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Abstract. Object-oriented modeling languages, tools, and methods more and more attract the
interest of embedded (real-time) system developers. Thisis especialy true if embedded (real-
time) system software has to cooperate with interactive multimedia software, as it is more
and more the case in automotive systems. It is still an open question whether and how the
standard OO modeling language UML and its accompanying tools have to be adapted to the
regarded application domain. This paper evaluates the development of arapid prototype for an
air condition controller with the popular CASE tool Rational Rose/RT®. We point out some
weaknesses of the presented sol ution and propose an extension to Rose/RT®, which overcomes
the weaknesses by combining Rose/RT’s UML dialect with data flow equations.
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1. Introduction

Embedded system software plays a role of rapidly increasing importance for
the process automation industry. Well-known safety increasing functions like
ABS (Anti-lock Brake System), ETC (Electronic Track Control) and ESP
(Electronic Stability Program) are implemented in software. Furthermore, an
exploding number of comfort functions and telematic functions arerealized in
software. They are accompanied by more and more sophisticated user inter-
faces, thereby blurring the distinction between traditional embedded system
software with rather specific input and output devices on the one hand and
state-of-the-art PC software user interfaces, which rely on keyboard, mouse
and (touch) screen as all-purpose input/output devices on the other hand.
Therefore, it is time to introduce software engineering techniques and
tools, which support the integrated development of traditional embedded
system software and software components with complex (multimedia) user
interfaces. Such software engineering techniques and tools should rely on
the object-oriented (OO) software paradigm for the following reasons. (1)
OO0 Programming languages are nowadays more or less exclusively used for
the construction of interactive user interfaces, (2) many recently developed
standard software analysis and design languages such asthe Unified Modeling
Language (UML) (UML Revision Task Force, 1999) or the Specification and
Description Language (SDL) (Ellsberger et a., 1997) and their accompany-
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ing tools rely on the OO paradigm and (3) well-known software engineering
principles as information hiding by data abstraction and reuse of software
components by inheritance and genericity are supported by the OO paradigm.

In the following we present a component and data flow based solution
for modeling embedded systems. We start with a description of our example,
a controller for an air condition within a car, in section 2. Afterwards we
develop a model variants of a selected part of the air condition controller
by applying UML/Realtime. We point out some weaknesses of our solu-
tion and present another UML/Realtime model which results from applying
the pipe/filter-pattern (section 3). In section 4 we introduce an extension to
UML/Realtime that enables us to model data flows in our model. We show
that data flows can be used to overcome some difficulties in the models using
pure UML/Redtime. In section 5 we give a brief overview over related work
that has been done in this area. Finally we summarize our results and outline
our current research activities.

2. TheRunning Example: An Air Condition

The controlling unit for an air condition is a sufficiently complex embed-
ded system for the evaluation of the pros and cons of different software
development methods and their accompanying CASE tools.

An air condition has to stabilize temperature and humidity within aclosed
room. [ts main components are acooling system, aheating system, ahumidity
regulator and a fan. In our (simplified) example we assume that our air con-
dition consists of athermosthat, a temperature sensor, a heating system and a
cooling system. The heating system consists of the standard heating system
and an additional heating system that is used to shorten the time needed to
increase the temperature within the car after starting.

Due to space limitations we cannot present the complete models which
realize all functions of the air condition controller here. Therefore, we will
focus our interest onto one specific part of the air condition controller, its
heating system subcontroller. Its requirements specification has about the
following form:

1. The heating system consists of two heating subsystems and has two heat-
ing levels: levell and level2. In level1 only the standard heating system
is active, while in level2 the additional heating system is active, too.

2. In the start phase the motor is cold. Therefore the additional heating
system needs to be switched on if the user selects a temperature higher
than the actual temperature. After a while the standard heating system
is sufficient, thus only the standard heating system must be switched on.
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Therefore, an incoming temp event changes the heating system'’s status
from off to level1l and from start to level 2.

3. After the starting phase the standard heating system delivers enough heat.
Therefore, the heating system automatically changes its status from start
to off after 10 minutes.

4. For the same reason mentioned in the previous item, the heating system
automatically changes its status from start to off after 10 minutes.

5. A number of exceptions (low/high voltage, ignition key in status “cold”,
... ) immediately cause temporary deactivations of the heating system.

6. As soon as there are no more exceptions, the heating system should
continue operating on the selected level.

7. The heating system is switched off if the ignition key stays in status
“cold” for more than 5 min. or if it is removed.

In the following we will present three different approaches to modeling
the heating system controller. First we develop two UML/Realtime models
and point out some weak points of this solution. Afterwards we describe an
extension to UML/Realtime that allows to model data flows. We show that
applying the extension leads to a smpler model, that is easier to understand.
In both cases, we will try to specify the regular behaviour (requ. 1-4) of the
heating system, its treatment of low priority exceptions (requ. 5-6), and its
treatment of high priority exceptions (requ. 7) as separate submodels.

3. TheUML/Realtime Model of the Heating System

UML/Redtime (Selic and Rumbaugh, 1998), the UML dialect of the CASE
tool Rational Rose/RT®(Rational Software Corporationi, 1999), enforces a
rather different modeling style than “Standard” UML (UML Revision Task
Force, 1999) for the following two reasons. (1) it supports a state chart
variant without parallel and-states and without any means to fire transitions
whenever a specified state becomes active or inactive. (2) It offers its users
a new diagram type inherited from the real-time object-oriented modeling
language ROOM (Selic et al., 1994). These so-caled structure diagrams,
introduced as a specia variant of UML'’s collaboration diagrams, support a
component-oriented modeling style.

Structure diagrams contain a new type of entities, the so-called capsules.
These capsules exchange a well-defined set of signals via some explicitly
depicted connections. Figure 1 shows a simplified structure diagram for
our air condition controller. It shows the decomposition of the air condition
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control into the five capsules t enper at ur eSensor, t her nost at ,
heati ngSystem coolingSystem and mainController.
The capsule tenperatureSensor is an instance of class
Tenper at ur eSensor, which is shown by "/heatingSystem

Heat i ngSystem'. Correspondingly, tenperatureSensor is
an instance of class Tenper at ureSensor, t hernostat of class
Ther nost at and so on. We omitted the (hardware) context in order to
improve the readability of the diagram. In the ”real” model we have additional
wrapper classes for the hardware components that influence the function of
the air condition, e.g. for ignition key and door.

1
L
cDoor

| tenperat ur eSensor / thernostat
: Tenper at ur eSensor : Ther nost at
cl gni ti onKey

oo

act ual Tenperature desi redTenper at ure

dTenperature

i ncr easeTenpepaf ur e

o
)
clgnitionkey] / heatingSystem
1 : HeatingSystem
cVol t
oo

Figure 1. UML/Realtime structure diagram of the air condition control

decr easgTenper at ure
O

| cool i ngSystem
: Cool i ngSystem

oo

Any capsule has a number of ports, which may be used to attach a
connection to a port of a related capsule. Each port has an assigned pro-
tocol definition. Protocol definitions enumerate the signals, which can be
exchanged through ports and can contain two different kinds of signals, in-
and out-signals. Normal ports—depicted as filled black squares—receive the
in-signals and send the out-signals of their associated protocol definitions.
Conjugated ports—depicted as filled white squares—receive the out-signals
and send the in-signals of their associated protocol definitions. Connections
arepossible, if anormal and conjugated port have the same assigned protocol.
An example are the Bl ock ports of the contr ol | er - and | ow capsules
infigure 2. Thenormal Bl ock port of capsule| owisableto send the signals
on and of f and the conjugated Bl ock port of capsulecont rol | er isable
to receive them.

Capsules can have ports that are connected to more than one port with the
same associated protocol at the same time. Thisis depicted by several over-
lapping (black or white) squares, e.g. the i n-port of capsule control | er
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in figure 2 is connected to the outside of the heating system as well as to the
hi gh capsule.

K 150 f, KI 150l &)
KL15r adi o, KL150n
1
e
out N
/ high
clgnitiphKey Excepti onsH
/ controller
- Bl ock 3 Ext endedHeat i ngControl | er
[] clgnitionKey
@@ cl gnitionKey i S
- - \ out
[eve I low
: ExceptionsL| g ock

Figure 2. UML/Realtime structure diagram for the heating system control

Based on the three different categories of requirements from section 2, we
decided to create separate models for the regular behavior and the handling
of low and high level exceptions. Because Rose/RT® does not support state
charts with parallel AND-states we have to split the model on the structural
level. Thus, we created a structure diagram with three capsules. One capsule
realizes the regular behaviour of the heating system and the two other the
two levels of exception handling. The resulting model is depicted in figure 2.
It shows very clearly that the heating system control has to process incom-
ing (exception raising) signals from the ignition key (port cl gni t i onKey)
and the battery (port cVol t ). It aso receives the temperature change events
t enp and of f viathe port with namei n.

Each capsule has a corresponding statechart, which realizes its behaviour.
The regular behavior statechart (3) consists of four statesst art,| evel 1,
| evel 2,and of f . Anincomingt enp event causes atransitionto| evel 1
if stateof f orl evel 2isactiveandtol evel 2 if statest art isactive.

Furthermore, the subchart contains transitions of the formt m(t ) , which
are depicted by the labels af t er 10mi n. These transitions fire whenever
their source state is the active state for t milliseconds. They redize the re-
quired transitions from st art to of f and from| evel 2tol evel 1 after
10 min. The subchart’s initial stateisst art .

The statechart for high priority exceptions contains three states,
okayHPri o,wai t HPri o,and of f HPr i 0. okayHPr i oisactiveif there
isno high priority exception, wai t HPr i o isactive for five minutes after the
recognition of a high priority exception and of f HPr i o is active whenever
the heating system has to be switched off completely.
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Figure 3. Statechart for the basic heating controller

level 2
-

after10min

Currently an event i gni t i onKeyCol d signals the beginning of a high
priority exception, whereasthe eventi gni t i onKeyRadi o signalsitsend.
Furthermore, the event i gni ti onKeyOf f , which israised by the removal
of the car's ignition key, causes a transition to state of f HPri o. If state
okayHPri o isactive, al incoming t enp events are resent to the capsules
out port. If statewai t HPr i o is entered, the incoming signals are stored to
be resent later and when state of f HPr i o isentered, all incoming signals are
consumed and an of f signal is sent to the out port.

\
send out. of f

ignitionKeyOff
resend
i ncom ng
"tenp" events i gni ti onKeyRadi o
to port out

~

after5mn

ignitionKeyCol d
okayHPri o wai t HPri o
i gni ti onKeyRadi o

\. /

Figure 4. The statechart of the Si gnal Fi | t er capsule

The statechart depicted in figure 5 handles all sorts of low priority ex-
ceptions simultaneoudly. It contains the initial state okayLPri o, which is
active when no exceptions are signaled; its second state bl ockedLPri ois
active if at least one exception has been recognized. It uses aloca attribute
(variable) i for keeping track of the number of currently active exceptions.

Finally we have to realize the communciation between the capsules and
their statecharts, because the different aspects of the heating systems be-
haviour are not independent of each other. The heating system controller has
to respond to incoming exceptions. Therefore we created an extended version
of the heating controller, which adds the needed communication facilities to
the basic heating controller.
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Of f Exception/i--

-
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Figure 5. Statechart for low priority exception handling

Figure 6 shows the class diagram corresponding to the structure diagram
of figure 2. It repeats the fact that the complex capsule Heat i ngSyst em
consists of three subcapsules. In addition it reveas the fact that the
Ext endedHeat i ngControl | er is a Basi cHeati ngControl | er
with one additional port for blocking signals from capsule Except i onsH
(the already existing port i n of the Basi cHeat i ngControl | er isused
to accept the additional " switch off”signals from capsule Except i onsL).

&
Basi cHeat i ngControl | er HeatingSystem . Ca
hi gh Excepti onsH
in KL
out Vol t KL

Mot or Bl ock

in
\t\)w
controll er
Ca
3

Excepti onsL

Ext endedHeat i ngControl | er Vol t

KL
Mot or St at e
Bl ock Bl ock

Figure 6. Classdiagram of the heating controller

Using inheritance allows us to define first a capsule with the state chart
shown in figure 3. This state chart realizes the regular behavior of the heating
system without any extensions for exception handling purposes. In a second
step we add the communication facilities by inheriting this state chart in the
Ext endedHeat i ngCont r ol | er capsule and extending it appropriately.
The resulting state chart is depicted in figure 7. It refines the two inherited
states | evel 1 and | evel 2. If the system enters state | evel 1, it sends
a signa L1 through port out if and only if count er has the value 0.
If the system enters state | evel 2, it sends a signal L2 through port out .
Furthermore, it adds two transitions count er Pl us and count er M nus
that increment/decrement the newly introduced counter.

The advantage of this model is the separation of the different functional
aspects of the heating system controller. Each part of the heating controller's
functionality is realized by an independent capsule with a relatively simple

Bi chl er Rader macher Schuerr-rtj.tex; 11/12/2001; 19:48; p.7



af ter10m n

tenp of f

level 1

after10m n

‘ @ count er Pl us ('F: count er M nus

Figure 7. State chart for the extended heating controller

statechart. We think that this model is easier to understand, extend and main-
tain than a model which realizes the complete functionality by one object
with complex behaviour.

Nevertheless, we aso believe that the presented usage of inheritance
for this purpose is a kind of "trick programming”. In order to achieve a
“cleaner” software architecture we developed another UML/Realtime model,
which uses on a pattern-oriented modeling style. The resulting model, which
uses a dightly different variant of the Basi cHeati ngControl |l er, is
shown in figure 8.

: Signal Filter

Bl ookl / filterButtons

/

/ controller
: Basi cHeati ngController

—_
n

Bl ockl
/ filterQutput

: DataFilter N
tenp, off
=

Bl ock2

/

Figure 8. An UML/Realtime model with pipe/filter pattern for the heating system

The central element of the model isthe Basi cHeat i ngControl | er
capsule. It understands the signalsof f andt enp atitsport i n. Figure 3 de-
picts the associated statechart.It consists of the four statesst art, | evel 1,
| evel 2, and of f. An incoming of f event causes a transition to of f, if
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thestates| evel 1 orl evel 2 areactive. Anincoming t enp event causes a
transition to statel evel 1, if state of f isactiveand atransitiontol evel 2,
if state start is active. Furthermore, the statechart contains two transi-
tions af t er 10mi n. They realize the required transitions from | evel 2 to
| evel 1 respectively from state st art to state of f after 10 minutes. The
initial state of the statechart isst art .

TheBasi cHeat i ngContr ol | er capsule is combined with two addi-
tional filter capsules, which are responsible for handling high and low level
system exceptions, as it is depicted in figure 8. The firgt filter capsule be-
longs to the class Si gnal Fi | t er . The associated statechart is equivalent
to the high level exception handling statechart, which is, presented in fig-
ure 4. Within the filter chain, it (1) forwards all incoming signals in state
okayHPri o and wai t HPri o, (2) produces one additional of f signal,
whenever it enters state of f HPr i 0, and (3) consumes all incoming signals
until it exits from state of f HPr i o.

The statechart of the second filter of class Dat aFi | t er, shown in fig-
ure 9, is more interesting. It handles one separate boolean flag for each sort
of exceptions. This solution still works properly if the number of received
bl ock;. On and bl ock;. O f signals are not in balance (which happened
quite often, when we tested the first versions of our air condition controller
model). All signals received at port i n arefirst stored in an internal attribute.
The single state's entry action is then responsible for (1) forwarding the
received signal to the capsule’s out port if all boolean flags are false, (2)
sending the signal of f to the out port as soon as one of the boolean flags
becomes true, and (3) to resend the most recently received signa if the last
boolean flag changes its value back to false.

(.\ set Bl ock1l \
Initial
)

[ nor nal

] if (blockl || block2)
dat aSi gnal -0 tnpSignal = of f;
el se
tnpSignal = inSignal;
if (tnpSignal != outSignal) {
set Bl ock2 out Si gnal = tnpSignal ;
send out Si gnal ;
- ’
—

Figure 9. The statechart of Dat aFi | t er capsulefor low level exceptions

This UML/Redtime model with asignal and a data filter capsule is robust
against additional on and of f signals received via its exception forward-
ing ports. It uses a "pipe and filter” software construction style to combine
different (reusable) behaviora aspects of one embedded system controller.
Furthermore, all needed software components communicate with each other
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via well-defined interfaces only. The presented solution has in our opinion
only one drawback!: the transition and state entry actions of the data filter
capsule are rather complex compared with the simple purpose they have to
fulfill.

Summarizing, we found the following advantages and disadvantages of
Rational Rose/RT®, while modeling our example:

— It nicely supports the modeling of independent components with clearly
defined interfaces and therefore supports modeling of product-lines or
similar products by first modeling the basic behavior and refining it
afterwards.

— It does not "realy”merge UML and ROOM elements, but demands
a decision between UML'’s classes with synchronous operations and
ROOM'’s capsules with asynchronous signals.

— Modeling of data-flows, e.g. logical conditions for deactivating func-
tions is unnecessarily complex and difficult. Therefore, it is rather
complex and time consuming to apply some methodic ways of modeling,
like the " pipeffilter” -pattern.

In the following section we address the deficiency last mentioned by
adding directed data flow eguations to the UM L/Realtime modeling language.

4. Adding Data Flow Connectionsto UML/Realtime

Revisiting the UML/Reatime model of figure 8 we can see that its two fil-
ter capsules are used for rather similar and simple purposes. they have to
interrupt the connections from and to the Basi cHeat i ngControl | er

capsule if an exception has been recognized. Both filters deny propagation of
incoming signals as long as one of the relevant exceptions is valid and they
produce an additional Of f signal whenever their internal state changes from
“no exception” to “exception recognized”. In addition the Dat aFi | t er

stores and resends the last incoming signal whenever itsinternal state changes
from “exception recognized” back to “no exception”.

Despite of the similarity and simple purpose of the two filter capsules, their
statecharts are rather complex compared the task they and have to fulfill. This
situation can beimproved by distinguishing between signal connections/ports
and data connections/ports as already proposed in (Harel and Politi, 1998)
for Statemate’s activity charts. The new data connections and ports are not
used to propagate discrete, consumable signals, but to propagate continuously

! Please note that comparisons of different software modelsin this paper disregard the size
and the efficiency of the generated code.
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/ filterButtons
: Signal Filter

Bl ock out = if Block for 5min
then off else in

/ controller
KL : BasicHeatingControl |l er

<> .DU[
Bl ockl in
<>vm[ / filterQutput
Bl ock2 : DataFilter
out =if (Block1|Block2)
then off else in

Figure 10. The heating controller with data flow connections

defined and non consumable data values between capsules. Data ports have
the same properties as signal ports of UML/Realtime with one important
exception: the protocol of a data port and its attached connections is not a set
of in- and out-signals, but a single data type definition. Relying on the new
data flow concept we no longer have to write low level code, which stores
incoming signals either as attribute values or as transitions to new states.
Other advantages of the added data flow concept will be explained below.

Considering our running example it makes sense to define all exception
propagating connections as boolean data connections. Furthermore, it is use-
ful to define the connections from and to the Dat aFi | t er capsule as data
connections of type i nt eger . The two signalst enp and of f are repre-
sented by different values, eg. t enp € [-50,+470] and of f = —1000.
Figure 10 shows the reconstructed structure diagram. In this diagram circles
instead of squares are used to distinguish data ports from signa ports. The
colours white and black denote normal data ports (capsule inputs) and conju-
gated data ports (capsule outputs), respectively. As a consequence a capsule
may possess a number of normal and conjugated signal ports as well as a
number of norma and conjugated data ports as shown on the left-hand side
of figure 112.

Generalizing the idea of directed equations, which are called “combina-
tional assignments’ in Statemate (Harel and Politi, 1998), it is now possible
to connect a capsul€e's portsin three different basic ways:

2 For reasons of simplicity we do assume that normal signal ports do not send signals and
that conjugated signal ports do not receive signals. A generalization of the presented concepts
to signa receiving and sending portsis rather straightforward.
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idi eee idy

Capsule

Od1 eoe Odl
Figure 11. A capsule and a state with a number of port directed equations

arbitrary subchart

1. A pure data flow connection of the form od; = f(idy, ..., id)) computes
the value of a conjugated data port od; based on the values of its normal
data ports (and not mentioned local attribute values).

2. A time-driven data flow connection of the form op, = f(idy, ..., idy)
computes the value of a conjugated data port od; based on the values of
its normal data ports (and not mentioned local attribute values). If the
computed value changes, it starts atimer. If the timer runs down without
being restarted, it sends a signal to the designated signal port op.

3. A sgnal filter  connection of the form op; =
if f(idy,...,idy) then g(idy, ..., idy,ip;) connects two given signal
ports. Incoming signals at port ip; are propagated (in an optionally
modified form) to port op; if and only if the specified boolean condition
over normal data ports (or local attribute values) is true.

4. A data trigger connection of the form op =
if f(idy,...,idy) then g(idy,. .., id;) monitors a number of normal
data ports. Whenever the given boolean trigger condition over the normal
data ports (or local attribute values) changes from false to true it sends a
computed signal to the designated signal port op;.

Combining these four different basic forms of connections using el se or
el si f constructs it is rather straightforward to specify the behavior of the
two filter capsules in figure 10. Instead of having to define the automaton,
which is depicted in figure 4, the behavior of the Si gnal Fi | t er capsule
is now defined using a single data flow connection of the following form:

out = if Block then Off elsein

This specification of the Si gnal Fi | t er deactivates the heating as soon
as a high level exception is recognized instead of waiting for 5 minutes as
required in Section 2. The only way to take the additional timing constraint
into account would be to return to the old statechart shown in figure 4 with its
three statesokayHPr i o,wai t HPri o,and of f HPr i 0. Because weintend
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to avoid this, we additionally introduce time driven data trigger connections
such as

out = if Block for 5min then Off esein

as asubstitute for time-driven transitions under certain circumstances.

A simplified variant of the Dat aFi | t er capsule consists of a single
combined data trigger and signal filter connection, which has the following
form:

out = if (Blockl Vv Block2) then Off elsein

More complex data or signal processing capsules may be defined by using
statecharts, where each state contains an arbitrary number of directed equa-
tions, possibly in addition to entry and exit actions or subcharts (as shown on
the right-hand side of figure 11).

The following figures show how capsules with signal and data ports as
well as with states containing directed equations may be trandated into
capsules containing only signa ports and standard UML statecharts. Each
normal (conjugated) data port of type T is replaced by a signa port and
alocal attribute of type T. The former receives (sends) signals of the form
val ue(v: T),the latter stores the value of the most recently accepted data
propagating signal. Each state is replaced by an and-state with one additional

subchart for each directed equation.
Ot
:> id,.receive(value, v)
fivi=v

Figure12. Tod; = f(id1,...,id;)] — pure dataflow connection

lentry
V= f(iVy,..niVi);
if v # ov, then od;.send(value, v);
ov, = v,

Figure 12 explains the trandlation of a data flow connection into a subchart
with one state only. The self-transitions of this state process incoming data
value carrying signals. The current value of anormal data port iq, isstored in
an attribute iv;. The state’s entry action re-eval uates the right-hand side of the
given equation whenever one of the stored data port values changes. It checks
then whether the new computed value v is equal to the old value stored in oy
and propagates a changed value via the conjugated data port od,.

Time-driven data flow connections can be translated into a subchart with
two states. The first state is very similiar to the only state of the data flow
connections translation. Again, a self-trandation processes the incoming data
value carrying signals and the current value of anormal data port id is stored
in an attribute 7v;. The states entry action re-evaluates the right-hand side of
the given eguation whenever one of the stored data port attributes gets a new
value. It checks whether the evaluation result is equal to the old value which
isstored in ov;. If itisnot equal, atimer is (re-)started.
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lentry O
\ Y:f(lvl ..... ivi); . :> id, receive(value, v)

ifv£ovthen"start tiner )
livi=v
oVi=V,

o

lentry
send op; ;

Figure 13. Time-driven data flow connection —
Tlod: =if f(idy, ..., idx) then g(idy, . . . idy)]

If the timer runs down to zero atransition to the second stateis carried out.
The second states entry action simply propagates the value via the conjugated
port od;. Thus the statechart propagates a value, if it is constant a the given
time. After carrying out the enty action the first state is entered again.

ip,.receive(signal, s)
[fiva,... '\,Ik)] |dt recelve(value V)
/op;.send(signal, fiv. =
f . ivi=v
g(ivy,..iVi,9)

Figure14. Signa filter connectlon—T[[opl =if f(idy, ..., idy) then g(idy, . .., idk, ip;)]

The trandation of a signa filter connection —shown in figure 14— uses
the same form of self-transitions for processing incoming data values as the
subchart of figure 14. It has one additional transition for processing incom-
ing signals at port ip;. This transition uses the given boolean condition as
its guard, i.e. it fires only if the defined condition is true. In this case, the
transition’s action sends a computed signal to the conjugated signal port op.

Ot:
id,.receive(value, v)
fivi=v

when f(ivy,..., i)
when = f(ivy,..., i) fop.send(signal, g(ivy,...iV))

|q receive(value, v)
livi=v

Figure 15. Datatrigger connection — 7 [op; = if f(id1, ..., id:) then g(idy, ..., idr)]

Bi chl er Rader macher Schuerr-rtj.tex; 11/12/2001; 19:48; p.14



15

Thetrandation of the third kind of directed eguations in figure 15 consists
of asubchart with two states. These two states possess the already known self-
transitions for processing incoming data values. Please note that the given
trandlation of states with directed equations does not only make use of parallel
and-states, but also relies on change events of the formwhen condi ti on
as introduced in (Rumbaugh et al., 1999). The trandation of these stan-
dard UML statecharts in UML/Redtime statecharts without and-states and
change events is rather straightforward. Furthermore, the one-to-one transla-
tion of directed eguations into subcharts repeats the transitions which store
incoming data values in local attributes. These transitions may be defined
as self-transitions of the enclosing superstate if all directed equations of the
superstate are defined over the same set of normal data ports.

5. Related Work

Within this paper we propose the combination of continuously data process-
ing equations with discrete event processing statecharts. For obvious reasons
similar ideas have aready been proposed in the literature. Statemate as
presented in (Harel and Politi, 1998) knows the concept of combinational as-
signments. These combinational assignments correspond to the first category
of directed equations, the so-called data flow connections, introduced here.
Furthermore, Statemate distinguishes between data and signal connections,
too. The main drawback of Statemate isits lack of support of object-oriented
concepts as well as the fact that combinational assignments may not be used
inside statecharts. It is, therefore, more difficult to model situations, where a
set of equations isonly active aslong as a subsystem isin a certain state.

Anylogic from Expert Object Technologies (Technologies, 2001) imple-
ments UML/Realtime with a data flow extension, which looks very similiar
to the one presented in the paper. Its is based on a Java Engine that allows
to execute Hybrid State Machines. The engine contains a part for discrete
event processing, which is responsible for taking care of virtual time, atom-
icity, concurrency, nondeterminism and synchronisation, and an eguation
solver, which numerically solves systems of algebraic-differential equations
(Borshchev et al., 2000).

Matlab Smulink/Stateflow (Inc., 1997) is another commercially available
system modeling and simulation tool, which combines equations with block
diagrams and statecharts. In contrast to Statemate it does not only offer
support for simple directed equations, but it is able to handle differential
equations, too. Similar to Statemate all equations are defined outside state-
charts. As a consequence, a Stateflow user often constructs statecharts with
transitions, which have a directed equation simulating assignment as the as-
sociated action. The user has to take care of the fact that these transitions
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are triggered whenever new input data values arrive either by using external
trigger signals or explicitly defined change events. Therefore, constructed
statecharts are rather similar to the low-level statechart fragments of Section
4, which explain the semantics of directed equations in this paper.

Beside the commercial products mentioned above quite a number of
hybrid system modeling approaches have been proposed, which combine
automata for discrete event processing purposes with equations for contin-
uous (analog) data processing purposes (Alur et al., 1996). The HyCharts
modeling language as presented in (Grosu and Stauner, 1998) is probably
the candidate of this class of system modeling languages, which has the
closest relationships to the UML/Realtime data flow extensions proposed
here. HyCharts combine ROOMcharts (Selic et a., 1994) (the predecessors
of UML/Redltime structure diagrams) with a variant of statecharts, where
states contain a number of differential equations or even inequalities. The
main distinctions between HyCharts and the proposal made here are that
HyCharts (1) do not distinguish between data and signal connections, (2) do
not directly support datatrigger and filter connections as proposed in Section
4, but (3) replace our data flow connecting equations by the much more gen-
era class of differential equations. Therefore, it is not possible to trandlate
any HyChart statechart into a standard UML statechart or to execute such a
statechart without adding a differential equation solver to the UML/Realtime
(Rose/RT) execution machinery.

6. Summary

Within this paper we have shown that a visual modeling language, which
combines component-oriented OO-modeling with afilter/pipe-oriented archi-
tectural modeling style and statecharts, which control the activity of different
forms of directed equations leads to more readable and better structured
embedded system software models compared to those models that may be
produced using todays UML-based CASE tools. Nevertheless, the proposed
extensions (of UML/Redtime) are rather straightforward and could also be
added to other CASE tools, which support execution of statecharts. The pre-
sented model of computation for the three different types of equations (inside
statechart states) isvery simple. A trandation to standard UML/Realtime uses
asynchronous message passing to propagate changed values along data flow
connections. The reader is referred to (Lee, 1999) for an extensive com-
parison of other computation models (synchronous/reactive, cycle-driven,
...), which might be used instead for the evaluation of data flow networks.
Their main drawback lies in the fact that they are less compatible with the
computation model underlying UML/Redtime.
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Compared with other approaches for adding data flow equations to stat-
echarts our proposal has the advantage that it supports incremental reeval-
uation of defined data flow networks. It uses the simplest possible form
of an incremental graph attribute evaluation algorithm for this purpose (cf.
(Hudson, 1991) for more complex forms of attributed graph evaluation algo-
rithms). Outputs of directed equations are recomputed in an arbitrary order
whenever their input values change. The value propagation process stops,
whenever changed input values do not produce new output values. It is the
subject of future research activities to apply our experiences with the de-
sign of incremental attributed graph evaluation algorithms to this application
domain (cf. (Kiesel et a., 1995)).

Currently, we are especially interested in incremental evaluation algo-
rithms, which use dynamically changing attribute priorities for planning
purposes. This has the following reasons: In the embedded system software
areait is often necessary to attach different processing priorities to certain in-
put events. In thisway, it is possible to guarantee that high priority exceptions
are handled before regular data processing activities are finished. Our directed
equations are sometimes used for handling high level exceptions (as in the
running example of this paper), sometimes they are used for modeling regular
data processing functions. As a consequence, it must be possible to define
the relative importance of still unprocessed “regular signals’ and implicitly
created “data changed signals’ using priorities. Probably, the overall priority
of a (data propagating) signa in an UML/Realtime event queue has to be a
combination of its internal attribute evaluation priority and a user specified
priority.

Finaly, we are studying how the UML package concept may be used to
definelibraries of realtime system modeling components (capsules). Previous
work in this area showed that the standard UML package concept and espe-
cialy itsvisibility and package refinement rules are not yet precisely enough
defined for this purpose (Schirr and Winter, 1999).
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