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Abstract chine control (¥c) architectures towards such a product-
line approach.
This paper describes an approach for the migration of In an advanced manufacturing machinejcS[5, 6] is

supervisory machine control architectures. This migra- responsible for the coordination of the high-level machine
tion, from a paradigm based on finite-state machines to a behaviour. This requires, amongst others, interpretation of
paradigm based on task-resource systems, is described in manufacturing requests and prioritisation, synchronisation,
terms of model transformations. We propose a generic mi- scheduling, and exploitation of concurrency with respect to
gration approach that involves normalising a legacy archi- the resulting manufacturing activities [7, 8, 9, 10]. The
tecture that, in turn, is transformed. Based on the archi- SMmc of a wafer scanner, developed by ASML, motivated
tecture of a controller of a complex manufacturing ma- this paper and serves as a running example to illustrate the
chine, a wafer scanner developed by ASML, we defined a migration of a legacy architecture, based on finite-state ma-
number of concerns and corresponding architectural trans- chines (SM's), to a new architecture that is based on task-
formation rules. resource systems RK's). This migration is spurred by the

fact that a Rs-based ®IC architecture, as opposed to an

Fsm-based one, is declarative, supports run-time depen-
1. Introduction dent decisions and thus provides increased flexibility and
maintainability.

We consider the start and end point of this migration as
different architecture views, referred to as the source and
target view respectively. This is similar to the approach for
architecture reconstruction as described by Van Deursen et
dal. [11]. Here, an architecture view is associated with a
viewpoint [12], that, amongst others, specifies a metamodel
for the primary presentation [13] of that view. In this paper
we focus on the models in this primary presentation.

In order to define a reproducible mapping, we define
practical transformation rules in terms of patterns associ-
ated with the source and target metamodels. These trans-
' formation rules are practical in the sense that they are based

on an actual migration as performed by an expert. From
this, we have extracted generic, concern-based transforma-
tion rules. Due to practical reasons, which are mainly as-
sociated with the informal use of modelling languages in
industry [14], we first normalise the legacy specification
before the architecture transformation rules are applied via
a model transformation language. The resulting migration
approach, as depicted in Figure 1, is similar to theAV
framework [15] except for this normalisation step.

Although we focus on the migration ofM& architec-

“Preliminary results of the research presented in this paper have been tUres in part_icular, the principles as outlined in this paper
published as work in progress in [1] can be applied to a much broader class of systems. Ad-

As software systems evolve they tend to become in-
creasingly complex [2]. Furthermore, the architecture doc-
umentation and its corresponding implementation tend to
follow asynchronous evolutionary paths. Consequently,
the conformance between the architecture specification an
software implementation decreases [3].

In practice, increased complexity and loss of archi-
tecture conformance make a system more difficult to
change [4], and result in an increase of associated devel-
opment (and maintenance) effort and cost. The involved
effort can be reduced by, e.g., the separation of concerns
the introduction of product-line architectures, model-based
development and automatic code generation. In prac-
tice, adopting such techniques will require architectural
changes.

Ideally, one would like to make these changes repro-
ducible by automatically transforming one architecture into
another. In the case of a migration towards a product line,
such a transformation could be applied repeatedly to mi-
grate different product versions into product-line members.
In this paper we consider the migration of supervisory ma-
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Figure 1: Generic two-phased migration approach

vanced manufacturing systems in general, require some
form of supervision for the coordination and execution of
manufacturing activities. We believe that the main contri-
bution of this paper is a practical view on the migration of
supervisory control systems in general.

The remainder of this paper is structured as follows.
Section 2 discusses related work. In Section 3 we intro-
duce 31c, specific concerns, and our running example. All
the elements necessary for the proposed migration are pre-
sented and illustrated using the running example, in Sec-
tions 4, 5 and 6. Section 7 reflects on the migration. The
paper is concluded in Section 8.

2. Related work

Fahmy and Holt [16, 17] discuss several types of generic
architecture transformations that can be viewed as graph
transformations. In this paper we consider domain-specific
transformations on architecture views that are more com-
plex than typed graphs. Moreover, the transformations dis-
cussed in this paper are driven by a migration to a com-
pletely different $1C paradigm.

Czarnecki and Helsen [18] give a categorisation of
model transformation approaches. One of the main char-
acteristics concerns the transformation rules. In this pa-
per, we providegattern-basedransformation rules using a
graphical syntax These rules are organisgdiependently
and can beelectivelyapplied resulting in a target model.

Bosch [19] uses architecture transformations in archi-
tecture design to realise non-functional qualities of a sys-
tem. One of the identified transformation types is the ap-
plication of an architectural style. A migration towards a
TRs-based $ic architecture could constitute such a trans-
formation. In our case, however, this transformation also
results in a product-line architecture, for which we investi-
gate the derivation of product instances.

Research related to thetM and, more particularly, on
the involved model transformation (e.g., [20, 21]), pro-
vides another source of related work. In accordance to
the MDA vision, most work focusses on the transformatiog

SE

to platform-specific models. However, these platforms are
mostly middleware solutions for information systems.

3. Supervisory Machine Control

In this section we first defineMg: and place it in a ma-
chine control context. Next, we briefly discuss the main
concerns that need to be addressed in the architecture mi-
gration. Finally, we introduce the motivating case and run-
ning example for this paper: the ASML wafer scanner.

3.1. Context and control problem

The machine control context is clarified in Figure 2.
Thetransducers, or sensors and actuators, of a manufactur-
ing machine are mounted on (sub)frames and are coupled
through mechanical and electronic interfaces. Tdugila-
tive controllers calculate actuator set-points and trajectories
as well as induce regulated changes in the system under
control. We do not consider this class of control systems.

N

requests results
activity coordination g + $
supervisory controllers
activites¢ ?events
activity execution
regulative controllers
mechatronic
subsystems ¥ A
transducers

Figure 2: Machine control context

From a supervisory perspective, (sub)frames, transduc-
ers and associated regulative controllers fomathatronic
subsystems on which activities can be executed that add
value to products. The recipe- and customer-dependent
routing of multi-product flows, with varying optimisation
criteria, constitutes one of the key (supervisory) control is-
sues. Moreover, advanced manufacturing machines must
respond correctly and reproducibly to manufacturiag
quests, run-timeevents andresults. Consequently, au-
pervisory controller is required to coordinate the execution
of manufacturing activities and to ensure feasible machine
behaviour [5, 7, 8, 9].

In practice, a high-level manufacturing request is trans-
lated into valid low-level machine behaviour using multi-
ple, consecutive control-layers. This is supported by recur-
sive application of the control context from Figure 2: tasks
of one level become manufacturing requests for the next
level until the execution level is reached.

TUD-SERG-2006-020
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3.2. Typical concerns

For Svc of advanced manufacturing machines, a num- exposure
ber of key (migration) concerns can be identified. Predom-
inantly, multiple manufacturing activities - and sequences
hereof - may fulfil a request and, in turn, multiple mecha-
tronic subsystems may be available to perform a particular
activity. That is, multiplealternativesexist that require the
selection of a specific subset of both activities and mecha-
tronic subsystems to fulfil a given manufacturing request.
In other words, the 8C system has to make various con-
trol decisions with respect to alternatives.

The execution of an activity on a selected subsystem im-
plies a specific physical state transition of that subsystem.
The selected sequence of activities for a subsystem requiresthe wafer stages are swapped and the measured wafer is ex-
matching end states and begin states for consecutive stateposed. During exposure, a laser projects an image of the
transitions. When these states do not match, an additional required IC pattern onto the wafer’s surface through a de-
transition, a setup, has to be executed between consecutivemagnification lens. A wafer is exposed in a scanning fash-
activities. In S4c, these so-called sequence dependent ion, similar to a photo-copier. Eventually, the wafer comes
tupsare common. to hold hundreds of small copies (i.e. dies) of this pattern.

Intuitively, controlledusageof mechatronic subsystems After exposure, the stages swap back and the unload

exposure

measure

Figure 3: Simplified layout of a wafer scanner

is another important concern. As such, the control system
generally checks the availability of a subsystem that is re-
quired for an activity. Once available, the subsystem should
be effectively claimed for the given activity. When an ac-

tivity has been (co)performed by claimed mechatronic sub-

robot (UR) transports the exposed wafer to the discharge
unit (DU) where it is buffered. Next, the wafer is picked up
by the track again to undergo various post-processing steps.
Now, the wafer is ready for another exposure if needed: the
process is re-entrant. With each passing, another layer is

added to each die. Once the wafer has been fully processed
and inspected, it is diced into individual dies that are pack-
aged to form IC’s such as microprocessors.

system(s), all should be unclaimed or released.

In order to take full advantage of installed capaaityn-
current executiorof activities is done where possible. In
practice, activities can be executed concurrently unless this
is explicitly prohibited by precedence (sequence) relations. 4. Source view: FsM-based $1C
Synchronous executigganother common concern. Physi-
cal space is often limited resulting in multiple mechatronic The source view of the migration is based on finite state
subsystems that simultaneously operate within a confined machines (Bm's). This approach is proposed by, e.g., Ra-
space. This results in so-called hazardous areas in which madge and Wonham [5]. Here, the set of possible ma-
subsystems can collide and state transitions must be in- chine behaviours is considered to form a language. A dis-
duced synchronously to ensure safety. crete supervisory $um is synthesised that restricts this lan-
guage by disabling a subset of events to enforce valid ma-
chine behaviour. This requires the behaviour in all possi-
ble states to be specified explicitly using (un)conditional

In this paper we consider the ASML wafer scanner as a state transitions with associated triggers (events) and ef-
representative example of an advanced manufacturing ma- fects (manufacturing activities). Hence, the machine be-
chine. Wafer scanners are used in the semiconductor indus-haviour for each type of manufacturing request, and com-
try and perform the most critical step in the manufacturing binations hereof, is specified design-time. Consequently,
process of integrated circuits (IC’s). Figure 3 illustrates multiple Fsm’s are used per controller (typically one for
a scanner where nodes represent mechatronic subsystemgach type of request).

3.3. Running example: a wafer scanner

and edges represent manufacturing activities.

A neighbouring machine, the trackg), performs pre-
processing steps and delivers silicon wafers to the pre-
alignment systemPp). Here, the wafer orientation and

In our case, the source view is specified usingLUstate
machine diagrams. The relevant part of th&lmeta-
model is shown in Figure 4. As an example of how this
metamodel is used in practice, consider the source view of

alignment are determined and adjusted. Next, the load the unload wafer request as depicted in Figure 5. Note that
robot (LR) transports the wafer to a wafer stag¢s). Here, this request corresponds to actiwtg2ur in Figure 3.
the wafer characteristics are measured. After measurem%nt, UmL, as a generic modelling language, lacks the spe-

TUD-SERG-2006-020 3
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Guard + guard ( IDLE ) ( CHECK RCB ) (START_TO_CLAIM_UR
+ expression ‘BooleanExpression | 0.1 ‘ H{do unload }/ B J%Lentry /check RCB comm. NEE
WS availabje
o1 Event [UR not ready ]
i + trigger
StateMachine : rager jo.1 (_ START_TRANSFER | [ CLAM_UR ) (READY_TO_CLAIM_U}
00"1 . X + transitions N Lenlry/slarl transfer W2U entry / claim UR <
+ Incoming e J
StateVertex drget Transition [UR ready]
+ outgoing (TRANSFER_IN_PROGREJS  (TRANSFER_FINISHEP
X + spurce B XUB
[+ subvertex - top 0.1 entry 0.1 ?effect transfer W2U don else,
+
State | Action ( WAIT_FOR_UR_OR_WS_MOVED |
0.1 + exit | + script :ActionExpression [combined_load ] Lemry /UR move to rotate, WS finish exchange J
0..1
Pseudostate (WAIT_WS_MOVED (WAIT_UR_MOVED
+kind :PseudostateKind Lexit /release WS J Lexwt /release UR J
I I I WS_moved UR_moved
Composi [ simp | [ Finaistate FINISH7UR7W87MOVEB_/ FINSHED
0.1 | 4 isConcurrent :Boolean engy / check RCB comm. exit / report done
[RCB ok]/ B

+ container

Figure 4: Source metamodel (excerpt from [22]) Figure 5: The unload wafer request

cific constructs that support its application in the domain of 5. Target view: TRs-based $1C

SMc systems. Furthermore, appropriate profiles, if avail-

able, are seldomly used in practice. This makes that, when  The target model of the migration is based on the task-
using ‘plain’ UML, various design idioms are available resource systems QB). Here,taskscorrespond to man-

for handling S$1c-specific concerns. For instance, guards ufacturing activities andesourcescorrespond to mecha-
(e.g., ‘subsystem is available’) can be modelled as events tronic subsystems. The alternatives, as discussed in Sec-
(e.g., ‘'subsystem becomes available’) although these are tion 3.2, are specified in terms of tasks, resources, and
fundamentally different concepts. Similarly, manufactur- rulesthat define (compoungjrecedenceelations between

ing activities can be specified as actions on state transitions tasks. Decisions with respect to those alternatives are
or as actions in separate states. typically taken run-time rather than design-time. In our

In practice, specifications have a tendency to become case, the target view is based on a research prototype that
inconsistent and ambiguous over time and are often incom- ASML uses to study the applicability of new architectural
plete. This phenomenon is further amplified by tool limita- ~ paradigms [9] for its SiC systems.
tions. For instance, tools that support a specifieLUver- In the TRs paradigm, a manufacturing request is trans-
sion, do not necessarily support all of its constructs. When lated into valid machine behaviour in three phases. First,
reconsidering Figure 5), these issues are illustrated by e.g. during the planning phase, a scheduling problem is instan-
WS andUR appearing in two distinct resource usage idioms tiated for the specific context of a manufacturing request.
and the fact that, for the actual transfer, the alternative com- For this, the request is interpreted through rules that oper-
pletion sequences are specified exhaustively. ate on resource types, calledpabilities and task types,

To identify the idioms used for particulaM® concerns, calledbehaviours The first phase results in a digraph that
legacy diagrams need to be manually inspected and parsed.consists otasks(i.e., behaviour with a request context) and
This is a tedious and error-prone process. After extensive their relations. Next, a scheduling phase constructively as-
analysis we concluded that it is impossible to predict how Signs tasks to specifiesourcesover time [9, 23]. This
the different concerns are specified in our legacy source results in a fully timed, coordinatedrE that can be dis-
models. In order to make it possible to define architecture Patched for run-time execution.
transformations, we require the state machine diagrams in ~ The prototype implements the generic part (planner,
a normalised form. The associated restricted source meta- scheduler, and dispatcher) of a product-line architecture for
model only defines a subset of the models associated with building TRs-based $1c-systems.

the original source metamodel. For thisyUallows to de- This product-line architecture offers a generic re-usable
fine specialisations of its metamodel biereotypeswith solution, that can be tailored via domain-specific modules
tagged valuesand well-formedness rules amonstraints called system definition and subsystem interface. These

that can be defined using the Object Constraint Language modules define the specific system under control and are
(OcL). Together, these mechanisms allow for the definition amenable for code generation. In this paper the view on
of a UML profile. 4 the domain specific system definition is the target of the

4 TUD-SERG-2006-020
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migration. In order to define this view, we introduce the
metamodel as shown in Figure 6.

behaviqu

predecess,orsg'—\
{Task

+ tasks | 1.*

iour

+
+name :EString 1.°

+ behavioprs

l requires

CapabilityUsage

+beginState :Elnt SystemDefinition —> behaviours

+endState :Elnt

1 A systemDefinitign
reqyiests

capability 0

Capability Request

y Definition

+name :EString |+ capabiliies 1. | + name :EString

fulfils

Resource

+ resoufces

+name :EString

Static

Dynamic

Figure 6: Target metamodel

The system definition contains a static and a dynamic
part and is represented in ther§ metamodel by the
SystemDefinition, which serves as a root element. The
static part of theSystemDefinition defines the available
Behaviours, Capabilities and Resources. In addition, it
defines whichCapabilities are used for whiclBehaviour
and specifies the correspondihgginState and endState
(CapabilityUsage). The dynamic part defines the rules for
uniquely mapping a manufacturimequest to Tasks (that
are of a specifi®ehaviour) and assigningresources (that
fulfil a requiredCapability).

As an example of how this metamodel can be used in
practice, consider the target view in Figure 7 of the previ-
ously introduced unload wafer request. Figure 7a) first il-
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check RCB comm.
else] Y CHECK

[WAIT_FOR_RESOURGE entry / check RCB comm.
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exit/ release
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(a) Normalised source view

available UR/ claim UR

i

move UR to rotate
)

choice

[else]

check RCB comm.

choice report done

[else]

(b) Target view

>@®

Figure 7: Unload wafer request transformation

mation rules for the concerns described earlier in the paper.
These rules are generic with respect to thenfJ-source
model.

All transformation rules in this section are implemented
using the Atlas Transformation Languager(A [24]. An
ATL transformation module consists of rules that contain a
‘from’ clause that matches elements in a source model and
generates the corresponding elements in a target model as

lustrates the normalised model of this request, which can be specified in its ‘to’ clause. The @ -based syntax of A

used as input for the A transformation engine. Applica-

tion of the transformation rules, as discussed in the sequel,

results in the target model of Figure 7b). Note that we did
not define a suitable graphical representation fesimod-
els yet. Hence, Figure 7b) mainly shows the dynamic part:

allowed us to express complicated patterns and mappings,
for instance to map the resource usage patternto ttee T
metamodel. In the illustrative A fragments, the meta-
model elements used in the ‘from’ and ‘to’ clauses refer
to the metamodels in Figure 4 and Figure 6, respectively.

a task digraph where nodes reference the corresponding be-The ArL transformation engine can be used in combination

haviours. Our transformation rules, however, also include
the static part of the target model.

6. Transformation rules

In this section we discuss the transformation step of the
Fsm-TRsthe migration of $1C architectures. We first de-

with XMI serialisations of models and metamodels defined
using BvVF or the MoF. Hence, we took the A's meta-
model from Figure 6 and defined it usingnE [25] and the
MoF-UML metamodel available from then@ [22]. To
create the source model, we could simply usevaUnod-
elling tool that supports M1 export. The target model is
then generated in its serialised form. Using.Ave needed

scribe the transformation rules for each of the elements of no more than 200 lines of code to implement all the neces-
the target metamodel. Subsequently we describe trans%)r- sary transformation rules.

TUD-SERG-2006-020
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6.1. Target-model instantiation

In general, the dynamic part of the target model can be
derived directly and the static part is derived indirectly. The
creation of theCapabilityUsage element is not discussed

SE

transfer W2U done result in a single task that executes the
behaviounransfer W2U (Fig. 7b). In the canonical source
view, we assume run-to-completion semantics of actions
and thus normalisation removes the completion events. Not
all actions in the source view, however, correspond to man-

here as it is closely related to the resource usage concernufacturing activities. Therefore we define a task in the tar-

(Sec. 6.2) and discussed there.

SystemDefinition and Request The SystemDefinition
root element in the target model, containing all required
elements that define the domain specific part of TS
controller, corresponds to a complete source model.

A Request contains the planning rules that determine
how a particular manufacturing request, such as ‘unload
wafer (Fig. 5) is planned. Planning rules involve a set

get model only for those actions in the source model that
correspond to a manufacturing activity, and a behaviour for
everytypeof action.

As can be seen from Listing 2, we assume thas and
Behaviours  iN the target view correspond tetons named
‘Execute Behaviour’ in the canonical source view. The ex-
ecuted behaviour is specified in th@pt  attribute. This
also means that actions with identicalpt  attributes ef-
fectively define an action type and should be mapped to

of tasks and corresponding predecessor relations. In the the same behaviour. To implement this, we defined the

source model, a state machine diagram is used to spec-

ify how a manufacturing request is to be executed. So,
we create ®equest element in the target model for every
StateMachine in the source model.

Listing 1 shows the AL implementation of this trans-
formation rule. For now, we assume that a source model
contains only a singleStateMachine. It can be seen
that systembDefinition containSbehaviours , resources and
capabiliies . However, these are created by other rules and
ATL does not permit to navigate through the target model.

actionBehaviours() helper function (not shown) that first se-
lects the set of actions named ‘Execute Behaviour’ and sub-
sequently the set of actions with unique behaviours. For all
actions included in this set, a behaviour and a task is cre-
ated by the behaviour rule. Additionally a task is created
by the task rule for all other actions named ‘Execute Be-
haviour’. Please note that them clauses of different rules
should map to disjoint sets of source model elements.

A behaviour'srequires  attribute is set to a Capabili-
tyUsage element. This is discussed in the explanation of

Instead, we can navigate through the source model to the the resource usage concern below. To set a task’s corre-

element that results in the creation of the desired target
model element. For the case that a rule has multiple tar-
gets in itsto clause, AL offers the resolveTemp method.

sponding behaviour we again use thevetemp construct.
Finally, for tasks, theredecessors ~ attribute has to be set to
the set of direct predecessor tasks. This is also discussed

This method takes as input a source model element and alater when we explain how the synchronisation and con-

string that refers to a specific target of a rule. The string ‘t’,
for example, refers to the Task target of the Behaviour rule
in Listing 2. Finally, a request is instantiated that contains
a set of tasks which are also created by other rules.

rule  SystemDefinition {

from sm: UMLIStateMachine

to sd: TRS!SystemDefinition (
behaviours <- thisModule.actionBehaviours()->
collect(e|thisModule.resolveTemp(e,’b")),
resources <- thisModule.actionResources()->collect(
e|thisModule.resolveTemp(e,’r’)),
capabilities <- thisModule.actionResources()->
collect(e|thisModule.resolveTemp(e,’'c’)),
requests <- Set {rq}),

rg: TRS!IRequest (

name <- sm.toString(),
tasks <- UML!Action.allinstances()->select(ala.name
='Execute Behaviour’)->collect(e|thisModule.
resolveTemp(e,'t")))

Listing 1: Rule for SystemDefinition and Requests

Task and Behaviour In the original source view, a man-
ufacturing activity is typically specified as an action with
associated completion event. As an example, consider Fig-
ure 5, in which the actiostart transfer W2U and the event 6

currency concerns are handled.

rule  Behaviours {
from a: UML!Action (
thisModule.actionBehaviours()->includes(a))
to b: TRS!Behaviour (
name <- a.script.body,
requires <- UML!SimpleState->allinstances()->select
(s|s.entry=a)->asSequence()->first().incoming->
collect(ii.source)
->iterate(s; ss : Set (UML!SimpleState) =
thisModule.union(ss,s.getResourceClaims()))),
t: TRS!Task (
id <- a.script.body,
behaviour <- thisModule.resolveTemp(thisModule.
actionBehaviours()
->select(e|e.script.body=a.script.body)->
asSequence()->first(),’b’),
predecessors <- a.getPredecessors()->collect(e|
thisModule.resolveTemp(e,'t")))

Set {}|

rule  Tasks {

from a: UML!Action (

not thisModule.actionBehaviours()->includes(a)

a.name="Execute Behaviour’)

t: TRS!Task (

id <- a.script.body,

behaviour <- thisModule.resolveTemp(thisModule.
actionBehaviours()
->select(e|e.name=a.name)->asSequence()->first(),
D),

predecessors <- a.getPredecessors()->collect(e|
thisModule.resolveTemp(e,'t’)))

and

to

TUD-SERG-2006-020
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} in a release action. This normalised pattern can easily be
generalised.

Thus, for each such pattern occurring before an action

This transformation partly relies on naming conven- corresponding to a manufacturing activity and after the pre-
tions. Instead of relying on naming conventions we could vious release action, we conclude that this activity requires
introduce a ExecuteBehaviourAction as a specialised Ac- the involved subsystems. In the target modeababili-
tion in the restricted source metamodel. tyUsage elements are then defined connecting the involved

corresponding behaviour and capabilities. In our example,
Resource and Capability In the Fsm based approach ~ the CapabilityUsage element relates Thansfer W2U be-
mechatronic subsystems were not explicitly modelled. haviour to thews capability.
Hence, in the source model there are no elements that di-  Inour target view, this results in the definition of a Capa-
rectly correspond to resources and capabilities. We can, bilityUsage element relating thieansfer W2U behaviour to
however, use the fact that, in thes#-based approach, theWs capability. Again, for the normalised source view
subsystems need to be explicitly claimed. We créate we assume a strict naming convention. This can be seen
sources in the target model based on actions that claim a from thefom clause of the rule in Listing 3, it matches all
specific subsystem. The implementation is straightforward States namedair_For_rResource Theto clause of this rule
and therefore not shown. To take into account that capa- creates a CapabilityUsage element in the target view. The
bilities can be claimed multiple times during a request, we resolveTemp ~construct is used to set thapabiity  attribute
defined a helper similar to the one defined for the actions to0 the target of the rule that matches the ‘Claim Resource’
corresponding to a behaviour. Action involved in the resource usage pattern.

This transformation rule assumes some additional con- ~ Next, a behaviour is linked to CapabilityUsage ele-
straints on the source metamodel. First, we require that Ments by its requires attribute (Listing 2). This is done
claim actions are explicitly specified, which is often notthe by first selecting all states directly preceding the state in
case in origina] source models. Second, we again re|y on which an action is executed that Corresponds to the be-
naming conventions for the recognition of resource claim haviour. On each of these predecessor states, we call the
actionsl which we assume are named ‘Claim Resource’. 9etResourceClaims() helper that recursively finds all states
Similar to the situation with tasks we could again introduce NamedwaiT_For_REsOURCE DY reversing through the state

Listing 2: Rules for tasks and behaviours

a specialised Action. machine until a release action is encountered. Here, we as-
sume that a release action releases all claimed subsystems.
6.2. Concern-based transformation rules The states in the returned set match the ResourceUsage rule

and the Behaviour is linked by its requires attribute to the
In this section we discuss how the transformation han- CapabilityUsage elements.

dles the various concerns we have identified in Section 3.2. e Resourceusage {
from
. s: UMLI!SimpleState (
Resource usage Inthe TRsbased approach the static part s.name="WAIT_FOR_RESOURCE’)

i it ifi iliti i i to cu: TRS!CapabilityUsage (
of the SystemDefinition specifies the capabilities it requires capability <. thisModule.resolveTemp(thisModule.

for every behaviour. For this reason we defined e actionResources()->select(ala.script.body=s.
ili i i outgoing->select(t|t.effect.name="Claim Resource’)
pabuhtyUsage element |n. fche target metamodel. Again, we ->asSequence()->first().effect.script.body)->
cannot derive theCapabilityUsage elements in the target asSequence()->first(),'c’))
model directly. }
In the original source models, various idioms were used Listing 3: Rules for resource usage pattern

to ensure that subsystems were used appropriately. There-

fore, the normalisation step is particularly important when

considering this concern. From Figure 5), and the corre- Resource setups In the source view, resource state con-
sponding normalised idiom from Figure 7a), it can be seen sistency is ensured by specifying setup transitions for every
that additional actions are used for claiming N8 sub- possible resource state at design-time. In practice, this is
system: if thews subsystem is available it is claimed and not done exhaustively. Instead, domain-knowledge is used
the Transfer W2U action can be executed, otherwise a wait to limit the number of setup related alternative transitions.
state is entered. This wait state is exited when an event In the target view, setups are automatically inserted by
is received that th&/S subsystem has become available. the generic (solving) part of the product-line architecture.
Then, a claim action is executed in conjunction to ensure This is done at run-time, based on mismatching beginState
mutual exclusive use of subsystems. Finally, after the activ- and endState attributes of the CapabilityUsage element. To
ity has been performed the claimed subsystems are relea7<.edsome extent, these could be derived from the explicitly
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specified setups in the source view. In this paper, we do not
define a corresponding transformation rule as it depends
heavily on domain knowledge. When reconsidering Fig-
ure 7, themove to rotate behaviour is in fact a resource
setup that has been modelled explicitly to mimic existing
behaviour exactly.

Synchronous execution In the source view, synchronisa-
tion between sequential actions can be achieved by specify-
ing them as entry or exit actions with run-to-completion se-
mantics. For concurrent actions, all sequences are typically

SE

it is returned. If not, theetPredecessors  is called on the
preceding state or all incoming transitions (iteratively).

helper context UML!SimpleState
Set (UML!Action) =
if  self.entry->oclisUndefined()
self.incoming->asSet()
->iterate(t; p Set (UML!Action) =
thisModule.union(p,t.getPredecessors()))
else if self.entry.name="Execute Behaviour’
Set {self.entry}
else
self.incoming->asSet()

def : getPredecessors() :
then
Set{} |

then

->iterate(t; p : Set (UML!Action) = Set {} |thisModule
.union(p,t.getPredecessors()))
endif endif

specified exhaustively. The synchronisation between ac- :

tions that belong to different requests can be done through

Listing 4: Collect predecessors on SimpleStates

external events. Here, wait states are typically used: wait
for a resource, a timer, some action or data.

The target view defines precedence relations between
those tasks that require synchronisation (within the same
request). In principle, these relations follow from the ex- b -
ecution order of the manufacturing activities and the cor- '€NCy Of themove to rotate andfinish exchange is modelled
responding actions within a normalised state machine di- by the exha'us'tlve spgcnﬁcaﬂon of the alternative sequences.
agram. In the target view, resources are used for external Although this is certainly not the most elegant manner, tool
synchronisation. For instance, tasks belonging to different @nd language limitations typically impose these complex
requests are synchronised through a virtual resource (i.e., €onstructs. This particular idiom is commonly observed
not corresponding to a real subsystem) that is required by for act|0n§ that are related to a single request. Intumvely,
both tasks. This pattern can be used to implement the pre- the canonical pattern for concurrency would be a composite

viously mentioned timer as well. Similarly, a specialised State with orthogonal regions. o ,
data resource can be introduced. Basically, the predecessor relation is the mechanism

Finally, the explicit synchronisation of resource transi- USed in the target view to allow or disallow concurrency:
tions is mentioned, e.g., a stage swap on the wafer scanner.if two tasks are not related by the transitive closure of the
This is typically specified by introducing synchronous re- predecessors_ relation, they can execute concurrently. Now,
source transitions at a lower-level and, as such, this does these (potentially concurrent) tasks are executed as soon as
not affect our target view. The implementation of thevF their predecessors are finished and the required resources
TRstransformation currently does not handle synchronisa- are available. In turn, this also implies that a task can have
tion across different requests. However, if we would mod- Multiple (concurrent) predecessors.
ify the restricted source metamodel to include a specialtype ~ We used the previously discussegiPredecessors

of Event to denote external events, implementation hereof helper on CompositeState to handle this situation. The
would become a straightforward exercise. code is rather complicated due to implementation issues

searching for its set of (direct) predecessor tasks. For concurrent. We then take the union of geeredecessors

this we have defined several getPredecessors helpers thaff its composing CompositeStates (iteratively). If it is not
each operate on a different source metamodel element us-concurrent, we take th@trredecessors  of the composing
ing polymorphism. So, for each task the getPredecessors FmalSta’Fe. Note that we assume thatastate machine in this
helper is invoked on its corresponding Action. Depending COmpositeState has exactly one FinalState.

whether the involved Action was either a transition effect

or a state entry action the getPredecessors helper is invoked7. Evaluation

on the transition’s source state or all of the state’s incom-
ing transitions (iteratively). In the case of a source state
we again use polymorphism to distinguish between differ-
ent types of stategompositeState , PseudoState , FinalState Fsm-based specifications ofM& systems. As such, they
andsimplestate . As an example, Listing 4 contains the get- can be applied to $§v-TRS migrations of $1C systems
Predecessors helper for SimpleStates. The general patternwithout loss of generality. The normalisation procedure,
used for these helpers is that if the state or transition itself on the other hand, is context specific, as it depends on the
contains an (entry or effect) action corresponding to a ta%k, legacy modelling conventions.

Concurrent execution When reconsidering the source
view for our example (Fig. 5), it can be seen that concur-

Supervisory machine control migrations The transfor-
mation rules we have defined operate on normalisations of

TUD-SERG-2006-020
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Application of the generic migration process as pre- stitutes a platform-specific model. The essential difference
sented in this paper, requires that the involved metamodels with the MDA approach, however, is the purpose of the in-
and transformation rules are made explicit. This increases volved models and transformations. We apply model trans-
the understanding of the implications (and difficulties) of a formations in anigrationcontext whereas the W applies
migration. Furthermore, the need for experts on both the them in adevelopmentontext. The question whether it
domain and the Rs paradigm, is confined to the defini- makes sense to apply our model transformations in a devel-
tion of the transformation rules and in a lesser extent to the opment context lies beyond the scope of this paper.
normalisation step.

Tools and languages The success of the A vision de-
Product lines  The type of migration as described in this  pends partially on the ability of modelling, transformation
paper is particularly interesting as it involves the intro-  and code generation tools to cooperate. Here, an advantage
duction of a product-line architecture. The derivation of of ATL is that it accepts metamodels to be defined in ei-
product-line members from legacy products using model ther the MorF or EMF. Furthermore it supports i, which
transformations seems to be an elegant approach of intro- means that (in theory) mostvi modelling tools can be
ducing a software product line to replace a set of individ- sed to create source models.
ually developed products (or components). However, such  ag sych, Mor and its implementations (e.gME and
an appro_ach is only feasible if th_e allowed variability for MDR), UML, and particularly X1 play an important role.
product-line members can be defined by a metamodel. However, in practice the availability of different versions
of these three specifications made it difficult to setup an
Normalisation In practice, models are typically made as appropriate tool chain. For instance, we could not use the
complete and accurate as is demanded by their application. latest version of our ML modelling tool (Poseidon for
These demands become more stringent when the modelsUML) because the ML metamodel it uses, was incompat-
are used as input for automated processing (e.g., model ible with the ATL transformation engine. Although we took
transformations). As a result, the (context specific) nor- the freedom of selecting tools that were able to cooperate,
malisation step is crucial to our approach as it facilitates this will not always be possible in practice.
industrial application of our model transformations. Another advantage of A is its OcL-based syntax.
The difficulty of the normalisation step depends on the This allows people that haven been working with theiU
number of constraints that the restricted source metamodel metamodel, to understand and create transformation rules
adds to the legacy source metamodel (if present). Fewer quickly.
constraints make the transformation, which is typically au-
tomated, more complex. However, the normalisation step, 8. Conclusions and future work
which is typically executed manually, requires less effort.
This trade-off suggests an approach that starts with asimple | this paper we have formulated the migration of an
transformation that is gradually evolved to reduce the num- Esy-based ®ic architecture to a &s-based ®ic archi-
ber of constraints required on the restricted source meta- ecture, as a model transformation problem. Results show
model. This results in a complex automated transformation hat application of model transformations increases the un-
and a manual normalisation that requires as less effort as gerstandability of such a migration and reduces the need
possible. Intuitively, the extraction of information fromthe  for domain experts.
legacy source models is typically incomplete due to, eg, We have demonstrated that theph development
undocumented features and, as a result, some (domain) ex-framework can be applied in a migration context as well.
pert knowledge is still required to complete the migration. However, a normalisation step is required to overcome
semi-formal, incomplete and ambiguous specifications as
Model driven architecture Our work bears similarities well as tool and language limitations. This normalisation
with the MDpA. In the MbA, model transformations are ap-  makes our approach suitable for industrial applications.
plied to platform-independent models to obtain platform- Based on a Bc-specific concerns and the normalised
specific models. Our transformation rules do not change view, we have defined and implemented a set of generic
the behaviour as specified by the legacy state machine dia- transformation rules that support a migration towaregs-T
grams. Therefore, the legacy source model describes, in abased product-line architectures. The applicability of these
platform-independent way, the same behaviour as the asso-rules has been illustrated using a real-world industrial case.
ciated target model combined with the generic part of the As such, the main contributions of this paper are:
product line. Hence, the generic part can be seen as a plat-
form whereas the target model of our transformation coS- e The extension of the MA framework with a normal-
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isation step to allow for migrations in industry.

e A set of transformation rules that can be applied to

Fsm-TRs migrations of $1C systems without loss of
generality.

(10]

We are in the process of extending our work along the [11]
following lines. First, we want to apply our migration ap-
proach to other 8c components within ASML. Second,
we are investigating the possibility of deriving a normalised

source model directly from the source code, thus circum- [12

venting the (manual) normalisation step.
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