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Abstract. This paper presents some studies to prove applicability of the Model-Driven Archi-
tecture (MDA) technique to design of distributed embedded systems, or embedded system net-
works. MDA was originally introduced in the Software Engineering research, and has been widely
accepted in software design as the technique encourages model-based component reuse, stepwise
decision making, and early stage verification, all of which accelerate design processes. We
first present an application of MDA to one of the largest distributed embedded systems: Auto-
matic Train Control (ATC) systems. We then present its application to a design pattern for dis-
tributed embedded systems, to verify the applicability from a more abstract point of view. Suc-
cesses in these works will benefit to accelerate design processes and improve product qualities of

distributed embedded systems in general.
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1 Introduction

Distributed embedded systems, or embedded system networks, are getting popular in industry. They
involve communication as well as hardware and software, and are more difficult to design than single
embedded systems. To make design of distributed embedded systems easier, we are applying the
Model-Driven Architecture (MDA) technique [1].

MDA was originally introduced in the Software Engineering research, and has been widely ac-
cepted in software design. It enables us model-level component reuse, which is beyond language-
level reuse such as libraries, frameworks, and middleware. An abstract specification model is defined
in the form of Executable UML (xUML) [2], and is transformed into a concrete implementation
model with specific platform information and constraints, and then is translated into a program code.

Applicability of MDA to distributed embedded system design should be verified from several
aspects. This paper presents two studies out of them: an application to a large system, and repre-
sentation of design patterns for such systems.

An Automatic Train Control (ATC) system [3] is one of the largest distributed embedded sys-
tems. A track of a railroad is segmented into “block sections”, each of which runs for several hun-
dred meters. A controller is assigned to each block section, and cooperates with neighbors so that
only one train runs in each section at a time, at a specified velocity at maximum. If a train comes
closer to the preceding one, its velocity maximum is made lower, and eventually zero so that the
system avoids train collision. This velocity maximum is notified to the train driver at a driving panel
on the train.

All the ATC systems share a common specification and a design core, however their implemen-
tations vary according to actual constraints and requirements posed by customer railroad compa-
nies. Each implementation is currently developed in an ad-hoc fashion, which leads to an ineffi-
cient development process and poor product quality. Some techniques are strongly required for
specification-level component reuse and implementation derivations.

We specify a simple ATC specification model in xXUML, and transform it into an implementa-
tion model in a stepwise manner [4], following the System-Level Design (SLD) process [5,6]. We
utilize our experiences on SLD applied to control systems [7,8] and to communication design [9,10].

The second part concerns with design patterns [11,12], which are descriptions of typical prob-
lems and solutions which frequently appear in various applications. The benefit of design patterns
is to share solutions beyond applications, to reuse the solutions as well as to enable developers to
communicate more easily. Design patterns have thus far been represented using the conventional
(not executable) UML and sample codes in such programming language as Java, C++, or C#. From
the language-independent point of view, they should be described using xXUML. Distilled from some
application implementations including the above, a design pattern for distributed systems is pre-
sented in xXUML.

Through these two studies, we advocate our contribution to design process improvement of dis-
tributed embedded systems. The first one is being exploited practically in a company, and the second
was verified in an experiment.
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In the rest, Section 2 introduces MDA and xUML briefly. Section 3 then presents a simple
ATC specification, and Section 4 describes its transformation. Section 5 presents what we name
“Worker Sender” design pattern in xXUML. Section 6 contains some concluding remarks.

2 MDA and xUML

MDA is to introduce transformational derivation from a “platform independent model” (PIM) speci-
fication to a corresponding “platform specific model” (PSM). A PIM defines the behaviors and
functions of a system only, which are independent from its implementation platform such as any
programming language, middleware and library. From the PIM and platform specific information,
a PSM is derived which is to translated into a specific program code implementation. A different
platform yields a different PSM from a single PIM, for example, Java-based, C++-based, or C#-based.

Each model is represented in the form of executable version of UML (Unified Modeling Lan-
guage). The executable UML (xUML) adds well-defined execution semantics to the original UML
so that model in xUML can be executed and verified. The core part of xXUML comprises of the
class diagram and the statechart diagram. The former defines the static aspect (the structure of the
model), while the latter defines the dynamic aspect (the behavior of the model). The latter is de-
scribed in the Action Specification Language.

The model transformation in MDA has close resemblance with stepwise refinements in the
SLD process as shown in Fig. 1.

Specification Model

Architecture Exploration

Architecture Model

)

A

Communication Synthesis

Communication Model

Implementation Refinement

el

A

Implementation Model

Fig. 1. Stepwise refinements in System-Level Design

3 ATC Specification Model

A track of a railroad is segmented into “block sections”, each of which runs several hundred me-
ters. A controller is assigned to each block section, and cooperates with neighbors so that only one
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train runs in each section at a time, at a specified velocity at maximum. If a train comes closer to a
preceding one, its velocity maximum is made lower, and eventually zero so that the system avoids
train collision. This velocity maximum is notified to a train driver on a driving panel on the train.

This velocity maximum is defined in the chart of “aspect”. The value is indexed with the posi-
tion of the train, the position of the preceding train, the route, and a manual limiter. Therefore a
schematic diagram of a single controller in the ATC system is composed as shown in Fig. 2. It
receives the position of the preceding train from the controller at the preceding block section, and
it sends the position of the current train to the controller at the following block section.

The class organization is specified in xXUML as shown in Fig. 3. It is directly corresponding to Fig.
2. Each function or behavior is assigned to a class, without any consideration on concrete implemen-

I —— P :TrainExistencelnfo
TrackCircuit
FoIIowingEquipme:> PrecedlngTralnInfo f’ :Aspectindication

AspectProcess

PrecedingEquipment
////,) :Routelnfo 44 L} :SpeedControl
InterlockDevice
X ~————p  :SpeedLimitinfo

SpeedLimiter

tation.

Fig. 2. Schematic diagram of ATC
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Fig. 3. xUML specification of ATC (1)
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The state transition is specified in xXUML as shown in Fig. 4. This is represented in Action Specifi-
cation Language for xXUML. The chart for position notification of preceding train is shown as an
example. Each rounded rectangle represents a state, and codes in the rectangle represents action se-
mantics at each state. Arrows represent state transitions. This sort of state transition definition is
attached to every class presented in the class diagram.

Traininfomation (ocation)
. \‘L,f Traininfomation Jocation)
Check Proceding Train Existance

entry

£ select one TrainExstancainfomationinstance related by self => TrainExstancainfomation [RE];
£ selfprosition=rowd_ewt position;

£ if trainExistanceinfomationinstance Existance = false

RiouteChange

/' generate Trainlnfomationt location:rcwd_ evt.location) to EE_ Following WaysideEquipment
Sendif,

£ else

# generate Trainlnfomationt location: TrainExdstancel nfomation| nstance location)

-

Proceding TrainLocationRequest
Trainlnfomation Jocation) Proceding TrainLocationRequest

Check Proceding Train Position

entry
£ zelect one aspectTalculationinstance related by self —> AspectCaloulation[R2];
£ generate Proceding TrainLocation(location:selflocation) to aspectCalculationinstancs;

Traininfomation (ocation) Qlﬂmtechange FouteChange

— Change Route

entry
/ selflocation = kX,

Fig. 4. xUML specification of ATC (2)

Froceding TrainLocationRequest

4 Transformational Derivation
The xXUML specification is now transformed in a stepwise manner to derive implementation. We
show this process using an example of communication part of the specification shown in Fig. 5.

This is the same as the corresponding part appearing in Fig. 3.

A tindication

- Aspect
I
AspectProcess
____ SpeedControl
- Aspect
- Speed

Fig. 5. xUML specification model
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The specification includes three classes. The outputs of “AspectProcess” are transmitted to the
control panel on the train for “Aspectlndication” and “SpeedControl”. This transmission is actu-
ally carried out with electric signal transmission over the railway.

First, this transmission scheme is transformed into a channel comprised of an abstract sender
and a receiver. The sender-receiver correspondence is managed with the train position. Therefore,
we add two new classes of “Sender” and “Receiver”, both with the “position” attribute. This de-
rived XUML definition is called an architecture model as shown in Fig. 6. What is important is
that the functions and behaviors of the original specification model are strictly preserved, while its
structure or architecture is modified so as to make the model a bit more concrete.

Control Panel

Channel s
- Aspect

Sender Receiver
- - Position — - Position <

\ - Aspect

- Speed

Fig. 6. xXUML architecture model

Next, this abstract channel is transformed into a concrete transmission medium. The channel is
replaced by two new components, “RailTransmittor” and “ReceiverUnit”. The information mes-
sage to send is carried in a modulated signal on the rail. The signal is then received by the receiver
unit on the train, demodulated, and fed to the control panel. Therefore, some new classes, “Modu-
lator”, “Amplifier”, and “Demodulator”, are added to define this concrete implementation. Again,
all the functions and behaviors of the model are strictly preserved. The derived definition is called
a communication model as shown in Fig. 7.

RailTransmittor ReceivingUnit Control Panel
___AspectProcess
e R
- Position - Position - Aspect

Sl |

|

el bl
- Frequency - Magnitude - Frequency - Aspect
- Speed

Fig. 7. xXUML communication model

This communication model will be translated into a specific system-level language such as
SpecC [13], SystemC [14], or SystemVerilog [15] for further implementation-specific transforma-
tion, and eventually its hardware part will be translated into some hardware description language
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such as Verilog-HDL or VHDL, and its software part will be translated into some software pro-
gramming language such as C, Java, C++, or C#.

Based on the xXUML formalism, unlike traditional UML, all the models shown above are execu-
table, and thus verifiable. We verified that all the models preserve the functions and behaviors of
the original model. Our xXUML platform is “iUML” [16,17], one of the xXUML systems which are
available to us. This stepwise transformation encourages model-based component reuse, stepwise
decision making, and early stage verification, all of which accelerate design processes.

Nippon Signal Co. Ltd., to which one of us belongs, is one of the dominant companies in Japan
engaged in designing, developing and manufacturing railroad control and operation systems. The
above results have been out of our joint studies, and the company is now trying to exploit the
results in actual design processes of ATC systems practically. This fact supports our claim that the
results benefit to design and development activities in companies. However, we can only tell the
fact, and cannot disclose details because of the agreement with the company.

5 “Worker Sender” Design Pattern

The “Worker Sender” design pattern is a distributed extension of the “Worker Thread” design pattern
for single (not distributed) systems.

The “Worker Thread” design pattern is to handle request events in an on-demand and low-latency
fashion. In short, a system based on this pattern pools some worker threads, and when it receives a
request event from outside, it invokes an idle worker to handle the event.

The “Worker Sender” design pattern adds some functionality for forwarding, or “delegating”
events among systems in a network in a hop-by-hop fashion. Such event operation must be impor-
tant in distributed embedded systems, including the ATC systems as shown above, and even in gen-
eral multi-server systems and web-service systems, for function distribution and load balancing.

The design pattern comprises of three abstract classes as main actors: Request, Channel, and
Worker. Request is a capsule of an event, Channel is an event queue, scheduler and dispatcher, and
Worker is a worker thread. There are also some auxiliary classes: Accepter, Sender, and Receiver
specifies delegation and network communication.

Fig. 8 shows the class organization diagram of the “Worker Sender” pattern in XUML. Some
abstract classes are divided into multiple classes: Channel is now composed of “Channel”, “Re-
questQueue”, and “ResultQueue” for example. Fig. 9 shows the state transition diagram of the
class “RequestQueue” for example. Each of the other classes has its own state transition diagram
as well. The class queues and assigns a “Request” event to a worker or delegate it to another sys-
tem in the network.

We built a multi-server prototype model in xXUML using this design pattern, and did an experi-
ment. We observed that the system performs well in load distribution and balancing among multi-
ple servers in a network. We also observed that we built this efficient system much easier than we
would do without this design pattern, and we enjoy early stage verification in xXUML.
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Fig. 8. Class diagram of “Worker Sender” pattern
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Design patterns in conventional UML-based representation are actually used for design cata-
logs, for designers’ communication, and for novice training. Design patterns represented in xXUML
can be used as parts of PIM in MDA. Such design patterns act as implementation-independent
specification models cooperating with other patterns and/or xXUML-based components. This accel-
erates practical use of MDA. The xUML-based representation is also benefit to designers of de-
sign patterns, as it enables them to execute and verify correctness of new patterns. In this way,
design patterns will be truly abstract components for system design.

6 Concluding Remarks

As far as we know, there has been no related studies to apply MDA and SLD to such large control
network design as ATC. Also, this is almost the first attempt to represent design patterns for dis-
tributed systems in xXUML. Consequently, we suppose these works will benefit to accelerate de-
sign processes and improve product qualities of not only ATC systems, but railroad control sys-
tems, and distributed embedded systems in general.

Both the two studies presented here assume homogeneous networks; all the components and net-
work media in a system are homogeneous and consistent. It is left for further study to tailor distrib-
uted embedded systems on a heterogeneous network.

The MDA technique still has some shortcomings. The most serious one is that it is potentially
too abstract to handle physical aspects of hardware devices such as fine timing constraints. To ad-
dress this, MDA may need be used with such programming language as C, or even an assembly
language.

We are still at the starting point in this research, and now building an automated tool for step-
wise transformation of xUML models.
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