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Abstract
One of the most crucial and complicated phases of real-

time system development lies in the transition from system
behavior (generally specified using scenario models) to the
behavior of interacting components (typically captured by
means of communicating hierarchical finite state
machines). It is commonly accepted that a systematic
approach is required for this transition. In this paper, we
overview such an approach, which we root in a hierarchy
of "behavior integration patterns" we have elaborated. The
proposed patterns guide the structuring of a component’s
behavior, and help in integrating the behavior associated
with new scenarios into the existing hierarchical finite
state machine of a component. One of these patterns is dis-
cussed at length here.

1.  Introduction

Scenario models [1,2,10,11,12,16,18] and communicat-
ing hierarchical state machine models [2,9,18,20,22] pro-
vide two orthogonal views of real-time systems [18,20,22].
The former view describes system behavior as sequences
of responsibilities that need to be executed by components
in order to achieve overall system objectives, whereas the
latter expresses complete component behavior in terms of
states and transitions.

One of the most crucial and complex phases of real-time
system design lies in the transition that is required to go
from system behavior (defined by means of a set of sce-
nario models) to component behaviors (described by
means of communicating hierarchical state machine mod-
els) [20,22]. Several factors (e.g., the large number of sce-
narios, the concurrency and interactions between scenarios
[22,24], the unpredictability of external events, etc.) con-
tribute to the complexity of this transition. Furthermore,
since most industrial systems generally have a long lifecy-
cle, it is very important to build system components that
can be easily maintained, reused and extended. It is well
accepted that this latter demand further complicates the
structuring of the behavior of a component. Also, designers

must address nonfunctional requirements, such as perfor-
mance and robustness. Thus, when considering all these
difficult issues, it is generally acknowledged that a system-
atic approach is required for the specification of the behav-
ior of a component.

In the current literature, some papers (e.g., [12,13,16]),
define methods based on synthesis algorithms that perform
automatic generation of state machines from a set of inter-
action diagrams. Such methods, in theory, completely auto-
mate the transition between interaction diagrams and state
machines. Their main advantage, beyond automatic gener-
ation of state machines, consists in having scenario models
and state machine models in complete semantic synchrony.
However, these algorithms do not consider several impor-
tant design issues such as scenario interactions and state
machine structuring; issues, we repeat, directly relevant to
component maintainability and reusability. Moreover, none
of the existing methods have yet solved the problem of
automatically integrating concurrent scenarios in the gen-
eral case.

In this paper, we propose a different approach to the
specification of the behavior of a component, one rooted in
the definition of behavior integration patterns. Let us elab-
orate. 

The use of design patterns (e.g., [4,5,8,23]) has rapidly
increased in industry in the last few years. The “patte
approach” consists in defining a set of solutions that can
applied by designers when facing specific design problem
Patterns can be classified in terms of their applicati
domain, the aspect of system development that th
address, and the level of abstraction at which they can
applied. 

With respect to application domains, patterns have be
defined for both general design problems, and for proble
that are specific to some application domains, such as r
time systems (including concurrent and distributed sy
tems) [14,15,19,23,24], CORBA [19] and avionics [14
With respect to the different facets of system developme
patterns have been defined to address enterprise des
process and organization [23], system design [6,8], a



software design [5,6,23]. And, finally, with respect to lev-
els of abstraction, patterns have been defined at the archi-
tectural [21] and structural level [5,8,23], behavioral level
(Ibid.) and programming level [5,8,14,15,19]. 

However, to the best of our knowledge, there exists no
patterns that address the difficult problem of integrating a
set of possibly concurrent and interacting scenarios into a
set of component behaviors. In this paper, we describe one
of the several behavior integration patterns we have identi-
fied [2] to help designers define communicating hierarchi-
cal state machines from scenario models. Figure 1 gives an
overview of these patterns.

Figure 1. Hierarchy of behavior integration patterns

We will focus here on the State Machine Integration
pattern.

This paper is structured as follows. In section 2, we
describe the Automatic Teller Machine (ATM) system used
to illustrate. In section 3, we describe our general approach
for hierarchical state machine design. In section 4, we
describe the State Machine Integration pattern. Finally, in
section 5, we summarize and discuss our experience of
using the pattern approach decsribed here in an industrial
context.

2.  Example: an ATM system

In this presentation, an Automatic Teller Machine
(ATM) system is used to illustrate the State Machine Inte-
gration pattern. This ATM system is a conventional one
that allows for withdraw, deposit, bill payment, and
account update. 

The ATM system is composed of a set of geographically
distributed ATMs and a Central Bank System (CBS),
which is responsible for maintaining client information and
accounts; and for authorizing and registering all transac-
tions. Each ATM is composed of a ATM controller, a card
reader, a user interface (composed of a display window and
a keypad), a cash dispenser, an envelop input slot (used for
deposit and bill payments), and a receipt printer. The ATM
controller is responsible for controlling the execution of all
ATM scenarios, and for communicating with the CBS. 

For this paper, we consider the following scenarios: 

• A start-up scenario that describes the steps required to
bring the system to its operational state. These steps
include the configuration of each components of the
ATM system, and the establishment of a communica-
tion with the CBS. 

• An abstract Transaction scenario that captures the
sequence of responsibilities common to all transactions.
It includes reading the card information, verifying the
PIN (Personal identification Number), getting the user
transaction selection, executing the required transac-
tion, printing a receipt, and returning the card.

• One scenario for each of the different types of transac-
tion offered by the ATM system: withdraw, deposit, bill
payment, and account update. Each of these scenarios
gives the details of a specific transaction, as well as a
set of relevant alternative scenarios.

• A shutdown scenario that describes the steps to be car-
ried out when closing down the ATM. The shut down
steps includes turning off the different ATM compo-
nents, and terminating communication with the CBS.

3.  Proposed Approach

In order to design the hierarchical state machine of a
complex component, the behavior integration patterns we
propose draw on both the inter-scenario relationships and
details contained in scenario models such as interaction
diagrams [11]. We remark that, except for Use Case Maps
(UCMs) [2,3,17], few notations explicitly capture inter-sce-
nario relationships. For detailed interaction diagrams, we
use Message Sequence Charts [10] (MSCs). However, the
patterns we have developed [2] are not dependent on these
two specific notations, but rather on the semantics of sce-
narios. Let us elaborate.

We claim that the integration of a new scenario S1 into
an existing hierarchical state machine f must depend on the
pair-wise relationships existing between S1 and the scenar-
ios already handled by f. We identify three important types
of inter-scenario relationships: 
• The Scenario Interaction relationship. This type of rela-

tionship is the strongest of the three from a semantic
viewpoint. It exists between scenarios that interact in a
specific manner (e.g., one scenario excludes, waits for,
aborts, rendezvous or joins another). These specific
interactions, we repeat, can be captured in UCMs. We
suggest that the exact interaction relationship between
two scenarios determines how these scenarios are to be
integrated into a hierarchical state machine [2]. For
example, if two scenarios are taken to be mutually
exclusive, then they will be integrated using the Mutu-
ally Exclusive Scenario pattern, which suggests how to

Behavior Integration Patterns

Structuring Scenario Interactions

Scenario Mode- MutuallyState Machine Scenario Scenario Waiting Timed
Partitioning Integration Exclusive

Scenarios
Composition Aborting Place Waiting

Place
oriented
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organize the relevant hierarchical state machine1 (using
a choice point) (Ibid.). This pattern is summarized in
Figure 2 below. In this figure, the right-hand side state
machine (executeOption) illustrates the part of the hier-
archical state machine that ensures mutual exclusion
between the scenarios that correspond to the different
options (each option scenario is encapsulated in an
option composite state), while the left-hand side state
machine (top) illustrates the higher level state machine
that leads to the execution of an option. 

Figure 2. Structure of the scenario option state machine 

• The scenario dependency relationship. A scenario
dependency relationship exists between a scenario S1
and a scenario S2, if scenario S2 is used in the descrip-
tion of S1. Examples of this type of relationship include
stubs in UCMs [2,3], and the “uses” and “refines” rela-
tionships defined by Jacobson [11]. In the ATM system,
such a relationship exists between the abstract Transac-
tion scenario and each of the scenarios that correspond a
specific transaction (i.e. withdraw, deposit, bill pay-
ment, and account update).

• The scenario clustering relationship. This relationship 
is used to capture the coexistence of two or more sce-
narios inside a same conceptual regrouping called a 

cluster. This regrouping corresponds to a specific 
‘aspect’ of the system. At this point in time, aspects th
we have observed to lead to such regrouping include
control, configuration, communication, error recovery,
normal operation, etc. For example, the “start-up” and
“shutdown” scenarios are both part of the control clus
ter of the ATM system, and the “deposit” and “with-
draw” scenarios are both part of the operational clust

The proposed integration patterns define the behavio
components using a two-step approach. First, we use
details of message sequence charts [10] (MSCs) to de
state machines on a per scenario basis. The resulting s
machines are called role state machines as they describe
behavior that must implemented by a component to pla
specific role in a scenario. Second, we consider the in
scenario relationship information to compose the sta
machines obtained in the first step into more complex hi
archical state machines. This approach is summarized
Figure 3.

Figure 3. From a Set of Scenarios to a Set of 
Component Behaviors

4.  The State Machine Integration Pattern

The State Machine Integration Pattern specifically
addresses the design of a hierarchical state machine fro
set of simpler state machines. That is, the main issue 
needs to be resolved in this pattern is the one of integra
a set of state machines associated with different scena
into a single hierarchical state machine. Our presentat
roughly follows the style of Gamma et al. [8].

1.  In this paper, hierarchical state machines are described using the 
UML notation [20].

topI
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Motivation

New scenarios constantly need to be integrated in exist-
ing systems to satisfy new requirements. From our perspec-
tive, the integration of a new scenario in a system results in
the integration of a new set of role state machines in the
system. That is, the component behavior of several compo-
nents will need to be modified to handle new sequences of
actions, new sequences defined by means of what we call
role state machines [2]. For this reason, state machine inte-
gration constitutes a main issue in real-time system design.

Problem

Integrating a set of new role state machines into an
existing component behavior is a difficult task. Often, the
structure of the hierarchical state machine of a component
is not capable of adapting to the integration of new scenar-
ios. That is, if the component behavior is not properly
structured, the integration of a new scenario may require a
major restructuring of the component’s hierarchical state
machine. The cost of major restructuring is very high both
in terms of time and possible new errors. Indeed, when
restructuring a state machine, designers must ensure that
the resulting component behavior can still correctly exe-
cute all the scenarios already integrated in the component.
Unless a systematic approach is used, major restructuring
usually entails major regression testing.

We have observed that problems in the structuring of
hierarchical state machines often result from a lack of
understanding of scenario relationships, or a lack of a sys-
tematic approach in expressing those scenario relationships
in terms of state machine constructs. And thus, the integra-
tion of a new state machine by a designer who does not
have a good understanding of the overall system behavior
often results in a component’s state machine that is difficult
to maintain and extend. Conversely, if a component’s state
machine is properly structured, the impact of integrating a
new scenario should be limited to a well-defined subset of
the overall hierarchical state machine of that component. 

Applicability

The State Machine Integration pattern can be used for
the design of hierarchical state machines in any type of
component that is composed of a set of existing state
machines.

Forces

• Allow for the design of component behavior from exist-
ing state machines. 

• Structure hierarchical state machines (i.e., component
behavior) so that the integration of new role state
machines is performed at minimal cost.

• Provide a scaleable integration strategy: the cost of
maintaining the component and the cost of adding new
scenarios (i.e., role state machines) should not increase
exponentially as the size of the component grows.

• Promote high cohesion of the scenarios addressed in a
composite state. 

• Maintain traceability between state machine structure
and scenarios [7].

• Increase component behavior maintainability and
extensibility by structuring hierarchical state machines
in a way that is consistent with the partitioning of sce-
narios over several design iterations.

Solution

The State Machine Integration pattern defines a compo-
nent’s behavior as a set of integrated simpler st
machines, each of which is associated with a set of sce
ios. More specifically, the approach taken in this pattern
similar to the approach used in system structure des
where a system is defined as a set of communicating co
ponents. In the case of system structure, the overall beh
ior of the system is the result of component integration.
this pattern, a hierarchical state machine is defined as a
of simpler state machines, where each state machine im
ments a set of scenarios. In this case, the overall beha
of a component is the result of state machine integration

The starting point for the application of this pattern is
set of role state machines, each of which being associa

with a specific scenario1, that must be integrated in an
existing component’s hierarchical state machine. Beca
the control state machine controls the ability of a compo
nent to perform all other functions, the top level of th
component’s hierarchical state machine is typically tak
up by the control state machine. Then, the other sta
machines, like the normal operation state machine or the
configuration state machine, are integrated in the approp
ate composite state of the control state machine. (The State
Machine Integration pattern is completely recursive.) 

The guiding principle behind this pattern consists 
separating the two important aspects of scenario mod
individual scenario description, and inter-scenario relatio
ships (discussed above). The structure of a compone
hierarchical state machine is then defined so that it refle
the relationships between scenarios. Thus, the S
Machine Integration pattern can be described as a f
steps process:

1. Each role state machine is associated with (that is, is an implementa-
tion of) a specific scenario. Therefore, there exists a one-to-one rela-
tionship between a role state machine and a scenario. In the 
description of the current pattern, we use the terms role state machine 
or scenario depending on the aspect we want to emphasize.
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1. Analyze the relationships between the scenarios that are
to be integrated and the ones already implemented in
the system. 

2. Determine where, i.e. in which state, in a component’s
hierarchical state machine, the role state machine asso-
ciated with a new scenario must be integrated. The
decision proceeds from the analysis of the relationships
between the scenario corresponding to a role state
machine to integrate and the scenarios currently han-
dled by the existing state machine.

3. Having established the state s in which to integrate the
role state machine m and the relevant inter-scenario
relationships, use these relationships to integrate s in m.
Recall that a specific relationship lead to specific inte-
gration strategy (see Figure 1.). The application of such
a strategy produces a new hierarchical state machine in
which the current role state machine has been inte-
grated. 

4. Before proceeding to the integration of the next role
state machine, some testing must be performed, as well
as some possible restructuring. More specifically, it is
imperative to verify i) that past and new scenarios of
the component are still handled correctly and II) that no
unwanted interactions between scenarios have devel-
oped. Such a verification is not easy due to the non-
deterministic nature of events. As for restructuring, it
may involve grouping a set of states into a composite
state, defining state entry or exit actions, distributing
the set of actions executed on a transition over a set of
transition segments, etc. (see [2] for further details).

Example

We now apply the State Machine Integration pattern to
the design of the ATM controller component. This compo-
nent is responsible for controlling all aspects of the ATM. It
coordinates the work of the different ATM components,
and communicates with the CBS to carry out transactions.

For the purpose of illustrating the State Machine Inte-
gration pattern, we consider the two main control scenar-
ios: startup and shutdown, and the set of transaction
scenarios. The integration of other scenarios can be carried
out in a similar manner. 

The design of the component behavior of the ATM con-
troller is conducted in three phases:
1. Definition of the control state machine.
2. Definition of the operational state machine.
3. Integration of the two state machines in a single one.

Integration of Control Scenarios

First, we integrate the two role state machines associ-
ated with the control scenarios: the startup state machine
and the shutdown state machine. These state machines are
illustrated in the top part of Figure 4. Both of these state

machines are hierarchical state machines. In the startup
state machine, the details of the startup configuration 
encapsulated in the configuring composite state. Similarly
in the shutdown state machine, the details of the shutdow
scenario are encapsulated in the shutdown composite state.

In this case, the integration of the state machines
rather simple since the end state of one scenario is the
tial state of the other scenario. The result of the integrat
of the two state machines is illustrated in the bottom part
Figure 4. The resulting state machine is a very general 
that could be used for different types of systems.

Figure 4. Integration of Control Scenarios

ATM Transactions

Second, we build a state machine for the operatio
aspect of the ATM controller. This state machine encap
lates all the ATM transaction scenarios. In this case, 
general transaction scenario is a high-level scenario t
uses the other transaction scenarios for the purpose of 
cific transactions. For this reason, we establish a “us
relationship between the general transaction scenario 
the other transaction scenarios. This is reflected at the h
archical state machine level by the definition of a transac-
tion composite state in the general transaction st
machine. This composite state encapsulates the whole
of transaction scenarios.

The general transaction scenario could be described
the operational state machine given in Figure 5. This sta
machine describes the steps that are common to all tran
tions. We observe that this state machine is defined in
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pendently of any particular transactions. This allows
reusing this state machine in different versions of the ATM
that offer different types of transactions.

Figure 5. Operational State

At the level of the transactions, the state machine of
Figure 6 could be defined. This state machine, called exe-
cuteTransaction, contains a set of composite states that cor-
respond to the different types of transactions offered by the
system. Each of these composite states encapsulates a state
machine that describes the steps required for a transaction.
The executeTransaction state machine is designed using
the Mutually Exclusive Scenario pattern. Recall that this
pattern ensures that the scenarios can only be executed one
at a time. Once defined, this state machine (Figure 6) is
placed in the executeTransaction composite state of the
operational state (of Figure 5).

The result is a concrete operational state machine that
encapsulates all the transaction related behavior of an
ATM. This state machine is completely independent of the
control state machine previously defined. Therefore, it
could be used with different control level state machines.

Figure 6. Transaction State

Integration of ATM Transactions in the Top Level
Control State Machine

Finally, we place the operational state machine defined
in Figure 5, in the operational state of the top level control
state machine (lower half of Figure 4). As a result, the
operational state of the control state machine is modified
to become a composite state. The resulting control state
machine is illustrated in Figure 7.

Figure 7. ATM Controller Component Behavior

Consequences

• This form of component behavior design promotes the
reuse of existing state machines. First, designing com-
plex component behavior is taken to proceed from
assembling together simpler state machines, as illus-
trated above. Second, these simpler state machines ide-
ally become reusable behavioral components. For
example, a generic control state machine (lower half of
Figure 4) can be used in the design of components that
significantly differ at the functional level. Similarly, a
state machine that defines the steps required to establish
a telephone connection (e.g., with the CBS) could be
reused in many systems that need to establish such a
connection.

• In turn, this approach encourages the development of
libraries of specialized (and well-documented) state
machines to be used for the definition of complex com-
ponent behavior. The main advantage of this strategy is
that designers can benefit from the existence of state
machines that have already been designed and tested by
others in different contexts. In other words, designers
benefit from the experience of other designers. 

• Reuse of existing state machines also facilitates custom-
ization. For example, in the context of the ATM system,
a “fast cash” ATM machine (i.e., a machine that on
allows for withdraw and account update) can easily 
assembled from existing state machines, with on
minor modifications.
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• Because it associates a role state machine with each sce-
nario, the State Machine Integration pattern allows
establishing a strong traceability relation [7,11] between
the structure of a hierarchical state machine and the sce-
narios that it must satisfy. Also other patterns defined in
[2] (see Figure 1) allow establishing a traceability rela-
tionship between specific types of inter-scenario rela-
tionships and state machine structure. Such traceability
has two advantages. First, it facilitates maintaining con-
sistency between hierarchical state machines and sce-
nario models as the system is modified and extended.
Second, it simplifies maintenance. For example, in the
ATM system, if an error is found in the execution of the
shutdown scenario, then this error must be localized in
that particular composite state.

5.  Summary 

In this paper, we have presented one of the behavior
integration patterns we have defined (see Figure 1) to pro-
vide a systematic approach to the design of hierarchical
state machines [2]. A two-step strategy subsumes these pat-
terns. First, define the state machines associated with indi-
vidual scenarios. Second, integrate such state machines
into more complex hierarchical state machines.

Industrial experience with such patterns suggests impor-
tant benefits, including:
• Reducing the time required to design complex compo-

nent behavior
• Increasing the quality of the design of complex compo-

nent behavior
• Reducing the time required to test complex component

behavior
• Reducing undesired scenario interactions

• Increasing system traceability, maintainability and
extensibility
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