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Abstract1 - This paper discusses an architecture designed to
provide support for the development of state transition models
for an object-oriented distributed environment. The state transi-
tion models can be constructed and specified hierachically as well
as derived into new classes of objects through the use of inherit-
ance. A new concept called “exit-safe states” is introduced to
assist in the specification of hierarchical state transition models.
A graphical monitor to analyze the system at run time has been
developed.

I. INTRODUCTION

The object-oriented approach to analysis, specification,
and design of large software systems provides an intuitive
mechanism for problem-domain specification. Object-ori-
ented methodologies promote2 software reuse and mainte-
nance. There have been many object-oriented models and
methodologies to describe systems [1], [6] and [13]. When
describing systems, formal methods are also used to provide
mathematically concise descriptions. Moreover, it is under-
stood that visual specification techniques should be used to
ease understanding of the system specification and still pro-
vide formal conciseness in real-world applications. More on
these techniques is discussed in [3] and references therein.

Object-oriented analysis can be broken down into two
parts: developing the information and the state transition mod-
els. The information model is fairly straight forward and rep-
resents the information contained within an object. The
behavioral model specifies the time-dependent behavior of the
object. An event-driven approach is followed in this paper.
Events are assumed to cause a change in object behavior as
they trigger the transitions between states. An object with a
state life-cycle definition is often called an Active Object [12]
(as opposed to a passive object which has no state life-cycle
definition). Specifying high-level lifecycles and allowing dif-
ferent implementations of substates will promote the reuse of
high-level descriptions of systems operations. The state life-
cycle model of [12] and the stimulus-response diagrams of [4]
do not provide a mechanism for specifying the state lifecycles
in a hierarchy. Rather, they specify state-lifecycle specifica-
tion as a single level of states. This complicates top-down
specification and lifecycle reuse across objects. Harel’s state
charts [8] extend the state-transition model to include hierar-
chies and other methodologies have been developed based on
Harel’s model [9] [11]. When specifying state transition dia-
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2. Object-oriented techniques are often attributed to increased software
reuse because of their attributes, namely, inheritance, encapsulation, and
polymorphism. Object-oriented techniques have to be considered as a con-
venient platform to generate reusable software and not a platform thatguar-
antees wide software reuse.

grams for active objects it is convenient to think in terms of
the states themselves, the events which are legal in those
states, and which states those events lead to when processed.

Language support for the information model is prevalent
in object-oriented languages like C++ and Smalltalk, how-
ever, state transition model support is underdeveloped. The
objective of this paper is to propose and demonstrate an archi-
tecture that provides a convenient mechanism for specifying
and implementing the information and the state transition
models of object-oriented distributed systems. The following
are some of the imporant characteristics of the architecture:(i)
Supports hierarchical transition models for objects in a dis-
tributed environment, (ii) Provides object-oriented features
like inheritance, encapsulation, and polymorphism within the
state transition model, (iii) Defines an extension to hierarchi-
cal state specification called exit-safe states, (iv) Provides a
visual technique for system specification and analysis.

The paper is organized as follows: SectionII presents an
overview of the architecture being developed. SectionIII
describes some useful features of the architecture. SectionIV
discusses the current implementation. SectionV presents an
example. SectionVI concludes the paper.

II. OVER VIEW

In a top-down specification, the developer need not be
attentive to lower level system behavior. Consequently, when
specifying state transitions based on events, an event is allow-
able in a state if it can cause a transition from the current state
to another at the same level in the hierarchy. However, in
order to promote reuse, a mechanism for encapsulating sub-
state information has to be defined. The substates underlying a
state are concealed from the external view. Therefore, the
implementation of the substate configuration can change with-
out affecting the parent state. Since only the transitions into
and out of the state need to be known, the implementation is
made private.

Another important requirement of the architecture is that
it must be able to run on heterogenous platforms within a dis-
tributed environment such that it allows locally optimal agent
construction, modularity, and parallelization of concurrent
processes. Therefore, it supports both point-to-point and
multi-cast message passing. However, the traditional object-
oriented message passing mechanism is point-to-point and is
useful when requesting(providing) a specific service from(to)
an object. Since the ordering of events becomes crucial in cer-
tain situations, the system ensures some basic characteristics
of message communication.

In order to ease the transition from analysis and design to
implementation, the application programming interface (API)
is simple and logically extended from the analysis and design
methodology. That is, a one-to-one correspondence exists



whenever possible, between what is established when design-
ing the system and its corresponding implementation. In the
case of establishing state hierarchies, it is easy to add a state to
an active object; to attach an action with the state; and, to
establish substates to those states. Moreover, in order to ease
system development, especially when dealing with distributed
systems, a graphical monitor is used in viewing the state tran-
sitions.

A. Exit-safe States

Exit-safe states represent states wherein the substate life-
cycle is in a stable state to process the transition out of the par-
ent state. The following example illustrates the concept of
exit-safe states. Lets be a state with an outgoing transitiont
occurring on an evente. Let {a, b, c} be the set of substates
unders. When specifying the substate lifecycle,s, the devel-
oper does not want an outgoing transition ons to occur until
substatec is reached. Therefore,c, is designated as an exit-
safe state. Another implementation might define a substate
lifecycle defined by the substates in{a, b, c, d}. The designer
might designatec andd as “exit-safe”, so thatt can occur if
the substate lifecycle is in either statec or d.

Figure 1. Icons for Exit-Safe and NonExit-Safe States

Exit-safe and non-exit-safe states are illustrated in
Figure1. Figure2 illustrates some examples of exit-safe
states, where the shaded states conceal their underlying sub-
state diagrams and the non-shaded states show their substate
lifecycle.

Figure 2. Examples of Exit-safe State Use

Three classes of substate configurations are distin-
guished: (i) XOR class.In this class, all the substates of a par-
ent state are exit-safe states. This yields the same effect as
Harel’s XOR-states in [8]. When a transition legal for the par-
ent state occurs for anXOR class, it would immediately transi-
tion out into the next state (Figure2a), regardless of the
current substate ofs, (ii) Single-Exit class. In this class, a
stream of substates terminate in an exit-safe state, such that it
guarantees that all of the substates are entered before exiting
the parent state (Figure2b), and,(iii) Multi-Exit class. In this
class, a cycle exists among with one or more substates which
comprise the parent state and designate one or more of these
substates as an exit-safe state(s). Thus, substate lifecycles are
established and it is ensured that the parent state is in a stable
substate before transitioning between parent states.
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For example, if a machine is to inspect a part at a certain
point in its state lifecycle it would enter anInspectionstate.
The manipulator rotates the part while a camera inspects the
part. It might take several passes to ensure that the part meets
its specifications but it could exit sooner if a defect is found.
In this case, the substate transitions in a cycle between two
states:(i) the state in which the manipulator is rotating the
part, and,(ii)  state in which the part is stopped in the appropri-
ate position to continue. The manipulator would cycle
between these two states until either a defect is found or the
part is determined to be defect-free (Figure2c).

B. Formal Notation of the Exit-safe States

As stated in [7], states are defined along with a hierarchy
function, . A terminal type function  is added to express
the exit-safe states.

Thehierarchy function designates the substates of a state
s. WhereS is the set of all states in the system, is defined by
the following:

 defines the immediate substates for a given states. Two
different states cannot have the same set of substates. There-
fore, if  thenx = y. The root state of the descrip-
tion is the state which is not a substate of any other state.r is
unique and defined by the following:

Two extensions of  are defined. (In the following,
denotes the substatesi levels belows (  denotess itself,

 denotes the immediate substates ofs, etc.)):

• : designatess, all the substates ofs, the substates
of those substates and so on recursively. Thus:

• : designates all the substates ofs, the substates of
those substates and so on recursively. It does not includes.

That is:

The exit-safefunction determines exit-safe or nonexit-
safe state. That is:
This function is used when defining  which determines
whether a transition leading out of a state can occur:

where in(x) denotes that the system is in statex.  is a
function which returns true if the object is in a state,x, and all
the substates whichx is in are exit-safe. If a valid event occurs
in state,x, the corresponding transition out ofx can be pro-
cessed if  evaluates toTrue.

Thepended events function returns the events pended to a
state. That is: , where  is the set of all
legal events in a given state,s.  returns a set of events
which are to be processed when it is possible to exit a states.
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The set of transitions,T, defines a set of tuples. LetE be the
set of all events in the system,G be the set of all guards in the
system, and,  be a tuple defined by , then the set
of transitions,T, is defined by:

A transition t = (a, l, b) wherea is a source state,l is a
label, andb is a target state. The label,l, is defined by the set
{ e, g}wheree is an event andg is a guard. Transition, t, will
occur iff (i) the system is ina, and(ii)  eventeoccurs, and(iii)
guardg is True. Then, the system will be in stateb if t occurs.

Before proceeding further, it is convenient to define the
following functions:

, , ,

, and
where:X(t) returns the source statet, L(t) returns the label

associated witht,  returns the evaluation of the
guard associated witht,  returns the event associated
with t, andY(t) returns the target statet.

C. Special Events

Events also exhibit a class hierarchy. Therefore, it is pos-
sible to derive classes of events from base class events (i.e. the
derived events will enable the same transitions as the base
class enabled). For this discussion, it is useful to define two
types of events derived from the general event class. All other
types of events in the system will be derived from these
classes. These two event types are denoted and .

There are certain events (such as an error event) for
which it is desirable to exit a state even if it is not in a terminal
state. In such cases, it is necessary to define special event
types that will exit a state regardless of its current substate.
These types of event will allow the system to immediately
handle error events or to process special interrupts which
require immediate attention. This special type of event will
belong to a special set of events, . All other events are
called basic events, .

The set of all events in the system,E, is thus defined as
the union of all the special exit events, , and the basic
events, . That is:

,
For an application, it is necessary to define how pending

events will affect the system. In OARS, receiving many
events in a state in which its current substate is not exit-safe is
handled in many ways. If the incoming event,, is a system
error type, then the event is processed immediately. That is:

 where .
The handling of events that are not error events is dis-

cussed in more detail in [3].

III. ARCHITECTURE FEA TURES

A. Class Inheritance

Class inheritance of the active objects developed in the
system are derived from the features of C++. The user devel-
ops classes to contain the information model as well as the
methods for each active object in the system. Since some of
the methods within the active object represent actions for cer-
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tain states, action inheritance is the same thing as method
inheritance. Therefore, when deriving a new class from an
active object, the states and the actions performed in the states
are inherited. The benefit of this feature is that it allows the
user to apply polymorphism to actions within a state. Thus, it
permits a derived class to write a function with the same name
and have it used instead of the base-class function whereever
the base-class function would have been used. Thus, the
derived class can have the same states and transitions as in the
base class but different actions performed in certain states.

For example, if a derived robot class performed forward
kinematics calculations in a different way than its base class,
then the developer could declare the base class forward kine-
matic calculation action as virtual and then rewrite it within
the derived class. Therefore, when the event occurred to tran-
sition a robot object into the forward kinematic calculation
state, the derived robot class action is executed.

B. State Lifecycle Inheritance

The specification of the states and transitions between
those states are specified in the constructors for the objects.
Inheritance of a class (referred to as the “base class”) will
involve calling the constructor and thus instantiating that
class’ states. Polymorphism can be used to overwrite the
action to be performed in the state. After the base class con-
structor is called and the base states instantiated, the derived
class is then free to define new transitions to and from the base
class’ states.

Some restrictions must be placed on inheritance of state
diagrams in order to assure logical consistency.   Coleman, et
al. [5] suggest the following restrictions for subtyping in their
extension of Statecharts, “Objectcharts”:(i) adding an extra
state or transition corresponding to a new service,(ii)
strengthening a transition specification by weakening its firing
condition or strengthening its post condition, or(iii)  strength-
ening an invariant relationship. These restrictions ensure that
the newly derived state does not change how the base state
reacts to stimuli. That is, the derived state will fire at least as
often as the base and it will result in the original post condi-
tion. The derived class can also add substates to its own as
well as the base class states. An example of this use of inherit-
ance is provided in SectionV.

C. Guards on Transitions

Guards are boolean expressions which can be added to a
transition to a certain state. The transition will occur only if
the guard evaluates to true. This can be useful when the devel-
oper wants to specify a transition on more than the occurrence
of a single event. A guard can optionally be supplied by the
developer when specifying a transition.

D. Exit-safe State Handling

As explained in SectionII, the exit-safe state concept is
implemented in this support architecture. With the concept of
the exit-safe state comes the need to pend events. When an
event occurs which is legal in the current state but the state is
in a substate which is not exit-safe, the system pends the event



and will process it as soon as it enters a substate which is exit-
safe. By allowing the pending of events, the system maintains
consistency with the specification. The specification implies
that the event is part of a legal transition for the current state
and thus, should be processed for that state. However, the sys-
tem is not at a point where it has completed its operations in
that state (that is, since the substate the system is not exit-safe,
the substate cycle is not finished or not at a stable point).
Therefore, the system waits until the state is completed (desig-
nated by entering an exit-safe substate) and then continues by
processing the pending events. Therefore, a transition is
enabled when:(i) The event(s) associated with the transition
occurs, and (ii)  the guard evaluates to True, and,(iii)  all cur-
rent substates are exit-safe (i.e. ). In order to
handle transitions with exit-safe states properly the following
algorithm is used. This is illustrated as a flow chart in
Figure3.

For an event,e,
Foreach

Then If

Then  Else
EndIf

EndForeach
The order of execution of the potential transitions is non-

deterministic. A transition will occur if:

It is not guaranteed which transition will take place,
unless the specified system itself has a mechanism for guaran-
teeing the order of transition execution. After entering a exit-
safe state and performing the action associated with that state,
the pending events need to be processed. Handling pending
events is application dependent. Some possible ways of han-
dling the pending events are described in SectionIID.
SectionV provides a simple example of a system containing
exit-safe states.

Figure 3. Flowchart of Transition Algorithm
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 If the following criteria are met:

• the system is in the state, s, from
which t is outgoing,

• the incoming event, e, enablest, and,

• the guard associated witht evaluates
to true.

Take transitiont. The system is
then the new state to whicht leads.

Pend the event to states.

For each transition,t

THENELSE

THEN

ELSE

IV. IMPLEMENT ATION

The architecture has been implemented in C++. C++ pro-
vides the necessary inheritance features of the information
model as well as virtual functions for changing base class
methods in derived classes.

Figure 4. Basic Object Notation for Architecture

The InterAgent toolkit for distributed system develop-
ment has been chosen to provide the backbone for communi-
cation management within our system [10]. It supports many
platforms including Sun, Silicon Graphics, and PC providing
an open system development environment across those sys-
tems. InterAgentalso supports point-to-point and multi-cast
message passing.

The architecture is structured as several classes:Agent,
ActiveObject, TransitionElement,andStateClass. A simplified
model of the construction of these classes is shown in Figure4
using Rumbaugh’s Object Model Notation [11].

Figure4 illustrates that theAgentclass is the most basic
class and is common to all the rest of the classes in the archi-
tecture. TheAgentclass contains the information and methods
to handle the message communications between distributed
processes.

The ActiveObjectis the next most basic class. It is com-
prised of several states and several transitions which combine
to make up the state lifecycle of the object. TheActiveObject
class contains the information and methods to handle the pro-
cessing of events received by the agent. Processing the events
involves: (i) determining whether the event is legal for the
current state of theActiveObject’s, (ii) either pending the
event or evaluating the transition to the next state, and (iii)
evaluating any guards placed on a transition.

The state is represented in theStateClass. TheStateClass
defines the state of theActiveObject as well as the methods of
theActiveObject to be invoked when entering that state.

The transitions are represented by theTransitionElem
class. TheTransitionElem class defines how theActiveObject
responds to events. When constructed, the active object speci-
fies the event, the state in which the event is legal, the destina-
tion state, and optionally, a guard.

All user-definedActiveObjects should be derived within
the ActiveObjectclass. The developer should keep in mind
where abstractions can be made to promote reuse throughout
the systems development life. A top-down specification
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defines the basic state flow for an active object in a class.
Derived classes from that basic state define details of the sub-
states for state specified. If the substate definition changes but
the basic high-level state definitions remain intact, the base
class can be reused. An example of this is provided in
SectionV.

V. ASSEMBLY ROBOT EXAMPLE

In order to illustrate the capabilities of the system, this
section discusses an example program development. This
example deals with a simple assembly robot. The example
develops the class hierarchies of the information model and
the state life-cycles and shows some output of the monitor
program.

Figure 5. Basic State Model of Assembly Operation

A. Assembly Robot Base Class

The assembly robot example consists of an assembly
robot which goes through six basic states: 1) Idle, 2) Part at
Station, 3) Assembling part, 4) Advancing part, 5) Discarding
part and 6) Homing manipulator. These states and the corre-
sponding event transitions are shown in Figure5.

B. Derived Assembly Robot Classes

Two implementation scenarios are discussed. The first is
when inspection of the part is added to be handled within the
manipulator agent and the second is one in which inspection is
handled by a separate agent. Each scenario involves the six
basic steps outlined above, so a base class will be developed
to handle the six basic states and their transitions. Two derived
classes will inherit the information and state characteristics of
the base class but will add different sub-state actions to handle
the different scenarios.

The case in which inspection is handled directly by the
assembly robot agent involves adding sub-states to the Part at
Stationstate. During this state the robot will inspect and then
grab the part and attach it to the subassembly. The sub-states
are shown in Figure6.

Figure 6. Substates of Part At Station State for Scenario 1

After inspection, either eventAttach or eventDiscard is
generated and the robot moves into the appropriate state as in
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Figure5. After reaching this state, the assembly robot can
then transit out of the parent state,Part At Station, and con-
tinue to the appropriate state. The other scenario involves a
separate agent which does the inspection. Again, the basic
states of the assembly robot are the same, and only the sub-
states ofPart At Stationare different. The base states are thus
inherited. The derived assembly robot class will then have
substates ofPart At Station which could look like those in
Figure7.

Figure 7. Substates of Part At Station State for Scenario 2
The separate inspection agent then sends either theAttach

or theDiscard events while the assembly robot is in thePart
At Stationstate. That event pends until the assembly robot fin-
ishes theGrabbing Subpartstate and is exit-safe. Figure8 -
Figure12 provide snapshots of the implementation.

Figure 8. Agent Icon Popup Window
Figure8 displays the different agents within the system.

When an agent process is started, it announces this fact to the
monitor which then places an icon in the window. In this
example, there are two assembly robots,AssemblyRobot1 and
AssemblyRobot2, and a control window, CNTRLWIN. The two
assembly robots are implementations of those discussed in the
previous example, and the control window is used to manually
send events to the processes.

Figure 9. Event History Popup Window for Assembly Robot 1
Figure9 illustrates that when the user clicks the middle

mouse button on an icon, a popup window appears displaying
all the messages sent from and received by that agent. In this
case,AssemblyRobot1 has received a series of events from

Grabbing
Subpart

Grab

Positioning
Manipulator

Part At Station



CNTRLWIN.

Figure 10. Top Level State Transition Diagram Popup Window

Figure10 shows the top level state transition diagram
window which pops up when the user clicks the left mouse
button on an icon. In this case, it shows the top level state
transition diagram ofAssemblyRobot1. All the states are rep-
resented by the Texas state icons. The current state of the
agent is shown by a dark Texas state.

Figure 11. SubState Transition Diagram Popup Window

Figure11 shows part of the substate popup window for
AssemblyRobot1. This window pops up when the user clicks
the left mouse button on a state. Here, since the first substate
is the current substate of the system (notice that the current
state isPartAtStation substatePosManip). The next state in
the system,GrabSubpart is a exit-safe state and is denoted
by the circle around inscribed in the state square.

Figure 12. PartAtStation Transition List Popup Window

Figure12 shows a window which pops up when the user
clicks the middle mouse button on a state. This window
defines the legal transitions from and to that state. Here the
PartAtStation  state is illustrated.

VI. CONCLUSIONS AND FUTURE WORK

The current implementation of the support architecture
described provides a useful transition mechanism from ana-
lyzing to developing object-oriented distributed systems. It
supports state hierarchy specification and implementation,
inheritance of state life-cycles within active objects, guarded
transitions on events. The notion of exit-safe states provides a
useful extension to hierarchical state transition diagrams.

A graphical tool and an automatic code generator will be
developed to specify the system and to generate the appropri-
ate C++ code as required by the architecture. With the addi-
tion of this tool a complete design, implementation, and
monitoring system will have been developed.
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