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Abstract

This paper presents an example of the use of transition
systems to formalize a pattern for soft real-time systems.
The importance of this relies on the fact that this
formalization can be used as a guide to a mapping from
projects to transition systems based model-checkers.
Snce model-checking is a technique based on finite
transition systems, this approach, currently, can only be
applied to applications that do not modify dynamically
the amount of interacting objects. Hence, the
applicability of the pattern is limited to statically
configurable systems.

The pattern, namely MULTI-AUTOMATA, is presented
through a variation of the GoF form. A high-level
specification language used to instantiate the pattern is
also presented. The high-level language respects the
pattern semantics and is used to help the pattern

utilization.

1. The multi-automata pattern

This sdion presents the MULTI-AUTOMATA pattern
through a variation of the GoF pattern form [6]. The

pattern uilizaion is described through the use of a high-
level spedficaion language. The implementation sedion
discusses the C++ code generation from the high-level

spedficaion [7].
INTENT

Promote synchronous behavior among several interading
and concurrent elementsin a soft* red-time environment.
MULTI-AUTOMATA aso alows asynchronous

message passing between the dements.
MOTIVATION

Consider a multimedia presentation environment where
several  different components interad, ead one
presenting a different multimedia dement like text,
audio, video, and till images. Each of these components
should have its own execution thread. Also,
synchronization mechanisms among the mponents
should be spedfied to control the presentation.

! This paper considers ft real time systems as not concerning concrete
time specificaions, but relative synchronization constrains among the

interading elements.



Figure 1 illustrates a scenario where a presentation is
composed of a bodk (text structured into chapters),
videos, and still images. Each bodk chapter has its own
video and set of pictures. The user can browse the
presentation elements in any order, but when the airrent
chapter is changed in one of the dements, the other two

elements must also change.

Multimedia Presentation

Text Book

User
Control Chapter
Synchronization

Figure 1. Multimedia presentation example

This means that if the user current focus is on the video
element, and the video being presented is the one related
to chapter 2, when she deddes to see dapter 3 video, the
bodk and the still images must also change.

In a general case, posshly new multimedia dements
would be alded to the system and more mmplex
synchronizaion constrains could be neeled. The
MULTI-AUTOMATA pattern provides a high level
language to spedfy synchronization constrains among
interading objeds. The language has constructors for
spedfying state transition diagrams for ead class
synchronization constrains, and asynchronous message

passng.

Taking a deeper look into the multimedia presentation

example, one possble spedfication of the gplicaion is

the one presented in Figure 2. Four state diagrams are
presented: one for ead interading element and one for
the user. The language nstructor “sync” spedfies
which transitions should happen at the same time. The
user has only one state, which is “Watching”. The
asynchronous message “set(chapter €< chapterl)” is ent
to the objed aBook, modeled hy the Book state diagram,

in the beginning of the system execution.

The presentation starts when aBook handles the message.
The pattern guarantees that the three presentation objeds
will start showing their content at the same time becaise
there is a synchronism spedfied for the transitions
NextChapter, NextVideo, and NextChapterlmages. The
same holds for the finishing transitions, assuring that the
threeobjeds aways show the mntent related to the same
chapter.

The design structure presented in Figure 3 is a simplified
utili zation of the MULTI-AUTOMATA pattern for this
example. Each one of the presentation objeds is a sub-
class of the @strad class InteradingElement and has a
message queue (queue) to handle aynchronous
messages. The behavior of these objeds is gedfied by
the ShowChapter method: they have to check the
message queue, handle the first message (if any), and
then show the content of the aurrent chapter. The static

variable dhapter stores the value of the aurrent chapter.

The MultimediaPresentation class aggregates al the
interading objeds. Note that the configuration of how
many interading objeds of ead class are presented has
to be staticdly defined. Thisis alimitation of the pattern,
which can be gplied only to staticdly configurable
systems.
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Figure 2. Modeling the system with a high level language

All the synchronization constrains have to be treaed by «  The dements have synchronizaion constrains;

the MultimediaPresentation class more spedficdly, by . They may communicate via @ynchronous m o

the ShowPresentation method. The implementation of the passng:
synchronizaion mechanisms uses low-level operating ’
systems classes and will not be shown here. * The system is gaticdly configurable, that is, the

number of objeds of ead interading element class
can be predefined.

APPLICABILITY
STRUCTURE

Apply MULTI-AUTOMATA when al of the following ) )
Figure 4 shows the design model of the MULTI-

aretrue: )
AUTOMATA pattern, through the use of an OMT-like
e Severd €dements interad in a soft red time classdiagram.
environment;

PARTICIPANTS



» MessageQueue: is used for storing the asynchronous

messages. Eadh interading element has its own
message queue.
* InteradingElement: provides a default abstrad

behavior for ead interading objed.

e Projed (MultimediaPresentation): the only behavior
spedfied in a projed is the (static) configuration of
the agregate objeds and the synchronizaion

control. There is no loss of generality with this
approach since ay addtional behavior can be
refadored to an extra interading element objed.
Note that projeds can aggregate interading elements
and projeds (sub-projeds) aswell .

m <- queue.Check();

MessageQueue InteractingElement
public: ;QMQ public:
Message* Check() virtual void ShowChapter()
Update(Message* m) protected:

static int chapter
virtual void ShowMedia() = 0
virtual void Handle(Message*

m)=20

Handle(m);
ShowMedia();

/I show current chapter

aStill new Stilllmages;

Book Video Stilllmages
chapter = Decode(m); . |ShowMedia() ShowMedia() ShowMedia()
“-Handle(Message* m) Handle(Message* m) Handle(Message* m)
| Update(Message* m) Update(Message* m) Update(Message* m)
queue.Update(m)
MultimediaPresentation aBook new BooK:
aVideo new Video;
User ShowPresentation()

aBook.Updade("set(chapter <-chapterl")

while (chapter != lastchapter) {
aBook.ShowChapter();
aVideo.ShowChapter();
aStill.ShowChapter();
}

Figure 3. Applying MULTI-AUTOMATA

IMPLEMENTATION

In the pattern current implementation, user intentions are
described in a high-level language (Figure 2) and a
transformational system is used to generate the C++ code
that implements the pattern from this high-level

spedficaion. In [2] a general approach for instantiating

objed oriented frameworks [8] from domain spedfic

languages is presented.



Currently, the implementation of synchronizaion
mechanisms is based on Microsoft Windows 95 low-

level classes.
KNOWN USES

ARTSHIlI is an environment for suppating objed-
oriented software development based on formal methods
[7]. The MULTI-AUTOMATA pattern, together with its
high level spedfication language, was used as part of the
projed for building aframework for PABXs that is being

used by industry (Siemens Telecommunications - Braal).

The aplicability of MULTI-AUTOMATA to cther
domains will be tested as part of the projed. The
multimedia presentation domain is the next to be
investigated.

RELATED PATTERNS

The MULTI-AUTOMATA mechanism for asynchronous
message passing can be implemented as a variation of the
OBSERVER design pattern [6, 9] notificaion
medhanism. The MULTICAST pattern [9] presents a
design solution for event communication that could also
be used.

The objeds default behavior can be spedfied through the
use of the TEMPLATE METHOD design pattern [6].
The STATE design pattern [6] can be used to model the
MULTI-AUTOMATA sate diagrams. Since in the
current implementation of MULTI-AUTOMATA its
design structure is generated from the spedficaion

language, there was no need to apply STATE.

MessageQueue InteractingElement
public: M@ public: m <- queue.Check();
Message* Check() virtual void DoSomething() Handle(m);
Update(Message* m) Do();
protected:
virtual void Do() = 0
virtual void Handle(Message* m) = 0
ConcretelnteractingA ConcretelnteractingB ConcretelnteractingC
variables = Decode(m); Do) Do) Do() /I do something
-Handle(Message* m) Handle(Message* m) Handle(Message* m)
| Update(Message* m) Update(Message* m) Update(Message* m)
queue.Update(m)
Project
Client Rg o /I configure system
/I control synchronization,

Figure 4. MULTI-AUTOMATA design structure



2. Formal semantics

The pattern formal semantics is based on the idea that
every objed (interading element) has its own state
diagram. Each objed belongs to an initial state in the
moment that it is creaed. In ead state there ae guardsto
control the transition firing. Each guard is a bodean
expresson over the objed variables. The objed evaluates
al the state guards and, when a guard is valid, the
corresponding transition is fired. For the same state, if
more than one guard is valid at the time there is non
determinism, which should be solved by the pattern
implementation. One possble solution is to evaluate the
guards in a spedfic order, firing the transition of the first

valid one.

Each objed has to kinds of variables: locd and global
(that are the C++ static variables). A locd variable can
only be acce=d by its owner objed. Any adive objeds

of a dass on the other hand, can access global variables.

Each objed aso has a messge queue, to handle
asynchronous messages. It can be spedfied in the
language that, when an objed arrives in some sate it
sends an asynchronous message to a spedfic objed. In
the motivation example, when the user objed is creaed
initsinitial state, it sends the message “set” to the aBook
objed. The message queue is real only when an objed is
in a state in which all the guards are false. This means
that asynchronous messages are handled only when the
objed stops in some state. Since the messages can
change the value of the variables, a guard that was false
can bemme valid and the objed starts moving again.

Figure 5 ill ustrates the dements of a dass.
An interading element classcan be formally defined as:

CLASS = <Globa, Locd, StateDiagram, Initia,
Message*>

Where:

* Globa and Locd represent respedively the global

and locd variables,
» StateDiagram isthe asciated state diagram,
e Initia istheinitia state;

 Message* is the list of messages that can be handle
by the dass. Each message is defined as m (v;
&Cy,..., V€cC), where m is the name of the
message, the v's [0 (Global O Locd), and the ¢'s are
constants’.  This means that the aynchronous
messages can only change the value of the objed

variables.
Some @nstrains can be defined:
e Globa n Locd =0;

e Initial O State(StateDiagram), where State returns all
the possble states of adiagram.

Let C = <G, L, SD, I, M> be a ¢ass Then the finite
transition system that models C, can be defined as

[[C]] = <W, w, V;, T> where:

W is the set of paossible worlds. Each world has a
state variable (st), a set of global variables (G), a set
of locd variables (L), and message queue (q);

e w,istheinitial world;
e V,isavaue function such that:
- i0(stoGcoLO{a});

e Vg W - State(SD);

2 Constants are types. For the lack of smplification, the constants
(syntadic elements) will be used to represent their denotation in the
initial algebra of the corresponding types. The initial algebras are sub-
algebras of the VALUE generic dgebra.



o Vg(wo) =1,
« [OvO(@GOL)eV,,W 5 VALUE;

e DOvO(GOL)e Vywy) = v.creae, where the
creae method initializes the variable, assgning

aninitial valueto it.

* V4 W - Messge*;

* Viwo) ={}.

o T isthe set of transitions. For ead transitiont (0 T,
a(t) is gives the source of the transition, B(t) gives
the target of the transition, and A(t) gives the

transition’s name.

_State guard,, trans;,
Diagram Message
Queue
- - - ml
‘
0
0

guard,, trans;,

Global S
Variables ! e
Local L, oo
Variables

3

3

Figure 5. Modeling a class

Note that from the fad that V4 is a function, ead objed
belongs to some state & any time:

Owe Os State(SD) | Vg(w) =s

Figure 6 ill ustrates the initial world (w,) of an arbitrary

interading element objed.

Each guard can be formalized as a comparison between
variables, or between variables and constants, as

described bell ow.

[TRUEIf V, (W) =V, (W)

Ox,vO@GUL)[lv=x]] , = ALSEotherwise

[TRUEIf V, (w)=c
OxO(@GOL) «[[x =c]] , = ALSE otherwise

If @ and @, are valid variable cmparisons, we dso have
that:

* [e0elw=[ledlw Ol w
* e 0@lw=[ledlwO[ell w
* [~edlw=-ellw

If in some world, s, thereis at least avalid guard (comp)
the objed can either perform the enabled transition
(trans) or receve a new asynchronous messge, as
illustrated in Figures 7 and 8, respedively. Note that the



message @nnot be handled hut it is added to the objed’s message queue. This behavior isformalized below.

quard,, trans,

---‘ gx.create ‘ gy.create ‘
---‘ Im.create ‘ In.create ‘

Figure 6. Initial world

Ow|Vg(w) =5 O[[comp]] w=TRUE * V4(W") = conca(Vq(w), m(vy €¢y,..., Vi€ Cy)))
OtgT| On the other hand, if the objed isin aworld in which all
the guards are false it must handle the first message of
(a) =wO . . i .
the messge queue, as illustrated in Figure 9. This
BH=w' DO behavior is formali zed bell ow.
A(t) =trans O Suppose § is the source of transitions {(guard;,
transy),...,(quard, trans,)} in SD.
VW) =g O S1),.,(Quardi Sk} |

(OVO(GOL)* Vyw) = Vy(w)) O Ow|Vg(w) =sUO(0j = 1.k [[guardi]]w= FALSE)*

V(W) = V(W) OtoT|
a at)=w0
(a(t) =w O BM)=w O
B =w O A(t) = handle_message [

At =m(v; €cy..., viéc) O VeW)=VgWw) =5 O

(Head(Vq(W)) = m(vy €C;,..., vi&c) O Oi =
1keVvi(w)=cg)O

Vg(W) =5 O

(OvO(GOL)* Vy(W) = Vyw)) O
V(W) = Tail (Vo(w))



The semantics of a projed objed can be taken as a
mapping from configurations to transition systems. A
configuration is a formal device that indicates how many
objeds of ead interading objed classare aggregated in

the projed class
Let C,,...,C, be dasses. We define synchronizaion as:

*  Syngi(Cy,...,C) ={<t,t’> | tisatransition in the state

diagram of C; and t' is a transition in the state

diagram of C}.

S, (Initial State)

ceolozm o
ceelmin | nean

S, (Initial State)

gl =cgl

11=cll

¢ Sync(Cy,...,.C)= U U Syng(Cy,...,.Cp).

k=1.nj=1..n

Let C,,...,.C, be interading objed classs, ki,...k, be
positive natural numbers, and S O Sync(C,,...,C,). Then
aprojed that aggregates classes Cy,...,C, and has Sas st
of synchronizaion, is an structure of the form
<k;.Cy,....Kn.Chy S>. Intuitively it represents the
aggregation of k; objeds of class Cy, k, objeds of class
C,, and so on, until k, objeds of classC,, restricted to the
synchronizaion set S. Each element k;..C; is cdled a

projed component.

eoee®e® | Im=cm

trans

gx = cgx gy = cgy

In=cln

Figure 7. Change state



Let C=<G, L, SD, I, M> be a ¢ass For any positive
number j, the notation j.C denotes <G, j.L, j.SD, j.l,
j-M>, wherej.L={j.v |visin L}, j.SD denotes the state
diagram obtained from SD by repladng every name state
s by j.s, and, every transition pair (guard, trans), by
(j.guard, j.trans), where j.guard is the mmparison
resulted from the repladng of variables from L to j.L.
Similar renaming denotes the relationship between j.M

and M, and, j.I and I.

Consider that & represents the asynchronous product of
transition systems and [_S, for a set of pairs of labels of

S, (Initial State)

cee[wm [
1o | e e [m=an [ neon

transitions, represents the synchronous product of
transitions system regarding the set S of synchronization
pairs. The aynchronous product is defined in [1], and
the synchronous product is performed by consistently re-
labeling the operands in order to identify ead pair of
labels and performing the synchronous product as
defined in [1].

The denotation of a projed class is then defined as

follows:

[<ksCuverokinCo ST = 0 _S(

1_S( & [11.C.)

k

S e
N e

Figure 8. Receive message



S, (Initial State)

gl =cgl ®®e® | (X=CX gy = cgy

I1=cl ®ee®e® | Im=cm In = cln

handle_message

S, (Initial State)

11=cll

gl =cgl' coe

ee®e® | In=cm In = clnt'

gx = cgx' gy = cgy

Figure 9. Handle message

3. Conclusions

The formalization presented in this paper was used as a
guide to the implementation of a mapping from the
MULTI-AUTOMATA pattern to SMV spedfications.
SMV (Symboic Model Verifier) is a BDD model-
chedker based on CTL (Computational Tree Logic) and
Kripke models, which can be dso viewed as transition
systems [4]. This mapping allows the user to generate a
SMV spedficaion from a system’s configuration and

find out whether certain dynamic properties, expressed

by CTL formulag hold or not. In the cae the property
does not hold the SMV produces a trace which shows
why the property dos not hold. In [7] the whole
architedure of a system that implements the MULTI-
AUTOMATA pattern, namely ARTSHII, is presented.

The present paper aimed to show the pattern and its
formalization. The fad that it is well suitable for Soft
Red-time systemsrelies on the fad its manticsis based
on a naturally concurrent temporal concept, namely, the
very concept of Transition System. Synchrony, for

example, is pedfied as a basic mechanism, in the same



way as synchronous product is basic in Theory of

Transition Systems.

In order to extend the pattern to Hard Red-time it is
enough the introduction of time limits for ead transiti on.
In this way, a Timed State Diagram expresses the
behavior of an objed and the semanticsis based on timed
transition systems as showed in [3]. Similar operation of
synchronous product is defined for timed transition
systems and the semantics of any projed in this extension
of the pattern is provided in a quite similar way. The
Hard Red-time version of the pattern and its formal
semantics can be used for the nstruction of a tod for
formally based Red-time systems development. A model
cheker able to verify (Hard) Red-time properties
(anyone based on Red-time Logic “RTL”, for example)

is, obvioudly, one of the components of thistoal.

As a last word, it is worthwhile mentioning that this
pattern does not concern any aspeds about reliability and
fault-tolerance It provides a good design that can be
formally verified by a model chedker. Note that the
properties to be verified typicdly depend on the designer
of the gplication.
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