opertion or for some operation parameter).

Lot A group of 25 silicon slices viewed as a single unit of work.

Production flow | the sequence of operations to be performed in order to make products.
(Route)

Operation an abstract action (e.g. a measurement of the dimension of a chip) performed by
a production machine. To be concretely defined, an operation must be further
specified through its script.

Script A set of events associated to an operation.

Event An atomic action (the lowest level of detail of specification) directly linked to
production machines.

3. The Enhanced M odel.
3.1. Overview.

As mentioned in sec.1, the solution we propose for existing model limitations is the re-engineering
through the use of an object-oriented (OO) approach. The first step when creating an OO model is to
identify objects, each of which can be defined as an abstraction of a part of the reality being considered.
Being this definition highly general, a generic object can represent any entity (e.g., human resources), it
may partially overlap with others (several objects may have common features) and may or not have a
physical counterpart (this becomes more evident as model description descends from a high abstraction
level towardsreal entities) [S. Gossain et al, 1998].

An object can a so be used to group otherstogether; thissituation, which may aso include classical OO
inheritance, determines aggregation hierarchy. Another case is that of complex objects [Bertino E. and
Martino L.R., 1992], i.e. consisting of other objects; such links creates constitutional hierarchies (also
known as aggregation hierarchies[Bertino E. and Martino L.R., 1992]). Finally, several objects can make
up asinglelogical entity, leading to compositeobjects [KimW. et al., 1989] (constitutional hierarchiesmay
a so include these objects). Aggregation, complex and composite objects, all present in a manufacturing
environment, are essential to capture production cycle features.

Identifying an object also means choosing which production aspects must be considered as objects.
Simple criteriaare to select the most significant entities, those that require an identity of their own, and
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Fig. 7 The hierarchy of Fig.3 revisited.

those that cannot be associated with any other objects. Otherwise, entities can be modeled as attribute of
othersobjects. Finally, after objectsidentification, it isnecessary to determine each object’ s attribute and
methods.

Based on all these considerations, we reconsider existing model, modelling each previously described
entity asan object. In particular, we model processfamily, technology and P& L family, which are currently
simple product parameters, as distinct objects placed into ahierarchy based on their role (as defined in sec.
2), since we want to give such entities amore central role and also to classify products more explicitly.
Hence, we get to Fig. 6 where anew hierarchy isintroduced; we note that such hierarchy isaggregational
sinceit isjust used to group objects. According to thisorganization, theflat hierarchy showninFig. 3 can
be better represented asin Fig. 7.

Besides, in the re-engineered (enhanced) model we adopt the existing product definition (see Fig. 4),
hence a product has an associated sequence of operations, being a complex object defined in terms of a
composite object (itsroute). Inthisway, we form aconstitutional hierarchy. Really, thisdefinitionisexten-
ded by introducing two new categories of operations (see section 3.2), in addition to the unigque category
currently supported, providing in this way major abstraction and flexibility during route definition, also
reducing time and cost in product devel opment.

In the enhanced model we also make the script for each operation as one of its attributes, sinceit is
required to avoid the current separation between the script and the operation object. In thisway operations
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Fig. 8 Subclassing operations in the new model.

aremodelled in adlightly different manner than current operation. Indeed, in the existing model (see Fig.
5), an operation A, identified by its parameters (that do not include the script) isused in different routes,
say as operation A, ..., A, associating a different script for each route, i.e. for each operation A, so
operations A, differ just for the script.

Inthe new model, thisbehaviour isimplemented (using OO terminology) first subclassing the operation
class (Fig. 8), creating the A operation class, in which its attributes, except for the script, are specified as
static (they do not change across instances). Then we instance the A class, creatingA, ..., A operations,
which can only differ for the script, which is an instance attribute. Any time a new set of attributes
(except for the script) is needed, anew subclass of operation class (B, C, ...) iscreated and then instanced
in order to specify the script.

Wefinally associate attributes to each object [ Longheu A, 1999] (e.g. also for technology and process
family objects). Attributes collect al significant information about an object, even those dispersed throughout
the model, i.e. when an attribute isrelated to another entity or isrepresented as an entity (the latter isthe
case of script described above). Since this is not a very significant task, we do not specify here the
completelist of attributesfor each object.

Considering methods, they include object management methods (e.g. constructor), aswell as specific
methods used to provide each object with its desired behaviour [S. Gossain et a, 1998]. Focusing in
particular on object management, or object’s states, when an object is instanced it will be in a created
state, then it movesthrough several states during itslife cycle, reaching the final state (obsolescence, see
sec.3.2.5) when it will be removed from the production model. All state changes are accomplished using
specific methods; hovewer, rather than describe alist of such methods, weintroduce (sec. 3.2.5) the most
significant states of Finite State Machine (FSM) for process family and product classes. Since no other
methods are worth of mentioning (they can be considered asimplementation details), we do not consider
methods throughout this paper.

3.2. Enhanced model core: Process Family and Product.

The major improvement with respect to the existing model is the use of inheritance mechanism to
model dependences between process family and related products. As mentioned in sec.2, when several
products only differ in the values of certain parameters, or for some operation of sequence, itisdesirable
to avoid thetedious and error-prone work of re-creating what is common among them. The processfamily
definitionisextended in order to meet thisneeds, sinceinthenew model itisnot just asimple classifier, but
itisageneral schemafor similar products: creating aprocessfamily meansto set all common featuresfor
thisgroup of products, so they will automatically inherit all that has been defined inside their father process
family. Then, to define completely each product, it is required just to specify some operations and/or
parameters.

Transactions of the SDPS JUNE 2002, Vol. 6, No. 2, 71



=R A value=hx770

I mask value=<?> | |mask value=m115 |

: |
N A v
R : s ]
‘
measure value = c C

Func (mask) i

|
measure value =
.................... \ A measure value =
1.z | Func (mas) Func (m115)
b C

a

Fig. 9 The definition of an operation through the three steps type, template and default.

Going into details, the inheritance mechanism we introduce is dlightly different from the classical
inheritance, indeed it does not providethat all operations are completely inherited by products children of
a given process, rather it provides two mechanisms through which users can establish what must be
inherited from agiven processfamily, and what must befurther specified insdeitschildren. Such mechanisms
are:

- thetype-template-default definition path (sec. 3.2.1), followed during production operations
specification, that allowsto decide what portion of an operation must beinherited, allowing to set
the degree of inheritance;

- the off-line conditionsinside optionality operations (sec. 3.2.2), through which users establish what

subsequence of operations must be inherited, providing aconditional inheritance.

These mechanisms, which extend simpleinheritance adding moreflexibility, areintroduced sincethey
fits better to our manufacturing context than other inheritance mechanisms (e.g. multiple inheritance [S.
Gossain et al, 1998]).

In order to describe how such mechanisms work, we introduce three categories of operations, i.e
production operations, optionality operations, and monitoring operations, used to create aprocess family
route, i.e. when common operations are specified. In thefollowing these categorieswill be each represented
with aspecific shape, i.e. classical rectanglefor production operations, rhomb for optionality and circlefor
monitoring operations, since aroute can be viewed asalogical flow diagram of the manufacturing process.

3.2.1. Production Operations.

Production operations, whichistheonly category availablein the existing model, contain “instructions’
(i.e., events) about how to work lotsin order to make ICs. In the new model they are specified in three
phases:. type, template, and default.

Typegroups all operations performing the same physical action. For instance, we have diffusion type,
mentioned in sec.2, or mask type, that isthe set of operations used to create the geometry of the device by
means of partial photo-exposure of the silicon covered by a mask (a plate with transparent and opague
aress) followed by removal of unexposed material (distinct masking operationsdiffer for the mask parameter),
or measuretype, collecting all operations where a physical or electrical parameter is traced.
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An operation belongsto agiven typeif its script contains some specific events, characteristic for that
type. Referring to the mask operation example, any operation of this type contains a script with at least
two fixed events, i.e. the photo-exposure (with the mask as a parameter) followed by a measurement to
test the photo-exposure.

Up to this stage (type specification phase), this operation script can be represented as in Fig. 9-a,
whereacertain number of possible events (1...x, unknown at this stage) appear before the masking event,
where the value of mask is a parameter not yet specified. Then there may be other events (1...y), up to
the measurement event (whose specification depends on the value of the parameter according to afunction
F(mask) ), and finally, another possible group of events(1...z).

The second phase is the template definition, where the number and type of al the groups of events
1...x,1...y and 1...z are chosen, together with the exact form of F, but all events parameters are not yet
specified (thus moving from Fig. 9-ato Fig. 9-b). Thisphaseis called template since the structure of each
operationiscompletely defined.

Last phase isthedefault, whereit is possible to set any remaining parameter and calcul ate any related
expression (F), as shown in Fig. 9-c. This step, at which an operation is completely specified, is called
default since it represents a possible set of values for atemplate.

All operations are classified based on their type, and for each type (or template) a group of available
corresponding templ ates (respectively, defaults) can be defined, in order to createalibrary for future use.

Asan example, in Fig. 10 we show atype-template-default aggregational hierarchy, in particular we
consider mask operations, whose core events specified inside type are the MASK and the VIS Insp event,
wherethelatter represent avisual ispection performed with an el ectronic microscope to measure physical
parameter of interest. At template level, we show two different templates, the Mask-MS-01, with the
MS-full additional event, and Mask-MS-02, with MS-full and MS-partial additional events. MS-full and
MS-partial events are used to collect data coming from the previous measure VIS-Insp; when all data
have to be collected, the MSfull is performed, otherwise the MS-partial is used. These MS events are
anyway completely defined at thislevel.

Indeed, inside operation defaults shown in Fig. 9, such events are left as they were at template level,
while MASK and VIS-Insp events move from an abstract to a concrete specification, e.g. we have current
values for masks (this is indicated using a specific code, as BG8X00-H-560-A, BG4X-H-680-E, and
BG8X00-H-60-r), toghether with current, mask-related values for measure events, where relationship is
highlighted by naming codes, e.g. the Vis-BG8X00-H-560 is a measure depending on BG8X00-H-560-A
mask event (the Func shown in Fig. 9 is contained inside Vis-BG8X00-H-560 event).

Each operation is defined following the type-template-default definition sequence. We distinguish
“processfamily” operations, wherethese phasesareall specified inside the processfamily (such operations
arethen independent from the product, i.e. they will bethe samefor all products belonging to that process
family), and “product” operations, where some phase has to be specified when creating a product.

We notethat in the current rel ease of re-engineered model, such operationsarethosefor which just the
default can be set, so type and template are currently specified anyway inside process family.

Thekeypoint isthat all what isset insideaprocessfamily isspecified just onceand will be automatically
inherited by al products children; choosing which phases are specified in the processfamily context allow
usersto establish what part of the operation must beinherited, extending inheritance by allowing to set its
degree.

Clearly, phases specified inside process family represent the part (of that operation) which iscommon
across products children. We also note that the use of type-template-default definition sequence reduces
anyway the specification timefor asingle product, since the use of type-template-default libraries avoids
to specify each single event or parameter.
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Fig. 10 An example of type-template-default hierarchy.
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Asan example, we consider the hierarchy shown in Fig. 3, in particular products BG4X-1 and BG4X-
3. Such products differ for a parameter (the chip thickness), so their production flow can be defined just
once, using a proper template where lapping operation is performed (lapping is a mechanical operation
which reduces the thickness of silicon wafer). This template contains a currently undefined parameter
which will be replaced with two distinct defaults (each with the proper value for thickness) inside each
product. Similarly, this mechanism can also be used to represent two process families differing for some
parameter. When greater abstraction is required, we move up to the type level, so even more different
products or process families can be grouped.

The type-template-default definition path can also be extended to the event level. In particular, in the
current model, an event consists of agroup of actions named steps, so it is easy to define for an event the
type as the level in which core steps are chosen, while in the template all steps but their parameters are
specified and finally in the default parameters are specified. Although, we want that an event is atomic
(sec. 2), i.e. we do not want that steps are considered, since they concern low level details (related to
manufacturing), hence we extend just template and default levels to events by viewing parameters for
steps as awhole. In this way, an event template is a complete event with no parameters, whereas in an
event default all its parameters are specified, so for instance event A in Fig. 9-b is an event template, (in
Fig. 9-c thereis acorresponding default), while MSeventsin Fig.10 are default events. A template event
can only appear in atemplate operation, whereas a default event can appear both in atemplate operation
and in a default operation, (a template operation must have at least one template event, while a default
operation consists of default eventsonly sinceit must be completely specified).

We notethat in current model abstraction support, asthetype-template-default phases, isnot provided
atall.

3.2.2. Optionality operations Expressions

The second category of operationshastherole of control flow statements. In asequence of operations,
indeed, itisnecessary to specify one or moreaternative paths, thus having adecision block that, depending
on a condition C (based on one or more expressions), executes different sets of operations (paths) or
assigns different parameters to the same operation.

The decision block is represented with the optionality operations category, and it does not imply any
physical action (no eventsinside), asit only containsacondition. Thisisalso thereason why inthe current
model only production operation exists (in the current model an operation must always contain events
while aproduction flow does not support any alternative paths).

We follow two phases when defining this category of operations, one in which the structure of the
conditionisset (asinatemplate), and oneinwhich all the current values of the variablesin the conditions
are provided (asin adefault), so conditions can be evaluated and a path is chosen. We note that a phase
equivalent to typefor production operations should allow to select a specific category of conditionfroma
library. We are currently devel oping such classification.

Like the previous category, optionality operations can generally be “process family dependent”, i.e.
completed insidethe processfamily, or parametersvalueswill only be known inside products, so only the
structure of the condition is set in the process. The inheritance mechanism, hovewer, isdlightly different
from production operations. In order to describe such mechanism, we consider in detail the structure of
conditionsand expressions.

A condition can be viewed as an if...then...else or a case...switch construct, containing one or more
expressions, each of which returns one of a set of values (so an expression is not necessarily binary).

To make up an expression, classical operators (+, -, *, /, AND, OR, NOT, aswell as<; >; <>; =) are
available and act on environment variables, i.e. on all information about current hierarchical sub-tree (e.g.
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Fig. 12 - Inheritance of off-line condition.

if the condition isset inaproduct, the environment consistsof all product attributes plusthose belonging to
parent family process and technology). Environment can a so include other information, e.g. user-defined
variables.

Expressions can be off-line or on-line. Off-line expression eval uation depends on definition of objects
in Fig. 6 (it does not depend from the production flow), while on-line conditions are evaluated when
productionisrunning.

Off-line expression can be used to improve processfamilies and product specification through agreater
abstraction. Considering the example hierarchy shown in Fig. 3, products BG8X00-0 and BG8X00-1
differ for asubsequence, i.e. the BG8X00-0 contains some etching phase performed with asingle operation,
while the BG8X00-1 requires a pair of operations. Such a situation can be easily modelled through a
proper off-line expression (C in Fig. 11), e.g. based on product’s version (the last character of products
name), so that the path with one operation is chosen for BG8X00-0, while BG8X00-1 will use the path
with two operations.

Off-line condition can also be used in the same way to represent process families differing for some
subsequence, given that a proper condition (e.g. based on some object’ s attribute) must be established to
choose the right path. We note that in the current model there is no support for grouping such similar
sequences differing just for some subsequence, hence each production flow must be defined separately
(generally copying fromanexisting one and then making changes according to specifications, asmentioned
in sec.2).
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Table 2 Operations categories.

Operation

Category M eaning

Production Represent physical operations, i.e. it contains a sequence of events (script). It is
defined following three steps: type (where core events are established), template
(where the script structure is completely defined), and default (where parameters
are specified). Such steps also allow to set the degree of inheritance between pro-
cess family and product production flows.

Optionality Represent control flow operations, i.e. it contains a condition used to select different
subsequences.Expression inside a condition can be on-line or off-line, depending on
whether expression depends or not on some production-related quantity.Off-line
expressions provide conditional inheritance between process family and product
production flows.

Monitoring Represent checking operations, i.e. it contains expressions used during execution of
the production to check the status of parameters of interest.

On-lineexpressionsare a so used to provide agreater abstraction, but they model conditions depending
on some production-related quantity. An exampleisthefault check operation, used to control lotsbelonging
to agiven product in order to evaluate the rate of faulty chips, an important parameter used to discover
how manufacturing process can beimproved (for instance, thisrate is used to test manufacturing process
during new technol ogies devel opment, where production flow must berefined until faulty chipsrate decrease
below agiven threshold). Since checking each single lot isavery time-consuming task, lots are checked
with astatistical frequency, i.e. each time acertain number of lots have been processed, the next ot must
perfom aspecifictest operation to evaluatefaulty chipsrate. In order to model this, we create an optionality
operation whose condition isbased on the number of lots being processed, so when the conditionistruethe
faulty check operation will be perfomed on the current lot.

In aprocess family route there can be both on-line and off-line conditions, whereasin a product only
on-linecan“survive” (they will beevaluated during production): all off-linemust be solved and replaced in
the route for that product with the path associated with result value (Fig. 12).

While on-line conditions are inherited by products “as they are”, together with al their operation
subsequences, off-line expression are used to establish which subsequence of operationsaproduct inherits
from a process, acting as atool to drive the inheritance, i.e. achieving a conditional inheritance.

In addition to on-line/off-line characteristic, acondition can al so be human-dependent. Thisismodeled
by introducing users and user classes, i.e. groups of users with specific rights and/or limitations. Such
conditions, which may be both off-line and on-line, are implemented by adding users and classesto the
environment variables, so an expression like “ @admin-class” means that the path will be chosen by any
userswith administrator privileges during the creation of the object.

An example of human dependent condition is when the subsequence of operation to be performed
depends on the human operator supervising production machines, e.g. he hasto decide what machine can
or must be used according to its state, an information which affects the subsequence of operationsto be
executed and whichisnot alwaysautomatically detectable, since some machines must be managed manually.

Transactions of the SDPS JUNE 2002, Vol. 6, No. 1, 77



Default

..
7| [Eores_mm)
L]
S | B ]

Process Family Route I

Template

Event def. -I

. Template

L]
()
Op. e Op. f 0
1?1 % [Ev.T.a]] [Ev.D.b ]
L]
o

.

Parameters
[ To be completed
Il Complete

Fig. 13 Example of process family definition.

Finally, we note that an expression can also appear in a production operation (as the Func shown in
Fig.9), andthat itispossibleto have also optionality events, which can only appear in production operations
(optionality operations contain no events).

3.2.3. Monitoring Operations.

This category of operationsis used during execution of the production sequence to check the status of
parameters of interest (e.g. lots throughput), to track alerts when missing given deadlines or to trace the
history of flow execution. Monitoring operations play therole of supervisoring operations[A. Cichocki et
al., 1998; F. Leymann, 1999]. Asin the case of optionality class, these operations contain no events, hence
do not exist in the current model; moreover, monitoring events can be defined.

3.2.4. Putting it all together.

Table 2 shows the three categories of operations we introduced, together with their main features,
while a comprehensive example of a process family is shown in Fig. 13; in the route, entirely created
during process family definition, we have an optionality operation with a condition C1, here supposed
binary, human-independent and on-line. From this operation we have two different paths, onewith operation
a, and the second with b, assumed to be process family-dependent, and c, product-dependent. Thismeans
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that type, template and then default for b are all specified in the process family context, while the default
level for operation cisspecifiedinthe product. Then, disamonitoring operation, followed by an optionality
operation containing abinary, human-independent, off-line condition C2 with two paths, operationseandf.
Thisisproduct-dependent,with atemplate containing ahuman-dependent, off-line optionality event (condition
@U), whose choices are template a and default b.

Wenotethat generally it isalso possibleto havejumpsinarouteor in ascript. A jump can be conditiona
or not, using optionality operations, and can bealoop when it isdirected to previous operations. Hence, we
can create repeat-until, for, and while-do or simple goto constructs.

When aproduct child of such aprocessfamily is created, the inheritance mechanism allowsto create
apartialy complete product, with at most templ ate production operations (product-dependent) to be specified
at default level, with completed default operations (process family - dependent) that must not be altered,
otherwise inheritance would be violated, and with optionality and/or monitoring operations containing
expressions. Inside expressionsthere will be environment variables already defined during processfamily
definition, variablesknown in product definition context (e.g. product name), and variablesto be completed
manually.

Having finished such steps, all off-line expressions must return avalue such that the templates can be
completed, or the path to follow in an optionality operation can be chosen, or the desired check (in the
monitoring operation case) can be made. In on-line expressions, missing parameterswill be known when
productionwill run.

All these stepsare needed sincein order to work lots according to aproduction flow of agiven product,
the product must be completely specified at a concrete level (e.g. templates are no more alowed).

By thishypothesis, a product child of the process defined aboveisshownin Fig. 14, where we assume
that C2 returns X2 and that the user @U created the product choosing the right-hand side branch in the
relative condition.

The high abstraction provided with gradual and conditiona inheritance mechanism allow to reduce
significantly timefor production flows specification, e.g. referring to Fig. 3 we can definejust aproduction
flow for BG4X-1 and BG4X-3 products (using the type-templ ate-default mechanism), and just aproduction
flow for BG8X00-0 and BG8X00-1 (using optionality operations). Similarly, we may also group (if there
iIsasignificant set of common operations) production flows for BG4X-1/ BG4X-3 and for BG8X00-0 /
BG8X00-1 into asingle production flow, saving time and reducing error-prone situations.

3.2.5. Process Family and Product States.

To manage each object, a Finite State Machine (FSM) is provided, as mentioned in sec. 3.1. This
models objectslife-cycle, both with classical states as creation and deletion, aswell as states specifically
devoted to model production[A. Cichocki et al., 1998; F. Leymann, 1999; LongheuA, 1999]. Considering
just process family and product objects, in Fig. 15 we show their FSM, examining in the following each
single state.

The first state we consider is Creation, in which a new instance for an object is created. This can be
done from scratch, or using the inheritance mechanism (if a product is being created, as no template for
processfamiliesisdefined in our context), or finally copying from other objects.

In particular, when aproduct is copied, pasting the copied product inside the same processfamily, leads
to aconflict concerning the logical identity of the new product, sinceit will be logically the same asthe
original until itismodified. If the copy is made from another process family the copied product isinvalid
(i.e. lotscannot be worked following the production flow of that product) until it will be changedin order to
meet inheritance constraints of the destination processfamily.
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Fig. 15 FSM for process and product.

Copying process families can result in alogical conflict only (if the copied process family is pasted
inside the same technology), while no inheritance constraints can be violated when pasting a process
family out of itstechnology, since technol ogies simply group process families sharing the same geometry,
where a device's geometry is not currently defined through an inheritance mechanism in our context.
Finally, we can copy aprocessfamily and pasting it asaproduct. I n this case, the processfamily also must
becomeaproduct, i.e. al of itstemplate operations must be compl etely specified at default level, and any
off-line expression must be evaluated and replaced with the subsequence associated to the result value
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(sec. 3.2.2), hence following a procedure like that leading from process family represented in Fig. 13 to
product shownin Fig. 14.

We note that copy issues described here are somewhat similar to instance migration in OO databases
[6].

Thetransition Cr ® U modelsthe resolution of conflicts made by users after an object has just been
created, moving from the Creation state to the Unistantiable state. Hence, the Unistantiable state
represents the initial state for an object which has been made though clearly distinguishable from the
object from which it has been copied.

The object (processfamily or product) isthen completed, i.e. weinsert all valuesfor itsattributes, also
adding operationstogether with their scripts. Thetransition modeling the completion phaseistheU ® U,
while when the object is completed, it reachs the Complete (Instatiable) state (transition U ® C), which
means that products children can be created (if the object was a process family), or that lots can be
worked according to the object’ s production flow (if the object wasaproduct). Really, usersmust explicit
declareif an object isinstantiable, evenif itiscompleted, sinceweare requested to model internal corporate
decision procedures. According to this possibility, istantiability can also berevoked (transition C® U).

Now we consider updating, in which it is possible to modify the object, i.e. its attributes and/or its
associated objects, asin the product constitutional hierarchy; updating processfamily and product includes
the insertion, deletion and modification of each single operation (and/or event), as well as the change of
their order. It istherefore necessary to analyze the modificationsthat can be made starting from the lowest
level (event), considering how they affect the operation level finally moving up to the process family or
product objects.

Considering different events categories, i.e. production, optionality and monitoring, allowed variations
(Fig. 16) for events (for which just template and default are defined) aretemplate® template, wherethe
internal structure isvaried, default ® default where just parameters are altered, and finally template ®
default and default ® template, the former being a specification and the latter a generalization task.
Modifying optionality and monitoring events meansaltering their expressionsand/or conditions.
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Considering aproduction operation, it can be modified acting on its attributes, aswell asonitsscript. In
thelatter case, we can add, remove and/or modify its events (according to events modifications described
before), hencereferringto Fig. 17, where T1 isatemplate and D1 is a default belonging to the sametype
Typel (but D1 does not necessarly belong to T1), allowed variationsin production operations are:

- D1® D1, which includes both the case in which just parameter values are changed inside agiven
default and the case in which the given default is changed into a new template and thistemplateis
completed asanew default (i.e. D1® T1® D1), provided that the destination default must
belong to the same type of current default, i.e. core events must not be changed at all;

- T1® T1, wherethe structure is changed acting on all events but core events, so the destination
template remains in the same type;

- D1® T1andviceversa(T1® D1), wherethe given default is changed into atemplate belonging
to the sametype, either by ssmply removing values from parameters, or by changing the structure;
T1® D1 represent the modification that |eads from atemplate to a default by providing a set of
values,;

- T1® T2, T1® D2, D1® T2 and D1® D2 that represent situationsin which a given template
or default ismodified into anew template or in anew default by acting on al itsevents, including
core events, so that the type is changed,;

Inafew words, modifications on production operation can only concernthedefault level (eg. D1® D1),
can also involve template level (asin TI® D1) or can even affect thetype (e.g. T1® T2).

M odificationsto optionality and monitoring operations are the same described for events.

At the upper level, updating aprocess family means modifying (as shown above), inserting or deleting
its operations. A process family modification has to be propagated to its products, in order to satisfy
inheritance constraints; this make such products not instantiable (i.e. such products cannot be used for
manufacturing 1Cs) in D1® T1 and D1® T2 or T1® T1 and T1® T2 cases, i.e. any time changes
lead to productsthat have to be completed. For instance, the D1® T1 modification performed onagiven
process family meansthat one of its operation has been changed in such away that some parameter value
ismissing (sinceit has been changed from a default to atemplate); all products belonging to that process
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family must also reflect these changes, so that template is copied into each product, overwriting the
previous default, hence al products have to be completed by specifying parametersin order to use them
for ICs manufacturing. We note that old parameter values cannot be used, since the destination template
T1 may have a completely different structure (e.g. more events) with respect to D1, given that T1 only
has to be of the same type of D1.

Besides, when modifying directly a product, the only maodifications that can be made are those which
do not violate inheritance constraints (e.g. in Fig. 17, only D1® D1 isallowed, since aproduct structure
cannot be modified, so changesinvolving templates and/or types are not allowed).

Now we must consider some on-linerelated i ssuesthat arise when aprocessfamily or asingle product
is updated. Indeed, lots belonging to agiven product (or those belonging to its products, if considering a
process family) are at a certain stage of processing when modifications are made, so they may or not
undergo all themodifications.

In particular, alot in progress undergoesin asequential manner theroute of a product, so modifying an
operation will not affect it if the lot has already undergone that operation; we therefore introduce lot
sensitivity. For instance, lot 1in Fig. 18 issensitive to operation b updating, while 4 and 5 areinsensitive;
lots 2 and 3 will be processed using the old version for b, i.e. lots are not worked using the newer version
of the operation if they are currently undergoing that operation.

Really, modifications do not automatically overwrite the existing production flow, asnot all lotsmust be
worked according to these modifications. Thismeansthat modification leadsto atemporary stateinwhich
ismadeacopy of the current object with modified production flow. In this state users can select which lots
must move to the changed production flow, provided that such lots must be chosen them from the sensitive
lotslist, i.e. lots which must undergone unmodified operations cannot be moved. When all sensitive lots
that was not moved arefinished, the existing production flow isno more needed, and soit will be overwritten
with themodified production flow.

Referring to the FSM in Fig. 15, all these issues are modeled with C® Ciand C; ® C transactions,
where the Complete (Updating) is the temporary state mentioned above, and C® C;, models the

modifications phase, while C; ® C transactionisperformed when the existing production flow isoverwritten.

We finaly note that if an updating invalidates a product (makes it unistantiable), the production of
sensitivelotswill be halted until the product iscompletely specified.

In addition, when modifying an object, changes can directly affect it or can lead to anew instance or to
anew object’ sversion (asnapshot of an object during itslife cycle[Bertino E. and Martino L.R., 1992]).
Thedistinction between creating anew version for agiven object or anew distinct object depends on the
modifications, i.e. anew distinct object iscreated if we apply major changesto an existing object, whilea
new version is a lightweight creation, due to minor changes (a more rigorous criteria is not currently
defined); hovewer, in our model aversion istreated as any other object.

We also note that when an object is modified, the choice whether such modifications must overwrite
the existing object (using the temporary state C,) or must create a new version/istance depends on several
considerations, e.g. if the production flow of existing object must be optimized, itisoverwritten.

Versioning isapowerful and complex tool, asit includes different versions of an object (alternatives),
aswell assimultaneoudly active versionsand extensionsfor complex/composite objects, where versioning
for their component isintroduced [Katz R., 1990]. Each time anew version of the current object or anew
object is created, we move from the Unistantiable or Complete (Istantiable) state towards the Creation
state of the new object (anew versionistreated asanew distinct object), hencewe havetransition C® |
and U ® | inFig. 15, where dotted lines indicate that the Creation state reached belongs to the FSM of
the new (not current) object.
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Wefinally notethat updating can be extended by introducing modification on an object’ sclass, aswell
ason aggregation and/or constitutional hierarchies[Bertino E. and Martino L.R., 1992]. Itisalso possible
to modify the structure and/or behaviour of an object, in addition to changing its state, i.e. by introducing
the concept of object migration [Bertino E. and Martino L.R., 1992]. Since a simple model is required,
such updating will not be considered here.

The last state we consider is Obsolescence, which models the deletion of an object. Indeed, for large
objectslike processfamily or product, as oppositeto low-level, simple objects (operations, events), smple
deletionisreplaced with alighter obsolescence, which preventsthe object from being used in production,
aswell asany updating, but without eliminating it, sinceahistorical archive of objects(even datawarehousing
oriented) has been required during our model development. Besides, when an object becomes obsolete,
obsolescence is propagated to all objects in its aggregational sub-tree (so, if a process family becomes
obsolescent, no more lotswill beworked in any of its products). In Fig. 15, Obsol escence can be reached
from any state (but the temporary C).

4. Environment Enhancements

The enhanced model introduced so far provide significant and useful changes in production flow
specification, but we also have to consider whether existing environment can implement it, or how
environment must be changed in order to support the new model.

The STMicroelectronics M5 facility environment consists (Fig. 19) of an Informix database containing
all dataand aproprietary production flow manager application, WorkStream (WST) [Workstream - http:/
/www.consi lium.com/products/ws.htm], used to create and manage production process. Besides, WST
control s production machines, both manual (sending text commandsto operatorsthat supervisethe machine)
and automati ¢ (using specific communication buses and protocals).

This environment has severa limitations, mainly due to WST, since it was initially developed as a
completely general purposetool for |Cs manufacturing.

First of all, WST is product-centric, i.e. it does not support neither process-family nor technology or
P&L family as ancestor objects (Fig. 6), rather they can be at most defined as simple attributes for

Journal of Integrated Design and Process Science JUNE 2002, Vol. 6, No. 2, 84



!

B

B
I Enhancing Level
- I =
Application l ”

WorkStream

Informix
Database

Fig. 20 Enhanced environment.

[24 WORKSTREAM INTERFACE - Rel. 1.0 =[Ox]
General  Mode Taols
El-M5 Tree Propetty Name Yalug Mandatory
o  EErAREEDY e
E3-TB-1 ProductiD: B I~ ves
E1T6-NEW =|hame PrROD10 [ Yes
. COPYOF <PROD10> #1000
! |-PRODZ Restricted ves - ves
+~PROD10 Description I~ ves

©Product! 2-A01
PROCESS 2
PPy
F-P2-» #1006
T2
Ta
Te #1007

Material Type El -\ ves

UsageRate I ves
MinStackLevel 250 I ves
MaxStockLevel 2500 I ves
ReordetPaint I ves
OrderQuantity I ves
InventoryClass © ves
PLFamily I Yes
SicomCode I ves
I~ Yes

Fig. 21 The new Interface for production flow management.

product. Asaconsequence, WST cannot support any inheritance mechanism for products, hence any new
product must be created from scratch, usually copying an existing product (with a“similar” sequence as
defined in sec.2) and then adding, del eting and/or modifying itsoperationsin order to get to the new desired
product (as mentioned in sec.3).

Another limit is that WST manages objects separately, e.g. a route must be explicitly linked to a
product; thismay be a problem since coherence must be assured manually acting on internal user defined
tables where such relations are stored; in general, WST does not offer any automatic validation tool for
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Fig. 22 Support database schema.

such purpose. Besides, many production settings are repetitive but cannot be automated. Finally, WST
uses a vt100-terminal interface, which is unsuitable to represent hierarchies or sequences in an user
friendly way.

All these environment limitations require an enhancing in order to support our model, providing that any
improvement should not consist in acomplete migration, in order to both avoid to stop the production and
preserve technical and economic investements.

The simple strategy we adopted (Fig. 20) wasto create an intermediate level, placed between existing
environment and users, consisting of an application together with a database, which aimsto maintain the
old architecture hiding it to users, while providing acompl ete support for the enhanced model. Userswill
interact with new tools, evenif they can continueto work asusual, so agradual migration can be achieved.

The application is Java-based and offers an object-oriented view of the entire production, according
to the model introduced in sec.3. Referring to the snapshot shown in Fig. 21, the left panel offersatree
representation of aggregational hierarchies, allowing to explore and manage P& L families, technol ogies,
process families and products. The center panel provides constitutional hierarchy management, showing
the production flow for agiven process family or product. Double-clicking on an operation will show its
script, allowing an user to manageit. Theright sideisaproperty panel, used to set objectsattributes, while
the bottom panel isatext areaproviding control messages during current session. We notethat sincein our
model the script of an operation isviewed as an attribute (sec.3.1), the value for script type, template and
default will be specifiedintheright side panel.

This user-friendly interface provides process family - product inheritance with type, templates and
defaults management for both operations and events (sec.3.1), as well as engines for expressions
management.

Morever, it assures a flexible and robust object management with an embedded finite state machine
(FSM) associated to each object, and taking into account on-line interaction with lots mentioned in sec.
3.25[LongheuA, 1999].
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The second component of the enhancing level is the support database (whose snapshot is shown in
Fig. 22), which must beintroduced in order to store all datarelated to new model. Theseincludes process
family and technol ogy objects, type-templ ate-default support, aswell asoptionality and monitoring operations
(only production operationsindeed exist in current environment).

We note that such data could be placed directly into the existing Informix database by extending its
schema, but this corporate database is shared across ST Intranet, i.e. it is accessed by different working
groups, each of which use database data according to its internal model. Our model concern just the
CAM/Automation support group, so modifications needed to implement our model cannot modify the
Informix database schema, which must be viwed as a core database where the common base view of all
modelsisstored. Additional objectsdefined inside our model, e.g. templates, arethen stored on aseparate
database (the support database) that worksin cooperation with Informix database in order to provide with
usersthe complete model. In thisway, support databaseis not areplicaof existing database, hencewe do
not have to assure data coherency between databases; although, we must manage rel ationships between
databases, e.g. creating and maintaining links between a process family (stored in the support database)
and al its children products (stored in existing database). Such links are guaranteed by our application,
which communicates with both databases. Really, our application does not communicate directly with
Informix database, since thiswould violate WST internal schemacoherence [LongheuA, 1999], rather it
establishesaconnection with WST, using it asamediator towards I nformix database. Thiscommunication
isimplemented through a Java-based driver emulating atelnet session with WST (the most conservative
solution wasrequired).

Referring to Fig. 22, where all support database main tables (together with their relationships) are
shown, we have the aggregational hierarchy P& L family — Technology - Process family — Product, then
both process families and products are linked to their routes (respectively, through ProcessRoute and
ProductRoute tables). Such routes contains links both to Operation table and to the set of tables used to
implement the type-templ ate-default specification. Thisis needed since when the same operation isplaced
into different routes (Fig. 5), it is shared (together with itstype) across such routes, but the template and
default must be specified each time this instance is used in a given route, so e.g the ProcessRoute table
contains the list of OperationlDs each of them having a ScriptTemplate and ScriptDefault fields. We
note that ProcessRoute and ProductRoute tables, together with their links, represent constitutional
hierarchies, even if the inheritance mechanism is managed by the Java application. The aggregational
hierarchy for type, template and default is implemented through tables OperationTypeList,
ScriptTemplateList, ScriptDefaultList, OtypeSTemplate and StemplateSDefault, while the constitutional
hierarchy operation-events is represented by OperationTypeEventList, ScriptTemplateEventList and
ScriptDefaultEventList, all linked to Event table.

We notethat support databaseis currently arelational database; we are planning to devel op an object-
oriented databasein futurerel eases, so inheritance and hierarchies (aggregational and constitutional) support
can be easily managed directly by database thus reducing external coherence management and having the
Java application acting just asimple database interface.

Both application and support databases defined so far are merged with existing environment using
widespread protocols and languages, e.g. the Java application communicates with WST using vt-100
terminal protocol, while communication with support databases uses JDBC-ODBC databases driver. In
addition, asafuture extension, such environment will be made CORBA [18] compliant, achieving thetrade
off between generality and specificity mentioned in sec.1.

Finally, our application can also run as an appl et into abrowser, making production processinformation
available inside the whole STMicroelectronics Intranet (providing an adequate security management),
improving dataexchange activities (e.g. production reporting), essential to increase productivity.

Transactions of the SDPS JUNE 2002, Vol. 6, No. 2, 87



5. Conclusions

In this paper, we presented the re-engineering of the production flow model used inside
STMicroelectronics facilities using an object-oriented approach, also introducing related environment
enhancements.

Wefirst introduced current model used for specification of the production flow for | C manufacturing,
starting from an overview of the entire ST production model, then focusing on specific phases concerning
with the production flow specification, introducing the facility-products-lots aggregational hierarchy, as
well as products classifiers (P& Lfamily, technology and process families) and product-oper ation-events
congtitutional hierarchy.

Wethen highlighted main limitations of current model, moving towards an obj ect-oriented, “ enhanced”
model, where a new aggregational hierarchy with explicit products classification is introduced, together
with an object-oriented operation management, in which script object management isimproved through
removing the current separation between operation and script.

Then core objects, i.e. process family and product, have been considered in detail. In particular, we
introduced a powerful inheritance mechanism between processfamily and product through which product
setup time and costs are significantly reduced.

We also outlined three categories of operations, production, optionality and monitoring, in order to
providethe production flow specification with amore powerful expressiveness(e.g. if.. .then...else construct
can be defined).

A three steps specification (type, template, default) for production operation wasintroduced, improving
the flexibility of the inheritance between process families and products, since the degree of inheritance
for production operation can be set (i.e. what part must be inherited). Type, template and default also
significantly improve operations setup, since events have not to be separately specified each time a new
operation is defined, asit is currently required, rather event groups can be selected from type-template-
default libraries and then used to rapidly specify a script inside an operation.

We then introduced conditions and expressions support for optionality operation, defining off-line,
on-line, and human-dependent expressions. Such expression types are needed to model existing
environment (current model does not support such features). Moreover, a conditional inheritance
mechanism between process families and productsis provided through off-line expressions, allowing to
define more and more production flowsin asingle design phase.

The description of the enhanced model was completed by examining finite state machinesfor process
family and product objectsto show their management. In particular, conflictsissues are considered when
anew abject iscreated by copy, then the updating state was analyzed, starting from defining modifications
from low-level (events) to high-level (process families and products) objects, also considering on-line
guestions, introducing lots sensitivity and temporary state needed to manage updating actions while
productionisrunning.

Wethen introduced the architecture of an enhanced environment, placed on top of the existing one, and
consisting of a Java-based application and a support database. Such framework is capable of supporting
the enhanced model, offering an user-friendly interface, and preserving at the same time both technical
and economic investments since no radical changes are required in existing environment.

Our re-engineering project is currently being implemented in Catania STMicroelectronicsfacility and
wearecollecting response datain order to quantify how productivity isimproved through relieving users of
current error-prone and wasting-timeworks. Evaluation of productivity improvement requiresamedium -
long term analysis, since arelevant factor liesin personnel training, so migration towards new model may
require a certain time to reach a stable state in which time and costs are really reduced.
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Finally, futureworkswe planned concern:

- the creation of amodel for evaluation of productivity improvements, in order to quantify timeand
cost reduction;

- the use of java application as an applet in amultiuser environment, where a proper transactions
management [A. Cichocki et al., 1998;F. Leymann, 1999] isrequired;

- the re-examination of the enhanced model through aworkflow perspective [A. Cichocki et al.,

1998;F. Leymann, 1999]1;
- extending the obj ect-oriented approach used here to model the entire production model shownin
Fig. 1,

- the description of enhanced model with XML [13], to improve model management inside ST
intranet, e.g. providing different views of enhanced model through XSL [19], in order to provide
each working group with its specific model representation.
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