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Abstract

Reo is a coordination-based language with the proposal of connecting different
systems and interfaces. It aims to develop communication between different systems
with a high level of abstraction and without many restrictions. PDL is a multimodal
logic tailored to reason about programs. It is proved to be sound, complete, decidable
and has a simple Kripke semantics. This work intends to provide an interpretation
of Reo circuits as PDL models. These are the first steps towards providing a dynamic
logic tailored to reason directly about Reo circuits.
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Resumo

Reo é uma linguagem baseada em coordenacdo com a proposta de conectar
diferentes sistemas e interfaces. Objetiva modelar a comunicacdo entre diferentes
sistemas com um alto nivel de abstracdo e sem muitas restricoes. PDL é uma logica
multimodal adaptada para raciocinar sobre programas, consistente, completa,
decidivel e com uma semantica de Kripke simples. Este trabalho pretende fornecer
uma interpretacdo dos circuitos Reo como modelos PDL. Esses sdo os primeiros
passos para fornecer uma logica dindmica préppria para raciocinar diretamente
sobre os circuitos Reo.

Palavras-chave: circuitos Reo; modelos PDL; linguagem baseada em coorde-
nacéo; logica multimodal

1. Introduction

Reo [1] is a coordination-based language that emerged in the 90 with the
proposal of connecting different systems and interfaces, and develop commu-
nication between different systems. With a high level of abstraction and wi-
thout many restrictions, Reo’s range of possibilities is widefull. Reo is used in
distributed and parallel systems and inter-process communication [4]. As a
basis for its operation, Constraint Automata formalize its components.

Constraint Automata (CA) [4] are used to define a formal semantics for
Reo. They allow us to analyse the modelling of a system as the behaviour
of information over time. A Constraint Automaton extends finite automata
theory twofoldly: (i) its input has a time condition and (ii) there exists a logi-
cal constraint to enable a transition.

Propositional Dynamic Logic (PDL) [6] is a logic tailored to reason about
programs. A formalisation in PDL leads to the possibility of reasoning about
the behaviour of programs. Such behaviour includes properties as a correc-
tion in relation to its requirements, fairness, liveliness and equivalence. A
formula in PDL has the form “(m)p ” meaning that there exists an execution of
the program m such that after it p is true, supposing that = halts.
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Interpreting Reo Circuits as PDL models

PDL has been widely used to reason about distributed systems. Some en-
codings and extensions of net systems were already proposed and compose a
huge theoretical framework [5, 10, 11, 17, 18].

An example of PDL usage in industry can be found in [15], where IBM
uses PDL to formalize the zSeries e-server, thereby guaranteeing properties
such as a termination and determinism. XPath, which is a major element in
the XSLT standard, may be encoded in PDL [12, 13].

This paper presents an encoding of CA in a PDL model. The goal is to
translate a Constraint Automaton into a PDL theory and for this theory to
build a PDL model. The input of the CA (Timed Data Stream) is translated to
the valuation function of the model. It leads to the usage of PDL theoretical
framework to reason about Reo circuits interpreted as Constraint Automata
and is the first step towards a Dynamic Logic to reason diretctly about Reo
circuits in a more expressive semantics.

2. Related Work

Reo’s capabitiy of model real-world interaction scenarios has resulted in a
great effort directed in formalizing means in order to verify properties of
Reo models [19, 20, 21, 22, 23, 24, 27, 29], with its application domain
ranging from component-based software engineering to the verification of
e-governance applications [29]. This has also contributed to the existence of
Reo’s many formal semantics, each focusing on specific properties that can be
captured in Reo models, such as time or action constraints [25].

The approach presented by Klein et al. [19] provides a platform to reason
about Reo models using Vereofy', a model checker for component-based sys-
tems, while Pourvatan et al. [24] employ Constraint Automata in reasoning
about Reo models by means of symbolic execution. Kokash & Arbab [20]
formally verify Long-Running Transactions (LRTs) modelled as Reo connec-
tors using Vereofy, enabling expressing properties of these connectors in lo-
gics such as Linear Temporal Logic (LTL) or a variant of Computation Tree
Logic (CTL) named Alternating-time Stream Logic (ASL). Kokash et al. [8]
encode Reo in mCRL2 model checker using Constraint Automata and its
main variants, encoding their behaviour as mCRL2 processes and enabling
the expression of properties regarding deadlocks and data constraints which

1 hup//www.vereofy.de

O que nos faz pensar, Rio de Janeiro, v.29, n.49, p.157-181, jul.-dez.2021

159


http://www.vereofy.de

160

Erick Grilo, Thiago Cordeiro e Bruno Lopes

depend upon time. Mouzavi et al. [23] propose an approach based on Maude
in order to model checking Reo models, encoding Reo’s operational seman-
tics of the connectors, and Li et al. [222,28] respectively propose a real-time
extension to Reo, implementing new channels and relying on Stochastic Ti-
med Automata for Reo (STA) as its formal semantics, also providing a transla-
tion of STA to PRISM? for model checking and a translation of Reo models to
PVS. UPPAAL® model checker has also been employed in the verification of
Reo connectors employing the usage of Timed Constraint Automata [26] to
build the corresponding UPPAAL model, and in the simulation of Hybrid Reo
Connectors [27]. Zhang et al. [30, 31] employ Coq and Z3 proof assistants to
reason over Reo connectors by encoding Reo’s connectors.

The usage of Constraint Automata as formal semantics for Reo is advan-
tageous when considering a systematic notion of a Reo connector. In this
approach, states of the automaton denote its possible data configurations,
enabling one to see “How the system behaves as a whole”. When not consi-
dering only Reo, Constraint Automata provides a formal basis to reason about
general coordination modeling languages, not only Reo [4]. The approach
proposed in this paper presents an algorithm to encode Reo models denoted
by Constraint Automata as PDL sentences, its soundness proofs and an im-
plementation of this algorithm.

3. Constraint Automata: a formal semantics to Reo

In this Section, we provide a brief overview over what is Reo, addressing its
main characteristics regarding how it works, along with a modelling exam-
ple. We also introduce Constraint Automata, Reo’s formal semantic employed
in the presented work, briefly recovering the main concepts regarding the
theory introduced by Baier et al. [4].

2 https//www.prismmodelchecker.org

3 http://www.uppaal.org/
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3.1. Reo as a modelling language

Reo [2, 3] is a graphic-based language used in modelling coordination bet-
ween systems, enabling the modelling of systems which are built by reusing
fragments of existing software. It is based on channels, where complex coor-
dinators (i.e., Reo models) are compositionally built from simpler ones. These
complex coordinators are called connectors and compose the modelling lan-
guage’s core. Its main goal is to act as a “glue language”, a language that con-
nects (“glues together”) instances of different components that act together in a
component based system by orchestrating how these entities interact between
themselves, providing the model of the code that performs such orchestration.

Reo focuses on modelling connectors. These structures denote how mo-
delled entities communicate (send/receive data) with each other by means of
this connector, instead of focusing on particular features of entities that are
connected, communicate and work together through those connectors. The-
se entities, called component instances in Reo, may be modules of sequential
code, objects, agents, processes, web services and any other software compo-
nent [2]. The only means of performing such operations are through channel
ends known by these entities. In other words, entities must communicate
only with other entities connected in Reo connectors they are part of.

A node in Reo is defined as a logical organization denoting the structure
of how channel ends are linked to each other in Reo connectors. Nodes com-
posing channel ends in Reo can be either source nodes, sink nodes or mixed
nodes. Source nodes are nodes that accepts data into the channel (i.e., nodes
that serves as gateway to data flow into the channel), while sink nodes are
nodes where data flows out of the channel and mixed nodes are nodes that
act both as source nodes and sink nodes (not simultaneously).

A Reo channel is designed to tunnel point-to-point communication bet-
ween exactly two different Reo nodes. Each channel has its own previou-
sly defined behavior, however Reo also enables users to formalize their own
channels. It also enables one to build complex connectors, where the com-
position of Reo channels (predefined or user-provided) are the core of these
connectors. Figure 1 shows the basic set of connectors as seen in [8].
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Figure 1: Canonical Reo connectors
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As an modelling example employing Reo, we introduce the model presented
in Figure 2. It consists of a Reo connector named Sequencer*. This connector
models scenarios regarding the sequencing of processes which are intercon-
nected by means of this connector, enabling the study and verification of this
scenario, along with properties one wish to guarantee regarding how data

flow between the interconnected entities.

B C

Figure 2: Modelling of the Sequencer in Reo

4 http://reo.project.cwi.nl/v2/A#examples-of-complex-connectors

O que nos faz pensar, Rio de Janeiro, v.29, n.49, p.157-181, jul.-dez.2021



Interpreting Reo Circuits as PDL models

3.2 Constraint Automata as Reo’s formal semantics

Constraint Automata (CA) [4] are defined as the most basic operational mo-
dels for Reo. The present work focuses on Constraint Automata as proposed
by Reo creators. It consists of a simple yet powerful formalism tailored to
reason about Reo models which is formally defined in Definition 3.2.

Definition 1 (Constraint Automata)

A Constraint Automaton is a tuple A=(QNames,—,Q_0) where

Q is a finite set of states, denoting possible configurations of A

Names is a finite set of port names,

-1 Q x 2Nmes  DC x Q is the transition relation with DC a set of (propo-
sitional) Data Constraints, and

QOc Q is the set of initial states.

Constraint Automata are understood as a variation of Finite Automata where
the transitions do not depend only on the value seen in the input, but also
on data flowing into ports p € Names. By using Constraint Automata as Reo’s
formal semantics, an automaton’ states stnds for the possible configurations
(i.e., possible data flow between the entities modelled), the set Names contains
abstractions of the software components modelled in the Reo connectors, and
transitions models how the configurations depicted by its states are reached.

Such formalism proposes grounds for modeling and verifying properties
regarding coordination mechanisms by usage of formal methods. An example
of this approach is proposed by Navidpour et al. [14] which applies model
checking to validate properties of automata specified in temporal logic.

In order to model data flow within Reo connectors, Constraint Automata
are seen as Timed Data Stream acceptors. A Timed Data Stream (TDS) is a
pair containing two (possibly infinite) streams that describe, respecitvely, the
behavior of a given port, namely the data flow and the time instant each data
item in this flow is seen in the port. An input for an constraint automaton
is then defined as ® € TDS¥™, © containing a TDS for each port p € Names,
which is formalized as depicted in Definition .

Definition 2 (TDSY) TDSY"e is a set containing a TDS for each port
A, € Names das

TDGVames — {((a1,a1), (@2, a2),..., (Cs0n) (0 @) €TDS =12, 005

with n = |[Names|. }
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Therefore, Constraint Automata supports verification of Reo models upon
specification of structural properties, regarding how its configuration should
change (based on the automaton’s transitions, which models how data flow
in Reo channels) and verification of specific situations, regarding a given data
flow as input for an automaton depicted by ©, with TDS¥m, assuring whether
a specific scenario can be achieved in the corresponding Reo model.

4. Propositional Dynamic Logic

Propositional Dynamic Logic (PDL) [6] is a logic tailored to reason about
programs. It extends multimodal K logic by means of indexing modalities
with programs. A formula in PDL has the form (m)¢ which means that “after
some execution of the program m, ¢ holds, supposing that w halts.” A box
correspondent formula [n]¢ means that “after any execution of the program
7, ¢ holds, supposing that m halts.”

Definition 3 (PDL language) The language of PDL is defined as

@:=pITI=@ @V @, 0 APl 9 ~>¢,1 9@, (M ][],
where T:=a | w;m, | T, U, | ] @2

Let p € ®, such that @ is an enumerable set of propositional symbols and «
€ I1, where I1 is an enumerable set of basic programs.

Definition 4 A frame for PDL is a tuple F= (W,R ) where
- W is a non-empty set of states;
- R, is a binary relation over W, for each basic program a € I;
- We can inductively define a binary relation R, for each non-basic

program m, as follows

R___ =R_oR
- Cmpmy Tmp @

R =R_ UR
- ‘mpUmy 3] T,

- Rpx=Ry* . where R* where denotes the reflexive transitive closure of R_,
- R,7={(ww) | w € W and M, wi¢, according to Definition .

Definition 5 A model for PDL is a pair M=(F V), where F is a PDL frame
and V is a valuation function V: & — 2V.
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The semantical notion of satisfaction for PDL is defined as follows:

Definition 6 Let M= (EV) be a model. The notion of satisfaction of a for-
mula ¢ in a model M at a state w is denoted by notation M,wk ¢ and can
be inductively defined as follows:

-M,wEpiffweV(p)

- M, w E T always;

-M,wE-@iff M,wE@;

-M,wE@AQ,iffM,wE @, andM,wEg,;

-M,wEQ@Ve,iffMwE@ or M,wE @,;

-M,wEQ@-@,iffM,wE@ ot MwE @, ;

- M, w E (m) @ iff there is w'e such that wR_w' and M,w' E ¢ ;

- M, w E [1] @ iff for any w'e if wR_w' then M, w' £ @ ;.

PDL is proved to be sound, complete and decidable. For more details on
PDL see [7].

5. From Constraint Automata to PDL models

In this section we propose and explain an algorithm which aims to build PDL
models from Constraint Automata. The proposed approach aims to recover
and translate each transition in an automaton’s transition relation to senten-
ces in PDL.

5.1. Denoting PDL theories from automata

The first part of the algorithm comprehend the modelling process of automa-
ta transitions into propositional logical formulae. In order to do so, let & be
a set of propositional symbols. The idea is to consider each state of the auto-
maton q € Q, each port name of the automaton n € N and each data constraint
g €D (with D as a set of data constraints) as a propositional symbol, resulting
inQN,Dc®.

The next step is to formalize the automaton’s transition relation k as logical
sentences p € I'. Taking advantage of the automaton’s transition relation as the
notation , ™4}, (we recover the transition notation introduced by Baier et
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al. [4]), an automaton’s single transition may be defined as (@M, 8 (D q),
denoting the same idea behind the firing of a transition in Constraint Automa-
ta: if the automaton is in state q, and the data constraint g (which may be com-
posed of conjunction of zero or more propositional formulae g), then exists a
transition t (the transition currently being modelled) which from g, reaches g,.

However, this approach still misses the point that, in order for a transition
to fire in constraint automata, not only its data constraint must be satisfied,
but the ports denoted by its set of port names are the only ones that must have
data flowing at the time the transition is to be fired. Therefore, the procedure
also needs to add this information in the derived formula. This is acheived as
follows: port names pinN of the automaton which are in the transition t may
be depicted as p, and the remainder asp,_, the ports which does not relate to
the transition being evaluated. This can be rewritten as (/\m epgPi A Apmicpng —|pm)
Then, we add this new piece of information to the first proposed resulting
formula, which now is (4o A Age 8 A Avyepy Pt A Apyyepng —Pri) < (0, The set of logi-
cal sentences I can be defined as follows.

= {AtiEH ((Sti A AgiEgti gdi A ApiEpgti pi A ApniEp?’lgti _‘pm') o <ti)pt5)}

There is still a situation which the above definition does not capture: the case
where there is no transition available to be fired, resulting in an invalid confi-
guration of the automaton. The corresponding PDL model must capture this
scenario. We add a formula modelling each transition t, that can't be fired. I
is now rewritten then as below.

Definition 7 Let T as the aforementioned set. The resulting set of formulae
denoting all automata’s transitions and how they behave is achieved by the
following definition T =T U {Age_(=(t:)T) 5L}

I' then models all transitions of a single constraint automaton, considering its
initial state (s,), its corresponding context regarding transition firing (g,), the
ports p € N that must have data flowing (p,) and the remainder of N which
must not have any data flowing at the moment (p_). In what follows we brie-
fly introduce and discuss the proposed algorithm.
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Algorithm 1: Algorithm to build a set I' of PDL formulac from a
Constraint Automata

Input : Constraint Automata CA = (Q, N, gg. —)

Output: '

1T +0;
: N, .

2 foreach ¢, —2% qy ast in CA.— do

3 sentence + qz ;

1 sentence + sentence A | N gi |:
g9i€g

5 sentence < sentence A A pil;
piEN

6 A0

T foreach Port p in CA.N do

8 foreach Port p2 in t.N do

9 if p # p2 then

10 | A+~AuU{p};

11 end

12 end

13 sentence < sentence N\ /'\ - l;
pi€A

14 sentence < sentence <+ (t,)q,:

15 I' — U { sentence } ;

16 end

17 sentence — 1

18 foreach g, i} gy ast in CA.— do
19 | sentence < sentence N—(t;)T;

20 end

21 I + U { sentence — L} ;

Algorithm 1 describes each step executed in order to obtain I' from a cons-
triant automaton. The algorithm expects as input a constraint automaton,
and from its transition relation, it builds ' from the extracted information,
executing the following (simplified) steps:

1. Initialization of the logical sentence (denotihg the result of the evalua-
tion of the current transition);

2. Assign the transition’s origin state to the sentence;

3. lterate over the transition’s whole data constraint, adding them to a
conjunction with the sentence;
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4. Tterate over the transition’s set of port names, adding them to a con-
junction with the sentence;

5. Iterate over the automaton’s set of port names; check whether a given
port is not in the transition’s set of port names, and add it to a con-
junction with the sentence;

6. Add the biconditional with the symbol denoting the existence of a
transition t, that reaches a state q_;

7. Add the stopping condition considering an rejecting scenario (no tran-
siitions could be fired).

5.2. Formalizing automata input: TDSNames in PDL

The second part of the algorithm aims to formalize the notion of inputs for
constraint automata in PDL as described in Section 3. From Baier et al. [4],
recall that Constraint Automata are seen as TDS acceptors. We define a func-
tion, Val: NxWxN-D, as a function that given a port name of the automaton A,
a state w from the PDL model, and a natural number n denoting the index of
the time stamp of TDSY" it returns the current data assignment of the port A.
Its definition is summarized in Algorithm 2.

Algorithm 2: Val definition

1 Function Val(A,w, n):

Input : Port A

Input : state w

Input : Integer n

if 3w’ € W such that w' Ryw then then
| return Val (A,w’ n+1)

else

| return #.54(n) ;

6 end

o W

7 return

Val is formalized as an auxiliary function that will be used in the process of
formalizing TDSY™ in PDL. We use the valuation function as depicted in De-
finition , relying on Val, in order to implement TDS¥* in PDL. The valuation
function then will have its semantics directed in evaluate whether the data
flowing in a given set of ports of the constraint automaton (in a given time
instant) satisfy any transition in the transition set I'. Such function is denoted
by Equation 1.
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if v~ gag,—dp and Val(A,w,0) = Val(B,w,0)
ite=gp,—nen and Val(A,w,0)=n
. . |ifx=gp and Val(A,w,0)# 0 .
Ve e d, xe Viw)iff = 1
{ ; o) if » = g, and Juw' € W w'Ry,w (1)
if r = gp, and Val(pi,w,0) £ 0
ifr=~gp, and Val(pp;, w,0) =0

5.3. Soundness Proofs

This Section presents the soundness proof of the aforementioned approach.
It shows that for any Constraint Automata and a ® € TDS"™ there exists a
PDL model.

Theorem 1 (The translation of a CA to a PDL model using Algorithm 1
preserves the semantics of the execution of the CA over ® modelled as
in Equation 1)

The output of Algorithm 1 is a set I of formulae. Let ¢=A_ 17; where y,€
I'and |I'|=n Let  the composition of all PDL programs extracted from I such
that if a transition t, is sequenced by t we have that t, ; t and if t, is an alterna-
tive transition from the same state to t, we have that t Ut

So we build a PDL model such that M=(W,R V) corresponds to Definition
over m and let w 0 € V(s,) (according to Equation (1)). It is needed to show
that the state notion from the CA is preserved in the model M (cases 1 and
2), that the ports constraints over © are preserved (case 3) and that the model
validates only what is valid on the CA (case 4).

Proof 1 The four cases are considered.

Case 1: While a constraint automaton is running, whenever its current state
is g€ Q, the propositional symbol s € ® will have its truth value as true in the
PDL models current state w € W, and vs € @,j # i will have their truth values
as false.

Given g, € Q a initial state of the constraint automaton, suppose that there
is a corresponding initial state in the equivalent PDL model w,€ W, where w,
eWand vs € d,j#1i,s & V(w,), according to Equation (1).

If there is a firing transition of the automaton originating in a state q € Q
bounded to a state q € Q, from T there is at least one execution of a program
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§, leading to a state w'e W which after its execution, s, will hold and vs e
@ j #y s ¢ V(w) also holds. This follows from the Algorithm 1 and from
Equation (1).

Case 2: let - be the transition relation of the constraint automaton. Given a
PDL state w € W, there will be only relations wRw,, w € W that corresponds to
the automaton’s transition relation —.

Given g, € Q an initial state of the automaton, there is a initial state in the
corresponding PDL model q,€ W, where s € V(w,) and Vs € &, j # . If there is a
transition —ie - from g, to q,, then there is a relation between two PDL states
from w to w’eW by means fo the PDL program tai , with Mw’E g and M,w' #
p, where g € - and p, is not a subformula of g, according to lines 4 to 14
in Algorithm 1, which define the existence of the transition and that it only
fires if its corresponding data constraint g holds, and its associated set of port
names are the only port in the automaton where data flows in the moment of
this transition’ firing, and from Equation (1).

If there is a reachable state by the transition previously defined — , then
there is a state q € Q of the automaton and a state w € W of the corresponding
PDL model, where s € V(w) and Vs € ®,j #1i,5 /€ V (w,). If there is a transition
-, from g to q,, then there is a transition by means of . to astate we W,
where M,w’s g and w' & p,

This case is complete when there is no more transitions in —. Line 21 of
Algorithm 1 also guarantees the rejection of non accepting input, in the case
during its execution, no transitions could be fired by the automaton.

Case 3: Let N the set of port names of the automaton and N'e t with te—. In
order to guarantee that the ports depicted by the port names p, & N' will not
have data flow (enabling t5s firing), the following property must be satisfied:
p,eN=p €N, forany p and p'.

Let p,e N and p' € N' any port name. If p,# p', the propositional symbol
corresponding to p, is negated and included in the formula as follows: # p,.

All combination of ports p, e p, are iterated, and if p, # p', the negation of
the propositional symbol corresponding to the port name p, is added to the
formula as p,.

After iterating all possible port names combinations, the ports used in
each transition are the only ones in the formula.
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Case 4: Let © € TDS¥. The behavior of the automaton must correspond to
the behavior of the generated PDL model based on the same input . In short,
the model’s behavior must be the same as the base automaton.

Suppose N is the set of port names involved with a transition t € ». Also,
let w be the initial state of the corresponding PDL model, wes . In order to
advance to another state, there must exist a state w’ that is reachable b ya tran-
sition. In other words, given w’e W, if 3 w’, with w R w', this state is reachable
according to the TDS © if v,
exists a state w’ which denotes a state of the automaton.

Although the model is potentially infinite, from any state it is possible to
reach (co-inductively) an initial state.

Hence the behaviour of the CA is preserved in M

the function Val (p,,w',0) returns a value, then

5.4 Implementation of the algorithm

The algorithm proposed in Section 5.1 and Section 5.2 is implemented in C.
Its source code may be found on https://github.com/ThiagoUff/CA_PDL. The
implementation is supplied with a text file containing the structure of the
constraint automaton, followed by a parsing process of this file in order to
validate its structure. A valid file returns a text file containing I's structure as
proposed by the algorithm.

Figure 3: Constraint automaton of a Sequencer circuit
(transitions labels are ommited due to lack of space)
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5.5. Usage example

The Following example recovers the Reo circuit introduced in Figure 2 as
denoted by the automaton in Figure 3. This automaton has 27 states, 7 Ports
and 68 transitions with 142 Data Constraints, leading to 166 logical symbols.
In what follows, the transitions of the automaton are transformed into logic
sentences by iterating over the automaton’ set of states and, for each state q
€ Q, it applies the proposed algorithm with each transition which departing

state is q.

—

. state: q,

{A}da=0 .
(a) qo — qq will result on the PDL sentence:

GoAdg =0AAAN-BA-CA-DA-ENAGA-H < (t)q,
{4}.da=1

(b) qo — q will result in the PDL sentence:

GoAdy =1ANAAN-BA-CA-DA-EAN-GA-H o (t;)q,

. state: q,

{EB}de=0nd,=dp . .
(a) g, —— q3 will result in the PDL sentence:

g Ad,=0Ad, =dy, AEABA-AA-CA-DA-GA-H & (t;)q;

. state: q,

{E.B).do=1Ado=d} . .
(a) g — > q,will result in the PDL sentence:

GaAde =1Ad, =dy, AEABA-AA-CA-DAAGA-H o (t3)q,

. state: q,

{A/C.6),dg=0Adg=0Ad,=d, ) )
(a) g3 ———— > g5 will result in the PDL sentence:

gz Adyg =0Ady =0Ad; =dgANAACAGA—BA=DA—E A=H & (ty)qs

{AC.6)d,=1Ady=0Ad, =d,

(b) g3

g will result in the PDL sentence:

Gz Adg =1Adg=0Ad; =dgAAACAGA-BA-DA-EA-H o (t5)qs

{G.Cld =d Ad,=0

(c) g3 —— > g will result in the PDL sentence:

gz Ad; =dgAdg =0AGACA-AA-BA-DA-EAN-H o {ts)q;
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{A}da=
(d) gqa —» gg will result in the PDL sentence:

GsAdy, =0ANAA-BA-CA-DA-EA-GA-He (t;)qe

{4}dg=1 . .
(e) g3 —— go will result in the PDL sentence:

gsAdg =1ANAABA-CA-DA-EA-GA-H e (tg)qe

5. state: q,

{AC.6}d=0ndg=1Ady=d,,
(a) g4 s 983 g0 will result in the PDL sentence:

GuAdg =0Ad;=1Ady=d. AANCAGA-BA-DA-EAN=H & (ts)qyp

{AC,6)d,=0ndg=1Ady=d,
(b) s —————2—F {4, will result in the PDL sentence:

GaAdg =0Ad; =1Adg=d. AANCAGA-BA-DA-EA=H & (tig)q1,

(C.6)dg=1Ady=d,
(€) qs ———2 % g,, will result in the PDL sentence:

GuAdg=1Adg=d. ACAGA-AA-BA-DASEA-H © (t11)q:2

{4}.dq=0
(d) g4 —— q43 will result in the PDL sentence:

GaAdg =0AAAN-BA-CA-DA-EAAGA-H o {t5)q:3

{A}.a
(e) qq4 —> q14 will result in the PDL sentence:

GaAdg =1AAAN-BA-CA-DA-EAAGA-H o {ti3)q14

6. state: q,

(B.D,E,H},do=0Ado=dpAdp=0Ady=d . .
(a) qs : c i g3 will result in the PDL sentence:

gsAd, =0Ad, =dy Ady, =0Ad, =dy ABADAEAHA-ANA-CAAG © (t14)qs

{D.H}Ydp=0Adg=dp . .
(b) gs ——— gy will result in the PDL sentence:
gsAdp =0Ady =dy ADAHA-AA-BA-CA-EAAG & (ti5)q1
{B,E},de=0Ado=d}

(¢) qg —— g4 will result in the PDL sentence:

gsAd, =0Ad, =d, ABAEA-AAN-CA-DA-GA-H © (ti6)q:5
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7. state: q

(B.D,E,H},d.=1Ad ;=dpAdp=0Adp=d}, . .
(@) q¢ q4 will result in the PDL sentence:

g Nde =1Ad, =dyAdy, =0Ad, =dy ABADAEANHA-AAACAAG & {t7)q,

{D.H},dp=0Adp=dp X .
(b) g¢ —————— q will result in the PDL sentence:

g Adp, =0Ady, =dy ADAHA-AA-BA-CAAEAAG © (tig)g,

{B.E}de=1Ade=dp . .
() ¢ ——— Q1 Will result in the PDL sentence:

g ANd, =1Ad, =dy ABAEA-AAN-CAADA-GA-H & (tig)gqe

8. state: q,

{A.D,H},dg=0Ad g=dpAdy=0 i X
(a) q7 g4 will result in the PDL sentence:

g Ady =0Adg =dyAdy, =0AAADAHASBAACAAGA-H < (ty)q,

(D,H)dp=0Adg=dp, A A
(b) g; ——————— q will result in the PDL sentence:

g;ANdp, =0Ady =d, ADAHA-AAN-BAACA-EAAG & (t;)q,

{4}dg=0 . .
(c) g7 — g5 will result in the PDL sentence:

g;ANdg =0AAA-BA-CA-DA-EAAGA-H & (t;5)qs

{Ahda=1 . .
(d) gz — g4 will result in the PDL sentence:

g ANdg =1AAA-BA-CA-DA-EAAGA-H & {t;3)qe

(ADH),dg=1Ad g=dpAdp=0 X .
(e) g7 g, will result in the PDL sentence:

g ANdg =1Ad; =d, Ady =0AAADAHA-BAACAAGA-H + (t,)g,

9. state: g,

[C.G}d =dgAd =0 . )
(a) gg —————— ggwill result in the PDL sentence:

qgAd;=dgAdyg =0ACAGA-AA-BA-DA=EA-H & (t35)9s

10. state: q,

(C.6)dg=dyAdy=0 _ )
(@) gg —— q¢ will result in the PDL sentence:

GoAde=dgAdyg =0ACAGA=AA=BA-DA—E A-H © (t)qs
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11. state: q,,

{B.D.EH},de=0Ado=dpndp=1Adp=dgy . .
(a) gq10 - = g3 will result in the PDL sentence:

gioAde =0Ad, =dpyAdy, =1Ad, =dyABADAEAHA-AAAC AAG & (ty7)qs

{D,H}dp=1Adp=dgy . .
(b) g, —— g, will result in the PDL sentence:

gioAdp,=1Ad,=dg ADAHA-AAN-BA-CA-EANAG © (tig)q,

{E.B).d,=0ndp=d, i i
(¢) g9 — @47 will result in the PDL sentence:

gioNde =0Ad, =de AEABA-AAACAADAAGA-H & {tyg)gi7

12 state: q,,

{B,D.EH}de=1Ade=dpAdp=1Adp=dg . A
@ gi1 g4 will result in the PDL sentence:

quiAd, =1Ad, =dy, Ady =1Ady, =dg ABADAEAHA-AAACAAG & (t3p)q,

{DH}Y,dp=1rdp=dg B .
(b) .4 —— g will result in the PDL sentence:

9, 1 Adh=1 I\dk=daj\D/\HA¢A I\;EB.'#CJ'\#E/\#G<—»(:3 1 )q2

{E,B).de=0Adp=d, B .
(¢) g11 ——— q1g will result in the PDL sentence:

g1 Ad, =0Ad, =d, AEABA-AA-CAADAAGA-H & (t33)q:18

13. state: q,,

{AH,DYdy=1Adg=dpAdy=1 i .
(@) qi2 q, will result in the PDL sentence:

quzAdg=1Adyg =dy Adyp =1AAANHADA-BASCAADAAG & (t33)q;

(AH.D}dg=0Adg=dpAdy=1 ) .
(b) q12 g, will result in the PDL sentence:

quzANdya=0Ady =dpAdp =1AAANHADA-BA-CAADAAG < (t34)q,

{H,D},dp=1ndg=dp . .
(¢) g2 — > q, will result in the PDL sentence:

quzAdp=1Ady =dy AHADA-AA-BA-CA-DAAG & (ti5)qp
{A)da=0 . .
(d) gq12 — gqq0 will result in the PDL sentence:
qiz2Adg =0AAA-BA-CA-DA-EAAGA-H < (tig)gio
{A)dg=1

(€) 12 — qq1 will result in the PDL sentence:

qiz2Adg=1AAA-BA-CA-DA-EAAGA-H < (ti7)q11
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14. state: q,

(C.6)dg=1Ad,=d,, . i
(a) g3 ——— 4o Will result in the PDL sentence:

quaNdg =1Ad, =dgACAGA—AA=BA=DA-EA-H < (tz5)q10

15. state: q,

{€.6)dg=1Ad=d,, ) )
(a) g4 ——— 41 Will result in the PDL sentence:

quahdg =1Ad. =dy ACAGA—=AA=BA-DA-EA-H & (t3s)qyy

16. state: q,;

{AD,H),da=0Adg=dpAdp=0 . X
(a) 5 —— > ggwill result in the PDL sentence:

GqisAdg=0Ad; =dy Ady =0AAADAHA-BA-CA-EAAG & (ty)gs

{AD,H}da=1Adg=dpAdp=0 i .
(b) g5 —————— > q¢ will result in the PDL sentence:

GisAdeg=1Adg=dpAdy, =0AAADAHA-BA-CA-EAAG < (ty)qe

{D.H}.dg=dprdp=0 . .
(c) .5 — g3 will result in the PDL sentence:

s Adg =dpyAdy =0ADAHA-AA-BA-CA-EAAG & (ty,)qs

{A})dg=0 . .
(d) q15 — g9 will result in the PDL sentence:

GusAdg =0AAAN-BA-CA-DA-EAAGA-H & {ty3)ge

{A)da=1
(e) gi5 — qzowill result in the PDL sentence:

GisAdg =1ANAAN-BA-CA-DA-EAAGA-H & {ty)qz0

17. state: q,,

{4,D,H},d=0Adg=dpAdp=0 X .
(a) g ——— > q,3 will result in the PDL sentence:

qisNdea=0Adg=dpAdy =0AAADAHASBASCA-EAASG & (tys)qis
{4,D,H},dq=0Adg=dpAdp=0 . .
(b) g — > q14 Will result in the PDL sentence:
GisNdeg=0Adg=dyAdy =0ANAADAHASBA-CA-EAAG © (tyg)ia
{D H}.dg=dpAdp=0

(€) g1 —— g4 will result in the PDL sentence:

GigAdg =dpAd, =0ADAHA-AA-BA-CAAEAAG < {tyr)qs
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(A}dg=0 . .
(d) g16 —— g1 will result in the PDL sentence:

GeNdg =0AAA-BA-CA-DA-EAAGA-H o (tyggay

{A}dg=1 . .
(€) g1 — gaowill result in the PDL sentence:

e Adg =1AAA-BACA-DA-EASGA-H & (tyg)gs,

18. state: q,,

{A,D,H},da=0Adg=dpAdp=1 . )
(@) q17 gg will result in the PDL sentence:

G Adg =0Ady =dyAdy =1AAADAHA-BA-CA-EAAG o (tgg)gg

{A,D H}dg=1Adg=dpAdp=1 ) )
(b) q17 (o will result in the PDL sentence:

Gz Adg=1Adg =dpAdy, =1AAADAHA-BAACA-EA-G & (ts1)gg

(D H),dg=dpAdy=1 i .
(¢) qy7 ———— 3 will result in the PDL sentence:

Gz Adg=dyAdp, =1ADAHA-AAN-BA-CA-EAAG & (ts2)q3

{Ahda=0 . .
(d) g7 — g,3will result in the PDL sentence:

qi7Adg =0AAA-BA-CA-DA-EA-GA-H o (ts3)gas

{Ahdqa=1 . .
(€) g17 — 24 will result in the PDL sentence:

Gz Adg =1AAA-BA-CA-DA-EAAGA-H & (tsq)qay

19. state: q,,

(A,D,H},dg=0Adg=dprdp=1 X .
(a) gig 13 will result in the PDL sentence:

gqigAda =0Adg =dpAdp, =1AAADAHA-BA-CA-EAAG < (tss)q13

(A.D,H}do=1Adg=dpAdp=1 A )
(b) gi1g 14 will result in the PDL sentence:

qghdg=1Adyg=dy Ady =1AAADAHA-BA-CA-EAAG & (ts)q14
(DH}dg=dpAdp=1

(¢) g1 ——— q4 will result in the PDL sentence:

qgAdg =dyAdp, =1ADAHA-AA-BA-CA-EA-G © (ts;)q,
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{A}da=0 . .
(d) g8 — g25 will result in the PDL sentence:

GigAdg =0AAA-BA-CA-DA-EA-GA-H & ({lgg)gas

{A}da=1 . .
(e) g1g — ga¢will result in the PDL sentence:

GigAdg =1AAA-BA-CA-DA-EA-GA-H & ({Lgo)qas

20. state: q,
{DH}dp=0Adg=d} ) i
(a) g9 — > qgwill result in the PDL sentence:

GroAdp=0Ady=d, ADAHA-AA-BASCA-EAAG © {tg)gs

21. state: q,,
{(D,H},dy=0Adg=d}, i .
(a) g0 ——— qg will result in the PDL sentence:

GaoANdp =0Ady; =dy ADAHA-AA-BAACA-EAAG o (tg)ge

22. state: q,,
{D,H},dp=0Adg=dp ) .
(a) gzq ——— @43 will result in the PDL sentence:

q21."\dh=Or'\dd=dhADAHA—\AA—|B/\—|C.’\—\Ef\—|G(—)(tﬁz)qug

23. state: q,,
D.Hdp=0Adg=dp . .
(a) gz ——— 14 will result in the PDL sentence:

Goz Adp =0Ady =dy ADAHA-AAN-BAACA-EAAG © {tg)q4

24. state: q,,
{D,H}dp=1Adg=dp, ) R
(a) g;3 —— > qg will result in the PDL sentence:

GoaAdp =1Adyg =dy ADAHA-AA-BACA-EAAG © (tgs)gg
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25. state: q,,
{D.H}dp=1Adg=dp . .
(a) gp4 —— g9 will result in the PDL sentence:

GoaAdp =1Ady =dpy ADAHA-AA-BAACA-EAAG o (tgs)qe

26. state: q,,
(D.H}dp=1Adg=dp . )
(a) g5 —— g3 will result in the PDL sentence:

q'zs/\dh=1/\dd=dhf\D/\H/\—\A/\—\BI\—|C/\—\E/\—|GH{téé)qlg

27. state: q,,
(DM} dp=1Adg=dp . )
(a) gzq ——— 14 will result in the PDL sentence:

Joe ANdp = 1A dy =dh/\D/\H/\—|A/\—\B.’\—|CA—|EA—|GH<t67)q14

Each one of the original transitions of the automaton were transformed in a
PDL sentence, following the proposed algorithm in Section 5.

6. Conclusions and further work

Formalizing and validating Reo circuits may bring some advantages regarding
modelled systems in Reo. The proposed approach introduces a framework to
reason about Reo circuits by means of Constraint Automata and Propositio-
nal Dynamic Logic, creating PDL sentences for each transition in the circuit’s
corresponding automaton. Therefore Reo circuits can be seen as PDL models,
which verification can rely on known techniques for validating PDL models,
such as model checking [9], or even using PDL as a query language for Reo
models, in an approach similar to the one presented by Tuominen [16].

Future works may be directed in tailoring a specific logic to reason about
Reo circuits. It aims to lead to a logic that captures specific Reo properties,
enabling to check whether Reo models are free of deadlock or properties
regarding how data flow in a model’s nodes. The implementation of a Gra-
phical User Interface that enables the user to generate PDL models from Reo
connectors and specify properties to be validated is also a direction that this
work may be directed to.
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