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Another equally useful SysML concept for RF desgythe parametric diagram since
RF design relies heavily on mathematical modelsh witultiple parameters. We
believe that the parametric diagram can help indng models for customized RF
components and systems.

Finally, one can observe that SysML is a new lagguthat surely needs more
refinement and revision. This said, one cannot démy importance and the
consistency of the modeling concepts it presengsM& can help RF designers to
automate at least some design tasks. However,femyools currently truly support
SysML. Furthermore, the majority of them are aithet sufficiently mature or were
originally designed to support UML. This situatiomnders significantly the
widespread adoption of SysML.

5 Conclusion

SysML is a modeling language recently standardizethe OMG. It was introduced
in order to address modeling issues in systemsneagng. In this paper, we
investigated the possibility to use this languagemodel RF front-ends. We first
discussed the scope of UML and the emerging Sysien, we studied how a
typical RF front-end such a UTRA/FDD transceiven ¢ modeled using the latter.
We finally discussed the provision and the limgas of SysML to RF systems
design.

This work allows us to conclude that SysML is us&iuRF front-ends’ design. In
fact, modeling RF systems using tools that implemtéis language can provide
significant flexibility to designers because itoalls the abstraction of certain RF
subsystems. Such tools can also help automating stesign tasks, especially the
coherence verification of the model and even thdidaton of its resulting
implementations. This modeling approach can aldmaece productivity because it
captures the requirements and the constraints iatptmsthe system. However, great
efforts must be deployed in order to enhance tleMBysupporting tools and ensure
their widespread acceptance in various enginedieias.
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Abstract. An important challenge in the domain of automotive control design is
to provide a seamless flow for modelling conjointly with the behaviour, the
temporal characteristics and the timing constraints of a system at different
abstraction levels. In addition, this flow should provide analysis phases for
validating the real-time behaviour of the functional models in regard to these
constraints and a specific execution platform, To achieve this goal, we adopt a
model-based approach, based on the UML MARTE profile [1], that allows the
modelling of a system, with a separation of concerns between the software
(functional model) and the execution platform resources (non-functional model)
as well as the timing constraints (non-functional model). The temporal
characteristics (offset, period) and timing constraints (deadline) are modelled
with a high level notion of time called the logical time at the functional level
down to the physical time called the chronometric time at the implementation
level. From these high-level models we extract the temporal characteristics and
the timing constraints of the application relatively to the execution platform,
and we apply scheduling analysis techniques in order to provide an
implementation which satisfies the timing constraints.

Keywords: UML, MARTE, Methodology, Time modelling, Scheduling
Analysis,

1 Introduction

The ever increasing complexity of real-time embedded systems raises the problem of
merging inside the development process, different concepts and techniques coming
from the domain of software development and others concepts developed for real-
time systems design.
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UML (Unified Modelling Language) [2] and its domain specific extensions are
becoming accepted notations to cope with the design of complex automotive real-time
embedded applications.

The recent OMG standardization of the MARTE profile (Modelling and Analysis of
Real-Time and Embedded systems) is an important step for modelling non-functional
characteristics of real-time embedded systems. An important contribution of MARTE
lies in its time model, centred on the notion of multiform time (logical or
chronometric), that enriches UML with explicit time model elements (clocks, clocks
type ...). This is a real advance in regard to the SPT [3] (Scheduling Performance and
Time) profile which considers time as an implicit notion closed to the physical time,
modelled by a simple annotation onto UML models. In addition, MARTE provides
two other models for describing execution platforms, and the allocation of application
functions onto the resources of the platform..

Scheduling analyses are based on well founded theory widely used in the domain of
real-time control systems. Applying such analysis techniques to a UML design
requires extracting from functional and non-functional models the temporal
characteristics of every function of these models. The main characteristics are the
period, the deadline possibly equal to the period. Analysis techniques need also, as
input, the Worst Case Execution Time of the function (WCET). The WCET of a
function depends on its execution platform.

In this paper we shall not focus on the transformation of these temporally
characterized functions into tasks which depends on the Real-time Operating System
(RTOS). Later on, we shall use the term task, which is more usual in the real-time
community, instead of function as soon as we shall speak of these temporally
characterized functions.

The UML profile MARTE is an interesting answer to the problem of a specialization
of UML for real-time embedded systems modelling.

In our approach, we use MARTE for building four models. One for representing the
Junctional part of the system mainly composed of activity diagrams, state machine
and structure diagrams. Another model called the time model contains the main time
entities (clocks, clock type, clock constraints) as units for expressing the non-
functional temporal characteristics (period) and constraints (deadline). Two other
models represent the resources and the allocation of the functional parts onto these
resources. The allocation model allows in particular, an identification of the tasks of
the system by exploiting, in addition to non-functional temporal characteristics, other
temporal characteristics such as the WCET which actually is hardware dependent.
The time model is composed of multiple clocks which are the inputs of a scheduling
analysis of the tasks deduced from the application. As these clocks can be of different
nature (logical or chronometric), the model integrates clock constraints for merging
the clocks and for obtaining a common notion of time in order to verify the
schedulability of these tasks according to a specific execution platform.

These complementary models capture different views of an application. Their
relationships are based on the semantic of MARTE. This profile is recent but an
experimental implementation of the profile is available in the UML editor Papyrus
[4]. As we use this editor, we obtain an intermediate format which can be transformed
into an input format whose syntax must be compliant with a scheduling analysis tool,
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such as Cheddar [5], SynDEx [6], etc. These model transformations are out of the
scope of the work presented here.

In this paper, we discuss and illustrate some methodological aspects on using
MARTE at the different steps of a modelling approach that integrates both functional
and non-functional modelling. Another contribution is to show how it is possible to
exploit these models by extracting the temporal information and the implementation
characteristics in order to provide a schedulability analysis.

The paper is organized as follows. The section 2 gives an overview of the capabilities
of UML and ADL-based languages for modelling time. The section 3 presents the
concepts defined in the time model of MARTE. We show how to build a time model
by using the clock and the time concepts of MARTE and how to express in a non-
ambiguous manner the time units and relations between the clocks of the system. We
establish the link between the clock and a functional description. We illustrate the
usage of the profile with the example of an ignition control system.

The section 4 presents the transition from a high level notion of time (logical time) to
the real-time (chronometric time). We call this step the refinement of time which is
performed by integrating and resolving the constraints between clocks and by
considering the resources of the intended platform.

The last section is devoted to the exploitation of the models in order to apply a
scheduling analysis. The result of such analysis is a starting point for a manual or
automatic implementation solution of the functional model onto the execution
platform model.

2 High level modelling of time

The adoption of a model based design approach conjointly with UML and ADL
(Architecture Description Languages) is becoming promising for real-time embedded
systems design [7], especially in the automotive domain. In such domain, a critical
issue is to develop separate views of the software independent from the execution
platform and to provide mechanisms for the projection/allocation of software onto this
execution platform. In addition, both models must be endowed with timing
characteristics (functional and non-functional properties).

2.1 UML and time

Applying a model based design approach to real-time embedded system design
requires considering the modelling of time. UML is a modelling language for
specifying, visualizing, constructing, and documenting software systems and business
processes. Several profiles have been standardized by the OMG to cope with real-
time.

A first profile called SPT (Scheduling Performance and Time) [3] extends UML1.4
and allows the expression of quantitative temporal information onto structural and
behavioural UML models such as activity diagrams, sequence diagrams, events, and
structure. This information is defined as instants, duration and observations. They
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referred to an implicit notion of time so the semantic of this “implicit” time is not
defined.

UML has integrated these concepts in the release 2.0. After that, a new RPF (Request
For Proposal) for a UML profile focusing on embedded real-time system modelling
has been proposed by the OMG. The result of the RFP heavy process is an official
OMG profile called MARTE [1].

MARTE is a UML profile composed of different packages which provide adapted
concepts for modelling and analyzing a real-time embedded system. Among these
packages, the timing model of MARTE provides a concrete representation of clocks
into UML model and, in that way, the access to duration, deadline, period and
observation linked to these clocks. Another major concept introduced in the timing
model is the different nature of clocks dense (the physical continuous time) or
discrete (a discretized view of this time) and their different #ypes, i.e.: chronometric
(concept closed to the physical time) or logical (any repetitive event can be modelled
as a clock). These different concepts are presented in the domain view chapter of the
MARTE document. The implementation and the usage of these concepts is the profile
itself which relies on the UML view. The user of the profile is mostly concerned by
the UML view.

2.2 EAST-ADL and Autosar

Architecture Description Languages has been adopted in the automotive domain.
EAST-ADL [8] and Autosar [9] are respectively a language and the standard that
allows a separation of concerns between the functional view of an application, and the
non-functional ones (execution platform, environment and implementation views).
This separation of concerns is compatible with a Model Based Design approach,
[71[10].

Another orthogonal concept of these ADL is the decomposition of a design in
domain-oriented modelling levels. To that aim, EAST-ADL provides specific model
elements for catching vehicle features description, control/command modelling,
software-oriented design, whereas Autosar covers the implementation level.
EAST-ADL and Autosar focus on a structural description of a system. The
behavioural parts are differed to external formalisms (native languages such as
Matlab/Simulink diagrams or C code...). The temporal characterization of the
structural parts is limited to the expression of requirements associated with
ADLFunctionType/Prototypes which are the elements for modelling the structure in
EAST ADL and Autosar software components. Such modelling of temporal aspects
is not sufficient for applying timing analysis onto these models. A scheduling analysis
requires a precise association of temporal characteristics (period and WCET) and
constraints (deadline) to the different functionalities. Worst Case Execution Time of
computations or communications between functions depends on the execution
platform resources such as the CPU, the network, the bus, etc. Results on the
transformation of AADL models for scheduling analysis are presented in [11]

Projects such as ATESST [12] and TIMMO [13][14] consider the problem of
extending EAST-ADL2 and Autosar with MARTE temporal features.
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3 Principles of Time modelling with MARTE

We adopt the recent UML-MARTE profile and particularly its timing model [15] to
capture the various forms of repetitive event that trigger the functional parts of an
automotive embedded system, and to model them at a high level of abstraction. As it
is shown in section 3.1, the rotation of the camshaft is the main trigger of the ignition
control system. In the initial requirements of the ignition control system, the value of
the period and the deadline are expressed with the unit camshaft degree.

The semantic attached to these multiform time (clocks, period, deadline, jitters...)
makes it possible to transform this high level model of time to the real time.

3.1 Clocks as model elements

In MARTE, time is modelled with clocks. A clock is an instance of a clockType
(see Figure 1) which has multiple attributes such as the nature of the clock (discrete or
dense), the unitType that is an enumeration of the different units, and the relationships
between them. For instance, the relationship between s and ms is a conversion factor
of 0.001. The boolean attribute isLogical indicates whether the clock is endowed with
a classical unit such as chronometric unit (closed to the classical notion of time -UTC
time) or with /logical units (concepts of time related to logical events). A
clockType has also resolAttrib, maxValAttrib and offsetAttrib attributes. The
resolution indicates the granularity of the clock (minimal interval between two
values). The maximal value corresponds to a modulo-value and the offset denotes a
temporal shift at the first instant. The different operations (getTime, setTime,
indexToValue) are defined to access the clock.

Q TimeModel:: AngleClock

Applied stereotypes: .
zeneral 3| -] [

Profile | = = ClackTvpe  (From MARTE: (MARTE_Foundations:: Time)
Timeraturekind [1..1] nature = discrete

Enumeration  [0..1] unitType = Anglelnitkind

#-[E Boolean [1..1] islogical = true

= Property [0..1] resolattrib = resolution

Property [0,.1] maxvalattrib = maximalvalue

Property [0..1] offsetattrib = offset

COperation [0..1] getTime = angle

& Operation [0..1] setTime = null
(ER=I] Creration [00.1] inc it

Comments

Constraints

Appeatance

Adwanced

Figure 1: ClockType stereotype in MARTE

A clock with a logical unit may represent any repetitive logical event in a system.
Intervals between two consecutive occurrences of these events denote the instants
(ticks) of the clock. Intervals are not necessarily equal. A duration represents the
number of ticks between two events linked to this clock.

An example of such a logical clock is the camshaft revolution in an automotive
engine. The different instants of this clock are linked to teeth detection onto the axis.
The temporal distance between two consecutive teeth may vary and depends on the
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engine rotation speed. This means that a logical clock is not necessarily periodic;
nevertheless, it is possible to quantify a duration based on this clock, which represents
the duration between two ticks on this clock. The unitType of this clock is the angle
degree.

The Figure 2 shows an example of a time model with two clockTypes:
MyldealClockType (chronometric) and AngleClock (logical) and their UnitKind
(MyTimeUnitKind and AngleUnitKind). Three instances of clocks are defined in the
model (crkClk, camClk and myldealClock) with different properties. We consider
that the clock myldealClock inherits, from its type, the default values for the
resolution and offset. The crkClk and camClk have the same clockType but the
max Value attribute for their periods are different. One tick on camClk corresponds to
two ticks on crkClk.

«clockTypes

eclockTypes AngleClock
L _MyldealClockType | + resolution. Integer [1] =1
+ resolution: Real [1]=0.01 + offset: Integer 1]
+ offset: Real [1] + maxirmalvalue: Integer [1]
+ currentTime(); Real | + angle(in Integer). Integer
cenumerations | | cenumerations |
| MyTimeUnitKind | | AngleUnitKind |
cunits 5 cunits "CAM B wclocks 1 sclocks
iy ms «unitx “CRK crkCIK : AngleClock camClk : AngleClock
«units us ¢ 1
1k = resolution =1 sresolution =1
eclocks offsel=0 offset=0
myldealClock : MyldealClockType maximalvalue = 720 maximalvalue = 360

Figure 2: Elements of the Time Model

3.2 Relations and constraints between Clocks

As multiple heterogeneous clocks may be necessary in a model, MARTE allows the
expression of relations between them. These relations are expressed by the way of
clockConstraint expressions. In the MARTE profile, a specific language called
CCSL (Clock Constraint Specification Language) [16] has been defined to express the
different relationships between clocks.

From these constraint expressions, an automatic analysis based on partial order
calculus can be applied that provides a solution for merging the clocks onto a
common on considered as the reference. We call this phase the refinement of clocks
that consist in the “projection” of the instants of logical and heterogeneous clocks
onto a common one. In our example the relation between the crkClk and camClk
clocks is given by the following CCSL expression:

camClk = crkClk filteredby 0b(10)

This means that camClk is a subclock of crkClk, and that the ticks of the camClk are
coincident with the ticks of the crkClk when applying the binary mask 10 as a filter.
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For a given application, the analysis of a set of clock constraints provides a solution,
if this solution exists, of the interleaving of these clocks.

Clock constraints can be also used simply to transform a duration from one unit to
another one. In the case of the crkClk, the relation between a second (s) and a °CRK
depends on the rotation speed of the Crankshaft (Rotation Per Minute). Equation 1
expresses this relation.

1
Ly =————.
RE T P %6 @

3.3 UML Behaviour modelling using Clocks

A MARTE model containing clocks makes it possible to associate instant
(occurrences) to events, or intervals (durations) to behaviours of a UML model. To
achieve this goal, UML behaviours can be stereotyped with t imedProcessing.

,:l <YaluesSpecification = min{30 tick on crkClk, MaxSamples™T on myIdealClack,

[ &l Event [0..1] start = TEvStarkChl
[+ Event [0..1] stop = TE_StopChrl
&= Clock [1..*] on=[crklk]

Figure 3: timedProcessing attributes

A timedProcessing may be any UML behaviour such as an activity diagram, a
sequence diagram, a state machine and is linked to a clock (o attribute).
The main effect of such association is the possibility offered to the designer for
expressing temporal characteristics and constraints onto behaviours. In MARTE these
constraints are timedValueSpecification which represents either a duration or an
interval, in between which, the behaviour should execute.
The Figure 3 shows the attributes of a TimedProcessing stereotype. The clock
attribute indicates the reference clock on which the durations and events are
measured. Two significant timedEvents can be associated with the start and stop of
this behaviour. The start attribute indicates the event that triggers the behaviour. The
stop attribute is an event produced by the behaviour at the end of its execution. This
event materializes the duration of the activity and can be used in a
timedValueSpecification to express a temporal constraint.
Of course, multiple factors influence the temporal distance between these two events.
An advantage of using these events is the possibility of reasoning on the end of a
behaviour independently to its physical execution support.
A timedValueSpecification expresses a constraint onto the activity duration. Notice
that different clocks can be involved in a duration expression. In the equation 2
extracted from the paper [17], the duration is expressed as follows:

30 tick on crkClk,

duration < MIN 2)
MaxSamples* T on MyldealClock
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The duration depends on two values measured onto two different clocks. Duration
must be less than the minimum between 30 tick measured onto the crkClk clock and
MaxSamples*T tick measured onto myldealClock. MaxSamples is a variable of the
application specification.

This equation can be solved after integrating the clocks constraints as explained in the
paragraph 3.2. In this case, it consists in translating the crkClk unit to the second unit.

3.4 Illustration on an ignition control system

We illustrate the MARTE Time Model usage on the example of an automotive engine
control system. We focus on a particular part of this control that is the correction of
the ignition. The activity diagram on Figure 4 shows that the ignition of the spark
plug in an engine depends on different corrections imposed by physical phenomenon
such as the knock, the temperature variation and the warm-up of the engine. Multiple
sensors and actuators participate to this correction. The correction controllers must be
executed periodically and their executions may overlap. The period unit is the crkClk
clock. The period, the offset and the deadline of these actions are also linked to this
logical time base.

Englne coalan;

KeyOn

act <<timedProcessing=~> THW

Carrective Ignition Advance Contral .
{on =CRKSC ) J I |

Intaa Ar Volume

Cranckahatt positicn sensoe

Knock

Control correction

Over Temperature

Knack sensor correction

wetimedCuralionSonsiaint>
{ penod = 1807 oa crklik
ot

Wiamn-Lp
Ay ComECTon

<ctimedDUratarConsl st
10" an ki
S 0 crRCH)

AN =l s 00 CTHCIK }

Knock comection 4

[per
deline

deacling =l an crkClk }

her-Tarp
Ak cormaction

®

<<timedDurationConstraint=>
{ dCIACHr < deltaMin, period = 180° on crkClk, deadline =ty,qs on
erkClk }

Figure 4: Correction activity of a control engine system

We associate to each correction controller a temporal characteristic such as its period
and a timing constraint such as a deadline. For the sake of visibility we have
represented these constraints at the bottom parts of the actions and the activity. In an
actual model using tools, these constraints are modelled with timedValueSpecification
expressions which are elements of the design.

A consequence of the activity diagram hierarchy is that time constraints can be
expressed at the different levels of this hierarchy. Thus, time constraints at the lower
levels must comply with those of the higher level.
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A verification of such constraints can be done by applying mathematical rules and
reasoning on a high level of abstraction of time. At this level we can obtain results
about the feasibility of this control according to the different constraints and some
other characteristics of the system.

Examples of the feasibility results are: all the correction controls can be executed on
time in the case of a 4-stroke engine with a maximum engine rotation speed of 4000
rpm but cannot be executed if the rotation speed exceeds this value. These results,
detailed in the paper [17], were obtained by a manual calculus applied to functions
executing sequentially (non preemptive cyclic scheduling). On the example presented
figure 4 multi-task scheduling is intended. For that purpose the tasks has been
enriched with the temporal characteristics requested for this type of analysis.

4 From logical to physical real-time

4.1 Clock refinement

The modelling of multiple heterogeneous clocks in the time model allows a high level
modelling of temporal aspects of a system. The goal is to apply scheduling analysis
onto these models. Such analysis requires two conditions. The first one is, at the
behavioural modelling level, the necessity to cope with a common notion of time. The
second condition is the integration of the execution platform model and the allocation
constraints in order to integrate the physical time (the one of the CPU processor).

The paragraph 4.2 addresses this second aspect. Concerning the common notion of
time, it is obtained at the behavioural model level by the integration of temporal
constraints. Equation 1 gives the relation between the crkClk and the idealClock (s).
The parameter RPM represents the engine rotation speed. This parameter depends on
the automotive phases (acceleration, deceleration ...). To evaluate the schedulability
of the different tasks, we have to consider the worst case execution time
corresponding to the maximum value of the RPM (MAXRPM=4500). By considering
this value, we may use the clock constraint expressed in Equation 1 to transform the
period values which time unit is the crankshaft degree °CRK to period expressed in
second. The Table 1 gives the result of such transformation.

4.2 Integration of the execution platform characteristics

In a MDE design process, the execution platform model is built separately from the
application model. The MARTE profile provides a set of resources model elements
that supports the modelling of the application. The association between an application
model and an execution platform model is obtained through an allocation model.
Figure 5 shows a structural description of the architecture of the ECU on which the
engine controller will be executed. The execution platform is modelled as a set of
microcontrollers and a memory; all the elements are interconnected by a bus.
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ECU
32 bit 8-bit
Microcontroller ———- DPRAM || Microcontroller
TC1766 xcB866
«eq_allocated» ASIC
Micro Second Bus (Signal
conditionning)

Figure 5: ECU execution platform

The execution platform can be annotated with temporal information based on logical
or chronometric clocks. Figure 6 provides a timed-view of the different elements of
the execution platform. A computation resource can be seen as a clock with a
resolution that corresponds to the duration for executing one instruction cycle on this
processor. As the Infineon TC1766 is a PCP2 (single cycle instruction), it means that
one instruction on this processor takes a duration of 125 10" second. The temporal
characteristic of a bus is generally its transmission rate.

«clockType»
«computingResource»
TC1766

«clockType»
«computingResource»
Xc866

Resolution: Real =125 107°

Resolution: Real =107

«clockType»
«communicationMedia»
Micro second bus

«clockType»
«storage»
DPRAM

Figure 6: Time model of hardware

This abstract view of the execution platform can be enriched with others similar non-
functional characteristics such as the memory cost, the power consumption. Such
model allows a verification of the execution platform capabilities in regard to the
constraints and the characteristics of the application parts.

4.3 Allocation of functionalities onto execution platform resources

The association between the application model and the execution platform model is
expressed by the allocation model. An allocation associates every element of the
application model to a resource of the execution platform model. In MARTE
allocations, are annotated with time constraints and temporal characteristics. The
allocation modelling establishes the link between the model views of time and the
actual physical time.

Allocations can map structural to structural elements, and behavioural to behavioural
or structural elements. The Figure 7 represents the potential allocations of sensors,
actuators and actions of Figure 4 onto the possible computation resources of the ECU.
The sensors and actuators behavioural parts are allocated to the ASIC
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(signalConditioning). The functions are allocated to the Infineon TC1766. In some
cases, a behavioural part may have several possible allocations onto different
resources. The allocation of a function onto a physical resource implies a temporal
cost (the WCET). This cost is a new information that appears on the allocation
diagram at the bottom part of each action.

<<gllocate>>
Signal conditioning

act =<timedProcessing>> ‘
Comective Ignition Advance Control oo
{on = CRKSC } E&?»'n";?;’ﬁim
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_]'_9 Control correction
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Q-\.IEeT 0.2 107 on nydeaiClock Qvim =02 107 on mydealCiosk ]

<=tmedDurabonCensiraing>>

~
Qve.r:;l';:'lgruriture ( Warm-up correction ’j KeyCOn
[WECT = 0.5 107 an mydealClock.

T Intake Alr Volume

Over-Temp j Warm-Up

Ay correction @ Adv correction
I

Figure 7: Partition of activities

Table 1 is a summary of the different temporal characteristics of the behavioural
parts. The period, offset and deadline values have been extracted from the behavioural
models.

The period expressed initially with the time unit °CRK has been translated in second
by applying the time constraint relation on equation 1.

The offset and deadline were expressed as relative dates in the behavioural model
with the time unit °CRK. We give in Table 1 the actual values of these parameters
obtained by calculating the corresponding values in milliseconds. The last row of the
table represents the duration of the deadline which depends on the offset and the
deadline date.

Knock Over Temp Wam-up
WCET (on TC1766 in ms) 0,5 0,2 0,2
Period(°CRK - ms) 180 - 6,66 180 - 6,66 180 - 6,66
Offset date (°CRK - ms) 24 — 0,888 0-0 0-0
Deadline date (°CRK / ms) 50— 1,851 50— 1,851 50— 1,851
Deadline duration (°CRK / ms) 26 — 0,962 501,851 50-1,851

Table 1: Temporal information associated to tasks

The WCETs are obtained either by emulating or profiling the tasks corresponding to
the correction controllers represented in the behavioural model. The time base in this
case is the time base of the processor on which these tasks will execute, i.e. the
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physical clock. The value of the deadline has been extracted from the book [18] which
gives some actual parameters values of an ignition engine controller.

The next step consists in exploiting these characteristics in the scheduling analysis
phase.

5 Scheduling analysis

5.1 Principles

The scheduling analysis may start as soon as the application models with its
associated timing model, and the architecture model, are available. Mainly, it consists
in exploiting the timing information, i.e. the temporal characteristics (periods and
WCETs, the latter depending on the allocation) as well as the timing constraints
(deadlines), attached to each temporally characterized function of the application
model. The allocation model allows the designer to determine the actual timing
characteristics which vary with the various possible computing resources each
application element can be allocated to. Multiple potential allocations can be
considered for a function when several computing resources are able to implement it.
In our case the computing resource is unique since we address uniprocessor
architecture. Nevertheless several versions of this unique processor may be
considered. In this case the schedulability analysis must be iterated according to the
different processors which induce different timing values of the WCET.

The processor of the execution platform is supposed to provide a RTOS, e.g. OSEK in
the case of our example. This RTOS is the standard for the automotive domain. The
schedulability analysis assumes also that the given RTOS supports the scheduling
policy the analysis is based on. This will guarantee that the real-time behaviour of the
application, running on the chosen architecture, will satisfy the real-time constraints.
Actually, this assumes that the WCET were carefully determined and enough
margins were taken to approximate the cost of the RTOS itself, i.e. the cost of the
scheduler including the cost of the preemption if it is allowed by the scheduling
policy.

5.2 Illustration on an ignition controller

In the ignition control system example, the three behaviours: Knock control
correction, Over temperature correction, and Warm-up correction are associated to a
couple of temporal characteristics (deadline, period), and a WECT that was
determined according to the execution platform resources it was allocated to. These
associations lead to a system of three periodic tasks: Knock, OverTemp, and Warm-
up. Their periods initially expressed in °CRK have been translated in milliseconds
(from the idealClock) by applying the time constraints between the two clocks. The
resulting values are listed in Table 1.
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With these data, it is possible to perform a scheduling analysis based on a fixed
priority scheduling policy. Every tasks is periodic, has a WCET, and a deadline. In
addition, preemption is allowed. As the deadline of each tasks is less than its periods,
the system of tasks can be scheduled according to the Deadline Monotonic (DM)
scheduling algorithm [19], i.e. the task with the smallest deadline has the highest
priority, assuming these tasks are independent. If they are not independent a more
complex schedulability analysis must be performed, but that does not change anything
to the proposed approach. We do not focus on the schedulability analysis itself but on
the way it is possible to perform it from the previous models, manually or possibly
automatically. In this context, the scheduling analysis using DM algorithm amounts to
verify the following sufficient condition. As mentioned before, to be consistent the
RTOS running on the considered uniprocessor must use also this algorithm.

The system is schedulable if:

" WCET - ) (3)
——<pn| 2" -1 |with Deadlinei < Periodl_
i1 Deadline,

1

We chose here the DM fixed priority policy instead of the Earliest Deadline First
(EDF) variable priority policy because the scheduler is simpler, and thus its cost is
easier to approximate. This approximation is a fundamental hypothesis used in the
DM schedulability analysis. Usually the industrial designers take a margin equal up to
30% of the task WCET. With these assumptions our automotive example with the
three tasks mentioned above is schedulable if:

WCET,. , WCET, _ WCET,,

1
: . : <3(2°-1)=0.779 @
deadline,. deadline,, deadline,,,

Considering the values of Table 1 we can conclude that this system of three tasks is
schedulable with the assumption of a MaxRPM equal to 4500. In this case, the left
part of the equation is equal to 0.735 < 0.779. On the other hand, if we consider a
MaxRPM equal to 6000, the left part of the equation is equal to 0.980 > 0.779 and the
system of tasks is not schedulable.

Another constraint to be verified is the timedValueSpecification of the activity
diagram (CorrectionAdvanceControl). According to the timedDurationConstraints
expressed on Figure 4 the equation 5 must be verified.

pp+ WCETKC + WCETOT + WCETWU < Lynra ®

This equation is also valid.
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6 Conclusion

In order to cope with the complexity of real-time embedded systems, the Model
Based Design approach promotes a separation of concerns between the model of the
application (functions) and the model of the execution platform.

UML and its profiles are largely used to model both parts. The recent standardization
of the UML MARTE profile extends UML with temporal information and physical
resources modelling capabilities. Applying this profile to a model based design makes
it possible to enrich the application and execution platform models with precise and
semantically well founded temporal information. As this information corresponds to
explicit model elements endowed with a clear semantic, they can be extracted from
the model. Consequently, MARTE models can be used as a starting point for methods
and tools intended for schedulability analysis. They take into account temporal
information and timing constraints for verifying deadline constraints.

In this paper, we presented the MARTE model elements associated with the time
model package of MARTE, and we illustrated their uses on an automotive case study.
Four models were presented, the functional model, the time model, the allocation
model, and the execution platform model. While temporal information (periods) and
constraints (deadlines) are associated with the functional model and are independent
from the execution platform model, other timing information (WCET) are dependent
of the platform, i.e. the computing resources.

In this approach, there are two notions of time, the time linked to the functional model
logical time and the physical time related to both the allocation model and the
execution platform model. We showed how to establish the link between logical time
and physical time through the allocation model.

From these models we extracted the physical timing information and used them to
straightforwardly perform a schedulability analysis. We use an analysis based on the
DM algorithm, but others types of analyses are possible, which concludes that the
illustrative application, characterized with the temporal characteristics and
constraints, is schedulable onto the given execution platform.
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Abstract. The model-driven engineering (MDE) paradigm wishes to raise the
abstraction level of the user design space, while resting on the automated genera-
tion of all lower-level artifacts. Under the MDE approach the focus of verification
and validation increasingly verges on models. As a consequence, the expressive
power availed to the user is often considerably restricted to ensure that the models
are amenable to static analysis. Inherent tension thus arises in the very essence
of MDE between the restraints to be placed for a better good on the user-level
expressive power and the user need and expectation to be able to operate in a
modeling space delivered of platform dependences and constraints. In this paper
we contend that a new notion of modeling patterns may help resolve the con-
flict and increase the expressive power in the user space without jeopardizing the
integrity and effectiveness of the transformation process.

1 Introduction and related work

Motivation. Model-Driven Engineering [1] aims to decrease the time and cost of soft-
ware production and to increase quality, by leveraging on the factorization of best prac-
tices in programming and implementation. The MDE paradigm strives to raise the ab-
straction level of the user space and to generate all lower-level artifacts automatically,
source code, analysis models, and documentation alike. MDE wishes to deliver the
user from the burden of dealing with platform-specific implementation details, and to
concentrate instead on the (platform-independent) specification of the solution. The as-
sumption behind this vision is that the implementation may be largely if not completely
delegated to the automation capabilities of platform-specific development frameworks.

At present however, the adoption of MDE for the high-integrity application domain
is still a challenge. Already in the general case in fact, it may be overly difficult to pro-
vide sufficient assurance that all properties attached to the user model and validated at
that level of abstraction be correctly propagated throughout model transformations, and
preserved upon deployment and execution. This provision demands a level of control
over and proof of the production process, which is difficult to attain for the general user.
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State of the art. The most prominent efforts in modeling languages for real-time sys-
tems in the industrial landscape to date are AADL and MARTE. AADL [2] focuses
on the modeling of schedulable entities, of information and control flows, and on the
analysis thereof. AADL has also recently been augmented with specific annexes target-
ing behavioral aspects and error treatment mechanisms. AADL conveys all user con-
cerns, such as scheduling, flow and behavioral modeling, into a single modeling view.
The main advantage of this choice is the comparative simplicity and cohesiveness of
the modeling language: the AADL syntax is particularly compact, and each semantic
concept can easily and directly be expressed with a single combination of syntactic
constructs. The single-view modeling of multiple concerns however limits the power of
abstraction considerably and pushes it down to the implementation level. The abstrac-
tion level of AADL models thus gets downcast to that of the underlying implementation
as intended by the target execution platform and the accompanying theories of analysis,
which is quite contrary to the intention of MDE.

MARTE [3] is an OMG effort to bridge schedulability-oriented modeling with
system-level aspects such as flow analysis and software/hardware interaction. (MARTE
can in fact be used in conjunction with SysML [4].) As of September 2008 the MARTE
specifications are in official beta status. MARTE suffers from the gigantism typical of
several OMG standards. As in UML, a MARTE model is comprised of several views,
the consistency of which is not assured by the underlying metamodel. Moreover, even
if vastly more expressive than AADL (especially for time-related semantics), numerous
syntactic constructs in MARTE insist on one and the same semantic concept and thus
overload it. These characteristics make MARTE models rather complex to understand.
Ultimately, the semantics expressible with MARTE is close to that assumed in common
scheduling analysis theories.

While both AADL and MARTE provide platform-independent ways of modeling
software systems in manners amenable to static analysis, the abstraction level of their
modeling space is restrained by constraints arising from the execution semantics in-
tended for the target platform. In fact, in both AADL and MARTE the abstraction level
at PIM is almost equivalent to that at PSM. That closeness eases the preservation of
model attributes and properties across model transformations, but at the cost of permit-
ting only a shallow distance between PIM and PSM.

The last modeling language we consider is HRT-UML/RCM [5,6], the authors’ own
proposal, an MDE infrastructure devised in the ASSERT project [7] to defy this chal-
lenge especially. In ASSERT, HRT-UML/RCM was used for the development of an
industrial-scale real-time embedded system by one of the major prime contractors in
European space industry.

HRT-UML/RCM aims to: (i) provide a design environment in which the user solely
operates in the PIM space, with the only exception of the specification of hardware
configuration and application deployment; and (ii) support an MDE methodology char-
acterized by principles of correctness by construction [8] and of property preservation
[9], across all model transformations including at run time.

The HRT-UML/RCM model space does not allow any semantic variation points:
the run-time semantics expressed in its models thus always is completely defined.
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In HRT-UML/RCM, the user specification of the PIM is declarative, while the trans-
formation process applied to it corresponds to an implementation designed to be prov-
ably correct by construction. The resulting product consequently does not need to be
verified a posteriori on a per-system basis, but only requires a single per-platform vali-
dation, with important cost savings for the developer.

HRT-UML/RCM has for now elected to produce a single PSM from the PIM. space,
though other PSM may in principle be generated, for instance to address dependability,
safety and security concerns. In HRT-UML/RCM the PSM is also used as a Schedula-
bility Analysis Model (SAM). The SAM represents the semantics of the system model
to the extent of allowing static analysis of the feasibility and sensitivity of its timing be-
havior. The SAM generated in HRT-UML/RCM is comprised of a set of comparatively
simple building blocks, which, through correct-by-construction composition, may ar-
rive at encompassing arbitrarily complex execution semantics.

HRT-UML/RCM seamlessly integrates round-trip support for feasibility and sensi-
tivity analysis and makes it start and end at the PIM [10] (see figure 1). While the anal-
ysis is of course made on the SAM, its results are propagated back to the PIM, which is
possible as the entire model transformation logic is deterministic and reversible, hence
it may be easily followed backwards.

System Model

Feasible
. Response changes of
Round-trip Time attributes
analysis

Feasibility || Sensitivity
Analysis Analysis

Analysis Framework

Fig. 1. Round-trip timing analysis in HRT-UML/RCM

HRT-UML/RCM also supports automated generation of source code. This leg of the
transformation process starts from the SAM, which eases the provision of constructive
proofs that the system at run time does correspond to what was analyzed and deemed
feasible in the SAM. In the case in instance the complexity of the code generator is
modest since the SAM is very close to the system at run time and the code generation
engine makes extensive use of simple patterns [11].

A factor that greatly facilitated our attainment of correct-by-construction transfor-
mations was the decision to hoist the observance of the RCM constraints from the PSM
space up to the PIM. This decision however has the downside that it pushes back onto
the user the need to think in implementation terms (so that the RCM restrictions are not
violated) in contrast with the promise of delivery from those very concerns.
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Contribution. The challenge we wish to defy is to raise the user space to a higher
level of abstraction (closer to the problem domain and more distant from the constraints
of implementation) while guaranteeing preservation and assurance of properties across
deeper model transformations. In this paper we discuss the role that MDE patterns may
play to this end.

Previous work on the use of patterns in real-time systems [12,13] predominantly
if not exclusively considered design patterns in the way they were promoted by the
“Gang of Four” [14]. We contend that such a view fails to take full advantage of the
emerging MDE paradigm. We show additional classes of potentially useful patterns,
and attempt an initial classification of them from the broader perspective of the trans-
formation space.

The remainder of the paper is structured as follows: in section 2 we define what we
mean by “expressive power” in the context of MDE; in section 3 we draw a tentative
classification of MDE patterns against the hierarchy of transformations implied in the
process; in section 4 we discuss a few example patterns in some details and finally we
draw some conclusions.

2 Expressive power in Model-Driven Engineering

We consider the expressive power of a language to relate to its economy of expres-
sions: the more synthetic the language entities and the denser their semantic contents,
the greater the expressive power. By this definition, the keywords of a programming
language are much more expressive than the words in the instruction set of the tar-
get processor. In the context of programming languages the transformation of a more
expressive program text into a lesser one is taken care of by the compiler. It is a well-
know observations that the very existence of a compiler for a given target permits to
implement other programming languages equipped with greater expressive power [15].

The expressive power thus is the capability of expressing, synthetically, high-level
concepts with a finite set of language terms with known meaning and with the guarantee
that they can be correctly translated into a semantically equivalent set of entities that
belong to an underpinning implementation language.

This very principle lies at the heart of the MDE paradigm too. The PIM space
may exploit a dictionary of technology- and implementation-independent terms, which
model transformation translates to terms that belong to a specific execution platform.
Source code is only one of many possible PSM produced by a model transformation of
a PIM. In general it is possible to generate a set of PSM each of which serves a different
purpose. Each PSM may thus represent the implementation of the PIM at a distinct level
of abstraction, or viewpoint, each of which focusing only on the concerns of interest to
selected view-specific stakeholder.

The expressive power of PSM is often constrained by the level of formalism re-
quired to permit the sound application of domain-specific analysis techniques. For ex-
ample, constructs that incur non-determinism or unbounded execution behavior may be
removed from the PSM language in the prevailing interest of facilitating static analysis.

In general, two opposite approaches can be pursued to increase the expressive power
availed to the PIM space:
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— granting the maximum possible (in principle, full) freedom of expression to the user
and then verifying a-posteriori whether the user model can be successfully turned
into a semantically-equivalent and legal PSM;

— capturing all of the constraints that propagate up from the PSM and striving to
relax all of them for which a transformation pattern may be devised which may be
proven correct a-priori and whose eventual overhead may be deemed acceptable to
the application.

In the former approach the MDE infrastructure provides the designer with expres-
sive power as large as the user can have. In this case however there is no guarantee that
a legal PSM may be obtained from automated transformation of the user model. The
verification must be therefore made a posteriori and on a per-model basis.

With the latter approach instead, the infrastructure clearly continues to restraint the
expressive power, but for the benefit of a-priori guarantees that any user model in the
PIM scope can be automatically transformed into a legal PSM. The metamodel is then
the key element to ensure that the user model space is exclusively populated with legal
entities, attributes and relations.

In HRT-UML/RCM the PIM modeling space is directly restrained by the bottom-
up propagation of semantic constraints from the underlying computational model, cast
onto the RCM metamodel. The RCM originates in language-neutral terms from the
Ravenscar Profile of the Ada programming language [16]. The Ravenscar profile: (i)
forbids the use of language constructs that may incur non-determism or unbounded
execution time; (ii) only allows asynchronous one-way communications mediated by
shared resources equipped with a deterministic synchronization protocols, like the Pri-
ority Ceiling Protocol (direct inter-task communication are thus prohibited). RCM fur-
ther requires threads to have a single suspension and a single (cyclic or sporadic) source
of activation events. All those restrictions are imposed on the PSM to ensure that all
models in that space be statically analyzable. We want to be able to turn every possible
user model in the PIM space into a semantically equivalent PSM, which also be correct
by construction against the RCM restrictions.

When the applicable RCM constraints propagate up to directly restrict the user mod-
eling space, the expressive power of the PIM can only be marginally larger than a simple
bottom-up projection of the expressive power of the PSM (cf. figure 2.a).

HRT-UML/RCM offers a set of declarative stereotypes to increase the abstraction
level in the PIM space. For example, provided services are decorated with attributes
that express their intended concurrent behavior and timing properties without the user
having to bother with how to implement them. Nonetheless, several restrictions of the
RCM (which thus pertain to the PSM) still directly apply to the PIM. For example, the
RCM forbids the creation of deferred operations with out parameters (i.e., operations
executed by a server-side thread which may return values to the caller) for that would
incur synchronous blocking semantics in violation of the Ravenscar restrictions.

We believe that a more advanced use of MDE patterns may help us extend the
expressive power of the PIM. We want to attain the maximum possible increase while
maintaining the guarantee that all the user models expressible in the PIM space can
be represented as (arbitrarily complex and yet correct by construction) compositions of
legal PSM entities. A deterministic yet efficient function must exist to transform the
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PIM

O Modeling language expressive power

Projection of computational model expressive
power onto the modeling space

PSM . Computational model expressive power

a)

Fig. 2. Relation between expressive power of computational model and modeling language. Fig-
ure (a) represents a modeling space which is a projection of the underlying computational model:
this is the current situation of HRT-UML/RCM. In figure (b), we represent our goal: the user-
level modeling semantics is wider than the projection of the PSM computational model; but it
is still possible to trace such semantics to an equivalent representation that respects the RCM
constraints.

constructs that belong in the extended PIM space into a combination (thus, intuitively,
a composition pattern) of those primitively present in the PSM (see figure 2.b).

Granted, the additional expressive power can only come at some cost: the larger the
distance between the declarative language of the PIM and the implementation language
of the PSM, the greater the time and space overhead of the model transformation, of its
code products and of and its verification effort.

3 Classification of patterns

Let us first introduce a tentative classification of patterns in the MDE landscape. With
this classification we maintain that MDE patterns distinguish themselves by the abstrac-
tion level at which they are applied. The abstraction level at which any given pattern is
considered to belong thus becomes the central element to decide their goodness of fit to
serve our objective.

In our current classification, we recognize:

— determined patterns: this kind of patterns are explicitly instantiated by the user,
who recognizes their possible use in the current design and manually embeds them
in the model as a solution to the problem at hand

— executive patterns: this kind of patterns are the result of the identification of features
or constraints specific to the platform(s) of interest. They are directly included in
the metamodel and the associated transformations, for they provide satisfactory so-
lutions to known implementation-specific problems. These patterns are not directly
available to the user, who is not aware of their use

— declarative patterns: this kind of patterns are solutions to recurrent problems in the
application domain. The design infrastructure is aware of these patterns, which are
offered to the user as built-in components that can be safely embedded in transfor-
mations of the user model.

Toulouse, France, September 29, 2008 150



MoDELS'08 ACES-MB Workshop Proceedings

Determined patterns represent user-perceived solutions to recurrent problems in the
modeling space of the application. The user recognizes a specific problem in the appli-
cation requirements and manually augments or adapts the model to host an instantiation
of the desired pattern(s). The design patterns discussed in [14] clearly fall in this cat-
egory. It is important to notice that, following our definition, this kind of patterns do
not increase the expressive power of the MDE infrastructure, since they are user-level
constructions that result from the assembly of primitive entities. Consequently, only the
latter actually “exist” in the model. The user-level constructions instead have no direct
representation across model transformation since the MDE infrastructure is unaware of
their existence.

Executive patterns encode traits of the implementation domain of interest. A com-
putational model, a set of constraints on thread activations and suspensions, archetypes
to factorize common behaviors, are all example of executive patterns. Executive patterns
distinguish themselves because they must necessarily be encoded in the metamodel and
fixed once and for all upon its creation. Since they are part of the metamodel, which
constrains the legal design space, they determine the PSM expressive power. As the
MDE paradigm wishes to lift the abstraction level of the user space away from imple-
mentation details, the executive patterns need not be directly visible to the user.

Declarative patterns are themselves solutions to a recurrent problem of the applica-
tion domain. More specifically, the designer recognizes a known problem in the system
specification and uses one of these patterns to solve it. Declared patterns must be se-
mantically understood by the user and recognized as solutions to specific problems in
the application space. They however require no implementation from the user, who just
need to cause them into existence. It is the process of model transformation in fact that
instantiates the required patterns and embeds them in the user model. For this reason
declarative patterns must pose no obstacle for the products of model transformation to
stay within a legal, correct by construction, design space. The most effective way to
achieve this is for declarative patterns to exist in the metamodel and consequently be
used as constructive elements of the model transformation logic. Following our def-
inition, declarative patterns augment the expressive power availed to the user, since
they result from constructs (e.g.: attributes) that model transformation resolves in a
predefined and correct by construction composition of primitive entities of the PSM.
Furthermore, the semantics of a declarative pattern is known and well defined and the
enforcement of legal conditions for its application can be assured by the MDE infras-
tructure itself; both these characteristics are instead contemplated in the application of
determined patterns.

One of the goals of this categorization is to let the reader appreciate how impor-
tant those patterns may be to the MDE process and how much they may influence the
expressive power availed to the user.

As we have seen, executive patterns basically determine the expressive power avail-
able at the PSM level, that is the (low-level) abstraction layer of the entities that populate
the system at run time.

Determined patterns live entirely in the user-level design space; they are composed
of primitive entities that can legally populate the PIM and therefore have scarce impor-
tance in the MDE process, since they do not augment the expressive power.
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Declarative patterns instead arguably are the most important category of patterns in
the context of an MDE process: they provide the user with a powerful abstraction that
is automatically instantiated by model transformations and therefore fit perfectly into
the model(s) product of the transformation.

It is then clear that declarative patterns are a crucial instrument for us to increase
the expressive power we may avail to the user. Expressed graphically with reference to
figure 2, we are increasing the slope of the lines that join the PSM space to the PIM.

One additional benefit of this classification is that makes it clear where the instanti-
ation of each pattern occurs. Figure 3 provides a diagrammatic representation of this
element of information: determined patterns clearly populate the application layer,
since they are composed of legal entities of the user-level design space; executive pat-
terns map or encode features of the execution environment, whether software (kernel
or middleware or both) or hardware; declarative patterns, finally, reside at PIM level,
but outside the direct projection of the PSM expressive power and thus require model
transformation to come in existence as a correct by construction assembly of legal PSM
entities and constructs.

O Determined pattems
O Declarative pattemns

‘ Executive pattems

Fig. 3. Patterns in model-driven engineering. Determined and declarative patterns are avaliable
in the user modeling space. Determined patterns result from direct projections of the PSM ex-
pressive power. Declarative patterns exist beyond the projection of the PSM expressive power
and require model transformation to be implemented in terms of legal PSM entities. Executive
patterns solely exist in the PSM level.

Let us now determine whether and to what extent the user should be aware of pat-
terns, according to their class of belonging.

Determined patterns are obviously known to the designer, who is the primary and
sole actor in their use. Conversely, executive patterns are intentionally hidden to the
user. The situation is not that clear instead for declarative patterns. Should the designer
be aware that the decoration of some model attributes triggers the activation of a declar-
ative pattern? Additionally, should the designer explicitly require the activation of a
pattern or else simply rely on the intelligent support of the framework to recognize
the conditions for its activation? Two analogies may help us illustrate the differences
between these two approaches.

Toulouse, France, September 29, 2008 152



MoDELS'08 ACES-MB Workshop Proceedings

One of the classical optimization performed by a compiler is to move the invariant
part of a loop outside the loop itself. The average programmer need not be aware that
this optimization is performed. Conversely, let’s imagine a programming language that
prescribes that remote operations be flagged with a remote keyword; in this case the
programmer intentionally determines the generation of stubs, skeletons, and all other
elements required to perform a remote invocation. At present we do not have a strong
position on the entire class of declarative patterns, and we are inclined to believe that
the issue should be evaluated on a case by case (i.e., per pattern) basis.

4 Pattern catalogue

This section briefly discusses examples of patterns from the categorization we have
just proposed. The examples we have chosen reflect problems typical of the real-time
application domain. We concentrate on declarative and executive patterns, because de-
termined patterns should be well known to the reader.

4.1 Partitions and communication filters

While the notions of partition and communication filters are not new to software en-
gineering, especially in the high-integrity domain (see for example the ARINC-653
standard [17]), they still have to find their place in a model-based development.

The use of logical and physical partitions permit to attribute software and hard-
ware components to distinct levels of criticality so as to guarantee the required level of
isolation in time, space and communication among them.

The notion of partition must be part of the metamodel itself, because the designer
must be able to consciously allocate multiple executable entities within given partitions.
In that manner, the entities included in a partition inherit the partition criticality and
benefit from the partition-level isolation mechanisms. Neither the causing of criticality
inheritance nor the modeling of isolation mechanisms, however, are to be explictly per-
formed by the user: they can instead be easily realized by way of model transformation.
The notion of partition does thus reflect a declarative pattern.

Communication filters are tightly related to partitions. When a lower-criticality
partition establishes a communication link with a higher-criticality partition, the in-
tegrity of the exchanged messages should be subject to verification. The execution of
the higher-criticality partition may in fact be affected by the computation required by
a lower-criticality partition. To only permit allowable communications (operation re-
quests or reports of results), filters are suitably interposed between communicating par-
titions to perform all of the necessary verification on the permissibility of the commu-
nication.

Filters are part of the metamodel. However they are not to be used explicitly by the
user, who need not even be aware of their existence, but rather they are put into place by
the tail end of the model transformation process. The notion of filter does thus reflect
an executive pattern.
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4.2 Callback

The purpose of the Callback pattern is to extend the PIM expressive power beyond the
projection of the PSM modeling space. The pattern can be categorized as both an execu-
tive and declarative pattern. It does not require any specific action from the designer (as
thus equates to an executive pattern), but its application has consequences which must
be known to the user, as they impact the software architecture and the interpretation of
analysis results.

Let us use a simple example to illustrate the Callback pattern, which we base
on the classical producer-consumer archetype. Both the Producer and the Consumer
have a single method, respectively produce and consume (cf. figure 4). The oper-
ation of produce consists in (a) producing an item, (b) passing it to the consumer
and (c) adapting its own behavior according to the Consumer’s feedback. The opera-
tion of consume consumes the item and returns its feedback via an out parameter,
Feedback.

Producer Consumer

+ Produce() + Consume(in ltem, out Feedback)
Yl

+cansumer

Fig. 4. Callback pattern: class diagram prior to the application of the pattern.

Following the HRT-UML/RCM modeling semantics for components, we declare
the concurrent semantics on ports of provided services: the port providing produce is
marked <cyclic>>>, meaning that a dedicated task with a constant periodic release calls
produce. The port providing consume is instead marked <sporadic>>, meaning
that its invocation by a caller causes a sporadic task to be released to actually execute
consume (cf. figure 5). Additional non-functional concerns, such as tasks priority and
period or minimum inter-arrival time, are addressed by decorating the provided port of
each component with specific attributes (which we omit in this discussion).

It is worth noticing at this point that the semantics expressed in this user model is not
Ravenscar-compliant. The reason is that operation consume requires a synchronous
communication (since its profile includes an out parameter), but the corresponding
port is marked < sporadic>>>, which makes it deferred in HRT-UML/RCM and thus
necessarily asynchronous. The semantics intended by the user model is that of a syn-
chronous deferred communication, which is forbidden in RCM. Interestingly however,
a simple stage of model validation can notice the problem and trigger appropriate ac-
tions to resolve it.

To solve the problem and thus satisfy the user without incurring violations of the
RCM restrictions, we first perform an automated model transformation on the class
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CS: Producer_Component [1] PR: Consumer_Component [1]

zsporadics consume_Pl: Consume_FlowSpecification [1]

<<gydlic=s D\ pr: Producer [1]
. cs: Consumer [1]

consume_Rl: Consume_FlowSpecification [1]

Fig. 5. Callback pattern: system model prior to the application of the pattern.

diagram (which is part of the so-called functional model in HRT-UML/RCM). The
transformation changes the profile of the consume to accept a callback (i.e., a function
pointer) instead of the Feedback out parameter. Its action semantics is then changed
to: (a) declare a local variable in place of the missing out parameter; and (b) invoke
the callback at the end of its execution, passing the above variable as its in parameter.

The action semantics of produce is then changed accordingly: in correspondence
to the invocation to produce it is split into two separate methods. The action seman-
tics coming after the invocation to consume is enclosed into consume _callback,
which is the callback passed to consume (cf. figure 6).

Producer Consumer

+ Produce() + Consume(in tem, in Consume_Callback)
+ Callback(in Feedback)
11

+consumer

Fig. 6. Callback pattern: class diagram after application of the pattern.

The concurrent semantics declared in the component ports remains the same for
those that provide consume and produce. The port providing consume_callback
is instead marked <sporadic>>> so that a dedicated task may ensure a prompt response
to the invocation of the callback from consume.

The resulting model is Ravenscar-compliant again as the services provided by the
ports marked as <sporadic>>> do not include out parameters (cf. figure 7) anymore.

At this point an additional model transformation may generate the SAM and assign
the user-specific functional behavior to it. Dedicated tasks are created for produce
(cyclic), consume_callback (sporadic) and consume (sporadic) and the respec-
tive methods are allocated to the fully-legal main operation of the respective tasks.
Message queues protected against concurrent access are created for consume and
consume_callback as the means to implement asynchronous communication be-
tween the caller and the sporadic task on the side of the callee. A further shared re-
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CS: Producer Component [1] PR: Consumer_Component [1]

consume_R\; Consume_FlowSpecification [1] <=gporadics= consume_Pl: Cansume_FlowSpecification [1]

pr: Producer [1] /D—D\ cs: Consumer [1]

Consume_Callback_Rl: Feedback [1]

=agyclics=

«flowPort sparadics Callback_Pl Feedback [1]

Fig. 7. Callback pattern: system model after application of the pattern.

source may be automatically generated to safeguard the concurrent access the tasks
behind produce and consume_callback to application data that the split of the
single user-level operation should not duplicate.

Source code is finally generated from the transformed model and from the SAM; no
code is instead generated from the original user model.

5 Discussion

By the introduction of the executive and declarative pattern categories, we achieve two
results which are beyond the reach of classical determined patterns.

Executive patterns, like the Filter pattern, relieve the designer the need to specify
complex yet recurrent parts of the software behavior, and rather introduce them directly
in the PSM (and, possibly in the source code too).

Declarative patterns instead, serve two distinct purposes. First of all, they reduce the
amount of modeling effort required for the designer to express the semantics needed to
solve an application-level problem: this is for example the case of the Partition pattern.

Declarative patterns may also help extend the expressive power availed at PIM well
beyond the perimeter permissible to the PSM: this is the case of the Callback pattern.

In fact, we see declarative patterns as a most promising pattern category for high-
integrity systems in general and real-time systems in particular. They have the potential
to release the user-level modeling process from (some of) the restraints that are prop-
agated upwards from the underlying analysis theories, and thus extend the expressive
power availed to the user. In practice the restraints that may be lifted are those for which
declarative patterns exist which permit model transformations that provably preserve
the properties of interest down to the final implementation.

Interestingly enough, declarative and executive patterns are both realized by means
of property preserving model transformations and take the form of correct by construc-
tion aggregates of primities entities of the metamodel. While those patterns are not
primitive entities themselves, they do exist in the metamodel space because it is their
very existence under the semantic constraints enforced by the metamodel that asserts
their legality. A key implication of this stipulation is that the compositional logic of the
model transformations must be defined as an integral element of the metamodel itself.
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What we currently see as the main limitation to the full application of declarative
patterns is the impact they may have on the functional (and not only architectural) spec-
ification of the system. We have seen a glimpse of this problem in the application of
the Callback pattern, which caused us to break a single functional operation into two
distinct parts.

To date, mainstream modeling technologies have failed to provide a full and usable
representation of action semantics in the metamodel space. This limitation constitutes
a technological (though not conceptual) hurdle to our endeavor.

In several, perhaps most cases, declarative patterns cannot be silently applied by
the modeling infrastructure as they may considerably increase the distance between the
user space and the part of the PSM that is the product of automated model transfor-
mation. The larger the distance the more complex to understand the end results of the
transformation, in both qualitative and quantitative terms. For example, the application
of the Callback pattern not only modifies the functional specification provided by the
user, but also impacts the concurrent and synchronization properties of the system by
creating an additional task and an additional shared resource. The modeling infrastruc-
ture should thus justify all model transformations and provide evidence of traceability
between levels of abstraction.

6 Conclusions

The production of formal analysis models is a complex task which requires to verify
that (i) the designed model does not evade the boundaries of the semantics permitted by
the underlying analysis theories; and (ii) the semantics is preserved at each abstraction
level crossed by transformation.

The preferred way to satisfy both requirements is to constraint the modeling space
by directly projecting the expressive power of the PSM onto the PIM modeling space
(with the side benefit of easing the automated production of the PSM).

We introduced two new categories of patterns specific of the MDE context to add
to the well-know category of determined patterns that stem from [14]. Executive and
declarative patterns are meant to address other issues than those targeted by classical
design patterns.

Executive patterns are expected to deliver the user from the need to specify parts of
the architecture and functional behavior of the application by embedding consolidated
solutions directly in the PSM (possibly the source code).

Declarative patterns instead extend the expressive power of the PIM by relaxing se-
mantic constraints that hold on the PSM. The implementation of the semantics implied
by declarative patterns is naturally realized by automated model transformation.

We discussed three specific instances of patterns in the above categories, which
address problems recurrent the real-time systems domain.

The introduction of those new categories of patterns promises to increase the ex-
pressive power attainable at user level and an interesting new dimension of automation
in the model-driven engineering of real-time systems. The full exploitation of those
patterns requires a highly integrated modeling infrastructure, which includes a mod-
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eling language, and a set of proven and correct by construction model-to-model and
model-to-code transformations.
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