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ABSTRACT Keywords

The development of complex mechatronic systems requires a care-Hybrid Systems, Components, Reconfiguration, Unified Modelling
ful and ideally verifiable design. In addition, engineers from differ- Language (UML), Real-Time

ent disciplines, namely mechanical, electrical and software engi-

neering, have to cooperate. The current technology is to use blockl INTRODUCTION

diagrams including discrete blocks with statecharts for the design = ) ) ) )

and verification of such systems. This does not adequately supportVechatronic systems combine technologies from mechanical and
the verification of large systems which improve the system behav- l€ctrical engineering as well as from computer science [S]. The
ior at run-time by means of online reconfiguration of its controllers development of complex mechatronic systems, in particular the
because the system as whole has to be verified. It also does not supsoftware of those systems, has become a major challenge as the
port cooperative interdisciplinary work because a white-box view tight collaboration which is required between the different disci-
on all blocks involved in the online reconfiguration is required. Plines is difficult to achieve. The functionality of these systems is
This paper proposes a rigorous component concept based on théo a Iarge ex}ent defined by their software and its often complex
notion of UML component diagrams which enables modular com- Intéraction with the hardware. o )

position and decomposition of complex systems with online recon- _ 1his interplay between soft- and hardware is in turn mainly de-
figuration given by hierarchical hybrid component specifications. fined by the |nterface. between the discrete, event-based software
The approach enables compatibility checks between Componentscontrollers and quasi-continuous fee_dback controllers such that
that are often independently developed (across the different dis- those systems are usually called hybrid systems [2, 18, 28].

ciplines) and supports compositional model checking based on a  1h0se hybrid systems are usually time and safety critical. The
rigorously defined semantics. verification of their models is highly desirable to avoid failures dur-

ing operation of the system, because testing is not sufficient and
often not possible under real environment conditions.

Categories and Subject Descriptors Current standard technology for the design of such systems uses
D.2.2 [Software Engineering: Design Tools and Techniques—  block diagrams which contain blocks with quasi-continuous behav-
Modules and interfaces, State diagrani3.2.4 [Software Engi- ior as well as discrete blocks with statecharts to describe the dis-
neering]: Software/Program VerificationModel checkingl.2.8 crete behavior.

[Artificial Intelligence ]: Problem Solving, Control Methods, and Online reconfigurationmeans that continuous controllers are
Search—Control theory exchanged at run-time and that the communication structure is

changed. It enables an improvement of the system behavior sig-
nificantly as our example in Section 2 will illustrate.
General Terms Modeling reconfigurable systems with block diagrams and state-
Design, Languages, Verification charts is rather cumbersome. The resulting dependencies easily
) ] spread all over the whole model which complicates understanding
"Supported by the International Graduate School of Dynamic In- and formal verification. The behavior of the overall system has to
telligent Systems. University of Paderborn _ be studied exhaustively, which is usually only possible for small
This work was developed in the course of the Special Researchgy giems with only linear continuous behavior. Approaching recon-
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chanical Engineering - University of Paderborn, and was published figurable systems with block diagrams does therefore not scale and

on its behalf and funded by the Deutsche Forschungsgemeinschaftusually results in much manual, ad-hoc work to arrive at a reason-
ably correct system design.

In contrast to the commonly used separated discrete blocks, hy-
brid automata/statecharts [13, 4, 3, 2, 18, 28, 17] assign a control
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Our approach introduces a rigorously defined concept of a hy- prop.- valv ‘
brid component, based on the UML 2.0 component diagram nota-
tion, which has been informally introduced in [7]. The interface
of the hybrid component enables embedded components to be co-
ordinated appropriately by the embedding component without re-
ferring to all their implementation details. Within the components,
an extended hybrid version of UML Statecharts is employed to en-
able a clear separation between the discrete system specification
by event-based state-transition systems and the continuous system
specifications by differential equations and block diagrams.

It supports compositional verification by model checking [9] and
thus also scales for complex systems, at least concerning the proof
of the correctness of the specified timing properties and consistent
reconfiguration. It also supports a rather independent system design
by classical engineers who develop the specification of the contin-
uous part and software engineers who develop the specification of
the discrete part.

The need for such an approach is underlined by the OMG requeStquired motion of the coach body in order to compensate the cur-

for a proposal of UML for Systems Engineering [22]. Current re- ent track’s unevenne lobes. etc. As a track’s optimal reference
sponses to this request are currently being evaluated but to the best S unevi SS, Slopes, €lc. AS S opti

of our knowledge they do not address support for compositional curve does not change, shuttles can profit from the experiences of
verification and online reconfiguration former shuttles passing the track. Therefore a shuttle sends its ex-

We first review the state-of-the-art in modeling for reconfig- perience to a registry that provides this information to other shut-

urable mechatronic systems and related work in Section 2 and ad-tles'

ditionally define the semantics foundations. Then, the proposed T_h;s !eads t_o Tetg0|logV'E? procedl:retk:/vhten_a tshut]EIe entﬁersl a
notion for hybrid components is outlined and rigorously defined in registry’s area: (1) the shuttle requests the trajectory from the lo-

Section 3. The hierarchical composition of hybrid components, the cal registry, (2) th_e registry selects the appropriate track reference
modular verification of their correct reconfiguration, and the inte- curve and sends it to the shuttle, (3) the shuttle passes the track us-

gration with compositional model checking follows in Section 4. ing the referenpe curve, (4) thg shuttle sends an experien;e report
Thereafter, we sum up with a final conclusion to the local registry, (5) the registry uses the shuttle’s experience to

compute a new, optimized reference curve [21].

To guarantee stability the sophisticatedlerencecontroller re-
2. STATE OF THE ART MODELING AND quires —besides the reference curve— the vertical acceleration of the

RELATED WORK coach body, which is delivered by a sensor. If the reference curve

is not available or is not received in time the less comfortalble
solutecontroller has to be applied, which requires only the vertical
acceleration as input. If the sensor fails, oolbustcontroller has
to be applied, which provides the lowest comfort, but requires just
standard inputs to guarantee stability.

The example shows that the transmission of the reference trajec-

One particular problem that shows the interconnection between {07y has to meet real-time requirements. Further it demonstrates
the shuttle’s real-time behavior and its feedback control software is @t self-optimization often results in an online-reconfiguration of
the control of the suspension/tilt module. In this paper, we present 1€ feedback controllers.
the design of this control software. The schema of the relevant

hysical model of our example is shown in Figure 1. The ac- Zut “reference” o
phy p g 2 foeerce | 4
“absolute”

to the
actuators

Figure 1: Scheme of the suspension/tilt module

As a concrete example for a complex mechatronic product we use
a version of the software for the RailCab research prdjddte vi-

sion of the RailCab project is an entirely new type of mechatronic
rail system, where autonomous shuttles apply the linear drive tech-
nology used in the Transrapid, but travel on the existing passive
track system of the standard railway.

blending curves

tive spring-based displacement is effected by hydraulic cylinders. =
Three vertical hydraulic cylinders, arranged on a plane, move the ...
bases of the air springs via an intermediate frame, the suspensior™*=*

normal

frame. This arrangement allows a damping of forces in lateral and —
. . . . .o s B “robust”
vertical directions. In addition, it is also possible to regulate the (Il
level of the coach and add active tilting of the coach body. Three failure| pody control

additional hydraulic cylinders allow a simulation of vertical and lat-

eral rail excitation [16]. The vital task for the control system is to  Figyre 2: Fading between different continuous control modes
control the dynamical behavior of the coach body. In our example,

we will focus only on the vertical dynamic behavior of the coach Control . . ‘ h as th trol svstem for th
body. The choice of appropriate feedback controllers for this mod- susp?ennrsci)oﬁlr;ﬁ]tlrrlnesgglge ngeirgjéﬁ;ge:csribee dckf)ynr:]%asgks)oinéi-or €
ule is indispensable to provide the passengers a high comfort and Itagrams[24] as depicted in Figure 2. Thedy control (BC) compo-

is highly relevant for energy optimizations, safety, and stability. - - - S
anty Jy op Y Y nent, which is responsible for controlling the suspension/tilt mod-

There exist multiple different controllers applicable to the sus- . )
pension/tilt module. We focus on 3 controllers with different in- UIe’.IC%TS'.StS ct)f t_he tlhreti descrlbetc_i contr(zlle"rs. Depen(z_ent on ﬂ:e
and outputs, providing different comfort: One controller provides '?'\éal a ; € Inpu s.lgnall.s,l be lrespec lvedctﬁn r% erls ?re ac ||ve (:.r not.
sophisticated comfort by referring to a trajectory describing the re- ereterence signal Is labeledas, and the absolute acceleration
aSZaps. The outputsXz A ret, ..., Xz,c,rey denote the positions

http://mwww-nbp.upb.de/en/index.html of the three hydraulic cylinders.




When switching between two controllers one must distinguish 2 P—
between two different caseatomic switchingandcross fading In . ’Fﬂ:
the case of atomic switching the change can take place between
two computation steps. In our example, the switching from the common normal a
normal block to the failure block (see Figure 2) can be processed ™= £-2ussky
atomically because the robust controller actually has no state.

“absolute”

Z,A, ref.

x

2,C, ref.

If the operating points of the controllers are not identical, it_WiII ~|»| “robust’ switch control
be necessary to cross-fade between the two controllers. This han-
dling is required in the normal block depicted in Figure 2, where a failure body control

transition between the reference and the absolute controller is re-
alized. The cross-fading itself is specified by a fading function Figure 3: Controlling the fading between different continuous
fswiten (t) and an additional parameter which determines the du- control modes with a statechart
ration of the cross-fading.

To study the limitations of the block diagrams, we review their
formal model by means of differential equationsl It describes the in Figure 3. The alternative COntrO”er OutputS are fed intO a discrete
behavior of a block diagram’s single block or of multiple intercon- block whose behavior is described by a statechart. The defacto in-
nected blocks as follows (see Appendix A for the employed basic dustry standard employing this concept is MATLAB/Simulink and

mathematical notations): Stateflow? Formal verification of MATLAB/Simulink and State-
flow models of moderate size can be accomplished by automati-

DEFINITION 1. A continuous modelM is described by a 7- cally transforming them to hybrid automata (cf. [1]).
tuple (V*,V*, V¥, F,G,C, X°) with V* the state variablesy™ In the standard approach, the continuous control and the discrete
the input variables, and the output variables. For the implicitly  statecharts are separated, while we can observe strong relations be-
defined state flow variablds” and auxiliary variabled”* = V¥ tween specific controller configurations and states for reconfigura-
V", the set of equations’ C EQ(V* UV, VFUV*UV?) tion. Hybrid automata [13] bridge this gap by simply assigning a
describes the flow of the state variables, the set of equaibas specific continuous controller to each discrete state.

EQ(VYUVe VP UV™UV?*) determines the output variables,
and X° C [V — R] the set of initial states. ThiavariantC
with C € COND(V'®) is further used to determine the set of valid
states.

FadeRobAbs
iy s
Favs | <Rob | o

Abs>

zAbsFailure

zAbsOK

- Aoy < to < dy,

Absolute

F U G is onlywell-formedwhen there are no cyclic dependencies,
no double assignments, and when all undefined referenced vari-
ables are contained " — V. A well-formed F' U G must also
assign a value to all state and output variables present in the defini-
tion.

The state space of a continuous behavioKis= [V® — R] oy | ZADSOK -
which describes all possible assignments for the state variables. A™:+] o [~ [ZA0Falwe [

com.
inputs to < d

. 17 <abs> =
iy < to < d3|
C

zAbsFailure

ZRefOK

zAbsFailure

Robust to=0

Fobs | <Ref

abs | <Abs
Abs> ™ -

Ref>

.

AR

trajectory p,, : [0, o] — [V* — R] for the set of differential ol sy, < g mRUS 1y < 2, nPuts 4, < d3,
equationst” and inputu : [0, co] — [V* — R] with p,(0) = = to=0 Reference

for the current continuous state € X andp,(t) € C for all D o
t € [0, oo] describes a valid behavior of the continuous system. The 2AbsFailure e el il W
output variabled’¥ are determined by, : [0, co] — [V¥ — R] JAbsFaiure inpis

usingG analogously. The semantics for a continuous mddeis
given by all possible triples of environment and system trajectories
(u, pu, 6..) denoted by AM].

We can compose two continuous models if their variable sets are
not overlapping and the resulting sets of equations are well formed
as follows:

Figure 4: Hybrid view of the body control with additional fad-
ing locations

Figure 4 shows theody control (BC) component modeled by a
hybrid automaton. Among others it consists of the three locations
DEFINITION 2. The composition of two continuous mod- (discrete statesjobust, Absolute, andReference whose continuous

els My = (V& VW, VY, F1,G1,C1, X)) and My, = dynamics are specified by continuous models conform to Defini-
(V5 Vs, V¥ Fa, G2, C2, X9) denoted byM || M is again a con- tion 1. The controller specifications are visualized by blocks with
tinuous modelM = (V= V¥ VY F,G,C,X°) with V{* := arrows, denoting the in- and outputs.

VPUVE, V=V UV, VY = VY UVY, F == FyL U By, If for instance the automaton resides in the start locafoipust

G := G1 UGy, Cis derived fromC; andC; asC = {(z1 ® andzAbsOK is raised (to indicate that th#,,s signal is available)
x9)|z1 € C1 A z2 € C2}, and the set of initial states iX° = the location and the controller changes to the absolute mode. An
{((I1, 12), (z1 ® 2))|(I1, 21) € X A (I2, 22) € X3}, atomic switch between these controllers can usually not avoid an

additional excitation or even guarantee stability. ThusAhso-
lute location cannot be entered directly and an additional location
FadeRobAbs is entered (see Figure 4). This intermediate location
comprises the cross fading activity (transition) from the robust to
the absolute controller.

Since fading can only guarantee stability if its duration is within

M || M- is only well-formed whed/* N V5F = 0, Vi* N V3 =),
VY NnVy =0, andF andG are well-formed. A composition is
consistentf the resulting continuous model is well-formed.

Within the model atomic switching and fading is described by
specific continuous blocks. A standard approach to include discrete
blocks is to restrict states and signals to a discrete domain. The inte-
gration of discrete control elements into block diagrams is depicted 2http://www.mathworks.com




specific bounds, we describe the lower and the upper bound by a Other aspects of hybrid behavior, such as zeno behavior and the

fading duration intervaldy = [dj,,,,d.,]. The duration is mod-
eled through the state variable (clodi)which is set to0 when
entering thecadeRobAbs-location. The invariant, < d}w and the
guarddy,,, < to < d,, ensure the specific bounds. Note that in-
side the fading locationg = 1 holds for any clock variable.
When the fading is completed, the original target locatiosolute

is entered. Specifying the duration of the other fading transitions
is done similarly. If thez,;s signal is lost during fading or during
the use of the absolute-controller, the default location with its ro-
bust control will be entered immediately by the transition which is
triggered by theAbsFailure event (cf. Figure 4).

The described behavior comprising continuous as well as dis-
crete elements is formally defined by means of hybrid automata

and statecharts [13, 4, 3]. In the following, we use a formalization
which extends the notion of a continuous model defined in Def-
inition 1. It provides means to specify continuous behavior and
synchronous event handling.

DerINITION 3. A hybrid automatoris described by a 6-tuple
(L,D,1,0,T,S°) with L a finite set of locationsD a function
over L which assigns to eache L a continuous modeD(l) =
(Vv vy, F(D),G(1), C(1), X°(1)) conf. to Definition 1 with
identical variable sets] a finite set of input signalg) a finite set
of output signals;” a finite set of transitions, and a set of initial
statesS® C {(I,z)|l € L Az € X°()}. For any transition
(l,9,9',a,1') € T holds thatl € L is the source-locationg €
COND(V® U V") the continuous guardy’ € p(I U O) the I/O-
guard,a € [[V® — R] — [V* — R]] the continuous update, and
I’ € L the target-location. For everyyc L we require thatD(l) is
well-formed.

The used interfacé (M) of a hybrid automatonV/ is defined

distinction betweemirgentandnon-urgenttransitions, are omitted
here. A suitable formalization can be found, e.g., in [13]. The
parallel composition of two hybrid automata is defined as follows:

DEFINITION 4. For two hybrid automataM; and M- the
parallel composition(M:||M2) results in a hybrid automa-

ton M = (L,D,I,0,T,8°) with L = L; x Lo,
D(l,l,) = Dl(l)HDQ(Z,), I = L1 Ul,, O = 0O U
O2. The resulting transition relation i§" = {((l1, l2), g1 A

g2, 94 U gb, (a1 @ a2), (11, b))|(, 91,98, us, 1) € Ti A

(l2, g2, gh, u2, o) € Ta Agin (I2UO2) = gin (It U

01)} ) {((llv 12)7 g1, gL Ui, (1/17 l2))|(l17 g1, giv U, lll) €

TiAgin(I2U02) = 0} U{((lh l2), g2, g5, ua, (I, 12))]

(I2, g2, u2, ) € To Aghn (It UOy) = 0}. S°is defined as
1 XS5,

The automatonM is only well-defined when for all reachable
(1,I') € L holds thatD((l,1")) is well-defined and the internal
signal sets are disjoin{Q1 N I1) N (O2 N I2) = (). The com-
position of hybrid automata is onlgonsistentwhen the resulting
automaton is well-defined.

Specification of the optimization of the system behavior requires
an appropriate coordination for the hierarchical integrated sub-
components by the super-component. In our example, some sort
of monitor which embeds thieody control component has to take
action when additional information in form of the reference curve
is available or lack of sensor data has to be compensated. This
monitor initiates the location switches (e.g. by raising the signals
zAbsOK etc.) and handles the communication with Eegjistry.

Discrete blocks as well as hybrid automata support only static
(continuous) interfaces (cf. Definition 1 and 3). Thus reconfigura-

as the external visible signal sets and input and output variablestion as well as its coordination is always restricted to occur only

I-0,0-1,V*=V¥ V¥V V"),
For X = [V® — R] the set of possible continuous state variable

within one discrete block or hybrid automaton. The parallel com-
position of hybrid automata in their standard form can therefore

bindings, the inner state of a hybrid automaton can be described bynot be employed to decompose behavior which includes reconfigu-

apair(l, ) € L x X withz € [V* — R]. There are two possible

ways of state modifications: Either by firing an instantaneous tran-

sitiont € T changing the location as well as the state variables or

ration.
In our example, the monitor behavior as well as the hybrid au-
tomaton describing the behavior of tB€ component has to be

by residing in the current location which consumes time and alters modeled within one hybrid statechart. In more complex systems,

just the control variables.
When staying in statgl, =) firing an instantaneous transition
t = (', g, 6 a,l1")is done iffl = I’ (the transitions source

the whole hierarchy and possible cascading controllers have to be
specified within one hybrid statechart with parallel states. There-
fore, the hybrid statecharts will often become too complex to verify

location equals the current location) and the continuous guard is that the continuous model is well-formed for all reachable states.

fulfilled (g(z ® uw) = true) for u € [V* — R] the current input
variable binding, the 1/0-guard is true for the chosen input and out-
put signal sets C T ando C O (i Uo = ¢'), anda(z) € C(I").

The resulting state will bél”’, a(z)) and we note this firing by

(1, ) —@uey (I, a(x)).

If no instantaneous transition can fire, the hybrid automaton re-

sides in the current locatidrfor a non-negative and non-zero time
delayd > 0. Letp, : [0, d] — [V® — R] be a trajectory for
the differential equation$’(l) and the external input : [0, §] —
[V* — V¥ — R] with p,(0) = z. The state for alt € [0, ] will
be(l, p.(t)). The output variable” — V* and internal variables
V¥ N V" are determined by, : [0, §] — [V¥Y — R] usingG(l)
analogously. We additionally require that for alie [0, 5] holds
thatp. (t) € C(1).

The trace semantics is thus given by all possible in-

finite execution sequences (uo,lo, P, 0%, d0) —eo
(u1,l1, puys04,,61) ... denoted by [M]. where all
(li, pi; (8:))  —e;  (Liv1,pit}, (0)) are valid instantaneous

transition executions.

There is a number of approaches, like Timed and Hybrid State-
charts [17], Charon [3], Masaccio [12], HyCharts [10, 26], Hy-
Room [27], and Hybrid I/O Automata [20], which address the prob-
lem of modeling complex systems by hybrid statecharts. Some of
them reduce the visual complexity by means of hierarchy and par-
allelism. They all fail in providing a component concept which
supports a dynamic interface which enables to decompose systems
with online reconfiguration into multiple hybrid statecharts.

Consequently the control engineering know-how for the contin-
uous control and the software engineering know-how for the real-
time coordination have to be specified both within a single hybrid
statechart. Thus the usually difficult tight cooperation between en-
gineers from different camps is required.

Available compositional reasoning approaches for hybrid sys-
tems [18, 15] require large manual effort of inventing auxiliary
properties to enable a full verification to decide whether the de-
scribed reconfiguration is consistent. In contrast, the presented
approach will ensure consistency by means of a syntactical check
guided by the proposed components and their interfaces.



Further the example shows that even simple examples are —
especially due to the fading-locations— so complex, that they be-
come difficult to comprehend. The application of classical high-
level constructs, such as hierarchy, parallelism and history, enable
some reduction of complexity, but mechatronic systems usually

achieve a complexity that requires further advanced concepts such

as modularity and a component-based design.

3. HYBRID COMPONENTS

To support the design of complex mechatronic systems and to over-
come the problems outlined in the last section, we introduce in this
section our notion of hybrid components and their rigorously de-
fined semantics. Hybrid components have been introduced infor-
mally in [7]. As the Unified Modeling Language (UML) is ac-
cepted worldwide as the quasi-standard for modeling, we apply
components in the sense of UML 2.0 [23].

3.1 Component Structures

Figure 5 depicts the component structure of our example by means
of a UML component diagram: Theonitor component embeds the
subordinatedensor, Storage, andBodyControl (BC) components.

3]

:Monitor

:Sensor @

Vi

/  Monitor- *
. Registration
~_ Pattern

’

:Registry

Monitor
Role

Registry
Role

storage : Storage

Figure 5: Monitor and its environment

Using the basic UML 2.0 concepts for component diagrams, the
hierarchical embedding of ti&C component into th&lonitor com-

propriate basic quasi-continuous blocks similar to Figure 4 (cf. the
BC component behavior in Figure 6).

2AbsOK Absolute
frade, s
zAbsFailure | <Abs> =
Robust
o—dz
—*| <Rob>
frades
zRefFailure
zRefOK
fades
. d3 o
2AbsOK [ rade,
Reference
a [
. e <Ref> (=
zAbsFailure

Figure 6: Behavior of the body control component

Within the states of a hybrid reconfiguration chart, the required
controller logic with its specific required input and provided output
signals is specified (cf. Figure 6), while a hybrid automaton speci-
fication requires always the same input and output signals for every
location. The continuous ports that are required in each of the three
interfaces are filled black, the ones that are only used in a subset of
the states are filled white.

To reduce the visual complexity, arising from the fading-states,
we additionally supportading-transitionsin our notion of hybrid
reconfiguration charts. Thfading-transitionsare visualized by
thick arrows while atomic switches have the shape of regular ar-
rows. The parameters of a transition are: A source- and a target-
location, a guard and an event trigger, information on whether or
not it is an atomic switch, and, in the latter case, a fading strategy
(ffade) and the required fading duration internval= [diow, dup)
specifying the minimum and maximum duration of fading.

A comparison with Figure 4 of the related hybrid automaton re-
veals that besides the locatioRsbust, Absolute, and Reference,
representing the three different controllers, the additional locations

ponent is modeled using aggregation as presented in Figure 5. The=pgerobAbs, FadeRobRef, FadeAbsRef, andFadeRefAbs, regulat-

non-hierarchical link of th&onitor component to theegistry com-
ponent is described by two ports (as defined in the UML 2.0 as
unfilled boxes) and a connector.

To additionally model the quasi-continuous aspects of the model
in form of communication via continuous signals, we extend the
UML by continuous portsdepicted by framed triangles whose ori-
entation indicates the direction of the signal flow. E.g. the contin-
uous signak,ys is transmitted from th&ensor component to the
BC component through their continuous ports.

The Monitor-Registry pattern uses a subset of UML 2.0 proposed
in [9] and specifies the time-discrete communication between the
shuttle’sMonitor component and thRegistry. It consists of two
roles (MonitorRole and RegistryRole) which specify the protocol
for the communication. The role’s behavior, which is considered
later in Figure 10 in Section 4.3, is modeled with an extension of
statecharts [8].

3.2 Component Realization

The behavior of the hybrid component is specified by means of an
extension of UML Statecharts callégtbrid reconfiguration charts

We employ Real-Time statecharts [8] to describe required real-time
behavior and refer the continuous behavior only by embedding ap-

ing fading between the controllers, have been necessary. In Figure
6, the ability to avoid the explicit locations for fading considerably
decreases the number of visible locations and thus comprehension
is much simpler.

For the considered domain of mechatronic systems, the rather
complex micro step semantics of UML statecharts is not necessary.
Instead, the quasi-continuous behavior is evaluated constantly and
in each state machine cycle only a single transition is fired. Such
a semantics has already successfully been employed in [9] for the
timed case only. [19] explains that the micro step semantics creates
a lot of difficulties concerning the composition of statecharts and
their corresponding semantics. Our simplified semantic definition
avoids a lot of these problems.

Due to lack of space we further will omit the syntactical com-
plexity of the standard statechart concepts, such as hierarchy and
history [11] within this papet. We define a reconfigurable variant
of the hybrid automata model presented in Definition 3 which ex-
tends the formal concepts of hybrid automata and statecharts [13,
4, 3] to also support the specification of reconfiguration.

3This can be accomplished much like the case of the syntax and
semantics of the Real-Time Statechart presented in [8].
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DEFINITION 5. A hybrid reconfiguration automatonis 2AbsOK
I [Absolute] @
’ >

described by a 6-tuple(L,D,I,0,T,S°) with L a fi- | )
nite set of locations, D a function over L which as- by wéz
signs to each! € L a continuous modelD(l) = > > -
V=), V), veQ), F(),G(),C 1), X (1)) conf. to Definition

1, I afinite set of input signalg) a finite set of output signalg; a JRefFailure
finite set of transitions, and° C {(I,z)|l € LAz € X (1)} the set ZRefOK
of initial states. For any transitiorfl, g, g°, a,1’) € T holds that
l € L is the source-locationg € COND(V*(l) U V*(1))
the continuous guard,¢° € (I U O) the I/O-guard, ZAbsOK

a € [V*(1) — R] — [V*(') — R]] the continuous up- t
date, and’ € L the target-location. For every € L we require
that D(1) is well-formed. zAbsFailure

dy

d3 o

[Reference]

The automaton additionally allows that each location has its own
variable sets. We us¥” to denote the union of aV*(l). V*
and V'Y are derived analogously. The semantics can be adjusted
by always taking into account the location dependent ndtié(Y)

Figure 7: Interface state chart of the body control component

. o component has three possible different external relevant states with
etc. instead of the location independefit. different continuous interfaces. For all possible state changes, only

_ The parallel composition also follows directly from the non con-  {he externally relevant information, such as possible durations and
figurable case. In the case of hybrid reconfiguration automata, ane signals to initiate and to break the transition, are present.
correct parallel composition has to ensure that for all reachable study what a correct relation between the realiza-

(1,1') € L holds thatD((1, ")) does not contain cyclic dependen-  ion of a component and its interface automaton is, we
cies. In contrast to the case of standard hybrid automata, the addeqjie for a possible execution sequence of states and tran-

support for changing_inpu_t and output variab_les may also resultin gjtions of a hybrid automaton = (L, D,I,0,T,S°)
problems when required inputs are not _prowdeq. In our example, with (o, lo, 00, 00y, 00) —ey (u,l1,ph .08, ,01) € [M],
thesensor element must be in a state which provides the according simply (lo, p°, (0))
data if theBC component is in statébsolute, otherwiseBC cannot X T L
operate correctly. (11, 0u, (0)) = (urtipl, 01,60 (lspuy (61)) to represent the
Please note that in the presented flat hybrid automata model thestate changes in a more uniform manner. We thus have the concept
higher-level concept of the hybrid statecharts such as fading tran-of a hybrid pathr = (uo, 63, 60); €0; - - - ; (tn, In, 0, 0n); €n
sitions are represented by means of additional locations at the un-such that we write (lo, p3,(0))  —=  (In, o, (8,)) iff it
derlying flat hybrid automaton. The location set is thus partitioned holds that (lo, o, (0)) = (ug.e0, .69, .50)  (l0: Pug(80))  —eq
into regular locations which relate to locations of the statechart, v (ln, Pl (0)) = (nslnap? O 60) (In, P, (8n))-
andfading locationswhich result from the fading transitions. et

(w0 80 50) (10,050 (00))  —eo

g

Fore; = e; — (O N I) the externally relevant events aﬁ@ =

DEFINITION 6. For a hybrid automaton M — €§i|vy(li),vu<li) the output minus the internal variables, we have
(L,D,1,0,T,5°) a location I; € L with D(l;) = an abstract path’ = (uo, 09,,00); €0; - - - ; (un, 04, ,0n); €nj - .-
(Vw(lf),Vu(lf),Vy(lf),F(lf),G(lf),C(lf)7X0(lf)) is a and Write(lo,pgo(O)) = (ln,p, (6n)). Note thatw;e;w’
fading locationiff C(l;) = (v < dmaz), I € V() with e = 0 is collapsed tav; w’ as no externally relevant events
with (0 = 1) € F(ly), for all (I,9,9',a,lf) € T holds are received or emitted. The offered discrete as well as contin-
that (v = 0) € a, there is exactly one transitions leavirig uous interactions for a staté, =) are further denoted by the set
Hys, 9,9, a,ys,9,9,a,l'") € T} = 1), and for this offer(M, (I, z)) which is defined asle|3(l,z) =. (I',z)} U
transition holdsg = dpnin < v < dmax, ¢ = true anda = Id. {(du/dt)(0)|3(1, z) = (u,6,,6) (L")}

All non fading locations areegular locations An appropriate notion of hybrid refinement for the interface can

) then be defined as follows:
DEFINITION 7. For a hybrid automaton M =

(L,D,I,0,T,S°) a regular locationl, € L is a passive DEFINITION 8. For two hybrid reconfiguration automata/;
location iff the location and all transitions leaving it have no and Mg holds thatMr is arefinementof M; denoted bylM/r T
continuous constraints. M; iff a relation Q@ C (Lgr x Xr) x (L1 x Xr) exists which

. ) . contains for every: € (Lr x Xg)ac € (L; x Xr) such that
Note that for any hybrid reconfiguration chart, we can ensure that (. /') ¢ 0 and for all (¢, ¢”) € © holds

two fading locations are never directly connected. , . » L
A =x ¢ :(cd, ") e and (1)

offer(Mg, c) D offer(M;,c"). ¥3)

Ve =, ¢

3.3 Component Interface
For embedding or connecting a hybrid component (cf. Figure 5)
we do not need all details of the component realization, but only As refinement is a precongruence fdi6], we can exploit its prop-
enough information about its externally observable behavior such erty to preserve time-stopping deadlocks to employ where required
that compatibility can be analyzed. This externally relevant behav- the smaller abstraction (interface automaton) rather than the larger
ior is described in our approach through iaterface state chart refinement (realization).
This interface state chart describes the externally visible states of a The externally relevant behavior covered by the interface state
component as well as the in- and outputs present in each of thesecharts only includes the real-time behavior as well as the state-
states. dependent continuous interface. Therefore, the notion of an in-

The related interface automaton of the body control component terface automaton is essentially restricted to a timed automaton as
of Figure 6 is displayed in Figure 7. It shows that the body control follows:



DEFINITION 9. A hybrid automator = (L, D, 1,0, T, S%) the real-time behavior without any continuous elements has to be
is aninterface automatoiff for its continuous partD holds that specified, UML 2.0 components with ports and real-time protocols

the set of auxiliary variables is empty t N V* = (), allv € V* are sufficient to exclude timing inconsistencies (see Section 4.3).

are clocks ¢ = 1), the update for any transition(l, g, ¢*, a, ') In the latter case, we have to ensure that the different reconfigu-
is restricted toOP .., s:, and the continuous input/output behavior  ration steps as well as their timing cannot result in an inconsistent
for V¥ is not determined( is restricted toOP | ). situation where the continuous model is not well-formed any more.

] ) . While in the general case the whole discrete state space of the sys-
Note that the concrete operations used:ido not restrict the pos- 1o has to be explored to exclude this problem, we can exploit the
sible trajectories and are only used to abstract from the evaluation ,oqular structure of complex mechatronic systems modeled as hi-
dependencies. . ) . _ erarchies of aggregated hybrid components.
Afurther, more restricted variant asanple interface state charts We therefore present a concept for the behavioral embedding
where only time constraints on the fading transitions are present. ¢ the subcomponents within the hybrid reconfiguration charts of
a component (Section 4.1), which permits to check consistency

DEFINITION 10. An interface  automaton M = . ; . .
w.r.t. reconfiguration at a purely syntactical level (Section 4.2).

(L,D,1,0,T,5° is simple if it contains only passive and
fading locations and two fading locations are never directly 4 1 Behavioral Embedding

connected. . . . .
The behavioral embedding of subcomponents is achieved by as-

A component in our approach is thus described as a UML signing a configuration of aggregated subcomponents (not only
component —with ports with distinct quasi-continuous and discrete quasi-continuous blocks) to each state of a hybrid reconfiguration
signals and events— as follows: lybrid componenis character- chart by means of UML instance diagrams. In this manner the re-
ized by quired coordination of aggregated components can rather easily be
described (see Figure 8), similar to composite structure diagrams
and structured classes in UML 2.0. A switch between the locations
of the monitor chart theimpliesa switch between locations of the
e an interface in form of annterface state chartvhich is a interface state charts of the embedded components.

correct abstraction of the realization (cf. Definition 8). The behavior of the Monitor component is specified by a hybrid
reconfiguration chart with the outlined behavioral embedding of its
subcomponents in Figure 8. We have assigned to each location of
the upper orthogonal state of the chart B@&zcomponent in the ap-
propriate state. E.g., tt®C component instance in staReference
has been (via a visual embedding) assigned to the locatiavail-
able of the monitor where:,..; as well asz,;s are available. The
lower orthogonal state of Figure 8 shows the communication with
the registry which is considered later in Section 4.3.

DEFINITION 11. A hybrid reconfiguration componer®' is The upper orthogonal state consists of the stRé¢svailable and
a pair (M;,Mg) with an interface automatonM; = AllAvailable which represents whether the required reference curve
(L;,Dy,1;,01,T1,89) and the concrete hybrid realization IS available for thectualtrack. The upper state is synchronized by
Mg = (Lgr, Dr,Ir, Or,Tr,S%) for which Mz T M; holds. ~the lower one.

e therealizationdescribed by a single hybrid reconfiguration
chart which coordinates its aggregated subcomponents.

In our example, th&C component is described by its realiza-
tion by the hybrid reconfiguration chart of Figure 6 where the re-
quired quasi-continuous behavior is specified by controllers in form
of quasi-continuous blocks. The interface state chart presented in
Figure 7 describes the interface.

Using the notion of an interface automaton, we can thus formally
define a hybrid component as a realization plus such an abstraction

We further require tha’* = Vi — (VENVY), V¥ = VE— (VN The aggregation of theody control, sensor and storage com-
V), I = In—(IrNOR), 01 = Or — (IrNORg), and a witness ponents py th_es/lonitor component as deplt_:ted in Figure 5 is als_o
Q for M T M exists such that for an§l, ') € Q and D; (1) = reflected in Figure 8. The semantics of this behavioral embedding
(Vi (D), VI“_(I), V¥(1), Fr(1), G1 (1), Cr(1), X2(1)) and Dg(l') = is described by the concurrent execution of the controlled compo-
(VEQ), VE), VEW), Fr(l'), Gr(I'), Cr(l'), X5%(1")) all de- nents which is formally described as follows.

pendencies present @ (1) must also be present i r(I'). DEFINITION 12. For hybrid  reconfiguration — automata

The interface automaton abstracts from the continuous behavior, itMS and M,..., M, the hlerarchlcal parallel coOmposi-
still contains the information about the input-output dependencies. 100 (Mslla (M. [[Mn)) is defined by a restriction
The notion of a hybrid component thus permits to abstract from all Ls x (L1 x --- x Ln) on the hybrid automaton
internal variables and signals using the interface automaton. M = Ms|[Mi]|...[|Mn. The restriction holds iff for all € L
In a bottom-upscenario, the interface of a component can be reachable in[A] holds thatl € H.
derived from its hybrid reconfiguration chart by abstracting from
realization details at the syntactical level. The valid refinement be-
tween a given interface state chart and a realizationtapadown
scenario must in contrast be additionally verified at the semantical
level.

This formalization assumes that the reconfiguration of the in- and
output events for the different states of the differét described
by the behavioral embedding is realized by the coordinating hybrid
automatonMs. Mg realizes the specific topology of each state by
providing the related signal connections in form of a continuous
model which only copies the variables accordingly. In addition,
4. COMPONENT COMPOSITION the hybrid automatorl/s has to trigger the implicitly specified
As depicted in Figure 5, our hybrid components can have two dif- transitions of the subcomponents by emitting the events specified
ferent kinds of composition relations: (1) explicit port connections in the interface state charts.
to other components or (2) strict hierarchical aggregation of sub-  If we abstract from the events exchanged between the automata
components by a super-component. we can thus assume thafs||z (Mi]| ... ||Mx) is a refinement of

In the former case, the components are coupled via ports and Ms. To formally abstract from these internal events, we addition-
patterns (cfMonitor andRegistry in Figure 5). As at this level only ally define the hiding of events.



when(nextSegment)
data(Vector zRef)? /

dy

AllAvailable

‘ :BC[Reference] é}ﬁ :Sensor[On]
7

7\
storage:Storage

sensor.failure

when(next
Segment)
noData? /
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Figure 8: Behavioral embedding in the Monitor realization

DEFINITION 13. For a hybrid automaton M
(L,D,1,0,T,5°) the hiding of some signalsA C I U O
denoted by M\4 is defined as the hybrid automaton
M' = (L,D,I',0',T',S°)withI' =T — A,0' = O — A, and
T = {((1597 gz - Avuv l))'(lagvgzvuvl)) € T}

The hybrid reconfiguration chart specified in Figure 8 equals
Mg\ 1,u...u1,,u0,U---UO, - The additional details oM s describ-

ing the coordination with\/4, ..., M,, are omitted in in Figure 8,
as they can be automatically derived.

For any regular location of the corresponding hybrid automaton
l1 € L4, the strict assignment afne state of the contained com-
ponents to a single location of the hybrid reconfiguration chart (as
presentin Figure 8) makes sure thetN {11} x (L1 x - - X L,)| =
1. Consequentlyl; can coexist only with the related regular target
locations ofM;, ..., M,,. For a fading locatiorl; € L; we can
expectthatd N{l;1} x (L1 x --- x L, )| = 2 such that; can co-
exist only with the related regular target locations\déf, . . . , M,
or with intermediate fading locations af1, . . ., M,, which even-
tually lead to this target location. We require that there is no in-
teraction among\/s, . .., M,, so that they do not initiate location
changes of parallel components.

4.2 Consistency Checking

The complex conditions a correct parallel composition has to fulfill
(cf. Definition 4) highlight an important fact: The parallel execu-
tion of two components with inconsistent control laws (e.g., if the
input and output variables do not fit) can result in undefined behav-
ior.

A single state of a hybrid reconfiguration chart can also result in
an incompatible reconfiguration, if the composed dependency rela-
tion for the related configuration of subcomponent states contains
a cycle. Due to the refinement relation any dependency between a
input and output in the component realizatibf: of a component
is also present in its interface automatdfy. Thus, considering
the interface automaton is sufficient to exclude incompatible state
configurations.

Additionally, the correct real-time coordination of the fading-
durations etc. has to be ensured. By restricting our considerations

here tosimple interface state chantghere only the fading locations

are characterized by a simple duration restriction and the states are
not restricted, we can check that the hybrid reconfiguration chart
alone is an abstraction of the hybrid reconfiguration chart combined
with the interface state charts of the subcompongiie have to
check for each transition in the hybrid reconfiguration chart and the
related state transitions in the interface state chart of the aggregated
subcomponents that the behaviors are consistent (cf. Theorem 1).

Monitor

Behavior

when| nexlSegmen})
data(Vector ZRef)? /
S
AllAvailable ' AbsAvailable
‘ :BC[Reference] $_$ :Sensor[On] . ‘ :BC[Absolute] $_$ :Sensor[On]
7% | when(next
+ Segment) +

;| noData?/ g —*

h

0
storage:Storage |\
v
v

BC
Behavior

zRefOK

Absolute @

Zabs

v
zRefFailure dy —=

Figure 9: Scheme for the syntactical checking of correct recon-
figuration

Figure 9 depicts a part of the monitor behavior and a part of the
nterface state chart of the embedd®d component (cf. Figures

" and 8). As described in the previous sections the transition from

stateAbsAvailable to AllAvailable implies a change of theC compo-
nent from statébsolute to Reference. Further the monitor requires

“4As in the general form of hybrid systems considered here reach-
ability is undecidable [14], we cannot expect to find an automatic
solution for the general problem.



this transition to be completed within the timing interdal As the
implied state change aC will occur within the timing interval
ds, the overall specification is only correct,df C d,. Similar,
d2 C dq must hold for the transition tallAvailable/Reference.

The outlined syntactical rule for the hierarchical parallel com-
position M1 ||z M2 of two hybrid automatal/; and M» ensures

frequently contacted by the monitor to obtain the required refer-
ence datay,.r) is depicted in Figure 10b. The related Monitor
role which has to be realized by the shuttle software is depicted
in Figure 10a. Besides the lookup of reference data by the moni-
tor, the monitor can also send its gained experience to the registry.
Staying in the locatiofrajectoryNotAvailable the monitor sendse-

that the supervisor cannot be blocked by the supervised automataquestinfo-requests to the registry. If the registry receives such a
The following theorem describes the general syntactical rule which request from a shuttle, it may either answer by sendinglinfo
is sufficient to prove for the above sketched restricted case that aback to the shuttle or it may not answer. When the shuttle receives

hierarchical parallel product does not have any timing errors.

THEOREM 1. For the hierarchical parallel composition
M, ||z M2 of two hybrid automatad/; and M holdsM; || g M2 C
Mi\,uo, iff I(Mi||gMz) = I(Mi\1,uo,), @l initial states are
also contained i ({(l1,12)|(I1,z) € SY A (l2,y) € S} C H),
M- is a simple interface state chart (cf. Definition 10), and for all
(I1,12) € H and transitiont; = (I1, g1, g%,a1,1;) € T1 holds:

e if 1 is not a fading location, then for allts
(lg,gg,g%,u%lé) € T, with gi N (I2 U O2) = g5 must
hold: g» = true, l5 is a passive location, and’,l3) € H.
In addition at least one such transition > must exist.

if 11 is a fading location we can conclude that exactly one
transitiont; = (14, ¢4, g%, a;, 1Y) € Ty with g} = d},.,, <

v < dhg, eXists. For anyty = (l2, g2, gb,u2, 1) € Ts
with gi N (1o U O2) = g5 must hold: go = true, I is a
fading location, and},1l3) € H. For the uniquely deter-
mined successor transitioh = (I, g, g5, ab,15) € Ta
with ¢4 = d2,;,, < v < d2,.. must hold: 14 is a passive
location, (1{,15) € H, and[d2,;,,, d% ] C [diin, Aoz

must be satisfied. Again, at least one such pair of transition
in My must exist.

PrROOF see[6]. [

such an answer, it stores it internally and switches to the location
TrajectoryAvailable. This role protocol has been refined in the lower
orthogonal state of Figure 8.

To verify the correct real-time coordination between the monitor
and the registry the refinement of the role protocols outlined above
is required. Further model checking of the pattern has been shown
to be sufficient to verify the required local safety and liveness prop-
erties (cf. [9]).

5. CONCLUSION

Today, advanced mechatronic systems are hybrid systems which
reconfigure themselves online. As outlined in the paper, the pro-
posed extension of UML components and statecharts supports the
required modular hierarchical modeling of reconfigurable systems.

Discrete coordination is designed by a software engineer with
timed statecharts, whereas a control engineer may construct the ad-
vanced controller component which offers the technical feasible re-
configuration steps, in parallel. Tool support which integrates the
models and the automatic code generators of these two parts of the
system is under development. The UML CASE tool Fujabad
the CAE tool CAMeL [25] are currently being integrated [7]. These
tools will be used to evaluate the presented approach.

A serious problem which comes with the ability of the system
to reconfigure itself online is the possibility of an inconsistent re-
configuration. By our notion of components and the exploitation
of a domain specific restriction, namely a strictly hierarchical sys-

Theorem 1 can be extended to the general case of tem structure, atleastup to the level of components communicating

Ms||a (M| ...||My,) by induction. Due to the syntactical
check of Theorems 1, the hierarchical composition by means of
the underlying hybrid control software cannot invalidate the timing

via ports, we only need to check the consistency of a reconfigura-
tion by checking the hybrid reconfiguration chart of a component
and the interface state charts of its directly aggregated subcompo-

properties ensured by the embedding hybrid reconfiguration chartnents. Finally, a compatibility check at the level of components

of the monitor.

4.3 Pattern-based Verification

If the embedding hybrid reconfiguration chart does only contain
timing constraints but no general hybrid constraints, we can exploit
the result of Theorem 1 to model check the real-time coordination
of the overall system.

The syntactical check of the hierarchical composition ensures
that the underlying subcomponents cannot invalidate the timing
properties ensured by the behavior of the embedding component.

a) Monitor role b) Registry role
/ registry. X
experience  registry.sendinfo(zRef) / shuttle.requestinfo /

TrajectoryNot
Available

/ registry.
rquestYnfo

Trajecton
[ Avaiabie

/ registry.
experience

Default Proceed

/ shuttle.sendInfo(
Vector zRef)

Figure 10: Roles of theMonitor-Registration -pattern

The real-time communication between the registry and the mon-
itor is described by th&huttleRegistration pattern as depicted in
Figure 5. The behavior of the track section’s registry which is

whose communication is specified by ports and roles, serves to ex-

clude temporal inconsistencies in the discrete specification part of
the whole system. Here, compositional model checking can be ap-
plied.
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APPENDIX
A. ADDITIONAL FORMAL DEFINITIONS

In the appendix we complete the omitted formal prerequisites. Wé&use
to denote the set of the real numbel, to denote the natural numbers
includingO, [a, b] with a,b € A anda < b to denote the interval of all
elements: € Awitha < ¢ < b, p(A) to denote the power set of, and

[A — B]and[A — B] to denote the set of total resp. partial functions
from A to B. EQ(V;, Vi) denotes the set of all equations of the form
v = fi(v}, ..., v7) with operationsf? of arity n and left- and right-hand
side variables of the equatian € V;, v}, ..., v? € V,.. COND(V)
denotes the set of all conditions over variabled/of The set of possible
operations and constants is nant#.

As a special case we assume a set of operafidng which do not ex-
plicitly define for an equatiom; = L;(v}, ..., v?) any specific restrictions
on the relation between the input and output trajectories. The set of all
these operations is denoted 6% | . The set of only fully deterministic
input/output operations are denoted®@¥ ;...

Other than the vector equations usually employed by control engineers,
we employ a set of variablds to denote each single value and describe the
mapping by a functiofit” — R]. All values of a vector of the length can
be represented in a similar fashion[fs n] — R].

f®g further denotes the composition of the two functignsA; — B;
andg : A — By with disjoint definition sets4; N A2 = ( defined
by (f ® g)(z) equalsf(x) for x € A; andg(x) for x € Az. The
combination of two updates; & a2 further denotes the composition of the
two functionalsa; : [A; — B1] — [A] — Bj]anday : [A2 — Ba] —

(A4 — B] with disjoint setsd; N Az = @ and A} N Af, = 0 defined by
(a1 ® a2)(z @ y) := a1(z) ® az(y).



