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Abstract® - This paper discusses an ahitecture designed to grams for active objects it is convenient to think in terms of
provide support for the development of state transition models the states themselves, the events which are legal in those
for an object-oriented distributed environment. The state transi-  states, and which states those events lead to when processed.

tion mgdels. can be constructed an.d specified hlerachlcal!y as yvell Language support for the information model is prevalent
as derived into new classes of objects thugh the use of inherit- . . ) .
in object-oriented languages like C++ and Smalltalk, how-

ance. A new concept called “exit-safe states” is imdduced to .. del . derd | d. Th
assist in the specification of hieraghical state transition models. V€Y State transition model support is underdeveloped. The

A graphical monitor to analyze the system at run time has been objective of this paper is to propose and demonstrate an archi-
developed. tecture that provides a convenient mechanism for specifying

and implementing the information and the state transition
|. INTRODUCTION models of object-oriented distributed systems. The following

. . . ... .. are some of the imporant characteristics of the archite¢ture:
The object-oriented approach to analysis, specmcatlog . . I . : .
upports hierarhical transition models for objects in a dis-

and deglgn of lge software sy:stems p'rpvm!es an Imumveiributed envionment (i) Provides object-oriented feaes
mechanism for problem-domain specification. Object-or\-

ented methodologies promatsoftware reuse and mainte- ike inheritance, encapsulation, and polymorphism within the

. . state transition model(iii) Defines an extension to hiecéi-

nance. There have been many object-oriented models an e . : .
. . cal state specification called exit-safe sta{@g Provides a
methodologies to describe systems [1], [6] and [13]. When . e .
xagual technique for system specification and analysis

describing systems, formal methods are also used to provi . s _ .
mathematically concise descriptions. Moregvieris under- The paper is granized as follows: Sectidhpresents an

stood that visual specification techniques should be usedQ¥Tview of the architecture being developed. Sedtlon

ease understanding of the system specification and still pp&scrlbes some useful features of the architecture. Sé¢tion

vide formal conciseness in real-world applications. More ofiScusses the current implementation. Secéiqoresents an

these techniques is discussed in [3] and references therein,&x@mple. Sectioll concludes the paper

Object-oriented analysis can be broken down into two Il. OVER VIEW
parts: developing the information and the state transition mod-

. i N ) In a top-down specification, the developer need not be
els. The information model is fairly straight forward and reP:ttentive to lower level system behaviGonsequentlywhen

resents the information contained within an object. Th ecifying state transitions based on events, an event is allow-

behaworal model spemﬂes the t|mejdependent _beha_wor of t 8Ie in a state if it can cause a transition from the current state
object. An event-driven approach is followed in this papef

Event dt h in obiect behavio another at the same level in the hierardHgwever in

thventg are atlﬁsutme .t9 caubset ac antg? n OA jer' et a\./t'ﬁ&%%r to promote reuse, a mechanism for encapsulating sub-
€y trigger e transitions between stales. An object Wt e information has to be defined. The substates underlying a

state life-cycle definition is often called an Active Object [12i ate are concealed from the external viderefore. the

(as opposed to a passive object which has no state life-cy | . fth fi . h ith-
definition). Specifying high-level lifecycles and allowing dif- fplementation of the substate configuration can change wit

ozt afecting the parent state. Since only the transitions into

fe.fe”t |mplemen_tat_|ons of substates will promote the re“S‘?fé’ d out of the state need to be known, the implementation is
high-level descriptions of systems operations. The state li iade private

cycle model of [12] and the stimulus-response diagrams of | . . . .
do not provide a mechanism for specifying the state lifecycles An%cherbllmportant re?]uwement of the; afrchltectgrﬁ 'S tzf.it
in a hierarchy Rathey they specify state-lifecycle specifica—![t.g]USt € avle to run on etero_genous platiorms V.V't In a dis-
tion as a single level of states. This complicates top—dowH uted e_nwronment S.UCh that it alloyvs Ipcally optimal agent
specification and lifecycle reuse across objects. Hastdte construction, modularityand parallelization of concurrent

charts [8] extend the state-transition model to include hierdf.0C€SSEs: Therefore, it supports both point-to-point and

chies and other methodologies have been developed based| cl)Jrlwt I-cast message passing. Howewae traditional object-

, e - .__oriented message passing mechanism is point-to-point and is
Harel's model [9] [1]. When specifying state transition dia- g€ pe g me P P
useful when requesting(providing) a specific service from(to)
an object. Since the ordering of events becomes crucial in cer-
oL Tgis researﬁgl Vgig gfggoﬂeéi in part kl;y tf;;(';at:_?_nil SCéEénce Foung@in situations, the system ensures some basic characteristics
tion under grant IRI- , and in part by 5 Higher Education [
Coordinating Board under GranTR-115. of message communication. - ) )
2. Object-oriented techniques are often attributed to increased software In order to ease the transition from analysis and design to

reuse because of their attributes, namelieritance, encapsulation, and jmpnlementation. the application proaramming interface (API
polymorphism. Object-oriented techniques have to be considered as a C.Onp ’ PP prog 9 ( )

venient platform to generate reusable software and not a platforgutrat IS simple and |Og'ca-.”y extended from the analysis and de_S|gn
anteeswide software reuse. methodology That is, a one-to-one correspondence exists




whenever possible, between what is established when design- For example, if a machine is to inspect a part at a certain
ing the system and its corresponding implementation. In tipeint in its state lifecycle it would enter &mspectionstate.
case of establishing state hierarchies, it is easy to add a staf€lte manipulator rotates the part while a camera inspects the
an active object; to attach an action with the state; and, piart. It might take several passes to ensure that the part meets
establish substates to those states. Moreaverder to ease its specifications but it could exit sooner if a defect is found.
system development, especially when dealing with distributéd this case, the substate transitions in a cycle between two
systems, a graphical monitor is used in viewing the state trastates:(i) the state in which the manipulator is rotating the
sitions. 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
Exit-safe states represent states wherein the substate IFart is determined to be defect-free (FigReg.
cycle is in a stable sta.te to process t.he transition out of the P8 Eormal Notation of the Exit-safe States
ent state. The following example illustrates the concept of
exit-safe states. Letbe a state with an outgoing transition As stated in [7], states are defined along with a hierarchy
occurring on an everg Let{a, b, c} be the set of substatesfunction, p. A terminal type functiono is added to express
unders. When specifying the substate lifecycdethe devel- the exit-safe states.
oper does not want an outgoing transitionsdn occur until The hierarchy functiondesignates the substates of a state
substatec is reached. Therefore, is designated as an exit-s. WhereSis the set of all states in the systgdnis defined by
safe state. Another implementation might define a substdke following: p: S - 2°
lifecycle defined by the substates{&n b, c, . The designer p(s) defines the immediate substates for a given stdigo
might designate andd as “exit-safe”, so thatcan occur if different states cannot have the same set of substates. There-

A. Exit-safe States

the substate lifecycle is in either stater d. fore, if p(x)= p(y) thenx =y. The root state of the descrip-
VN tion is the state which is not a substate of any other stite.
L.J |:| unique and defined by the following:
Exit-Safe State NonExit-Safe State (r09 :0(sOS) (rOp(9))) .
Figure 1. Iconsfor Exit-Safe and NonExit-Safe States Two extensions ofp are defined. (In the foIIowing)I

Exit-safe and non-exit-safe states are illustrated enotes the substatekevels belows (po(s) denotess itself,
Figurel. Figure2 illustrates some examples of exit-safepl(s) denotes the immediate substates, @fc.)):
states, where the shaded states conceal their underlying sub-
state diagrams and the non-shaded states show their substatey (s) : designates, all the substates sf the substates

lifecycle. of those substates and so on recursivitys:
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) | ] The exit-safefunction determines exit-safe or nonexit-
Flgure2. Examples of Exit-safe State e safe state. That is: S { EXIT-SAFE, NONEXIT - SAFE}

Three classes of substate configurations are diStLlI’-l-- L - . :
. ; . his function is used when defini which determines
guished:(i) XOR classln this class, all the substates of a par- nQ

ent state are exit-safe states. This yields the safeet @fs whether a transition leading out of a state can occur:

Harel's XOR-states in [8]. When a transition legal for the par- Q:S - {True False}

ent state occurs for &#0R classit would immediately transi- +

tion out into the next state (Figu?a), regardless of the Q) :in(x) OOsOp (x) : (in(s) - w(s))

current substate of, (i) Single-Exit classln this class, a wherein(x) denotes that the system is in stateQ(x) is a
stream of substates terminate in an exit-safe state, such thériction which returns true if the object is in a stat@nd all
guarantees that all of the substates are entered before exitimgsubstates whichis in are exit-safe. If a valid event occurs
the parent state (Figub), and(iii) Multi-Exit class In this in stateXx, the corresponding transition out xfcan be pro-
class, a cycle exists among with one or more substates whagssed ifQ(s) evaluates tdrue.

comprise the parent state and designate one or more of theseThepended events functisaturns the events pended to a
substates as an exit-safe state(s). Thus, substate lifecyclesstate. That isiy. g, » '®%!, whereg  , is the set of all
established and it is ensured that the parent state is in a stédd@l events in a given state, (s ret%lrns a set of events
substate before transitioning between parent states. which are to be processed when it is possible to exit asstate



The set of transitiond], defines a set of tuples. LEtbe the tain states, action inheritance is the same thing as method
set of all events in the systef be the set of all guards in theinheritance. Therefore, when deriving a new class from an
system, andA be a tuple defined b O E x G, then the set active object, the states and the actions performed in the states
of transitions T, is defined byTOSxA xS are inherited. The benefit of this feature is that it allows the

A transitiont = (a, |, b) wherea is a source staté,is a user to apply polymorphism to actions within a state. Thus, it
label, andb is a taget state. The labdl, is defined by the set permits a derived class to write a function with the same name
{e, g}whereeis an event and is a guard. flansition, fwill  and have it used instead of the base-class function whereever
occur if (i) the system is i, and(ii) evente occurs, andiii)  the base-class function would have been used. Thus, the
guardg is True. Then, the system will be in sthté t occurs. derived class can have the same states and transitions as in the

Before proceeding furtheit is convenient to define the base class but dérent actions performed in certain states.

following functions: For example, if a derived robot class performed forward
X:ToS,L:ToA, LG(g) 'L - {True, False} , kinematics calculations in a thfent way than its base class_,
then the developer could declare the base class forward kine-
L_:L-E,andY:T-S matic calculation action as virtual and then rewrite it within

where:X(t) returns the source statd.(t) returns the label the derived class. Therefore, when the event occurred to tran-
associated witht LG(g) () returns the evaluation of the Sition a robot object into the forward kinematic calculation

guard associated with L_(t) returns the event associatedState, the derived robot class action is executed.
with t, andY (t) returns the tayet statd. B. State Lifecycle | nheritance

C. Special Events The specification of the states and transitions between
Events also exhibit a class hierarciifierefore, it is pos- those states are specified in the constructors for the objects.

sible to derive classes of events from base class events (i.e.[f{iritance of a class (referred to as the “base class”) will
derived events will enable the same transitions as the bé‘%\éOI‘{e calling the constructor and thus instantiating that
class enabled). For this discussion, it is useful to define 1SS  States. Polymorphism can be used to overwrite the

types of events derived from the general event class. All ottfétion to be performed in the state. After the base class con-
types of events in the system will be derived from thedructor is called and the base states instantiated, the derived

classes. These two event types are derleéeandE _ class is then free to define new transitions to and from the base

There are certain events (such as an erfor event) fofss states. o
which it is desirable to exit a state even if it is not in a termina] SOMe restrictions must be placed on inheritance of state

state. In such cases, it is necessary to define special eyliggrams in order to assure logical consisten€olemangt

types that will exit a state regardless of its current substafe: [°] Suggest the following restrictions for subtyping in their

These types of event will allow the system to immediatef§¥t€nsion of Statecharts, “Objectchartg): adding an extra

handle error events or to process special interrupts whigfé Or transition corresponding to a new servigg,
require immediate attention. This special type of event wistrengthening a transition specification by weakening its firing

belong to a special set of evens, . All other events are condition or strengthening its post condition(igy strength-
called basic events,. . X ening an invariant relationship. These restrictions ensure that

The set of all events in the systeffi),is thus defined as the Newly c_ierl\I/.ed r.?tat_e dﬁesdnqt c(;uange hclxl\llvf.the bfse state
the union of all the special exit event, , and the basic "€Cts to stimuli. That is, the derived state will fire at least as
eventsE . That is: X often as the base and it will result in the original post condi-

E : Eé 0E. E nE. =[O tion. The derived class can also add substates to its own as

B’ B , .well as the base class states. An example of this use of inherit-

For an application, it is necessary to define how pendi

n . : . .
events will afect the system. In OARS, receiving many"j%']Ce 's provided in Section

events in a state in which its current substate is not exit-safeadsGuards on Transitions

handled in many ways. If the incoming eve@t, is a system . .
error type, then the event is processed immediafbist is: anrds are boo_lean EXpressions Wh'Ch can be added FO a
i i _ transition to a certain state. The transition will occur only if
& OE,Oin(s) - in(Y()) where L ) =e. i

\ E . the guard evaluates to true. This can be useful when the devel-
The handling of events that are not error events is dis- . .
: o oper wants to specify a transition on more than the occurrence

cussed in more detail in [3]. . : .
of a single event. A guard can optionally be supplied by the

lll. ARCHITECTURE FEA TURES developer when specifying a transition.
A. Class Inheritance D. Exit-safe State Handling

Class inheritance of the active objects developed in the As explained in Sectioh, the exit-safe state concept is
system are derived from the features of C++. The user deviehplemented in this support architectureittthe concept of
ops classes to contain the information model as well as tthe exit-safe state comes the need to pend events. When an
methods for each active object in the system. Since someewEnt occurs which is legal in the current state but the state is
the methods within the active object represent actions for cém-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- IV. IMPLEMENT ATION
safe. By allowing the pending of events, the system maintains

. X T The archi reh n implemented in C++. C++ pro-
consistency with the specification. The specification impli e architecture has bee plemented in C++. C++ pro

des the necessary inheritance features of the information

"’H?odel as well as virtual functions for changing base class
and thus, should be processed for that state. Howtbeesys- methods in derived classes.

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 List of
occurs, andjii) the guard evaluates toue, and(ii)) all cur- S'a‘e
rent substates are exit-safe (i®(s) = True). In order to
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handle transitions with exit-safe states properly the following o
algorithm is used. This is illustrated as a flow chart in ;
i Pending Nonterminal
F|gure3. Events Current
For an evente, Logon J - Lo [ 500 1
Foreach Enaing e’ Taston Nextsiate
Figure 4. Basic Object Notation for Architecture
tOT:in(X(t) O((L E(t) =e) DLG(g) (1)) The InterAgenttoolkit for distributed system develop-
ment has been chosen to provide the backbone for communi-
Then If Q (X (1)) D%D ExHH cation management within our system [10]. It supports many
platforms including Sun, Silicon Graphics, and PC providing
Thenin(Y(t)) Elsepend(e X(t)) an open system development environment across those sys-
EndIf tems. InterAgentalso supports point-to-point and multi-cast
EndForeach message passing.
The order of execution of the potential transitions is non- The architecture is structured as several clagsgsnt,
deterministic. A transition will occur if: ActiveObject, fansitionElementandStateClassA simplified
00T tin(X(t) O(e = L (1) model of the construction of these classes is shown in Fgure

It is not guaranteed which transition will take placeusing Rumbaugk’Object Model Notation [1].
unless the specified system itself has a mechanism for guaran- Figure4 illustrates that thégentclass is the most basic
teeing the order of transition execution. After entering a exiélass and is common to all the rest of the classes in the archi-
safe state and performing the action associated with that st&@gfure. TheéAgentclass contains the information and methods
the pending events need to be processed. Handling pendiddiandle the message communications between distributed
events is application dependent. Some possible ways of hRFPCESSES.

diing the pending events are described in Sedtidn The ActiveObjectis the next most basic class. It is com-
SectionV provides a simple example of a system containingrised of several states and several transitions which combine
exit-safe states. to make up the state lifecycle of the object. AuotiveObject

class contains the information and methods to handle the pro-
cessing of events received by the agent. Processing the events

_»} For each transitiort, |

¥ the Tollowing Criteria are met involves: (i) determining whether the event is legal for the
- “ the system is in the state from current state of théctiveObjecs, (ii) either pending the
ELSE - WhiC_htiS ?utgoingv event or evaluating the transition to the next state, and (iii)
* the incoming event, enables, and, evaluating any guards placed on a transition.
¥ :girg:afd associated witevaluates The state is represented in Bi@teClassTheStateClass
' defines the state of thectiveObjectas well as the methods of
Tl The current substates ohra the ActiveObjecto be invoked when entering that state.
exit-safe o s a special event type The transitions are represented by fliansitionElem

which exits a state even if the L. . . .
states current substate is nonekit-  Class. TheTransitionElemclass defines how thctiveObject

safe.) 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 optionallya guard.

Pend the event to state | Take transitiont. The system is All userdefinedActiveObjectsshould be derived within

then the new state to whiefieads. the ActiveObjectclass. The developer should keep in mind
where abstractions can be made to promote reuse throughout
Figure 3. Flowchart of Transition Algorithm the systems development life. A top-down specification

ELSE,




defines the basic state flow for an active object in a clasdgure5. After reaching this state, the assembly robot can
Derived classes from that basic state define details of the sthen transit out of the parent staRart At Stationand con-
states for state specified. If the substate definition changes tiie to the appropriate state. The other scenario involves a
the basic high-level state definitions remain intact, the baseparate agent which does the inspection. Again, the basic
class can be reused. An example of this is provided gtates of the assembly robot are the same, and only the sub-
SectionV. states oPart At Statiorare diferent. The base states are thus
inherited. The derived assembly robot class will then have
V. ASSEMBLY ROBOT EXAMPLE substates oPart At Stationwhich could look like those in
In order to illustrate the capabilities of the system, thiBigure7.
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 E
the state life-cycles and shows some output of the monitor o
program. [Eaa)
T p—
Assemble Figure 7. Substates of Part At Station State for Scenario 2
- The separate inspection agent then sends eithAttdeh
Attach L= piscard or theDiscard events while the assembly robot is in et
e g ’ D scarding ‘ At Stationstate. That event pends until the assembly robot fin-
Advameey— L ishes theGrabbing Subparstate and is exit-safe. Figue-
Homd  Dond Figurel2 provide snapshots of the implementation.

Figure 5. Basic State Model of Assembly Operation

AssemblyRobotl CNTRLWIN

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 pssemblyRobot2
part and 6) Homing manipulatofhese states and the corre-
sponding event transitions are shown in Figure

Figure 8. Agent I con Popup Window
B. Derived Assembly Robot Classes Figure8 displays the diérent agents within the system.

. _ _ . _When an agent process is started, it announces this fact to the
Two implementation scenarios are discussed. The first

. ) . € TSt onitor which then places an icon in the winddw this
when inspection of the part is added to be handled within tgﬁample there are two assembly robassemblyRobotand

manipulator agent and the second is one in which inSpeCti°W§semblyRobotand a control windovENTRIWIN. The two
handled by a separate agent. Each scenario involves thea@éembly robots are implementations of those discussed in the

basic steps ou_tllned _above, SO a bas_,e clasg _W'” be qeveloﬂ?&ious example, and the control window is used to manually
to handle the six basic states and their transitiome.derived  ¢oq events to the processes

classes will inherit the information and state characteristics of
the base class but will add fdifent sub-state actions to handle
the diferent scenarios.

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

AssemblyRobotl
Received: TESTOBJA from: CNTRLWIN |5
Received: TESTOBJC from: CNTRLWIN
Received: TESTOBJID from: CNTRLWIN
Received: TESTOBID from: CNTRLWIN
Received: TESTOBJB from: CNTRLWIN
Received: TESTOBJD from: CNTRLWIN
Received: TESTOBJA from: CNTRLWIN
Received: TESTOBJA from: CNTRLWIN
Rocorwod- TESTORIC finvm - ONTRI

Figure 9. Event History Popup Window fgr"z\’ssembly 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,AssemblyRobothas received a series of events from

Inspect
| nspect i ng
Subpar t

Figure 6. Substates of Part At Station State for Scenario 1
After inspection, either evemtttach or eventDiscad is
generated and the robot moves into the appropriate state as in

Part At Station




CNTRIWIN.

(1]

(2]

(3]

dle ati
TESTOBJID TTTOBJA
Disc#dingPart AttachSubpart

[4]

TESTOBJA TESTOBJB

Figure 10. Top Level State Transition Diagram Popup Window
Figure10 shows the top level state transition diagrartp]
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 oAssemblyRobot]All the states are rep- [g]
resented by the ekas state icons. The current state of the
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PartAtStation
Transition from: Idleon. TESTOBJA
On: TESTOBJD transiton to: DiscardingPart
On: TESTOBJA transiton to: AttachSubpart

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 architecturih e addi-
tion of this tool a complete design, implementation, and
monitoring system will have been developed.



