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ABSTRACT

Over  the  years,  number  of  design  methodologies 
were  developed.  One of  the  state-of-the-art  modeling 
approaches is Model Driven Architecture. This thesis is 
an attempt to utilize the MDA in a specific and complex 
domain  –  real-time  systems  development.  In  MDA 
framework  there  are  three  levels  of  abstraction: 
computation  independent,  platform  independent  and 
platform specific. The target environment of the method 
presented  in  the  thesis  is  Ada  2005  programming 
language  which  extended  the  old  version  of  the 
language  with  several  new  object-oriented  features 
making it suitable for using with the MDA. Application 
of  the  MDA  in  real-time  systems  domain  targeted 
towards  Ada  2005  implementation  constitutes  a  new 
design  method  which  benefits  from the  MDA,  UML 
and Ada 2005 advantages.

The thesis starts with presentation of the complexity 
of  the  real-time  systems  domain.  A  few  real-time 
domain  aspects  are  chosen  as  a  main  area  for 
elaborating  the  design  method.  The  utilizes  UML 
Profile  for  Schedulability,  Performance  and  Time for 
defining  platform independent  model.  Additionally  it 
provides its extension – the Ada UML profile – which 
constitutes  the  platform  specific  model.  This  is 
followed  by  specification  of  transformations  between 
platform  independent  and  specific  model.  The 
specification is used as a base for implementation of the 
transformations.  Guidelines  for  code  generation  form 
the  Ada  UML profile  are  also  provided.  Finally,  the 
thesis  describes  how  the  transformations  can  be 
implemented in Telelogic TAU tool.

Keywords: real-time  systems,  model 
transformation,  Ada  UML  profile,  software  design 
method
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1 INTRODUCTION

In todays world computers have become ubiquitous in our life. It is hard to find 
domain with lack of computers assistance. The days, when their range of application 
was  narrowed  to  performing  simple  computations  only,  went  to  history.  Cars, 
airplanes,  traffic  controls,  medical  devices,  weapons,  large  variety  of  domestic 
appliances are only a few examples of domains where computers support is invaluable. 

According  to  Burns  and  Wellings  [12],  estimations  show  that  99%  of 
microprocessors  is  used  in  real-time  or  embedded  systems  that  is  in  those  where 
information processing is not a primary function. For that reason, characteristics of 
such systems differs from traditional ones. 

1.1 Background

Real-time systems are the ones that cannot be simply coded straight-away from the 
requirements. In this specific domain quality requirements are vitally important. For 
that  reason,  they  have  to  be  taken  under  consideration  when  designing  system 
architecture. 

A  method  is  needed  to  transform those  requirements  to  software  architecture, 
design and finally, to executable code. Several of such methods were introduced in 
[5, 6, 7].

Recently, Object Management Group (OMG) developed an approach to system 
specification, called Model Driven Architecture (MDA) [8, 9]. It focuses on modeling 
a  system on three  levels  of  abstraction:  computation  independent  (CIM),  platform 
independent (PIM) and platform specific (PSM). Each level can be transformed to a 
more detailed one using earlier-defined set of transformation rules. 

A natural choice in deciding which language the MDA models should be built in is 
Unified  Modeling  Language  (UML)  [44].  The  UML  is  one  of  the  most  popular 
graphical modeling notation for object-oriented systems [46]. Its basic constructs can 
be  extended  in  the  way  that  general  concepts  are  constrained  with  more  detailed 
semantics [46]. This feature of UML, called profile, is applicable in defining domain 
specific languages. For instance, there exists an UML profile for real-time systems 
[40].

One of the programming languages destined for real-time systems development is 
Ada [25]. There are several methods (e.g. HRT-HOOD [9]) that facilitate real-time 
systems development with the use of Ada [23]. However, they are based on structural 
analysis without taking advantage of Ada's object-oriented features. New version of 
Ada programming language was accomplished in the year 2006 [20]. It adds several 
concepts  to  the  older  version,  which makes it  more  similar  to  well-known object-
oriented languages (C++, Java). Improved object-orientation of the new Ada brings the 
idea of using it together with UML.

1.2 Aims and objectives

This  thesis  is  an  attempt  to  utilize  Model  Driven  Architecture  approach  in 
development of real-time systems with the use of Ada 2005. It focuses on PIM to PSM 
transformation  and  requires  definition  of  both  models  and  transformation  rules 
between them. 
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1.3 Research plan

Figure 1.1 depicts the research plan of the thesis. A number of steps marked in 
Figure 1.1 with blue color will be performed to find the answer to the main research 
question:

How the MDA approach can be applied in real-time systems development 
with Ada?

The first step in the thesis is a preparation of an overview of aspects and issues 
which exist in real-time domain. Once a number of different aspects described the next 
step is to choose the most relevant ones taking specific criteria into consideration. The 
criteria will be also explained. The research question that must be answered in these 
steps is:

1. Which aspects of the real-time domain should be taken into account?

In order to answer the question and provide satisfying output for the mentioned 
steps a detailed literature survey will be performed. 
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When the scope of the thesis will be narrowed to several chosen real-time aspects 
the  next  step  is  to  find  UML  constructs  suitable  for  modeling  these  concepts.  A 
literature survey will be performed to find appropriate solution. Once the constructs 
will be discovered it is enough to create PIM. The PIM will be specified by providing 
description of elements which can be used in order to build models that are platform-
independent. The research question related to these steps is the following:

2. What  UML  constructs  are  suitable  for  representing  real-time  domain  
concepts?  Are  they  satisfactory?  Which  of  them incorporate  to  create  the  
PIM?

Simultaneously with creating the platform independent model a literature survey 
will  be  performed  in  order  to  find  the  new object-oriented  features  of  Ada  2005 
programming language. When the appropriate features will be described the analysis 
will be performed to find or create UML elements which represents Ada concepts. 
This will be an input to the next step – PSM creation. The PSM, similarly to PIM, will 
be  described  with  elements  that  can be used  in  building  appropriate  models.  Two 
research questions will be answered while performing those steps:

3. What are the new features of the Ada 2005 programming language which 
are useful for representing UML constructs? 

4. How to define PSM to support easy code generation to Ada 2005?

When PIM and PSM specification is prepared the next step is creating specification 
of PIM to PSM transformation. The specification will be then used as a base for 
implementation of the transformation. Various UML tools will be considered and 
one will be chosen for implementing the transformation. It will also be required to 
implement PIM and PSM in the tool. The research question for the literature and tool 
survey is the following:

5. How to define transformations between models?

The last step of the thesis is presentation of guidelines which helps in creating 
code generator for the PSM, defined in the previous step.

The relationship among thesis steps is presented in Figure 1.2. Single steps and 
their relationships with other ones has been already described. As one can see some 
steps may be performed simultaneously as they do not require input from previous 
steps. It is noteworthy that it is suitable to create PIM and PSM concurrently which 
helps in analysis to create appropriate models and facilitates creating transformation 
specification. 
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Figure 1.2: Thesis steps and their relationships

1.4 Expected outcomes

Expected outcomes of the thesis include:

1. Definition of the PIM which supports modeling real-time concepts.
2. Definition of the PSM. The PSM is an UML profile which is suitable for 
code generation to Ada 2005 programming language.
3. Specification of PIM to PSM transformations. It is expected that the model 
transformation  will  be  divided  into  a  set  of  fine  grained  model  elements 
conversions.
4. Identification of new features of Ada 2005 programming languages which 
are relevant in the thesis.
5. A tool which provides implementation of PIM, PSM and transformations.

1.5 Outline of the thesis

The thesis is an attempt to connect three aspects: designing of real-time systems, 
applying MDA approach in software development, and using Ada 2005 with its object-
oriented enhancements for real-time systems development. In order to understand the 
complexity of combining those three aspects, an appropriate background knowledge is 
provided at the beginning of the thesis. Chapter 2 describes what the real-time domain 
is and presents related concepts. Chapter 3 provides a brief description of the MDA 
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approach in software development. UML profile as a customization mechanism of the 
UML language is presented in chapter 4. Three further chapters constitutes the MDA 
application in the real-time domain. Chapter 5 treats about UML constructs facilitating 
real-time design. It focuses on describing a part of the RT profile which constitute the 
PIM. Chapter 6 is devoted to PSM definition – the Ada UML profile which origin 
from the  RT  profile  and  Ada  2005  key  new features.  The  next  chapter  provides 
specification of transformations between PIM and PSM. Chapter 8 shows elementary 
Ada 2005 code generation guidelines where source model is created using the Ada 
UML profile. Chapter 9 describes how transformations have been been implemented 
in Telelogic TAU tool. In this chapter the reader can also find a case study illustrating 
how a system may be modeled in the way described in the thesis. Finally, chapter 10 
concludes the thesis and presents future work ideas.
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2 REAL-TIME SYSTEMS 

The purpose of this chapter is to explain how the term real-time will be understood 
in this thesis. It provides a short discussion regarding the question when systems can 
be considered as real-time ones. Further, the presentation of the most common design 
issues  and  system  characteristics  which  reflect  the  complex  nature  of  real-time 
systems.  Finally,  decision  regarding  which  real-time  concepts  are  relevant  in  the 
context of this thesis is made, and criteria for such choice are explained.

2.1 Definition of a real-time system

Many definitions of a real-time system can be found in the literature [5, 6,  7]. 
Burns and Wellings in [12] provide three various definitions that are also present in 
other books. They are as follows: 

A real time system is

1. “Any system in which the time at which output is produced is significant.”
2. “Any information processing activity or system which has to respond to 
externally generated input stimuli within a finite and specified period.”
3. “A  system  that  is  required  to  react  to  stimuli  from  the  environment 
(including  passage  of  physical  time)  within  time  intervals  dictated  by  the 
environment.”

The first one extends the traditional definition of a system that can be found in 
[30]: “A system is a mapping of a set of inputs into a set of outputs” by including 
importance of the system response time. The other two definitions extend the term a 
real-time  system with  a  notion  of  system  environment.  If  a  system meets  its  all 
performance requirements it is called a timely system [14]. These requirements are 
specified by deadlines. Two kinds of deadlines can be distinguished. A relative one 
that is expressed by the time interval in which a particular action must be performed. 
The other one, called absolute, is simply a specific point in time.

A  slightly  different,  more  appropriate  abstraction  of  a  real-time  system  is 
introduced  in  [30].  Laplante  considers  more  than  one  aspect  by  presenting  two 
representations of a typical real-time system model.

Figure  2.1 depicts  an  image  processing  system.  It  is  only  the  example  of  a 
particular  system  but  shows  relevant  aspects  of  real-time  systems  in  general. 
Traditional black-box abstraction with various inputs and outputs is used here. It is a 
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sort of specification (although at high level of abstraction) of interaction between the 
system and its environment. The input of the system is data from devices: sensors and 
a camera. System processes the data and produces some output – control signals for 
external devices and data for the displaying device. 

What is different in Laplante representation is the other model (Figure 2.2). The 
system is presented as an entity that needs to handle number of jobs and provide a 
schedule for them. There are several implications of the nature of real-time systems 
depicted on the figure. Next section is devoted to describe the majority of them.

Figure 2.2: A model of a real-time system as a sequence of jobs to be scheduled 
[30].

Although presented definitions of a real-time system are slightly differs among 
themselves,  one,  common  for  all  of  them,  consequence  can  be  spotted.   “The 
correctness  of  a  real-time  system  depends  not  only  on  the  logical  result  of  the 
computation, but also on the time at which the results are produced” [12]. In this thesis 
a  simplification  is  made  that  the  term real-time  system will  be  used to  determine 
systems having time constraints.

In some cases if a system fails to respond on time then some qualities can be lost 
but the result is still acceptable. Multimedia systems are examples of such cases. In 
particular, if a voice transmission handling system which fails to react on time then 
some interferences  may occur.  The overall  loss  is  relatively small.  In  other cases, 
damages caused by a failure can be tremendous including human deaths. Laplante [30] 
argues that all practical systems are, in fact, real-time ones. Library and accountancy 
management  systems or  word-processors  have real-time  nature  as  there  exist  time 
boundaries imposed on them. Even if they have a day or week to respond it is still a 
time constraint. For all of that reasons, real-time systems have been classified with 
respect to the level of damage they may cause when failing to satisfy deadlines. 

Hard real-time systems are those where consequences of a failure in meeting a 
deadline are very expensive.  It  is  crucial  not  to  allow the  situation where systems 
respond too late. To illustrate the term hard real-time in a better way, Douglas [14] 
states that in these kind of systems “late data is at best worthless data and at worst, bad 
data”. As an example, military airplane controller can be considered. If,  during air 
combat, machine is not reacting immediately on pilot's commands, then results can be 
catastrophic. This example also shows how a proper response time is significant in 
achieving correct behavior of a real-time system. 

Apart from hard real-time systems, soft ones can be also distinguished. The term 
“soft” in this situation means that deadlines can be occasionally missed or services can 
be sometimes delivered late but system still is functioning properly [12]. According to 
[14] in soft real-time systems performance requirements are often specified by average 
execution  time.  Aforementioned  voice  transmission  handling  system  has  the  soft 
nature.  

In  [12]  there  is  also  a  term  firm real-time  system  defined.  Such  system  is 
characterized by a lack of benefits when deadline is missed. However, there are no 
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major  consequences  when  a  response  comes  too  late.  Application  handling  and 
updating stock exchange quotation from all over the world can be classified as a firm 
real-time system.

In practice, it is not easy to find strict hard or soft systems. It is often the case 
when a mixture of hard and soft deadlines are present. What is more, not only the 
system as a whole, but one specific service can have both soft and hard deadlines 
specified. For instance, response time to some signal may have a soft deadline set on 
100 ms. Additionally, there may be a hard requirement1 imposed on this response to 
ensure that it is generated in less than 200 ms for some safety-specific purposes. 

Laplante [30] states that definitions of hard and soft real-time systems do not allow 
to simply classify all systems. As an example he describes an automated teller machine 
example which is used in a large company. One can consider the situation when it was 
developed incorrectly and misses deadlines from time to time. Some people would say 
that a few irritated clients in a year is not a problem. Others can provide scenarios in 
which even bigger company's  representative wants to sign a contract  which would 
result  in  major  benefits  for  both  sides.  The  misbehaving  system  can  effectively 
jeopardize business opportunity. Therefore, every system can be characterized as soft, 
firm or hard depending on scenarios delivered. According to Laplante, no matter how a 
particular system is classified, the key goal of real-time systems engineer is to “find 
ways to transform hard deadlines into firm ones, and firm ones into soft ones” [30].

2.2 Real-time systems characteristic and design issues

In  the  following  subsections  several  characteristics  of  real-time  systems  are 
presented based on [14] which has to be taken into consideration during design phase. 
Understanding of all of these concepts are important in further discussion regarding 
scope of the thesis.

2.2.1 Timeliness

The timeliness of a system means that all actions are executed in a way that all 
deadlines are met. Important aspects of timeliness are presented on system model by 
specifying  deadlines,  action  execution  times,  time  sources,  and  arrival  and 
synchronization patterns. 

2.2.2 Responsiveness

What  is  characteristic  in  real-time  systems  is  their  need  for  cooperation  with 
environment.  Although  they  may  interact  with  users,  majority  of  them  focus  on 
interaction  with  external  devices.  Such  cooperation  can  be  performed  in  two 
directions. Signals may be received by a system from environment with the use of 
sensors. In the opposite direction, system controls its environment by actuators. 

One of the main issues is that environment which a real-time system must interact 
with is often unpredictable. The system must react to events generated by environment 
at once. It is undesired to allow situation when response to safety-critical event comes 
too late because the system is busy with processing other actions. Hence, real-time 
systems must be designed in a way which provides possibility for reaction on different 
events and distinguishing between more and less important ones.

1The relation between hard requirement and hard deadline is the following. Hard real-time systems 
have time constraints imposed on its features called hard requirements. Those requirements at design 
time are called deadlines.
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2.2.3 Concurrency

Because  of  issues  connected  with  responsiveness,  real-time  systems  are  often 
organized  in  simultaneously  executed  tasks.  A  task  is  defined  in  [14]  as  “an 
encapsulated sequence of operations that executes independently of other tasks”. There 
is a  difference originated from the level of encapsulation between task and thread. 
However, as stated by Douglas [14] this difference become irrelevant on design level. 
Therefore,  convention  used  by  Douglas  that  terms  task  and  thread  will  be  used 
alternately is obeyed in this thesis. 

From the  operating  system point  of  view a  running  real-time  application  is  a 
process [30]. If a system is concurrent then its process contains many tasks. In such 
case they share resources within the process. It is important to understand that tasks 
cannot exist without a surrounding process. A process can be then treated as a sum of 
its tasks.

Concurrent task may be executed on a single processor or multiple processors. The 
former solution is called pseudoconcurrency as a real simultaneous execution cannot 
be achieved with the use of one processor. In this situation concurrency is simulated by 
preemption. Execution of one task can be paused for specific purposes and the other 
task can be started (or resumed in the case of previously preempted task). When tasks 
are run on multiple processors there is so-called true concurrency present. There is no 
need to use mechanisms of preemption in order to achieve simultaneous execution. 
However,  it  is  often the case that on computer  with multiple CPU within a single 
processor there is more than one task executed. 

Throughout its execution a single task can be in many states. Although, there are 
environments where a task may have several different states [11], typically its basic 
state  machine  consists  of  four  states  [30]:  executing,  ready,  suspended  (blocked), 
dormant (sleeping). Figure 2.3 depicts such a state machine. 

There can be only one task having the “executing” state at the given time on a 
single-processing computer and it means that currently it has been assigned processor 
time for it. Task can be executed when is chosen by scheduler. After completion a task 
becomes dormant. 

Task  is  in  the  “ready”  state  when  it  is  prepared  for  the  execution  but  is  not 
running. Entering the ready state could be result of the following events:

● a task was in the executing state but was preempted
● a suspended task was released
● task has been created and awaits for execution

9
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If a task is waiting for a specific resource or synchronization with other task it is in 
the suspended state. In [30] one can find description of a situation where tasks can be 
“resurrected” from a dormant state and become ready again. To simplify the overall 
understanding of a task life cycle this situation is omitted here. 

2.2.4 Scheduling

Concurrency in real-time systems is a solution for their responsiveness but causes 
another problem. How to organize execution of multiple tasks on a single processor? 
Schedulability analysis concerns the problem of concurrency control. Its purpose is to 
provide a  policy  (called  scheduling  policy)  for  the  system that  allows to  organize 
execution of all tasks in the way that it allows satisfying all deadlines. If there exists 
such an organization then the system is  considered as  schedulable.  In  determining 
whether  a  system  is  schedulable  one  can  make  use  of  Rate  Monotonic  Analysis 
(RMA). It is proved that if tasks cannot be scheduled using RMA then there does not 
exist any other scheduling scheme which leads to a schedulable system [15, 16]. For 
that reason, RMA is widely used in real-time systems analysis.

Description of number of scheduling policies can be found in literature [7, 11, 13, 
15, 18, 25]. The brief characteristic of the most common ones is the following:

● FIFO (first-in-first-out).  It is the simplest policy that bases on time in 
which specific tasks become ready for execution. When a task state is changed 
to “Ready” then it is put at the end of a queue – the first client is served at the 
beginning and others await for their turn.

● Earliest Deadline First (EDF). Tasks are ordered in accordance of their 
deadlines so that the earliest deadline task has, the sooner it will be granted 
with processor resources.

● Priority-Based Scheduling in which each task is provided with a priority 
– attribute describing importance. Task with the higher priority at given time is 
chosen for execution by scheduler and can be only preempted if a task with 
even greater priority becomes ready. In the situation when more than one task 
have equivalent priority, schedulers use another policy.

● Round Robin in which each task receives the same specified execution 
time  quantum.  After  the  quantum  is  finished  or  task  has  completed, 
preemption takes place and another task is chosen. To complete execution of a 
single task several of such quanta may be required.

● Rate  Monotonic  Scheduling  (RMS) where  tasks  are  assigned  with 
priorities based on their activation rates. The task with the shortest period is 
run as the first one.

2.2.5 Event arrival patterns

Job of a task is to provide response for incoming events. Event arrival patterns 
describe in what manner events occurs by describing frequency and predictability of 
their occurrence. Depending on events arrival patterns two kinds of task nature can be 
distinguished. A  periodic task handle events that arrive periodically i.e. regularly in 
every specific, fixed amount of time. Hence, periodic tasks have fixed periods. On the 
other  hand,  aperiodic  tasks respond  to  events  that  occur  in  irregular  manner. 
According  to  Douglas  [14]  it  is  crucial  in  design  to  properly  analyze  the  timing 
characteristics of incoming events.
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2.2.6 Inter-task communication

As stated earlier in real-time systems it  is  common to have many concurrently 
executed units. Together, they constitute the whole system. In consequence of this fact 
it is impossible to achieve independence of tasks. They must communicate for sharing 
resources or to synchronize control.  Message is  a communication means in object-
oriented systems. Douglas defines messaging as a “logical abstraction that includes a 
variety of rendezvous patterns” [14]. The most common pattern is  synchronous call 
where  one  object  invokes  a  method  in  other  within  the  same  thread  of  control. 
Asynchronous invocation is convenient when it is required that calling task continues 
its execution without waiting for response. The response is queued in a message queue 
by operating system and can be delivered to its addressee later. Three other kinds of 
rendezvous are present in real-time systems:

● waiting rendezvous where invoking task wait for callee until it becomes 
ready 
● timed rendezvous in which calling task waits for a specified period of time 
for rendezvous with other one and then aborts the synchronization attempt
● balking rendezvous where calling task requires callee to be available at 
once or aborts its offer. It is similar to timed rendezvous with time constraint 
set to 0. 

2.2.7 Sharing resources

Concurrency in real-time systems causes another issue. Number of resources is 
shared among multiple threads. Appropriate access mechanism to these resources must 
be provided in order to avoid invalid behaviour. One can consider the situation when a 
few tasks read a resource that is simultaneously updated by another one or two tasks 
update a variable at the same time. Without going deeply into hardware details  such 
scenarios results in incorrect values read or written by tasks. According to Douglas 
[14] there is only one real solution for that problem called mutual exclusion. That is 
ensuring  that  only  one  task  at  given  moment  can  access  shared  resource.  Mutual 
exclusion  may  be  achieved  by  making  the  access  to  shared  resource  an  atomic 
operation.  Introducing  critical  sections  in  the  code  is  a  common  practice  when 
atomicity  of  operations  is  required.  Critical  section  is  a  fragment  of  code  which 
execution cannot be interrupted by any events.

Disabling  interrupts  and  task  switching  is  one  way  of  implementing  critical 
sections. However, this approach has several drawbacks pointed in [14]. The better 
solution  is  the  semaphore  mechanism.  It  has  been  invented  by  Dijkstra  [4]. 
Semaphores provide simple locking mechanism. Every task which wants execute its 
critical section has to acquire a lock. It is only possible when there is no critical section 
executed by other thread which acquired the lock earlier. When one task acquires the 
lock, others, which want to get access to shared variable, wait until it is released. 

Another  option  for  achieving  mutual  exclusion  is  using  a  monitor  [4].  It 
encapsulates  shared  resource  and  provides  read  and  write  operations  that  can  be 
invoked by tasks. These operations are synchronized in the way that only one task at 
given  moment  can  invoke  it  (it  is  often  possible  for  more  than  one  task  to  read 
simultaneously). A monitor has a queue connected with it that acts like a waiting room 
for tasks which want to get access to shared resource.

2.2.8 Predictability

One of the most important aspect in many real-time systems (especially in those 
safe-critical ones) is predictability. Two aspects of predictability can be considered. 
The  first  one  concerns  response  characteristics  which  can  be  determined  by 
schedulability analysis such as aforementioned RMA. Memory usage and persistence 
is the second area of concern [14]. 
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Data processed by a system is usually stored on a stack or a heap. While the first 
solution  is  rather  simple  –  there  is  only  a  need  to  ensure  that  sufficient  space  is 
provided to avoid overflows – using a heap can be a source of serious problems in 
system behaviour. When a heap manager receive a request for memory allocation it 
looks for a free block that suits the requested size by executing a specific algorithm. It 
is  often  the  case  that  simple  FIFO  allocation  is  avoided  because  of  memory 
fragmentation problems. Allocation of memory on heap is, therefore, time-consuming 
which results in possible deadlines missed. 

2.2.9 Correctness and Robustness

Douglas [14] states that a system is correct “when it does the right thing all the 
time”.  Robust  means  something  more.  It  is  an  ability  to  remain  correct  under 
unplanned circumstances or failures. To create such systems designers and developers 
need to take various aspects under consideration.

Deadlock is a major area of concern. It occurs when a task waits indefinitely for 
conditions  that  cannot  be  satisfied  [14].  It  is  relatively  easy  to  create  a  deadlock 
situation. Basic scenario is the following:

1. task 1 acquires lock A and is preempted
2. task 2 acquires lock B

If task 2 requires now access to shared resource A and task 1 wants to access 
resource B then no progress can be made. Task 1 will never release lock A until it gets 
lock B. Task 2 is in the analogous situation. Both tasks wait for something that would 
never happen. 

There are two basic ways of avoiding deadlocks. Already described critical section 
when any tasks acquires access to a shared resource is one solution. To avoid circular, 
indefinite waiting one can also make use of timed rendezvous – a concept described in 
inter-task communication subsection.

Robustness implies appropriate  behaviour from the system in case of failures or 
errors occurrence. Proper  behaviour in this context means that a systems should be 
able  to  identify  the  fault  and  either  correct  it  and  continue  processing  or  repeat 
computations to restore fail-safe state. 

In  order  to  build  correct  systems  in  real-time  domain,  possibilities  for  race 
conditions  should  be  carefully  analyzed.  A race  condition  is  a  situation  when the 
resource state depends on unpredictable timing factors [14].  The common example 
showing race condition is the following:

if not Is_Locked then

Is_Locked := True;

-- some actions taken

Is_Locked := False;

endif;

Such  code  executed  by  more  than  one  task  leads  to  problems  in  preemptive 
environment.  This  example  illustrates  implementation  of  a  critical  section  with 
acquiring and releasing lock. However, because of race condition it is incorrect. If one 
consider situation where one task checks the condition (which is  true) and then is 
preempted. Another task check the same condition (which is still true) and executes 
further. When one more preemption takes place two tasks will execute the code which 
was meant to be a critical section. In most cases execution is correct but in specific 
circumstances (e.g. when preemption is done by scheduler between checking the lock 
and locking it) faults may occur.

12



2.2.10 Limited resources and hardware interfacing

Real-time  systems  become more  and  more  ubiquitous.  The  lower  the  price  of 
hardware components is, the biggest chance for marketing success. For that reason 
real-time systems developers often struggle with limited resources. Another problem is 
that  implementation  of  such  systems  is  often  done  on  computers  which  do  not 
resemble target environments. Usually software is compiled and developed on PCs or 
similar architectures. It makes testing phase a real challenge. 

In addition, in real-time domain software must often communicate with hardware 
in low-level manner. Sophisticated and novel drivers may be unsuitable for specific 
systems for various  purposes such as  poor performance or high cost.  Moreover,  it 
requires specialized knowledge from developers.  All these aspects must be kept in 
mind during real-time systems creation process.

2.2.11 Real-time operating systems

Complex real-time systems does not interact with hardware directly. An operating 
system provides  abstraction  of  the  underlying  computer  hardware.  Additionally,  it 
handles scheduling and preemption of task, memory management issues, as well as 
delivering input/output services to standard devices. 

Real-time operating systems (RTOS) differs from traditional (non-real-time) ones 
[14]. They are more scalable. Their architecture is organized in microkernel. Only the 
most important features are offered by the core. Additional ones are added depending 
on  systems  characteristic  that  RTOS  must  cooperate  with.  This  provides  large 
feasibility allowing to apply the same operating system for small real-time systems 
with limited resources as well as large and complex applications which interact with 
variety of hardware devices. 

Scheduling is another area where RTOS have an advantage over other operating 
systems  [14].  Schedulers  are  implemented  in  a  different  way,  focusing  not  on 
performance issues but on assuring that all deadlines are met even if it means that 
some operations will have the worst (according to analysis) execution time. Moreover, 
in non-real-time operating systems schedulers have less power. They are unable to 
give processor time to other task until the currently executed one does not explicitly 
release control. If one task behave incorrectly it could force others to wait and miss 
their deadlines. 

One more feature of RTOS is significant for real-time systems. It must provide 
time services: getting current time, measure elapsed time, schedule future events and 
timers that allow efficient use of processor time because thanks to them it is possible 
for  task to avoid busy waiting (e.g.  idle loops) in order to check whether specific 
events occurred. 

2.3 Real-time concepts in the thesis 

The  preceding  section  describes  number  of  issues  which  show  how  difficult 
developing real-time systems is. What is more as stated in [40], the term real-time is 
used for large diversity of systems such as: “soft real-time systems and hard real-time 
systems,  timedriven  systems  and  event-driven  systems,  distributed  systems  and 
centralized systems, fault-tolerant systems and non-fault-tolerant systems, and so on”. 
Depending on system characteristics a few areas of concern must be analyzed in more 
details while others are less relevant. 

For that reasons no single development or design method is feasible to cover this 
complexity. Number of design methods was described in literature [5, 6, 7, 10]. Some 
of them are structural and are destined to support structural programming languages. 
Others apply object-oriented paradigm. 
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The preceding  section  provided  basic  description  (without  going  into  complex 
details)  of  real-time  concepts  strengthening  awareness  of  the  problem  area.  The 
purpose of this thesis is not to present a panacea for all development issues in real-time 
system domain which would be rather impossible to be done. In this case, the question 
is: which aspects must be chosen and which criteria should be taken into consideration 
when choosing them? The most straight-forward criterion is ability to express all the 
aspects that are necessary in order to transform a model to executable code. The other 
important  aspect  is  the  presentation  of  time-related  characteristics  or  quality 
requirements imposed on systems. Hence, the focus is put on the following activities:

● expressing time-related characteristics of a system on models
● providing  a  way  for  distinguishing  between  active  (tasks)  and  passive 
resources 
● specifying synchronization patterns between tasks
The  knowledge  concerning  architectural  and  design  patterns  which  provides 

solution  for  high-responsiveness,  correctness,  fault-tolerance  in  safety-critical 
applications is less important here. The assumption is made that all decisions regarding 
aforementioned aspects results in delivered model elements. It is less significant why 
the elements exist in a model, for instance whether they were introduced because of 
safety consideration or are required to provide basic features of the system. Rather, 
properties of a model element which allow code generation corresponding to its role in 
the system is the major issue. 

Similarly schedulability analysis, although crucial in real-time domain, is omitted 
in the thesis. Only the results of the analysis are relevant – which tasks are periodic, 
what execution times should specific operations have, classification between active 
and  passive  resources  and  synchronization  methods.  These  outcomes  must  be 
presented on a system model because they heavily influence the code.

Finally, this thesis does not concern issues related to either hardware or real-time 
operating systems.  As  stated earlier  in  practice  they are  as  important  as  software. 
However, the lowest level of abstraction considered in the thesis is the code. What lies 
behind programming language constructs – knowledge about which operating system 
or hardware features are involved – are behind the scope of this thesis.
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3 MDA

Information Technology is a domain where different standards, technologies and 
tools  are  used.  It  is  enough  to  mention,  that  there  exist  over  100  programming 
languages. In such diversity of technologies used, it is seldom that one application, 
throughout its whole lifetime is run in one configuration or on a single platform. It is 
more common that together with development of new technologies, existing systems 
must be redeveloped in order to be adopted. Sometimes, from the very beginning it is 
known that the system must be able to be used on different platforms. 

Model Driven Architecture is an unified approach for design and development of 
systems  where  portability  is  the  key  issue.  The  biggest  advantage  of  MDA is  its 
ability  to  create  platform  independent  systems  that  can  be  ported  among  various 
environments [16]. 

The idea behind MDA is the following. A system is developed using three basic 
models  –  Computation  Independent  Model  (CIM),  Platform  Independent  Model 
(PIM), Platform Specific Model (PSM). During the life cycle of a system all models 
are developed with the use of transformations that convert one model to another. The 
MDA framework is presented in Figure 3.1. CIM to PIM transformation is performed 
manually  in  opposition  to  PIM-PSM  transformation  where  the  intention  is  to 
automatize the process. The following sections provide description of MDA models as 
well as transformation approaches. 

Figure 3.1: MDA framework [37].

3.1 CIM

The first model in MDA is the CIM. The model presents a system in terms of 
business processes. It abstracts from system architecture, design issues but focuses on 
system  requirements.  The  CIM  can  be  used  to  facilitate  communication  between 
system architects and domain experts in the process of requirements elicitation and 
analysis. Thus, the purpose of the CIM is reducing the gap between domain experts 
requirements and requirements engineers knowledge of the expected behavior of the 
system. 

Models are documented using diagrams. Particular diagram is a view of the system 
which presents its specific aspect. The common2 way of representing the CIM is by 
providing use case and sequence diagrams [37]. Additionally, CIM presents system 
and  its  context.  Presentation  of  system  interaction  with  environment  is  useful  in 
understanding basic its functionality.

2 Although it is the most obvious way of presenting CIM it is not the only one. Methods of 
representing requirements can be found in [28].
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3.2 PIM

After completion of the CIM development it is time to build the PIM. As shown in 
Figure 3.1 the transformation from the CIM is achieved manually by system architect 
who provides architecture and design solutions for system requirements. 

Platform independence is defined in [41] as a quality, which denotes how “the 
model is independent of the features of  a platform of any particular type”. It is a part 
of a system specification which constitutes complete and consistent model that does 
not change from one platform to another. The PIM consists of elements which provide 
solution  for  system  requirements,  the  architecture  and  design  of  a  system.  It  is 
noteworthy  that  the  PIM is  built  with  elements  that  are  not  specific  for  a  single 
technology. Rather, elements which abstract from platform specific issues are used. 
The distinction between platform independent and platform specific elements is not 
obvious. Platform independence is a relative term. What is PIM for one application can 
be PSM for the other [21]. 

The PIM is a point where Model Driven Verification (MDV) begins (Figure 3.1). 
The consistency of the whole model is checked in order to discover erroneous design 
solutions early in the development cycle. PIM verification is essential for minimizing 
design mistakes cost. The verification is based on a set of assertions included with the 
PIM.  The  model  checker  verifies  the  PIM whether  it  fulfills  these  assertions.  For 
instance public visibility of operations of an entity may be checked when they are 
invoked by other entities. 

3.3 PSM

PSM refines PIM, so that it makes use of the platform specific constructs. One 
system may have many PSM at different level of abstraction. They are named PSM1, 
PSM2 and so on. Each PSM redefines its parents by providing more platform specific 
details. As the example let us consider a class with the <<persistent>> stereotype in 
PIM. The application of this stereotype means that information stored by the class is 
available after it finishes execution. There are number of ways of making information 
persistent. Two different PSM elements may be distinguished: a database or a file. But 
one  can  also  distinguish  several  kinds  of  databases:  relational,  object-oriented, 
temporal, etc. Files  have also many formats, for instance binary or xml. Moreover 
there exists a number of various relational databases: Oracle, PostgreSQL, MS SQL 
Server.  Thus,  we  have three  levels  of  PSM: database  (PSM1),  relational  database 
(PSM2), Oracle (PSM3). In this example even PSM3 can be further refined to different 
versions of Oracle. 

It is possible to transform the PSM into a complete executable code [37]. Class 
diagrams allows  only  for  skeleton  code  generation.  However,  with  complete  state 
diagrams for every classes in the system it is possible to generate the whole application 
from the PSM model. And this is the key strength of MDA.

As stated by Nilsen and Benkel [37] the central model in the MDA is the PIM. 
This  is  because the PIM is the model  from which transformation begins.  For  that 
reason consistency between the PIM and the PSM as well as between different levels 
of PSM must be maintained. If a change occurs in the code it should be incorporated 
into  the  lowest-level  PSM  and  propagated  up  to  the  PIM.  With  such  changes 
management policy, it is simple to spread the change among different PSMs. In the 
example  above,  if  one  changes  the  name  of  an  attribute  of  a  database  table 
implemented with Oracle then the new name should appear in PSM2 then PSM1 and 
finally in the PIM. When the PIM is updated the change is further propagated down to 
all  PSM1,  PSM2 and so on.  Such  change management  system requires  additional 
efforts,  since  the  tools  that  handle  changes  propagation must  be developed.  When 
adding a new PSM, also transformation rules and a tool propagating changes up should 
be implemented.
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3.4 Transformations

Transformation  between  models  is  perceived  by  Nilsen  and  Benkel  [37]  as  a 
conversion from a higher to  lower level  of  abstraction.  Each model  is  therefore  a 
different abstraction of a system where the CIM is the most and the PSM the least 
abstract. In [41] one can find information that a model transformation “is the process 
of converting one model to another model of the same system”. Thus, the term model 
transformation refers only to inter-model conversions within one system.

With MDA one can easily convert PIM to different PSMs. The only requirement 
to guarantee this easiness of model conversions is providing a tool that would allow 
efficient or even automatic transformations. Once the PIM is developed, it is only a 
matter of defining mapping rules that will transform it into PSM. In the case when a 
new platform would be developed, the only effort in adopting an application which is 
developed with MDA, is specifying transformation rules. The PSM will be generated 
using these rules. In result, design reusability is improved, as well as maintainability of 
a system [16]. 

Transformations  may  be  performed  using  various  methods.  Three  basic 
approaches are the following: manual,  computer-aided, or automatic transformation 
[41]. 

The  manual  transformation  is  about  providing  design  decisions  that  would 
transform PIM to PSM. The approach is almost the same as the one used throughout 
years  in  software  development.  The  MDA  enriches  this  technique  with  explicit 
distinction  between  PIM  and  PSM  and  records  of  transformation.  Records  of 
transformation describes mapping between a single PIM element and PSM element(s).

The computer aided transformation is based on pattern application. A pattern is a 
mapping  which  transform  marked  model  elements  to  a  set  of  resulting  elements. 
Before applying patterns the PIM elements must be marked. The marking process is 
the one that requires human support. MDA engineer decides which elements may be 
used as an input of a pattern and marks it on a model for instance by using appropriate 
stereotypes. It is common to group markings into complete profile that is applied to the 
PIM. Hence, the PIM may be marked multiple times depending on the number of 
PSMs. The marking process is depicted in Figure 3.2.

Once the specific platform is chosen it is assumed that a mapping is available or is 
being prepared. Mapping consists of number of marks. They are used to mark PIM 
elements.  The  marked  PIM  is  an  input  for  transformation.  The  transformation  is 
performed  with  the  use  of  mapping  which  converts  marked  elements  into  PSM 
elements.

The  automatic  transformation  is  only  possible  in  case  when  the  PIM  is 
computationally complete [41]. Such completeness is achieved when the PIM contains 
all  the  information  necessary  to  generate  executable  code.  This  requires  from an 
engineer  to  provide  PIM  with  the  complete  structure,  invariants,  pre-  and  post-
conditions  as  well  as  specification  of  system  behavior.  All  design  decisions  that 
transform PIM to PSM are implemented in tools, processes, templates, libraries and 
code generators. Due to the fact that the development environment is complete, there is 
no  need  for  an  engineer  to  intervene  in  the  PSM development.  The  PIM may be 
transformed directly to executable code and the role of the engineer is narrowed just to 
set up of the development environment which produces required code.
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The automatic  transformation may be performed in  several  ways [41].  One of 

them is based on metamodel transformations. The method is depicted in Figure 3.3.

The PIM is created using the platform independent metamodel. Metamodel is a 
language for defining models (in this specific case – platform independent model). 
When the platform is chosen, the platform specific metamodel is prepared or available. 
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Figure 3.2: Marking a model [41].

Figure 3.3: Metamodel transformation [41].



All transformations are specified in terms of a mapping between metamodels. Such 
specification is then used to transform instances of metamodels – models themselves. 

The other approach bases on transformation specification made with the use of 
types in models (Figure 3.4). First, types that may be used in the PIM and the PSM are 
defined. For instance the types may be a part of a framework. Since model elements 
are  subtypes  of  framework  types,  they  can  be  easily  transformed  using  the 
specification which were developed for framework types.

Figure 3.4: Model Transformation [41].

3.5 MDA benefits

The motivation for using the MDA approach in systems development is  worth 
considering. Application of MDA has multiple advantages [43, 46]:

● ability to react quickly on changing technological requirements. The core 
design (PIM) remains unchanged when technology changes. All that need to 
be done is addition of new PSM and transformation rules.

● extended longevity of the system. PIM separation from technology issues 
allows the system to be reimplemented without changing the design. 

● reduced  maintenance  costs.  Code  and  models  are  synchronized  so 
applying changes are easier and cheaper

● lower quality assurance costs. The earlier an error is discovered the lower 
the cost is of fixing it. In MDA number of model validations is performed 
early – during PIM development.

● improved productivity and reusability. Developer efforts are shifted from 
coding  to  PIM  and  transformation  definition  and  implementation.  This 
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implementation  is  time-consuming  and  difficult  but  can  be  reused  in 
development of other systems.

● improved  portability.  Porting  is  achieved  by  MDA  architecture  which 
allows  PIM  to  be  transformed  into  several  different  PSMs.  Extend  of 
portability is determined by availability of number of transformation tools.
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4 UML PROFILES

A  part  of  UML  Infrastructure  specification  [44]  defines  a  mechanism  for 
extending metamodels and adapting them to various purposes, both platform-based 
and domain differentiation. UML is a language that defines general modeling concepts 
such as class, association, etc. Profiles allows to customize UML by specializing it to 
domain specific terminology, adding new semantics and constraints or providing more 
proper notation.

4.1 Profile characteristics

A  new Meta  Object  Facility  specification  [42]  allowed  the  UML  version  2.0 
profile  specification  to  be  more  precise  than  previous  ones.  There  are  number  of 
characteristics  that  describes  the  new profile  but  here the focus  is  set  to  the  most 
important  ones.  First  of  all,  profiles  need  to  provide  a  means  for  specializing 
metamodel by adding new semantics. What is more, this addition must not conflict 
with the origin metamodel. In particular, it cannot modify UML metamodel. Hence, a 
profile can  add new constraints to existing metamodel but cannot relax old ones. In 
addition, each profile must be exchangeable between tools. It means that there should 
be an XMI specification of each profile delivered.

4.2 Profile specification

UML 2.0 Infrastructure [44] defines Profiles package that provides specification of 
a profile concept. Figure 4.1 presents Profiles package diagram. 

The Profile class is a specialization of the Package. Each profile must be related to 
a reference metamodel (metamodelReference association), i.e. it is impossible to create 
a  standalone profile  with number  of  stereotypes  that  do not  refer  (in  the  sense  of 
addition of new semantics or constraints) to any metamodel elements. In other words 
each stereotype have its so-called base class. At instance level, if we have an instance 
of a class that is stereotyped, we also have a corresponding instance of stereotype and 
a link between them.

Profile  may  contain  a  number  of  stereotypes.  This  fact  is  denoted  by 
ownedStereotype association. It is important to understand that profile only imports 
metaclasses from a reference metamodel and not specializes or generalizes them.

As  mentioned  earlier,  the  basic  way  to  extend  metaclasses  with  additional 
semantics is to provide a stereotype and apply it to a model element. Stereotype is a 
Class. Its ability to extend other classes is delivered by Extensions. Stereotypes, in the 
same manner as “ordinary” classes, have properties. Their values can be presented as 
tagged values. 

Profile can be applied to a package. Profile application means that its stereotypes 
can be applied to package elements. Since a profile is also a package it is allowed to 
apply  one  profile  to  other  ones.  A  package  can  use  more  than  one  profile  with 
restriction that there cannot be any conflicts between applied profiles. 
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Figure 4.1: UML Profiles package [44].

To specify that a particular stereotype is applied to a Class, Extension is used. It is 
a specialization of Association. One end of Extension is a property that connects it to 
metaclass and the other one – ExtensionEnd is a connection to the Stereotype. One can 
define, whether extension of a class is mandatory using the profile by specifying the 
value of isRequired attribute. By default extension is optional.

Extension  and  ExtensionEnd are  new concepts,  not  presented  in  former  UML 
versions [43]. The other important change is that tagged values as specific kinds of 
attributes must have a corresponding stereotype specified. It is forbidden to annotate 
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model element with tagged values without extending model element with appropriate 
stereotype.

Figure 4.2: Application of a stereotype to a metaclass.

Stereotypes are applied to metaclasses. There are three ways to present such fact 
on a model. The first one is shown in Figure 4.2. The relationship between a class and 
a  stereotype  (black-filled  arrow) is  called  extension.  Both extended and  extending 
elements  are  metaclasses.  There  is  one  exception  to  this:  stereotypes  cannot  be 
extended  by  other  stereotypes.  Each  instance  of  the  Class  metaclass  may  be 
stereotyped  as  Concurrent.  This  means  that  each  class  would  have  in  this  case 
relationship  with  this  stereotype  –  an  extension  would  be  drawn.  To  simplify  the 
notation it is often seen that instead of using black arrows from stereotype, instances of 
metaclasses have names of their stereotype put in “<< >>” marks. In the  Figure 4.2 
this  notation is  presented – a  Class  has  stereotype metaclass  which could be  also 
presented as an extension to stereotype called  metaclass.  The third way to present 
relationship between stereotype and metaclasses is by using graphical representation of 
a  stereotype.  Metaclasses  with  stereotypes  looks  different  than  commonly-used 
notation. 

4.3 Profile example

In order to understand better the idea lying behind UML profile a very simple 
profile specification and its application is provided. The whole profile contains only 
one stereotype.  Its  definition is  presented in convention used in one of the OMG-
defined profiles [40]. In the first subsection – Domain Viewpoint – domain concepts 
are characterized and explained in an informal manner. The next one concentrates on 
UML extensions and provides definition of stereotypes and tags which correspond to 
domain concepts. The more detailed description of domain and UML viewpoints can 
be found in chapter 5.

4.3.1 Domain viewpoint

 A  concurrent  unit  is  the  one  that  can  be  concurrently  executed  with  other 
concurrent  units.  Within  the  concurrent  unit  all  actions  are  executed  sequentially. 
Concurrent units have a  main  method – a starting point of execution. There can be 
only one such method. 

4.3.2 UML viewpoint

Concurrent  unit  concept  presented in the previous subsection is represented on 
model as the following stereotype:

Table 4.1: Stereotype concurrent.

Stereotype Base Class Tags

Concurrent Class CRmain
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The tag CRmain corresponds to main method. As stated in the domain viewpoint 
every concurrent unit has exactly one main method. However, the decision whether to 
present  it  on a  model  or  not  is  left  for  a  modeler.  For that  reason multiplicity  of 
CRmain tagged value is limited to 1 and it is made optional. Characteristics of the tag 
are presented in the table below:

Table 4.2: CRmain tagged value.

Tag name Tag Type Multiplicity

CRmain A String containing the name 
of a method

[0..1]

CRmain is a name of a main method executed in a concurrent unit.  The main 
method can be modeled as a state diagram of a class. 

4.3.3 Application

Now, when the profile is specified, it can be used in systems modeling. Figure 4.3 
presents the fragment of an airplane model.

This example shows how previously mentioned concepts can be applied. Package 
Airplane applies RealTime profile3. This profile extends Class by providing optional 
extension with stereotype Concurrent. The consequences of that fact are following:

– classes in Airplane package may be stereotyped as concurrent. In this way we 
can provide additional semantics to them. Autopilot class is an example of these 
classes 
– classes  stereotyped  as  concurrent  may  have  tagged  values  attached  with 
attributes of stereotype. Here one can see CRmain attribute which value indicates 
name of the main method of the concurrent class. 

3One more interesting finding needs to be presented. The relationship <<apply>> between the 
Airplane package and RealTime profile crosses meta-levels. The former is an element from a model 
while the latter is a part of metamodel. According to [44] this is not usual situation when there are 
links between different meta-levels, however there are no problems with this solution.
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5 PLATFORM INDEPENDENT MODEL

UML  is  a  graphical  modeling  language  supporting  object-oriented  paradigm. 
Detailed specifications of software systems can be created using this language. UML is 
destined to  support  development of  wide range of systems.  Current  version of the 
language is 2.0 and, comparing to previous versions, it has additional elements useful 
for modeling real-time systems. 

Real-time  features  of  the  language  are  gathered  and  described  in  [22].  Active 
objects, concurrent operations and states, these are metamodel elements which reflects 
modeling needs in the real-time domain. To express timing constraints two data types 
were added: Time and TimeExpression. Additionally, new time diagram is suggested 
as a visualization of state changes in object's lifeline. 

Those extensions, however, are insufficient in representing time-related concepts 
in  real-time  systems  design  [24].  Luckily,  profile  mechanism  is  a  more  suitable 
solution that provides variety of modeling elements with detailed semantics specified. 
Object Management Group (OMG), organization which improves UML standards, saw 
the need to enrich the language with constructs that help expressing real-time concepts. 
The only possibility to do this without changing the UML metamodel was to define a 
new profile and use it with the existing the metamodel. In the result, UML Profile for 
Schedulability,  Performance,  and Time Specification [40] (in  the thesis  called also 
“RT profile”) was introduced in 2005. With this  profile OMG made an attempt to 
represent real-time concepts and issues described in the second chapter. 

The RT profile proposed by OMG is not the only choice. There exists more UML 
profiles focused on real-time domain [22, 23, 24]. The reasons why RT profile was 
used as a base for defining platform independent model in the thesis are as follows. It 
is a standard proposed by OMG. The profile is considered as a general one and, thus, 
hard to use in practice without refinement [24]. This general nature has its advantages, 
however.  When  PIM  is  defined  with  the  use  of  broader  concepts  it  can  be  also 
applicable in cases where more detailed profiles (which bases on the RT profile) must 
be used, without major changes in the transformation rules. Some additional constrains 
or  stereotypes  should  be  only  delivered  and  all  general  transformations  could  be 
reused. What is more, Wheleer in [50] provides results of  an experiment in which 
OMG RT profile was applied in modeling complex airborne system. The findings are 
promising: it is helpful in better understanding of system model and its time properties, 
it supports variety of analysis methods well. One disadvantage is that it is not suitable 
for representing physical resources of the system. Examples of this profile applications 
can be also found in [51].  For all  of  that reasons UML Profile for Schedulability, 
Performance,  and  Time  Specification  seems  to  be  suitable  in  modeling  real-time 
systems using the MDA approach. 

In order to build a model of a system a set of diagrams must be created. Those 
diagrams may be considered as specific views of the system model. Each diagram has 
a syntax. Depending on diagram kind, different metamodel elements may be used by 
modeler. In the two next subsections such elements taken from UML definition are 
described in details. Detailed semantics of RT profile extensions for that elements are 
provided as well. All of these elements constitutes platform independent metamodel 
which, when used in a correct way by modelers, is a language for defining platform 
independent models of concrete systems.

5.1 UML diagrams 

During design phase system model is created. In object-oriented methodologies 
[47,  7]  two  aspects  of  a  system  are  always  present.  The  first  one  –  structural  – 
concentrates  on the  organization of  system elements,  their  relationships and types. 
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However, Structural aspects of the system are not sufficient for detailed specification 
of the system. Together with it, dynamic aspects of the system should be delivered. 
Behaviour of the system means both: changes in state of a single element as well as 
interactions among many elements. Only the combination of structural and behavioural 
aspects constitutes a system specification. 

UML language is suitable to model both of them by providing specific diagrams. 
Structure of the system may be modeled with:

● class diagrams
● object diagrams
● package diagrams
● component diagrams
● deployment diagrams

The decision which diagrams should be used is in hands of a modeller. For this 
thesis the most important diagrams in platform independent model are the first three 
due to the focus on transformations and code generation. 

Dynamic aspects of a system can be expressed with:
● sequence diagrams
● activity diagrams
● state diagrams

The  first  two are  suitable  for  showing communication  among model  elements 
while the last one concentrates on behaviour of a single element. Combined together 
provide a complete specification of dynamic aspects of a system.

5.2 UML Profile for Schedulability, Performance, and 
Time 

The intention of RT profile developers was to create one common profile which 
can  be  used  by  modelers  who  must  deal  with  real-time  systems  characteristics 
diversity  [40].  For  that  reason,  UML Profile  for  Schedulability,  Performance,  and 
Time Specification  consists  of  several  subprofiles.  Destination  of  each  of  them is 
different.  It can be said that each of them is destined to create different view of a 
system (so-called domain viewpoint). What is more, within one subprofile there exist 
stereotypes that are only applicable for specific systems  while for the other ones are 
irrelevant. For instance, level of details in representing OS processes in a model is 
different depending on system characteristics. 

All  of  the  above  facts  results  in  two  questions:  which  subprofiles  and  which 
stereotypes are essential in defining platform independent model? To find the answer 
one need to be familiar with subprofiles defined in RT profile.

The  structure  of  the  profile  is  depicted  in  Figure  5.1.  It  consists  of  General 
Resource Modeling (GRM) Framework and Analysis Models packages. The former is 
a  core  of  the  profile.  It  provides  number  of  common  concepts  used  in  all  other 
subprofiles that express quality characteristics which are always relevant in real-time 
systems. Those concepts are gathered in RTresourceModeling profile.  Authors of [40] 
advice  that  GRM  Framework  should  also  be  used  as  a  base  for  other  profiles 
constructed  for  real-time  systems.  The  framework  also  includes  two  additional 
packages.  They  define  general  concepts  regarding  time  and  concurrency  issues 
specified  in  RTtimeModeling  and  RTconcurrencyModelling  profiles  respectively. 
With them it is possible to import, reuse or specialize them in more specific profiles. 
One of them concerns time specification and is covered in [40] only in terms of the 
metric time i.e. it allows for modeling deadlines for responses, execution time and so 
on. This subprofile also supports modeling facilities of real-time operating systems in 
terms of timers and clocks.  

Apart  from general  profiles,  three  more  detailed  ones  are  provided  in  the  RT 
profile. The first one concerns schedulability issues and is called SAProfile. In hard 
real-time systems it is crucial to guarantee that all deadlines will be met. The SAprofile 
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provides  means  for  annotating  model  elements  with  characteristics  that  helps  in 
schedulability analysis. Such a general solution introduced by the authors of the profile 
is flexible enough to be used with a number of different scheduling techniques. 

Figure 5.1: The structure of UML Profile for Schedulability, Performance, 
and Time[40].

For soft real-time systems statistical performance analysis is to be performed [40] 
in  order  to  determine  how  well,  with  given  resources,  will  quality  of  service 
characteristics be satisfied. One of the subprofiles – PAprofile – is devoted to support 
performance  analysis  by  allowing  to  model  performance-related  characteristics  of 
resources in a system. 

The  last  subprofile  called  RSAprofile  is  a  specialization  of  the  schedulability 
subprofile.  Its  purpose  is  supporting  schedulability  analysis  of  real-time  CORBA 
applications.  Although  it  is  good  example  how  RT  subprofiles  can  be  further 
specialized, its relevance for issues presented in this thesis is not significant.

Taking  all  the  above  descriptions  into  consideration  as  well  as  the  discussion 
regarding the scope of the thesis presented in section 2.3, only the general subprofiles 
are to be used in the platform independent model. The reason why usage of RT profile 
was  narrowed  only  to  general  subprofiles  is  that  performance  and  schedulability 
analysis are not essential for code generation. However, when the code is generated 
from the model  and then executed it  would be useful  to  present  results  from this 
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execution on models with the use of these two more specialized profiles. For instance 
real execution time of operations may be presented on models with appropriate tagged 
values. When supported by modeling tools such idea can be helpful in performing 
changes in system design based on real-execution results. 

In [24] Graff et al. discuss usefulness of the RT profile stating that it provides 
general concepts only. The high level of abstraction makes it inconvenient to use it in 
practice without refinements. However, for the model transformations purposes which 
lead to code generation concepts presented in the profile are sufficient.

5.2.1 The role of viewpoints in the profile

As stated in [40] there are many areas of analysis in a real-time domain. In each 
analysis there are different points of interest.  For instance, in performance analysis 
operation  execution  time  (worst,  best,  average)  becomes  relevant,  but  are  less 
important in the resource usage analysis. 

Thus, analyst can look at one model at different perspectives focusing only on a 
subset  of  modeling  concepts  which  are  important  for  the  chosen  analysis.  Such  a 
perspective in the RT profile is called model analysis or conceptual domain viewpoint. 
Domain  viewpoint  is  presented  in  the  RT profile  as  a  package containing  a  class 
diagram. The purpose of this viewpoint is to present and explain concepts significant 
for the specific analysis and to show relationships between these concepts. Concepts 
and their relationships are presented in the mentioned class diagram. It is important to 
understand  that  UML  is  used  as  a  means  of  presenting  concepts  but  the  domain 
viewpoint must remain independent from the UML metamodel.   Additionally, it  is 
encouraged  that  each  domain  viewpoint  should  specify  relationship  with  general 
resource modeling framework – the core of the profile. One more advantage of domain 
viewpoint is that it becomes a base for defining corresponding UML extensions. Those 
extensions, namely stereotypes, tagged values and constraints constitutes the second 
viewpoint of a subprofile called UML viewpoint. A convention, that each subprofile of 
the RT profile has two viewpoints is obeyed throughout the whole profile. 

Between domain  and  UML viewpoints  there  is  a  mapping.  Figure  5.2 depicts 
relationship between those viewpoints.  In an ideal situation each concept  from the 
domain viewpoint would have a corresponding stereotype. Since a profile mechanism 
can only constrain its metamodel without adding its new elements [44] it would not be 
possible to incorporate all associations among domain concepts in the UML viewpoint. 
There are some techniques used in the profile for mapping between the domain and the 
UML viewpoint:

1. Concept  represented  as  a  class  in  the  domain  viewpoint  may  become  a 
stereotype

2. Associations  are  mapped  in  a  few  ways.  It  might  be  the  case  when  an 
association  between  domain  concepts  has  a  corresponding  association  in  the 
metamodel.  Some associations,  for  instance a  composition association) can be 
mapped as a tagged value of an aggregating stereotype. 

3. In some cases a domain concept has no corresponding stereotype in the UML 
viewpoint. This is because some concepts presented in the domain view have an 
abstract nature with destination to be specialized in more detailed profiles which 
import them. 

Those  directions  are  imprecise  and  it  is  not  fully  specified  which  mapping 
technique use in all specific cases. Decision in many cases has to be made by modeler.
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Figure 5.2: The relationship between domain and UML viewpoints [40].

5.2.2 General Resource Modeling profile

The GRM profile provides abilities to annotate model elements with quantitative 
information  regarding  so-called  quality  of  service  (QoS).  To  be  more  precise, 
hardware and software environments of an application may be modeled using concepts 
described in this profile. 

5.2.2.1 Domain viewpoint
The  whole  viewpoint  was  partitioned  into  several  packages.  Each  of  them 

concerns different aspect of a real-time domain. The structure is presented in  Figure
5.3. Further in this section all packages are described in details.

The  core  concepts  which  serve  as  a  base  for  more  detailed  specifications  are 
grouped in the Core Resource Model. In real-time systems modeling it is often the case 
when  specific  scenarios  are  analyzed.  Scenarios  present  groups  of  cooperating 
elements  which  are  run-time  instances  of  design  elements  such  as  classes  or 
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associations.  In  the  profile  these  design  entities  are  called  descriptors.  QoS 
characteristics refers to instance elements.  It  would be difficult,  however, to model 
systems  by  focusing  on  instances  only.  Because  of  that  QoS  characteristics  are 
attached to descriptors which means that every instance of such an element has the 
same qualities specified. This issue is reflected in the Core Resource Model depicted 
in Figure 5.4.

Figure 5.4: The Core Resource Model [40].

All elements at left side are instances of the corresponding descriptors at the right 
side. Because descriptors play subordinate role in presenting real-time characteristics 
the profile contains only specification of instance concepts.

An instance may have several descriptors which represents multiple inheritance 
concept.  A  resource  instance  is  an  entity  that  offers  some  services 
(ResourceServiceInstance) at run-time. Each service may have QoS values presented 
in the model. For example, measured execution time of an operation is a quality of 
service. When a resource offers only one service it is convenient to present QoS value 
directly attached to the resource, and not to service. The concept of QoS value is used 
in other domain models in this package as attributes of specific concepts.

For  modeling  scenarios  or  cause-and-effect  chains  of  run-time  instances,  the 
causality model (Figure 5.5) was introduced. The basic concept in this package is an 
event occurrence. It  is a representation of the instance of the UML event which is 
defined as a specification of state change. In the model, there are two specializations of 
an event occurrence distinguished: generation and reception of stimulus. Stimulus is 
defined  as  an  instance  of  communication  between  a  calling  object  and  a  callee. 
Stimulus is generated in the point of time when either an object invokes operation of 
another  object  or  sends  a  signal  to  it.  This  stimulus  is  finally  received  (stimulus 
reception event occurs) by the target object and a specific operation is executed. The 
set of actions and reactions constitutes a scenario. 
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Figure 5.5: The causality model [40].

Two additional specializations of an event occurrence may be useful in modeling. 
Each  scenario  has  exactly  one  starting  and  one  ending  event.  These  concepts  are 
modeled in Figure 5.6.

Figure 5.6: Start and end events [40].

While the core resource model concerns services offered by resource instances, 
resource usage model focuses on the client side – what services are required and how 
are they used by resources. It is a very general model and thus applicable to many 
kinds of analysis. However, there are no directions provided regarding practical usage 
defined concepts since they are abstract. 

The resource usage concepts (Figure 5.7) represent the way, how services are used 
by clients. Some analysis concentrate on dynamic aspects, other on static ones. This 
resulted in two specializations of the resource usage concept, and two additional, more 
detailed models. The event occurrence that caused a need to use a service is a usage 
demand element. It might be helpful in analysis to distinguish such events on models. 
In  combination  with  QoS  characteristics  usage  demand  represent  the  notion  of  a 
required service. For instance, one object may require from another one to execute a 
specific action in 100ms. The called object is able to offer this service with execution 
time  estimated  to  200ms.  This  is  how  analysis  which  take  required  and  offered 
qualities of a service can be performed with help of concepts presented here. Analysis 
context is a part of a model that is to be analyzed. It consists of resource instances and 
required services.
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As  mentioned  before  some  analysis  methods  are  focused  only  on  static 
relationships between resources and their clients. The static usage model is useful in 
this context (Figure 5.8). 

Figure 5.8: The static usage model [40].

The only new element is the client. The idea presented here shows cooperation 
between  executed  peers.  One  of  them,  a  resource  instance,  offers  a  service  (or 
services). Client requires this service at specific quality described by QoS values. The 
previously presented example shows how analysis can be done with support of this 
model. In addition, it can refer to software and hardware collaboration where the latter 
is a kind of resource which offers services to software. This interpretation is however 
irrelevant in this thesis.
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Apart from static analysis,  in real-time systems there is  a need to analyze and 
express  the  time  when particular  usage demands occur  in  scenarios.  The dynamic 
resource usage model (Figure 5.9) introduces a notion of an action execution. Scenario 
is  considered  as  a  sequence  of  ordered  steps  –  each  step  has  its  successor  and 
predecessor steps (excluding the last and the first one respectively). A single step is 
called  action  execution.  At  different  stages  granularity  of  scenario  steps  may  be 
refined. In particular, one action execution is split into number of sub-steps. For that 
reason action execution is a kind of scenario. 

Figure 5.9: The dynamic resource usage model [40].

In real-time domain resources can be classified taking different aspects as the base 
of  such classification.  RT profile  [40]  proposes  three  different  resource  categories 
based on purpose, activeness and protection. The least relevant in context of the thesis 
is the “purpose” category which distinguishes among processor resources that execute 
program, communication resources which are used as a communication means among 
other entities, and devices. Much more important classification is based on activeness. 
There are active resources which generate stimuli concurrently by themselves (e.g. 
processes and threads) and passive ones which are not executed by themselves but 
await stimuli from active resources. To support synchronization issues the distinction 
between protected and unprotected resources must be provided on models. The first 
category groups resources  that  are characterized with a  specific  access  policy that 
controls concurrent units which want to use services offered by the protected resource. 
Unprotected resources lack of such control. 

All categories are modeled with concepts presented in Figure 5.10.
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Figure 5.10: Resource categories [40].

Services offered by protected resources are called exclusive services. In order to 
execute such service it must be  acquired by executing acquire service action by the 
client. Acquiring action can be “blocking” which means that calling resource would be 
blocked if the service is unavailable. In this case services may become available when 
release service action is executed. Those concepts are modeled in Figure 5.11.

Figure 5.11: Exclusive service [40].

Two additional models are contained in the GRM package. These are: the resource 
management package and realization model.  They concerns operating systems and 
hardware services which in some cases is useful to present on models but exceeds the 
scope of the thesis.

5.2.2.2 UML viewpoint
GRM package provides general concepts used in real-time domain. Majority of 

them is abstract and are refined in additional packages. Only a few concept have a 
corresponding stereotype which can be used on models. They include the following:

● <<GRMacquire>>
It  corresponds  to  the  acquire  service  concept.  Metaclasses  that  may  have 
attached this stereotype are the following: stimulus, message, action execution, 
action, operation, reception, method, action state, transition, subactivity state. 
Together  with  this  stereotype  a  modeler  may  provide  two  tagged  values: 
GRMblocking which boolean value specifies whether acquiring process is a 
blocking  operation  or  not,  and  GRMexclSrv  which  is  a  reference  to  the 
instance of the protected service that is acquired.

● <<GRMrelease>>
Represents releasing of a exclusive service of some protected resource. It can 
be applied to the same metaclasses as GRMacquire stereotype.
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These two stereotypes are not satisfactory for modeling resource-related aspects. 
There  are  two  possible  solutions  that  provide  required  extensions.  The  first  one 
requires including more sophisticated subprofiles of the RT profile for performance 
and schedulability modeling. But the idea of including whole profiles to use only a few 
stereotypes from it is worth consideration. The alternative solution is to resign from an 
abstract nature of needed concepts and provide corresponding stereotypes for them. 
Choosing this option is simpler since there is no need to understand new profiles and 
their context just to use a small part of it. Thus, an additional set of stereotypes which 
correspond to domain concepts are the following:

● <<GRMexclusive>>

Represents  the  concept  of  an  exclusive  service.  Can  be  applied  to  Operation, 
Reception, Stimuli and Message.

● <<GRMpassiveResource>>

Represents the concept of a passive resource type. The stereotype may be applied 
to metaclasses: Class, Instance, Interface. 

● <<GRMactiveResource>>

Represents the concept of an active resource type. The stereotype may be applied 
to metaclasses: Class, Instance, Interface. 

● <<GRMprotectedResource>>
Represents  the  concept  of  a  protected  resource  type.  The  stereotype  may  be 

applied to metaclasses: Class, Instance. 

● <<GRMunprotectedResource>>

Represents the concept  of  a unprotected resource type.  The stereotype may be 
applied to metaclasses: Class, Instance. 

● <<GRMserviceInstance>>

Models  the  concept  of  general  resource service  instance.  It  can be applied to: 
Operation, Reception, Message and Stimuli.

5.2.3 General Time Modeling profile

This  profile  extends  UML  language  with  abilities  to  represent  time-related 
mechanisms  relevant  in  real-time  systems  domain  [40].  As  mentioned  earlier,  it 
concerns only metric time i.e. allows for expressing quantitative aspects of a system, 
e.g.  deadline,  execution  time  or  delay  time.  To  be  more  specific,  all  concepts 
supported by the profile were divided into four following parts:

● TimeModel for time and time values modeling
● TimedEvents for modeling events in time and time-related stimuli
● TimingMechanism modeling
● TimingServices for modeling operating system timing services
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Figure 5.12: Relationships among parts of time-related domain model [40].

Figure 5.12 depicts dependencies among parts of the time domain model. In the 
following subsections  stereotypes  are  presented  in  four  parts  corresponding  to  the 
domain viewpoint. Each stereotype and tagged value in TimeModeling subprofile have 
RT prefix in names.  The following subsections provide descriptions of stereotypes 
defined in TimeModeling subprofile.

The Time Model

Figure 5.13: The time model [40].

This model represents the idea of the time concept as a UML model. Physical time 
is modeled as an ordered indefinite sequence of physical time instants. Real-life time is 
dense which means that  between two instants of  time there  is  always at  least  one 
additional  instance.  Computers  can  only  provide representation of  time,  where  the 
granularity  of  time  is  constrained  with  CPU  frequency.  In  result,  close  physical 
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instants may be represented as the same instant of the virtual time. In order to measure 
time, clocks are used. They are mechanisms that count instants of time from specified 
origin. Such measurements of physical instants provide time values. Time between two 
instances is called duration. Measured value of the duration is also a time value. In 
order to distinguish it from values representing time instants, the time interval concept 
was introduced. 

UML viewpoint of the time model is as follows:
● <<RTtime>> 
This stereotype corresponds to time value domain concept. It is a “value that 
corresponds  to  a  particular  physical  instant  in  time  as  measured  by  some 
reference clock” [40]. The reference clock is defined as a almost ideal clock to 
which  other  clocks  should  be  synchronized.  Two  tagged  values  can  be 
specified with this stereotype: RTkind having two values: 'dense' and 'discrete', 
and  RTrefClk  which  must  point  to  a  reference  clock  in  a  model.  The 
difference  between  dense  and  discrete  time  is  that  the  former  one  have 
continuous nature and can be represented by real numbers, while the former is 
represented  by  integers.  This  stereotype  may  be  applied  to  data  types, 
classifiers, objects, instances, data values representing time values.

● <<RTinterval>>
It is a value of time which means a specific duration. Two kinds of durations 
can be distinguished: absolute which is specified by providing RTintStart and 
RTintEnd tagged values and relative by which length of the interval can be 
expressed with RTintDuration value. Base classes for this stereotype as the 
same as for the time value.

The Timed Events model

Figure 5.14: The Timed Events model [40].

The model depicted in Figure 5.14 introduces three new concepts. Timed stimulus 
is a stimulus that has associated time values with it. At least one value representing 
start of the stimulus is mandatory. If more than one clock is used to measure time then 
different measurements can be presented by more than one time value. In this case it is 
required to provide associate clocks with specific measurements.

There are two specialization of timed stimulus. They are distinguished based on 
the source of a stimulus. If the origin of a signal that generates a stimuli is as timer 
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than it is called timeout. When it was caused by a clock it is a clock interrupt. The 
difference between timer and clock concept is unclear – both of them seems to be 
similar except for generating different kinds of events. 

Similarly  to  stimulus,  in  modeling  real-time  systems  it  is  useful  to  have  a 
timestamp associated with an event. This idea resulted in timed event concept depicted 
in . An action can be also enriched with two timestamps: starting and ending instants 
of time. Alternately, one may use duration of action execution for the same purposes 
instead. A special kind of timed action is “delay” which is used for modeling actions 
that represents no results for a specified period of time. 

Figure 5.15: Timed event and action concepts [40].

The UML viewpoint of this package consists of several stereotypes and tagged 
values:

● <<RTtimeout>>
Timeout  is  a  specialization  of  TimedStimulus  –  an  asynchronous  signal 
generated by a timer when a specific instance of time occurs. By providing 
RTstart tagged value modeler can specify time when timeout event occurred. 
This  stereotype  is  applicable  for  the  same  metaclasses  as  for  the  timed 
stimulus stereotype.

● <<RTdelay>>
Delay is a special kind of timed action which delays execution of a specific 
action for specified time interval. This stereotype is applicable to all model 
elements that can have <<RTtimedAction>> stereotype. Delay have only one 
tagged value associated – RTduration. Base metaclasses for this stereotypes 
are: ActionExecution, Stimulus, Action, Message, Method, ActionSequence, 
ActionState, SubactivityState, Transition, State.

●  <<RTstimulus>>
The notion of a timed stimulus was introduced to model stimulus generated 
when an event occurs and annotate it  with starting and ending time values 
(RTstart and RTend tagged values respectively). Base metaclasses that can be 
stereotyped  as  <<RTstimulus>>  are  Stimulus,  ActionExecution,  Action, 
ActionSequence and Method metaclasses.

● <<RTclkInterrupt>>
Clock interrupt is an asynchronous signal sent by a clock. This concepts can 
be used for modeling triggers in scenarios when periodic tasks are modeled. 
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RTstart tagged value specifies the time when interrupt took place. Stimulus 
and Message metaclasses can be stereotyped as RTclkInterrupt.

● <<RTaction>>
Timed action is a common concept for modeling behavior which have start 
and  end  time  or  duration  specified.  The  stereotype  can  be  applied  to 
ActionExecution,  Method,  Message,  ActionSequence,  Operation,  Action, 
ActionState, SubactivityState, State, Transition, and Stimuli. Two alternative 
approaches for specifying time action characteristics can be used: start and end 
times of an action (RTstart and RTend tagged values) or RTduration which 
value shows relative duration of time when the action was executed. 

● <<RTevent>>
Timed event is an event with associated timestamp. It may be applied to the 
same base classes as timed action. It is an alternative to timed action concept 
with a  difference that  timed event  has  only starting time specified -  RTat 
tagged value.

The Timing Mechanisms model

This model consists of a timing mechanism concept and its two specializations: 
clock and timer. They are helpful when there is a  need to model mechanisms that 
measures time. However, those stereotypes rather than modeling software of a system 
are  devoted  to  describe  environment  of  the  system  such  as  operating  system  or 
hardware. This is out of scope of this thesis.

The Timing Services model

A timing service can be considered as clocks and timers factory providing means 
for creating them. Similarly to the timing mechanism timing service is a concept for 
modeling operating system that real-time software must communicate with. 

5.2.4 General Concurrency Modeling profile

The purpose  of  the  concurrency  subprofile  is  twofold:  supporting  modelers  in 
describing concurrently executing and communicating objects and describing real-time 
systems infrastructure. The scope of the thesis is narrowed only to the first  aspect. 
Similarly to previous subprofiles also in this profile all elements have CR prefix.

The domain model of the General Concurrency Modeling profile is presented in 
Figure 5.16. 

39



Figure 5.16: Domain model of the concurrency subprofile [40].

As one can see, this profile is based on General Resource Modeling subprofile. 
There  are  a  few concepts  introduced that  are  refinements  of  those  taken from the 
GRM. For instance,  message action is  a  non-abstract  specialization of the abstract 
action execution element. But the semantic of it remains the same. Message action 
may be executed in two different manners: synchronous and asynchronous. The first 
one assumes that client which requested a service is blocked until it receive a response 
from the offering resource. In asynchronous case, clients continuous its execution with 
no waiting. 

Synchronous and asynchronous execution of a service is a client point of view on a 
service. At server side, action may be executed immediately or deferred. 

The most important concept introduced in the profile is concurrent unit. It is an 
active resource that executes simultaneously with other concurrent units. Each such 
unit has its main scenario which is executed from the very beginning to the end of 
concurrent unit's existence. Concurrent units are able to communicate among them by 
sending  and  receiving  stimuli.  Received  stimulus  triggers  the  cause-effect  chain 
described in GRM framework. It might be the case, that a concurrent unit is unable to 
process specific stimuli when it is generated. For the purpose of queuing such stimuli 
concurrent units  have a queue associated with them where deferred request can be 
stored and processed at more convenient time.

The domain model found its representation in the following UML stereotypes:

● <<CRconcurrent>> 
This stereotype should be attached to classifiers or instances that are threads or 
processes. Each active unit has its main thread i.e. executes one main method 
which can be presented on diagrams with the use of CRmain tagged value. Its 
is  a  reference  to  main  method.  This  stereotype  is  applicable  to  Node, 
Component, Artifact, Class or Instance.

● <<CRsynch>> and <<CRasynch>>
The profile gives a possibility for modelers to express whether invocation of 
an  action  has  asynchronous  nature  <<CRasynch>>  or  a  synchronous  one 
<<CRsynch>>. In the latter case invoking entity waits with its execution until 
a  reply  from invoked entity  is  received.  Asynchronous  invocation  puts  no 
requirements on invoking entity to wait for  the response.  ActionExecution, 
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Action, and Operation are the metaclasses that may be stereotype either  as 
CRsynch or CRasynch. 

● <<CRimmediate>> and <<CRdeferred>>
It is vitally important to present communication between concurrent units in 
details.  For  that  purpose  authors  of  the  RT  profile  introduced  concept  of 
immediate  and  deferred  services  and  corresponding  stereotypes 
<<CRimmediate>>  and  <<CRdeferred>>  that  are  applied  to  operations. 
Immediate handling of a message can be performed remotely in the existing 
thread or locally by spawning new thread to deal with it. In models, these two 
different  ways  of  immediate  message  handling,  is  presented  by  adding  a 
tagged value named CRthreading which can have two values:  'remote'  and 
'local'.  Those  two  stereotype  are  to  be  used  with  the  following  base 
metaclasses: Operation, Reception, Message, and Stimulus.

● <<CRmsgQueue>>
This stereotype provides a way to add stimuli queue semantics to Class, Object 
or Instance. 

● <<CRaction>>
Represents a concept of action execution. It is defined as a representation of 
“a single execution of  some action specification”.  The same action can be 
executed multiple times and giving various action executions. Modelers can 
also specify whether action execution is atomic or can be preempted by setting 
CRatomic  tagged  value.  Base  metaclasses  for  that  stereotype  are:  Action, 
ActionExecution, Message, Stimulus, Method, ActionState, SubactivityState, 
Transition, State. 
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6 PLATFORM SPECIFIC MODEL – THE ADA UML 
PROFILE

This chapter introduces the Ada UML profile. It is created based on the General 
Resource Modeling Framework of the RT profile [40]. It can be treated as one of the 
model perspectives. The most relevant aspect in this perspectives is to express Ada 
2005 programming language constructs in models. It was achieved by either including 
new concepts in the domain viewpoint by extending RT profile with additional classes 
or adapting existing ones in case when they are well-suited representations of Ada 
specific  constructs.  In  this  context  the  PSM  is  the  RT  profile  with  a  number  of 
additional extensions gathered in the Ada UML profile.

There are researches performed to create a profile that incorporates Ada concepts 
into a UML profile. One of them is called ARTiSAN UML-Ada Profile [19]. The aim 
of the profile is  to capture mapping issues between Ada 95 and UML. The paper 
describes only a few of them and the whole profile is not presented. The key purpose 
of the profile is to facilitate automated Ada source code generation. It  is unknown 
whether the profile incorporated new features of the Ada 2005.

The specification of the  Ada UML profile  is  preceded by presentation of new 
features of Ada 2005 version of the language.

6.1 Ada 2005 new features

Ada programming language is widely used in real-time systems domain [18]. It is 
caused  by  many  reasons.  In  [36]  one  can  found  ten  attributes  of  a  programming 
language destined  for  implementation  of  real-time  systems.  These are:  readability, 
strong typing, support for large systems development, data abstraction, object-oriented 
mechanisms,  generic units,  standardized interface to other programming languages, 
tasking,  timing mechanisms, and exceptions handling. Ada language has all  of  the 
above.

The history of the Ada programming language begins in the early 70ties. It was 
developed for a contest sponsored by US Department of Defense. The first version of 
Ada won the competition. Further lots of work towards standardization was conducted 
[36] resulting in Ada83 standard. Experience gained during application of the language 
in  industrial  projects  introduced  a  need  for  language  evolution.  In  the  year  1988 
project Ada9X were started. Major extensions including so-called protected objects 
and object-oriented mechanism were introduced in the new version – Ada 95 [11, 30].

After 5 years since development of Ada 95 again ideas for new enhancements in 
the language were gathered and considered. The project called Ada 200Y aimed to 
release  a  new  standard  in  the  year  2005.  Following  subsections  provide  short 
descriptions  of  the  major  enhancements  that  were  introduced  in  Ada  2005.  It  is 
impossible to present all aspects of Ada 2005 (including constructions from previous 
version) as it is the topic of whole books [10]. It is important to describe new features 
of  Ada  2005  because  they  affect  modeling  at  design  phase.  With  new constructs 
different design decisions and systems models may be proposed than with the use of 
older language versions.

6.1.1 Interfaces

Ada 95 is a hybrid language that allows programs to be written structurally or 
object-orientation.  However, unlike other object-oriented programming languages it 
does not  support  multiple inheritance for  a number of  reasons  [47].  Popularity of 
lightweight  solution  for  multiple  inheritance  –  the  interface  concept  –  resulted  in 
reconsideration of the issue in the newest standard. The idea is that types can inherit 
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interfaces (i.e. contracts for operations) from many parents but there can be only one 
“real” parent that is components and implementation of operations must be inherited 
from one parent. 

In Ada 2005 an interface is a type. Specifying that type T is an interface: 

type T is interface;

is equivalent to state that it is “abstract tagged null record” but with one major 
difference. A type cannot inherit from more than one abstract records but it is possible 
in case of interfaces. An interface type cannot have instances – only derived types that 
provides definition of operations of the interface may have instances. 

Full specification of an interface consists of type declaration and specification of 
its  operations:  functions and procedures.  There is  one constraint  imposed on these 
operations.  Each  of  them  must  be  abstract  (without  definition)  or  null  –  empty. 
Following code is a full definition of an interface I1 for the example:

type I1 is interface;

procedure P (A : I1; B : Some_Type) is null;
function Q  (A : I1) return Boolean is abstract;

All primitive operations4 of  an interface  are a  part  of  interface definition. The 
following example  found in  [35]  illustrates  multiple  inheritance  with  interfaces  in 
practice.

 
type I2 is interface and I1; 
procedure R (X : I2) is abstract;

type Root is tagged record                     -- 3
Attr1 Integer;

end record;
procedure S (X : Root);                        -- 6  

type DT1 is new Root and I2 with null record;  -- 7 
type DT2 is new DT1 with null record;          -- 8   

The example starts with I2 definition. It inherits two operations from its ancestor 
I1.  In  result  it  has three  primitive  operations:  P,  Q (inherited) and R.  Line 3 is  a 
beginning of a tagged record definition– construct already known in Ada 95. Line 6 is 
a  specification  of  primitive  operation  of  Root  type (definition  of  S  operation  was 
omitted). Type DT1 defined in line 7 is a tagged record – a combination of Root type 
and I2 interface. This means that it inherits all operations of Root type. In addition, in 
order to be correct definition of all I2 operations must be provided. The last type, DT2, 
inherit all subprograms definitions from its ancestor DT1 and does not need to provide 
its own interface implementations. If there is a need to change the implementation of 
operations a new definition may be created to override the default, inherited one.

Interfaces can be also used as generic parameters:

generic
   type FI is interface I1 and I2;
package...

Actual  parameter  of  this  generic  package  must  be  a  type  that  inherits  from 
interface I1 and I2 and implements all operations of its ancestors.

There are four kinds of interfaces in Ada 2005: limited, synchronized, task, and 
protected.

4 A primitive operation of a given type is either: predefined operator for that type, inherited operation, 
and all subprograms declared within the same package specification and having formal parameters or 
results of this type [1].
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For limited interface, similarly as for limited type copying is not allowed. This 
means that all  types inheriting from a limited interface become limited types. It  is 
possible to mix limited interfaces and non-limited ones:

type LI is limited interface; 
type NLI is interface;

type IM1 is interface and LI and NLI;         -- correct
type IM2 is limited interface and LI and NLI; -- incorrect

In the example above interface IM1 is derived from non-limited interface NLI and 
limited LI. In result it can be declared only as non-limited. For that reason interface 
IM2 has incorrect syntax. It cannot be limited because one of the ancestors is a non-
limited type with possible copying operations. 

The  second  category  of  interfaces  is  the  synchronized  interface.  All 
operations  specified  by  such  an  interface  can  be  invoked  in  a  mutually 
exclusive manner.  A synchronized interface can be implemented by task or 
protected types. 

Two  additional  interface  categories  are:  task  interface  and  protected 
interface. The former can only be implemented by task types while the latter by 
protected  types.  In  both  cases  operations  of  those  kinds  of  interfaces  are 
synchronized.  It  is  not  obvious  how to provide implementation of  interface 
operations inherited by a task type or a protected type. These two constructs 
introduced in former versions of the language are not regular types. Instead of 
operations they are characterized by so-called entries (in fact, protected types 
have  both  entries  and  operations).  For  that  reason  there  are  two  ways  of 
implementing interface operations  by task or  protected types.  The first  one 
maps the operation to an entry in case of task type and to entry or protected 
operation in case of protected type. Such entry of protected operation must be 
added  in  specification  of  a  task  or  protected  object  and  implemented  in 
definition part. The other way is about providing subprogram declaration and 
definition which specification is exactly the same as the one in interface with 
one additional parameter of task type or protected type which implements the 
interface.  It  is  illegal  to  map  one  operation  using  two  ways.  However, 
mappings can be combined and for a particular interface one operation can be 
mapped to an entry and the other to an operation. The example below shows 
such situation.
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   package Pkg is
      type TI is task interface;
      procedure P (X: in TI) is abstract;
      procedure Q (X: in TI; I: in Integer) is null;
   end Pkg;

   --  First way: P i Q mapped to entries
   package PT1 is
      task type TT1 is new TI with
         entry P;
         entry Q (I: in Integer);
      end TT1;
   end PT1;

   --  Combined solution: P is an entry and Q is a procedure

   package PT2 is
      task type TT2 is new TI with      
         entry P;                       
      end TT2;
      procedure Q (X: in TT2; I: in Integer);
   end PT2;

If interface operation is implemented as an entry then parameter of interface 
type is omitted. Not all interface operations can be mapped to an entry. If an 
operation has parameters and the first one is declared as in parameter such an 
operation  must  be  mapped  using  the  second  solution.  In  addition,  if  an 
operation is a function it cannot be implemented as an entry since there is no 
result returning by entries.

All interfaces kinds can be mixed in creating new types. In performing such 
a “mixture” one must follow two rules:

1. it is forbidden to mix task and protected interfaces
2. derived  type  cannot  be  lower  in  the  hierarchy:  limited  – 
synchronized – task and protected than any of the “ingredients”.

For instance for given interfaces: 

   type LI is limited      interface;  -- similarly type LI2
   type TI is task         interface;
   type PI is protected    interface;
   type SI is synchronized interface;

following type declarations are correct:

   type TI3 is task interface and LI and TI;

   type LI3 is limited interface and LI and LI2;

   type TI4 is task interface and LI and LI2;

   type SI3 is synchronized interface and LI and LI2 and SI;

Advantages  of  adding  interface  types  in  new  Ada  standard  are  obvious.  It 
increases  polymorphisms  of  the  language  and  thus  grants  greater  flexibility  for 
programmers. 

6.1.2 Object.Operation notation

This feature of Ada 2005 is significant for code generation. Instead of redundant 
notation: 
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Package.Operation (Object, Parameters);

now it is possible to use more convenient: 

Object.Operation (Parameters);

6.1.3 Unchecked unions

Ada language has abilities to interface with other programming languages. For 
instance functions written in C can be imported by Ada [23]. It works in the other 
direction as well – Ada operations can be exported as C functions. In order to provide 
the better mapping between various languages Ada 2005 introduced unchecked unions 
as an equivalent of C union [35]. It differs from regular Ada's variant record because 
information about  discriminant  is  not  stored.  While  it  provides  more flexibility  in 
object-oriented programming unions seems to be of lesser importance.

6.1.4 Package dependencies

Ada 95 allowed a few kinds of relationships between packages:
● import (with): one package depends on other and imports its all types 
and operations declared in the public part
● nesting: one package can be created inside the other one
● parent/child relationship: a package may be an extension of its ancestor 
and get access to its private part.

Circular dependencies between two or more packages were forbidden since in Ada 
the order in which packages are compiled is  strictly defined  by several  rules [2]. 
Sequence of units for compilation is impossible to achieve if circular dependencies 
occur. Ada 2005 comes with greater flexibility by allowing the situation when two 
mutually dependent types can be defined in separate packages [35]. The new package 
dependencies are:

● limited import (limited with).  It only provides visibility of names of 
imported package. For such relationship circular dependencies are legal. The 
decision regarding compilation order is in compiler “hands”. 
● private import (private with). If package A imports package B in this 
way, only the private part of A depends on package B.
● limited private import – combination of the two above.

6.1.5 Pointers issues

One  major  enhancement  in  pointers  mechanism  (so-called  access  types)  was 
introduced in Ada 2005 [35]. It is now possible to specify that a variable or operation 
parameter type cannot be null. Additionally, pointers to constant objects are allowed. 
Also anonymous access to subprograms are legal in new Ada.

6.1.6 Aggregation for limited types

Ada  2005  removes  constraint  which  disallowed  aggregation  of  limited  types 
within other types in the previous version of the language [35].

6.1.7 Real-time extensions

In  Ada  programmer  is  able  to  manipulate  compilation  environment  using 
mechanism  called  pragma.  With  it,  scheduling  policies,  stack  size  and  other 
parameters can be specified [5, 33]. Ada 2005 introduces several new pragmas. By 

46



them  developers  can  easily  turn  additional  restrictions  on.  The  purpose  of  these 
restrictions is to ensure that potentially risky constructs or those with side effects are 
forbidden. For instance, pragma Detect_Blocking forces compiler to check whether 
there are possibilities for deadlock in a program [35]. 

Ada 2005 supports one more important feature from the real-time domain point of 
view.  It  implements  the  Ravenscar  profile  for  high integrity  systems [34,  35].  By 
adding

pragma Profile (Ravenscar);

in the code, all restrictions required by the profile are checked.

The new features of Ada 2005 seems to be limited. The most relevant change is 
introduction of interfaces. This allows for multiple inheritance among tagged records 
and  –  which  is  even  more  radical  change  –  among  tasks  and  protected  objects. 
However,  Ada  still  lacks  of  several  object-oriented  features  which  are  present  in 
commonly used  programming languages. 

6.2 Domain Viewpoint

6.2.1 Task-related concepts

An Ada task is a kind of a concurrent unit described in the General Concurrency 
Modeling subprofile of the RT profile. Unlike the concurrent unit, an Ada task does 
not  have  a  name for  the  main  scenario.  A  task  is  an  independent  active  resource 
instance that executes scenario defined within the task. This scenario definition can be 
considered as an inherited main scenario of a concurrent unit. There is no reference to 
any external scenario. Each Ada task has an identifier. Basic concepts related to the 
Ada tasks are presented in Figure 6.1.

Figure 6.1: Ada task-related concepts.

A task in Ada can both: offer services and demand services. The former fact is 
depicted in Figure 6.1 (derived aggregation with AdaEntry). Tasks that offer services 
are called server tasks. Tasks which request services are named client tasks. Thus, a 
task can be also considered as a kind of Client (Figure 6.2).  It is possible to create a 
task that offers services and also requires services which is a combination of server 
and  client  tasks.  It  must  be  stated  that  there  is  no  explicit  differentiation  in  Ada 
between those two kinds of a task. There are two ways of offering multiple services by 
a single task:
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● sequential, where services are offered in a specified order of acceptance. 
Only one specific service is available at given time. The sequence cannot be 
changed at runtime. If a client task calls a service which is unavailable at a 
specific time it enters the suspend state

● selective – where all services are available at any time5 

It  is  noteworthy  that  the  combination  of  both  manners  of  service  offering  is 
possible. Offered services are declared in a specification part of a task definition. Such 
services are called entries. Client tasks can call entries of server tasks. It is a basic way 
of communication between tasks known in Ada as rendezvous. It is always possible to 
check the number of requests stored in an entry queue and to identify the calling task.

Each entry has a queue associated with it. If there is other entry processed at a 
moment or there is more than one client requiring the service, the service execution is 
deferred. This is the idea of DeferredService defined in the Concurrency subprofile. 
ImmediateService instance is also supported by Ada in both sorts: remote and local.

A new task can be created to handle the request. In this situation the parent task 
becomes so-called a master task. This relationship is depicted in Figure 6.3. There is 
one additional situation when demand of a client task can be queued. Task entries may 
have guards attached. A guard is a boolean condition which determines if a service is 
available.  In  a  situation  when  the  condition  is  evaluated  as  false,  the  request  is 
enqueued  and  deferred.  The  guard  condition  is  evaluated  when  a  server  task  is 
choosing the next service to process6. 

Figure 6.3: Relationship between tasks.

When a server task accepts a request it executes a scenario associated with the 
service within its execution thread. In terms defined in General Resource Modeling 

5If one service is being processed by a task, processing of other services is deferred. All other services 
become available after the current processing is finished. 
6It is a simplified description. The algorithm of choosing an entry to be executed and guards 
evaluation is much more complex [1]. 

48

Figure 6.2: Task as a kind of a Client.



package it can be said that an entry is a kind of exclusive service. In order to execute 
the service,  a  client  task must  perform a specific AcquireService action.  After  the 
completion the client task releases the entry with ReleaseService action allowing other 
tasks to get access to it. This scenario may be executed as a critical region or with 
possible preemption. Figure 6.4 illustrates the mentioned concepts. 

Figure 6.4: Ada entry as a specialization of an exclusive service.

At the beginning of program execution Ada task is in the inactive state. There are 
number of rules which specify when a task is activated [1] but for simplicity they are 
omitted here. The syntax of the Ada language is convenient to declare concurrent units 
which never finish their execution. It is a helpful feature in a real-time domain where 
systems that should run indefinitely are common. Tasks may be also created as a finite 
units. A master task cannot be completed until all its children tasks are completed. 
Task  may  terminate  itself  or  be  terminated  by  other  tasks.  Task  termination  and 
abortion actions are modeled in Figure 6.5.

Figure 6.5: Task termination and abortion.

Task abortion is a special kind of message action performed in an asynchronous 
manner. Task may be aborted by other task in any instant of execution. Aborting task 
never  waits  until  the  abortion  is  completed.  The  abortion  action  is  not  always 
performed at once i.e. when aborting task sends the appropriate message. Rules that 
specify an abortion algorithm can be found in Ada Reference Manual [1].

An  Ada  task  perfectly  matches  the  conception  presented  in  the  RT  profile 
regarding instances and their descriptors. Ada syntax allows for defining both: task 
types and task objects. The relationship between the task type and object is similar to 
relationship between a class and object in the UML. Figure 6.6 provides an extension 
to descriptors and instances model from the RT profile.

Task may finish its existence itself when it is properly designed. In this context 
proper  design  means  the  usage  of  the  terminate  statement in  a  selective  service 
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offering. Ada provides a convenient mechanism for self-termination of task. If a task 
offers services using the selective manner with the termination statement and there are 
no  run-time  entities  which  are  capable  to  use  any  of  these  services  then  the  task 
terminates itself.

Figure 6.6: Task type and instance.

6.2.2 Concepts related to the protected object

Ada  95  introduced  an  unique  mechanism  for  protecting  shared  resources.  A 
protected object, which is the name of the mechanism, is a kind of monitor [49] which 
purpose is to control the access to a shared variable. Ada protected object realizes this 
protection by providing protected operations. Tasks can access shared variables only 
via these operations as they are the only point of interaction of a protected object with 
environment.  In  terms  defined  in  the  General  Resource  Modeling  framework,  the 
protected object is a kind of protected resource which has associated access control 
policy. This protected resource offers exclusive services – protected operations. Based 
on the activeness kind classification, the protected object is a passive resource. All 
services are executed within the client thread. Ada tasks (in particular the main task) 
are clients of a protected object. Concepts related with the protected object and their 
relationship with GRM framework are illustrated in Figure 6.7.

Figure 6.7: Ada protected object and operation in the context of the GRM 
framework.
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Ada protected  object  is  an  instance.  Analogously  to  Ada  tasks  also  protected 
objects have their descriptors called protected types (Figure 6.8). Protected types do 
not exist at runtime. They serve as a template for creating protected objects.

Figure 6.8: Protected type and protected object relationship.

There are three kinds of protected operations offered by a protected object. They 
are  presented  in  Figure  6.9.  Protected function  is  a  kind  of  exclusive  service  that 
allows  only  reading  of  shared  resources  encapsulated  by  the  protected  object. 
Protected procedure and entry can be used by clients to read or modify the shared 
resource. Protected entry, in addition, may be used for conditional synchronization. 
This is because every entry may have a barrier associated. The barrier is a boolean 
condition  which  specifies  whether  a  protected  entry  is  open  or  closed  for  clients. 
Protected entries use queues to store requests if they cannot be handled at once. 

The access control policy for Ada protected object is as follows. There are two 
queues for tasks demanding access to shared resource via a protected resource (). One 
queue is a placeholder for incoming read requests. Each task which invokes protected 
function is put in this queue. The second queue holds read/write request. Those kinds 
of request are caused by tasks which invoke a protected procedure or a protected entry. 

Figure 6.9: Protected operation types.

Protected  procedures  and  entries  provide  mutual  exclusive  access  to  a  shared 
resource. It means that at a specific point of time there can be only one client which 
modifies data inside the protected object. Functions control policy is different as it 
allows  for  concurrent  read  access.  More  than  one  task  can  read  shared  resource 
simultaneously at a time. Procedures or entries execution is mutually exclusive with 
function execution. When there is a protected function executed there cannot be any 
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modifications made in shared data and hence procedure or entry calls are queued. And, 
if  a  client  task modifies shared data then no reading task (or  writing) can execute 
functions because with shared resource being modified at the same time the results of 
such execution may be corrupted. Ada standard does not provide any algorithm for 
determining which kind of request – read or write – have higher priority. The access 
control policy is much more complex and here only the basic rules were presented. 
The detailed algorithm can be found in [25].

The following figures depict protected object in two possible situations. 

Figure 6.10: Write access to a protected object [12].

When one task executes its write request i.e. when it invoked protected procedure 
or entry and was granted access to protected data, other tasks wait await in queues. 
There are two queues outside the protected object, one for tasks requesting read access 
and one for those requesting read/write access. Three tasks are also being held in a 
barrier queue waiting for the entry to become open and for access to a protected object. 
When  currently  executing  task  will  finish  execution  of  a  service  two  options  are 
possible. In the first, one task from both queues may acquire access to the shared data 
and situation will be the same as this depicted in Figure 6.10.

In the second option reading tasks will acquire access to the shared variable. In 
this case all of them are able to read the shared resource simultaneously (Figure 6.11).

It  is  noteworthy  that  AdaProtectedEntry  and  AdaTaskEntry  are  not  the  same 
concepts. While being very similar, these concepts have slight differences. First of all, 
they  are  associated  with  different  resources:  one  with  a  task  and  the  other  with 
protected  object.  Secondly,  process  of  barriers  evaluating  for  protected  entries  is 
different  than  evaluation  of  task  entry  guards.  The  distinction  between  these  two 
concepts was pointed to provide more convenient means for code generation since the 
code  generated  from  a  task  entry  is  different  than  the  code  corresponding  to  a 
protected entry.
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Figure 6.11: Read access to a protected object [12].

6.2.3 Tagged record 

Ada 2005 is an object-oriented programming language. The basic object-oriented 
features  are  implemented  in  a  different  way  than  in  well-known  programming 
languages like C++ or Java. For instance, Ada is lacking of a class construct.  The 
closest concept is a tagged type. The tagged type is a record which encapsulates a set 
of attributes. In addition it is possible to define operations connected to a tagged type 
called  primitive  operations.  What  makes  tagged  records  similar  to  classes  is  their 
ability  to  be  extended.  There  exists  inheritance  relationship  among  tagged  types. 
Polymorphism is also an object-oriented feature achieved by using tagged types. A 
resource can be defined as a class-wide and at  runtime it  can reference all  tagged 
records in inheritance hierarchy below it. 

Ada tagged type is a specialization of a passive resource instance described in the 
GRM framework. The corresponding descriptor is called tagged type. There are two 
kinds  of  services  offered  by  a  tagged record  (primitive  operations):  functions  and 
procedures.  A  function  is  a  service  which  allows  for  read-only  actions.  Any 
modifications of a resource are forbidden with the use of a function. Procedures are 
services that have no such restrictions. They, however, unlike functions cannot return 
any data value. It is noteworthy that primitive operation is an abstract concept.

Object-oriented features of the Ada language are presented in Figure 6.12.

Figure 6.12: Object-oriented concepts in Ada
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Tagged record is not the only one concept of Ada which provides object-oriented 
features of the language. Apart from a tagged type such relationship is present among 
Ada packages as well. A package is a namespace that groups entities. Relationships 
among Ada packages are extended in compare to those present among UML packages. 
For instance there exist an inheritance relationship. The child package which inherit 
from the parent package has a direct access to its private elements. Other relationship 
are  depicted  in  Figure  6.13.  They  are  described  in  the  previous  subsection.  Ada 
package has also one additional feature. There may exist an initialization section in a 
package where elements from the package may be initialized.

Figure 6.13:  Ada package relationships.

The  domain  viewpoint  presents  only  the  most  relevant  aspects  of  Ada 
programming language.  Many constructs  has  been omitted either  because they are 
irrelevant in the object-oriented design or they provide additional features which are 
out of scope the RT profile. For instance, a very useful feature of Ada – generic units 
were left untouched in this profile. They are essential constructs in achieving good 
maintainability of a system but do not correspond to any RT concept. Thus it is treated 
as  an additional  feature  that  can be found in  further  extensions  of  the  Ada  UML 
profile. 

6.3 UML Viewpoint

The following stereotypes and tagged values constitute the UML viewpoint of the 
Ada UML profile. Their semantics  is defined in the domain viewpoint. 

Structure of this viewpoint is based on conventions presented in the RT profile. 
Each stereotype has a corresponding domain concept.  It  is described in the tabular 
form by four columns:  name of the  stereotype,  base class to which the  stereotype 
applies, parent stereotype (if any) and associated tags names. Constraints related to 
stereotypes are expressed in natural language.  

Generalization  relationship  between domain  concepts  presented  in  the  Domain 
viewpoint  is  mapped  to  corresponding  relationships  among  stereotypes  in  this 
viewpoint. In particular, if a specific domain concept is a specialization of another, the 
same  relationship  also  exists  between  corresponding  stereotypes.  Inheritance  is 
described using Parent column in the table that describes the stereotype. Since such a 
mapping of domain concepts relationships to stereotype relationships exists, diagrams 
which presents domain concepts in the Domain viewpoint can be also perceived as 
diagrams showing relationships between stereotypes.
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6.3.1 <<AdaTask>>

AdaTask stereotype represents the concept of an Ada task described in the domain 
viewpoint. The stereotype can be applied to both: classes and instances. The idea of 
using one stereotype with many base metaclasses is common in the RT profile. The 
purpose of such convention is to make modeling easier by reducing the number of 
stereotypes. With one stereotype which can be attached to different model elements 
there is no need to create separate ones for classifiers and instances. Thus, Ada task 
type domain concept is also represented in this viewpoint by the AdaTask stereotype.

Table 6.1: Ada task stereotype

Stereotype Base Class Parent Tags

<<AdaTask>> Class

Instance

Interface

CRconcurrent AdaTaskKind

EntriesOfferingPolicy

TerminationHandler

It  is  noteworthy  that  CRconcurrent  stereotype  has  an  optional  CRmain  tagged 
value associated. The value of  this tag points to the main method executed by the 
concurrent unit. In the case of the Ada task there is no need to specify the name of the 
method  as  the  main  method  is  anonymous.  Syntax  of  the  language  enforces 
programmers to place the main scenario inside the task construct.

Model  element  stereotyped  as  <<AdaTask>>  can  only  offer  services  with 
stereotype <<AdaEntry>>. AdaTask elements may request services either offered by 
other task that are stereotyped as <<AdaEntry>> or by any other elements including 
protected objects.

The tags are defined by:

Table 6.2: Ada task tagged values

Tag name Tag Type Multiplicity

AdaTaskKind Enumeration: {'client', 'server'} [0..*]

EntriesOfferingPolicy Enumeration: {'sequential', 'selective'} [0..1]

TerminationHandler A reference to a protected procedure [0..1]

A  server  task kind denotes a task that offers services (entries) for other entities. 
Client  tasks demand services. It  is possible that the same task in one scenario is a 
client while in the other it plays the role of a server.

In case when a server task offers more than one entry, two different manners of 
offering are possible: sequential and selective. Both offering manners are described in 
the domain viewpoint.

TerminationHandler value specifies the procedure is invoked when task finishes its 
execution. The functionality of a TerminationHandler is similar to  destructor method 
in well-known object-oriented programming languages.

6.3.2 <<AdaEntry>>

AdaEntry  is  a  stereotype  that  may  be  applied  to  services  offered  by  model 
elements  with  <<AdaTask>>  stereotype  attached.  The  AdaEntry  stereotype 
corresponds  to  the  Ada  entry  domain  concept.  An  entry  must  be  in  aggregation 
relationship with exactly one stimuli queue – model element with <<CRmsgQueue>> 
stereotype which hold all deferred requests..
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Table 6.3: Ada entry stereotype.

Stereotype Base Class Parent Tags

<<AdaEntry>> Operation

Reception

Message

Stimulus

GRMexclusive AdaEntryGuard

GuardValue

CallingTask

AdaEntryGuard is a string which denotes a guard condition evaluated before an 
entry is executed. GuardValue tagged value specifies whether an entry is available. 
CallingTask is a reference to a client task that calls the entry. 

Table 6.4: Ada entry tagged values.

Tag name Tag Type Multiplicity Domain Attribute Name

AdaEntryGuard String [0..1] AdaEntryGuard

GuardValue Boolean [0..1]

CallingTask A reference to an Instance 
model element

[0..1]

6.3.3 <<AdaTaskAbortion>>

Represents the concept of an asynchronous task abortion action. 

Table 6.5: AdaTaskAbortion stereotype.

Stereotype Base Class Parent Tags

AdaTaskAbortion Action

Operation

ActionExecution

CRasynch

The following constraints relate this stereotype usage. Only a task may be a source 
and target of such an action. In addition the target task must be visible by the aborting 
task which means that they both must be defined in the same package or the target task 
is declared in the public part of package specification and this package is imported by 
a package where aborting task is defined.

6.3.4 <<AdaTaskTermination>>

Represents an Ada task termination domain concept.

Table 6.6: AdaTaskTermination stereotype.

Stereotype Base Class Parent Tags

AdaTaskTermination Action

Operation

ActionExecution

CRsynch

This  kind  of  action  has  the  same  source  and  target.  Only  model  elements 
stereotyped as <<AdaTask>> may execute it on themselves. The stereotype may be 
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used  in  behavioral  diagrams  only  in  specific  situations.  The  terminate  action  is 
performed implicitly when situations described in the domain viewpoint occurs. 

6.3.5 <<AdaPackage>>

It models the Ada package domain concept.

Table 6.7: AdaPackage stereotype

Stereotype Base Class Parent Tags

AdaPackage Package

AdaPackage groups model elements with stereotypes from the Ada UML profile. 
Additional relationships between package metaclasses stereotyped as AdaPackage are 
available.  

6.3.6 <<AdaLimitedPackageImport>>

Represents a limited import relationship between Ada packages.

Table 6.8: AdaLimitedPackageImport stereotype.

Stereotype Base Class Parent Tags

AdaLimitedPackageImport PackageImport

6.3.7 <<AdaPrivatePackageImport>>

Represents a private import relationship between Ada packages.

Table 6.9: AdaPrivatePackageImport stereotype

Stereotype Base Class Parent Tags

AdaPrivatePackageImport PackageImport

6.3.8 <<AdaTaggedRecord>>

It models Ada tagged record and tagged type domain concepts.

Table 6.10: AdaTaggedRecord stereotype

Stereotype Base Class Parent Tags

AdaTaggedRecord Class

Instance

GRMpassiveResource
GRMunprotectedResource

 
Classes  or  Instances  with  this  stereotype  may  only  have  operations  with 

<<AdaFunction>>  or  <<AdaProcedure>>  stereotypes.  In  addition,  only  one 
constructor without any parameters is allowed. Multiple inheritance i.e. the situation 
when a AdaTaggedRecord class is in generalization relationship with more than one 
AdaTaggedRecord is illegal. If a tagged record has a constructor operation specified 
then  such  class  must  inherit  from Ada.Finalization.Controlled  or  Ada.Finalization. 
LimitedControlled tagged records. In this case the package containing such class must 
import Ada.Finalization package.
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6.3.9 <<AdaFunction>>

Represents Ada function domain concept.

Table 6.11: AdaFunction stereotype

Stereotype Base Class Parent Tags

AdaFunction Operation

Reception

Message

Stimulus

GRMserviceInstance

AdaFunction is an operation of a class stereotyped as AdaTaggedRecord. Such 
operation  must  return  a  value  of  some kind.  Execution  of  AdaFunction  operation 
cannot modify its parameters – they are available only for read.

6.3.10 <<AdaProcedure>>

Represents Ada procedure domain concept.

Table 6.12: AdaProcedure stereotype.

Stereotype Base Class Parent Tags

AdaProcedure Operation

Reception

Message

Stimulus

GRMserviceInstance

Only  classes  or  instances  with  AdaTaggedRecord  stereotype  may  have  Ada 
procedures defined. Ada procedure operation does not return a value. 

6.3.11 <<AdaProtectedFunction>>

Represents Ada protected function domain concept.

Table 6.13: AdaProtectedFunction stereotype.

Stereotype Base Class Parent Tags

AdaProtectedFunction Operation

Reception

Message

Stimulus

GRMexclusive

AdaProtectedFunction  is  an  operation  of  a  class  or  instance  stereotyped  as 
AdaProtectedObject. Such operation must return a value of some kind. Execution of 
this kind of operation cannot modify its parameters – they are available only for read. 
In addition, all attributes of a protected object must remain unchanged after execution 
of the protected function operation.

6.3.12 <<AdaProtectedProcedure>>

Represents Ada protected procedure domain concept.
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Table 6.14: AdaProtectedProcedure stereotype.

Stereotype Base Class Parent Tags

AdaProtectedProcedure Operation

Reception

Message

Stimulus

GRMexclusive

Only  classes  or  instances  with  AdaProtectedObject  stereotype  may have  protected 
procedures defined. Ada protected procedure operation does not return a value. 

6.3.13 <<AdaProtectedEntry>>

AdaProtectedEntry models the domain concept of an entry of a protected object. 
An entry must  be in  an aggregation relationship with exactly  one stimuli  queue – 
model element with <<CRmsgQueue>> stereotype which hold all deferred requests. It 
is  only  legal  for  model  elements  stereotyped  as  AdaProtectedObject  or 
AdaProtectedObject  to  have  operations  with  this  stereotype.  Unlike  AdaEntry 
stereotype the AdaProtectedEntry may have AdaEntryBarrier tagged value.

Table 6.15: AdaProtectedEntry stereotype

Stereotype Base Class Parent Tags

AdaProtectedEntry Operation

Reception

Message

Stimulus

GRMexclusive AdaEntryBarrier

BarrierValue

AdaEntryBarrier tagged value is a string denoting a boolean condition which is 
used to evaluate whether an entry is open. The value of BarrierValue is the current 
evaluation of a condition specified in AdaEntryBarrier tag. If the value is set to 'true' 
then operation is available for execution. Otherwise operation cannot be executed and 
invoking entities are blocked.

Table 6.16: AdaProtectedEntry tagged values.

Tag name Tag Type Multiplicity Domain Attribute Name

AdaEntryBarrier String [0..1]

BarrierValue Boolean [0..1]

6.3.14 <<AdaProtectedObject>>

Represents  Ada  protected  object  domain  concept.  Element  stereotyped  as 
protected  object  may  only  have  operations  with  three  stereotypes: 
<<AdaProtectedEntry>>,  <<AdaProtectedFunction>>,  <<AdaProtectedProcedure>>. 
Operations with other stereotypes or without one of these three are illegal. Operations 
of a protected object must have only one stereotype from these three. It means that 
combining two or more stereotypes and attaching them two a single operation is not 
allowed. 
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Table 6.17: AdaProtectedObject stereotype.

Stereotype Base Class Parent Tags

AdaProtectedObject Class

Instance

Interface

GRMprotectedResource
GRMpassiveResource

In the case when there exists a generalization relationship between model elements 
with AdaProtectedObject stereotype additional constraints are present.  In such case 
base classes must not  have any attributes.  This is caused by Ada 2005 constraints 
which  introduced  inheritance between protected  object  but  in  a  form of  interfaces 
allowing only operations to be inherited. 
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7 TRANSFORMATIONS

In  the  two  preceding  chapters  two  metamodels  were  presented:  platform 
independent one which bases on UML and a part of the RT profile and the platform 
specific  which  is  a  UML  profile  that  incorporates  Ada-specific  concepts  as 
stereotypes, tagged values and constraints which are used with elements taken from 
UML metamodel. The platform specific model is an in-between step in the way from a 
model to generated code. 

This  chapter  presents  specification  of  transformations  between  PIM and  PSM 
elements.  As  a  summary  of  two  previous  chapters,  the  following  table  presents 
stereotypes  that  constitutes  PIM  and  PSM.  It  can  be  treated  as  a  basic  mapping 
between elements of two metamodels.

Table 7.1: PIM to PSM basic mapping.

No PIM PSM Base metaclasses

1 GRMprotectedResource AdaProtectedObject Class, Instance

2 GRMunprotectedResource AdaTaggedRecord Class, Instance

3 GRMpassiveResource AdaProtectedObject 

AdaTaggedRecord

Class, Instance, Interface

4 GRMactiveResource AdaTask Class, Instance, Interface

5 GRMexclusive AdaEntry

AdaProtectedEntry 

AdaProtectedProcedure

AdaProtectedFunction

Operation, Reception, Stimulus,
Message

6 GRMacquire GRMacquire Stimulus, Message, 
ActionExecution, Action, 
Operation, Reception, Method, 
ActionState, Transition, 
SubactivityState

7 GRMrelease GRMrelease Stimulus, Message, 
ActionExecution, Action, 
Operation, Reception, Method, 
ActionState, Transition, 
SubactivityState

8 RTtimeout RTtimeout Stimulus, Message, 
ActionExecution, Action, 
Operation, Reception, Method, 
ActionState, Transition, 
SubactivityState

9 RTdelay RTdelay Stimulus, Message, 
ActionExecution, Action, 
Operation, Reception, Method, 
ActionState, Transition, 
SubactivityState

10 RTstimulus RTstimulus Stimulus, ActionExecution, 
Action, ActionSequence, 
Method
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No PIM PSM Base metaclasses

11 RTclkInterrupt RTclkInterrupt Stimulus, Message

12 RTaction RTaction ActionExecution, Stimulus, 
Action, Message, Method, 
ActionSequence, ActionState, 
SubactivityState, Transition, 
Operation, State

13 RTtime RTtime DataValue, Instance, Object, 
DataType, Classifier

14 RTinterval RTinterval DataValue, Instance, Object, 
DataType, Classifier

15 CRimmediate CRimmediate Operation, Reception, Message, 
Stimulus

16 CRdeferred CRdeferred Operation, Reception, Message, 
Stimulus

17 CRmsgQueue CRmsgQueue Instance, Object, Class

18 CRaction CRaction Action, ActionExecution, 
Message, Stimulus, Method, 
ActionState, SubactivityState, 
Transition, State

19 CRconcurrent AdaTask Class, Instance

20 CRsynch AdaTaskTermination Action, Operation, 
ActionExecution

21 CRasynch AdaTaskAbortion Action, Operation, 
ActionExecution

As  one  can  see,  there  are  no  transformations  required  for  elements  with 
stereotypes listed in rows 6-18.

The whole process of defining transformations is presented by Staroń in [46]. The 
most important rule is to split complex transformations into a set of elementary ones 
that can be reused among many other transformations. 

There are two basic ways of specifying transformation rules: formal and informal 
one [13]. The former is a good base for implementation of transformations however it 
is  harder  to  read.  Such  transformations  are  expressed  in  a  formal  language  and 
appropriate knowledge of the language is required to understand these transformations. 
The second way – informal specification is more readable for a wider range of people 
but  some  inconsistencies  may  occur  in  such  specification.  In  [13]  both  form  of 
specification  are  used.  In  this  thesis  transformations  are  presented  using  informal 
specification which is based on the template presented by Dobrzański in [13]. Each 
transformation has the following attributes:

1. Name – the name of the transformation 

2. Trigger-element – the triggering element of the transformation. The basic 
way of transforming the whole model is to check all its elements whether they 
trigger  any  transformation.  If  all  elements  are  checked  and  all  elementary 
transformations  were  performed  then  the  whole  model  is  transformed. 
Transformation must change triggering element into a non-triggering one but 
only for this transformation. If there exists a model element that triggers more 
than one transformation, after one transformation it must remain triggering for 
other transformations and not for those already performed.
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3. Definitions – a list of definitions used in specification of the transformation. 
Such definition helps in creating and understanding the specification. In each 
specification there is one element marked with [T] symbol which denotes the 
triggering element. In the specification, definitions are referred by their names 
embraced with {} brackets.

4. Aim – the aim of the transformation 

5. Preconditions – a list of requirements that must be met in order to allow the 
transformation 

6. Postconditions – a list of properties that model must satisfy to finish the 
transformation 

7. Mechanics – a description of transformation steps and explanation of their 
relationship with Ada programming language

8. Algorithm –  an  algorithm of  the  transformation introduced to  fulfill  all 
postconditions

7.1 Indicate Ada tasks

Trigger-element: a model element with <<CRconcurrent>> stereotype

Definitions:
1. element  [T]  –  a  model  element  that  is  a  concurrent  unit  and  has  no 
descendants
2. Ada task – model element that will be implemented as Ada task
3. constructor – a constructor of an {element}
4. destructor – a destructor of an {element}
5. name – a name of an {element}
6. package – a package containing an {element}

Aim: Apply <<AdaTask>> stereotype to {element} 

Preconditions:
1. {element} has a <<CRconcurrent>> stereotype
2. {element} does not have <<AdaTask>> stereotype applied

If  this  precondition  would  be  omitted  then  after  the  transformation  the  model 
element would still be triggering. If the transformation has been already performed on 
that element (i.e. AdaTask stereotype is applied) then by including this condition it is 
not transformed again.

3. {element} has no descendants
4. {element} must have at most one constructor

The precondition results from Ada limitations. The rule is that task creation may 
be parametrized by values but only one sequence of values is legal. If there is a need to 
have more than one constructor then as many tasks as the number of constructors must 
be created.  All  of  them would have the same definition and different  initialization 
values. This solution is therefore rejected as it would lead to code duplication and the 
precondition is required for this transformation.
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5. {Ada task} with the same name as {element} must not exist in the same 
namespace

This precondition is necessary because Ada task must have an unique name within 
one namespace.

6. {element} does not have any attributes

Postconditions:
1. {element} has <<AdaTask>> stereotype
2. All operations of an {element} excluding {constructor} and {destructor} 
must be stereotyped as <<AdaEntry>>
3. {package} must have <<AdaPackage>> stereotype

Mechanics:

The first operation is applying <<AdaTask>> stereotype to an {element} having 
<<CRconcurrent>>  stereotype.  The  <<CRconcurrent>>  stereotype  is  not  removed. 
Next there must be mechanisms provided similar to {constructors} and {destructors}. 
There is  no need to  modify {constructors} of  an {element} because in Ada when 
creating a task the constructor has exactly the same name as {name}. The problem, 
however,  exists  in case  of  {destructor}.  In Ada mechanism of a task destructor is 
defined in Ada.Task_Termination package. In order to create such destructor a specific 
protected procedure  must  be  defined  and  Set_Specific_Handler  procedure  must  be 
invoked with a pointer to this procedure as a parameter.  Protected procedures may 
only be created inside a protected object.  Therefore, the next step is  to define a a 
protected object for {destructor} (see Create Finalizer protected Object). The last step 
is  to  apply  <<AdaEntry>>  stereotypes  to  all  operations  of  an  {element}.  This  is 
required due to constraints in the Ada UML profile.

Since this transformation is a complex one, it is decomposed into three elementary 
transformations. Steps 3. and 4. in the following algorithm are presented as separated 
transformations.

Algorithm:
1. Apply <<AdaTask>> stereotype to <<element>>
2. Find  a  package  containing  the  element  and  apply  <<AdaPackage>> 
stereotype it
3. Indicate task entries
4. If a task does have {destructor} then create a Finalizer protected object

7.2 Indicate Ada tasks interfaces

Trigger-element: interface that is realized by concurrent units

Definitions: 
1. interface  [T]  –  an  interface  that  is  realized  by  classes  with 
<<CRconcurrent>> stereotype
2. Ada  task  interface  –  a  set  of  operations  that  will  be  coded  as  a  task 
interface
3. package – a package containing {interface}
4. entry – an operation with <<AdaEntry>> stereotype

Aim: Apply <<AdaTask>> stereotype to {interfaces}.

Preconditions:
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1. {interface} is realized by elements with <<CRconcurrent>> stereotype
2. {interface} does not have <<AdaTask>> stereotype applied
3. There cannot exist {Ada task interfaces} with the same name within one 
namespace

This precondition is necessary because Ada task interface must have an unique 
name within one namespace.

Postconditions:
1. {interface} has <<AdaTask>> stereotype
2. {package} is stereotyped as <<AdaPackage>>
3. all {interface} operations are {entries}

Mechanics: The mechanics consists of three steps. Stereotype AdaTask is applied 
to {interface} which fulfills precondition. AdaPackage stereotype is then applied to a 
{package}. Finally, all  operations of  {interface} must be marked as Ada entry – a 
separate transformation is performed to achieve this (see 7.4).

Algorithm:
1. Apply <<AdaTask>> to {interface}
2. Find a containing package and apply <<AdaPackage>>  stereotype to it
3. Indicate Ada entries

7.3 Create Finalizer protected object

Trigger-element: a model element with <<AdaTask>> stereotype which have a 
destructor operation.

Definitions: 
1. element  [T]  –  a  model  element with destructor  to  be  moved (i.e.  with 
<<AdaTask>> stereotype)
2. destructor – a destructor of an {element}
3. finalizer – a protected object with destructor operation
4. name – name of an {element}
5. package – a package containing {element} 

Aim: Provide mechanism of a destructor for {element} by using Ada constructs

Preconditions:
1. There exists no protected object with 'Finalizer_{name}' name within the 
{package}
2. {element} is <<AdaTask>> with destructor operation

Postconditions:
1. In  {package}  there  exists  an  element  ({finalizer})  with 
<<AdaProtectedObject>>,  <<GRMprotectedResource>>, 
<<GRMpassiveResource>>  stereotypes having name 'Finalizer_{name}'
2. {finalizer} has an operation with the name 'Finalize_{name}' stereotypes 
with <<GRMexclusive>> and <<AdaProtectedProcedure>>
3. {element} has no {destructors}
4. {package} is stereotyped with <<AdaPackage>>
5. there exists an association between {element} and {finalizer}
4. TerminationHandler  tagged  value  of  an  {element}  references  its 
{destructor}
5. {destructor}  must  have  only  three  parameters  with  types: 
Cause_Of_Termination, Task_Id, Exception_Occurrence
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This condition is needed in order to invoke Set_Specific_Handler operation that 
actually binds the protected operation of the {finalizer} with a {element} making a 
destructor from it.  Only a protected procedure with those three parameters may be 
bound as destructors.  In the code this invocation shall be placed in initialization part 
of a package common for an {element} and a {finalizer}.

Mechanics: First a new class ({finalizer}) is created inside the package containing 
the {element}. The class is further stereotyped. Next {destructor} operation is moved 
from {element} to {finalizer}. It  is important to move it  instead of deleting it  and 
creating a new one. In case of deletion all references to {destructor} are lost, while 
when moving  it  they  remain  in  the  model.  {Package} needs  not  be  stereotype  as 
<<AdaPackage>> since {finalizer} and {element} are in the same package and the 
stereotype was applied while task indication. 

Algorithm:
1. Create a {finalizer} class inside {package} and apply needed stereotypes 
to it
2. Move a {destructor} from {element} to {finalizer}
3. Add required parameters to {destructor}
4. Set TerminationHandler tagged value of an {element} so that it references 
{destructor}
5. Add an association between {element} and {finalizer}

7.4 Indicate task entries

Trigger-element: an operation of a class with <<AdaTask>> stereotype

Definitions: 
1. operation [T]– an operation of <<AdaTask>> model element
2. element – an element in which the {operation} is defined
3. entry – an operation with <<AdaEntry>> stereotype\
4. constructor – a constructor of an {element}
5. destructor – a destructor of an {element}

Aim: Change an {operation} of an {element} to an {entry}

Preconditions:
1. {element} must have <<AdaTask>> stereotype
2. {operation} is stereotyped as <<GRMexclusive>>

This precondition results  from the Ada UML profile constraints.  A {class} 
with <<AdaTask>> stereotype is a kind of a protected resource and for that 
reason it offers exclusive services with a specific access control policy to them 
(see Ada UML domain viewpoint).

3. {operation} is not an {entry}
4. {operation} is neither {destructor} nor {constructor}

Postconditions:
1. {operation} is an {entry}
2. Parameters with 'return' direction does not exist in {operation}.

The postcondition is needed in order to implement valid Ada entries. They cannot 
return values. The common workaround is addition of extra 'out' parameter.
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Mechanics:  Applying  of  <<AdaEntry>>  stereotype  must  be  followed  by 
transforming {operation} parameters. If there exist a parameter with 'return' direction 
then 'out' parameter is used instead.

Algorithm:
1. Apply <<AdaEntry>> stereotype
2. Change 'return' direction of parameter to 'out'

7.5 Handle protected resource

Trigger-element:  A  model  element  with  <<GRMprotectedResource>>  and 
<<GRMpassiveResource>> stereotypes.

Definitions: 
1. element  [T]  –  a  model  element  with  <<GRMprotectedResource>> and 
<<GRMpassiveResource>> stereotypes
2. operation – an operation of {element}
3. protected  function  –  an  operation  of  {element}  with 
<<AdaProtectedFunction>> stereotype
4. protected  procedure  –  an  operation  of  {element}  with 
<<AdaProtectedProcedure>> stereotype
5. protected entry – an operation of {element} with <<AdaProtectedEntry} 
stereotype
6. attribute – an attribute of an {element}

Aim: Apply <<AdaProtectedObject>> stereotype to {element}

Preconditions:
1. {element}  has  <<GRMprotectedResource>>  and 
<<GRMpassiveResource>> stereotypes applied
2. {element} does not have <<AdaProtectedObject>> stereotype applied
3. {element} has at most one constructor 
4. {element} has a unique name within the package
5. all {attributes} are private

All  {attributes}  must  be  private  in  a  protected  object.  Since  protected  object 
provides an access mechanism to its components only via protected operations it is 
necessary that no component is visible beyond the scope of the protected object.

Postconditions:
1. {element} has <<AdaProtectedObject>> stereotype
2. package containing the {element} is stereotyped as <<AdaPackage>>
3. all  {operations}  of  {element}  are  either  {protected  functions}  or 
{protected procedures} or {protected entries}

This postcondition is needed to achieve a model consistent with the Ada UML 
profile.

Mechanics:  The  first  step  is  changing  stereotype  of  an  {element}  to 
<<AdaProtectedObject>>.  Next,  all  the  {operations}  must  be  protected.  There  are 
three  kinds  of  protected operations.  Functions  return  values  but  cannot  modify its 
parameters and attributes of an {element}. All {operations} which satisfy these two 
requirements must be stereotyped as {AdaProtectedFunction}. In practice, even if an 
{operation} does not return a value (i.e. its return type is void) then in Ada it returns 
null  values.  The  more  important  condition  that  helps  in  determining  which 
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{operations} are {protected functions} is the second one. In the UML infrastructure 
specification [44] the syntax of an operation parameter is the following:

 <parameter> ::= [<direction>] <parameter-name> ‘:’
  <type-expression> [‘[‘<multiplicity>’]’] 
  [‘=’ <default>] 
[‘{‘ <parm-property> [‘,’ <parm-property>]* ‘}’]

where

 <direction> ::= ‘in’ | ‘out’ | ‘inout’ (defaults to ‘in’ if omitted).

If all parameters of an {operation} have 'in' direction and the {operation} does not 
modify  attributes  of  an  {element}  then  it  can  be  stereotyped  as 
<<AdaProtectedFunction>>. In achieving automated transformation the key issue is 
distinguishing between read-only {operations} and read/write ones. Otherwise it is not 
possible  to  indicate  which  {operations}  are  {protected  functions}.  In  is  further 
assumed  that  all  read-only  operations  that  must  be  transformed  to  {protected 
functions} have a name with “Get” prefix.

The two other kinds of protected operations are very similar. It is very simple to 
create a {protected entry} from a {protected procedure}. However, the change in the 
opposite direction is impossible in cases when barrier conditions are specified. For that 
reason all {operations} of a {protected object} that are not {protected functions} are 
stereotyped as {protected entries}. 

It  is  noteworthy  that  {protected  entry}  is  not  the  specialization  of  {protected 
procedure}. There are at least two situations in which a {protected procedure} cannot 
be  replaced  by  {protected  entry}.  When  some  model  element  uses  a  pointer  to  a 
{protected procedure} it is not legal to replace it with a pointer to a {protected entry}. 
The  second  situation  occurs  in  the  case  of  task  termination  handlers,  where  a 
{protected procedure} is a parameter of an operation that sets the handler. Therefore 
all task termination handlers must be {protected procedures}, not {protected entries}. 
The former situation should be checked in a model by looking for any pointers to 
{operations}  before  changing  them  to  {protected  entries}.  The  latter  may  not  be 
checked  if  a  model  is  transformed  using  transformations  described  in  this  profile 
because termination handlers are created by other transformation which grants that all 
handlers are {protected procedures}. 

Algorithm: 
1. Apply  <<AdaProtectedObject>> to {element}
1. Find  a  containing  package  of  {element}  and  apply  <<AdaPackage>> 

stereotype to it
2. For  each  {operation}  identified  as  {protected  function}  apply  stereotype 

<<AdaProtectedFunction>>
3. For  each  {operation}  identified  as  {protected  procedure}  apply 

<<AdaProtectedProcedure>> stereotype
4. For  each  {operation}  identified  as  {protected  entry}  apply 

<<AdaProtectedEntry>> stereotype

7.6 Indicate synchronized interfaces

Trigger-element: interface that is realized by protected objects

Definitions: 
1. interface  [T]  –  an  interface  that  is  realized  by  classes  with 
<<GRMpassiveResource>> and <<GRMprotectedResource>>
2. synchronized  interface  –  a  set  of  operations  that  will  be  coded  as  a 
synchronized interface (i.e. with <<AdaProtectedObject>> stereotype)
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3. operation – an operation of {interface}
4. package – a package containing {interface}
5. protected  function  –  an  operation  of  {element}  with 
<<AdaProtectedFunction>> stereotype
6. protected  procedure  –  an  operation  of  {element}  with 
<<AdaProtectedProcedure>> stereotype
7. protected entry – an operation of {element} with <<AdaProtectedEntry} 
stereotype

Aim: Apply <<AdaProtectedObject>> stereotype to {interfaces}.

Preconditions:
1. {interface}  is  realized  by  elements  <<GRMpassiveResource>>  and 
<<GRMprotectedResource>> stereotypes
2. {interface} does not have <<AdaProtectedObject>> stereotype applied
3. There cannot exist {synchronized interfaces} with the same name within 
one namespace

This  precondition  is  necessary  because  synchronized  interface  must  have  an 
unique name within one namespace.

Postconditions:
1. {interface} has <<AdaProtectedObject>> stereotype
2. {package} is stereotyped as <<AdaPackage>>
4. all  {operations}  of  {element}  are  either  {protected  functions}  or 
{protected procedures} or {protected entries}

Mechanics: The mechanics consists of three steps. Stereotype AdaTask is applied 
to {interface} which fulfills precondition. AdaPackage stereotype is then applied to a 
{package}.  Finally,  all  operations are changed to {protected functions},  {protected 
procedures} or {protected entries} with the same algorithm used in case of handling 
protected resources.

Algorithm:
2. Apply <<AdaProtectedObject>> to {interface}
3. Find a containing package and apply <<AdaPackage>>  stereotype to it
4. For each {operation} identified as {protected function} apply stereotype 
<<AdaProtectedFunction>>
5. For  each  {operation}  identified  as  {protected  procedure}  apply 
<<AdaProtectedProcedure>> stereotype
6. For  each  {operation}  identified  as  {protected  entry}  apply 
<<AdaProtectedEntry>> stereotype

7.7 Apply <<AdaProtectedFunction>> stereotype

Trigger-element: an operation with <<GRMexclusive>> stereotype

Definitions:
1. operation  [T]  –  an  operation  of  a  model  element  stereotyped  as 
<<AdaProtectedObject>> 
2. element – a model element stereotyped as <<AdaProtectedObject>>
3. protected  function  –  an  operation  of  an  {element}  with 
<<AdaProtectedFunction>> stereotype
4. name – name of an {operation}

Aim: Apply <<AdaProtectedFunction>> to {operation}
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Preconditions:
1. {operation} is stereotyped as <<GRMexclusive>>
2. {operation} is neither constructor or destructor of {element}
3. {name} starts with “Get” or “get”
4. {operation} has all parameters with “in” direction
5. {operation}  is  stereotyped  neither  as  <<AdaProtectedFunction>>  nor 
<<AdaProtectedEntry>> nor <<AdaProtectedProcedure>>

Postconditions:
1. {operation} is stereotyped as <<AdaProtectedFunction>>

Mechanics: The transformation requires only appropriate stereotype to be applied.

Algorithm:
1. Apply <<AdaProtectedFunction>> stereotype to {operation}

7.8 Apply <<AdaProtectedEntry>> stereotype

Trigger-element: an operation with <<GRMexclusive>> stereotype

Definitions: 
1. operation  [T]  –  an  operation  of  a  model  element  stereotyped  as 
<<AdaProtectedObject>> 
2. element – a model element stereotyped as <<AdaProtectedObject>>
3. protected  entry  –  an  operation  of  an  {element}  with 
<<AdaProtectedEntry>> stereotype
4. {type} – a type of {operation} return value

Aim: Apply <<AdaProtectedEntry>> stereotype to an {operation}

Preconditions:
1. {operation} is stereotyped as <<GRMexclusive>>
2. {operation}  is  stereotyped  neither  as  <<AdaProtectedFunction>>  nor 
<<AdaProtectedEntry>> nor <<AdaProtectedProcedure>>
3. {operation} is neither constructor nor destructor
4. {operation} name does not start with “Get” or “get” prefixes or it has at 
least one parameter with direction other than “in”

Postconditions:
1. {operation} is stereotyped as <<AdaProtectedEntry>>

Mechanics:  The operation of applying <<AdaProtectedEntry>> is not a simple 
addition of text <<AdaProtectedEntry>>. A number of constraints defined in the Ada 
UML profile must be met by an {operation}. First of all a {protected entry} cannot 
return a value. Therefore an {operation} that in PIM returns a value (other than of void 
type) in  PSM must  do it  in  a  different  way.  The common way to  achieve this  is 
addition of extra parameter of an {operation} with 'out' direction. The parameter has 
{type} type. The signature of an {operation} is changed in this case.

Algorithm: 
1. Apply <<AdaProtectedEntry>> stereotype to {operation}
2. If an {operation} returns a value of a type other than of  void type then 
extra parameter with {type} type and 'out' direction is added to signature of an 
{operation}. Otherwise the algorithm is finished.
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7.9 Handle unprotected resource (not derived)

Trigger-element: a passive and unprotected model element

Definitions: 
1. element  [T]  -   a  model  element  with  <<GRMpassive>>  and 
<<GRMunprotected>> stereotype which does not have a base class (is in the 
top of inheritance relationship)
2. operation – an operation of an {element}
3. attribute – an attribute of an {element}
4. constructor – a constructor of an {element}
5. destructor – a destructor of an {element}
6. name – the name of an {element}
7. package – a package containing an {element} before transformation
8. package_name – a name of a {package}

Aim: Provide a mapping between passive, unprotected element and Ada constructs

Preconditions: 
1. {element}  must  be  stereotyped  as  <<GRMpassiveResource>>  and 
<<GRMunprotectedResource>>
2. {element} does not have <<AdaTaggedRecord>> stereotype applied
3. {element} may have at most one parameterless {constructor}
4. if an {element} have a {constructor} then there can be no parameterless 
operation with name Initialize 
5. if an {element} have a {destructor} then there can be no parameterless 
operation with name Finalize
6. {element} has an unique name withing the {package}

Postconditions:
1. There  exists  a  package  stereotyped  as  <<AdaPackage>> containing  an 
{element}  with  <<AdaTaggedRecord>>  stereotype  and 
{package_name}.{name} name
2. All  operations  of  an  {element}  are  either  <<AdaProcedure>>  or 
<<AdaFunction>>
3. All {attributes} are private
4. {constructor} name is changed to Initialize
5. {destructor} name is changed to Finalize
6. if either {constructor} or {destructor} exists an {element} is derived from 
Ada.Finalization.Controlled  tagged record  and  the  new package  containing 
{element} must import Ada.Finalization predefined package.

Mechanics:  In Ada language it is forbidden to create an {element} with attributes 
of mixed visibility. All attributes of a tagged record may be declared either as private, 
protected or public. In case when a PIM {element} has mixed-visibility attributes there 
are  two  possible  solutions  to  represent  it  in  the  PSM.  The  first  one  bases  on 
decomposition of an {element} into parts: one with private attributes, another with 
protected and other with public ones. This, however, leads to several complications. 
For instance, there is no way to handle the situation when in the PIM an {element} is a 
parent in the inheritance hierarchy. In the PSM child {elements} would have to inherit 
from more than one parent which, in Ada, is impossible. The better option is to make 
all attributes as private and provide getters and setters operations for the attributes that 
were public in the PIM. 

The next problem results from the fact that Ada tagged record is not a namespace. 
The functionality of a namespace is delivered by Ada packages. Thus, an UML class 
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in the PSM is a combination of Ada tagged record and a package. A new package must 
be created with the {package_name}.{name} name. The naming convention is caused 
by Ada limitations which enforces to name a contained package with a name of a 
containing package at the beginning followed by a dot character followed by the name 
of the contained package. The new package contains only one element – a tagged 
record which encapsulates all {attributes} and all {operations} of an {element}.

Another problem is that Ada does not support private visibility as the one defined 
in UML superstructure specification [45]:

“A private element is only visible inside the namespace that owns it.”

Rather, a private attribute in Ada tagged records is exactly the same as an attribute 
(in the UML sense) with protected visibility kind which “is visible to elements that 
have a generalization relationship to the namespace that owns it” [45]. A protected-like 
visibility may be achieved by the use of Ada packages and inheritance relationship 
between them. All declarations in private part of the parent package are visible to its 
children. The only way to achieve private visibility for attributes in Ada is by creating 
children packages which have derived tagged records within them and are not children 
of a package containing the base tagged record. 

The next step is to apply <<AdaProcedure>> and <<AdaFunction>> stereotypes to 
all operations of an {element}. The algorithm helping in determining which stereotype 
should be applied to which kind of an operation is exactly the same as for the protected 
resource. 

If  an  {element}  has  a  {constructor}  or  {destructor}  it  must  inherit  from 
Ada.Finalization.Controlled or Ada.Finalization.Limited_Controlled tagged record. By 
this it is possible to define Initialize procedure which acts it the same manner as a 
constructor  for  classes  and  Finalize  procedure  which  is  a  destructor  method. 
Unfortunately,  this  is  the  only  way  of  doing  it  in  Ada  and  if  an  {element}  has 
{constructor} or {destructor} it cannot be derived from other {elements} different than 
Ada interfaces. A package which consists tagged record must import Ada.Finalization 
package in that case in order to allow inheritance from Controlled tagged record. 

Algorithm:
1. create  a  package  with  <<AdaPackage>>  stereotype  and 
{package_name}.{name} name
2. put an {element} in the new package
3. apply <<AdaTaggedRecord>> stereotype to an {element}
4. apply  <<AdaProcedure>>  or  <<AdaFunction>>  stereotypes  to 
{operations}
5. if an {element} has mixed-visibility attributes then:

● provide public getter and setter operations all public attributes if yet 
not defined
● provide private getter and setter operations for protected attributes
● make all attributes private

6. change {constructor} name to Initialize
7. change {destructor} name to Finalize
8. if  {element}  has  a  {constructor}  make  it  a  child  of 
Ada.Finalization.Controlled

7.10 Handle unprotected resource (derived)

Trigger-element: a passive and unprotected model element
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Definitions: 
1. element  [T]  –  a  model  element  with  <<GRMpassiveResource>>  and 
<<GRMunprotectedResource>> stereotype which is derived (is not in the top 
of inheritance hierarchy)
2. base element – a direct parent of an {element}

Aim: Provide a mapping between passive, unprotected model element and Ada 
constructs

Preconditions: 
1. {element}  must  be  stereotyped  as  <<GRMpassiveResource>>  and 
<<GRMunprotectedResource>>
2. {element} may not have constructors
3. {element} has an unique name withing the {package}
4. {element} does not have <<AdaTaggedRecord>> stereotype applied

Since Ada does not support multiple inheritance in other forms than interfaces 
when an {element} inherits from a {base class} then it is not possible for it to inherit 
from Ada.Finalization.Controlled tagged record. In result constructor and destructor of 
an {element} may not be defined.

Postconditions:
1. unchanged
2. unchanged
3. unchanged

Mechanics:   The mechanics is the same as in case of not derived unprotected 
resource. The only difference is the last step. Here there are no transformations of 
constructors or destructors as they do not exist.

Algorithm:
1. unchanged
2. unchanged
3. unchanged
4. unchanged
5. unchanged

7.11 Indicate task abortion

Trigger-element:  an asynchronous message that leads to abortion of a element 
stereotyped as <<AdaTask>>

Definitions: 
1. message  [T]  –  an  aborting  message  which  causes  termination  of  an 
element with <<AdaTask>> stereotype 
2. task – a model element with <<AdaTask>> stereotype that is aborted by a 
{message}

Aim: Apply <<AdaTaskAbortion>> stereotype to {message}

Preconditions:
1. {message} has <<CRasynch>> stereotype applied
2. result of a {message} is an abortion of a {task}
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Postconditions:
1. {message} is stereotyped with <<AdaTaskAbortion>>

Mechanics:
The  algorithm requires  identification  of  a  {message}.  This  includes  searching 

throughout every messages sent by tasks and choosing those which leads to abortion of 
other  task.  A convention that  may be followed is  naming these  kind  of  messages 
“abort” which would make the searching easier.

Algorithm:
1. Find a {message}
2. Apply <<AdaTaskTermination>> stereotype

7.12 Indicate task termination

Trigger-element: a synchronous termination message which source and target is 
an element stereotyped as <<AdaTask>>

Definitions: 
1. message [T] – a message which causes termination of an element with 
<<AdaTask>> stereotype 
2. task – a model element with <<AdaTask>> stereotype that is terminated 
by sending a {message}

Aim: Apply <<AdaTaskTermination>> stereotype to a {message}

Preconditions:
1. {message} has <<CRsynch>> stereotype applied
2. result of a {message} is a termination of a {task}

Postconditions:
1. all transitions to final state are stereotypes with <<AdaTaskTermination>>

Mechanics:
Every task finish its execution with termination action. The termination message 

may not be visible at PIM level so there is a need to add a state between the final state 
and each of its preceding states. The new transition from the new state to the final state 
would constitute the termination message. It is important since the termination is done 
implicitly, by invoking termination handlers.

Algorithm:
1. Add a new state.
2. Change the target of all transitions which lead to the final state to the new 
state
3. Add new transition incoming from the new state to the final state
4. Mark the transition as <<AdaTaskTermination>>
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8 CODE GENERATION

This  chapter  provides  code  generation  guidelines  from  the  Ada  UML  profile 
elements. The code generation rules includes using new stereotypes defined in the Ada 
UML profile  and  those  imported  from the  RT  profile  as  well.  It  is  a  catalog  of 
elementary transformations as there are code fragments provided for single elements. 
The  rules  which  specify  how to  merge  these  fragments  into  executable  code  are 
introduced only partially due to their multiplicity and complexity. 

Code generation guidelines are presented using the following structure. Stereotype 
name is the name of a subsection. Each subsection is divided into parts which consist 
different code fragments depending on a metamodel element having the mentioned 
stereotype. In every section it is assumed that names of model elements are embraced 
with {} brackets. Additional properties of elements are put in <> brackets. For instance 
if a procedure has a list of parameters they are presented as <parameters>. They should 
be replaced with parameters of specific procedures depending on its declaration in a 
model. Optional fragments are embraced with [ ].

8.1 AdaTask
8.1.1 Class

Definition of a task type

● specification part

task type {Task_Name} is
<list_of_entry_declarations>;

private
<list_of_entry_declarations>;
<list_of_attributes>;

end {Task_Name};

-- if a Termination_Handler_Tagged_Value is set:

protected Finalizer_{Task_Name} is
procedure {Termination_Handler_Tagged_Value} 

(C : Cause_Of_Termination;
 T : Task_Id;
 E : Exception_Occurence);

end Finalizer_{Task_Name};

● body part

task body {Task_Name} is
begin
end {Task_Name};

protected body {Termination_Handler_Tagged_Value} is
procedure {Task_Name} 

(C : Cause_Of_Termination;
 T : Task_Id;
 E : Exception_Occurence) 

is
begin
end {Task_Name}

end {Termination_Handler_Tagged_Value};
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Unfortunately, there is no way to attach a destructor for every instance of a task. 
For that reason each task after creation should have attached the handler by executing 
the code:

Set_Specific_Handler ({Task_Instance_Name}'Identity, 
{Termination_Handler_Tagged_Value}.{Task_Name}'Access);

If a task has 'selective' EntriesOfferingPolicy specified then generated code is the 
following:

task body {Task_Name} is
begin
   select
      accept {Entry_Name_1} do

-- entry implementation
      end;
   or
      accept {Entry_Name_2} do

-- entry implementation 
      end;
   end select;
end {Task_Name};

The example  above is  the  result  of  code generated from a task that  have two 
entries but in particular more of them may be present.

8.1.2 Instance 

The  same  as  in  class  case  but  without  'type'  word  (after  'task'  word)  in  the 
specification part.

8.1.3 Interface

type {Interface_Name} is task interface;

For every function of the interface:

function {Function_Name} (I : {Interface_Name}; <parameters>) 
return <return type> is abstract;

For every procedure of  the interface:

procedure {Procedure_Name} (I : {Interface_Name}; <parameters>) 
is abstract;

8.2 AdaEntry

In the specification part of a task:

entry {Entry_Name} (<parameters>);

In the body part of a task:

accept {Entry_Name} (<parameters>) do
-- entry implementation

end;
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If the entry has AdaEntryGuard tagged value specified then the code in the body 
part is following:

when {AdaEntryGuard_Value} =>
accept {Entry_Name} (<parameters>) do

-- entry implementation
end;

8.3 AdaTaskTermination

In Ada there is no need to provide a code for task termination as it is done when all 
the code of a task is finished. Two exceptions exist to that rule. One occurs when a 
task is implemented as an infinite loop and the other one when offering entry is never 
accepted. In these cases the only way to terminate a task is using a terminate branch in 
selective accept statement in the body part of a task:

task body {Task_Name} is
begin
   loop
   select
      accept {Entry_Name_1} do

-- entry implementation
      end;
   or
      accept {Entry_Name_2} do
      -- entry implementation 
      end;
   or 
      terminate;
   end select;
end {Task_Name};

8.4 AdaTaskAbortion

A task can be aborted by the following code:

abort {Task_Name};

8.5 AdaPackage

A package implementation consists of two parts: specification and body. The code 
for specification part:

package {Package_Name} is
   --  public declarations
private
   --  private declarations
end {Package_Name};

And body:
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package body {Package_Name} is
-- definitions
begin
-- initialization section
end {Package_Name};

8.6 PackageImport

PackageImport  is  implemented  as  a  declaration  before  an  importing  package 
specification or body:

with {Imported_Package_Name};

8.7 AdaLimitedPackageImport

Limited  package  import  is  implemented  as  a  following  declaration  before  an 
importing package specification or body:

limited with {Imported_Package_Name};

8.8 AdaPrivatePackageImport

Private  package  import  is  implemented  as  a  following  declaration  before  an 
importing package specification or body:

private with {Imported_Package_Name};

8.9 AdaChildPackage

Ada child package relationship exists in code as a specific naming convention. If 
{Child_Name} is a name of a child package and {Parent_Name} is a name of the 
parent  package  then  the  relationship  is  hidden  in  the  code  of  child  package 
specification:

package {Parent_Name}.{Child_Name} is
end {Parent_Name}.{Child_Name};

The same naming convention exists in body part of the child package.

8.10 AdaTaggedRecord

A  tagged  record  with  public  attributes  is  coded  in  public  part  of  package 
specification that contains the record as:

type {Record_Name} <constructor parameters> is tagged
   record
      {Attribute1_Name} : {Attribute1_Type};
      ...
   end record;

<function declarations> -- see 8.11
<procedure declarations> -- see 8.12

Function  and  procedure  declarations  are  put  just  after  definition  of  the  record 
unless they are private. Declarations of private operations are defined in the private 
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part of package specification. If a tagged record is a derived one then the code is the 
following:

type {Child_Name} is new {Parent_Name} [and {Interface_Names}] 
with record
      {Attribute1_Name} : {Attribute1_Type};
      ...
   end record;

If a derived record does not have additional attributes then:

type {Child_Name} is new {Parent_Name} [and {Interface_Names}] 
with null record;

In case when all attributes are private type declaration in public part of a package 
is the following:

type {Record_Name} is private;

The code generated in private part is the same as the one resulted from generation 
of a tagged record with all public attributes.

8.11 AdaFunction

A public function declaration is placed in a public part of package specification. 
The first parameter of the function has a type of a tagged record on which the function 
is defined. 

function {Function_Name}
   (O : {Name_Of_Record_Type}; <parameters>) 
return {Function_Return_Type};

Code containing definition of a function is placed in a body of package:

function {Function_Name}
   (O : {Name_Of_Record_Type}, <parameters>) 
return {Function_Return_Type}
is

<declarations>
begin

<function implementation>
end {Function_Name};

8.12 AdaProcedure

A  public  procedure  declaration  is  placed  in  the  public  part  of  package 
specification. The first parameter of the procedure has a type of a tagged record on 
which the procedure is defined. 

procedure {Procedure_Name}
   (O : {Name_Of_Record_Type}; <parameters>); 

Code containing definition of a function is placed in a body of package:
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procedure {Procedure_Name}
   (O : {Name_Of_Record_Type}, <parameters>)
is

<declarations>
begin

<function implementation>
end {Procdure_Name};

8.13 AdaProtectedObject
8.13.1 Class

Definition of a protected type

● specification part

protected type {Protected_Type_Name} is
   <list_of_functions_declarations>;
   <list_of_procedures_declarations>;
   <list_of_entries_declarations>;
private
   <list_of_function_declarations>;
   <list_of_procedure_declarations>;
   <list_of_entries_declarations>;
   <list_of_attributes>;
end {Protected_Type_Name};

● body part

protected body {Protected_Type_Name} is
   <function_definitions>;
   <procedure_definitions>;
   <entry_definitions>;
end {Protected_Type_Name};

8.13.2 Instance 

The same as in class case but without 'type' word (after 'protected' word) in the 
specification part.

8.13.3 Interface

type {Interface_Name} is synchronized interface;

For every function of the interface:

function {Function_Name} (I : {Interface_Name}; <parameters>) 
return <return type> is abstract;

For every procedure of  the interface:

procedure {Procedure_Name} (I : {Interface_Name}; <parameters>) 
is abstract;

8.14 AdaProtectedFunction

The code generated for a protected function is similar to the one generated for 
casual function. The only difference is that in case of the protected function is lack of 
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additional  parameter  at  the  beginning of  the  function signature.  Specification  of  a 
protected function is placed inside the specification of a protected type or object:

function {Function_Name} (<parameters>) 
return {Function_Return_Type};

Code containing definition of a function is placed in the body of a protected type 
(object):

function {Function_Name} (<parameters>) 
return {Function_Return_Type}
is

<declarations>
begin

<function implementation>
end {Function_Name};

8.15 AdaProtectedProcedure

Analogously  to  protected  functions  also  in  protected  procedures  additional 
parameter is omitted. Specification:

procedure {Procedure_Name} (<parameters>); 

Code containing definition of a function is placed in a body of package:

procedure {Procedure_Name} (<parameters>)
is

<declarations>
begin

<function implementation>
end {Procdure_Name};

8.16 AdaProtectedEntry

The specification part of an Ada protected entry is place in the specification part of 
a protected object (type): 

entry {Entry_Name} (<parameters>);

The body of a protected object (type) consists entry definition :

entry {Entry_Name} (<parameters>) is
-- entry implementation

end {Entry_Name};

If the entry has AdaProtectedBarrier tagged value specified then the code in the 
body part is following:

entry {Entry_Name} (<parameters>)
   when {AdaProtectedBarrier} is

-- entry implementation
end {Entry_Name};

8.17 RTdelay

In  Ada  there  is  a  functionality  of  a  delay  action.  The  code  generated  is  the 
following:
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delay {Time_In_Seconds};

8.18 Other elements

Previously presented elements are only a part of the Ada UML profile. Although 
other elements may be used in models but there is no code to generate from them. 
These elements are:

● GRMacquire
● GRMrelease
● RTtimeout
● RTstimulus
● RTclkInterrupt
● RTaction
● RTtime
● RTinterval
● CRmsgQueue
● CRaction
● CRimmediate
● CRdeferred

All  stereotypes  with  RT  prefix  are  used  for  different  purposes  than  code 
generation.  Their  main  destination  is  to  provide  means for  presenting  time-related 
qualities of resources and services. GRMacquire and GRMrelease actions may be used 
in behavioral models to show that access to a particular service was granted or released 
but there is no code generated which correspond to these actions. CRmsgQueue does 
not  have a corresponding code as well.  It  is  caused by Ada run-time environment 
which  remove  the  need  of  implementation  of  message  queues  by  programmers. 
Finally, CRaction, CRimmediate and CRdeferred should be already transformed into 
code by code generation rules defined in this chapter.

It  is noteworthy that  the code generated from transformations presented in this 
chapter  is  makes use only of  a subset  of  all  constructs which are allowed by Ada 
programming  language.  For  instance,  nested  subprograms  will  be  never  generated 
using those code generation rules. To support code generation on the detail level that 
would allow using every Ada language specific constructs one would need to perform 
a laborious work. The Ada UML profile in this case should have to be widely extended 
and a lot of new transformations specified. 
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9 TOOL SUPPORT

This chapter presents the attempts to implement transformations in an UML tool. 
Several commercial and open-source tools exists on the market. The selection of the 
appropriate  one  for  implementation  of  the  transformation  must  be  preceded  with 
proper analysis. The analysis may become an independent topic for the thesis due to 
the amount of work which need to be performed. Fortunately, there were researches 
performed in this area. In [34] Merilinna presents the outcomes of various UML tool 
evaluation.  The  evaluation  was  performed  in  two-phased  manner.  First  literature 
review was performed to indicate the most powerful tools. The next step was about 
obtaining and testing these tools.

The criteria taken under consideration in tools evaluation were the following:
● which UML version is supported in the tool?
● does the tool support structural modeling?
● what languages are are used to develop tool extensions?
● can one define new UML profiles in the tool?
● extend to which the tool supports MDA

As one can see those criteria are also useful in the context of this thesis. The most 
important requirements for this thesis are ability to provide extensions, support for 
profile definitions and MDA. 

Only  three  tools  qualified  two  the  second  stage  of  the  evaluation.  These  are: 
Rhapsody  Developer,  Telelogic  TAU,  and  Rational  Rose  Technical  Developer. 
Among them only Rhapsody and TAU supported creation of profiles. 

Transformations were implemented as a plug-in for Telelogic TAU due to the fact 
that it  fulfills all  the criteria.  The other reason is that the license for this tool  was 
available for the author. The only drawback of using TAU is its metamodel which 
differs from the one specified in the UML infrastructure. Dobrzański in [13] provides a 
discussion regarding TAU compliance with UML 2.0 metamodel

9.1 Implementation of transformations

TAU can be extended by developing add-ins and profiles.  A high-level API is 
provided with the tool  to support extendability [48].  The API is  a set of functions 
which allow to traverse models and modify it. The API is available for three different 
technologies:  TCL  scripts,  COM,  and  C++.  The  recommendation  found  in  [48] 
encourages to develop complex extensions with the use of compiled language. For that 
reason TCL scripts were used only where they were necessary.  

It is possible two create two kinds of add-ins. The first  one called an agent or 
interactive client. Agent is a kind of module that adds functionality to TAU. Agents 
may be invoked by modelers, TCL scripts or automatically one specified events occur. 
The developer may bind an agent to an event. When an agent is invoked it  gets a 
model context as a parameter that is currently loaded in the tool. Agent may read on 
write on the model it receives.

Non-interactive clients may access models which are stored in files. It is important 
to save a model before triggering non-interactive clients. The API provides methods 
for accessing the model from a file, load it into memory, read, modify and save it into 
requested location. 

Profiles:
The AdaUML add-in was developed as a non-interactive client which operates on 

files  containing  models.  The  add-in  was  implemented  in  C++  language  which 
facilitated debugging. AdaUML consists of two parts.

The part of the RT UML profile described in chapter 5. profile was implemented 
in  the  add-in.  It  was  extended  by  the  Ada  UML  profile  which  bases  on  the 
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specification provided in chapter 6. In addition it contains a small part of Ada library 
representation  in  UML.  The  part  is  only  limited  to  several  types  required  by  the 
profile. A modeler can activate (or deactivate) the add-in which enables (or disables) 
the possibility of using both profiles with the currently loaded model. All stereotypes 
and types defined in both profiles and the library become available for modeler.

The  second  part  of  AdaUML  profile  contains  implementation  of  10 
transformations specified in chapter 7. The two last transformations which are used in 
dynamic aspect  of  models  were  omitted because of  heavy differences  between the 
standard UML and model elements introduced in TAU. A correct implementation of 
these transformation requires a detailed study of TAU executable model. 

9.2 An example

The case study presents an example how to use the design method elaborated in 
this thesis. Presenting system is adaptive cruise controller, an example used in many 
publications. The intention to present the case study is to show how AdaUML add-in 
may be used to automatically perform transformations between the PIM and the PSM 
models. While focusing on the automatic transformations all other phases of system 
development were omitted. It is assumed that the PIM model is an input and how it 
was achieved is of less importance. The PIM was constructed in the way to show as 
many transformations in action as possible.

The first subsection provides a short description of the exemplary system behavior. 
It is followed by presentation of the platform independent model. Finally, the PSM 
model resulted from automatic transformations performed with the use of AdaUML 
add-in is shown.

9.2.1 System description

Adaptive cruise controller (ACC) is a system which combines cruise control with a 
collision  avoidance  controller.  The ACC consist  of  four  wheel  sensors,  brake and 
throttle  pedals  sensor,  distance  sensor,  control  panel,  speed  controller,  brake  and 
throttle  actuators.  It  is  assumed  that  a  car  equipped  with  ACC  has  automatic 
transmission.

The purpose of ACC is to hold the car at, or below the minimum of the speed of 
the leading vehicle or the speed commanded by the driver. Driver can turn the system 
on (using control panel) by setting required speed. System maintains that speed by 
accelerating while driving uphill, decelerating while driving downhill, etc. In addition, 
system avoids collision. There are two cases when such actions must be performed. In 
the first, the car is operating with the cruise control turn on. If a vehicle moves in a 
front of any car at a distance considered unsafe, the car needs to accelerate until it is at 
least at the safe distance. The car may also close to the slower moving lead vehicle. In 
this case, the car must decelerate when arriving at the unsafe distance. The second 
scenario assumes that the cruise is not set and car speed is controlled by the driver. In 
this case, the car must not approach to other vehicles than the unsafe distance. When 
there is no lead vehicle, the car can assume whatever speed the driver is demanding. 

Driver can turn the system on by pressing the “set” button on control panel. Speed 
of the vehicle during pressing the button is treated as the desired speed to maintain. 
When driver pushes one of the pedals (either brake or throttle) the system turns off. If 
the driver disengaged the cruise control, pressing the resume button will command the 
car to change the speed back to the most recent speed setting.

The cruise control system controls the speed of the car by adjusting the throttle 
position, so it needs wheel sensors to designate the speed and requires existence of 
throttle sensor which provides throttle position.  Additionally, brake position sensor is 
needed in order to disengage system when brake is pushed. ACC uses forward-looking 
radar (distance sensor), installed behind the grill of the vehicle, in order to detect the 
speed and distance of the vehicle ahead or behind it. The radar unit has a range of 150 
meters.  If  radar  detects  obstacle,  it  sends  a  signal  to  the  controller  containing 
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information with distance to the obstacle. Controller can calculate the closing speed 
between the car and the obstacle.

9.2.2 The PIM

The model is created using extensions which can be found in the RT UML profile. 
It  consists  of  several  classes passive  and active,  protected and unprotected.  A few 
interfaces are also in use. 

Figure 9.1: PIM data types.

Figure 9.1 presents data types used in the model. They are UML classes that are 
stereotyped as unprotected and passive.

Figure 9.2: PIM obstacle detection subsystem.
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Figure  9.2 presents  a  part  of  a  class  diagram.  Interesting  points  are 
ObstacleDetector element which is a concurrent unit  having a public attribute. The 
interface realized by ObstacleDetector has one exclusive operation.

Figure 9.3: PIM throttle subsystem.

ThrottleController  element  contains  a  destructor  operation.  ThrottleSetting  is  a 
passive  and  protected  resource  with  protected  attribute  which  have  two  exclusive 
operations defined.

9.2.3 The PSM

The PSM was generated using AdaUML add-in. The resulting diagrams shows 
elements with stereotypes used from the Ada UML profile.

Figure 9.4: PSM data types.
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As  one  can  see  both  classes  was  transformed  into  tagged  records 
(AdaTaggedRecord) stereotype applied.  Both records,  PedalPosition and Speed are 
placed  in  Separate  packages  which  is  indicated  by  the  full  path  name  of  those 
elements.  The  containing  package  has  <<AdaPackage>>  stereotype  applied.  All 
operations  of  the  class  are  stereotypes  either  with  <<AdaFunction>>  or 
<<AdaProcedure>>. 

Figure 9.5: PSM obstacle detection subsystem.

The obstacle detection subsystem contains now a protected object (Mode). The 
protected object contains only protected operations which is denoted by appropriate 
stereotypes.  ObstacleDetector  class  was  transformed  into  a  task  (<<AdaTask>> 
stereotype is  applied).  Since tasks may not  have public  attributes,  visibility  of  the 
mode property was changed to private and getter and setters operations were added. 
All  operations  of  ObstacleDetector  are  indicated  as  entries.  It  is  noteworthy  that 
Get_mode  operation  does  returns  value  by  a  parameter  with  'out'  direction. 
Additionally, ObstacleIndicator interface which is realized by ObstacleDetector class 
was marked as AdaTask as well.
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Figure 9.6: PSM throttle detection subsystem.

The  new  transformations  used  in  this  part  of  a  model  is  finalizer  creation. 
ThrottleController class was converted into a task. Finalization operation was required 
in  that  case  a  new element  Finalizer_ThrottleController  was  added.  This  element 
contains one protected operation – a destructor for ThrottleController class. One can 
spot  that  ThrottleController  class  have  additional  private  attribute  called  finalizer 
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which has a type of the new element. The explanation for this fact is the following. 
Transformation creates an association between task and its finalizer. In TAU navigable 
associations are treated as properties of elements at the unnavigable end.

The CD attached to the thesis contains the whole PIM and PSM models of the 
system. Only the parts that show the largest and variety number of operations were 
presented here. It is noteworthy that resulting elements have a big size which hinders 
model readability. It is caused by presenting a number of stereotypes applied to classes 
or operations. In TAU it is possible to turn of the presentation of stereotypes for all 
elements with a single button. The preceding figures presents elements with stereotype 
presentation  turn  on  while  this  is  the  only  way to  actually  see  the  transformation 
results. 
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10 CONCLUSIONS

The last chapter of the thesis concludes performed research by providing answers 
to research questions, presenting outcomes and reflections. Additionally, it points out 
the ideas for possible future work.

10.1 Answers to research questions

The basic  research  question  in  the  thesis  is:  How the MDA approach can  be 
applied in real-time systems development with Ada? In order to present the answer to 
that question a number of subquestion where introduced. Hence, first these questions 
are answered first. 

.
The answers for subquestions are as follows:

Which aspects of the real-time domain should be taken into account?

The  criteria  for  choosing  the  aspects  are  the  ability  to  express  time-related 
characteristics on model as well as facilitation for code generation process. The aspects 
chosen by the criteria are limited to quality of  service characteristics of  resources, 
resources classification (in particular distinction between active and passive entities) 
and  synchronization  patterns  among  active  resources.  More  details  regarding  the 
answer to this question are present in section 2.3.

What  UML  constructs  are  suitable  for  representing  real-time  domain 
concepts?  Are  they  satisfactory?  Which  of  them incorporate  to  create  the  
PIM?

UML metamodel allows for distinguishing active and passive elements and allows 
for  representing  concurrently  executed  scenarios  and  states.  Two  data  types  were 
included in  the  newest  version of the language (Time and TimeExpression)  which 
allows to represent  time constraints  in models.  Moreover,  additional  diagram were 
introduced – time diagram – which facilitates visualization of object's life cycle. 

These constructs are insufficient when it comes to representing synchronization 
issues.  However,  UML  has  built-in  extension  mechanism  called  profiles.  OMG 
developed UML Profile for Schedulability, Performance, and Time [40]. The profile 
consists number of extensions which, when used together with UML, is a well-suited 
solution for modeling real-time concepts.

What are the new features of the Ada 2005 programming language which are  
useful for representing UML constructs? 

The  main  new features  of  Ada  2005  are  described  in  section  6.1.  These  are: 
interfaces,  object.operation  notation,  unchecked  unions,  additional  package 
dependencies,  improved  pointers,  and  aggregation  for  limited  types.  Among  them 
interfaces and additional package dependencies seems to be important from the UML 
modeling point  of  view. Thanks to  them modelers  can use  wider  set  of  modeling 
elements.

How to define transformations between models?

There  are  two  basic  methods  of  transformation  specification.  Formal  one  is 
expressed in a formal language (for example OCL) and constitutes a good base for 
implementation.  However,  it  is  harder  to  understand  since  it  requires  appropriate 
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knowledge regarding the formal language. The second method – informal specification 
– is  more readable for  a wider range of people but  may bring inconsistencies and 
imprecision. Specification of the transformations in this thesis is created using natural 
language. A template described in chapter  7 is used to describe all transformations. 

How to define PSM to support easy code generation to Ada 2005?

The used method of defining PIM is creation of the Ada UML profile defined in 
chapter 6. The profile is derived from the RT profile. In order to facilitate easy code 
generation all the stereotypes introduced in the profile reflect Ada 2005 programming 
language constructs. Chapter 8. provides code fragments that represent main elements 
from the platform specific model.

Now the main question of the thesis can be answered. The application of the MDA 
process  in  real-time  system  development  with  Ada  constitutes  a  new  method.  A 
method is understood here as a set of artifacts and relations among them. In order to 
develop real-time systems using this method an engineer must deliver the platform 
independent  model  of  the  system.  The  model  must  be  created  with  the  use  of 
constructs presented in chapter 5. These constructs origin from the RT profile. The 
PIM is then automatically transformed into the PSM. The PSM is  a model  which 
applies  the  Ada  UML  profile.  The  next  step  after  the  transformation  is  code 
generation. 

Section 3.4 presents various transformation approaches. One can transform models 
by operating on metamodels, model types or by appropriate marking of the model. The 
method for performing transformations in this thesis is similar to the last one solution 
(but not exactly the same) . Models are marked by stereotypes and tagged values. The 
marking indicates that an element will be transformed. 

This  thesis,  however,  presents  a  slightly  different  approach  to  model 
transformations.  The  PIM  is  created  using  platform  independent  profile.  When  a 
platform  is  chosen  then  one  need  to  create  a  profile  which  contain  all  relevant 
construct connected with the chosen platform. The next step is the specification of 
transformations  between  those  two  profiles.  Particular  models  built  with  elements 
from these  profiles  are  transformed based  on  the  transformations  defined  between 
profiles. For instance, a stereotype from the profile used in PIM is transformed into a 
stereotype from the PSM profile. When system model is created a PIM element with 
this stereotype is transformed into PSM element with a corresponding stereotype. The 
transformation described here is trivial which is not always the case. Sometimes new 
model  elements  must  be  added  in  PSM  to  facilitate  platform  specificity.  The 
transformation approach is depicted in Figure 10.1.
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Figure 10.1: Model transformations based on profile transformations.

10.2 Outcomes

All expected outcomes of the thesis have been accomplished. Chapter 5 provides a 
definition of the PIM as a utilization of the RT profile. The Ada UML profile was 
developed as the PSM facilitating Ada 2005 code generation. A set of transformations 
between  those  two  model  has  been  specified  using  natural  language.  Chapter  6. 
identifies  the  key  new  features  of  the  recent  version  of  the  Ada  programming 
language.  Finally, a tool which is implementation of the transformations has been 
developed as a plug-in for Telelogic TAU.

10.3 Afterthoughts

Ada 2005 is the newest version of the language. Since 2005, a group of specialists 
debated in order to extend the language to improve its usage. The resulting changes are 
surprisingly limited to a narrow number of  extensions. In fact,  the only large new 
feature  is  interface  type  which  allows  multiple  inheritance.  The  reasons  for  this 
situation may be various. Ada is a language that is used for developing safe-critical 
systems and introducing new features without long-term and sufficient test would be 
dangerous. It must be also remembered that Ada is a hybrid language – it has object-
oriented features and also makes use of structural programming paradigm. 

There are also some impressions regarding the MDA framework. Preparation of 
PIM and  PSM is  very  time-consuming  and  not  a  trivial  task.  A  wide  variety  of 
concepts  must  be  taken  into  consideration.  Appropriate  application  of  the  MDA 
requires  a  broad  knowledge  about  metamodel  elements  and  their  relationships. 
Another difficulty is  understanding of platform specific issues and development of 
transformation rules which maps from the independent model to the platform specific 
one. It is easy to miss important details which affects the quality of transformations 
and, in result, the whole MDA process. According to Frankel [21] system development 
using only higher-level models is much harder than using programming languages and 
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requires  hard  thinking.  However,  the  benefits  of  MDA  are  promising,  making 
transition to MDA inevitable [21].

Another finding is that automation of PIM to PSM and further executable code 
generation is a real challenge. One of the problems is that the platform specific model 
usually introduces additional constructs, properties and concepts. It is impossible to 
map PIM to PSM elements without providing appropriate level of details in the PIM. 
For  instance  if  the  PSM  requires  information  that  is  not  present  in  PIM  such 
information must  be  then added by a  modeler.  The other  example  is  the  situation 
encountered during the thesis preparation. A modeler in the PIM defined a class which 
had two constructors. The element cannot be transformed to Ada language since more 
than one constructor is not supported by this platform. It results in PIM to be only 
partially transformed to the PSM. Elements that does not meet any preconditions are 
left untouched. Considering these cases the full automation is nearly an utopia. For that 
reason the most important step in the MDA according to the author is careful and 
detailed preparation of the PIM. 

One more big problem was encountered in the thesis. There is number of UML 
tools present on the market, however none of them seems to be consistent with UML 
metamodel. The Telelogic TAU metamodel differs from the one present in UML 2.0 
specification. It considerably hindered the implementation of the transformations and 
UML profiles. Therefore, the plug-in developed for TAU focuses on implementation 
of the transformations of elements from the structural diagrams.

10.4 Future work

The thesis scope where narrowed in a several places. Possible future work may 
extend the thesis with omitted aspects. These are the following:

1. Extension  of  real-time  concepts  taken  into  consideration.  Real-time 
aspects like schedulability and performance may be incorporated in the presented 
method by providing appropriate PIM concepts which would allow such analysis. 
Moreover a set of patterns may be added to PIM that helps in designing safe, 
fault-tolerant and efficient systems.

2. Ada  UML profile  extensions.  The  need  for  extensions  results  from two 
sources. The first one assumes that broader real-time concepts will be used. The 
other is a consequence of a more detailed analysis of the Ada language. Such 
analysis will result in additional constructs that may be incorporated in the profile 
as stereotypes or tagged values. For instance, generic unit is a very useful Ada 
construct omitted in the thesis.

3. Validation tool for models using the Ada UML profile. Once the Ada UML 
profile would be complete there exists a temptation to create a validation tool for 
it. Such tool would allow for checking constraints and consistency checking in 
models which apply the Ada UML profile.

4. Code generator implementation. The thesis provides only elementary coded 
generation guidelines. The majority of work is still to be done. A difficult task of 
merging  the  code  generated  from  single  elements  needs  to  be  developed. 
Additionally, a tool generating the code can be implemented.

5. Additional transformations. When the PIM will be extended with additional 
real-time constructs and the Ada UML profile completed it is recommended to 
extend the set of transformations.
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6. TAU  plug-in  enhancements.   The  enhancement  should  allow  for  both: 
structural and dynamic model elements transformations. It should also incorporate 
new transformations developed by extending the thesis scope.

7. Research  regarding  usability  of  described  design  method.  The  very 
interesting researches may be performed based on the method described in the 
thesis. A possible directions for researches is the efficiency tests in creating an 
exemplary real-time system using the MDA comparing to other methodologies. 
The other research area would be the quality of resulted executable code. 
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