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In real-time systems, the transformation from a set of requirements to the
implementation is a difficult process that is not covered well by existing
methods. All too often, guesswork is involved when determining system
constraints. The author proposes an approach based on extensions to the
Unified Modelling Language, and provides examples of how they can be used.

Systems

development - from
conception to delivery

Développement de systéeme - de la conception a la livraison

Dans les systémes en temps réel, la transformation d'un ensemble
d'exigences jusqu'a la mise en oeuvre est un processus difficile qui
n'est pas trés bien couvert par les méthodes existantes. Trop
souvent, la détermination des contraintes du systéme est un jeu
de devinette. L'auteur propose une approche basée sur des
extensions du Unified Modelling Language, et donne quelques
exemples sur la facon dont elles peuvent étre utilisées.
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ystem development is a tricky
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business. Systems are imple-

mented to meet the needs of

humans and humans, often
those who need to use it rather than
those who have to build it, conceive the
original description of what is required.
Computer systems do not just build
themselves based on a page of A4, or
even a 25cm stack of pages. Skilled engi-
neers have to take these requirements
and figure out how to build a system that
meets all the requirements including lev-
els of service such as maintainability and
reusability in a cost-effective, time-effi-
cient manner.

They need tools and techniques to
help them and in this article we revisit
the well-known concepts of analysis and
design, in the context of Unified Model-
ing Language (UML), object-orienta-
tion and real-time.

System development is the process of
taking a set of system requirements and
delivering a system that meets them. For
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Figure 1: Requirement architecture fragment
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Figure 2: Sequences for process containers and scan containers use-cases

the purposes of this article | won’t dwell
on the mystical source of these require-
ments, nor taking care of the system
once it is delivered.

So, how should we go about this awe-
some task? At the start of the process, a
set of requirements is provided (we don’t
need to know how exactly). The project
team then uses its skill and judgement to
write source code and draft hardware
layouts that describe a system able to
meet these requirements. Finally, a real
physical system is built from the code and
hardware layouts, which actually does
meet the requirements ... hopefully.

There are systems that are developed in
this way. But they tend to be small and are
often based on similar existing systems
and components. There are two main
reasons why this does not work for many
systems. First, as an approach it doesn’t
scale. There comes a point at which it is
no longer feasible to understand the re-
quirements and visualize the structure of
the solution in one’s head. Second, sys-
tems are becoming more dependent on
software. As there are very few existing
software components around, more of
the system has to be created afresh.

The most interesting bit of this process
is the middle part. In some way, a textual
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and maybe even verbal description of the
requirements is realized in a set of source
code and hardware specifications. In the
rest of this article, | will address the issue
of what we might put in the middle to
help achieve this miraculous transforma-
tion. Briefly, if a system is on a grander
scale than of old, and with a larger pro-
portion of software, then the system’s
builders should consider adding inter-
mediate processes. Detailed require-
ments, coming from the results of sys-
tems analysis, and a solution design, need
to be added to the development process.

I will use an example to help illustrate
the various ideas discussed in the paper.
This example is a simple process-control
problem. Our system contains a con-
veyor belt transport subsystem that moves
containers, in this case cans, through a
detector and scanner before moving
them off the line for storage. Each can is
identified by a bar code that is detected
at the beginning of the transport process.
The scanner unit scans the cans as they
travel on the conveyor. A robot routing
unit is told the ID of a defective unit so
that the can be removed from the con-
veyor belt and discarded. An operator
can monitor and operate the system from
a remote computer terminal.
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It is difficult to say exactly what form a
specification of requirement takes. Tra-
ditionally, it has been a textual list of
statements about what the system must
do and any operational constraints on
the way in which it has to do it. The most
important thing is that there is some
specification somewhere that we as engi-
neers can work from.

Here’s a small piece of the require-
ment, after some restructuring, that af-
fects the scanning of containers:

R3. The system must be capable of
scanning each can and detecting faults
in the cap-weld.

N8. Cans must be scanned for cracks
in the weld as small as 10um

N3. The system needs to process an
average of 30 cans per minute

One of the biggest causes of rework is
a poorly understood requirement or one
that has been omitted completely. Often,
these errors are not spotted until cus-
tomer acceptance and so can be very ex-
pensive to fix. This problem has led to
the idea of analyzing the requirements.
During analysis, the requirements docu-
ment is subjected to a pitiless examina-
tion of its flaws, holes and misrepresen-
tations in order to reconstruct a newer,
better specification that is self-consistent,
coherent and complete. This section
discusses an architecture for capturing
the results of analysis.

Given that initial statements of require-
ment come in many different forms, hav-
ing a single representation of require-
ments has enormous benefits. The sys-
tem’s sponsors can expect a consistent
look to what the engineering teams pre-
sent for validation. Engineers down-
stream can use a more formal specifica-
tion of requirements as the basis for
their designs.

Many of the models in the require-
ments architecture will be familiar as
UML? notations, particularly use cases
and statecharts. However, the concept of
system scope is not well addressed by the
UML, nor are system constraints, as de-
scribed here. The requirements archi-
tecture allows the analyst to capture the
details of scope, function and opera-
tional constraints in a set of interdepen-
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dent models, with a shared vocabulary.
The four models are:

System Scope. This defines the con-
text in which the system will operate. It
defines a vocabulary of actors and events
that represent the external environment
and communication with it. The system
is represented as a rectangle, which is
the source and sink of the various events.
Interface devices may be added to show
interactions with the environment in
greater detail.

System Modes identify any special
modes that the ‘whole’ system may be in,
and the external events, if any, that trig-
ger mode changes.

System Usage defines the functions or
services that the system provides to the
actors, in terms of use cases. Use cases are
often valid only in certain modes, such as
maintenance. They may supervise the
transition between modes, such as an
emergency shutdown, or exhibit mode-
dependent behaviours, such as training.

System Constraints define the levels of
service required. These levels of service
may be related to performance, robust-
ness, accuracy or other criteria. They are
related to use cases, and may be mea-
sured with respect to a specific opera-
tional scenario for a use case, using a
specific sequence of input events and
system responses.

The fragment of the requirements ar-
chitecture in figure 1 shows how the re-
quirements for the Waste System are rep-

Figure 4: An object
collaboration diagram -
part of the object
architecture
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Figure 3: Example class diagram for the waste processing application

resented. As we can see from the scope
diagram, the Container is an actor. It is
an external agent that is serviced by the
system and is, at an abstract level, a
source and sink of events. This may be all
that is required, but often it is useful to
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identify ‘interface devices’ that the sys-
tem uses in order to sense and manipu-
late the external environment.

The Process Container use case provides
the overall service of dealing with a con-
tainer from start to finish. Process Con-
tainer is associated with the overall perfor-
mance constraint governing the number of
containers to be processed every minute.
We note that the entire Process Container
use case is only valid in the Running mode.
Defective containers are deemed to be an
exceptional circumstance.

As a result, the Handle Defective Con-
tainer use case extends the basic use
case. The Scan Container use case is
‘used’ by Process Container as part of its
processing and has, in turn, an associ-
ated constraint about the accuracy of
fault detection.

Documenting use cases with a simple de-
scription is often sufficient, but if more
clarity is required, especially about the
order in which events occur, then a se-
guence diagram can be used to show
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Figure 5: System
architecture layout
for the waste system

more detail. The sequence diagram treats
the ‘system’ as a black box and shows its
interactions with the external environ-
ment rather than any internal interac-
tions between components of the system.

Sequence diagrams describe typical
usage scenarios. They are valuable analy-
sis tools that help to check requirements
with the sponsor and to specify accep-
tance tests for the finished system.

In figure 2, we see the main sequence
for Process Containers. It shows when the
subordinate use cases are active. In addi-
tion, the use case we are following, Scan
Containers, is shown in more detail with
the specific sequence of events and re-
sponses shown. As we shall see, sequence
diagrams form an important link between
the analyst and designer. The designer
will extend the sequences inside the sys-
tem interface, showing how the compo-
nents inside the system boundary collab-
orate to provide the required service.

Solution design

Having analyzed the requirements, con-
structed a set of requirements models,
and checked these with the user, we then
need to design the solution: the system
that meets the requirements. The most
important characteristic of an architec-
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ture that captures the solution is that it
should be capable of describing the
physical structure of the system. It needs
to be detailed to trace through to the ac-
tual system description languages, what-
ever they may be. On top of all this is the
need to support the visualization, com-
munication and analysis of the system
design, which lead to the requirement
for a rich meta-model with a common
graphical representation. UML provides
much of this today and the extensions
proposed in this article extend it for real-
time systems design.

Types and instances

Systems are built from things, or objects.
During the design process, engineers
look to reuse the same types of things
that they have used in the past, or create
new types of things that they can use in
this system, and potentially future sys-
tems. There is a whole industry dedi-
cated to producing different types of
hardware components and, in the fu-
ture, software components will be of-
fered in a similar fashion.

A class diagram, such as figure 3, is a
good example of the use of software
components. It defines the types of ob-
jects that we can use in the system.We
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could equally well have produced a dia-
gram that shows the hardware devices
that we might use.

In this example we can see that we
have types, or classes, of objects that can
be used when looking for objects to fulfil
system requirements. An object of type
Belt will convey information on contain-
ers to various pieces of Equipment on
the conveyor belt.

One type of equipment, a Scanner, will
manage a set of Frames that it will use to
analyze the containers for faults. This
will form a central role in implementing
our use case,

Scan Containers. Container objects
will track the containers being currently
scanned or routed.

Solution architecture
The Solution Architecture is tailored to-
wards the implementation of software in
object-oriented programming lan-
guages. However, taking an object-ori-
ented approach irrespective of the even-
tual software description language can
provide a better-structured, more main-
tainable design, with little overhead.
First, the Object Architecture de-
scribes a set of collaborating objects that
together assume the responsibility for
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meeting the system’s functional require-
ments. The objects are linked together
and use these links to send messages to
one another.

The example in figure 4 shows how
the requirement to scan containers is
met by the objects in the system. The
scanner object is told about an ap-
proaching container and starts to scan it,
building up a set of frames as it goes.
Once it has analyzed the frames, it up-
dates the current container based on its
findings and waits for the next.

The System Architecture describes the
physical elements of the system and how
they interact. Types are very importantin
this architecture because many systems
are built from existing types of physical
components, such as integrated circuits,
sensors, actuators and communications
devices. A specific system model is then
built from these types of component.
The extract in figure 5 shows the Plant
Controller subsystem, inside which are
three boards that handle 170, access to
the factory network and container pro-
cessing. They are connected to an inter-
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Figure 6: Concurrency diagram —
part of the software architecture

nal bus and the whole subsystem is con-
nected to the factory network.

The specific 1/0 connection to the in-
terface devices is shown to the level of
board interfaces. These interfaces have
features such as interrupt request (IRQ)
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numbers and 1/0 addresses that are
needed by the software engineers. The
devices and processing hardware used will
be determined by constraints on the sys-
tem. In the case of a scanner, those con-
straints will be the accuracy and through-
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Figure 7: How the system’s objects handle the task of scanning a container
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put requirements specified earlier.

The Software Architecture is used to
ensure that the functionality as defined
in the object architecture runs on the
system architecture with the required
levels of service for persistence, respon-
siveness, throughput and other criteria.
The most important aspect of the soft-
ware architecture is a concurrency
model that describes the threads or
tasks: the units of concurrent execution.
It also identifies the communications re-
quired between the threads in order to
share data and pass control. Note that
the threads and communications primi-
tives have types, or classes, just like any
other object. However, they are special
in that they represent separate execu-
tion threads and operating system re-
sources. As a result, they need special-
ized treatment in diagrams.

In the example fragment of figure 6,
we see the tasks that implement the scan-
ning of containers. One handles the re-
ception of frames from the scanner de-

vice; the other processes the frames to
identify any faults. Details of approach-
ing containers are sent using a queue.
The two tasks communicate using an
event flag (Get Next Frame) and a
shared object set (Frames), protected by
a semaphore to ensure mutual exclu-
sion. The results of the scan cause an
update to another shared object, Cur-
rentlyScannedContainer. Two tasks have
been introduced because incoming
frames need to be handled promptly or
some data may be lost. The processing of
that information may proceed at a
slightly more leisurely pace, subject to
the overall throughput requirements on
the original use case.

As we complete more and more of the
solution design, we can introduce more
and more detail into the sequence dia-
gram we started during requirements
analysis. This provides excellent trace-
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ability between the initial requirement
and the solution.

Many performance constraints are
specified for specific scenarios. By using
sequence diagrams to describe these sce-
narios and allocating time budgets to the
individual messages and operations we
can start to show how a constraint will be
met. Figure 7 looks at a particular sce-
nario of the Scan Container use case in
more depth. This fragment of a se-
guence diagram shows a lot more detail
about how the use case described in fig-
ure 2 is implemented by the system. We
can see that the Scanner object is told of
approaching containers and analyzes
them to assess faults.

As well as satisfying ourselves that we
know how the scanning function will be
implemented, we can analyze the pre-
dicted end-to-end time and compare it
to the constraint on Scan Container. In
this case, with a maximum of four
frames, the requirement to scan a con-
tainer in 2s can just be met.
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From the solution design it should be a
straightforward transformation into the
human-readable source that can be
turned into the system. Note that if the
fidelity of the design is great enough and
the design is complete enough, it should
not be necessary to have human-read-
able source for the system. However, as
things currently stand, software designs
are rarely this complete. Often, it is
faster to write certain parts of the source,
particularly code bodies, in the source
code language.

So, here we are at the end with a seem-
ingly less streamlined development lifecy-
cle but which eases the transformation
from requirements to implementation.
We have introduced a couple of addi-
tional stages, analysis and design. They
help us to bridge the semantic gap be-
tween what is required of a system and the
physical incarnation of the system itself.

Analysis is the process of examining
the requirements for consistency, coher-
ence and completeness. The aim is to re-
place those parts of the requirements
specification that govern scope, function
and constraints with a set of models that
describe these areas more accurately,
fully and clearly.

Design is the process of taking the re-
quirements and producing a system that
not only meets the requirements, but
also can be delivered on time and within
budget. Introducing these two extra ac-
tivities into the development process
eases the step from requirements to sys-
tem implementation. The notion of hav-
ing two separate architectures allows us
to fulfil two major aims:

Clearly communicate our under-
standing, as engineers, of the require-
ments to the user.

Describing the system design in a way
that can be translated readily into a sys-
tem implementation.

The challenge is to trace from the
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analysis to the design in a valid fashion.
Fortunately, the use of sequence dia-
grams and scenarios, provides us with an
excellent traceability mechanism, help-
ing to assure a much smoother path
from user requirements to system imple-
mentation.
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