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Abstract

Modeling and simulation are quickly becoming the primary enablers for complex system design. They
allow the representation of intricate knowledge at various levels of abstraction and allow automated analysis
as well as synthesis. The heterogeneity of the design process as much as of the system itself, however,
requires a manifold of formalisms tailored to the specific task at hand. Efficient design approaches aim to
combine different models of a system under study and maximally utilize the knowledge captured in them.
Computer Automated Multi-Paradigm Modeling (CAMPaM) is the emerging field that addresses the issues
involved and tries to formulate a domain independent framework along three dimensions: (i) multiple levels
of abstraction, (ii) multi-formalism modeling, and (iii) meta-modeling. This article presents an overview of
the CAMPaM field and shows how transformations assume a central place. It is show how graph grammars
allow for explicit modelling of transformations.

1 Introduction
Modern engineered systems have reached a complexity that requires systematic design methodologies and
model based approaches to ensure correct and competitive realization. In particular, the use of digital con-
trollers has proven to be difficult to manage as small errors in their design may lead to catastrophic failures. In
addition, the interdependencies in the software that implements the control algorithms are difficult to oversee,
which only exacerbates with the increasing size of embedded software. Similarly, the interdependencies be-
tween controllers scattered about the control system are difficult to manage. Their effects as well as the subtle
interaction between information processing components on the one hand and the physical environment on the
other hand are difficult to analyze.
In this article, we us a power window system as typically found in modern automobiles [42] as a running
example. Figure 1 illustrates how a worm gear is used to rotate the main lever of a scissor type lift mechanism
which contains a supporting rod in addition to the lever. This mechanism moves the window up and down
between the bottom and top of the frame. A DC motor connects to the worm gear to power the rotation as
commanded by the controller. An important consideration in the design of this system is the potential presence
of an obstacle (such as a passenger’s arm) between the window and the frame.
The design of such a system progresses through a number of stages that may or may not use different models
of the components and subsystems. For example, in the initial design stages, discrete-event models may be
used to design the hierarchical control structure of the main behavior (i.e., the driver can command the win-
dow to move; moving decomposes into up and down). In more advanced design stages, the models become
increasingly detailed (e.g., adding data acquisition effects) and may include continuous-time and power effects
(e.g., to simulate the current drawn by the DC motor). In addition to this, system integration requires increas-
ingly comprehensive analyses that involve different models used in designing different aspects of the system’s
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Figure 1: A power window system.

functionality. For example, the model of the lift mechanism may be designed using bond graphs [30] while the
main controller may be modeled using Statecharts [25] and the pulse-width modulation of the DC motor may
be modeled using time-based block diagrams [48].
Comprehensive design and analysis is the main topic of new holistic design paradigms such as mechatron-
ics [52] and System-on-Chip [45]). These appoaches aim to avoid overspecification and to attain optimal
performance. These design paradigms require many different levels of explanation, different theories, and
modeling languages. In general, complex systems are becoming increasingly heterogeneous because of the
integration of different implementation technologies in the modern design process. In addition, the many engi-
neering disciplines that are involved in system design all have developed domain and problem specific (often
proprietary) formalisms to match their needs optimally.
To solve address these complex systems issues, designers turn to modeling and simulation technologies.
Whereas in the early history of the field of control engineering, differential equation models could still be
directly derived from the system, the complexity of systems has increased far beyond that. For example, the
need to defer expensive prototyping while obtaining maximum confidence in the design requires models with
extreme detail that incorporate many implementation effects. Sophisticated modeling languages facilitate these
requirements as model design can be at a high conceptual level. This trend is very manifest in software design
where there is a shift from programming software to modeling it. In particular, the Model Driven Architecture
(MDA) [58] focuses on the explicit modelling of software design specifications as well as their tranformation
from a platform-independent abstraction level, via a platform-specific abstraction level, to the final code level.
Multi-paradigm techniques have been successfully applied in the field of software architectures [21], control
system design [57], model integrated computing [50], and tool interoperability [16]. To advance the state of
the art and to accumulate knowledge scattered across domains, a domain independent framework for com-
plex systems development is needed. The emerging field of Computer Automated Multi-Paradigm Modeling
(CAMPaM) [43, 55, 37] aims to achieve this by adressing and integrating three orthogonal directions of re-
search:

1. model abstraction deals with the different levels of detail of models and the relationship between these
models;

2. multi-formalism modeling deals with coupling of and transforming between the manifold of formalisms
used;
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Figure 2: Low order model of power window behavior.

3. meta-modeling deals with the description of modeling formalisms and their domain specific aspects.

CAMPaM explores the possible combinations of these notions to provide an application and domain inde-
pendent framework, (i) to combine, transform and relate formalisms, (ii) to generate maximally constrained
domain- and problem-specific formalisms, methods, and tools, and (iii) to verify consistency between multiple
views. This is a powerful approach that allows the generation (instantiation) of domain and problem specific
methods, formalisms, and tools. Thanks to a common meta language, these different instances can be integrated
by combination, layering, heterogeneous refinement, and multiple views [19, 28, 33, 57]. When extended with
model transformation, multi-paradigm modeling facilitates a suite of technologies and applications that manip-
ulate a model into a different representation, possibly changing the abstraction, partitioning, and hierarchical
structure.
This article gives an overview of CAMPaM. It first presents the separate dimensions of CAMPaM in Section 2.
This will repeatedly highlight the importance of transformations. In Section 3, the different dimensions are then
explicitly related to the ubiquitous transformation concept. Next, Section 4 concentrates on the execution of
heterogeneous models. Section 5 then presents the conclusions of this contribution.

2 CAMPaM: The Three Dimensions
A conceptual (as opposed to physical) model is the cross-product of the system under scrutiny, the level of
abstraction, and the formalism. In the proceeding, when a model is referred to, a conceptual model is meant.

2.1 Abstraction

A model is designed to solve a problem. How well it suits this purpose determines its quality. As such, a system
has infinitely many models that each can be best for a given task. This task notion is captured by the level of
abstraction determined by the perspective one has on a system, the problem to be solved and the background
of the model designer.
For example, to investigate the requirement of the power window in Fig. 1 that the window be rolled down 10
[cm] in case of an object between the window and the frame, a continuous-time model is needed. This can be
a model of low order as shown in Fig. 2 where a Simulink [48] continuous-time based block diagram is shown
that is of second order. It consists of an actuator part that converts the control signals up and down before they
enter the window part that consists of a gain, force integrator, and then angular velocity integrator. Viscous
friction determines the force from the velocity and feeds back negatively.
In order to evaluate the requirement that the force on the object shall not exceed 100 [N], a more detailed model
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Figure 3: Higher order model of power window behavior.

is required. A possible model is shown in Fig. 3. The actuator takes the two control signals and integrates their
voltage into an angular velocity. This angular velocity drives the worm gear which rotates with a different
velocity. The difference between the two, through some gain is the torque acting on the gear. This torque
passes through two gains, the first one is because of the gear ratio and the next one is because of the effect
of the main lever. The result is a force moving the window. The friction force that also acts on the window is
computed as a nonlinear function of the window velocity and position. Note that this model is at a different
level of abstraction (more detailed), yet it is still formulated using the same formalism: a continuous-time based
block diagram.
Systematically and automatically deriving models of different complexity significantly increases productivity
as well as quality of models. It also cross-correlates different modeling efforts. Note that changes between
levels of abstraction may involve using different formalimsm, but not necessarily so, as illustrated by the
power window example.
In general, the abstraction process can be considered a type of transformation invariant to some properties
(usually behavioural) of the system. The challenge is to model these transformations, and use such models to
automate model abstraction and abstraction level selection. This facilitates many applications. For example, in
optimization, increasingly complex models may be more likely to find a global optimum [23]. Another example
is the use of one base model that embodies as much detail as possible for any given task. This model can be
implemented as less detailed models automatically derived from it for the different design and operation tasks
(e.g., control design, performance assessment, and model-based diagnosis) [36]. Another possible application
is in numerical solvers that adapt the complexity of the model to the efficiency requirements (e.g., real-time
simulation constraints) [29]. In reactive learning environments (microworlds), increasingly adding detail to the
world model allows the use of a challenging environment for students at different levels of proficiency [39].
Note that in general it may be possible to automatically add model detail as well as to automatically reduce
complexity of a base model [6].

2.2 Formalism

Independent from the changes in abstraction level, changes in the modeling formalism can be made. A change
in formalism may induce a change in abstraction level, but this is not necessary. What formalism to use depends
on the desired level of abstraction, but also on the data available to calibrate the model, on available numerical
solvers (or more general, what tools facilitate the desired analyses), and, as indicated earlier, what problem
needs to be solved.
For example, the design of the power window controller is most naturally expressed in the Statechart formalism
[26, 27]. A possible implementation using Stateflow [49] is shown in Fig. 4. The controller is either in its
neutral, moveUp or moveDown state. Hierarchy is used, e.g., to transition from either moveUp or moveDown
to neutral when the cmdStop event occurs. Upon transition, the up event is generated.
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Figure 4: Statechart of the power window control.

Figure 5: State transition diagram of the power window control.

Because the hierarchical nature of Statecharts may hamper analysis, it may be desirable to transform the hierar-
chical state transition diagram into a flat state transition diagram [31].1 The equivalent state transition diagram
is shown in Fig. 5. Since state transition diagrams are a proper subset of Statecharts, a more illustrative formal-
ism transformation is given by the transformation to the equivalent Petri net [44] shown in Fig. 6. Similar to the
flattening of a hierarchical state machine to facilitate analysis, the transformation into a Petri net representation
may allow for different types of analysis (such as static deadlock checks) otherwise not possible.
A formalism consists of a syntactic and a semantic part. The syntactic part is the form and structure of valid
models and can be textual or graphical. It is typically separated into a concrete and an abstract part, where the
former pertains to the actual appearance while the latter is about how the language elements may be connected
(e.g., that an assignment has a left-hand side and a right-hand side).
The semantic part concerns the meaning of the formalism constructs. It can be specified in an operational
manner which captures explicitly how a model can be executed. Alternately, a denotational or transformational
specification can be given by providing rules to map a model in a given formalism onto an equivalent model
in a different formalism for which a semantics is available. For example, the Statechart model in Fig. 4 can be
mapped onto the behaviourally equivalent Petri net in Fig. 6. Note that, in a sense, the operational approach is

1Note thatsometoolsactuallyexploit thehierarchicalnatureto applymoreef�cient analysisalgorithmsor to synthesizemore
ef�cient code.
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Figure 6: Petri net model of the power window control.

also one of transformation as it transforms an executable specification into a simulation trace.
Formalism transformations allow one to:

� Generate a functional model from software or even execution trace (e.g., a solver procedure can be
synthesized from the concepts that are part of the domain specific ontology, i.e., function calls, and their
respective execution ordering);� Automate the generation of different views on a system (e.g., scenario diagrams from a functional model)
or even an implementation model when translating to a domain specific formalism;� Automate design by generating specifications from requirements, ultimately leading to automated code
synthesis (or at least stub generation), which, in turn, can be integrated in an automated optimization
and run-time architecture reconfiguration scheme for hardware and software, or software only (e.g., for
System-on-Chip applications [45]);� Automatically derive a reconfiguration model for guiding run-time system changes from functional and
architectural models [3, 32];� Use best-of-class methods and tools by generating the required data and model representation format to
prevent inconsistencies at the boundaries between engineering teams, engineering software, and multi-
ple modeling paradigms, and to enable the sharing and coordinating of information flow with minimal
overhead [18].

In addition to facilitating usage of multiple formalisms in isolation, it should be possible to combine and
even integrate models that use different multiple formalisms by means of coupling and transformation. This
multi-formalism modeling is often facilitated on the semantic level by providing a sufficiently general execu-
tion mechanism for many different formalisms to map their semantics onto. Examples of this are the DEVS
formalism [59, 54, 56], Ptolemy [8], and S-functions [48].

2.3 Meta-modeling

The third CAMPaM dimension concentrates on the modeling of modeling formalisms, i.e., meta-modeling [2,
22]. To quickly generate domain specific and tailored formalisms and their editors, modeling them is the most
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Figure 7: Statecharts meta-model.

efficient approach provided that a meta-modeling tool automatically generates the formalism-specific tools.
Because a meta-model is a model in its own right, it requires a formalism to be expressed in. This meta-
formalism can again be modeled by a meta-meta-model.
To illustrate, consider the meta-model of the Statechart formalism as used in Fig. 4 to model part of the power
window control. The basis of the formalism is the state transition diagram, which consists of States, Transitions,
Conditions, Actions, and an Initial state transition. These entities are marked by rectangles in the meta model.
Transitions connect states, indicated by the directed relations. Each state may have 0 or more transitions exiting
it as marked by the 0 : N cardinality. Similarly, each state may have 0 : N transitions entering it. On the other
hand, a transition can exit from one and only one state and enter one and only one other, indicated by the 1 : 1
cardinalities. Also, a state may have one initial transition connected to it and the initial transition can only
connect to one and only one state. Each transition may contain a condition and an action, indicated by the
diamond connection.
To extend this state transition diagram meta model to include Statecharts2 the State, Initial, and Transition
entities are all derived from one Element entity. Now, by allowing states to contain elements, hierarchy is
facilitated. Furthermore, each state is specialized into an AND State or an OR State. All states in an AND state
are active when the containing state is active whereas in an OR state only one of the contained states is active
(the traditional state transition diagram notion). These constraints are not explicitly modeled here for clarity.
In many research endeavors, meta-modeling is applied to capture the syntax of a class of models. Models of
transformation allow a generalization of this to include the semantics as well. This then becomes the enabling
technology for (i) the design of tailored formalisms and tools by constituting an infinitely fine grained spec-
trum of formalisms, (ii) the use of domain specific formalisms and tools to facilitate high level model-based
programming, (iii) including domain constraints within formalisms, and (iv) finding analogies, similarities,
and differences between models of different system views and aspects.
An illustrative example of meta-modeling is its use to facilitate exchange of models and data between tools for
Computer Aided Software/Systems Engineering (CASE). The corresponding CDIF (CASE Data Interchange
Format) project [20] proved meta-modeling to be an industrial strength technology. A crucial aspect of CDIF
was its extensibility. New formalisms could be developed and used in exchange transactions by first making
the model of the formalism available using the meta formalism of CDIF, an entity-attribute-relationship (EAR)
type formalism (a proven powerful formalism for modeling the syntax of many types of formalisms). The
CASE tool first processes the meta-model so it ‘understands’ the data that follows. The only formalism that
needs to be shared between tools is the EAR one that specifies the meta models.

2NotethattheactualStatechartformalismsuchasusedin, e.g.,State�ow is muchmorecomplex thanthereducedform discussed
here.A moredetailedmetamodelof Statechartscanbefoundin [47]
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Figure 8: Window force vs. position when the top (at 45 [cm]) is reached.

Figure 9: Discrete event model of plant behavior.

2.4 Relating the Dimensions

Sofar, the independent dimensions of CAMPaM have been presented. In general, these interact, though, and
full benefits are reaped when the different dimensions are cross correlated.
An example of this is the translation of a continuous time model into a finite state representation to validate
the control structure designed in Fig. 4. This approach is common in analysis and verification approaches that
require a finite state space. For example, Fig. 8 shows a trajectory in the force-position phase space where the
window is commanded from its bottom most position to the top. This trajectory is generated from the model in
Fig. 3. Based on this, a finite state discrete model can be derived using a grid as shown by the dashed horizontal
and vertical lines in Fig. 8. The corresponding finite state machine is shown in Fig. 9. Note that during a normal
closing operation the system moves through the sequence of states bot low, mid low, top low, top med, top hi,
top med, top low.
When an object is present, the system is required to detect and roll down the window before the force exceeds
100 [N]. A continuous time phase space trajectory that stops movement without reversal is shown in Fig. 10.
The additional state mid med that is traversed is an emergency state and should not be reachable by the events
in normal operation. It is entered when the object event occurs. The state mid hi is a violation of system
requirements as it corresponds to a state where there is too much force exerted on the object. This state should
not be reachable given a control algorithm, which can be verified once a dicrete event model of the plant
behavior is available. It has to be verified that the control in Fig. 4 in which the down command always follows
object renders the control safe (i.e., the state mid hi cannot be reached).
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Figure 10: Window force vs. position when an object (at 30 [cm]) is detected.

3 Transformation
In section 2, the notion of transformation of models has been a recurring concept. It is a crucial element in
model-based endeavours. It forms the glue between the three orthogonal directions of CAMPaM: formalisms,
abstraction, and meta-modeling.
As models, meta-models and meta-meta-models are all in essence attributed, typed graphs, we can transform
them by means of graph rewriting. The rewriting is specified in the form of models in the graph grammar [14]
formalism. These are a generalization, for graphs, of Chomsky grammars. They are composed of rules. Each
rule consists of left hand side (LHS) and right hand side (RHS) graphs. Rules are evaluated against an input
graph, called the host graph. If a matching is found between the LHS of a rule and a sub-graph of the host
graph, then the rule can be applied. When a rule is applied, the matching subgraph of the host graph is replaced
by the RHS of the rule. Rules can have applicability conditions, as well as actions to be performed when
the rule is applied. Some graph rewriting systems have control mechanisms to determine the order in which
rules are checked. When multiple matches are found, non-determinism occurs. This non-determinism may be
resolved in three ways. Evaluation can be sequentialised, a random matching rule may be chosen, or, if no
conflicts exist, rules may be evaluated in parallel. Having these three possibilities gives one the power to model
a variety of operational semantics of formalisms.
We are typically interested in three kinds of transformations of models. The first is model execution (defining
the operational semantics of the formalism). The second is model transformation into another formalism (ex-
pressing the semantics of models in one formalism by mapping onto a known formalism). A special case of
this is when the target formalism is textual. In this case it is possible to describe by means of meta-modelling,
the Abstract Syntax Graph of the textual formalism (that is, the intermediary representation used be compilers
once they parse a program in text form), in such a way that models in textual formalisms can then be processed
as graphs. The third one is model optimization, for example reducing its complexity (maintaining pertinent
invariants however).
On the one hand, graph grammars have some advantages over specifying the computation to be done in the
graph using a traditional programming language. Graph grammars are a natural, formal, visual, declarative and
high-level representation of the computation. Computations are thus specified by means of high-level models,
expressed in the graph grammar formalism. The theoretical foundations of graph rewriting systems may assist
in proving correctness and convergence properties of the transformation tool. On the other hand, the use of
graph grammars is constrained by efficiency. In the most general case, subgraph isomorphism testing is NP-
complete. However, the use of small subgraphs on the LHS of graph grammar rules, as well as using node
and edge types and attributes can greatly reduce the search space. This is the case with the vast majority of
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formalisms we are interested in. It is noted that a possible performance penalty is a small price to pay for
explicit, re-usable, easy to maintain models of transformation. In cases where performance is a real bottleneck,
graph grammars can still be used as an executable specification to be used as the starting point for a manual
implementation.
We have implemented the above CAMPaM concepts in AToM3, A Tool for Multi-formalism and Meta-
Modelling. in which multi-abstraction, multi-formalism, and meta-modelling are combined. AToM3’s design
has been described in [9, 13]. The power of AToM3 has been demonstrated by modelling the DEVS formalism
[34], Petri Nets and Statecharts [10], GPSS [12], Causal Block Diagrams [46], and flow diagrams [11].

4 Hybrid Dynamic Systems
The best models are elegant models and CAMPaM supports this maxim by facilitating the construction of tai-
lored domain-specific modeling languages. To execute models designed using these sophisticated formalisms,
interpreters are required that translate the high level constructs into low level specifications, e.g., in terms of
differential equations, discrete event behavior or a combination of the two.

4.1 Combining Executable Formalisms

At the execution level, there are again many different formalisms, especially in the discrete event domain. For
example, Petri nets (and their variants such as timed, colored, and stochastic nets) have operational seman-
tics that allow simulation. VHDL [24] allows for simulation, where the event driven nature of the simulator
is of critical importance because of the typically large set of possible events of which only a minor subset is
active. DEVS is another language with operational semantics for which simulators exist. In the continuous do-
main, differential equations can be executed using numerical solvers. Continuous behavior generation is often
based on discretization in time and in the control engineering domain, typically straightforward simulation of
continuous behavior is applied by implementing some form of a forward integration algorithm.
The continuous and discrete event formalisms are fundamentally different, though. Dedicated continuous-time
numerical solvers for differential and algebraic equations such as used in plant modeling apply numerical algo-
rithms that are based on continuity assumptions to increase accuracy and efficiency. In addition, such numerical
solvers may support implicit modeling, which leads to conceptually simpler and more elegant models in cer-
tain cases. Though the model itself may be simpler, its transformation into a trajectory is more complex, which
shows how the complexity of the model-solver combination is invariant under behavior-preserving formalism
transformations.
In its most general form, execution can be achieved by producing computer code that may even be optimized
by weaving the numerical solver code and model execution code together. The CAMPaM technologies can be
applied to have model interpretation automatically produce highly optimized code that integrates solver and
model characteristics.
Dedicated solvers have their advantage, though. They also allow independent selection of an appropriate nu-
merical integration method depending on the characteristics of the simulation trajectories (for example, partic-
ular types of stiffness). This is not possible when the solver is built into the model of computation.
The combination of continuous behavior with discrete state changes leads to so-called hybrid dynamic systems3

which have been investigated extensively, driven by the increasing need for comprehensive controller/plant be-
havior analysis [5, 35, 51]. As such, hybrid dynamic systems are a key technology in the field of CAMPaM.
Advances are immediately reflected in the usefulness of higher level CAMPaM notions. Therefore, it is mean-
ingful to give a brief overview of the two basic perspectives. The combined behavior of hybrid dynamic systems

3To clearly distinguishbetweenhybrid intelligent systemsthat mix neuralnetsandfuzzy logic andalsoavoid confusionwith
hybridvehiclesthatmix electricalmotorsandcombustionengines.

10



Figure 11: Hybrid automata of window behavior.

introduces issues in many aspects such as modeling, simulation, sensitivity analysis and optimization [4]. In
particular, issues specific to simulation include (i) event detection and location, (ii) sequences of discrete tran-
sitions, (iii) consistent semantics of hybrid dynamic systems formalisms, (iv) sensitivity to initial conditions,
(v) sliding mode behavior [38].

4.2 State Centered Execution Model

A canonical representation of hybrid dynamic systems is in terms of hybrid automata [1]. These models com-
bine continuous behavior in certain discrete states with transitions between them. Behavior in each state is
then captured by a set of differential equations while an invariant specifies the allowed values of continuous
variables in this state. Transitions between states can be enabled based on continuous variables crossing thresh-
olds. When enabled, they are not enforced to be taken immediately but they do have to be executed before the
invariant would be violated (note that the complexity of the differential equations in each state and the invariant
may differ between states). A state transition may discontinuously change the values of the variables used in
the differential equations and even the set of continuous state variables itself.
To illustrate, consider the state where the window in the power window example reaches the top of the frame.
Four states can be identified:

� free, the window moves with only actuation and friction forces acting on it;� bottom, the window is at the bottom of the frame with a large reaction force acting on it;� top, the window is at the top of the frame with a large reaction force acting;� obstruct, the window moves between the top of the frame and the bottom with an object stuck between
the window and the frame.

This can be modeled by switching the system of ordinary differential equations (ODE) that govern the contin-
uous behavior of the system, illustrated by the hybrid automaton in Fig. 11. Here, the transition conditions are
given along the transition (e.g., x � top), the invariants in a state are labeled ‘inv:’, and the active ODE is la-
beled ‘du:’ (based on the action during the state’s active period). When an event occurs, the system moves into
a different mode of operation. After the mode change, the state variables in the new mode have to be initialized
appropriately based on the values in the previous mode when no explicit function is given in the transition
action part, the identity mapping is assumed. Note that transitions between states may cause the complexity
of the ODE to change the number of continuous states. For example, when the window reaches the top of the
frame, a stiff dampened spring effect becomes active that adds a continuous state to the ODE.
The hybrid automata perspective is discrete event centered and provides an explicit representation. This is
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beneficial to analysis and synthesis activities. However, it suffers from a combinatorial explosion of discrete
states when there are many interacting local discrete state changes.

4.3 Equation Centered Execution Models

An alternative approach relies on a system of guarded differential and algebraic equations. This approach is
centered around differential equations (e.g., Modelica [17], MASIM [41], VHDL-AMS [7], χ [53]). Events are
generated by continuous variables crossing thresholds which may enable and disable equations. The different
discrete states with continuous behavior are implicit and invariants that capture the domain of continuous be-
havior in each state are typically not used. Instead, events have ‘must-fire’ semantics, i.e., an enabled transition
is immediately executed.
Using guarded equations, the power window system can be modeled as

0 � αtop
�
vwindow � vde f orm ��� �

1 � αtop � Fob ject
0 � Cob ject Ḟde f orm � vde f orm
0 � Fob ject � Fde f orm � Rob jectvde f orm

(1)

where the mode selection variable αtop is determined by the window being at the top of the frame or not;

xwindow � xtop 	 αtop (2)

Here, the dampened spring parameters are Cob ject to model the spring and Rob ject to model the damping. The
rate of deformation of the object is represented by vde f orm and the corresponding force by Fde f orm. This force is
the difference of the toal force acting on the object, Fob ject and the force required to compensate the dissipation
(Rob jectvde f orm).
Discontinuous changes in continuous variables are modeled implicitly by activating algebraic constraints that
reduce the state space dimension and thus require an instantaneous projection into the new space [40]. For
example, if the frame top is not modeled by a dampened spring, the window velocity is instantly forced to zero
when xwindow � xtop by replacing Eq. 1 with

0 � αtop
�
vwindow ��� �

1 � αtop � Fob ject (3)

The implicit modeling approach (both in terms of the discrete states as well as the continuous equations) allows
a succinct specification of a large number of discrete state changes but simulation is about the only analysis
tool that can handle it. Besides, to perform simulation, the numerical solver has to be extended with additional
operations to make the implicit jumps in continuous states explicit.

5 Conclusions
This paper has introduced the emerging field of Computer Automated Multi-Paradigm Modeling (CAMPaM),
which tries to develop a domain-independent framework for multi-paradigm modeling that consists of three
dimensions: (i) multi-abstraction, (ii) multiple formalisms, and (iii) meta-modeling. Transformations are pre-
sented as an operator within and between the different dimensions. Hybrid dynamic systems have been pre-
sented as the underlying execution mechanisms of multi-paradigm models.
CAMPaM is of great use in the field of complex systems design, analysis, and synthesis. For example, its use in
control system technology is presented in a forthcoming special issue of IEEE TRANSACTIONS ON CONTROL

SYSTEM TECHNOLOGY on CAMPaM [15]. To learn more about the theory and methodology of CAMPaM,
the interested reader is referred to a special issue of ACM TRANSACTIONS ON MODELING AND COMPUTER
SIMULATION [43] on the same topic.
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