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ABSTRACT

This report presents a method to specify a set of controllers for a Robotics production cell using the Duration
Calculus. The case study is adopted from a report by Claus Leverentz on specifying a real metal processing plantin
Karlsruhe using other formal and semi-formal methods. Our contribution to this case study aims at illustrating the
methodology associated with the concept of shared state model and events for describing and specifying

synchronised controllers. We use the notion of state to describe and model the sensors and actuators. Next, we

apply the leadsto operator to list the assumptions which are aspects of thebehaviour of the plant that cannot be
controlled by the controllers. Wethen show how one can specify each controller using leads-to and state notation
as shared variables for synchronising the interaction of the controllers. Specification are structured modularly
according to the physical structure of the system.
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10 INTRODUCTION

Duration Caculus (abbreviated by DC) is one of the forma specification languages used to specify a red-time or a
reactive system such as production cel. The DC represnts a logicd approach for forma design of red-time
systems, where red numbers are used to mode time, and Boolean-valued functions over time are used to modd
states and events of the real-time system [1]. Since its introduction, DC has leen gpplied to many case studies and it
has been extended in severa directions.

The case sudy, “Control Software for an Industrid Production Cedl”, is taken from [4] which reports a study by
Claus Leverentz. The study was done as one of the two magor case studies of the KorSo project [6]. Both case
studies have common primary objectives to show the usefulness of forma methods for criticd software systems and
to prove their applicability to the rea-world examples The “Production Cdl” case dudy focuses on comparing
different goproaches of forma and semi-forma software construction methods developed insde and outside the
KorSo project, and checking their suitability for the class of problems represented by the production cell. This case
study has been gpecified using different gpproaches namedy ESTEREL, LUSTRE, SateChats, SDL, KIV,
Tatzelvum, RAISE, Deductive Synthesis, FOCUS, SPECTRUM, TROLL light, Eiffel and Modula:3.

We take another gpproach using the notion of state and leadsto operator of Duration Calculus to specify this system
which consists of many components or controllers. We aso adopt a shared state in support of synchronisation.

We proceed as follows: in section two, we briefly present the basic formaism of Duraion Cdculus. Section three
gives the overall description of Industrial Production Cell. Section four shows the description of each component of
the plant and how we use the notion of state to modd the input (i.e. the sensor) and the output (i.e. the actuators) of
the components. The aspect of the behavior of the plant that cannot be controlled by the controllers are listed as
assumptions in section five. The pecification of each controller appears in section six and we finish the paper with
some conclusionsin section seven.
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20 BASICFORMALISM OF DURATION CALCULUS

The Duration Caculus (abbreviated DC) is based on Interva Tempord Logic [1]. The notion state is used to modd
the behaviour of red-time systems. A Boolean State Model of a red-time system is a s& of Boolean valued
functions over time Time O {01}, where Time is the s&t of the red numbers. Each Boolean vaued function, is
dso cdled a Boolean state (or smply a state) of the system, is a characteristic function of a specific aspect of the
gystem  behaviour, and the whole set of Boolean valued functions characterise al the concerned aspects of the
behaviour.

The notion of state duration is an essentid messurement of the behaviour of red-time systems. The duration of a
Boolean state over a time interval is the accumulated time in which the State is present in the interva. Let P & Time
O {01} be a Boolean state and [be] an interval, i.e be & Time and e O b. Mathematicaly, the duration of state P
over be] equds the integra (‘)SP (t)dt , where P is a function from time to Booleans (represented by {0,1}). OP
gves the duration of the interval over which P holds. Let true denotes the state function which maps any time point
to 1. Thelength of aninterval can be defined as ¢ = gtrue .

A Boolean state P holds amost everywhere over anon-empty interval can be defined as:
ez (oP=0)ur>o0 @

The concept of an event [2], derived two operators followed-by and leadsto which are useful in specificatiors. The
event is a discontinuity of a date. The reader may refer to [2] for more detalls We only present the leads-to
notation since we will be usng it throughout our paper.

Leads-to: For a given formula D and state assertion P and positive real number t, the construct D 3/%t1® érPu
(D leadsto P withint) is defined by

C @
D® Uz za(D Ur=1) &)

This property states that it is not the case that the observation starts with D on halding for t time unit followed by
@P for anon-point subinterval.

30 OVERALL DESCRIPTION OF INDUSTRIAL PRODUCTION CELL

This section is devoted to the development of an automation software to control a typical industria production cell
used inametd processing factory. The example was taken from ared meta processing plant in Karlsruhe [4].

The production cdl conssts of two conveyor bets, a positioning table (or eevation-table), a two-armed robot and a
press. Fig. 1 showsaconceptua view of the production cell.

The production cell serves to process metal blanks which are conveyed to a press by a feed-bet. A robot takes each
blank from the feed-belt and places it into the press. The robot arm then withdraws from the press, while the press
processes the metad blank and opens again. Finaly, the robot takes the forged metal plate out of the press and puts it
on adeposit-belt.

This procedure is made more complicated by adding further mechanisms. To optimise the utilisation of the press,
the robot is fitted with two ams - thus making it possible for the first arm to pick up a blank while the press is
forging another plate. The robot arms are placed on different horizontal planes, and they are not vertically mobile.

This explains why an eevating rotary table has to be intercalated between the feed-belt and the robot. Another
consequence of the fact that the two robot ams are at different levels is that the press has not only two but three
states, i.e. open for unloading by the lower arm, open for loading by the upper arm, and closad for pressing.
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The genera sequences (from the perspectives of ameta plate) are asfollows:

The feed-belt conveysthe metd plate to the eevating rotary table.

The dlevating rotary table is moved to a position adequate for the unloading by the first robot arm.

Thefirst robot arm picks up the metd plate.

The robot rotates counter clockwise so that the arm 1 points to the open press, places the metal plate into it
and then withdraws from the press.

The press forges the metal blank and opens again.

The robot retrieves the meta plate with its second arm, rotate further and unloads the plate on the deposit-
belt.

7. Thedeposit-belt trangports the plate to the packing operator.

Eal A

oo

«

Deposit-Bdt

Press

Fig. 1: Conceptua View of the Production Cell

Elevation Table

To tackle this problem, we apply the divideand-conquer method by dedling with each component of the cell
individudly, i.e. the FeedBdt (FB), the devationtable (ET), the two-ams-robot (R), the press (P) and the Deposit-
Bdt (DP).

Each component is controlled by its own controller.  All controllers run concurrently and they are synchronised
usng shared date sensors.  There are numbers of sensors and actuators involved in controlling the cdl which we
will mention in subsequent sections.

40 MODELING THE PLANT AND ENVIRONMENT

This phase focuses on a description of the plant. In this phase, we will produce a state model for the input and
output.

41  Feed-Belt

The task of the feed-belt is to transport metal blanks to the elevating otary table. The bdt is powered by an dectric
motor, which can be started up or stopped off by the control program. A photodectric cdl is indalled at the end of
the bdt; which reports whether a blank has entered or left the fina part of the belt. We can specify the sensor signd
using the notation of duration calculus asfollows:

MendFB :Time ® {01}, where €]

MendFB (1) = ] 0- No metal at the end of Feed - Belt
1 1- Metal at theend of Feed - Belt ”
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This gtate variable is set to 1 if the meta is a the end of the belt and to O otherwise. Wheress the actuator signal
which is used to control the movement of the belt can be modd led asfollows:

moveFB : Time ® {0,1}, where
©
] 0- Stop thefeed - belt motor
moveFB (t) = |
| 1- Start the feed - belt motor ©

In the following section the notation statename: Time[ { 0,1 } representing the Boolean function will be omitted
to save spaces.

42 Elevation-Table

The task of the devating rotary table is to rotate the blanks by about 45 degrees and to lift them to a level where they
can be picked up by the first robot aim. The verticd movement is recessary because the robot am is located a a
different level than the feed-belt and because it cannot perform vertical trandations. The rotation of the table is aso
required because the arm’s gripper is not rotary, and is therefore unable to place the metd plates into the press in a
straight position by itsdlf. Fig. 2 shows the elevating rotary table.

Electric Motor Electric

/\A " Motor

g —
() !

L ]

Top View Front View

Fig. 2: Elevaion Rotary Table

There are two possible postions for the elevating rotary table. One is the rotation position and the second is the
veticd pogtion. How far the table rotates can be detected by the potentiometer as a continuous value. We can
mode thisas

ETrotate: Time ® R @
where Risthe rotation in degrees from the feed-belt.

The vertical postion can be detected by two switches. One informs whether it is in lower podtion and the second

informs whether it is in upper position. It can be moddled by two Boolean state variables ETIowPos and ETupPos
defined as follows

10- Notin the lower position
ETlowPos (t) :11 | "
| 1-Inthe lower position

®

1 0- Notin the upper position
ETupPos(t) = 11 | .
| L-Inthe upper position
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Our only concern a this stage is the two positions. One is when the ElevationTable is at @ with the feedbdt (i.e
in line with the feed-belt) and it is at the low position. The second position is when the Elevation-Table is at 45°
withthefeed-belt and it is at the upper position. Therefore, we can have a composite Boolean state as follows:

3o _ 40
ETPos (1) =Il0 ETrotate= 45" and ETupPos (10)

f1- ETrotate=0° and ETlowPos

Fig. 3 shows these two positions. Fig. 3 @) shows side view and top vew when the ETPos vaue is 1. The table is
a the lower podtion and inline with the feed-belt. Fig. 3 (b) shows when the eevationtable is at the position from
which the robot can unload the metdl, i.e. ETPos = 0.

Feed Bdlt Elevation Table
| |
Top view Sdeview
& ETpos=1
| |
Top view Sdeview
b) ETpos=0

Fig. 3: Elevation-Table Position

Ancther sensor indicates whether there is any meta on the devation-table.  This can be described by the sae
modd:

] 0- Metal is on the elevation table

ETempty (t) =
ety (1) %l-MetaI is not on the elevation table

(12)

The devationttable can be moved from postion O to 1 or vice vasa usng the actuator sgnd namely moveET. The
actuator can be specified as:

}0-M0veEI’to45° rotation and up position (12)

MoVeET (t) =
1 1-MoveET in line with Feed - Belt and lower position

43  Robot

The robot comprises two orthogona arms.  For technica reasons, the arms are set at two different levels. Each arm
can retract or extend horizontally. Both arms rotate jointly. Mobility on the horizontal plane is necessary, since
elevating rotary table, press, and deposit belt are dl placed at different distances from the robot’ s turning centre.

The end of each robot am is fittel with an eectromagnet that allows the arm to pick up metd plates. The robot's

tasks consst of taking metal blanks from the eevating rotary teble to the press and transporting forged plates from
the press to the deposit-bdt. SeeFig. 4.
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dectromagnet ] A
dectric motor
Arm2
v
dectric motor,
<
Arml
press |: eectric motor
dectromagnet

robot

Fig. 4: Robot and Press (top view)

We can specify the electromagnetic actuators for the two arms as follows:

10- Desctivate magnet on Arml

ActMagngtA 1(t) = 13
= ® {1-Activatemagnet on Arm1 13

1 0 - Deactivate magnet on Arm 2
ActMagnetA 2(t) = | (14)

| 1- Activate magnet on Arm 2

The true signd will cause the magnet to activate ad false to deactivate the magnet. There are two sensors for each
arm to detect whether the metal isloaded or not. This can be specified by:

10-Armlisnot loaded

Alload (t) = 15

oad (t) %1-Arm lis loaded with metal (15)
10-Arm 2 is not loaded

A2load (t) = 16

M =11 Arm 2 isloaded with meta (10

The robot is fitted with two arms so that the press can be used for maximum capacity. Below, we describe the order
of the rotation operations the robot am has to perform (Fig. 5); supposing the feed-bdt delivers blanks frequently
enough. We presuppose that initidly the robot is rotated such tha Arm 1 points towards the eleveting rotary table,
and assumetheat dl arms are retracted to dlow saferotation.

1. Arm1lextendsand picksup ameta blank from the devating rotary table.

2. The robot rotates counterclockwise until Arm 2 points towards the pess. Arm 2 is extended until it reaches
the press. Arm 2 picks up aforged work piece and retracts.

3. The robot rotates counterclockwise until Am 2 points towards the deposit-bet. Arm 2 extends and places
the forged metal plate on the deposit-belt.

4. The robot rotates counterclockwise untii Am 1 can reach the press Arm 1 extends, deposts the blank in
the press, and retracts again.
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Fg. 5: Order of Robots sactions
Finaly, the robot rotates clockwise towardsits origina position, and the cycle starts again with 1.
There are four robot positions that can be detected by 3 sensors. The three sensors respectively indicate how far the

am 1 extends, how far the Am 2 extends and the angle of the rotation of the robot. This can be represented in DC
asfollows:

AlExtend: Time ® R 17
A2Extend: Time ® R (18)
Rrotate: Time ® R (19)

At thisleve of abstraction, we can combine this three sensor signalsto four positionsin concerned asfollows:

RobotPos: Time ® Position, where (20)

| 0- Arm1over the Elevation - Table

Tl- Arm 2in the Press
RobotPos (t) = | .
i 2 - Arm 2 over the Deposit - Belt (21

13- Armlinthe Press

There are aso three actuators that can be used to rotate and extendiretract both ams. However, a this stage of
abstraction, we will use one dgnd actuator cdled next which will activate the rotation motor and the both ams so
that it will move to the next position. This actuator can be represented by DC as follows:

10- No signd d
next(t):i o0 signd sen

22
| 1-Signd send to the robot’s motor @2

By using one composite sensor for robot position and one actuator signal, we can smplify the specification.
44  Press
The task of the press is to forge meta blanks. The press consists of two horizontal plates. The lower plate is

movable dong a verticd axis. The press operates by pressing the lower plate againgt the upper plate. Because the
robot arms are placed on different horizontal planes, the press has three postions. In the lower position, the press is
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unloaded by Arm 2, while in the middle postion it is loaded by Arm 1. The operation of the press is coordinated
withtherabot armsasfollows (seeFig. 6):

1. Openthepressinitslower postion and wait until Arm 2 hasretrieved the metd plate and left the press.
2. Movethelower plate to the middle position and wait until Arm 1 has loaded and |eft the press.
3. Closethepress, i.e. forgethe metd plate, and then repest step 1 cyclicdly.

______________ : upper position
A ﬂ‘/ Arm1l
| middle position "
Press
Robot
v Arm2
| |
bommomomooooey 3 lower position
_____________

Fig. 6: Robot and Press (3de view)

We have three sensors to dtect the postion of the moving level whether it is a the lower, middie or upper position
asfollows:

1 0- Not in lower position
PlowPos (t) :i P

| 1- Inthe lower position @)

. 1 0- Not in middle position
PmidPos (t) = Iy _ . (24
| 1- Inthe middle position

1 0- Not in upper position
PupPos(t) = | L . (25
| 1- Inthe upper position

Another sensor isto detect whether the presser is empty or not. The state to modd this sensor can be as follows:

] 0- Metd is on the movable level of the Press

Pg‘rptyt =
® {1-Metd is not on the movéable levd of the Press

(26)
We will use one actuator sgnd that will make the motor move the level to the next podtion. This sgnd can be
specifiedas

10-Nosignd send

I1.g . @)
| 1-Signa send to the robot's motor

moveP (t) =
45 DepositBelt

The task of the deposit-belt is to transport the work pieces unloaded by the second robot arm to the packing
operator. A photodectric cdl is ingtaled at the end of the bet. It reports whether or not a work piece reaches the
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end section of the belt. The control program then has to stop the belt. The bdt can restart as soon as the operator
picks up the work piece.

This sensor can be represented by DC asfollows:

MendDB(t) = 10- NoMetal at theend of Deposit - Belt 8)
- }1- Metal at the end of Deposit - Belt

To avoid the Am 2 unloading a metd on another metal that is previoudy loaded onto the belt, another sensor call
DBempty isingdled at the position where Arm 2 unloads. This can be represented by:

1 0 - Metal is on the dropping position of Deposit - Belt

DBempty (t) = 29
empty (t) } 1- Metal is not on the dropping position of Deposit - Belt (29)

Only one actuator signa involve to move and stoppingthe Deposit belt. This can be specified in DC asfollows:

] 0- Stop the Deposit - Belt motor
moveDB(t) = | ) (30)
| 1- Start the Deposit - Belt motor
50 ASSUMPTIONS

In this phase we list the assumptions which are the aspects of the behaviour of the plant that cannot be controlled by
the controller. This behaviour must be provided by the vendor of the plant.

1. If the FeedBdt is moving, eventudly the metd will reach a the end of the table. This will set on the
sensor MendFB.

e
( émoverB U 6oMendFB (I ) %4%A® @viendFB (| (31)

2. Once the metd crosses the the MendFB sensor while the Elevaion Table is in-line with the Feed-Bdt, this
will switch off the sensor ETempty and dso MendFB.

€,
( éETPoS]U @ViendFB (U GmoveFB | ) ¥4 ® ¢oETenpty U@MendFB () (32)

3. A true sgnd sent to actustor moveET will lead to the movement of the ElevationTable to the position in
line with the feed-bdlt and st the sensor ETPos to 1. On the other hand, if the signal O is sent, then the
elevationtablewill moveto 45 and the upper position.

e

@MoveET (|4 3A® &ETPos() (33)
e

EMOET (947 ® ¢2ETPos | )

4. If the magnet of the Am 1 is activated while it is over the elevation-table, it will set the sensor Alload to
true. And at the same time the changes of Alload from fase to true, will lead the setting of ETempty to
true.

g&eAa' MagnetA 1] U gRobotPos = 0f) 0 )
C U +3, 3% ® @Alload U ETempty |

&  @Aload|UETempy g
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10.

On the receipt of the next sgnd, the robot will extract the arm and turn, and extend the arm to the next
position of the four possible positions 0 to 3.

e

( érobotPos = iU gnext (] ) ¥ F4® @RobotPos =i A 1) (36)
where

iAl12i+1mod 4 (&)

If the magnet of the Am 2 is activated while it is in the press, it will st the sensor A2load to true. And at
the sametime, the changesof A2load from faseto true, will change Pempty to true.

geéActMagnetA 2(U éRobotPos =1(] §
; 0 % F® 6A2load U Penpy {
€ @Adoad UigPerpyll 5 38)

If the magnet of the Am 2 is deactivated while it is over the deposit-bdlt, it will set the sensor A2load to
fdse Thechangeof A2load fromtrueto falsewill fasify DBempty.

aefZActMagnetA 2{1U gRobotPos = 2[) 0
; 0 9% 9.® Gpnolond UEDBETY )
&  ¢A2load |U¢DBemply () p
(29)

If the magnet of the Am 1 is deactivated while it is in the press, it will set the sensor Alload to fase. The
changeof Alload from trueto false will falsify Pempty.

eéBAcMagnetA 1)U éRobotPos = 3()
g U - @ dAlload UgParply ()
& fAload |UFepy () p @)

A dgnd MoveP will trigger the move level of the press from one postion to another in cyclic order. It
moves from lower position to middle position, and then to the upper position and back to lower position.

; ., . e
( gPlowPos U BmoveP U ) % HA® éPmidPos () (41)
( EPmidPosU drover) ) ¥ FA® ePupPos @)
) - .8
( grupPos iU groveP | ) % 44 ® @PlowPos ) (43)

If the deposit-bdt is moving when the sensor MendDB is off, eventudly the meta will reach the end of the
belt and causetheMendDB to be set to on. At the sametime, the sensor DBempty is set to on.

e
( gmoveDBU @2MendDB|| ) % ¥ ® @Benpty U MendDBY) (44
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6.0 THE SPECIFICATIONSOF THE CONTROLLERS
6.1  The Specification of the Feed-Belt Controller

1. The feed-bet will be moved ether when there is no metd a the end of the belt or the empty eevation-table
isinline with the feed-belt.

( @@MendrB (U ( gETPos (U éETempty (] )) ¥ g%@ éroverB|) 45)
2. The feedbdt will be stopped when the eevation-table is filled and aso the other metd is at the end of the

belt. For safety, the belt must aso be stopped when the metd arives at the end but the devation-table is
not in-line with the feed-belt.

gé éMendFB U gzETenpty {1 )9
¢ U ~V® EomoverB ()
§ (éviendFB JU@ETPos]l) & (46)
6.2  The Specification of the Elevation-Table Controller
1. The filled eevaiontable which is currently inline with the feed-bdt will be moved to the unloading
position.
yé AN YS \ d 7, AY
( é=TPos U gzETempty [|) ¥ 2 ® éomoveT () 7

2. On the other hand, when the empty elevation-table is a the unloading position, it will be moved back to the
positionin-line with the feed-belt.

d
( @ETPos U éETenpty || ) ¥4 334® @oveET () (48)
6.3  The Specification of the Robot Controller
One of the most important requirements in the robot controller is, it must proceed in the order shown in Fig. 5. The
robot starts by loading Arm 1, then follows by loading Arm 2, unloading Arm 2 and unloading A‘m 1. The cycle is

repeated again from the very beginning. We will specify each operation and take into account the proper ordering.
Please take note that the robot position is numbered from 0 to 3.

Loading Am 1consds of two step. The first isto bring the Am 1 to the first position (i.e. RobotPos = 0) and the
second is to activate the magnet to extract the metd from the devation-table. However, the am must be at the last
position and aso the operation at that position must be completed. The last operation is unloading the meta from
Arm 1 into the press. Therefore, we can use the state of Alload sensor to make sure that the previous operation is
completed.

The first DC formula states that, if the RobotPos is at the last position (i.e. 3) ad the sensor Alload is O, then we
can send asignd to move the robot to the next position.

( &RobotPos = 3)U gAlioad )% H® @ed ) )
Once the Robot is a the postion of loading Arm 1, we must check whether the devation-table is ready at the

unloading position and o if thereisameta to beloaded. The DC formulabe ow specifies the condition.

( éRobotPos = O(JU ZETPos(|U gZETenpty () ) ¥4 %o GACMagnetA 17 (50)
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Loading Am 2consgs of two steps. One is to move the robot and arm to the position near to the press and then to
activate the magnet. To move the second am into the press safely, we have to ensure that the robot must be at the
first position; the operation of loading the first am is dready finished; the second arm is not yet loaded; the press is
& thelow position so that the Arm 2 will not collide with the press; and the pressis not empty.

The specification for this can be written using DC as follows:

aefRobotPos = 0lUgAlload (J U gzA2load (] 6

; 0 %0 geti
€ &rlowPos(U@Penpy | 5 D

Once the robot is & the second postion, we can activate the magnet provided that the second arm is not yet loaded
and the pressis not empty. The specification can be given asfollows:

( éRobotPos = 10U 82A210ad UU ézPempty U) Y4 %@ éActMagnetA 2(] (52)

Unloading Arm 2 To unload the second arm, we bring the robot and arm from the second position to the third
provided the operation at the second position is completed. This can be done by checking the A2load sensor. Once
the robot is a the third position, we can desctivate the magnet provided that there is no metd on the deposit-belt
over thearm.

Thefirgt formula specifies the movement and the second specifies the deactivation of the magnet.

( érobotPos =10 éaoad ) % H® g )
( érobotPos :2uUéDBerrptyu)%gﬁ® EoAMagnetA 2() (50

Unloading Arm 1. Unloading the metal from the fird am into the press aso needs two seps as the other
operetions. To move the arm into the press, we have to establish the following conditions: the robot is currently at
third postion; the second am has been unloaded; the first arm is empty; the press is a the middle in order to avoid
the collision with the press; the pressis empty.

The specification for the process of moving the Arm 1 is shown below:

aefRobotPos = 2(JU gAlload (U @2A21oad () 6
g U % H® Gec )

;. N N = 55
§  PmidrosiUéPerpty) 5 &9

Once the arm is in the press, and the first arm is loaded and the press is empty, we can deactivate the first am. The
specification can be written as:

( gRobotPos :%UéAﬂoquéPewwu)%%@ &ZACtMagneA. 1) (56)
6.4  The Specification of the Press Controller

The Press's controller needs to control the moving's level of the press. There are three positions: low, middle and
upper podtion. The order of the movement is low, and then middie and followed by the upper position. From the
upper position, the press should be moved to the lower podtion and the cycle starts again. At any time during the
movement, no arm should be in the press. This can be done by making sure that the robot is not at the second and
fourth position. The second position is when the second arm is in the press and the fourth is when the first arm is in
the press. We can specify thisby:
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Armiotin Pr ess = @(RobotPos = 1U RobotPos = 3) -

With this we can specify the movement as follows. Please remember that the moveP actuator will cause the levd to
move to the next position as stated earlier as part of the assumptions.

1. Atanytimet when the leve is at the lower position and it is empty and also there is no am in the press,
the level can be moved by sending themoveP.

u
éPlowPos (U dPempty (| U gArmNotin Pr ess() ) % Fh® dmoveP()
(58)

This condition is satisfied when the second arm of the robot has unloaded the metd from the press and has
|eft the press.

2. Whenever the level a the middle position and there is ametd as wel as no arms in the press, the controller
needs to move the leve to the upper position.

u,
( PmidPos U ézPempty (|U gArmNotin Pr essi) ) % F® @roveP)) (59)

3. Once the press has forged the metd, it will return to lower postion for Arm 2 to unload. However, the
level can only be moved if thereisno arm in the press.

u
( éPupPos U gZPepty (| U gArmNatin Pr ess) ) % % ® @roveP () (60)
6.5  Specification of the Deposit-Belt Controller

The controller is responsible for moving the belt when there is no metal at the end of the belt or stop otherwise. The
specification canbe given asfollows:

u
EMendDB(j 2 % ® dmoveDB) (61)
u
@MendDB (%2 34 ® gZmoveDBY| 62)

70 CONCLUSON

We have shown tha the notation of state in Duration Cdculus is very ussful in describing and moddling the red-
time or reactive sysem. We used date notation to modd the input or the sensor and aso the output or the actuator
of the sytem. We have dso shown that the leadsto notetion is very handy in specifying the system. In the stage of
producing the assumptions, we use the dtate of the sensors as conditions and actuators as the actions which lead to
New sensors state.

Our main contribution is how we use the sensors state as shared variables to synchronise the controllers. We use the
combination of gtate of the sensors as a condition that must be fulfilled before any signd is sent to any actuator.
With this specification, one can implement a system on a shared-memory multiprocessor.

The research can be extended further such as implementing the syssem on Didributed Shared Memory (DSM),

which is the current and future trends of Didributed Red -Time computing. Other area of research is the formd
proving technique for verification of a specification.
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