ic transition operations

) < -
€11 “12°° ‘1q 3y
€21 €22°° ‘aq 32
£n1 an.. Gnq Laq .

A-tokens are represented by the following convention

to facilitate their written representation:

example: L3 = <<11. ‘13ﬂ"€1q>

or A = (€

The A-token produced when the generalized transition

fires iz the following:

}0 = At“i'“z’fxn)
= glai + ozaz + ..aqaq (A.2)
where A i85 a predefined function for a transition
typée.
The traﬁsfer and merge transitions are hasic

operations and they will both be discussed - in the

following paragraphs.
A.2 Merge transition

The merge transition, on firing, produces an A-token:

;0 = piai + azaa + ...anq
= ) 5= )
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kh generalized attribute:

4] = % €
g h=1 hg
el = €11 + c21 + "'Eni '

and this 1is the wvector addition as is normally

defined.

A.3 Transfer transition

The transfer transition, on firinvy produces an A-

token:

A Qlal + Gzaz...nqaq

0

b
(Bi.ﬂz......ﬂq

A generalized attribute:
B = f&c
g h=1 hg
By = €41%21 nt

This is not a normal vector operation. To explain how

this operation 'is per formed, take the transfer

transition of Fig. A.2 and let:

A = {alyagpa:s] s

—O

(ray—=

Fig.A.2 Transfer transition
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Define the transfer transition such that :
g T A % P

A T ) “91€12¢13

»
u

2 €21¢22%23

= € € 8y Y €ya€p03n * €338

To obtain the "o" -function, the following

'procedure is followed:

Define a matrix:

"

-~
o
o
o
—

€91€12%13 21
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Basic transition operations

€11€21 €42€22 €13%23

€1€2181 * €y222%2 * €y3%23%3 ¢

To obtain this matrix D the following procedure is .

followed:

- . "
i 7 ‘31‘22‘23 i 00
0 0 00
0 0 00

L d L o

+- 0 1 €51€22%3 [ 000 1

i 01t 0
0 0 0 O
9 J \4 n
[ | [ 0 00 ]
*1 0 €21€22%23
0 00O
L 0 0|
- o L, o
2 -
= c21 0 0
0 ‘22 0
0 o € .
! 23 |

A.4 Seperate subnet

The seperate subnet of Fig. 4.9¢(b) is discussed in

detail in this section. Transition t1 tranhsfers the

input token Ay to Py - The seperation into

of transfer

the attributes takes place by means




‘

-pA.6- Bas i< transition operations

transitions t3, t4 and t5‘ Only t3 is considered for

this wexplanation since the other follow the same

pattern.

The input token in p, is:

Ag = €gqBy t €pp8, v €3383 -

The transfer mask provided in P, is:

xpz = va, + wa, + wa, .
The cutput produced after ta has fired is:
201 = *1 ° *p2

= (cii . v)a1 + (‘22 . w)az + (533 . w)aa

= e:“al + waa + (083 .

attribute value of a, is thereforé isolated.
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PETR! NETS

B.1 Introduction

Petri nets were developed by Petri (19627 . The
original work was used for the description and
analysis of parallel systems in the late sixties in
the USA (Holt, 1870), which led to ressarch in this
field and Petri nets as well as Petri net based
systems are used extensively to model and analyse

diverse systems such as computer hardware (Noe, 1873).

The following fe&turas of Poetri nets make them well-
suited for the modelling of complex systems:

- nierarchical representation

- graphical representation

- mathematical representation

- representation of parallel processes.

The hierarchical decomposition of complex problems was

discussed in ¢hapters 2 and 3 as a means of dealing

with complexity.

Graphical representation allows a visual

Sty e . .



~B.ad- Petri ne t s

reprosentation of the structure of the problem.

Mathematical representation allows analysis of the
dynamics of the problsm. Many problems to be model i ed

have parallel parts. Petri nets are well suited to

deal with this type of problem. The original work by

Petri was done in order to study communication between

asynchronous components in a cemputer system.

The study of Petri nets can be devided into two fields

namely:

- Applied Petri net theory and

-~ Pure Petri net theory.

Applied Petri net theory concerns jtself with the

gpplication of Petri nets to the modelling of systems.

Pure Petri net theory develops the  Dbasic tools,

techniques and concepts for the application of Potri

nets.

The development of A-nets in chapter 4 s the

application of Petri nets to the design of distributed

process control systems.

The remainder of this appendix presents the basics of

petri net theory, extensions made in the past,

comparisons with other representation methods and an

example of the use of Petri nets to model a simple
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example.

B.2 Putitri net theory

Petri net theory concerns two main fields, namely:

- the structure, and

—

- the dynamics

of the network.

Petri net theory is only briefly presented here for
clarity. For a more detailed introduction, the reader
is referred to Peterson (1881). The Petri net theory

is based on multiset C(or bag) theory. (Cerf, 1972)
B.2.1 Petri net structure

A Petri net consists of four parts:

- the set of places, P, represented by circles;

- the set of transitions, T, represented by bars;

- the input function, 1, represented by directed arcs
to the transitions;

- the output function, O, represented by directed

arcs from the transitions.

Fig. B.1Ca) 1is a graphical representation of a Petri
net structure. It consists of five piaces and four
transitions with the connecting arcs. For example arc

one

a. is an input ar¢ to transition t1 and arc a, is

1
of the output arcs from transition tl.
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Fig. B.1 Marked Petri net

(Peterson, 1981)

Definition B.1, A Petri net structure, C, is a four-~-
tuple, C = (P, T, 1, O0).
- P = {pl, pz.......pnl is a finite set
of places, n 2 0
«“ T = itl. tz........tml is a finite set
of transitions, m 2 0

- 1 :T» p” is the input function, mapping

transitions to a multi-set of places.
For example the structure of the Petri net of Fig. B.1

is as follows:

¢ = (P, T, I, O)
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s it i s 'ﬂﬁu

g




tp,+ Ppr Pyr Pyr Py! (B.1)

iPz- Pgr Py 943

Petri net dynamics

The marking U, of a Petri net consists of

tokens residing in places. Thke number and position of
tokens determiné the state of the net at any time.
The state of the net changes with execution of the
net. The execution of the net is accomplished by the

firing of transitions. The firing of a specific

transition is determined by the state of the net.

Tokens are normally represented by dots in the places.

Definition B.2. A marking w of a Petri net

c=(p, T, I, O) is a function from the set of places

P to the non-negative integers N.

u : P+ N.

The marking of the Petri ret of Fig. B.1 is as follows
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u(pi) = 1
u(pz) = 0
u(pa) = 0

n(p4) = 2

u(sz =1 (B.2)

1t is sometimes more convenient to represent the

marking of a Petri net as a vector:

n o= tu(pi).u(pzl,...utpnn .

For examplie function (B.2) would then be represented
as 5 vector:

w = €1, 0, 0, 2, 1) (B.3)

"’P1

(a.) Enabled (b.) After firing

Fig. B.2 Transfer arc

A Petri net executes by firing transitions. A
transition fires when it is enabled. When it fires,
tokens are removed from the input places and created
in the output places connected to this transition.
Fig. R.2Ca) shows transition t enabled to fire.
Places Py and Py have a token. Fig. B.2(b) shows
transition t, after firing. The tokens in places p,

and p, are consumed and a token is created in pltace
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Definition B.3. A transition ti € T in a

marked Petri net C = (P, T, I, ©O0) with marking

u is enabled to fire if for all P, € P,
rd
u(pi) > # (pi’I(tj))'
Pefinition B.4. A transition tj in a marked Petri

net with marking u may fire whenever it is

enabled. Firing an enabled transition t, results in a
3

new marking ui defined by:

"1(pi) = u(pi - ¥ (pi,l(tj)) + ¥ (pl.O(tj)) .

Transitions t t., and t4 are enabled in the marked

1’ 3
Petri ‘net of Fig. B.1(b). Any one of these
transicvions may fire. Firing transition t4 consumes
the token in Pg and produces tokens in Py and Py

leaving a8 new marking:

My F ¢1, 0, 1, 2, 0).

A sequence of markings (uom ”1' uz......)

and a sequence of transitions which were fired (tio.

t ) result if the net executes. This shows

i1’ th""
the dynamic performance of the system and may be

examined for deadlock or other undesirable situations.
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B.3 Extensions to Petri nets

Various extensions were made to the original Petri
nets. These extensions were mainly made to sase the
graphical representation of the Petri net for @&

particular application.

The ‘following extensions are important for the
modelling of distributed process computer systems:-

- inhibitor arct

- activator arcs

- timed transitions

- priority on transitions.
B.3.1 Inhibitoy arcs

The lack of ability to perform sero~-testing is one of
the major ptoblems with regard to Petri nets.
introducing inhibitor arcs s the easiest way to

introduce this capability.

i Py i
-On
j 1
P2
(a.) Enabled (b.) After firing
Fig. B.3 Inhibitot arc
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-B.9- Petri nets

Inhibitor arcs are shown graphically by an arc from a

place to a transition ending in an opened «circle

rather than an arrow. Fig. B.3 shows transition tj
with input places Py and P, and output place p,. The
arc from pl to tj is an inhibitor arc. Transition tj
is enabled to fire in Fig. B.3(a). A token is

available in place P, and no token is present in place
Py - (zero testing.) Fig. B.3(b) shows the situation

after tj has fired. The token in P, is consumed and a

new token is created in Py-
B..3,2 Activator arcs

Activator arcs simplify the graphical representation
of certain Petri net models. Fig. B.4(a) shows an
enabled transition tj' After firing the tckens are as
is shown in Fig. B.4(b). Because of the output arc

from ti to Py a token is stiil present in Py after

’

the firing of tj.

The Petri net represemtation is simplified by using
an activator arc, a&as is shown in Fig. B.4(c) and (d).
The activator arc is represented by an arc from a

place to a transition ending in a closed circle 1like

the arc from Py to tj.
B.3.3 ‘Timed transitions

The firing of a transition in a normal Petri nei takes
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sero time. For the simulation of real processes, t ime
elapses from the initiating of a process until it is
completed. Torn (1881) explained an extension where a
transition takes d time units to create the output

tokens.

Time Petri nets (Merlin, 1974) sre not to be confused

with the above-mentioned timed transitions nets. In
this instance two times, -~ T,j and
183. are associated with a transitfon tj‘ A

transition tj can only fire if it was enabled for more
than Tij time units and it must fire before
it was enabled for sz time units. This

extension is not useful to us.

{a.) Enabled

!

3

'

< )P %
~
08
1 |
P2
(b.) After firing {d.) After firing

Fig. B.4 Activator arc
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B.3.4 Priorities

1f more than one transition is enabled to fire, there
is no way to determine which one will fire in normal
Petri nets. To solve this problem, priorities may be
attached to each transition (Hack, 1975) . The
transition with the highest priority will fire in such

a situation. This allows the modelling of control

systems where priority is important.

B.3.5 The influence of these extensions on the

Petri net theory

The introduction of activater and inhibitor arcs as
well as priorities and timed transitions changes

definition B.1 to:

pefinition B.S. A Petri net structure, C, is a six-
tuple, ¢ = (P, T, t, 0, », X) where:
-~ P = ipg. pa,.....,pnl is a finite set

0

v

of places, n
, to.....t ) is & finite set of
i 2 n

transitions, m 2 0

- T = {t

- 1 = T =9 P” is the input arc
function, mapping transitions to a multi-set of

places. It consists of 1 the normal arcs, |

N' 1!
the inhibitor arcs and ‘A’ the activalor arcs.

- O :T 9 Pw ig the output arc fupnction, mapping
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transitions to a multi-set of places.

~ D T + N is the duration time for each

transition in time units.

- X : T + N is the priority for each transition.
Definition B.2 remains as it is.
Definition B.3 changes to:

pDefinition B.6. A transition tj € T in a

marked Petri net with marking u is enabled

to fire if for all P, € P:

u(piJ > ¥ (pi.lnttj)) + # (pi'lA(tj))

and # (pi.ll(tj)) = 0 .
Definition B.4 changes to:

Definition B.7 A tran«ition tj in a marked Petri
net with marking 4 may fire whenever it is

enabled and has the highest priority xj. Firing an
enabled transition tj results in a new marking

U after dj time units defined by:

uitpiJ = uip;) - # (Pi'lN(tj)) + % (pi.O(tj)) .
B.4 Comparison with finite-state machines

Many specifications systems, like the one described by

vitins (¢1981), are based on a finite-state machine
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model of the system.

R/R 1/0

]

el

Fig. B.6 Petri net of state diagram

(Peterson, 1981)

A state machine is a five-tuple:

the finite set of states

1

- a finite input alphabet
- a finite output alphabet
- & next state function

- an output function.

State-machines are represented by a state diagram as

in Fig. B.5. This diagram converts into the Petri

net of Fig. B.6. Modelling a state diagram with a
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-B.14~ Petri nets

Petri net produces a special Pekri net where only one

token may be present.

B.5 Modeliing with Petri nets

The followiny simple example of a buffer is used to

demonstrate the modelling capability of Petri nets.

Fig. B.7 presents the graphical representation of the

model and the mathematical representation is as
follows:
c=1¢p, T, I, O, XJ

]
[ H
-
ke
-
©
(=]
e
[~
ke
o
o
o
k=
=]
At

—3
1
-

Ig(ty) = ey Pg)
Ig(ty) = tpyd
Iy(tg) = (P!
IN(ts) = £p4l
1,6ty) = (ppr Pyl
1,0t = tpyy Py
1alty) = tpy!
1,0tg) = tpy?
oct ) = tpy)

2]

ott,) = By Pgl

0cty) = (py!
ott,) = tp,)

Priority: £ = ¢o0, 0, £, 4, 2, 2)
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The initial marking in vector form is:

Wy = to, 6, 0, {, 10, 0).

Initially only transition tl is enabled to fire.
After the firing of t1 the marking will be:

My, = ¢t, 8, 0, t, 9, 0).

Transitions t,, t, and t. are all enabled to fire.

Since the priority of tﬁ ie the highest, it will fire
leaving the marking:

= (41, 5, 0, O, 8, 0.

Ha
Ps

P3 :

buffer full }

P4 1

o ) butfer empty |

L ‘

t5 ' 76 %

Fig. B.7 Buffer model

At this stage t1 and ta are enabled. Since their

priorities are the same, anyone of the two can fire.
1f the modeller wants to test a specific situation

like filling P, first before starting to empty it, he

conld set a higher priority on tl‘ Llet us assume that
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this is the case. Transition t1 will keep on firing
until:
M, = (6, 0, 0, 0, 3, 02.

At this stage t_, and t3 will be enabled and since the
priority of t_ is higher, it will fire, leaving:

g = t6, 0, {, 0, 3, 03.
The buffer can now empty by firing tz.

This model can be extended to include the environment
where a request for buffering may be made at tl and a
request for emptying at tz. Testing of Py (buffe:
full)d and p4 (buffer empty) by the producer and user

is now possible.
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DISTRIBUTED PROCESS CONTROL SYSTEMS

cC.1i Introduction

Distributed process control systems are developed
because the technology to do it became availakle and

the requirements of the control system could use it

penificially.
C.1.1{ Technological drive

The availability of cheap. powerful microprocessor

chips makes the use of multiple CPU systems  a

possiblility. Mulfiple CPU's, tightly coupled to each
other on a bus, have been used for some time in larger

as well as process computer systems. For ingtance,

the use of a seperats [1/0 processor in process

computers was introduced more than 10 years ago.

The recent development in local area networks (LAN)

fHarrison, 1983) however made the looser coupling of

multiple computers a possibility. These LAN's are

developed for office automation systems. 1t is still

a viable process control LAN will

to be seen whether
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. emerge from this. The two basic contenders in the LAN

ffield are:

- CSMA/CD media access method

- Token-passing access method.

While both systems will most probably emerge for
office automation systems, a controversy still exists
regarding which of these two is the most suitable for

a process control environment.

c.1.2 kequirements of the plant

and contrel system

Various properties of the plant as well as the control

system favour distributed systems.

Historically the need for distribution arose because a
single computer could not fulfil the functions. The
limitations have been either memory capacity or CPU
time. This required some rudimentary data link
systems. At this point in time, the computer power

was still provided centrally.

The requirements of the plant and the control system
could favour distribution on a geographical (Humphrey,

1972) or functional basis (Roberts, 19781,

Lefkowitz (1977) describes integrated control of

166

N _ )
y S " 1 . SN e a i
— bl — s L

~ ~ N USRS P
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-C.3~

industrial systems with a steel works as an example.
fig. €.1 shows the material flow through this steel
works. For overall control, the plant is decomposed
into four hierarchial levels {Fig. C.2), namely:

-~ A=level; production planning, order processing,

etc.

- B-level; production scheduling, data gathering
etc.
- C-level; production control and reporting.

- D=-level process control.

.

" t coal i ore . l gerap
rool yard ore yard
i ap. sh
cohe ovens sinter plant serup shop

___hi_l_ust furnaces

sleel moking plant

‘neminq hoys continucus costing
e shop

stripping boys

col-d ingo!
yord

sooking pits

stob yard

reheal furnoces

'-ﬁoominq T alebbing hot sirip mitl
il

. . hat colls yord
bitizt mill

slob, hioom 8 billel
yard

]

cold slrip
pracessing

cold rotling
mitl

cold roiled
ol atd__

Fig. C.1 Steel-making processes

(Lefkowitz, 1977)




The D-level can again be decomposed into a hiera;chy
according to Isermann (19823):

- D.1; direct control

- D.2; monitoring

- D.3; optimization

- D.4&; coordination.

orders

Alevel )///J/ ¢ ‘ ]
' \\:\\\\\‘C‘compmm

DF DF . OF
)1 lchl -6 - C o
' 1 f
Qlevel c
I
D tevel [j c| (M !i li
stee] moking hol strip cold.slﬁp

mill mill

Fig. ¢.2 Steel works integrated control system

(Lefkowitz, 1977)

Re~examination of Fig. C.1 shows that the steel works
consists of various plants like blast furnaces, hot
gtrip mills, etc. These plants are geographically

seperated and a geographical as well as a functional

distribution of the computer control system can be

imagined.

The direct control on level D.i{ can be partitioned,

again depending on the type of process, into -the

following three time phases (Kruyer, 1977):
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- D.i. 1 start-~up

- D.1.2; run

- D.1.3; shut-down.

This type of control is important in batch=-continuous
processes like the oxygen blow steelmaking process and

batch annealing of cold rolled steel.

A process may also have requirements regarding the
reliability of the control system. Te achieve high

reliability various methods were used in the past,

such as:

a t&o sut three system

- hot stand by system.

Utilizing the unigue capabilities of a distributed
computer system to achieve higher reliability 4s
discussed by Kopetz (1982). This system forms the
background of the work at the Witwatersrand University

apnd is discussed in more detail in the next paragraph.

¢.2 Distributed systems
Cc.2.1 Classification of distributed systems

Different aspects of distributed systems may be '
classified. Each may yield a different classification
for the classified systems. The following aspects may

be considered for clagsification:- (Bochmann, 1979)

degree of coupling
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- interconnection structure
- interdependance of components

- synchronization between components.

Dasgree of coupling

The degree of coupling is determined by the amount of
data exchanged per unit of local processing performed.
This leads to a classification based on the bandwidth
availability of the communications channel. The
following three groups exists:

- weak coupling

- strong coupling

- wvery strong coupling.

For efficient operation of a system this wouild imply
that wvery strongly coupled systems will have to
operinte in very close proximity to each othu#r, while

weakly coupled systems may tolerate a lerger distance.

Interconnection structure

This classification involves the logical structure of
the network. Two main interconnection gstructures may
be distinguished:

- direct interconnection

- indirect interconnection.
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Dirnct interconnection

- Dedicated facility for each pair of
communicating components leading to a complete
interconnection structure or a Joop structure.

- Communication facility shared between atl
components leading to a bus or ring structure. In
this type of system contention must be
resolved. The two major methods are CSMA/CD  and

token passing. Shared memory is also an example of

this method.

Indirect interconnection

- Centralized routing: this leads to a star-like
network.
- Non-centralized routing: this may result in two

types. A tree 1is an example of the first type
where only one path is possible betwoen two
components and a n-cube is an example where more

than one path is possible between two

components.

Interdependence of components

The strumture of the communicating components is used

for ciassification in this instance,

1f a component relies on the succesful operation of
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other components, they are strongly dependant. 1€
components can still operate when another component
has failed, they are weakly dependant. The latter
type may have a better availability and may degrade

gracefully in case of partial failures.
Synchronization between components

In asynchronous systems, each node opurates at its own

pace and waits for information from other nodes.

Synchronous systems require a comman clock, usually

provided through the communication medium.
C.3 A maintainable DCCS

The maintenance of real-time systems consists of the
following:
~ Repair work:
Hardware fajlures and software design errors
require repair work.
- Functional enhancement:
For a system to remain relevant, it must change

with the changing environment.

Thage functions may eventualy cost more than the

initial system (De Roze, 1878).

The reliability of hardware is treated by the normal
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methods. The reliability of software, however,

differs in the senge that it fails because of design

errors rather than wea: out.

The whole issue of software reliability is treated
extensively by Kopetz (1976) and Myers (19763
Basically two complementing methodologies for
producing reliable systems exist:
- producing ervror-free sof tware

- detecting errors at run time and reconfigure.

The system described in the following paragraph uses
the second method. It does, however, make use of the

first method to produce software that is as reliable

as possible.

The MARS (Maintainable Real Time System) system
described by Xopetz (1982) and MaclLeod (1983) is
designed with tha specific goal to produce a system

with a high availability.

The architecture of MARS is such that 1t provides
facilities for active and stand-by redundancy to
tolerate faults during the operation of the system,

and to support the evolutionary development of the

real-time system.
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To keep the synrtem simple only the following
fundamental concepts were adopted:
- Divide and conquer.

The architecture supports the partiening of

large problems into smaller, fairly independent

subproblems. The hardware and software
structure should follow the structure of the
problem. The sclution should for instance not be
forced into any structure, for instance

hierarchical, if that is not the structure of the
prcecblem.

- Replaceable units.

The architecture enforces replaceable hardware and

software units for maintenance.

- Redundancy.
The introduction of active and stand-by
redundancy is transparent to the application
software.

- Forget about the past.
Information is invalidated by the passage of real-

time and is automatizally discarded by the system.

This system is described by Kopetz €1982).

Various issues relating real-time and the
communication primitives required, are discnised by
MacLeod (1883). This is important for realizing the
notion of forgetting about the past. Messages are

t ime-stamped with a wvalidity time. After this
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-C.ii- Distributed control sy s tems

validity time has expired, the message is

automatically removed by the communications channel.

C.3.1 Message transfer

A message sent consists of a hneader field and a user-
defined field. The header field also centains the
following:

-~ the message name -

- source and destination modules

- the validity time of the message.

State and event information

In real-time control systems, event and state
. irnformation are distinguished. - Event information
concerns the occurence of events, i.e. a happening in

time. State information represents attribute values
of objects that will remain valid for a known time

The communication system must handle state

interval.
and event messages. The distinction between a state
or event message is made at the receiver. A message

sent may be treated as an event message by one
receiver and as a state message by another. Event
messages are consumed when read. State messages,
however, may be resad several times and stay the same

until changed or discarded.
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C.3.2 Message primitives

The OUTPUT statement

The OUTPUT statement takes the following form:

OUTPUT msg TO receiver VALID time; , (C.1)

~ "msg" is the name of a previously declared

message

- M"receiver" specifies the destination module

- “time" is a time expression giving the validity
time.

The INPUT statement

The INPUT statement is used to read a message from the
communication system into a task-local message
variable. Various forms exist.

The simplest form is:

INPUT msg END; —_— cl2

If a message with the name "msg" is already available
at the communication system it will, for an event
message, be consumed. For a state message, it will
only be assigned to the task-local message variable
specified in the associated daclaration. If this

message is not available, the receiver will wait until

the message arrives.

i76 ~
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Another form of INPUT statement is the following:

INPUT msg => normal_sequence

AFTER time => timeout_sequence END; €¢.3)

provides a timeout if the message does not arrive.

The following INPUT statement provides a selection of

messages on a filter expression.

INPUT msg FILTER filter_exp END; SRR CONN- D)

If the evaluation of "filter__exp" delivers true, the
message will be read, otherwise it.remains in the

communication system.
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