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Abstract. A deterministic behavior of systems composed of severalulesds a desirable design
goal. Assembling a complex system from components reqalsssa high degree of re-usability.
The compatibility of the selected components may becomeblgm even at abstract design lev-
els, due to possible different degrees of model determjraassible different execution models,
etc. In this cases, an overall deterministic system beh&vigifficult to achieve. The development
of communication mechanisms between such components avi# then to accommodate the dif-
ferences, so that both correct processing and informatiohamge (data and control, appropriate
choices and relative timing or sequencing) are achievedinstance, human-machine interaction
offers a good example of cooperation between determimstidels (machines) communicating with
highly non-deterministic counterparts (the human modelspt restricted). We analyze here such
communication mechanisms by “confronting” synchronized an-synchronized models of execu-
tion, in the framework of action systems, a state based flisma We “force” the two models to
coexist within the same context and explore the possisslitif building trustworthy communication
channels between them. We base our approach on a combiredy pdhterrupt scheme, which
allows us to mitigate communication issues that may otrewdmpromise the correct input-output
system behavior. More robust system models are obtainegjblying specific correctness rules
of refinement. We illustrate our methods on an audio systeameje, implementable as either a
software or a hardware device.
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1. Introduction

In our daily activities we are surrounded by electronic ec&lb-mechanical systems that interact, among
them or with humans. That is, systems that operate at diffevarious speeds need, from time to time,
to exchange information, or to execute commands issuedsisilplg non-deterministic ways. Depending
on the actual state the reactive system finds itself when gawdmmand arrives, it may either continue
its operation until it reaches a state where the commandkisoadedged and serviced, or it must react
immediately, as any delay may compromise the overall fonelity. The human factor can bring certain
kinds of disturbances on the desired output of the contiaiestems. This happens as humans may be-
have in a nondeterministic style, in contradiction with éx@ected deterministic behavior of the systems
they control. At design time, “human models” may be restdctfor instance, considered as reacting in
synchrony with the device models), easing thus some of thiguaéssues; still, this is not always a good
solution, as the model then may not capture an accurate ioehav

In this study, we concentrate on the modeling of commurocastrategies between synchronized
and un-synchronized modules, communication charactebyea high degree of non-determinism. We
illustrate the design and execution problems caused by@rmmunication channels, and offer solutions
that mitigate the influence of different execution modeldlancorrectness of data and control transfers.
The example we follow describes the interaction betweemaamuser (non-deterministic behavior) and
an audio device (deterministic behavior), composed oftssorized sub-systems. The goal is to provide
mechanisms that will allow a correct functional descriptemd execution model for the overall user -
device system.

While not limited to human-machine interaction, the desijra reactive system generally deals
with issues like communication, composability, concucseand preemption. The complexity of such
systems comes as an inherent byproduct, which leads fugh@oblems concerning the correctness of
the steps performed in the development flow. On one hand, aoemp-based design is a solution towards
partially reducing the task of the designer of complex systeOn the other hand, the employment of
formal methods$n system design tries to solve the aspects relatedi@ctness

A reasonable system design methodology requires the va@bdesigner, that is, the system integra-
tor, to compose the system from parallel concurrent compisnealledmodules The task of the system
integrator is to identify and appropriately connect the ponents in order to obtain the required func-
tionality. These components may comport certain chariatitey that will require from the system-level
designer to develop appropriate communication schemesdar ¢o facilitate a correct behavior of the
global system.

Berry [10] separated computing systems imtteractiveand reactiveclasses. He also argued that
languages based on asynchronous models are not well soitdédcribing reactive systems [9]. How-
ever, in complex applications, one may find components df blaisses. One of the main concerns is to
accommodate a proper communication between the non-datstimbehavior of the interactive and the
deterministic behavior of the reactive modules.

Such modules are modeled here in the formal frameworkctibn systemsAs illustrated by Cer-
schi Seceleanu and Seceleanu [25], the synchronized abptoasystem design improves the control
and determinism of the reactive system, as well as its matulgharacteristics. Still, it may often be
the case that the communication partners (or the envirot)roéan internally synchronized system are
not suitable to be described as synchronized modules, tieess This, either because it would im-
pose unrealistic restrictions, or because the modulesvimtia highly unpredictable and therefore, the
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non-deterministic solution covers it very well. In suchuaiions, a simple parallel composition of the

synchronized system and its environment is not sufficientt may render the benefits of the synchro-

nized model useless: commands may be “lost” just becausy#tem cannot react to them in the current
execution cycle, or may be interpreted partially, leadmgitong updates. Hence, operational behaviors
must be devised such that they accommodate communicatidelsnconnecting synchronized modules

and their system partners, or the environment.

In the present study, we focus on the characterization aftsypmized - unsynchronized module co-
operation. For problematic situations, that would affeetyalidity of results output by the synchronized
systems, we offer a solution inspired by thelling mechanisms employed in both hardware and soft-
ware systems. More clearly, we address communication gdseveen action systems that operate in
parallel by employing aafe pointsapproach [16, 21], which establishes moments during thgrano
(system) execution, when any pending (asynchronous) égospcan be analyzed and securely served.
The “lines” through which our synchronized modules obséna®ming, un-synchronized events, are
modeled here asatched variables

Related work. Synchronous - asynchronous communication is most oftaffiestuin the domain of
hardware design. This is even more stressed lately, in thexioof on-chip multiclock domains. But, in
general, interaction between deterministic systems thptement certain synchronization mechanisms
with systems that act in a less deterministic manner have theefocus of multiple research studies over
the years.

Keller [20] established certain conditions required froantigipants (modules) in asynchronous sys-
tems. However, it is important to observe that the synchemhior un-synchronized execution environ-
ments that we deal with here do not necessarily map on synehsoor asynchronous hardware imple-
mentations, respectively. Our focus is not@rcuit level asynchronous design, or on modeling speed
independent implementations. Conditions [20] such abiiiid’ of inputs (when a signal provider does
not change the output until all the readers have observed ff)nite-blocking” (if a signal is present at
the input of one module, it will eventually be read) may netals apply, and still, such systems have to
be modeled and, eventually, implemented.

Berry et al. [11] studied the possibility of introducing asyaironous communication practices in
the synchronous language Esterel. The model is Hoare’s CEPWith its non-deterministic behavior,
much like the action systems addressed here.

From a software perspective, concurrent programmingylatehed to the solutions offered by the
Java language, in the form of threads. We may see threadslgseindent processing modules, which,
at times, must interact by exchanging data. In such sitogtibeir respective activities must be syn-
chronized, so that the exchange operation completes inract¢data-wise) manner. The synchronized
composition that we employ here resembleslibeier synchronizatiorof Java threads [15], but data
updates and detailed operation requirements and mectambiémg an extensive set of differences.

Early Java systems suffered from unexpected interactiehsden data, threads, and code. Haw-
blitzel and von Eicken [16], address the problem of isolatmd communication between threads, in a
Java extended frameworkuna Safe points are identified and implemented such that tcéinga on
multiple-accessed resources are not colliding. In ouraaagr, the “safe point” is always identified as
the last execution round within a cycle, in the synchronierelcution model.
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Modularity and exception handling are subjects of the stpthsented by Marlow at al. [21].
In Haskell a functional language, it is not possible to use polling ma@isms for modeling non-
synchronized communication. Therefobdockingandunblockingprocedures are devised. In our per-
spective here, we model a human command addressing améyg@rsynchronized system. Blocking
its activity would impose too harsh restrictions, in ourrepn, on the model of the system user.

Rudys and Wallach [23] employ both blocking methods and pafets when introducing theoft
terminationconcept, a general language mechanism, illustrated in @@grams. The mechanism is
intended to be an interface between man and machine, atidheformer to terminate infinite loops in
codelets. Therefore, it requires the presence of an adingitts or a system resource monitor. We may
identify a similar solution in our approach, however thegmae and the realization (the update stage)
are different.

Seceleanu and Garlan [26] address the subject of adapttensybehavior in the same context of
synchronized composition, by promoting changes similar,not identical, to the ones we perform in
this study. However, the cited work is complementary to tresent one, the focus being only on the
processing elements, and not on the user-system intarastiich is considered somehow regulated.

In general, synchronous languages, such as Esterel [@yBe [24], or hardware description lan-
guages, such as VHDL [1], do not expose problems as the ondealaith here. In Esterel, the usage of
await andemit statements build up a system of check points that help spegif deterministic behav-
ior; with the solution offered in [11], even synchronous yraghronous communication can be handled.
Still the presence of specific synchronization mechanismeh as “ticks”) forces the deterministic (syn-
chronous) components to react at “predefined” moments. ditiad, the employment of "oracles” or
"observers” in other synchronous (related) approacheseftai[22], Lustre [14]) are means to test or
debug and are not (always) considered as part of the “norsyatem execution flow. ForSyDe benefits
of a synchronous model of computation that eliminates frbestart any non-deterministic specifica-
tion; VHDL has an execution model which, through the podisjbof process re-activation, within the
same clock cycle, also eliminates the possible un-desiifedte of the non-deterministic selection for
execution. However, all the above frameworks impose egiris that may be seen as unsuitable in
certain situations. For instance, when modeling humanwehat may not be “natural” to consider it
developing in synchrony with internal system signals, @reacting on clock edges.

Paper outline. Section 2 introduces those parts of the action system fismahat are relevant for
our study. In particular we review and compare parallelpnitized and synchronized compositions.
We also introducérace refinementf action systems since we will demonstrate that the intttdo of
watched variablesn a given action system is a trace refinement step and thomatitally leads to a
correctly refined action system that does not require amditiverification. Section 3 presents the case
study and motivating example. An audio filter is modeled agalsronized cooperation of sub-modules.
A user model is then attached to the filter, in a parallel cositfom. Section 4 discusses how user and
filter modules interact with each other exposing potemtiahhwanted system behavior. To rectify the
observed problems we introduce watched variables in sedtd. Sections 4.4 and 4.5 discuss the re-
sults of our approach, while in section 5 we compare and ashirwith alternative approaches. Finally,
section 6 concludes the study and points to future work.
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2. Action systems

Back and Kurki-Suonio [4] introduced the action systemsniaism, providing a framework for speci-
fying and refining concurrent programs. Aation systenis in general a collection adctions(guarded
commands), executed one at a time. An action system is logittrding to the following syntax:

A(z:T.) £ beginvarz:T, eInit;doA;|...] A,od end (1)

Here, A contains the declaration of local variablegof typeT..), followed by aninitialization statement
Init and theactions A4, ..., A,. Variablesz (of type T,) are global and x arelocal to the action
system (1). The initialization statement assigns stasalges to the global or local variables. After that,
enabledactions are repeatedly chosen and executed. In this papaegard an actiod; as being of
the formg; — S;. An action isenabledwhen the boolean conditiog} (calledguard) evaluates to true.
Executing the action changes the program state in the wayibed by statemeng;, to which we refer
to as thebody of the action. The change is instantaneous. Two or morerectian be enabled at the
same time, in which case one of them is chosen for executiadiemonically nondeterministic way.

The actions insided are iterated as long as the disjunction of the guards holds rést of the system
(the environment communicates with the action system sglaaredvariables, that is, variables updated
by the system and read by the environment, or the other wayndroNext, we assume the following
notations: the set of state variables accessed by soma altiod, is composed of theead variable set
of action A, denotedr A, and thewrite variable set of actiomd, denotedw A. We build the same sets at
the system level, considering the local / global partitibthe variables: for a given action systefn we
have the accessed variables], the global read / write variablegr.A/gw.A and the local read / write
variables/r.A/lwA. We say that an actiod of A is global, if gw.ANwA # () orlocal, if wA C lwA.

An action A; is defined by the following grammar:

A; == skip (stuttering, empty statement)
x : = e ((multiple) assignment)
S ;... Sy (sequential composition)
gm — Sm] .. | gn — Sn (nondeterministic choice)

x:=2'.Q (nondeterministic assignment)

Above, S, ..., S, are statementsg,,, ..., g, andQ are predicates (boolean conditions)a vari-
able or a list of variables, andan expression or a list of expressions. Actions can be much general,
but this simple syntax suffices for the purpose of this paper.

Statements and actions in the action systems language fimnedlasingweakest precondition se-
mantics consistent with Dijkstra’s original semantics for thedaage of guarded commands [13]. For
statement S angostcondition®, the formulawp(S, @), called the weakest precondition 8fwith re-
spect toQ, gives the largest set of initial states (the weakest pageljcfrom which the execution of
statementS is guaranteed to terminate in a state satisfyind7]. In this paper, we assume that all
statements areonjunctiveand therefore alsmonotonic predicate transformerhat is

conjunctivity : Vp,q e wp(S, (p A q)) =wp(S,p) Awp(S,q)
monotonicity : Vp,q e (p=q) = wp(S,p) = wp(S,q)
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In addition, we also require that statemetdgeminate that is, for any givenS, wp(S, true) = true.
Also, we say that an actioA = g4 — S4 terminatesf wp(gA — Sa, true) = true.

Guards. The guard of a statemeiX is defined ag;S £ -wp(S, false). The guard may not al-
ways be explicitly mentioned, in which case we should notiassit istrue. Consider, for instance,
the case of the nondeterministic assignmgént: 2 := 2/.Q. While there is no explicit description,
however, the guard of is is given by the above formula, together with the respecte@manticsv(p)
of the non-deterministic assignmentS = —(v2’ @ —@Q). Thus, the guard of an actigh — S, is
given asgA A gS 4. Here, we are interested dtrict statements, that is statements for whjchy = true.
Consequently, the guard of the actidris solely defined byj4.

At the system level, the guard of an action system is given Hy(1) isgg 4 L V71 gk, Wheregy, is
the guard of the respective actiehy.

Parallel composition of action systems.Consider two action systems given as follows (we omit the
type specification for variables, as it is not relevant).

begin var 4 e Inity; do ga — Sa od end

> 1>

begin var xp e Initg; do gg — Sp od end
Then, the parallel composition [3] of andB is the systenP = A || B:
P(zp) A begin var zp @ Inity ; Initp; dogs — Sa]| gg — Sp od end

The composed action system essentially combines the ie@sjdhe initialization statements and the ac-
tions of the two subsystems. The initialization of the comnaariables: = z4 N z Must be consistent,
that is, they are assigned the same initial values by bdtalimation statementdnit 4 andInitg (such
that the order infnit 4 ; Initp is not important). Some of the previously global variablésdcand 15,
the ones that were used to model the communication betwedwthsystems (so, part ofy N zp), will
become local variables @?, except if they were shared with other systems, too, in a&facgntext (in
which case they remain global variables®ftoo). We add the former to the reunion of the individual
local variables of4 and 3, thus obtaining the set of local variables7f xp. The global variablesp

. N
are definedasp = z4 Uz —xp.

Prioritized composition. One way to express preemption, in action systems, comesiffiotim of
a macrooperator, based on the semantics of the choice operator.pfidritized composition of two
actionsA and B was defined by Sekerinski and Sere [27] as:

A//B=A] (—gA — B)

At system level, the compositiad // B allows an action ir3 to be executed, only if there is no enabled
action inA.

Invariants. A predicatel(vA) — I in short — is aninvariant of the actionA = g — S, if it holds
prior to and after the execution of. We then say thaf is preserveddy A, that is,g A I = wp(S,I).
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At the system level, a predicafév.4) is aninvariant of the action system if it is established by nit,
that is,true = wp(Init, I'), and also if it is preserved by each action4f

Refinement of actions.An action A is refinedby the actionC', written A < C, if, wheneverA estab-
lishes a certain postcondition, so dag$3]. Additionally, let I be an invariant over the actidari. Then,
action A is refined by actior using the invarianf, denoted4d <; C, if

VQ.I Awp(A,Q) = wp(C, I AQ)

If not only analgorithmicrefinement is intended, but one also introduces changeg idata structures,
we have then data refinemen7]. In such cases, an additional predicate should rel@edhw structures
(actionC) to the ones they replace (actiah).

Trace refinement of action systems.The semantics of a reactive action system is given in terms of
behaviors [6]. Abehaviorof an action system is a sequence of states,((xo, v0), (z1,¥1) .. .), where
each state has two components: theal and theglobal state. Atrace of a behavior is obtained by
removing all finite stuttering (no change of the visible sgtand the local state component in each state
of a given system. Informally, we say that an action sysferafines.4, written asA C C, if every trace

of C contains a trace afl. The theoretical basis for the trace refinement is exprelsgele following
tracerefinement lemma [5].

Lemma 2.1. Given the action systems

A(z) : Tz) Z begin var a:T, e a,z4 :=ap,2; do Aod end
C(z:Ty) £ begin var ¢: T, e ¢,z¢c :=cp,20; do C' | X od end

let I(vC) be an invariant of the systeth The concrete system (trace) refines the abstract systein
denotedA4 C; C, if:

1. Initialization: I(cy, z0) = true. This means thaf is established by the initialization statement.

2. Main action:A <; C. Refinement of actions.

3. Auxiliary action:skip <; X. The possibly new added actions behave like skip, thatéy, do not
update global variables of the systén

4. Continuation conditionf A gA = gC Vv gX. Whenever an action is enabled.i) one action is
also enabled id.

5. Internal convergence: = wp(do X od ,true). The newly introduced actions may not execute
for ever. We direct the reader to [13] for the definition of pscand the corresponding weakest
precondition computation.

2.1. Execution of action systems

Starting with the original paper by Back and Kurki-Suoniq, [the sequential execution model was
established as de factoreasoning environment for action systems designs. Phedéeutions are
modeled by interleaving actions that have no read / writdlicts
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Thus, the execution of an action system assumes that thensystobserved by a virtual external
entity - theexecution controller (controller in short) - which, at any moment knows what actions, in
which action system, are enabled. Non-deterministicalbglects one of them for execution. The initial-
ization places the systems in a stable, starting state. dititeatler then selects any of the enabled actions
for execution, after which the system moves to a new state caNehis operation amxecution round
(equivalent to the execution of an action). After this, tbhatcoller evaluates the new state, observes the
enabled actions and starts another execution round.

Synchronized environments. An additional virtual execution model has recently beeneadihto the
framework of action systems [25], tisgnchronized environmeritere, the execution of the components
of the system under design is synchronized with respectaaiffulates on the global variables of the
respective components. This models the unitary reactianaafmposition of action systems to a given
input situation. In brief, th@bservableaxecution model is changed as follows.

The controller selects one of the components for executiom, nondeterministic manner. After
performing all the possible execution rounds, with respedhe input state, the controllenarksthe
corresponding action systemeasecutedHowever, the global variables of the action systems corapbn
are not updated at this stage; instead, the new values aesl stolocal copies of the respective global
variables. Next, the controller selects anotherexecuted@omponent and performs the same operation.
Due to the updates of the copies, instead of the actual glaables, between selections, the visible
state of the composition does not change. When all the coemierhave been executed, the controller
runs a final round in which the appropriate values are asdignthe global variables of the synchronized
composition. This also signals the end of an executigrie followed, if the system remains enabled,
by the beginning of another.

A synchronized environment presents some useful chaistatsr The first one is an increased capa-
bility of reaction: no special attention must be given to tinder in which elements of the composition
are selected for execution. The second impact on desigfiester] by an improved system modularity:
responsibility of upgrading the modules stands only in thieds of the module designer, and this infor-
mation is transparent to the system level integrator, aoreckonly with the overall functionality and the
interface of the employed components. A synchronized enwilent assumes certain properties of the
composing action systems: they mustdoeper action systems.

Definition 2.1. Consider the action systen:
A(z:T.) £ begin var z:T, e Init; dogs — S| g, — Lod end

We say that4 is aproper (“suitable”) action system if:
e gwA C wS — meaning thafS is a global action ofA.
e wl C lwA— meaning thaf. is a local action ofA.

e wp( dogr, — L od,—gr Ags) = true —meaning that the execution bf taken separately, terminates,
leaving S enabled.

A synchronized environment is realized when a certain nurokygroper action systems evolve following
the informal execution scenario introduced above. Thainmusition is a hew action system, obtained
as follows.
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Definition 2.2. Let us considen proper action systems:
Az 2 Ty,) £ begin var xj : T}, ® Inity ; dogg — Sk | gf — Lyodend k=1...n

for which we also have thatj, k = 1...n,j # k.((gwA; N gwA, = 0) A (zj Nz, = 0)). The
synchronized parallel compositionof the above systems is a new action sys@emn A; t ... § A,,
given by:

P(2)
2 begin varz: T, s€l[l..n] : Bool,7un : Nat  I'nit;
do
agp
— (run = 0 A —sel[l] — sel[l] := true; run:=1
H . Selection
run = 0 A —sel[n] — sel[n] := true; run:=n
(run=1Agt — Ly Component 1| E
| run=1A—gt Agk — wSic:=wS1;8|;run:=0 .
[ run =1A ~gga, — run:=0) &
aaa u
(run =nAg} — L, Component n f
| run =n A g2 Agg — wSpe:i=wS, ;S ;run:=0 o
| run = n A —gga, — run:=0)) n
| sel Arun =0 — Update Update
od
end

The operatorff’ (‘sharp’) is called thesynchronization operator.

The systen introduced above represents the “flattened” model of thergymized composition of
A1, ..., A,, viewed above asomponents

The setz of global variables of is, initially, the union of the global variables sets of eauttividual
system:z = (J, z;. It may be possible that communication between several edbles of P (the
composing systemsl;) should not be disclosed at the interface Bf Therefore, the variables that
model such channels will d@ddenwithin the systenf. They will not be mentioned in.

Further, the local variables of the new action systerf® are the union of the local variables,,
to which we add the hidden variables. We also add copie$,¢) of the original write variables of
each action body,. They replace the original variablesS, therefore we havé) = Sj[wSjc/wSk].
Finally, the listz is completed by adding the arragland the execution indicatanin. The guardygp
is the disjunction of all the module guardgyp L 994, V ...V gga,. Thelnit statement is the
sequential composition of the individuktit;, statements to which we add the initialization of variables
wSke, k € 1,..,n, selandrun:

Init 2 Inity ;.. ; Init, ; wSic, .., wSyc := wSy, .., wSy, ;run := 0 ; sel := false

The actionUpdaterepresents the integrator’s choice of deciding how theshcipdates of the global
variables are performed. We considet = sel[1] A. .. A sel[n], while the assignmentel := false sets
all the vector componentsel[1],. .., sel[n] to false - as in the above definition dfnit. In an initial
set-up,Updateis specified as the atomic sequence:

Update A wS1 ;= wSic; ... ;wS, ;= wS,c; sel := false
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Two easy to asses properties of thigoperator are commutativity and preservation of properness
that is, the action systerR is a proper action system, too [25]. In addition to these, vemtion that,
at this moment, it is not proven thatis associative. Even though, intuitively, one may guesdtso,
proof is difficult and is one of the on-going work topics. Thasrtain features of hierarchical design
may be hindered, especially system decomposition. Howéwdding up hierarchies is not difficult.
The systems do not require representation at the "flatteleed!, and, as long as iterated composition -
decomposition activities are not required, “bottom-upsida techniques are applicable.

2.2. Synchronized composition in system design

The motivation behind employing the synchronized compmsinstead of the traditional parallel one in
certain system development is given in details in [25]. Haevewe restate briefly the main issues here,
as we will use the approach in the example description ofsest

Let us analyze the model of a simple digital filter [18] as aickethat takes as input a sequence of
samples, performs certain operations on it and deliversigmiba corresponding sequence of samples.
The incoming sequence is described:&s), wherex is the name of the input signal anddentifies the
sample position; a similar notation applies to the outpghaiy, for which we have the samplegn).
The relation between the input and output is giveryby) = ZN ' h(k) x z(n — k), where the vector
h]0..N — 1] contains the filtecoefficients Hence, apart from the incoming current sample:oN — 1
previous samples are stored in a buffer and can be accesgbé biter. In the end, a filter may have
either a software or a hardware implementation.

S HEET

a) b)

Figure 1. Filter representation: a) single channel; b) thannel.

From the above short description of the filter one can idemtib sub modules of such a device: the
storage FIFO-like buffer, and the actual filter. In the fallog, we model the buffer by syste$ and
systemF performs the filtering. In addition, we also need a signarsaumodeled here by systefh
The whole system is illustrated in Fig. 1 a), with the actigstems descriptions given as:

S(X:T) B(X,Z[0.N—2]:T)
L begin e X := x¢; L begin o X, Z[0..N — 2] := x, 20;
do X := X'.(X" € T od do Z[0],...,Z[N — 2] := X,..., ZIN — 3] od
end end

F(X,Z[0.N —2,Y : T)

begin
var h[0.N —1]: T e X, Z[0..N — 2], h[0..N — 1], Y := xq, 20, ho, Yo;
do Y := SNV h(k) x Z(k —1) + h(0) x X od

end

1>
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whereh[0..N — 1] are the filter coefficients that do not change during the di@tof the system.
Suppose now that we organize the composed systrbdsed on the parallel operator:

A=S||F|I B

The systemA executes in an interleaved, non-deterministic manner. ifingediate problems that one
may notice is that we cannot ensure the correct processitig smples emitted kY. a valid execution
scenario ofAcan beS ;S ; F;F;B;S;B;..., which affects the result presented By either because
of losing incomingX samples, or by reading wrong operands when computing thiéafizdtion.

This can be solved by implementing a communication chanegdensS, on one hand, and and
BB on the other, in order to disabfeuntil the current signal sample has been processe# agd 5.

There is still the problem of ordering the execution/fand B, otherwise consecutiv& samples
will be processed with the same elements storedSbyHence, another communication channel must
be conceived betweefi and F, in order to impose a consistent execution order. The conation
channels are modeled by request - acknowledge pairs ofdvaignalsyeqs, acks, reqr, ackp, the
system descriptions resulting as

Si(reqs, ackg,ackp : Bool ; X : T)
begin e reqg,acks,ackp := false; X := xg;
do —=(reqs V acks V ackp) — X = X'.(X' € Tx) ; reqs := true

1>

| regs N acks A —ackp — reqs := false
od

end

Bi(reqr,ackp : Bool ; X, Z[0..N — 2] : T')

begin e reqp,ackp : false; X := xy; Z[0..N — 2] := 2;

do reqr N\ —ackp — Z[0],.., Z[N — 2| :== X, .., Z[N — 3] ; ackp = true
| —reqr N ackp — ackp := false

od

end

1>

Fi(reqs,reqr,acks,ackp : Bool ; X, Z[0..N —2],Y : T)
beginvar h[0..N — 1] : T e reqg,reqr,acks,ackp := false;
X, Z[0..N — 2], h[0..N — 1], Y := =, 20, ho, Yo;
do reqs A —(reqr V ackp V ackg) —
Y = Zév;ll hlk] x Z[k — 1]+ h[0] X X ; reqp = true
| reqr A ackp — reqr = false; ackg := true

1>

| ~regs A acks — acks = false
od

end
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One may now consider that a good filter model has been devisedexecution of; || F1 || 51 always
follows the same trace, thus the output is the expected dmeniodelsS;, /7 and3; can be stored in a
design library for later utilization.

Suppose further, that we want to re-use the above modulesjithuthe addition of another filtering
unit, hence to process data on two channels, with differéiat fioefficients (Fig. 1 b)). One can think
of just introducing the modulg\1, an instance of them; description above, but with different filter
coefficients. However, due to the interleaved model of ettecuagain,S; must accommodate the
presence oM, such that no samples emitted yare “lost” by M;. Hence, a separate communication
channel must connect the two systems. This means a re-difdigm initial systemS. The same applies
to B. In addition, the output delivered I, and M will be sequential; even more, the sequence will
not be consistent, as the controller will freely selectesithne of them for execution, with no priority.

In conclusion, the traditional parallel model with the asated interleaved execution may not be
supportive for a modular approach to system design. Theogsapsolution comes in the form of em-
ploying the‘’ operator instead of the parallel one. Observe that, if thialisystem description is

A=St1F1B8,

there is no need for the additional communication chanigtl, the order in which modules are selected
for execution is not relevant, as the input space is “statilging one execution round, and, therefore, no
wrong updates are performed. Furthermore, a possiblélization of the same modules with an extra
filtering device (M, an instance ofF), there is no need to re-design any of the components, weusén |
re-write the composition ad’ = S § F # M # B. Moreover, the output fronF and M will be updated
simultaneously.

The modularity features offered by the synchronized coritiposare completed by relaxed system
refinement capabilities. However, these are not relevarthfo present study, and we direct the reader
for details to [25].

It is important to notice that, above, the synchronized ocositipn was considered in synchronized
environments, that is, whewl the system components are connected with‘theperator. This may
not be a generic solution for various system properties agdirements. Therefore, in the following, we
analyze the interaction between the two presented modebsegiition, the interleaved and the synchro-
nized models. For the latter, this will imply a change of thedateaction. We present the necessary
modification on a running example.

3. Design example

In this section, we introduce the reader to a case study timbines the two styles of design presented
in the previous section.

Out of a variety of synchronized systems that interact in-&ywmchronized manner with other sys-
tems, or with the environment, as potential exemplificatiohour approach, we mention here:

e sensor based traffic light controllers (lights are synctaeshon all directions) and car / pedestrian
traffic (non-deterministic vehicle / pedestrian arrivateiss-roads),

e elevator controller (supervising, in a synchronized marthe elevator movement, door open-
ing and closing, etc) and human commands (unaware of thatetepositioning, therefore non-
deterministic from the controller point of view),
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e train junction control (similar to the traffic light contter).

e application / operating system (totally non-deterministiiven the wide range of possible requests)
and hardware platform (acting not in a synchronized, buh&ve synchronous way).

e ATM machines (data transfers synchronized with the aviglabntrols) and users (non-deterministic
in their choices).

All the mentioned examples raise the problensg$tem reactiomo input stimuli, which may come
at un-predictable moments, with respect to the currenesysttate. However, while, for instance, it
would be unpleasant for one to press the elevator button lameblevator to continue its movement
without stopping, because it could not react in proper tiodé command, this can be resolved at a later
moment, without affecting the basic functional specifimatdf the system.

The above examples emphasize, at the same time, the need:doreat design methodology, as
errors in design may lead to human victims. Still, we setleeHor a simpler example, that of andio
systendesign. In brief, our audio system is composed of a signhaikcspa two-channel audio filter and
volume controllers for each channel. A user may operate ¢heed by modifying the volume on either
or both channels, whenever desired. The problem is to modgstem that reacts both to the signal
source and to the commands of the user, and produces thaeXpedput.

The reason for our selection is that, apart fromreeectivityissue - resolved by a synchronized design
as detailed in section 2.2, the chosen example raises atioaddliproblem dimension, and this regards
the constraint of simultaneous updates on the two charinglg presence of external, non-deterministic
commands. For instance, in the case of the traffic light olletr due to security reasons, red light - in
one direction, is not supposed to switttthe same timwith the green light, on the orthogonal direction.
A delay in turning green in one direction is actually reqdir@herefore, a sequential update is observed.
On the contrary, in the stereo audio system that we propbsdwo-channel output must present both
updates at the same time, regardless of the issued volumgethatherwise distortions are observed. A
sequential update solution would, thus, be unacceptatitésricase.

In a final note on the example selection, we acknowledge ttietlfiat one can find solutions to
the problems raised by each of the mentioned examples. &meyguselection, speed of the elevator
engine, regulations on vehicle speed, or human latencyserelng changes are just a few mechanisms
or reasons why working solutions can be accepted. Howeunefpous here is the accuracy of the model
and the stepwise correct approach to system developmaeart,ifgertain requirements may seem too
strict, when observed in daily utilization.

3.1. The design elements

In the following, we shortly introduce the elements of ouample.

The filter. A very common utilization of filters can be observed for ims& in modern day audio
applications. Tasks such as channel separation, equglierare implemented using various kinds of
(digital) filters. We will use the filter models that we deber in section 2.2.

The volume controllers. The interaction audio system-user is realized through tihenve controllers
on the two channels.



14 T. Seceleanu and A. Jantsch/ Communicating with Syncled®invironments

Each of them is an instance of the action systéngiven as

V(Vol : integer 0..10 ; in,out : Tp)
begin o Vol :=0;in,out := ing, outy ;
do out := Vol x in od
end

The above system performs a simple update on the outpublasiat, by multiplying the inputin
with the user selection captured in the value of the vari&hie
The audio system. The setup for a two-channel audio system, where the userhieagassibility of
selecting the desired volume for either of the channeldiiediced in Figure 2. The modulésand are
instantiations of theF system, whereas the modulgslr andV ol;, perform the desired amplification,
and they are instances of the action systém

VO|L VO|R
x Audio Filter
[s] B
‘ M LMo Lt
L Vol
R iﬂR ::|::V | YR
| B ¥R

Figure 2. The audio system.

One of the requirements of the audio system of Fig. 1 b) isttteathanges that affect both outputs
Yr andY;, must be observed simultaneously. Therefore, the audiceédsi modeled by the action
systemA, a synchronized cooperation of its modulgs= S § B R # L Volg £ Voly,

Observe that one can build the audio systdmtarting from the original description of section 2.2,
thatis, A t B f F, by identifying 7 with eitherR or £, adding the other filter and the respective volume
controllers. If the starting point would have been a paralestem description, such an easy update
would not have been possible.

In the next sections, we study the interaction of a synclexhimodel - the audio systerh- with an
environment considereir, but unpredictable.

3.2. Modeling the user

As listeners to our stereo audio device, we expect to be alalesinge the audio characteristics, by raising
or lowering the volume of either the “left” or “right” chanheSuch behavior is captured by the system
User(Voly,Volg :integer 0..Volprqas ; in, out : Tp)
begin var Ay :integer e
Volp,Volg := Volpraz /2 ; Ay :=1;
do Vol :=V].Qr | Volg := V{.Qr od
end
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where

QrL=V]/ =Volp vV (V] =Volp + Ay A 0 < V] <Volpaz)
V(V] =Volp — Ay A 0 < V] < Volpraz)
Qr=VE=V,V (Vi =Volg+ Ay A 0 < Vi < Volpaz)
V(Vh =Volg — Ay A 0 <V} < Volyas)
Observe that the above system is always enabled, thailiser = true. In the following sections,
however, we assume that actions of the systemr are not selected infinitely often by the controller. In

this case, we are interested in analyzing the moments whamasiions are selected, and the impact of
their execution on the behavior of the audio system, modajed.

4. System interaction

When analyzing the interaction between the syst&iss- and.A, one should notice that the user actions
are independent of the activity of the audio system. Theeefeven though this would considerably
simplify the modeling of the communication between these éntities, one should not consider a syn-
chronized composition of the two action systems. Instelael whole system is modeled as a parallel
composition of the two modelg1ser || A.

In the following, we study how the above composition satsstlee requirement that once the vol-
ume level has been changed by the user, the audio systempappely reacts to this new situation.
Informally, this means that if the current execution sessibthe audio system is not finished, one must
consider the new values of the volume lines, for the curmgmiti sample. Therefore, part of the process-
ing may be required to be re-executed. Hence, the actionseofiser act as interrupt generators for
the digital device, and the latter has to respond to suchteveks the focus of our study is located
“within” the synchronized composition, we will describedsanalyze the synchronized compositions in
their respective flattened versions.

4.1. Modeling the audio system
In order to study the actual realization of the above scenare analyze in more detail the systetn

A(Volgr,Voly, : integer 0.Volyraz ; YR, YL : Th)
begin
var X, Xo, Z[0..N — 2], Z.[0..N — 2], hg[0.N — 1], hz[0.N — 1] : Tp;
Yr., Y., ing,ing,ing,,ing, : Tp ; sel[1..6] : Bool ; run : integer 0..6 e
Volg, Vol :=0;ing,ing,ing,,inr, :=0; hg[0.N —1],h[0..N — 1) := Hg, Hy;
X, X, 2, 2., YR, Y1, YR, YL, := 0;run :=0; sel := false;
do
Selection
| run =1— Yg, :=Volg X ing ;run :=0
| run =2 — Yy, :=Volp xing ;run =0
Jrun=3— X, =X'.(X"€T);run:=0
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|run =4 — Z,0],...,Z;N — 2| :=X,..., Z[N — 3] ;run := 0
| run =5 —ing, : Zév L hr(k) x Z(k —1) 4+ h(0) x X ;run =0
| run =6 —ing, : 1hL(kz) x Z(k—=1)+h(0) x X ;run:=0
| sel ANrun =0 — Update
od
end
Selection = run = 0 A =sel[l] — run = 1; sel[l] := true
| run = 0 A —sel[6] — run := 6 ; sel[6] := true

Update = X = X.; Z:=Z.;...;sel := false

Effects of the un-synchronized interaction betweerd/ser and A. Let us analyze a possible scenario
regarding the execution of the composititfser || A. Suppose that th&election action performs
run = 2, thus enabling the actiorun = 2 — Y7, := Voly, x ing ; run := 0, in A. After the latter

is executed, theontroller may choose to select now one action of the systémr, and, for instance,
lowers the volume on the left channdlol;, := V] .Qr. However, this option cannot be followed by
a reaction ofA, in this execution cycle, as the intermediate updaté’pnhas already been executed.
Hence, the immediate next time when the user observes aelimatige output of the system, he / she
will not observe the modification of the volume on the leftiochel, as selected.

N
,/q [run =0 /\ sel = false]

[run = 0 A\ sel = true]

[run = 5]

Sele.cted 6 :

Figure 3. Execution of the systes

One possible illustration of the above scenario is desdribestatecharts-like representation of Fi-
gure 3, where the execution controller is identified as thodoghoperator. The actions of the audio system
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A are to be identified by the corresponding value of the tramsguard. After their execution, the system
ends in one of the states, . . ., S¢, and then it returns (the dotted lines) for anotbentroller decision.
One possible order for executing these actions, based amotieleterministic results provided by the
Selection, is illustrated by the circled numbers.16. Notice that the modification of the left volume is
the first one to be executed. The user intervention that @srigl;, appears at any later moment, but
before the termination of the current execution cycle. Adilethe transitiongrun = 1],. .., [run = 6]
have been taken, the system goes intolthelated state, and a new execution cycle may begin. In
addition to the above scenario, suppose that the user doesiganodify the left channel value, during
the same execution cycle, but he also changes the volumeeangtit channel. Before the controller
selects the actioli, := Volg xing;run = 0, the modulé{ser is chosen, and actioiiolr := V}.Qr
is executed. Due to the fact that this change occurs pridretaipdate in system, its effect on the final
result will be visible. Hence, the user performs two modtfaras, but the effect of a single one can be
observed.

This problem is caused by the fact that there are two exetutiodels, the interleaved and the
synchronized, which is a grouping of interleaved executidtiecessarily, we have to devise a manner in
which these two models can coexist.

4.2. Watched variables

In order to solve the problem described above, we first inttedhe concept offatched variable From
the point of view of a synchronized composition, such a \deids a global connection with the en-
vironment. Its value may change during any execution roand, the latest value must be taken into
consideration when the final updates are presented as thet @iithe composition.

The mechanism that we propose for modeling this kind of biehaffects two of the generic actions
present in the flattened representation of a synchronizegpesition. Observe that the first action to be
executed in an execution cycle is the selection actiontifilesh asSelection. This is the place where
we specify the watched variables and assign their inititlas In the audio system modeled in our
example, a new selection action can be specified as follows.

Selectiony
= run = 0A —sel[l] — sel[l] := true;run =1
| run = 0 A —sel[6] — sel[6] := true ; run := 6

| proc — Vol§'™ .= Vol ; Vol5i*" := Volg ; proc := false

The new selection action stores the values of the watchéddbkasV ol;, andV ol into the local vari-
ablesVol5™* andVol5e.

The new local variablegroc (processe}] is intended to identify the starting of a new executionleyc
whenever this variable becomésgise. Notice that in the above description 8&lectiony, this is not
implemented. The choice composition may allow the updatgron to be executed after several of the
other actions ofSelection, have been processed. This problem can be solved by assignihg last
action of Selection; a higher priority than the other componentsSfiection, as a refinement step
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[27]. Thus, we obtain the actioSielections:

Selections
= proc— Voli'™" := Vol ; Vol .= Volg ; proc := false
/] (run =0 A =sel[l] — sel[l] := true ; run =1
| run = 0 A —sel[6] — sel[6] := true ; run := 6)

By introducing the new local variablgroc, and replacing the actiofelection with Selection,, we
obtain a new systeny, as follows.

A1 (Volg,Voly, : integer 0..Volprar ; Yr, Y1 : T)

begin
var X, X, ...;proc,sel[l..6] : Bool ; run : integer 0..6 e
Volr,Volr, :==0;...;run :=0; proc := true ; sel := false;
do
Selections

| run =1— Yg, :=Volg X ing;run :=0
| sel Arun =0 — Update
od
end

It is easy to check that the above described refinement stegstd the trace refinemeut C A, as
specified by Lemma 2.1.:

(1) we do not consider any specific invariant, hence thegiigtition state is not affected;
(2) there are no changes of the existent actions;

(3) the new action refines (behaves lik&)p (no updates of the global variables);

(4) enabledness of the system is not affected,;

(5) the added action disables itself, thus, it terminates.

4.3. Catching and processing events

Storing the initial values of watched variables at the beigio of an execution cycle is just the first
step towards observing and processing events that may rappeag the execution of a synchronized
environment. The next step is the notification of the evedtienconsequent processing.

The execution of théJpdateaction comes at the end of an execution cycle. This is the mbme
when we should check if, in parallel with the previous exagurounds, anything worth of system'’s



T. Seceleanu and A. Jantsch / Communicating with Syncledinvironments 19

attention occurred at the interface with the environmemiour example, we are interested in observing
any possible change in the values of the volume variablesicéleve remodel th&lpdateaction as
follows:

Update; = (Voli®" # Volg — sel[l] := false | Voli'®" # Vol — sel[2] := false)
// (Update ; proc := true)

Before acting on the global variables of the synchronizestiesy A, , as specified by the initial action
Update the new version/pdate; starts by checking if there are any changes in the valuegaf#tched
variablesVoly, or Volgr. We have assigned a higher priority to this activity, by gsihe prioritized
composition. The new specification triggers a re-execusitthe actions’r,. := Volg x ing;run := 0
or (and)Yz, := Voly, x iny, ; run := 0, as necessary.

Similar to the case of actiofelection, at the system level, the specificationldpdatg leads to a
trace refinement, in the sense of Lemma 2.1.

Providing a new form for the initiabelectionand Update actions is consistent with our view on
system design, expressing that the system-level intagisatesponsible for the set-up of the necessary
modules and the communication inside and outside the synided system.

The flattened new version of the audio system is given by

Ao(Volgr,Voly, :integer 0..Volprar ; YR, Y1, : TD)
begin
var X, X.,... e
NR,INL, MR, ML, =100 ;. ..}
run = 0 ; proc := true ; sel := false;
do
Selections
[run=1—Yg, :=Volg X ing;run:=0
| sel A run =0 — Updatey
od
end

We recall now the execution scenario described at the biegjrof section 3.2. Running now the
compositionUser || A, (Figure 4), observe the additional execution of the lefirgiel updateun =
2 =Yy, :=Voly xing ;run := 0 (at number 7).

4.4. Model analysis

We may now claim that we have a reliable overall system detson, given asg{ser | .As, as far as
system reactiveness to user commands is concerned.

We wanted to ensure that systedn outputs two valuesyy, Yr that are consistent both with the
user’s selection of volume and with the signal offered bysiharceS. This can be checked by assessing
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[run = 0 /\ sel = false]

[run = 0 A\ sel = true]

S
.....
......

Figure 4. Execution of the systes,.

the invariance of the predicate

I = sel Arun =0 A (Vol§'™ = Volg) A Vol = Volg)
( L—VOZLXZTLL) (YR—VOZRXZTLR)

(@)

over the actions ofd,.

The relation/ above shows that the update performedfyis consistent with the values of thél
andVol;, controls. The termsel A run = 0 suggest that the important location where the invariance
must be checked is after executiigpdates, as prior to this we haveel A run = 0 = false. It also
supports the validity of when considering the actio$ielections, wheresel A run = 0 = false. The
term(Vol§'™ = Voly) A (Vol5i** = Volg) similarly ensures that there has been no changes from the
user, otherwise it evaluates false and | holds trivially, but we also know that no actual updaies
performed.

Observe that the existence of several points in the exetuatiods where I holds trivially is not
a weakness of the model. These points are considered eftbetltae execution of internal actions of
the composing modules, and, therefore, they should not beecoed with any global properties of the
system, or they are considered after set-up procedurésr{&tticctions) where also the actual output
of the system is not affected. The situation whérkolds trivially after the execution dipdate; is
when(Vol5it = Vol ) A (Vol5i*t = Volg) = false. However, in this case again, there are no actual
updates on the output variables, as the system must retexestain actions.

In the context of the original system, a relation similar ta’:

L = selArun=0= (Y =Voly xinp) A (Yr =Volr X ing) 3)
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would not hold as an invariant, due to possible changes afiwelvalues during the system execution.
Hence, the changes performed in the previous section higlptbe possibility of a correct model with
respect to requirements, as also supported by the invdriant

4.5. Disabling conditions

Let us further develop the analysis on the system intenactind focus on additional characteristics of
thel/ser||.A composition.

Notice that all the modules of the systed) that is, the signal sourc8, the right channel filter
R, etc, arealways enabledsystems dgs = ggr = ... = true). Consider next that we detail the
corresponding models by introducing on / off mechanisms dha capable of enabling / disabling the
systems, respectively. The user will also be given the piisgito operate these mechanisms.

In the following descriptions we use the boolean variabtg; to model the “system on” signal, and
the variablesk,,,, L., that enable or disable the right or left filters, respedyivim the volume controller
we identify the boolearfilter,, with eitherR,, or L,,. The respective system models become

SYX : T ; S,y : Bool)
begin o X :=uxq;S,, := false;
do Sy, = X :=X'.(X"€T)od

end

RYX, Z[0..N —2],ing : T ; Ron, Son : Bool)
begin var hg[0..N —1]: T e Ry, Son := false; .. .;
do Ron A Son — ing == S0 hr(k) x Z(k — 1) + h(0) x X od

end

LY(X,Z[0..N — 2] ing, : T ; Lon, Son : Bool)
begin

end

Vl(Vol santeger 0..10 5 in, out : Tp ; filtery,, Son : Bool)
begin e filtery,n, Son := false; .. .;
do filtery, A Son, — out := Vol x in od

end

User'(Volyp, Volg : integer 0.V ol ey 5 in, out : Tp ; Ron, Lon, Son : Bool)
begin var Ay :integer o Ry, Lop, Son := false; .. .;
do
Volr, :==V].Qr | Vol :=V}.Qr
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| Son := false | Son := true
| Ron := false| Ry := true
| Lon := false| Loy := true
od
end

Observe that, given the lack of correlation between theitie§ of the user and those of the system
A, itis possible that the user sets, for instangg, := false during an execution cycle of the synchro-
nized system. Identifying thatgs = Sy, this will force the audio system; = S' § R' ¢ ... to not
execute theJpdateaction, as, possiblyel = false. This, however, will not mean a termination of the
composition activities, as théser system is still enabled.

The consequence of the above scenario is that, wheneversénewill re-start the audio system
(Son, := true), the synchronized composition will start from the stateerehit was disabled at the
previous execution. Th&election action will pick for execution the moduldsfor which the respective
sellk] was left false before the system was disabled.

The designer has the option of alleviating the effects ohdwehavior, or not. Depending on the sys-
tem application domain, in general, preserving the satenshat-down has occurred may be a desirable
feature.

However, if such a state saving is not desired, one may apyedth to the watched variable mech-
anism. Thus, if one treatS,,, as a watched variable, we may refine the actignilate; of A, into
Updates, where, in addition to the volume processing check, we Malb @eal with the "shut-off” pro-
cedure, by clearing the present selection state:

Updates = =Sy A (sel[l] V...V sel[6]) — sel := false
/] (Vol5i™ £ Vol — sel[l] := false | Vol§™" # Vol — sel[2] := false)
// (Update ; proc := true)

Further, notice that the new added actiorfi,, A (sel[l] V ...V sel[6]) — sel := false, does
not update global variables and it self-disables. Theeetdvehaves like skip (requirement 3 of Lemma
2.1) and its execution cannot continue forever (requirdrbesf Lemma 2.1). Thus, as the fourth point
of the lemma is also easy to asses, we then have a system éfimelment4, T As, where A; =
As[Updates /Updatey].

The invariant that one has to check now must also conside$ theignal, as we are only interested
to assess the property whenever the system is on:

Iy = SgunAsel Arun=0A (Vol§™" = Volg) A (Vol5i*™ = Volg)
= (YL = Vol x i?’LL) A (YR = Volg % Z'TLR)

5. Discussion

We have characterized, in the previous sections, the titterabetween two models of execution: the
interleaved and the synchronized models. Our examplegedvinsights of the communication between
a system with a completely non-deterministic behavior aggrechronized system with an external de-
terministic behavior.
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Firstly, we assumed that the unsynchronized systems mhatbén a fair manner with respect to the
provided updates. This is not an assumption uniquely censitwithin the focus of the present study.
On the contrary, it is an usual supposition when designiegular” action systems.

Secondly, with the use of the watched variables we showddtilamands issued at random stages
of the synchronized execution model can be successfullygntted and satisfied. Here, the benefit of
our approach is reflected by the correct-by-constructisnlteas we haved C A; C A,. This is easily
derived by checking the requirements of Lemma 2.1, and isistamt with the separation of concerns
from a module-designer / system-integrator perspectivee Jelection of watched variables and the
reaction to new values updated while the synchronized csitipo is executing fall in the responsibility
of the system—level integrator, therefore they do not diarize the imported modules. Furthermore, as
the refinement steps are not performed under a specific amtagalso the global systettser || As is
a refinement of the initial representatiénser || A (we only add local variables and the corresponding
actions that update them). Notice, though, thételation (2)) is only an invariant of the systedy. Itis
not an invariant of the compositiddser || A2, and the mentioned refinement is not done urider

A thorough analysis of parallel system execution in thegmes of invariants is given by Back and
von Wright [8]. Each component must “respect” the invasasitother composition components. If such
an environment can be constructed, even individual refinéen hold at the composition level. In our
case, if it was desired, or possible to restrict the usepastithen the predicatds (relation (3)) could
actually be an invariant of thiser || .A composition. However, in our presented case, and to our best
thinking, also in similar example situations, such resitiits are not desired or not even possible.

We could have employed, with apparently same results, aifméx composition between the par-
ticipating systemsi/ser I/ A. The disadvantage of this model is twofold. First, theer is an always
enabled system, as both of its actions are. Therefore, ianaut.A could everget executed. The solu-
tion would be to model a self-disabling mechanism for#her, such that, when it is disabled} has
the chance of updating, in its turn, the composition vadablIThis approach would resemble those that
adopt blocking procedures, as presented, for instanc&1in23]. However, we do not want to apply
such restrictions to a naturally independent system, asriekemodeled by/ser. This takes us further
to the second reason that prevents us from using a priatitpenposition: reusability. Even though
this is not within the scope of the present study, we may roaritiat such a solution will only fit the
current design and would not allow the same system to be danse slightly different situation [25] -
for instance if considering extending the audio system tegss signals on four channels.

In [16], the authors resorted to a similar safe point chezlestablish if (certain) permissions, to run
code in loops, are revoked. Still, even though the concegrig similar, these check-ups are performed
at thebeginning rather than at the end of one loop execution. In our case,onetiknow “when” the
User system will modify the volume. Hence, we have to give to thdiasystem a chance to execute.
This motivates our “last line” evaluation of the watchedihles.

Our refinement-based approach to communication comes ¢joie to the principles described in
[12], regarding thevatched statementsariables here). However, we may not call our methiodsr-
rupts This is because the classical execution method for inesrassumes storing the current system
status, executing an interrupt handling procedure andréstoring the saved environment and resuming
the interrupted activity. At least the last two steps aresufisumed by our development process.

The synchronized composition preseryespernesg25]. This is an important factor towards ana-
lyzing possible deadlock situations. By requiring that teenposing modules are proper, that is, that,
eventually, their global statmustchange, and due to the above mentioned property, the systah |
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designer is relieved of considering deadlock as one of thblpms. Still, this does not ensure that the
operation of a certain module is not stalled, that is, theut@gdrovides an infinite chain of similar output
values for various input ones. In this case, again, the prollies at the module designer level.

An additional design issue that one has to consider, evem #fé introduction of a specific set
of watched variables, is the relative fairness in selediimgexecution the actions éfser or A, in the
example audio system. It is easy to imagine that, in casesthieselects very often to change the volume,
the systemA, may never reach the point where it actually updates the bugues of the volume. The
execution may cycle fron¥election, to Update; through the component’s actions, without reaching
the end of an execution cycle.

A digital filter, as the one that we have used in our exampley, Il@simplemented either as a software
or as a hardware unit. We may compare our model, from the fmasdpoint of view, with a VHDL [1]
specification. In VHDL, we also witness a two-level execatperspective. Firstly, inside the processes,
the execution follows a sequential path. Secondly, presesdewed as parallel running entities, are
selected in a non-deterministic manner. Distinctly from approach, the “global variables” - signals in
VHDL, are properly updated after the execution of the respeprocess. Hence, in a VHDL simulation
cycle, it is often the case that processes that have alreastyited, become re-activated, and therefore
re-executed. This is due to the fact that other processeschamge the values of the read values of the
already executed ones, therefore scheduling these foegemition. This activity settles down, even-
tually, as, in an implementable description, the systemtdiatabilize. Notice that the same symptoms
characterize our synchronized environment, too. Howsy@may not assume any stabilization moment;
therefore, the synchronized updates happen once, at thaf #melexecution cycle.

Furthermore, the watched variables are “local” to the symuized compoaosition, but “global” from
the component’s perspective. They are actually accedsilaley module in the composition. This brings
us close to the concept of shared variables also possible tniployed in VHDL. Nonetheless, as
described by Ashenden and Wilsey [2], the utilization ofrelavariables in VHDL raises problems with
respect to non-deterministic behavior, solved by a morgictsd mechanism, the protected types. Our
watched variables may not raise such issues, as the modigndeis not aware of the future points of
interest required by a specific employment of the module ipr@lzronized composition. Therefore, it
may not take advantage of the possible existence of suciblesi at the upper levels.

A third topic of our study analyzed the impact of un-synclized commands acting on the en-
abling conditions for the synchronized environments. Téwmlit is that the synchronized system does
not change the external state, but the internal state magon@spond to the one at the beginning of the
execution cycle. A combination of the solutions describeddctions 4.3 and 4.5 provide a refinement-
based improvement of the initial audio system, “protectediv to both volume change or shut-down
commands that are issuddring an execution cycle. Thus, we do not have to impose consraimthe
unsynchronized systems that communicate with synchrdrores.

Deterministic synchronous models do not experience sirpilablems for two reasons. First, they
have the notion of clock cycles that represent a global ti@ieck cycles are totally ordered on the time
axis. Two events occurring in different clock cycles, ocanambiguously at different time instances,
one earlier than the other. Events occurring in the saméadgde occur indistinguishable at the same
time instance. Second, these models are fully deterngrasti no particular execution order of processes
will lead to an overall different system behavior. Esterad &orSyDe are two examples following this
paradigm.
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In Esterel [10], a fullysynchronoudanguage, exceptions are modeledttaps Checking for trap
conditions is done in parallel with the execution of otherdiional blocks. These conditions correspond
to the comparison of start-of—cycle and end-of-cycle \&alfethe watched variables. Global variables
are updated only at the end of an execution cycle, therefeream allow the detection of new events on
the watched variables to be detected at the end of the cyaigh®other hand, traps may be inserted
“anywhere”, while our “check-points” are fixed.

In ForSyDe [24] and in the synchronous model of computatiescdbed in [19] all input and output
events are deterministically synchronized. All user ispeteived in the samavaluation cycléor clock
cyclg are processed and the corresponding outputs are genduaiieg that cycle. Since the clock cycles
are globally ordered and synchronized between all signalss system, two user events (controlling the
left and right volume, respectively) either occur in the samyicle or one event occurs in an earlier cycle
than the other. In both cases the filter process will propexact to the inputs received in a particular
cycle.

Berry et al. [11] studied mixed synchronous and asynchreriesign from an Esterel and CSP
[17] perspective. The result was an “import” of CSP-like enoumication into Esterel, with the help
of on additional command®xec and rendezvous. Therefore, the communication is seen from the
perspective of the synchronous environment, Esterel, lamddctual non-deterministic behavior of the
asynchronous design parts is not analyzed.

Our study demonstrates a technique to obtain synchroniactive behavior similar to perfectly
synchronous models such as Esterel and ForSyDe in the frark@f action systems. The advantage
here comes in the non-restricted model of the environmiat,nhay behave, related to the synchronized
systems in a non-deterministic manner. While here we ifledtsuch environment with a human, it
is not rarely, nowadays, that multiple (same chip or disted) devices operate with a globally non-
synchronized behavior. Instead of the user, sensor intiwmar processing requirements with immedi-
ate deadlines can be considered. Memory accesses in autisttiprocessor system is also another point
where the analysis of read / write operations is of utmosbirgnce.

6. Conclusions

In this study, we addressed the problem of devising a cooettimunication procedure between non-
deterministic environments and synchronized reactiveutesd The respective procedures emerge as
(successive) refinements of the initial synchronized casitipn, thus offering correct-by-construction
results. The final system model preserves the behaviorahctegistics of the initial one, while allowing
un-synchronized, but important events to be interceptetlprocessed. The selection of these events
is done by the system integrator, leaving the module desiteefreedom to concentrate only on the
functionality of the modules, rather than on the commuincaschemes.
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