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Abstract Reo is an exogenous coordination language forstreams (also known as abstract behavioral types) [4], con-
component connectors extending data flow networks with symector colouring [13], structural operational semant$] [
chronization and context-dependent behavior. The first proand linear logic [12]. None of these models, however, is en-
posed formalism to capture the operational semantics of Retirely satisfactory. Timed data streams model the possiate
is called constraint automaton. In this paper, we propose arflow of a network, but because of their declarative naturg the
other operational model of Reo based on Biichi automata ithave no support for model checking. All other models are
which port synchronization is modeled by records labelingmore operational and more suitable for analysis techniques
the transitions, whereas context dependencies are stored but either they do not give the desired semantics for certain
the states. It is shown that constraint automata can betrecasonnectors, or they suffer from technical problems such as
into our proposed Blichi automata of records. Also, we pro-not being able to give semantics to all connectors, or both.
vide a composition operator which models the joining of two  Constraint automata are acceptors of timed data streams,
connectors, and show that it can be obtained by using twaut are much more concrete and suitable for model checking
standard operators: alphabet extension and automatagiroduanalysis. A constraint automaton is a labeled transitian sy
Our semantics has the advantage over previous models in thém in which each transition label contains two parts: a\éet
it is based on standard automata theory, so that existing thef port names that argynchronizedf the transition is taken
ories and tools can be easily reused. Moreover, it is the firsand a propositio on the data. The latter acts as constraint
formal model addressing all of Reo’s features: synchroenizaon data that could be communicated through the porf$.in
tion, mutual exclusion, hiding, and context-dependency.  The data flowing through the ports ¥ is mutually exclusive
with respect to any communication by a port nofNin
Two specific shortcomings of modeling Reo by constraint
automata, for example, are that it cannot model desired fair
1 Introduction ness constraints and it cannot model operations that depend
upon pending I/O operations on the communication ports of
Reo [1] is a coordination language based on connectors foa connector. This latter feature is calleahtext dependengy
the orchestration of components in a component based syghich occurs when the behavior of a connector can change
tems. Primitive connectors such as synchronous channels giepending upon not only the presence of requests on a con-
FIFO queues are composed to build circuit-like componennector boundary, but also on their absence. In such cages, th
connectors which exhibit complex behavior and play the rolebehavior of a connector can change dramatically with chang-
of glue code in exogenously coordinating the components tdng context. Both connector coloring and Reo automata [9]
produce a system. address the context dependency issue, but connector color-
In contrast to many connector languages for component#1g does not include a description of the temporal unfolding
that focus on stateless connectors in a control flow setting@f a Reo connector, and Reo automata do not address fair be-
(e.g. BIP [8]), Reo generalizes dataflow networks and Kharhaviours. Both models are incomplete in that they cannet giv
networks because it allows to express behavior includatgst Semantics to many reasonable connectors.
based, context dependent, multi-party synchronizatich an  The main contribution of our work presented in this pa-
mutual exclusion. The original description of Reo was purel peris a novel approach to specify the behavior of a network of
informal [1] and no natural semantics for it exists. Recgmtl components. We use records as data structures for modeling
number of models have been developed to capture the desirgde simultaneous executions of events: ports in the domain
behavior of Reo connectors and of their composition. Thesef the record are allowed to communicate simultaneously the
include models based on constraint automata [6], timed datdata assigned to them, while ports not in the domain of the
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record are blocked so that no communication can happerRelated Works. Much work has been done on constraint au-
The behavior of a network of components is given in termstomata for the verification of properties of Reo circuits by
of (infinite) sequences of records, so to specify the order oimodel-checking [5], to synthesize Reo circuits and exditata
occurrence of the events. Standard operational modelsecan lzode from constraint automata [2], and to automatically-com
used to recognize such languages. For example, we use ordiose constraint automata. Further, several extensiorsef ¢
nary Biichi automata as operational devices for recoggizin straint automata have been defined to cover probabilities [7
languages of streams of records. Because our model is basegal-time [5], and other quality of services of connect@&is [
on Buchi automata, we can easily expressféimess condi-  On the other hand, since the definition of constraint autamat
tion admitting only executions for which some actions occur[6], there has been no expressivity results with respectto e
infinitely many times [25]. isting automata models. In this paper we recast the theory
We show that every constraint automaton can be transef constraint automata into that ofdinary Buichi automata.
lated into an essentially equivalent Blichi automaton.ddre  The latter is especially important because many of thetgsul
struction of the Biichi automaton is straightforward anel th tools and extensions of actual interest for Reo and constrai
result may appear as not surprising at all. But beware! Theautomata have already been developed [14, 26].
languages recognized by the two type of automata have a In [16] it is shown that every constraint automaton can
different structure. In fact it is easy to embed a language orbe translated into an essentially equivalent Buchi automa
streams of records into a language of timed data streams, bilthis way synchronization aspects of Reo connectors as well
not viceversa. Despite these structural differences, wersh as fairness are taken into consideration. In [17] Buchi au-
that the converse also holds without losing any informadien tomata are augmented so to express also context dependen-
far as constraint automata is concerned. An immediate coneies. In the present paper we combine the two above men-
sequence of this result is that, since Biichi automata enjoyioned works and complete them with the proofs of the main
closure properties that constraint automata do not have, ouheorems involved.
model is more expressive. In fact we give few concrete ex- We proceed as follows. In Section 2 we give an infor-
amples of realistic connectors (not considered in the Reo la mal introduction to Reo and its constraint automata model.
guage until now) that can be specified in our model but notConstraint automata are acceptor of timed data streams, i.e
with constraint automata. indexed families of pairs of infinite words consisting of the
The main reason for having time information in the timed data communicated together with its time-stamp. In Se@&ion
data streams is compositionality with respect to the Rewo joi we remark that time-stamps in timed data streams are only
operator. We introduce a join composition operator fortidiic needed for defining a temporal order of data communica-
automata on streams of records and show that it is corredions, and therefore can be mapped into certain kind of in-
with respect to the join operator for constraint automatsoA  finite words expressive enough to model both synchroniza-
we present a method to recast this join operation using théion and temporal dependencies. Buchi automata are a natu-
standard product operator of Buichi automata. ral candidate for accepting languages over infinite wondd, a
In order to address context-dependent behavior, we extherefore we present them ad as an alternative model to con-
tend our model with the possibility of testing if some ports Straint automata. We show that the Buchi automata model is
of the environment are ready to communicate or not. That isstrictly more expressive than the constraint automata iode
we consider a Biichi variant of Kozen’s finite automata onof Reo. Further we show how to adapt two automata so that
guarded strings [19]. In our case, an infinite guarded sising their composition can be expressed in terms of the ordinary
an alternating sequence of setseddyports and records of product between Blichi automata. In Section 4 we augment
fired ports (together with their respective data flow). The dif- our Buchi automata model of Reo with guards for testing if
ficulty in correctly addressing a context dependent bemavioports at the environment are ready to communicate or not. We
is not in its modeling per se, butin its effect when composingintroduce a novel composition operation and show, by means
different connectors. In fact, as for the combination of-syn of examples, that it behaves as informally explained in [1].
chronous and mutual exclusion constraints, also context de
pendencies should propagate across a connector. This means
that the models of two connectors when composed shoul@ Reo and constraint automata
agree on both the synchronized and mutually excluded com-
mon ports as well as on the tests of the common ports. Withn this section, we briefly introduce the Reo coordination la
this aim, we present a novel definition of a composition op-guage and its first proposed operational semantics based on
erator that generalizes the automata product construlstion constraint automaton.
allowing the alphabets of the two automata to be different.
Our model has the advantage over previous models in that
it covers the basic concepts of Reo as well as the context ser?.1 Reo coordination language
sitive behavior within a standard automata theoreticah&a
work. The benefits are a clear and easy notation for the repReo is an exogenous coordination language which is based
resentation of a component connector, as well as the efficieron a calculus of componenbnnectordl]. In Reo software
existing tool support for automatical analysis. componentare independent processes which communicate
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Pattern context-sensitiviossy synchronous channel willimmediately
— >80 AV >0 O> <@ O e 0 T >e dispense it through its sink. In fact, the latter is able tosge
Sync Filter ~ SyncDrain LossySync FIFO1 the a_bse_nce of a request for data_ from the port connected at
the sink in order for the data received from the source to get
Fig. 1 Some basic Reo channels lost.
A synchronous filter channgfilter) is a synchronous chan-
nel transmitting only data items satisfying a pattern. Altal
solely throughports Ports are related by a network of con- items received from the port at the source that do not satisfy
nectors that specifies the glue code. These connectors builg are accepted but lost.
together what is called a coordination system. Reo views the A FIFO1 channelis an asynchronous connector. Data
components as computational black boxes. Their internadst from the source is accepted as long as the buffer is empty.
ture can neither be changed nor any new coordination primiThe data item received is stored in the channel and commu-
tive can be added. A Reo connectxogenouslgrchestrates  nicated to the port at the sink node, when requested. FIFO
the data flow between the components and by means of thishannels with two or more buffer cells can be produced by
orchestration it exerts its own coordination strategy.dn-c  composing several FIFO1 channels [6].
trast, there are some other coordination languages anéfram  Another very useful channel for the design of complex
works that exert their coordination strategirsdogenously  coordination in Reo is theynchronous draiiSyncDrain). It
which means that they change the internal structure of théxas only two source ends, so that no data value can be pro-
components by mens of inserting some primitives into theduced by the channel. A synchronous drain accepts a data
components’ sources [22]. item through one of its ends if and only it is also available
Reo relies on a liberal and simple notion of connector. Asimultaneously at the other end as well. The accepted data
connector consists of a set of source, sink and internalsjodevalues are lost.
and a user-defined semantics. Data items enter the connec- More complex connectors are constructed in Reo out of
tor from a component port linked with a source node, whilethe simpler ones by joining them. Tlwin of two connectors
components receive data from the ports connected with theonsists in plugging them together on their common nodes.
sink nodes of the connector. Reo connectors are composeétla node is connected to the sink of multiple channels, when
by conjoining some of their source or sink nodes to form in-data flows, it nondeterministically chooses one of them reh®
ternal nodes. Internal nodes are not accessible from thie envif it is connected to the source of multiple channels then the
ronment. data flowing is transferred to all of them provided that all of
A connector may accept the data offered at source nodethem can accept it. Thus while a sink node acts as a nonde-
by components, or produce data for sink nodes. Componengrministicmerger while a source node acts aslata repli-
coordination is achieved by delaying or synchronizing ¢hos cator. The behaviors on all other ports after a join remain
operations. A port that is willing to communicate with a con- unchanged.
nector end, but that is delayed is said togemding Atomic External components are connected only to sink or source
connectors are callethannels The notion of channelin Reo nodes, they cannot connect to mixed nodes, i.e. nodes that ar
is more general than its common interpretation. A channel iSsource end for one channel and sink end for another one.
a primitive communication medium with exactly two ends,  Figure 2 shows two examples of complex connectors ob-
each with its own unique identity. These two ends can be aained by the composition of some of the above Reo chan-
source and a sink end or both be sources or sinks. Each chanels to implement an exclusive router and a shift-lossy RIFO
nel must support a certain set of fully defined primitive eper connector. Here, we use them only as examples of the appeal-
ations such as I/O on its ends, synchronization, bufferiig a ing visual representations of Reo connectors. The engosin
so on. More complex connectors can be obtained by composhick boxes in these figures represkigingwhich means that
ing of the more simpler ones. Thus, in general a connector ighe structure of nodes and edges inside the box are hidden to
a composition of somehannelsFigure 1 shows the graph- the environmentand cannot be changed. The only observable
ical representations of some primitive Reo channels whos@odes are the nodes at the border of the box which can be used
composition allows for expressing a rich set of coordimatio by other entities to interact with the connector. The ineit
strategies [1]. behavior of the exclusive router (Figure 2.a) is that if aadat
The synchronous channébync) is a connector with one item is communicated at the external source nBdthe con-
source and one sink end. It accepts a data item through itsector delivers it to only one of its sink nodes, eitlizor E,
source end if and only if it can simultaneously dispense itdepending on which of them is ready to accept data. If @bth
through its sink. and E are willing to accept data, the exclusive router nonde-
A lossy synchronous chann@lossySync) is similar to  terministically chooses one of them. More precisely, assum
synchronous channel, but it never delays the port at thesour a data item is ready to be sent through portf both £ and
end. If the port at its sink is not ready to accept data, then th B are not ready to receive data, thénis blocked because
data item at the source is lost. In the case when the sink ithe nodeX cannot deliver the data to all channels haviXig
ready to accept data, tien-deterministitossy synchronous as source (in fact it is the synchronous drain betw&eand
channel may still lose the data item at the source, while theZ that prevents the data transfer) Hfis ready to accept data
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F 2. limg o a(k) = 0.

whereR, = [0, 0] is the set of all positive real numbers
,‘\X including zero and infinity. Informally, a timed data stream
V contains a pair of streams: a stream of data items cedb¢al
in — Exclusive streamtogether with a stream, sdiyne stampconsisting of
. strictly increasing positive real numbers converging finin
WU ‘ ity. The time stamp indicates for each data itextk) the
T ou momenta(k) at which it is communicated. Data itecn k)
E B with time stampa(k) = oo are, by convention, never com-
) municated. Note that, by definition, if(k) = oo then also
Fig. 2 Exclusive router (a) and shift-lossy (b) connectors a(i) = oo foralli > k.
Let MV be the set of all ports of a coordination system.
With each portA € N, we associate a timed data stream
but E is not, then the data & is replicated by the nod& recording bo_th the data communicated and_the time when the
and transferred t&v and finally toB. The data copied ak ~ communication happens. Thus, we can defii®&-tupleas
and passing through the lossy synchronous channel betweéhindexed family withl A'| elements such that each element
X andM is lost, while the synchronous drain betweérand 1S & timed da_ta stream recording the communications for one
7 forces the (possibly non-deterministic) lossy synchranou Of the ports in\. Now, let TDS™ be the set of all TDS- _
channel betweeX and N to choose for not losing the data tuples conS|st|ng. of one .tlmed data stream for each port in
item. A similar behavior happen whef is ready to accept V- We use a family-notatioft = (6|.4) ac v for the elements
but B is not, or when boti3 andE are ready to accept data. ©f TDSN (i-e. functions fromV to T'D'S), wheref)| 4 stands
A shift-lossy channel (Figure 2.b) behaves in the the samd©' the application off along the portA. Thus, 0], is the
way as a FIFO1 channel, except that writing to its source nogdmed data stream belongs to perin TDS-tupled. A TDS-
is never blocked. If the buffer is full when a new data item ar-languagefor \V is any subset o' DS
rives, the value stored in the buffer is lost and is replaged b~ Simultaneous exchange of data between a set of ports can
the new data item. We leave to the reader a detailed descripe detected by inspecting the time when communication hap-
tion of the channel behavior. In Figure 2.b, FIFO2 is a FIFOPens. For this purpose, fére DSV we defined.time to
channel with a buffer capacity of two cells, and the exclesiv b€ & stream iR obtained by merging the "time stamps”
router is the connector in Figure 2.a. For more examples angtreams irf| 4 associated to each namein V' in increasing

a more detailed description of several other Reo circuits weorder. More formally, for every timed data stream: («, a)
referto [1,2,6]. we definer;(t) = a andm,.(t) = a. Letd be TDS-tuple. The

time strean®.time is defined as follows:

2.2 Timed data streams 6.time(0) = min{m,.(6]4)(0) | A € N'},
0.time(i+1) = min{m,.(0|a)(k) | 7 (0] a)(k) > 6.time(),
Constraint automata are a formalism introduced in [6] for de keN,Ae N},

scribing all possible data flow among the ports of an open
components-based software system. For example, a compeowere we assume thatin ) = co (similar to the empty con-
sitional semantics for a large subset of the glue-code laggu junction being the top element in a complete lattice).
Reo [1] can be given in terms of constraint automata [6]. Next  Next we define the streath N over 2V by setting, for
we present the basic theory of constraint automata as accepachk ¢ N, the set). N (k) of active portsat timed.time(k)
tors of timed data streams. To begin with, we recall the motio to be
of time data streanpresented in [4].
Let S be any set. The set of all finite sequences (words) {A| AeN,Tie Nm,(0]4)(i) = 0.time(k) < 00}
overS is denoted bys*. We define the set“ of all streams
(infinite sequences) oves as the set of functions:N — nyjitively, the above set consists of all the ports excliagg
S. For a streamus € 5 we callw(0) the initial value of  gata item attimé.time(k). The restriction of.time(k) < oo
w. The (streamperivativew’ of a streamuw is defined as s to ensure that we consider only data that is communicated
w' (k) = w(k + 1). We writew® for thei-th derivative ofw  \yithin finite time.
which is defined byo® = w andw("*! = w(")’. Note that We denote the data communicated by a pbet 6. N (k)
w® (k) = w(i+ k), for all k,i > 0. Now, let\V be a fixed by
finite set ofport namesandD be a non-empty set afatathat )
can be communicated through those ports. Thé&/'9ef of 0.0(k)a = m(6]4)(0)
all (infinite) timed data streamsever D consists of all pairs

for the unique index such thatr,. (6 ) = 6.t k).
(o, a) € D¥ x RY such that q (0]4)(3) ime(k)

Timed data streams do not distinguish between input and
1. forallk > 0 eithera(k) = oo ora(k) <a(k+ 1), and output actions. They only report the dataservedat the ports.
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In addition, because timed data streams consist ofibfie

nite data and time streams, we can only describe finite se i — 5 Ao i
guence by saturating them with data communication that can ~ ™ )
not happen, i.e. happening at time stampln the remainder S A pn“\. N e S
of this paper we will only consider TDS-tupl@ssuch that o BT ahis S
0.time(k) # oo for all k € N. Since, by convention, data f—LL f__,/fﬁic. e e
with co as time stamp is never communicated, the above re | \* S —_ (A} SR A
striction implies that we will consider only TDS-tuples tha = TN —~ J ~ ]
have an infinite number of actual communications. LE i “‘"'--——\."';\ LKEF uii:’ Eﬁ :fi jl
N I e =

{a) (L]

2.3 Constraint automata and their composition

. N ] ~ Fig. 3 Constraint automata models of some Reo channel
A constraintautomaton is a labeled transition system irctvhi

each transition label contains two parts: a finite $edf port

names which is a subset of the set of all pdvtsand a propo- . municated through this port together with the time when
sition g on the data. B_oth pa_rts act as constraints: the set of,, o 4ata has been observed.

ports N C AN constrains which ports of the system should

be active if the transition is taken, whereas the propasijio Definition 2 Let A = (Q, N, —, Qo) be a constraint au-
constrains the data that could be communicated through thiomaton and) € TDS be a TDS-tuple.

portsinN. (i) An infinite computatiorfor 6 in A is an infinite sequence
The setDC(N, D) of data constraintver a finite set of alternating states and transition labels suchas=
N of port names and a finite s&t of data is defined by the 90, (No, 90), q1, (N1, 91), ..., in which, for all, ¢; € Q
following grammar: andg; % g..1 such that\; = 6.N (i), 0.6(i) = gi.
g n=true|ds=d|giVgs|—g deD. AcN. Also,7 is aninitial infinite computationif ¢y € Qo.

(i) A TDS-tupled is accepteddy A if and only if there is an
Now we can define the notion of constraint automaton for- initial infinite computation ford in A. The language of

mally. constraint automator is

Definition 1 A constraint automatoaver finite data seD is L(A) = {0 € TDSV | A accepts}.

aquadrupled = (Q, N, —, Qo) wh%\r/e,Q Is a set of states, The above definition of(A) can also be formally de-
Nis afinite set of names;—C @ x 2% x DO(N, D) x @ fined by means of the greatest fixed point of a suitably cho-
is a set of transitions an@, C Q is a set of initial states. sen monotone operator [6]. For the purpose of this paper we

We writep Mg g instead of(p, N, g,q) €— and call  found it easier to reason with the accepted language charac-
N the name set and the guard of the transition. For every terized by means of the (standard) notion of accepted compu-
transition label(1V, g), it is required thatN # () andg €  tations.
DC(N, Data). Using the Rabin-Scott powerset construction as for finite

) . . . automata, it is easy to see that for every constraint autmmat

A constraint automaton is said to lieite if its sets of 4 thare is a deterministic constraint automattfnsuch that
states_ap_d transmong are f|n|te, and tode¢erministicif its L(A) = L(A') [6]. Further, in a finite constraint automaton
set of initial stateg)o is a singleton and for each stajeset 4 5| yransitions with unsatisfiable guards can be removed
of port namesV and data assignmentN — D thereis at  ihout any effect on the TDS language acceptedibwhere

.- N,g .
most one transition —= ¢’ with § = g. a guardy of a transitiong % ¢’ is said to be semantically

Example 1Figure 3 shows the constraint automata models ofunsatisfiable forV if there is no data assignment for elements
the set of Reo channels which we introduced in the previou®f V Which satisfieg (take, for exampleg to be—true). In
section [6]. Figure 3.a is the constraint automaton modal of the restofthis paperwe assume withoutany loss of gengeralit
FIFO1 channel from a source nodeo sink B over the data  that all guards in a constraint automaton are satisfiable wit

set{0,1}. Figure 3.b shows the constraint automata modeld ©SPECt t0 the set of names of the transition they belongs to.
of the remaining channels with the consideration that= Differently from finite and Biichi automata on languages,
dp is an abbreviation fogep(da = d A dp = d) where the simplicity of a constraint automaton is not reflected in

D is the set of datd0, 1}. In the case of the filter channel it th€ TDS language it recognizes. Consider for example the
must thatP € D. following constraint automaton on two pottisand B over a

singleton data set:
Like ordinary automata are acceptors of finite strings, con- B
straint automata are acceptors of tuples of timed datarstrea A
Informally, each element of the tuple is associated to aqfort 4)@/\\8

the system and corresponds to the streams of observed data
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While the automaton describes onlgiagleevent happening A—D0O—B B—0—C
at portA, a TDS-tupled accepted by the automaton consists

a pair of twoinfinite sequence of events, andfg, one de- {A} (B}
scribing the data flow at port and the other the flow at port - — -

B, such that all events ifi; happen between the first and the @ E}/ @ ‘70}/
second event i 4. All events but the first i 4 are not really
relevant, yet one needs to describe them all.

Constraint automata can be composed by means of a join
operator, the semantic counterpart of the join operatoia R
[6]. Differently from the ordinary product for finite autonza
the composition of two constraint automata is allowed efren i
they have different alphabets. In fact, the resulting aairst
automaton has transitions when data occur at the ports be-
longing to only one of the automaton, without involving the
transitions or states that it inherits from the other autimma
(because at that point in time, there is no data on any of its
corresponding ports). More formally, the join operation fo
constraint automata is defined as follows:

(a) (0)

A—0—B—0—C

Definition 3 Suppose thatl; = (Q1, N1, —1,Qo1) and
As = (Q2, N2, —2, Qo2) are two constraint automata both
over data seD. Thejoin of A; and A; produces a constraint

automaton (e)
Ai Mo Az = (Q1 X Q2, N1 UN2, —, Qo1 X Qoz) Fig. 4 Joining of constraint automata models of two FIFO1 chan-
nels
in which transition relation— is defined using the follow
rules: . . .
Example 2_et us join the constraint automata representing
g9 g o N2 NUAN, = NN A two FIFO1 channels, one from soureeto sink B and the
NiUN2gihgs | ) other from source3 to sink C'. The automata models of the
(¢,p) —=""(d\D) two channels and the resulted automaton are illustrated in
N N Figure 4. For simplicity we assumed that the data sét is
g2 ¢ NiNNo =10 p = o No N7 =0 {d}. Thus, every transition label contains only the set of port
Ny, ? Na, ) names that participate in firing the transition.
(¢,p) =% (¢, p) (¢,p) =% (q.p') particip g

Basicallv. the tw tomata have t ; n the data ex Constraint automata are, in general, not closed under com-
asically, the two automata have 1o agree on the data exs, o, o ¢ Informally this is due to the fact that constraim a

changed on the common ports (that is, the names used in t Bmata do not have "final” states. If we augment the definition

transition of the first automaton known to the second automabf constraint automaton by a set of final states and use Biichi

ton are exactly the same as the names used by the tranSItlor?:ceptance condition (a timed data stream is accepted if at

of the second automaton known to the first one), and eacﬁ ast one of the correspondent runs for it contains one of the

maintains its own behavior on the other ports (as descrlbeg?nal states infinitely many times), we refer to the resulting
by the last two rules).

. . — tomaton as ®8iichi constraint automatarObviously, a con-
The join of two automata is the realization at the automata-,

L straint automaton is a Blichi constraint automaton in which
level of the join a? the Reo connector level of the source deea” states are accepting. Its complement, however does not
of a connector with the common nodes of the other. The join- : ;
) . need to satisfy this property.
ing of sink nodes can be modeled by means of the automata
representing a merger connector as given in Figure 9.b. The
join of two constraint automata using the operation defined3 Biichi automata of record languages
in Definition 3 is correct with respect to the join of their ac-
cepted TDS-languages, where the join of two TDS-language€onstraint automata are acceptors of timed data streams. Ho
is basically the same as defined in the theory of relationakver, timed data streams are much more concrete than con-
databases [6]: the projection on the common indexes (porstraint automata because they record the actual times when
names) of the resulting language must agree with that of theommunications happen, whereas constraint automatadrecor
two original languages, while the projection on each indexe just the temporal order of data communications and not their
in one language but not in the other must agree with the protime stamps.
jection on the same index of the language where the index In this section we introduce the Blichi automata of records

belongs to. as our basic semantic model for the synchronization among
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the ports in a network of component connectors. A Biichi au-L for N’ we can abstract from its timing information to ob-
tomaton of records is an ordinary Buichi automaton with as al tain a set of streams ovdtecy(D). For a TDS-tupled €
phabet a set akcordsassigning port names to data. The lat- DS, the idea is to construct a stream of recol§) <
ter reflects our assumption that only the data flow among the&Reca (D)%, where, for eaclt, the recordl’(6)(k) contains
ports of the connectors is observable. The language acteptall ports and data exchanged at titheime(k), that here we
by the automaton describes the behavior of a connector imssume to be always different froma. In fact, we define for

terms of all its possible executions, i.e., infinite seqeeoic
records.

3.1 Streams and languages of records

Next we introduce an alternative way to model temporal or-

eachn € 0.N (k) andk € N,
YO)(k)n=0.5(k)n.

Note thatdom(Y'(6)(k)) = 6.N (k). As usual, we extend this
construction to sets, namely, for evaiyC T DSV,

(L) = J{r®)|0eL}.

dering of data occurrences using streams of records. After i Example 3Let
troducing the notions of record and record-based languages

we introduce a bidirectional translation between TDS-laayges
and record-based languages.

Let \V be a finite nonempty set of (port) names dndbe
a finite nonempty set of data. We wrigecy (D) = N — D
for the set ofrecordswith entries from a set of dat® and
labels from a set of port nameg, consisting of all partial
functions fromN to D. For a record- € Recys (D) we write
dom(r) for the domain of-. Sometimes we use the more ex-
plicit notationr = [n; = di,...,nx = dy] for a record
r € Recar (D), withdom(r) = {n1,...,ng} andr(n;) = d;
for 1 < ¢ < k. Differently from a tuple, the order of the

components of a record is irrelevant and its size is not fixed a

priori. We denote by the special record with empty domain,
thatisdom(r) = 0.

We use records as data structures for modeling constrained

synchronization of ports i/. Following [23], we see arecord
r € Recy (D) as carrying both positive and negative infor-
mation: only the ports in the domain ohave the possibility
to exchange the data assigned to them-pwhile the other
ports inA"\ dom(r) are definitely constrained twt perform
any communication. This intuition is formalized by the fact
that only for portsn € dom(r) data can be retrieved, using
record selection-.n. Formally,r.n is just (partial) function
applicationr(n).

Further, positive information may increase by means of

theupdate(and extension) operatiotin: = d], defined as the
record with domaiom (r)U{n} mapping the pornt tod and
remaining invariant with respect to all other ports. Tiging

operator \’ is used to increase the negative information. For

n € N, the record- \ n hides the port: to the environment
by settingdom(r\n) = dom(r)\ {n}, and(r\n).m = r.m.

Definition 4 Letr; € Reca, (D) andre € Reca, (D). We
say that records; andr, arecompatibleif dom(ri) NN, =
dom(re) N N7 andVn € dom(ry) Ndom(re):ri.n = ro.n.
Theunionof compatible records; andrs, denoted by U
ro, iS @ record over port names/; U A5, such thatyvn €
dom(ry):(r1Urz).n = ri.nandvn € dom(rs):(riUrs).n =
r2.M.

d[d[d
AosTo7119

d [ d
Bosi1z

be a TDS-tuple over port s¢#, B}. Then,
p=[A=dB=dA=d|B=d|[A=d] -

is its correspondent stream of records. The time stamp are
used only to determine the ordering of data communications.

Conversely, any stream of records Recy(D)“ gener-
ates a TDS-languag®(p) by guessinghe time when data is
exchanged so to respect the relative order of communication
imposed byp. Formally,

O(p) = {0 € TDSV | Vk > 0:(0.N (k) = dom(p(k)) and
Vn € dom(p(k)):0.6(k)n = p(k).n)}.

For example, fop being the stream of records as in the ex-
ample above, the following TDS-tuple

d d7 d”
A1T104( 236

d| o
B17705

is in the languag®(p). Clearly, also the TDS-tuple in Ex-
ample 3 is an element of the same language.
We extendd to languaged C Recyr(D)“ by setting

o) = J{6@p) | pe L}

The function@:2fecn (P, oTDSY g an embedding of
languages over records into TDS-languages\for

Lemma 1 For eachL C Recy(D)¥, L =T (O(L)).

The counterpart of the above lemma for TDS-languages
does not hold, because a tuple of time data stréamng DSV
contains specific time information that get lost when mapped
into a stream of recor®f'(#). In the next section we will see

Let us compare the expressiveness of TDS-languages witlhat for constraint automata the information lost in thewebo
that of languages of streams of records. Given a TDS-larguagyanslation is never used.
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[A=d,B=d] [A=d,B=d],[A=d,B=d'] [A=d,B=d]
E i S D AB
A T
T AB %
[A=d’,B=d'] [A=d’,B=d],[A=d',B=d']
a b c A

Fig. 5 BAR models of some Reo channels: a) Sync, b) SyncDrain,
c) Filter. Fig. 6 Two visibly equivalent Biichi automata of records.

3.2 BRichi automata of records wherevis(w) denote the sequence obtained by removing all
symbols fromw. We say that automat&; and B; are visibly

Sets of streams of records are just languages of infinitegstyi  €quivalentf L,;s(B1) = Luyis(B2).
and as such some of them can be recognized by ordinary e thatL,;s(B) contains only infinite sequences and

Buchi autqmqta. Next we recall some basic definitions anqherefore is a subset of the set of sequences obtained from
facts on Buchi automata [26]. removing ther’s from the streams ir.(B). For example,

if L(B) = {[A =4d]-[4 =d] -7}, thenL,;s(B) =

(), because removing ai's from a stream consisting of in-
finitely many7’s will result in a finite string, and thus not in
Recy (D)“. Clearly, L,;s(B) = L(B) if B does not have
T-transitions.

Definition 5 ABuchi automatotB is a tuple(Q, X, A, Qq, F)
where,@ is a finite set ofstates Y is a finite nonempty set of
symbols calleélphabetA C (Q x X' x Q) is atransition re-
lation, @y C @ is a nonempty set dhitial states and” C @

is a set ofaccepting (finalstates.

Example 9n Figure 6 two visibly equivalent BAR models
are illustrated. To simplify the figure, we use a singletotada
setD = {d} and denote a record labeling a transition only by
the domain where it is defined.

An infinite computatiorfor a streamv = ag, a1, -+ €
X* in B is an infinite sequencey, ao, ¢1, a1, ..., Of alter-
nating states and alphabet symbols in whighe @, and
(gi,ai,qi+1) € Aforalli. The language accepted by a Biichi
automatonB consists of all streams € X'“ such that there By a simple generalization of the standard algorithm for
is an infinite computation fap in B with at least one of the eliminating thee-transitions of an ordinary finite automaton
final states occurring infinitely often. The language of @@l over finite words [15], we can construct a Blichi automaton
automatonB, denoted byL(B), is the set of all streams ac- recognizingL.;s(B).
cepted by it. We say that two Buichi autom#@taand B, are
language equivalent L(B;) = L(B3).

In this paper we are interested in Buchi automata wit
as alphabet a subset 8kcar (D), for some finite set of port
names\ and finite set of dat®. We refer to such an automa-
LonSAng?UChi automaton (on streams) of recoi@bbreviated 3 3 Recasting constraint automata inta@i automata

y .

Lemma 2 For every BRichi automaton of record® there is
ha Blchi automaton of recordB’ (withoutr-transition) such
that, L,;s(B) = L(B’)

Now we show that for every constraint automatdnover
name sef\" and data seP we can construct a Biichi automa-
ton of records. The key observation is that for each transiti
labeled(V, g) in A, there is a set of (total) data assignments
0:N — D | § E g}. Every data assignment in this set can
e seen as a partial function fraM to D, with as domain
N C N, thatis, it is a record inRecy (D). We can thus
In general, a Biichi automaton of records may Comainc_on;tructa Buchi au'gomaton of recorBQA) with th_e same
transitions labeled by. These can be considered as internal (_|n|t|a|) states asd, with all states as final, a_nd with transi-
actions, as no port of the system can be involved in a commut©ns 1abeled by each of the above data assignment for every
nication. Similar to weak bisimulation, we may ignore inter ransitioninA.
nal steps, thus considering two systems equivalent only wit pefinition 7 Let A = (Q, N, —, Qo) be a constraint au-
respect to their sequences of externally visible actions. tomaton over finite data sé® and finite name sel". We
defineB(A) = (Q, Recyr (D), A, Qo, F') to be a Bichi au-

tomaton of records, wherd; = @ and,

A={(q,r¢)|3q ™9 v 35:N — D:

L,is(B) ={p € Recy(D)* | Jw € L(B):p = vis(w)}, 0 = g,dom(r) = Nandvn € N:r.n = 6(n)}.

Example 4In Figure 5 we show BAR models of some basic
Reo channels. We assume that all channels are from4ort
to port B and the data set B = {d, d'}. Sometimes instead
of drawing separate loops on the same vertex, we draw on
loop with several labels separated by commas. For the ca
of filter we assume that the filter valueds

Definition 6 Let B be a Bichi automaton of records. Tlvis-
ible languagef B is defined as:
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{A,B},dp=dp AB
{A} A
a b

Fig. 7 Models of anon-deterministitossy synchronous channel by

a) a constraint automaton and b) a Buchi automaton of record

AB A AB A
A A
@ OB OBIL
AB
)AB
O
AB

a b

Example 6Consider the constraint automaton depicted in FigFig. 8 Models of a fair lossy synchronous channel with a) a weak

ure 7(a). Itmodels a non-deterministic lossy synchronbase
nel from the sourcel to the sinkB: data inD either flows
from A to B or it gets lost after it is read by [6]. Figure 7(b)

shows the corresponding Biichi automaton on streams afdecénd hencel’(

fairness condition, b) a strong fairness condition.

L(A)) € L(B(A)). Next we prove the right-

Again, to simplify the figure, we use a singleton data setmost equality. Le¥ € TDSV be a timed data stream ac-
D = {d} and denote records only by the domains where theyeepted by the constraint automatathat is¢ € L(A). By

are defined.

definition of acceptance there exists an infinite computatio

All Buchi automata of records in Figure 5 are obtained  — ¢, (No, 90),q1, (N1, 91),--- in A such thatgy € Qo
as the translation of the constraint automata models of thengd, for alli > 0, (¢, (N3, 9:), qir1) is a transition inA,

same channels in Figure 3. Note that in Figure 5 the data sef;, — 0.N (i), and 6.6 (i)

isD = {d,d'}.

The following theorem shows that timed data streams ar
not different from streams of records, at least as far agfinit,, N,rin = 8

constraint automata are concerned.

Theorem 1Let A = (Q,N,—, Qo) be a finite constraint
automaton then,

T(£(4)) = L(B(A)) and O(L(B(A))) = L(A).

Proof We start by proving the leftmost equality. Let =
ro, 71, - - be astream of records I(B(A)) C Recpr(D)%.

E ¢;. But then, by construction,
there is an infinite computation’ = qg,79,q1,71,-- in
the Bichi automatorB(A) such that for alli > 0, there

s a data assignment{:N — D such that§; = ¢ and

n). Thus,r = rg,r1,--- € L(B(A))
andf = O(r). ThereforeL(A) C O(L(B(A))).
Conversely, lef € TDSV be suchtha € O(L(B(
Then there is a stream of records= rory --- € L(B(
with 8 = O(r), that is, for allk > 0, 0.N (k) = dom(ry
andvn € dom(rg), 6.6(k)n, = ri.n. Because € L(B(A)),
there is an infinite computation= qg, o, q1,71, - - - iNn B(A)
with ¢ € Qo and such that for all > 0, the triple(g;, i, gi+1)
is a transition inB(A). By construction of the Buchi automa-

Because3(A) is a Buchi automaton such that all its states areton B(A) from the constraint automatas, there is an in-

final, there is an infinite computation = qq, 79, q1,71, - -
in B(A), starting from an initial statg, and such that each
tuple (¢;,7i,g:+1) is @ transition inB(A). By construction
of for each transition(q;, r;, ¢;+1) in the Biichi automaton
B(A), there is a transitiofig;, N;, gi, gi+1) In the constraint
automatonA, with a data assignment: N; — D such that
0 E gi andVn € N;,r.n = &(n). This implies that the
streamr’ = qo, (No, 90), q1, (N1,91), - -+ is an infinite com-
putation in constraint automatohand that for all TDS-tuple
9 € TDSN with » = 7(6) it holds thatd.N(i) = N;
andd.6(i) &= g;, foralli > 0. Thus,r € T(L(A)) and
L(B(A)) C T(L(A)).

Conversely, letr = rg,r1,--- be a stream of records in
Y (L(A)). Thenthereis a TDS-tupkee Lrps(A) such that
r = 7(0) and for eactn € 0.N(k) andk € N, r(k).n =
0.5(k),. Becaus# € L(A), there is an infinite computation
T = qo, (No,90), g1, (N1, 1), - - in the constraint automa-
ton A, starting from an intial statg, and such thad. N (i) =
N(i) andf.5(i) = g, for all ¢ > 0. By construction, there
is an infinite computationr = qg,70,491,71, - In B(A)
and data assignmenés:N — D such that, for ali > 0,
0; &= g; andr;.m = §;(n). Since inB(A) all infinite runs
starting from an initial state are accepting,c L(B(A)),

finite computationt’ = qo, (No, 90),¢1, (N1,91),--- in A
such that for ali > 0, there is a data assignmentN — D
which §; | g; andVn € N;,r;.n = §(n). Thus,0 = O(r)
andd € L(A). ThereforeP(L(B(A))) C L(A). O

It follows that Buchi automata of records are at least as
expressive as constraint automata. They are actually mere e
pressive, because Biichi automata of records are closed und
complement while constraint automata are not [6].

3.4 Fair Reo connectors

In this section, we present some useful connectors thatean b
modeled by Bichi automata of records while this is not the
case if we consider constraint automaton.

Example 7Consider the connector (over a singleton data do-
main) between two portd andB with the behavior described
by the Biichi automaton of records in Figure 8.a. It is a con-
nector similar to the non-deterministic lossy synchrorahan-
nel depicted in Figure 7.b but with this extra property that n
all data can get lost. Still infinitely many data can get lost,
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A Product Since BAR’s are ordinary Buchi automata, we can
AC compose them by means of the standard (synchronous) prod-
uct for Buchi automata, provided they act on the same alpha-
Merger C @ bet. The intuitive meaning of the product is the synchroniza
tion of the two component connectors they represent.
BC Let us to recall the definition of product of Buchi au-
B tomata which, for simplicity, is given in terms of general-
ized Buchi automata [26]. Ayeneralized Bchi automaton
is a Buchi automato® = (Q, X', —, Qo, F) but for the set
a b of final states, that now is a set of sefs,C 2. A stream
w € X% is accepted by generalized Biichi automafiif
and only if there is an infinite computatianfor w in B such
that for everyF' € F at least one of the states hoccurs in
Ac m infinitely often.

@ e Definition 8 Let By = (Q1, X, —1,Qo1, F1) and By =

o (Q2, X, —2, Qo2, F2) be two Bichi automata on the same
( BC alphabet. The product d8; and B, is thegeneralizedichi
@ automaton:

where the transition relation— is defined as follows:

U B1xBy = (Q1xQ2, X, —, Qo1 xQo2, { F1XQ2, Q1 X F3 })
BC
C

a / a /
Fig. 9 Models of a merger connector qg—149 p—2p

(¢,p) — (¢’,1")

while the non-deterministic lossy synchronous channelmod ~ The language of the product of two generalized Buichi au-
eled by Biichi automaton of records in Figure 8.b allows fortomata is the intersection of their respective languagé [2
loosing onlyfinitely manydata at the por#. Every Buchi automatof®, X', —, Qo, I) can be turned
into the generalized Biichi automaté®, X', —, Qo, {F'})
Because Biichi automata of records are Biichi automatd€cognizing the same language. However, the product of two
we can expressnconditional fairness conditiofig0]: in each such automata is a generalized Biichi automaton. To obtain

infinite execution of the system, some actions should occu@n ordinary Blichi automaton for the product, one can use the
infinitely many times. fact that for each generalized Buchi automai®there is an

ordinary Biichi automato®’ such that’.(B) = L(B’) [26].

Example 8Consider thenergerconnector among two source ) _ 7

B to the portC. If both the source portd and B are offer- ~ €ven if the alphabets of the two automata are different.

ing data at the same time than only one of them is choserb -
. . efinition 9 Let B; = R D), —1, , F1) and
non-deterministically. The Biichi automaton of records co By = (Qa, Recx: (ID) <Q12 QeOCQN},i) >be twé) SX}{,;ZNE, de-
- ) 2 ) ) ) .

responding to its constraint automaton model introduced iq‘inethq'oin of B, and B, as thegeneralize®iichi automaton
[6] is shown in Figure 9(b). Both models allow unfair execu- ?1 > By given by:
| :

tions where data from the same source is always preferred
both A and B are always offering data simultaneously. Fig- (Q; xQz, Recar,un, (D), —, Qo1 X Qoz2, { F1 X Q2, Q1 x F2 })
ure 9(c) shows a Buchi automaton that disallows those unfai - ] ] ] )

executions. Because constraint automata do not distinguisVhere the transition relation— is defined by the following
between accepting and non-accepting states, they cannot ghulles:

1 / T2 /
press this kind of fairness conditions [6]. ¢—19q p—2p comp(ri,rs)

riUrsg 9

(¢,p) — (d,p")
q—51q dom(r))NNy =0

3.5 Composition of Bchi automata of records T
{g,p) — (' p)

Complex component connectors can be obtained by compo&nd dually,
ing simpler ones, and by hiding some ports from the environ-

ment. Below we describe these operators on BAR's. We will

give few examples in the next section. {a,p) = (¢,7)

p—29p" dom(re) NNy =0
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A—D0D—B B—0—C rect (even structurally, and not only language theordyital
also with respect to the join of constraint automata.
A B
— — Theorem 2 Let A; and As be two constraint automata. Then,
—@OT® OO

B(Al) > B(AQ) = B(Al X AQ)

Proof Let A; = (Q1,N1,T1,Qo1) be a constraint automa-
ton andA, = (Q2, N2, Ta, Qo2) be another one. Using Defi-

A
» as (T
—>/B% %C@ nition 3
’ Ay e Ay = (Q1 X Q2, N1 UN,, T, Qo1 X Qoz),

(c) (d) whereT is the set of all transitions obtained using rules pre-
sented in Definition 3. Using Definition B(A; <c A2)
is

(Q1 % Q2, Recn,un, (D), Ac, Qo1 X Qo2, Q1 X Q2),

whereAc is the set of transition§s, t), r, (s’,t')) such that
there existy(s,t), N, g, (s',t')) € T andé:N — D such
thatd = g and forall ninN, r.n = 6(n).

Further, |etB(A1) = <Q1, RGC_N'l (D), Al, Q()l; Q1> and
B(Az) = (Q2, Recn, (D), Az, Qo2, Q2), with Ay and A,
obtained as described in Definition 7. Using Definition 9,
B(A;) 1 B(Az) is the automaton

(Q1 % Q2, Recn,un, (D), A, Qo1 x Qo2, Q1 X Q2)

with A the set of all transitions obtained using the rules in

(e) Definition 9. We need to prove thate = Ag

To begin with, we prove that\c C Ap.
Let ((s,t),r, (s',t')) € Ac. Thereis((s,t), N,g,(s',t')) €
T and data assignmedtN — D, such thatd | ¢ and

Intuitively, two transitions synchronize if they are label Vn € N,r.n = 6(n). We have two cases:
by compatible records (i.e. on the common ports they comd) If ((s,t),N,g,(s’,t’)) € T is obtained using the first
municate the same data values), whereas they interleave lifile in Definition 3, then, there ar@, N1, g1,s') € 11 and
they are labeled with records not referring to ports of theot (¢, N2, g2,t’) € T such thatN = N; U No, Ny NN, =
automaton. NonN7, 0 # N1 C N7 andd # Ny C Ns. Letd|y, andr|y,

be respectively the restricted versionssaindr for domain

Example 9For example, consider Figure 10 (at this momenty, c N. Obviously,d|y, = ¢ andVn € Ny, 7|y, .n =
ignoring the labels on the states). Figure 10(a) shows thg|N1 (n). Similarly, 6|y, E g2 andVn € Ny, r|y,.n =
Blchi automaton of records modeling a FIFO1 channel bes| y. (n). Thus, based on definitions af, and A,, we con-

tween portsd and B (using as data sé? = {d}) and (b) &  clude that(s, r|x,,s') € Ay and(t, r|n,,t') € Ay. Because
FIFO1 between portB andC over the same data set. The rlNl andr,«|N2 both are restricted VerSionSﬂfT|N1 and7~|N2
join of these two automata is shown in (e). In Figure 10(e)are compatible and , Ur|y, = . Thus, using the first rule
the generalized set of final states{isAB, B}, {AB, AC}} in Definition 9,((s, t), r, (s, t)) € Ag.

where we refer to each state by its label. 2) If ((s,t),N,g,(s',t')) € T is obtained using the sec-
ond rule in Definition 3, then, there i&, N,g,s') € Th
such thatt = ¢/ and N N A, = 0. Thus, based on defi-
Rition of A, (s,r,s") € Ay. Becauselom(r) C N, thus,
dom(r) NNy = 0. Using rule 2 in Definition 9, we conclude

Lemma 3 Let B; and B, be two BAR’s with the same alpha- that({(s,?),r, (s',t)) € Ap.
bet. ThenL,Uis (Bl > BQ) = Lyis (Bl) N Lyis (BQ)

Fig. 10 Composing two FIFO1 channels

For BAR'’s withoutr-transitions, the join operator coin-
cides with the product in the case when both automata hav
the same alphabet.

It remains to proveAp C Ac. Let ((s,t),r, {s',t)) €
This implies that our definition of join is correct with re- Ap. We have two cases:
spect to the product of ordinary Buichi automata (uprto 1) If ((s,¢),r, (s’,t')) € Ap is obtained using the first rule in
transitions). On the other hand, our definition of join is-cor Definition 9, then, there args, r1,s’) € Ay and(¢,72,t') €
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As such thaty = r; U 7o, records; andr, are compatible, whereA = Aif n € N and otherwiseA = AU A’ U A”
dom(r1) NNz = dom(re) N N1, r1 # 7andry # 7. Thus,  whereA’ = {(q,[n =d],q)|lqg € Q,d € D} and
based on definitions of\; and A,, we conclude that there A" = {(q,r[n: =d],¢)|(q,7,¢) € A,d € D}.

are(s, N1,g1,8") € Ty and(t, N3, g2,t') € T» and data as- » o _
signments;:N, — D anddx:No — D such that, = g1 Intuitively, to extend Biichi automaton of recorBausing
85 = go,¥n € N1, 7.n = 01(n) and¥n € Na,r.n = 52(n>j one extra port name, we use the same structurel®find add

Let N = N, U Ny, g = g1 A g» andd = &, U 6. Because only some new transitions to it representing the guesséof t

dom(r1) N Ny = dom(rs) NN, thus, Ny NN = Na NN, new behavior of th_e automaton. with respect to the newsport
and using the first rule in Definition 8(s, t), N, g, (', t')) € There are three kind of guess: the environment does not use

Ap. Obviously,d = g andVn € N,rn = d(n). Thus, by tEe namm in acommuhnication (explaining w_hzga g A), or
construction((s, ), r, (s, ') € Ac. the environment use the namdor a communication but no

2) If ((s,1),r,(s',t')) € Ap is obtained using the second other port ofB is used (explaining the addition of a new loop
rule in Definition 9. then. there i6,7,5') € A, such that transition on each state labeled by a record wiets the only
t — ¢ anddom(r) AN, = 0. Based on the definition of Name in the domain), or the environment use the narite

Ay, there is(s,N,g,s') € Ti and there are data assign- combination with the name constrained By(corresponding
mentsé:N — D such that.s = gandVn € N,rm — 1 the new transitions of the form (q,r[n:=d],q") it’. Recall
5(n). Becauselom(r) N A, — 0, NN, = 0 and using here than: = d] is the extension of recondby adding the

the second rule in Definition (s, t), N, g, (s',t')) € Ag. ~ Newfieldn =dtoiy).

Thus((s,t),r,(s',1)) € Ac. O Example 10For example, in Figure 10(c) we show the exten-
sion of the automaton that has been shown in Figure 10(a)

Hiding The effect of hiding a port of a component connec-_ . P AAC
. . with respect to the new port nanié In this Figure,A "——
tor is that data flow at that node is no longer observable. In P P gure.A

" A AC
BAR's, the hiding operator removes all information abowt th 3 means that there are two transitioAs— B andA —
hidden port. B. Figure 10(d) shows the extension of the automaton in Fig-

ure 10(b) with respect to the port name
Definition 10 The hiding of a port namé € A from a BAR

B = (Q, Recnr(D), —, Qo, F) is the BAR The operation of name extension is not sensitive to the

order of different applications, in the sense th&fn){m =

Bla = (Q, Recpr14}(D), —' Qo, F) (BTm)Tn, for two narpes.l andm. There.fore we can defir)e.
the extension of a Blichi automaton with respect to a finite
nA _ ” set of nameN, denoted byBTN by inductively extending
whereq —" p ifand only if ¢ — p. the automato® by one name iV at a time.

Given two Bichi automata of records and B, we can

Note that if the domain of a record labeling a transition extend each of them with respect to the port names of the
contains only the name to be hidden, then the transition bec_)ther so that the becometwopBUchi autorgata over the same
comes an internal one. It is easy to verify that (visibly)-lan ' y

X . . 7 Iphabet. We can thus take their ordinary product, obtginin
ivalence i ngruence with r in an L . '
guage equivalence Is a congruence with respect to join a as result the join of the two Biichi automd®a and B.

hiding.
Theorem 3 Let B; and B, be two Richi automata of records
. . over alphabet setfecy, (D) and Recyy, (D) respectively.
3.6 Spllttlng the join ThenBlTN2 % B2TN1 _ Bl > BQ.

Next we give an alternative way to calculate the join of two Proof Let By = (Q1, Recpr, (D), A1, Qo1, F1) and By =
Biichi automata of records. The idea is to use the standar{l)s, Recy, (D), Az, Qoz2, F»). Using Definition 9,81 >t B
product after we have extended the alphabets of the two aus

tomata to a minimal common alphabet. First of all we concen-

trate on how to extend a Biichi automata of recdgdsith an (@1 % Q2, Recpyun, (D), Ao, Qo1 X Qoz, F)

extra port name, not necessarily presentin the alphal8t of \where = {F}, x Q,, Q1 x F,} and A is the transition
If the port is new, the resulting automata will have to guessyg|ation. Based on the Definition 11, we have

the correct behavior non-deterministically, by allowirrgiot -

the simultaneous exchange of data with the other ports known B11N2 = (Q1, Recnr,un, (D), A1, Qot, Fr)

by the automata. and

Definition 11 Let B = (Q, Recn (D), A, Qo, F') be a Bichi BoAN, — Rec D). A, F
automaton of records and be a (port) name. We define the 2TA1 = (@2, Reenuna (D), Az, Qoz, F2)

extension of3 with respect ton as the following Bchi au-  whereA; and A, are the transition relations. Their product
tomaton of records: is the Blichi automatoB; TNy x B2 N7 given by

B1n = (Q, Recyryny (D), A, Qo, F) (@1 X Q2, Recn,un, (D), Ax, Qor X Qoa, F)
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where A, is defined according to the Definition 8. We need

to proveA, = A,,. We start by showing that, C A.:
Let ({s,t),r,(s',t')) € Ax. By using Definition 8) and Def-
inition 11) we have,

({s,8),7, (s ) € Ay <= (s,1,5') € AL A (t,1,1) € Ay
< (s,1,8') € AyUATUAY A (8, ') € Ay U AU AY
We need to consider nine different cases:

1. (s,r,s') € Ay and(t,r,t') € Ay. Obviously, using the
first rule in Definition 9, we havé(s,t),r, (s',t')) €
A

. (s,r,8") € Ay and(t,r,t') € Al. By the definition of
ALt t"andr € Recy,\a, (D). Thus,dom(r) N
N5 = (. Therefore, using the second rule in Definition 9,
((s,8),7,(s',t)) € A

. (s,r,8") € Ay and(t,r,t') € AY. According to defini-
tion of A, there is(t,r’,t") € Ay such thatdom(r)
dom(r") U N’ for someN’ C N7\ M- and for all names
in dom(r') it holdsr(n) = r’(n). Thus,dom(r) N Nz =
dom(r") N N1 = dom(r’), r andr’ are compatible and
rUr’ =r. Thus((s,t),r, (s',t")) € A, using Defini-
tion 9 Rule 1.

. (8,7, 8") € Al and(¢,r,t’") € Aq. The proof of this case
is the symmetric proof of case 2.

. (8,7, 8") € Al and(¢,r,t') € A, This case is impossi-
ble, because, by definition ef/, dom(r) C N2\N; and
by definition of A}, dom(r) C N1\ N2 anddom(r) # 0.
Obviously, these conditions are contradictory.

. (8,7, 8") € A} and(t,r,t') € AY. This case is impossi-
ble. Its proof is similar to case 5.

. (s,r,8) € AV and(t,r,t') € Ag.The proof of this case
is the symmetric proof of case 3.

. (s,r,8") € A and(t, r,t') € A,. This case is impossi-
ble. Its proof is similar to case 5.

. (s,r,8") € A and(t,r,t") € Aj. According to defini-
tion of A”, there are records andr” such thatlom(r) =
dom(r') U N' = dom(r") U N” for N’ C N2\N; and
N"” C N7\MN2. By a simple set theoretic justification,
it can be shown thagom(r') N Na = dom(r”) N Ny
and becauseyn € dom(r'):r(n) = r'(n) andVn €
dom(r"):r(n) = r"’(n) thusr = " U r”. Thus, using
Definition 9 Rule 1((s,t),r, (s',t')) € An.

Next we prove thai\,q C Ay . Let((s,t),r, (s',t')) € Ax.
We have two cases.

1. 0f ((s,t),r, (s, t')) € Ay is obtained using the first rule
of Definition 9, there args, 1, s") € Ay and(t,r2,t') €
As such that; andr, are compatibley = r; U r9 and
dom(ry) N Ny = dom(r2) N N7. Obviously,(s,r,s') €
Al and(t,r, s") € AY. Thus,((s,t),r, (s',t')) € Ax.

A (s, t), 7, (s',t')) € As is obtained using the second
rule of Definition 9, there igs,r,s’) € A; such that
dom(r) N N2 = () andt = t'. Becauser is in Recy, (D)
anddom(r) N Ny = 0 thus,r € Recp,\n, (D). Based
on the definition ofA’, we have thatt, r, t) € AL. Thus,
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(s,r,8") € A; and (t,r,t') € As. Therefore, using the
definition of Buichi product, we obtain that the transition
(s, t),r, (s',t"))isin Ay. O

Therefore, to join two Biichi automata of records, one can
first extend them to a common set of ports and then compose
the resulting Biichi automaton using the standard Budadpr
uct operation. Based on the previous theorem, the automata
produced by both methods are structurally, and thus also lan
guage theoretically, the same.

Example 11For example, the join of the Biichi automata of
records shown in Figures 10(a) and (b) is the automaton shown
in (e). This automaton, in turn, is throductof the automata
depicted in (c) and (d) which are the extended versions of
(a) and (b), respectively. The resulting automaton models a
FIFO2 channel . Note that one of the diagonal transitions cor
responds to the move of data from one cell to the other, while
the other diagonal models the simultaneous consumption of
data from portC' and the insertion of a new data to the port
A.

4 Modeling context-dependencies

In the previous section we have addressed one specific short-
coming of the constraint automata as model of Reo networks,
namely the impossibility to model desirable fairness oaists.
Next we address another deficiency of constraint automata,
that is, theirimpossibility to model behavior that depepdm
pending I/O operations on the ports of the connector. This
latter property is calledontext dependengcyhich manifests
itself when the behavior of a connector can change depend-
ing upon not only the presence of requests on a connector
boundary, but also on their absence.

4.1 Augmentedihi automata of records

In order to take into account context dependencies in Reo we
naturally augment our Biichi automata model for component
connector. The prototypical Reo connector featuring a con-
text depended behavior is tleentext dependeribssy syn-
chronous channel (not to be confused with the previous non-
deterministic and fair lossy synchronous channels): iftbre
connected at the source is ready to send data but the port at
the sink is not ready to receive, then the data at the source
is lost. Until now, such requirements have been ignored and
lossy synchronous channels have been modeled by constraint
automata or BAR’s using a (fair) non-deterministic choice.
While this is sufficient for modeling Reo networks like the
the exclusive router presented in Figure 2, in general, the
presence of context dependent lossy synchronous channels
increase the expressivity of the Reo models [1].

Next we extend Biichi automata of records with the ca-
pability of modeling coordination strategies based on pend
ing and ignored ports. The idea is to enrich the states of a
BAR automaton with expressions for testing if the ports at


https://www.researchgate.net/publication/220173414_Reo_A_Channel-based_coordination_model_for_component_composition?el=1_x_8&enrichId=rgreq-9eef6e33f3b1764479536bbc14fc8c1d-XXX&enrichSource=Y292ZXJQYWdlOzIyMDA1OTMzMjtBUzoxMDQyMTQzMzYzNzY4NDZAMTQwMTg1ODA0MjkwNA==

14

the environment are ready to communicate or not. Intuigivel
a transition

qg—p

can be taken only if the ports of the system successfully pas

the test associated with a stateThis implies that we must

be able to safely eliminate states associated with tests thd°’
always fails, and that passing a test has to guarantee that gt

least as many ports are ready to communicate as needed
every outgoing transitions.

More formally, we consider the s@f of port names as
our primitive testsymbols. We define the séfxp, of ex-
pression for Boolean tests faf by the grammar

ex=1|Ale-el|e,

whereA € N. Given a setN C N of ports (ready to com-
municate) we define wheV passes the test denoted by
N E e, as follows:

NE1
NEA ffAeN
N'Z@l-egiﬁN)ZelandN)Zeg
NEe iff N e

Informally, every collection of port ready to communicate
passes the testwhile every collection of ports ready to com-
municate containingl passes the primitive test. The con-
junction of two tests; ande; is the teste; - eo, while the
negation of a test is denoted bye. The other Boolean con-
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guarded string represents an execution of the system, where
for each step it records the ports ready for a communication
and the actual data flow among a subset of them. More for-
mally, we define ainfinite computatiorfor a guarded string
RTOrONlm .-+ inan ABAR (B, ) to be an infinite sequence
ro,q1,71,..., Of alternating states and records in which
€ Qo, N; = I(g;) andg; — ¢;41 foralli € N. The
anguage accepteby an ABAR (B, ) consists of all infinite
g¥1arded strings such that there is an infinite computation
for w in B with at least one of the final states occurring in-
finitely often. The language of an ABARB, [), denoted by
GL(B), is the set of all infinite guarded strings it accepts.

Note that the condition of an ABARB, [) that for each
stateq, if ¢ — p thenl(q) implies wp(r) means that for
every guarded string/oro N1y - - - accepteddom(r;) C N;
foralli > 0.

We say that two ABAR'SB; and B, arelanguage equiv-
alentif GL(B;) = GL(B2). Given an ABAR(B,1) we
can construct a language equivalent ABAR', ") such that
U'(q) # 0 for all statesg of B’. In fact, we can safely delete
these inconsistent states from the set of statéslodécause no
set of namegV will ever pass the test (not even the empty
set of names).

An augmented Biichi automaton of records can be consid-
ered as a Biichi automaton of records, if we ignore the label-
ing function. Conversely, every Biichi automaton of resord
B can be transformed into a canonical ABAR, ) by as-
signing to each state of B the conjunction of alkwp(r)

nectives can be defined as derived operators, for instance wer each record labeling outgoing transitions from Trans-

define the disjunction;, es of two testse; andes as an ab-
breviation fore; - 5. Similarly, we let0 be the false test de-
fined as). We use= to denotes the propositional logic equiv-
alence onEzp,.

Given a record" € Recy (D), let wp(r) be theweakest
preconditionfor r to be executed. It is defined inductively on
the size ofdlom(r) as the following expression (up e):

wp(r) =1
wp(r) = A-wp(r\ A) if A€ dom(r)

Intuitively, the expressiomp(r) is a test checking if all the
ports synchronized by are ready to communicate.

We are now ready to introduce our extension of BAR's for

modeling both synchronization and context dependencies.

Definition 12 Anaugmented Buichi automaton of recofdb-
breviated by ABAR) is a pai{B, !) consisting of a BAR =
(Q, Recnr (D), —, Qo, F') and labeling function:QQ — Expys
such that for ally € Q, if ¢ —— p theni(q) implieswp(r).

As a consequence of the above definition(if) = A4,
then all transitions outgoing frommust be internal, i.e., they
must be labelled by. Similarly, all transitions outgoing from
a state labeled by must be internal.

ABAR'’s are acceptors of infinite guarded strings [18]. In
our case, an infinite guarded string over the alpha&lel, (D)
is an alternating infinite sequend&rqoNy71 - - - wherer; €
Recy (D) and theN;'s are subset of ports it Intuitively, a

forming a BAR into an ABAR and back will obtain the same
BAR, while the converse holds only for ABAR without states
with negative tests. We say that two ABAR®,!;) and
(Ba, o) arevisibly equivalentf they have no inconsistent
state and.,;s(B1) = Lyis(Bs2).

Although ABAR’s are as expressive as BAR's, in terms of
the visible language they recognize, they are more concrete
We will use this extra information when composing them. For
the moment let us remark that for an ABARB, ) we can
give a formal definition of pending and ignored ports. Given
a setV of ports, we say thatl € NV isignoredby a transition
q —— pif N |=1(q) butA ¢ dom(r), thatis, the pord may
be ready to communicate but it is excludedbySimilarly,
we say that a portl is pendingin a statey if it is ignored by
all transitions outgoing from.

4.2 Context-dependent Reo connectors

Next we present few examples of component connectors mod-
eled by ABARs. Figure 11 shows an ABAR model for a con-
text dependent lossy synchronous channel over a singleton
data domain. It connects the source pémvith the sink port

B. Note that the port is never pending becauseAfis en-
abled in a state then it can be executed. However Baran
pend its request to receive data if no data is available at the
sourceA (as described by the expression labelling the upper
rightmost state)
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wheredom(ry) = { B} anddom(rz) = {C'}.

Finally, a context dependent filter channel fréo C'is
a synchronous channel which allows for the communication
only of a specific data iterp. Other data value get lost. We
can model this channel using recdf8l = p, C' = p|] wherep
is the special value of the filter. Thus, the ABAR model of a
context dependent filter channel is:

Fig. 11 A context dependent lossy synchronous channel

BC

wheredom(r) = {B} andr.B # p.
(a) (0)

< 4.3 Composing ABAR'’s
@ '
Next we give a definition of product and join of two ABAR's.

We first give a direct definition of the join and then we prove it
equivalent to another definition given in term of the product
(c) (d) We define the join of two ABAR’s in terms of the join of

Fig. 12 Models of the synchronous channel their underlying BAR's.

Definition 13 Let(By, 1) and(Bs, l2) be two ABAR'’s. Their
In Figure 12 we show two ABAR models of a synchronousiOin (B1, 1) b (Ba, l2) is defined as the ABARB, ), where
channel with source enB and sinkC over a singleton data B = B1 > Bz andi({¢,p)) = l1(q) - l2(p).
set. The first mod€lk) is the canonical extension of the BAR
model in(b). Note that both port® andC' cannot be pend-
ing, whereas in the model itd) they both can be pending
in the initial state. This is, of course, reflected by the gear
languages they recognize. While the ABAR i) accept only

It is easy to check that the join of ABARs is again an
ABAR. In fact, if ¢ — p, is a transition in(By,1;) and
dom(r1) has no name in common with those used by another
ABAR (B, 1), thenly(q1) - l2(g2) implies wp(rq) for all

the infinite guarded string stateg, of B,. Similarly, if g == p, is another transition in
<B2, l2> such thatcomp(rl,rg), thenll(ql) . lg((]g) |mp||eS
{B,C}[B:d,C:d]{B,C}[B:d,C’:d], ’LUp(?“lLJTg).

As for BAR’s, the join of two ABAR'’s with the same al-
phabet coincides with their product. In general, the join op
{(}7{B,C}|B=d,C =d|{B}r{B,C}|B=d,C =d|---. €ratoris nota congruence with respect to the visible equiva

lence. To see this, it is enough to take two visibly equivalen
Itis easy to see that the two automata are visibly equivalent ABARs with one state labeled in one automaton withB

Also other basic connectors of Reo can be modeled byand in the other automaton by. 3. The join of one of them
means of ABARs. A context dependent synchronous drainwith an automata with a state labeled Byis different than
(and similarly for the synchronous spout) between two portshe join of the other.

B andC can be modeled as a context dependent synchronous et us now give an example of connector composition.
channel, but for the data values passing through the tws portConsider the lossy synchronous channel from a gotd a

the other automaton accepts infinitely many strings, iniolgid

that in this case needs not to be the same: port B given in Figure 11 and the synchronous channel from
- B to C' as modeled in Figure 12.d. Their join is the ABAR
— @ -~ shown in Figure 13. Note that it is very similar to the model
-

of an lossy synchronous channel between the gaahd C,
except that we can still observe the data flowing through the
port B. After hiding it, the two automata will be language
equivalent.

wheredom(r) = {B,C}. The asynchronous version of a
drain betweenB and C' can be modeled by the following
ABAR:

T1

m Definition 14 Let (B, ) be an ABAR. The hiding of a past
/—»x results in the ABARB| 4,1') wherel’(q) is the expression
1(g) with 1 substituted forA.
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product is the automaton in 10(e) which can be obtained by
either using the direct or the splitting definitions of th@njo
operation.

5 Conclusion and discussion

In this paper, we introduced a simple mathematical model ad-
dressing the full semantical features of Reo. Like constrai
automata [6] and unlike connector coloring [13], our model
can express the behavior of a connector in terms of ports syn-
chronization and exclusion. Like connector coloring ane un
Fig. 13 The composition of a context dependent lossy synchronousgjke constraint automata our model can express context de-
channel with a context depended synchronous channel pendent behavior. Differently from all other models of Reo,
our model allows for the specification of fairness constsin
One of the main benefits of our automata theoretic frame-
work for modeling networks of component connectors comes
from the area of model checking. We can use Bichi automata
for expressing properties (directly or after translatingni
linear temporal logics [25,11]). Existing model checkers f
Biichi automata, such as SPIN [14] and NuSMV [10], could
be used directly for networks of connectors instead of re-
inventing similar tools for constraint automata. It is olaup
to investigate this direction in the near future.

A ............... >B_DQC
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