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Abstract

In this paper, we introduce Parallel Constraint Automata (PCA), a
variant of the original Constraint Automata (CA) better suited to com-
pactly represent highly concurrent compositional models, such as Reo. By
relegating the crux of composition to run-time, the PCA models maintain
the integrity of the constituent parts of a composite model, allowing dy-
namic composition and modification of PCA models. We discuss the run-
time structure of the PCA with their implementation in Maude, and the
notion of maximality for a composite transition with respect to various
criteria. We show the utility of PCA in formal analysis through Maude
search queries.

1 Introduction

Reo [2] is an exogeneous coordination language in which interaction protocols
are built compositionally out of a set of (user defined) primitive channels. In
Reo, a channel denotes a constraint on the flow of data through the two ports at
its boundary, and as such it represents a binary interaction protocol. Composing
such channels (i.e., binary protocols) yields more complex interaction protocols
which accord an intuitive graphical representation as connectror circuits. A
small set of very simple primitive channels suffices to compose arbitrarily com-
plex protocols. Over the years, several semantics have been defined to express
the dataflow nature of primitive channels, and how primitives compose to create
complex circuits.

Constraint Automata (CA) [7] were introduced as an operational semantics
for Reo, primarily intended to express the semantics of Reo circuits for the
purpose of formal verification through model checking [6, 20]. Subsequently,
variants of CA and other automata-based models inspired by CA were also
used as operational models based on which Reo compilers translate Reo circuits
into executable code [17, 16, 15], to model quality of service [26, 30, 3|, as
well as in the synthesis of Reo circuits from CA [27] and from specification
of concurrency protocols expressed in other models, such as UML sequence



diagrams [5] and BPMN business process models [4]. However, like most (but
not all) formal semantics of Reo [14], the original CA is an inherently sequential
model that captures the highly concurrent nature of Reo only indirectly through
explicit enumeration of all valid combinations of states and transitions of the
constituents that comprise a composite model. Such enumeration results in a
combinatorial explosion that becomes an obstacle, especially when CA are to
be used as an operational model for simulation or execution.

Moreover, the composition operation on CAs loses the structure of the com-
posite CAs by merging states and transitions. The lack of means to isolate
individual CAs after composition limits the kinds of structural runtime analysis
that can be performed. Indeed, the ability to isolate a specific CA out of a com-
position can lead to insightful understanding of how a process behaves within
its changing environment (i.e., the other CAs in that or another composition).

The original constraint automata model was meant to capture the seman-
tics of Reo circuits for static verification. In this paper, we present Parallel
Constraint Automata (PCA), a variant of the original CA meant for execution,
dynamic reconfiguration, and dynamic verification. As an executable, verifiable,
and reconfigurable model, the PCA must satisfy the following list of properties:

1. soundness: every trace produced at runtime is sound with respect to the
specification;

2. completeness: every trace possible in the specification is reachable at run-
time;

3. realistic: a step from runtime composition succeeds only if it reflects a
permissible dataflow;

4. structure preserving: the runtime structure reflects the (modular) struc-
ture of the specification;

5. expressive: the runtime is sufficiently expressive to contextualize the exe-
cution (e.g., optimize for throughput, for fairness, for maximal progress);

6. verifiable: the executable model is formal and can support verification.

We evaluate the related work from the perspective of the above list of ob-
jectives, and show how our new model adequately addresses all of them.

Existing compilers for Reo either use a static composition (as in the Treo
compiler [8, 13]), or some form of hybrid composition (as in the Lykos com-
piler [16]) that partitions the set of constraint automata into synchronous sub-
sets. The first approach is not structure preserving, as the composition is done
statically. Similarly, although less restrictive, the second approach assumes
static composition of synchronous subsets, which is also not structure preserv-
ing. Moreover, the runtime composition of synchronous subsets is not asso-
ciative, i.e., CAs at runtime must execute in a specific order for the runtime
to avoid deadlock. In our case, the runtime allows arbitrary multisets of CAs
to run in parallel (in Section 2.2.2), which preserves the full structure of the



original specification expression. Our underlying composition operator forms
a multiset of connector and is therefore commutative and associative, which is
closer to the original composition operator in Reo. Our model supports equa-
tional reasoning, e.g., in Maude, to equationally rewrite a synchronous subset
to a simpler component (as we show in Section 3.2).

The Dreams framework [31] is an approach that composes CAs at runtime.
In the Dreams framework, coordination is achieved by a consensus among a
distributed set of CAs. In the Dreams framework, ports are not explicit: they
are attributes of actors. We chose to make ports explicit structural constructs in
our framework, instead of attributes of CAs. Consequently, there is no need in
our model to run a centralized consensus algorithm among CAs, as one failure
detected at a port triggers an error whose propagation prunes wrong choices
(see Section 2.2.2). To achieve the goal of providing a realistic runtime, our
execution engine makes sure that transitions in CAs run in the order of the
dataflow through ports.

The constraint satisfaction approach [10, 9] takes a different perspective
on the problem of coordination: every constraint is a logical formula, and a
centralized solver provides a sequence of consistent solutions to those constraints
over time. The benefit of such approach is that its logic is expressive enough to
encode higher order constraints such as context dependent constraints. However,
not every solution found declaratively by a solver necessarily reflects a realistic
dataflow through a Reo connector, as it may violate causality. We show an
algorithm that solves the assignment of data to ports while still preserving
causality (i.e., a port gets a value before being used) that reflects the realistic
nature of dataflow through Reo connectors.

In addition to the points already mentioned above, our runtime provides two
new features. First, our use of rewriting logic opens new avenues for verification
of the correctness of connectors. Our Maude runtime provides a syntax to
perform reachability queries on a composition of connectors. This way, one can
search (see Section 3.2) to verify if a CA state is reachable from an initial state,
within a context (i.e., a composition of CAs).

Second, the structure and modularity of our runtime opens possibilities to
express new kinds of components. For instance, we can model components that
reconfigure a component with a rewriting rule that triggers its reconfiguration
in a specific state. Moreover, in our rewriting logic framework we can combine
CAs with non-CA models in heterogeneous specifications.

The structure preserving feature of our executable environment forces our
product to be lazy, at runtime. Therefore, the Maude implementation provides
a 7just in time” composition of the constraint automata that is sound with
respect to the static composition in existing work. A similar strategy is used
in tools such as Uppaal [22]. Uppaal checks a temporal formula in CTL using
a network of timed automata. The underlying calculus of networks of timed
automata uses a quotient formula and constraint solving methods. In our Maude
implementation, verification is done via reachibility queries on the composition.
The language for reachability queries is quite liberal, and can be any pattern of
the system’s description. Instead of asking, as in Uppaal “is this formula true



within the context of the composition Ay | --- | A,?”, we ask “is the pattern X
reachable after execution of the composition 4; | --- | A,7”. We leave as future
work the development of a dedicated syntax for useful search queries (and a
calculus similar to that in Uppaal to further simplify the search). See [1] for
a work to relate the verification of CTL formulas and reachibility queries on a
network of automata.

2 Parallel Constraint Automata

In this section, we give a brief introduction to constraint automata as first pre-
sented in [7], and then extended with memory in [18]. Constraint automata have
been applied in the fields of design and verification of networks of interacting
components [7, 19, 20].

We start with few prerequisites, introduce our notation, and then present
in Section 2.1 the syntax and semantics for constraint automata. We give two
properties that are generally assumed: the fact that the constraint labeling a
transition restricts the data flowing at all ports of a constraint automaton (i.e.,
there is no data flow through a port that does not appear in the transition);
and that a silent transition is implicit in every state. We say that a constraint
automaton is guard covered if it satisfies the first property and independent if
it satisfies the second.

Next, in Section 2.2, we present an algorithm to compose constraint au-
tomata in parallel. The algorithm ensures that the assignment of values to
ports is sound with respect to the static product of constraint automata.

Prerequisites We use D to denote the set of all data elements, and N the
set of all variable names. In our context, a variable name can be either a port
name (regardless of its input/output directionality), or a memory name.

We write an assignment as a function of signature N' — . Conceptually,
an assignment is a collection of simultaneous events that occur at the ports and
memories in N.

A stream of assignments is an element of (N — D)“, which denotes an
infinite sequence of assignments. For o : X — Y, we use dom(o) to refer to the
domain of o, i.e., the set X.

2.1 Constraint automata

Reo connectors synchronize through shared ports. The standard operational
specification of a Reo connector is defined as a constraint automaton. In this
section, we give a brief introduction to constraint automata with memory; for
more precise description, see [18].

A constraint automaton has labeled transitions among its states. The label
of a transition is a formula that we call a guard. A guard consists of a set
of free memory and port variables, and a constraint that restricts the data
assignments to those variables. The state based description of a constraint



automaton, therefore, encodes sequences of solutions to interaction constraints,
formally modeled as solutions to the guards labeling its transitions.

Guards (syntax) For x ¢ D, we use D, = DU {x}, and use Some d to denote
an element d € . We use N' = NpUNLUN UN e as a set of variables, where
Np,Np, and Ny are mutually disjoint. A term, typically denoted as t1,%o, ...,
is an an element of A/UD,. We syntactically differentiate between port names,
typically denoted as p1, po, ... € Np, data variables names, typically denoted as
x1,T2,... € N, current memory names, denoted as m1,ma, ... € Ny, and next
memory names, which we denote as m$, m$,... € Nye. We assume that the
two sets Ny and Nyye are in a bijection, i.e., every memory name m € N has
a next memory name m® € ANyse and vice versa. Note that, for simplicity, we
do not consider function symbols in the set of terms.

The set of guards G is the set of all equality of terms ¢; = to closed under
the conjunction operator, i.e., given g1 € G and ¢g» € G, then g1 A g2 € G.
Note that, for simplicity, we do not consider predicate symbols. We assume D
to contain at least one data element d, and we write as a shorthand notation
T:=%=xand L :=* = Some d. We use N(g) to denote the set of free variable
names in g € G. Given a guard g such that v € A'(g), we write g[v — d] for the
new formula where the free variable v is substituted by a constant d € D,.

Similarly, an empty memory cell is encoded with the constraint m = x.
Finally, we denote the firing of a port as p = Some x, where x is a data variable

inJ\fL.

Guards (semantics) We use the standard satisfaction relation between guards
and assignments. Port and memory variables are interpreted in the domain D,
i.e., can be assigned the x value, and data variables are interpreted in the domain
D, i.e., are always assigned to Some d for some d € D.

Given a guard g € G, we say that I' € N' — D, satisfies g, and write I |= g,
defined inductively on g as:

o ' =t =to if and only if I'(¢1) = I'(t2) (where I'(t) = ¢ if ¢ is a constant
symbol in D, ); and

e 'EgiAgyifand only if T' = gy and T = go.

Constraint automata (syntax) A constraint automaton is a tuple A =
(Q,V,—,Qo), where Q is a set of state names, ¥V C AN is a set of variable
names, — € @@ X G X @ is a set of transitions labeled with a guard g € G such
that A(g) C V, and Qy € 29 is a set of initial states. We use the shorthand
notation ¢ % ¢ for transitions (¢, g,q') € —.

Note that in the standard definition of constraint automata, a transition is
also labeled with the set N'(g) N Np of free port variables in the guard, called
the port synchronization set. As this set can be recovered, we drop it from
transition labels in our notation.



m® =a /A a=Somex

m®=xAm=>0
Figure 1: Fifo(a,b)

a==c

Figure 2: Merger(a,b,c)

In Figure 1 and Figure 2, we show two constraint automata for the Fifo
and the Merger, respectively. Note that the syntax Some x enforces the value
assigned to a to be an element different from x. We show in Table 1 and Table 2
a prefix for an execution of, respectively, the Fifo and the Merger constraint
automata.

Constraint automata (semantics) The semantics of a constraint automa-
ton captures the series of data flowing at ports and memory locations of that
constraint automaton. In the case where there is no data flow, we use the
constraint p = x to denote that p is assigned the silent element *.

Let A = (Q,V,—,Qo) be a constraint automaton. A run o €—* of the
automaton A, is an infinite sequence of consecutive transitions. We refer to the
it" element of o as o; = ¢; LN ¢;+1 and we impose that o9 = qq ELN q1 with
qo € Qo. An execution of a run o is a stream of observations v € (V — D)“ such
that for all i € N, v(i) |= g;, and for all m € VNN, v(i+1)(m) = ~v(i)(m®). The
second condition semantically relates the two memory variables m € V NNy
and m® € VNNje as, respectively, the current and the next values of the
same memory variable m. If a guard g; does not constrain a port variable
p € VN Np, we semantically assume that the variable is restricted to x, i.e.,
that the port p does not fire. If a guard g; does not constrain a next memory
variable m® € V N Nyse, we semantically assume m = m?®, i.e., that the data
value of the memory is propagated to the next step of the execution. If the run
contains a guard that evaluates to false, then no execution exists for this run.

The behavior L(A) of a constraint automaton A is the set consisting of all
executions of all runs on A, i.e., a subset of (V — D)“. Note that the standard
semantics of constraint automata restricts the set V to the set of port names
only, whereas our semantics also deals with memory variables. As this difference
is not the main motivation in this paper, we ignore such detail.

a ‘ m ‘ b a ‘ b ‘ c
d1 d1 * d1 * d1
* d1 * * d2 dg
* dy | dq * * *

Table 1: An execution for Fifo(a,b) . Table 2: Execution for Merger(a,b,c).



Composition Given two constraint automata A; = (Qy, Vi, —, Qo). % €
{1,2} such that (V1 \ Np) N (V2 \ Np) = 0 (i.e., only port variables may be
shared), we call A = (Q1 X Q2,V1 U Vs, —, Qo1 X Qo,2) the composition of Ay
and A, and write A = Ay X Ay where:

g1 g2
@ — q q2 = ¢y

AN
(q1,32) =2 (4l )

The behavior of a composite constraint automaton A; x As is equal to the
merging of the behaviors of its operands A4; and As (see a similar proof in [7]),
i.e., L(Al X AQ) = L(Al) X L(AQ), where o € L(A1> > L(AQ) if and only if
there exists (01,02) € L(A;1) x L(Asg), such that for all i € N| k € {1,2}, and
v € Vi, (i) (v) = 0(i)(v). When V; = Vs, the product leads to the intersection
of executions, i.e. L(Ay) 1 L(A2) = L(A1) N L(As).

(1)

Properties Recall that we semantically enforce that every port variable of
a constraint automaton that does not appear in a guard is assigned x. We
can also syntactically enforce this property by considering guards that cover all
variables. A guard g covers a set of variables V if every variable in the set V'
appears free in g.

Theorem 1 (Guard-covered). A constraint automaton A = (Q,V,—, Qo) is
semantically equivalent to another constraint automaton, called guard-covered,
for which all guards cover V. The guard-covered property is preserved through
composition.

Proof. If a variable in V does not appear free in g, the satisfaction relation that
is accepted by the semantics of the constraint automaton either imposes that
p — x if the variable is a port variable, or m = m® for a memory variable.
Adding those clauses as conjuncts to g does not change the semantics, and
makes g cover V. O

Figures 3 and 4 show the two guard-covered constraint automata for the Fifo
and the Merger, respectively.

b=cNhNa=x%
m® =aAa=Some xAb=x

m®*=xAm=bAa=x%

Figure 3: Fifo(a,b) a=c *

Figure 4: Merger(a,b,c)

The standard definition of constraint automata in [7] has three rules for
composition: the two other rules encode the independent transitions of one con-
straint automaton while the other one stays in the same state. Instead, we



eliminate the two independence rules and impose a syntactic constraint on con-
straint automata to recover independent transitions. A constraint automaton is
independent if every one of its states has a self-loop transition with the guard
T. Consequently, the behavior of an independent automaton is closed under
insertion of arbitrary silent steps for ports, while it preserves its memory values
across a run.

Theorem 2 (Independence). A constraint automata A = (Q,V,—, Qo) for

which the transition relation contains, for all ¢ € Q, the transition q N q
is closed under insertion of arbitrarily many (possibly infinite) assignments of
silent value to ports, while preserving memory values. The independence prop-
erty is preserved through composition.

Proof. The guard T is semantically equivalent to the conjunction of a clause
p = x for every p € VN Np and a clause m® = m for every m € V N Nyy.
Thus, an execution can be extended with arbitrarily many assignments that
satisfy the new T constraints, from any state. Because the conjunction of two
T constraints is still T, the independence is preserved through composition. [

Figures 5 and 6 show the two independent constraint automata for the Fifo

and the Merger, respectively.

m® = a A a = Some & b=c

e et (e

m®=xAm==>b
Figure 5: Fifo(a,b)

a==c

Figure 6: Merger(a,b,c)

We consider, for the next section, guard-covered and independent constraint
automata. A naive way to run constraint automata in parallel is to find a
solution to the composite guard g; A g2 as the union of a solution to g; and a
solution to gs. As variables occur free in g; and gs, such approach may need to
enumerate a large susbet of D before finding a satisfying assignment. Instead,
we translate a declarative constraint (now expressed as a guard) into a set of
operations on port structures. Thus, each constraint automaton may run those
operations, in an order that preserves the dataflow, so that a resulting solution
is found if it exists. We explain these operations in the next section.

2.2 Parallel product

We first review a few undesirable properties of the composition operation defined
by Rule 1. First, observe that this static product is not structure preserving.
Indeed, the conjunction of guards loses the original structure of the composition
operands: the guard g; Ags may decompose into several conjuncts, different from
the original ¢g; and gs.



Second, the solution to the guard labeling a transition if obtained from an
oracle that somehow solves the composite constraint. Such a solution may not
be realistic in the sense that it does not emerge out of (and may not respect)
the data flow through ports.

We present an algorithm that composes constraint automata while preserv-
ing the structure of the composition as a multiset of constraint automata, and
that uses the dataflow at ports to find a global solution to the composite con-
straint.

We assume, for this section, that variables are partitionned into input and
output variables. Let A = (Q,V,—, Qo) be a constraint automaton, and V =
Vr UVp be a partition of port variables in V such that V; N Vo = (). A variable
in Vr is an input variable, and a variable in V) is an output variable. Every
port is therefore either an input or an output (this distinction does not matter
for memory variables).

2.2.1 Dataflow and constraint automata

We find a global solution to a composite constraint by locally performing some
read /write operations on port structures. To give an idea of how solutions are
constructed, we draw operations graphically as in Figure 7.

[a] ° [d] [af----- * [d] °

*----- bl——eo----- L] [b] i

Figure 7: Two composite actions for the parallel product of the constraint
automata Prod(a), Fifo(a,b), Merger(b, c,d), and Cons(c,d).

Ports are represented graphically with square boxes with letters. Constraint
automata are black circles, and may do operations on ports with arrows: dashed
arrows are put operations and full arrows are take operations.

On the left part of Figure 7, the bottom left black circle represents the
Fifo(a,b) constraint automaton, as it puts (dashed arrow) some value in port
b, while the merger takes (filled arrow) a data item from b, puts that data item
in ¢, and the consumer gets the data item from c.

On the right part of Figure 7, the Prod(a) constraint automaton puts some
data item on port a, and the Fifo(a,b) constraint automaton gets that data
item from port a.

We identify two challenges in the dynamic construction of solutions as pre-
sented here. First, the order in which put and take operations are performed
matters: a take operation on a port must always follow after a put places a value
in that port; moreover, ports should be updated in the order of the dataflow (i.e.,
first b, then ¢ for the example in Figure 7). As we show in the next subsection,
we enforce such ordering at runtime.



Second, operations on ports may lead to some inconsistencies, resulting in
failures. In case of a failure, the runtime needs to backtrack to explore alterna-
tives.

With those two concerns in mind, we present an algorithm that performs
the parallel product of constraint automata at runtime, i.e., it finds a solution
for a composite transition if such solution exists.

2.2.2 Algorithm

Every port is a data structure with two buffers: a sync and a data buffer. For a
port P, we use P(sync) € {L, T} to refer to the sync buffer, and P(data) € D,
to the data buffer of P. We require a total order among all ports, and we write
p < q when p is smaller than q. We assume that, in every constraint automaton,
an input port is smaller than an output port to which it is synchronously related
(i.e., the data from the input is directly put in the output). For instance, in the
case of Merger(a,b,c), a and b are input ports synchronously related to the
output port ¢, so it must be that a < ¢ and b < ¢. Alternatively, a Fifo(a,b)
imposes no such ordering constraints as a and b are not synchronously related.
This property helps to solve the first challenge identified above, namely that
the operations on ports are done in an order that respects the direction of data
flow through ports.

We explain the main operations in Algorithm 1. For i € [1,n], let A; be a
guard covered and independent constraint automaton. We fix an initial state ¢;
for automaton A;, with the initial assignments u;. The data and sync states of
every port are also initialized to L and %, respectively. We require that every
port as input for a constraint automaton is also used as an output for another
constraint automaton, i.e., Uie[l’n] Vi1 = Uie[l’n] Vi.o-

The algorithm consists of an infinite loop, each iteration of which consists
of an atomic update from a composite transition. The first step is to form a
composite transition: given the state g; of automaton A;, one outgoing transition
from s; is selected for the iteration. Note that it is not required that each
automaton performs a transition (as automata are assumed to be independent,
see Theorem 2).

From each transition ¢; with its guard g;, the algorithm derives a series of
operations O;: if p € V(g) N Vy, then take(p) € O;, if p € V(g9) N Vo, then
put(p) € O;. These operations are later used to trigger changes in the buffers of
their respective ports. Every guard that labels the transition is updated such
that its memory variable m is replaced with the memory value p;(m). This list
of operations is added to a global list opList.

The ordering of the optList ensures that operations on ports will correspond
to data flow. As such, operations are sorted from operation of the smallest
port to the highest port given the ordering relation on ports. This ensures that
operations on input ports of channels are performed before operations on their
respective output ports (by the assumption of ordering of ports of constraint
automata). Next, the algorithm orders a put(p) operation before a take(p)
operation for every p. This ensures that the automaton that takes the data

10



from a port will be able to read the value that has already been put in that
port.

The check operation on opList returns Fail if there is not a put(p) for every
take(p), and vice versa. The algorithm, thus, ensures the dataflow property that
ports cannot retain data beyond a single atomic step.

Then, in sequence, for each operation o in the list, if the operation is a take
operation, the sync buffer of the port is updated, the memory content of the
port updates internal memory of the automaton, and port variables in g are
updated with the new value. New memory assignments found in g then lead to
updates of u. If the operation is a put operation, the data buffer gets the value
from the port variable.

Two possibilities exist for a round to be inconsistent: either the guard eval-
uates to false, or data fails to flow, i.e., a port produces without consuming, or
consumes without producing, a value. In both cases, the algorithm resets the
internal memory to the initial u;, and resets all port buffers. It then skips to
the end of the loop and repeats the round with a new composite transition.

If no inconsitency is found in the guard or in the state of a port, each
participating automaton moves to its next state, all memory variables for ports
are reset, memories are updated, and all ports are reset.

Then the round ends and a new round starts, with updated memories and
reset ports. We show in the next section how the runtime composition is im-
plemented in Maude. We directly start with a set of operations for constraint
automata, and therefore omit the translation from guards to list of operations.

Theorem 3 (soundness). The sequence of assignments of ports given by Algo-
rithm 1 forms prefizes of an execution of the corresponding composite constraint
automaton.

3 Implementation in Maude

In this section, we present the details and evaluate an implementation in Maude
of the runtime product of parallel constraint automata. Rewriting logic is a
powerful framework for modeling concurrent systems [29, 28]. Moreover, imple-
mentations of rewriting logic, such as Maude [11], make system specifications
both executable and analyzable. In our Maude implementation, the internal
logic of a constraint automaton is expressed equationally, and the dynamics of
its transitions is given as rewriting rules.

Our implementation in Maude enables two levels to make a preference-aware
system more specific: by selecting a subset of best actions either at the constraint
automaton level (i.e., which transition to offer first in the algorithm), or at the
system level (i.e., which composite transition to select when several are possible).

Our rewriting specification of constraint automata has the following bene-
fits. First, performing lazy composition keeps the representation of an interact-
ing system small. Second, step-wise runtime composition renders our runtime

11



Algorithm 1 Parallel composition

Require: Constraint automata Ai, ..., A,, in states ¢, ..., ¢,, with initial
MEMOTY fi1, ..., fhn; POTES D1, ..., P With p;(sync) = L and p;(data) = x; and

Uie[l,n] Vi,I = Uie[l,n] Vi,O-

repeat

pick a new composite transition T = [t1, ..., tx]

opList = |]
for t; € [tl, ...,tk] do

convert the guard g; on transition ¢; into a list O; of operations on ports

gilm — pii(m)]
add O; to opList
end for

order opList into a single list of operations

if check(opList) = Fail then
continue

end if

for o € opList do

let A; be the automaton that does operation o

if 0 = take(p) then
p(sync) — T
pi(p) — p(data)
gilp = pi(p)]

update p with new values found from g

else
p(data) — pi(p)
end if
end for
if one of the g; is L or one of the port
; is reinitialized to the initial p;
for pin all 4; do
p(sync) — L and p(data) — *
end for
continue
end if
for t; € [tl, ...,tk] do
forall p in A;, p;(p) — *
forall m in A;, pi(m) — p;(m®)
¢; — ¢, with ¢} the post state of ¢;
end for
for pin all A; do
p(sync) — L and p(data) — *
end for
until True
Ensure: Consecutive data flow at ports pq,
sition in Aq, ..., A,.

is in inconsistent state then

..., Pm that satisfy a composite tran-

12



framework modular, where run-time replacement of individual component au-
tomata becomes possible (as long as the update complies with some rules).
Finally, our runtime framework more closely matches the architecture of a dis-
tributed framework, where entities are physically separate and no party may
have access to the whole description of the entire system.

The running time of an execution may, in constrast, be slower than for the
case of a static product. We discuss the challenges of our approach below.

Prerequisite The framework that we use has been developped for simula-
tion and analysis of interacting agents with cyber-physical aspects [25]. In this
current work, we use this framework to implement our parallel constraint au-
tomata. We implement both ports and constraint automata as instances of an
agent, which is similar to an object:

[id : class | state ; flag ; actions]

where id is a unique identifier for the agent of type Class. Every agent has
a state, that contains key/value pairs. A Boolean flag indicates whether or
not an agent is available for composition (i.e., flag is true). The set of actions
that an agent can perform in a round is given by actions, where an action in
our case consists of put and take operations on ports.

A system of agents is simply a list of agents. The run of a system is given
by the main rewrite rule:

crlltransition] : [sys] => [sys’]
if agentsReady?(sys) /\
salAtom := getSysActions(sys) /\
saComp := buildComposite (saAtom) /\
p(actseq, sys’) ; actseqs := kbestActions(saComp, k, sys)
where

e sys and sys’ are multisets of agents before and after taking a composite
transition, respectively;

e agentsReady? returns true if all agents have their flag set to true, i.e.,
ready to proceeed;

e getSysActions collects the list of actions for each agent in sys;

e buildComposite builds the list of composite actions (i.e., composite tran-
sitions); and

e kbestActions returns the k best acceptable composite actions, i.e., that
do not bring the composition sys into an error state. The notion of best
action is liberal in our framework (as it makes use of preferences), but not
detailed in this paper. See [25] for more details.

We give, in Section 3.1, the definition of a port as an agent, and a channel
as an agent.
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3.1 Port and constraint automaton as agents

In order to achieve the goals set in the introduction, the runtime should accom-
modate for the concurrency inherent in the dataflow of a Reo circuit. Previ-
ous work [12] shows that constraint automata is not adequate to simulate the
concurrent aspect of Reo models, and proposes multilabeled petri nets as an al-
ternative. Instead, we implement the parallel extension of constraint automata
described in the previous section in the rewriting framework we have developed
in Maude.

Existing executable environments for Reo [8] focuse on compilation of input
circuits into an executable code. A challenge not addressed in such work is the
construction of a compositional runtime where each part of a Reo circuit can be
compiled independently and run concurrently. This capability is important, for
instance, to reconfigure a circuit during its execution. Also, in such a framework,
one can keep the structure of a Reo circuit at runtime, mix different semantics
for Reo channels (e.g., guarded commands, constraint automata, etc.), while
allowing for simulation and verification through reachability queries.

We present, in the next paragraphs, the structure of our runtime environ-
ment to simulate, verify, and dynamically reconfigure Reo circuits. More pre-
cisely, we introduce two primitive sorts both encoded as agents in our framework:
PORT and CONNECTOR. As shown in the previous subsection, a system specifica-
tion is a multiset of agents, which is instantiated as a multiset of connectors and
ports, through which data flow.

The code and examples discussed in this section are accessible at [24].

Port as resource A port is a point of synchronization in Reo, and its typical
behavior is to atomically forward data from its input connector to its output
connector. We fix a port identifier to be of the form P(i) where i:Float is a
rational number. We later use the identifier of a port to define the operation of
linearization and use the natural ordering of Float to order actions.

A port contains a structure with two buffers that implement the atomic
passing of data from its input to its output connector. One buffer collects the
data item that the input connector may put, and the other contains the request
from the output connector to take a data item. Only when the two buffers are
full should the port allow both put(d) and take actions.

Interface of a port:

[P(i) : Port | state ; flag ; action]
where:

e i is a float number that identifies a port. We use float in order to easily
introduce new ports, and yet preserve a meaningful ordering over ports;

e state contains key/value pairs that collectively identify a state. For in-
stance, the key k("sync") is mapped to a Boolean value that is k("true")
when a take operation has been performed; the key k("data") contains
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the data value given by some put (d) operation; and the key k("blocked")
maps to true if the port has been blocked by another component;

e the flag will be set to true (as a port is always ready to proceed) and
the action fields will be set to empty, as a port reacts to actions of other
agents.

Connectors as agents We give three instances of primitive Reo connectors:
a SYNC, a FIFO, and a MERGER. Other primitive connectors, such as a replicator,
syncdrain, etc, are defined similarly. We show in the next section some more
complex connectors, such as the alternator, defined as a composition of primitive
connectors.

A SYNC agent has two ports on which it acts synchronously. The action of a
SYNC agent consists of an atomic sequence of two actions: a take on its input
port, and a put on its output port. The composite action succeeds if and only
if the two parts involved in the action allow it to succeed, and the value put in
the output port corresponds to the value taken from the input port.

A FIFO agent has two ports on which it acts in sequence. A FIF0 agent has
two actions, a take action that stores a data item from its input port into a
memory, and a put action that outputs that data item through its output port.
The take action succeeds only if the current memory cell is empty, and the put
action succeeds only if the current memory cell is full. As a result, the FIFO
agent alternates between taking a value from its input port, and putting that
value into its output port.

A MERGER is a ternary connector that acts, for each of its input ports, as
a synchronous channel with its output port. Moreover, the MERGER relates its
two input ports with a relation of exclusion, i.e., the two input ports cannot
fire at the same time. A MERGER with the list of ports P(1), P(2), P(3) has
two actions: an action that forwards a data item from port P(1) to port P(3),
and an action that forwards a data item from port P(2) to port P(3). These
two actions are exclusive, as they cannot occur at the same time. Moreover, the
merger always enables both actions, which raises some non-determinism at the
system level (i.e., to chose which of the two actions to perform). Similarly to
the SYNC channel, a MERGER agent instantiates the value for the put action at
runtime, once the result of the take action is known. We use the ? symbol to
denote a value that will be put at a port but that is not already known (because
it is not already taken from an input port).

A PROD and a CONS agent implement a producer and consumer, respectively.
Each of these agents has a single port, on which it always performs, respectively,
a put and a take action. The PROD agent puts natural numbers as values
on its port, and increments the value when the put action succeeds. We use
such canonical sequences of increasing natural numbers to verify certain firing
properties of a Reo circuit. When a put action succeeds for a PROD agent, its
state is updated to contain the message that has been sent in the k("sent")
field. Similarly, when a take action succeeds for a CONS agent, its state is
updated to contain the message that has been received in the k("recv") field.
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Runtime composition As expected, runtime composition has several draw-
backs: if there are n automata to compose, each with one transition, there are
2™ possible combination of composite transitions. This is easily understood as
a tuples of size n, where the i*” location tells whether the transition has been
selected or not (i.e., 1 means that the transition of the i*" automata is in the
product). The enumeration of all possibilities, therefore, leads to 2™ cases.

Note that we can prune some compositions that are not well-formed. By
construction, we know that every put(d) action on a port P(i) must be in the
atomic set of a take action on that same port. Thus, any combination that has
one but not the other can already be removed.

The next operation that speeds up runtime composition is called lineariza-
tion. This operation takes a list of transitions (aSeq), and reorders it so that
the runtime checks and applies each transition in sequence. To do so, we use the
name of the port, as a float number, to order the transitions: action on ports
with a smaller port numbers will be run first at runtime. As we require that a
channel has increasing port numbers, we ensure that, if possible, data will flow
from its input to its output.

In Maude, the implementation of linearization is done as follows:

ceq linearization(aSeq) = orderActionPort(seq) linearization(aSeq’)
if seq := getActionsFromPort(aSeq, getSmallestPort(aSeq)) /\
aSeq’ := filterOut(aSeq, makeSet(seq)) /\ aSeq =/= nil

eq orderActionPort(aSeq) = putValue(aSeq) takeValue(aSeq) .it

where

e orderActionPort orders, from right to left, actions on the same port.
The ordering for a given port places first put actions, then take actions
so that the take action will eventually have the data from a preceding put
action;

e linearization is recursively applied on the remaining actions.

3.2 Execution and analysis

We show the utility of our framework by example applications within three
different categories: verification with reachability queries, normalisation of con-
nectors, and dynamic reconfiguration. The fact that all three use cases can be
investigated within the same framework is also a benefit compared with existing
works.

The first category is the most intuitive one, as it provides a way to simulate
Reo circuits. Our example in this category is the alternator connector.

The second category uses the algebraic nature of Maude: we equationally
define the equivalence of circuits, and therefore simplify a system to a smaller
one. For instance, the composition of two sync channels can be rewritten as a
single sync channel as the two circuits are behaviorally equivalent.

The third category of examples explores the use of rewrite rules to do dy-
namic reconfiguration: a new component is added to the system at runtime each
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time a reconfigurable rule is triggered. As an example in this category, we show
how to model an unbounded fifo.

Dataflow properties We first use our framework to verify dataflow proper-
ties of a binary alternator connector. A binary alternator has two input ports
and an output port. In our example, we connect each input port to a producer
and the output port to a consumer process. The behavior of a binary alternator
is as follows: it synchronizes its two input ports to ensure that both producers
connected to these ports have data items to offer. It then places the data items
from its input ports in its output port in a fixed, predefined order; thus, what
the alternator produces through its output port is an alternating sequence of the
data items that it obtains from its two input ports. A property of the alternator
is therefore that no two data items of one producer is observed in its output
next to each other.

We give the specification of the alternatorScenario, and then check some of
its properties. The alternatorScenario consists of two Prod agents that commu-
nicate with a ConsList agent through an alternator protocol:
alternator =
[PortList (1.0, 1.5, 1.8, 2.0, 2.5, 2.8, 3.0, 3.5, 4.0)

Prod(P(1.0)) Prod(P(2.0)) ConsList(P(4.0))
Replicator(P(1.0), P(1.5), P(1.8))
SyncDrain(P(1.5), P(2.5))

Sync(P(1.8), P(3.0))

Merger (P(3.0), P(3.5), P(4.0))
Replicator(P(2.0), P(2.5), P(2.8))
Fifo(P(2.8), P(3.5), empty)]

All the channels, with the exception of Prod and ConsList in the above are
primitives that constitute the internals of an alternator. The ConsList agent
records the sequence of data received. We assume that Prod(P(i)) sends data
nd(i) to its port (where nd stands for natural data to denote natural numbers).

We show two search commands on an alternator: one that looks for consec-
utive data in the consumer that are different (i.e., alternating), and one that
looks for consecutive data that come from the same agent.

The execution of the following search result returns no solution in a reason-
able amount of time, leading to the conclusion that no consecutive data of the
same producer can be output from the alternator:
search [1] in SCENARIO : alternator =>*x [sys::Sys

[ConsList(P(4.0)) : Consumer |

M2::MapKD, k("data") |-> nd(i::Nat) nd(j::Nat) ; false ; null]l]
such that i::Nat == j::Nat = true

One solution is found, however, when searching two consecutive data items
coming from different producers. The following search query asks to find a
rewriting sequence that leads the consumer observe two consecutive data with
different values.

search [1] in SCENARIO : alternator =>* [sys::Sys
[ConsList(P(4.0)) : Consumer |
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M2::MapKD, k("data") |->

such that i::Nat =/= j::Nat =

Simplification of circuits
are the same, one would like to

simpler of the two specifications.

nd(i::Nat) nd(j::Nat) ; false ; nulll]

true

If one proves that the behavior of two circuits

simplify the system term to the smaller and
For instance consider the composition of two

consecutive sync channels:

eq init = [
[Prod(P(1.0)) Producer | k("data") |-> 1.0 ; false ; null]
[Cons(P(3.0)) Consumer | k("data") |-> nodata; false ; null]
[P(1.0) Port | state ; false ; nulll
[P(2.0) Port | state ; false ; nulll]
[P(3.0) Port | state ; false ; nulll]
[Sync(P(1.0), P(2.0)) Channel | state ; false ; nulll
[Sync(P(2.0), P(3.0)) Channel | state ; false ; null]

1

The above expression can provably be simplified by replacing the two Sync
channels with a single Sync channel, and removing the intermediate port. We
can give the following equation in Maude:

var i j k Float

ceq [sys] = [

[P(i) Port | state ; false ; nulll]
[P (k) Port | state ; false ; nulll]
[Sync(P(i), P(k)) Channel | state ; false ; nulll] sys’]
if
[P(i) Port | state ; false ; nulll]
[P(3) Port | state ; false ; nulll]
[P (k) Port | state ; false ; null]
[Sync(P(i), P(j)) Channel | state ; false ; nulll]
[Sync(P(j), P(k)) Channel | state ; false ; null]l sys’ := sys
Then, the reduction of the term init is the new term:
init = [
[Prod(P(1.0)) Producer | k("data") |-> 1 ; false ; nulll]
[P(1.0) Port | state ; true ; nulll]
[P(3.0) Port | state ; true ; nulll]
[Cons(P(3.0)) Consumer | k("data") |-> nodata ; false ; nulll
[Sync(P(1.0), P(3.0)) Channel | state ; false ; nullll]

Dynamic updates As we showed earlier, a Reo circuit can be simulated, and
the state space can be explored within our framework implemented in Maude.
We now present an additional feature, namely the possibility to dynamically
reconfigure a circuit. Dynamic reconfiguration has already been explored in
some previous tools supporting simulation of Reo circuit [21]. However, that
implementation required an ad hoc plugin to interface the main environment.
In our case, the simulation, verification, and reconfiguration are all done in the
same environment, expressed with rewriting logic.

18



We show, as a use case, how we can use our bounded Fifo channel (with
capacity of 1) to implement an unbounded fifo that triggers a reconfiguration at
the system level each time it receives a data. We add two rewrite rules together
with the specification of the unbounded fifo: add-buffer and rem-buffer.

The first rewrite rule adds a buffer whenever the UnboundedFifo is full:

crl [add-buffer]

[UnboundedFifo(P(nl1), P(n2)) : Channel | M, k("state") |-> nd(1)
false ; null] sys] =>

[[P((nl + n2) / 2.0) : Port | defaultState ; false ; nulll]

[UnboundedFifo(P(nl1), P((nl + n2) / 2.0)) : Channel | k("data")
|-> nodata, k("state") |-> nd(0) ; false ; null]

[Fifo(P((nl1 + n2) / 2.0), P(n2)) : Channel | M, k("state") |-> nd
(1) ; false ; null] sysl]

if [Fifo(P(n2), P(n3)) : Channel | M, k("state") |-> nd(1)

false ; null] sys’ := sys

>

Then, the initial term init given by a Prod, a Cons, and an UnboundedFifo
leads to the following system after 9 rewrites:

Maude> cont 9
rewrites: 8105 in 3ms cpu (3ms real) (2041047 rewrites/second)
result Global: [
[Prod(P(1.0)) : Producer | k("data") |-> nd(1), k("msg") |-> nd
(1) ; false ; null]
[P(1.0) : Port | k("data") |-> nodata, k("sync") |-> bd(false)

; true ; null]

[P(1.5) : Port | k("data") |-> nodata, k("sync") |-> bd(false)
; true ; nulll]

[P(2.0) : Port | k("data") |-> nodata, k("sync") |-> bd(false)
; true ; nulll]

[Cons(P(2.0)) : Consumer | k("data") |-> nd(1) ; false ; null]

[Fifo(P(1.5), P(2.0)) : Channel | k("data") |-> nodata, k("
state") |-> nd(0) ; false ; null]

[UnboundedFifo(P(1.0), P(1.5)) : Channel | k("data") |-> nd(1),
k("state") |-> nd(1) ; false ; nulll]

As we can see, an intermediate empty fifo has been added to the system, which
will then take the value from the UnboundedFifo, and forward it to the Cons.
If Prod produces values faster than Cons consumes them, the UnboundedFifo
will interleave new Fifo, in order, to implement the unbounded behavior.

The second rule to remove empty buffers is:

rl [rem-buffer]
[[UnboundedFifo(P(n1), P((nl + n2) / 2.0)) : Channel | M
false ; nulll]
[P((n1 + n2) / 2.0) : Port | k("data")|-> nodata, k("sync")
|-> bd(false) ; true ; null]

H

[Fifo(P((n1 + n2) / 2.0), P(n2)) : Channel | k("data
") |-> nodata, k("state") |-> nd(0) ; false ; null] sys]
=>

[[UnboundedFifo (P(n1), P(n2)) : Channel | M ; false
; null]l sys]

As shown after running the search command

search [1] init =>=*
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[[Prod(P(1.0)) : Producer | k("data") |-> nd(1), k("msg") |->
nd (1) ; false ; nulll]
[P(1.0) : Port | k("data") |-> nodata, k("sync") |-> bd(false)

; true ; nulll]
[P(2.0) : Port | k("data") |-> nodata, k("sync") |-> bd(false)
; true ; nulll]

[Cons(P(2.0)) : Consumer | k("data") |-> nd(1) ; false ; nulll
[UnboundedFifo(P(1.0), P(2.0)) : Channel | k("data") |-> nd(1)
, k("state") |-> nd(1) ; false ; nullll

the added buffer has been removed by the rem-buffer rewrite rule when it was
emptied by the consumer. Thus, we successfully implemented an unbounded
fifo by using two additional rewrite rules.

4 Conclusion

Reo is a powerful channel-based language that models coordination among pro-
cesses. Constraint automata is an operational semantics for Reo channels, that
supports model checking techniques. Unfortunately, constraint automata are
not suitable for simulation and dynamic reconfiguration, and their (static) prod-
uct violates architectural fidelity: the requirement to perform the product stati-
cally not only creates a state space explosion, it also loses the internal structure
of composition of the components in a system. We presented in this paper the
PCA model: a modified version of constraint automata that preserves architec-
tural fidelity and enables simulation, verification, and dynamic reconfiguration
of Reo circuit. We demonstrated the utility of the PCA with an implementation
in Maude and a series of examples.

Given the capabilities of the execution environment presented in the paper,
the algebraic nature of the specification of Reo channels in Maude opens new
avenues for new connector. For instance, physical aspects of components can
be algebraically encoded, and would supplement Reo’s existing exogeneous co-
ordination primitives. Thus, time sensitive circuits could be simulated, verified,
and could profit from the possibility of dynamic reconfiguration. A first step
has been taken in this direction in the PhD thesis [23]. We leave as future work
the improvements to our current Maude implementation to support more ex-
amples (e.g., cyber-physical Reo circuits), to optimize further the search queries
for verification, and to take full advantage of the rewriting features provided by
Maude for, e.g., dynamically reconfigurable circuits.
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