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Preface

During the last decade, integrated model-based design of complex cyber-physical systems (which mix physical dynamics
with software and networks) has gained significant attention. Hybrid modeling languages based on equations, supporting
both continuous-time and event-based aspects (e.g. Modelica, SysML, VHDL-AMS, and Simulink/ Simscape) enable high
level reuse and integrated modeling capabilities of both the physically surrounding system and software for embedded
systems. Using such equation-based object-oriented (EOO) modeling languages, it has become possible to model complex
systems covering multiple application domains at a high level of abstraction through reusable model components.

The interest in EOO languages and tools is rapidly growing in the industry because of their increasing importance in
modeling, simulation, and specification of complex systems. There exist several different EOO language communities
today that grew out of different application areas (multi-body system dynamics, electronic circuit simulation, chemical
process engineering). The members of these disparate communities rarely talk to each other in spite of the similarities of
their modeling and simulation needs.

The EOOLT workshop series aims at bringing these different communities together to discuss their common needs and
goals as well as the algorithms and tools that best support them.

Despite the fact that this is a new not very established workshop series, there was a good response to the call-for-papers.
Eleven papers were accepted for full presentations and two papers for short presentations in the workshop program out of
eighteen submissions. All papers were subject to rather detailed reviews by the program committee, on the average four
reviews per paper. The workshop program started with a welcome and introduction to the area of equation-based object-
oriented languages, followed by paper presentations. Discussion sessions were held after presentations of each set of
related papers.

On behalf of the program committee, the Program Chairs would like to thank all those who submitted papers to
EOOLT"2010. Many thanks to the program committee for reviewing the papers. The venue for EOOLT'2010 was Oslo,
Norway, in conjunction with the MODELS"2010 conference.

Link&ping, September 2010

Peter Fritzson
Edward Lee
Francois Cellier
David Broman
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Execution of UML State Machines Using Modelica

Wladimir Schamail, Uwe Pohlmannz, Peter Fritzson3, Christiaan J.J. Paredis4,
Philipp Helle', Carsten Strobel'

'EADS Innovation Works, Germany
?University of Paderborn, Department of Computer Science, Germany
3 Link&ping University, PELAB — Programming Environment Lab, Sweden
*Georgia Institute of Technology, Atlanta, USA

Abstract

ModelicaML is a UML profile for the creation of executa-
ble models. ModelicaML supports the Model-Based Sys-
tems Engineering (MBSE) paradigm and combines the
power of the OMG UML standardized graphical notation
for systems and software modeling, and the simulation
power of Modelica. This addresses the increasing need for
precise integrated modeling of products containing both
software and hardware. This paper focuses on the imple-
mentation of executable UML state machines in Modeli-
caML and demonstrates that using Modelica as an action
language enables the integrated modeling and simulation
of continuous-time and reactive or event-based system
dynamics. More specifically, this paper highlights issues
that are identified in the UML specification and that are
experienced with typical executable implementations of
UML state machines. The issues identified are resolved
and rationales for design decisions taken are discussed.

Keywords UML, Modelica, ModelicaML, Execution
Semantics, State Machine, Statechart

1 Introduction

UML [2], SysML [4] and Modelica [1] are object-oriented
modeling languages. They provide means to represent a
system as objects and to describe its internal structure and
behavior. UML-based languages facilitate the capturing of
information relevant to system requirements, design, or
test data by means of graphical formalisms, crosscutting
constructs and views (diagrams) on the model-data.
Modelica is defined as a textual language with standard-
ized graphical annotations for icons and diagrams, and is
designed for the simulation of system-dynamic behavior.
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1.1  Motivation

By integrating UML and Modelica the strength of UML in
graphical and descriptive modeling is complemented with
the Modelica formal executable modeling for system dy-
namic simulation. Conversely, Modelica will benefit from
using the selected subset of the UML-based graphical no-
tation (visual formalisms) for editing, visualizing and
maintaining Modelica models.

Graphical modeling, as promoted by the OMG [12],
promises to be more effective and efficient regarding edit-
ing, human-reader perception of models, and maintaining
models compared to a traditional textual representation. A
unified standardized graphical notation for systems mod-
eling and simulation will facilitate the common under-
standing of models for all parties involved in the devel-
opment of systems (i.e., system engineers, designers, and
testers; software developers, customers or other stake-
holders).

From a simulation perspective, the behavior described
in the UML state machine is typically translated into and
thereby limited to time-discrete or event-based simula-
tions. Modelica enables mathematical modeling of hybrid
(continuous-time and discrete-time dynamic description)
simulation. By integrating UML and Modelica, UML-
based modeling will become applicable to the physical-
system modeling domain, and UML models will become
executable while covering simulation of hardware and
software, with integrated continuous-time and event-based
or time-discrete behavior. Furthermore, translating UML
state machines into executable Modelica code enables
engineers to use a common set of formalisms for behavior
modeling and enables modeling of software parts (i.e.,
discrete or event-based behavior) to be simulated together
with physical behavior (which is typically continuous-
time behavior) in an integrated way.

One of the ModelicaML design goals is to provide the
modeler with precise and clear execution semantics. In
terms of UML state machines this implies that semantic
variation points or ambiguities of the UML specification
have to resolved.



The main contribution of this paper is a discussion of
issues that were identified when implementing UML state
machines in ModelicaML. Moreover, proposals for the
resolution of these issues are presented. The issues identi-
fied or design decisions taken are not specific to the Mod-
elicaML state machines implementation. The questions
addressed in this paper will most likely be raised by any-
one who intends to generate executable code from UML
state machines.

1.2 Paper Structure

The rest of this paper is structured as follows: Chapter 2
provides a brief introduction to Modelica and Modeli-
caML and gives an overview of related research work.
Chapter 3 describes how state machines are used in Mode-
licaML and highlights which UML state machines con-
cepts are supported in ModelicaML so far. Chapter 4 dis-
cusses the identified issues and explains both resolution
and implementation in ModelicaML. Chapter 5 provides a
conclusion.

2  Background and Related Work

2.1  The Modelica Language

Modelica is an object-oriented equation-based modeling
language that is primarily aimed at physical systems. The
model behavior is based on ordinary and differential alge-
braic equation (OAE and DAE) systems combined with
discrete events, so-called hybrid DAEs. Such models are
ideally suited for representing physical behavior and the
exchange of energy, signals, or other continuous-time or
discrete-time interactions between system components.

2.2 ModelicaML — UML Profile for Modelica

This paper presents the further development of the Mode-
lica Graphical Modeling Language (ModelicaML [15]), a
UML profile for Modelica. The main purpose of Modeli-
caML is to enable an efficient and effective way to create,
visualize and maintain combined UML and Modelica
models. ModelicaML is defined as a graphical notation
that facilitates different views (e.g., composition, inheri-
tance, behavior) on system models. It is based on a subset
of UML and reuses some concepts from SysML. Modeli-
caML is designed for Modelica code generation from
graphical models. Since the ModelicaML profile is an
extension of the UML meta-model it can be used as an
extension for both UML and SysML'. The tools used for
modeling with ModelicaML and generating Modelica
code can be downloaded from [15].

! SysML itself is also a UML Profile. All ModelicaML stereotypes that
extend UML meta-classes are also applicable to the corresponding
SysML elements.

2.3 Related Work

In previous work, researchers have already identified the
need to integrate UML/SysML and Modelica, and have
partially implemented such an integration. For example, in
[7] the basic mapping of the structural constructs from
Modelica to SysML is identified. The authors also point
out that the SysML Parametrics concept is not sufficient
for modeling the equation-based behavior of a class. In
contrast, [9] leverages the SysML Parametrics concept for
the integration of continuous-time behavior into SysML
models, whereas [8] presents a concept to use SysML to
integrate models of continuous-time dynamic system be-
havior with SysML information models representing sys-
tems engineering problems and provides rules for the
graph-based bidirectional transformation of SysML and
Modelica models.

In Modelica only one type of diagram is defined: the
connection diagram that presents the structure of a class
and shows class-components and connections between
them. Modelica does not provide any graphical notation to
describe the behavior of a class. In [13] an approach for
using the UML-based notation of a subset of state ma-
chines and activity diagrams for modeling the behavior of
a Modelica class is presented.

Regarding state machines, a list of general challenges
with respect to regarding statecharts is presented in [10]
and a summary on existing statechart variants is provided.
In [11] the fact is stressed that different statechart variants
are not compatible even though the syntax (graphical no-
tation) is the same. It is also pointed out that the execution
semantics strongly depend on the implementation deci-
sions taken, which are not standardized in UML.

Few implementations of the translation of statecharts
into Modelica exist ([6], [5]%). However, none implements
a comprehensive set of state machines concepts as defined
in the UML specification.

The main focus of this paper is the resolution of issues
related to the execution semantics of UML state machines.
A detailed description of the execution semantics of the
implementation of UML state machines in ModelicaML
and additional extensions are provided in [15] and are out
of the scope of this paper.

3 State Machines in ModelicaML

3.1  Simple Example

Assume one would like to simulate the behavior defined
by the state machines depicted in Figure 1 using Mode-
lica. This state machine defines part of the behavior of the

? StateGraph [5] uses a different graphical notation compared to the
UML notation for state machines.



class SimpleStateMachine. In UML, this class is referred
to as the context of StateMachine 0.

The UML graphical notation for state machines con-
sists of rectangles with rounded corners representing
states, and edges representing transitions between states.
Transitions can only be executed if appropriate triggers
occur and if the associated guard condition (e.g., [t>1
and =x<3]) evaluates to true. If no triggers are defined
then an empty trigger, which is always activated, is as-
sumed. In addition, transitions can have effects (e.g.,
/x:=1).

The UML semantics define that a state machine can
only be in one of the (simple) states in a region’ at the
same instance of time. The filled circle and its outgoing
transition mean that, by default, (i.e. when the execution is
started) the state machine is in its initial state, State 0
(i.e., when the execution is started). The expected execu-
tion behavior is as follows:

e When the execution is started the state machine is in
its initial state, State 0.

e As soon as the guard condition, [t>1 and x<3], is
true, State_0 is exited, the transition effect, x := 1,is
executed and State I is entered. The state machine is
again in a stable configuration that is referred to as an
active configuration.

e As soon as the guard condition, £>1.5 and x>0,
becomes true, State 1 is exited, the effect, x:=2, is
executed and State 2 is entered.

e As soon as the condition x>1 becomes true, State 2 is
exited, the transition effect, x:=3, is executed and
State_0 is entered.

Figure 2 shows Modelica code that performs the be-
havior described above. Figure 3 presents the visualized
simulation results.

* If a composite state or multiple regions are defined for a state machine,
then it means that the state machine is in multiple (simple) states at the
same time.

«models
SimpleStateMachine

&t ModelicaReal
& x Modelicalnteger

. emodelicaStatehfachine: ™
StateMachine_0

[t=Tandx=3]1x:=1,

A vy

State_0 State_1

[t=15and x=0]Ix=2

Figure 1: State machine defines part of class behavior

model SiwmpleltateMachine

Boolean State_ 0 "State 0 representation®;
Boolean State_1 "State 1 representation®;
Boolean State_2 "State 2 representation®;
Integer x "discrete variasble™:

Real t "continuous wvariskle™:
egumation //Code for continuous integration of t©

der (t)=time;

algorithm //Code for StateMachine 0

when initial(] then
State O:=true "ictivation of the initial state';

end when;

//Transition from State 0 to State 1

if preidtate 0) and t > 1 and x < 3 then
Ztate O:=false "Deactivation of state";
x:=1 "Transistion effect";
State_l:=true "ictivation of state';

/fTransition from State 1 to State 2

elseif preiftate_1) and t > 1.5 and x > 0 then
State l:=false "Deactivation of state”;
x:=2 "Transistion effect™;
State Z:=true "Activation of state™;

//Transition from State 2 to State O

elseif pre(State_2) and x > 1 then
State 2:=falge "Deactivation of state";
¥:=3 "Transistion effect™;
State O:=true "ictivation of stace';

end if;

end SimpleStateMachine;

Figure 2: Corresponding Modelica code

Variables t and x essn State 0 bt
/ - -
A . .
] | L
State_1 0200 State_2 b
s -
[ 1 ° :

e e

Figure 3: Simulation results



3.2 State Machines in ModelicaML

UML2 defines two types of state machines: behavior state
machines and protocol state machines. Behavior state ma-
chines are used to model parts of class behavior. Modeli-
caML state machines are derived from UML behavior
state machines. Compared to behavior state machines,
protocol state machines are limited in terms of expres-
siveness and are tailored to the need to express protocols
or to define the lifecycle of objects. Since this is not the
main intended area of application for ModelicaML, proto-
col state machines are not taken into account. Conse-
quently, none of the chapters of the UML specification
that address the protocol state machines are considered.

State machines are used in ModelicaML to model parts
of class behavior. A behavioral class (i.e., Modelica class,
model or block) can have 0..* state machines as well as
0..* other behaviors (e.g. equation or algorithm sections).
This is different from a typical UML application where
usually only one state machine is used to represent the
classifierBehavior. In ModelicaML it is possible to define
multiple state machines for one class which are executed
in parallel. This possibility allows the modeler to structure
the behavior by separating it into individual state ma-
chines. When multiple state machines are defined for one
class they are translated into separate algorithm sections in
the generated Modelica code. This implies that they can-
not set the same class variables (e.g., in entry/do/exit or
transition effects) because it would result in an over-
determined system.

UML state machines are typically used to model the
reactive (event-based) behavior of objects. Usually an
event queue is implemented that collects all previously
generated events which are then dispatched one after the
other (the order is not fully specified by UML) to the state
machine and may cause state machine reactions. Strictly
speaking, a UML state machine reacts (is evaluated) only
when events are taken from the event queue and dis-
patched to the state machine.

ModelicaML uses Modelica as the execution (action)
language. In contrast to the typical implementations of
UML state machines, the Modelica code for a Modeli-
caML state machine is evaluated continuously, namely,
after each continuous-time integration step and, if there
are event iterations, at each event iteration. Event itera-
tions concept is defined by Modelica ([1], p.25) as fol-
lows: “A new event is triggered if at least for one variable
v “pre(v) <> v” after the active model equations are
evaluated at an event instant. In this case, the model is at
once re-evaluated. This evaluation sequence is called
“event iteration”. The integration is restarted, if for all v
used in pre-operators the following condition holds:
“pre(v) ==v".”. The deﬁniti)(r)gn of pre(v) is the following:
“Returns the “left limit” y(t ) of variable y(t) at a time

instant t. At an event instant, y(tpu) is the value of y after
the last event iteration at time instant t ...” (see [1], p.24).

Furthermore, the following definition is essential to
understand the execution of Modelica code (see Modelica
specification [1], p.84): “Modelica is based on the syn-
chronous data flow principle and the single assignment
rule, which are defined in the following way:

e All variables keep their actual values until these values
are explicitly changed. Variable values can be ac-
cessed at any time instant during continuous integra-
tion and at event instants.

e At every time instant, during continuous integration
and at event instants, the active equations express re-
lations between variables which have to be fulfilled
concurrently (equations are not active if the corre-
sponding if-branch, when-clause or block in which the
equation is present is not active).

o Computation and communication at an event instant
does not take time. [If computation or communication
time has to be simulated, this property has to be ex-
plicitly modeled)].

o The total number of equations is identical to the total
number of unknown variables (= single assignment
rule).”

3.2.1 Transformation of State Machines to Mode-

lica Code

Two main questions need to be considered when translat-
ing a ModelicaML state machine into Modelica:

e The first question is whether a library should be used
or whether a code generator should be implemented.
One advantage of using a library is that the execution
semantics can be understood simply by inspecting the
library classes. In order to understand the execution
semantics of generated code one also needs to under-
stand the code generation rules.

e The behavior of a ModelicaML state machine can be
expressed by using Modelica algorithmic code or by
using equations. Note that the statements inside an al-
gorithm section in Modelica are executed exactly in
the sequence they are defined. This is different from
the equation sections which are declarative so that the
order of equations is independent from the order of
their evaluation. The Modelica StateGraph library [5]
uses equations to express behavior that is similar to the
UML state machine behavior.

In ModelicaML, the behavior of one state machine is
translated into algorithmic code that is generated into one
algorithm section of the containing class®. The rationale

4 A Modelica class can have 0..* algorithm sections.



for the decision to implement a specific code generator
instead of implementing a library and to use algorithm
statements instead of equations is the following:

e The behavior expressed by a state machine is always
causal. There is no need to use the acausal modeling
capability of Modelica. By using algorithm (with pre-
defined causality) no sorting of equations is required.

e Furthermore, for the implementation of inter-level
transitions, i.e. transitions which cross states hierarchy
borders, the deactivation and activation of states and
the sequence of associated actions
(exit/entry action of states or state transitions effects)
has to be performed in an explicitly defined order. This
is hard to achieve when using equations that are sorted
based on their data dependencies.

execution

3.2.2 Combining Continuous-Time and Discrete-

Time Behavior

The fact that a ModelicaML state machine is translated
into algorithmic Modelica code implies that all actions
(transition effects, or entry/do/exit actions of states) can
only be defined using algorithmic code. Hence, it is not
possible to insert equations into transition effects or en-
try/do/exit actions of states. However, it is possible to
relate the activation of particular equations based on the
activation or deactivation of state machine states. This is
supported by the dedicated IsInState ()-macro in
ModelicaML. Vice versa, state machines can react on the
status of any continuous-time variable.

3.23 Event Processing (Run-To-Completion Se-

mantics Applicability)

UML, [2] p. 565, defines the run-to-completion semantics
for processing events. When an event is dispatched to a
state machine, the state machine must process all actions
associated with the reaction to this event before reacting to
further events (which might possibly be generated by the
transitions taken). This definition implies that, even if
events occur simultaneously, they are still processed se-
quentially. In practice, this requires an implementation of
an event queue that ultimately prevents events from being
processed in parallel. This can lead to ambiguous execu-
tion semantics as is pointed out in section 4.2.

The problem with event queues, as discussed in sec-
tion 4.2, does not exist in ModelicaML.If events occur
simultaneously (at the same simulated time instant or
event iteration) in ModelicaML state machines they are
processed (i.e. consumed) in parallel in the next evalua-
tion of the state machine.

However, the definition of the run-to-completion se-
mantics is still applicable to Modelica and, thus, to Mode-
licaML state machines in the sense that when an event has
occurred a state machine first finishes its reactions to this

event before processing events that are generated during
these reactions.

4 State Machines Execution Semantics Is-
sues Discussion

4.1 Issues with Instantaneous States: Deadlocks

(Infinite Looping)

In Modelica the global variable fime represents the simu-
lated real time. Computations at event iterations do not
consume simulated time. Hence, states can be entered and
exited at the same simulated point in time. For instance,
Figure 3 shows State 2 being entered and exited at the
same simulated point in time. However, in ModelicaML, a
state cannot be entered and exited during the same event
iteration cycle, i.e., variables that represent states cannot
be set and unset in the same event iteration cycle. This is
ensured by using the pre(state activation status) function
in the conditions of state transition code. This enforces
that the entire behavior first reacts to an event before re-
acting to the events that are generated during event itera-
tions (i.e. re-evaluation of the equation system).

When instantaneous states are allowed it is possible to
model deadlocks that lead to an infinite loop at the same
simulated point in time. Consider Figure 4 (left): The be-
havior will loop infinitely without advancing the simu-
lated time and a simulation tool will stop the simulation
and report an issue.

If such a behavior is intended and the state machine
should loop continuously and execute actions, the modeler
can break the infinite looping by adding a time delay’ to
one of the involved transitions (see the right state machine
in Figure 4). In doing so the simulation time is advanced
and the tool will continue simulating.

In large models deadlocks can exist which are not as
obvious as in the simple example depicted in Figure 4.
Infinite looping is often not modeled on purpose and is
hard to prevent or to detect. This issue is subject to future
research in ModelicaML.

emocelicabil Statetaching::
StateMachine_0

«mocelicatil Statetachine::
StateMachine_1

[AFTER(1)]

State_0 State_1

I State_2 I

Figure 4: Deadlocks (infinite looping) example

State_2

> AFTER (expression) is a ModelicaML macro. It is expanded to the
guard condition state local timer > expression.




4.2  Issues With Concurrency When Using Event

Queues

Consider the state machine in Figure 5 modeled in IBM
Rational Rhapsody [14]. The events ev/ and ev2 are gen-
erated simultaneously at the same time instant when enter-
ing the initial states of both regions. However, it is not
obvious to the modeler in which order the generated
events are dispatched to the state machine.

When the simulation is started Rhapsody shows that
the events are generated and put into the event queue in
the following order: evl, ev2. When restarting the simula-
tion the order of events in the queue will always be the
same. Obviously, there is a mechanism that determines the
order of region executions based on the model data.

Next, these events are dispatched to the state machine
one after the other. First the event ev/ is dispatched and
the transition to state I is executed, then the event ev?2 is
dispatched and the transition from state 1 to state 2 is
executed, as shown in Figure 6.

| state O |
|
™ N
state O @) | state_O @)
Reactions | Reactions
"5 GEN{evl); | "5 GEN(ev);
vl i | vl l
| state_1 | I state_1
[ |
&2 l | e
¥
| state_2 | I | state_2
[ J | [ J

Figure 5: Events queue issue 1
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evz 1 | ev2 l
state_2 : state 2
|

Figure 6: Events queue issue 1 simulation. The state
machine ends up in state_2 in both regions.

According to this behavior the occurrence of ev2 is
delayed. However, with the state machine in statfe I no

ev2 occurs. The event ev2 occurs when the state machine
is in state_(0. This behavior seems to be similar to the con-
cept of deferred events described in the UML specifica-
tion ([2], p.554): “An event that does not trigger any tran-
sitions in the current state, will not be dispatched if its
type matches one of the types in the deferred event set of
that state. Instead, it remains in the event pool while an-
other non-deferred event is dispatched instead. This situa-
tion persists until a state is reached where either the event
is no longer deferred or where the event triggers a transi-
tion.”.

Consider Figure 7. It shows a slightly modified state
machine. The event ev2 is generated inside the left region
and the ev/ is generated inside the right region. The order
of events in the queue is now reversed: ev2, evl.

Figure 8 shows the simulation result. In contrast to the
assumption above, the event ev2 is not deferred. It is dis-
patched to the state machine and discarded after the transi-
tion to state I is taken. The state machine finally stays in
state_1, which is a different behavior than in Figure 6.
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Figure 7: Events queue issue 2
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Figure 8: Events queue issue 2 simulation. The state
machine ends up in state_1 in both regions.

Along with the fact that the modeler cannot control the
execution order of the parallel regions (this issue is ad-



dressed in section 4.3) and, thus, the order in which events
are generated, the main issue here is that it leads to behav-
ior that is unpredictable and cannot be expected from the
modeler’s perspective.

Figure 9 shows the same model in ModelicaML. In
contrast to the examples above, regardless of whether the
event ev2 is generated in the right region or in the left re-
gion, the execution behavior is the same — the state ma-
chine always ends up in state [ in both regions.

This is because the events that occur simultaneously
are processed (i.e., dispatched and consumed) in parallel
during the next state machine evaluation cycle. When the
transitions from the states state 0 to state I in both re-
gions are executed, event ev2 is also consumed and the
state machine stays in both states state [ because with the
state machines in states sfate_/ in both regions no event
ev2 is generated.

¢ «modelicaML Statehachine: ™y
StateMachine_1

Region_0 [Region_1

state_0 |
| GEN_SIGNAL (ev1); /entry |

| state_0 |
| GEN_SIGNAL (ev2); entry |

eyl

evl

|
|
|
|
state_1 I
|
|
|
|

state_1
el d/ eyl d/
I state_2 ‘ I state_2 ‘
i ey
Priority Order

StakeMachine 1::Region
StateMachine _1::Region_L

Figure 9: Same model in ModelicaML. The state
machine ends up in state_1 in both regions.

4.3  Issue with Concurrent Execution in Regions

Regions are executed in parallel, i.e. at the same simulated
time instant. However, the corresponding Modelica code
in the algorithm section is still sequential (procedural). To
ensure determinism and make the semantics explicit to the
modeler, in ModelicaML each region is automatically
given a priority relative to its neighboring regions (a lower
priority number implies higher execution order priority).
This may be necessary when there are actions that set the
same variables in multiple parallel regions6, as illustrated
in Figure 10.

® This example is artificial and is meant for illustration purposes only.
Normally, modeling such behaviour will probably be avoided.

emodelicaMLStateMachines
StateMachine_0

Region_0 [ Region_1

State |
| openValve := false; /entry |

| openValve = true; /entry |

I

| State 0 | I |
I
I

Priority Crder

StateMachine 0::F.egion
StateMachine_0:;Region_1L

Figure 10: Definition of priority for parallel regions

Since Region 0 is given a higher execution priority, it
will be executed prior to Region I, which has lower prior-
ity. The result is that openvalve is set to false. Note
that if State 0 in Region () was a composite state, then its
internal behavior would also be executed before the be-
havior of State_0 in Region_ 1.

Priorities are set by default by the ModelicaML model-
ing tool. The modeler can change priorities and, in doing
so, define the execution sequence explicitly to ensure the
intended behavior.

The regions priority definition is also used for exiting
and entering composite states as well as inter-level transi-
tions as discussed in sections 4.5 and 4.6.

4.4  Issues with Conflicting Transitions

When a state has multiple outgoing transitions and trigger
and guard conditions overlap, i.e. they can be true at the
same time, then the transitions are said to be in conflict
([2], p.566): “Two transitions are said to conflict if they
both exit the same state, or, more precisely, that the inter-
section of the set of states they exit is non-empty. Only
transitions that occur in mutually orthogonal regions may
be fired simultaneously.” When triggers are defined for a
transition, then there is no issue with overlapping guard
conditions because simultaneous events are not processed
in parallel in UML. This is different in ModelicaML be-
cause events are processed in parallel and can overlap.
However, it is not clear from the UML specification what
should happen if conflicting transitions do not have any
triggers but only have guard conditions defined, that can
evaluate to true at the same time. This issue is addressed
in section 4.4.1

Furthermore, in case the conflicting transitions are at
different hierarchy levels, UML defines the following: “In
situations where there are conflicting transitions, the se-
lection of which transitions will fire is based in part on an
implicit priority. These priorities resolve some transition
conflicts, but not all of them. The priorities of conflicting
transitions are based on their relative position in the state
hierarchy.” This issue is described in section 4.4.2.



4.4.1 Priorities for State-Outgoing Transitions

Consider the state machine in Figure 11. If x and y are
greater than 2 at the same time both guard conditions
evaluate to true. In ModelicaML, which transition will be
taken then is determined by the transition execution prior-
ity defined by the modeler.

. amodelicaStatetachine: ™
StateMachine_0

priarity is 2

priorityis 1| [v= 2]

S

b Iy

Priority Order

1: karget-= OK[x =1
21 karget-= MOT Ok[x = 2]

Figure 11: Priorities definition for state-outgoing
transitions

As for regions (discussed in section 4.3), conflicting
transitions coming out of a state are prioritized in Modeli-
caML. Priorities for transitions are set by default by the
modeling tool. The modeler can change priorities and
thereby ensure deterministic behavior.

4.4.2  Priority Schema for Conflicting Transitions at

Different State Hierarchy Levels

UML defines the priority schema for conflicting transi-
tions that are at different levels as follows (see p.567): “...
By definition, a transition originating from a substate has
higher priority than a conflicting transition originating
from any of its containing states.” No rationale is docu-
mented for this decision as pointed out in [11].

Consider the state machine in Figure 12. What should
happen when x and y are greater than 2 at the same time?
This case is not addressed in the UML specification be-
cause no triggers are defined for these transitions. One
possible answer could be: Transition to state NOT OK is
taken. Another answer could be: Transition to state NOT
OK is taken and then transition to state OK is taken. Yet
another answer could be: Transition to state OK is taken
and since State 0 is deactivated no further reaction inside
State_0 is to be expected. The latter is implemented in
ModelicaML.

smodelicaStateMachines
StateMachine_0

[— State_0

Figure 12: Transition at higher levels have higher
priority

In ModelicaML the priority scheme is different from
UML. In ModelicaML, outgoing transitions of a compos-
ite state have higher execution priority than transitions
inside the composite state. The rationale for this decision
is as follows:

¢ This semantics is more intuitive and clear. For exam-
ple, if states are described using sub-state machines
(presented in their own diagrams), the modeler cannot
know if a particular transition is taken unless he or she
has inspected all lower-level sub-state machines dia-
grams. The UML priority scheme can also lead to be-
havior where the composite state is never exited be-
cause events are consumed at some level further down
the hierarchy of the composite state.

e The ModelicaML priority scheme reduces the com-
plexity of the code generator. For example, as already
mentioned above, event queues are not used in Mode-
lica. To avoid that transitions of a composite state con-
sume events that are already consumed inside the
composite states, events need to be marked or removed
from the queue. Such an implementation would drasti-
cally increase the size and complexity of the code gen-
erator as well as of the generated Modelica code.

4.5 Issues with Inter-Level Transitions

This section discusses issues concerning the execution
order of actions as a result of transition executions. Ac-
tions can be entry/do/exit actions of states or effect actions
of transitions. The order in which actions are executed is
important when actions are dependable, i.e. if different
actions set or read the same variables.

Consider the state machine in Figure 13. Assume that
each state has entry and exit actions, and that Region_0 is
always given the highest priority and Region_x the lowest.

When the state machine is in state a and cond! is true,
the question is in which order the states are activated and
the respective entry actions are executed. This case is not
addressed in the UML specification.

From the general UML state machine semantics defi-
nition we can deduce that sub-states cannot be activated as
long as their containing (i.e. composite) state is not acti-
vated. For example, it is clear that the state b has to be



activated before the states ¢ and i can become active. Fur-
thermore, we can argue that since the modeler explicitly
created an inter-level transition the state e2 should be acti-
vated first, i.e. before states in neighboring regions at the
same (i.e. f) or at a higher state hierarchy level (i.e. g, A, or
i). Hence, when the inter-level transition from state a to
state e2 is taken the partial states activation sequence and
its resulting order of entry-actions execution should be: b,
¢, d, e2. However, in which sequence shall the states £, g,
h and i be activated? Possible answers are: 7, 4, g, f, or i, g,
h f,or f,g h ior f h g i

In ModelicaML, this issue is resolved as follows: First
all states containing the target state and the target state
itself are activated. Next, based on the region execution
priority, the initial states from neighboring regions are
activated. Since the priority in this example is defined for
regions from left (highest) to right (lowest) for each com-
posite state, the activation order would be b, ¢, d, €2, f, g,
h, i. Vice versa, if the region priority would be defined the
other way around (from right to left) the activation order
wouldbe b, ¢, d, e2, i, h, g, f.

A similar issue exists regarding the transition to state a
when the state machine is in state e2 and when cond? is
true. Here the states deactivation and exit actions execu-
tion order are involved. The resulting deactivation se-
quence in ModelicaML would be: €2, f, d, g and & (based
on the region priority definition), c, i and b.
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Figure 13: Inter-level transition example
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4.6 Issues with Fork and Join

Like section 4.5, this section addresses issues regarding
the activation and deactivation of states. However, in this
case, UML fork and join constructs are regarded. Consider
the state machine on Figure 14. With the state machine in
state a the questions are:

¢ In which sequence are states b, ¢, d, e, and f activated
when the transitions (fork construct) from state a is
executed?

e In which sequence are states b, ¢, d, e, and f deacti-
vated when the transitions (join construct) to state g
are executed?

This case is also not addressed in the UML specifica-
tion. In ModelicaML, first the parent states of the transi-
tion target-states are activated. Then the target states
themselves are activated based on the fork-outgoing tran-
sition priority. Next the initial states in the neighboring
regions are activated based on the region priority defini-
tion.

Again assume that each state has entry and exit ac-
tions, and that Region 0 is always given the highest prior-
ity and Region_x the lowest. The resulting states activa-
tion sequence (and respective execution of entry actions)
for the fork construct would be: b, d and e (based on the
fork-outgoing transitions priority), ¢ and f (based on their
region priority). The resulting deactivation for the join
construct would be: d and e (based on the join-incoming
transitions priority), ¢ and f (based on their region priority
definition), b. In any case, the modeler can define the exe-
cution order explicitly.

' amodelicaML Statebachines ™y
StateMachine_0

Region_0

Figure 14: Fork and join example

5 Conclusion

This paper presents a proof of concept for the translation
of UML state machines into executable Modelica code. It
presents how the executable semantics of UML state ma-
chines are defined in ModelicaML and how state ma-
chines are used to model parts of class behavior in Mode-
licaML. The ModelicaML prototypes can be downloaded
from [15].

Furthermore, this paper highlights issues that should
be addressed in the UML specification and makes propos-
als on how to resolve them. Section 4.2 questions the use
of an event queue that prevents simultaneous events from
being processed in parallel. When procedural code is used
for the implementation of state machines execution, sec-



tion 4.3 makes a proposal to include priority for regions.
A regions priority also supports the definition of states
activation or deactivation order in case of inter-level state
transitions (section 4.5) or fork/join constructs (section
4.6). Section 4.4.1 introduces execution priority for con-
flicting state-outgoing transitions in order to allow the
modeler to control the execution and to ensure that the
state machine behaves as intended.
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Abstract

Ptolemy is an open-source and extensible modeling and
simulation framework. It offers heterogeneous modeling
capabilities by allowing different models of computation to
be composed hierarchically in an arbitrary fashion. This pa-
per describes modal models, which allow to hierarchically
compose finite-state machines with other models of com-
putation, both untimed and timed. The semantics of modal
models in Ptolemy are defined in a modular manner.

Keywords Hierarchy, State machines, Modes, Hetero-
geneity, Modularity, Modeling, Semantics, Simulation,
Cyber-physical systems.

1. Introduction

Cyber-physical systems (CPS) consist of digital comput-
ers interacting among themselves and with physical pro-
cesses. CPS applications are emerging at high rates today
in many domains, including energy, environment, health-
care, transportation, etc.

Designing CPS is a non-trivial task, as these systems
manifest non-trivial dynamics, complex interactions, dy-
namic behavior, and a large number of components. The

*Ptolemy in this document refers to Ptolemy II, see http:
//ptolemy.eecs.berkeley.edu. NOTE: If you are reading
this document on screen (vs. on paper) and you have a network
connection, then you can click on the figures showing Ptolemy
models to execute and experiment with those models on line.
There is no need to pre-install Ptolemy or any other software.
The models that are provided online are summarized at http:
//ptolemy.eecs.berkeley.edu/ptolemyII/ptII8.0/
jnlp-books/doc/books/design/modal/index.htm.
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design complexity is increased by the inherent heterogene-
ity in modeling such systems: parts of the system are digi-
tal, others are analog; parts are timed, others untimed; parts
are discrete-time, others are continuous-time; parts are syn-
chronous, others are asynchronous; and so on. This inher-
ent heterogeneity implies a need for heterogeneous model-
ing. By the latter we mean a method and associated tools,
that provide designers with a way of combining different
models of computation, in an unambiguous way, in a sin-
gle model of a system. A model of computation (MoC)
here refers to a language or class of languages with a com-
mon syntax and semantics. Different MoCs realize differ-
ent modeling paradigms, each being more or less suitable
for capturing different parts of the system.!

A number of modeling languages exist today, realiz-
ing different MoCs. Many of these languages are gain-
ing acceptance in the industry, in so-called model-based
design methodologies. Examples are UML/SysML, Mat-
lab/Simulink/Stateflow, AADL, Modelica, LabVIEW, and
others. These types of languages are raising the level of
abstraction in designing CPS, by offering mechanisms to
capture concurrency, interaction, and time behavior, all of
which are essential concepts in CPS. Moreover, verifica-
tion and code generation tools exist for many of these lan-
guages, allowing to go beyond simple modeling and simu-
lation, and facilitating the process of going from high-level
models to low-level implementations.

Despite these advances, however, no universally ac-
cepted solution exists for heterogeneous modeling. In fact,
integration of modeling languages and tools is still a com-
mon theme in many research or industrial projects, as well
as products (e.g., co-simulation environments) despite the
fact that such solutions are often cumbersome to use and
unsatisfactory, at best.

One of the longest efforts attacking the heterogeneous
modeling problem is the Ptolemy project [15, 25]. Ptolemy
follows the actor-oriented paradigm, where a system con-
sists of a set of actors, which can be seen as processes exe-
cuting concurrently and communicating using some mech-
anism. In Ptolemy, the exact manner in which actors exe-
cute (e.g., by interleaving, in lock-step, or in some other or-

! We should emphasize the importance of syntax, in addition to semantics,
in choosing a MoC. State machines, for example, can be given a discrete-
time semantics, and so can a synchronous language such as Lustre [19].
Even though the two have the same semantics, their syntax (in the broad
sense) is very different, which makes them suitable for different classes of
applications.
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der) and the exact manner in which they communicate (e.g.,
through message passing or shared variables) are not fixed
once and for all: they are defined by an MoC. The imple-
mentation of an MoC in Ptolemy is called a domain and is
realized by a director, which semantically is a composition
operator. Currently, Ptolemy includes a number of differ-
ent domains and corresponding directors, including, finite-
state machines (FSM), synchronous data flow (SDF) [26],
synchronous reactive (SR) [11, 19, 14], and discrete event
(DE) [7, 33,9, 37, 23, 30, 8].

Among the important characteristics of Ptolemy is that
(a) it is open-source (and free); and (b) it is architected to
be easily extensible. Thanks to these features, new domains
and new actors are being added to the tool by different
groups, depending on their specific interests.

Another essential feature of Ptolemy is that domains can
be combined hierarchically, in an arbitrary fashion. For ex-
ample, the model in Figure 1 combines SDF with hierar-
chical FSMs; the model in Figure 3 combines DE with
FSMs. This is the fundamental mechanism that Ptolemy
provides to deal with the heterogeneous modeling prob-
lem. It allows designers to build models where different
parts are described in different MoCs, in a well-structured
manner [15].

In this paper, we are particularly interested in one as-
pect of heterogeneous modeling in Ptolemy, namely, modal
models. Modal models are hierarchical models where the
top level model consists of an FSM, the states of which
are refined into other models (possibly from different do-
mains). Modal models are suitable for a number of applica-
tions. They are especially useful in describing event-driven
and modal behavior, where the system’s operation changes
dynamically by switching among a finite set of modes.
Such changes may be triggered by user inputs, sensor data,
hardware failures, or other types of events, and are essen-
tial in fault management, adaptivity, and reconfigurability
(see, for instance, [36, 35]). A modal model is an explicit
representation of this type of behaviors and the rules that
govern transitions between behaviors.

The main contribution of this paper is to provide a for-
mal semantics of Ptolemy modal models. In the process,
we also give a modular and formal framework for Ptolemy
in general, which is an additional contribution. We do not
formalize all the domains of Ptolemy, however, as this is
beyond the scope of this work.

The paper is organized as follows. Section 2 briefly re-
views the visual syntax of Ptolemy through an example.
In Section 3 we provide a formalization of the abstract se-
mantics of Ptolemy. In Section 4 we provide the formal
semantics of Ptolemy modal models. In Section 5 we dis-
cuss possible alternatives and justify our choices. Section 6
discusses related work. Section 7 concludes the paper.

2. Visual Syntax

Ptolemy models are hierarchical. They can be built us-
ing a visual syntax, an example of which is given in Fig-
ure 1. This example contains, at the top level of the hier-
archy, a model with five actors, Temperature Model,

Bernoulli, ModalModel, SequencePlotter and
SequencePlotter2. The SDF domain is used at this
level, as indicated by the use of SDF Director, ex-
plained below. Temperature Model and ModalModel
are composite actors: they are refined into other models, at
a lower level of the hierarchy.

The refinement of ModalModel is an FSM with two
locations,® normal and faulty. This FSM is hierarchi-
cal: each of its locations is refined into a new FSM, as
shown in the figure. In Ptolemy, FSMs use implicitly the
FSM domain. This is why no director is shown in the FSM
models. The FSM director is implied. Note that, although
in this example the location refinements are FSMs, this
need not be the case: they can be models using any of the
Ptolemy domains (e.g., see example of Figure 3).

The refinement of Temperature Model is shown in
Figure 2. This refinement does not specify a domain (it
contains no director). In such a case, the refinement uses
implicitly the same domain as its parent, that is, in this case,
the SDF domain. Since this model mixes SDF and FSM, it
is an example of a heterogeneous model.

The visual syntax of Ptolemy contains other elements,
which we briefly describe next. For details, the reader is
referred to [27, 24] and the Ptolemy documentation [1].
Each actor contains a set of ports, used for communication
with other actors. Ports are explicitly shown in the internal
model of a composite actor: for instance, fault is an input
port and heat is an output port of ModalModel. A port
may be an input, an output, both, or neither. Parameters
can also be defined: for instance, heatingRate is a
parameter of the top-level model of Figure 1, set initially to
0.1 (the value of parameters can be modified dynamically
during execution).

FSMs in Ptolemy consist of a finite set of locations, one
of which is the initial location, and some of which may
be labeled as final locations. Initial locations are indicated
by a bold outline; the initial locations of the FSMs in
Figure | are normal and heating. A transition links
a source location to a destination location. A transition is
annotated with a guard, a number of output actions and
a number of set actions. Guards are expressions written in
the Ptolemy expression language. Actions are written in the
Ptolemy action language. Guards of two or more outgoing
transitions of the same location need not be disjoint, in
which case the FSM is non-deterministic. The user can
indicate this, in which case transitions are visually rendered
in red. Default transitions, indicated with dashed lines, are
to be taken when no other transitions are enabled, i.e., their
guard is the negation of the disjunction of the guards of all
other transitions outgoing from the same source location.
Reset transitions, indicated with open arrowheads, result
in the refinement of the destination state being reset to
its initial condition. Preemptive transitions, indicated by
a red circle at the start of the transition, may prevent the
execution of the current state refinement, when the guard
evaluates to true.

2 For the visual syntax, we use the term location instead of state, in order
to distinguish it from the semantical concept of state (Section 3).
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3. Ptolemy Abstract Semantics

The semantics and execution of a Ptolemy model is defined
by means of so-called abstract semantics. The same mech-
anism is used to ensure compositionality of Ptolemy do-
mains. Mathematically, a Ptolemy model can be viewed as
an abstract state machine, with a set of states, inputs and
outputs. The abstract semantics defines the transitions of
this machine, that is, how its state and outputs evolve ac-
cording to the inputs.

Evolution can be seen as being untimed, that is, a se-
quence of transitions, or timed, that is, a sequence of tran-
sitions annotated by some timing information (e.g., a time
delay since the previous transition). It is interesting to note
that time is mostly external to the definition of the abstract
state machine, that is, the times in which transitions are
taken are primarily decided by the environment of the ma-
chine. However, timed, or proactive, machines can also be

defined, by providing means to impose constraints on these
times. We do this using timers (see Section 3.1.2). In the
absence of any such constraints, the machine is untimed, or
reactive.

From an implementation point of view, the abstract
semantics is essentially a set of methods (in the object-
oriented programming sense) that every actor in a model
implements. Composite actors also implement these meth-
ods, through their director. By implementing these methods
in different ways, the various types of Ptolemy directors
realize different models of computation. In the Java imple-
mentation of Ptolemy the abstract semantic methods form
a Java interface that actor and director classes implement.
This interface includes the following methods:?

e initialize: it defines the initial state of the ma-
chine.

e fire: it computes the outputs at a given point in time,
based on the inputs and state at that point in time.

e postfire: it updates the state.

A formalization of the abstract semantics of Ptolemy is
provided next.

3 For the purposes of this discussion, we omit some methods, e.g.,
prefire, etc. We also ignore implementation of communication be-
tween actors. See [1] for details.
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3.1 A formalization of abstract semantics of actors

3.1.1 Untimed actors

An untimed actor is formalized as a tuple
(S,s0,1,0,F,P).

The actor has a set of states S, a set of input values /, and
a set of output values O. The initialize method of
the actor is formalized as an initial state s € S. The fire
and post fire methods of the actor are formalized as two
functions F' and P, respectively, of the following type:

F:SxIxN—O
P:SxIxN—S

That is, F returns an output value y € O, given a state s € S,
an input value x € I, and an index j € N; P returns a new
state, given a state, an input value and an index. The index
is used to model non-determinism, and can be seen as a
“dummy” input.*

We require that F and P be total in S and /. F and P
may be partial in N (i.e., in their index argument), however,
we require that for any s € § and x € I, there exists at least
one j € N such that both F (s, x, j) and P(s,x, j) are defined.
If there is a unique such j for all s € § and x € [ then the
actor is deterministic. In that case we omit index j and write
simply F(s,x) and P(s,x).

The semantics of an untimed actor can be then defined
as a set of sequences of transitions, of the form:

0200 5y B 5y 202
such that for all i =0,1,..., we have s; € S, x; € I, y; € O,
and there exists j € N such that

i = F(Sivxivj) (D
sivt = P(si,xi, ) (2)
Note that, exactly what the sets S,/ and O are, and ex-
actly how the functions F' and P are defined, is a prop-
erty of a given actor: it is in this sense that this semantics
is abstract. Different actors will have different instantia-
tions of this abstract semantics. Also note that the above
elements essentially define a non-deterministic Mealy ma-
chine, where F is the output function of the machine, and
P the state update function. This machine is not necessar-
ily finite-state. The input and output domains may also be
infinite.

Examples of untimed actors A simple untimed actor is
the Gain actor which produces at its output a value k - x
for every value x appearing at its input. k is a parameter of
the actor. This actor is deterministic. It has a single state,
and therefore a trivial (constant) update function P. Its F
function is defined simply by: F(x) = k- x.

4 Since j € N, we can model unbounded, but enumerable, non-
determinism. The reader may wonder why we do not model the pair F, P
simply as a single function with type S x I — 205, that is, taking a state
and an input and returning a set of state, output pairs. The reason is that
we want to decouple output and update functions, which allows to give
semantics of modal models in a modular manner: see Section 4.2. Once
the F and P functions have been decoupled, it is necessary for some book-
keeping in order to keep track of non-deterministic choices, that must be
consistent among the two functions. This role is played by the index j € N.

3.1.2 Timed actors

The semantics of timed actors extend those of untimed
actors with time. In particular, timed actors have special
state variables, called timers, that measure time. Our timers
are dense-time variables (they take values in the set of
non-negative reals, R>¢) inspired by the model of [13]. A
difference with [13] is that in our case timers can be created
or destroyed dynamically, and the set of timers that are
active at any given time is not necessarily bounded. Also,
our timers can be suspended and resumed, which is not the
case with the timers of [13]. Timers are sef to some initial
value when they are created, and then run downwards (i.e.,
decrease as time elapses) until they reach zero, at which
point they expire. A timer can be suspended which means
it is “frozen” and ceases to decrease with time. It can
then be resumed. Suspended timers are also called inactive,
otherwise they are active.

In the case of timed actors, the sets I and O often contain
the special value € denoting absence of a signal at the
corresponding point in time. We will use this value in the
examples that follow.

Consider a timed actor with fire and postfire functions F
and P. The semantics of this actor can be defined as a set
of sequences of timed transitions of the form:

X0.v0,do  x1.y1.d1 | X2.y2.da
20,00 o) ML o) R L

50
such that there exists a sequence of indices jy, ji,... € N,
andforalli=0,1,...,wehaves; €S, x;€1,y,€0,d; €T,
and

yi = F(sixi, ) 3)
sivt = P(si ©di,xi, i) “)
d; < min{c|c an active timer in s; } 5)

d; € R>( denotes the time elapsed at state s;. 5; © d; denotes
the operation which consists in decrementing all active
timers in s; by d;. Condition (5) ensures that this operation
will not result in some timers becoming negative, i.e., that
no timer expiration is “missed”. This condition therefore
“forces” the environment of the actor to fire the actor at
least at those instants when its timers are set to expire.
Note that the actor could also be fired at other instants as
well, for example, whenever an external event is received.
The actor itself does not, and cannot, specify those other
instants, because they are generally context-dependent.
Notice that, even though the above semantics does not
explicitly mention suspensions and resumptions of timers,
these actions can be easily modeled as part of the inputs
x;. In Ptolemy, these inputs are not accessible to the user,
however, only to the director. This is particularly the case
for hierarchical modal models, as described in Section 4.2.

Superdense time: It is worth noting that the delays d;
can be zero. This implies in particular that multiple output
events can occur at the same real-time instant. It is conve-
nient to model such cases using so-called superdense time,
i.e., the set R>o x N [32, 28, 31]. Then, an output y can
be seen as a signal with a superdense time axis, that is, as
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a partial function from R>g x N to a set of values. For in-
stance, in a run of the form

X0.50.d0 X1 y1,d1  X2.y2.do
LIJ0 o) TS gy TR L

50
where dy = d; = 0 and d; > 0, the output signal y can be
seen as a function on superdense time, such that y(0,0) =
y0, ¥(0,1) = y1, ¥(d2,0) = y», and so on.

Examples of timed actors

First, let us consider a DiscreteClock actor that pe-
riodically emits some value v at its output, with period
T € R-p. Both v and ® are parameters of the actor. The
DiscreteClock actor has no inputs. It has a single state
variable which is a timer c. Initially, ¢ = 0 (as an option,
the user can also set initially ¢ = =, in which case the ac-
tor will not produce an event until after one period). The
F and P functions of DiscreteClock are defined below
(the actor is deterministic, so we omit reference to index j):

F(c)
Ple) =

vifc=0,andeifc >0
nifc=0,andcifc >0

The definition of F states that an output with value v is
produced when the timer c¢ reaches zero, otherwise, the
output is absent. The definition of P states that the timer
is reset to ™ when it reaches zero and is left unchanged
otherwise.

Next, let us consider the ConstantDelay actor,
which, for every input with value x that it receives at time
t, it produces an output with value x at time # + A, where
A € Ry, is a parameter of the actor. As state variables,
ConstantDelay maintains a set of active timers C plus,
for each ¢ € C, a variable v, to memorize the value that
must be produced when c expires. Initially C is empty. A
new timer c is added to C whenever an input is received:
at that point, c¢ is set to A and v, is set to x, the value of
the input. When a timer ¢ expires it is removed from C
and output with value v, is produced. Formally, a state s of
ConstantDelay is a set of triples of the form (c,d.,v.),
where c is a timer, 8, € R>¢ is the current value of ¢, and
v is as explained above. The initial state is so = 0. The F
and P functions of ConstantDelay can be defined as
follows (again we omit j because of determinism):

_f ve if3(c,0,vc) €
F(s,x) = { €  otherwise

P(s,x) = { (s\{(e,07)HUQ  if3(c.0.v) €5

sUQ otherwise
0 - {(c,A,x)} ifx#¢eand A(c,8.,v) € s
10 otherwise

Note that a “fresh” timer ¢’ is created only when the input
x is not absent, as defined by Q.

3.1.3 Untimed actors as a special case of timed actors

As expected, an untimed actor can be seen as a special case
of a timed actor, with no timers. Because of this, untimed
actors can also be given semantics in terms of sequences
of timed transitions. In this case, Condition (4) reduces to

Condition (2), and Condition (5) is trivially satisfied with
the convention that the minimum of an empty set is infinity.
This means that the time instants when untimed actors are
fired are entirely determined by the context in which these
actors are embedded.

3.2 Composite actors

As illustrated in Section 2, Ptolemy allows to build hier-
archical models, by encapsulating a set of actors, plus a
director, within a composite actor. The latter is itself an ac-
tor, thus can be further encapsulated to create new compos-
ite actors. Models of arbitrary hierarchy depths can be built
this way.

A composite actor C has an abstract semantics just like
any actor. How this abstract semantics is instantiated de-
pends on: (a) the instantiation of the abstract semantics of
the internal actors of C; and (b) the director that C uses.

Directors can be viewed formally as composition oper-
ators: they define functions F' and P of a composite actor
C, given defined such functions for all internal actors of C.

A large number of directors are included in Ptolemy, im-
plementing various models of computation. It is beyond the
scope of this document to formalize all these directors. We
informally describe two of them, namely, SR (synchronous
reactive) and DE (discrete event). More information can be
found in [23, 14, 29, 30, 8]. In the next section, we formal-
ize the semantics of the FSM Director. The latter imple-
ments modal models, which is the main topic of this paper.

Synchronous Reactive (SR): Every time a composite ac-
tor C with an SR director is fired, the SR director repeatedly
fires all actors within C until a fixpoint is reached. This fix-
point assigns values to all ports of actors of C. Note that,
because of interconnections between actors, some output
ports are typically connected to input ports of other actors
of C, and therefore obtain equal values in the fixpoint. The
fixpoint is defined with respect to a flat CPO, namely, the
one that has a bottom element L representing an “unde-
fined” or “unknown” value, and all other, “true” values,
greater than L in the CPO order (see [14]). The fixpoint is
computed by assigning initially L to all outputs, and then
iterating in a given order the F functions of all actors of C.
Any execution order can be used and is guaranteed to reach
the fixpoint, although some execution orders may be more
efficient (i.e., may converge faster). When the fixpoint is
reached, the fire() method of the SR director (and conse-
quently, of C) returns.’ The postfire() method P of C is im-
plemented by invoking the P methods of all internal actors
of C.

Discrete Event (DE): DE leverages the SR semantics, but
extends it with time. (see [23, 8]). As is typical with DE
simulators, the DE director maintains an event queue that
stores events in timestamp order. Initially, the event queue
is empty. When actors are initialized, some of them may
post initial events to the event queue. Whenever the com-
posite actor is fired, the earliest events are extracted from

5 The fixpoint may contain L values, which means the model contains
feedback loops with causality cycles. In this case, the Ptolemy implemen-
tation returns a Java exception.
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the event queue and presented to the actors that receive
them. In contrast to standard DE simulators, Ptolemy in-
corporates the SR semantics for processing simultaneous
events. In particular, a fixpoint is computed, starting with
the extracted events at the specified ports, and L values for
all other, unknown, ports. Fire() returns when the fixpoint is
found, as in the SR case. Postfire() consists in calling post-
fire() of internal actors, as in the SR case. During postfire(),
actors may post new events to the queue.

4. Modal Model Semantics

A modal model M is a special kind of composite actor. In
the visual syntax, M is defined by a finite-state machine
M. whose locations can be refined into sub-models, as
illustrated in Figure 1. In Ptolemy terminology, M. is called
the controller of M. Each of these sub-models is itself a
composite actor. Therefore, the internal actors of M are
the composite actors that refine the locations of M., plus
M. itself. Note that a special case of modal model is an
FSM actor: this is a modal model whose controller has
no refinements. Another special case of modal model is a
hierarchical state machine: this is a modal model whose
refinements are FSM actors or are themselves hierarchical
state machines.

In this section, we describe the semantics of modal mod-
els, starting with the simple case of FSM actors, and ex-
tending to the general case of modal models.

4.1 Semantics of FSM actors

FSM actors are untimed actors. For a given FSM actor M,
its set of states is the set of all possible valuations of the
state variables of M. The set of state variables includes
all parameters of M (which in Ptolemy can be changed
dynamically) as well as a state variable to record the current
location of M. A valuation is a function assigning a value
to every state variable. The initial state assigns to each
parameter its default value (specified by the user) and to
the location variable the initial location (also specified by
the user). M may also have inputs and outputs, defined in
Ptolemy’s visual syntax by input and output ports that the
user specifies, as in Figure 1.

A state s and an input x of M, together with the tran-
sitions of M, define a finite set s;,s7,...,5¢ of successor
states, as follows. Let [ be the location of M at s and con-
sider an outgoing transition from /. If the guard of this tran-
sition is satisfied by s and x we say that the transition is en-
abled. Suppose there are k > 1 enabled transitions. Enabled
transition j defines successor state s;. In particular, if the
destination location of the transition is /;, then the location
at s; is set to /;. Moreover, any parameters that are set in
the set action of the transition are assigned a corresponding
new value at s;, and the rest of the parameters remain un-
changed (i.e., have the same value at s; as at s). Therefore,
this defines function P on s and x, as follows: P(s,x, j) =5,
for j =1,...,k. If there are no enabled transitions at s and x,
then there is a unique successor state, namely s itself, and
we define P(s,x, j) = s, only for j = 1.

The output actions of the enabled transitions define a set
Y1,¥2,...,Vx of output values, therefore, they define function
F on s and x, as follows: F(s,x, j) =y;, for j=1,....k. The
output values are the values that the output action assigns to
output ports of the actor. If an output port is not mentioned
in the output action, or if no transitions are enabled (and
therefore no output actions are executed) then the value of
this port is €, i.e., “absent”.

4.2 Semantics of general modal models

A general modal model M consists of its controller M.,
which is an FSM actor with n locations, [1,...J,, plus a set
of composite actors My, ...,M,, where M; is the refinement
of location /;. Some locations may have no refinement: this
is handled as explained below. Without loss of generality,
we assume that the initial location of M. is | (a controller
has a single initial location). We also denote by S the set
of locations: §¢ = {/y,...,1,}.

We denote by S', i), F', P', respectively, the set of states,
initial state, fire and postfire functions of M;. As explained
in Section 3.1.3, untimed actors are special cases of timed
actors, therefore, without loss of generality, we can assume
that all composite actors M; are timed. Then, denote by C"
the set of timers of M;.

In addition, without loss of generality, we can assume
that every location has a refinement. Indeed, if location /;
has no refinement, then the above elements can be defined
trivially: S as a singleton set (i.e., containing a single state
which is also the initial state), F' as the identity function
from inputs to outputs, and P’ as the constant function,
since the state is unique.

In a modal model M, the sets I and O of input and output
values are the same for all internal actors of M, namely,
M., M,,...,M,, and the same for M as well.

The set of states S of M is the cartesian product of the
sets of states of all internal actors of M, and similarly for
the sets of initial states, i.e.:

SEx S x . xS

(ll,s(l),...,sg)

S

So =

Although timers are just a special kind of state variables,
it is convenient to be able to refer to them specifically.
Therefore, we define C to be the set of timers of M, as

In s, all timers except those in C! are set to their suspended
state. Those in C! are set to their active state.

It remains to define functions F and P of M. Consider a
state s € S and an input x € I. Let s = (s,,51,...,5,) be the
vector of component states of M., M, ..., M,, respectively.
Suppose the location of M, at s, is [;. Let J C N be the set
of indices j for which F'(s;,x, j) and P!(s;, x, j) are defined.
We distinguish cases:

1. There are no outgoing transitions of M, from location
[; that are enabled at s and x. Then, for j € J, we define
F(s,x,j)=F'(si,x, J), P(s,x,j) = (s¢, s, ...,s},), where:
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(a) s} = P'(si,x, j);
(b) forallm=1,...,

2. There exist k > 1 preemptive outgoing transitions from
l; that are enabled at s and x. Suppose, without loss
of generality, that the j-th such transition goes from
location [; to location [;, for j = 1,...,k, and denote
its output action and set action by o; and [3;, respec-
tively. Then, for j = 1,....k, we define F(s,x,j) =y;
and P(s,x, j) = (s.,s],...,s),), where:

n with m # i, we have s/, = sy,.

(a) y; is obtained from o}, as in the FSM actor seman-
tics;

(b) s.. is obtained from /; and B; as in the FSM actor
semantics;

(c) if the j-th transition is not a reset transition then s;. is
identical to s, except that all suspended timers in c/
are resumed; if the j-th transition is a reset transition
then s’j is the initial state of M: s’j = s} (note that
the timers of M, if any, are also re-initialized in the
case of a reset transition);

(d) sf is identical to s;, except that all timers in C! are
suspended;

(e) forallm=1,...,

I
Sy, = Sm.

n with m # j and m # i, we have

3. There are no preemptive outgoing transitions from /;
that are enabled at s and x, but there exist K > 1 non-
preemptive outgoing transitions from /; that are enabled
at s and x. Let j; = 1,....k and suppose that the j;-
th such transition goes from /; to [;, and has output
and set actions o, and B; . Let j, range in J. Then,
for j = ji - jo, we define F(s,x, j) =y; and P(s,x, j) =
(sl.,8h,...,s},), where:

(a) y; is obtained by applying the output action o, to
Fi(si,x, j), that is, to the output produced by M; for
non-determinism index j;

(b) s’. is obtained as in Case 2b.

C
(c) s’j is obtained as in Case 2c.
(d) s;' is obtained by applying the set action Bj, to
P'(s;,x, j2) and suspending all timers in C';
(e)forallm=1,...,

I
Sy = Sm-

n with m # j and m # i, we have

Item 1 treats the case where no transition of the con-
troller is enabled: in this case, the modal model M be-
haves (i.e., fires and postfires) like its current refine-
ment M;. Item 2 treats the case where preemptive tran-
sitions of the controller are enabled, possibly in addition
to non-preemptive transitions. In this case the preemp-
tive transitions preempt the firing and postfiring of M;,
and only the outputs produced by the transition of the
controller can be emitted. Item 3 treats the case where
only non-preemptive transitions of the controller are en-
abled. In this case, before choosing and taking such a
transition non-deterministically, we must fire (again, non-
deterministically in general) the current refinement M;.
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Figure 3. A Ptolemy model with a timed modal model.

Examples As afirst example, consider the Moda1Model
actor of Figure 1. The controller of ModalModel is the
automaton with locations labeled normal and faulty.
The refinements of both these locations are FSM actors.
As all refinements are untimed, ModalModel is also un-
timed. The refinement of faulty is a non-deterministic
FSM actor, as the outgoing transitions of its heating
location have both guard true. The state variables of
ModalModel are the location variables of all FSM actors,
plus the count parameter (the other parameters, such as
heatingRate, etc., should in principle also be included
in the state; however, they can be omitted since they re-
main invariant). A sample of the values that the F and P
functions of ModalModel take is given below (because
of determinism, the index parameter j is omitted):

F ((normal, heating, cooling,10), (22, fault)) = —0.05
P((normal heating, cooling, 10), (22, fault

= —0.05

Fault))
(normal, coollng,coolmg, 0)
F((normal heating, cooling, 10), (22, fault) )

P((normal heating, cooling, 10), (22, fault)
(faulty, coollng, heating,0)

The first two equations correspond to Case 1 whereas the
last two equations correspond to Case 3. No preemptive or
reset transitions exist in this model.

Another example, that illustrates timed modal models,
is shown in Figure 3. This model switches between two
modes every 2.5 time units. In the regular mode it gen-
erates a regularly-spaced clock signal with period 1.0 (and
with value 1, the default output value forDiscreteClock).
In the irregular mode, it generates pseudo-randomly
spaced events using a PoissonClock actor with a mean
time between events set to 1.0 and value set to 2. The re-
sult of a typical run is plotted in Figure 4, with a shaded
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Figure 4. A plot of the output from one run of the model
in Figure 3.
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Figure 5. A variant of Figure 3 where a preemptive
transition prevents the initial firing of the innermost
DiscreteClock actor of that model.

background showing the times over which it is in the two
modes. A number of observations worth making arise from
this plot.

First, note that two events are generated at time 0, a
first event with value 1, at superdense time (0,0), and a
second event with value 2, at superdense time (0,1). The
first event is produced by DiscreteClock, according
to the semantic rules of Case 3a. If we had instead used
a preemptive transition, as shown in Figure 5, then that
first output event would not appear: this is according to the
semantic rules of Case 2a and the fact that the action of the
preemptive transition does not refer to the output port.

The second event is produced by PoissonClock, ac-
cording to the semantic rules of Case 1. The reason for
this second event is the following. When the model is
initialized, a timer is set by PoissonClock to value
zero: this means that this timer is to expire immediately,
i.e., PoissonClock will produce an output immediately
when it starts, and at random intervals thereafter.® When
the irregular state is entered, this timer is resumed and
since it has value 0, is ready to expire. This forces a new fir-
ing of ModalModel and ultimately of PoissonClock,
which produces the event at superdense time (0, 1).

Another interesting observation concerns the output
events with value 1 occurring at times 3.5, 4.5, 8, and so
on. These events occur at times during which the model
is at the regular mode. Notice that the model begins in
the regular mode but spends zero time there, since it

6 This is the default operation, which can be optionally modified by the
user by setting the appropriate parameter of the PoissonClock actor.

immediately transitions to the i rregular mode. Hence,
at time 0, the regular mode becomes inactive and the
timer of DiscreteClock is suspended. Since no time
has elapsed yet, the timer is equal to 1, the value of the pe-
riod, at this time. When regular is re-entered at time 2.5,
this timer is resumed, and expires one time unit later, i.e., at
time 3.5. This explains the event at that time. Moreover, the
timer is reset to 1 during postfire(), according to Case la.
It expires again 1 time unit later, which explains the event
at time 4.5. Finally, it is reset to 1 at time 4.5, suspended at
time 5, and resumed at time 7.5, which explains the event
at time 8.

The above examples may appear rather artificial, how-
ever, they are given mainly for purposes of illustration
of the semantics. More interesting and realistic examples
can be found in the open-source distribution of Ptolemy
available from http://ptolemy.eecs.berkeley.
edu/. Detailed descriptions of some of these examples can
be found in other publications of the Ptolemy project. For
modal models in particular, we refer the reader to the case
studies described in [8].

5. Alternative Modal Model Patterns

It is instructive to briefly discuss alternative definitions of
modal model semantics and justify our choices.

First, consider our design choice to have the refine-
ment M; of location /; in a modal model M “freeze” while
the controller automaton is in a location different from /;.
“Freezing” here means that M; is inactive, in terms of its
state which does not evolve at all. This includes in partic-
ular the timers of M;, which are suspended until /; is re-
entered. An alternative would be to consider all refinements
“live”, but to feed the inputs of M only to the currently “ac-
tive” refinement, say M;, and to use the outputs of M; as out-
puts of M. Let us term this alternative as the “non-freezing”
semantics, for the purposes of this discussion.

One issue with the non-freezing semantics is that it is
redundant from a modeling point of view. Indeed, as we
show next, there exists a simple design pattern that allows
the non-freezing semantics to be easily implemented in
Ptolemy. Since this mechanism already exists, there would
be no need to add modal models to get the same semantics.
In fact, using different modeling patterns that result in the
same semantics may be confusing.

This design pattern, which we call the switch-select pat-
tern, is illustrated in Figure 6. There are five actors in this
model, M1, M2, Controller, BooleanSwitch and
BooleanSelect. M1 and M2 represent the refinements
of the non-freezing modal model that the pattern captures,
and Controller is its controller (which is assumed to
have 2 locations in this example). The switch and select ac-
tors control the routing of the inputs/outputs to/from either
M1 or M2, depending on the state that the Controller is
in. The latter may in turn generally depend on outputs of
these actors, which is captured by the communication links
between Controller, M1 and M2.

Another issue with the non-freezing semantics is that it
is less modular than the freezing semantics. In the freez-
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Figure 6. The switch-select pattern.

ing semantics, a subsystem (refinement of a certain loca-
tion) is completely unaffected by being suspended. In the
non-freezing semantics, behavior of a subsystem continues
while the latter is inactive, only with absent inputs. Thus
the evolution of the subsystem depends on how much time
it remains inactive, for instance.

Another design choice could be to have time pass in in-
active subsystems, i.e., to have their timers active, while
having the rest of their state be frozen. The disadvan-
tage of this approach is that for many components (e.g.
DiscreteClock), the state is intrisically bound to time.
It is therefore hard to separate the two notions.

Finally, it is worth mentioning the approach taken in
the Simulink/Stateflow tool from the Mathworks. Simulink
is a hierarchical block diagram language. Some Simulink
blocks can be Stateflow models, that is, hierarchical state
machines similar to Statecharts [22]. Simulink blocks,
however, cannot be embedded into Stateflow as state refine-
ments. The way to get modal behavior in Simulink/Stateflow
is by connecting Stateflow outputs to enable inputs of
Simulink blocks. When a block is disabled, it is frozen,
as in the Ptolemy semantics. Contrary to Ptolemy, how-
ever, the output of a disabled block can still be used as it
still exists: it is simply held constant while time passes.

6. Related work

A number of formalisms based on hierarchical state ma-
chines (HSMS) have been studied in the literature, in-
cluding Statecharts [22], SyncCharts [5], and commer-
cial variants such as Stateflow from the Mathworks or
Safe State Machines from Esterel Technologies [6] (SSMs
are based on SyncCharts). Hierarchical state machines
are also one of the diagrams of UML. The main differ-
ence of Ptolemy modal models with respect to the above
is that in Ptolemy modal model refinements are not re-
stricted to state machines or concurrent state machines
(built with AND states). In Ptolemy, refinements can in-
clude other domains as well, for instance, as in Figure 3.
Note that AND states can still be modeled in Ptolemy,
using concurrent ModalModel actors. For instance, the
TemperatureModel and ModalModel actors shown
in Figure 1 are concurrent: the TemperatureModel
could very well be another modal model. Note that in this
case, a MoC such as SR or DE must be specified, in order
to define the semantics of the composition of these actors.

Even when we restrict our attention to pure HSMs with
no concurrency, there are differences between the Ptolemy
version and the models above. A variety of different se-
mantics has been proposed for Statecharts for instance,
see [10, 16]. Operational and denotational semantics for
Stateflow are presented in [21, 20]. Implicit formal seman-
tics of Stateflow by translation to Lustre are given in [34].

Also, contrary to Statecharts, SyncCharts and Stateflow,
Ptolemy modal models do not use broadcast events for
communication.” Guards may refer to input events, how-
ever, these events are transmitted using explicit ports and
connections, and are evaluated when the fire() or postfire()
methods are called (e.g., guard in_isPresent in Fig-
ure 3 is evaluated to true or false depending on whether
the value of the input is present or absent when the fire()
method is called).

Another difference with the above languages is that
Ptolemy modal models include both untimed (reactive)
and timed (proactive) models. Timed versions of State-
charts and UML (but not general modal models) have been
proposed in [12, 17].

The semantics we present are somewhat operational in
nature, given by functions that produce outputs and update
the state. Our semantics is also abstract, as in Abstract
State Machines [18]. Most importantly, our semantics is
modular, in the sense that we show how the output and
state update functions of composite actors are defined given
output and state update functions of sub-actors.

Formal studies of HSMs can be found in [3, 4, 2].

7. Conclusions

We presented a modular and formal framework for Ptolemy,
and described the semantics of modal models, as these are
implemented in Ptolemy. Modal models allow hierarchical
composition of state machines with other MoCs, therefore
generalizing hierarchical state machines and enriching het-
erogeneous modeling with modal behavior.

Existing Ptolemy models emphasize actor semantics, by
having an explicit notion of inputs and outputs. This is in
contrast to languages such as Modelica, which are based on
undirected equations. Note that feedback loops are allowed
in Ptolemy, and can be used to capture some form of equa-
tional constraints. How these loops are handled depends on
the domain used. In the SR and DE domains, for instance,
the equations are solved by fixpoint computations, as men-
tioned above. In the future we intend to study equational
constraints in more depth, borrowing ideas from languages
such as Modelica. One direction would be to implement a
Modelica domain in Ptolemy, which would work by trans-
lating Modelica models into, essentially, CT models, and

7 Tt is worth pointing out that, although it is common to refer to commu-
nication in Statecharts as being “broadcast”, this is slightly misleading,
since it implies that all processes receive all signals, which is not the case.
A more accurate description is “name matching” since, in fact, only those
processes that refer to the signal by name receive it. Name matching is as
static as ports in Ptolemy, but is less modular (changing the name in one
part of the model requires changing it at other places as well). It also re-
quires more effort to identify the communication links between processes
(e.g., when determining causality loops in a diagram).
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then handle the latter using numerical solvers. This trans-
lation could benefit from the code generation framework
available in Ptolemy [38].

Although our discussion in this paper focused on discrete-
time modal models, Ptolemy currently supports continuous-
time models as well, via the CT domain, which allows a
number of numerical solvers to be expressed, including
those that use backtracking [28, 29]. A formalization of
CT using the framework developed in this paper is a topic
of future work.

The semantics developed in this paper are operational.
It would be interesting to study also a denotational seman-
tics of modal models. The work reported in [20] could be
beneficial in that context.
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Abstract

Modeling and simulation of physical systems have become
a substantial part in the development of mechatronic sys-
tems. A number of usage scenarios for such models like
Rapid Control Prototyping and Hardware-in-the-Loop test-
ing require simulation in real-time. To enable model execu-
tion on a hard real-time target, a number of adaptations are
usually performed on the model and the solver. However, a
profiling facility is needed to direct the developer to perfor-
mance bottlenecks.

We present the concepts and a prototypical implemen-
tation of a profiler for the specific analysis of Modelica
models running on Scale-RT, a Linux-based real-time ker-
nel. The profiler measures the number of calls and execu-
tion times of simulation specific functions calls. Interpret-
ing these results, the developer can directly deduce which
components of a simulation model are most promising for
optimization. Profiling results and their impact on model
optimization are discussed on two case studies from the
area of thermodynamic automotive systems.

Keywords Real-Time, Modelica, Profiling, Optimization,
SimulationX, Scale-RT

1. Introduction

The modeling and simulation language Modelica is widely
accepted in transport industries, in particular in the automo-
tive area. Modelica is employed for modeling the physics of
the controlled system in the software development process
of electronic control components. Whereas so far simula-
tion aimed for conceptual validation in the early concept
phase, nowadays we find an increasing need for real-time
simulation or even real-time execution of models on micro-
controllers.

Prominent usages of real-time simulation are Rapid
Control Prototyping (RCP) [7] and Hardware-in-the-Loop
(HiL). These are techniques for the concept and develop-
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ment phases: The overall system is modeled as a combi-
nation of the controlled part and a model of the controller
- often in a unified modeling and simulation environment.
Combined simulation facilitates validation not only of the
concepts, but - in a stepwise refinement process - also of
the detailed functional and timing behavior of the controller
under design, provided detailed physical models and suffi-
cient computing resources are available. For this purpose,
the major requirement is that simulation runs as fast as
the real system. Several real-time platforms are available
to support RCP or HiL, like the open-source Linux-based
Scale-RT [9] running on standard PCs, or specific hardware
solutions e.g. dSPACE systems.

Another usage of real-time simulation is to execute the
model of the controlled system as part of the control: The
idea of Model Predictive Control (MPC) is to predict the
short term behavior of the physical system by feeding the
sensored data from the system into the model and simulate
its reaction on possible inputs from the controller, thereby
optimizing the controller strategy. In on-board diagnostics,
the results from a model running in parallel on the con-
troller are compared to the measurements of the real sys-
tem to deduce abnormal behavior that is a sign of failures.
For these usages, the simulation model has to be executed
on the same target as the control, i.e. a micro-controller
with restricted resources in many cases. Consequently, be-
ing part of the control component imposes hard real-time
constraints on model execution.

The usages we mentioned are in the context of hard real-
time systems (HRT), i.e. systems for which the timely re-
sponse has to be verified for all possible executions of a
system component. In contrast to hard real-time, a soft real-
time system is only required to perform its tasks according
to a desired time schedule on the average [3]. As a conse-
quence of the stringent needs for verification, the compo-
nent behavior of HRT systems has to be analyzed in detail
with respect to the timing constraints.

In order to guarantee predictable execution times, simu-
lations on real-time targets typically use a fixed-step solver
to solve the DAE-System (Differential Algebraic Equa-
tion). Moreover, such models require highly efficient mod-
eling to not exceed the given step size. But even then source
code that is automatically generated from Modelica models
may violate the timing constraints.
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During the solving process the solver generates events
for every zero crossing of a zero function. The solver ex-
amines the DAE-system in an interval close about these
events, so events cause additional work load and will in-
crease the model runtime.

So, timing problems of the simulation model may arise
from various causes like events or the internal complexity
of the model. They become evident when runtime exceeds
the solver step size and hence the HRT-system usually will
abort the execution (although there are ways to construct
solvers that are able to ignore such overruns (see [14]).

In case of a timing violation the developer of the simula-
tion model has to improve the model’s efficiency by reduc-
ing the model’s complexity, by setting better start values, or
other measures. But so far these steps are purely based on
the developer’s experience. Real-time profiling may help
to give him or her a better understanding of the underlying
DAE-System since Kernighan and Pike note "Measurement
is a crucial component of performance improvement since
reasoning and intuition are fallible guides and must be sup-
plemented with tools like timing commands and profilers."
[8]. Based on profiling results the developer is able to iden-
tify the components causing the main work load and de-
cide whether a submodel has to be enhanced or an algebraic
loop has to be broken.

There are several real-time profiling tools available in
particular for Linux-based systems [12, 2], but these are
general purpose profiles and not specifically well suited to
analyze code for real-time targets that was automatically
generated from tools like Dymola or SimulationX. First
of all, the actual profiling shall be performed on the real-
time target itself to get direct information about the runtime
on a specific host. Profiling an execution on a standard
PC under Windows and scaling the results for a specific
target as it can be done in other domains will not give valid
approximations here, because most approaches and tools
employ another (fixed-step) solver for execution on real-
time targets whereas variable step solvers are used under
Windows which differ significantly with respect to their
timing characteristics. In addition, the real-time target may
impose further restrictions on the profiling, e.g. the real-
time Linux Scale-RT 4.1.2 compiles and runs the model as
a Kernel-Module.

The described usage scenario in the development of sim-
ulation models requires a precise measurement of function
execution times and function call counting as well as mea-
surement of certain code sections representing algebraic
loops lead to the development of a new profiling tool that
can be used on such a real-time operating system.

Within the source code of a model calls to external li-
braries may occur, e.g. fluid property libraries. For mod-
eling of thermodynamic systems most of the work load is
generated by those function calls. Therefore it is necessary
to examine them closer.

In general, an algebraic loop results from connecting the
output of a submodel to the input of that particular model.
Due to this cyclic dependency relation, models containing
algebraic loops have to be solved iteratively. Algebraic

loops cause serious problems in simulation tools based on a
simple input-output-block structure like Matlab Simulink.
In equation based modeling the loops are traced back to the
underlying equations and may be solved analytically but
still many of them have to be solved numerically[ | 3].

The profiling method introduced in this paper will mea-
sure the execution time of each function call, to count func-
tion calls separately in each relevant section and to measure
the time needed to solve algebraic loops, so called "(non-
)linear blocks". Especially for profiling of real-time models
the overhead of the profiling method on the model runtime
shall be kept small. This is achieved by implementing the
producer-consumer-pattern as described in Section 4.

Basically this concept can be applied to each target op-
erating system and simulation environment (e.g. Dymola).
Even an online evaluation of the profiling results during ex-
ecution of the model could be implemented. Until now we
implemented this concept for models exported from Simu-
lationX to Scale-RT. The instrumentation for the case stud-
ies has been done manually, but automatisation will be fi-
nalized soon.

2. Profiling on Real-Time Targets

Tracing and profiling are two related techniques that aid the
developer to understand the behavior of a program. Tracing
gives a detailed view on which function is called, who is
the callee, how long does the execution take and also a call
counting may take place. Profiling instead gives a statistical
evaluation of average execution times and frequencies of
the function calls or the profiled sections [12].

The tracing results on a particular program execution
can be displayed as call-chains in a call-graph. A call-graph
demonstrates the possibly complex call structures anno-
tated with the execution times of the callee. Call-graphs
are especially helpful to understand the communication of
threads within multi-threaded applications. A Profiling tool
generates simpler, statistical results without any structure
or evaluation of the call context. However, as the execution
of a simulation model follows a fixed elementary plan as
described in Section 3, profiling is sufficient for our pur-
poses. Profiling and tracing generally involve three phases:

e instrumentation or modification of the application to
perform the measurement

e actual measurement during execution of the application

e analysis of results

Instrumentation adds instructions to the application for
measuring execution times, updating counter variables and
measuring the consumption of resources. Instrumentation
cannot only be performed at source code level but also dur-
ing compilation, linking or even at the target code level.
Where the instrumentation takes place depends on the pro-
filing tool. However, in any case the measured data need to
be traced back to the source code level for interpretation.

The instrumentation will obviously increase the execu-
tion time of the application, because additional steps will
be taken to measure and store the profiling or tracing data.
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In general, the overhead caused by instrumentation shall be
reduced to a minimum.

The two main approaches to profiling are based on sam-
pled process timing and measured process timing. In pro-
filing based on sampling, a hardware interval timer period-
ically interrupts the execution of the profiled application.
During interruption the profiling tool examines which parts
of the program have been executed since last interruption.
Profiling tools like prof [5] and gprof [4] are based on sam-
pling and commonly employed.

In profiling based on measured process timing the in-
strumentation procedures are called at function entry and
exit. When entering or leaving a function a time stamp is
recorded additionally to counters and timers. Profiling tools
like TAU [11] are based on this approach and we will fol-
low it, too.

3. Profiling of Modelica Models

Model created
in Simulator

1
[ Model converted to | | Solver I:
C source files  Target I/0-methods |!

[ User source code ]:

1
I
C source files of the model application !

Application

Figure 1. Export of models from a simulator to target

Simulation tools like SimulationX, Dymola or Mat-
lab/Simulink Realtime Workshop share the basic process
of exporting models which is depicted in Figure 1. The
simulator transforms the model to a DAE-System and after
that into C code written in a file. Several other sources are
added to the transformed model including a mathematical
solver and target specific I/O-methods, but those additional
files are always the same. Furthermore, user code can be
integrated manually at this point introducing user methods
or user libraries. This set of files builds the source code for
an application that calculates the desired results.

The C code originating from the models that were trans-
formed by the simulator have a common simple structure.
In the moment, this is specific to the framework used for
simulation, but with the new Functional Mock-up Interface
(FMI) [1] this is standardized. The FMI defines the exter-
nal interface between the C-Code or even the target code
generated from models and the solvers. By using the FMI
interface, models can be connected to any solver that real-
izes the solver’s side of the interface; and vice versa a solver
may be attached to any model that communicates via FMI.
Thereby models can be executed in "foreign" simulation

frameworks. When connecting the model code to a solver

which is part of the native simulator another internal and

more efficient interface may be used. However, in our cur-

rent approach the proprietary format of the model C code

provided by Simulation X is taken as input for the profiling.
To execute the model the following steps are taken:

e export of the model
e compilation of the model application
e transfer to the real-time target

e execution

The work flow for Scale-RT 4.1.2 as the target system is
as follows: SimulationX compiles the source of the model
in the Cygwin environment, which has to be installed un-
der Windows. This environment provides all libraries and
includes needed by this version of Scale-RT. The resulting
file is a tgz-file containing the compiled model and addi-
tional settings.

In order to be executed on the Scale-RT, the model
application is sent to the target system, e.g. by using the
Scale-RT Suite, which is part of the Scale-RT Environment
as well as Cygwin. Subsequently the model application
can be executed from the Scale-RT Suite. SimulationX is
able to send the model application to the target system and
execute it, too, but the results cannot be observed from
there.

In general, the model is separated in an initialization and
the simulation problem. Both of them consist of a number
of integration steps as well as a set of explicit calculations
of the outputs. A global fixed-step solver is used on real-
time targets for solving. In case of an overrun the execution
stops; so it is considered as a hard real-time simulation
guaranteeing the delivery of results within a certain time.

Each step of the global solver consists of one method
called several times representing the integration step and
one method called only once outputting the simulation
results through defined I/O-methods. Within those two
methods every calculation including function calls to user
libraries occur. Within the integration steps (non-)linear
equations (algebraic loops) that could not be solved analyt-
ically are evaluated numerically using a local solver. So the
structure of the source code for both, the initialization and
the simulation problem, looks as follows:

¢ Global solver step
* ns- integration steps
— eg- external function calls
— cy- additional calculations
— ay- (non-)linear blocks
+ e, external function calls

* ¢, 1 additional calculations

1 - output of variables
— ep- external function calls

— ao- additional calculations
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Because of the flat structure of the automatically gener-
ated source code the call-chain is not needed to understand
and analyze performance bottlenecks in a model in many
cases. We consider that a flat profiling for each relevant
section as the best choice. A flat profiling should be per-
formed on each (non-)linear block within the integration
step as well as the integration step and the output of vari-
ables itself. This gives the clearest view on the work load
caused by every single section.

Since hard real-time simulation shall guarantee the de-
livery of the results within the time limits, the maximum
runtime of a model is more important than the average run-
time. The profiling methods described in this paper mea-
sure and save the execution times of each simulation step
separately. Then the average and variance as well as the
maximum of the execution times are determined.

The aim of profiling is to direct the developer towards
parts of the model that are worth optimizing. But the devel-
oper is in charge of optimizing the model manually. How-
ever, after optimization it has not only to be verified that
the model application is running faster as before indeed,
but also that the optimized model calculates its results with
sufficient accuracy. So the work flow of real-time optimiza-
tion is as follows:

1. check model runtime, if real-time constraints are satis-
fied finish optimization
2. perform profiling

3. analyze the profiling data and identify performance bot-
tlenecks worth optimizing

4. optimize the model

5. check correctness of modification, if deviation errors are
too big revert and go back to 3.

6. go back to 1.

4. Implementation

[ Model created ]

in Simulator
|=o = ---------m---------------
Modified model ( Solver i

source files [ Target I/O-methods I:

Ly de_Ji
Profiling I/O-methods SEr source code i

C source files of the model application

[ Application ]

Figure 2. Modified export of models from a simulator to
target

Comparing figure 1 and figure 2 reveals the modifi-
cations necessary for profiling. The converted model C

source file and the file containing the main real-time rou-
tines have been modified to perform the profiling, access
a FIFO buffer and to provide buffer memory to store the
profiling data internally.

As explained, the contribution of the profiling on ex-
ecution times shall be as small as possible. In our con-
text where the model will be executed as a kernel model,
an efficient solution for outputing profiling data is a ma-
jor point for minimizing the overhead. Therefore we ap-
plied the consumer-producer pattern and divided the pro-
filing into two tasks: The real-time Kernel task executing
the model and a User Space task - outside the hard real-
time context of the kernel - evaluating and storing the mea-
sured data. The two tasks are communicating through first-
in-first-out (FIFO) buffer.

As displayed in figure 3 the source code for the model
application is compiled as real-time task kernel module in
Scale-RT. The goal of instrumentation of the kernel task is
to log each external function call’s execution time in detail.
The instrumentation can easily be automated. For different
analysis szenarios the instrumentation is configured to pro-
file only the functions calls and sections of interest. For the
case studies described in Section 5 insturmentation has to
be done manually, but automatisation will be finished soon.

In order to store the profiling data on the hard disk
without delaying the execution of the model, a consumer is
created reading the FIFO buffer, interpreting the data and
storing statistical data, the minima and maxima for each
global solver step on the hark disk. As the execution times
of different sections as well as the external function calls
are measured the overhead of the global solver as well as
the profiling overhead can be estimated by comparing it to
the performance of the uninstrumented model.

For profiling, the model allocates memory of a fixed size
for an intermediate buffer and a main buffer when it begins
to execute. The main buffer is used to store the data until
the non-real-time user task can process it. This buffer is
implemented as a double buffer to avoid buffer overflows.
As soon as the first buffer is filled the routine switches to
the secondary buffer and sends the content of the first one to
the FIFO buffer. The intermediate buffer is used to record
all profiling data of one global solver step and is emptied in
the main buffer at the end of the current step.

Since in version 4.1.2 of Scale-RT in combination with
Cygwin the Kernel-Module cannot export symbols to the
user address space, the main buffer cannot be accessed di-
rectly by the user task. Writing the data into the virtual file
system procfs a.k.a FIFO buffer is a temporary workaround
for this problem enabling the Kernel task to store data ef-
ficiently. The user task triggers the execution of a Kernel
tasks method which copies the main buffer into the FIFO
buffer. In future the main buffer will be accessed and read
out by the user task directly, therefore these buffers will use
shared memory allocation methods.

For each global solver step of the model, the profiling
methods record the following information:

e execution time and frequency of an integration step
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Figure 3. Communication between user task and model task

e execution time and frequency of each external function
call within the integration step that does not reside in-
side a (non-)linear block

e execution time and number of loops of each (non-)linear
block within the integration step

e execution time and frequency of each external function
call within each (non-)linear block

e execution time of outputting variables at the end of the
current step

5. Case Studies
5.1 Case 1: Moist Air inside the Cabin of a Car
5.1.1 Description

O~Ioss

O msteam
m . m
é‘n Qperson éOUt

Figure 4. Model of the air inside a cars passenger cabin

This Modelica model describes a simple system of the
air within a cabin of a car as displayed in figure 4 and it
uses the TEMO-property-library.

There is a mass flow of moist air entering the system
coming from the air conditioning and another mass flow of
moist air leaving the system. There is an heat flow induced
by the sun heating up the air inside the cabin and another
heat flow out of the cabin due to heat losses. In addition to
that there is a person inside the cabin who heats up the air
and also increases the moisture by a given water mass flow.

The thermodynamic properties of the moist air are mod-
elled on the basis of the ideal gas theory [15]. Condensing
and simple frost formation can be described with the prop-
erty equations given below. As the pressure in this case
study is about 1bar with temperatures down to 0°C' the
error introduced by applying the ideal gas theory is very
small.

20—
g (= pv) +
dT’ .
(cp - R’L) . % mo = Myp hin
+msteam : hsteam
*mc;ut : hout
+qun + Qpe'rson (1
dm . . .
E = Min + Msteam — Mout (2)
dms eam . .
Ttlf = Min - gzn + Msteam

_mout : fout (3)

Equation (1) is the first law of thermodynamics applied
to this model. The left side represents the dynamic change
of energy inside the cabin, the right side embodies the heat
and mass flows into and out of the cabin.

The pure mass balance is described in equation (2),
the balance for the water inside the cabin is defined by
equation (3). The concentration of water inside the air can
be calculated using these definitions.

This model has been developed during development of
the real-time TEMO-property-library, so it was used to
optimize the structure and interface of the library and has
been optimized several times. As a result, the number of
calculations is reduced to a minimum.

5.1.2 Results

Figure 5 shows the execution time of a global solver step
split into the main contributors described on page 3. The
four integration steps cause almost 98% of the work load.
The output of the results can be neglected as it causes less
than 1% of the work load. The summing up the integration
steps does not equal the model runtime, as the global solver
still has to evaluate the results and to perform auxiliary
operations. The profiling itself increases the gap between
the sum of each single contribution and the total runtime of
the model, but this manipulation cannot be avoided.

The impact of profiling on the execution times can be es-
timated by capturing the total runtime of the whole model
before and after the instrumentation. If every external func-
tion call and every (non-)linear block is profiled then the
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6.2 Future Work

We have shown that the implemented OMPD interface
successfully allows a user to simulate an arbitrary Modelica
model without discontinuities using PowerDEVS and the
QSS methods. However there are open problems that need
to be addressed in the future.

The OMPD interface should be extended to cover mod-
els with discontinuities. QSS methods are intrinsically well
suited for simulating discontinuous models. Therefore, it is
of great importance to add this functionality to the OMPD
interface. Most importantly, we shall then be able to per-
form large-scale comparisons between DASSL and QSS
algorithms for a variety of real-world models that are in-
herently discontinuous.

On the other hand, as discussed in Section 5.4, Pow-
erDEVS needs to be implemented more efficiently in or-
der to take advantage of all theoretical properties of the
QSS methods. In particular, the current simulation engine
is quite inefficient in the way it searches through the blocks
to find the one that produces the next event in the simula-
tion. This issue can be addressed by employing a more ef-
ficient search strategy, e.g. by organizing the atomic mod-
els in an equilibrated binary tree structure. These modifi-
cations are already being implemented, and we are look-
ing forward to incorporating these modifications in the next
PowerDEVS distribution.
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Abstract

Equation-based object-oriented modeling approach signifi-
cantly reduced effort needed for model implementation by
releasing modeler of performing many error-prone tasks.
An increasingly more complex models can be built, prefer-
ably from components of different model libraries. How-
ever, complexity of the models complicate the process of
verification — assuring that the model was implemented cor-
rectly and behaves as expected — and possible subsequent
debugging. A cause of error in a model with over 1000
different equations can be often hard to find by the desk-
checking method. This requires the development of new
modeling environment tools for model understanding and
automated discovery of the fault causes.

The difficulty of designing such tools in EOO modeling
environments is linked to the difficulty of mapping simula-
tion form to the model sources. Furthermore, debugging of
complex models consisting of over thousand equations by
traversing each equation may be very ineffective, especially
when the fault has multiple and not very evident causes.

A model reduction methods is proposed and discussed
as a method of verification. With model reduction meth-
ods it is possible to identify the most important parts of the
model which have contributed to the specific model behav-
ior. Because model reduction can be performed on original
model representation, the difficulty of mapping simulation
form back to model source is avoided.

Keywords verification, debugging of EOO models, veri-
fication by model reduction

1. Introduction

Important step in process of modeling and simulation
is verification of the model. With verification we assure
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matching of our conceptual model with the implementa-
tion of the model.

Traditionally models were implemented in imperative
programming languages and verification of the models
could rely heavily to the established software debugging
practices and techniques . However, declarative equation-
based object-oriented modeling languages, like Modelica,
introduced a new abstraction layer in implementation of the
model to improve modeling process. Differential algebraic
equations by which model is described can be entered di-
rectly and further such models can be combined into more
complex models according to the rules defined by their
interfaces. Such implementations of the models preserve
topology of the modeled system and models are thus more
evident and clear, but for simulation purposes such model
must be preprocessed — translated into the simulation form.
Translation is performed automatically.

Since the modeler is no longer acquainted with the sim-
ulation form of the model, the paradigm of the model
verification and debugging has changed and we can no
longer effectively use software debugging tools developed
for imperative programming languages. However, verifica-
tion and debugging of declarative modeling languages is
still not solved adequately and it remains a challenging re-
search topic.

2. Overview of verification techniques

A number of verification techniques have been developed,
spanning from very informal approaches to formal mathe-
matical proofs of correctness. Whitner and Balci [13] cate-
gorized verification methods into six distinct perspectives
based on increasing level of mathematical formality: in-
formal, static, dynamic, symbolic, constraint and formal
analysis. Effectiveness of verification usually increases as
method becomes more formal, but on behalf of increased
complexity.

2.1 Informal analysis

Informal analysis techniques, such as desk checking, are
most commonly used verification strategies where model
is evaluated using the human mind. The evaluations can
be made by mentally exercising the model, reviewing the
logic behind the equations, algorithms and decisions, and
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examining the effects that the various implementations will
have on the overall outcome of the model.

Declarative modeling languages specifically improve ef-
ficiency of the informal analysis of the model, since imple-
mentation of the model is close to the form of conceptual
model with preserved topology of the modeled system.

However, informal analysis is very time consuming and
its success depends on the level of knowledge and expertise
of the individual, which comes into concern when very
complex models are built with an aid of pre-prepared model
libraries with implementation of the components that may
not be completely known to the user.

2.2 Static analysis

Static analysis is a verification method where only the
source code of the model is analyzed without actually per-
forming simulation.

It is the best supported verification method by EOO
modeling tools. The most important aspect of it is struc-
tural analysis — checking that number of variables match
the number of equations in the model (resulting system of
equations derived from model is well-constrained) and in
case if over- or under-constrained system of equations was
detected, a tool (debugger) must be able to report the loca-
tion of the error consistently with the user’s perception of
the simulation model and possibly suggest the right error-
fixing solution [1]. In Modelica language standard 3.0, re-
strictions have been introduced into the language in order
to force matching of a number of unknowns and equations
on every hierarchical level (in each submodel) [8]. This
has improved efficiency of the debugging over- and under-
constrained models since it is possible to easily determine
a submodel with too many or too few equations.

Object-oriented modeling where variables are also ob-
jects with many additional properties besides value enables
also other kind of static analysis, for example, unit check-
ing [6].

The advantage of static analysis in EOO modeling is that
costly translation and simulation of the model is avoided,
but it can not fully verify that intentions of the modeler are
being met or determine the model’s behavior.

2.3 Dynamic analysis

Verification by dynamic analysis is accomplished by evalu-
ating model’s simulation results. In general this a complex
task since it is not easy to determine what to test and how
to test it. Furthermore, it can be complicated to interpret the
analysis’ results.

The EOO modeling introduce additional difficulties into
verification by dynamic analysis due to optimization per-
formed during translation of the model when a lot of in-
formation about the original model’s structure is lost. Map-
ping the simulation form back to original model is thus a
very challenging task.

Currently, no modeling tool supporting Modelica pro-
vides even the simplest run-time debugging capabilities
that could be used for inspecting of failed tests. However,
there were some prototypes of automated debuggers for
EOO languages developed [1, 9]. They are based on the

principles of debugging of the programming languages.
The debugging strategy is interactive and based on the
user’s choice of the variables which trajectories are wrong
and according to these variables the simulation form of
the model is sliced so that only parts (equations and algo-
rithms) having influence on selected-variables’ calculation
are shown to the user. A dependency graph is built where
nodes represent equations that contributed to the result con-
nected by directed edges labeled by variables or parameters
which are inputs or outputs from or to the equation rep-
resented by the node. Then the user is able to classify a
variable as variable with wrong value or classify an equa-
tion as correct (which results in rebuilding the dependency
graph) and modify some of equations and variables’ values
interactively. Each equation in dependency graph is also
mapped to model source.

Although debugging methods [1, 9] provide significant
advantage over no debugging tools at all, they have some
serious deficiencies. The user is basically still operating on
the level of model’s simulation form, even if mapping to
model code positions is provided. Also scalability, when
dealing with large models with many equations, is prob-
lematic while considering each equation one by one is very
impractical.

A special topic of dynamic analysis is resolving numer-
ical problems that might arise during simulation. However,
this is very advanced topic, while user must posses a good
knowledge of the simulation form to which model was
translated and properties of the numerical solver.

2.4 Symbolic analysis

Verification by symbolic analysis addresses some draw-
backs of the dynamic analysis, namely the inability to ver-
ify all possible test cases. Verification by symbolic analysis
seeks to determine the behavior of the model during simu-
lation by providing symbolic inputs to the model.

2.5 Constraint analysis

Constraint analysis verifies on the basis of comparison be-
tween model assumptions and actual conditions arising
during simulation of the model. The model assumptions
are made already during the development of the concep-
tual model. In Modelica they can be checked by means of
assert statement provided by language standard [7] and are
extensively used in Modelica Standard Library, for exam-
ple, in Modelica.Media it is in that way assured that the
medium equations are never used outside the valid temper-
ature range.

The disadvantage of constraint analysis is reliance on
formal model specifications which is needed to effectively
state and place the assertions. Creating a formal specifica-
tion is a difficult task.

2.6 Formal analysis

Formal analysis is based on formal mathematical proof of
correctness. It usually can not be applied even on the most
simple models and basically it has no practical value so far.
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3. Problematics of verifying EOO models

Modeling is a process of extraction, organization and rep-
resentation of the knowledge about physical system [2].

The contribution that equation-based object-oriented
modeling approach brought to the process of modeling
is implementation of the model close to the conceptual
model, i.e., model is stated in acausal form and topology
of the system is preserved. In contrast to traditional pro-
cedures where model was implemented in imperative lan-
guages, automatic translation of the model relives the user
of tedious and error-prone task of manual manipulation of
the model’s equations.

EOO modeling approach also enabled truly reusable
models and consequently many model libraries have been
developed. Rich selection of already prepared components
allows building relatively complicated and “error-free”
models with a little effort. However, although once com-
mon errors due to implementation in imperative languages
are no longer an issue, there can be identified three types
of faults emerging in EOO models which can be exposed
in simulation results [1]:

e when parameter values for the model simulation are
incorrect

e when the equations that specify the model behavior are
incorrect (violate physical laws)

e when submodels are used inappropriately (assumptions
about the system are violated)

These faults can be found by either failed assert statement
or by inspection of the simulation results (failed test).

When a fault is found in a model, the cause or several
of them (if the fault have multiple causes) have to be found
and corrected in the model implementation. For example,
if certain quantity in the model increased unbounded, al-
though stable system with bounded input signal have been
simulated, it is a plausible assumption that some equation
is wrong or some parameter has been assigned an unphys-
ical value. A strategy of traversing the equations related
to this quantity will certainly lead to the solution of the
problem, although in a large-size model this procedure is
somehow laborious. A debugger based on interactive de-
pendency graph proposed by [9] may be very useful in such
case.

However, a case when, for example, model’s response
exposes unexpected initial undershoot is much more com-
plicated to resolve. Initial undershoot may be a property
of the system (a nonminimal phase), only property of the
model (introduced by some modeling assumptions and
simplifications) or an error in the implementation. A simple
traversal of the equations related to the trajectory exposing
initial undershoot may not provide a proper insight, espe-
cially if a large-size model built from complicated com-
ponents is under consideration (e.g., component Dynam-
icPipe from the library Modelica.Fluid can consist of over
100 equations distributed to 10 models from which original
component is extended).

Verification of complex EOO models should be sup-
ported by a tool that directs the modeler towards the im-

portant parts of the model regarding a certain behavior of
the model (exposed by trajectories obtained by simulation).

3.1 Model reduction techniques

For some modeling purposes, most notably structural and
control design, large size models that include detailed dy-
namics are undesired, since determining the major design
parameters and their relationship to the system perfor-
mance is difficult [5].

Model reduction techniques represent also an important
aspect of the systems analysis, when a low-dimensional
model can provide qualitative understanding of the phe-
nomena under consideration [4]. An important property of
the model reduction methods when used in system anal-
ysis or for structural design is that it generates a proper
model, i.e. reduced model with the minimum complexity
required to meet the performance specifications and pos-
sessing physically meaningful parameters and states [5].

In attempt to reduce the complexity of the model (and
number of its parameters), a number of mixed numerical-
symbolic model reduction techniques have been developed
and successfully applied [11, 12, 4, 5].

Model order reduction techniques consists of running a
series of simulations, ranking the individual coordinates or
elements by the appropriate metric and removing those that
fall below a certain threshold [3].

The most straightforward metrics for reduction of the
proper models is related to energy or power. Method of
Rosenberg and Zhou [10] removes bonds with low power
from a bond graph model, Luca [5] introduces activity — the
time integral of the absolute value — and Ye and Youcef-
Youmi [14] reduces bond graph models by eliminating
bonds with smallest associated energy in comparison to
its neighbors. Chang er al. [3] eliminate system’s states
with low associated energy in the model comprised of La-
grangian subsystems with force interconnections based on
Lyapunov stability. Metrics related to energy or power re-
quires modeling formalism with clearly defined compo-
nents’ energy and power respectively. Method of Sommer
at al. [12] consists of term substitution and deletion (as
well as on some other simplification) in the equations of the
DAE system derived from the model. The term are ranked
according to their influence on the output error which is de-
fined as a difference of original and reduced model’s out-
put. The resulting simplified system of equations can be
interpreted again in the form of component equations and
can be mapped to a reduced model scheme.

For the simulations that are performed to obtain the error
estimates, excitation of the model must be selected in such
way that a valid model is obtained in a desired frequency
range.

3.2 Verification aided by model reduction techniques

Verification by dynamic analysis as well as subsequent de-
bugging in equation-based object-oriented approach could
be improved substantially by using model reduction tech-
niques.
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When a behavior of the model obtained by simulation is
not as expected or even erroneous, an explanation is sought.
It is sensible to first look at that components or (terms of)
equations and parameters of the model that have the most
influence on the dominant system dynamics and trajectory
of the model’s variable of interest respectively.

In a large-size models made up of components from var-
ious model libraries which implementation is not precisely
known to the user, it is not apparent which components or
equations of the model have the greatest impact on the re-
sponse of the model, i.e. on selected variable’s trajectory
(or part of it). Determination of the most influential com-
ponents can be automatized by using ranking algorithm
known from the model-reduction methods. The user could
focus only on the few components contributing most sig-
nificantly to the simulation results and potentially extend
his/her search to lower ranked components. Because the
ranking is affected by selected time-window, components
can be separated also according to the impact they have
during different time of simulation. For example, in the
steady-state, dynamic terms (those that include time deriva-
tives) are totally irrelevant, while at the beginning of the
transient, terms of equations describing the fast dynamics
of the system are those which are worth of the most atten-
tion.

Furthermore, on behalf of the user, proper reduced
model could be generated and the user could further ex-
periment on the reduced model which can be much more
easily understand. Because all the parameters and states of
the reduced model are physically meaningful, the changes
of the reduced model could be easily merged with original
model.

An important advantage of the model reduction of EOO
models is also that user never needs to consider the trans-
lated form of the model, while model reduction is per-
formed on the original representation of the model.

However, in general modeling language such as Mod-
elica, models can be implemented in various ways, for ex-
ample, entirely in textual form as a set of equations or by
connecting basic components from the Standard Library in
the graphical interface. That implies using different model
reduction strategies and possibly also different metrics.

4. Conclusions

Use of model reduction techniques for verification and
debugging have been proposed. Methods originated from
model reduction techniques can be used to rank the com-
ponents (equation terms) of the model with greatest impact
on the model behavior (selected trajectory) and proper re-
duced models can be generated on behalf of the user. Re-
duced models are easily to comprehend by the user and
while proper reduced models have physical meaningful pa-
rameters, changes done to the reduced model can be easily
merged to the original model.

The advantage of debugging aided by model reduction
methods over traditional software debugging methods is
that since the user does not need to consider the simula-

tion form of the model anymore, the difficult mapping of
translated equations to model source is not needed.

However, most model reduction methods requires spe-
cific modeling formalism (e.g., bond graphs) and can be
restricted to specific physical domains. The usefulness of
verification and debugging tools based on model reduction
techniques is therefore limited in a general EOO modeling
languages such as Modelica.
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