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THE PRAGMA PROCESS

The PRAGMA process is a technique for developing systems and software for real-time
embedded applications. This first draft document limits itself to software-only
development.
The core aspects of PRAGMA are that:
•
•
•
•
•
•

It is primarily intended for developing real-time embedded systems.
It is applicable to a wide range of system structures.
The overall approach is essentially a system-oriented top-down one but has
sufficient flexibility to also handle bottom-up and middle-out activities.
Its individual stages form an integrated structure (note: not 'seamless').
There is a clear traceable path through the individual stages, from requirements to
source code.
Performance modelling, evaluation and analysis are an integral (though optional)
part of the process.
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1. Developing software for real-time embedded systems - the good, the bad and
the ugly.
Before discussing in detail yet another software process (or YASP for buzzword collectors), we
need to ask "why bother?". Why bother to burden ourselves with methods which may result in
massive amounts of paperwork, consume resources, take up time and get in the way of what we
really want to do: cut the code? Well, if this is what you truly feel, then you're probably
developing embedded software using the 'guru process' of figure 1.

Figure 1 Developing software for real-time systems - the software guru at work
Does this process work (after all, enough people are doing it)? The answer is both yes and no.
Where a job is small enough to be handled by an individual who has a deep understanding of
both software and systems aspects - and who really is proficient - then yes. Provided the
designer stays with the company then software maintenance isn't something to worry about; the
original designer is always on tap. This is the good end of the good-bad-ugly scale! But what
happens if our developer has only a passing acquaintance with software engineering design
principles? What if his programming skills are 'suspect'? What if his documentation is
impenetrable to others? In this case the quality of the design is sliding down the scale towards
the ugly region. Now consider what happens if:
•
•
•

He leaves the company at short notice and
Is replaced by a relatively inexperienced programmer and
A major update of the product is called for.

It is almost guaranteed that within a relatively short time we'll be into ugly territory.
The scope and size of embedded software has increased rapidly in recent years. As a result
even the smallest companies need more than the lone programmer to develop their software;
team working is the norm, not the exception. And this raises a whole new set of problems,
mainly related to:
•
•
•
•
•

Clear and consistent understanding of design requirements by all members of the team.
Communication between team members.
Integration and integration testing of individually-developed pieces of software.
Debugging of these more complex and larger systems.
Project management and control.
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If you don't handle these issues properly then you're project has a very good chance of falling
into the ugly category (even if the individual developers are bright, talented and hard-working).
If you're cynical you may feel we're trying to sell an idea using the good old FUD (fear,
uncertainty, doubt) approach. Are these tales merely the software equivalent of the 'urban' myth?
Regretfully, no. Believe us; we meet these problems with depressing regularity in our training
and consultancy work. And in many cases people have genuinely tried to improve things by
adopting new ideas and design techniques (e.g. OO, component-based design, design patterns,
model driven architecture, agile programming, UML, etc.) but have failed miserably. Numerous
projects, put together with these cutting edge ideas, still fail. Why? Our experience has shown
that the following factors are present in many (if not most) problem projects:
•
•
•
•
•
•
•

Oversold techniques.
Inappropriate techniques.
Lack of rigour in the design process (often a combination of muddle and magic).
Lack of visibility of the design (at best composed of a disjointed set of diagrams).
Inability to translate requirements into deliverables (what comes out isn't quite what was
wanted in the first place).
Divergent views amongst the development team of the project content, requirements,
progress and functions.
Inadequate project management and control.

What is missing in so many projects are ideas, methods and methodologies (processes) based on
sound engineering principles.
Method: a way of doing something.
Methodology or process: a series of stages in manufacture or some other operation.

2. The foundations of good software design processes.
There is no such thing as the best way of designing and developing products (although many
software processes claim this honour). Across the engineering industries - ranging from
aerospace to mining via agriculture - many good, effective and workable processes are in use.
When you look at these two things stand out. First, they have generally evolved to best meet the
needs of individual industries (and even individual companies within specific industries).
Second, the underlying principles are essentially the same, as depicted in figure 2.

Figure 2 Developing products - from problem to solution
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What we have here is a practical realistic engineering design and development process.
Irrespective of how the user states his requirements, our first need (and the operative word is
need) is to work out exactly what he wants; that is, what precisely is the problem. This step
forms the analysis stage of the project (using analysis in its English sense: to carry out a detailed
examination of the user problem or requirements). Only when we understand what is needed can
we decide how to satisfy these needs. The 'what' forms the content of our design specifications,
the design objectives.
Knowing what is wanted, we can set about finding the best way to meet these objectives. That
is the essential purpose of the design stage of the overall process. Our conclusions, formalized as
a set of build specifications, define how the client's requirements can be met.
The third (and final) major stage is the build the product in accordance with the build
specifications. Decisions made here are entirely concerned with the build process itself, relating
to issues such as raw materials, construction techniques, tools, etc.
Observe that the design and development process is essentially visible, traceable and rigorous
(well defined and measurable). As a result there's a pretty good chance that the actual product
will be what the client wants. So, taking this as our reference process model, how can we apply
these ideas to software development? In particular, how can we employ it for the development
of real-time embedded systems (RTESs)? It is, in fact, relatively straightforward to use it to
describe a very high-level view of the RTES development process, figure 3.

Figure 3 A general RTES development process - from problem to solution
This is (or should be) self-explanatory.
Two important points should be mentioned at this point: the independence of the work steps
and their interactions. As shown so far, the stages are essentially independent, having inputs and
producing outputs relating only to those inputs. However, in reality, there is often (usually?)
interdependence. For example, a specific requirement may act as a constraint on the design or
even the build choices. Likewise, the build specifications may include constraints on the build
processes. Similarly, our ability to build products will limit our design choices (though we have
met designs that were impossible to build).
What we have here is a framework which forms the basis of the PRAGMA process for
developing real-time systems.
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3. Introduction to the PRAGMA development process.
3.1 Overview.
The PRAGMA process applies to the analysis and design phases of work (figure 4), but does not
include build activities.

Figure 4 The basics of the PRAGMA real-time development process
The overall analysis process consists of:
•
•
•

First understanding (evaluating) what the client wants.
Second, describing these requirements in a way that makes sense to both you and the client
and
Third, specifying what the software must do to meet the client's requirements.

These three work steps are both highly interactive and iterative, and not a once-through activity.
Moreover, the work may extend beyond pure analysis; generating the design specifications may
involve making design decisions. For example, the client may ask that an operator should be
able to carry out a specific set of tests. We may refine this by deciding on an ordering and
arrangement of the tests which simplify the design and build processes.
The overall design process is a two-stage one. First a design is produced which, in an ideal
world, would satisfy the design specifications. Second, this is converted into a design which can
actually be built, the output being the build specifications. The reason for taking a two-step
4
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approach is to minimize the complexity of the initial design work. Initial design, without a
doubt, is the most difficult, challenging and demanding part of the complete process. But to
simultaneously take into account the practicalities of the development (e.g. processor and tasking
structures, networks, concurrency aspects, etc.) significantly raises the complexity level. Of
course, by separating the work we may well produce an initial design which can't (or can't easily)
be implemented. Problems like this will surface during the second stage, leading to a revision of
the ideal design. In practice we may iterate around this ideal-practical design loop a number of
times to get a good practical design.
The PRAGMA process, when applied to a software-only development, has the extent shown in
figure 5.

Figure 5 The extent of the PRAGMA process - software development only
Observe that the output from the analysis phase forms the software design specifications. The
result of carrying out software design is the set of specifications defining how the software
should be built and (where appropriate) deployed.

3.2 The analysis phase of PRAGMA.
The major work steps carried out in the analysis phase are shown in figure 6. That carried out in
order to understand what the client wants or needs does not in itself result in 'formal'
documentation. It is very much a broad-based activity, involving amongst others:
•
•
•
•
•
•

Discussions with clients.
Discussions with users (not necessarily the same as clients).
Assessment of technical issues.
Elicitation of full(er) system information.
Full high-level (outline) analysis of system requirements.
Collation and recording of all material.

The objective of this work is to establish clearly:
• Who uses the system, why they use it, how they use it and when they use it.
• What is and isn't part of the system being handled by the developer (boundary and scope).
• What goes into the system, what comes out of the system and what should happen in between
these events.
• What hardware and real-world devices form part of the system.
• What other systems, including software systems, interface to the one being developed.
• All interface requirements.
5
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This information is then defined formally, describing system usage, scope, behaviour and
interactions. Each description is presented in an appropriate model:
•
•
•
•

System usage - the use case model.
System scope - the system scope model.
System behaviour - the system dynamic model.
User interactions - the system interaction model.

Figure 6 The analysis phases of the PRAGMA process - major steps
We can now specify what we want from our software, using information from the system
interaction and scope models. The resulting specification, formalized in the software use case
model, is the defining document for the work of the software design phase.
3.3 The design phase of PRAGMA.
An overview of the design phase is given in figure 7.

6
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Figure 7 The design phase of the PRAGMA process - major steps
The first significant activity, that of developing an ideal model, involves two major work stages.
First comes the development of a high-level (or large-grained) design; this is then refined to
generate a detailed, fine-grained design. For multiprocessor designs it is necessary to allocate
the software components to specific processors; this is the function of the partitioning stage.
Following this is the development of a practical software design. The first action here respecifies the ideal design as a set of concurrent and non-concurrent objects, a transformation
process. The result, the specification object model, is then mapped into a practical real-time
structure based on tasks, threads or processes (depending on implementation details).
As a parallel activity, the code structure (or static model) of the design can be derived using
information from the specification object model.

3.4 An overview of the complete PRAGMA process.
For quick reference, and to give a concise overview of the PRAGMA technique, the complete
process is outlined in figure 8.

7
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Figure 8 An overview of the PRAGMA development process

4. The models of the PRAGMA development process.
4.1 The system use case model.
Figure 9 shows the components of the use case model. At this point our primary objective is to
identify and describe, at a general level, all aspects of system usage.

Figure 9 PRAGMA - the use case model
8
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This we do using a standard use case diagram augmented with 'first-cut' text information.

4.2 The system scope model.
The purpose of the system scope model (figure 10) is to define, at a very high level, the:
•
•
•
•

Users (actors) of the system.
The devices (entities) contained within the system.
The inter-relationship between these devices and the software itself.
All messaging between the software and the devices.

Figure 10 PRAGMA - the system scope model
Observe that the last three items are depicted using a context diagram, this forming part of the
system scope diagram.

4.3 The system interaction model.
System interactions are modelled rigorously using a system sequence diagram, figure 11. To
produces this, the text of the system use case model is first elaborated and extended in a

9
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structured form. It is then expressed using sequence diagram notation, thus clearly and
unambiguously defining all actor-system interactions.

Figure 11 PRAGMA - the system interaction model
Note that each use case will have its own sequence diagram description. In systems having few
interactions it may be possible to shown these on just one diagram; more generally sets of
diagrams will be needed.

4.4 The system dynamic model.
The system dynamic model defines the (required) behaviour of the system taken as whole. It is
depicted using a system state diagram, figure 12.

10
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Figure 12 PRAGMA - the system dynamic model
In simple terms it describes how the system reacts in response to external stimuli (which may
come from humans or other systems). The diagram is generated directly from the system
interaction diagram, taking into account required behavioural aspects of the design.

4.5 The software use case model.
The software use case model is employed to specify the software requirements of system being
developed. It consists of two diagrams, a scope sequence diagram, figure 13, and a context
sequence diagram, figure 14.

Figure 13 PRAGMA - the scope sequence diagram

Figure 14 PRAGMA - the context sequence diagram
The scope sequence diagram defines all interactions between the actors and the system software
via the real-world devices. It is using information from both the system use case and scope
models. The context sequence is produced by removing all actor interactions from the scope
sequence diagram. Thus it is a reduced (simplified) version of this diagram, yet fully describes
11
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the required behaviour of the software. The advantage of doing this is that it removes any need
for software developers to concern themselves with details of user interactions, etc.

4.6 The subsystem model.
The subsystem model is used to define a high-level large-grained ideal software design, based on
collaborating logical subsystems. A number of diagrams are used to specify this model, these
being (figure 15) the:
•
•
•
•

Subsystem diagram.
Subsystem sequence diagram.
Subsystem communication (collaboration) diagram.
Subsystem state diagram.

Figure 15 PRAGMA - the subsystem model
(a) The subsystem diagram.
The subsystem diagram, figure 16, describes the static structure of the system as a set of
interconnected logical subsystems, together with their connections to external devices. Note that
the system itself is denoted using a package symbol.
In many cases logical subsystems can be implemented at code level by individual compilable
component. However, in multiprocessor/multicomputer environments, the functionality of
subsystems may span a number of processors. In such it isn't possible to implement such
distributed subsystems using an individual compilable component cases (when using standard
programming languages such as C, C++, Java and Ada).

12
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Figure 16 PRAGMA - the subsystem diagram
(b) The subsystem sequence diagram.
All interactions between subsystems, and between subsystems and external devices, are
modelled on the subsystem sequence diagram (figure 17).

Figure 17 PRAGMA - the subsystem sequence diagram
Note that the software system of the context sequence diagram becomes the software boundary
in this diagram.
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(c) The subsystem communication (collaboration) diagram.
All collaborations between subsystems and between subsystems and external devices are
collected together in a single communication (or collaboration) diagram, figure 18. This
provides a clear view of both the structure of the system and all messaging which takes place.

Figure 18 PRAGMA - the subsystem communication (collaboration) diagram
(d) The subsystem state diagram.
Where subsystems have significant dynamical behaviour (almost always the case in real-time
embedded systems), these are modelled using state diagrams, figure 19. Each subsystem has its
own state diagram.

Figure 19 PRAGMA - the subsystem state diagram (one per subsystem)
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4.7 The ideal object model.
The ideal object model is used to define a detailed fine-grained ideal software design, based on
collaborating objects. A number of diagrams are used to specify this model, these being (figure
20) the:
•
•
•
•

Object diagram.
Object sequence diagram.
Object communication (collaboration) diagram.
Object state diagram.

It is, in effect, a 'concrete' version of the subsystem model in that it specifies the actual objects of
the system.

Figure 20 PRAGMA - the ideal object model
(a) The object diagram.
The object diagram, figure 21, describes the static structure of the system as a set of
interconnected software objects. Here it has been extended to show:

15
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Figure 21 PRAGMA - the ideal model object diagram
•
•
•

The system external devices and their connections to the various objects.
The location of objects within subsystems.
The system boundary.

Using standard UML notation for this structure results in the diagram of figure 22.

Figure 22 PRAGMA - the ideal model basic object diagram
(b) The object sequence diagram.
All interactions between objects, and between objects and external devices, are modelled on the
object sequence diagram, figure 23.

Figure 23 PRAGMA - the ideal model object sequence diagram
You will see that the basic sequence diagram notation has been extended to show clearly the
subsystem boundaries. From a practical perspective it may be easier to model the object-level
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interactions on a subsystem by subsystem basis (though this will depend on the complexity of the
design).
(c) The object communication (collaboration) diagram.
All collaborations between objects are collected together in a single object communication (or
collaboration) diagram, figure 24. This provides a clear view of both the structure of the system
and all messaging which takes place.

Figure 24 PRAGMA - the ideal model object communication (collaboration) diagram
In this simple example, all objects are shown on the one diagram. In very complex systems it
may be necessary to show this information on a subsystem by subsystem basis.
(d) The object state diagram.
Where objects have significant dynamical behaviour (usually the case for the larger, composite
objects), these are modelled using state diagrams, figure 25. Each object has, where required, its
own state diagram.

17
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Figure 25 PRAGMA - the ideal model object state diagram

4.8 The partitioned object model.
This work only needs to be carried out in multiprocessor/multicomputer designs which are
connected using explicit communications links (e.g. backplane buses, serial point-to-point links,
wireless LAN, etc.). Decisions have to be made as to where to place the objects of the ideal
design within the processor structure; that is, where they should be located. The partitioning of
the software onto the processor structure is shown using an object-to-processor mapping
diagram, figure 26. It is, in fact, a two-stage process. Stage 1 shows the initial allocation of
objects onto the various processors (figure 26(a)). Stage 2 adds in explicit communications
objects to support inter-processor messaging (note that if communications infrastructure
technologies such as OPC or CORBA are to be used, communications objects are provided
implicitly).

Figure 26 PRAGMA - the object-to-processor mapping diagram

4.9 The specification object model.
The primary purpose of the specification object model is to re-specify the ideal object model in
terms of concurrent and non-concurrent objects. Its secondary purpose is to describe the
functional (algorithmic processing) carried out by the various objects. Thus it is concerned with
structure, behaviour and function, as defined in figure 27. The diagrams used in this model
include updated versions of those developed for the ideal model, together with that defining
object processing. The complete set comprises:

18
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•
•
•
•
•

Object diagram.
Object sequence diagram.
Object communication (collaboration) diagram.
Object state diagram.
Activity diagram.

Figure 27 PRAGMA - the specification object model
(a) The object diagram.
The object diagram, figure 28 (derived from figures 21 and 22), describes the static structure of
the system as a set of interconnected software objects. However, now all objects are denoted as
being active (concurrent) or passive (non-current). Two forms of this diagram are shown. The
first, giving a broader view of the structure, contains much more (and useful) information than
the basic plain vanilla UML diagram.
(b) The object sequence diagram.
All interactions between objects, and between objects and external devices, are modelled on the
object sequence diagram, figure 29. This is essentially the same as figure 23, but now composed
of active and passive objects. Minor changes relating to passive object messaging may be made
at this stage (but the choice is the designer's).
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Figure 28 PRAGMA - the specification model object diagram

Figure 29 PRAGMA - the specification model object sequence diagram
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(c) The object communication (collaboration) diagram.
This, figure 30, is an updated version of figure 24. Once again, two versions of the diagram are
shown.

21
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Figure 30 PRAGMA - the specification model object communication (collaboration) diagram
It can be very useful to produce a set of processor-specific diagrams at this stage, as with figure
31.

Figure 31 PRAGMA - the specification model processor-specific object communication
(collaboration) diagram
(d) The object state diagram.
The object state diagram produced here (figure 32) is likely, in most cases, to be identical to that
of figure 25. In some cases changes may be made as a result of revised object interactions.

Figure 32 PRAGMA - the specification model object state diagram

(e) The object activity diagram.

22

© Lindentree/Feabhas

The PRAGMA development process - first draft for comment
In the PRAGMA process the processing carried out by objects is defined using activity diagrams,
as shown in figure 33.

Figure 33 PRAGMA - the specification model object activity diagram

4.9 The static structure model.
Here the static structure model defines of two major aspects of the design: the logical and
physical structures, figure 34. This is specified using the following diagrams:
•
•
•
•

Class.
Class packaging.
Components and
Deployment.

23
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Figure 34 PRAGMA - the static structure model
(a) The class diagram.
The class diagram, figure 35, is produced by:
(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

Listing all objects in the specification model.
Defining the attributes of these objects.
Defining operations based on the messaging of the communication (collaboration) diagram.
Categorizing the objects into appropriate classes.
Connecting classes together (forming associations) using link data from the object model.
Adding multiplicity information to the associations.
Refining the class model to use inheritance as appropriate.

Figure 35 PRAGMA - the static structure model class diagram
(b) Class packaging diagram.

24
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Before going to code, it is important to decide how the classes should be grouped together. This
is done using the class packaging diagram, figure 36.

Figure 36 PRAGMA - the static structure model class packaging diagram
(c) Component diagrams.
The purpose of component diagrams is to show the structure of the code of the system.
This includes both the software components themselves and their dependencies. The
basic software component types are:
•
•
•

Source code files.
Binary code files.
Executable (.exe-type) files.

Figure 37 is representative of a source code component diagram.
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Figure 37 PRAGMA - the static structure model component diagram
(d) The deployment diagram.
Deployment diagrams are used to model the physical aspects of systems, as in figure 38.

Figure 38 PRAGMA - the deployment diagram

4.9 The implementation model.
There are basically three ways to provide concurrency in a single-processor system (figure 39):
•
•
•

Interrupt support only.
RTOS support.
Concurrent language support.

26
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Figure 39 PRAGMA - the implementation model
The most popular way to implement concurrency (multitasking) in mainstream embedded
systems is to use an RTOS. Such multitasking designs are specified using tasking
diagrams as, for example, that of figure 40.

Figure 40 PRAGMA - the implementation model tasking diagram
This is derived from the object specification model, using the following mapping rules:
•
•
•

Active objects map to tasks.
Passive objects map to passive components.
All messages are routed via suitable communications components.

In general all shared components need to be protected (by using mutual exclusion
techniques).
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