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Abstract

Reo is an exogenous coordination language designed to describe the interaction between com-
ponent instances in a component based system. Constraint automata have been introduced to
provide a compositional and operational semantics for Reo, and they can serve as the basis for
model checking.

This thesis introduces Full Branching Time Stream Logic (BTSL*), a combination of CTL
and Dynamic LTL which offers the ability to reason about states and actions in a Reo circuit. A
procedure for deciding the validity of BTSL* formulas in a Reo circuit is presented, with special
attention is given to the treatment of finite paths and fairness assumptions. A model checker for
a restricted version of BTSL* is developed as a module of Vereofy, the model checking toolkit
for Reo, and experimental results are presented.
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Chapter 1

Introduction

Component-based software development has made its mark in the last decade with the cele-
brated concept of middleware. A system developed in this way uses various independent com-
ponents as building blocks and coordinates these components such that the interaction between
the components forms the intended system [BB00]. Most significant challenges which arise in
component-based software development are related to component integration and the concept
of coordination can be used to solve these issues.

The coordination concept is not restricted to the software development area. Malone and
Crowston [MC94] synthesize work done with respect to coordination in many areas, such as
economy, biology, linguistics, psychology and computer science. They give a general definition
that coordination is “managing dependencies between activities”. In the context of software
development, the definition given by Carriero and Gelernter [CG92] fits well: “coordination is
the process of building programs by gluing together active pieces”. They go further by defining
coordination models as “the glue that binds separate activities into an ensemble”. Coordination
languages are used to describe how these activities communicate with each other.

Arbab and Papadopoulos divide coordination languages into two categories: data-driven and
control-driven [AP98]. A data-driven coordination language defines the state of computation
at any moment as the actual configurations of the coordinated components and values being
received and sent at that moment. In control-driven coordination languages, the values of
the data involved in the communication are almost not considered. Instead, the coordination
components are separated from the computational components which are treated as “black boxes
with clearly defined input/output interfaces”. Nevertheless, the applications of these languages
are not bound by this categorization. Linda [Gel85, CG92], Laura [Tol98], and GAMMA [BM90]
are examples of data-driven coordination languages, while Manifold [AHS93], PCL [DS96], and
ToolBus [BK96] serve as examples of control-driven coordination languages.

Reo (derived from the greek word ρǫω meaning ‘I flow’) is a channel-based control-driven
coordination language proposed by Arbab [Arb04] which uses channel compositions, resulting
in coordinator components called connectors (also known as circuits in some literature), to glue
components together. What makes Reo different from other coordination languages is that the
composition propagates synchronization and exclusion constraints through its connectors [PC08].
Reo follows the notion of exogenous coordination in IWIM [Arb96] which supports separation of
responsibilities and anonymous communication. Components need only to concentrate on their
work and the connector is not aware of the nature of the coordinated components, which need
not know whom they are communicating with.

Constraint automata (CA) have been introduced as an operational semantics of Reo con-
nectors [BSAR06]. The states of a constraint automaton for a Reo connector represent the
configurations, while the transitions represent the observable data flow at some point in time
and (possibly) a change of configuration. While it is possible to represent any Reo connector
directly as a constraint automaton, [BSAR06] provides a way to do this compositionally, the
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Chapter 1. Introduction 2

same way as one would model coordination using Reo.
Since CA are close to standard automata such as the finite automata and ω-automata and

also labelled transition systems, one can apply, through some modifications, known techniques
to solve verification problems. For example, the problem of deciding whether two Reo connectors
are equivalent has been tackled in [BSAR06] and [BB07], while model checking the Reo connec-
tors against temporal logic specifications is presented in [ABBR04, Cla05, KB07, Kle, KB08].

1.1 Contribution

In the context of the Reo Model Checking tool, Vereofy, developed at Technical University
Dresden (http://www.vereofy.de), three logics have been developed. They are Branching Time
Stream Logic (BTSL) [KB07], LTLI/O [Kle], and Alternating-Time Stream Logic [KB08].

In this thesis, I address the model checking problem following the approach given in [KB07],
by extending the Branching Time Stream Logic (BTSL) to the CTL*-like BTSL* that can be
used to characterize both finite and infinite behavior. I also report on an implementation of a
restricted BTSL* model checker.

By applying some modification similar to what is done to CTL*, we can represent fairness
assumptions of Reo connectors, which is not discussed in [KB07]. The fairness issue appears
from two different sources in Reo connectors. The first one is from the components, where we
assume that the processing speed of each component is not infinitely faster than the others. The
second source is related to the nondeterminstic selection of data from multiple sources in Reo
connectors. By analyzing these two different sources, the fairness definition used in this thesis
is similar to the transition-based fairness stated in [LPS81, Nis86, Kwi89, MP92].

1.2 Convention

Throughout this thesis, the following convention is adhered unless stated otherwise. Symbols
in capital latin letters (e.g. AP, Q, Q) generally denote sets, while symbols in small latin letters
(e.g. a) denote elements of sets. Letter p, possibly with subscripts, is used to represent atomic
propositions. Letter c, possibly with subscripts, is also used to label transitions. Letters s, z, b,
possibly with subscripts, are used to represent states in automata. Greek letters are used
predominantly to represent temporal logic formulas. Single capital letters formatted in sans-
serif font or single words formatted in roman slanted small letters denote functions. Other
conventions used are introduced as needed.

1.3 Thesis Structure

This thesis is structured as follows. In Chapter 2, Reo and constraint automata are described.
This chapter also includes the description of the temporal logics BTSL and DLTL and how to
use these logics to perform model checking. In Chapter 3, I describe the syntax and semantics
of BTSL*, including how to incorporate fairness and how to model check a Reo circuit given
a specification in BTSL*. Chapter 4 provides details of my implementation of a BTSL* model
checker along with some experimental results. At the end of these chapters, a brief summary is
given. Chapter 5 concludes the thesis and states some future work from this thesis.

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness
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Chapter 2

Preliminaries and Related Work

Baier and Katoen state that model checking is a verification technique that explores all possible
system states in a brute force manner [BK08]. Via constraint automata (CA), Reo connectors
can be verified against a specification usually described using temporal logic. There have been a
number of attempts in defining temporal logic to easily specify desired properties of Reo connec-
tors, such as Time Scheduled Data Stream Logic (TSDSL) [ABBR04], Reconfiguration CTL*
(ReCTL*) [Cla05], Branching Time Stream Logic (BTSL) [KB07], and Alternating Stream Logic
(ASL) [KB08]. Brief descriptions of each are given as follows.

TSDSL is a combination of Linear Temporal Logic (LTL) [Pnu77] and timed regular expres-
sions to reason about timed data streams [BSAR06] of timed constraint automata. ReCTL*
combines TSDSL with CTL* and adds a reconfiguration modality to reason about Reo con-
nectors in presence of dynamic reconfiguration where it corresponds to changing the connectors
between components. BTSL is a subset of ReCTL* (it excludes the reconfiguration modal-
ity and includes only the CTL fragment) except that the model checking procedure does not
rely on timed data stream, and instead uses a combination of standard CTL model checking
method and automata-based approaches for linear time logics. ASL combines features of BTSL
and Alternating-time Temporal Logic (ATL) [AHK02] and it is used to provide a multi-agent
semantics for constraint automata.

This chapter is structured as follows. The first two sections cover Reo and CA. The next
section elaborates on the description of BTSL and its model checking algorithm. The fourth
section describes Dynamic Linear-Time Temporal Logic (DLTL) [HT99] and how to use the
tableau-based model checking approach ([GM06]) to verify properties of constraint automata.
The model checking algorithms of BTSL and DLTL are the basis to verify properties specified
in BTSL*. This chapter is closed with a short summary.

2.1 Reo

Reo is a channel-based coordination language that offers features such as loose coupling among
components, support for distribution and mobility of heterogeneous components, exogenous
coordination, and dynamic reconfigurability [DA04]. Reo uses connectors to coordinate com-
ponents and connectors are built compositionally from primitive ones, called channels. Reo
assumes every component instance has one or more active entities where input/output (I/O)
operations can be performed. It takes into account only these active entities during the co-
ordination process and abstracts away from the internal interaction which happens within a
component instance. In the following sections, we see how channels are composed together to
coordinate interactions between component instances.

3



Chapter 2. Preliminaries and Related Work 4

Table 2.1: Samples of basic channel types
Name Figure Description

Sync This synchronous communication channel accepts
data from the source iff it can also write the data
to the sink simultaneously.

LossySync This lossy communication channel always accepts
data from the source and if there is a matching I/O
operation at the sink end then the data are trans-
fered. Otherwise, the data is dropped.

SyncDrain An I/O operation pair performed on the synchronous
drain channel succeeds only if both write to the ends
simultaneously. The data written to this channel is
lost.

AsyncSpout(pat) This channel guarantees that two operations on its
two ends never succeed simultaneously. The values
given out by this channel are specified by the pattern
pat.

Filter(pat)
pat

This communication channel always accepts data
item written to the source node as long as it does
not match the specified pattern pat. Otherwise, it
behaves as a synchronous channel.

FIFO1 1 FIFO1 channel is an asynchronous channel with a
bounded buffer of capacity 1 data item. The source
always accepts data item until the buffer is filled.
The appropriate operations on the sink end of the
channel receive the buffer content in FIFO order.

2.1.1 Channels

A channel in Reo has precisely two directed ends and each end is one of the following two kinds:
source or sink. A source end accepts data into its channel, while a sink end writes out data from
its channel. Each channel type defines the kind of each channel end, and also how a pair of I/O
operations performed at its ends can succeed.

In terms of its ends, channels are categorized into 3 classes: communication, drain, and spout
channels. A channel is categorized as a communication (drain and spout, respectively) channel
if one end is a source and the other is a sink (both ends are sources and sinks, respectively).

In terms of how I/O-operations performed at their ends may succeed, channels are categorized
also into 3 classes: synchronous, asynchronous, and lossy. A channel is called synchronous if
the I/O-operation pair can succeed only simultaneously. An asynchronous channel may have
a (possibly bounded) buffer to hold data items consumed by its source, but not yet dispensed
through its sink. The data transferred in a communication that happens in a lossy channel may
be lost if nobody accepts it.

Table 2.1 provides some examples of basic channel types offered in [Arb04]. Custom channels
may be created by defining the standard set of operations given in the same paper.

2.1.2 Nodes

A channel’s ability to accept or to write data successfully depends on the nodes its ends are
attached to and how the data flows on those nodes. Each channel end is attached to exactly
one node.

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness
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source sink mixed

Figure 2.1: Illustration of source, sink, and mixed nodes

Based on the channel ends connected to them, nodes are divided into three types: source,
sink and mixed.

Source node (also called input node). A node is a source node if only source channel ends are
connected to this node. A write operation on this node succeeds only if all the source ends
accept the data item, and thus the written data is propagated to each source end. This
node is said to act as a replicator.

Sink node (output node). A node is a sink node if only sink channel ends are attached to
this node. A read operation from this node succeeds only if there is at least one sink end
offering a suitable data item. If there are more than one channel sink offering a suitable
data item, then one is picked nondeterministically.

Mixed node (internal node). A node is a mixed node if there are at least one sink channel
end and one source channel end attached to this node. The behavior of this node is
a combination of source node and sink node, repeated infinitely. In every iteration, it
nondeterministically selects a suitable data item from sink ends offering that data item,
and pumps this item to all source ends attached to it. Note that the condition that all
source ends need to accept the data item still holds.

Figure 2.1 gives a graphical illustration of each channel type. Active entities of component
instances are only allowed to connect to source and sink nodes and at most one entity can
connect to a node at a time.

2.1.3 Connectors

A Reo connector is a multigraph (a pair of nodes can be connected via more than one edge)
where the edges are channels, and the nodes are as described in the previous section. The formal
definition is described in the following, borrowing some notations from [Cla05].

Let E be a denumerable set of channel ends (small serif letters such as a and b are used to
denote its elements), and let the function kind : E → sink, source tell the kind of each channel
end. A channel is denoted ChType

a,b , where Type denotes the channel type (see section 2.1.1 for
examples) and a and b are distinct channel ends. Note that kind should be consistent with the
type of the corresponding channel.

Definition 1. A Reo connector C = (Ch,N ) consists of a set of channels Ch and a node set
N which satisfies the constraint that for every pair of channels ChT

a,b,ChT ′

c,d ∈ Ch, a, b, c, and
d are distinct. Each node in the node set is a set of channel ends and the N is a pairwise
nonintersecting set of nodes. To simplify the notation, each node is written as a concatentation
of all its channel ends, such as abc which denotes a node of three channel ends.

Example 1 (Write cue regulator and exclusive router). Using the definition above, the connec-
tor given in Figure 2.2(a) is represented by ({ChSync

a,b ,ChSync
c,d ,ChSyncDrain

e,f }, {a, bce, d, f}). This
connector in essense allows data input into node a to travel to node d if the controller standing
by at f wishes so, in which case the data is written to d. Described in another way, it is a

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness
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(a)
a b,e,c d

f

(b)

a

b,c d,e

f,g,h
i,j,k

l,m,n

o p

Figure 2.2: Reo connectors: (a) Write-cue regulator; (b) Exclusive router

connector where an entity can count and regulate the data flow between channels ab and cd by
the number of write operations on node f.

Connector given in Figure 2.2(b) is called the exclusive router as its function is to deliver
data from node a to either node o or node p (exclusively) at any given moment, provided nodes
o and p are willing to accept data. The selection of the nodes that succeed in passing the
data is done nondeterministically, unless only one of the nodes wish to accept the data (which
then causes the data to be delivered to that node). The formal representation of this connector is
({ChSync

a,b ,ChSync
g,i ,ChSync

h,o ,ChSync
l,k ,ChSync

n,p ,ChLossySync
c,f ,ChLossySync

e,m ,ChSyncDrain
d,j }, {a, bcde, fgh, ijk, lmn, o, p}).

The rest of the thesis uses the visual representation of Reo to depict examples instead of the
aforementioned textual representation.

To compose complex connectors and manipulate the topology of connectors, Reo defines 5
operations on nodes: create, forget, join, split, and hide. Operation create is used to create a
channel and a node for each two new resulting channel ends. Operation forget is used to tell
Reo that a channel end is not needed anymore. Operations join and split are duals in the sense
that join takes two nodes a and b and join them together to create node ab while split splits a
node ab to two nodes a and b according to where the split is done. Operation hide is used to
abstract away a node so its topology cannot be modified any further. Figure 2.3 provides an
example on how nodes are joined and split.

a c

b

d e

f

joinabc,def

splitabc,def

abc

def

Figure 2.3: Joining nodes abc and def and splitting node abcdef

2.2 Constraint Automata

Constraint automata (CA) [BSAR06] serve as one of possible operational semantics for Reo
connectors (other examples can be seen in [MSA06, AR02]). A state in a constraint automaton
that represents a Reo connector is a possible configuration (e.g., the content of the buffer of
FIFO channels) while the transitions represent possible data flows and effects the flows have on
the configuration (e.g., FIFO buffer being emptied).

In the following sections, I summarise the main concepts of CA in relation to Reo connectors.
The syntax used in this section follows that from [KB08] which departs slightly from [BSAR06].
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Chapter 2. Preliminaries and Related Work 7

In particular, transitions are given in the form of s
c−→ t, where c is a concurrent I/O operation

which tells us what data items are flowing from each node in the connector when we follow this
transition.

2.2.1 Concurrent I/O Operations

Recall from Section 2.1.3 that N is the nonempty finite set of nodes in a Reo connector. Let Data
be the finite data domain. A concurrent I/O operation c is a function from N to Data ∪ {⊥},
where ⊥ means “undefined” or “no flow”. The set Nodes(c) is the subset of N such that for
every node a ∈ Nodes(c), c(a) ∈ Data, while c(a) =⊥ for a /∈ Nodes(c). Nodes(c) is also called
the set of active nodes of c.

The precise meaning of a concurrent I/O operation c is as follows. Each active source node
a writes data item c(a) to all source channel ends attached to a. Each active sink node a takes
data item c(a) from one of sink channel ends attached to a. Each mixed node a takes data item
c(a) from one of sink channel ends attached to a and simultaneously pushes this item to all
source channel ends attached to a. When this I/O operation is performed, there is no data flow
at all other nodes b ∈ N\Nodes(c).

We use a special symbol c∅ to denote the empty concurrent I/O operation where Nodes(c) = ∅.
This operation is used to represent any internal step of some component or a non-observable
step where the data flow only occurs at some hidden nodes.

CIO is referred as the set of all possible concurrent I/O operations. Since we assume N and
Data to be finite, CIO is also finite. We extend this set by another symbol

√
to allow reasoning

about the data flow in a Reo connector that indicates that the data flow has stopped, and denote
this extended set by CIO√.

2.2.2 I/O Constraints

We would like to be able to group concurrent I/O operations together, and thus provide a concise
representation of all possible transitions. We call this representation I/O constraints (denoted
ioc) and we use CIO(ioc) to represent the set of concurrent I/O operations which is a subset of
all possible concurrent I/O operations restricted by ioc. The following states the syntax of I/O
constraints in Backus-Naur Form.

Definition 2 (Syntax of I/O Constraints). For a ∈ N , a1, . . . , ak of pairwise distinct nodes in
N and D ⊆ Datak, the set of I/O constraints is defined by:

ioc ::= tt | ff | a | ¬a | (da1 , . . . , dak
) ∈ D | ioc1 ∧ ioc2 | ioc1 ∨ ioc2

The semantics of I/O constraints is as expected.

ioc = tt iff CIO(ioc) = CIO

ioc = ff iff CIO(ioc) = ∅
ioc = a iff CIO(ioc) = {c | c ∈ CIO ∧ a ∈ Nodes(c)}
ioc = ¬a iff CIO(ioc) = {c | c ∈ CIO ∧ a /∈ Nodes(c)}
ioc = (da1 , . . . , dak

) ∈ D iff CIO(ioc) = {c | c ∈ CIO ∧ {a1, . . . , ak} ⊆ Nodes(c)∧
(c(a1), . . . , c(ak)) ∈ D}

ioc = ioc1 ∧ ioc2 iff CIO(ioc) = CIO(ioc1) ∩ CIO(ioc2)
ioc = ioc1 ∨ ioc2 iff CIO(ioc) = CIO(ioc1) ∪ CIO(ioc2)

Additionally, we use simplified notations derived from I/O constraint syntax to intuitively
represent a set of I/O operations. For example, da = db represents I/O constraint (da, db) ∈
{(d1, d2) ∈ Data2 | d1 = d2} (this also implies that a and b must be active nodes) and dA = 0
represents (dA) ∈ {(0)}.
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(a)

s0

da = db

(b)

s0

da = dba

(c)

s0

a ∧ b

(d)

s0

b ∧ ¬aa ∧ ¬b

(e)

s0

da /∈ Pat
∧¬b

da = db

∈ Pat

(f)

s0 s(x)

¬b ∧ x := da

¬a ∧ db = x

(g)

s0 s1s2

¬b ∧ da = 0

¬a ∧ db = 0

¬b ∧ da = 1

¬a ∧ db = 1

Figure 2.4: CA for sample basic channels in Table 2.1. (a) Sync. (b) LossySync. (c) SyncDrain.
(d) AsyncSpout. (e) Filter(Pat). (f) Parameterized FIFO1. (g) FIFO1 of binary domain.

2.2.3 Formal Definition

Definition 3 (Constraint Automata). A constraint automaton is a tuple A = (Q,N ,−→
, Q0, AP, L) where Q is a nonempty finite set of states, N is a finite nonempty set of nodes, −→
is the transition relation of A which is a subset of Q × CIO × Q, Q0 ⊆ Q is a nonempty set of
initial states, AP is a finite set of atomic propositions, and L : Q → 2AP is a labeling function.
We write s

c−→ t instead of (s, c, t) ∈−→, and we define the set of all I/O-operations enabled in

s ∈ Q as CIO(s)
def
={c ∈ CIO | s

c−→ t for some t ∈ Q}.

Constraint automata for each sample basic channels given in Table 2.1 can be seen in Figure
2.4. The channel ends are assumed to be connected to nodes named a and b. Figure 2.4(f)
also serves as an example of parameterized constraint automata which, without going into much
detail, are an extension to simplify the picture of constraint automata with non-trivial guards
[BSAR06]. The transitions are labeled using I/O constraints. We note that atomic propositions
cannot be extracted from Reo connectors. However, by labeling states appropriately, we can
reason more about its behavior.

As the case with Reo connectors, the rest of the thesis uses the visual illustration of constraint
automata instead of the cumbersome textual representation. We also group together transitions
that connect the same ordered pair of states and use the corresponding I/O constraint as the
label of the transition.

Definition 4 (Terminal States). A state s in a constraint automaton is called a terminal state
if data flow may stop in state s. This happens if all enabled concurrent I/O operations require
some interaction with a component connected to a source/sink node. The main cause is that
components have the liberty to stop providing corresponding write or read operations. This
leads to two alternate formal definitions. Formally, state s is called a terminal state iff for all
c ∈ CIO(s), the node set Nodes(c) 6= ∅. Equivalently, state s is terminal iff c∅ /∈ CIO(s).

Note that it is not required that the data flow stops once a terminal state is reached. The data
flow continues as long as there is an enabled concurrent I/O operation c where the components
involved agree to interact using c as the I/O specification.
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Example 2. Figure 2.5 represents a constraint automaton A = ({s0, s1, s2, s3}, {a, b},
{s0

{a:⊥,b:⊥}−−−−−−→ s1, s1
{a:⊥,b:⊥}−−−−−−→ s0, s0

{a:⊥,b:1}−−−−−−→ s2, s1
{a:1,b:⊥}−−−−−−→ s2, s2

{a:1,b:⊥}−−−−−−→ s3, s2
{a:⊥,b:1}−−−−−−→

s3, s2
{a:1,b:1}−−−−−→ s3}, {s0}, {term}, {s0 : ∅, s1 : ∅, s2 : term, s3 : term}) with the data domain being

a singleton {1} (we are interested only if a node is active or not) that features two terminal
states. Note that the figure uses I/O constraints as transition labels to represent the automaton
A in a compact manner. States s2 and s3 are terminal states since c∅ is not contained in the
enabled sets of concurrent I/O operations of s2 CIO(s2) and s3 CIO(s3), while the other two
states are not.

s0∅ s1 ∅

s2

{term}

s3

{term}

¬a ∧ ¬b

¬a ∧ ¬b

¬
a ∧

b a
∧ ¬

b

a ∨ b

Figure 2.5: Constraint automaton with 2 terminal states

To reason about CA behavior, we need the notion of runs and paths.

Definition 5 (Run). A run in a constraint automaton A is a finite or infinite sequence of

instances of consecutive transitions θ = s0
c1−→ s1

c2−→ . . . where ∀i ≥ 0 (si ∈ Q ∧ si
ci+1−−→ si+1).

The length of the run |θ| ∈ N∪{ω} is defined as the number of transitions taken in θ, where ω
is the length of an infinite run.

If a run is finite and finishes in a terminal state sk, then we can append the run with a

pseudo-transition
√
−→ sk. We use this pseudo-transition for runs whose data flows stop.

The following notion of maximal run is needed to reason about maximal behavior of con-
straint automata.

Definition 6 (Maximal Run). A maximal run is either an infinite run or a finite run that ends
with a transition labeled by

√
. We use MaxRuns(s) to denote the set of maximal runs starting

in s, and simply MaxRuns to denote the set of all maximal runs in A which start from any initial
state q0 ∈ Q0. We also call a maximal run a path.

We use the notion prefix(θ, i) to denote the prefix of the run θ of length i ≤ |θ| (i.e. s0
c1−→

s1
c2−→ . . .

ci−→ si). Similarly, the notion suffix(θ, i) denotes the suffix of the run θ where i < |θ|
(i.e. si

ci+1−−→ si+1
ci+2−−→ . . . ).

We call the extraction of concurrent I/O operations from a run θ its I/O stream.

Definition 7 (I/O Stream). The I/O stream ios(θ) of a run θ is a word over CIO√ obtained

by taking the projection to the labels of the transitions. In other words, if θ = s0
c1−→ s1

c2−→ . . . ,
then ios(θ) = c1, c2, . . . . IOS = CIOω ∪ CIO∗√ denotes the set of all I/O streams.

Example 3. The following are possible runs from a FIFO1 channel of binary domain (see Figure
2.4).

• s0
{a:0,b:⊥}−−−−−−→ s1

{a:⊥,b:0}−−−−−−→ s0 is a finite run. Its I/O stream is {a : 0, b :⊥}, {a :⊥, b : 0}.
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• s0
{a:0,b:⊥}−−−−−−→ s1

{a:⊥,b:0}−−−−−−→ s0
{a:0,b:⊥}−−−−−−→ s1

√
−→ s1 is a maximal finite run. Its I/O stream is

{a : 0, b :⊥}, {a :⊥, b : 0}, {a : 0, b :⊥},√.

• s0
{a:0,b:⊥}−−−−−−→ s1

{a:⊥,b:0}−−−−−−→ s0
{a:1,b:⊥}−−−−−−→ s2

{a:⊥,b:1}−−−−−−→ s0 . . . is a (maximal) infinite run. Its I/O
stream is {a : 0, b :⊥}, {a :⊥, b : 0}, {a : 1, b :⊥}, {a :⊥, b : 1}, . . . .

2.3 Branching Time Stream Logic

The Branching Time Stream Logic (BTSL) is an extension of Computational Tree Logic (CTL)
[CES86, CGP99] with additional features absorbed from Propositional Dynamic Logic (PDL)
[FL79] and Timed Data Stream Logic (TDSL) [BSAR06]. It has been developed in [KB07] to
allow reasoning about the control and data flow of a constraint automaton.

2.3.1 Syntax and Semantics

A BTSL signature is a tuple (AP , N , Data) which consists of a finite nonempty set AP of atomic
propositions, a finite nonempty node set N , and a finite nonempty data domain Data. BTSL
has a two level syntax such that formulas in BTSL are classified into state formulas (denoted by
capital Greek letters Φ and Ψ) and path formulas (denoted by small Greek letter ϕ). One path
formula operator can take an extra argument which is called regular I/O stream expressions
(denoted by small Greek letter α).

Definition 8 (BTSL Syntax). The abstract syntax of BTSL is given as follows where p ∈ AP ,
c ∈ CIO.

Φ ::= true | p | ¬Φ1 | Φ1 ∧Φ1 | ∃ ϕ | ∀ ϕ
ϕ ::= Φ1 U Φ2 | 〈α〉Φ1

α ::= c | stop | α1 ∪ α2 | α∗
1 | α1;α2

Informally, the state formulas and the until operator U is the same as in CTL. The PDL-like
syntax 〈α〉Φ1 (read: sometime after α is performed, Φ1 holds) is used to represent the condition
that the desired path starts with a finite prefix where the data flow is a word in the language
LN (α) defined by the regular I/O stream expression α.

Definition 9 (BTSL Semantics). Given a constraint automaton A, for a state s ∈ Q, the
satisfaction relation |= for state formulas is as follows.

A, s |= true
A, s |= p iff p ∈ L(s)
A, s |= ¬Φ iff A, s 6|= Φ

A, s |= Φ ∧ Ψ iff A, s |= Φ and A, s |= Ψ

A, s |= ∃ ϕ iff A, θ |= ϕ for some θ ∈ MaxRuns(s)
A, s |= ∀ ϕ iff A, θ |= ϕ for all θ ∈ MaxRuns(s)

For maximal run θ = s0
c1−→ s1

c2−→ . . . , the satisfaction relation |= for path formulas is
defined as follows.

A, θ |= Φ U Ψ iff ∃ 0 ≤ i ≤ |θ| : (A, si |= Ψ ∧ ∀ 0 ≤ j < i : A, sj |= Φ)
A, θ |= 〈α〉Φ iff ∃ 0 ≤ i ≤ |θ| : (A, si |= Φ ∧ ios(prefix(θ, i)) ∈ LN (α))

The semantics for the regular I/O expressions α is as follows.

α = c ⇔ LN (α) = {c}
α = stop ⇔ LN (α) = {√}
α = α1 ∪ α2 ⇔ LN (α) = LN (α1) ∪ LN (α2)
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Table 2.2: Derived BTSL operators

∃ #Φ ≡ ∃〈CIO〉Φ ∀ #Φ ≡ ¬∃ # ¬Φ
∃3Φ ≡ ∃(true U Φ) ∀2Φ ≡ ¬∃3¬Φ
∃2Φ ≡ ¬∀(true U ¬Φ) ∀3Φ ≡ ¬∃2¬Φ
∃(Φ R Ψ) ≡ ¬∀(¬Φ U ¬Ψ) ∀(Φ R Ψ) ≡ ¬∃(¬Φ U ¬Ψ)
∃[α]Φ ≡ ¬∀〈α〉¬Φ ∀[α]Φ ≡ ¬∃〈α〉¬Φ

The semantics for Kleene star (∗) and concatenation (;) operations is more elaborate as we
need to ensure that the data flow stop symbol

√
only occurs at the end of an I/O stream.

α = α∗
1 ⇔ LN (α) =

⋃

n≥0
LN (α1)

n where LN (α1)
0 = {ǫ},

LN (α1)
i>0 = {σ1 . . .σi | ∀ 1 ≤ j < i : σj ∈ LN (α1) ∩ CIO∗,σi ∈ LN (α1)}

α = α1;α2 ⇔ LN (α1;α2) = {σ1
√ | σ1

√ ∈ LN (α1)} ∪
{σ1σ2 | σ1 ∈ LN (α1) ∩ CIO∗ ∧ σ2 ∈ LN (α2)} In addition,

we also use α = CIO to denote LN (α) = CIO.
When it is clear from the context which automaton we deal with, we drop A from A, s |= Φ

and use the notation s |= Φ. We use the notation A |= Φ to state that the constraint automaton
A satisfies Φ. This is fulfilled iff for every state s in Q0 of A, s |= Φ.

Using this semantics, we can derive other operators, such as next step operator #, eventually
3, always 2, release R, and conditional always [α] ([α]Φ is read whenever α is performed, Φ
holds). Other propositional operators can be derived using the usual techniques. The equiva-
lences are given in Table 2.2.

Example 4. For a Sync channel with a as the source node and b as the sink node, the BTSL
formula ∀2∀〈stop ∪ da = db〉true holds. This formula states that the constraint I/O operations
used in all runs must synchronously transmit data items from a to b and runs may end when
the components connected to a and b refuse to perform more I/O operations.

For a LossySync channel with the same custom, a similar BTSL formula ∀2∀〈stop ∪ a〉true
also holds. This formula expresses that a will always be able to send a message regardless
whether b accepts it or not.

Figure 2.6 shows a more complicated Reo connector and its corresponding constraint au-
tomaton with some nodes hidden and the data values ignored. This connector simulates a while
loop and has 3 internal (hidden) components: an exclusive router (see Figure 2.2(b)), a condition
checker and a while body component. The BTSL formula ∃[in; win; (wout; win)∗]process states
that there exists an execution of a while loop such that whenever the data flow reaches win, the
while body does some process.

Using some duality laws, we can construct a BTSL syntax using a small number of operators.
This becomes useful in constructing the model checking algorithm for BTSL.

Definition 10 (Existential normal form for BTSL). For p ∈ AP , the set of BTSL formulas in
existential normal form (ENF) is given by

Φ ::= true | p | ¬Φ1 | Φ1 ∧Φ1 | ∃Φ1 U Φ2 | ∃Φ1 R Φ2 | ∃〈α〉Φ1 | ∃[α]Φ1

Theorem 1 (Existential normal form for BTSL). For each BTSL formula there exists an equiv-
alent BTSL formula in ENF.

Proof. The following duality laws allow elimination of the universal path quantifier and thus all
BTSL formulas can be translated into the following equivalent BTSL formulas.
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Algorithm 2.1 General BTSL model checking

1: for all i ≤ |Φ| do

2: for all Ψ ∈ Sub(Φ) with |Ψ| = i do

3: switch (Ψ):
true : Sat(Ψ) := Q
p : Sat(Ψ) := {s ∈ Q | p ∈ L(s)}
p1 ∧ p2 : Sat(Ψ) := Sat(p1) ∩ Sat(p2)
¬p : Sat(Ψ) := Q\Sat(p)
∃Ψ1 U Ψ2 : Sat(∃Ψ1 U Ψ2) := the smallest subset T of Q such that:

1. Sat(Ψ2) ⊆ T
2. s ∈ Sat(Ψ1) and Post(s) ∩ T 6= ∅ implies s ∈ T

∃Ψ1 R Ψ2 : Sat(∃Ψ1 R Ψ2) := the largest subset T of Q such that:
1. T ⊆ Sat(Ψ2)
2. s /∈ Sat(Ψ1) ∩ Sat(Ψ2) and Post(s) ∩ T = ∅ implies s /∈ T

∃〈α〉Ψ1 : Sat(∃〈α〉Ψ1) := Sat∃〈·〉(∃〈α〉Ψ1) (See Theorem 2)

∃[α]Ψ1 : Sat(∃[α]Ψ1) := Sat∃[·](∃[α]Ψ1) (See Theorem 2)
end switch

4: AP := AP ∪ {pΨ}
5: replace Ψ with pΨ
6: for all s ∈ Sat(Ψ) do

7: L(s) := L(s) ∪ {pΨ}
8: end for

9: end for

10: end for

∀(Φ U Ψ) ≡ ¬∃(¬Φ R ¬Ψ)
∀〈α〉Φ ≡ ¬∃[α]¬Φ

2.3.2 Model Checking Algorithm

The model checking problem for BTSL is to verify for a given constraint automaton A and a
BTSL formula Φ whether A |= Φ. Model checking BTSL formulas [KB07] is similar to model
checking CTL formulas, with an automata-based approach to handle the PDL-like formulas.
The basic procedure is related to computing the satisfaction set Sat(Φ) in a bottom-up fashion.
Algorithm 2.1 lists a way to compute Sat(Φ) for an ENF equivalent of any arbitrary BTSL state
formula Φ.

in

cin

win

cout

wout

a

out
Condition

While body

1

ER
false

true

s0 s1

s2

{in}

{out}

{win}{wout}

Figure 2.6: While loop Reo connector and its constraint automaton[TVMS07]
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One possible approach to handle BTSL formulas of the form ∃〈α〉Φ and ∃[α]Φ is by using
an automata-based approach. First, we create a nondeterministic finite automaton (NFA) Y to
recognize the language represented by the regular I/O stream expression α. The alphabet of Y
is CIO∪{√}. This NFA can also be seen as a constraint automaton Z = (Z,N ,−→, Z0, AP, L) if
we exclude for the moment the special

√
transitions. The atomic proposition AP contains only

one element final, and the labeling function L maps the states which are final (accept) states of
the NFA to final. To deal with the

√
exception, we assume Z contains a subset Z√ such that

(i.) z
√
−→ z′ implies z′ ∈ Z√,

(ii.) z
c−→ z′ ∧ z′ ∈ Z√ implies c =

√
,

(iii.) there are no outgoing transitions from any state in Z√.

Second, we need to construct the product of the constraint automaton and the NFA and
label the states in the product with two atomic propositions sat and final such that a state
(s, z) is assigned with sat if s |=A Φ and final if final ∈ LZ(z). The product of a constraint
automaton A = (Q,N ,−→A, Q0, APA, LA) with Z = (Z,N ,−→Z , Z0, APZ , LZ) is A×Z =
(Q × Z,N ,−→A×Z , Q0 × Z0, APA×Z , LA×Z) where

• −→A×Z is obtained from the following rules where s, s′ ∈ Q and z, z′ ∈ Z:

s
c−→A s′ ∧ z

c−→Z z′ ∧ c ∈ CIO

(s, z)
c−→A×Z (s′, z′)

s is terminal in A ∧ z
√
−→Z z′

(s, z)
√
−→A×Z (s, z′)

,

• APA×Z = {sat,final},

• LA×Z : Q × Z → APA×Z is the labeling function such that for (s, z) ∈ Q × Z

LA×Z(s, z) =























{sat,final} if s |= Φ and final ∈ LZ(z)

{sat} if s |= Φ and final /∈ LZ(z)

{final} if s 6|= Φ and final ∈ LZ(z)

{} otherwise

.

The computation of the set of states that satisfy ∃〈α〉Φ and ∃[α]Φ is done via the reduction
presented in the following theorem.

Theorem 2 (Reduction to CTL [KB07]). Given the product automaton A×Z, the following
properties hold.

1. A, s |= ∃〈α〉Φ iff there exists z0 ∈ Z0 with A×Z, (s, z0) |= ∃3(sat ∧ final)

2. If A is deterministic then A, s |= ∃[α]Φ iff A×Z, (s, z0) |= ∃2(sat ∨ ¬final) where z0 is
an initial state of Z.

The correctness of the CTL portion of the Algorithm 2.1 can be seen in [CES86] and the
rest follows from Theorem 2.

Example 5. The formula ∃〈CIO; db = 0〉empty for a FIFO1 channel with binary domain specifies
that there is a way to take a data item 0 from the channel and that makes the buffer empty. To
check whether this formula is satisfied, we first create an NFA Z that recognizes CIO; db = 0, as
illustrated by the top part of Figure 2.7. The product A×Z is then calculated by the rules given
before (the reachable part is portrayed by the bottom part of Figure 2.7), and then the model
checker applies the CTL model checking methods for the formula ∃3(sat ∧ final) on A×Z.
Since state (s0, z2) is reachable from the starting state and in that state sat ∧ final is fulfilled,
the channel satisfies the specification.
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z0 z1 z2

{final}
CIO db = 0

s2, z1 s0, z0 s1, z1 s0, z2

{sat} {sat, final}∅ ∅

¬b ∧ da = 1 ¬b ∧ da = 0 ¬a ∧ db = 0

Figure 2.7: NFA for CIO; db = 0 and the reachable part of the product A×Z

Remark. If the constraint automaton is deterministic, then the complexity of computing the
satisfaction sets of any BTSL formula is polynomial in the size of the constraint automaton and
the length of the formula [KB07].

2.4 Dynamic LTL

The famous counterpart of CTL is LTL. Likewise, BTSL also has a counterpart which combines
both PDL and LTL, and this combination is called Dynamic LTL (DLTL) [HT99]. Here we
extend slightly the notion of a model in [HT99] to a constraint automaton from a pair of an
infinite run and a function of each node to a set of atomic propositions. Note that here we
assume all runs in the constraint automaton to be infinite.

2.4.1 Syntax and Semantics

As in BTSL, the signature of DLTL is a tuple (AP , N , Data) which consists of a finite nonempty
set AP of atomic propositions, a finite nonempty node set N , and a finite nonempty data domain
Data. DLTL has a one level syntax where all formulas in DLTL are classified as path formulas
(denoted by small Greek letter ϕ). One path formula operator can take an extra argument
which is called regular I/O stream expressions (denoted by small Greek letter α).

Definition 11 (DLTL syntax). The abstract syntax of DLTL is given as follows where a ∈ AP ,
c ∈ CIO.

ϕ ::= true | p | ¬ϕ1 | ϕ1 ∨ϕ2 | ϕ1 Uα ϕ2

α ::= c | α1 ∪ α2 | α∗
1 | α1;α2

The semantics of DLTL is similar to BTSL (Section 2.3.1), except that all reasoning is now
done on infinite runs. The PDL adaptation ϕ1 Uα ϕ2 is used to represent the condition that
the desired run starts with a finite prefix where the data flow is a word in the language LN (α)
defined by the regular I/O stream expression α.

Definition 12 (DLTL semantics). Given a constraint automaton A and an infinite run θ =

s0
c1−→ s1

c2−→ . . . , the semantics of DLTL formulas is given as follows.
A, θ |= true
A, θ |= p iff p ∈ L(s0)
A, θ |= ¬ϕ1 iff A, θ 6|= ϕ1

A, θ |= ϕ1 ∨ϕ2 iff A, θ |= ϕ1 or A, θ |= ϕ2

A, θ |= ϕ1 Uα ϕ2 iff ∃ k ≥ 0 such that ios(prefix(θ, k)) ∈ LN (α), suffix(θ, k) |= ϕ2 and
∀ 0 ≤ j < k : suffix(θ, j) |= ϕ1

The semantics of the regular I/O stream expression α is the same as given in Definition 9
except that we ignore the stop condition.

We use the notation A |= ϕ to denote that all runs of A satisfy the formula ϕ.

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness
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Table 2.3: Derived DLTL operators

#ϕ ≡ true UCIO ϕ ϕ1 U ϕ2 ≡ ϕ1 UCIO∗

ϕ2

3ϕ ≡ true U ϕ 2ϕ ≡ ¬3¬ϕ
〈α〉ϕ ≡ true Uα ϕ [α]ϕ ≡ ¬〈α〉¬ϕ

Ph0

Ph1

Ch0 Ch1Rel0 Take0 Rel1 Take1

Chi

1Takei Reli

think

wait0

eat

wait1

PhiliTake0

PhiliTake1 PhiliRel1

PhiliRel0

Figure 2.8: Reo connectors of dining philosophers and a chopstick, and a constraint automata
for a philosopher [BB07]

Using this semantics, we can derive the usual short cut operators (#, 2, 3, 〈α〉, [α], and the
regular U). The derived operators are shown in Table 2.3.

Example 6. Figure 2.8 shows a Reo connector that depicts the classical dining philosophers
coordination model [Dij71] for 2 philosophers, and a constraint automaton that defines the exact
behavior of a philosopher. In this simple situation, the following DLTL formula specifies the
deadlock freedom.

(23〈Phil0Take0〉true → 23〈Phil0Take1〉true) ∧ (23〈Phil1Take0〉true → 23〈Phil1Take1〉true)

The first part of the transition label indicates the philosopher in action, while the second indicates
the chopstick.

2.4.2 Model Checking Algorithm

The DLTL model checking procedure [HT99, GM06] is essentially the same as the automata-
based approach proposed to check LTL formulas [VW86]. The idea relies on the fact that for
each DLTL formula ϕ, a nondeterministic Büchi automaton (NBA) can be constructed. Instead
of directly trying to solve A |= ϕ, we look for a path θ in A such that θ |= ¬ϕ. If no such path
is found, then A |= ϕ. Algorithm 2.2 describes the steps needed to check a DLTL formula. The
construction of the NBA B of ϕ is very involved and we urge the reader to consult [GM06] for
a detailed instruction. Here we summarize the basic idea of the construction given there.

First we redefine the until syntax in terms of finite automata Yα where the language it
recognizes is the language represented by the regular I/O stream expression α. More precisely,
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Algorithm 2.2 DLTL model checking

1: Construct an NBA B = (B,−→B, B0, BF ) such that LB = LN (¬ϕ).
2: Construct the product automaton A× B = (Q × B,N ,−→A×B, Q0 × B0, F

′).
3: if there exists a path θ in A× B such that the acceptance condition of B is fulfilled then

4: return A 6|= ϕ

5: else

6: return A |= ϕ

7: end if

we create an ǫ-free NFA Yα = (Q, δ, QF ) with a single original initial state q0 (see e.g. [HSW01]
for such a construction), where Q is a finite set of states, δ : Q × CIO → 2Q is the transition
function, and QF is the set of final states. Given a state q ∈ Q, we denote Yα(q) an automaton
Yα with initial state q. For each occurrence of the until operator ϕ1 Uα ϕ2 in the DLTL formula
ϕ, we transform it to ϕ1 UYα(q0) ϕ2.

Definition 13 (Axioms of DLTL [HT99, GM06]). The rule set used for generating the tableau
is based on the following three axioms.

(A1)
∨

c∈CIO〈c〉true

(A2) ϕ1 UYα(q) ϕ2 ≡ ϕ2 ∨ (ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2) (q is a final state)

(A3) ϕ1 UYα(q) ϕ2 ≡ ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2 (q is not a final state)

The first axiom states that the run must be infinite. The next two axioms are the expansion
axioms for the until formula.

2.4.2.1 Tableau Computation

A signed formula is an expression Tϕ or Fϕ, where ϕ is an (unsigned) formula [Smu68] which
we informally read as “ϕ is true” or “ϕ is false”, respectively. The tableau procedure for DLTL
introduced in [GM06] takes as input a set of signed formulas and produces a set of sets of signed
formulas. The result is produced by following a rule set of the following format.

Φ⇒ Ψ1,Ψ2 : if Φ belongs to the set of formulas, then add Ψ1 and Ψ2 to the set.
Φ⇒ Ψ1 | Ψ2 : if Φ belongs to the set of formulas, then create two copies of the set

and add Ψ1 to one set, and Ψ2 to the other.

Definition 14 (DLTL tableau rule set). The rules used in the tableau generation are as follows.
TAnd: Tϕ1 ∧ϕ2 ⇒ Tϕ1,Tϕ2

FAnd: Fϕ1 ∧ϕ2 ⇒ Fϕ1 | Fϕ2

TOr: Tϕ1 ∨ϕ2 ⇒ Tϕ1 | Tϕ2

FOr: Fϕ1 ∨ϕ2 ⇒ Fϕ1,Fϕ2

TNeg: T¬ϕ1 ⇒ Fϕ1

FNeg: F¬ϕ1 ⇒ Tϕ1

TUntilFS: Tϕ1 UYα(q) ϕ2 ⇒ T(ϕ2 ∨ (ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2)) (q is a final state)

TUntilNFS: Tϕ1 UYα(q) ϕ2 ⇒ T(ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2) (q is not a final state)

FUntilFS: Fϕ1 UYα(q) ϕ2 ⇒ F(ϕ2 ∨ (ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2)) (q is a final state)

FUntilNFS: Fϕ1 UYα(q) ϕ2 ⇒ F(ϕ1 ∧
∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2) (q is not a final state)

The boolean operator ∧ and the modality 〈c〉 are used as primitive operators and can be
derived from the equivalence given at the end of Section 2.4.1.

Definition 15 (Elementary DLTL formulas). Elementary DLTL formulas are signed formulas
TΦ or FΦ where Φ is either true, false, a proposition or 〈c〉ϕ. In other words, elementary
formulas are formulas to which none of the rules above are applicable.
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Definition 16 (Consistent set of signed formulas). A set of signed formulas S is called consistent
if none of the following cases are applicable.

• Tfalse ∈ S

• Ftrue ∈ S

• Tϕ ∈ S and Fϕ ∈ S

• T〈c1〉ϕ1 ∈ S and T〈c2〉ϕ2 ∈ S with c1 6= c2

The last case maintains the linear time property of a run, that no two actions can be taken
in the same state. Note that this is not required for F〈c〉ϕ ∈ S due to the F sign.

Given a set of signed formulas S, function tableau(S) generates the set of sets of formulas
that are generated from S by repeatedly applying the rule set given in Definition 14 until no
more rules are applicable. All non-elementary formulas in each of the set of formulas must be
expanded. If the expansion of a set causes the resulting set to be inconsistent, we throw away
that resulting set.

2.4.2.2 NBA Generation

Generating a proper NBA for a DLTL formula is more difficult than for an LTL formula because
we need to keep track of the status of all the until subformulas (i.e. whether all final states
of the NFA have been reached in order). To overcome this problem, we disinguish the signed
until formulas by giving them a parity label attached to the T and F signs. The parity label
functions as an indicator whether the until formula is a derived formula or not.

As for building a generalized NBA for LTL [GPVW96], we use the tableau function described
in the previous section to build a graph which defines the states and the transitions of the
automaton. The nodes of the graph are the sets of formulas obtained through the tableau
construction. Each set of formulas F also contains formulas of the kinds T〈c〉ϕ and F〈c〉ϕ which
we consider as triggers to create new nodes. The next state operator 〈c〉 suggests that we connect
through edges labeled by c the new nodes built from the application of the tableau procedure
on the set of formulas that should hold in the next state ({Tϕ | T〈c〉ϕ} ∪ {Fϕ | F〈c〉ϕ}).
Definition 17 (Derived and new until formula). The signed formulas ϕ = Tϕ1 UYα(q′) ϕ2 of
node n′ are said to be derived from Tϕ1 UYα(q) ϕ2 of node n if it is the result of applying
the TUntilFS or TUntilNFS rule and expanding the next state operator 〈c〉 to create n′ (i.e.
q′ ∈ δ(q, c)). If a node contains an until formula which is not derived from a predecessor node,
the formula is said to be new. In the case that in a node an until formula is both derived and
new, we consider it as a derived formula.

s0 s1
a

Figure 2.9: A sample NFA Y

Example 7. Let Y be the NFA in Figure 2.9, and W another NFA. Assume that we are
expanding the signed formulas Tp UY(s0) (q UW(t) r) and Tp UY(s1) (q UW(t) r). Since s0 is
not a final state in Y, we apply the TUntilNFS rule to get Tp ∧ 〈a〉p UY(s1) (q UW(t) r) and
further rule applications yield Tp and T〈a〉p UY(s1) (q UW(t) r). On the other hand s1 is a final
state. Thus, we apply the TUntilFS rule to get Tq UW(t) r. So in this tableau expansion, we
end up with a new signed until formula Tq UW(t) r, while the next generated node contains
the derived signed until formula Tp UY(s1) (q UW(t) r).
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Given a DLTL formula ϕ, we generate a graph Gϕ that will be converted into a Büchi
automaton. The graph Gϕ is a tuple (V, E), where V is the set of nodes of the form (F , x, f)
(F is a set of signed formulas resulting from the tableau procedure, x ∈ {0, 1}, and f ∈ {↓, X})
and E is the set of edges representing a subset of V × CIO × V . The label x is used to indicate
which of the until formulas are derived, while f is used to indicate the accepting states in the
Büchi automaton counterpart of Gϕ.

We extend the signed formulas such that all until formulas signed with T have a label 0 or 1
so their form becomes Tlϕ1 UYα(q) ϕ2 where l ∈ {0, 1}. Signed formulas T0ϕ1 UYα(q) ϕ2 and
T1ϕ1 UYα(q) ϕ2 are considered to be different.

For each node (F , x, f) we assign the label of each signed until formula in F by the following
rules.

• If it is a derived signed until formula, then the label is the same as the label of the until
formula it derives from in the predecessor node.

• If it is a new signed until formula, then the label is 1 − x.

To reinforce these rules, the tableau function is modified to receive an additional parameter
x. Furthermore, we also tag the formulas with next state operator T〈c〉ϕ to store information
regarding the label of the until formula that produces T〈c〉ϕ.

Algorithm 2.3 shows how the graph Gϕ is created. The function create graph returns the
tuple (V, E) as well as I, the set of initial nodes, which is necessary for the conversion to the
Büchi automaton. U is the set of nodes whose successor nodes are yet to be determined.

Given a graph Gϕ, an NBA Bϕ = (B,−→B, B0, BF ) can be obtained by taking directly the
nodes and edges of the graph as the states and transitions of Bϕ (i.e. B = V and −→B= E).
Furthermore, I acts as the set of initial states (B0 = I). The set of accepting states of Bϕ is
all states whose corresponding nodes are of the form (F , x,X) (BF = {(F , x, f) | (F , x, f) ∈
V ∧ f = X}).

The construction of the graph ensures that the x and f values of each node have the following
properties.

• if a node contains (0, X) then its successor nodes contain (1, ↓).

• if a node contains (1, X) then its successor nodes contain (0, ↓).

• if a node contains (0, ↓) then its successor nodes contain either (0, ↓) or (0, X).

• if a node contains (1, ↓) then its successor nodes contain either (1, ↓) or (1, X).

Therefore, each run goes through alternating sequences of 0 and 1 in the x values and possibly
ends with an infinite sequence of nodes whose x values are all the same. We call a sequence
of nodes with the same x value l ∈ {0, 1} an l-sequence. A node receives a X as its f value if
all until obligations have been fulfilled and this ends the l-sequence and starts a new (1 − l)-
sequence. Thus, a proper accepting run must contain infinitely many nodes having X as its
f value, and consequently the number of nodes in all its 0-sequences and 1-sequences must be
finite.

Example 8 (NBA for ϕ). Consider a DLTL formula ϕ = 2〈(a; a)+〉p where the alphabet
is a singleton {a} and α+ is an abbreviation of α;α∗. Using the equivalences provided at
the end of Section 2.4.1 and generating NFA for the two until formulas, ϕ is rewritten as

¬(true UYΣ∗ (t0) ¬(true U
Y(a;a)+ (s0) p)). Figure 2.10 shows NFA for both regular I/O stream

expressions, and the generated 34 state NBA B. We rename YΣ∗ as V and Y(a;a)+ as W. The
boxed states are the accepting states of the NBA, and all edges are labeled with a. Due to space
limitation, the detailed labeling of each node is not given. To give a taste, here are the complete
labels for nodes q0, the initial state, and q4, one of the accepting states.
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Algorithm 2.3 create graph(ϕ)

1: I := ∅
2: for each F ∈ tableau({Tϕ}, 0) do

3: I := I ∪ {F , 0, X}
4: end for

5: U := I; V := I; E := ∅
6: while U 6= ∅ do

7: remove n = (F , x, f) from U
8: if f = X then

9: x′ := 1 − x
10: else {at least one until formula is not resolved}
11: x′ := x
12: end if

13: for each F ′ ∈ tableau({Tϕ | T〈c〉ϕ ∈ F} ∪ {Fϕ | F〈c〉ϕ ∈ F}, x′) do

14: if f = X then

15: f ′ :=↓
16: else if there exists no Tx′

ϕ1 UYα(q) ϕ2 ∈ F ′ then

17: f ′ := X

18: else

19: f ′ :=↓
20: end if

21: n′ := (F ′, x′, f ′)
22: if ∃ n′′ ∈ V such that n′′ = n′ then

23: E := E ∪ {(n, c, n′′)}
24: else

25: V := V ∪ {n′}
26: E := E ∪ {(n, c, n′)}
27: U := U ∪ {n′}
28: end if

29: end for

30: end while

31: return 〈V, E, I〉

q0 =
(

{T1¬(true UV(t0) ¬(true UW(s0) p)),T〈a〉true,Ftrue UV(t0) ¬(true UW(s0) p),

F¬(true UW(s0) p) ∨ (true ∧ 〈a〉(true UV(t0) ¬(true UW(s0) p))),

F¬(true UW(s0) p),F(true ∧ 〈a〉(true UV(t0) ¬(true UW(s0) p))),

T1(true UW(s0) p),F〈a〉(true UV(t0) ¬(true UW(s0) p)),Ttrue,

T(true ∧ 〈a〉(true UW(s1) p)),T1〈a〉(true UW(s1) p)}, 0, X
)

q4 =
(

{T〈a〉true,Ttrue,Ftrue UV(t0) ¬(true UW(s0) p),T0(true UW(s1) p),

T0((true UW(s2) p) ∨ (true UW(s3) p)),T0true UW(s0) p,

F¬(true UW(s0) p) ∨ (true ∧ 〈a〉(true UV(t0) ¬(true UW(s0) p))),

F¬(true UW(s0) p),F(true ∧ 〈a〉(true UV(t0) ¬(true UW(s0) p))),

F〈a〉(true UV(t0) ¬(true UW(s0) p)),T0true ∧ 〈a〉(true UW(s1) p),

T0〈a〉(true UW(s1) p),T0true ∧ (〈a〉((true UW(s2) p) ∨ (true UW(s3) p))),

T0〈a〉((true UW(s2) p) ∨ (true UW(s3) p)),T0(true UW(s2) p),Tp}, 1, X
)

An example of an accepting run in B is q0q1(q2q4q8q14q21q32)
ω where the significant labels

of each node are as follows.

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness



Chapter 2. Preliminaries and Related Work 20

q0 = ({T1true UW(s0) p}, 0, X)

q1 = ({T0true UW(s0) p,T1true UW(s1) p}, 1, ↓)
q2 = ({T0true UW(s0) p,T0true UW(s1) p,T1true UW(s2) p,Tp}, 1, ↓)
q4 = ({T0true UW(s0) p,T0true UW(s1) p,T0true UW(s2) p,Tp}, 1, X)

q8 = ({T1true UW(s0) p,T0true UW(s1) p,T0true UW(s2) p,Tp}, 0, ↓)
q14 = ({T1true UW(s0) p,T1true UW(s1) p,T0true UW(s2) p,Tp}, 0, ↓)
q21 = ({T1true UW(s0) p,T1true UW(s1) p,T1true UW(s2) p,Tp}, 0, X)

q32 = ({T0true UW(s0) p,T1true UW(s1) p,T1true UW(s2) p,Tp}, 1, ↓)
This run guarantees that each until formula with the label l is fulfilled before the beginning of
the next (1 − l)-sequence.

All labelings are necessary so we can differentiate between a correct accepting run and a
seemingly, but falsely, accepting run. In fact, in this case, the distance between any states which
have the label ({Tltrue UW(s1) p}, l, ↓) to any accepting states of label ({T1−ltrue UW(s1) p}, l, ↓)
is odd, which correctly enforces the acceptance condition of the regular expression (a; a)+.

2.4.2.3 Product Automata

Definition 18 (Product automata). Product automaton A× B is a tuple (Q × B,N ,−→A×B
, Q0 × B0, F

′) where F ′ ⊆ Q × B = {(s, b) | b ∈ F}, b = (F , x, f), b′ = (F ′, x′, f ′) and −→A×B
is the smallest relation defined by the rule below.

s
c−→A s′ b

c−→B b′

{ϕ | Tϕ ∈ F ∧ϕ ∈ AP} ⊆ L(s) {ϕ | Fϕ ∈ F ∧ϕ ∈ AP} ∩ L(s) = ∅
{ϕ | Tϕ ∈ F ′ ∧ϕ ∈ AP} ⊆ L(s′) {ϕ | Fϕ ∈ F ′ ∧ϕ ∈ AP} ∩ L(s′) = ∅

(s, b)
c−→A×B (s′, b′)

The notion of an accepting run in this product automaton is the same as in the Büchi
automaton, i.e. at least one product state in F ′ has to be visited infinitely often. We can verify
whether a constraint automaton fulfill a specification given as a DLTL formula by checking for
emptiness in the product automaton, as described by Algorithm 2.2.

Remark. DLTL has the same expressive power as the monadic second-order theory of infinite
sequences over alphabet Σ [HT99] and thus it is strictly more expressive than LTL. Despite their
expressiveness, the DLTL model checking problem is PSPACE-complete [GM06], the same type
of complexity as for LTL model checking.

2.5 Chapter Summary

In this chapter, we summarized the main concepts of Reo connectors and explained how we
can construct constraint automata that serve as the operational semantics of these connectors.
One of the benefits of having constraint automata is that we can verify specifications using
standard model checking techniques with some modifications. We considered two temporal
logics, BTSL and DLTL, to reason about constraint automata and explained how model checking
is performed using these logics. The next chapter will introduce the temporal logic BTSL* which
is a combination of DLTL and BTSL and we will see how we can deal with fairness.
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t0YΣ∗ a Y(a;a)+ s0 s1

s2

s3

a
a

a

a

Figure 2.10: NFA for Σ∗ and (a; a)+, and NBA for 2〈(a; a)+〉p
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Chapter 3

Model Checking of BTSL* with
Fairness

This chapter introduces BTSL*: a temporal logic which allows universal or existential path
quantification combined with any path property that can be specified in DLTL or BTSL. We
can use BTSL* to express fairness assumptions on how the Reo connectors behave. Since the
behavior of the Reo connectors is captured especially in the transitions of the corresponding
constraint automaton, the fair assumptions are transition-based.

The logic of BTSL* is similar to the logic of ReCTL* [Cla05], however ReCTL* deals only
with infinite runs. BTSL* follows the approach of BTSL which includes the operator stop to
allow reasoning with finite runs. This feature is useful for handling deadlock configurations that
might appear in Reo networks [KB07].

This chapter is structured as follows. The first section defines the syntax and semantics of
BTSL*. The second section discusses how fairness is specified in BTSL*. The third section
describes how BTSL* model checking is performed. A discussion on how to handle finite runs
is given in the following section. The fifth section is dedicated to showing how fairness in BTSL
is handled, as we can treat them in a simpler manner than using the BTSL* model checking
algorithm. This chapter is concluded with a short summary.

3.1 Syntax and Semantics

Definition 19 (Syntax of BTSL*). The abstract syntax of BTSL* is given as follows where
p ∈ AP , c ∈ CIO.

Φ ::= true | p | ¬Φ1 | Φ1 ∨Φ2 | ∃ ϕ | ∀ ϕ
ϕ ::= Φ | ¬ϕ1 | ϕ1 ∨ϕ2 | ϕ1 Uα ϕ2

α ::= c | stop | α1 ∪ α2 | α∗
1 | α1;α2

The semantics of BTSL* draws similarity to the semantics of BTSL as defined in Defini-
tion 9. The main difference lies in the path formulas, where it is possible to apply propositional
operations directly on the path level and path level nesting is allowed. The following definition
provides the semantics of the path formulas in BTSL*. The semantics of the state formulas and
the regular I/O stream expressions remain the same as for BTSL.

Definition 20 (BTSL* Semantics for Path Formulas). Given a maximal run θ = s0
c1−→ s1

c2−→
. . . , the satisfaction relation |= for path formulas is defined as follows.
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θ |= Φ iff s0 |= Φ

θ |= ¬ϕ1 iff θ 6|= ϕ1

θ |= ϕ1 ∨ϕ2 iff θ |= ϕ1 or θ |= ϕ2

θ |= ϕ1 Uα ϕ2 iff ∃ 0 ≤ k < |θ| such that ios(prefix(θ, k)) ∈ LN (α), suffix(θ, k) |= ϕ2 and
∀ 0 ≤ j < k : suffix(θ, j) |= ϕ1

Following from the semantics, we can reuse the same short hand notations that are listed in
Table 2.3. From the semantics, it is clear that BTSL is a sublogic of BTSL*. DLTL can also be
viewed as a sublogic of BTSL*, because a DLTL formula ϕ holds for a constraint automaton A
iff a BTSL* formula ∀ϕ holds for that constraint automaton as well. Additionally, the one step
transition c can be represented using 〈c〉true in BTSL*, and

√
as 〈stop〉.

3.2 Fairness

Fairness is a well-known concept for parallel systems and it is related to the lack of progress
of some component in the system that is caused by a certain undesirable phenomenon [Kwi89].
In Reo, such a phenomenon may be caused by unrealistic behavior where components being
infinitely faster than the others and the nondeterminism of a sink/mixed node (see Section 2.1.2)
favors only certain options. Fairness assumptions are used to rule out this kind of behavior and
focus the verification close to the way the components are implemented.

The behavior of a Reo connector is captured in the transitions of its corresponding constraint
automaton. We deal here with transition-based fairness where no transition that is infinitely
often enabled should be ignored indefinitely. A concurrent I/O operation c ∈ CIO is called
enabled (denoted as enabled(c)) in state s if there is a transition from s to an arbitrary state t
whose label is c. We assume the standard types of fairness with respect to some sets of concurrent
I/O operations: unconditional fairness (ufair), strong fairness (sfair) and weak fairness (wfair).

Definition 21 (Fairness conditions). Given sets of concurrent I/O operations
C1, . . . , Ck, D1, . . . , Dk,⊆ CIO,

ufair =
∧

0<i≤k

23taken(Ci)

sfair =
∧

0<i≤k

(23enabled(Ci) → 23taken(Di))

wfair =
∧

0<i≤k

(32enabled(Ci) → 23taken(Di))

where enabled(C) =
∨

c∈C

enabled(c) and taken(C) =
∨

c∈C

c.

These sets are represented symbolically using I/O constraints.

Unconditional fairness (also called impartiality [LPS81]) allows I/O constraints to occur
unconditionally. In other words, this fairness assumption guarantees that each I/O constraint
Ci is eventually fulfilled regardless of the state of the constraint automaton. Of the three types
of fairness presented in Definition 21, unconditional fairness is the strongest one.

Example 9 (Unconditional fairness). Figure 3.1 illustrates a Reo connector that behaves as a
random bit generator. This connector contains 2 producer components that always produce the
data item as specified in their parameter (e.g. P (0) means that the component produces data
item 0 whenever required). Theoretically, it is possible that this generator only produces bit 0
(or, symmetrically, only bit 1). However, any reasonable implementation of the connector would
not allow this to happen. Thus, we use the unconditional fairness assumption to characterize
that every bit is generated infinitely often: 23taken({dc = 0}) ∧ 23taken({dc = 1}).

Strong fairness (also called compassion or simply fairness [Kwi89]) allows us to give some
conditions into the fairness assumption, which is the possibility of fulfilling certain I/O con-
straints. When the specified I/O constraints are enabled infinitely often, then they must be
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Figure 3.2: A 3 state constraint automaton

satisfied/taken infinitely often as well. Therefore, this definition disallows paths in which an
I/O constraint is enabled infinitely often, but only taken a finite number of times.

Example 10 (Strong fairness). Going back to Figure 2.8 which illustrates the dining philoso-
pher connector, to assert that the first philosopher does not have his access denied to any of the
chopsticks even though he had the chance to take them (i.e. no philosopher is infinitely faster
than the other), we use the following strong fairness restrictions: (23enabled({Phil0Take0}) →
23taken({Phil0Take0})) and (23enabled({Phil0Take1}) → 23taken({Phil0Take1})). This re-
striction is necessary to verify that the first philosopher is free from starvation.

Weak fairness (also called justice [LPS81]) is a tightened version of strong fairness. In weak
fairness, an I/O constraint must be enabled continuously forever from some point on in order to
force that the I/O constraint is taken infinitely often. Stated differently, weak fairness disregards
all paths where an I/O constraint that is enabled continuously is being postponed forever.

Example 11 (Weak fairness). Figure 3.2 shows a 3 state constraint automaton that repre-
sent a Reo connector with two components: requester and grantor. The requester has 2 states
whose details we are not too interested in except that from both states it can always request for
some kind of permission from the grantor. The requester component suggests that at some
point in time, it needs to request something from the grantor. However, this necessity is
not captured within the constraint automaton. We can use the weak fairness assumption of
(32enabled({request}) → 23taken({request}) to assure that this desired behavior occurs.

The relationship between these three types of fairness is a hierarchy of implication [BK08].
Under the same I/O constraint, unconditional fairness implies strong fairness and strong fairness
implies weak fairness. This means that unconditional fairness rules out more paths than strong
fairness, and the same goes for strong fairness with weak fairness. For example, the design
of the dining philosopher connector never fails on weak fairness of one Take operation, as the
enabledness of that operation will go on and off as the chopsticks may be taken by the other
philosopher. In this case, strong fairness is needed to capture the desired behavior that all
philosophers need to have equal opportunity to actually take a chopstick. Note that this strong
fairness does not exclude the possibility of having deadlock (i.e. none of the philosopher can
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grab enough chopsticks to eat), in which case the enabledness condition of the fairness is not
fulfilled causing the strong fairness assumption to be satisfied.

3.2.1 Fair Semantics of BTSL*

Definition 22 (Fair runs). A run θ ∈ MaxRuns(s) starting in the state s is called fair under
the fairness assumption F = ufair∧ sfair∧ wfair iff either θ is a finite run or θ |= F . The set of
all fair runs starting in state s is defined as

FairRuns(s) = {θ ∈ MaxRuns(s) | θ |= F ∨ |θ| ∈ N} .

Definition 23 (Semantics of Fair BTSL*). For BTSL* fairness assumption F = ufair∧ sfair∧
wfair, the relation |=F is defined as follows.

s |=F true
s |=F p iff p ∈ L(s)
s |=F ¬Φ1 iff s 6|=F Φ1

s |=F Φ1 ∨Φ2 iff s |=F Φ1 or s |=F Φ2

s |=F ∃ ϕ iff there exists a fair run θ starting in s such that θ |=F ϕ

s |=F ∀ ϕ iff for all fair runs θ starting in s, θ |=F ϕ

θ |=F Φ iff s0 |=F Φ

θ |=F ¬ϕ1 iff θ 6|=F ϕ1

θ |=F ϕ1 ∨ϕ2 iff θ |=F ϕ1 or θ |=F ϕ2

θ |=F ϕ1 Uα ϕ2 iff ∃0 ≤ k < |θ| such that ios(prefix(θ, k)) ∈ LN (α), suffix(θ, k) |=F ϕ2

and ∀0 ≤ j < k : suffix(θ, j) |=F ϕ1

This fair semantics is almost the same as the basic BTSL* semantics, except for the changes
in dealing with the quantifiers. As shown in the definition, the semantics for ∃ ϕ and ∀ ϕ only
deals with fair runs.

Example 12. In Figure 3.3 we find a constraint automaton A for the dining philosopher com-
ponent given in Figure 2.8. In this situation, all edges are labeled with only single active nodes
which describe the action of one of the two philosophers (numbered 0 and 1). In the figure, P
stands for philosopher, T stands for taking a chopstick, and R stands for releasing a chopstick.
P0T0 therefore means that philosopher 0 takes chopstick 0, and P1R1 means that philosopher 1
releases chopstick 1. In this closed Reo connector, all internal components are willing to perform
I/O operations they can do.

After applying the strong fairness assumption given in Example 10 to both philosophers, we
wish to know if this configuration ensures that no philosopher starves. This can be specified
using the BTSL* formula ∀(23eat0 ∧ 23eat1).

We claim that A |=F ∀(23eat0 ∧ 23eat1). The fairness assumption excludes all paths
which cycle infinitely on one side of the automaton and finitely on the other side because each
philosopher has the opportunity to take chopstick 0 infinitely often. Therefore, all paths which
fall into our consideration cycle on both sides infinitely often. As a result, the states that
contain the atomic proposition eat0 or eat1 are visited infinitely often and for all fair paths,
23eat0∧23eat1 is satisfied. In other words, all philosophers never starve. Without the fairness
assumption, we can construct a counterexample where only one philosopher eats infinitely often
(cycles happen only on one side of the automaton).

Example 13. In this example, we exclude all finite maximal runs from our reasoning as
it uses a closed Reo connector with no outside influence. Continuing from Example 11, we
want to ascertain that the grantor component will always have a job to do. The BTSL* for-
mula ∀23〈grant〉true captures this simple requirement. With the weak fairness assumption
(32enabled({request}) → 23request) in place, the constraint automaton drawn in Figure 3.2

Ilham W. Kurnia BTSL* Model Checking for Reo with Fairness



Chapter 3. Model Checking of BTSL* with Fairness 26

s2

s1

s3

s0

s4

s6

s5{eat0} {eat1}

P0T0P
0T

1

P0R1 P
0R

0

P
1T

0 P1T1

P
1R

1P1R0

Figure 3.3: Constraint automaton for 2 dining philosophers

satisfies the requirement. In any fair path, state s2, which is the state where the grantor con-
templates on its action, must be visited infinitely often since the only transition request leading
to that state is forced to be taken eventually. The only option the state has is that it grants the
requester the access. Since this happens infinitely often, any fair path satisfies 23〈grant〉true,
and hence the constraint automaton fulfills our requirement.

3.3 Model Checking Algorithm

Fairness assumption can be integrated into standard BTSL* as it is the case with the encapsu-
lation of fairness in CTL*. Using the semantics given in Definition 23, for any formula of the
form ∀ ϕ, we put a precondition on the path that it has to be fair. In other words, we deal with
the formula ∀ (F → ϕ). Formulas of the form ∃ ϕ insist on the existence of a fair path to be
satisfied. Therefore, its translation to standard BTSL* is ∃ (F ∧ϕ).

Checking BTSL* formulas with fairness assumption is similar to checking CTL* formulas
with fairness. We combine the state based approach of BTSL with DLTL model checker per-
forming checks for the path formulas. Because the DLTL model checker works by checking the
emptiness of the language covered by a path formula (i.e. no path satisfies the path formula),
we adjust formulas of the form ∃ϕ by using the following equivalence.

s |= ∃ϕ iff s 6|= ∀¬ϕ (BTSL* semantics) iff s 6|= ¬ϕ (DLTL semantics).

Algorithm 3.1 checks a BTSL* formula given the fairness assumption F . If no fairness
assumption is needed, then we can replace F with true.

Remark. The time complexity of model checking a BTSL* formula Φ with fairness assumption
F on a constraint automaton A is equivalent to O(size(A) · exp(|F | + |Φ|)). We can perform
a polynomial reduction from BTSL* model checking to DLTL model checking as can be seen
from Algorithm 3.1 which then yields this result.

3.4 Dealing with Finite Runs

One problem yet to be addressed is how to handle finite runs. Usually, the main problem with
finite runs in the context of linear temporal logic is that “there is no consensus on defining LTL
over finite traces” [BLS08]. As stated Section 2.4.1, DLTL defined in [HT99] only deals with
infinite traces. The problem lies on how to define the next step semantics and how to handle
empty runs [EFH+03]. For the latter case, we do not have empty runs since constraint automata
always have initial states. Furthermore, the semantics of DLTL enables us to immediately adopt
the proposal given in [MP95] to distinguish between between the strong next step operator #

and the weak next step operator #̃. Intuitively, the strong next step operator # means that
we are still able to take another step in the run where ϕ holds. The weak next step operator
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Algorithm 3.1 Algorithm for fair BTSL* model checking

1: for all i ≤ |Φ| do

2: for all Ψ ∈ sub(Φ) with |Ψ| = i do

3: switch (Ψ):
true : Satfair(Ψ) := Q
a : Satfair(Ψ) := {s ∈ Q | a ∈ L(s)}
enabled(C) : Satfair(Ψ) := {s ∈ Q | C ∩ CIO(s) 6= ∅}
a1 ∨ a2 : Satfair(Ψ) := Satfair(a1) ∪ Satfair(a2)
¬a : Satfair(Ψ) := Q\Satfair(a)
∃ϕ : Satfair(ψ) := Q\SatDLTL(F → ¬ϕ)
∀ϕ : Satfair(ψ) := SatDLTL(F → ϕ)

end switch

4: if Ψ is a state formula then

5: AP := AP ∪ {aΨ}
6: replace every occurrence of Ψ with aΨ
7: for all s ∈ Satfair(Ψ) do

8: L(s) := L(s) ∪ {aΨ}
9: end for

10: end if

11: end for

12: end for

13: return Q0 ⊆ Satfair(Φ)

#̃ relaxes this requirement by allowing a finite run to satisfy #̃ϕ iff either the first state of the
finite run is already in its final state, or if we are able to move forward one step and ϕ is satisfied

in the next state. Formally, #ϕ
def
= true UCIO ϕ ≡ 〈CIO〉ϕ, and #̃ϕ

def
=¬(true UCIO¬ϕ) ≡ [CIO]ϕ.

We are left with two main issues related to finite runs: the fairness assumption and the
model checking procedure. First, we depart slightly from Definition 5 such that a finite run is of

the form θ = s0
c1−→ s1

c2−→ . . .
cn−→ sn

√
−→ sn

√
−→ sn

√
−→ . . . where the length of the run is |θ| = ω.

3.4.1 Fair Finite Runs

Definition 22 states that all finite runs are fair runs. However, the following example illustrates
that we need to modify our fairness assumptions to incorporate the finite runs requirement.

Example 14. Let CIO = {a, b} and the unconditional fairness assumption be 23taken({a}) ≡
¬(true UCIO∗ ¬(true UCIO∗

(trueUatrue))). The finite run consisting of two states θ = s0
b−→

s1

√
−→ s1

√
−→ s1

√
−→ . . . does not satisfy the fairness assumption.

The reason why the fairness assumption template given in Definition 21 does not hold for
all finite runs lies on the semantics of the 3taken(D) operator which is too strong for our need.
What we want here is that finite runs always satisfy this subformula. To do so, we add to the
set of concurrent I/O operations D the

√
symbol.

Lemma 3. Let D = {d1, . . . , dm} where for all 1 ≤ i ≤ m, di ∈ CIO.

• For all finite runs θ = s0
c1−→ s1

c2−→ . . .
cn−→ sn

√
−→ sn

√
−→ sn

√
−→ . . . , θ |= 23taken(D∪{√}).

• For all infinite runs θ: if θ |= 23taken(D) then θ |= 23taken(D ∪ {√}).

Proof. The proof for the infinite run is trivial, since in an infinite path, any transition with the
symbol

√
is never taken. Thus, adding

√
into D = {d1, . . . , dm} does not cause any difference.
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To prove the finite run part, we use the strict DLTL equivalent of 23taken(D ∪ {√}) which is
¬(true UCIO∗ ¬(true UCIO∗

(trueU(d1∪···∪dm∪√)true))). By the semantics given in Definition 20,
true UCIO∗

(true U(d1∪···∪dm∪√)true) is always satisfied by an arbitrary finite run θ since we can
always pick k = n such that ios(prefix(θ, k)) ∈ CIO∗ and the next transition label is

√
(naturally,

true holds in all states). Therefore, true UCIO∗ ¬(true UCIO∗

(true U(d1∪···∪dm∪√)true)) is never
satisfied and 23taken(D ∪ {√}) holds for the finite run θ.

Corollary. Because 23taken(D ∪ {√}) is always the consequent part of any fairness assump-
tions (or in the case of the unconditional fairness assumption: the assumption itself), finite runs
are always fair under all fairness assumptions.

3.4.2 Model Checking Finite Runs

In LTL, capturing the finite run semantics is usually done by adding a transition from all terminal
states to a special ‘sink’ state, from which only self-transitions are possible [CCO+05]. However,
this approach is not enough for DLTL as we have to deal with regular expressions, which are also
able to explicitly represent finite runs. The following states 2 extensions to the tableau method
specified in Section 2.4.2 to accept proper finite runs and the resulting algorithm is listed as
Algorithm 3.2.

1. The extension of the alphabet of the NBA from CIO to CIO ∪ {√}. This way, at any
moment, we can produce a (possibly non accepting) finite run. As a result, the until
formula expansion rules used in the tableau function also include the

√
symbol.

2. We separate the treatment in the create graph algorithm (see Algorithm 2.3) between the
nodes that contain T〈c〉true, c ∈ CIO as one of their formulas and the nodes that contain
T〈√〉true. This distinction is required as once we take the

√
-transition, we can only take√

-transitions afterwards. This is reflected in the following set of tableau rules for the until
formulas, which is used by the tableau√ function.

TUntilFS√: Tϕ1 UYα(q) ϕ2 ⇒ T(ϕ2 ∨ (ϕ1 ∧
∨

c∈{√}〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2))

(q is a final state)

TUntilNFS√: Tϕ1 UYα(q) ϕ2 ⇒ T(ϕ1 ∧
∨

c∈{√}〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2)

(q is not a final state)

FUntilFS√: Fϕ1 UYα(q) ϕ2 ⇒ F(ϕ2 ∨ (ϕ1 ∧
∨

c∈{√}〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2))

(q is a final state)

FUntilNFS√: Fϕ1 UYα(q) ϕ2 ⇒ F(ϕ1 ∧
∨

c∈{√}〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2)

(q is not a final state)

Furthermore, as having a
√

-transition means that the last state is fixed, we need to accu-
mulate the atomic propositions produced by the until formula expansions as to maintain
consistency in the new sets of formulas. Example 15 illustrates this necessity.

The first extension is clearly needed as we need to mark when a run is a finite run, and the

second extension ensures finite runs are represented in the NBA as b0
c1−→ b1

c2−→ . . .
√
−→ bk

√
−→

bk+1

√
−→ . . . . Note that we do not need to have a complete NFA, as the until expansion rule

ϕ1 ∧ ∨

c∈CIO〈c〉
∨

q′∈δ(q,c)ϕ1 UYα(q′) ϕ2 is evaluated to false if it does not have any outgoing
transition (in other words, we cannot take a next step from that state). This implies that the
resulting set of signed formulas contains Tfalse — which causes the set to be inconsistent and
therefore the node is not expanded — or Ffalse — which enables us to stop dealing with any
derivatives from that until formula in the next step.
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√
√
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Figure 3.4: The NFA for stop and the incorrect NBA representing p ∧ 〈stop〉¬p

Example 15. Let ϕ = p ∧ 〈stop〉¬p. The regular expression stop is represented by the NFA Y
given in Figure 3.4. Using the proposed extension without the accumulation of atomic proposi-
tions, the following nodes are produced, and the resulting NBA B is shown in Figure 3.4.

b0 = ({T〈√〉true,T(p ∧ (true UY(y0) ¬p)),Tp,T1(true UY(y0)¬p),
T(true ∧ 〈√〉(true UY(y1) ¬p)),Ttrue,T〈√〉(true UY(y1) ¬p)}, 0, X)

b1 = ({T〈√〉true,Ttrue,T1(true UY(y1) ¬p),T(¬p ∨ (true ∧ false)),T¬p}, 1, ↓)
b2 = ({T〈√〉true,Ttrue}, 1, X)
b3 = ({T〈√〉true,Ttrue}, 0, ↓)
b4 = ({T〈√〉true,Ttrue}, 0, X)

The NBA B has an accepting run b0

√
−→ b1

√
−→ b2

√
−→ b3

√
−→ b4

√
−→ b1 . . . . It suggests that a

run θ of a constraint automaton satisfies ϕ if it is of length one, and on the first state, it satisfies

p and on the second state it satisfies ¬p. Since θ is a finite run, it has the form s0

√
−→ s0

√
−→ . . . .

In other words, the first and second states are the same. However, p and ¬p cannot be satisfied
together in the same state. Therefore, the language accepted by the NBA LN (B(ϕ)) should
have been empty in the first place.

By forcing the accumulation of atomic propositions, the set of signed formulas in b1 is
inconsistent and b1 does not exists in the NBA B′. Subsequent states are then not generated.
As B′ only consists of a single state without no outgoing transition, then no accepting run can
be produced by the B′ (recall that all accepting runs in an NBA must be infinite). Therefore,
LN (B′(ϕ)) = ∅ as expected.

3.4.2.1 Correctness of the Extensions

In this section, we show that the satisfiability of a DLTL formulaϕ can be decided by building the
NBA accepting all the models of the formula. The proof is heavily derived from the correctness
proof given in [GM06].

First, several notations are introduced.
Let B = (B,→B, B0, BF ) be an NBA over the alphabet Σ = CIO ∪ {√}. Let σ ∈ CIOω ∪

CIO∗√ω. prf(σ) is the set of finite prefixes of σ and the comparator ≤ used on prefixes of σ is
the usual prefix ordering over Σ∗. Then a run of B over σ is a map ρ : prf(σ) → B such that
ρ(ǫ) ∈ B0 and ρ(τ)

c−→ ρ(τc) for each τc ∈ prf(σ) with c ∈ Σ. Given a run ρ, ρ(τ).F denotes the
F field of the node ρ(τ) and similar treatment goes for the x and f fields. Given a set F of signed
formulas,

∧F denotes the conjunction of the formulas in F , where the signs T are removed and
the signs F are replaced by ¬. The sets Pos(F) and Neg(F) are the sets of positive and negative
propositions in F (Pos(F) = {p ∈ AP | Tp ∈ F} and Neg(F) = {p ∈ AP | Fp ∈ F}).
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Algorithm 3.2 create graph(ϕ)

1: I := ∅
2: for each F ∈ tableau({Tϕ}, 0) do

3: I := I ∪ {F , 0, X}
4: end for

5: U := I; V := I; E := ∅
6: while U 6= ∅ do

7: remove n = (F , x, f) from U
8: if f = X then

9: x′ := 1 − x
10: else {at least one until formula is not resolved}
11: x′ := x
12: end if

13: if T〈√〉true ∈ F then

14: S := tableau√({Tϕ | T〈√〉ϕ ∈ F} ∪ {Fϕ | F〈√〉ϕ ∈ F}
∪{Tp | Tp ∈ F ∧ p ∈ AP} ∪ {Fp | Fp ∈ F ∧ p ∈ AP}, x′)

15: else

16: S := tableau({Tϕ | T〈c〉ϕ ∈ F} ∪ {Fϕ | F〈c〉ϕ ∈ F}, x′)
17: end if

18: for each F ′ ∈ S do

19: if f = X then

20: f ′ :=↓
21: else if there exists no Tx′

ϕ1 UYα(q) ϕ2 ∈ F ′ then

22: f ′ := X

23: else

24: f ′ :=↓
25: end if

26: n′ := (F ′, x′, f ′)
27: if ∃ n′′ ∈ V such that n′′ = n′ then

28: E := E ∪ {(n, c, n′′)}
29: else

30: V := V ∪ {n′}
31: E := E ∪ {(n, c, n′)}
32: U := U ∪ {n′}
33: end if

34: end for

35: end while

36: return 〈V, E, I〉

We also let M = (σ,Val) be a model, where Val : prf(σ) → 2AP is a valuation function. Note
that σ cannot be any arbitrary element of Σω as shown in the following lemma.

Lemma 4. All words that result in an infinite run on the NBA B generated by Algorithm 3.2
is in CIO

ω ∪ CIO
∗√ω.

Proof. This follows from the second extension and that the nonextended version of Algorithm
3.2 serves infinite words over CIO.

Also, if σ ends with
√ω, then for each τ ∈ prf(σ) such that its last letter is

√
and for each

τ ′ > τ , Val(τ) = Val(τ ′). This requirement is on par with the requirement of a finite run on
the constraint automata that the last state before the run terminates remains the same to the
states after the termination.
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Lemma 5 (Conversion to constraint automata). Given a model M = (σ,Val) where σ ∈ CIO
ω∪

CIO
∗√ω, we can construct a constraint automaton A = (Q,N ,−→, Q0, AP, L) such that a run

θ of A is equivalent to M .

Proof. Let Q = 2AP , σ = c1c2c3 . . . , Q0 = {Val(ǫ)}, −→= {(si, ci, si+1) | ∃i : q = Val(c1 . . . ci) ∧
si+1 = Val(c1 . . . ci+1)}, L(s) = s for s ∈ Q. It is clear that the run θ equivalent to M can be

defined as s0
c1−→ s1

c2−→ . . . where si = Val(c1c2 . . . ci) for all i ≥ 0.

Using Lemma 5, the satisfaction relation |= for a model M = (σ,Val) and a prefix τ ∈ prf(σ)
can be derived easily.

Proposition 6 ([GM06]). Let σ ∈ CIO
ω ∪ CIO

∗√ω and ρ : prf(σ) → B be a (non necessarily
accepting) run. For each τ ∈ prf(σ) and for each T

lϕ1 U
Yα(y) ϕ2 ∈ ρ(τ).F one of the following

holds.

1. ∀τ ′ such that ττ ′ ∈ prf(σ) : Tlϕ1 U
Yα(y′) ϕ2 ∈ ρ(ττ ′).F and y′ ∈ δ∗(y, τ ′)

2. ∃τ ′ such that ττ ′ ∈ prf(σ) : Tlϕ1 U
Yα(y′) ϕ2 ∈ ρ(ττ ′).F , Tϕ2 ∈ ρ(ττ ′).F and no successor

node of ρ(ττ ′) contains an until formula derived from T
lϕ1 U

Yα(y′) ϕ2. Moreover, for
every τ ′′ such that ǫ ≤ τ ′′ < τ ′, Tϕ1 ∈ ρ(ττ ′′).F .

Furthermore, for each Fϕ1 U
Yα(y) ϕ2 ∈ ρ(τ).F , the following holds.

3. ∀τ ′ such that ττ ′ ∈ prf(σ) : if τ ′ ∈ LN (Yα(y)) then either Fϕ2 ∈ ρ(ττ ′).F or there is τ ′′

such that ǫ ≤ τ ′′ < τ ′,Fϕ1 ∈ ρ(ττ ′′).F .

Proposition 6 summarizes what is expected of the progress of the until formulas in the NBA
according to the tableau rules and Algorithm 3.2. In an accepting run, condition 2 of this
proposition must hold for all until formulas and all nodes, as shown by the following theorem.

Theorem 7 ([GM06]). Let σ ∈ CIO
ω ∪ CIO

∗√ω and ρ : prf(σ) → B be a run. Then for each
τ ∈ prf(σ) and for each T

lϕ1 U
Yα(y) ϕ2 ∈ ρ(τ).F , condition 2 of Proposition 6 holds if and

only if ρ is an accepting run.

Lemma 8 ([GM06]). Let s be a set of formulas and tableau(F) = {F1, . . . ,Fm}. Then
∧F ↔

∨

1≤i≤m

∧Fi.

The previous lemma states that the tableau approach always causes a set of signed formula
to support its expansion and vice versa. This lemma then supports the following statement
about the properties of the node expansions in Algorithm 3.2.

Lemma 9 ([GM06]). Let M = (σ,Val) be a model, τ ∈ prf(σ), and let n = (F , x, f) be a node
of the graph such that M, τ |= ∧F . Then, there exists a successor n′ = (F ′, x′, f ′) of n such
that M, τc |= ∧F ′, where τc ∈ prf(σ). Moreover, if Tϕ1 U

Yα(y) ϕ2 ∈ F ′ where y is a final
state and M, τc |= ϕ2, then Tϕ2 ∈ F ′.

Theorem 10 (Completeness of Algorithm 3.2 [GM06]). Let M = (σ,Val) and M, ǫ |= ϕ. Then
σ ∈ LN (B(ϕ)).

What is left to show is that Algorithm 3.2 is sound. We divide it into two cases, where
σ ∈ CIOω and σ ∈ CIO∗√ω.

Theorem 11 (Soundness of Algorithm 3.2 for σ ∈ CIOω [GM06]). Let σ ∈ CIO
ω ∩ LN (B(ϕ)).

Then there is a model M = (σ,Val) such that M, ǫ |= ϕ.

Theorem 12 (Soundness of Algorithm 3.2 for σ ∈ CIO∗√ω). Let σ ∈ CIO
∗√ω ∩ LN (B(ϕ)).

Then there is a model M = (σ,Val) such that M, ǫ |= ϕ.
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Proof. Let ρ be an accepting run. For each τ ∈ prf(σ) let ρ(τ) = (Fτ , xτ , fτ ). Let τ√ be the
shortest prefix of σ such that its last letter is

√
. The model M = (σ,Val) can be obtained by

defining Val(τ) ∈ 2AP such that

• if τ < τ√, Pos(Fτ ) ⊆ Val(τ) and Val(τ) ∩ Neg(Fτ ) = ∅, and

• if τ ≥ τ√, Pos(Fτlim) ⊆ Val(τ) and Val(τ) ∩ Neg(Fτlim) = ∅, where τlim is a prefix of
σ such that its length (i.e. the number of letters τlim has) is more than the number of
possible consistent sets of signed formulas derived from ϕ. Note that this number, while
exponentially large, is finite since the alphabet and the number of states in the generated
NFA which represent the regular I/O expressions are finite. This guarantees that there is
no τ ′′ > τlim such that Pos(Fτ ′′) ⊃ Pos(Fτlim) or Neg(Fτ ′′) ⊃ Neg(Fτlim).

By structural induction [GM06], one can prove that for each τ and for each formula ϕ′, if
Tϕ′ ∈ Fτ then M, τ |= ϕ′, and if Fϕ′ ∈ Fτ then M, τ 6|= ϕ′. In particular, for until formulas
signed with T Theorem 7 and Proposition 6 condition 2 can be used, while for until formulas
signed with F Proposition 6 condition 3 is used. From Tϕ′ ∈ Fǫ, it follows that M, ǫ |= ϕ.

Theorem 13. A DLTL formula ϕ is satisfiable if and only if LN (B(ϕ)) 6= ∅.
Proof. This follows from Theorem 10, 11, and 12.

3.4.2.2 Product Rules

Definition 18 is extended to accomodate the
√

transition. In particular, we adopt the terminal
rule given in Section 2.3.2.

Definition 24 (Product automata, revisited). Product automaton A× B is a tuple (Q ×
B,N ,−→A×B, Q0 × B0, F

′) where F ′ ⊆ Q × B = {(s, b) | b ∈ F}, b = (F , x, f), b′ = (F ′, x′, f ′)
and −→A×B is the smallest relation defined by the rules below.

s
c−→A s′ b

c−→B b′

{ϕ | Tϕ ∈ F ∧ϕ ∈ AP} ⊆ L(s) {ϕ | Fϕ ∈ F ∧ϕ ∈ AP} ∩ L(s) = ∅
{ϕ | Tϕ ∈ F ′ ∧ϕ ∈ AP} ⊆ L(s′) {ϕ | Fϕ ∈ F ′ ∧ϕ ∈ AP} ∩ L(s′) = ∅

(s, b)
c−→A×B (s′, b′)

s is terminal b
√
−→B b′

{ϕ | Tϕ ∈ F ′ ∧ϕ ∈ AP} ⊆ L(s) {ϕ | Fϕ ∈ F ′ ∧ϕ ∈ AP} ∩ L(s) = ∅
(s, b)

√
−→A×B (s, b′)

The notion of an accepting run in this product automaton remains the same as given in
Section 2.4.2.3. And since the extensions, in principle, only enlrage the alphabet of the NBA,
the DLTL model checking problem with finite run semantics is also PSPACE-complete.

3.5 Fairness in BTSL

As in the problem of CTL model checking with fairness [CE82, BK08], the problem of BTSL
model checking with fairness can be reduced to the problem of BTSL model checking (without
fairness and with some minor modification) and the problem of computing Satfair(∃2a) for the
atomic proposition a. For the latter, we can use Algorithm 3.4, so we only need to know how to
use the BTSL (without fairness) model checking algorithm to compute Satfair(Φ). Algorithm
3.3 outlines such an exploitation.

The following lemmas provide the basis for checking subformulas with quantifiers: ∃U, ∃R,
∃〈α〉 and ∃[α]. In addition, there is a lemma characterizing the fair satisfaction set of ∃2a which
is used extensively to indicate whether there exists a fair run starting from each state.
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Algorithm 3.3 Algorithm for fair BTSL model checking

1: compute Satfair(∃2true) = {s ∈ Q | FairRuns(s) 6= ∅}
2: for all q ∈ Satfair(∃2true) do

3: L(s) := L(s) ∪ {afair}
4: end for

5: for all i ≤ |Φ| do

6: for all Ψ ∈ sub(Φ) with |Ψ| = i do

7: switch (Ψ):
true : Satfair(Ψ) := Q
a : Satfair(Ψ) := {s ∈ Q | a ∈ L(s)}
a1 ∨ a2 : Satfair(Ψ) := Satfair(a1) ∪ Satfair(a2)
¬a : Satfair(Ψ) := Q\Satfair(a)
∃aΨ1 U aΨ2 : Satfair(∃aΨ1 U aΨ2) := Sat(∃aΨ1 U (aΨ2 ∧ afair))
∃aΨ1 R aΨ2 : Satfair(∃aΨ1 R aΨ2) := Sat(∃aΨ2 U (aΨ1 ∧ aΨ2 ∧ afair)) ∪ Satfair(∃2aΨ2)
∃〈α〉aΨ1 : Satfair(∃〈α〉Ψ1) := Satfair∃〈·〉(∃〈α〉Ψ1) (See Lemma 16)

∃[α]aΨ1 : Satfair(∃[α]Ψ1) := Satfair∃[·](∃[α]Ψ1) (See Lemma 17)
end switch

8: if Ψ is a state formula then

9: AP := AP ∪ {aΨ}
10: replace every occurrence of Ψ with aΨ
11: for all s ∈ Satfair(Ψ) do

12: L(s) := L(s) ∪ {aΨ}
13: end for

14: end if

15: end for

16: end for

17: return Q0 ⊆ Satfair(Φ)

Lemma 14 (Until for a fair satisfaction relation [BK08]). s |=F ∃a1 U a2 iff there exists a finite

run prefix prefix(θ, k) = s0
c1−→ s1

c2−→ . . .
ck−→ sk with 0 ≤ k < |θ| and θ ∈ MaxRuns(s) such that

si |= a1 for 0 ≤ i < k, sk |= a2, and FairRuns(sk) 6= ∅.

Lemma 15 (Release for a fair satisfaction relation). s |=F ∃a1 R a2 iff at least one of the
following is satisfied.

1. there exists a finite run prefix prefix(θ, k) = s0
c1−→ s1

c2−→ . . .
ck−→ sk with 0 ≤ k < |θ| and

θ ∈ MaxRuns(s) such that sk |= a1, for 0 ≤ i ≤ k, si |= a2, and FairRuns(sk) 6= ∅.

2. s ∈ Satfair(∃2a2).

Proof. ⇒: Assume s |=F ∃a1 R a2. Then, at least one of the following cases is true.

1. there exists a fair run θ = s0
c1−→ s1

c2−→ . . . where s0 = s, sk |= a1, k ≥ 0, si |= a2 for all
0 ≤ i ≤ k. Since θ is fair, then suffix(θ, k) is also fair. Therefore, FairRuns(sk) 6= ∅.

2. There exists a fair run θ = s0
c1−→ s1

c2−→ . . . where s0 = s and for all 0 ≤ i < |θ|, si |= a2.
Thus, s ∈ Satfair(∃2a2).

⇐: There are two cases.

1. Assume s ∈ Satfair(∃2a2). Then there exists a fair run θ starting in s such that θ |=
a1 R a2. Therefore, by the semantics of |=F , s |=F ∃a1 R a2.
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2. Assume that there exists a finite run prefix s0
c1−→ s1

c2−→ . . .
ck−→ sk with k ≥ 0 and for all

0 ≤ i ≤ k si |= a2, such that sk |= a1 and FairRuns(sk) 6= ∅. Thus, there is a fair run θ′ =

sk
ck+1−−−→ sk+1

ck+2−−−→ . . . starting in sk. Consequently, θ = s0
c1−→ s1

c2−→ . . .
ck−→ sk

ck+1−−−→ . . .
is a fair run starting in s such that θ |= a1 R a2. Therefore, s |=F ∃a1 R a2.

Computing the fair satisfaction sets of the conditional future (∃〈α〉Φ) and the conditional
always (∃[α]Φ) operators without fairness assumption reduces to CTL model checking as per
Theorem 2. Therefore, on the product automaton, we can use the fair satisfaction check for
CTL with some modification. The following lemmas provide the basis of the modification.

Lemma 16 (Conditional future for a fair satisfaction relation). s |=F ∃〈α〉a iff there exists a

finite accepting run θ′ = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
ck−→ (sk, zk) with k = |θ′|, s0 = s, and z0 is

an initial state of Z, ios(θ′) ∈ LN (α), sk |= a and FairRuns(sk) 6= ∅.

Proof. ⇒: Assume s |=F ∃〈α〉a. By the |=F semantics, there exists a fair run θ = s0
c1−→

s1
c2−→ . . . such that there exists k ≥ 0 such that sk |= a, and ios(prefix(θ, k)) ∈ LN (α). Since

θ is a fair run, suffix(θ, k) is also a fair run. Thus, FairRuns(sk) 6= ∅. Furthermore, since

ios(prefix(θ, k)) ∈ LN (α), there is an accepting run θ′ = z0
c1−→ z1

c2−→ . . .
ck−→ zk of the NFA Z

with z0 ∈ Z0 running parallel to the system’s constraint automaton. Therefore, there exists a
finite accepting run θ′ = (s0, z0)

c1−→ (s1, z1)
c2−→ . . .

ck−→ (sk, zk) in the product automaton A×Z.

⇐: Assume that there exists a finite accepting run θ′ = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
ck−→ (sk, zk)

with k = |θ′|, s0 = s, and z0 is an initial state of Z, ios(θ′) ∈ LN (α), sk |= a and FairRuns(sk) 6=
∅. Since θ′ is finite, then θ = s0

c1−→ s1
c2−→ . . . sk

sk+1−−−→ . . . is a fair run as well. Since θ |=F 〈α〉a,
then s |=F ∃〈α〉a.

Lemma 17 (Conditional always for a fair satisfaction relation). If A is deterministic, then
s |=F ∃[α]a iff one of the following conditions is achieved.

• there exists a finite run θ′ = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
√
−→ (sn, zn) where s0 = s and

z0 ∈ Z0 such that for all 0 ≤ i ≤ n, si |= a or zi |= ¬final.

• there exists a finite run prefix prefix(θ′, k) = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
ck−→ (sk, zk) and

a cycle run (sk, zk)
ck+1−−−→ (sk+1, zk+1)

ck+2−−−→ . . .
cl−→ (sl, zl)

cl+1−−→ (sk, zk) such that for all
0 ≤ i ≤ l, si |= a or zi |= ¬final and s0 = s. The cycle satisfies the fairness condition F .

Proof. Assume A is deterministic.
⇒: Assume s |=F ∃[α]a. Then by Theorem 2 there exists a run θ′ in the product automaton
A×Z starting in (s0, z0) where z0 is the initial state of Z and s0 = s such that θ′ |= 2(a ∨
¬final). By the semantics of |=F , the projection of the run θ to A (i.e., leaving out the states of
Z) is a fair run. By Lemma 18 for the product automaton and considering only the projection
to A for conditions 4 and 5, we find that either one of the following is true.

• θ′ is a finite run such that for all 0 ≤ i ≤ |θ′|, si |= a or zi |= ¬final.

• θ′ is an infinite run that starts with a finite run prefix prefix(θ′, k) = (s0, z0)
c1−→ (s1, z1)

c2−→
. . .

ck−→ (sk, zk) followed by a cycle run (sk, zk)
ck+1−−−→ (sk+1, zk+1)

ck+2−−−→ . . .
cl−→ (sl, zl)

cl+1−−→
(sk, zk) such that for all 0 ≤ i ≤ l, si |= a or zi |= ¬final and the cycle satisfies the fairness
condition F .

⇐: Assume there exists a finite run θ′ = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
√
−→ (sn, zn) where s0 = s and

z0 ∈ Z0 such that for all 0 ≤ i ≤ n, si |= a or zi |= ¬final. Since it is a finite run, the projection
θ to A is a fair run. From Theorem 2, it follows that θ′ |= [α]a, and therefore, s |=F ∃[α]a.
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Assume there exists a finite run prefix prefix(θ′, k) = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
ck−→ (sk, zk)

and a cycle run (sk, zk)
ck+1−−−→ (sk+1, zk+1)

ck+2−−−→ . . .
cl−→ (sl, zl)

cl+1−−→ (sk, zk) where s0 = s such
that for all 0 ≤ i ≤ l, si |= a or zi |= ¬final and the cycle satisfies the fairness condition F .

Consider the infinite run θ′ = (s0, z0)
c1−→ (s1, z1)

c2−→ . . .
ck−→ (sk, zk)

ck+1−−−→ (sk+1, zk+1)
ck+2−−−→

. . .
cl−→ (sl, zl)

cl+1−−→ (sk, zk) . . . . As θ′ ends with an infinite cycle that satisfies the fairness
condition F , it follows that θ′ is a fair run. From Theorem 2, it follows that θ′ |= [α]a. Thus,
s |=F ∃[α]a.

Lemma 18 (Characterization of Satfair(∃2a) [BK08]). Assume that the fairness assumption F
contains conjunctions of the following fairness conditions:

• ufair1 = 23taken(Du1), . . . , ufairm = 23taken(Dum),

• sfair1 = (23enabled(Cs1) → 23taken(Ds1)), . . . ,
sfairn = (23enabled(Csn) → 23taken(Dsn)), and

• wfair1 = (32enabled(Cw1) → 23taken(Dw1)), . . . ,
wfairo = (32enabled(Cwo) → 23taken(Dwo)).

s |=F ∃2a iff there exists a finite run starting in s such that all states in that run satisfy a or

there exists an infinite run starting in s consisting of a fair run prefix s0
c1−→ s1

c2−→ . . .
ck−→ sk

and a cycle sk
ck+1−−−→ sk+1

ck+2−−−→ . . .
ck+l−−→ sk+l

ck+l+1−−−−→ sk such that:

1. s0 = s,

2. si |= a, for all 0 ≤ i ≤ k + l,

3. Dui ∩ {ck+1, . . . , ck+l+1} 6= ∅ for all 1 ≤ i ≤ m,

4. Sat(enabled(Csi)) ∩ {sk, . . . , sk+l} = ∅ or Dsi ∩ {ck+1, . . . , ck+l+1} 6= ∅ for all 1 ≤ i ≤ n,

5. {sk, . . . , sk+l} * Sat(enabled(Cwi)) or Dwi ∩ {ck+1, . . . , ck+l+1} 6= ∅ for all 1 ≤ i ≤ o.

Lemma 18 provides the necessary material to compute Satfair(∃2a). First we define the
restricted graph G[a] = (V, E) as a directed graph derived from A, where V = Sat(a) and
E = {s c−→ s′ | s, s′ ∈ V and s

c−→A s′}. Due to the construction of the graph, infinite runs
generated by G[a] correspond to the infinite runs of A that satisfy 2a. The same apply for the
converse.

A state s ∈ Sat(a) satisfies ∃2a under the fairness assumption F = ufair ∧ sfair ∧ wfair if
we can construct a run starting in s that reaches a non-trivial strongly connected set of nodes
SC in G[a] such that

• for all 1 ≤ i ≤ m: there exists c ∈ Di such that {s c−→ s′ | s, s′ ∈ SC} ∩ E 6= ∅,

• for all 1 ≤ i ≤ n : SC ∩ Sat(enabled(Ci)) = ∅ or there exists c ∈ Di such that {s c−→ s′ |
s, s′ ∈ SC} ∩ E 6= ∅, and

• for all 1 ≤ i ≤ o : SC ∩ Sat(¬enabled(Ci)) 6= ∅ or there exists c ∈ Di such that {s c−→ s′ |
s, s′ ∈ SC} ∩ E 6= ∅

We collect all nodes s of G[a] into the set T such that it is part of a non-trivial strongly
connected component in G[a] that realizes the fairness assumption. Furthermore, we also include
the terminal states that satisfy the atomic proposition a into T . Then it follows:

Satfair(∃2a) = {s ∈ S | ReachG[a](s) ∩ T 6= ∅} .
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Algorithm 3.4 Computation of Satfair(∃2a)

Require:

S := Sat(a)
F := ufair ∧ sfair ∧ wfair

ufair =
∧

1≤i≤m
23taken(Dui)

sfair =
∧

1≤i≤n
23enabled(Csi) → 23taken(Dsi)

wfair =
∧

1≤i≤o
32enabled(Cwi) → 23taken(Dwi)

Term := {s | s ∈ Sat(a) ∧ s is a terminal state in A}
1: Compute the SCCs Comps of the graph G[a] of A
2: T := ∅
3: for all non-trivial SCC Comp of the graph G[a] of A do

4: if checkFair(Comp, m, ufair, n, sfair, o,wfair) then

5: T := T ∪ Comp
6: end if

7: end for

8: return {s ∈ Q | ReachG[a](s) ∩ (T ∪ Term) 6= ∅}

ReachG[a](s) is the set of states reachable from s in G[a]. Note that if SC is a part of a strongly
connected component Comp in G[a], then we can start an infinite run from any of the states in
Comp that satisfies the fairness assumption and 2a. This general schema is given in Algorithm
3.4.

What is left is determining whether the SCC comp of G[a] actually realizes the fairness
assumption. We are interested more in the strong fairness case as the realizability of the uncon-
ditional and weak fairness assumptions can be checked at the end after we find the non-trivial
strongly connected set of nodes SC that satisfies the strong fairness assumption.

Given a non-trivial strongly connected component Comp of G[a], first we check whether for
all transition conditions Di there exists a transition in G[a] restricted to Comp whose label is in
Di. If yes, then the strong fairness assumption is realizable in Comp (and we proceed checking
the other fairness assumptions). Otherwise, we pick one strong fairness conjunct sfairj such
that the transition condition Dj is not fulfilled. In this case, we must not fulfill the left hand
side of the implication. Therefore, we calculate the non-trivial SCCs Comp′ of G[a] restricted
to Comp in which every state has Cj not enabled. Then we check for each of the nontrivial
SCCs Comp′ whether it satisfies the rest of the strong fairness assumption. By doing so, we
guarantee that Comp′ satisfies sfairj . If there is no nontrivial SCCs that satisfy the rest of the
strong fairness assumption (or there is no SCC produced to begin with), then we conclude that
the strong fairness, and thus the whole fairness, assumption is not realizable by the SCC Comp.
This recursive procedure is listed as Algorithm 3.5.

Theorem 19 (Time complexity of computing the fair satisfaction set of ∃2a [BK08]). For a
constraint automaton A with N states and K transitions, and fairness assumption F with k
conjuncts, the set Satfair(∃2a) can be computed in O((N + K) · k).

3.6 Chapter Summary

BTSL*, a CTL*-like extension of BTSL, is the main topic of this chapter. We can use BTSL*
to express concurrent I/O operation-based fairness assumptions, which allows us to ignore the
sources of unrealistic computation of the Reo connector: domination of an internal component
and unfair nondeterministic behavior of the sink/mixed nodes.
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Algorithm 3.5 checkFair(Comp, m, ufair, n, sfair, o,wfair)

Require:

Comp is a non-trivial SCC of G[a]
1: TransLabel := {c | s, s′ ∈ Comp and s

c−→G[a] s′}
2: if ∀1 ≤ i ≤ n : Dsi ∩ TransLabel 6= ∅ then

3: if ∀1 ≤ i ≤ m : Dui ∩ TransLabel 6= ∅ then

4: if ∀1 ≤ i ≤ o : Comp\Sat(enabled(Cwi)) 6= ∅ ∨ Dwi ∩ TransLabel 6= ∅ then

5: return true
6: end if

7: end if

8: else

9: choose an index j ∈ {1, . . . , n} where TransLabel ∩ Dsj = ∅
10: sfair′ =

∧

1≤i<j
23enabled(Csi) → 23taken(Dsi)

∧ ∧

j<i≤n
23enabled(Csi) → 23taken(Dsi)

11: renumber the index in sfair′ accordingly
12: if Comp[¬enabled(Cj)] is acyclic or empty then

13: return false
14: else

15: compute the non-trivial SCCs of Comp[¬enabled(Csj )]
16: for all non-trivial SCC Comp′ of Comp[¬enabled(Csj )] do

17: if checkFair(Comp, m, ufair, n − 1, sfair′, o,wfair) then

18: return true
19: end if

20: end for

21: end if

22: end if

23: return false

Checking a model against a BTSL* formula requires an algorithm similar to the model-
checking algorithm for CTL*. The main difference lies on the base tool used, which in the case
of BTSL* is the DLTL model checker presented in Section 3.4.2. The DLTL model checker is
extended to handle maximal finite runs.
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Chapter 4

Implementation and Experimental
Result

This chapter presents the experimental results I obtained by using the restricted BTSL* model
checker to discover whether a Reo circuit satisfies desired properties. The first section explains
why the restricted BTSL* is used as the base logic for property specification. The second
section provides a quick run through the data structure used for symbolic representation of the
(constraint) automata. The third section describes how the experiment is conducted and the
fourth section states the obtained results.

4.1 Restricted Logic

In the implementation, I use the following fragment of BTSL* as the underlying logic to specify
properties.

Φ ::= true | p | ¬Φ1 | Φ1 ∨Φ2 | ∃〈α〉Φ | ∃ ϕ | ∀ ϕ
ϕ ::= Φ | ¬ϕ1 | ϕ1 ∨ϕ2 | #ϕ1 | ϕ1 U ϕ2

α ::= ioc | α1 ∪ α2 | α∗ | α1;α2

In short, the regular expression based operator 〈α〉 is not allowed to nest with other path
operators.

The main reason of this restriction is that the best known DLTL model checking algorithm
generates a huge NBA even for a simple formula with a very restricted alphabet (recall that
for a simple path formula ϕ = 2〈(a; a)+〉p of size 6 and a singleton alphabet, the NBA has 34
states). Another reason is that this restriction allows the usage of the proposition-based LTLI/O

[Kle] and the BTSL implementation [KB07] that already exists within Vereofy.

4.2 Symbolic Representations

Vereofy provides a symbolic BTSL model checker implementation by means of ordered binary
decision diagrams (OBDDs) [Bry86] which is reused for BTSL* model checking. Binary decision
diagrams are a data structure to store and manipulate boolean functions. Any boolean function
f(x1, . . . , xh) can be represented in a natural manner by a binary decision tree (BDT) of height
h. A path in the BDT for f(x1, . . . , xh) assigns bits b1, . . . , bh to the xi’s and the leaves are
labelled with the boolean value f(x1, . . . , xh). By grouping together nodes that share the same
property in a bottom up manner, we have a binary decision diagram (BDD). By placing some
variable ordering, we have a canonical representation of the BDD as shown in [Bry86], which is
the OBDD.

The variable order of a BDD determines the size of the BDD. A bad variable order can cause
the size of the BDD to be exponential in the number of variables [MT98]. Finding the optimal
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variable order is NP-complete [BW96], and techniques such as static heuristics [BRKM91] and
dynamic variable reordering [Rud93] are used to find a good variable order. Vereofy uses static
heuristics to order the variables in the BDD, and some experiments are now being done on
dynamic variable ordering.

A constraint automaton A = (Q,N ,−→,Q0, AP, L) is represented using OBDD in the follow-
ing manner. Each state is encoded as a binary number, i.e. Q = {0, 1}n where n = ⌈| log2(Q)|⌉.
Therefore, a set V ⊆ Q is a set of binary strings of length n whose characteristic function
χV (q1, . . . , qn) can be represented by an OBDD. We can also encode the data items by bi-
nary strings. We assume without loss of generality that the size of the data domain is a
power of two (2m), i.e. D = {0, 1, . . . , 2m − 1}. Let k = |N |, N = {A1, . . . , Ak}, and
∀ 1 ≤ i ≤ k {di1 , . . . , dim} = the binary representation of dAi . The transition relation
−→⊆ Q × CIO × Q is a set of binary strings of length 2(n + k) whose characteristic func-
tion χ−→(q1, . . . , qn, A1, . . . , Ak, d11 , . . . , d1m , . . . , dk1 , . . . , dkm , q′1, . . . , q

′
n) can be represented by

an OBDD. NBA and product automata are also represented in a similar manner.

4.3 Benchmarks

To evaluate the effectiveness of checking restricted BTSL* formulas, we use the dining philoso-
pher component illustrated in Figure 2.8 as the base component. Instead of using the 4-state
philosopher component, we use the 3-state philosopher component where a philosopher puts
down both the left and right chopsticks at the same time after he finishes eating.

The arrangement of a connector with N dining philosophers (numbered from 1 to N) and
N chopsticks (also numbered from 1 to N) is such that the left chopstick of philosopher i is
chopstick i and the right chopstick is chopstick (i mod N) + 1. Note that this configuration
allows a deadlock to happen, which occurs when all philosophers decide to pick up their left
chopstick before a philosopher has the chance to pick up his right chopstick.

Benchmarking is done on a dual-core 3.0 GHz CPU, with 2 GB of RAM, running on Ubuntu
8.04.1 kernel 2.6.24-21-generic. The compiler used is GCC C++ compiler version 4.2.4. Vereofy
uses JINC BDD library [Oss] and Boost C++ libraries 1.36 (http://www.boost.org/). The time
usage is measured using Vereofy’s internal timer (based on sys/resource.h standard library)
and the memory usage is measured using top. The result is an average of three runs.

4.4 Results

Table 4.1 shows the efficiency of Vereofy to construct the BDD-representation of the constraint
automaton A for the dining philosopher connector with N philosophers. The second column
“time” shows the time needed (in seconds) to build the automaton (the process is also known
as synthesis). The third column “reach time” refers to the time needed (also in seconds) to
compute the reachable states of A from the initial states. The fourth column and fifth column
refer to the size of the generated BDD for A and the maximal size of the BDDs generated during
the symbolic computation. The last column shows the actual memory usage (in mega bytes).
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Table 4.1: Synthesis result for the dining philosophers

N Time (s) Reach Time (s) BDD Nodes Peak RAM (MB)

80 2.09 0.44 687846 1152461 69
160 9.98 0.73 2700396 2700396 102
240 26.01 0.69 1993891 4137866 140
320 49.25 2.38 5482017 5482017 214
400 82.43 1.75 3271773 7027277 196
480 122.20 3.61 8007073 8403634 414
560 173.40 1.66 4190811 10094673 550
640 230.38 4.70 10512682 11306851 540
720 300.50 2.61 5196999 12910887 864
800 375.16 5.73 12635355 14334430 618

Table 4.2: Result of model checking BTSL formula ∀2¬(eati ∧ eati+1)

N Time (s) Steps BDD Nodes Peak RAM (MB)

80 0.89 159 2195124 2195124 90
160 4.68 319 6049759 6049759 168
240 12.38 479 1728577 7835455 206
320 21.85 639 5590500 11209762 276
400 36.56 799 1520738 15618855 364
480 51.18 959 6690790 19899858 456
560 70.11 1119 7856066 21951784 498
640 92.45 1279 6156418 21716513 496
720 120.84 1439 7889178 24672646 558
800 142.74 1599 6729310 39000710 840

Table 4.3: Result of model checking BTSL formula ∀2∃〈CIO∗; take righti〉true

N Time (s) Steps BDD Nodes Peak RAM (MB)

80 1.97 160 3369787 3369787 112
160 11.48 320 896589 4688146 142
240 26.58 480 1357036 7261999 194
320 48.79 640 1142630 10784052 266
400 77.37 800 2788294 15475977 360
480 114.20 960 1730963 19731680 446
560 158.79 1120 2018918 21952943 492
640 208.85 1280 2985991 21596949 488
720 269.30 1440 2823158 24672646 552
800 331.14 1600 2829429 39000710 836
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Table 4.4: Result of model checking BTSL formula ∃〈CIO∗; takei; takei+1〉eati

N Time (s) Steps BDD Nodes Peak RAM (MB)

80 0.64 2 1221396 1221396 69
160 0.91 2 2121359 2700456 102
240 0.15 2 4722890 4722890 144
320 0.26 2 8307130 8307130 216
400 0.70 2 13017405 13017405 311
480 0.33 2 17430914 17430914 400
560 0.61 2 19572314 19572314 444
640 0.41 2 19402964 19402964 444
720 0.82 2 17441093 24672646 552
800 0.75 2 12810979 39000710 836

Tables 4.2, 4.3 and 4.4 show the result of model checking properties that are suggested
in [KB07] as the properties for benchmarking. Table 4.2 shows that verifying that no two
neighboring philosophers can eat at the same time on a connector with 800 philosophers can be
done in 2 minutes and used 840 MB of memory. Table 4.3 shows the result of checking that
deadlock cannot happen in this connector. As in [KB07], the model checking result is negative
as it is possible for a deadlock to happen in the case that all philosophers have taken their left
chopsticks before anyone can pick up their right chopsticks. Table 4.4 shows that checking that
philosopher i eats after chopstick i and chopstick i + 1 (note that here it is not enforced that
these two chopsticks must be taken by philosopher i) are taken can be done in 2 symbolic steps.

Comparison between the implementation of BTSL* and the implementations of LTLI/O and
BTSL model checkers is also done. Since the restricted BTSL* model checker adopts the same
approach to solve PDL-derived formulas, there is no need to compare the execution result for the
formulas ∀2∃〈CIO∗; take righti〉true and ∃〈CIO∗; takei; takei+1〉eati. So in this section, we focus
mainly on the formula ∀2¬(eati ∧ eati+1) and also on another formula ∃2¬eati which stresses
that there exists a situation where a philosopher starves.

Tables 4.5 and 4.6 show the execution of restricted BTSL* and LTLI/O model checkers,
respectively, for the formula ∀2¬(eati ∧ eati+1) (we drop the ∀ in LTLI/O). As can be seen,
model checking the philosopher connector against the desired property in restricted BTSL* is
significantly slower than in LTLI/O, and LTLI/O model checking is several times slower than the
BTSL. The main reason why checking formulas in restricted BTSL* is slower than in LTLI/O

is that we need to build the satisfaction set of all possible states in the constraint automaton
of the connector. In LTLI/O, model checking is focused only on the initial states. Since the
number of initial states and the number of all states usually differ a lot, then the time needed
to compute SCCs on reachable states from the set of initial states and the set of all states differ
significantly as well.
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Table 4.5: Result of model checking BTSL* formula ∀2¬(eati ∧ eati+1)

N Time (s) BDD Nodes Peak RAM (MB)

10 0.94 819943 819943 59
20 3.36 3002352 3002352 104
30 6.61 5504888 5504888 154
40 11.37 8264870 8264870 210
50 18.49 11593658 11593658 276
60 41.21 14870620 14870620 342
70 69.28 18652370 18652370 416
80 104.86 15916290 15916290 364
90 142.73 20313997 20313997 455
100 185.87 20137130 20137130 452

Table 4.6: Result of model checking LTLI/O formula 2¬(eati ∧ eati+1)

N Time (s) BDD Nodes Peak RAM (MB)

80 2.45 1822151 1822151 104
160 18.99 450390 2924930 144
240 44.92 1770152 4545174 198
320 84.55 2385384 8159521 271
400 138.41 2943651 7066193 362
480 205.56 3121398 18076272 451
560 290.09 2444164 24896585 493
640 390.76 2134872 24310764 494
720 528.19 2235998 40580124 559
800 672.66 1504576 27790452 841

In Tables 4.7 and 4.8, the results for model checking the philosopher connector against the
formula ∃2¬eati in BTSL and restricted BTSL* are shown. As expected, the time needed
to verify the formula in restricted BTSL* is exponentially slower than in BTSL. Also, the
restricted BTSL* formula consumes a lot more memory by virtue of the product automaton
construction. In both cases, the formula is satisfied, which means there is a situation where a
philosopher starves. This is as expected since the possibility of an unfair behavior where all
other philosophers are infinitely faster than philosopher i is not excluded.

Table 4.7: Result of model checking BTSL* formula ∃2¬eati

N Time (s) BDD Nodes Peak RAM (MB)

8 2.61 1816765 1816765 81
16 34.32 18146750 18146750 415
24 92.11 42527045 42527045 896
32 182.05 68956027 68956027 1417
40 322.73 75932014 75932014 1560
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Table 4.8: Result of model checking BTSL formula ∃2¬eati

N Time (s) Steps BDD Nodes Peak RAM (MB)

40 0.87 21 319096 494369 44
80 1.28 41 1244916 1244916 68
120 3.12 61 2775536 2775536 101
160 24.71 81 2999582 4020898 128
200 234.41 101 3413162 3999046 130

To exclude such unfair behavior, we need the strong fairness described in Section 3.2. Here
we require that the strong fairness formula to be

∀(1 ≤ i ≤ N) : (23enabled({take lefti}) → 23take lefti)∧
(23enabled({take righti}) → 23take righti) .

Note that it is not enough to apply the strong fairness condition only to a certain philosopher,
since the other non-neighboring philosophers may act unfairly.

Table 4.9 shows the effect of applying such a fairness condition to the restricted BTSL*
model checker. The “delta BDD nodes” column shows the number of nodes needed to represent
the transition relation for the constraint automata of the philosopher connector. The blow up
in the resulting product automaton is mainly caused by the NBA built from the path formula.
Table 4.10 shows the size of the NBA based on the number of states and the number of symbolic
edges (here symbolic means that an edge is labeled with an I/O constraint or the satisfaction
set for states where enabled clause is true).

Table 4.9: Result of model checking BTSL* formula ∃2¬eati with strong fairness

N Time (s) Delta BDD Nodes BDD Nodes Peak RAM (MB)

2 8.18 132 669997 669997 274
3 407.21 292 33390143 33390143 1510
4 N/A 450 N/A N/A Out of memory

Table 4.10: Characteristics of Generated NBA

N Formula States Symbolic Edges

Arbitrary ¬2¬(eati ∧ eati+1) 2 3
Arbitrary ¬¬2¬eati 1 1

2 sfair → ¬2¬eati 114 461
3 sfair → ¬2¬eati 922 5647
4 sfair → ¬2¬eati 7582 76969

4.5 Chapter Summary

In this chapter, some implementation details are explained including why the underlying logic
of BTSL* is restricted. The implementation result shows that model checking arbitrary BTSL*
is not yet practical. The main culprit is the SatLTLI/O

procedure where the emptiness of the set
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of accepting runs starting from a state needs to be checked for every combination of states of
the system’s constraint automaton and initial states of the NBA. We also see that the general
framework of Vereofy is relatively efficient even compared to the fine-tuned result given in
[KB07].
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Chapter 5

Conclusion

This thesis presents BTSL* as the counterpart of CTL* to reason about the states of a Reo
circuit and how the data flows in runs within the circuit. Here we remove the assumption that
all runs are infinite and give a semantics and the corresponding model checking algorithm for
both finite and infinite runs. This removal proves to be non-trivial, but it does not change the
time nor space complexity of the algorithm.

Another aspect explored in this thesis is fairness. Since the sources of the unfair behaviors
are the nondeterministic behavior of the flow of data in the circuit and the unrealistic behavior
of components within the circuit, transition-based fairness assumptions are used to exclude
unfair runs from consideration during model checking. We consider three types of fairness:
unconditional, strong and weak, and show how to apply the fairness assumptions in BTSL
without having to use the full-fledged BTSL* model checking procedure.

The current implementation of BTSL* and the best known model checking algorithm for
DLTL are not yet of practical level. Nevertheless, the study of the BTSL* gives insight to how
to combine BTSL with more expressive path formulas.

5.1 Future Work

There are a few directions to continue this research. The first one is to discover the equivalent
expressive power of BTSL*. In particular, it is interesting to compare the expressiveness of
BTSL* with ReCTL* [Cla05]. Obviously, all ReCTL* formulas are included into BTSL*, but
for BTSL* formulas of the form ϕ1 Uαϕ2 with ϕ1 6= true, it is not so clear whether equivalent
ReCTL* formulas exist. The illustration of CTL* expressive power [MR99] may provide a good
starting point.

The unpracticality of BTSL* derives from the Dynamic LTL model checking algorithm. This
may be alleviated by developing an algorithm to build the generated NBA symbolically.

Last but not least, the implementation needs to be extended to allow reasoning on finite
runs.
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