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ABSTRACT ness and applicability of the SMOOCHES environment in
This paper describes the analysis, modeling, and simulation oftee object-oriented modeling, simulation and development
notional air defense system using SMOOCHES (State Machinef complex software systems. SMOOCHES also provides
for Object-Oriented, Concurrent, Hierarchical Engineering Spedhe benefit of allowing the object-oriented development of
fications). SMOOCHES is an object-oriented environment basgferarchical system specifications. This research uses the
on hierarchical state machine_s and extension; to Stat.echarts, HMOOCHES environment to specifyiodel, simulate and
cifically developed as an environment to spegifpdel, simulate 5oy 7e an air defense system, which emphasize the appli-
and analyze / evaluate distributed, reactive systems. cability of SMOOCHES to address the following issu@s:
I.INTRODUCTION the use of a high level specification language to represent
dﬂerarchical and object-oriented system characterigfigs,

environment developed for the hierarchical state modeliﬁBe architectural support for using opject—o_rlen_ted tech-
and simulation of distributed, reactive systems, to specifyidu€s and the ease and flexibility with which it can be
model, simulate and analyze a notional air defense systethPlied within the SMOOCHES environmef(iti) the use
SMOOCHES [1] considers real world systems developmefit €xit-safe states in specifying and modeling distributed,
as an iterative and interactive process, wherein systéﬁ‘f"cuve systgms, anly) the specmqatlon of syster_n tim-
requirements and subsystem functionalities are not cofRd characteristics for system modeling and analysis.
pletely pre-defined as part of the initial requirements speci- The paper is ganized as follows: Sectidhdescribes
fication, but evolve along with the system developmeiiie significant features of the air defense system. Sddtion
process. Moreover SMOOCHES employs an “event- derives the system model. Sectldhpresents an overview
driven” approach to system specification. Therefor®f the development of the radar tracking system within the
“events” are assumed to cause a change in object behatfOOCHES environment. Sectidhconcludes the paper

as they trigger the trz_;msiti_ons betweerie:d'efnt states. The Il THE NOTIONAL AIR DEFENSE SYSTEM

example developed in this papéhne air defense system,

exemplifies a system with the following characterist{gs: The tracking operation involved in radar systems refers
significant interactions between software, hardware amelthe continuous maintenance of data about the position of
human users(ii) requirement of a predictable response given taget. A single taget tracking radar implies a dedi-
from a dynamic, uncertain environment, aitly multiple cated radar used to track a singlgear Typically, a com-
interacting subsystems and environmental constraints.

In this paperwe use SMOOCHES, an object-oriente

The SMOOCHES environment is designed to be a Air Defense System
generic object-oriented modeling and simulation environ- Track
ment. The use of object-oriented techniques is supported in Search had
SMOOCHES to facilitate ease of use and provide portabil- Radar gomman ¢
ity across various application domains. SMOOCHES is
. . . . . - Weapon
interactive and provides the following monitoring capabili-

ties: (i) overall system operations monitoringhis feature
is used in displaying the objects in the system and choosing Figure 1. Block Diagram of Air Defense System
a particular object for detailed observati¢i),communica-

tions monitoring:ThiS feature is used to monitor the Command issued from a Command Center gives the genera'
munication structure of the selected objgii observing coordinates of the object to be tracked in the form of azi-

used to observe states belonging téedgnt levels of hier- get.

archy and, (iv) observing legal state transition§&iven a The radar consists of a transmitteceiver paira pulse

nt&@neratqran antenna, and a signal processing unit (SPU).
The information from the radar is sent to a display at a com-
1and/monitoring centefThe antenna is classified by its

shape, either rectangular or circuland the dimensions of

* This research was supported in part by the National Science Fountlae various shapes determine the gain and beam width char-
tion under grant IRI1-9409192, and in part by tlexds Higher Educa- gcteristics. The antenna pattern refers to the lobed shape of
tion Coordinating Board under Grant R-115. . . . h

** Dr. S. Ramaswamy is currently with the Division of Computer an&he ganasa function of th_e angle relat.'ve to the bore _S'ght-
Applied Sciences, Gegia Southwestern College, Americus, GA..  The radar has several attributes contained within the infor-

and transitions that are legal in the state.
The objective of this paper is to demonstrate the usef




mation model. These includ@) power (ii) gain,(iii) position Using the Shlaer/Mellor model [3], the block diagram in
(iv) pulse width, andv) pulse repetition frequency (PRF). Figurel illustrates the relationship between the Command
Center the Radarand the Wapon system. A one-to-many

~ [ Radhr (single arrow to double arrow in Figuté relationship exists

[ Track Rhda o between the Command Center and tihack Radarand the
. : Command Center and theepon. Howeverthere is a one-

[Anterha Kmitel! itor to-one (single bi-directional arrow in Figut® relationship

between a flack Radar and a #dpon. This indicates that the
[Gah  [Fosion [PRE C_ommand ngter has to typically handle communications
: : with more entities (broadcast), bothatk Radar and Bap-
Figure 2. Object Model of Radar ons, whereas therdck Radar and a &dpon have a dedicated
The weapon agent has the following significant attributesommunication structure (point-to-point).

(i) weapon type(ii) amount of ammunition remaining, and,  Figure2 is the object information model of a radar using
(iii) position. The generated pulse has an RF carrier frequeRgg Rumbaugh object model [2]. The model contains the con-
of 400 to 18000 MHz with a pulse width of .5 to 5.0 microstityent parts and attributes of the Radar as described above.
seconds. After amplification, the radar transmits the pulse \ibte that theTrackRadar inherits all the information from

the direction of the antenna bore sight axis. If the generatgg pasic Radar system. The next section describes the behav-
pulse encounters a t@t, a fraction of the signal is reflectedigral model of the radar system.

back to the radar and a fraction of this reflected signal is inter-

cepted by the antenna aperture. The signal arriving at the NewTarget Targetinfo
antenna is amplified, processed, and displayed at the com-  Radarlnfg Radarll
mand/monitoring centeffypically, the pulse train consists of —€>C lSStTar get Radar| nfo
equally spaced pulses. The pulse repetition frequency (PRF) is Weaponinfo |~&ontar| _ Targetinfo
the number of pulses transmitted per unit time. The pulse rep- NewTarg
etition interval (PRI) represents the time between pulses and Radar?
is equal to the reciprocal of the PRIt & be the maximum LostTarget Radar|nfo
round trip travel time of a pulse (from the raddrtbé taget ?&qroy
and back to the radar). In practides PRI. Otherwise, there arget - selective
will be range measurement ambiguity among the transmitted — ] | & broadcast
pulses. Targetinfo | W €POSWeaponi nfo

The range gate is defined as the time when the radar is
expecting a pulse from the desiredy&tr The radar “slews” to Figure 3. Object Communication Model

the appropriate coordinates and then positions a range gate.
This process usually takes less than a second. During the
range search, the time when the gate turns on and the duration |n this section, a general model of the tracking performed
of the gate are varied according to a pre-programmed patt@fnthe radar and weapon agents is developed. The underlying
until a pulse arrives at the gate. This pattern generaligrslif assumptions are as follow) the command agent sends out
between diferent radars. After the @et is acquired, the radar pasic initiation commands, an@) the command agent is
begins to track the tget, that is, the radar attempts to continuunder human control. Figugillustrates the object communi-
ally receive the pulse in the center of the gate. The radgition model between the filifent agents. Events associated

1. SYSTEM MODEL

adjusts theGateOn time in order to maintain tget tracking.
By integrating the pulse it receives while the gate is on, the <NavalRadarSystem»  <CommandCenterAgent> sackRadarAgent>
racilar detemr;]in?S thhe Ir;eieshs@ary details to ﬁdjuﬁéleiteOn <CommandCenterAgent>: i\i\ﬁ:\f/?é?rggsniggggsflgge>>
pulse. For the first half of th&ateOn time, the radar posi- <Router> CommandCenter ><Router>
tively integrates the pulse it receives; and, for the second half,<TrackRadarAgent> :  {Radar} <<Targetinfo> <Radarinfc>
it negatively integrates the pulse. If the result is zero, the taar-<WealpOnAgent> _ if&zg:ﬂg:E;‘Lir;jmol”e‘ae;m Rovter
get is considered to be centered within the gate. If the resulf iscyeapon> . <WStandby>;<WSlewing>;
non-zero the radar adjusts GateOn time. <WReady>;<Firing>;<AmmoOut>

A dedicated weapon system works in conjunction with i;c:r?;df’ g ; ;ﬁ‘gﬂﬂ%::;i';“{;’;ﬂ?lfadarO“>
every radar system. Similar to the radhe weapon system (<Radar Sensel dle>; <ProcessingSignal>)
will “slew” to desired coordinates when instructed to track @ <Radiate> © <GateOn><GateOff>
target by the command centdthe weapon system will then jfzi?ﬂ; ; Fgﬂja;?‘ﬂg: con> = <Acugringon>
work closely with an assigned radar system to track thettar | <acquringon> . <NoPulse>; <ReceivedPulse>
Should the need arise, the command center sends a destrc<Tracking> : {Radiate} <GateOn> = <TrackingOn>
target command to the weapon system. In such a situation} if " 2<"%°" : f;;i:g;ﬂi’;b) Il (NoPulse>:
the taget is currently tracked, the weapon system will fire at

the taget. Figure 4. High-level System Specification



with external communication ar@) Newarget, (i) LostTar- the main components of the system, the main states of those
get (iii) Targetinfq (iv) RadarInfq (v) DestoyTarget and(vi) components, and the areas of concurreRigure4 illustrates
Weaponinfo The Newhrget event is sent by the commanda trace of such a high-level specification for the radar tracking
center to the Radar defining the general area of thettarhe system Events and states arepresented in italics and bold,
LostTargetevent signifies to the Command Center that the tafespectively The TrackRadar is derived from a radar base
get has been lost. General information likegéarposition class. This radar base class contains basic radar attributes.
information and radar configuration are communicated by thgnce theAcquiring and Tracking states each transition
TargetinfoandRadarInfoevents to any agent interested in thighrough aGateOn andGateOff states and emit pulses. They

type of information. In addition to promoting the use Ofye derived from a commdradiate state which contains sub-
object-oriented, event-driven, hierarchical state specificatioggieqsateOn andGateOff.

of distributed reactive systems, SMOOCHES also allows the

developer to classify events into eitlspecialor basicevents, A. Behavioral Description and State Construction
and to specify event hierarchies. These two classes of events

Radar System
Trac Trac
Rad l Radg
cena 1— — - —
|.”l

Figure 5. High Level Radar System Description

Figure5 illustrates some agents within an example sys-
tem. It includes one Command Center and multiplack
Radars and ¥8apons. This presents the top-level view of the
system. Figur® provides the definitions of the events
involved in the radar system. The evehtsstRange, Hav-
eRangeandTargetPosall belong to the general class of event
TargetInfo. Figure7 through Figurdl illustrate the state dia-

are processed in fifrent ways. Special events usually refer to Radar \
events that require immediate attention. These events include r\sm 3By NewBrget .
error events and events with certain priorities. The handling |Stewin
Event Name Event Description LostBrdet RSlewDon
LCock ommand to weapons System to nitiate tracking of the tar- N
e

get RadarOn
| RSlewDone  |[Event signifying that the radar is done slewing |

WSlewDone vent signifying the weapons system 1s done slewing
| Destoylarget  [command to weapons system to iniiate destruction of the
target
| AmmoEqZe&y  |Condition when the weapon IS out of ammunition | K Tracking

ProcessingDaty
_——

AmmoGtZey [Condition when the weapon still has ammunition

| Refilled vent signifying that the weapon has been refilled |with
|ammunition - .
NeWEBrget SN Telling Tadar SyStem T Tonior & Megaar Figure 7. Substate Composition of Radar
| Targetinfo ____[Class of events which Involve information related to the tar-
get
LCostRange Vent signifying that the radar has Iost the range on tfje tar-
lget while tracking GateOn —
HaveRange vent signifying that the radar has the range on trgefar S
hile tracking Pulse
|~ TargetPos __ [nformation containing the current position of thegyer | [RecPulss)
| Lostlarget Vent signifying tha

DoneWth Target Vent signitying GateOfvaentl * GateOnEven
target

Pulse vent signifying the receipt of the returning pulse sign ﬁg&epm
endPulse [Command o send a pulse J/k ~
p *W_» Pulsed
GateOnEvent vent signifying the start of the GateOn period for the radar
ate ven vent signifying the start of the Ga riod for the radqr \
IntTimeOut vent signifying the half way point during the GaigOn

period

Acquiring

Figure 6. List of Events

of these diferent types of events within the SMOOCHES
environment is discussed in detail in [1]. These features are
used to create individual grouping of events, associate events (Negin) (RecPulje
to certain states, and specify event sub-groupings. Moreover Gateofvaen *Gateo”Evem
the designer can also specifyfdient kinds of event handling = —o0T
mechanisms. For example, the weapons agent is interested in KendPulse
the Targetinfosince it will need to follow the tget if the tar- (F
get is to be destroyed. ThtaveRangeandLostRangesvents \\

form part of Targetinfo event. These events signify whether
the taget is currently being tracked. An object-oriented, state- Figure 8. Acquiring and Tracking State Transition Dia-
based specification language, derived in [1], is used to identify grams

Tracking

GateOn

@




grams and transitions for the agents. These state diagraimsappropriate initial location. When finished slewing, as sig-
define the behavioral system model. Figtns the substate nified by theWSlewDonesvent the weapon system then is in
descriptions of theRadar agent. Note the use of exit-safethe Ready state. While in this state, the weapon will follow
states to define the case when an event can cause a transitiertaget using the information from the corresponding radar
from a high level stat&tandBYy is the default state. When thesystem. The Ready state is described belowlf the
radar receives theewhrgetevent, it transitions to thelew-  DestoyTargetevent occurs the weapon will move to ie-

ing state. In theSlewing state the radar motors engage anthg state. If the weapon is out of ammunition it will transition
move the radar to the general location of thgerThe event, to a state where it will need to be reloaded, otherwise it returns
RSlewDongsignifies that the radar is in the correct positiorto theReady state. If the tayet is no longer a concern (i.e. if
Upon this event, the radar enters fRadarOn state. The the taget leaves or it has been destroyed), the weapon returns
radar simultaneously enters the concurrent default statestofthe StandBy state upon the occurrence of theneWth-
Acquiring andRadar Sensel dle. The stateRadarSenseldle  Targetevent.

and ProcessingData show the activity of the signal process- Ready 1o\ qerTracked Waitin
ing unit of the radar: when a pulse arrives, it is processed by LostRangg,
the signal processing unit. When the radar has the range on the O
™ = HaveRange
target, signified by thélaveRangesvent, the radar transitions \{ A stovEret
to theTracking state. If the radar loses the range on trgetar HaveRan yee
signified by thelLostRangeevent, the radar returns to the WaitingTracked [TWLMin, Twt_max]

Acquiring state. If the radar has lost thegair completely

signified by theLostTarget event, it transitions back to ) Figure 1. Revised Weapon Ready State Diagram
StandBy. Figurel10 shows the substates of tReady state. The

DestoyTargetevent will pend on thReady state if the radar
loses the track on the tgat. Once the tget is tracked (i.e. the
Weapon is in theTargetTracked substate ofReady) the
weapon will transition to thEiring state.

Figure8 is the substate diagrams of thequiring and
Tracking states. For both th&cquiring andTracking states,
if a pulse is received during th®ateOn substate, the radar
transitions to the correspondirigecPulse substate. In the
Acquiring state, the radar will attempt to modify the gate on

time to get a more accurate range on thgetaiT his is accom- Agent State Timing Specs
plished by adjusting the time when BateOffEvenis gener- Radar  Slew [RadarSlew_min, RadarSlew_max]
ated. In theTracking state, the radar uses the information _ .=~ .. [GateOn_min, Gateon_max]
Radar  GateOf [GateOf_min, GateOf _max]
Weapon Refilled
_ \ Radar  TrackedOfidle [Idle_min, Idle_max]
< DoneWWthTarget
btandB Ammb .
Ready out Radar  TrackedOfPulsed [Pulsed_min, Pulsed_max]
L WSlewPone \ AmmoGtZen Radar  Acquire [Acquire_min, Acquire_max]
oc Destoy )
o AmmoEqZey Weapon Slew [WeaponSlew_min, aponSlew_max]
iring|
Slewirg Weapon WaitingTracked [WaitingTracked_min, V&itingTracked_max]
Figure 9. Weapons System States TABLE 1. State Timing

acquired in thé>osint andNeglnt substates to keep the ranges. Timing Attributes

on the taget. ThePosint and Neglnt substates represent

when the radar is integrating the pulse information positively ~Specific timing requirements are necessary for the
and negatively respectivelJo keep the range on thegat, GateOn andGateOff substates of thRadiateState. Specifi-

the radar adjusts when ti@ateOnEvenis generated. The cation of timing requirements for tf&ewing are specified to
GateOff state has two states representing if an outgoing pulgesure that the positioning system isfisigitly fast enough

has been generated or not. The ev@ahdPulsesignifies the to position either the radar or the weapons system. A violation
start of thePulsed substate. of the maximum time generates an exception which leads to a

state in order to determine if there is a problem with the motor

Ready T4 getTracked Waitin control of the radar or weapons base. The radar has a mean-

LostRange ingful upper time bound on tha&cquire state. If the radar

remains in theAcquire state too long, an exception occurs

which causes thé&ostTarget event to be generated. For the

Figure 10. Weapon Ready State Description weapons system state Beady and Waiting, a strict upper

Figure9 is the state diagram for théeapon agent. Like limit could be set on how long the weapons system will have

the Radar agent, the &apon agent defaults to QiandBy  to wait before proceeding to tracking thegtir

state. After receiving thieockevent, it transitions to theew- Figure1l shows a new substate description ofRieady

ing state where the motors are engaged to turn the weaporstate that contains a timing specification which denotes the

EE—

HaveRange




maximum amount of time the weapons system should wait IV.IMPLEMENTATION
before proceeding to thEargetTracked state after receiving

the DestioyTarget command. This substate diagram shows a Flgurel-z shows the top-level states of the defense sys-
tem and Figurd3 shows the top-level states of the radar:

i StandBy, Slewing, andRadar On. The radar transitions from
StandBy to Slewing when it receives the evehMewrget
NewRrget contains the position information necessary to tell
the radar where to set its position.When the radar is done
slewing it transitions to thRadar On state. If the radar loses
the taget it transitions back t6tandBy. The command con-

Figure 12. Air Defense System

state calledVaitingTracked which signifies the state when a
DestioyTarget event has occurred, but the radar has lost the

range on the tget. Thus, if theDestoyTarget event occurs .._,. =
while the taget is not being tracked, th&/aitingTracked Frthunge  Moeetange

state is entered and thaveRangesvent must occur within
Twt_max amount of time, or an exception will be generated.
If the DestioyTarget event occurs while in theTar-  troller agent would send new commands in response to the
getTracked, the weapon will transition to thEiring state | ostTargetevent. Figurd4 presents the two substates of the
since TargetTracked is exit-safe.TheDestoyTarget event
will be pended to theéReady event if the weapons agent
receives th®estioyTargetcommand while th&eady state is
not in an exit-safe substate. This procedure prevents the weap-
ons system from firing unless the radar is actually tracking a
target.

Figure 14. RadarOn State Diagram

o
2

Tracking_on  Tracking_o
Lo’

GateOffEvent GateOnEvent

i

Figure 15. Gate Cycle State Diagram

RadarOn state:Acquiring and Tracking.Both substates are
derived from common base staRgdiate. Since theGateOn
and GateOff cycle is common to both thcquire state and
Tracking state, the base std®adiate is abstracted. This state
contains the common state lifecycleGéditeOn andGateOff.
Acquire andTracking are then derived frorRadiate. Addi-
tional states and activities are then added to the derived
classes.When in th@ateOn state, the radar is looking for a

If a timing requirement of the system fails, an exceptioreturn pulseWhen in theGateOff state the radar will gener-
is generated. The exception handling might bdediht ate the pulse but not be expecting the return pulse. Figure
depending on the state in which the exception is generatgd.
The exception generated due to the radar losing tlgettar,
might be to simply send the radar back to standby a
announce that the et is lost or out of range. Howeyéra
state in the weapons control violates its timing requiremen
the exception might require more serious attention.

Figure 13. Naval Radar Main State Diagram

Tablel is a listing of some states within the system that @ (b)
have associated hard time values. The other states within the Figure 16. Concurrent State Diagramsfor Gate On SubState
system can be considered to have timing specifications of [0, of Track State

oo | which efectively mean that they exhibit soft time charac;ShOWs the gate cycle for thgacking state. The gate cycle

teristics. Some timing characteristics about certain states tef’éte diagram for thacquiring state is similarbut the sub-

are not listed in the table can be easily derived. The timi%‘i’ates for th&ateOn state are diérent. Whereas thicquir -
characteristics of th@rackedGateOff state is [ldle_min + 4 state is simply looking for a pulse to occur within the
Pulsed_min, Idle_max + Pulsed_max]. One can also detgfzte0n substate, th@racking state needs to keep the pulse
mine that the GateOn - Gatd@ycle of theAcquire state centered. Thus, it performs an integration on the pulse data it
will cycle at least Acquie_min / (GateOn_max + receives. For the first half of ti@ateOn state the radar per-
GateOff_maxjimes and at mosicquire_max/ (GateOn_min forms a positive integration, and for the second half, it per-
+ GateOff_min). These timing characteristics are derivedorms an negative integration. Thus, tl&ateOn state
from the rules defined in [1]. contains thdPosl ntegration to Negl ntegration state diagram



illustrated in Figurel6 (a). Concurrent)ythe radar starts in a does not fire at a tget that is not tracked.

state in which it has not received a pulse and then transitions
to a state denoting it has received a pulse if the pulse returns.
This is useful in determining if the range on theyéarhas

V. CONCLUSIONS

The operation of a notional air defense system has been

been lost. Figuré6 (b) illustrates this state diagram. modeled and analyzed using the SMOOCHES environment.

The example demonstrates the application of SMOOCHES as
il an useful tool in behavioral modelingj it provides a graphi-

cal means of specifying the system under developr{iént,
maintains underlying formal behavioral definitions, &yl it
simulates behavior models for verification purposes. The
SMOOCHES environment is currently being used as a test

Figure 17. Gate Off State Diagram bed to study problems related to manufacturing applications.
Figurel7 shows the state transition of BateOff state. Design verification and validation within the SMOOCHES

At first it is idle and then after a period of time transitions tgnvironment is a topic of ongoing research.

an exit-safe state representing that the radar has transmitted a

pulse. Figurd8 describes the state diagram of the weapons
1.

AmmoEqZero

Figure 18. Weapon State Diagram

system. The weapon system starts i&andBy state. After
receiving aLock command event the weapon slews to the
appropriate position. During this time the weapon system is in
a Slewing state. When the weapon system is done slewing it
transitions to aReady state. If aDestroyTarget event is
received the weapon system will transition to Eieéng state

and then back to ready state if it still has ammunition. If the
weapons system is out of ammunition it will transition to the
AmmoOut state.

Figure19 shows the substates involved with teady
state. While in th&®eady state, the weapon system is commu-
nicating with the radathat is, the weapon system is interested
in specific events of the radar system. The first substate is the

‘\1 N
HaveRange IostRange

Figure 19. Weapon Ready State Diagram

TrackedTarget state. Vithin this state, the tget is being
tracked. If the radar loses the range on thgetathe weapon
system transitions to th¥aiting state. ADestioyTargetevent

can occur while in th®eady state. The weapon system will
not transition to thd-iring state until the substate is in the
exit-safe stateTargetTracked. Therefore theDestioyTarget
event will be pended until thEar getTracked state is current.
This behavior definition is to ensure that the weapon system
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