UML isgreat for Embedded Systems—Isn’t it?
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Preamble. Objed-Oriented Design is definitely the right way of building systems, and this also applies to embed-
ded systems in the view of the author. Encapsulation, abstract data types, etc., and other concepts such as generics
or templates, are a must when developing complex embedded systems. Thisisin fact also the way the more pro-
gressve mmpanies do aready develop embedded systems.? The author is reluctant, though, to accept inheritance
as a dominating design principle per se (seeappendix). But at least an objed-based approach is the right choicein
the author’s opinion, without any doubt. However, this contribution does not deal with objed-orientation in itsdlf,
but only with the appli cation of the Unified Modeling Language within this context.

1. Introduction

Thinking about the appli cation of the Unified Modeling Language (UML) to embedded systems devel opment actu-

ally involves questions on different isues:

1. Can something be modelled in UML in principle?

2. Can something be modelled in base UML (i.e. UML without extensions)?

3. Can something be modelled in UML in a “better” way, seen from a pragmatic point of view, i.e. concerning
tod avail ahility, etc.?

4. Can something be modelled in UML in a better way with resped to the wnceptsin UML?

The answer to the first threequestions is probably a plain “yes’. If something can be modelled with certain con-
cepts (say in the framework of ROOM) then it can be modelled in UML by defining extensions (stereotypes) which
exactly exhibit the same behaviour as the original concepts. UML just serves as an implementation vehicle, in this
case. Concerning the semnd question, one may well assume that anything can be modelled with UML, given the
plethora (and vaguenesg of conceptsin UML. And, of course, avail ahility of tods will profit from the unification
process This contribution only deals with the fourth question, bath from a practical and theoretic point of view.

2. Software Requirements Spedfication

From an actual projed in the aerospace industry, three sample isaues are used to evaluate the Unified Modeling
Language for the requirements gedfication phase (seeappendix). The mnclusion from thisis as foll ows.

Appropriate models for spedfication have been used in the engineaing domain for quite some time (perhaps in
contrast to the domain of businessand administrative appli cations). It can not easily be seen how the Unified Mod-
eling Language would provide any fundamental improvement as compared to the aurrent modelli ng approaches.

! Prof. Dr. Theodor Tempelmeier, Fachbereich Informatik, Laboratory of Real-Time Systems, Fachhochschule,
Marienberger Str. 26, 83024 Rosenheim, Germany, phone +49-8031-805-510, fax -105 e-mail tt@extern.Irz-
muenchen.de, world wide web http://mwww.fh-rosenheim.de.

2 By the way, the @l for papers for this particular workshop seemsto be wrong in claiming that “software for
embedded systemsis mostly designed according to the mncepts of Structured Analysis.” It istruethat Structured
Analysisis very often used for describing and analysing(!) the software requirements, but using Structured
Analysisfor designisrather rare (only in Ellis: Objedifying Real-Time Systems, for instance).



3. Software Design

The role of a modélli ng language in the design phase may be manifold. The two most important roles are

« themodélli ng language is used as design language down to coding, i.e. the modelli ng language is also used for
“programming’”

« themodélli ng language is used for design and the programming language is used for coding

The probem with the first approach is that most modelling languages do not have semantics as predse as it is

necessary for programming. The problem with the semnd approach is that there may be a semantic discrepancy

between the modelling language and the programming language (the programming language is in ultimate

authority).

From the experienceof applying objed-based designs to embedded systems and from experience with various mod-

elli ng languages and tods (e.g. HOOD), the author takes the foll owing positi on.

«  “Programming” in the modélli ng language is neither practicable nor reasonable nor desirable.

»  The modelling language @n be and should be used for a “visualisation” of the design. This also implies that
the modelli ng languag resembles the design concepts within the programmning languag on a ore-to-one, or
“isomorphic” basis. (Naturaly, this is only valid if the programming language includes sound design con-
cepts, e.g. programming languages such as assembler are ruled out.)

Obvioudly, the Unified Modeling Language fits the ancepts of mainstream languages such as C++ or Java nicdy.
The author could accept UML for representing designs targeted to these languages, though not al concepts of
embedded systems development (outside C++ and Java) can perhaps be described adequately.

If other target languages are used, e.g. Ada for safety-critical systems, the situation is different. Ada has sound
design concepts (which are sometimes auperior to C++ or Java concepts) which sean to be without counterpart in
UML. This gives rise to the weird situation that the language for modelling a design is less powerful (in terms of
design concepts) than the programming language. The following three examples are given.

« Proteded oljeds. Proteded objeds are not supported by UML. The keyword “proteded” has a totally different
meaning to the C++ or to Ada95 programmer. What would be the meaning of a keyword “proteded” in UML?

« Hierarchical libraries. Hierarchical libraries can be realised by nesting, which causes ssme problems con-
cerning recompil ation, etc. Ada9d5 has a much smarter scheme for hierarchical libraries which avoids sich
problems. How are hierarchical libraries handled in UML? Even if semantics in UML were simply tied to the
library model of Java, one would still face the question of how to handle the generic hierarchical library units
of Ada95, asthere are no genericsin Java. Further, it would still be open how to distinguish nested hierarchies
from “smart” hierarchies.

« Abdract data types (in the meaning d a classwithou inheritance) as distinct from classes (with inheritance).
Adagd5 offers bath classes without and with inheritance (keyword “tagged”). There are good reasons for this
digtinction, for instancethat one sometimes wants to avoid certain aspeds of inheritance in safety-critical sys-
tems (seel SO/IEC), while there is no reason to refrain from using abstract data types. Suggestions to use the
Java concept of “final” classes for the purpose of this distinction may be acceptable, but this ems not to ke a
concept within base UML, version 1.3alpha

It is possble, of course, to enrich UML with spedal notes and comments to refled some additional concepts. Ad-
ditionally, tods may employ a variety of switchesto steg code generation in the desired way. But, thisis exactly a
repetition of the well-known situation with earlier notations and tods: The designer has in mind an exact idea of
his design (in terms of the @ncepts of the target language, say, Ada). He then has to understand the design nota-
tion (UML), its ssmantics (maybe defined in terms of another language, say, C++ or Java), and the dfeds of the
code generation switches of the tod (for instance about 50 switches for generating C++ classs in the Rational
Rose tod). And then, maybe, the designer will get the design (tail ored to his target language) he had exactly in
mind from the very beginning. Such a procedure his hardly acceptable in practice

As a conclusion, a one-to-one (or “isomorphic”) correspondence of design concepts in the modelli ng language and
in the programming language is required (if the programming language itself includes a set of adequate design
concepts as it is the ase with Ada). This requirement does not sean to be fulfill ed by the combination “Ada and
UML".



Appendix:
Excerpt with modificaions® from a presentation at the 24th IFAC/IFIP Workshop
on Red-Time Programming, Schlol3 Dagstuhl, Germany, May 30 - June 2, 1999

Aspeds of Flight Control Software - A Software Engineaing Point of View

Alfred RoR3kopf
DaimlerChryder Aerospace AG

Software Requirements Spedfication

Requirements for flight control law software are
usualy defined using control block diagrams, which
esentially describe blocks and data flows between
them. Each block represents a transformation of
input data to autput data. The detailed control law
computations are described in an algorithmic lan-
guage, eg. in FORTRAN. It is esentia that this
spedfication is exeautable, in order to validate the
control law design.

In a small case study the Unified Modeling Lan-
guage UML (Version 1.0) has been investigated with
resped to spedfying requirements for typical flight
control software. The results are presented here in
the form of three examples:
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» definition of control surfaces
» control law block diagrams
e definition of external interfaces

Definition o Control Sufaces.

The main outputs of a flight control system are
commands to the antrol surface actuators. There-
fore, a requirements gedfication for flight control
software would typically include a definition of these
control surfaces. A possble UML definition for this
isgiven in figure 1. A control surface ‘isa” primary
or a seondary surface (inheritance relation) and so
on. And a dedta-canard aircraft “has’ one rudcer,
four flaperons, and so on (aggregation or composi-
tion relation).

Primary Secondary
Control Control
Surface Surface
Delta-
\> Canard-
Aircraft
1 4 2 4 1 ‘z
Leading . Air Intake
Rudder Flaperon Foreplane Edge Slat Airbrake Cowl

Fig. 1: Control Surfaces of an Aircraft in Delta-Canard-Configuration (UML Diagram)

® Modifications are shown as foatnotes and are in the sole responsibility of the second author (T. Tempelmeier).



Figure 2 shows as an aternative a sketch of an least the same information asthe UML diagram. The
aircraft with the primary control surfaces emphasised authors would not consider it very helpful to re-
in white and the secndary ones in dark. It can be phrase such parts of the requirementsin UML.
seen that a simple figure is sufficient to convey at
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Fig. 2: Control Surfaces of an Aircraft in Delta-Canard-Configuration
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Figure 3: A block diagram of flight control laws according to (Kaul, 1992

Control Law Block Diagrams. would try to rephrase such diagrams in UML, the
As sid abowe, control block diagrams contain following dfficulties arose.
fundamental parts of the requirements for control » Obvioudy, the mntrol block diagram is not a

law software. Figure 3 shows an example. If one class diagram. Instead, the blocks constitute



multi ple instances of clases, eg. the “Filtering”
objeds. The ntrol block diagram thus must
rather be seen as an “objed diagram”. Whileit is
posshle to draw objed diagrams in UML, only
the asociation relation can meaningfull y be used
in this case. However, the assciation relation is
only aline drawn between redangles with almost
no semantic information. UML’s ohjed diagrams
are thus not a suitable alternative for control
block diagrams.

» Class diagrams do not help very much in this
case, either. They would reveal surprisingly littl e
information, for instancethat a notch filter “isa”
filter, etc. The mmplexity of the wntrol block
diagram lies in the functionality, i.e. in the @n-
tents of the block diagram elements and in their
interdependencies. In contrast, UML seems to be
more suitable for applications where the mm-
plexity lies in the dassrdationships, like in da-
tabase appli cations, for instance

* One ould try to (misjuse other diagrams of
UML, e.g. collaboration diagrams or activity dia-
grams, but the authors do not see any advantage
in doing so, as compared to using well estab-
lished control block diagrams.

4

Definition o External Interfaces.

Requirements for flight control software must in-
clude a definition of the ecternal interface of the
software, including the formats of the input and
output values. The authors consider Ada a good
choice for spedfying these formats and advocate its
use starting with the requirements definition. The
following examples repeat some of these probably
well -known features of Ada.

type switch_values is (neutral, on, off);
for switch_values use (neutral => 1,
on => 2, off => 4);

C_Small_180 : constant :=180.0* 2% ;
type T_Fixed_180 is delta C_Small_180
range -180.0 .. 180.0;
for T_Fixed_180 'small use C_Small_180 ;
for T_Fixed_180 'size use 16 ;

Such Ada definitions, firstly, have predse se-
mantics according to the language definition. Sec-
ondly, the use of the representation clauses (“for
...") dlows a predse format definition down to the

* Finally, use @se diagrams could be used. It is dill
unclear to the author, whether use @ses are just a
reaurrence of the once @ndemned functional de-
composition models such as Structured Analysis, or
whether they also contain some fundamental new
ideas (in UML version 1.3, eventually).

bit level. For instance the first definition ties the
switch values to their bit representations in say a
digital input or output register, the seaond definition
assciates fixed point values with the format of an
analog dgital converter, for instance Note the use of
adeltawhich is not a power of two in the latter case.
This represents a very common situation in practice

Most importantly, using such definitions in the
software requirements gedfication automatically
guarantees consistency between (this part of) the
requirements with the final code. The authors fed
this method to ke superior to rephrasing such re-
guirements in some formal notation, and then per-
form prodfs of consistency with the final Ada code.
On the other hand, usng UML would amost cer-
tainly be inferior, because there is no semantics and
not even a syntax for describing typesin UML?.

Software Design and I mplementation

In a research and technology projed of Daimler-
Chryser Aerospace an integrated process for the
development of control laws for complex aircraft
configurations has been investigated. As part of this
projed control laws for atypical fighter aircraft have
been implemented in Ada. The resulting software is
called COLAda (Control Law Softwarein Ada). In a
companion publication, various architedure and
design aspeds of COLAda ae reported (Rof3kopf,
1999. Here, the focus is on the foll owing three gen-
eral issles:

» using objed-oriented design techniques
» design for multi-procesor targets
» using finite state machines

Using Objed-Oriented Design Techniques.

In the design of COLADA objed-oriented tech-
niques have been used, where appropriate. Certain
control law dements, eg. filters, have been identi-
fied as candidates for objeds, and corresponding
abstract data types. (e.g. filter types) have been de-
fined. Several objeds of these types may be aeated
asrequired by the cntrol law appli cation-the objeds
arejust instances of abstract data types. The externa
behaviour of these objeds is defined by the opera-
tions aswociated with the abstract data type. Of
course al internal data ae encapsulated in the ob-
jeds.

Acoording to a certain terminology, the design
might be termed to be ohjed-based, as no type exten-

® A rudimentary type system and some other formal-
isations have been added to UML in version 1.1 with
the help of the so-call ed Objed Constraint Language
OCL, though.



sion (“inheritance’) is used. Thisisfor the foll owing

reasons.

* Full use of inheritance in particular polymor-
phism and dynamic binding (i.e. the use of class
wide types in Ada terminology), may cause ce-
tain problems in safety-critical systems (cf.
ISO/IEC, 1998.

* There is hardly a neal for using inheritance in
the mntext of this projed. The @ses where vari-
ants of certain objed types ocaur (e.g. first order
and second order filters) can easly be mvered
without inheritance
Though certain aspeds of flight control software

can be designed and implemented in an objed-

oriented way, and though the authors very strongly
favour such an approach, there must be a warning
against hypocrisy with resped to oljed-orientation:

The approach “everything is an objed” does not

seeam very helpful. Over-simplistic approacheslikein

Coad . a., where a case study of an ohed-oriented

auto-pil ot system is reported on, seem to be impracti-

cal for the implementation of real flight control soft-
ware. And, of course, normal arithmetic operations
and static typing are to be used in control law soft-
ware. Thisisin contrast to the phil osophy of radical
objed-oriented languages sich as SmallTalk and

Lisp, for instance which are mnsidered unsuitable to

real-time safety-critical systems.
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