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Abstract—The problem of relating state-based intraagent (or intraobject) behavioral descriptions with scenario-based interagent

(interobject) descriptions has recently focused much interest among the software engineering community. This paper compiles the

results of our investigation of this problem. As interagent formalism, we adopt a simple variant of Live Sequence Charts. For the

intraagent perspective, we consider a game-theoretic foundation, looking at agents as “strategies,” which encompasses the popular

“state-based” paradigm. Three classes of relationships between models are studied: scenario checking (called eLSC checking),

synthesis, and verification. We set a formally defined theoretical stage that allows us to express these three problems very simply, to

discuss their complexity, and to describe optimal solutions. Our study reveals the intrinsic high computational difficulty of these tasks.

Consequently, many related problems and solutions are surveyed, some of which can be the basis for practical solutions. In this, we

also offer a panorama of current research and directions for the future.

Index Terms—Requirements engineering, life cycle, program verification.
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1 INTRODUCTION

IN [1], Harel proposed a novel way to engineer reactive
distributed systems, starting from user-oriented scenarios

and progressively transforming them to the level of
executable code. Our investigation concerns the theoretical
feasibility of this approach.

We focus on reactive distributed systems. A distributed

computer-based system is made of several components,

executing concurrently and interacting with each other to

solve some problem [2]. A reactive system, as opposed to a

transformational system, is one that “keeps an ongoing

relationship with its environment” [3]. While the purpose of

a transformational system is essentially to transform input

data into output data, reactive systems interact continu-

ously with their environment. In response to environmental

stimuli, reactive systems adapt their state, perform some

action, and get ready to react to the next stimulus. Such

systems may respond differently to the first or the second

occurrence of the same stimulus. Transformational systems,

on the other hand, are stateless: They always deliver the

same data when fed with the same input.
We focus on reactive distributed systems because

1) they are pervasive in our society, 2) their number

and complexity increase rapidly, and 3) humans are more

and more dependent on them. For example, the auto-

motive industry is embedding ever more software into

modern cars. Automotive software includes many highly

critical, real-time systems, e.g., braking-assistance systems,

door-locking systems, cruise-control systems, and so forth.

In this sector, distribution is a matter of fact, conceptually

and physically: Several processors execute code in

parallel, and components that are conceptually seen as

separate can end up being mapped onto the same

processor, thus sharing a common resource. Conversely,

the same component can be deployed to different

physical architectures, e.g., in another car model, thus

executing in parallel. Correcting flaws in reactive dis-

tributed systems is often very expensive, sometimes

prohibitively, in the case of hardware-implemented

systems. Additionally, some systems might not tolerate

bugs at all if human lives are at stake.
In a way, the problem of engineering reactive distributed

systems is a simple task. It amounts to “write executable

code fulfilling the requirements,” as shown in Fig. 1.

Problems arise when there are many such requirements,

when they change over time, when they are conflicting,

when they are not clearly stated, and so forth. But, this is

true of any realistic development endeavor. And, in the end,

the engineer is left with the question: “Does my code

behave as it is intended to?” In the case of distributed

reactive systems, answering the question is even more

difficult. Understanding and assessing the global emergent

behavior of all those concurrent pieces of software and

hardware is a tremendously difficult task.
Moreover, executable code is, by definition, polluted by

implementation details. Those details are not necessary to

understand the logics behind it. Code is also component-

centric: because components are distributed, every compo-

nent needs to have its own executable code that fully

describes its behavior. Different parts of the system may

also be written in different languages or even be imple-

mented as hardware. This is a further impediment to

understanding. Finally, the same “logical” system can be
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mapped onto different physical architectures, as already
mentioned above.

In order to understand reactive distributed systems,
instead of using executable code, engineers often resort to
an abstraction of it. OMG’s Model-Driven Architecture
(MDA) initiative calls such an abstraction a “platform-
independent model” (PIM) [4]. This abstraction is a design
model (see Fig. 2), tailored for human understanding. It
ignores implementation details and only presents the
control logic of every component, preferably in an
architecture-independent way. When useless details have
been removed, the system appears in a much simpler form
that one can read and, hopefully, better understand.

Being an abstraction of the actual code, it is no wonder
that a design model inherits many of its properties.
Implementation and architecture-related parts have been
forgotten, but a design model is still component-centric and
complete. For every component of the system, it has to
describe its entire behavior: how it should act in every
possible situation. We will thus say that this model is
intraagent, as it considers every component separately. We
use the term “agent” here in its broad, Latin meaning, i.e.,
“an acting entity.” In this document, we consider it a
generalization of, and therefore interchangeable with
“component,” “subsystem,” “process,” or “object.”

Relying on this intraagent abstract model, can we be
sure that the actual system fulfills the user requirements?
Not really. There is still a huge gap between require-
ments and design models. Users do not spontaneously
think in terms of intraagent specifications. They are
usually unable to express, even in natural language,

what the complete behavior of the future system should

be. Studies have shown that users feel more comfortable

using scenarios, i.e., partial and concrete example stories

of the future system [5].
Those executions are not focused on a single agent.

When dealing with distributed systems, a scenario will

involve several agents and cross their borders. It is thus said

to be an interagent representation. For instance, the follow-

ing user statement is, in our terminology, a scenario: “I

engage cruise control by pressing the SET button. A green

light flashes on the dashboard for five seconds and remains

lit. Then, when I push on the brake pedal, cruise control is

disengaged, the car brakes, and the green light turns off.”

This scenario involves several agents (SET button, cruise

control, green light, brake pedal, and so forth) and is partial

as it does not tell about all the other situations that may

happen when cruise control is engaged. It also overlaps

with other scenarios, e.g., scenarios talking about ABS or

automatic door-locking system, although those scenarios

also share brake-pedal interactions.
To summarize, we observe that the gap to bridge

between requirements and design models is caused by

two paradigm shifts. First, engineers have to move from a

partial and overlapping description of the system to a

complete behavioral specification. Second, a transition from

the interagent to the intraagent perspective must be made.

When these two changes take place at once, mistakes are

very likely to be introduced: Some examples will be

wrongly generalized and/or not correctly distributed

among agents.
In order to progressively narrow this gap, we follow the

well-known “divide and conquer” strategy (see Fig. 3).

First, we build a complete behavioral specification, using an

interagent specification language. Second, this interagent

specification is transformed into an intraagent design

model. Of course, this does not remove all risks of building

the wrong system (or building the system wrong) for no

technique could ever fully remove this risk. But, it is meant

to make the development more reliable by helping

engineers master a well-known source of errors.
If one provides an automated translation from interagent

specifications to intraagent specifications, risks will be even

more decreased. No mistake can be introduced by the

transition from specification to design model, provided that

the translator software has been proven correct. This proof
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Fig. 1. One big leap (from [1]).

Fig. 2. Introducing design models (from [1]).

Fig. 3. Interagent specification narrows the gap (from [1]).



can be done once and for all by experts, thus removing the
burden of verification from engineers.

There are several links that need to be automated. First,
the interagent specification should be tested in order to
check that it fulfills the users’ intent. Second, intraagent
design models should be derived from the interagent
specifications. This implies that interagent specifications
should be tested for implementability: If the specification is
inconsistent, i.e., imposes conflicting requirements on the
system, those should be detected and no implementation
must be synthesized. Third, both models are likely to evolve
on their own. New requirements will be added to the
specification and, in parallel, the design model will become
more detailed. After some time, it is interesting to check
whether the design model still complies with the specifica-
tion, i.e., that the requirements are still met. This approach
has been suggested by Harel [1] and is illustrated in Fig. 4.1

In order to support this approach, the following issues
need to be addressed:

. A scenario-based interagent formal specification
language needs to be defined. We propose using
Live Sequence Charts (LSCs), which were intro-
duced in [6] and later substantially extended [7]. We
focus on a simple part of the original version, named
Constant LSCs in [7].

. The various links between specification and design
models need to be formalized. In particular, what it
means for an intraagent to “correctly implement” an
interagent specification needs to be clearly defined.

. The feasibility of these links must be assessed. When
feasible, algorithms supporting the links must be
developed and implemented. A link is “feasible” if it
can be implemented by some algorithm, taking into
account real-world efficiency constraints.

This is basically what this paper has to offer. It compiles
the results of an extensive investigation of these issues,
which took place over the last five years. Our object of study
is a fully formalized scenario-based synthesis and verifica-
tion framework, proposed to address the challenges
discussed above. The framework is an attempt to incarnate
Harel’s initial vision of an ideal scenario-based software
development approach [1]. This vision is the one that we
have depicted throughout the introduction. In his paper,
Harel gives intuitive arguments toward the achievability of

his “dream,” as we have so far. The results that will be
presented in the remainder of this paper are mathematical
evidence that some ways to make the dream real are simply
impracticable. This, as we will explain, is due to the high
computational complexity or the undecidability of the
problems to be solved. Indeed, a series of synthesis and
verification problems have been studied, under various
hypotheses, but the verdict, as we will show, has always
turned out to be tough. Far from being a negative result, or
questioning Harel’s vision, our contributions more accu-
rately indicate what kinds of solutions do not work and
what kinds are more likely to contribute to making the
dream a reality. To emphasize this, the paper contains a
comprehensive discussion of related work, insisting on
approaches that are judged promising. In that, this paper is
also a survey of formal scenario-based techniques.

The rest of the document is structured as follows: In
Section 3, we briefly establish some notational conventions
used throughout the paper. Section 3 introduces LSCs, a
scenario-based language for specifying reactive distributed
systems that adds more expressiveness with regard to the
widespread Message Sequence Charts notation. In Section 4,
the various models involved in the engineering process of
Fig. 4 are formally defined: the interagent specification
(Section 4.2), the intraagent specification (Section 4.3), and
the structural specification (Section 4.1) that makes the link
between them. We also determine what it means for an
intraagent specification to be a correct implementation of an
interagent specification (Section 4.4). This sets the stage for
our investigation of Harel’s vision. Relying on these
notions, in Section 5, we analyze the various problems
involved in the process of Fig. 4. For each problem, we
assess its complexity, provide an asymptotically optimal
algorithm, and survey the literature in relation to it. We
conclude in Section 6 by summing up our contributions and
proposing possible research directions.

2 NOTATIONS

In this section, we briefly introduce our notations. A word
over an alphabet � is a sequence of symbols e1 . . . en, with
ei 2 �. The empty word is denoted �. The set of all finite
words over � is denoted by ��. A language over � is a set
L � ��. The concatenation of n words v1 to vn will be
denoted v1v2v3 . . . vn. Every concatenation of words v1 . . . vn
that forms a given word v (v1 . . . vn ¼ v) is called a
decomposition of v. We say that u is a prefix of w (u v w)
if there is some word v such that uv ¼ w. If v is nonempty, u
is a strict prefix of w and we write it u u w. Projecting a
word v 2 �� over an alphabet A � �, written vjA, discards
from v all symbols not in A. Formally, it is the word
obtained by applying the following recursive rule: �jA ¼ �
and, for e 2 A, uejA ¼ ujAe and, for e 62 A, uejA ¼ ujA. An
infinite word over � is an infinite sequence of symbols from
�. We denote by �! the set of all infinite words over �.

3 SCENARIO-BASED SPECIFICATION

In this section, we look for an adequate interagent, formal,
scenario-based specification language. We first consider
message sequence charts (MSCs) [8] on the grounds of their
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1. The terms “uLSC” and “strategies (I/O automata)”appearing in the
figure will be explained later in Sections 3 and 4.

Fig. 4. Full development (from [1]).



popularity. Yet, we underline major shortcomings that
make them unsuitable for our purpose. LSCs are then
introduced as an adequate solution.

3.1 Message Sequence Charts

MSCs are a popular formalism for describing scenarios.
They have been standardized by the ITU [8]. A variant,
called Interaction Diagrams, is also found in UML 2.0 [9].
An MSC displays vertical “lifelines,” each representing the
contribution of an involved agent whose name is indicated
at the top. Time goes from top to bottom. For instance, the
MSC of Fig. 5, for a coffee dispensing machine, describes a
scenario involving four agents: a customer, a user interface,
a controller, and a cup dispenser. In MSCs, agents interact
by sending messages (represented as arrows) to each other.2

The MSC of Fig. 5 represents the natural-language scenario
“when the customer inserts a coin and selects coffee, the
interface tells the controller that coffee has been ordered
and makes a light blink. The controller prepares coffee and
notifies the interface when it is ready. The light is turned on
and the customer takes the cup from the dispenser.”

An MSC describes a partial order between events,
according to the following rule: An event may occur if all
events higher up on the same lifeline already happened.
This introduces concurrency between events. For instance,
in Fig. 5, events “light_blink” and “prep_coffee” are not
ordered and may occur in any order.

MSCs feature composition operators that make it
possible to describe complex scenarios from basic ones.
Typical control flow operators, such as concatenation,
choice, unbounded loop (Kleene’s star), and interleaving,
are provided. There are two ways of using these operators:
inline expressions and High-Level MSCs (hMSCs). In the
former, boxes containing MSCs are included in MSCs
themselves. In the latter, a graph whose nodes contain
MSCs indicates all possible sequences of MSCs.

Despite its graphical appeal, confirmed by a wide
popularity, the language has, in our opinion, five major
shortcomings that make it unsuitable for our purpose:

. The semantics of MSCs is weak and aims at
describing execution samples only. This is very
different from specifying (meaning “describing com-
pletely and precisely”) the expected behavior of the
future system.

. Composition of MSCs causes enormous overhead for
the engineer. This is because the semantics of MSCs
is silent about the meaning of a set of scenarios, i.e.,
how the requirements they impose on the future
system shall be composed.

. MSCs lack syntactic constructs to express the scope of
a scenario, i.e., whether events not appearing in this
scenario can occur at will or are forbidden by their
mere absence.

. MSCs do not distinguish between events that trigger
the scenario and events that occur in response to this
activation, even though this is a usual implicit
distinction in scenarios.

. MSCs offer no syntactic means to distinguish
between universal rules and examples.

For a more detailed discussion of these shortcomings,

including examples, the interested reader is referred to [6]

or [10].
In an attempt to tackle these problems, the OMG has

substantially extended the language of MSCs in the

UML 2.0 [9]. The semantic domain of the so-called

interaction diagrams is a couple of sets of executions. In

a couple ðG;BÞ, G is the set of “good executions,” i.e.,

positive examples, and B is the set of “bad executions,”

i.e., counterexamples. G and B must be disjoint, but not

necessarily cover the universe of executions. Therefore,

there are some executions about which it is not known

whether they are good or bad. Those are called incon-

clusive. Interaction diagrams introduce new composition

operators, named “restrict,” “ignore,” “assert,” and “neg.”

The first two operators specify the scope of a scenario by

adding/removing events from its scope. The “assert”

operator means that only the traces described in the

diagram are good; all other traces are bad. The “neg”

operator means that the described traces are counter-

examples. However, as demonstrated in [11], [12], the

UML standard is ambiguous about the meaning of these

operators. Their semantics is only defined with regard to

good scenarios. The interpretation of negation is ambig-

uous. Furthermore, we showed that, under some reason-

able assumptions, it is undecidable whether an Interaction

Diagram is consistent, i.e., whether good and bad

executions are disjoint [12].
Given all the above reasons, we conclude that MSCs

(including UML interaction diagrams) are not suitable for

the specification of reactive distributed systems. However,

MSCs are nowadays the most popular scenario language.

They are at the root of a whole family tree of languages,

namely, sequence chart languages. To provide a realistic

alternative to MSCs, we need to maintain the appeal of the

language, hence, the goal is to be as conservative as possible

concerning syntax. Semantics, on the other hand, needs to

be more thoroughly reshaped. The adopted solution is now

presented.
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2. The message construct is used not only to represent instantaneous
events exchanged between agents but also shared states or shared
noninstantaneous activities. In these latter cases, messages indicate the
start (respectively, the entering) or the end (respectively, the leaving) of an
activity (respectively, the state). For example, “insert_coin” is the end of an
activity performed by the user;“light_blink” is the start of the state of the
interface in which the light is blinking.

Fig. 5. A Message Sequence Chart for a coffee dispensing machine.



3.2 Live Sequence Charts

Damm and Harel introduced LSCs in [6]. The language was
later extended in [7]. In this paper, we focus on a simple
version of LSCs, named Constant LSCs [7].

3.2.1 Basic Charts

LSCs are built from basic charts. MSCs, such as the one
presented in Fig. 5, are basic charts. Like MSCs, basic charts
can also be composed using inline expressions. As control
flow operators, we allow strong concatenation (called strict
sequencing in [9]), nondeterministic choice, and interleav-
ing, but we forbid unbounded loops. The semantics of a
basic chart B is a set of executions LðBÞ. Executions are
generated by successively marking locations (arrows) in B.
An arrow a involving lifelines l1 and l2 and labeled by e

may be marked when all arrows touching l1 and all arrows
touching l2 that are drawn higher up than a have already
been marked. The fact of marking a produces its labeling
event e. An execution is a sequence of events produced by
successively marking all locations in B from the empty
marking. The set of all executions of a basic chart B is called
its “language” and is denoted LðBÞ � ��.

3.2.2 Existential and Universal Charts

Basic charts do not solve the problems of MSCs. In order to
address these issues, we follow Damm and Harel [6] and
add syntactic constructs.

First, LSCs are given a scope, which consists of all events
occurring in the chart, plus additional events that are listed
in a special “restricts” clause. Events that are not in the
scope of the LSC may occur at will.

Second, LSCs are decorated with a modality. An LSC can
be existential or universal. An existential LSC (eLSC) is a
basic chart, surrounded by a dashed-line rectangle, that
describes a possible execution of the future system (see
Fig. 6). Abstractly, we represent an eLSC as }ðB;�RÞ, where
B is a basic chart and �R is the scope of the eLSC. A
universal LSC (uLSC), as presented in Fig. 7, is made of two
superimposed basic charts. The upper one is surrounded by
a dashed-line hexagon and named prechart. The lower one is
called main chart and is surrounded by a solid-line
rectangle. This makes it possible to distinguish between
activation events, i.e., the prechart, and response events, i.e.,
the main chart. The semantics of a uLSC is “whenever the
prechart occurs in an execution, the main chart shall

follow.” We will write uLSCs as utðP;M;�RÞ with P

and M being basic charts. P is the prechart, M is the

main chart, and �R is the scope of the LSC, i.e., all events

appearing in P or M, plus additional events specified by

the “restricts” clause.
We are interested in reactive systems, which are not

supposed to stop. Abstractly, we consider an execution of a

reactive system as a sequence of observed events. Like

linear temporal logics (LTL), LSCs are thus interpreted

against infinite words. We write � � L to denote that � is a

legal execution with regard to L and define this relation as

follows:

Definition 1 ð�� �! � LSCÞ. An infinite word � 2 �!

satisfies an LSC L, written � � L, iff one of the following

two constraints holds:

. L ¼ utðP;M;�RÞ and, for every decomposition up�0

of �, if pj�R
2 LðP Þ, then there is a decomposition m�00

of �0 such that mj�R
2 LðMÞ.

. L ¼ }ðB;�RÞ and there is a decomposition uv�0 of �
such that vj�R

2 LðBÞ.
An LSC L defines the language

LðLÞ ¼ f� 2 �!j� � Lg:
A set of executions � � �! satisfies an LSC L, which we

denote � � L, iff

. L ¼ utðP;M;�RÞ and � � LðLÞ.

. or, L ¼ }ðB;�RÞ and � \ LðLÞ 6¼ ;.
uLSCs are a real specification formalism in the sense

that they draw a clear line between legal and illegal

behaviors. An execution is illegal if, at some point in it,

the prechart is matched, but is not followed by the main

chart. The set of all legal executions with regard to a

uLSC L is LðLÞ, the language defined by L.
In the scenario-based software engineering approach

that we adopted, we are interested in gathering scenarios

from several stakeholders and “throwing” them together in

a “big bag of requirements.” This set is deemed a

specification and the semantics of the language will take

care of how these bits of requirements shall be composed.

Hence, the following definition:
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Fig. 6. Sample existential LSC of the coffee dispensing machine.
Fig. 7. Sample universal LSC of the coffee dispensing machine.



Definition 2 (uLSC-Spec). A uLSC specification is a finite set

of uLSCs.

Conjunction is our composition operator, hence provid-

ing uLSC-Spec with a semantics. A uLSC-Spec is a set of

uLSCs. Intuitively, every uLSC corresponds to one require-

ment about the future system. Every uLSC constrains the

behavior of the future system by obliging the main chart to

be observed after each occurrence of the prechart. A

specification obliges all executions of the future system to

match the constraints set by each uLSC of which it consists:

LðfL1; . . . ; LngÞ ¼
\n

i¼1

LðLiÞ:

Composition is semantic. It is in general impossible to

conjunct a uLSC-Spec into a single uLSC [10].

4 MODELS

In this section, we present the abstract models that are used

in Fig. 4. We use three kinds of models. The first model

presents the structure of the system to be built. It shows the

different agents and displays the communication channels.

It constrains the interactions by stating precisely who can

communicate with whom and which messages may be

used. This model is static. It states what every agent can do,

but does not provide information on when agents must or

should not perform an action.
The next two models are needed to incorporate dynamic

information on the behavior of agents. On the one hand,

there is an “interagent” language. It uses uLSCs to describe

interaction scenarios. Every scenario is made of an activa-

tion condition and a precise description of how the agents

must interact after this activation. On the other hand, there

is an “intraagent” language. For every single agent, it shows

what actions the agent must perform in every reasonably

conceivable situation.
The former is closer to the user’s requirements. Hence,

it acts as a specification. The latter is closer to code and,

therefore, we consider it a “design artifact.” Of course,

the design model should correctly implement the speci-

fication in order for the system under development to

meet user requirements. A precise definition of the

concept of “correct implementation” is needed and will

also be provided in this section.

4.1 Structure

The structural view of the system provides static informa-
tion about the possible interactions between agents. It lists
the various agents and shows what events they trigger
(send) or sense (receive).

Concretely, a system structure is described in a diagram
such as the one shown in Fig. 9. The notation we use here
could be replaced by another equivalent notation, such as
context diagrams [13] or UML object or component
diagrams [9]. We use our own notation for the sake of
simplicity. Agents are drawn as boxes in which their name
is written.

A distinction is made between agents of the future
system and agents that (will) exist independently of the
future system. The former are “system agents.” and the
latter are “environment agents.” System agents have their
names underlined.

An interface is drawn as a circle with an identifier. In a
separate table, this identifier is expanded as a list of event
names (see Table 1). In Fig. 9, an arrow from agent a1 to
agent a2, going through interface I, means that a1 may send
all events in I to a2.

Formally, we will use the following definition system
structures.

Definition 3 (System Structure). A system structure (in
abstract syntax) is a tuple
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TABLE 1
Interface Definitions for the Coffee Dispensing Machine



hAg; ð�s
aÞa2Ag; ð�r

aÞa2Ag; Sysi;

where

. Ag is a finite set of agent names.

. �s
a gives, for every agent a, the events that it sends.

These sets are disjoint, as two agents may not control
the same event.3

. �r
a is the set of events received by agent a. Again, these

sets must be disjoint.
. Sys � Ag is the set of system agents. All agents not in

Sys are called environment agents: Env ¼4 Ag n Sys.

We let the set of all events be � and require thatS
a2Ag �r

a ¼
S
a2Ag �s

a ¼ �. We let �a ¼ �r
a [ �s

a.

Mapping this formal definition back to our concrete

syntax, we have Ag as the set of all names appearing in

boxes and � represented by interfaces.
In the rest of this section, we will refer to this structure

and assume that it is fixed.

4.2 Interagent Behavior

Interagent behavior is specified with uLSCs. Every beha-

vioral requirement is translated and generalized into some

uLSC. All uLSCs are then gathered in a uLSC-Spec. Since

uLSCs come with a built-in notion of scenario integration,

through conjunction, the uLSC-Spec describes all the

desirable behaviors of the future system.

Definition 4 (Interagent Specification). An interagent

specification is a couple

hS;Ui;

with S being a system structure and U a uLSC-Spec, over

alphabet �. It is required that only agents from Ag take part in

U and that they respect their interfaces, i.e., a (uLSC) arrow

from agent a1 to a2 may only be labeled by events from

�s
a1
\ �r

a2
.

4.3 Intraagent Behavior

The system structure specifies which agents belong to the

system (Sys) and which agents are part of their environ-

ment (Env). Engineers only have to implement Sys agents.

These will later be deployed among, and interact with, Env

agents. The system to be built is open: engineers have no

control over what Env agent may do.
We consider agents abstractly as “reactive (sub)systems”:

they continually react to environment inputs (stimuli) by

producing outputs (responses). This reaction may be

history-dependent: An agent may provide different

responses to the same stimulus, because different events

have been observed in the past.

Definition 5 (Strategy). Our abstract view of an agent a is a

(nondeterministic) strategy fa : �� ! 2�s
a .

A strategy fa represents the behavior of agent a. For

every possible history w 2 ��, faðwÞ is the set of all possible

responses that a can deliver. Conversely, afterw, a “decides”
to disable all events in �s

a n faðwÞ.
This abstraction highlights that each agent has powers: It

can make some events happen, because they are under its
control. Other events, on the contrary, are beyond its
control; they cannot be delivered or constrained by this
agent. Thus, a single agent cannot force its environment or
prevent it from performing an event. A strategy for a hence
generates a set of runs: all the executions in which events
controlled by a only appear when they are enabled by fa.

Definition 6 (Outcome). The outcome of a strategy fa is the
set of all runs in which �s

a events appear only according to the
s t r a t e g y OutðfaÞ ¼ fu0e0u1e1 . . . j8i � 0 : ui 2 ð� n �s

aÞ
�

and ei 2 faðu0e0 . . .uiÞg.

Agents can be organized in societies, e.g. Sys and Env.
We have thus to explain how their behavior can be
composed. A society is simply a set of agents A � Ag. Its
sent (respectively, received) events are the union of all
events sent (respectively, received) by its composing agents:
�s
A ¼

S
a2A �s

a and �r
A ¼

S
a2A �r

a. The strategy of A is also
the union of the strategies of its agents: fAðwÞ ¼

S
a2A faðwÞ.

Definition 7 (Intraagent Specification). An intraagent
specification is a couple

hS; fSysi;

where S is a system structure and fSys is a strategy for
society Sys.

Although this model may be appealing from a mathe-
matical point of view, sometimes we will have to focus only
on strategies that are representable within computers. We
use the notion of input/output (I/O) automaton for this
purpose [14]. This is our intraagent specification formalism.
It encompasses the popular state machine formalism.

Definition 8 (I/O Automaton). An I/O automaton for agent
a 2 Ag is a deterministic finite automaton, the alphabet of
which is �a. A distinction is made between input events (�r

a)
and output events (�s

a). Syntactically, an I/O automaton for
agent a must be input-enabled: In every state q, agent a
should have one transition labeled by every input event. In
other words, a may never block incoming events.

This definition fulfills our goal to model agent powers, as
explained above.

An I/O automaton represents a finite-memory strategy
for agent a. Formally, a strategy fa for agent a is of finite
memory if there is an equivalence relation ’ on �� such
that 1) 8w ’ w0 : 8e 2 � : we ’ w0e, 2) ’ is of finite index,
and 3) 8w ’ w0 : faðwÞ ¼ faðw0Þ. The size of the memory is
the index of the smallest such equivalence relation. Every
finite-memory strategy can be translated to an I/O auto-
maton. Conversely, every I/O automaton can be turned into
a finite-memory strategy.

4.4 Relating Interagent and Intraagent
Specifications

In order to define the automated links between our artifacts,
we must tell when an intraagent specification is correct with
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regard to an interagent specification. As a first attempt, one
could resort to trace inclusion, i.e., require that all the
executions generated by the intraagent specification be legal
behaviors with regard to the interagent specification.
Formally, given hS;Ui and hS; fSysi, OutðfSysÞ � LðUÞ.

However, this definition causes a mismatch between
powers and responsibilities. Since system agents only
control some events, they shall not be responsible for
errors due to the occurrence of events they do not
control. We illustrate this situation with an example.
Consider the uLSC of Fig. 7 and the partial execution
“insert_coin, select_coffee, coffee_ordered, light_blink.”
This execution matches the prechart and partially matches
the main chart. What happens if, at this point, “money”
occurs? The specification is violated, since “money” is
restricted but is not one of the next allowed events. This
error is attributable to the system, as it controls “money”
and thus decided to give money back when it was not
allowed. Now, in the same configuration, what happens if
the customer takes his cup (“take_cup”)? Again, the
specification is violated, as “take_cup” is not one of the
next allowed events. An intraagent specification allowing
such an execution would therefore be classified as
incorrect, according to trace inclusion. However, this
sounds rather unfair as, in the latter case, violation was
not due to the system but to an inadequate action taken
by the customer. Therefore, the system should not be
held responsible for this situation. A similar example is
the following: Still in the same configuration,
“prep_coffee, ready, light_on” occur. The new configura-
tion of the uLSC now requires “take_cup” to occur in
order to complete the main chart. What if the customer
walks away and never takes his cup? The specification is
violated, as the main chart will never be matched, but the
system is not responsible for this situation either.

Actually, the two kinds of violations of which we just
gave examples suffice to capture the semantics of uLSCs:
If, along a run �, every agent ensures that its controlled
events do not occur when they are forbidden and that
they eventually occur when they are required to, then �

will satisfy the uLSC [15]. This is good news, as it makes
it possible to share responsibilities along with powers. For
some set of events V � �, we will say that an execution is
V -safe if no event in V occurs when it is forbidden. It is
V -live if every event in V eventually occurs when it is
required. We formalize these notions.

Definition 9 (Forbids–Safe) . Given some uLSC
L ¼ utðP;M;�RÞ, we say that a word w 2 �� forbids some
event e 2 �R iff there is a decomposition upv of wj�R

such that

1. p 2 LðP Þ (the uLSC has been activated),
2. 8m v v : m =2 LðMÞ (it is not yet terminated),
3. 6 9v0 2 ��R : vev0 2 LðMÞ (doing e would prevent

termination).

An infinite run � is e-safe iff, for every uv u �, if v forbids e,
then uve 6 u �.

Definition 10 (Requires–Live). Given some uLSC
L ¼ utðP;M;�RÞ, a word w 2 �� requires an event e 2
�R iff there is a decomposition upv of wj�R

such that

1. p 2 LðP Þ (the uLSC has been activated),
2. 8m v v : m=2LðMÞ (it is not yet terminated),
3. 9v00 2 ��R : vev00 2 LðMÞ (termination cannot take

place without e).

An infinite run � is e-live iff, for every uv u �, if v requires e,
then there is w 2 �� and e0 2 �R such that uvwe0 u �.

Generalizations of these two definitions from events
(e-safe/e-live) to sets of events (V -safe/V -live) is straight-
forward.

These constraints, which are given event by event, are
equivalent to the semantics of uLSCs.

Theorem 1 (uLSC = safe + live). For every � 2 �! and every
uLSC S ¼ utðP;M;�RÞ,

� � S () 8e 2 �R : � is e-safe and e-live:

In the spirit of Gunter et al. [16], we can state that an
intraagent specification is correct if, for every well-behaving
environment, the system also behaves correctly.

Definition 11 (Correct Implementation). An intraagent
specification ðS; fSysÞ associated to a society of agents Sys is
a correct implementation of an inter-agent specification
ðS;UÞ iff 8� 2 OutðfSysÞ, these two constraints hold:

. � is �s
Env-live ¼) � is �s

Sys-live.
. � is �s

Env-safe ¼) � is �s
Sys-safe.

4.5 Discussion

In the last two sections, we have defined settings in
which we assume an “uncontrollable environment.” This
means that, at any point in time, an environment is likely
to generate any event as an input to the system. Our
agents are further not allowed to know the relative speed
of the other agents: They have to accept any sequence
before they can react.

The first part of our assumption is due to the “input-
enabledness” of I/O automata and our definition of “correct
implementation.” Relaxing input-enabledness would allow
system agents to disable incoming events, that is, to inhibit
their environment, e.g., through handshake communica-
tion. In this case, we would actually be dealing with closed
systems.4 Input-enabledness has been recognized as a
primary characteristic of reactive systems for years (see
[17], [18]). We mitigated it with the constraints imposed by
the definition of “correct implementation.” However, the
reader should pay attention to the fact that these constraints
do not mean that environment agents are prevented from
acting as they want. They are free to do so, but, in case they
violate these basic constraints, the system may stop working
according to the specification.

Concerning the second part of our assumption, we could
instead have chosen the “perfect synchrony” hypothesis,
where the environment would generate a single event, and
then the system can go infinitely fast to perform any
sequence of events. The perfect synchrony assumption is a
useful simplifying assumption in reactive-systems engi-
neering as it abstracts away all the problems related to
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environment speed [19]. However, composing intraagent
specifications under this assumption is much harder than in
our settings since all system components assume that they
are going infinitely faster than their neighbor. We chose our
model for the sake of simplicity. Furthermore, imposing the
perfect synchrony hypothesis would not change the com-
plexity of the problems presented in Section 5. The proof is
based on the idea that our settings can be encoded in
synchronous settings by letting environment agents choose
when the system may respond to their inputs. This
constraint can be written as a synchronous uLSC.

5 ANALYSIS PROBLEMS

Having precisely set the stage for a round-trip scenario-
based software engineering approach (recall Fig. 4), we can
now move to the last step: precisely describing what the
supporting tools should do and how they could do it.

Such tools should offer three functionalities: 1) eLSC
checking, 2) synthesis, and 3) verification. In this section,
we will study each of these functionalities in turn. For
each of them, we first precisely describe the problem, then
provide an algorithm (solution) implementing it; we will
also study the computational complexity of each problem
and review existing work on LSCs in relation to it. The
latter is intended to provide a structured panorama of
current research on LSCs.

5.1 eLSC Checking

5.1.1 Problem

Imagine the following situation: Users provide examples of
expected system behavior. These informal scenarios are
translated to eLSCs. From these eLSCs, the engineer derives
an interagent specification. As already explained, every
new uLSC added to this specification constrains the
desirable behavior of the future systema little bit more. At
some point, it might make sense for the engineer to check
that the specification is not too restrictive, i.e., that the
original eLSCs from which the specification was derived are
still allowed by this specification. If they are not, then the
engineer needs to relax the behavior.

The eLSC checking problem is to determine whether an
interagent specification satisfies an eLSC. Formally, it can be
defined as:

Definition 12 (eLSC Checking). The eLSC Checking decision
problem is specified as

. Input:

- An interagent specification hS; Ui
- An eLSC }ðM;�RÞ

. Output:

- yes, if LðUÞ � }ðM;�RÞ
- no, otherwise

5.1.2 Solution

There is an automata-theoretic algorithm solving this
problem. The uLSC-Spec can be translated to a determinis-
tic Büchi automaton AU such that LðAUÞ ¼ LðUÞ [10]. The

eLSC can be turned into an LTL formula ’:}ðM;�RÞ which

asserts that M is never matched [20]. Then, a model checker is

used to verify that ’:M does not hold in AU . If a

counterexample is found, it means that there is a run

satisfying the eLSC and we are given such a witness. This

algorithm can be implemented to perform an on-the-fly

search, hence avoiding building AU completely before

searching for a satisfying path.

5.1.3 Complexity

This algorithm is in PSPACE. The problem is also
PSPACE-hard [21].

Theorem 2. eLSC checking is PSPACE-complete.

In principle, eLSC checking is thus intractable.

5.1.4 Related Work

This problem is actually closely related to the “smart play-

out” approach, by Kugler et al. [22] Play-out is an interactive

technique for executing LSC specifications. It proceeds in

turns: The user performs some event through a graphical

front-end; this event may complete the prechart of some

uLSCs, hence activating them; the play-out engine computes

a superstep, i.e., a sequence of system events leading to a

state in which system agents are not required to perform

any more events. Due to nondeterminism in the uLSC

specification, there may be several possible supersteps, but

some of them can lead to deadlock or divergence (infinite

supersteps). The basic play-out engine arbitrarily explores a

single superstep, hence possibly running into problems. The

smart play-out approach uses model checking to compute a

valid superstep, if it exists. Computing valid supersteps is

reducible to eLSC checking of uLSC specifications. Hence,

smart play-out is also a difficult problem. Practically, this

process seems valuable and applicable and preliminary

results indicate that it scales up quite well.

5.2 Synthesis

5.2.1 Problem

When engineers are satisfied with their requirements

specification, they have to design an intraagent specification

of the system. Currently, this is a manual operation:

Analysts have to consider the whole requirements specifi-

cation, focus on a single agent, and write down a state-

machine implementation for it. This tedious and error-

prone process can be automated thanks to synthesis.

Synthesis is not a simple compilation problem; technically,

it is a constructive proof that the specification is implemen-

table, that it does not contain any conflicting requirements.

Definition 13 (Synthesis). The synthesis problem is

. Input:

- an interagent specification hS;Ui,

. Output:

- some intraagent specification hS; fSysi which is a
correct implementation of hS;Ui,

- no, if hS;Ui has no correct implementation.
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This problem is also different from satisfiability. Indeed,
satisfiability simply asks whether LðUÞ is nonempty or, in
other words, whether there is a benevolent environment in
which some implementation can be deployed in order to
fulfill the specification. Synthesis asks whether there is an
implementation that is correct, be it deployed in any
malevolent environment. As an example, consider a
uLSC-Spec made of the uLSCs of Fig. 7 and Fig. 8. This
specification is satisfiable. To see this, consider an imple-
mentation that always returns money to the customer and a
customer that repeatedly inserts a coin and claims his
money back. When put together, they clearly satisfy the
specification as they never activate the uLSC of Fig. 7, but
only activate and fulfill the uLSC of Fig. 8.

However, there is no correct implementation of this
particular uLSC-Spec. It suffices to consider a customer that
inserts a coin, asks for coffee, and claims his money back.
We notice that both precharts are matched. This sequence of
events is unavoidable as they are environment-controlled
and thus cannot be prevented by an implementation. The
main chart of Fig. 7 obliges any implementation to serve
coffee and ultimately perform a “coffee” event, but without
returning money. The main chart of Fig. 8 does the reverse:
It obliges any implementation to return money and to not
serve coffee. It is therefore impossible to implement this
uLSC-Spec because there exists an environment that can
drive any implementation to a state in which it will have to
violate the specification.

We somehow contributed to the confusion between these
two problems in [23]. What we called “consistency” in [23]
was actually “satisfiability” and the problem we named
“synthesis” corresponds to “extracting a witness of satisfia-
bility.” In comparison, in [24], Harel and Kugler solve the
problem of “synthesis,” which they define as verifying that an
LSC specification is “consistent.” Their definitions of “con-
sistency” and “synthesis” correspond to the more compli-
cated and really interesting problem we are considering in
this section. We will come back to their solution later on.

Notice that the synthesis problem is very lenient
regarding outputs. It does not put any constraint on the
form of the intraagent specification that can be output. It is
simply a strategy, i.e., a function fSys : �� ! 2�Sys . This
function could even be noncomputable. However, there is a
nice result in the field of infinite games that applies here: In
infinite games with an !-regular winning condition, if there
is a winning strategy, there is a finite-memory winning
strategy. Furthermore, !-regular games are determined, i.e.,
in every game, one of the two players has a winning
strategy. Since, as we will explain shortly, a correct
implementation is a winning strategy in a two-player game,
we can rephrase these two results as: “If there is a correct
implementation of any kind, there is also a correct
implementation representable as an I/O automaton and
vice versa.” This ensures the tractability of the overall since
we only need to look at the finite-state case.

5.2.2 Algorithm

In [15], we present a game-theoretic algorithm solving the
synthesis problem. It reduces synthesis to solving a two-
player game [25].

5.2.3 Complexity

This algorithm runs in time exponential in the size of the
specification. The automata AEnv and ASys are both
exponential in the size of the specification. So is their
product. Solving the game is done in time quadratic in the
size of these automata. We showed that this algorithm was
asymptotically optimal [21].

Theorem 3. Synthesis is EXPTIME-complete.

5.2.4 Related Work

Another solution to this problem is provided by Harel
and Kugler [24]. They deal with very simple LSCs:
precharts contain only one environment message (2 Ain)
and main charts contain only system messages (2 Aout).
They choose the superstep approach of [26]: The
environment provides one input and the system answers
with a sequence of output messages: ðAinA

�
outÞ

!. They
show that realizability is equivalent to a consistency
condition. This condition asserts the existence of a
nonempty regular language L � ðAinA

�
outÞ

� such that

1. L contains one execution for every existential chart,
2. L satisfies all universal charts,
3. for every w 2 L and every a 2 Ain, there is some

r 2 A�out such that war 2 L.
4. for every xyz 2 L such that y 2 Ain, x 2 L.

They build a minimal deterministic automaton
recognizing the intersection of universal LSCs and progres-
sively prune it to remove “bad states,” i.e., states that do not
satisfy Condition 3. The resulting automaton can then be
transformed into a strategy automaton. Our solution is an
extension of their work. First, we tackle the problem for
more general LSCs, allowing choice constructs, complex
precharts, and environment messages in the main chart.
The latter extension enabled us to use LSCs in assume/
guarantee development of reactive systems. Second, instead
of relying on an ad hoc technique, we proposed a reduction
to parity games, for which a range of results and algorithms
is available.

Currently, experimental results are negative. We are not
able to synthesize systems from large interagent specifica-
tions. This is probably due to the fact that the prototype
implementation is poor. We could improve internal data
structures and resort to techniques such as partial order
reduction [27] or symbolic synthesis [28], [29]. This is still an
important direction for future research and synthesis could
“like verification, turn out to be theoretically difficult, but
practically feasible,” to paraphrase [1].

5.2.5 Distributed Synthesis

We remark that the synthesis problem as we have just
defined it is actually too general to exactly match the
functionality named “synthesis” in Fig. 4. The development
process suggested in Section 1 suggests automatically
building a distributed intraagent specification from a given
interagent specification. The “synthesis” problem that we
considered in the previous section asked whether a global
implementation existed with perfect information about its
environment. We are actually interested in distributed
intraagent specifications, i.e., every system agent must have
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its own strategy determining its behavior and this strategy
may only look at events visible by this agent, as prescribed
by the structural specification.

Definition 14 (Distributed Intraagent Specification). An
intraagent specification hS; fSysi is distributed if fSys is the
composition of a set of strategies ffaga2Sys, one for each system
agent, such that, for every fa,

1. fa : �� ! 2�s
a ;

2. 8w;w0 2 �� : wj�a
¼ w0j�a

¼)faðwÞ ¼ faðw0Þ, i.e., if
w and w0 are the same from a’s point of view, then a
shall behave the same way after w or w0.

Distributed synthesis is defined like synthesis, except that
its outputs are restricted to distributed intraagent specifica-
tions.

Definition 15 (Distributed Synthesis). The Distributed
Synthesis problem is

. Input:

- an interagent specification hS;Ui,

. Output:

- some distributed intraagent specification hS; fSysi
which is a correct implementation of hS;Ui,

- no, if hS;Ui has no correct implementation.

This problem is at the core of the process depicted in
Fig. 4. However, it turns out to be undecidable. There is
thus no algorithm building a distributed implementation of
an LSC specification if it exists or refusing to do so if there is
no such implementation.

Theorem 4. Distributed Synthesis is undecidable [21].

Distributed synthesis is still liberal about its outputs, as it
allows strategies with infinite memory, therefore not
representable as finite-state I/O automata. This fact was
used in the proof of undecidability presented in [21].
However, restricting the problem to strategies represen-
table as I/O automata does not make it decidable. The
finite-state case is undecidable, but requires a reduction
from Turing machine halting. The infinite state case is
highly undecidable [30].

So, how can one cope with undecidability? Several
approaches can be followed.

. Syntactical restrictions can be applied to the structural
specification. This obliges the analyst to use some
architectural communication patterns. For instance,
Pnueli and Rosner showed this for pipeline archi-
tectures and special cases of connected architectures
[31]. Kupferman and Vardi considered other styles
of architectures, such as cycles, and also obtained
decidability results [32]. Gastin et al. considered
asynchronous games played over traces and ob-
tained decidability results for recognizable trace
languages when allowing players to use causal
memory [33]. However, these decision procedures
are nonelementary. Madhusudan and Thiagarajan
gave sufficient conditions to obtain decidability of
distributed synthesis [34]. In general, it seems that

trace-closure of the specification is a crucial point,
i.e., the interagent specification may not force two
events performed independently at two different
points across the network to be ordered. uLSC-Specs
are not trace-closed because matching the prechart
imposes a strong synchronization point between all
instances.

. Incomplete algorithms can be developed, i.e., algo-
rithms that can fail to find a correct implementation
even though it exists. For instance, the “compile-
verify” scheme has been followed by some research-
ers. The essential idea is to apply a predefined
implementation scheme to the interagent specifica-
tion, i.e., to compile it to a distributed intraagent
specification and, then, to use model checking
techniques to verify that this implementation is
correct. Harel et al. proposed a “compile-verify”
algorithm in [35]. They generate a state-chart design
from a uLSC specification and then model check it to
ensure its correctness. The main advantage of this
approach resides in the use of orthogonal regions of
state charts to encode the concurrent executions of
the various uLSCs. This makes the generated state
charts more readable as it avoids an exponential
blowup in the number of states. We also instantiated
the “compile-verify” technique in [36], [37] in which
we added an additional “refinement” step. The
algorithm we proposed iteratively builds a local
strategy for every system agent. First, uLSCs are
projected onto the agent a that we want to
synthesize. Then, a strategy is built according to
the following rule: It proposes an event e if e is
required by some scenario, but not forbidden by any
other scenario (according to the knowledge of a).
The resulting implementation is safe, but can fail to
be live. A model checker is used to verify its liveness,
which then guarantees that the distributed imple-
mentation is correct. If it is not live, a game-based
algorithm looks for a live refinement of the
implementation.

. Distribute a centralized implementation on a set of
agents. In [24], Harel and Kugler propose three
strategies to distribute intraagent specifications:

1. build a central controller, driving the execution
of the individual agents;

2. duplicate the central controller in every agent;

3. remove states that are not relevant to the object
in question.

. Allow extra communication between system agents.
This makes it possible for them to exchange
information about their current state and to deduce
the actual global state (which precharts are com-
pleted and so forth). Using this technique, Sun and
Dong build a CSP process from an LSC specification
and use algebraic group laws to obtain a distributed
implementation [38]. They deal with closed systems
and do not allow overlapping executions of the same
chart. They are thus studying the problem of
“satisfiability” instead of “synthesis.”
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. Syntactical restrictions can be applied to the interagent
specification to ensure that every interagent specifica-
tion is implementable and can be translated to a
distributed intraagent specification in a straightfor-
ward way. This eliminates the need for a complex
distributed synthesis procedure. Homme and Rams-
land survey several techniques for implementing
uLSCs: play-out, state-chart synthesis following [24],
and direct code generation [39]. They propose an
algorithm for deriving Java code directly from
uLSCs, but this algorithm works only under very
strong assumptions on the given uLSC (no user
input, messages invoking methods must refer pre-
cisely to the called instance, all messages in the main
chart must originate from the instance that received
the prechart message, there may not be two
scenarios with the same prechart). Under these
assumptions, the uLSC-Spec is always implementa-
ble and the generated intraagent specification is
correct.

5.2.6 Synthesis versus Induction versus Compilation

In the literature, the term “synthesis” has been broadly used
to denote different kinds of problems. In the field of formal
languages and temporal logics, the “synthesis” problem has
been well defined since the late ’80s. It is the same problem
that we are considering here: building an implementation
that will preserve a specification against any malevolent
environment [17], [18], [32], [40], [41], [25], [42], [43]. Before
this, some authors treated the problem of synthesis of
closed systems, which is synonymous with satisfiability
[44], [45].

In scenario-based software engineering, the term “synth-
esis” is often used with different meanings. To summarize,
scenario-based “synthesis” extended in two directions:
induction and compilation. These approaches receive their
justification depending on the purpose of the scenarios and
the phase of the software life cycle in which they are used
[46], [5].

1. Induction. Typically, scenarios are considered as a
partial view on the behavior of the future system. A
set of scenarios is thus a finite set of example
computations. The problem is to induce from these
examples a universal rule describing every accep-
table behavior of the system. The user has some
(regular) set of behaviors W in mind and gives a
finite set of examples E �W . The problem is then to
build an automaton A recognizing W . Koskimies
et al. [47] have used an algorithm, due to Biermann
and Krishnaswamy [48], which computes the “best”
deterministic AE . At the limit, the language of the
synthesized automata converges to W . Practically,
this automaton needs to be checked in order to
ensure that it does not contain inappropriate
behaviors. It has been integrated to the CASE tool
FUJABA and validated on a case study from the
manufacturing industry [49].

Minimal Adequate Synthesizer (MAS) is an
interactive approach to machine learning from a
synthesizer based on the Minimal Adequate Teacher

paradigm. MAS finds missing scenarios in the set of
scenarios and asks its operator whether such
scenarios should be integrated in the specification
or not. It has been implemented by Mäkinen and
Systä [50] and validated on the “Paderborn New-
Rail Technology” Shuttle case study [51].

Hsia et al. use example scenarios, given as an
execution tree, to build a grammar and analyze the
specification with regard to consistency criteria
using automata analysis techniques [52]. By hand,
they produce from such a set of examples a
prototype of the future system. This prototype can
then be used to validate the specification with the
end user.

2. Compilation. Scenarios can also be seen as a complete
description of the future system. Thus, the desired
behavior W equals the given traces E.

This is especially useful if the system to be built is
closed. Then, state machines must be built from the
various scenarios, projecting them onto every in-
stance [53], [54], [55], [56], [57]. The main problem
that arises then is that there might be some
discrepancies between the global view of the
behavior induced by the scenario and the local view
that every instance has of this behavior. When
recomposing the full system from the individual
state machines, yielding a set of behaviors C, it
might be that C �W . These additional scenarios,
C nW , are called “implied scenarios” [56]. Techni-
ques have been developed to detect such implied
scenarios and report on them [58], [56]. In [59], the
authors give syntactical restrictions, namely causal-
ity, to ensure that MSCs with control flow constructs
such as iteration or choice, can be distributed, i.e.,
that the liveness/safety constraints imposed by
lifelines match the global constraint stated by the
considered MSC.

One result, which is in spirit close to ours, is due
to Desharnais et al. [60]. The major difference is that
their setting is state-oriented, whereas most
researchers on scenarios, including us, focus on an
event-based setting. In [60], the authors present a
way to represent scenarios as a relation between
states. This presentation can be graphical, thanks to
relational transition systems. They make a distinc-
tion between environment moves and system
moves, allowing moves “within” the environment
and “within” the system, as we do. A scenario is
assumed to describe possible environment inputs
and all legal system reactions. The authors propose
an operator for integrating scenarios, based on the
“demonic meet” operator. As in our work, the
integration of two scenarios relative to the same
input obliges the system to answer as specified by
both scenarios.

5.3 Verification

5.3.1 Problem

The design model, be it built automatically or manually,
will often be modified by engineers. The specification is
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likely to be updated after the design model has been built
too. This phenomenon is known in Requirements Engineer-
ing as “requirements creep”: During the life of a software
project, new requirements are discovered and must be
integrated to the software product [61]. As a matter of fact,
the two artifacts, specification and design, will grow
independently. Nevertheless, ultimately, the design model
will have to comply with the requirements. Therefore,
engineers need tools that will help them verify this
compliance.

Definition 16 (Verification). The verification problem is

. Input:

- an interagent specification hS;Ui,
- an intraagent specification hS; fSysi, with fSys

represented as I/O automata.

. Output:

- yes, if hS; fSysi is a correct implementation of
hS;Ui.

- no, otherwise.

The verification problem is to check that an intraagent
specification is a correct implementation of an interagent
specification. We will consider several variants of this
problem. The most general case considers that the society
Sys consists of at least one agent, and that there might be
agents out of Sys interacting with them. We will investigate
“degenerated” versions, along the following axes:

1. Sys consists of a single agent or several agents
(centralized versus distributed agent verification);

2. Env is empty or not (closed versus open agent
verification).

5.3.2 Solution

All versions of the verification problem can be solved using
the classical automata-theoretic approach to model
checking [62]. I/O automata representing fSys are conjoined
into a single I/O automaton A. An automaton AU
recognizing all counterexamples of the interagent specifica-
tion (i.e., runs that are �s

Env-safe but not �s
Sys-safe, or

�s
Env-live but not �s

Sys-live) can also be extracted [10]. This
automaton is nondeterministic. It suffices to check that A�
AU has some accepting run to decide whether the intraagent
specification is correct or not. Notice that searching
accepting runs can be done on-the-fly [63].

In the case of closed verification, the algorithm can be
simplified. Since there is no environment agent, the correct
implementation condition boils down to checking that all
runs are �-safe and �-live. By Theorem 1, this is equivalent
to verifying that the intraagent specification respects the
constraints of all scenarios. The algorithm can thus verify
iteratively that the intraagent automaton A satisfies each
scenario. So, instead of building a big AU automaton, a
series of small automata can be built and verified. This
approach benefits from the simplicity of such automata,
which is reflected in Table 2 by the “lower” complexity of
this problem. An automaton waits for some arbitrary time
in its initial state and nondeterministically guesses to

recognize a counterexample. Then, it checks that the
prechart is matched and is not followed by the main chart.
Such counterexamples are short: They contain as many
states as there are events in the uLSC. Besides the blowup
occurring when computing the product of I/O automata,
the only problem in verification of closed systems comes
from the width of automata: Because uLSCs are based on
partial orders, there can be exponentially many paths to
explore, even though each of them is short. In practice,
scenario-based specifications tend to be linearly ordered
and, hence, have relatively small automata, which makes
them amenable to automated verification.

In closed verification, the analyst must come up with an
intraagent model of each agent, including environment
agents. In open verification, some agents belong to the
environment, while others are system agents. Environment
agents are not explicitly modeled. We then have to deal
with an intraagent specification model of system agents
only and the question becomes: “Whenever environment
agents do behave correctly, does this implementation
behave appropriately?”

This problem is “harder” than closed model checking
because we cannot check the specification against each
uLSC individually. Verification must be restricted to runs
that are �Env-live and �Env-safe. This property is not local
to a single scenario, but involves all scenarios
simultaneously.

5.3.3 Complexity

The complexity of the verification problem is summarized
in Table 2. The proofs and details can be found in the first
author’s PhD thesis [10].

5.3.4 Related Work

The problem of LSC-based verification of closed systems
has been considered in the literature. Klose et al. follow the
approach outlined above and adapt it to LSCs with time
information: they turn each uLSC into a timed automaton
recognizing all counterexamples [64], [65], [66]. Kugler et al.
propose translating uLSCs to temporal logic formulae that
can be readily used as input to model checkers. Since uLSCs
can be translated to both CTL and LTL, a large number of
existing model checkers can be reused [20].

Klose studies open verification in his PhD thesis [67]. He
remarks, as we do, that uLSCs can embed hypotheses about
the environment as well as commitments about future
system behavior. He gives an algorithm for extracting
assumptions and dealing with them explicitly. Brill et al.
use this technique and explain how LSCs and verification
can be integrated in V-software development cycles [68].
The problem of model checking open systems has been
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considered by Kupferman et al. They name it module checking
[69]. They show that, in the case of linear-time specification,
the problem is not more difficult than model checking.

Verification can be considered impractical. Success
stories are nevertheless accumulating in automated verifica-
tion. Usage has shown that model checking, despite its high
theoretical complexity, could be applied to real-world cases
[70]. This situation also applies to the more restricted field of
LSC-based verification. Klose et al. report on the successful
use of model-checkers to verify Statemate models against
LSCs [66], [65], [67]. In general, Damm et al. are accumulat-
ing positive results in LSC-based verification. Bunker and
Gopalakrishnan have verified hardware bus protocols
models [71]. Bontemps checked a model of Ricart-Agrawa-
la’s algorithm for mutual exclusion against LSCs [72]. Those
preliminary results seem to indicate that, although intraa-
gents are computationally hard to verify, modern verifica-
tion techniques do scale up and there is some reasonable
hope that this problem could be practically addressed.

6 CONCLUSION

6.1 Summary

In this paper, we presented the result of our investigation of
a novel way to engineer reactive distributed systems
proposed by Harel [1]. This approach relies heavily on
automated processes to synthesize code all the way from
user scenarios. It is based on two essential artifacts:
interagent specifications to express scenarios, because they
are close to user requirements, and intraagent specifications
to describe the complete behavior of every agent/object of
the future system. Intraagent specifications are closer to
code and existing code generators can use them as input.
We formalized the framework in which this process can
take place. On the one hand, interagent specifications are
expressed with uLSCs, an expressive variant of MSCs. On
the other hand, intraagent specifications consist of strate-
gies, an abstract model that encompasses the popular
formalism of state machines. In this framework, we defined
three problems of interest:

1. eLSC checking: verifying that the interagent specifi-
cation allows some user-given example scenario (or
eLSC);

2. synthesis: checking that an interagent specification is
implementable and automatically building a correct
intraagent specification from it, if it exists;

3. verification: checking that a given intraagent speci-
fication is a correct implementation of a given
interagent specification.

We provided algorithms for each of these problems, except
for synthesis, which we proved to be undecidable.

As the reader might notice, we expended serious effort
defining and formalizing modeling languages and relation-
ships between models, hence clearly stating what it means
for an intraagent specification (a design model) to correctly
implement an interagent specification (a set of requirements).
This effort paid off: defining problems became straightfor-
ward. Essentially, synthesis amounts to asking whether a
correct implementation of an interagent specification exists
and verification whether an intraagent model is a correct
implementation of an interagent specification. Then, the
solution of these problems could be presented and proven

correct. The main benefit for the reader is that he can
actually understand the essence of synthesis and verifica-
tion algorithms without having to delve into the details of
automata and game-theoretic constructions. More simply
stated, he can grasp what the tools do without having to
know how they do it.

The formal framework that we proposed made it
possible to study the complexity of these problems and
explore some variants. All these problems turned out to be
intractable, with complexities ranging from coNP-complete
to EXPTIME-complete. We also showed that the algorithms
presented in this paper are optimal. We put this intract-
ability in perspective by thoroughly reviewing the literature
on LSCs. We highlight the fact that there are many positive
results in verification and some synthesis algorithms trying
to cope with undecidability are being developed.

By precisely defining the problems at play in the
development process suggested by Harel and explaining
how current research relates to these problems, this paper
acts as a research roadmap. Providing such a panorama of
research on LSCs is a major contribution of this paper.

Two important issues that we have also studied but that
are not discussed in this paper are 1) what could an LSC-
based CASE tool look like and 2) how is the complexity of
LSC-related problems affected by their various extensions?
Both questions are addressed in [10], where we present a
tool prototype called REMoRDS and discuss the conse-
quences of three extensions of the LSC language, namely,
conditions, real-time, and symbolic instances.

6.2 Directions for Research

We wish that our negative results regarding complexity
might act as a guide for future research. There are several
ways to live with intractability. First, problems may be
relaxed in order to work on subsets of LSCs for which
efficient algorithms exist. Second, algorithms can be made
efficient but imprecise. Third, precise algorithms can be
devised with improvements that allow them to scale up
very well, but that, in the worst case, still have a very high
complexity. This trend is being witnessed, with success, in
the field of model checking, with approaches such as
symbolic model checking, SAT-based model checking,
predicate abstraction, or Craig interpolation. Theoretically,
these techniques do not bring any improvement, but,
practically, they make ever larger systems amenable to
automated verification.

Future research should also consider the problem of
inserting LSCs in existing computer systems. Our approach
is “greenfield”: We start from scratch and generate a
complete system. However, in practice, an existing im-
plementation may already exist. We also drew a clear line
between inter- and intraagent specifications. However, in
practice, both aspects will be mixed, as some agents, for
instance, are easier to specify using state machines, even
during requirements engineering. LSCs and existing im-
plementations could be related through the generation of
test suites, too.

We also explained that existing scenario-based synthesis
algorithms belong to two different categories: induction and
compilation. It would be interesting to understand the
interplay between induction, verification, compilation, and
synthesis. For instance, induction can be used in combination
with verification to guess an intraagent specification from
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examples and ensure that the created system preserves
safety-critical properties.

Finally, a major appeal of scenario-based requirements
engineering is the idea of starting from unrelated require-
ments chunks and composing them automatically. It is also
the greatest obstacle to its practical use: Our research has
shown that the high complexity of LSCs comes precisely
from this unstructured concurrent composition of scenarios.
Efficiency could be improved by finding some trade-off
between an easy-to-analyze structured specification and an
easy-to-manipulate loose specification.

REFERENCES

[1] D. Harel, “From Play-In Scenarios to Code: An Achievable
Dream,” Computer, vol. 34, no. 1, pp. 53-60, Jan. 2001.

[2] L. Lamport and N. Lynch, Handbook of Theoretical Computer Science,
vol. B, chapter 18, “Distributed Computing: Models and
Methods,” pp. 1157-1199. Amsterdam and Cambridge, Mass.:
Elsevier-MIT Press, 1990.

[3] D. Harel and A. Pnueli, “On the Development of Reactive
Systems,” NATO ASI Series, K. Apt, ed., vol. F-13, pp. 477-498.
New York: Springer, Jan. 1985

[4] J. Mukerji and J. Miller, “MDA Guide v 1. 0. 1 (OMG),” Mar. 2003,
http://www. omg. org/mda/.

[5] K. Weidenhaupt, K. Pohl, M. Jarke, and P. Haumer, “Scenario
Usage in System Development: A Report on Current Practice,”
IEEE Software, vol. 15, no. 2, pp. 34-45, Mar./Apr. 1998.

[6] W. Damm and D. Harel, “LSCs: Breathing Life into Message
Sequence Charts,” Formal Methods in System Design, vol. 19, no. 1,
pp. 45-80, 2001.

[7] D. Harel and R. Marelly, Come, Let’s Play! Scenario-Based
Programming Using LSCs and the Play-Engine. Springer, 2003.

[8] “MSC-2004: ITU-T Recommendation Z.120: Message Sequence
Chart (MSC),” Int’l Telecomm. Union (prev. CCITT), 2004. Draft
version, still unapproved.

[9] OMG UML Specification (2.0), Object Management Group (UML
Revision Task Force), Sept. 2003, http://www. omg. org/uml.

[10] Y. Bontemps, “Relating Inter-Agent and Intra-Agent Specifica-
tions (the Case of Live Sequence Charts),” PhD dissertation,
Facultés Universitaires Notre-Dame de la Paix, Institut d’Informa-
tique (Univ. of Namur, Computer Science Dept.), Apr. 2005.

[11] M.V. e Cengarle and A. Knapp, “UML 2. 0 Interactions: Semantics
and Refinement,” Proc. Third Int’l Workshop Critical Systems
Development with UML (CSDUML ’04), J. Jürjens, E.B. Fernandez,
R. France, and B. Rumpe, eds., pp. 85-99, 2004.

[12] Y. Bontemps, “On the Semantics of UML 2.0 Interaction
Diagram,” technical report, Univ. of Namur, Institut
d’Informatique, 2004.

[13] M. Jackson, Software Requirements and Specifications: A Lexicon of
Practice, Principles and Prejudices. Addison Wesley, 1995.

[14] N.A. Lynch and M.R. Tuttle, “An Introduction to Input/Output
Automata,” CWI Quarterly, vol. 2, no. 3, pp. 219-246, 1989.

[15] Y. Bontemps, P.-Y. Schobbens, and C. Löding, “Synthesis of Open
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(SCESM ’04), H. Giese, and I. Krüger, eds., pp. 27-34, May 2004.
http://www.info.fundp.ac.be/~ybo.

[37] Y. Bontemps, P. Heymans, and P.-Y. Schobbens, “Lightweight
Formal Methods for Scenario-Based Software Engineering,”
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