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Abstract Modelling and simulation are often used as a helping
hand in the design and analysis of industrial systems. This
Studying industrial systems by simulation enables the de-follows from the fact that, usually, models are better suited
signer to study the dynamic behaviour and to determine for experimentation than real systems. Three kinds of mod-
some characteristics of the system. Unfortunately, simu-els can be distinguished ([12]): physical, graphical, and
lation also has some disadvantages. These can be oversymbolic. In many applications, symbolic models are eas-
come by using formal methods. Formal methods allow aier to construct and manipulate than physical or graphical
thorough analysis of the possible behaviours of a system,ones. This is especially true for complex industrial systems.
parameterised system analysis and a modular approach toSymbolic models can have a form of verbal descriptions,
the analysis of systems. We present a case study in whicimathematical expressions, or computer programs. Cleatrly,
a model of an industrial system is studied in a formal way. it is important to choose a suitable modelling language to
For this purpose, the model is first specified and simulated construct comprehensible models.
using the CSP-based executable specification langnage  From the point of view of the computational form, sym-
The modelis translated into a model in the process algebrapolic models can be classified as analytical, simulation, and
ACPF". This enables us to give a correctness proof of the hybrid. Analytical models represented by Markov chains
parameterised model and to study the model inisolation.  and queueing networks ([3]), although providing fast and
precise results, have rather restricted applicability. They
can only be used for steady state analysis of relatively sim-
1. Introduction ple systems. Simulation models can be applied to a variety
of complex dynamic systems. Simulation is widely used
Nowadays, industry makes higher demands on method-for system design and analysis ([6]), but has a drawback of
ologies used for the design of new factories. Firstly, due to Peing time consuming and imprecise. Hybrid models are
the huge amount of money involved and growing Competi- suited for both analytical verification and simulation. For-
tion on the market, no mistakes can be afforded. The finalmal specification techniques based on, for example, CSP
design of a factory must be as optimal as possible. Building ([11]), process algebra ([4, 5]) or Petri Nets ([14]) belong to
a new factory or improving a factory step by step is not an this class of models.
option anymore -the new factory should perform optimally ~ Within the Systems Engineering Group, factories are de-
from the beginning. Secondly, one must be able to pre-fined as industrial systems with production units: aggre-
dict system characteristics like throughput and cycle time. gates of people and machines, groups of machines, or sep-
This is hampered by the increasing complexity of modern arate machines. Such industrial systems are investigated in
factories. Thirdly, new factories must be realized within order to understand their dynamic behaviour. This is done
shorter periods. Products change faster, new products ar®y modelling these industrial systems using a systems engi-
developed faster and so must the factories needed to proneering specification formalism called([2, 15]). Within
duce them. This requires the possibility of fast and correct the formalismy the behaviour of each system component
modelling of industrial systems. is described by a process using guarded commands ([7]).



Furthermore, individual processes or groups of processedocus points and convergent process operaffi8]). That
that operate concurrently communicate with each other byis, we prove that this model has the desired external be-
means of communication via channels. This aspect of thehaviour, which among other things, means that it is dead-
formalismy is based on CSP. The latter enables the mod-lock free. Secondly, we claim this property for an arbitrary
eller to introduce non-determinism in his models as it is also parameter. Thirdly, we study the model in isolation, that is,
present in real-life systems. without considering the environment.

Models specified iry can be simulated ([1]). This proves
to be of considerable importance when designing and opti-2 The formalism y
mising industrial systems. Namely, the dynamic behaviour
of an industrial system can be studied and we can determine

its system characteristics (for example, throughput and cy- ) .
y ( P gnp Y component is described bypsocess These processes can

cle time versus work in process). Furthermore, a model be arouped into avstenby means obarallel composition
can easily be adapted to new requirements or specifications group Y y b P

The consequences can be studied by simulating the modefg;%iﬁesgisﬁ? oltr;lgrs t:ggéssaens 2?: dass ;grrnoscte;‘;’ér':n(::::ﬁ
again. Also various control strategies can be tested in this P y

way. A lot of money can be saved since changing a modelsys_tem. In this way, a hierarchical structure_ can be built in
costs only a fraction of making changes to the actual system.W hich _the resulting top-level system descrlbgs the overall
Many case studies have already been performed in diI’“ferenPeh"j“/Iour of the mOde”ed system. The relations between
industrial areas such as wafer fabs, car assembly system§) rocesses are defined byannels All channels are one-to-

fruit juice production and beer breweries. dne cor_mec_tlons between processes. .
. . . To visualise the structure of a model, a graphical repre-
Unfortunately, simulation does have some disadvan-

. S sentation is used. A process (or system) is represented by
tages. Firstly, due to the non—dgterm|n|st|c pature Of CONCU™ 4 Gircle with the process name in this circle. A channel is
rent systems, one cannot obtain complete mforma_tlon at.)OUR/isualised by a curved arrow between the processes that are
all pos_S|bIe behawou_rs ofa s_ys_tem by means of ?'mUIat'pn‘connected by it. The direction of the arrow indicates the
Thereis always the risk .Of missing the one behaviour which djrection of the material or information flow. Somewhere
causes the system to fail. As a consequence, the abs_ence %‘ong the arrow, the channel name is given. The graphical
degdlocks caqnot be guaranteed. Secondly, simulation re'representation is not an essential part of the formalism but
quires the assignment of concrete values to system parame, helpful in structuring system specifications.
eters such as production rates, operating times of machines The syntax of the specification languagés given in
and_the amount of work in process. As_a CONSEQUENCE, SIMy\ - hotation in Table 1. Note that the syntax of (boolean)
ulations must be repeated when there is a change in the Syséxpressions is omitted
tem parameters. Finally, simulation does not allow a modu- '
lar analysis of system behaviour. Therefore, it is not possi-
ble to study the effects of system changes in isolation. This Table 1. Syntax of x statements

makes analysis of complex industrial systems very difficult.

Solutions to the problems discussed in the previous para-
graph can be found in deriving system characteristics by  z : variable a : channel e : expression
means of formal methods instead of simulations. Formal b : boolean expression
methods allow for a thorough analysis of the possible be-
haviours of a system. For example, one can verify whether PS:= z:=e assignment statement
or not a system has the desired behaviour. Furthermore, PS; PS catenation statement

Within the formalismy, the behaviour of each system

|
formal methods allow parameterised system analysis. Of- | ES event statement
ten, characteristics can be derived for classes of systems. | [GP] selection statement
Moreover, using formal methods one can determine the be- | *[ GP] repetitive selection statement
haviour of parts of the system in isolation, thus allowing a | [GC] selective waiting statement

|

modular approach to the analysis of systems. *[ GC' ] repetitive selective
In this paper, a case study is presented that deals with the waiting statement

earlier mentioned disadvantages of simulation. The case ES == ale send statement

study considers a production system with an architecture a?x receive statement

that is found in industry. We derivexamodel of this pro- GP:= b— PS|GP|GP

duction system and map this model onto a process algebra GC ::= b; ES — PS|GC | GC

model. Firstly, we give a correctness proof of thenodel

by verifying the process algebra model using the notion of




3. The process algebra ACP ,
Table 2. Deduction rules for ACP™

The process algebra ACHs given by itssignatureX:
and aset of axiomd. Furthermore, it is parameterised by 3 g x5/
a setA of atomic actionsand a partial, commutative and as-
sociativecommunication functiofy. Atomic actions are the
most basic processes considered, and as such we consider

them not to be subjected to any further division. x> a! z =

The signature of ACPconsists of a set afonstansym- T+y>a T+y>y
bols andfunction symbols, often called operators. With Y+ y+zSy
these constant and function symbgisycess termsan be
constructed. Firstlyy contains atomic actions of set A. 3% g x5y
Secondly, it contains the special constadgadlock(d) and @ a
silent step(r). When a process is unable to continue or ter- zlly e Iy z|y ~Y
minate correctly, it yields deadlock. The silent step denotes yllz=ylla yllz=y
an unobservable, hidden, action. Thirdly,contains the
following operators: theequential composition operatar rSa,y A y' TS5,y LN V4
thealternative composition operater, and themerge op- v(a,b) = ¢ v(a,b) = ¢
erator||. Themerge operataralso callecparallel composi- clySa [y v Sa yllzoa
tion operator interleaves the behaviours of two processes. ’
However, if two actions can be executed at the same time a b
they may engage in a communication, i.e. a synchronised T, Y=+, v(a,b) =c
execution of the two. The result of such a communication |y

is defined by the communication function A x A — A.
The axioms describe when two processes are considered
equal. They can be found in [5] (Table 51, page 123).
A semantics is defined using term deduction systems,

which consist of a signature and a set of deduction rules, L
ternal communications (s€) are renamed as. Further-

also called Structured Operational Semantics or Plotkin- . L -

style semantics. Within these term deduction systems, theLnOhre’ .conS|der a spemﬁcatuﬁpe_od escribing th? external

following notations are used far € A, ands € S with S ehaviour that the |mpIementat_|on should Sat'SfY' In our

the set of terms over the signatueetion stepC S x A x S, process algebraic frqmework, th'? means th"’.‘t the implemen-

notations -% ', denotes that can do ami-step tas’ andac- tation (afte_r abstrgptlon over the mtt_arnal actions) should be

tion terminationC S x A, notations - /, denotes thas equal_to this gpemﬂcat_mﬁpe(accordmg to some p_referred
equality relation. In this case, the external behaviour of the

can do aru-step and then terminates. ol tati d the behavi f1h ificati A
The semantics of ACPis given by the term deduction impiementation and e behaviour ot the speciiication mus
bebranching bisimilar

system induced by the deduction rules given in Table 2. The basic idea behind the definition of branching bisim-

In combination w!thé andr we also use the _operators ulation is thatr-steps can be deleted from computation se-
Og andry, representingncapsulatiomndabstraction En- Tows @ L1 . -
. . . : : guences. A path—*t' — t" in the abstract implementation
capsulation disables the execution of atomic actions from . a1 -
can be related to a singtesteps — s’ in the specification,

B oo Lume e i €k o ht h sequenceokteps 1 dos ot il
= . o any relevant change of state.

Furthermore, we also introduce tleenditional operator

This operator enables us to make a distinction between two

cases and works as follows: if we considet ¢ > y, thenx

is executed in the case that the conditjpavaluates tarue

andy is executed in the case thatevaluates tdalse The c

semantics of the encapsulation, abstraction and conditionaf’ 4

operator are given in Table 3. e if s % s" andR(s,t), then either
Consider an implementation of a model that can be de- ,

scribed as the parallel composition of several processes 1. a=7andR(s',1), or

p1,--.,Pn. These processes communicate via internal ac- 2. there exist’, t" € SU{,/} such that 5*¢' % ¢",

tions, where ‘internal’ means within the system itself and R(s,t") andR(s',t"),

without a direct link to the environment. The resulting in-

DEFINITION 3.1 (BRANCHING BISIMULATION) The bi-
nary symmetric relatiolR C (S U {+/}) x (SU {/}) is
a branching bisimulation if for al, ¢,s’ € S U {4/} and



states are calledon-focus pointsif the abstract implemen-
tation is convergent, we have that from a non-focus point
a focus point can be reached by performing finitely many
internal actions. Focus points are characterised bfoities

Table 3. Additional operators

s, a¢ H zy,ag H condition The set of states that reach the same focus point
Or(x) = Om(x") om(z) >/ after some internal activity is calledane If we have no
unbounded internal activity (i.e. no-loops exist), every

z52 agl z52 a€l state belongs to some cone. The state mapping now maps

all states of a cone to the state corresponding to the focus
point of the cone.

Processes are denoted in a particular format cdled
terministic Linear Process Equatioip-LPES. They en-

T[(.QI)&T[(IL‘I) T[(SL');T[(Q,J)

t3,a¢gl z5,aclI

Tr(z) = 1(z) 5 V/ rich the process algebraic language with a symbolic rep-
resentation of the (possibly infinite) state space of a pro-
¢, xS —¢, y >y’ cess by means of state variables and formulas concerning
radpy >z rappy >y these variables. Furthermore, the booleans are denoted by
B = {T, L}, whereT denotes true and. denotes false.
6, x5/ -,y S/ The natural numbers are denotedyy

rapby Sy Aoy

DEFINITION 3.2 (D-LPE) Let Act C A, be afinite set of
actions. A Deterministic Linear Process EquatiBal(PE)
over Act andD is an equation of the form

o if s /andR(s,t), then either p(d:D) =
1. a =randt =/, or > 2 a(fa(d;eq)) - P(ga(d, €a)) <ba(d, €q) > 6,

a€Acteq:Eq

2. there exists’ € S U {y/} such that 5*¢' % /
andR(s,t').
for data types&,, D,, and functionsf, : D — E, — D,,
Two termsp,q € S are branching bisimilar, notation g¢,:D — E, — D andb, : D - E, — B.
p &y ¢, if there exists a branching bisimulatid@ such

thatR(p, q). TheD-LPE p in the above definition describes that pro-
, . cessp in a state described by can perform the action
We use the notion of focus points and convergentprocessa(fa(d, e,)) if for somee, of type E, the guardb,(d, e,)
operators ([10]). It forms a strategy for finding algebraic ;5 satisfied. After the execution the state of progess
correctness proofs for communication systems. These coMyeascriped byga(d, e.). In a D-LPE there is at most one

munication systems are describedd@RL ([8, 9]), which  gymmand in the alternative composition for everg Act
is roughly ACP extended with a formal treatment of data. In the sequel, when we writg, (d, e.), ga(d, ) and
’ a ya )y a ) ~a

Proving th"?‘t, two processes are brang:h_ing bisin_1i|ar b, (d, e,), we refer to the abstract implementation, whereas
comes to realising atate mapping: that satisfies certain with £!(d, eq), g (d, ) andb!,(d, e,), we refer to the spec-
constraints called theatching criteria This state mapping — ic-adion. el e

should map states of the abstract implementation to corre-

sponding states of the specification, in such a way that the

same set of external actions can be executed directly. SinceeriniTiON 3.3 (Focus conpITION The focus condi-
most of the time states of the abstract implementation dotjon FC,(d) of D-LPE p in stated is the formula

not directly match with a state of the specification, we make

an explicit distinction between states in the abstract imple- ~3e..5. (b-(d, e,)).

mentation that do so indeed, and states from which such a

state can be reached after some internal computation, i.e. a

number of internal steps. States that match directly with a DEFINITION 3.4 (MATCHING CRITERIA) Let p(d:D) and
state in the specification are callémtus points In sucha  ¢(d':D’) be D-LPEs. Then the functioh : D — D’ is a
state, the abstract implementation cannot perform internalstate mapping if it satisfies the followimgatching criteria
actions, that is, there are no outgoingteps. The other forall e;:E;, a € Act\ {7}, ande,:E,



pis convergent (1)
b-(d, er) = h(d) = h(g-(d,e-), (2)
ba(d, €a) = b (h(d), €a), (3)
FCy(d) A by (h(d), eq) = ba(d, €4), 4)
ba(d, eq) = fald, ea) = fo(h(d),ea), (5)
ba(d, ea) = h(ga(d, en)) = g, (h(d), eq)- (6)
In [10], the matching criteria are explained as follows: Figure 1. Production system

Criterion (1) says thap must be convergent. This means
that in a cone every internal action must constitute
progress towards a focus point. Criterion (2) says that if

in a stated in the abstract implementation an internal ste .
P P thesex models we derive thB-LPE models¥ and=, the

can be donel( (d,e;) is valid), then this internal step is . . X )
not observable. This is described by saying that both stateslatter being the abstract implementation. In Section 5, we

relate to the same state in the specification. Criterion (3) then realise a state mappihgwhich maps the states &f

says that when the abstract implementation can perform anto th? C_O”espond”_‘g stgtesiaf and prove thak +», q"_
Within the specification languagg we can abbreviate

external step, then the corresponding state in the specifica- ; . AR :

tion must also be able to perform this step. Note that, in &7 €XPressiontfue; ES° to ES. This is done in the pro-

general, the converse need not hold. If the specification canc®SS descriptions 0¥ and S. Furthermpre, prodqcts are

perform arna-action in a certain state then it is only nec- represented by naturals. E?atch,es are‘ lists (,notatgcpé‘)

essary that in every stateof the abstract implementation of products. Iny the types ‘prod’ and "batch’ are then de-

such that(d) = e ana-step can be donafter some inter- clared as follows.

nal actions. The latter is guaranteed by criterion (4). This type prod = nat

criterion says that in a focus point of the abstract implemen- , batch = prod*

tation, an actioru can be performed if it is enabled in the

specification. Criteria (5) and (6) express that correspond- Before we present thg models, the used predefined

ing external actions carry the same data parameter (moduldunctionstake and drop are given. Furthermore, the con-

h) and lead to corresponding states, respectively. stant[] denotes the empty list and the functién denotes
concatenation of lists. The functiden gives the length of

THEOREM3.1 Letp(d:D) andq(d':D') be D-LPEs and  a list and the functionkd andtl give the head and the tail

h : D — D' a state mapping. if does not contaim-steps, of a list, respectively.

thenp andq are branching bisimilap < q.

Firstly, we specify theg models of the specification()
and implementation®) of the production system. From

DEFINITION 4.1 LetT be an arbitrary data type. Then for
4. The case study allz € T,zs € T* andn € IN the functiongake drop :
T* x IN — T* are defined by

This particular case study deals with a production sys-

tem. It consists of a stocké, a transporting mechanisi take([],n) =[],

a machineM and a controlleC'. This is depicted in Fig- takgzs,0) =[],

ure 1. The stocker obtains products from the environment take([z] + zs,n + 1) = [2] + take(zs, n),

via channeks. These products are transported to machine drop([],n) = []

M through the channelst andtm. Machine M collects ’ ’

the incoming products until the amount of collected prod- drop(zs, 0) = xs,

ucts has reached the batch sizg (At that moment, the drop([z] H zs,n + 1) = drop(zs,n).

newly formed batch is sent back ® via the transporter

through the channelsit andts. S collects those batches The desired external behaviour, to be specified in process

and returns them to the environment via chamnel The ¥, can be described as follows: products enter the produc-
interaction between the transporting mechanism, which cantion system via channelk. Every time proces¥ contains
only handle one product or batch at a time, and the machinea number of products equal to or greater than the batch size
is controlled by proces§'. It exchanges information with s, a batch can be returned to the environment via channel
T and M via the channelst andem respectively. se.



proc ¥(es : ?prod, se : !batch, s: nat) =

[z : prod, s : batch | zs :=[]

;[ es?x — 28 = x5+ [1]
[ len(zs) > s; se!takgzs,s) — xs := drop(zs, s)
]

I

The implementatio® consists of the parallel composi-
tion of the processeS, T', M andC.

proc S(es:? prod, st:!prod, ts:? batch, se:!batch)=

[ z: prod, zs,y: batch, ys: batch™ | zs :=[]; ys :=]

5 * es?x — zs = xsH[z]
len(zs) > 0; st'hd(zs) — zs ;= tl(xzs)

— Y ]

ts?y — ys = ys +H[y]
len(ys) > 0; se!hd(ys) — ys :=tl(ys)
]
proc T'( st : ?prod, tm : ! prod, mt : ? batch

, ts : Ibatch, ¢t : ?bool) =
[ z : prod, s : batch, z : bool | zs :=[]; z := true
;%[ [ zy;st?xz — zs = xsH[z]; tm!hd(zs)
;s =]
| ~z;mt?zs — tslas; zs =]
]
;ct?z
]
]

proc M (tm : ?prod, mt : ! batch, ¢m : ?bool) =
[ z : prod, zs: batch, z: bool | zs :=[]; z := true
sx[ [ ztm?rx — zs = x5+ [2]
| ~z;mtlzs — zs =]
]
;em?z
]
]

proc C(ct,cm : Ibool, s: nat) =
[i:nat |i:=0
;[ ctl(i+1#s8); em!(i+1#s)
;' =(i+1)mod (s + 1)
]
]

syst ®(es : ?prod, se: !batch, s:nat) =

[ st,tm :prod, mt,ts : batch, ct,em : bool
| S(es, st,ts,se) | T(st,tm,mt,ts,ct)

| M(tm,mt,em) || C(ct,cm,s)

]

Let us now specify th®-LPE models for the specifica-
tion and the abstract implementation. Deriving them from
the corresponding models is straightforward.

Because th®-LPE format forces us to maintain former
sequential compositions within a process by means of data
manipulation, extra state parametgysj,., j. € IV are in-
troduced in the process&s M andC. Furthermore, in or-
der to increase readability of the expressions to follow, we
will only show those parameters of a process in its parame-
ter list that are actually modified. If a variahlds replaced
by an expressioa, then this is denoted kgy/y.

To facilitate the verification in Section 5, we assume that
consecutive products entering our system are also labelled
consecutively, starting at 1. Therefore, we introduce the pa-
rametersey andz, in the processe® andS. They repre-
sent the next product to be received via chamsrel

Let us now consider the specification. For the specifi-
cation the parameters are a list of produetg present in
the system, the batch sizeand the next produaty to be
received. The state space of the specification is then given
by Dy = IN x IN* x IN>°.

DEFINITION 4.2 The specification is given by the process
¥(1,[],s), where

U(zy,zsw,s)
=res(zw) - U(Tw + 1/ gy, v H [Tw]/zsy)
+ 55 (takg(zsg, 8)) - U(drop(zsw, s)/zsg)
dalen(zsy) > s> 4.

Before we construct the model for the abstract imple-
mentation, we first specify its components. The compo-
nents are the processgsT’, M andC.

DEFINITION 4.3 For (x5, zss,yss) € Dg, whereDg =
IN x IN* x (IN*)*, we define

5(373,3783,?/33)
= Tes(xs) . S(l's + 1/1-3,.2385 +H [xs]/xss)
+ 5ot (hd(zs,)) - S(H(zss)/zs,) <len(zs,) > 0> §
T 30 raly) - SWseH1Wl/ys,)

+ sse(hd(yss)) - S(H(yss) /ys,) <len(yss) > 0> 4.

For (zs¢, 2¢,ji) € Dr, whereDy = IN* x B x IN, we
define

T (ws¢, 24, jit)
= E T’st(.’L’) . T(mst'H' [m]/xst,l/jt) d 2 /\jt =04

z:IN
+ stm(hd(zsy)) - T([/z84,2/§i) <z A je =106
+ > rme(zs) - T(@st H35/gs,,1/j,)
zxs:IN*
4z A jt =0bp4
+ sis(se) - T([|/ws,2/5,) <z Ajp=108
+ > ret(2) - T(Z/Ztao/jt) 4ji =2p>0.
z:B

For (2s8m, 2m,jm) € Dy, whereDyy = IN* x B x IN,
we define



M(.Z'Sm;zm7jm)

= 3 rum(@) - M(@5m 4 (7] /25, 1/ )
z:IN
42m N Jm =0p Y

+ $mt(@Sm) - M([1/28m> 1/ jm) <7 2m A i =018
+ Y rem(2) - M(2/ 20,0/ jim) < Gim = 11 6.
z:B

For (ic, je,8) € Do, whereDg = IN x IN x IN>°, we

define
C(icajcas)
= seilic +1#5) - C(1/j,) < jo =08
+ Sem(ic + 1 # ) - C((ic +1) mod (s +1)/4,,0/;,)

d4j.=1p4.

THEOREM4.1 The abstract implementatiGhis the pro-

cess=(1,[L,[},[],T,0,[],T,0,0,0,s), where

E(ws,:Uss,yss,mst,zt,jt,;csm,zm,jm,ic,jc,s)

= Tos(5) - E(Ts + 1/, 85 H[Ts5]/1s,)

+ Tt - E(U(285) /x5, T5t H [hd(255)] /25, 1/ ;)
<len(zss) >0Azg ANjg =004

+ Tem - Z([]/ w545 2/jy, TSm +H [hd(zs¢)]/zs,,, 1/jm)
<12t/\jt:1/\2m/\jm:0[>6

+ Tt - E(@8¢ H TS, [ 154, 1/jt, []/xsm, 1/jm)
<—|zt/\jt:0/\—'zm/\jm=0>(5

+ Tys - E(USs - [25e] [ys, [1/ 284, 2/15,)
4z A jt =1pd

_ + 55 (hd(ys,)) - Z( (yss)/yss) <len(yss) >0 46
These processes communicate over the channels as der 7, . E(ic < 8/2,0/4;,1/j.) 4ji =2 A je =014
picted in Figure 1. For this case study,s, forch € C + Tem - E(0c <8/ 2,0/ jm, (ic+1) mod (s+1)/,,0/5.)
andd € D, the universes of all channel names and all data 4 jm=1Aje=1038.

values respectively, defined by

7 (sen(d); ren(d)) = cen(d).

The implementation is obtained by putting the individ- In this section we define a state mappingD=z — Dy
ual processe§, T, M and(C in parallel and disabling the  between the abstract implementation and the specification.
occurrence of the loose send and receive actions. This isThis mapping relates states from the abstract implementa-
achieved by means of the encapsulation opeiomwhere tion to states from the specification.
In this case study, the mappings defined in two steps.
H = {ss(d), rst(d), stm(d), rim(d) | d € IN}: Since the products that enter the production system never
U {smi(d), rmi(d), s1s(d), 71s(d) | d € I[ﬂ\g } overtake and the products are numbered consecutively, the
U {sct(d), ret(d), scm(d), rem(d) | d € B} state can be described in terms of the minimal and maximal
The implementation can then be described by

product number present in the system. A transformation
O (S(L[L[D I1T([], T,0) [| M([], T,0) [| €(0,0,5))-

5. Verification

of the state of the abstract implementation into these two
numbers is defined by the functién : D=z — D=/, where
Dz = IN x IN, the minimal and maximal product number.

In the specification the state is described in terms of a
list of the product numbers that are in the system. Again,
under the assumption that the products are numbered con-
secutively, it is not hard to obtain this list once the minimal
and maximal product number are known. This is achieved
by the auxiliary functiorhs : D=: — Dy.

Let us look at functiorfh; in more detail. It is defined
in terms of the functiormin, which returns the minimal
product number present in the system and the functiar
This abstraction is achieved by applying the abstraction op-\nich returns the maximal product number present in the
eratorrr. The abstract implementation is then given by system. We find the minimal product number present in

the system by walking through the system in reverse until

71@u(SLILI ITALT, 0) [ M([LT, 0) [ €(0,0,5))). a product is encountered. If our system is empty, the mini-
mal product number equals by definition. The maximal

The state space of the abstract implementation can beproduct number equais, — 1 (Proposition 5.1).
seen as a compound state space of the state spaces of the in- Before we define the functiomain andmayx let us first
dividual processes. Itis denoted B¢ = Dgx Dy x D pr % define the functionfiat andlist. Functionflat flattens a list
D¢. Next, we linearise the abstract implementation, and the of lists and functiortist creates a list containing the products
result is referred to a8 in the sequel. The-actions are la-  presentin the system.
belled with their corresponding channel name. This shows In the sequel, we usé € Dz as a shorthand nota-
from which internal communication action theoriginates tion for the list of parameters of the abstract implementa-
and is useful for referring purposes. tion: (zs,Ss,YSs, TSt, 2t, Jt, LSm» Zmy Jmsbes Jes 8)-  The

Then, we abstract from the internal actions of the im-
plementation to arrive at an abstract implementation. The
internal actions, i.e. successful communications over the in-
ternal channels, are given by the set

I = {csf(d), cim(d) | d € IN}
U {em(d), es(d) | d € IN*}
U {cat(d), cem(d) | d € B}.



initial configuration of this list in the abstract implemen- criteria one by one. For the most interesting criterion, cri-

tation, (1,[],[1,1], T,0,[], T,0,0,0, s), will be referred to terion (6), the proof is provided. The proofs of the other
asdy, whereas a new configuration after an arbitrary action criteria can be found in [13].
originating from a configuratiod will be referred to agl*. Criterion (1) says thaE must be convergent. In case of

_ our production system, we have ti&toes not contain any
DEFINITION 5.1 LetT be an arbitrary data type. Then for  infinite internal computations. Thus,is convergent.

all zs : T*, zss : (T)* the functionflat : (T*)* — T is Criterion (2) says that if in a statéin the abstract imple-
defined by mentation an internal step can be dobg(¢, e, ) is valid),
flat([]) = [] then this internal step is not observable. This is described by
’ saying that both states relate to the same state in the speci-
flat([zs] + zss) = zs H flat(zss). fication. In our case, internal steps represent internal move-

ment of material or transport of information. None of these

The functionlist : D — IV is defined by actions have an effect on the number of products present in

list(d) =flat(ys,) the system nor do they effect their order.
H((zs; H 25,m) <2 b (TS H T5¢)) Criterion (3) says that when the abstract implementa-
Has, H[z,). tion can perform an external step, then the corresponding
state in the specification must also be able to perform this
The functionamin, max: Dz — IN are defined by step. In case of our production system, we have that both

min(d) = hd(list(d)) specification and abstract implementation can always re-
’ ceive a new product. Furthermore, we can prove that when

max(d) = (z5 — 1) max0. len(ys;) > 0 we also havéen(zsy) > s. This means that
The functionhs is defined in terms of the functiomp, when the abstract implementation is able to deliver a com-

which returns the number of the next product to be received pleted batch, the specification is able to do the same.

via channeks (z,), and the functiomp, which constructs Criterion (4) says that in a focus point of the abstract
the list of present products {g). implementation, an actiosmin the abstract implementation

can be performed if it is enabled in the specification. In

DEFINITION 5.2 The functionsp : D= — IN andpp : our case, it h_olds that bot_h the specification and the a_bstract
D= — IN* are defined by implementation can receive a new product. Concerning the
delivering of processed batches, we can prove that when
np(m,n) =n + 1, len(zsg) > s, we can also realizeen(ys;) > 0, the pos-
pp(m,n) = [m,... ,n], sibility to deliver a completed batch in the abstract imple-
mentation, provided that nostep is enabled.
where[m, ... ,n] denotes the empty lisf in the case that Criterion (5) says that corresponding external actions
m > n and otherwise denotes a list of consecutive numberscarry the same data parameter (modiilo
fromm ton. Criterion (6) says that corresponding external actions
) lead to corresponding states. We prove that this is the case
DEFINITION 5.3 The functionsh, : Dz — D=/, ha :  for our abstract implementation and specification.

Dz — Dy, andh : D=z — Dy are defined by
ha(d) = (min(d), maxd)), PrROOF Pioving th_at the functioh satisfies criierion (6)
, , means proving that it holds for any external action.
ha(d) = (np(d'), PR(d)), Let us first consider the actian,(z;). In that case we
h(d) = ha(hy1(d))- haveb,(d) and g,(d) = d[rs+1/g,, ©ss+H[Ts]/zs,].
The latter is denoted a¥ in the sequel. We have

ProOOFE  For all reachable states of our abstract imple- h(d”) = (np(min(d”), maxd")), pp(min(d”), max(d*))),

mentation= (Theorem 4.1), it is derivable that, > 0, or  9a(h(d))=(np(min(d), maxd)) +1
in shorthand notatior(do) + , > 0. Furthermore, since ,pp(min(d),max(d)) +-[np(min(d),maxd))]).
E(dp) F zs > 0, we obtainE(dp) F maxd) =z, — 1. O

PROPOSITION5.1 E(dp) F maxd) = z; — 1.

Then, the following propositions remain to prove

Next, we show that the state mappihgsatisfies the P _ .
matching criteria, which implies that specification and ab- np(miri(d 1’ ma>(d*)*) B np(m'h(d)’ maxd)) +1, (1)
stract implementation of our production system are branch-  PP(Min(d*), maxd*)) = pp(min(d), maxd)) )

ing bisimilar (Theorem 3.1). This is done by discussing the +[np(min(d), maxd))].



Before we prove these propositions, let us first prove that in Before we prove these propositions, we first prove that in

general, for.s(z5), the following two propositions hold

min(d*) = min(d), (3)
maxd*) = maxd) + 1. 4)
For the proof of (3), consider the following computation
min(d*)
=hd(list(d*))
=hd(flat(yss) + ... H(@ss +[zs]) H[zs +1])
=hd(flat(yss) + . .. H zss H[zs])
=min(d).

For the proof of (4), consider the following computation

maxd*)
=maxd[zs +
=(zs+1)-1

=maxd) + 1.

1/ g,, @85 +[2s]/zs,])

general, forss. (hd(ys;)), the following propositions hold

min(d*) = min(d) + s, 7
maxd*) = maxd). (8)
For the proof of (7), consider the following computation
min(d*)
=hd(list(d*))
=hd(flat(tl(yss)) H . .. H[zs])
=hd(drop(flat(ys;), s) H ... H[zs])
=hd(flat(yss) H... H[zs]) + s
=hd(list(d)) + s
=min(d) + s.

For the proof of (8), consider the following computation
maxd*)
=max(d[tl(yss) /ys,])
=xs—1
=maxd).

Now these propositions are proved, we can use them while

proving (1) and (2). For the proof of (1), consider the fol-

lowing computation

np(min(d*), maxd*))
=maxd*) + 1
=(maxd) +1)+1
=np(min(d), maxd)) +
For the proof of (2), consider the following computation
pp(min(d*), maxd*))
=[min(d*), ... ,maxd*)]
=[min(d), ... ,maxd) + 1]
=[min(d), ... ,maxd)] +H[maxd) + 1]

—pp(min(d), max(d)) ++[np(min(d), maxd))].

Let us now consider the actiof. (hd(ys;)). In that case,

bo(d) = len(ys,) > 0 andg,(d) = d[tl(yss)/ys,]. Again,
we use the shorthand notatidhfor d[t! (yss) /ys,].
We have
h(d*) = (np(min(d*), maxd*)), pp(min(d*
9a(h(d)) = (np(min(d), maxd))
,drop(pp(min(d), maxd)), s))-

In that case, the following propositions remain to prove

in(d), max(d)),  (5)
n(d), maxd)), s)- (6)

), max(d))),

np(min(d*), maxd*)) = np(mi
pp(min(d*), maxd*)) = drop(pp(mi

Now these propositions are proved, let us prove (5) and (6).
For the proof of (5), consider the following computation
np(min(d*), maxd*))
=maxd*) + 1
=maxd) + 1
=np(min(d), maxd)).

For the proof of (6), consider the following computation

pp(min(d*), maxd*))
=[min(d*), ... ,maxd")]
=[min(d) + s, ... ,maxd)]
=drop([min(d), ... ,maxd)], s)
=drop(pp(min(d), maxd)), s).

This completes the proof of criterion (6). O

THEOREM5.1 For any batch size¢ we haveZ &, .

PrROOE  This follows immediately from Theorem 3.1 and
the fact thath, as defined in Definition 5.3, is a state map-
ping (satisfies the matching criteria). For complete proofs
we refer to [13]. O

6. Conclusions

We investigated whether formal methods could be used
for the analysis of industrial systems models specified us-
ing the specification language The case study described



in this paper was a first attempt. It dealt with a model of decrease the time needed to come to correct design of in-
an industrial system and had three objectives. The first ob-dustrial systems.

jective was to give a correctness proof of this model. The

second objective was to determine system properties for aroAcknowLEDGEMENTS Thanks go to J.C.M. Baeten,
bitrary parameters and the third objective was to study the j F Groote, J.M. van de Mortel-Fronczak, S. Mauw, and
model in isolation. The objectives are met through the use . van der Zwaag for their valuable remarks on preliminary

of formal methods.

Before we draw conclusions concerning these matters,

let us first conclude the following on the use f ACP™,
and focus points and convergent process operators:

e Using the formalisny, one can specify real-life mod-

els quickly and easily. These models can then be vali-
dated by means of simulation. In that way, results can
be obtained within a short period of time. Specifying
formal models, like ACPmodels, is more difficult and
time consuming. Furthermore, for the time being, ver-
ification of such models is restricted to models of a
small size. On the other hand, formal models can be
verified, whereag models can only be validated.

The biggest change to be made when mapping a
model onto an ACPmodel is that one has to develop a
specification using a procedural formalism, where pa-
rameters can only change when processes get invoked,
originating from a model specified in a state oriented
formalism working with assignments.

(1]

(2]

(3]

(4]

(5]

(6]

Focus points and convergent process operators are very [7]

well suited for the actual verification of the model
since they provide a strategy for finding algebraic cor-
rectness proofs for communication systems.

The efficacy of the state mapping between the abstract
implementation and the specification for a great deal

(8]

determines the burden of the proof to follow. Bl

Since we verified the ACPmodel and because we may,
on intuitive grounds, conclude that we succeeded in pre- [10]
serving the semantics while deriving the ACRodel from
the x model, we are allowed to apply the statements to be
made on the ACPmodel to they model. Currentresearch 11
is concerned with enabling direct formal reasoning about
models by setting up a formal semanticsyof [12]

We succeeded in giving a correctness proof by proving

Our first step in integrating formal methods with an ex-

isting design methodology for industrial systems proved to
be successful. Future research will be concerned with per-
forming more extensive case studies in industry and the de-
velopment of required tool support. The latter should en-
able verification of real-life models. Furthermore, it should

that the external behaviour of the implementation is branch- [13]
ing bisimilar with the specificatiorH &, ¥). Moreover,
we proved the model to be correct for an arbitrary batch
sizes. Finally, we were able to study the model in isolation.
Unlike in simulation, no addition of processes describing [14
the environment is needed. This allows a modular approach

to the analysis of systems. [15]

(and extended) versions of this paper.

References

W. Alberts and G. NaumoskiA Discrete-Event Simulator
for Systems Engineering’hD thesis, Eindhoven University
of Technology, 1998.

N. Arends.A Systems Engineering Specification Formalism
PhD thesis, Eindhoven University of Technology, 1996.

R. Askin and C. StandridgéModeling and Analysis of Man-
ufacturing systemsJohn Wiley & Sons, 1993.

J. Baeten and C. Verhoef. Concrete process algebra. In
S. Abramsky, D. Gabbay, and T. Maibaum, editdtignd-
book of Logic in Computer Scienceolume 4, Semantic
Modelling, pages 149-268. Oxford University Press, 1995.
J. Baeten and W. Weijland?rocess AlgebraNumber 18 in
Cambridge Tracts in Theoretical Computer Science. Cam-
bridge University Press, 1990.

A. Carrie.Simulation of Manufacturing Systend®hn Wiley

& Sons, 1988.

E. Dijkstra. A Discipline of Programming Prentice-Hall
Series in Automatic Computation. Prentice-Hall, 1976.

J. Groote and A. Ponse. Proof theory J6CRL a language

for processes with data. Proceedings of the International
Workshop on Semantics of Specification Languagésk-
shops in Computing, pages 231-250. Springer-Verlag, 1994.
J. Groote and A. Ponse. The syntax and semantics of
pCRL In Algebra of Communicating Process¥gorkshops

in Computing, pages 26—62. Springer-Verlag, 1994.

J. Groote and J. Springintveld. Focus points and caarer
process operators: A proof strategy for protocol verifaati
Logic Group Preprint Series 142, Utrecht Research Institut
for Philosophy, Oct. 1995.

C. Hoare. Communicating Sequential Process&sentice-
Hall, 1985.

B. KhoshnevisDiscrete Systems SimulatioMcGraw-Hill,
1994.

J. Kleijn and J. Rooda. Verifying the correctness ofusd
trial systems models, a case study using a systems engineer-
ing specification formalism and analytical methods. Techni
cal Report SE 420175, Eindhoven University of Technology,
1998.

] J. PetersonPetri Net Theory and the Modeling of Systems

Prentice-Hall, 1981.

J. van de Mortel-Fronczak and J. Rooda. Heterarchimal ¢
trol systems for production cells — a case study. Pho-
ceedings of MIM'97 pages 243 — 248, Feb. 1997.



