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Abstract

There is a general consensus on the importance of good Requirements Engineering (RE) for
achieving high quality software. The modeling and analysis of requirements have been the main
challenges during the development of complex systems. Although semi-formal, scenario driven
approaches have raised the awareness and use of requirement engineering techniques, mostly
because of their intuitive representation. Scenarios are a well established approach to describe
functional requirements, uncovering hidden requirements and trade-offs, as well as validating
and verifying requirements.

The ability to perform quantitative analysis at the requirements level supports the detection of
design errors during the early stages of a software development life cycle. Thus, it would reduce
the cost of later redesign activities. In order to achieve this goal, non-functional aspects and in
particular time-related aspects have to be incorporated at the software requirement phase. This
is essential in order to correctly model and analyze time dependent applications at early stages
in system development.

The widespread interest in time modeling and analysis techniques provides the major moti-
vation for our paper. The objective of the article is to provide readers with sufficient knowledge
about existing timed scenario approaches to guide them in making informed decisions to when
and how time aspects can be incorporated in their development process. In order to support this
process, we present a comprehensive classification, evaluation and comparison of time-based
scenario notations. In order to evaluate these existing notations, we introduce a set of eleven
time-related criteria and apply them to categorize and compare forty seven scenario construction
approaches.

Key words: Requirements engineering, functional, non-functional, model, analyze, timed
scenarios, classification.

1. Introduction

In the early stages of development processes, system functionalities are defined in terms
of informal requirements and visual descriptions. Scenarios are known to help requirements
engineers not only to elicit such functional requirements, uncovering hidden requirements and
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trade-offs, but also to allow for the comprehension and validation of requirements. Scenario-
based approaches go beyond the requirement phase by covering the whole software development
life cycle and improving the communication among various stakeholders in establishing the re-
quirements. The exact definition of a scenario may vary depending on purpose, contents and
used semantics [RP96], but most definitions include the notion of a partial description of system
usage as seen by its stakeholders [RR98]. With the advent of object-oriented design modeling
more than a decade ago, the concept of use cases [JBR99] becomes a widespread practice for
capturing functional requirements. Most authors agree that, in broad terms, use cases and sce-
narios are descriptions of a sequence of actions or events of some generic task which the system
is meant to accomplish. However, there is no agreed distinction between the meanings of use
case and scenario. Jacobson et al. [JEJ94], define use cases as follows: “a use case is a sequence
of transactions in a system whose task is to yield a measurable value to an individual actor of the
system.”. In UML context, Rumbaugh et al. [RJB99] define a scenario as a sequence of actions
that illustrates behavior. A scenario may be used to illustrate an interaction or the execution of a
use case instance [RJB99]. A slightly different distinction between “use cases” and “scenarios”
is stated by Maiden et al. [Mai98]. The authors treat use cases as a collection of actions and the
temporal rules that govern how the actions can be linked together. In contrast, a scenario is one
sequence of events, the ordering of which is tied to the start and the end events or actions in the
use case.

The design and implementation of distributed real-time systems is often dominated by non-
functional considerations like timing, distribution and fault tolerance. As a result, it is increas-
ingly recognized that non-functional requirements should be considered at the earliest stages of
system development life cycle. Among these, time-related requirements have received consider-
able attention by the modeling community with several timed extensions of various notations and
tools. For instance, the Unified Modeling Language (UML) [OMG07b], as a standard, considers
real-time aspects is the profile for Schedulability, Performance and Time [OMG02].

The ability to model time constraints at the system requirement level not only facilitates the
task of moving towards real-time design, but ultimately supports the early detection of errors
through automated validation and verification of timing requirements. Thus, it would reduce the
cost of later redesign activities in case some of the required time constraints are not met.

In this paper we present a state-of-the-art survey and evaluation of timed scenario-based ap-
proaches. The widespread interest in time modeling and analysis techniques, provides the major
motivation for our paper. We, in particular, focus on the need for a comprehensive classifica-
tion, evaluation and comparison of time based scenario notations applicable during requirement
engineering. This paper serves different purposes:

• A set of eleven time-related categorization criteria is provided. These criteria are intro-
duced in Section 3.

• A comprehensive survey of time-based scenario approaches and their notations is pre-
sented. Fifteen timed scenario notations and a total of forty seven construction approaches
are reviewed in Section 4.

• We present a detailed comparison of selected time scenario-based construction approaches.
Tables 1-8, which summarize this evaluation, can be used as an index when adding time
aspects in the requirement phase. Section 5 provides an evaluation summary.

Given the scope of this study and the number of surveyed notations and techniques, this paper
can neither offer illustrative tutorials or examples, nor provide an empirical comparison based on
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a common case study. Our decision to provide multiple illustrative examples instead of a single
representative example is dictated by the fact that existing notations support different time and
untimed aspects. A common case study would have to be a very basic example, covering only the
most fundamental aspect of a timed scenario notation. Therefore, we do believe that such a rather
trivial common case study would not provide any meaningful additional insights. However,
we believe that this paper will provide readers with sufficient knowledge about existing timed
scenario approaches to help them make informed decisions about incorporating time aspects in
their development process.

The remainder of this paper is organized as follows. The next section provides an overview
of existing scenario classification approaches. In Section 3, we define a collection of eleven
criteria that will help categorize and compare many timed scenario notations. Section 4 reviews
fifteen timed scenario-based languages and forty seven construction approaches using the defined
criteria. A summary of the classification is given in Section 5. Finally, conclusions are drawn in
Section 6.

2. Classifications of Scenario Notations

Many classification approaches have been proposed to categorize and compare scenario no-
tations. In what follows, we provide a brief overview of six comparison studies.

• Cockburn [Coc97] used four dimensions to use case descriptions, namely purpose, con-
tent, plurality, and structure. Purpose can be either for stories (explanations) or for re-
quirements. Content can be contradicting, consistent prose, or formal content. Plurality
is either one or multiple, in a way similar to multiplicity. Structure can be unstructured,
semi-formal, or formal.

• In a European industrial survey, Arnold et al. [AEG+98] proposed a classification tax-
onomy for scenario usage in industrial projects. Their criteria are grouped under five
main divisions: project properties, scenario contents and representation, goals, process,
and experiences and expectations. They surveyed twelve industrial projects from various
domains (telecommunications, sales, medical, software development, insurance, banking)
where scenarios are used.

• Rolland et al. [CRH98] proposed a scenario framework based on four different views
allowing to capture a particular relevant aspect of scenarios. Each specific scenario is
characterized according to these four views.

The proposed four views are:

– Content View:It defines the kind of knowledge described in a scenario. Scenarios
may, for instance, focus on the description of a system functionality or describe a
broader view in which the functionality is embedded into a larger business process
with various stakeholders and resources bound to it. Content view helps address the
following concern: what part of the work activity is captured in a scenario ?

– Form View: It deals with the expression mode of a scenario. It specified whether
scenarios are formally or informally described, come in a static, animated or interac-
tive form.
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– Purpose View: It is used to capture the role that a scenario is aiming to play in the
requirement engineering process. Describing the functionality of a system, exploring
design alternatives or explaining drawbacks or inefficiencies of a system are exam-
ples of roles that can be assigned to a scenario. The purpose view helps address the
following concern: For what usage in the design process is it captured ?

– Life-cycle view: It suggests to consider scenarios as artifacts existing and evolving
in time through the execution of operations during the requirements engineering pro-
cess. Creation, modification refinement or deletion are examples of such operations.
The question of persistency versus transience is also addressed in this view.

This framework uses a faceted classification method where a set of facets is associated to
each view. Facets are considered as viewpoints or dimensions suitable to characterize and
classify a scenario according to this view. For example, the description facet in the form
view is a facet helping to classify scenarios according to the medium and the language used
for their description. A facet has a metric attached to it. Each facet is measured by a set
of relevant attributes. For instance, the description facet is measured with two attributes,
namely the medium attribute and the notation attribute.

• Chance and Melhart [CM99] introduced a taxonomy of scenarios with the objective to
improve understanding of scenarios and their usage. This taxonomy is organized into a
hierarchy according to the purpose of the scenario. Scenarios can describe basic function-
ality (operational scenario), describe abnormal conditions (failure scenario), help evaluate
system response (performance scenario), aid in requirements analysis and elicitation (re-
finement scenario), or be used to explain the system behavior to others (learning scenario).

Each type of scenario is described in terms of key attributes: (1) Description: it describes
how this category of scenarios differs from all other categories; (2) Creators/Users: it lists
the architects and developers most likely to create or use the scenario category; (3) Infor-
mation Needed: it lists the information that is useful to create scenarios of this category;
(4) Uses: it lists the most common uses of scenarios of this category.

• Amyot et al. [AE03] defined nine criteria to categorize and compare fifteen scenario-based
notations applicable to the telecommunications domain.

The proposed criteria are:

- Component focus: Scenarios can be described in terms of communication events
between system components or independently from components, in a pure functional
style.

- Hiding: Scenarios could describe system behavior with respect to their environment
only (black-box), or they could include internal (hidden) information as well (gray-
box).

- Representation: Scenarios can be described in various ways, for instance with semi-
formal pictures, natural languages, structured texts, logic, grammars, trees, state ma-
chines, tables, visual paths, and sequence diagrams.

- Ordering: Scenarios represent a collection of events that can be ordered sequentially
or causally.
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- Time: Support for expressing time constraints with appropriate data types and eval-
uation mechanisms.

- Decomposition: Decomposition can be hierarchical (which improves scalability) or
be achieved through dependencies (e.g. references, contains, etc.).

- Abstraction: An abstract scenario is generic, with formal parameters, whereas a
concrete scenario focuses on one specific instance, with concrete data values.

- Identity: Scenarios can focus on one actor (useful for component-oriented imple-
mentations) or target many actors at once (useful when describing end-to-end situa-
tions).

- Dynamicity: A scenario notation is dynamic when it enables the description of be-
havior that modifies itself at run-time, otherwise it is said to be static.

• Liang et al. [LDD06] have presented a comparative survey of 21 approaches found in
the literature based on two sets of comparison criteria. One set of criteria is for assessing
approaches from a user’s perspective. The other set of criteria compare the approaches
from a more technical perspective, by focusing on the synthesis of scenario-based models
into state-based models.

- Criteria Relevant From a User’s Perspective:

∗ Intended use. Approaches are classified as intended for analysis only, or for
both analysis and code generation.

∗ Source notation. The choice of source notation (syntax and semantics) may
influence the users’ ability to describe scenarios with different levels of expres-
siveness as well as affect the synthesis algorithms.

∗ Support of composition mechanism. By using composition mechanisms some
scenario notations have the ability to express the behavior of complex systems
more comprehensively.

∗ Support of parallelism. Parallelism is either implicitly supported by means
of the underlying semantics or explicitly supported by means of parallel com-
position constructs. By supporting parallelism, scenario notations can describe
reactive systems more realistically.

∗ Target notation. The choice of a target notation is mainly influenced by the
intended use as well as the previous experience of the designer.

∗ Model type. This criterion is closely related to the intended use. For instance,
an approach may concentrate on deriving a set of object state models, or try to
generate one single global state model for the whole system.

∗ Synthesis path: Scenario-based models are categorized into either basic scenar-
ios (BS) without using any composition mechanisms, or global scenarios (GS)
obtained through the composition of BSs. These scenario-based models are
synthesized into state-based models: object state machines (OSM) and global
state machines (GSM) which are composed of OSMs. Four synthesis paths
from scenario-based models to state-based models are proposed: BS→ OSM,
BS→GSM, GS→OSM, and GS→GSM).

∗ Degree of automation: The generation of state-based models from scenario-
based models can either be semi-automatic or fully-automatic.
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∗ Tool support: Specifies whether a synthesis approach is supported by a tool.

- Criteria Relevant From a Technical Perspective:

∗ Inter-scenario relationships. The authors have identified five different ways
to identify the inter-scenario relationships. The designers can implicitly infer
the relationships from the scenarios by using events or from the semantics of
scenario notations. Additionally, the designers can explicitly define the relation-
ships among scenarios by composition mechanisms, conditions, or a combina-
tion (hybrid) of both composition mechanisms and conditions.

∗ Consistency check. Approaches may allow checking the consistency of scenario-
based models before or during the synthesis processes.

∗ Completeness check. Completeness checks on implied scenarios (extra behav-
iors) or missing scenarios (fewer behaviors) may be provided by the approaches.

∗ State space reduction. Depending on how the inter-scenario relationships are
identified, an approach may merge states and thus reduce the state space to var-
ious degrees.

The classification approaches listed above either overlooked time aspects or had a very lim-
ited coverage of time-related mechanisms.

3. Time-based Evaluation Criteria

Contrary to the approaches presented in the previous section, time-related aspects play a
central role in our proposed classification approach. In this section, we propose a collection of
eleven criteria that will help categorize and compare many timed scenario notations.

3.1. Timed-action/event enabling

Intuitively, an action/event is enabled (i.e. offered) when the execution of its predecessor is
completed. However, a time constraint can be specified to define when an action/event is offered
relative to the execution of its predecessor action/event. Three types of enabling can be defined
[BG06]:

- Simple enabling: The instant an action/event becomes enabled (e.g. available to the pro-
cess and its environment) may be associated with a time constraint. For example, an action
b can be taken at any time 5 time units after action a. However, no upper bound can be
imposed on enabling.

- Initiation and termination of enabling: both lower and upper time bounds can be imposed
on enabling. Thus, an action/event is continuously offered within a specific time interval.
For example, an action a can be enabled immediately and will be offered for 5 time units.

- Punctual enabling: This type is a restriction of the Simple enabling. An action/event is en-
abled with respect to its associated time constraint then the enabling retracts if the action
is not taken. For example, an action b is offered 5 time units after a and should be taken
instantaneously, otherwise the enabling is retracted. Punctual enabling is used as abstrac-
tions of real-world systems. An important class of applications that use punctual enabling
are those employing periodic behavior.
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Another notational alternative to express enabling classes is:

- Delays: An action/event can be explicitly delayed by using a delay operator, such as δt
or WAITt, used in timed process algebra [LL94]. Using such operators, lower bounds on
enabling can be defined.

3.2. Instantaneous (atomic) vs. Durational Actions

Actions can be instantaneous (atomic) and the passage of time is explicitly modeled by a
special tick action [RR88, NS94]. In an interleaving semantics, concurrency is reduced to non-
determinism where the behavior of a system that performs two actions a and b concurrently is
considered the same as the behavior of a system that either does a followed by b, or b followed
by a.

Alternatively, actions can take a given amount of time, called duration, to be performed
[GRS95, CFP01]. Hence, the time passes due to the execution of these actions. Approaches
that use durational actions may support true concurrency. However, in the context of durational
actions, Hoare [Hoa85] suggests that time-consuming actions should be represented by a pair of
events, the first denoting its start and the second denoting its finish.

3.3. Absolute vs. Relative Time

The time of occurrence of an action/event of a system execution can be related to the starting
time of the system execution, in this case, the time features as absolute [Cor00]. Alternatively,
they can be relative to the execution of a causally preceding action, in this case, the time features
as relative. In this case, the preceding action/event enables (directly or indirectly, i.e. via some
intermediate events) the subsequent action/event.

3.4. System Clocks: Local vs. Global; Physical vs. Logical

The elapsing of time in a system can be modeled by a unique centralized global clock that
increases uniformly. However, in a distributed system, many local clocks are used to track time
in different locations. This raises the problem of clock synchronization [Mes90]. To address
this issue, Lamport [Lam78] has introduced the concept of logical clocks, so partial ordering of
events can be obtained without recourse to any physical “real” time.

3.5. Urgency

Urgency is a well-accepted and extensively documented time requirement [NS92, HR95,
Sin04, BST98, BS00]. Urgency offers an abstraction that can be used to influence the behavior
of a system as time progresses. It allows for expressing assumptions on the environment and
on the underlying execution system, such as action durations, communication delays, or time
constraints on external inputs. We distinguish two main approaches:

1. Action Urgency. This type of urgency is studied extensively in the process algebra theory
[ISO97]. Three main approaches have been identified [BG06]:

- Urgent Actions. In this approach, all observable and unobservable actions (i.e. in-
ternal to the system) are interpreted as urgent. Hence, it is possible that observable
actions will become urgent, but will be prevented from executing by an environment
that is not offering the action. This leads to a timelock situation in which time is not
able to pass. Urgent actions are largely rejected in timed process calculi.
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- Explicit Urgency Operator. In this approach, a specific operator, such as urge [BL92],
is used to make an action urgent. urge is associated to an action and is placed in the
beginning of a process behavior. This approach constraints the environment more
selectively but timelocks can still occur [BG06].

- Urgent Internal Actions. This approach restricts urgency to internal actions (i.e. un-
observable to the environment) and all observable actions are interpreted as non-
urgent. Internal actions can always execute urgently without the possibility of time-
lock since they are not controlled by the environment. This approach is now the most
common approach in timed process algebra [ISO97]. Variants of this class of urgency
are Maximal progress, asap(as soon as possible) and Minimal Delay.

2. Transition Urgency. A transition can be regarded as urgent, if it is taken or disabled before
time progresses. There exists three main types of transition urgencies:

- Eager transitions. Eager transitions are urgent as soon as they are enabled, i.e. they
never wait. They have to be executed as soon as possible and time should not progress
as long as an eager transition is enabled.

- Lazy transitions. Lazy transitions do not prevent time progress in any system state,
i.e. they can wait. Whenever a lazy transition is enabled, it can be taken, or likewise
time can progress and possibly disable it.

- Delayable transitions. Delayable transitions are a combination of both eager and
lazy transitions. They can wait, but they become urgent when time progress would
disable them.

The distinction between these three types of transitions is depicted in Figure 1 [Sin04].

Figure 1: Transition Urgencies [Sin04]

3.6. Time Domain

The expression discrete or continuous time often refers to the empirical description of a so-
called physical time. There are three types of physical time:

- Discrete Time. Empirical time is composed of indivisible instants, such that the passage
from one instant to another implies an irreducible jump. In this sense, discrete time is
a model isomorphic (i.e. structurally identical) to a discrete series of natural numbers.
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This type of time model is appropriate for synchronous systems, where all the components
are synchronized by a single common clock. This model has been successfully used for
reasoning about the correctness of synchronous hardware design especially synchronous
digital circuits, where signal changes are considered to change exactly when a clock signal
arrives. One of the advantages of this model is that it can be transformed easily into
an ordinary formal language. Each timed trace can be expanded into a trace where the
times increase by exactly one at each step, by inserting a special silent event as many
times as necessary between events in the original trace. Once this transformation has been
performed, the time of each event is the same as its position [EMCGP99].

- Continuous Time. The jump between two instants is a smooth and uninterrupted process.
In this sense, the model of continuous time is isomorphic to a continuous series of non
negative real numbers. Continuous time model is appropriate for asynchronous systems,
because the separation of events can be arbitrarily small. This ability is desirable for repre-
senting causally independent events in an asynchronous system. Moreover, no assumptions
are needed about the speed of the environment when this model of time is assumed.

- Dense (but countable) Time. A model of dense time is isomorphic to a dense series of non
negative rational numbers, meaning that there is always a rational number between any
two rational numbers.

3.7. Time Representation/Measurement

Time can be represented by three classes: point-based, interval-based or both of them. In
point-based models, the elementary units are points in a time space. Each event in the model
has its associated time point (a single concrete time value). The time points can be arranged
according to some relations such as precede or after. The ability to reference the time instant
at which an action/event occurs is important in certain classes of real time specifications. In
interval-based models, two different approaches can be considered. In the first, intervals are
assumed to consist of points, and hence, the corresponding systems may be considered as models
of point-based time theories [BK94]. The second approach takes intervals (i.e. ranges of time
values within given bounds) as primitive objects, without any reference to the definitions of
internal-point structures. Interval-based models are mainly based on the relations defined by
Allen [All81]: before, meets, overlaps, finishes, during, starts, equals.

Time observations are described by measurements. Measurements are used to observe the
delay between the enabling and occurrence of an event/action (for relative timing) and to measure
the absolute time of the occurrence of an event/action (for absolute timing).

3.8. Time expressiveness (Timed Constructs/Constraints)

A timed scenario language is expected to offer a set of constructs that help:

- Express time dependent system behavior, such as execution time of tasks and actions.
These are often modeled by means of timers or explicit access to a system clock.

- Express time constraints on the internal system execution such as end-to-end delays of the
system.

- Express time related assumptions on the external environment of the system, mainly re-
sponse time and inter occurrence time of stimulus.
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3.9. Informal vs. Semi-formal vs. Formal Semantics

The nature of semantics (i.e. informal, semi-formal or formal semantics) offered by an ap-
proach, may impact the users’ ability to precisely understand and reason about models expressed
in the notation. Furthermore, it may also affect their ability to conduct time based quantitative
analysis.

The choice of source notation (syntax and semantics) may influence the users’ ability to de-
scribe scenarios with different levels of expressiveness as well as affect the synthesis algorithms.

3.10. Time Analysis and Verification

The quantitative analysis of requirement models allows the early detection of potential be-
havioral (time dependent) and performance problems. This criterion aims to identify what kind
of timing analysis (such as validating timing assignment, verifying timing consistency, etc.) sce-
nario notations offer. Different approaches have proposed algorithms and methods to analyze
and ensure that timing requirements are met. These approaches can be classified as follows:

- Model-Based Scheduling Analysis: The first contribution to real-time scheduling theory
was made by Liu and Layland [LL73], who developed optimal static and dynamic priority
scheduling algorithms for hard real-time sets of independent tasks. Since then, much work
on schedulability analysis has been done which includes various extensions of these results
[JP86, MGHL94, TBW94]. Schedulability analysis techniques are based, amongst others,
on worst case execution times (WCET) [PB00] and stochastic task execution times [GL99].

Note: End-to-end system behavior description is necessary to conduct schedulability anal-
ysis.

- Formal Verification Approaches: These approaches are based on a translation of the timed
requirement model into a formal description technique supporting time, such as timed
automata [AD94]. The resulting models are checked against timing requirements using
formal verification techniques, such as model checking [EMCGP99].

3.11. Specification Executability and Tool Support

Using scenario approaches to describe timing requirements may lead to:

- Executable specifications with appropriate operational semantics that can be simulated and
tested.

- Off-line specifications that are not testable but offering a rich expressive power of time
constraints.

The usefulness of a timed scenario notation may be directly related to the kinds of tools it
provides to support design, analysis, and executable system generation.

Assessing the level of executability and tool support represents an important criterion in
selecting the appropriate time scenario notation.
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4. Survey of Selected Timed Scenario Languages

In Section 2, we have presented a literature review of untimed scenarios classification ap-
proaches [LDD06, AE03, CRH98, Coc97, AEG+98, CM99]. In this section, we survey forty
seven time-based construction approaches (corresponding to fifteen timed scenario notations)
based on the eleven evaluation criteria specified in the previous section.

A summary of the evaluation is given in tables 1-8. For each construction approach, we
indicate explicitly the selected criteria. For example, we specify whether a particular approach
uses discrete or dense time as time domain, global or local as Clocks, relative or absolute as time
model, etc. In addition, we have added the following terminology to cover different cases where
an assessment using explicit values was not applicable:

−− : Absence of the feature: The language does not support the feature.

- : Weak to basic existence: The language has a very basic support of the feature.

+ : Rich set of features: The language provides a fair/rich support of the feature.

? : Not specified: The information about the criteria is not available.

N/A : Not applicable: The feature is not applicable to the notation.

4.1. Timed (variants of) MSCs
Basically, timing constraints in (variants of) MSC notations are expressed using timers [IT96,

AHP96], delay intervals [AHP96, MS93] and timing markers [BRJ96, LL99a].

• Timers. Timer support in the early standard version of MSC language (MSC-96 [IT96])
is very basic. A timer can be set to an optional duration, reset to zero, and observed for
timeout. Figure 2 illustrates the stand-alone occurrences of the timer events in the MSC-96
standard as well as combined timer events. A timer set event (labeled by the timer name
and with an identifier for the duration) is denoted by an hourglass symbol attached to the
instance axis by means of a horizontal or bent line. A timer reset event is denoted by a
cross which is attached to the instance axis by means of a horizontal or bent line. A timeout
is represented by an hourglass symbol which is attached to the instance axis by means of
an horizontal or bent arrow from the hourglass symbol to the instance axis.

(a) Timer events in stand-alone mode (b) Combinations of timer events

Figure 2: Timer Handling in MSC-96 [IT96]

The current standard (MSC-2004 [IT04]) describes some syntactic and semantics changes
and refinements. The set event has been renamed to start timer and reset has been renamed
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to stop timer. Timer duration is specified with an interval having an optional lower bound
and an optional upper bound allowing the timer to expire within the specified interval. The
upper bound for a timeout can be defined to be infinity which is represented by the keyword
inf. A timer can be used to express a maximal delay between two or more consecutive
events in one process. A timer cannot be shared among concurrent processes in a basic
MSC (bMSC).

• Delay Intervals. Delay intervals are used to express three types of timing constraints: (1)
event-associated intervals [MS93] which are denoted as an interval that is as associated
with an event (i.e. minimal and maximal delays within which the event should occur with
respect to any previous event, whenever it occurs in an execution trace); (2) message de-
livery delays [AHP96, MS93] indicate the minimal and maximal delays allowed from the
moment a message is sent until it is received (expressed as a time interval over a mes-
sage arrow); and (3) Processor’s speed constraints [AHP96, MS93] which are expressed
as time intervals between two consecutive events along an instance line. In the MSC-2004
standard [IT04], the delay between any pair of events can be constrained by defining a
minimal or maximal bound for the delay between the two events. An interval must define
at least one of the two bounds. An absolute time interval can be of the form [@1,@3) or
@[1,3). Figure 3 shows an example of time constraints and measurement. A relative time
measurement is used to observe the message duration of the resolve request call (the time
variable rel1). The measurement on the duration of the call is subsequently used to restrict
the message duration for resolve reply. The relative time constraint (0,0.7*rel1] allows the
message to take at most 70 percent of the time it took to issue the call resolve request from
TC to SUT. In addition, the measurement on the duration of the call is used to constrain the
execution of the instance TC: the relative time constraint (rel1,3*rel1] requires that after
the output of the requestNamedAccess call, it takes at least rel1 and at most 3*3rel1 to get
the reply.

Figure 3: Time Constraints and Measurements [IT04]

• Timing marks is a boolean expression on event labels [BRJ96]. For instance the time
marker a≤ ei-e j≤b, where ei and e j are event labels and a and b are real numbers, expresses
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that event e j must occur within [a,b] time frame after event e j. For basic MSCs, timing
marks can be used to describe any timing constraints expressed by timers or delay intervals
[LL99a].

Meng-Siew [MS93] used the notion of consecutive events to generalize the message delivery
and processor speed delay intervals. He extended the syntax of MSC with precedence edges that
connect unrelated events and thus allow the user to provide delay intervals for them. However,
these edges may result in a cumbersome and cluttered graph.

Li and Lilius [LL99a] defined the behaviour of an MSC specification as the timed event se-
quences which are the concatenation of the timed event sequences representing the behaviour of
the bMSCs which make up the High-Level MSC specification. Timing constraints are interpreted
by local semantics: select one path at a time and analyze its timing requirements, independently
of other paths that may branch out of the selected one. The authors [LL99a] provided an algo-
rithm to decide about timing consistency.

Alur et al. [AHP96] interpreted timed MSC as partial orders with timing functions that map
each pair of events in the partial order to a time interval. In their timed MSC, time constraints
can only be imposed on pair of events. They did not consider absolute time constraints at which
events occur, and only bMSCs with sending and reception events are addressed. The authors
provided also an algorithm for analyzing basic MSCs. Furthermore, the authors proposed an
MSC analyzer tool that offers timed analysis based on a semantics that accounts for the queuing
strategies in a bMSC and hMSC. Similarly, Ben-Abdallah and Leue [BAL97] used timing delay
intervals and timer events to express timing constraints. A MSC is interpreted as traces that
are consistent with the partial order of events. They defined a timing assignment that assigns a
time stamp to each event in a trace. They also did not consider absolute time constraints. The
authors augmented the timing analysis for bMSCs presented in [MS93] and [AHP96] to handle
the possibility that a timer is set in a bMSC but not reset nor timeout follows the timer setting in
the bMSC. This timing analysis is extended further with branchings and iterations. To address
timing consistency, the authors proposed an approach that consists on translating bMSCs into a
directed labeled graph, that they call, temporal constraint graph. Then this graph is checked to
ensure that it didn’t contain any cycles with negative cost.

Grabowski et al. [VGO98] defined the semantics of Timed MSCs in terms of Constraint Dia-
grams (CD) [Die96], a graphical notation for real-time properties stated in the Duration Calculus
(DC) [CHR91].

The MSC-2004 [IT04] standard assumes the following time concepts:

• Time progress (i.e. clocking) is equal for all instances in a MSC. Also, all the clock values
are equal, i.e. a global clock is assumed.

• All events are instantaneous (i.e. atomic) and do not consume time.

• The time domain can be dense or discrete. It must be a total order with a least element, or
origin, of time zero. It must be closed under an addition operation, used to compute time
offsets.

• Time constraints can be used to specify the delay between any two events (relative delay),
or to specify the time of occurence of an event (absolute delay). When specifying a rela-
tive delay, the time constraint can be an interval with minimal and maximal bounds or a
concrete time value. Furthermore, Time constraints can be specified by the use of arbitrary
expressions of type Time, i.e. referencing parameters, wildcards and dynamic variables.
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In the MSC-2004 [IT04] standard, the semantics of a timed MSC are represented by event
traces with special time events between normal events. Hence, If there is no time event between
two normal events, it means they occur simultaneously. Maigat et al. [LMH00] associate each
pair of communication events in MSC with a duration. They propose partial order and (max,+)
automaton based semantics and analysis for timed MSC considering HMSC and compositions.

Zheng et al. [ZKH02] provided formal semantics to timed MSCs in terms of timed labelled
partially ordered set (lposet). First, they defined the semantics of events as timed lposets. Then
the semantics of bMSCs, MSCs with structures and hMSCs, are obtained using the operations
defined on timed lposets. However, their semantics do not cover some MSC standard concepts
such as general ordering, instance decomposition, gate and condition. In a related work [ZK02],
the authors extended MSCs with a construct, called instance delay, to specify repeated MSC
scenarios (i.e. specifies how long the scenario takes and the interval between the repetitions).
The semantics of this construct is expressed in terms of labelled partially ordered set (lposets).

Kim et al. [KC06] proposed timed high-level message sequence charts (THMSC) which
includes an unambiguous subset of time constraints and timed edges as a new complementary
notation. Timed edges are directed time constraints between two consecutive MSCs. The authors
claimed that THMSC is effective in accurately specifying popular requirement patterns such as
watchdog timers and periodic tasks. The formal semantics of THMSC is defined using labelled
partially ordered set(lposets).

4.2. Time-Enriched LSCs

Harel and Marely [HM02] extend LSCs with time information. The authors adopt (1) the
approach presented by Alur and Henzinger [AH97], according to which a real-time system can
be viewed as a discrete system with clock variables and (2) the synchrony abstraction hypoth-
esis according to which system events consume no real time and time may pass only between
events. A single clock object with one property, Time, and one operation/method, Tick, are used
in combination with assignments and conditions to define timing constraints. Time can be stored
in time-variables (i.e. Time-Variable := Time) and compared with time values (for instance the
condition: Time > Time-Variable + Min-Delay is used to specify relative minimal delay whereas
whereas Time < Time-Variable + Max-Delay is used to specify relative maximal delay). The
authors distinguish three basic timing constraints:

• Vertical Delay: In a single object instance, time is stored upon the occurence of an event,
then the following event is bound by two hot conditions defining the minimum and maxi-
mum delays of its occurence.

• Message Delay: A message delay is specified similarly, except that the time is stored in
one instance line and is checked in another.

• Timer: A timer is also specified in the same manner as a vertical constraint, except that
the maximal delay condition can be placed arbitrarily far from the place where the time is
stored.

Conditions (hot and cold) can be used to combine timing constraints with conventional con-
straints to express complex timing constraints.

The timed LSC synchrony hypothesis (i.e. zero-time actions) is implemented in the play-
engine simulation tool [HM01]. Indeed, while executing a timed LSC model, the clock keeps
ticking and the system waits for external stimuli. When such a stimulus arrives, the execution
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freezes the clock and performs the sequence of events that constitutes the system’s response
to that stimulus. As the sequence is completed, the clock operation is resumed. However, the
authors [HM02] have mentioned that the synchrony assumption could be easily droped by letting
the clock continue to tick when events and functions from the model are applied.

In another work by Klose and Wittke [KW01], LSCs are annotated by timers and by delay
intervals (both a minimum and a maximum delay) expressing quantitative local liveness proper-
ties. However, these intervals are limiting the timing constraints to pairs of events that are either
on the same instance line or are connected by a message. The operational semantics of an LSC
is defined in terms of a symbolic timed Büchi automaton with unique clocks serving for each
constraint. The procedure of deriving an automaton from an LSC is called unwinding [KW01].
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4.3. Timed Annotations in UML

In the following subsections, a survey of timing annotations in UML1.x and UML2.0 dia-
grams is presented.

4.3.1. UML 1.x
UML 1.x offers nine different diagram types for specifying both structure and behavior of a

system. To support real-time modeling, UML 1.x included graphical representation for timing
mark to denote event occurrence time, time expression that evaluates to an absolute or relative
value of time, and timing constraint which is a semantic statement about the relative or absolute
value of time [BRJ96]. However, these added timing constraints are not available in all UML
diagrams of the same model and they are generally informal in nature. In UML1.x, there is no
time model that describes the way time is progressing. In the following subsections, a survey of
timing annotations in UML1.x diagrams is presented.

UML Timed Sequence Diagrams. UML sequence diagrams use the drawing rules of message
arrows and timing markers to express timing constraints [BRJ96]. A horizontal message arrow
indicates the simultaneous occurrence of the send and receive events of the message. A down-
ward slanted message arrow, on the other hand, indicates a required delay between the send and
receive events of the message. In addition, within each object outgoing message arrows can
be drawn at a single point to indicate the simultaneous sending of a message. Timing markers,
boolean expressions placed in braces and attached to the sequence diagram, can also be used to
constrain particular events or the whole diagram. These labels (interpreted as time stamps) can
be attached at the beginning and the end of a message arrow to specify the minimum or maximum
time gap between two marked points in the diagram.

Firley et al. [FHD+99] extend UML timed sequence diagrams to express loops. The sequence
of messages which is repeated several times is surrounded by a rectangle with the loop condition
(i.e. LOOP N TIMES expr) placed at the top or at the bottom of the rectangle. The following
convention is used to deal with different occurrences of a labelled event in loops: before a loop,
a f irst can be used in time constraints, to refer to the time of first occurrence of an event with time
stamp a in the loop. After a loop, alast refers to the last occurrence of the tagged event in the
loop. Within a loop, anext denotes the time of the event occurrence in the following iteration.
The resulting diagrams are translated into observers and implemented in UPPAAL [LPY97].
UPPAAL models are then instrumented to be composed with the observers allowing for formal
verification using model checking. However, the presented construction only supports totally
ordered sets of events.

In [HHRS05] a trace based denotational semantics for timed sequence diagrams is formal-
ized, called the timed STAIRS semantics (Steps to Analyze Interactions with Refinement Se-
mantics). A timed trace is a sequence built from three kinds of events: events for transmission,
reception and consumption. Each of these events may have an associated timestamp. The authors
[HHRS05] claim that these three types of events are introduced to express distinction between
black-box and glass-box view of a system. Li and Lilius [LL99b] study timing consistency of
both basic UML sequence diagrams and composed sequence diagrams. They showed that the
problem of time consistency checking can be reduced to linear programming (i.e. by solving
systems of linear inequalities).
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UML Timed Activity Diagrams. Eshuis et al. [EW01, Esh02] have proposed a formal semantics
of UML activity diagrams in terms of Clocked Transition Systems (CTS) [MP96] that is suitable
for workflow modeling. The authors [EW01] have proposed two special event labels, when(texp)
and after(texp), denoting an absolute and a relative temporal event respectively, where global
clock gc measures the current time and texp is an integer expression counting time-units of the
global clock and the local clocks. These events are attached to activity diagram transitions. The
authors have considered also periodic events, events that are not specified at a single point in
time but at a sequence of points. These events are modeled with the when(cond) each period
construct.

Guelfi and Mammar [GM05] have extended UML activity diagrams with timing constraints.
Timing constraints include a time duration attached to each csactivity diagram node and two
types of temporal event expressions After(t) and When(t) similar to the ones proposed in [EW01,
Esh02]. The authors have proposed a formal semantics of UML timed-activity diagrams by map-
ping them to a Clocked Transition System (CTS) [MP96] restricted to integer variables modeling
discrete real time aspects. The resulting semantics are translated into PROMELA language for
formal verification. One of the limitations of this approach is that external events are not consid-
ered.

Li et al. [LMY+01] have extended UML activity diagrams by introducing timing constraints.
They have introduced a time interval [a,b] that can be attached to a state s. The times a and b
are relative to the moment at which the activity state s starts. Assuming that s starts at time c,
then s may complete only during the interval [c+a, c+b] and must complete at the time c+b at
the latest (i.e. must proceed to the next activity state at the time c+b at the latest). Furthermore,
the authors have proposed a timing analysis method based on linear programming for UML
activity diagrams (containing no loop) and an integer time verification technique for checking
more general activity diagrams.

Note: UML profile TURTLE [ACLdSS04], which is discussed in Section 4.3.6, supports
temporal operators in activity diagrams.

UML Timed Statecharts. Timed Statecharts, proposed by Kesten and Pnueli [KP91], extend the
traditional statecharts [Har87] by specifying time limits for the execution of transitions. Their
semantics are defined with reference to a dense time domain. Transitions are classified into
immediate transitions and timed transitions. Immediate transitions are triggered by inputs, but
abstract from time consumption at all. Whenever an immediate transition is enabled, it must be
executed before time can proceed. Timed transitions do not depend on inputs. Therefore, they
focus on the modeling of time consumption and they are associated with a time interval (l,u)
providing a minimum and a maximum waiting time. The lower bound signifies the minimum
time that must be spent in the current state before a transition can be taken, while the possibly
infinite upper bound limits the time during which the transition must be taken, if it is to be
taken at all. Kesten and Pnueli [KP91] propose a so called weak time semantics, i.e., transitions
requiring no enabling event and with an associated delay τ and timeout v may be performed
(non deterministically) at any time between τ and v. The concept of a step is associated with
the execution of an immediate transition; a reaction to an event may occur several steps after its
generation, but still within the same timestamp. This kind of semantics is based on the fact that
every generated event persists until the time no longer flow. The time may flow only if all the
enabled transitions by that event have been executed.

Peron and Maggiolo-Schettini [PMS94] have considered a version of statecharts with real-
time features such as delays and timeouts and allows communicated signals with durations. Al-
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though occurrencies of actions are related to a dense time domain (i.e., positive rationals), the
behaviour of statecharts is forced to be discrete. The authors have also extended the standard
notion of reaction by allowing sequences of transitions to be performed instantaneously. Later,
in another work, the authors [MSP96] have proposed an approach that assigns a precise duration
to transitions instead of time interval [KP91], and enforces a strong time semantics which avoids
enabled transitions from being arbitrarily delayed and requires that a non-deterministic choice
among transitions is done only if they can be really performed at the same time. Their idea is
based on increasing the duration of transitions having null duration, and on decreasing the dura-
tion of transitions having nonnull duration, so that the time necessary to perform each chain of
transitions remains unchanged.

UML Profiles. In addition to the many aspects of UML 1.x that have been criticized (e.g. the
metamodel, the usability, the potentially inconsistent diagrams and views, the composition of
models, and the insufficient support of error handling, etc.) [HR00, MLLG01], Berkenkotte
[Ber03] identified the following four weaknesses related to real-time development:

1. The definition of hardware-software interdependencies: deployment diagrams are too im-
precise as they do not provide information on the hardware (except the information that
there is hardware at all).

2. The failure to specify timing constraints like deadlines and periods.

3. Communication structures: messages exchange can be specified in various ways (sequence
diagrams, collaboration diagrams, etc.), but detailed information like periodicity and pro-
tocols cannot be given.

4. Task management policies: UML does not provide mechanisms to describe certain aspects
of task management like priorities.

To address some of these weaknesses, UML 1.x has been combined with other techniques
like ROOM [SGW94] (discussed in Section 4.5) or SDL [IT02] (discussed in Section 4.4). UML
Profiles represent also an alternative to address some of these shortcomings [GK06]. The follow-
ing subsections list some of the existing UML profiles for real-time modeling:

4.3.2. UML profile for Schedulability, Performance and Time (SPT)
UML profile for Schedulability, Performance and Time (SPT profile) [OMG02] was re-

quested and later adopted by OMG in 2002 to support real-time modeling. UML/SPT is a
framework to model resource, time, concurrency, schedulability and performance concepts, in
order to support quantitative analysis of UML models.

SPT time domain model identifies the set of time-related concepts and semantics that are
supported, directly or indirectly, by this profile. The time domain model is partitioned into the
following separate but related groups of concepts [OMG02]:

- Concepts for modeling time and time values. i

- Concepts for modeling events in time and time-related stimuli.

- Concepts for modeling timing mechanisms (clocks, timers). In SPT, clocks were implicitly
bound to the physical time.
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(a) The Modules of the Time Domain Model (b) Time Modeling in UML/SPT

Figure 4: Time in UML/SPT [OMG02]

- Concepts for modeling timing services, such as those found in real-time operating systems.

The underlined concepts are grouped into a set of packages as shown in Figure 4(a).
The sub-profile �RTtimeModeling� defines a metamodel representing time, as depicted in

Figure 4(b), and time-related mechanisms, as illustrated in figures 5, 6 and 7(a). The profile
provides a set of stereotypes and associated tagged values that the modeler could apply to UML
modeling elements:

• TimeValue. There are two ways to specify time values: (1) Use the RTtime stereotype to
identify model elements that represent time values. The kind of time (discrete or dense)
can be specified with an optional tag RTkind, which is an enumeration consisting of two
elements: dense and discrete. (2) Use instances of the TVL data type RTtimeValue (or its
subclasses), which is defined in this profile.

• TimeInterval. RTinterval stereotype is used to identify instance-based concepts that repre-
sent time intervals.

• TimingMechanism. The RTtimingMechanism stereotype is defined as an abstract stereo-
type that captures the common characteristics of timers and clocks.

• Clock. They are modeled by applying the RTclock stereotype. An instance of a clock can
be identified using the RTclockId tag.

• Timer. Timers are modeled by applying RTtimer stereotype.

• TimedAction. This concept is modeled by applying the RTaction stereotype to any model
element that specifies an action execution or its specification. This includes action exe-
cutions, methods, actions, action states, subactivity states, states, and transitions. It can
also be applied to model stimuli that take time to arrive at their destination. The start
and end times of the action are specified by appropriate tagged values (RTstart and RTend
respectively). Alternatively, they may be tagged with the RTduration tag.
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Figure 5: Timing Mechanisms In UML/SPT [OMG02]

Figure 6: Timed Action and Timed Event Concepts [OMG02]

• TimedEvent. This concept is modelled by applying the RTevent stereotype to any model
element that implies an event occurrence.

• TimedStimulus. This concept is useful for modeling any stimulus that has an associated
timestamp. This includes invocations of operations, the sending of signals, etc. as well as
their descriptors. The stereotype used for this purpose is the RTstimulus stereotype which
can be attached to stimuli or action executions of actions that generate stimuli.

• ClockInterrupt. This is a special type of timed stimulus that is generated by a clock. The
stereotype is called RTclkInterrupt and it can be applied either to stimuli or messages. The
start time (RTstart) represents the time of the interrupt.
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• Timeout. Timeouts are modeled by stimuli or messages that are stereotyped as RTtimeout.
The start time RTstart represents the time of the timeout.

• Delay. This is modeled by a model element that is stereotyped as RTdelay. It can only have
an RTduration tag associated with it. Delays can be placed on the same model elements as
timed actions.

• TimeService. This is represented by stereotype RTtimeService. Invocations of the opera-
tions of the time service are identified by corresponding stereotypes of ActionExecution
or any model element that implies an action execution: RTnewTimer and RTnewClock.

Figure 7(b) illustrates an example of time annotations in sequence diagrams.

(a) Timing Service Concepts (b) Time Annotations in Sequence Diagrams

Figure 7: Time annotations in UML/SPT [OMG02]

The SPT profile supports schedulability analysis of UML models by using �SAprofile�.
SPT schedulability analysis may use modifiers on some parameters, such as: (1) worst-case
values (as in, worst-case execution time), (2) special parameters of a task, such as its release time,
its relative and absolute deadlines and laxity (laxity specifies the type of deadline, hard or soft),
and (3) special measures such as blocking time, pre-empted time. In [WP04], Woodside and
Petriu have addressed SPT schedulability analysis capabilities and limitations. Other research
attempts [KCH01, SKW00] integrate the schedulability theory with object-oriented real-time
design.

In addition to SPT, OMG proposes another profile that supports the assessment of non-
functional properties of software systems, called the Quality of Service and Fault Tolerance
Characteristics and Mechanisms (QoS&FT) [OMG06] profile. QoS&FT allows the user to define
a wider variety of QoS requirements and properties. However, QoS&FT requires a tremendous
effort to be applied by the final users (software analyst, designer) [BS04]. For a comparative
analysis between SPT and QoS&FT, the reader is invited to consult the work by Bernardi and
Petriu [BS04].
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4.3.3. Modeling and Analysis of Real-Time and Embedded Systems (MARTE)
The OMG has also recently issued a request for proposal (RFP) for a new UML profile for

Modeling and Analysis of Real-Time and Embedded Systems (MARTE) [OMG07a] in order to
upgrade the SPT profile to UML 2 [OMG07b] and to extend its scope with real-time embed-
ded system (RTES) modeling capabilities. MARTE goes beyond the SPT quantitative model of
physical time and adopts more general time models. In MARTE, time can be physical (used by
chronometric clocks), and considered as dense or discrete, but it can also be logical (i.e., bound
to any recurrent event), which focus on the ordering of instants, possibly ignoring the physi-
cal duration between instants. In a recent work, Peraldi-Frati and Sorel [PFS08], presented a
MARTE-based approach to extract temporal information and the implementation characteristics
in order to provide a schedulability analysis. Another working line in this context is the one
of Espinoza et al. [EDG+05] who provided a framework for MARTE by adopting the model-
ing practices of the SPT and QoS&FT [OMG06], and proposed a domain model for annotating
non-functional properties to support temporal verification of UML based models.

Other UML profiles for different quantitative analyses have been proposed in the literature,
such as reliability profile [CP04] and dependability analysis profile [BM07].

4.3.4. UML 2.x
UML 2.x [OMG07b] provides two data types: Time and TimeExpression to express timing

constraints. It includes also time related concepts such as timer and clock. These timing state-
ments can be used either in state diagrams or sequence diagrams as described in the previous
sections. Moreover, UML 2.0 [OMG07b] introduces a new diagram called Timing Diagram to
allow reasoning about time and visualize conditions or state changes over time. Figure 8 illus-
trates an example of a Timing Diagram.

Figure 8: Timing Diagram Example [OMG07b]
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4.3.5. A UML Profile with the OCL
The Object Constraint Language (OCL) is part of the UML since version 1.3. In UML 1.x

versions, OCL was used for specifying invariants attached to classes, pre- and post conditions of
operations, and conditions on state transitions. However, it does not provide support for temporal
constraints over the dynamic behavior of objects. It is not possible to reference different time
instants in a single OCL formula. Only invariant properties can be formalized, which at most
include references to attribute values before or after method execution. This leads to several
OCL extensions [LMM05, Fla03, CK02, FM02b, FM02a] to address this limitation.

Lavazza et al. [LMM05] have proposed OTL (Object Temporal Logic) as a temporal logic
extension to OCL. OTL provides the typical basic temporal operators of temporal logics, i.e.,
Always, Sometimes, Until, etc. In addition, OTL allows the modeler to reason about time in a
quantitative fashion. OTL extends OCL 2.0 standard library by adding three new classes: Time,
Duration and Interval. Class Time models time instants, which are defined based on the current
time taken as the time origin. Class Duration models duration of time intervals, i.e., the distance
between two time instants. Therefore, a time Interval can be defined by its initial time instant
and its duration.

Cengarle and Knapp [CK02] extended OCL by satisfaction operators @η to refer to the value
in the history of an expression at the instant when event η occurred, as well as the modalities
always and sometime. However, their approach deals with time only from a qualitative viewpoint
where no notion of temporal distance between events is provided.

Flake and Mueller [FM02a] proposed a UML profile based on an extension of OCL 2.0
metamodel for the specification of real-time constraints. The formal semantics of this profile
is given by means of a mapping to time-annotated temporal logic formulae expressed in CTL,
which allows the formal verification of properties. The authors use a discrete time approach.

Sendall and Strohmeier [SS01] proposed an approach to specify concurrent operations through
operation schema calculus based on OCL. They have introduced pre- and postcondition asser-
tions, invariants, synchronization on shared resources, signals, and exceptions of system op-
erations written in OCL. The authors have also introduced timing constraints on UML state
machines in the context of a restricted form of UML protocol state machines called System In-
terface Protocol (SIP). A SIP defines the temporal ordering between operations. Five time-based
attributes on state transitions are proposed, e.g., (absolute) completion time, duration time, or
frequency of state transitions. In a related work, Marcel and de Boer [KdB04] define extension
of OCL with a notion of event history that can be used for defining arbitrary constraints on such
histories.

4.3.6. Non OMG Profiles
In addition to the aforementioned UML profiles, there are several unofficial proposals from

the academia considering time modeling.

OMEGA-RT profile. This profile, part of the OMEGA project [OME07], aims to provide a
concrete UML profile with formal semantics. It is a refinement of the SPT profile. It intro-
duces events based time modeling, TimedEvent, where an event is used to represent an instant
of state change and allows the expression of duration constraints between occurrences of events
[GOO06]. OMEGA-RT profile defines a syntactic classification of events called Event kinds.
For instance, in a signal exchange, three event kinds can be identified: send, receivesignal and
acceptsignal events.
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The profile is based on the existence of two basic types, time representing points in time in-
stants and duration representing distances between time points. Sets of instants and durations are
expressed by means of predicates. These predicates are formalizaed using OCL-like expressions.
OMEGA-RT profile define the following duration patterns [GOO06]:

- execution time, execution delay, client response time, server response time, transmission
delay which are associated with actions.

- reactivity and period which are associated with a trigger

- transmission delay associated with a communication channel

- lifetime associated with an object, and many more.

For requirements involving conditions, which are more complex than the distance between
two events, OMEGA-RT introduces the observer formalism, defined by the stereotype class of
state machine (�observer�). An observer is an object which executes synchronously with a
system and monitors its state and the events that are occurring. Note that the OMEGA-RT event
is different from the UML event, which poses a compliance issue.

TURTLE profile. TURTLE (Timed UML and RT-LOTOS Environment) [ACLdSS04] is a real-
time UML1.5 [OMG03] compliant profile with formal semantics given in terms of RT-LOTOS.
TURTLE profile extends class/object diagrams and activity diagrams of UML1.5 [OMG03].
TURTLE class diagram consists of Tclasses having special attributes called Gates. Gates are
used by TClass instances, TInstances, to communicate and are specialized into InGate and Out-
Gate. In addition, TURTLE introduces stereotypes called composition operators that are used
to explicitly express parallelism, synchronization, and sequence relationships between TClasses.
In TURTLE profile, activity diagrams implement the behaviour of a TClass. These activity di-
agrams use logical and temporal operators that allow expressing synchronization on gates with
data exchange. For real time modeling TURTLE offers the following temporal operators: deter-
ministic delay, nondeterministic delay, timelimited offer, and time capture operator (see Figure
9). Time intervals are expressed by combining the deterministic and nondeterministic delays.

Figure 9: TURTLE Temporal Operators [ACLdSS04]

TURTLE has been extended to include UML component and deployment diagrams. The
resulting profile is called TURTLE-P [ALSS+06], which addresses the concrete description of
communication architectures including quality of service parameters (delay, jitter, etc.). TURTLE-
P allows the evaluation and formal validation of UML components and deployment diagrams.
TURTLE is supported by TTool [TTo07]. TTool is linked to RTL [RL07b], the RT-LOTOS vali-
dation toolkit developped at CNRS, and to CADP [RL07a], a formal validation toolkit developed
at INRIA.
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The European EAST-EEA. The European EAST-EEA (Electronic Architecture and Software
Technology – Embedded Electronic Architecture) [EE04] is an ITEA (Information Technology
for European Advancement) project [ITE04]. It provides a development process and automotive-
specific constructs for the design of embedded electronic applications. It provides the concepts of
Triggers, Period, Events, End to End Delay, Physical Unit that can be applied to any behavioral
EAST elements. In practice, some of these concepts, such as the event triggering, make the tim-
ing analysis very complex. In the EAST-ADL (Architecture Description Language) document,
it is recommended to use event triggering carrefully or even to avoid it [AMPF07]. EAST-EEA
is compliant with UML2.0.

Roubtsova et al. [EERdR01] define a UML profile with stereotyped classes for dense time
as well as parameterized specification templates for deadlines, counters, and state sequences.
Each of these templates has a structural-equivalent dense-time temporal logics formula in Timed
Computation Tree Logic (TCTL). The authors [EERdR01], though, do not use OCL for con-
straint specification in their formal approach.

4.3.7. IF language
The IF language [BFG+99, BFG+00] and the associated toolset developed at VERIMAG

were developed for modeling and validating distributed systems that can manipulate complex
data and both involve dynamic aspects and real time constraints. The IF language describes
the operational semantics of higher level formalisms such as UML or SDL, and is also used as
a format for inter-connecting model-based tools. An IF description defines the structure of a
system and the behavior of its components. A system is composed of a set of communicating
processes that run in parallel. IF provides support for real time constraints expressed using clock
variables and guard conditions on them. The values of such variables increase with time. The
underlying semantics is based on finite timed automata with urgency [AD94, BS00]. The IF
language and tool-set [OGO06] translates timed UML models into timed automata in which
UML level concepts are mapped into more primitive concepts. IF language format is used for
the mapping and existing model-checking tools can be used for validation.
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4.4. Time in SDL

The standard semantics of SDL, as presented in Z.100 [IT02] (expressed by means of Ab-
stract State Machines), is very abtract in the sense that it makes no assumptions on time consump-
tion and progress. Tasks may take an indeterminate amount of time to execute, and a process may
stay an indeterminate amount of time in a certain state before taking the next firable transition.
Control over these durations is left to particular implementations by tool vendor (depends on
application domain, implementation architecture, or purpose of simulation). However, SDL has
some features that can be used to model aspects of timed systems, such as global system time
(represented by a system clock (now) and allows to measure durations throughout the system by
means of appropriate time stamps). SDL supports two time-related data types: Time and Dura-
tion; Time should be used to denote a point in time, while Duration should be used to denote a
time interval. System clock (now) is external to the specification. For example the system clock
cannot be reset within the specification, nor does it progress in an orderly fashion. Rather, the
only means for any form of control over the system clock is through the usage of timers.

SDL allows the description of time dependent functional behaviours by means of timers, en-
abling conditions and continuous signals. A timer expires when some delay has been exceeded,
resulting in an input signal being placed in the input queue of the associated process. However,
there is no guarantee when the signal will be consumed [BGM+01]. SDL timer primitives are set
and reset operations, the active funtion (which gives the state of a timer) and timeouts that are
always transmitted in the form of asynchronous signals. An enabling condition, referring to the
system time now, can be attached to an input signal. A continuous signal can also refer to now,
where the intention is that when some time constraint is satisfied in a state, the behaviour of the
process can evolve without environmental interaction (i.e. without an input signal). However,
these two constructs do not allow the specification of transitions which are taken at a specific
point of time (or within a specific time interval), as there is no notion of urgency in SDL. The
current SDL semantics [IT02] treats all transitions as lazy since it places no constraints on time
progress. Most SDL tools however implement an eager semantics where transitions are fired as
soon as they are enabled without letting time progress. Part of the European IST project IN-
TERVAL (1999-2002), Bozga et al. [BGM+01] propose a more flexible time semantics for SDL
based on timed automata with urgencies [BST98].

Real-time distributed systems lack the notion of a global system clock, and thus global time.
Graf [Gra02] proposed to introduce the notion of local time (defined by a drift and/or offset with
respect to the global time now). She suggested that a defined relationship between the external
reference time (now) and local time must always exist.

The QSDL [DHHMC95] defined an extension of SDL with probabilistic execution time con-
straints attached with tasks and a notation for some minimal deployment information. QSDL
defined time durations (deterministic and probabilistic), timed transitions (using an action called
request) and timed states (using the awake-construct). The resulting models are then fed into
the tool QUEST, which transforms a QSDL-specification into an automatically assessable model
(called an evaluator) for performance and time related verification.

4.5. Real-time Object Oriented Modeling (ROOM)

ROOM (Real-Time Object-Oriented Modeling), originally introduced in [SGW94], is a method-
ology that was developed primarily for distributed real-time systems based on the object paradigm.
Modeling of systems with ROOM is performed by modeling actors (the central component of
ROOM), which are encapsulated concurrent objects, communicating via point-to-point links.
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The behavior of an actor is represented by an extended state machine called a ROOMChart,
based on Harel statechart formalism [Har87]. Inter-actor communication is performed exclu-
sively by sending and receiving messages via interface objects called ports. A message is a tuple
consisting of a signal name, a message body (i.e., data associated with the message), and an
associated message priority. The original ROOM [SGW94] does not provide any mechanisms
to constrain the behaviour of actors (for instance to specify and enforce timing constraints). In-
stead system behaviour may be derived using Message Sequence Charts, which can be annotated
with timing constraints [BAL97, SFR97]. The ROOM developers use the term transaction, to
describe end-to-end computations on which timing constraints such as periodicity and deadlines
may be specified. MSCs are used to express: (1) activation periods of methods (which represents
either the inter-arrival time of the periodic timer, or a minimum inter-arrival time for aperiodi-
cally triggered transactions) and (2) end-to-end deadlines on sequences of message invocations
(which represents the response time of the transaction). Using these two types of timing con-
straints and a few design guidelines, the authors in [SFR97] show how scheduling theory can be
applied to ROOM models.

ROOM concepts were supported by a commercial CASE tool called ObjecTime(ObjecTime
Ltd., Kanata, Ontario, Canada). They have been also incorporated into the CASE tool Rational
Rose Real-Time (RoseRT) in the form of a UML profile, commonly called UML-RT.

4.6. Visual Timed Event Scenarios (VTS)

Alfonso et al. [BKO05] introduced VTS, a visual language to define event-based require-
ments such as freshness, bounded response, event correlation, etc. The underlying language is
based on partial orders and supports real-time constraints in a dense time domain. Figure 10
summarizes the VTS graphical notation.

Figure 10: VTS Graphical Notation [BKO05]

The authors [BKO05] provided a declarative (denotational) semantics of VTS, where a set of
traces are assigned to each VTS scenario and labelled points represent events in the traces. Points
that are not labelled are called instants. They represent moments in the execution not necessarily
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associated with an event. The resulting semantics are not executable. VTS is supported by a tool
that translates visually specified scenarios (the ones violating the requirements) into observer
timed automata. The resulting automata can now be composed as a model for further analysis,
in order to check if the stated scenarios satisfy all conditions (e.g. using model checkers like
UPPAAL [LPY97] and Kronos). However, describing graphically all possible scenarios that
violate a given requirement is an error prone activity and the resulting set of scenarios may be
incomplete. Furthermore, unlike other timed notations, such as LSC [HM02] and timed sequence
charts [HHRS05], VTS does not use the timer concept and it abstracts from the instances that
perform events (e.g. message exchange).

4.7. Property Sequence Chart (PSC)

Property Sequence Chart (PSC), initially introduced in [AIP07], is a scenario-based visual
language that extends the graphical notation of a subset of the UML 2.0 Interaction Sequence
Diagrams. Autili et al. [AIP07] have provided a comparison between PSC, UML 2.0 Inter-
action Sequence Diagrams and MSC, based on the existence of the following features: unde-
sired/mandatory/provisional message, strict/weak sequencing, restrictions on intraMSGs (mes-
sages possibly exchanged in the past, present and future), all of messages but one, simultaneous
messages, interaction construct and parallel operator.

(a) PSC Example [AIP07]

(1)

(2)

(b) Timed Extension of PSC [ZLS08]

Figure 11: Property Sequence Chart (PSC)

Although PSC provides a simple and user friendly formalism for specifying temporal prop-
erties, time support remains weak since the language does not allow the description of timing
constraints. As shown in Figure 11(a), time is absolute and the only offered time notation con-
sists of a set of horizontal dotted lines t0, . . . , tn called time-lines. No timing constraints are
defined in order to be able to define a lower and an upper bound between two subsequent mes-
sages on one instance. The language is supported by a tool, called CHARMY [PIM08], that can
be used to translate specified properties into a test automaton (i.e., Büchi automaton).

Zhang et al. [ZLS08] have extended PSC into Timed PSC (TPSC). As shown in Figure
11(b)(1), a regular message e:a is extended as e:a; x<t, y:=0, which means a may happen before
t, but if it does not happen, the system has no error. A new clock y is initialized after the
regular message a is exchanged. Required messages with restricted time constraints must be
exchanged. Figure 11(b)(2) shows a regular message with past Boolean constraints, which means
past constraint b may hold before t, then, a regular message a may be exchanged within next d
time units. However, if b does not hold and a is not exchanged within the desired time, it will
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be no error. The authors [ZLS08] have provided the semantics of TPSC in terms of timed Büchi
automaton. However, neither formal verification nor time analysis were considered.

4.8. Real-time Graphical Interval Logic (RTGIL)

Real-time graphical interval logic (RTGIL) [MRK+97], and its corresponding textual repre-
sentation, real-time future interval logic (RTFIL), are real-time extensions to graphical interval
logic (GIL) [RMSM+96], and its textual representation, future interval logic (FIL), respectively.
RTGIL is a propositional linear-time temporal logic, interpreted over dense time. In RTGIL, a
time line is used to show the progression of a computation. Intervals can be constructed on this
time line; an interval is represented by a segment of the time line delimited by two states and is
left-closed and right-open. Intervals are constructed using search patterns with associated target
formulae. A search locates the first state in the future from the current position on the time line
where the target formula holds (which might be the current state if the formula holds there).
Formulae are read from top to bottom and from left to right, and can be combined using stan-
dard logical infix operators. Initial properties (Figure 12(a)) as well as henceforth or eventuality
properties can be assigned to an interval. Figure 12(a) asserts that h holds at the first state if the
interval that begins with the first state at which f holds and ends just prior to the next state at
which g holds. The only real-time operator supported by RTGIL is the len predicate, for example
(len(d, D] in Figure 12(b) implies that the duration of the interval, if it can be constructed, is
greater than d time units and less than or equal to D time units (d and D represent non negative
rational constants, where D can also be∞).

(a) RTGIL Initial Property (b) RTGIL Duration Constraint

Figure 12: RTGIL Examples [MRK+97]

RTGIL is supported by the RTGIL environment [MRK+97], which includes a graphical edi-
tor, an automated theorem prover, and a data base and proof manager component. Because the
RTGIL environment is a homogeneous analysis tool, a model and its correctness properties are
both specified in terms of RTGIL formulae.

4.9. Timeline Notation

A timeline [SHE01] is represented by a wide horizontal bar, with time progressing from
left to right. The vertical bars, called marks, mark the interesting event occurrences, ordered in
time. Timeline defines two types of system events: regular events (denoted by the letter e) and
required events (denoted by the letter r). The events can be generated anywhere in the system,
by any one of many concurrent processes in the distributed system. Therefore, no fixed time-
interval can be assumed between subsequent marks (there is no hidden assumption of a global
clock). Timeline notation allows for describing constraints represented as black horizontal lines
positioned beneath the timeline bar. These constraints are used to specify the occurrence of
particular events over certain intervals. Figure 13 describes the fact that when the system must
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Figure 13: Timeline example [SHE01]

respond to an offhook by providing dialtone, the constraint !onhook must be placed within the
interval between the ofhook and the dialtone event.

Timeline notation is supported by a graphical tool called TimeEdt [SHE01]. It was developed
to capture series of events and required system responses. These complex chains are placed on a
timeline and may be converted into a test automaton, that can be used directly by a logic model
checker, or for traditional test-sequence generation. Even if intuitive, TimeEdt do not feature
partial ordering of events and does not support complex timing constraints.

4.10. Regular Timing Diagrams (RTD)
Regular Timing Diagrams [AEN99, AEKN01] are a known notation in the context of hard-

ware design. RTDs describe, over a finite time period, changes of signal values, and precedence
and timing dependencies between such events, such as signal a rises within 5 time units of signal
b falling and signal b is low when signal a rises. Such events can be causally constrained and
time-constrained by a number of ticks of a given clock where the time intervals are specified by
constants, ensuring that the diagram defines a regular language.

Figure 14: Synchronous Regular Timing Diagram [AEKN01]

A RTD may be either asynchronous or synchronous. A synchronous diagram (SRTD) in-
cludes one or more clocks with fixed periods and ensures that the time interval between any pair
of events is determined up to the clock period (see Figure 14). Any change in the signal value
must occur at either the rising edge or falling edge of the clock waveform (which is between 0 and
1). The ordering between events is in general partial; such RTDs are considered as ambiguous.
An unambiguous RTD has a total ordering on events.
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4.11. Action Diagrams (Timing Diagrams)

An action diagram (AD) [Kho96, KC98] specifies in a declarative manner the interface be-
havior of a system. The specification comprises the interface behavior of the system itself (its
commitments), as well as the assumptions that the system makes on its environment. Both com-
mitments and assumptions are described by ports, actions, and timing constraints. Ports are
abstractions of the logic signals used by the system to communicate with its environment. A
direction (in or out) and a sequence of actions are associated with every port. Actions occur
instantaneously; they represent punctual changes of the logic values of these signals. An action
ak has a time stamp variable denoted by t(ak) which is a finite real value (dense time model).

Figure 15: Example of Action Diagram [KC98]

In the graphical representation of action diagrams, an action is represented by a short vertical
bar (e.g., Figure 15). Actions on the same port are horizontally aligned. The action sequence of
a port is shown in left-to-right order. A constraint (ai, a j, π) is represented by an arrow labeled
with the interval π and pointing from ai to a j. The constraint arrowhead is hollow (filled) to
represent assume (commit) constraints. Khordoc and Cerny [KC98] have provided algorithms to
check for AD consistency, compatibility, liveness and causality.

4.12. Timed Behavior Trees

In a recent work, Grunske et al. [GWC07] extended the Behaviour Trees (BT) notation,
initially introduced in [Dro03], to include timing constraints. A timed BT model is equipped
with a number of clocks which evaluate to a real number. All clocks progress simultaneously. A
clock can be reset to zero or can constitute a guard on a transition or an invariant on a location.
BT nodes [Dro03] are extended with three additional slots (see Figure 16): a guard G over clock
values, a reset R of clocks, an invariant I over clocks. Nodes in a timed Behavior Tree describe
transitions from one location to the next as they describe a state change, a guard or message
passing.

Later, Colvin et al. [CGW08] have defined the semantics of timed BTs using timed automata
where each language concept has an equivalent automaton or a network of automata. The result-
ing semantics can be used as an input for the model checker UPPAAL. Furthermore, Colvin et al.
[CGW08] have introduced a novel approach for supporting Failure Mode and Effects Analysis
(FMEA) for time-critical systems.

4.13. Somé’s Scenarios.

Somé et al. [SDV95, SDV96] represent timed scenarios with structured text, but also with a
formal interpretation where preconditions, triggers, sequence of actions, reactions and delays are
specified [SDV96]. Scenarios are interpreted as timed sequences of events, which make them
appropriate for real-time systems. External events represent interactions between components,
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Figure 16: Timed BT Node [GWC07]

including actors, whereas actions can be internal. The time of occurrence of operations can
be constrained by interaction initial delays and timeouts and scenario timeouts. An interaction
initial delay specifies a minimal, a maximal or an exact amount of time that must pass between
the interaction first operation, and the last operation of the interaction preceding it. Specifications
described in this notation can be implemented in the Use Case Editor tool (UCEd)[Som04] and
can be translated into a timed automata specification.

4.14. Timed Use Case Maps

The Use Case Maps language (UCM), part of the ITU-T standard User Requirements Nota-
tion (URN) Z.151 [IT08], is a high level scenario based modeling technique that can be used to
capture and integrate functional requirements in terms of causal scenarios representing behav-
ioral aspects at a high level of abstraction.

Use Case Maps notation has been extended with time constraints (timed Use Case Maps
[HRD06]). The following summarizes the adopted time criteria:

• Initiation and termination of enabling [BG06] represents a flexible and suitable choice for
UCM level of abstraction. Both a lower and upper bound may be imposed on the enabling
of a responsibility. A responsibility may be enabled any time between minDL and maxDL
time units after the completion of its predecessor. A such delay is introduced in order
to describe, for instance, situations of queueing delay or when the resources needed to
execute a responsibility are not immediately available.

• Durational semantic model: Time is mainly consumed by responsibilities. A responsibil-
ity may be associated with minDur and maxDur denoting respectively its best and worst
case execution times. UCM control constructs such as OR-Forks (involving condition
evaluation) may take some time to complete.

• A global and centralized clock for measuring and increasing time globally over the system
is used (i.e. MasterClock (MClock).

• Either dense or discrete time model can be used.

• Both relative and absolute time models are considered. Relative time is used to define the
duration of responsibilities and their incured delay. Absolute time is used to track the value
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of the master clock (i.e. MClock). It is used in start points to record the scenario starting
time and to define responsibilities’ deadlines.

• Urgency: A responsibility is considered as urgent when enabled immediately after the
execution of its predecessor (i.e. minDL= maxDL = 0). Alternatively, it is considered
as delayable. All UCM control constructs (i.e. OR-Fork, OR-Join, AND-Fork, etc.) are
considered as urgent once enabled. Transitions are processed as soon as they are enabled,
allowing for a maximal progress. Figure 17 illustrates a delayable responsibility R with
an estimated delay within [1,2], an execution interval of [10,20] and a deadline of 25 (i.e.,
MClock = 25). The start point S is triggered at MClock = 0.

Figure 17: Delayable Responsibility

Three formalization approaches were provided for timed UCM language:

• Clocked Transition Systems (CTS) [MP96] based semantics: Based on a discrete time
model, Hassine et al. [HRD06] defined two step semantics (i.e. two sets of transition
rules) for timed UCM models, to cover both interleaving and true concurrency models.

• Abstract State Machine (ASM) [Gur88] based semantics: Based on a discrete time model,
the untimed ASM semantics, introduced in [HRD05b, HRD05a], have been extended to
cover the Timed Use Case Maps language [Has08]. The proposed approach has two ben-
efits. First, it is relatively cheap to implement since it is built upon the untimed ASM
operational semantics. Second, it provides an environment (AsmL based) to simulate (one
shot or step-by-step simulation) and to capture various aspects of a system run (e.g. exe-
cution time, executed constructs, components, etc.) in one single timed trace. However,
this approach does not support true concurrency model semantics.

• Timed Automata (TA) [AD94] based semantics: Based on a dense time model, the authors
in [HRD07] formalized timed UCM in terms of timed automaton allowing for formal ver-
ification using UPPAAL model checker [LPY97].

For a detailed explanation the reader is invited to consult [Has08].

4.15. Timed Petri-Nets
Time in Petri-Nets can be associated with:

• Tokens: Each token is associated with a time-stamp θ that indicates when the token is
available to fire a transition (Figure 18(a)).

• Places: Timed Place Petri Nets (TPPN): Each place p is associated with a delay attribute
t. Tokens generated in p only become available to fire a transition after the delay t has
elapsed (Figure 18(c)).

• Arcs: Each arc is associated with a traveling delay t. Tokens are available for firing only
when they reach the transition (Figure 18(b)).
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• Transitions: Timed Transition Petri Net (TTPN): Each transition represents an activity
which starts when the transtion is enabled and terminates when the transition is fired (Fig-
ure 18(d)). The two main extensions of Petri Nets for handling time are Time Petri Nets
(TPNs) [Mer74] and Timed Petri Nets (TdPNs) [Ram74].

(a) Time Associated with Tokens (b) Time Associated with Arcs

(c) Time Associated with Places (d) Time Associated with
Transitions

Figure 18: Timed Petri-Nets [Mer74]

Timed Petri Nets (TdPN) [Ram74], also called timed-arc Petri Nets, associate with each arc
an interval (or bag of intervals). In TdPNs, each token has an age. This age is initially set to a
value belonging to the interval of the arc which has produced it or set to zero if it belongs to the
initial marking. Afterwards, ages of tokens evolve synchronously with time. A transition may
be fired if tokens with age belonging to the intervals of its input arcs may be found in the current
configuration.

TPNs [Mer74] associate with each transition a time interval. A transition can be fired if its
enabling duration lies in its interval and time can elapse only if it does not disable some transition.
Firing of an enabled transition may depend on other enabled transitions even if they do not share
any input or output place.

The concept of associating random time durations to transitions was first investigated by
Natkin [Nat85] and this was the origin for the emergence of stochastic Petri Nets and their ex-
tensions. For an extensive survey of the semantics of Petri Nets with time, the reader is invited
to consult the work of Cerone et al. [CMS99].
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5. Evaluation Summary

In this section, we summarize the results of our state-of-the-art survey of timed scenario-
based approaches and discuss observations made as part of the survey. For the comparison of
the timed scenario-based modeling approaches, we have introduced eleven time-related criteria
which can be classified in two main categories:

• Time characteristics. This set represents criteria dealing with time design choices such as
time domain, time representation and Clock type.

• Usability of the notation: This set includes criteria that impact the deployment of the
notation, such as Time expressiveness, executability (which includes tool support), Time
Semantics and Time Analysis.

The surveyed notations and construction approaches differ with respect to their expressive
power, goals and application domain. Timed scenario notations based on messages exchanged
between communicating entities, such as timed MSC, timed LSCs and UML timed sequence
diagrams, are commonly used to express timed scenarios. Common to these approaches is
that they usually describe interaction scenarios as black-boxes. Early variants of MSC [MS93,
IT96, VGO98] offer very basic support of time, while more recent approaches such as [LMH00,
ZK02, KC06] offer a rich set of time construct allowing for more expressiveness. Timed LSC
[KW01, HM02] extended MSC capabilities by introducing the concept of liveness and dynamic-
ity. Given these additional concepts, complex timing constraints can be expressed using hot and
cold conditions. On the UML front, the introduction of new time-related data types (e.g. Time
and TimeExpression) in UML2 allowed for attaching timing statements to sequence diagrams. It
is worth noting that MSC and UML2 sequence diagrams are the most extensively used scenario
notations within industrial software development practices.

Usually deployed during the detailed design as part of the system development life cycle,
UML timed statecharts, ROOMCharts, timed BT and timed SDL represent a class of timed
scenarios notations that focus on internal behavior of interacting components (i.e. white-box).
UML timed statechart approaches [KP91, MSP96] and SDL based approaches [DHHMC95,
BGM+01, Gra02] are based on a dense time model, supporting a rich set of time constructs as
well as the concept of urgency. ROOMcharts [SGW94], based on extended finite state machines
(EFSM), do not enforce timing constraints. Instead, ROOM uses MSC concepts to model time
constraints [SFR97].

Unlike MSC-based and statechart-based approaches, timed Petri Nets [Ram74, CMS99],
timed UCMs [HRD06, Has08], and timed UML Activity Diagrams [Esh02, GM05, LMY+01]
support component-independent scenarios. This approach allows for the early specification of
time-based requirements, without the need to commit already to a specific architecture. Timed
UCM and timed activity diagram models offer a fairly rich set of timed constructs, allowing for
early stages quantitative analysis of timed systems. Timed Petri Nets have well-established math-
ematical foundations and offer rich analysis capabilities. At a later stage of the design process,
these models can be refined into more detailed design models such as timed MSCs.

The OMG Unified modeling language (UML) considers real-time aspects as part of the
profile for Schedulability, Performance and Time (SPT) [OMG02] and more recently it was
also included in the profile for Modeling and Analysis of Real-Time and Embedded Systems
(MARTE) [OMG07a]. These profiles provide stereotypes to describe concepts such as worst
case execution time (WCET) and laxity of deadlines to support quantitative analysis of UML
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models (e.g schedulability analysis). Other non OMG UML-based profiles, such as OMEGA-
RT [OME07], TURTLE [ACLdSS04] and IF language [OGO06], have proposed several exten-
sions/modifications of timed UML models in order to serve specific needs. The resulting models
were mapped to different formalisms (e.g Timed Automata, CTL, etc.) to allow for formal vali-
dation and verification. In addition to the model’s embedded timed constructs, users may define
their own time constraints using OCL [LMM05, Fla03, CK02, FM02b, FM02a].

Component-independent event-based Visual Timed Event Scenarios (VTS) [BKO05] and
Real-time Graphical Interval Logic (RTGIL) [MRK+97] are designed to express complex proper-
ties of real-time systems that allow for model checking. In VTS [BKO05] and RTGIL [MRK+97],
events are defined and modeled at a more abstract level compared to the MSC-like messages ex-
changed between components. RTGIL is sufficiently expressive, however, its graphical notation
is very similar to temporal logic syntax, making it difficult from a user perspective to compre-
hend. In contrast, Use Case Maps notation has been successfully used to describe specification
patterns [HRD09] in order to improve ease of use.

The Property Sequence Charts (PSC) language [AIP07, ZLS08] positions itself between mes-
sage based interaction notations and property specification notations. Timed PSC [ZLS08] retain
many features from formalisms like MSC, UML sequence diagrams, VTS and time line. Further-
more, PSC models inherit some graphical elements from MSC and UML sequence diagrams, and
incorporates message types from time line notation [SHE01] instead of UML assert, optional,
and neg frames.

Finally, Regular Timing Diagrams (RTD) [AEKN01] and Action Diagrams (AD) [KC94,
KC98], are commonly used notations in the context of hardware design. They describe tem-
poral communication between a system and its environment using changes of signal values at
communicating ports.

Even though the surveyed approaches are quite different in terms of their time expressiveness
and granularity levels supported, some interesting commonalities can be identified:

• Most of the surveyed construction approaches have time added orthogonally and their
untimed syntax can be restored simply by removing the timing constructs.

• In order to allow for quantitative analysis, most timed scenario approaches are mapped
into formal models such as timed automata [AD94]. Furthermore, the addition of time
gave rise to new variants of verification issues such as timed scenario matching problem
[CM06].

6. Conclusion

The need to incorporate non-functional aspects, and in particular time-related aspects into
requirement languages has been widely recognized. In this paper, we have presented a state of
the art survey of forty-seven time-based construction approaches based on fifteen different timed
scenario notations (section 2). For the comparison of these construction approaches, we applied
the eleven evaluation criteria for modeling time in scenarios introduced in our article (section
3). This state of the art survey and comparison provide users with a much need tool to make an
informed decision with respect to selecting a notation that meets their specific needs for modeling
time behavior in scenarios.

As part of the future work, it would be interesting to establish meaningful case studies that
allow us to evaluate some of our evaluation criteria on real world examples. Furthermore, we
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would like to further extend the presented evaluation criteria to include additional criteria such
as cost/benefit aspects and usability within the industry.
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