FORMAL SPECIFICATIO N AND ANALYSIS OF

AIRBORNE MISSIONSYS TEMS

Lars M. Kristensen and Jonathan Billington, School of Electrical and Information Engineering,

University of South Australia, Adelaide, Australia.

Laure Petrucci, Laboratoire Spécification et V érification, CNRS UMR 8643, Cachan, France.

Zahid H. Qureshi, Systems Sciences Laboratory,

Defence Scien ce and Technology Organisation, Adelaide, Australia.

Raymond Kiefer, RLM Systems Pty Ltd, Adelaide, Australia.

Abstract

The Ai rborne Mission S yst em in military aircraft is a complex real time s ystem consisting of a missi on control comput er,sensors, displays, cont rol s, and dat a buses that provide i nt erfaces between sub - s ystems. The complexit yand real time requi rements of Air borne Mission Systems repres ent major challenges to t he Austr alian

Defence Force duringacquisition, upgrades, and maintenance. This has motivated research into the applicat ion of formal t echniques to model the mission s ystem architecture, and t oinvest igate and predi ct the effects o f avionics upgrades on the behaviour and performanceof the integrated mission s ystem. We are currentl yusi ng Col oured

Pet ri Net s to model and anal yse Airborne Missi on

S yst ems. This paper presents twoaspects of our ongoing resear ch using Col oured Petri Ne ts. Firstl y we present some anal ysi s for a generic Ai rborne

Mission s ystem based on previousl ypublished model . Then we describe an initial application of our modell ingframewor kto the AP - 3C Or ion

Maritime Patrol Aircraft ´s Air borne Mission

S yst em.

1. Int roduction

The Austr al ian Defence Force regul ar l y acquires and upgr ades Ai rborne Mission Syst ems

(AMS) but unfort unatel yman yof these acqui sitions are delayed [ 1]. These delays n ot onl yincrease costs the ycan contri bute to the loss of cutt ingedge capabil it ydue t othe rapi d advances in technolog y.

In the foll owingsub - sections we i nt roduce the

AMS, overvie w real ti me scheduling, describe brieflyC ol oured Petri Nets, identi fykeyi ssues and provi de an overvi ew of this paper.

1.1 Airborne Mission System s

A n AMSarchitecture includes several sub - s ystems, f or example, sensors, navigation and communication, di spla ys and contr ol s. The yare t ypicall yconnected together b ya serial data bus.

Alt hough the behaviour of each sub - s ystem in isolati on ma ybe well under stood, their behavi our when combined is hard to predict due t othe compl ex i nt eract ion and missi on dependenci es between the var ious sub - s ystems.

Fi gure 1. Generi c Mission System Archi tecture

A generic architecture of an Avionics Missi o n

S yst em for a combat aircraft [2], depicted in Figure

1, consists of a mission cont rol computer, a seri al data bus, and vari ous avionics sub - s ystems such as navi gati on, communication, radar and sensors. The cont rol of devi ces, displays , and pilot controls , is handled b ya collection of s oft war e tasks executing on a mission cont rol computer. A maj or concern when upgrading and maintaining AMSis t he scheduling of t heir real t ime tasks on the missi on cont rol computer, plus guaranteeingthe data transfer acros s t he mission dat a buses connecti ng the various sub - s ystems.

1.2 Real Tim e Scheduling

Schedul ing of tasks in real time systems has tradit ionall ybeen conducted usi ng a purel y algorithmic approach [3]. Recent l y, t here has been an increasinginterest i n appl yingtimed automata

[4] and model checkingtechniques to scheduli ng probl ems [5, 6, 7]. The basic i dea is to t ur n the scheduling probl em into a reachabilit y[ 8,16] probl em that can be sol ved b yanal ysi s tools using a state space search. The advant ages of f ormal model lingand st ate space met hods in t his setti ng i s that t he same model of the s ystem can be used to anal yse schedulingas well as other properties, such as functional correctness. Hence, it represents an integrated approach to the anal ysis of the s ystem.

Mor eover, t he simplifyin g assumpti ons required b y the algorithmic approaches are not needed when appl yi ng st at e space methods. Petri Nets [8] have previ ousl ybeen used for modell ing and anal ysis of real time s ystems, in particular for Ada pr ograms

[ 9, 10] and railways ystems [11].

1.3 Coloured Petri Nets

Earlier wor k has mainlyfocused on deadl ock detection and violations of safet yproperti es. This paper presents our application of C ol oured Pet ri

Nets (CP - nets or CPNs) [12, 13] and the suppor ting

De sign/CPN tool [14] for the scheduling and input /out put processing anal ysi s in Avionics

Mission Syst ems. This workis basedon our previ ous modelling and anal ysis of AMSusi ng CP - nets [15,16].

Coloured Petri Nets [12, 13] are a graphi call y oriented modelli nglanguage for the design, speci fication, and verification of concur rent and distri buted s ystems. CPNs are based on Petri Nets and the functi onal programminglanguage St andard

ML( SML) [17]. Petri Netsprovi de the pr imiti ves for modelling concurrencyand s ynchronizat ion, whereas SML provides t he pri mitives for modelling data manipulat ion in s ystems and for creating compact and paramet erisable CPN models. A CPN model of a s ystem describes the stat es that t he s ystem ma ybe in and the transit ions between thes e states. CPN model s are executable, whichmeans that it is possi bl e to investigate t he behaviour of the s ystem b ysimulations. CPN models can al sobe used for formal verifi cat ion of s ystems based on state space anal ysis and model - checking [12]. CPN

model s can be hierarchi callystr uctured into a number of modules, with well - defined interfaces between them. The time concept makes it possible to capture the ti me for di fferent activit ies in t he s ystem and therebyconduct performance anal ysis and investi gate f unctional pr operties of real time s ystems. CPNs and the Design/CPN t ool have been successfull y appli ed in a wide r ange of application areas andman yprojects have been carried out i n indust ry[ 12 ].

1.4 Key Issues

The ke yissues discussed i nthis paper are scheduling of t asks on the mi ssion control computer, and t he data transfer across the data buses connecti ng the mission cont rol computer and the various avi onics sub - s ystems. A t ypical applicat ion software task scheduli ng mechani sm, such as for the F/A - 18 and F - 111 ai rcraft, is based on a c ycl ic executi ve [18]. The c yclic execut ive executes an application that is divided into a sequence of non pre - emptive tasks, i nvokingeach task in a pre - determined order thr oughout t he execution histor yof the appli cation [19]. One can distinguish two t ypes of t asks, namel y, rategroup and backgr ound tasks. The r ategroup tasks are periodic and have higher pri or it ythan the background tasks, whi ch maybe consider ed as aperiodic. The c yclic execut ive repeat s its task list at a rate that is known as a maj or c ycle. The major c ycl e is furt her di vi ded i nt operi ods known as minor c ycl es. The major c ycles have a set of t asks scheduled that must meet the required deadli ne i n order to maintain t he integrit yof t he mission s ystem.

1.5 Paper Over view

This paper presents our appl ication of

Coloured Petri Nets and Desi gn/CPN for the scheduling and input/ output processinganal ysis in airborne mission s ystems. This work has evol ved from our previous modelli ng and anal ysi s of airborne missi on s yst ems usingCPNs [15, 16]. In

Modelli ng Mil itar yAirborne Missi on S ystem [15], we described our modelli ng framework and it s applicat ion to a generic AMS[2]. This model was enhanced and it s schedulabilit yanal ysis presented recentl y[16].

In Sect ion 2, we di scuss thedevelopment of a

CPN model for a generic AMSand present our anal ysi s approach and r esult s. In Section 3, an overview is provided of the AP - 3C AMS and mission computer task scheduling and infor mat ion transfer across t he mission equipment data bus. In

Sect ion 4, the initial i nvestigati on i nt othe applicat ion of the CPN modelli ng fr amewor k t othe

AP - 3C Or ion Mari time Patrol Aircraft is described.

Final l y, Section 5 provides concl usi ons on the model lingmethod and plans for further r esearch into anal ysis of cert ain s yst em properti es.

2. GenericMission System Analysis

An over vi ew of the CPN model of a generi c

AMSis shown in Fi gur e 2 [16]. Thi s depict s the hierarchypage of the CPN model. The nodes i n

Figure 1 correspond t omodules (in CPN t erminology, pages ) of the CPN AMS model. An arrowfr om one node toanother node means t hat the latt er is a sub - page ( sub - module) of the former. The page AMS is the top - level and most abstract page in the CPN model. The CPNAMS model consist s of five main p arts pages:

· AMS Sensors, (Sensors#8) and its sub - page,

· Mission Control Computer (MCC#3) and i ts sub - pages

· Controls/displa ys (C ontrolsDispla ys#) and i ts sub - pages,

· Stores modell ed bypage St ores#10, and

· Ser ial dat a bus (Ser ialDataBus#11) connecting the c omponent

The CPN model captures the set of tasks executing on the missi on control comput er andthe transmission of messages bet ween the devices of the system via the data bus. Being a ti med CPN model , the t ime taken bydi fferent events in the

AMSis capt ured usi ng t imestamps. In this paper we wil l not go into detail s of the i ndividual pages in the

CPN AMS model . For this, the reader is referred to

[15] and [16].

The anal ysis of the CPN AMSmodel is based on the state space method of CP - nets as support ed b yDesign/ CPN [14]. The pri maryfocus of the anal ysi s has been t odetermi ne whet her the tasks to be scheduled on themission cont rol computer are compl et ed in time, and if t hi s is the case, provide a schedule for the set of t asks. In addi tion to t hi s, the size of the input/ output queues of the I/O pr ocessor has been considered.

The basic i dea behind state spacemethods is to const ruct a directed graph (called the state space) wit h a node for each reachable state of t he CPN model and an arc for each transi ti on bet ween st ates.

Since the state space contains all reachabl e states i t represents all possible execut ions of the CPN model .

A problem to overcome in the anal ysi s of t he

CPN AMS model is t hat the state space i s infinit e, which is due to time i ncrementi ngin the s ystem.

To obtain a finite st at e, we assume t hat tasks are repeated in each maj or c ycl e. Thi s implies that each maj or c ycl e in the generic AMSis i dentical and hence,i f a schedule has been found for one

Fi gure 2. Hi erarchy Page of CPN AMS Mod el.

major c ycle, this schedule can be repeated in each
major c ycle. Ther efore, we onl y consi der the tasks
in one major c ycle, whi ch leads t o a finit e state
space.

                             The problem of fi nding a schedule can be
formulated as fi nding a path in t he state space
le ading from the initial state to a state where the
major c ycle has ended and all tasks were compl et ed
in time.

                             To ma ke stat e space anal ysis feasible, we
started out b y selecti ng a smal l set of tasks and
graduall y introduced addit ional tasks. Also, we
exper imented wit h di fferent priorit y poli cies for
tasks accessing the CPU and for input/out put
queuing. Tabl e 1 [16] list s different set s of tasks
taken from [2] used for t he anal ysis. The RG
column gi ves t he number of rategroup tasks in a
given set . The BG col umn specifies the number of
background tasks i n the set. We have omi tted the
names of the tasks in each set, as the y are not
requi red for the discussion of our anal ysis results.

                                    Table 1. Set of tasks used f or anal ysi s.

            Tas k set  Tas ks set name  RG  BG

             S1  Dis pla ys and controls  6  4

             S2  S1 + built - in test  7  6

             S3  S2 + radar control  9  7

             S4  S3 + target ing  10  10

             S5  S2 + thr eat  response  8  7

             S6  S5 + RWR Control  9  8

             S7  S6 + weap on control  10  12

             S8  S7 + target ing  11  15

                             Table 2 [ 16] gives t he size of the state spa ce
for t he different  sets of tasks listed in Table 1. The

Nodes col umn gives the number of nodes in the
state space, and the Ar cs col umn gives the number
of arcs i n the state space. The IOSS c olumn gives
the maximum number of requests in the I/O
requests q ueue at  the I/ O processor observed i n the
state space. The IOSP column gives the maximum
number of requests i n the I/O queue along a pat h in
the stat e space corresponding to a schedule for  the
tasks.

                             The considered pre - emption and queui ng
pol ic y allowed r equests from rategroup t asks to
overt ake r equests from background tasks in the IO
queue, and bot h rategroup and background tasks
had assi gned priorities.

Table 2. Standard state space generati on

Set  Nodes  Arcs  IOSS  IOSP

S1  77,982  127,316  6  4

S2  78,734  1 28,715  7  6

S3  485,054  811,734  9  7

S5  144,780  235,769  10  10

S6  142,022  234,257  8  7

S7  409,888  702,831  9  8

The gener at ion of the state space was done in a
breadth - fir st order, and the generation of the state
space was truncated at  nodes corresponding to  a
compl et ed maj or c ycl e. In t his wa y, a st ate space
correspondi ng t o one maj or c ycle was obt ai ned. The
anal ysi s results were obtai ned on a 1GHz Pent ium

III PC wit h 512 Mb of memor y. Due to t he size of
the stat e space, it was not  possi bl e to obtain results
for t ask set s S4 and S8.

In order to analyse and obtain schedules for
sets S4 and S8, an extension was made to t he

Design/CPN tool, which allowed the state space t o
be generated in a depth - fir st order. The depth - first
generati on allows the stat e space con struction t o be
termi nated as soon as a path is found corresponding
to a schedul e.

Table 3 [ 16] lists the anal ys is resul ts obtained
using depth - fir st state space gener ation. It  can be
seen that the use of depth - fir st generat ion allowed
the S4 and S8 task s ets t o be anal ysed. The statistics
show that t he earl y termination in t he depth - fir st
state space generat ion implied that si gnificantl y
fewer st ates have t o be considered. The benefit of
earl y termi nati on is obtained when a schedul e
exists. If no schedule exists t he depth - first stat e
space generation wil l consider the full state space.

Table 3. Depth - first state space generation.

Set  Nodes  Arcs  IOSS  IOSP

S1  4,120  4,119  7  6

S2  4,263  4,262  17  14

S3  5,394  5,393  17  14

S4  6,483  6,482  17  15

S5  4,497  4,496  1 7  14

S6  4,643  4,642  17  15

S7  5,109  5,108  17  15

S8  6,204  6,203  17  15

3. AP - 3C Orion Mission System

                             The Marit ime Patrol Group of the Ro yal

Australi an Air Force operates the AP - 3C aircraft

[20,21].  The AP - 3C air cr aft missi on s ystem
upgrade provides enhan ced mission capabilities and
extends t he P - 3C life - of - t ype to 2015 [20,22]. It has
a compr ehensive sensor suit e, which i ncludes

Radar, Acoustics Sensor s, Infrared Detecti on

S yst em ( IRDS), Ma gnetic Anomal y Detection

(MAD) and Electroni c Support  Measures (ES M)

[22,23]. The aircraft can be empl oyed in a wide
variet y of si ngle or combined roles and tasks. AP -

3C roles incl ude anti - subsurface and ant i - surface
warfare, sur veil lance, search and rescue, and
marit ime stri ke [20].

The Ai rborne Mission S yst em is charac teri sed b y a
set of sub - s ystems interconnected b y a serial
communications data bus.  A high - level block
diagram of the AP - 3C Ai rborne Mission System

(AMS) architecture is shown i n Figure 3 [24,25]. It
consi sts of a Missi on Equi pment Bus (MEB) that
provi des  i nt er - communication channels between the
followi ng sub - s ystems: Embedded GPS/INS

Navigation, Acoustic Processors, MAD and Radar .

The Data Management Syst em (DMS) provi des
speci alised interfaces to the following sub -
s ystems:Armament/Ordinance (ARM/ORD), ES M
and  IRDS. The operat ors are provided wit h a high -
resolution display and entr y panel directly from the

DMS.

The Communication (Comm) sub - s ystem
interfaces wi th these sub - s ystems via t he Avi onics

Equipment  Bus (AEB), which is connected t o the

MEB vi a the  Navigation sub - s ystem [24].

3.1 Data Managem ent System

The DMS is a cent ral ised mission cont rol and
management  sub - s ystem. It  i s a compl ex
multiprocessor  s ystem consi sting of sever al

Enhanced General Pur pose Controll ers (EGPC),
custom computing devi ces an d supporti ng softwar e

[25]. Two input/out put (I/O) pr ocessor cards
provi de t he interface bet ween the EGPCs and the

MEB. The DMS provi des the overall AMS
management  and normall y act s as the MEB bus
cont rol ler (BC) [ 24].

The DMS s oft ware consists of a set o f
soft ware components, whi ch process sensor data
and input from contr ol s, performs necessar y
mission - oriented computations and pr ovides output s
to t he displa ys and other  avi onics equipment  [26].

Typical soft ware components include t he executive,
navi gati on , stores management , displa y control, and
data management . The runtime executi ve schedules
and dispatches the execut ion of c ontrol tasks and
services interrupts during var ious operations [26].

The runtime executive component is t ypicall y
responsible for  th e foll owi ng functions: application
soft ware ( task) scheduling, i nter rupt management,
input /out put schedul ing and error management.

I R D S

E S M

N a v i g a t i o n ,  I N S / G P S R a d a r

D a t a

M a n a g e m e n t

S y s t e m

M A D

M i s s i o n  E q u i p m e n t  B u s  M I L - S T D - 1 5 5 3 B

O p e r a t o r

C o n s o l e s

A c o u s t i c s

A R M / O R D

A v i o n i c s  E q u i p m e n t  B u s  M I L - S T D - 1 5 5 3 B

C o m m

Fi gure 3. AP - 3C Airborne Mission System Block Diagram

                             The DMS e xecutive soft war e is based on a
commer ci al  Ada run - ti me kernel [26]. The
scheduling polic y is pre - emptive and is executed b y
priorit y in a round - robin fashion [27].

                             An EGPC sends a number of messages to the

I/O processor for transmission to the addressed
remote termi nal (RT) [24], e.g. Navigation sub -
s ystem or Radar subs ystem, via the MEB. The

MEB minor  frame rate (descri bed in t he next
section) sets a real - ti me clock i nt errupt  to the I/O
soft ware. At the beginning of each new mi nor
frame, an interrupt  occurs, and t he I/O processor
start s i ssuing t he messages for t hat frame.

3.2 Mission Equipment Bus

                             The Dual Redundant MEB i s a MIL - STD -

1553B digit al  ti me division multiplexed
command/response seri al  data bus [24,28],
operating at  1 Mbit per second. The serial  bus
architecture minimi ses the  bulk of i nt er connecti ng
wir ing needed  on plat forms, where ph ysical  weight
and volume are constrained and t he
command/response protocol  provides confirmati on
of deliver y for data bus messages. The MIL - STD -

1553B standard supports up t o quad redundant
trans missi on media, with dual redundancy
commonl y used. Al l messages are initiated by the
bus controll er  and require the addressed RT to
receive or transmit  a speci fied number of data
words associ at ed with a specifi ed terminal sub -
address. The MIL - STD - 1553B mes sage pr ot ocol
also requires the t ransfer of a status wor d from
remote termi nals participating in a message tr ansfer
to confirm t o the BC that the message was
successfull y transferred.  Non - transmission of a
status word i ndicates message fail ure to the BC,
which coul d then r et ry the message or adopt a
predefined error management poli cy. [28].

                             The AP - 3C MEB uses a pre - defined framing
as shown in Figure 4 [24]. It contains messages that
are managed b y the BC. A major frame consists of

40 minor  frames of 25 ms  each that are allocated
messages in a pre - determined schedul e. There ar e
three types of message scheduling: Periodi c,

Aperiodi c and Manual . Periodic (P) messages are
transmitt ed ever y major frame. Manual (M)
periodic messages are switched on or off depend ing
on the mode of operation; when t he y are on the y are
transmitt ed ever y major frame. The Aperi odic ( A)

messages ar e transmitted as required. Framing
s ynchronisation is achieved by periodic messages
sent each minor  and maj or frame. The frequency of
messag e tr ansmissi on i s a function of the number of
minor frames i n which a message is scheduled each
major fr ame. For example a 40Hz message is
scheduled ever y minor fra me, a 4Hz message is
scheduled in 4 mi nor frames, 10 minor frames
apart.

This scheduling me chanism pr ovides reliable
bus communication for critical scheduled periodic
messages, but  non - periodi c (aperi odic messages)
communications that require signi ficant data
transfer are limit ed by t he remai ni ng bandwi dt h as
defined by t he bus cont roller´s sche dule. This
scheduled messagi ng approach all ows the desi gner
to adopt  a bandwidth uti lisati on goal.

1 2 3

4 0

M e s s a g e s

M i n o r  f r a m e s

P M
P

A

2 5 m s

Fi gure 4. AP - 3C MEB Major Frame

4. AP - 3C Mission Sy stem Modelling

We now present t he AP - 3C AMS model   (CPN
model ). The AP - 3C CPN  model has been
const ructed based on the framework repr esented b y
the CPN AMS model  briefly described in Section 2.

Some parts of the CPN AMS model  needed onl y
minor changes while ot her parts requi red the CPN

AMS model to be further refined. The main
diffe rences bet ween t he CPN AMS and the AP - 3C
model s concern are: the devices att ached to the
serial dat a bus, the functioni ng of the bus itself, and
finall y the pr esence of an addi tional  avioni cs bus.

The scheduli ng of messages on the serial data bus
has been refined compared wi th the CPN AMS
model . The reason for t hi s is that  the scheduli ng of

DMS sub - s ystem related t asks is loosel y coupled to
the scheduli ng of t he ser ial data bus messages, and
hence cannot be considered in isolati on [ 24].

In the foll owing sec ti ons we provide fir st an
overview of the model , and then detailed
descr ipt ions of the component s of the AP - 3C CPN
model .

4.1 Model Overview

                             The hierarch y page of the AP - 3C CPN model
is depicted in Figure 5. The main components of the
s ystem are t he Data M anagement  Syst em (DMS#3
and its sub - pages), the MEB and AEB MIL - STD -

1553B data buses (MILSTD1553#11)  and t he
devi ces (Devi ce#13)  attached to the MEB. The Dat a

Management System model i s composed of an

EGPC#4 page modelli ng t he scheduling of DMS
tasks as we ll  as their execution, and an

IOProcessorCard#22 page. The EGPC#4 page
passes the input/output requests of tasks to the

IOProcessorCard#22. The IOProcessorCar d#22
then sends messages over the dat a bus. The data bus
transmits the message to the appropriate devi ce and
wait s for an acknowledgment. The repl y message is
then passed t o the IOProcessorCard#22 t hat signal s
to t he tasks, which messages have been t ransmitted.

The processing of pr eviously received data then
resumes execution on the EGPC#4.

                             A mai n cons ideration in t he construction of t he

AP - 3C CPN model i s to choose an appropri at e level
of abstraction to begin wit h, but which coul d easil y
be further refi ned lat er  on. For example, although
the AP - 3C uses several EGPCs on the Data

Management System, we mo delled one in such a
manner that  several  instances of the same EGPC#4
model  can be considered in the future.

                             The AP - 3C Missi on Equipment Bus and the

Avionics Equipment  Bus both satisfy the MIL -

STD - 1553B r equirements. Ther efore, the y are
model led exactl y in  t he same manner.

As we will  see later, the policies to send
messages on t hese buses are different from the
generic AMS, and are taken care of by t he

IOProcessorCard#22. In the modelling of t he DMS,
we have abst ract ed the DMS mission soft ware as a
set of  t asks. The bus contr ol ler software and I/ O
processor card wi thin the DMS has been abstracted
into a si ngle page (IOProcessor) . Sub - s ystem
communication on the MEB has been model led
funct ionall y with time because of its r elation to real
ti me AMS events.

4. 2 The Airborne Mission System  Model

The t op - level AMS#1 page is shown in Figure 6
and corresponds t o the most abstract l evel in the

CPN model. An import ant  comp onent of the

Air borne Mission System is t he Dat a Management

S yst em, which is responsible for exe cuting a set of
tasks. The Data Management  Syst em communicates
wit h the Radar, Magneti c Anomal y Detection

(MAD), Acoust ics Sub - s ystem and Navi gati on
through t he Missi on Equipment Bus (MEB).

Howe ver, the Navigation Syst em is al so used to
pass messages on th e Avionics Equipment Bus t o
the Communication Subs ys t em. Note that  a number
of sub - s ystems such as the operat ors consoles,

IRD S, ESM, AR M/ ORD a nd Displa ys in Figure 3
have not been modelled since we are interested i n
data communications across the MEB.

Fi gure 5. Hi erarchy page of the AP - 3C CPN model

Fi gure 6. AP - 3C Airborne Mission System ˘  Page AMS

                             Each of t he rectangles i n Figure 6 i s called a
subst itution transition. A substi tut ion transiti on i n a

CPN model represent s compound behaviour. The
deta ils of the compound behavi our is represent ed by
a substituti on transi tion and modelled b y the
associ at ed sub - page ( whi ch in turn ma y cont ai n
subst itution transitions) . The sub - page associated
wit h the Data Management S yst em subst itution
transiti on is the D MS#3 page ( see Figure 5) which
model s the DMS in detail (see Fi gure 7). The sub -
pages associated wi th the Avionics Equipment  Bus
and Mi ssion Equi pment Bus substitution transition
are both the MILSTD1553#11 page that models t he

MIL - STD - 1553B data bus in det ail. The sub - page
associ at ed with all other substituti on transitions on
page AMS#1, except t he Navi gati on Subs ystem, is
the page Devi ce#13 (see Fi gure 9). The page

Device#13 model s an abstract  devi ce attached t o a
serial dat a bus. An important abstraction made in
the AP - 3C CPN model i s to consider all devices
except the Navi gat ion Sub - s ystem to have the same
behaviour . The details of t he Navigati on Sub -
s ystem are modelled b y page

NavigationSubs ystem#5. The Navi gati on sub -
s ystem is not considered a simple de vice as it can
rela y messages bet ween t wo dat a buses, in this case
the MEB and t he AEB.

                             The ell ipses in Figur e 6 are called places and
are used to model  the stat es of the s ystem. The state
of a CPN model is represent ed by a distribution of
data values (kn own as toke ns) on the places of the

CPN model. The execution of a CPN model then

consi sts of occur rences of enabled transitions that
change the distr ibution of t okens and their values on
the places of the CPN model [12,13].

The place Mission Equipment  Bus is used to
model  the state of the MEB. Similarl y, the place

Avionics Bus i s used t o model the state of the AEB.

The places COM, Radar, MAD, and ACS are used
to model the st ate of the corresponding device.

Arcs connect transitions and places on a CPN
model .  These arcs have arc i nscriptions describing
the tokens removed fr om a nd added to places upon
the occurr ence of enabled transitions. Arc
inscriptions are written in the functional
programming l anguage Standard ML (SML) [17].

4.3 The Data Managem ent System  Model

The DMS most abstract level  is modelled b y
page DMS#3 depicted in Figure 7. It is the sub - page
associ at ed with t he Data Management System
subst itution transition in Figure 6. The DMS#3 page
cont ai ns two substituti on t ransitions: EGPC1 and
the 1553 I/ O Processor Card. The sub - pages of the

EGPC1 substitution transition model  the executi on
of tasks on the EGPC. The two places Tasks and

All Tasks are used to model  the set of tasks
executing on the EGPC.

 Fi gure 7. Data Management Syst em ˘ Page DMS.

                             Each ta sk executi ng on the EGPC is
represented as a token on place Tasks. This t oken
compri ses the attributes and st at e of the t ask. All
tasks on the EGPC are also represent ed by a list on
place All Tasks. Thi s is done so that t he

Design/CPN tool can determine the  tasks with t he
highest priorit y at  a given moment in time

[12,13,14].

                             The places IOQueue and IOSt atus model the
connection bet ween the EGPC and the I/ O

Processor Card. In this AP - 3C model, we have not
included man y of the i nt er nal components and
connecti ons, but have chosen to model  these b y a
dela y. The connecti ons between the EGPC and the
processor card are modelled as a queue between t he

EGPC1 and I/O Pr ocessor Card substitution
transiti ons, where tasks can pl ace requests for input
and output. The plac e MEB is used to model t he
interface between the I/ O 1553 Processor Card and
the MEB.

Since we do not need the details of the
implementation of t asks, we model  the tasks as
requesti ng thei r input  (e.g. from sensor s and r adars)
at the beginning of their ex ecution, and sending
their output at the end of their execution. The input
requests to be performed, befor e task execution can
start, are passed by the I/O processor to t he MEB.

When all  the information required has been
received by t he 1553 I/O processor ,  t he task can be
executed b y the EGPC.  When its execution is
compl et e, output  occurs. Then the task wait s unt il it
is reschedul ed. In this paper we will  not  go into
further detail wit h the sub - pages of the EGPC
subst itution transition, as t hese pages are essent ially
identical t o the cor responding pages in the generic

CPN AMS model  [15,16].

4.4 The 1553 I/O Proces sor Card Model

Figure 8 depicts the page IOProcessorCard
which is the sub - page of the 1553 I/O Pr ocessor

Card substituti on transition in Figure 7.  As we wi ll
see in Section 4.6, t hi s means that  the modelling of
the MIL - STD - 1553B data bus it self i s simplified.

The places IOQueue and IOSt atus are the same
as those on page DMS (see Figur e 7) . The
subst itution transition Mi norFrame models the
ti ming on the I/ O processor card as determi ned b y
the minor fr ames. The place Minorframe contai ns a
token, which indicates a data value correspondi ng
to t he current mi nor frame.

Fi gure 8. 1553 I/O Processor Card ˘  Page IOProcessorCard

The substituti on transitio ns Per iodi c Message,

Manual Message, and Aperi odic Message model
the tr ansfer of messages across the data bus. The
priorit y mechani sm on the I/O processor card is
such that  all peri odic messages for a gi ven mi nor
frame wi ll be t ransmitted first. Once all p eriodic
messages for  the current  minor frame have been
transmitt ed, manual messages for the minor  frame

(if any) ar e transmitt ed. Then all aperiodic
messages will be transmitted i n the remaining time
of the mi nor frame.

4.5 The Device Model

                             Figure 9 depict s t he Device page model ling the
abstract sub - s ystems of t he AP - 3C. Place Bus

Interface model s the connection to t he ser ial data
bus, which can be either the MEB or t he AEB.

Place St at e is used to mode l t he nature of the device
and contains a t oken correspo ndi ng t o the speci fic
devi ce in questi on. The tr ansition Start Transfer
model s data transfer between the DMS and t he
devi ces.  Thi s transiti on event i s tri ggered b y an

IOst art signal fr om the serial data bus, and wi ll put
the devi ce in a Transfer St at e for the amount of time
speci fied as part of the dat a transfer request. Once
this time has elapsed, the device wil l signal t he
compl et ion of the data transfer b y sendi ng an

IOcomplete signal to the serial data bus.  This

IOcomplete signal wi ll be passed to the I/O

Processor Card by t he data bus interface.

                              Fi gure 9. Abstract device ˘  Page Device

4.6 The Data Bus Model

                             Figure 10 depicts t he page MILSTD1553
model ling the MIL - STD - 1 553B data bus. The

places Idle and Bus y model the state of the serial
data bus. The transit ion Start Transmit models t he
start of data transfer across t he bus. The serial data
bus will  then change its state from idle to bus y b y
placing a token i n place  Bus y that specifi es the two
components (or sub - s ystems) between which data is
being tran sferred. The serial data bus wi ll then put
the receiving/transmitting entit y (sub - s ystem or
devi ce) into a data transfer state b y addi ng a t oken
to place  Bus Interface. When t he enti t y has
received/t ransmitted the data, it will  signal  the
compl et ion to the  seri al  data bus b y pl aci ng a token

(BUS,IOc omplete) in place Bus Interface. This wi ll
tri gger t he occurrence of the transiti on

Tr ansmit Compl et e, change the st at e of the seri al
data bus from bus y back to i dl e, and send a si gnal

(srccomp, IOcomplet e)  to the I/O processor t o
indicate that the data transfer across the serial  data
bus is complete.

Fi gure 10. Seri al  data bus ˘  page MILSTD1553

5. Conclusions and Future Work

This paper provides a summar y of our anal ysis
of a CPN model of a generic Airborne Mi ssio n

S yst em [2] and then our application of t hi s model
framework [15,16] to provi de an i nitial model for
the AP - 3C Or ion Maritime Patrol Aircraft AMS.

We have demonstr at ed how analysis of
scheduling and input/ output queues of an Airborne

Mission Syst em can b e done using st at e spaces.

This modelling approach creates a parametri c CPN
model , which simpli fiesanal ysi s of different task
sets and scheduling mechanisms, wit hout maj or
modi fications to t he model.

Our i ni tial model of the AP - 3C AMS is
designed to al low  ease of updat es with onl y mi nor
changes. The model provides a basis t o perform
anal ysi s of the AP - 3C and is focused on the Data

Management System task schedul ing and data
transfer across t he Missi on Equi pment Bus. The
structure of t he model has been prese nted. Selected
parts of thi s model  are then descr ibed, to provi de
insight i nt o the approach and the constructs used to
model  var ious AMS features. We have taken
advantage of s ystem commonalities (for example in
devi ces and the seri al data buses) to provi de  a
modular and maintainable model . The model has
been designed to facili tate the i ncorpor at ion of
enhancements. For example, an y number of
cont rol lers (EGPCs) can be included b y
instantiati on of the EGPC#3 page t he required
number of times.

                             This model has  been developed at  a level of
abstraction that as easi l y amenable for anal ysis and
eval uati on.

                             The next step i n our wor k is to vali date this
model  agai nst real data. In order to reduce t he
compl exit y of mission s ystem behaviour we intend
to adopt  the follo wing str ategy: sel ect  a relevant
mission scenar io such as a sea search and rescue
mission; and define the oper ational envir onment ,
identifying the missi on activi ties and their related
tasks performed on t he DMS. Once this missi on i s
model led we can validat e it b y comparing the CPN
model  predi ctions with t he data obtained for t he
same scenari o simulated using the RAAF AP - 3C

Integrated Test and Training Facilit y [22].

                             Once the CPN model is validat ed it will be
used to det ermine the performance of t he MEB. We
then intend to extend t he model with ke y det ails of
the AMS to predict its behaviour under a range of
conditi ons using the anal ysis approach outlined in
this paper.

7. Acknowledgements

                             The authors would like t o acknowledge t he
techni cal  discussi ons with m embers of our  teams, in
particular, Scott Si mmonds  of Adacel Technol ogies
and Rodne y Dodd of Air Operati ons Division. We
would also li ke t o acknowl edge our reviewer Flight

Li eut enant John Postle, AP - 3C DMS Manager

Ro yal Australi an Air Force.

8. Reference s

[1] Major Capital Equipment Project Delays or

Cost Overruns , 2001, Additi onal Budget Estimates

˘  Defence Port folio, Senat e Foreign Affai rs,

Defence and Trade Legislati on Commit tee,

Canberr a, Australia.

[2] Locke, C.D., Vogel, D.R., Goodenou gh, J. B.,

199 0, Generic Avionics Software Specificati on ,

Technical  Report CMU/ SEI - 90 - TR - 8, Soft ware

Engineering Institute, Carnegi e Mel lon Uni versi ty,

PA.

[3] Liu, J., 2000, Real - Time Systems , Prentice - Hall,

NJ.

[4] Sun, H., 2001, Modell ing and Schedulability of

Real - T ime Tasks wi th Ti med Automata , Proceedi ngs
of International Conference on Parallel and

Distribut ed Processing Techni ques and Application,

Vol. 4, CSREA Press, pp. 2146 - 2151.

[5] Amnell, T., Fersman, E., Mokrushin, L.,

Pet tersson, P., Yi, W., 2002, Times ˘  A Tool f or

Modelling and Implementation of Embedded

Systems , Proceedi ngs of 8
th

 Internati onal

Conference on Tools and Al gorit hms for the

Construction and Anal ysis of S ystems (TACAS

2002), Grenoble, France, Lect ur e Notes in

Comput er  Sci ence, Vol . 2280, Spri nger - Verlag.

[6] Behrmann, G., Fehnker, A., Hune, T., Larsen,

K., Peet tersson, P., Romijin, J., 2001, Efficient

Guiding Towards Cost - Optimality i n UPPAAL ,

Proceedings of 7
th

 International Conference on

Tools and Algorithms for  the Construction and

Anal ysi s of Systems (TACAS 2001), Genova, Ital y,

Lecture Not es in Comput er Sci ence, Vol . 2031,

Spri nger - Verlag.

[7] Fehnker, A., 1999, Scheduling a Steel Plant  with

Timed Automata , Proceedi ngs of 6
th

 Internati onal

Conference on Real - Ti me Comput ing Systems and

App li cations (RTCSA), IE EE Comput er Societ y,
pp. 280 - 286.

[8] Desel, J., Rei sig, W., 1998, Pl ace/Transi tion

Pet ri Nets , Lectures on Pet ri Nets I: Basic Models,

Lecture Not es in Comput er Sci ence, Vol . 1491,

Spri nger - Verlag, pp. 122 - 173.

[9] Burns, A., Wel ling s, A. J., Burns, F., Koel mans,

A., Koutn y, M., Romanovsky, A., Yakovlev, A.,

2000, Towards Model ling and Verificati on of

Concurrent Ada Programs Using Petri Nets ,

Department  of Computer Science, Universit y of

Aarhus, pp. 115 - 134.

[10] Shatz, S., Tu, S., M urata, T., Duri, S., 1996,

An Application of Petri Net Reducti on t o Ada

Tasking Deadl ock Analysi s , IEEE Transactions on

Par al lel and Dist ribut ed Systems, Vol. 7, No. 12,
pp. 1309 - 1324.

[11] Bert helot, G., Petrucci , L., 2001, Specificat ion
and Validation of  a Concurrent Syst em: An

Educational Project , Internat ional Journal on

Soft ware Tools for Technolog y Transfer, Vol . 3,

No. 4, pp. 372 - 381.

[12] Jensen, K., 1997, Coloured Petri Nets. Basic

Concepts, Analysis Met hod and Practical Use  ( Vol.

1 - 3) , Mon ographs in Theoretical Computer Science,

Second Editi on, Springer - Verlag.

 [13] Kristensen, L.M., Chr istensen, S., Jensen, K.,

1998, The Pract iti oner´s Guide t o Coloured Pet ri

Nets . Internat ional  Journal on Sof tware Tools for

Technol ogy Transfer, (2). Springer - Ve rlag, pp. 98 -

132.

[14] Design/CPN Onli ne , 1996,
http://www.daimi .au.dk/ designCPN/.

[15] Kri stensen, L.M., Bi llington, J., Qureshi, Z.H.,

2001, Modelling Milit ary Airborne Mission Systems
for Functi onal Analysis , Proceedi ngs of 20
th

 Di gi tal

Avionics Confere nce, Da ytona Beach, FL, 14 - 18

October .

[16] Petrucci, L., Kristensen, L.M., Bil lington, J.,

Qureshi , Z. H., 2002, Towards Formal

Specificat ion and Analysis of  Avi onics Mission

Systems , Proceedi ngs of Workshop on Formal

Methods Applied to Defence Systems, A delaide,

Australi a, June 2002, Conferences in Research and

Pract ice in Information Technol ogy, Vol . 12, pp.

95 - 104, Australian Computer Soci et y.

[17] Ull man, J., 1998, Element s of ML

Programming , Prentice - Hall , NJ.

 [18] F/ RF - 111C Avionics Updat e Program, 1992,

Sof tware Design Document for the Missi on

Comput er Operat ional Flight Program,  Volume I,

Roc kwell Int ernati onal Corporation.

[19] Loc ke,  C. D., 1992, Sof tware Archit ect ure f or

Hard Real - Time Appli cati ons: Cyclic Executive vs.

Fi xed Priority Executives , The Journal  of Real -

Ti me Systems, Vol. 4, pp. 37 - 53.

 [20] The Royal Australian Air Force  (RAAF)

Maritime Patrol Group (MPG)
http://www.defence.gov.au/raaf/mpg/ , Accessed 25

Jul y 2002

[21] The official n ewspaper of the Royal Australian

Ai r Force, May 23, 2002. Up, up and away,

Transiti on to AP3C Orion complete.

http://www.defence.gov.au/news/raafnews/edi tions/

4409/stor y05.ht m, Accessed 25 Jul y 2002.

[22] Defence Materiel Organi sat ion, Projects, Air

5276 P hase 2A -  P3 Update Implementation ,
http://www.defence.gov.au/dmo/ asd/ ai r5276/air527

6p2.cfm Accessed 25 July 2002

[23] Acronym Fi nder :

http://www.acron ymfinder.com/ Accessed 25 Jul y

2002.

[24] Mission Equipment Bus (MEB) Protocol

Specificat ion.  Report F625 0.00.151, 11 March

1996, CDRL - EN G - 46 - ACS - ICD - 0074, Rev D 10

Jan 2000.  Proj ect  Air - 5276 Ro yal Australi an Air

Force, Depart ment  of Defe nce, Australi a.

[25] DMS Sub - system, Vol 17,  Report 7371933, Rev

D, 30 September 1997, CDRL - ENG - 46 - CDR -

DMS - 0206, 14 Nov 200 0.  Proj ect  Ai r - 5276 Royal

Australi an Air Force, Department of Defence,

Australi a.

[26] Software Design Document for the Operating

Systems CSCI , Report  7371902, Rev B, 26 February

1999, SDRL - ENG - 65D - 03 - 03, CDR L - ENG - 32 -

DMS - SDD - 0423, 2 Jul y 19 99.  Proj ect  Air - 5276

Ro yal Australi an Air Force, Department of

Defence, Australia.

[27] Runtime Systems Guide VADScross M68000 ,
ver 6.2.3.0, June 1995, Rational Soft ware

Corporation, Sant a Clara, California, USA.

[28] MIL - STD - 1553B Notice 3 , 31 Jan 1993, Digital

Ti me Divi sion Command/Contr ol  Mul tiplex Data

Bus.