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Abstract

In this paper an efficient requirements engineering approach that is speciaized towards the
domain of building automation systems is presented. This approach bases on the
application of object-orientation to handle complexity, reuse to gain efficiency and product
quality, and prototyping to enable validation early in the development process.

1 Introduction

The devel opment process of embedded real-time sys-
tems differs from that of other applications in many
ways. One difference is due to the small nhumber of
identical systems that are created. Especially in the
building automation domain a specific system is de-
livered only once. Another difference lies in the fact
that the life cycle of these systemsis relatively long.
Therefore, the development process needs to be very
efficient and traceability has to be established during
the whole life cycle, which includes development as
well as maintenance after installation.

A further property of building automation systems
that has to be dealt with during development is the
complexity that results from the integration of control
strategies for different physical effects, e.g. light and
temperature. This integration is required because of
the physical coupling of these effects. Additionally,
the complexity stems from the large number of ob-
jects that have to be regarded, e.g. sensors and actua
tors.

Inthis paper, we focus on thefirst phase of the de-
velopment process, the requirements engineering
phase. In this phase the often-vague needs of the cus-
tomer have to be transformed into formal system re-
quirements, which have to be consistent and
complete. Complete in this context means that there
are no needs that are not reflected in the system re-
quirements. To gain efficiency in performing this
step, the development process is specialized towards
aspecific domain. This specialization allowsusto de-
fine the process by describing the different process
partsand development productsin avery fine-grained
manner, and also provides the precise definition of
guidelines for each process part.

Our method for the requirements analysis process
relies on the application of three basic techniques: ob-
ject-orientation, reuse, and prototyping. Object-orien-
tation is employed to handle the large number of
objects. Reuse alows the reduction of effort mainly
by producing products of high quality, and is support-
ed by a precise definition of dependencies between
development products. Prototyping permits the early
validation of the system together with customers as
well as the verification of single development deci-
sions by devel opers. An efficient prototype creationis
established through prototype generation from mod-
els.

The specialization towards a specific domain, the
availability of reuse and the ability to do prototyping
leadsto an efficient requirements engineering process
that produces a formal, complete, and consistent de-
scription of the requirements of the system to be de-
veloped. The applicability of the method was
demonstrated in several case studies.

2 Definition of the M ethod

The description of a software development method
can be structured into the definition of severd interre-
lated aspects in a natural way. A suitable notation is
chosen for modelling each of these aspects. We have
described our method using the following models.

* Product Model: It describes the structure of and
the relations between all products that are pro-
duced during the development. We introduce the
notion of artifacts, that can roughly be identified
with development products. With regard to the
definition of the process model, artifacts are hier-
archically defined (Fig. 1). They are specialized
to atomic artifacts, called features, and more
complex artifacts, called configurations, which



are composed of less complex artifacts. The doc-
uments are specia configurations, on which the
developers work. In addition, the definition of
versioning for each artifact is part of this model.
The traceability between different artifactsis also
given. We have used UML class diagrams
[BJR9I9] to define the product model.
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Fig. 1: Product Classification

Process Model: The task of requirements engi-
neering is divided into several, less complex sub-
tasks, caled process steps. These process steps
work on documents and they are composed of
atomic activities, by which only one feature is
edited. This leads to a hierarchical definition of
the process model. The process steps imply
restrictions on the sequence of development
activities, because documents act as essential
inputs of process steps. Further, a single develop-
ment decision consists of the execution of a proc-
ess step with the application of certain criteria,
which can differ for different development
phases. During the requirements engineering
phase the overal criterion besides completeness
is the clarity of the individual development deci-
sion. The process model iswritten in an extension
of Petri nets[Bre92], which allows describing the
parallelism that arises during development.

« Strategy Model: This model describes, at which
point of the development a certain feature should
be edited. By defining such a strategy model, the
constraints, expressed in the process model, are
refined, which appropriately reduces the flexibil-
ity of the developers. There are two well known
styles of this limitation. One style is the strictly
defined phase model, where each process step
relates to a specific phase and the whole project
may only be in one phase at the same time. The
other is a workflow-oriented style, where the
process steps are assigned to workflows, which
can be executed simultaneously. To assess the
progress of development for the latter style,
coarse-grained phases are introduced. They cor-
relate to the workflows as they are finished, when
the largest amount of the work of the respective
workflow has been done. Because such a strategy
model is a refinement of the process model, the
notation is an extension of the notation used for
the process model.

e Project Environment Model: All additional
aspects that are relevant during the development
are described in this model. These are, for exam-
ple, the tools, especialy their interfaces, data
models for gathering development effort, or the
different persons and their roles.

To illustrate our method, an informal description of
the process model is shown in Fig. 2 together with the
most relevant documents. Furthermore, the assign-
ment of the process steps to workflows is shown.
However, the figure can only give an overview, be-
cause not al the products are depicted and the process
steps are shown at afixed level of abstraction.

The starting point of the requirement engineering
processisthe description of the problem that isdivid-
ed into needs and the building description. The needs
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Fig. 2: Overview of the Development Process



informally describe the requirements from the point
of view of the customer. They have to be split into
tasksthat collectively realize al needs. The main dif-
ference between tasks and needs is, that atask hasto
be assignable to one object type. These object types
form the structure of the system, described in object
structure, in which only astrict aggregation hierarchy
isalowed. The object structure is arefinement of the
building structure, which is part of the building de-
scription. After these two process steps, the object
types and their main tasks have been dlicited. In the
next process step these object types have to be de-
scribed in a more detailed manner by defining how
the tasks should be solved. This informal description
includes the structure and the behavior of the respec-
tive object type. Then, each object type has to be
transformed into aformal specification. We have cho-
sen SDL [OFM97] as the specification language,
where the structure is represented by a block hierar-
chy and the behavior is expressed by extended finite
state machines. Besides a possibility to inspect each
document for the verification of a process step, we
have to develop test cases, against which a prototype
of the SDL models is tested (see Section 4). Further,
this prototype is helpful in checking the system be-
havior together with the customer.

To be able to generate prototypes in early devel-
opment phases requires executing process steps that
in other development methods can be regarded as
only belonging to subsequent phases. Wewill execute
these process steps in later phases again, but as men-
tioned before, with the application of different crite-
ria. As an example, we determine the structure of the
system in the requirements engineering phase by us-
ing the aspects of clarity and simplicity. The output of
this process step is a structure model, which hasto be
restructured in the design phase by taking a desired
distribution of the system into account.

Taking these considerations into account, at the
end of the requirements engineering phase, its output
product can be regarded as the system requirements
as well as afirst version of the output of the design
phase. But at this point of development, no specific
design decisions have influenced the respective prod-
uct.

We want to support each process step, or—in
more detail—each activity by introducing reuse. Dif-
ferent kinds of reuse and some considerations on the
gain of effort that is achieved through reuse are men-
tioned in the following section.

3 Reuse

Reuse is an important technique to get high quality
products in short time. However, not every artifact
that seems to be a suitable candidate for reuse, reduc-
esthe development time. Even if the application of re-

usewould lead to artifacts of higher quality, the effort
to adapt asingle artifact can be greater than the effort
to develop it from scratch with the samelevel of qual-
ity. Concerning the whole project, this implies that
the application of reuse, might not lead to again of ef-
fort in every case.

To evauate if reuse leads to benefits, we need to
gather experience with reuse. Therefore, we alow ac-
cessto dl products that were developed in earlier pro-
cesses. Thisis called external reuse. The granularity
of these reuse artifacts ranges from the small features
up to complex configurationslike the system require-
ments. All reuse artifacts are accessible viaaso called
dictionary, which allows searching for artifacts by us-
ing the intuitive structure of the underlying building
model. Further, all the domain knowledge that was
not packaged in areusable artifact, residesin the dic-
tionary.

Because reuse naturally appears within acomplex
project, the reuse of artifacts, which are developed in
the respective project should be supported. This sec-
ond kind of reuse is known asinternal reuse.

In evaluating the benefits of reuse, afirst stepisto
determine the effect of reuse on the whole project. Af-
ter aproject has finished, this can be done by quanti-
fying the gain of productivity that was caused by
reuse only. For that we have adapted a metric, given
in [FrT96], to measure the relative productivity P g ,
which is specified in relation to the productivity of a
project without reuse and regards the internal as well
as the externa reuse. P,y isgiven by 1/E . As
suming that the absolute devel opment effort of an ar-
tifact correlates to its complexity, E, can be
computed by the weighted average

_ 1
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where K, defines the complexity of artifact a, and
E g o istherelative development effort of artifact a,
which is determined in relation to the effort without
reuse.

The complexities are recursively defined accord-
ing to the construction of the products. So, after the
complexities for the features have been determined,
the complexities for the more complex products can
be calculated. Asan example, the complexity of anin-
formal description of atask iswithin the range from 0
to 5. Then, the complexity of theinformal description
of one object type is computed by the sum of all its
tasks. The complexity of the respective SDL specifi-
cation of object type ot isgiven by

SDL — 1. kinf
Ker- = 3-Kgi' +n,

where Kggf isthe complexity of theinformal descrip-
tion and n isthe number of components of the object



type.

For therelativeeffort E , for artifact a, weuse
aformula, in which R, specifies what amount of ar-
tifact a is developed with reuse, and E o isthe
relative effort of thereuse activitiesfor integrating the
reusable artifacts into artifact a:

E =Ry Egin T (1-Ry - 1.

rel,a

The relative integration cost E g j; is computed
by the relation between the adaption effort Eadapt and
the creation effort E_:

Erel,int = Eadapt/Ecre'

If areuse operation was performed, the measured
adaption effort and the estimated creation effort have
to be used, and vice versa.

To increase the confidence in the formulas, the
following example shows their application. We as-
sume that we have three object types A, B, and C (see
Fig. 3), which make up the whole system and act as
artifacts in the formulas.

N Ra =05 KL= 8
B Ry = 025 KPL =6
C: Rc=05 K- =4

Fig. 3: Example of three object types

For the shaded fraction of object type A, we as-
sume areuse operation with E o ;, = 0.5. Therela-
tive effort for the remaining fraction is 1, because no
reuse is applied. The relative cost for A is computed
by using the given fraction R, to Erga = 0.75. To
compute the relative productivity of the whole
project, we further assume that E 4z = 05 and
Ergc = 02 Taken the given complexities into ac-
count, the relative project cost can be computed and
thus the relative productivity caused by reuse only is
1.83.

An open guestion is how to precisely estimate the
values for the correct prediction, if a particular reuse
operation leads to abenefit or not. Thisiswherereuse
of earlier reuse results can help to make such estima-
tions.

4 Prototyping

In addition to the application of reuse, prototyping,
when applied during requirements analysis, exposes
several benefits. First, it allows verification through
testing by the system engineer. Second, and moreim-
portant, it provides an early validation of the system
by the customer. This reduces misunderstandings and

errors and thereupon leads to higher product quality.

To benefit from prototyping in the context of an
efficient development process, the construction of
prototypes must be possible with little effort. In our
approach this requirement is realized by generating
prototypes from models, which additionally guaran-
tees consistency between the models and the proto-
types. To alow prototyping as early as possible,
incomplete models that are predominant until late in
the requirements analysis phase must suffice as input
for prototype generation. This problem is solved by
initially partitioning the incomplete model into model
partitions. Then, missing or incomplete model parti-
tions are replaced by stubs that can be derived from
models of ahigher level of abstraction, e.g. the object
structure. Finally, al model partitions are composed
to asingle model from which a prototype can be gen-
erated.

Because a building automation system and the
controlled environment are tightly coupled, prototyp-
ing of such a system can produce reasonable results
only if the prototype and the environment are inter-
linked. The environment can be realized by building
simulators, the physical building, or a mixture of
both. Simulators offer a greater flexibility over the
physical environment because they can easily be
modified and are independent of external influences,
liketime of day or weather. Furthermore, they remain
the only choice as long as the physical installation
does not exist. As the development proceeds, proto-
typing within the physical building becomes neces-
sary, because certain properties of the system cannot
be evaluated using simulators. A good example is
lighting control, asit isdifficult—if not impossible—
to decide on a correct comfort lighting level by the
mere reading of a value like 100 Lux. To allow the
flexible and effortless interlinking of prototypes and
the different realizations of the environment that are
depicted above, standardized interfaces are estab-
lished.

Currently, we support prototype generation from
SDL-modelsusing Telelogic' sSDT C-code generator
[Sta01]. Depending on the purpose of prototyping, the
developer can choose from target platforms ranging
from large scale workstations running UNIX or Win-
dows to small embedded PCs running QNX
[QNXO01]. During generation, the SDL-models are
augmented with SDL -fragments and C-code that real -
ize the interface to the environment on the basis of
TCP/IP sockets [Rag93]. Additionally, interchange-
able Java components are used for adapting to differ-
ent prototype and environment configurations
[Met99].

Fig. 4 shows how the above concepts are refl ected
in our prototyping environment. This environment
can further be used to produce traces that contain the
propagation of signals, the expiration of timers, the
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invocation of methods, and the interaction with the
environment. The system’s dynamic behavior can au-
tomatically be analyzed using these traces [QST99]
leading to results that can either provide feedback for
requirements analysis or support development deci-
sions during system design.

In addition to providing data for design decisions,
our prototyping technique can be extended to the de-
sign phase, where distributed prototypes become nec-
essary for verification and validation. As model
partitioning is already available, a distributed proto-
type can be created by the composition of prototype
partitions that in turn can be generated from model
partitions.

5 Case Study

In this section, we want to present one case study in
detail. It was performed by ateam of seven develop-
ers and one team leader, who acted as a developer,
too. Thiscasestudy, denoted as CS3/2[QuZ99], isthe
successor of the baseline CS3/1 [FMQ99]. In CS3/1,
the assignment was to develop alighting control sys-
tem for afloor of abuilding a the University of Kai-
serslautern. This floor, which is separated into three
sections, consists of 25 rooms of different types,
which are connected by ahallway (Fig. 5). For CS3/2
the problem was extended by adding a heating control
component, which resulted in some conflicts concern-
ing actuators that need to be controlled by both heat-

ing and lighting control components. Further, explicit
reuse was introduced and the process was improved
by utilizing the experience of former projects.

0435 v
0433
0431 cL426 2
0429 ‘\Q ':Ei
0424
m427
4 CL422
0425 h
P420
i ~
0423
| W
o421 CL418 ?
2
o
=1
0419 & oa16 3
0417
0414
0415 \
0412 §
/a3 e 1
I [’
i
s
[ i
AR
o S
I cLa11 | 2| ctawo | @
[ |
1 A 1
! ]
1 a4 1
n¥al
sty

Fig. 5: Floor Plan

The description of the problem for CS3/2 consist-
ed of 68 different needs and a description of the build-
ing, which includes the installation of sensors and
actuators. To get an impression, atypical need is de-
picted:

“ Shortly before a persons enters a hallway sec-
tion, the light should be turned on, if neccessary.”

All needs were split into 126 different tasks,
which were assigned to 37 object types, which were
instantiated to 920 instances.

The total effort was 26,000 minutes, which is
equivalent to approximately ten man weeks. AsFig. 6
shows, the most effort was spent on the formal speci-
fication, which is the transformation from the infor-
mal object type description to SDL models. The
checking of the products was done by inspection and
prototyping. The effort of approximately ten minutes
for generating each prototype isincluded in the effort
of theworkflow Checking as well asthe devel opment
of 42 test cases. A link to al development products
can be found at:

http: //mwwagz.informatik.uni-kl.de/projects.
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Besides the development effort, the number of er-
rors, the phase of occurrence, which is closely related
to the time of occurrence, and the effort to remove an
error are characteristic properties of a project and its
development method. The distribution of errors and
the removal effort relating to the different phases is
shownin Fig 7.
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Fig. 7: Distribution of Errors and their
Removal Effort

To determine the productivity, the project results
were set in relation to the predecessor project CS3/1.
Besides the development effort, the range of somein-
teresting values for one type of artifacts, the SDL ob-
ject types, are shown in Table 1.

We have computed arelative productivity of 1.94,
where the introduction of reuse caused a factor of
1.22. The difference between these two values is
caused by an improvement of the process in addition
to theintroduction of reuse. Thisproductivity of reuse
issmaller than that what can be expected from litera
ture that evaluates the gain of effort caused by reuse
(e.g. [FrT96] and [McC97]). Therefore, subsequent
and precise inspections of the particular reuse opera-
tions are necessary.

Further, a correlation between the estimated com-
plexity and the development effort of the artifacts has
been shown. The correlation factor, computed ac-
cording to Bravais Pearson, is 0.87.

CSs3/1 CS3/2
number of object types 25 37
total complexity [units] 688 1826
total effort [min] 19000 26000
effort per complexity unit 27.6 14.2
total relative productivity 1 1.94
Prel
range of complexity K
[units] a 6..58 9.114
range of relative effort per
artifact E,g , 1] 044.135
relative productivity P
caused by reuse re 1 1.22

Table 1: Summary CS3/1 and CS3/2

The resulting requirements specification of the
control system was used in a subsequent design step
and a distributed prototype was installed in the phys-
ical building [Met01] to support this development

step.
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