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Abstract. Domain specific languages (DSLs) play a cornerstone role in
Model-Driven Software Development for representing models and meta-
models. DSLs are usually defined only in terms of their abstract and con-
crete syntaxes, although this hampers the development of formal analysis
and simulation tools. In this paper we advocate the use of in-place model
transformations to complement metamodels (the structural aspects of a
DSL) with timed behavioral specifications. In particular, we propose an
extension for in-place transformation rules to state action properties (not
only model element properties), and to model time-dependent behavior.
This approach avoids making unnatural changes to the DSL metamod-
els to represent behavioral and time aspects, and allows the resulting
specifications to be translated into different semantic domains, such as
Real-Time Maude, making them amenable to simulation and other kinds
of formal analysis.

1 Introduction

Domain specific languages (DSLs) play a cornerstone role in Model-Driven Soft-
ware Development (MDSD) for representing models and metamodels. DSLs are
normally defined in terms of their abstract and concrete syntaxes. The abstract
syntax is defined by a metamodel, which describes the concepts of the language,
the relationships between them, and the structuring rules that constrain the com-
bination of model elements according to the domain rules. The concrete syntax
specifies how the domain concepts included in the metamodel are represented,
and is usually defined as a mapping between the metamodel and a textual or
graphical notation. This metamodeling approach enables the rapid and effective
development of languages and their associated tools (e.g., graphical or textual
model editors).

Explicit and formal specification of model semantics has not received much
attention from the MDSD community until recently, despite the fact that this
facilitates semantic mismatches between design models and analysis tools. While
this problem exists virtually in every domain where DSLs find application, it is
more apparent in domains in which behavior needs to be explicitly represented.
This issue is particularly important in safety-critical real-time and embedded sys-
tem domains, where semantic ambiguities may produce conflicting results across
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different tools. Furthermore, the lack of explicit behavioral semantics strongly
hampers the development of simulation and other formal analysis tools.

One way of specifying the dynamic behavior of a DSL is describing the evo-
lution of the modeled artifacts along some time model. In MDSD, where models,
metamodels and model transformations play a key role, model transformations
supporting in-place update [1] seem to be the natural way. In these transfor-
mation languages, source and target models are always instances of the same
metamodel (i.e., they are endogenous transformations), and rules are used both
(1) to describe the preconditions of the actions to be triggered, and (2) to rep-
resent the effects of these actions in the model. If these transformations use the
concrete syntax associated to a DSL, they allow designers to work using only do-
main specific concepts [2], raising the level of abstraction and making behavioral
specifications more intuitive and natural both to specify and understand.

Only a few of the current approaches deal with time-dependent behavior in
in-place model transformations (see Sec. 5). In critical domains, such as real-time
and embedded systems, timeouts, timing constraints and delays are essential con-
cepts. Therefore, these concepts should be explicitly modeled in their behavioral
specification to enable a proper analysis and simulation. Furthermore, current
approaches do not allow users to model action-based properties, making them
inexpressible and forcing unnatural changes to the system specification [3].

In this paper we extend standard in-place rules so that time and action
statements can be included in the behavioral specifications of a DSL. We pro-
vide a graphical framework aimed at defining behavioral specification models,
which can be fully integrated in Model Driven Engineering (MDE) processes
and, e.g., transformed into different semantic domains. In particular, we show
how a mapping between these specifications and Real-Time Maude (RTMaude)
can be defined, making them amenable to simulation and other kinds of formal
analyses, such as reachability or model-checking [4].
Paper organization. First, Section 2 shows how in-place transformation rules
are extended to model time-dependent behavior and action-based properties.
Then, Section 3 introduces the graphical modeling tool we have built, and how it
can be used to model a production system example. Section 4 gives an overview of
a semantic mapping from timed behavioral specifications to RTMaude. Finally,
Section 5 compares our work with other related proposals, and Section 6 draws
some conclusions and outlines some future research activities.

2 Extending In-place Transformations Rules

There are several approaches that propose in-place model transformations to deal
with the dynamic behavior of a DSL [5]. These transformations are composed
of a set of rules of the form l : [NAC]× LHS −→ RHS, where l is the rule label
(name); LHS (Left Hand-Side) and RHS (Right Hand-Side) are model patterns
that represent certain states of the system, and NAC is a set of optional model
patterns that represent Negative Application Conditions that forbid applying the
rule if one of these patterns is found in the model. The LHS and NAC patterns
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express preconditions for the rule to be applied, whereas the RHS contains the
rule postconditions. Thus, a rule can be applied if an occurrence (or match) of
the LHS is found in the source model, and none of the NAC patterns is found.
Generally, if several matches are found, one of them is non-deterministically
selected and applied, producing a target model where the match is substituted
by the RHS. The model transformation proceeds by applying the rules in a
non-deterministic order, until none is applicable (although this behavior can be
usually modified by some execution control mechanisms).

2.1 A Production System Example

For illustration purposes, let us introduce a modeling language for industrial
production lines, which will serve as the motivating example to show the ca-
pabilities of our approach. It is inspired by a common example used in several
works for describing DSLs (see, e.g. [6, 7]).

Fig. 1. Meta-model of a DSL for production systems.

The production system metamodel is shown in Fig. 1. A production system
is made of plants that are composed of machines: generators and assemblers.
Generators produce parts and assemblers consume them to create new ones.
Machines take their inputs from trays and put their results in conveyors. Users
collect fallen parts from the plant floor and assembled hammers from trays.

Fig. 2 shows a production model example using a visual concrete syntax.
The model consists of one plant with two generators, connected to two different
conveyors. These conveyors are connected to the same tray from which parts are
assembled, deposited in a third conveyor, and finally stored in another tray. An
operator collects hammers from the final tray and fallen parts from the plant
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Fig. 2. initModel example production system.

floor. The position of each element is dictated from its position in the plant,
depicted as a grid.

The way to specify the behavior of the system using in-place transformation
rules is illustrated in Fig. 3, that shows one of the permitted actions: how con-
veyors shift pieces. When a part is placed on a conveyor (as described by the
LHS pattern of the rule), it is shifted to the conveyor output tray (as shown in
the RHS), and the part takes the tray’s position.

Fig. 3. The Carry rule.

2.2 Extending In-Place Transformation Rules with Time

Current in-place transformation techniques do not allow modeling the notion of
time in a quantitative way, or allow it by adding some kind of clocks to the DSL
metamodel. This latter approach forces designers to modify the DSL metamodel
to include time aspects, and does not forbid the design of rules that may lead
to time-inconsistent sequences of states (e.g., decreasing the time), since clocks
are handled as common objects (see Sec. 5).

One way to avoid this problem is to extend the rules with the time they
consume, i.e., by assigning to each action the time it takes. In this way, a time
elapse is associated to each action or piece of behavior (i.e., each in-place rule),
without having to unnaturally modify the DSL metamodel to incorporate time
information. Furthermore, if time is specified as an interval [t, t′] (representing
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the minimum and the maximum amount of time needed to perform an action)
instead of using a single value, we allow time delays to be easily included in
the specifications. Thus, we define timed rules as in-place transformation rules

of the form l : [NAC] × LHS
[t,t′]−→ RHS, where [t, t′] expresses the duration

interval of the action modeled by the rule, in some time granularity. Whenever
the minimum and the maximum values are the same, we will simplify the timed

rules representation as l : [NAC]× LHS
[t]−→ RHS.

Fig. 4. Actions modeled using timed rules.

Timed rules admit different semantics. In its simplest form, the LHS and
NAC patterns express preconditions for the rule to be triggered. If they occur,
the action specified by the rule is scheduled to be applied after between t and t′

time units. In that interval of time, the preconditions are again evaluated and if
they still hold, the rule is applied by substituting the match by the RHS (which
expresses the postcondition). In another semantic variation, the LHS and NAC
patterns should hold not only at the beginning and at the end of the action,
but also throughout its duration, acting as invariants. Further extensions to the
rules are also possible, such as defining specific invariant patterns. In our current
approach, the LHS and NAC pattern conditions act both as preconditions and
invariants, i.e., timed rules are applied if the LHS and NAC patters hold during
the whole duration of the action (see Fig. 4).

2.3 Accessing the Global Time Elapse

So far, the notion of time has been related to the duration of actions (rules).
However, this simple model of timed actions may not be suitable for modeling
other time constraints, such as time stamps or scheduled actions (actions that
take place at some particular moment of time).

Thus, we have included in our specifications a special kind of object, named
Clock, that represents the current global time elapse. A unique and read-only
Clock instance is provided by the system (i.e., it does not need to be created
by the user) to model time elapse through the underlying platform. This allows
designers to use the Clock in their timed rules to get the current time (from its
attribute time). Provided that the clock behavior cannot be modified, users can-
not drive the system to time-inconsistent sequences of states (even unwillingly).
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2.4 Extending Transformation Rules with Action Executions

In standard in-place transformation approaches, model patterns (LHS, RHS and
NACs) are only defined in terms of system states. This is a strong limitation in
those situations in which we need to refer to the actions that are being executed,
of to those that have been executed in the past. For example, we do not want
a generator to produce a new piece until it has finished producing one, or we
do not want an operator to pick up a part while he is moving. In general, this
limitation hinders the specification of many useful action properties, unless some
unnatural changes are introduced in the system model (cf. [3]).

In order to be able to model both state-based and action-based properties,
we propose extending model patterns with action executions that model action
occurrences. These action executions represent rule executions that are currently
happening or that were previously performed. Each action specification defines
several roles, one for each of its participant objects (e.g., the Carry rule defines
three roles: the part p, the conveyor c and the tray t — see Fig. 3). Thus, the
objects that participate in these action occurrences (playing one of the action
roles) need normally to be also specified; for example, we need to specify the
particular operator who is moving, because the rest of the operators can be, of
course, engaged in other actions. In our proposal, the set of objects involved
in an action are specified by object mappings, which are sets of pairs (o -> r).
Each pair identifies the object that participates in the action (o) and one of the
roles it plays in the rule (r).

Please note that in our proposal elements can perform, or be engaged in,
several actions at a time because in-place rules can be applied always that an
occurrence of the LHS pattern and none of the NAC patterns are found in the
model. This is very useful to model realistic situations in a natural way, e.g., a
conveyor may be shifting several pieces at a time. The use of action executions in
the LHS or NAC patterns of the rules provides a powerful mechanism to prevent
this kind of behavior (in case we want some kind of elements to realize only
one action at a time) or, conversely, to enforce it when required (if we want one
element to perform one action while it is already performing another one), as
shown in the next section.

3 A Graphical Model Editor for Timed Specifications

In this section we present the graphical model editor implemented to support
the specification of timed rules. For this purpose, we selected the Eclipse Graph-
ical Modeling Framework (GMF [8]). GMF provides a generative component
and runtime infrastructure for developing graphical model editors for DSLs. It
automatically generates an Eclipse plugin with a DSL diagram editor from (1)
the DSL metamodel (abstract syntax); (2) a graphical definition (concrete syn-
tax); (3) a tooling definition (namely, the buttons that enable the creation of the
model elements); and (4) a mapping model relating the three previous artifacts.

In our case, the domain model, named Behavior Metamodel, is shown in
Fig. 5. The dynamic behavior of a DSL is specified by a set of rules. Each rule
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expresses the preconditions (LHS and NAC patterns) and postcondition (RHS
pattern) of an action to be performed (as in standard in-place transformation
approaches). The novelty in this metamodel is the addition of the maxTime and
minTime rule attributes (to represent the duration of the rule), and the inclusion
of the ActionExec and Clock metaclasses. ActionExec instances represent ac-
tion executions, while the unique and read-only instance of Clock represents the
current global time elapse. Other concepts, such as the single and double pushout
formalizations of the transformations, and the non-injectiveness of the rules, are
handled in the same way as in common graph transformation approaches [5],
although adapted to the tree-structure of Eclipse models [9].

Fig. 5. The Behavior Metamodel.

Fig. 6 shows a snapshot of the graphical tool, which has been used to visually
specify the Carry action. The tool comprises two editors: the behavior editor,
that allows users to specify the set of rules; and the rule editor, that allows us
to define rule patterns (LHS, RHS and NAC) and their corresponding elements
(objects, links, conditions and action executions).

The tool allows users to include and use the concrete syntax of the DSL for
defining the behavioral rules. Therefore, when an object is included in a pattern
and its class is defined, the object is drawn using the image associated to its class
(taken from its corresponding DSL GMF specifications, if defined). Otherwise,
a default image (a rectangle) is depicted.

The editor also enables the specification of timed rules (in this paper we
have considered only discrete time, although dense time can also be handled).
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Fig. 6. Behavior and rule editors.

For instance, we can specify that the Carry rule takes exactly five time units.
Note that the only difference with standard in-place rules is the specification of
the time consumed by the rule (in this case five time units).

However, this small change has some significant semantic implications. What
happens if a new part is placed on the conveyor when it is shifting another part?
Since there is no restriction about this situation and an occurrence of the LHS
pattern is found in the model, the conveyor will move both parts, i.e., conveyors
can shift several pieces at a time, and each part will stay five time units over it.

Fig. 7 shows the behavior of handle generators. A handle generator takes
between two and three time units to create a handle and to put it on its output
conveyor (one way to interpret this time duration is that it produces a handle
in two time units, with a possible delay of one time unit). Since generators can
only create one part at a time, we have to restrict their behavior by including
the corresponding action execution in the NAC. The action execution will forbid
that the corresponding generator hg starts creating a new handle if it is already
generating one. Please note that arrow → of action executions (placed on the
left of the rule’s name) represents that the action is being performed in that very
moment, while arrow ← represents that the action has already been performed.

More complex actions and time expressions can also be specified in this way.
Fig. 8 shows further rules defined for the sample DSL. Among them, we can
find the behavior of users when collecting hammers from trays (rule Collect)
and when picking parts up from the plant floor (rule PickUp). In this case, users
can only take (i.e., collect or pick up) one part at a time, and the time the user
consumes depends on the (Manhattan) distance between the part and the user
himself. Note the use of OCL expressions for specifying conditions, attribute
computations and time expressions.
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Fig. 7. GenHandle rule.

Fig. 8. Further production system rules.

4 Analyzing Timed Behavioral Specifications with
Real-Time Maude

Once we have defined the dynamic behavior of a DSL using timed rules, the
following step is to perform simulation and formal analysis over the specifica-
tions. Since these behavioral specifications are also models, we can automatically
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transform them into different semantic domains. In general, each semantic do-
main is more appropriate to represent and reason about certain properties, and
to conduct certain kinds of analysis [10].

Analyzing these timed rules cannot be easily done using the common the-
oretical results and tools defined for graph transformations, since timed rules
include some extensions. However, other semantic domains are better suited. In
this paper, we propose an automatic mapping into rewriting logic, which allows
us to perform different types of analysis with RTMaude. In this way, the designer
will have the advantage of a visual and intuitive specification, and an efficient
and powerful mean for analysis.

4.1 Real-Time Maude

Real-time Maude [11, 4] is a rewriting-logic-based specification/modeling lan-
guage and high-performance formal analysis tool for real-time systems.

Rewriting logic is a logic of change that can naturally deal with states and
non-deterministic concurrent computations. A distributed system is axiomatized
by an equational theory describing its set of states and a collection of rewrite
rules. Rewrite rules are of the form t → t′, where t and t′ are terms, and they
specify the dynamics of a system in rewriting logic. Rewrite rules describe the
local, concurrent transitions that are possible in the system, i.e., when a part of
the system state fits the pattern t then it can change to a new local state fitting
the pattern t′. The guards of conditional rules act as blocking preconditions, in
the sense that a conditional rule can only be fired if the condition is satisfied.
The syntax for conditional rules is crl [l] : t => t′ if Cond, with l the rule
label and Cond its condition. Tick rewrite rules are extensions of conditional
rules of the form crl [l] : {t} => {t′} in time τ if Cond, where τ is a
term of sort Time that denoted the duration of the rewrite, and that affects
the whole system time elapse. In RTMaude, both discrete and dense time are
implemented, and users can define their own time domain.

4.2 Encoding Timed Rules in Real-Time Maude

Maude has already been proposed as a formal notation and environment for
specifying and effectively analyzing models and metamodels [12, 13]. In [5] we
showed how Maude is suitable as a semantic domain for standard in-place rules.
This paper shows how the timed behavioral specifications can also be supported.

In RTMaude, time elapse is usually modeled by one tick rule and the system
dynamic behavior by instantaneous transitions [11]. Thus, timed rules can be
naturally translated into RTMaude rewrite rules. In our proposal, a timed rule
will be encoded as three RTMaude instantaneous rules, each one modeling one
of the rule statements: the precondition, the postcondition and the invariant.

– The precondition rule. When the rule precondition is satisfied, i.e., when
an occurrence of the LHS is found in the model that does not fulfill any
of the NAC patterns (LHS ∧ ¬NAC), an ActionExec object is created.
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ActionExec objects represent rule executions, each one acting as a count-
down (attributes minTimer and maxTimer) to the finalization of the rule,
and gathering all the information needed for its instantiation: the rule name
(attribute ruleLabel) and the identifiers of the objects that participate in
it (attribute participants). Initially, the limits of the interval, minTimer
and maxTimer, are respectively set to the attributes minTime and maxTime,
which represent the duration of the rule. Additionally, the same ActionExec
object, but with a minTimer value equal or greater than zero (time is consid-
ered positive) is included in the rule as a NAC, in order to avoid indefinite
executions.

– The postcondition rule. When the precondition (LHS ∧ ¬NAC) and the
invariant (in the current approach the invariant coincides with the precon-
dition) are satisfied during the action execution, and the minimum time
defined for the rule is consumed (i.e., there is an ActionExec object that
refers to the rule with minTimer=0), the action can be performed. Then, the
LHS is substituted by the RHS and the attribute computations are done. To
keep track of the performed actions, the ActionExec object is saved but with
minTimer=null. Please note that, except for the presence of the ActionExec
object, the postcondition rule corresponds to the standard encoding of in-
place rules.

– The invariant rule. If the invariant breaks (¬LHS∨NAC) at any time during
the action execution (i.e., there is an ActionExec object that refers to the
rule whose minTimer is equal or greater than zero) the action is interrupted,
i.e., its corresponding ActionExec object is destroyed.

Rule elements are encoded as follows: conditions are encoded as RTMaude
rule conditions; attribute computations (slots) are encoded as computations per-
formed in the right-hand side of the rules; NAC patterns are encoded as opera-
tions placed in the rule condition that checks wether an occurrence of the spec-
ified pattern is found in the model (and if so, forbidding the application of the
rule); action executions are encoded by means of ActionExec objects that refer
to the corresponding rule with provided object identifiers instantiation; and the
clock object is encoded as a RTMaude object belonging to the predefined class
Clock.

As mentioned above, the proposed timed rule encoding in RTMaude allows
elements to simultaneously perform different actions when they instantiate dif-
ferent rules at the same time. Furthermore, it makes DSL objects to be com-
pletely unaware of time, and therefore time elapse needs only be defined over
ActionExec and clock objects.

– The tick rule. The tick rule models time elapse by using two functions: delta
and mte (maximal time elapse). Function delta defines the effect of time
elapse over every model element, and function mte defines the maximum
amount of time that can elapse before any action is performed. Then, time
advances non-deterministically by any amount T, which must be equal or
less than the maximum time elapse of the system. Function delta operates
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Fig. 9. Semantic Mappings to Real-Time Maude

only over ActionExec and clock objects: it decreases ActionExec timers
(both minTimer and maxTimer) in T units, and increases the clock value in
T units too. Function mte is defined as the minimum maxTimer value of cur-
rent ActionExec objects. In this way, all rules will be executed before their
maxTime, due to function mte, and after minTime, due to the corresponding
precondition rule (see Fig. 9).

4.3 Analysis and Simulation with Real-Time Maude

Once the system specifications are encoded in RTMaude, we obtain a rewriting
logic specification of the system. As these specifications are executable, they can
be used to simulate and analyze the system. RTMaude offers tool support for
interesting analysis possibilities such as model simulation, reachability analysis
and model checking, which can be naturally used with the RTMaude specifica-
tions we produce (see, e.g., [5, 14] for examples of these kinds of analyses).

5 Related Work

There are several approaches that propose in-place model transformations to
deal with the behavior of a DSL, from textual to graphical (see [5] for a compre-
hensive survey). Graphical notations are proving extremely helpful in software
and systems development, since they are intuitive and more natural both to
specify and to understand the behavior of complex systems.

However, none of these works includes a quantitative model of time. When
time is needed, it is modeled by adding some kind of clocks to the DSL meta-
model. These clocks are handled in the same way as common objects, which
forces designers to modify the DSL metamodel to include time aspects. Further-
more, this does not constrain designers from unwillingly defining time-inconsistent
sequences of states, as we previously mentioned. A similar approach is followed
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in [15], where graph transformation systems are provided with a model of time by
representing logical clocks as distinguished node attributes. This work, based on
time environment-relationship (TER) nets [16] (an approach to modeling time
in high-level Petri nets), does not extend the base formalism but specialize it (as
its predecessor), and enables the incorporation of the theoretical results of graph
transformation. The verification of the system time-consistency is discussed by
introducing several semantic choices and a global monotonicity theorem, which
provides conditions for the existence of time ordered transformation sequences.

A recent work [17] proposes to complement graph grammar rules with the
Discrete EVent system Specification (DEVS) formalism to model time-dependent
behavior. Although this has the benefit of allowing modular designs, this ap-
proach requires specialized knowledge and expertise about the DEVS formalism,
something that may hinder its usability by the average DSL designer. Further-
more they do not provide analysis capabilities: system evaluation is accomplished
through simulation.

In a previous work [5], we have formalized graph transformations using equa-
tional and rewriting logic with Maude [13]. This allows performing simulation,
reachability and model-checking analysis using the tools and techniques provided
by Maude. In this paper we have extended in-place rules with time, and therefore
we have moved to RTMaude to model time elapse and to perform the same kind
of analysis. Our approach supports attribute computation, ordered collections,
and OCL expressions. Besides, it provides a quantitative time representation
and a way to model action execution, opposite to standard approaches, in which
rule patterns are simply composed of system states.

6 Conclusions and Future Work

In this paper we extend in-place rules with a quantitative model of time and with
mechanisms that allow designers to state action properties, easing the design of
real-time complex systems. This proposal permits decoupling time information
from the structural aspects of DSLs (i.e., their metamodels). In addition, this
paper also presents a graphical modeling tool aimed at visually specifying these
timed rules, as well as a mapping to RTMaude, which makes the visual specifi-
cations amenable to simulation and other kinds of formal analyses.

We are currently working on further extending our graphical tool to support
the input and output of RTMaude’s analysis tools using the native visual no-
tation of the DSL. This will make the use of RTMaude completely transparent
to users. We are also studying the different semantic possibilities that can be
supported by timed rules, such as adding special patterns to define invariants.
In this vein, we are weighing up the additional effort that means for the user
to define a new pattern, against the improved level of expressiveness that it
provides.
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