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ABSTRA CT

There has b een a rapid trend to w ards parallel, distributed, and in teractiv e/reactiv e computing o v er

the past decade. Generally sp eaking, it is not so easy for ordinary programmers to pro duce correct

and e�cien t programs for these systems as compared with sequen tial programming. Therefore, some

kind of computer-aided concurren t programming en vironmen t is necessary to ac hiev e high pro ductivit y

and high reliabilit y . The purp ose of this thesis is to presen t theories, metho ds and to ols (programming

en vironmen ts) for reactiv e and concurren t systems using P etri nets and temp oral logic.

Both P etri nets and temp oral logic ha v e b een in v estigated as formal sp eci�cation languages for reactiv e

and concurren t systems. While temp oral logic is appropriate for sp ecifying the prop erties and constrain ts

of programs but inappropriate for sp ecifying the b eha vioral structures of programs, P etri nets can sp ecify

the b eha vioral structures but not the prop erties and constrain ts. In this thesis, the fusion of P etri nets and

temp oral logic is prop osed as a sp eci�cation language for reactiv e and concurren t systems. Then, practical

and e�cien t v eri�cation and syn thesis metho ds using P etri nets and temp oral logic and P etri-net-based

design metho dology are describ ed. Finally , a programming en vironmen t em b edding these metho ds is

in tro duced. This thesis attempts in illustrating a t ypical programming paradigm and its en vironmen t

using P etri nets and temp oral logic.

The main outcomes of this thesis are as follo ws.

(1) Sp eci�cation b y fusion of P etri nets and temp oral logic

The fusion of P etri nets and temp oral logic is prop osed as a sp eci�cation language, and its

applications to v eri�cation and syn thesis are considered. The remark able p oin t is that the pro-

p osed metho ds are for un b ounded P etri nets, while former v eri�cation and syn thesis metho ds

w ere mainly for b ounded (i.e., �nite) ones.

(2) Comp ositional v eri�cation

An e�cien t and practical v eri�cation metho d using transition systems (b ounded P etri nets)

and temp oral logic is prop osed. Generally , the computation costs for v eri�cation increase exp o-

nen tially as the scale of the programs increases. T o o v ercome this problem, a reduction tec hnique

of the target program has b een in v estigated using bisim ulation equiv alence. Ho w ev er, bisim ula-

tion equiv alence cannot deal with \div ergence" explicitly . Therefore, a new pro cess equiv alence

relation ( � � ! -bisim ulation equiv alence) is prop osed. A Pro cess Query Language (PQL) whic h is

an extended temp oral logic and seman tics of whic h is based on � � ! -bisim ulation equiv alence is

de�ned. Then, a comp ositional v eri�cation metho d using PQL is prop osed.

(3) Comp ositional program adjustmen t

A new syn thesis metho d using transition systems (b ounded P etri nets) and temp oral logic is

prop osed. Since con v en tional program generation from a temp oral logic sp eci�cation is impracti-

cal, this thesis prop oses a new approac h, \program adjustmen t". In program adjustmen t, a target

program written b y programmers whic h ma y b e functionally correct but ma y b e imp erfect in its

timing is automatically adjusted (tuned up) to satisfy giv en temp oral logic constrain ts.

(4) P etri-net-based soft w are design metho dology

A P etri-net-based soft w are design metho d is prop osed. In this metho d, a causalit y matrix is

in tro duced for an earlier design phase when the system structure is obscure and it is di�cult to

write P etri nets directly . A designer can construct P etri nets systematically from an am biguous

requiremen t using the causalit y matrices according to the design metho d.

(5) MENDELS ZONE

A programming en vironmen t, MENDELS ZONE, based on the ab o v e tec hniques has b een

dev elop ed. MENDEL net whic h is a high-lev el P etri net for reactiv e and concurren t systems

is used as the programming language. The designer constructs a program (MENDEL net) and

v eri�es it using temp oral logic. If there are an y bugs, the program can b e adjusted. Finally , the

constructed program is executed on a parallel computer.
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Chapter 1

In tro duction

1 Motiv ation

Computer systems ha v e b een mo ving rapidly to w ard parallel, distributed, and reactiv e computing during

the past decade. There is an increasing demand for programmers who can design concurren t programs

for these systems. Ho w ev er, generally sp eaking, compared with sequen tial programming it is not so easy

to pro duce correct and e�cien t concurren t programs. In particular, the cost of testing and debugging

b ecomes a hea vy burden. Moreo v er, most reactiv e systems (e.g. em b edded con trol systems, pro cess con-

trol systems) require high reliabilit y . Therefore, some kind of computer-aided concurren t programming

en vironmen ts are necessary to enable ordinary programmers to dev elop concurren t programs while ac hiev-

ing high pro ductivit y and high reliabilit y . The programming en vironmen t means to ols for v eri�cation,

debugging, p erformance ev aluation, and metho ds to syn thesize correct and e�cien t programs.

T o ac hiev e b oth high pro ductivit y and high reliabilit y , a formal metho d is the most promising approac h

in the long run. In the formal metho d, sp eci�cations and programs (implemen tation) are describ ed using

some formal language, the seman tics of whic h is formally de�ned. Then, the formal metho d pro vides

v eri�cation and syn thesis metho ds for these sp eci�cations and programs. Man y formal metho ds ha v e

b een prop osed for concurren t systems. F or example, they include mo dels of programs (e.g., transition

system, P etri net, automaton), logics of programs (e.g., Hoare logic, temp oral logic, dynamic logic,

pro cess logic), and algebras of programs (e.g., CCS, CSP , A CP). T emp oral logic is a esp ecially useful

formal framew ork for sp eci�cation, v eri�cation, and syn thesis for concurren t programs. Therefore, the

application of temp oral logic to computer science has b een activ ely in v estigated b y man y researc hers all

o v er the w orld from the late 1970's to the presen t.

This thesis concen trates on reactiv e and concurren t systems. The purp ose of this thesis is to es-

tablish theories, metho ds and to ols (programming en vironmen t) for these systems using temp oral logic.

Esp ecially , m uc h consideration is giv en to practical tec hniques in order to apply temp oral logic to actual

reactiv e and concurren t systems.

T o apply temp oral logic to the actual dev elopmen t of reactiv e and concurren t systems, the follo wing

issues should b e considered.

1. Actual systems cannot b e fully describ ed b y temp oral logic

Standard temp oral logic is to o incon v enien t to describ e actual reactiv e and concurren t systems.

Therefore, a syn tactical extension of temp oral logic for practical use or com bination with other

complemen tary formal languages is required.

2. Cost of v eri�cation and syn thesis is b ey ond practical computing p o w er

Generally sp eaking, computing cost of v eri�cation and syn thesis based on formal metho ds b ecomes

v ery h uge due to \state explosion problem". Consequen tly these metho ds are often applicable only

to \to y programs". T ec hniques to a v oid state explosion and reduce computing cost are required.

3. F ormal metho ds do not supp ort the whole dev elopmen t pro cess

The formal metho d is not an all-around pla y er. It can supp ort a few parts of the whole dev elopmen t

pro cess. Remaining parts of the pro cess are done b y traditional and informal metho ds. There is an

ob vious gap b et w een formal metho ds and traditional and informal metho ds. Therefore, a design

10
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metho dology (guidelines) is required to sp ecify ho w to utilize formal metho ds and informal meth-

o ds complemen tarily in the dev elopmen t of reactiv e and concurren t programs. F urthermore, the

programming en vironmen t is required to mec hanically supp ort the design metho dology throughout

the en tire dev elopmen t pro cess.

This thesis prop oses the follo wing solutions for ab o v e problems.

1. F usion of P etri nets and temp oral logic

T emp oral logic is appropriate for sp ecifying the prop erties and constrain ts of programs, but inap-

propriate for explicitly sp ecifying the b eha vioral structures of programs. In other w ords, temp oral

logic is declarativ e and not op erational. On the other hand, P etri nets can sp ecify the b eha vioral

structures op erationally . In this thesis, a fusion of P etri nets and temp oral logic is prop osed as a

sp eci�cation language for reactiv e and concurren t systems.

2. Comp ositional v eri�cation and adjustmen t

A temp oral logic mo del-c hec king metho d is actually useful to v erify reactiv e and concurren t systems.

Ho w ev er, as the scale of the programs increases, the computation costs for v eri�cation increase

exp onen tially . T o reduce the computation costs, this thesis in tro duces a comp ositional approac h

in to mo del-c hec king, and prop oses a new mo dal logic, PQL, and a comp ositional v eri�cation metho d

based on PQL.

Since it seems that the con v en tional program generation approac h from temp oral logic sp eci�cation

is impractical, a new approac h \program adjustmen t" is prop osed, in whic h a target program made

b y programmers is automatically adjusted (tuned up) to satisfy giv en temp oral logic constrain ts.

Since this also causes the state explosion problem, comp ositional program adjustmen t is prop osed

in this thesis.

3. P etri-net-based design metho dology and its programming en vironmen t

As a soft w are design metho dology for reactiv e and concurren t systems, sev eral metho ds ha v e b een

prop osed whic h include OO AD and R TSAD. Ho w ev er, few are based on P etri nets. Since P etri nets

are used as a sp eci�cation language in our approac h, a P etri-net-based design metho d is prop osed

whic h giv es guidelines for deriving detailed P etri nets from am biguous requiremen ts, and then

v erifying and adjusting programs using P etri nets and temp oral logic.

MENDELS ZONE is a programming en vironmen t for reactiv e and concurren t systems, whic h sup-

p orts the soft w are dev elopmen t pro cess from �rst to last, including v eri�cation, adjustmen t, and

P etri-net-based design metho d.

2 Bac kground

T o pro viding the bac kground for this thesis, this section presen ts a brief surv ey of soft w are dev elopmen t

tec hniques for reactiv e and concurren t systems. Esp ecially , fo cusing on formal tec hniques including

sp e ci�c ation , veri�c ation , synthesis , and design metho dolo gy (Fig. 1).

2.1 F ormal Sp eci�cation for Reactiv e and Concurren t Systems

Sp ecifying systems formally is an e�ectiv e w a y to recognize and clarify am biguous parts of the system

requiremen t/sp eci�cation, and is necessary to v erify the sp eci�cation and syn thesize programs from the

sp eci�cations. A lot of sp eci�cation languages for reactiv e and concurren t systems ha v e b een prop osed.

Roughly sp eaking, they can b e classi�ed in to op er ational appr o aches and de clar ative appr o aches .

� Op erational Approac h

In an op erational approac h, reactiv e and concurren t systems are mo deled with sp eci�cation mo d-

els/languages whic h are executable on the abstr act machine . The op erational (i.e., executable)

sp eci�cation mo dels for reactiv e and concurren t systems include tr ansition systems , state machines ,

automata , State chart and Petri nets . These mo dels will b e describ ed in detail in Chapter 2. Ho w-

ev er, these mo dels are to o primitiv e to describ e practical systems. Therefore, sev eral practical sp ec-

i�cation languages whic h are based on some primitiv e mo del and extended from a practical p oin t of
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Specification

Verification
Synthesis

Design
Methodology

Temporal Logic
Dynamic Logic
Process Logic
Ì -Calculus

Transition System
Petri Net

Logical Reasoning
Model-checking

RTSAD, OOAD
DARTS, NOD

CCS
CSP
ACP

Tableaux Construction

Figure 1. Soft w are Dev elopmen t T ec hniques for Reactiv e and Concurren t Systems

view. These sp eci�cation languages include P AIZLey [Za v e 82 , Za v e 91 ], SDL, and Coloured P etri

Net [Jensen 92 , Jensen 95 ].

� Declarativ e Approac h

In a declarativ e approac h, systems are mo deled b y logical form ulas or algebraic terms, and then

axioms of the logics or algebras giv e the seman tics of the systems. F or concurren t systems, a lot of

declarativ e formalisms ha v e b een prop osed, whic h include mo dal/program logic (Dynamic Logic,

T emp oral Logic, Pro cess Logic, Mo dal � -calculus, UNITY logic, etc.) and pro cess algebra (CCS,

CSP , A CP , � -calculus, etc.).

In this thesis, w e fo cus on T emp or al L o gic . T emp oral logic is a kind of mo dal logic in whic h mo dal

op erators represen t the top ology of time. While the truth-v alues of prop ositions are constan t in classical

logic, the truth-v alues of prop ositions can b e c hanged with time in temp oral logic. F or example, a

statemen t \if a prop osition p is tr ue no w, p will ha v e to b e f al se at the next time" can b e represen ted

b y a temp oral logic form ula,

p � 
: p;

where 
 is a temp oral op erator represen ting the next time. This cannot b e done directly b y the classical

logic.

F rom a historical p oin t of view (see [Resc her 71 ]), temp oral logic w as initially in v estigated b y philoso-

phers and logicians since Prior constructed the �rst tense lo gic in the 1950s. Then, since the 1970s,

temp oral logic has b een applied to computer science, esp ecially , arti�cial in telligence

1

and soft w are

engineering

2

. T emp oral logic is an esp ecially useful formal framew ork for sp e ci�c ation , veri�c ation , and

synthesis for reactiv e and concurren t systems. The application of temp oral logic to these systems has

b een activ ely in v estigated b y man y researc hers all o v er the w orld from the late 1970's to the presen t. The

historical bac kground of temp oral logic w as w ell surv ey ed b y Galton [Galton 81 ].

1

F or example, McDermott's T emp oral Logic, and Allen's Theory of Time.

2

Pn ueli initially systematized temp oral logic [Pn ueli 77 ] in soft w are engineering.
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In this thesis, w e adopt temp oral logic as a formal sp eci�cation language for reactiv e and concurren t

systems for the follo wing reasons.

� The mo dalit y of temp oral logic is in tuitiv e and easy for soft w are designers to understand.

� A temp oral logic form ula can b e translated in to an equiv alen t ! -automaton whic h is compatible

with a state transition system and can b e easily manipulated in v eri�cation and syn thesis.

� Most reactiv e and concurren t systems can b e basically mo deled b y state transition systems.

T emp oral logic has b een applied to sp e ci�c ation , veri�c ation , and synthesis for reactiv e and concurren t

systems. First, the researc h bac kground on sp eci�cation b y temp oral logic is brie
y surv ey ed.

There are sev eral v arian ts of temp oral logic. The v arian t initially presen ted b y Pn ueli is line ar

time temp or al lo gic , whic h has b een in v estigated c hie
y b y Pn ueli, Manna, and their group [Pn ueli 77 ,

Pn ueli 81 , Manna 81a , Manna 81b , Pn ueli 86 , Manna 92 ] for sp eci�cation and v eri�cation of concurren t

programs. A second common v ersion of temp oral logic is br anching time temp or al lo gic [Ben-Ari 83 ,

Emerson 85a ]. Eac h logic assumes a di�eren t underlying nature of time, as follo ws [Emerson 90a ].

� Linear time temp oral logic: The course of time is linear; at eac h momen t there is only one

p ossible future momen t.

� Branc hing time temp oral logic: Time has a branc hing, tree-lik e nature; at eac h momen t, time

ma y split in to alternate courses represen ting di�eren t p ossible futures.

Linear time temp oral logic is suitable for sp eci�cation for program syn thesis, while branc hing time temp o-

ral logic is suited to describ e queries for v eri�cation. Besides these t w o p opular v ersion, there are sev eral

v ersions of temp oral logic for concurren t programs (e.g., P artial Order T emp oral Logic [Pin ter 84 ], In ter-

v al T emp oral Logic (ITL) [Moszk o wski 86 ]).

These logics are su�cien t to consider the essen tial features of reactiv e and concurren t systems, but not

expressiv e enough to describ e an en tire system sp eci�cation. There are t w o approac hes to mak e temp oral

logic suitable for practical sp eci�cations; extension of temp oral logic and com bination of temp oral logic

with other formalisms (called dual-language appr o ach in [F elder 94 ]).

With regard to the �rst approac h, temp oral logic can b e extended b y in tro ducing the follo wing features

for practical sp eci�cations.

� regular expression [W olp er 83b ]

� more than op erator [Y oshim ura 93 ]

� un b ounded message bu�ers [Sistla 84 , Ko ymans 87 ]

� mo dularit y , comp ositionalit y and abstractness [Barringer 84 , Josk o 87 , Y onezaki 91 ]

� nonmonotonicit y for a v oiding frame problem [Saeki 87 ]

� real-time [Alur 89 , Ostro� 90 ]

F urthermore, sev eral executable sp eci�cation languages based on temp oral logic ha v e b een prop osed,

in
uenced b y logic programming (e.g. T empula [Moszk o wski 86 ]), in whic h op erational seman tics can

b e giv en to extended temp oral logic form ulas. These executable sp eci�cation languages are useful for

protot yping of reactiv e and concurren t systems [Hale 87 ]. Ho w ev er, in spite of these extensions, it is still

di�cult to describ e an en tire practical system b y temp oral logic. Moreo v er, these extensions often mak e

automatic v eri�cation and syn thesis di�cult, and increase computing costs.

With regard to the second approac h, temp oral logic is com bined with another formalism as a sp eci-

�cation language. Since temp oral logic is declarativ e, a com bination of temp oral logic and other formal

language ha ving op erational seman tics, lik e transition system and P etri net is e�ectiv e. A com bination of

temp oral logic and P etri net has b een in v estigated recen tly b y our group and others. These w orks will b e

surv ey ed in Chapter 4. The second approac h app ears promising and realistic for practical sp eci�cation.
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2.2 V eri�cation for Reactiv e and Concurren t Systems

The bac kground on the researc h on v eri�cation b y temp oral logic is brie
y surv ey ed. There are t w o

approac hes in v eri�cation for reactiv e and concurren t systems; logical reasoning and mo del-c hec king.

� Logical Reasoning Approac h:

Both sp eci�cation and implemen tation (program) are sp eci�ed b y temp oral logic form ulas. If the

sp eci�cation is represen ted b y a form ula f

s

and the implemen tation is represen ted b y a form ula f

i

,

then the implemen tation is correct i� f

i

� f

s

is v alid. Manna and Pn ueli [Manna 81b , Pn ueli 81 ]

presen ted metho ds for pro ving f

i

� f

s

inductiv ely using axioms and inference rules. F urthermore,

Manna and W olp er [Manna 84 ] presen ted an automatic v eri�cation metho d based on refutation,

where it is sho wn that : ( f

i

� f

s

) is not satis�able using tableaux construction.

� Mo del Chec king Approac h:

In a mo del-c hec king approac h, the sp eci�cation is represen ted b y a temp oral logic form ula f , and

the implemen tation is represen ted as a mo del M of temp oral logic. The implemen tation is correct

i� M is a mo del of f (i.e., M j = f ). T ransition systems are usually used to represen t mo dels

(i.e, implemen tations). Clark e, Emerson, and Sistla [Clark e 86 ] initially prop osed an automatic

v eri�cation metho d of �nite-state concurren t systems based on mo del-c hec king. They dealt with a

branc hing time temp oral logic called CTL (Computation T ree Logic).

Since the mo del-c hec king approac h can pro vide a practical and widely applicable v eri�cation metho d

as compared with the logical reasoning approac h, m uc h w ork based on mo del-c hec king has b een done

o v er the last decades. The early researc hes in this area are w ell surv ey ed in [Clark e 87 ]. The latest trends

can b e caugh t b y w atc hing the A nnual Confer enc e on Computer-A ide d V eri�c ation (CA V) . These w orks

can b e classi�ed in to t w o t yp es;

� Extension of expressiv e abilit y of temp oral logics and mo dels (e.g., F airness [Emerson 85b ])

� Lo cal mo del-c hec king for P etri nets [Brad�eld 92 ]

� Prop osal of e�cien t mo del-c hec king algorithms

Since mo del-c hec king can b e regarded as a t yp e of state space analysis metho d, the state explosion

pr oblem is usually the limiting factor in applying these algorithms to realistic systems. Therefore, an e�-

cien t mo del-c hec king algorithm is required. These e�cien t algorithms can b e classi�ed in to the follo wing

three approac hes.

� Sym b olic Mo del Chec king [Burc h 90 , McMillan 93 ]

� P artial Order Approac h [V almari 90 , Go defroid 91a , Go defroid 96 ]

� Comp ositional Approac h [Clark e 89 ]

This thesis will fo cus on the comp ositional approac h, and prop ose a new comp ositional v eri�cation

metho d.

2.3 Syn thesis for Reactiv e and Concurren t Systems

The �rst attempts to syn thesize reactiv e and concurren t systems from temp oral logic sp eci�cations w ere

dev elop ed in [Manna 84 ] and [Emerson 82 ]. Prop ositional v ersions of linear time temp oral logic and

branc hing time temp oral logic are used as the sp eci�cation language in [Manna 84 ] and [Emerson 82 ],

resp ectiv ely . Both syn thesis metho ds are based on tableaux construction represen ting mo dels of the giv en

temp oral logic form ula. The target �nite-state program is generated from this tableaux.

These pioneering syn thesis metho d can b e applied to the syn thesis of close d reactiv e systems. The

closed reactiv e system means a system in whic h all actions are observ able and con trollable. In con trast,

op en reactiv e systems has unobserv able and uncon trollable actions. F or example, a plan t con trol system

consists of a con troller and con trolled ob jects in whic h some actions and states are unobserv able and

uncon trollable from the con troller. Pn ueli and Rosner prop osed a syn thesis metho d for these op en

reactiv e systems [Pn ueli 89a , Pn ueli 89b , Pn ueli 90 ].
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These w orks made w orth y con tributions from the theoretical view p oin t. Ho w ev er, from the practical

p oin t of view, they w ere suggestiv e but hard to apply to actual systems. The main reason is that it is

to o di�cult and to o exp ensiv e to describ e a whole sp eci�cation b y temp oral logic and then syn thesize a

whole program from it. Therefore, a more practical approac h is prop osed, \program adjustmen t", whic h

mo di�es (adjusts) a giv en target program to satisfy a temp oral logic sp eci�cation instead of generating

a whole program from it.

2.4 Design Metho dology for Reactiv e and Concurren t Systems

Soft w are design metho dology pla ys imp ortan t part so that formal metho ds are utilized during the soft w are

dev elopmen t pro cess. As a soft w are design metho dology for reactiv e and concurren t systems, sev eral

metho ds ha v e b een prop osed; Real-Time Structured Analysis and Design (R TSAD), Ob ject-Orien ted

Analysis and Design (OO AD), and Design Approac h for Real-Time Systems (D AR TS).

� Real-Time Structured Analysis and Design (R TSAD)

Real-Time Structured Analysis and Design ( R TSAD ) is an extension of Structured Analysis and

Design for real-time systems. There are t w o p opular v ariations whic h ha v e b een dev elop ed b y

W ard [W ard 85 , W ard 86 ] and Hatley [Hatley 87 ], resp ectiv ely . In R TSAD, functional requiremen ts

for the target system are hierarc hically decomp osed in to sev eral functions, whic h are describ ed

b y data/con trol 
o w diagrams . In addition to the data/con trol 
o w diagrams, b eha vioral

requiremen ts are represen ted b y state transition diagrams . Since the data 
o w diagram is

familiar to designers and easy to understand, R TSAD has b een used on a wide v ariet y of pro jects

and there is m uc h exp erience in applying R TSAD. Ho w ev er, R TSAD is w eak in its pro vision of task

structuring guidelines whic h address ho w to structure the system in to concurren t tasks.

� D AR TS

In the reactiv e and concurren t system design, task structuring is giv en considerable w eigh t. D AR TS

(Design Approac h for Real-Time Systems), whic h w as prop osed b y Gomaa [Gomaa 93 ], is a design

metho d based on R TSAD and emphasizes the decomp osition of a real-time system in to concurren t

tasks. D AR TS pro vides a set of task structuring criteria for structuring a real-time system in to

concurren t tasks, as w ell as guidelines for for de�ning the in terfaces b et w een tasks.

� Ob ject-Orien ted Analysis and Design (OO AD)

Ob ject-Orien ted Analysis and Design ( OO AD ) [Bo o c h 94 , Rum baugh 91 ] is a design metho d based

on ob ject-orien ted paradigm. In OO AD, classes and ob jects are �rst iden ti�ed b y analyzing the

problem domain, then ob ject diagrams and class diagrams are dev elop ed to describ e the rela-

tionships b et w een classes and ob jects. After de�ning the ob ject structure, b eha vior for eac h ob ject

is describ ed b y the state transition diagram . Finally , ob jects are classi�ed in to tasks (activ e

ob jects) and pac k ages (passiv e ob jects) of the concurren t programming language.

Generally sp eaking, eac h design metho d consists of sev eral charts whic h represen t functional, b eha v-

ioral, and mo dule structures of systems and guidelines (criteria) for deriving these c harts. Data/con trol


o w diagrams, state transition diagrams, and class/ob ject diagrams are used as the design c harts in the

ab o v e metho ds.

Although a P etri net can b e a promising design c hart for reactiv e and concurren t systems, there are

few design metho ds whic h use P etri nets as the design c hart and giv e guidelines for manipulating them.

Reisig [Reisig 92 ] prop osed a design metho d based on P etri nets. It is v ery suggestiv e but not su�cien tly

mature. This thesis considers a P etri-net-orien ted design metho d, whic h is called Net-Oriente d Design

metho d (NOD) [Honiden 92 ].

2.5 Programming En vironmen ts for Reactiv e and Concurren t Systems

A lot of to ols ha v e b een prop osed whic h supp ort formal metho ds for reactiv e and concurren t systems.

Recen tly , these to ols ha v e b ecome sophisticated and are of practical use

3

. The more w ell-kno wn to ols

include the follo wing.

3

Some of them can b e easily obtained b y INTERNET.
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� T o ols based on state transition systems (state mac hine, automata):

ST A TEMA TE

4

[Harel 90 ] and SPIN [Holzmann 91 ],

� T o ols based on pro cess algebra

5

:

Concurrency W orkb enc h ( CWB ) [Clea v eland 93 ] and A UTO/A UTOGRAPH [Boudol 89 ],

� T o ols based on P etri nets:

DESIGN/CPN [Jensen 92 ] and Cab ernet [Ghezzi 93 ].

Ho w ev er, none of them is a comprehensiv e programming en vironmen t co v ering the o v erall dev elopmen t

pro cess whic h includes v eri�cation, syn thesis, and a design metho dology based on Petri nets and temp or al

lo gic .

3 Synopsis

The organization of this thesis is as follo ws (Fig. 2).

Chapter 2 starts b y pro viding de�nitions, mo dels, and logics for reactiv e and concurren t systems as

a preliminary section.

Chapter 3 considers a soft w are dev elopmen t pro cess for reactiv e and concurren t systems. In this

c hapter, a de�nition and the c haracteristics of reactiv e and concurren t systems and a dev elopmen t pro cess

for them are discussed. Finally , a soft w are dev elopmen t pro cess using P etri nets and temp oral logic

is conceptually prop osed. According to this conceptual dev elopmen t pro cess, detailed tec hniques are

describ ed in the follo wing c hapters.

In Chapter 4 , a fusion of P etri nets and temp oral logic is prop osed as a sp eci�cation language for

reactiv e and concurren t systems. Its expressiv e p o w er and theoretical results are also considered. In

succession, v eri�cation and syn thesis metho ds are sho wn as an application of sp eci�cation b y P etri nets

and temp oral logic. Examples are pro vided to sho w the e�ectiv eness of the v eri�cation and syn thesis.

The remark able p oin t is that prop osed metho ds are for un b ounded P etri nets, while former v eri�cation

and syn thesis metho ds w ere mainly for b ounded (safe) P etri nets.

Chapter 5 considers an e�cien t and practical v eri�cation metho d, temp oral logic mo del-c hec king, for

�nite-state (i.e. b ounded) systems. The mo del-c hec king metho d is actually useful to v erify reactiv e and

concurren t systems. Ho w ev er, as the scale of the programs increases, the computation costs for v eri�cation

increase exp onen tially due to the state explosion. T o ease the state explosion, a comp ositional approac h to

mo del-c hec king seems promising and is adopted here. The p oin t of comp ositional v eri�cation is to reduce

(lo calize, minimize) the target program, lea ving only essen tial information for eac h v eri�cation query . The

reduction of the target program is formalized b y pro cess equiv alence theory . This c hapter in tro duces a

new pro cess equiv alence relation ( � � ! -bisim ulation equiv alence) for comp ositional v eri�cation. This new

relation is required b ecause con v en tional bisim ulation equiv alence, whic h w as used in other comp ositional

v eri�cation, cannot deal with \div ergence" explicitly . An explanation of wh y con v en tional bisim ulation

equiv alence do es not w ork w ell with div ergence is giv en, and then � � ! -bisim ulation is de�ned. After

this, Pro cess Query Language (PQL) is prop osed. PQL is a mo dal logic whic h is union of temp oral

logic and pro cess logic, and the seman tics of whic h is based on � � ! -bisim ulation equiv alence. Then, this

c hapter prop oses the comp ositional v eri�cation metho d using PQL with consideration of the div ergence.

Its e�ectiv eness is demonstrated b y means of some exp erimen tal results.

In Chapter 6 , program syn thesis using temp oral logic is discussed. F rom the standp oin t that the

con v en tional program generation approac h from temp oral logic sp eci�cation, whic h w as initially prop osed

b y Manna and W olp er [Manna 84 ], is impractical, this c hapter prop oses a new approac h, \program

adjustmen t". In program adjustmen t, a target program made b y programmers, whic h ma y b e functionally

correct but ma y b e imp erfect in its timing, is automatically adjusted (tuned up) to satisfy giv en temp oral

logic constrain ts. T o put it concretely , program adjustmen t is realized b y adding an arbiter pro cess whic h

is sync hronized with and restricts the b eha vior of the target program. It is more feasible for ordinary

programmers to adopt the program adjustmen t approac h compared to con v en tional program generation

approac h for the follo wing reasons.

4

ST A TEMA TE is a trademark of i-Logix

5

These to ols are also applicable for state transition systems whic h are equiv alen t to the pro cess algebra.
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� It is not v ery di�cult for ordinary programmers to pro duce a target program, whic h satis�es at

least the functional requiremen ts. A more di�cult task is to design and debug the timing of suc h

programs.

� It is easy for ordinary programmers to sp ecify timing constrain ts, suc h as deadlo c k-free and starv ation-

free constrain ts, as compared with implemen ting them.

� Computation cost of program adjustmen t is generally smaller than program generation.

F urthermore, when a target program b ecomes large, the arbiter syn thesis ma y cause a computing cost

explosion. Therefore, w e prop ose comp ositional adjustmen t.

Chapter 7 considers P etri nets as a programming language instead of a sp eci�cation language. First,

it is discussed what prop erties are required for a programming language for reactiv e and concurren t sys-

tems, and what extensions are required to use P etri nets as a programming language. Then, a MENDEL

net is in tro duced, whic h is a high-lev el P etri net for reactiv e and concurren t systems. A MENDEL net

can b e used not only for sp eci�cation but also for programming (detail protot yping) o wing to sev eral ex-

tensions, an I/O in terface with the en vironmen t, concurren t tasks, and a mec hanism for their sc heduling.

Chapter 8 prop oses a soft w are design metho dology based on MENDEL nets and temp oral logic,

whic h is called Net-Oriente d Design metho d (NOD). In this metho d, a c ausality matrix is in tro duced at

an earlier design phase when the system structure is obscure and it is di�cult to write MENDEL nets

directly . According to the design metho d utilizing causalit y matrices, a designer can construct MENDEL

nets systematically from an am biguous requiremen t, then v erify and adjust the MENDEL nets b y metho ds

based on temp oral logic men tioned in earlier c hapters.

Chapter 9 sho ws an o v erview of a programming en vironmen t for reactiv e and concurren t systems,

called MENDELS ZONE . MENDELS ZONE pro vides analysis to ols based on formal metho ds (e.g.,

v eri�cation and adjustmen t to ols) and a design supp ort to ol based on the informal design metho d (e.g.,

causalit y matrix editor) in addition to the usual programming to ols suc h as graphical MENDEL net editor,

sim ulator, and compiler. MENDELS ZONE has b een implemen ted on the parallel mac hine, Multi-PSI.

Finally , Chapter 10 concludes this thesis, summarizing the researc h con tributions, and presen ting

in ten tions for further w ork.

Related our publications are summarized as follo ws.

Chapter 4: [Uc hihira 90b]

Chapter 5: [Uc hihira 92a ]

Chapter 6: [Uc hihira 92c , Uc hihira 95a ]

Chapter 7: [Uc hihira 96b]

Chapter 8: [Uc hihira 92b]

Chapter 9: [Uc hihira 87 , Uc hihira 88 , Uc hihira 90a , Uc hihira 92b , Uc hihira 95a ]
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Chap. 4
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(Petri Nets and Temporal Logic)

Chap. 5
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 Verification

(Transition Systems
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Chap. 6
Compositional 

Adjustment
(Transition Systems
and Temporal Logic)

Chap. 7
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Design Methodology

(Net-Orineted Design Method)

Chap. 9
Programming Environment

(MENDELS ZONE)

Chap. 3
Development Process

Chap. 2
Preliminaries

Figure 2. Organization of The Thesis



Chapter 2

Preliminaries: Mo dels and Logics for

Reactiv e and Concurren t Systems

This c hapter in tro duces sev eral notations and de�nitions of mo dels and logics for reactiv e and concurren t

systems.

1 Mo dels for Reactiv e and Concurren t Systems

Man y mo dels ha v e b een prop osed for reactiv e and concurren t systems. Most of them are based on state

transition systems whic h ma y b e extended ab out c oncurr ency and liveness . Among them, this section

sho ws T ransition System, B • uc hi Sequen tial Automaton, Finite State Pro cess, and P etri Net.

1.1 Sequence

T o b egin with, w e in tro duce sev eral notations ab out sequences. In the con text of this thesis, a sequence

is used to represen t the time series of actions whic h a reactiv e and concurren t system tak es, and states

whic h it sta ys in.

Let X b e a set. The set of all �nite sequences o v er X , including the empt y sequence " , is denoted

b y X

�

. If there is no empt y sequence " , the set is denoted b y X

+

. The set of all in�nite sequences

o v er X is denoted b y X

!

; ! means \in�nitely man y". X

1

is de�ned b y X

1

= X

�

[ X

!

. X means a

complemen tary set of X . X

1

n X

2

= X

1

\ X

2

F or a sequence � 2 X

1

, � [ i ] means the i -th elemen t in � ; � ( k ) means the pre�x subsequence

� [1] � [2] :::� [ k ] of � , and j � j the length of � .

F or A � X and L � X

1

, L= A is de�ned as L= A

def

= f �

0

j 9 � 2 L: 8 i: ( �

0

[ i ] = � [ i ] if � [ i ] 2

A; otherwise �

0

[ i ] = " ) g . \/" is a lab el restriction op erator. In tuitiv ely , L= A consists of sequences of

L in whic h all elemen ts except A are deleted.

1.2 T ransition System

De�nition 1 (T ransition System)

T S = ( S; P ; A; � ; � ; s

0

)

S : A set of states

P : A set of state attributes

A : A set of actions

Act = A [ f � g

� : an unobserv able in ternal transition

� : S ! 2

P

A b o olean function

� : S � Act ! 2

S

A nondeterministic transition function

s

0

: An initial state

F or T S = ( S; P ; A; � ; � ; s

0

) and s; s

0

2 S and a 2 A , p 2 � ( s ) means that a state attribute p is true in

s , and s

0

2 � ( s; a ) means that the system whic h sta ys in s can mo v e to the state s

0

after an action a .

19
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According to Milner's notation [Milner 89 ], � ( s; a ) 3 s

0

is expressed as s

a

! s

0 $ s (

�

! )

�

a

! (

�

! )

�

s

0

is

expressed as s

a

) s

0

. Also, ^a expresses a when a 6= � , and ^a expresses " when a = � . Here, " means an

empt y string, that is, s

^�

) s

0

= s

"

) s

0

= s (

�

! )

�

s

0 % W e sho w a simple example of a transition system in

Figure 3.

Example 1 (T ransition System) T = ( f s

0

; s

1

; s

2

; s

3

g ; f p

1

; p

2

g ; f a; b g ; � ; � ; s

0

) w her e

s

0

a

! s

1

; s

0

b

! s

2

; s

1

b

! s

3

; s

2

a

! s

3

; s

3

�

! s

0

; and � ( s

0

) = f p

1

; p

2

g ; � ( s

1

) = f p

1

g ; � ( s

2

) = f p

2

g ; � ( s

3

) = ; .

p1,p2

p1 p2

s0

s1 s2

s3

a

b

b

a

Ó

Figure 3. Example of a transition system

De�nition 2 (Finite Branc hing Condition)

A �nite branc hing condition in T S = ( S; P ; A; � ; � ; s

0

) is:

� ( s; a ) is a �nite set for 8 s 2 S and 8 a 2 A .

This �nite branc hing condition is necessary for the fully automatic v eri�cation and syn thesis for

transition systems. When S , P , and A are �nite, the �nite branc hing condition is satis�ed. W e assume

S , P , and A in T S are �nite whenev er w e do not men tion it explicitly .

1.3 B • uc hi Sequen tial Automata

A transition system can mo del all p ossible (safe) b eha viors of systems, but cannot mo del desirable

b eha viors. A �nite automaton can express desirable (acceptable) b eha viors explicitly using terminal

states.

De�nition 3 (Finite Automaton) A �nite automaton is a tuple A = (� ; S; �; s

0

; F ) , where

� � is an alphab et,

� S is a set of states,

� � : S � � ! 2

s

is a nondeterministic transition function,

� s

0

2 S is an initial state, and

� F � S is a set of terminal states.

A run of a �nite automaton A o v er a �nite w ord � = t

1

t

2

:::t

n

2 �

�

is a state sequence s

0

; s

1

; :::; s

n

,

where s

i

2 � ( s

i � 1

; t

i

) for all i � 1. A run s

0

; s

1

; :::; s

n

is accepting if s

n

2 F . A �nite w ord � is accepted

b y A if there is an accepting run of A o v er � . The set of all w ords, accepted b y A , is denoted L ( A ).

A �nite automaton treats only �nite sequences (w ords). Since reactiv e and concurren t systems often

tak es in�nite ongoing computation, a �nite automaton on in�nite sequences is necessary to mo del them.

De�nition 4 (B • uc hi Sequen tial Automaton ) B • uc hi sequen tial automaton is a tuple A = (� ; S; �; s

0

; F ) ,

where
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� � is an alphab et,

� S is a set of states,

� � : S � � ! 2

s

is a nondeterministic transition function,

� s

0

2 S is an initial state, and

� F � S is a set of designated states.

A run of a B • uc hi sequen tial automaton A o v er an in�nite w ord � = t

1

t

2

::: 2 �

!

is a sequence s

0

; s

1

; ::: ,

where s

i

2 � ( s

i � 1

t

i

) for all i � 1 . A run s

0

; s

1

; ::: is accepting if for some s 2 F there are in�nitely man y

i 's suc h that s

i

= s . An in�nite w ord � is accepted b y A if there is an accepting run of A o v er � . The set

of all w ords, accepted b y A , is denoted L ( A ) .

1.4 Finite State Pro cess

A �nite state pro cess [Kanellakis 90 ] is de�ned as a general mo del whic h includes b oth a transition

system and an automaton. Therefore a �nite state pro cess can sp ecify a transition system with liveness

c onditions as its acceptance condition.

De�nition 5 (Finite State Pro cess) A Finite State Pro cess (FSP) is a sev en tuple P = ( S; A; L; � ; �; s

0

; F ) ,

where:

� S is a �nite set of states,

� A is a �nite set of actions,

� L is a �nite set of sync hronization lab els,

� � : S � A ! S [ f?g is a deterministic transition function ( � ( s; t ) = ? means the action t 2 A is

disabled in the state s 2 S ),

� � : A ! ( L [ f � g ) is a lab eling function, ( � is an in visible in ternal action),

� s

0

2 S is an initial state, and

� F � S is a set of designated states.

Example 2 (Finite State Pro cess) P = ( f s

0

; s

1

; s

2

; s

3

g ; f t

1

; t

2

; t

3

g ; f a; b g ; � ; �; s

0

; f s

3

g ) is a �nite state

pro cess where � ( s

0

; t

1

) = s

1

; � ( s

0

; t

2

) = s

2

; � ( s

1

; t

2

) = s

3

; � ( s

2

; t

1

) = s

3

; � ( s

3

; t

3

) = s

0

; � ( t

1

) = a; � ( t

2

) =

b; � ( t

3

) = � : (Fig.4)

s0

s3

s1 s2

t1/a

t2/b

t2/b

t1/a

t3/Ó action/label   

designated state   

initial state

Figure 4. Finite State Pro cess

Let P = ( S; A; L; � ; �; s

0

; F ) b e an FSP . A transition function can b e extended suc h that � : S � A

�

!

S [ f?g , i.e., � ( s; � a )

def

= � ( � ( s; � ) ; a ). Note, � ( s; " ) = s . Since a transition function is deterministic,

a curren t state can b e uniquely determined from an initial state and an action sequence. W e call an
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action sequence a b ehavior . Similarly , w e can extend a lab eling function suc h that � : A

�

! ( L [ f � g )

�

,

i.e., � ( � ) = � ( � [1]) � ( � [2]) :::� ( � [ j � j ]). In addition,

^

� ( � ) is de�ned as the sequence gained b y deleting all

o ccurrences of � from � ( � ). The set of reac hable states from a state s in P is de�ned as R

P

( s )

def

= f s

0

2

S j 9 � 2 A

�

:s

0

= � ( s; � ) g and R

+

P

( s )

def

= f s

0

2 S j 9 � 2 A

+

:s

0

= � ( s; � ) g . Also, the set of all p ossible

action sequences of P is de�ned as L ( P )

def

= f � 2 A

�

j � ( s

0

; � ) 6= ?g , and the set of all p ossible lab el

sequences is de�ned as L

�

( P )

def

= f

^

� ( � ) 2 L

�

j � 2 L ( P ) g . Since in terest is in the in�nite b eha vior of an

FSP , w e in tro duce a set of in�nite action sequences L

!

( P ) � A

!

and L

� !

( P ) � ( A

!

[ A

�

f � g

!

) where

� means de ad lo ck :

L

!

( P )

def

= f � 2 A

!

j 1 � 8 k :� ( s

0

; � ( k )) 6= ?g

L

� !

def

=

8

>

>

<

>

>

:

f � 2 A

!

j 1 � 8 k :� ( s

0

; � ( k )) 6= ?g[

f � 2 A

�

f � g

!

j 9 k : (

8

<

:

1 � 8 i � k :� ( s

0

; � ( i )) 6= ? and

8 a 2 A:� ( � ( s

0

; � ( k )) ; a ) = ? and

� [ j ] = � for 8 j > k

9

=

;

) g

L

� !

( P ) is an extension of L ( P ) in to a set of in�nite action sequences where if � 2 L ( P ) is a deadlo c k

sequence (i.e., an inevitably �nite sequence), then � is represen ted as � �

!

2 L

� !

( P ).

L

f air

� !

( P ) � L

� !

( P ) is de�ned as L

f air

� !

( P )

def

= f � j � 2 L

� !

( P ) under the fairness condition g where

the fairness c ondition means whenev er a b eha vior � in�nitely often passes through some state s , ev ery

action a enabled at s m ust app ear in�nitely often on � (i.e., if s = � ( s

0

; � ( i )) for in�nitely man y i and

� ( s; a ) 6= ? , then s = � ( s

0

; � ( j )) and � [ j + 1] = a for in�nitely man y j ).

An FSP is a transition system with liv eness conditions. In an FSP , liv eness conditions are represen ted

b y designated no des that indicate satis�able b ehavior of an FSP as follo ws.

De�nition 6 (Satis�able Beha vior) Let P = ( S; A; L; � ; �; s

0

; F ) b e an FSP . � 2 A

!

is a satis�able

b eha vior, if � ( s

0

; � ( k )) 2 F for in�nitely man y k � 1 . L

b

( P ) � A

!

is de�ned as a set of all satis�able

b eha viors on P .

Note that a satis�able b eha vior corresp onds to an accepting run of B • uc hi automaton.

De�nition 7 (Completeness of FSP)

Let P = ( S; A; L; � ; �; s

0

; F ) b e an FSP . P is complete if 8 s 2 R

P

( s

0

) : 9 s

0

2 R

+

P

( s ) and s

0

2 F . 2

A state s 2 R

P

( s

0

), ha ving no path to designated no des from s , is called an unsatis�able state . If P is

complete, P has no unsatis�able states. A b eha vior reac hing an unsatis�able state is called an inevitably

unsatis�able b ehavior .

Lemma 1 If an FSP P is complete, then L

f air

� !

( P ) � L

sat

( P ) . 2

This lemma means that if P is complete, then a random transition o v er P leads to a satis�able

b eha vior. Consequen tly , if P is complete, P is deadlo c k-free.

1.5 T ransition System with Concurrency

T ransition systems (�nite state pro cesses, automata) ha v e no abilit y to express concurrency explicitly

b y themselv es. Reactiv e and concurren t systems are constructed from some n um b er of pro cesses. Eac h

lo cal pro cess can b e mo deled as a transition system. When pro cesses are mo deled b y transition systems

T S

1

; T S

2

; :::; T S

n

, concurrency among pro cesses can b e expressed as pro cess comp osition T S

1

j T S

2

j ::: j

T S

n

using comp osition op erators ` j '. T S

1

j T S

2

means a concurren t system in whic h T S

1

and T S

2

run

concurren tly and comm unicate with eac h other. It is called c ommunic ating tr ansition systems .

F urthermore, transition systems are also used to de�ne seman tics of pro cess comp osition. Global

b eha viors of comm unicating transition systems can b e expressed b y one global transition system based

on interle aving semantics . In the in terlea ving seman tics, concurren t structures of systems is expanded

in to a set of nondeterministic global b eha viors.

Pro cess comp osition and in terlea ving seman tics will b e explained in detail in Chapter 5 for transition

systems and in Chapter 6 for �nite state pro cesses.
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I/O automata and State chart can b e classi�ed in to a kind of comm unicating transition systems. I/O

automata is comm unicating transition systems featuring reactiv e prop erties. In I/O automata [Lync h 86 ,

Lync h 88 ], eac h pro cess is mo deled b y an automaton with input and output actions. Due to reactiv e

prop erties, input actions cannot b e con trolled b y the automaton, while output actions can b e. Statec harts

[Harel 87a ] are extended transition systems in order to design large and complex reactiv e and concurren t

systems. Statec harts ha v e sev eral extended features including hierarc h y , concurrency , and their visual

formalisms. F or example, a system whic h consists of three pro cesses T S

1

; T S

2

; T S

3

can b e expressed in

Fig. 5. Since Statec hart can express concurrency graphically , it is often used in design metho dologies and

CASE to ols.

TS1 TS2

TS3

s10

s11

s20

s21

s22

s30s31

a11 a12
a22

a21

a24

a23

a32

a31

Figure 5. Concurrency in Statec hart

1.6 P etri Net

A Petri net is another approac h to express concurrency explicitly in addition to state transition mo dels.

De�nition 8 (P etri Net) A P etri net is a 4-tuple N = ( P ; T ; w ; m

0

) where:

� P = f p

1

; p

2

; :::; p

n

g is a �nite set of plac es ,

� T = f t

1

; t

2

; :::t

m

g is a �nite set of tr ansitions ,

� w : ( P � T ) [ ( T � P ) ! f 0 ; 1 ; 2 ; 3 ; ::: g is a w eigh t function, w ( p; t ) is the w eigh t of the arc from p

to t and w ( t; p ) is the w eigh t of the arc from t to p , esp ecially w ( p; t ) = 0 ( w ( t; p ) = 0) means there

exists no arc b et w een p and t ,

� m

0

: P ! f 0 ; 1 ; 2 ; ::: g is the initial marking .

� P \ T = ; and P [ T 6= ;

A marking in a P etri net is c hanged according to the follo wing �ring rules :

� A transition is said to b e enabled, if eac h input place p of t is mark ed with at least w ( p; t ) tok ens.

� Only one of the enabled transitions can �re at a time.

� Firing of an enabled transition t remo v es w ( p; t ) tok ens from eac h input place p of t, and adds

w ( t; p ) tok ens to eac h output place p of t.

Let t b e a transition and P = f p

1

; p

2

; ::; p

n

g b e a set of places. An n-dimensional di�eren tial v ector

is de�ned as �( t ) = ( w ( t; p

1

) � w ( p

1

; t ) ; :::; w ( t; p

n

) � w ( p

n

; t )). F urthermore, �( t

1

t

2

:::t

m

) = �( t

1

) +

�( t

2

) + ::: + �( t

m

) for a transition sequence t

1

t

2

:::t

m

.

When t 2 T is enabled at a marking m , w e denote m [ t > . After �ring t , if m

0

is a new marking, w e

denote m [ t > m

0

. In the case that m

1

[ t

1

> m

2

; m

2

[ t

2

> m

3

; :::; m

k � 1

[ t

k � 1

> m

k

for a transition sequence

� = t

1

:::t

k � 1

, w e denote m

1

[ � > m

k

. A set of reac hable markings R ( N ) of P etri net N is de�ned as

R ( N ) = f m j 9 � 2 T

�

:m

0

[ � > m g .
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De�nition 9 (Lab eled P etri net) A lab eled P etri net is a 2-tuple, LN = ( N ; � ) , where N = ( P ; T ; w ; m

0

)

is a P etri net and � : T ! � (alphab et) [ f " (empt y sequence) g is a lab eling function.

The lab eling function � : T ! � [ f " g is extended to � : T

1

! �

1

b y � ( � )[ i ] = � ( � [ i ]) for all � 2 T

and 1 � i �j � j . A sequence of transitions ( � 2 T

�

) is called a le gal �ring se quenc e on the P etri net N

if the �ring sequence � is allo w ed b y the �ring rules; an in�nite sequence of the transitions ( � 2 T

!

) is

a legal �ring sequence if ev ery pre�x is a legal �ring sequence. The set of all �nite (in�nite) legal �ring

sequences of N is denoted b y F ( N ) ( F

!

( N )).

De�nition 10 (P etri net language) L ( N ; � ) is a �nite Petri net language generated from a lab eled P etri

net ( N ; � ) if L ( N ; � ) = f � ( � ) 2 �

�

j � 2 F ( N ) g . Similarly , L

!

( N ; � ) = f � ( � ) 2 �

!

j � 2 F

!

( N ) g is an

in�nite P etri net language, and L

� !

( N ; � ) = f � ( � ) 2 �

!

j � 2 F

!

( N ) g [ f � ( � ) 2 �

�

j � 2 F ( N ) and 8 t 2

T :� t 62 F ( N ) g is a � -in�nite P etri net language. Here, \ � -in�nite" means \in�nite including �

!

".

Remark: L

� !

( N ; � ) ma y include �nite w ords suc h as s �

!

( s 2 �

�

), while L

!

( LN ) includes only

in�nite w ords.

W e in tro duce a lab el manipulation op erator. When L � �, w e de�ne a lab el restriction op erator \/"

for a lab eling function as �=L : T ! L [ f " g suc h that �=L ( t ) = � ( t ) if � ( t ) 2 L and �=L ( t ) = " if

� ( t ) 62 L . This means h ( t ) 2 L is visible and h ( t ) 2 � n L is in visible. An iden tit y function e : T ! T is

de�ned as e ( t ) = t for all t 2 T . W e use an abbreviation � =L

def

= e=L ( � ).

1.7 Mo dels for Real-Time Systems

Sev eral mo dels for real-time systems are prop osed as extension of transition systems, automata, and

P etri nets, whic h include timed automata (timed graphs ) [Alur 90 , Alur 91 ], timed transition systems

[Henzinger 91 ], gener alize d sto chastic Petri nets [Marsan 86 , Marsan 95 ], time P etri nets [Berthomieu 91 ],

and time basic nets [Bellettini 93 ]. In this thesis, w e do not men tion them in detail.

1.8 Comparison of Mo dels

T able 1 sho ws comparison of mo dels whic h w e men tioned, with regard to concurrency and liv eness.

T able 1. Comparison of Mo dels

Mo dels Concurr ency Liveness

T ransition System

T ransition System with comp osition op erators 


B • uc hi Sequen tial Automaton 


Finite State Pro cess with comp osition op erators 
 


Statec hart 


P etri Net 


2 Logics for Reactiv e and Concurren t Systems

This section in tro duces sev eral temp oral and mo dal logics: Linear Time T emp oral Logic, Branc hing

Time T emp oral Logic, Pro cess Logic, and Prop ositional Mo dal � -calculus. These logics can pro vide

useful formalisms for sp ecifying and v erifying reactiv e and concurren t systems.

2.1 Prop ositional Logic

A logical language is giv en b y an alphab et of sym b ols and the de�nition of a set of strings o v er language,

called form ulas. The simplest kind of a logical language is called prop ositional logic whic h can b e giv en

as follo ws.
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Syn tax

Prop ositional logic form ulas are built from:

� A set of all atomic prop ositions: P r op = f p

1

; p

2

; p

3

; :::; p

n

g ,

� Bo olean connectiv es: ^ and : ,

� P aren theses: \(" and \)".

The formation rules are:

� An atomic prop osition p 2 P r op is a form ula,

� If f

1

and f

2

are form ulas, so are f

1

^ f

2

, : f

1

,

� If f is a form ula, so are ( f ).

Abbreviation

F urther logical op erators and constan ts can b e in tro duced to abbreviate particular form ulas.

Abbreviated F orm ula = Original F orm ula

f

1

_ f

2

= : ( : f

1

^ : f

2

)

f

1

� f

2

= : f

1

_ : f

2

tr ue = f _ : f

f al se = : tr ue

2.2 Linear Time T emp oral Logic

T emp or al lo gic is a sp ecial t yp e of mo dal logic, where its mo dalities concern with time. There t w o p ossible

views regarding the underlying nature of time. One is that the course of time is linear. The other is that

time has branc hing, tree-lik e nature. First, w e sho w Pr op ositional Line ar time T emp or al L o gic ( PL TL )

based on the former view. Then, Prop ositional Branc hing time T emp oral Logic based on the latter view

will b e sho wn.

Syn tax PL TL form ulas are built from:

� A set of all atomic prop ositions: P r op = f p

1

; p

2

; p

3

; :::; p

n

g

� Bo olean connectiv es: ^ , _

� T emp oral op erators: 
 (\next"), U(\un til")

The formation rules are:

� An atomic prop osition p 2 P r op is a form ula.

� If f

1

and f

2

are form ulas, so are f

1

^ f

2

, : f

1

, 
 f

1

, f

1

U f

2

.

Seman tics The op erators in tuitiv ely ha v e the follo wing meanings: 2 f (read next f ): f is true for the

next state, f

1

U f

2

(read f

1

un til f

2

): f

1

is true un til f

2

b ecomes true and f

2

will ev en tually b ecome true.

The precise seman tics are giv en as the Kripke structur e [Manna 84 ].

W e use } f (\ev en tually f ") as an abbreviation for (true U f ) and 2 f (\alw a ys f ") as an abbreviation

for : F : f . Also, f

1

_ f

2

and f

1

� f

2

represen t : ( : f

1

^ : f

2

) and : f

1

_ f

2

, resp ectiv ely .

Lemma 2 Giv en an PL TL form ula f, one can build a B • uc hi sequen tial automaton A

f

= (� ; S; �; s

0

; F ) ,

where � = 2

P r op

, suc h that L ( A

f

) is exactly the set of sequences satisfying form ula f .
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Pro of Ref. [W olp er 83a ].

Here, an accepted w ord � = P

1

P

2

P

3

:::P

i

::: ( P

i

� P ) means that all p 2 P

i

are true and all p 62 P

i

are

false at time i (0 < i ).

De�nition 11 (Single Ev en t Condition) A single ev en t condition is de�ned as follo ws,

f

S E C

= 2 ((

_

1 � i � n

p

i

) ^ (

^

1 � i<j � n

p

i

^ p

j

))

where p

1

; ::; p

n

are all atomic prop ositions. 2

This single event c ondition pro vides that only just one atomic prop osition is true at an y momen t

[Manna 84 ]. When w e build a B • uc hi sequen tial automaton A

0

f

= (� ; S; �; s

0

; F ) where f ' is f with the

single ev en t condition, w e can mak e � = P r op in place of � = 2

P r op

, b ecause only one atomic prop osition

is true at eac h time.

Example 3 ( A

0

f

) The follo wing A

f

0

(Fig.6) is built from PL TL form ula f with the single ev en t condition

(i.e. f

0

= f ^ f

S E C

).

f = 2 ( t

1

� 
 ( : t

1

U t

2

)) ^ 2 ( t

2

� 
 ( : t

2

U t

1

))

A

f

0

= ( f t

1

; t

2

g ; f s

0

; s

1

; s

2

; s

3

g ; � ; s

0

; f s

0

; s

3

g ) where � = ff s

1

g = � ( s

0

; t

1

) ; f s

2

g = � ( s

0

; t

2

) ; f s

3

g =

� ( s

1

; t

2

)) ; f s

3

g = � ( s

2

; t

1

) ; f s

1

g = � ( s

3

; t

1

) ; f s

2

g = � ( s

3

; t

2

) g .

s0

s1 s2

s3

t1

t2t1

t1
t2

t2

Figure 6. B • uc hi Automaton A

f

0 built from PL TL form ula f

De�nition 12 L

s

( f ) is an in�nite language generated from an PL TL form ula f under the single ev en t

condition, i� L

s

( f ) = L ( A

f

0

) where f

0

= f ^ f

S E C

, and a set of atomic prop ositions Prop b ecomes an

alphab et of A

f

0

.

Lemma 3 Giv en an PL TL form ula f , L

s

( f ) = L

s

( : f ) , where L

s

( f ) = P r op

!

n L

s

( f ) .

Pro of. The pap er [W olp er 83a ] pro v ed that L ( A

f

1

) = L ( A

f

2

), where f

2

= : f

1

and no single ev en t

condition is assumed there. This lemma is a sp ecial case of that theorem. 2

2.3 Branc hing Time T emp oral Logic

W e will consider a simple v ersion of pr op ositional br anching time temp or al lo gic : CTL ( Computation T r e e

L o gic ).
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Syn tax CTL form ulas are built from:

� A set of all atomic prop ositions: P r op = f p

1

; p

2

; p

3

; :::; p

n

g

� Bo olean connectiv es: ^ , _ ,

� T emp oral op erators: 
 , U ,

� P ath op erators: 8 , 9 ,

The formation rules are:

State F orm ulas

� An atomic prop osition p 2 P r op is a state form ula.

� If f

1

and f

2

are state form ulas, so are f

1

^ f

2

, : f

1

.

� If g is a path form ula, then 8 g and 9 g are state form ulas.

P ath F orm ulas

� If g

1

and g

2

are state form ulas, then 
 g

1

, and g

1

U g

2

are path form ulas.

CTL F orm ulas

� If f is a state form ula, then f is a CTL form ula.

Seman tics The op erators in tuitiv ely ha v e the follo wing meanings: 8 
 f = \ f b ecomes true at the

next time for all paths", 8 f

1

U f

2

= \ f

2

b ecomes ev en tually true and f

1

is true subsequen tly un til then for

all paths", 9 
 f = \ f b ecomes true at the next time for some path", 9 f

1

U f

2

= \ f

2

b ecomes ev en tually

true and f

1

is true subsequen tly un til then for some path".

The precise seman tics of CTL form ulas are de�ned with a tree-lik e structure M and a state s . A

mo del of a CTL form ula f is an in�nite tree o v er M starting at s (w e denote ( M ; s ) j = f ). It is kno wn

that if a giv en CTL form ula f is satis�able (i.e., it has at least one mo del), there exist a �nite transition

system T S = ( S; P ; A; � ; � ; s

0

) suc h that A = ; (i.e., without actions) and a mo del of f can b e obtained

b y un winding T S (Small Mo del Theorem). Therefore w e can regard transition systems without actions

as mo dels of CTL form ulas.

In CTL, the form ulas app earing in the scop e of path quan ti�ers are restricted to b e a single temp oral

op erators. Therefore some PL TL form ulas cannot b e expressed in CTL. CTL* is extension of CTL, in

whic h arbitrary PL TL form ulas can app ear in the scop e of path quan ti�ers. An arbitrary PL TL form ula

f is expressed b y 8 f in CTL*.

2.4 Pro cess Logic

A pro cess logic is a kind of mo dal logics in whic h its mo dalities concern with actions.

Syn tax Pr op ositional pr o c ess lo gic (PPL) form ulas are built from:

� A set of actions: A

� Bo olean connectiv es: ^ , _

� Mo dal op erators: h a i for a 2 A

� A constan t: tr ue

The formation rules are:

� A constan t tr ue is a form ula.

� If f

1

and f

2

are form ulas, so are f

1

^ f

2

.

� If f is a form ula and a is an action ( a 2 A ), the h a i f is a form ula.
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Seman tics The op erators in tuitiv ely ha v e the follo wing meanings: h a i f = \it is p ossible to execute an

action a and terminate in the state satisfying f ".

F ormally , PPL form ulas are also in terpreted with a tree-lik e structure M and a state s . A mo del of

a PPL form ula f is an in�nite tree o v er M starting at s (w e denote ( M ; s ) j = f ). It is kno wn that if a

giv en PPL form ula f is satis�able (i.e., it has at least one mo del), there exist a �nite transition system

T S = ( S; P ; A; � ; � ; s

0

) suc h that P = ; (i.e., without state attributes) and a mo del of f can b e obtained

b y un winding T S (Small Mo del Theorem). Therefore w e can regard transition systems without state

attributes as mo dels of PPL form ulas.

2.5 Prop ositional Mo dal � -calculus

� -c alculus is a v ariation of pro cess logic extended with a least �xed p oin t op erator � . Since the �xed

p oin t op erator is v ery p o w erful, � -calculus can express b oth temp oral logic and pro cess logic uniformly .

W e sho w the de�nition of prop ositional mo dal � -calculus.

Syn tax The prop ositional mo dal � -calculus has form ulas built from:

� A set of actions: A

� A set of v ariables: V ar

� Bo olean connectiv es: ^ , _

� Mo dal op erators: h a i for a 2 A

� A �xed-p oin t op erator: �

The formation rules are:

� A v ariable Z is a form ula.

� If f

1

and f

2

are form ulas, so are f

1

^ f

2

.

� If f is a form ula and a is an action ( a 2 A ), the h a i f is a form ula.

� If f is a form ula and Z is a v ariable ( Z 2 V ar ), the �Z :f is a form ula.

�Z :f means \ev ery Z app earing in f are replaced with f ". The seman tics of � -calculus is de�ned in

the same w a y as PPL.

2.6 Logics for Real-Time Systems

There are t w o main approac hes in in tro ducing real-time in to temp oral logics.

� in tro duction of a global clo c k (Explicit Clo c k T emp oral Logic)

ex. a ^ t = T � } ( b ^ t � T + 10), where t is a global clo c k.

� in tro duction of time b ounds (Metric T emp oral Logic)

ex. 2

< 5

f :

R TTL [Ostro� 90 ] is an extended PL TL with a global clo c k v ariable. TCTL (Timed CTL) [Alur 90 ]

is an extension of CTL for sp ecifying real-time systems. Mo dels of TCTL form ula corresp ond to timed

graphs (timed automata). In this thesis, w e do not men tion them in detail.

2.7 Comparison of Logics

T able 2 sho ws comparison of logics whic h w e men tioned, with regard to relations b et w een logics and

mo dels.
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T able 2. Comparison of Logics

L o gics Mo dels Equivalent Mo dels

PL TL in�nite sequences accepted sequences of B • uc hi Sequen tial Automaton

CTL in�nite trees T ransition System without actions

PPL in�nite trees T ransition System without state attributes

� -calculus in�nite trees T ransition System with actions and state attributes

3 Other Related Approac hes

There are a lot of other approac hes for mo deling and sp ecifying reactiv e and concurren t systems, whic h

include

� pro cess algebra (CCS, CSP , A CP , � -calculus, c hemical abstract mac hine),

� data 
o w mo del (Kahn's mo del),

� ob ject-orien ted mo del (Actor Mo del), and

� concurren t logic programming (Concurren t Prolog, P ARLOG, GHC).

Since these mo dels are out of scop e of this thesis, w e do not men tion them in detail.
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Soft w are Dev elopmen t Pro cess for

Reactiv e and Concurren t Systems

This c hapter prop oses a conceptual soft w are dev elopmen t pro cess for reactiv e and concurren t systems

using P etri nets and temp oral logic.

1 Reactiv e and Concurren t Systems (R CS)

1.1 What is R CS?

A reactiv e system w as �rst de�ned b y Pn ueli [Pn ueli 86 ] and Harel [Harel 87b ]. They classi�ed com-

puterized systems in to t w o basically di�eren t t yp es: T r ansformational Systems and R e active Systems .

T ransformational systems and reactiv e systems are de�ned in the b o ok b y Manna and Pn ueli[Manna 92 ]

as follo ws.

� T ransformational Systems (TFS): \A tr ansformational pr o gr am is the mor e c onventional typ e

of pr o gr am, whose r ole is to pr o duc e a �nal r esult at the end of a terminating c omputation. "

� Reactiv e Systems: \A r e active pr o gr am is a pr o gr am whose r ole is to maintain an ongoing

inter action with its envir onment r ather than to c ompute some �nal value on termination."

W e remark that reactiv e systems include real-time systems, that is to sa y , a real-time system is a

sp eci�c reactiv e system whic h has real-time constrain ts.

Examples of reactiv e systems are as follo ws:

� Em b edded con trol systems

ex. Home electric appliances, car electric appliances, and comm unication equipmen t (telephone

and facsimile).

� Pro cess con trol systems

ex. Con trol systems for c hemical plan ts, electric p o w er plan ts, steel mill plan t, and sew age

plan ts.

� Computer and net w ork op erating systems

ex. Op erating systems, switc hing systems, and computer net w ork con trol soft w are.

� User in terface managemen t systems

ex. Windo w systems for w orkstations and p ersonal computers.

Most reactiv e systems necessarily ha v e c oncurr ency whic h is often represen ted as concurren t tasks

(m ultitasking) since the framew ork of the concurren t tasks is �t to mo del and implemen t reactiv e systems

ha ving sev eral kinds of in teractions whic h should b e handled concurren tly . Therefore w e fo cus on reactiv e

and concurren t systems (R CS) in this thesis, esp ecially em b edded and pro cess con trol systems.

30
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1.2 Characteristics of R CS

W e summarize the c haracteristics of reactiv e and concurren t systems as follo ws.

� Reactivit y '

R CS main tain an ongoing in teraction with their en vironmen ts. In the case of plan t con trol systems,

the en vironmen t is con trolled ob jects of the plan t, and the con troller in teracts with the con trolled

ob jects through input devices (sensors) and output devices (commands) as sho wn in Fig. 7.

Controlled
Object

Controller

Command

Sensor

LAN

Control
Program

Controlled
Object

Controller

Command

Sensor

Control
Program

Plant

Figure 7. Plan t Con trol System

� Nondeterminism '

Beha viors of TFS are deterministic, that is, an output O can b e de�ned as a functional relation

O = f ( I ) for a giv en input I in TFS. On the con trary , b eha viors of R CS are nondeterministic

since the en vironmen t of R CS has unc ontr ol lable and unobservable elemen ts. F or example, timing

and order of some sensory ev en ts (temp erature and pressure c hanges) in c hemical plan ts ma y

b e nondeterministic. These timing and order of ev en ts ha v e an in
uence on the result. The

nondeterministic b eha viors of R CS mak e it di�cult to test and debug the programs compared with

TFS.

� Real-time Prop erties '

Most practical R CS ha v e real-time prop erties to a greater or less exten t % Real-time prop erties

include the follo wings.

{ Deadline adherence: The system should pro cess tasks in accordance with their real-time

deadlines.

{ P erio dic pro cessing: The tasks are activ ated p erio dically b y timer ev en ts.

The real-time systems can b e classi�ed in terms of deadline adherence.

{ Hard real-time systems: If the system cannot k eep deadline, it ma y bring ab out a catas-

trophic result.

{ Soft real-time systems: Ev en if the system cannot k eep deadline, it is p ossible to reco v er

it b y a bac kup metho d (e.g. an exception handler).

� Concurren t T asks '

The concurren t tasks are �t to mo del and implemen t R CS ha ving sev eral kinds of in teractions whic h

should b e handled concurren tly . In particular concurren t tasks are essen tial for real-time systems.

F or example, arriv al of the in terrupt results in a curren tly executing task b eing susp ended, its

con ten ts (a program coun ter, stac ks, etc.) b eing sa v ed, and an in terrupt handler to pro cess the

in terrupt b eing in v ok ed. After the in terrupt has b een serviced, the in terrupted task's con ten t is

restored so that it can resume execution. It ma y b e p ossible to manage these in terrupts without

concurren t tasks. Ho w ev er, a design without concurren t tasks is unnatural and mak es the program
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di�cult to debug, main tain and reuse. Moreo v er R CS in distributed en vironmen ts (e.g. R CS whic h

consist of sev eral con trollers connected b y net w orks) inevitably require concurren t tasks.

In this thesis, a task and a pr o c ess ha v e the same meaning. Ho w ev er, w e often use \task" in the

con text of the soft w are design metho dology and \pro cess" in the theoretical con text.

These prop erties ( r e activity , nondeterminism , r e al-time pr op erty , c oncurr ent tasks ) are called \timing

features of R CS" or \sync hronization features of R CS", and the other features, whic h are in common

with TFS, are called \functional features of R CS".

1.3 Soft w are Arc hitecture of R CS

W e will consider soft w are arc hitectures required to construct reactiv e and concurren t systems.

1.3.1 Application Soft w are and System Soft w are

Soft w are of a reactiv e and concurren t system consists of applic ation softwar e and system softwar e (i.e., an

op erating system). The system soft w are pro vides abstract manipulations of computer hardw are including

system resources, I/O devices, net w ork devices, and timers (Fig. 8), and also pro vides concurren t tasking

mec hanisms including task generation, task sc heduling, and task comm unication and sync hronization.

Application soft w are is constructed on the system soft w are b y using system calls and run-time library

pro vided b y the system soft w are.

System Software

Application Software

Resource I/O Network

Software

Hardware

Timer

Figure 8. Application Soft w are and System Soft w are

In reactiv e and concurren t systems, r e al-time op er ating systems and network op er ating systems are

often used as system soft w are.

1.3.2 Concurren t T asks

Application soft w are of reactiv e and concurren t systems usually consists of sev eral concurren t tasks.

Gomaa classi�ed them in to the follo wing tasks [Gomaa 93 ].

� I/O T asks

{ Async hronous Device I/O T asks

{ P erio dic I/O T asks

{ Resource Monitor T ask

� In ternal T asks

{ P erio dic T ask
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{ Async hronous T ask

{ Con trol T ask

{ User Role T ask

Concurren t tasks can b e classi�ed in to I/O tasks , whic h corresp ond to I/O devices and hardw are

resources and manage them, and in ternal tasks , whic h sup ervise these I/O tasks. F rom another viewp oin t,

tasks can b e classi�ed in to p erio dic tasks whic h are in v ok ed p erio dically (e.g., ev ery 100 milliseconds)

and ap erio dic tasks .

1.3.3 Sync hronization P art and F unctional P art

In most application soft w are of R CS, a pro cess (task) can easily b e separated in to t w o parts: a sync hro-

nization part and a functional part [Manna 84 ].

� Sync hronization (Timing) P art: A part whic h enforces the necessary constrain ts on the relativ e

timing of the execution of the di�eren t pro cesses.

� F unctional P art: A part whic h manipulates the data and p erforms the computation required of

the program.

A functional part of R CS can b e regarded as TFS. W e fo cus on a design matter of sync hronization

parts; ho w to design and v erify sync hronization parts and ho w to adjust sync hronization parts, considering

functional parts.

A sync hronization part design is classi�ed in to a c entr alize d one and a de c entr alize d one (Figure 9). A

cen tralized sync hronization part is easier to design and v erify , but more di�cult to implemen t e�cien tly ,

esp ecially in a distributed en vironmen t. Con v ersely , a decen tralized sync hronization part is harder to

design and v erify , but can ac hiev e run-time e�ciency .

Synchronization Part

Functional
Part

Functional
Part

Functional
Part

Synchronization 
Part

Centralized Synchronization
Supervisor

Decentralized Synchronization
Supervisor

Synchronization 
Part

Synchronization 
Part

Process Process Process

Functional
Part

Functional
Part

Functional
Part

Figure 9. Sync hronization P art

A hierarc hical sync hronization sup ervisor is a compromised structure b et w een a cen tralized one and

a decen tralized one (Figure 10). It can b e constructed hierarc hically where eac h lev el can b e constructed

as a cen tralized one, that is, easy to design and v erify . As a whole, it lo oks lik e a decen tralized one.

F or example, small em b edded con trol systems suc h as home electric appliances adopt a structure

ha ving the hierarc hical sync hronization sup ervisor (Figure 11).

In the next section w e will consider a soft w are dev elopmen t pro cess for R CS whic h ha v e these c har-

acteristics and structures.

2 Soft w are Dev elopmen t Pro cess for R CS

This section tak es a general view of the soft w are dev elopmen t pro cess for transformational systems (TFS)

and reactiv e and concurren t systems (R CS), and considers a distinctiv e feature of R CS as compared with

TFS.
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SP FP

SP (=Synchronization Part) FP (=Functional Part)

SP FP SP FP

Process

Process Process Process

Figure 10. Hierarc hical Sync hronization Sup ervisor
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Figure 11. Hierarc hical Sync hronization Sup ervisor for Con trol Systems
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2.1 Soft w are Dev elopmen t Pro cess for TFS

According to the soft w are life-cycle mo del, the soft w are dev elopmen t pro cess can b e divided in to sev eral

phases. The most widely used soft w are life-cycle mo del is often referred to as the \W aterfall" Mo del

[Bo ehm 76 ]. Although the W aterfall Mo del has sev eral limitations and alternativ e mo dels are prop osed

to o v ercome them (Protot yping and Spiral Mo del), it is used here b ecause it is su�cien t to consider

distinctiv e features of the prop osed soft w are dev elopmen t pro cess for R CS.

Figure 12 sho ws the soft w are dev elopmen t pro cess whic h consists of the follo wing phases.

Informal
Specification Analysis/Design Design

Document
Implementation Program

TestingDesign
Review

Validation

Figure 12. Soft w are Dev elopmen t Pro cess

� Analysis/Design Phase: This phase includes requiremen t analysis and arc hitectural design.

The goal of the requiremen t analysis is to pro vide a complete description of what the system's

external b eha vior is. During the arc hitectural design, the system's arc hitecture is de�ned b y design

do cumen ts whic h describ e ho w the system w orks in ternally . W e in ten tionally do not divide this

phase in to t w o phases (analysis and design) clearly b ecause analysis and design are in tert wined and

it is di�cult to completely separate them in the actual soft w are dev elopmen t.

� Implemen tation Phase: This phase includes detailed design where the algorithmic details of

eac h comp onen t are de�ned and co ding in a programming language.

� V alidation Phase: This phase includes design review for design do cumen ts and testing for pro-

grams. T esting consists of unit testing, in tegration testing, and system testing.

2.2 Soft w are Dev elopmen t Pro cess for R CS

The soft w are dev elopmen t pro cess for R CS requires consideration of R CS c haracteristics(whic h is men-

tioned in the section 1.2) in addition to those of TFS.

� Input/Output Consideration

Input/output considerations are imp ortan t for R CS whic h in teract with their en vironmen t through

I/O devices. In the analysis/design phase, an in terface b et w een a system and its en vironmen t

should b e de�ned and designed. This includes a soft w are design of I/O driv er.

! Reactivit y

� Concurren t T ask Structuring

Concurren t task structuring is one of the most imp ortan t issues in R CS design. Concurren t task

structuring includes the designer's tradeo� b et w een in tro ducing tasks to simplify the design and

not in tro ducing to o man y tasks whic h increase in tertask comm unication o v erhead. Concurren t

task structuring criteria are needed to help the designer mak e the tradeo� and sho w him ho w to

decomp ose a soft w are system in to tasks systematically .

! Concurren t T asks

� T ask Comm unication and Sync hronization
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After task structuring, the task in terface is de�ned. The task in terface consists of comm unication

and sync hronization b et w een tasks. The most p opular metho d of task comm unication design is

a data 
o w diagram (DFD) whic h sho ws comm unication relationships b et w een tasks, including

input data, output data, and data stores. On the other hand, task sync hronization design includes

deadlo c k prev en tion, m utual exclusion, and other timing issues. In the design phase, comm unication

and sync hronization are designed using message comm unication, ev en t sync hronization, and data

stores, whic h are implemen ted later using run-time supp ort services (mail b o xes, semaphore, ev en t


ag, etc.)

! Concurren t T asks and Nondeterminism

� P erformance Design

P erformance design is necessary for R CS to satisfy giv en real-time constrain ts. P erformance design

includes p erformance analysis using sim ulation mo dels and sc heduling. A real-time op erating system

pro vides sev eral mec hanisms suc h as timer (set timer, get timer), task managemen t (start task,

terminate task, susp end task), and priorit y con trol (c hange priorit y). These mec hanisms are used

for the sc heduling design to satisfy giv en real-time constrain ts.

! Real-time Prop ert y and Nondeterminism

2.3 Di�culties in Dev eloping R CS

Generally sp eaking the dev elopmen t (esp ecially testing and debugging) of R CS is more di�cult than that

of TFS. The safet y and reliabilit y of R CS are v ery imp ortan t as they are used in crucial systems suc h as

p o w er plan ts, c hemical plan ts, and v arious computer em b edded systems. As R CS b ecome increasingly

complex and distributed o v er computer net w orks complete testing of the safet y of these programs b ecomes

more di�cult and the cost of testing and debugging b ecomes a hea vy burden. The di�cult y in testing

and debugging R CS can b e summarized as follo ws.

� Concurren t thinking: The concurren t mo del is �t to design static structures of systems. Ho w ev er,

it is di�cult to trace their dynamic b eha viors concurren tly b ecause h uman thinking is essen tially

sequen tial. Concurren t thinking whic h is required for designing, testing and debugging R CS is v ery

di�cult for designers to ac hiev e.

� Data and timing v ariations: In testing TFS, the designer has to consider only data v ariations.

Ho w ev er, timing v ariations in addition to data v ariations ha v e to b e considered in testing R CS.

Com bination of data and timing v ariations mak es testing v ery complicated.

� En vironmen t mo deling: Since a program of the reactiv e system cannot function without its

en vironmen t, testing on the dev elopmen t mac hine requires an en vironmen t mo del and its sim ulator.

The designer can test R CS with en vironmen t sim ulators, whic h are v ery useful in reducing testing

costs. Ho w ev er, sim ulator construction requires additional programming costs, and it is ine�ectiv e

to construct a handmade en vironmen t sim ulator for eac h R CS.

� Lac k of bug reapp earance: Unlik e in TFS, bugs do not necessarily reapp ear in R CS. F or example

bugs whic h app ear in the usual execution often disapp ear when using the debugging to ol (it is called

the pr ob e e�e ct ). It mak es debugging of R CS v ery di�cult.

� T ask structuring: As compared with mo dule structuring in TFS, task structuring is more dif-

�cult b ecause ph ysical constrain ts (real-time constrain ts and constrain ts due to devices) m ust b e

considered in addition to logical mo dule structuring.

3 Programming En vironmen t for R CS Using P etri Nets and

T emp oral Logic

This section sho ws a basic concept and organization of the prop osed soft w are dev elopmen t pro cess and

its programming en vironmen t in this thesis. Then it is sho wn ho w the ab o v e di�cult y is eased b y them.
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F ormal Sp eci�cation for R CS

In the prop osed soft w are dev elopmen t pro cess, the formal sp eci�cation tak es up a p osition as a

soft w are design do cumen t (SDD) whic h is pro duced through the analysis and design phase. The formal

sp eci�cation is used for the formal v eri�cation and adjustmen t later.

Man y formal sp eci�cation languages are prop osed. Some are declarativ e, and some are op erational.

Ho w ev er, sp eci�cation of practical systems requires b oth a declarativ e one and an op erational one. F or

example, it is imp ossible to describ e all of the practical systems b y temp oral logic (declarativ e one).

Con v ersely , it is imp ossible to describ e liveness pr op erties suc h as deadlo c k-free b y P etri nets (op erational

one). An op erational sp eci�cation language is suitable for describing static and dynamic structures of

the system. On the other hand, a declarativ e one is suitable for describing constrain ts of the system.

W e adopt b oth P etri net and temp oral logic as a formal sp eci�cation language for R CS b ecause they

can complemen t eac h other

Design Do cumen t Reuse

The dev elopmen t pro cess promotes and supp orts reuse of soft w are design do cumen ts written b y P etri

nets and temp oral logic. Reusable comp onen ts are stored in the reusable comp onen t library . Since P etri

nets pro vide a graphical represen tation of reusable comp onen ts in the library , the designer can easily grasp

these comp onen ts. T emp oral logic pro vides a formal framew ork to c hec k whether reusable comp onen ts

w ork just as the designer designed.

V eri�cation and Adjustmen t for R CS

The soft w are design do cumen t can b e v eri�ed b y the formal metho d, that is, it is p ossible to v erify

whether the giv en P etri net satis�es the giv en temp oral logic constrain ts.

Moreo v er, when the P etri net do es not satisfy the temp oral logic constrain ts, the P etri net can b e

automatically adjusted to satisfy them.

In particular, soft w are reuse in v olv es risk of bugs b ecause the designer ma y not ha v e an accurate

understanding of reused comp onen ts. So, v eri�cation and adjustmen t can complemen t soft w are reuse.

Programming Language for R CS

The v eri�ed and adjusted soft w are design do cumen ts are co ded with the programming language in

the implemen tation phase. The prop osed dev elopmen t pro cess also adopts P etri net as a programming

language. In this case, implemen tation is exp ected to b e smo other b ecause b oth design do cumen t language

and programming language are based on the same framew ork. Ho w ev er, since pure P etri net is insu�cien t

as a practical programming language for R CS, it should b e extended.

Design Metho dology for R CS

Soft w are design do cumen ts written b y using P etri nets and temp oral logic are v ery formal and strict.

Therefore, it is v ery di�cult to describ e these do cumen ts directly from am biguous and informal require-

men ts in analysis and design phase. There are man y design metho ds suc h as RSA/RSD and OO A/OOD.

Ho w ev er, they do not use P etri nets as their design do cumen ts (c harts). A P etri-net-orien ted design

metho d for R CS is required in the dev elopmen t pro cess.

Soft w are Dev elopmen t Pro cess (Basic Concept)

Based on the ab o v e consideration, the prop osed soft w are dev elopmen t pro cess is summarized as follo ws

(Fig. 13).

1. Analyze and design a target system from informal sp eci�cation according to the P etri-net-based

design metho dology .

2. Construct a soft w are design do cumen t written b y using P etri nets and temp oral logic. When re�ning

P etri nets, reusable comp onen ts are a v ailable.
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Figure 13. Prop osed Soft w are Dev elopmen t Pro cess for R CS

3. V erify and adjust the design do cumen t.

4. Implemen t the design do cumen t and co de it b y using a P etri-net-based programming language.

5. T est the generated program.

Programming En vironmen t for R CS

The programming en vironmen t supp orts the prop osed soft w are dev elopmen t pro cess con tin uously . It

includes

� Graphic editor for P etri nets

� Supp ort to ol for design and soft w are reuse

� V eri�cation and adjustmen t to ol

� Compiler/In terpreter of P etri-net-based programming language

� T esting and debugging to ols including program and en vironmen t sim ulators

Ho w to Ease Di�culties in Dev eloping R CS

The prop osed soft w are dev elopmen t pro cess and its programming en vironmen t utilizing P etri nets

and temp oral logic can ease some di�culties of soft w are dev elopmen t of reactiv e and concurren t systems

as follo ws.

� P etri Nets: P etri nets pro vide a user-friendly graphical represen tation of reactiv e and concurren t

systems and also their en vironmen ts. P etri nets are adopted from �rst to last (i.e., from design to

implemen tation) in the prop osed soft w are dev elopmen t pro cess.

! ease di�culties due to concurren t thinking, and en vironmen t mo deling.

� T emp oral Logic: T emp oral logic pro vides formal metho ds of sp eci�cation, v eri�cation, and ad-

justmen t ab out timing constrain ts of reactiv e and concurren t systems.

! ease di�culties due to timing v ariations and lac k of bug reapp earance.
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� Metho dology: Design metho dology featuring P etri nets and temp oral logic pro vides supp ort so

that the designer can easily use these formal metho ds and design con tin uously from am biguous

requiremen t to program implemen tation.

! ease di�culties in task structuring.

4 Summary

This c hapter has sho wn a conceptual o v erview of the soft w are dev elopmen t pro cess for reactiv e and

concurren t systems using P etri nets and temp oral logic. In the follo wing c hapters, w e explain the detail

tec hniques required to realize this soft w are dev elopmen t pro cess.



Chapter 4

Sp eci�cation, V eri�cation, and

Syn thesis Using P etri Nets and

T emp oral Logic

Both P etri nets and temp oral logic ha v e b een widely used to sp ecify concurren t programs [Shatz 93 ]. P etri

nets are appropriate to sp ecify the b eha vioral structures of programs explicitly , while temp oral logic is

appropriate to sp ecify the prop erties and constrain ts of programs. Since one can complemen t the other,

using a com bination of P etri nets and temp oral logic is a highly promising approac h to analyze, v erify and

syn thesize concurren t programs. This fusion of P etri nets and temp oral logic as sp eci�cation language

b elongs to dual-language appr o ach . F or the purp ose of automatic program v eri�cation and syn thesis,

the emptiness problem (i.e. whether a legal �ring transition sequence satisfying a giv en temp oral logic

form ula on a giv en P etri net exists) m ust b e decidable. This c hapter �rst rep orts a class to com bine

P etri nets and temp oral logic as an in�nite language and whose emptiness problem is decidable. Then,

w e apply these results to v eri�cation and syn thesis of concurren t programs. Our v eri�cation metho d

allo ws v erifying sev eral prop erties whic h cannot b e co v ered b y the traditional P etri net analysis, suc h

as analysis of m utual exclusion and partial ordering of ev en ts. Our syn thesis metho d can b e used to

mo dify an original concurren t program that is represen ted b y a P etri net, to satisfy a giv en temp oral

sp eci�cation.

1 P etri Nets and T emp oral Logic as Sp eci�cation Language

As men tioned at Chapter 1 (Section 2: Bac kground), a sp eci�cation of reactiv e and concurren t systems

can b e classi�ed in to de clar ative appr o ach and op er ational appr o ach . P etri net and temp oral logic are

t ypical sp eci�cation languages based on op erational approac h and declarativ e approac h, resp ectiv ely .

The P etri net [P eterson 81 , Murata 89 ] is widely accepted as a graphic and formal mo deling to ol, ap-

plicable to reactiv e and concurren t systems, and it is suited for mo deling b eha vioral structures [Shatz 93 ].

Ho w ev er, P etri nets are de�cien t in their abilit y to describ e declarativ e constrain ts of programs, whic h

is a strong p oin t of logic. On the other hand, temp oral logic is successfully applied as a to ol for the

v eri�cation [Pn ueli 77 ] and syn thesis [Manna 84 ] of concurren t programs, and suited for sp ecifying the

constrain ts (declarativ e prop erties) of reactiv e and concurren t systems. Manna and Pn ueli [Manna 92 ]

classi�es these prop erties in to t w o disjoin t classes.

� Safet y Prop erties:

A safety pr op erty claims that \something bad" do es not happ en.

� Liv eness Prop erties:

A liveness pr op erty claims that \something go o d" ev en tually happ ens.

T emp oral logic can sp ecify b oth safet y prop ert y and liv eness prop ert y . F or example, prohibiting con-

strain ts, suc h as \once an error ev en t o ccurs, a start ev en t m ust not b e activ ated" can b e describ ed

explicitly b y temp oral logic, but it can only b e describ ed implicitly b y P etri nets.

40
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P etri net and temp oral logic can complemen t eac h other as sho wn in T able 3. Therefore, it is useful to

com bine P etri nets and temp oral logic as a sp eci�cation language for analyzing, v erifying and syn thesizing

concurren t programs. One can design concurren t programs op erationally b y P etri nets, while one can

sp ecify them declarativ ely b y temp oral logic. W e consider fusion of temp oral logic and P etri nets, whic h

is called dual-language appr o ach in [F elder 94 ].

T able 3. Comparison of P etri Nets and T emp oral Logic

Petri Net T emp or al L o gic

Op erational(Executable) Declarativ e(Unexecutable)

Suitable for Structure Description Suitable for Constrain t Description

Visual and T extual Represen tation T extual Represen tation

Since a b ounded P etri net has only �nite states, expressiv e p o w er of P etri nets com bined with temp oral

logic is equiv alen t to one of �nite state transition systems com bined with temp oral logic. V eri�cation and

adjustmen t using transition systems and temp oral logic will b e describ ed in the subsequen t c hapters. W e

fo cus on un b ounded P etri nets in this c hapter.

Sev eral classes [Cherk aso v a 87 , Ho w ell 88, Suzuki 89 ] ha v e already b een prop osed in whic h un b ounded

P etri nets are com bined with temp oral logic. Ho w ev er, these classes are inadequate for automatic v er-

i�cation and syn thesis b ecause some are undecidable in regard to the emptiness problem (i.e. whether

or not there exists a legal �ring transition sequence satisfying a giv en temp oral logic form ula on a giv en

P etri net), and some are decidable but their complexit y is as enormous as the reac habilit y problem. The

decidabilit y of the emptiness problem is inevitable for automatic v eri�cation and syn thesis. In this c hap-

ter, w e select a class com bining P etri nets and prop ositional linear time temp oral logic (PL TL), suc h that

its expressiv e p o w er is less than classes men tioned ab o v e, but its emptiness problem is decidable, and its

complexit y is the same as the co v erabilit y problem. In this class, a transition �ring sequence corresp onds

to a mo del of the temp oral logic form ula, and it is p ossible to com bine P etri nets and temp oral logic as an

in�nite P etri net language. In�nite P etri net languages w ere w ell in v estigated b y V alk [V alk 83 , V alk 85 ].

The follo wing results will b e sho wn in this c hapter using in�nite P etri net language tec hniques:

1. It is decidable whether or not a P etri net satis�es a prop ositional temp oral logic sp eci�cation.

2. F or a giv en P etri net N and prop ositional temp oral logic sp eci�cation f , the new P etri net N

0

can

b e constructed b y mo difying N , suc h that N

0

satis�es f .

These results are applied to v eri�cation and syn thesis for concurren t programs in Sections 2 and 3,

resp ectiv ely .

1.1 Ho w to F use P etri Nets and T emp oral Logic

There are sev eral w a ys to com bine a P etri net with temp oral logic. The k ey p oin t in com bining is

what the atomic prop osition in temp oral logic corresp onds to in P etri nets. There are some p ossible

corresp ondences b et w een atomic prop ositions in PL TL and P etri net prop erties as follo ws.

(a) an atomic prop osition mk ( p ) is true i� place p has at least one tok en.

(b) an atomic prop osition g e ( p; c ) is true i� place p has at least c tok ens.

6

(c) an atomic prop osition en ( t ) is true i� a transition t is enabled.

(d) an atomic prop osition f i ( t ) is true i� a transition t just �res.

7

F or these corresp ondences, sev eral researc h results are presen ted as sho wn in T able 4. It can b e seen

that the emptiness problem b ecomes undecidable in some P etri nets com bined with temp oral logic. Some

are decidable, but are limited to b ounded P etri nets or restricted PL TL. Here, the emptiness problem is

roughly de�ned as to decide whether, for a giv en P etri net N and a giv en temp oral logic sp eci�cation

6

(a) is a sp ecial case of (b), i.e. mk ( p ) = g e ( p; 1).

7

Note that f i ( t ) � en ( t ) alw a ys holds.
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f , there exists a legal �ring transition sequence on N satisfying f . Our purp ose is to select an general

P etri net class com bined with general PL TL in whic h the emptiness problem is decidable. The reason

is that decidabilit y is necessary for automatic program v eri�cation and syn thesis, and un b oundedness of

the general P etri net is necessary for mo deling async hronous comm unication in concurren t programs.

T able 4. Sev eral Com binations of P etri Nets and T emp oral Logic

P ap er T yp e P etri net Emptiness Problem

[Katai 82 ] a safe decidable

[Cherk aso v a 87 ] b,c,d general undecidable

[Ho w ell 88 ] a,c,d general undecidable

[Suzuki 89 ] b,c,d general undecidable

decidable for restricted PL TL

[Uc hihira 90a ] d b ounded decidable

Here, w e adopt only d-t yp e corresp ondence and com bine the P etri net N and PL TL form ula f as

a formal language. A lab eling function h : T ! P r op [ f " g is used to map transitions t 2 T of N to

atomic prop ositions f i ( t ) 2 P r op (i.e., h ( t ) = f i ( t )). In addition, all transitions of N do not necessarily

corresp ond to atomic prop ositions. Some transitions ma y b e in visible to a user who describ es temp oral

logic sp eci�cations (i.e. h ( t ) = " for a in visible transition t ). W e are no w going to generally de�ne a new

formal language from N , f , and h .

De�nition 13 ( L ( N ; f ; h ) ) N = ( P ; T ; w ; m

0

) is a P etri net, and f is a PL TL form ula whic h consists

of atomic prop ositions Prop, and h is a lab eling function suc h that h : T ! P r op [ f " g . W e de�ne

L ( N ; f ; h )

def

= L

!

( N ; h ) \ L

s

( f ) , where L

!

( N ; h ) is an in�nite language generated from a lab eled

P etri net ( N ; h ) , and L

s

( f ) is an in�nite language generated from f under the single ev en t condition

8

.

L ( N ; L; h ) 6= ; means that there exists a legal �ring transition sequence satisfying f on N .

1.2 Example of Sp eci�cation

A t ypical example of reactiv e and concurren t systems, m utual exclusion, is considered. In this example,

a b eha vioral structure of the system is giv en b y P etri net N sho wn in Fig. 14, and declarativ e constrain ts

are giv en b y the follo wing temp oral logic form ula.

� d-t yp e

f = 2 } f i ( t

11

) ^ 2 } f i ( t

21

) ^ 2 ( f i ( t

11

) � 
 ( : f i ( t

21

) U f i ( t

12

))) ^ 2 ( f i ( t

21

) � 
 ( : ( f i ( t

11

)) U f i ( t

22

)))

� a-t yp e

f = 2 } mk ( C S

1

) ^ 2 } mk ( C S

2

) ^ 2 : ( mk ( C S

1

) ^ mk ( C S

2

))

Here, C S and N C S mean \critical section" and \non-critical section", resp ectiv ely . Both form ulas mean

that this P etri net is deadlo c k-free and the m utual exclusion of critical sections C S

1

and C S

2

is preserv ed.

1.3 Theoretical Results

Theorem 1 (Decidabilit y of Emptiness Problem of L ( N ; f ; h ) ) The emptiness problem of L ( N ; f ; h ) (i.e.

L ( N ; f ; h ) is empt y or not) is decidable for giv en N , f , h .

Pro of. It is su�cien t to pro v e that the emptiness problem of L

!

( N ; h ) \ L

s

( f ) is decidable. T o b egin

with, the follo wing pro cedures are pro vided whic h constructs an extended co v erabilit y graph G from N ,

h , and L

s

( f ).

8

L

!

( N ; h ) and L

s

( f ) are de�ned in Chapter 2.
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free

busy
CS2

NCS2
CS1

NCS1

t11

t12

t21

t22

Figure 14. P etri Net N Represen ting Mutual Exclusion

Main Pro cedure

1. A B • uchi se quential automaton A

f

= ( P r op; S; �; s

0

; F ) accepting L

s

( f ) is constructed.

2. Then, construct an extended co v erabilit y graph G from N = ( P ; T ; w ; m

0

), h and A

f

. G is a

lab eled directed graph. Eac h no de x of G is represen ted as a k+2-tuple x = ( x

1

; :::; x

k

; s; f ) where

j P j = k ; x

i

2 f 0 ; 1 ; ::: g [ f ! g (1 � i � k ), s 2 S , f 2 f 0(normal no de) ; 1(designated no de) g . Eac h

edge e = ( x; x

0

) is lab eled with an elemen t of T . A transition t 2 T is called to b e enable d in x if

t is enabled at a marking ( x

1

; :::; x

k

) and � ( s; h ( t )) 6= ; , and t is called to b e lo c al enable d if t is

enabled in the marking and h ( t ) = " . G is constructed as follo ws:

(a) Start with a graph G con taining only an initial no de x

init

= ( x

01

; :::; x

0 k

; s

0

; f ) where m

0

=

( x

01

; :::; x

0 k

), s

0

is an initial state of A

f

, and f = 1 if s

0

2 F , otherwise f = 0. Let x

init

b e

an unapplied no de.

(b) Rep eatedly apply the follo wing Graph Addition Pro cedure to the new (unapplied) no des of G

un til all no des of G ha v e b een applied.

Graph Addition Pro cedure

1. Let x b e a giv en no de with x = ( x

1

; ::; x

k

; s; f ). Create new no de candidates x

0

= ( x

0

1

; :::; x

0

k

; s

0

; f

0

)

from x according to the follo wing (a)-(d) for all enabled transitions t at x and all s

0

2 � ( s; h ( t )).

Also create new no de candidates x

0

= ( x

0

1

; :::; x

0

k

; s; 0) according to (a)-(c) for all lo cal enabled

transitions t :

(a) x

0

i

= ! if x

i

= ! (1 � i � k ).

(b) If there is a no de y = ( y

1

; :::; y

k

; s

0

; f

y

) on some path from x

init

to x (that is an ancestor of x )

suc h that y

j

� x

j

� w ( p

j

; t ) + w ( t; p

j

) for all j (1 � j � k ) and y

i

< x

i

� w ( p

i

; t ) + w ( t; p

i

) for

some i , then x

0

i

= ! .

(c) F or the other i , x

0

i

= x

i

� w ( p

i

; t ) + w ( t; p

i

).

(d) f = 1 if s

0

2 F , otherwise f = 0.

2. If x

0

is new in G , that is, G do esn't ha v e the same no de, then add a new no de x

0

and a new edge

e = ( x; x

0

) lab eled with t . Otherwise add only a new edge e = ( x; x

0

) lab eled with t .

The ab o v e pro cedure alw a ys terminates b ecause G is �nite in the same w a y of the normal co v erabilit y

graph of a P etri net. Next, w e pro v e the follo wing claim.

Claim: L

!

( N ; h ) \ L

s

( f ) 6= ; i� there exists a cycle c = n

0

n

1

:::n

k

n

0

on G suc h that n

0

is a designated

no de (i.e. f = 1) and �( � ) � 0 where � = t

1

:::t

k +1

is a transition sequence o v er c (i.e. t

i

is a lab el of

e ( n

i � 1

; n

i

)).
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Note that � is not necessary to b e legal. The ab o v e claim follo ws directly from the result (Theorem

3.11) of V alk and Jan tzen [V alk 85 ]. F urthermore, it is decidable whether or not there exists suc h a cycle

as follo ws: F or eac h designated no de n

0

, a set of all transition sequences � forming cycles on G passing

through n

0

, can b e represen ted b y a regular expression R (e.g. R = ( t

1

t

2

)

�

+ ( t

1

( t

3

+ t

4

)

�

t

5

)

�

). W e w an t

to decide if there are some � 2 R suc h that �( � ) � 0. F or this purp ose, w e can regard R as comm utativ e.

Therefore, R can b e expressed as a �nite sum of terms of the shap e �

0

�

�

1

�

�

2

:::�

�

n

suc h that �

i

2 T

�

(0 �

i � n ), using the decomp osition rules ( AB = B A , A

�

B

�

= ( AB )

�

( A

�

+ B

�

), ( A + B )

�

= A

�

B

�

,

( A

�

B )

�

= " + A

�

B

�

B ), whic h are describ ed in the Con w a y's b o ok [Con w a y 71 ]. F or eac h �

0

�

�

1

�

�

2

:::�

�

n

,

w e can e�ectiv ely decide whether �( �

0

�

�

1

1

�

�

2

2

:::�

�

n

n

) = �( �

0

) + �

1

�( �

1

) + �

2

�( �

2

) + :::�

n

�( �

n

) � 0 for

some �

1

; �

2

; :::; �

n

� 0, b y using linear programming.

While V alk and Jan tzen [V alk 85 ] sho w ed that it is decidable whether there is a legal �ring sequence

on a P etri net satisfying v arious fairness constrain ts, this theorem sho ws that it is decidable whether

there is a legal �ring sequence on a P etri net satisfying temp oral logic constrain ts. It is also p ossible to

pro v e this theorem b y sho wing P etri net + temp oral logic constrain ts to b e equiv alen t to P etri net +

some fairness constrain ts.

When L ( N ; f ; h ) is nonempt y , it is v ery imp ortan t to �nd a concrete sequence accepted b y L ( N ; f ; h )

for the sak e of program syn thesis.

Theorem 2 (Construction of Legal Firing Sequence) If L ( N ; f ; h ) is nonempt y , w e can construct a

deterministic legal �ring sequence �

0

�

!

c

on N suc h that h ( �

0

�

!

c

) 2 L ( N ; f ; h ) .

Pro of sk etc h. First, w e rede�ne a w eigh t function � as �( e ) = �(transition of edge e ) for edges of G .

If L ( N ; f ; h ) is nonempt y , there exists a cycle c = e

0

e

2

:::e

k

on G where e

0

= ( x

0

; x

1

) ; :::; e

k

= ( x

k � 1

; x

0

),

�( c ) � 0, and x

0

is a designated no de from Theorem 1. Remark that c migh t not b e legal. W e will

sho w cycle c can b e constructed, and w e can also construct a path p from the initial no de x

init

to the

designated no de x

0

, whose transition sequence is legal and a marking in x

0

(let it m

x

0

) is so large that c

b ecomes legal.

� Construction of cycle c

In the same w a y as the pro of of Theorem 1, w e can compute �

1

; �

2

; :::; �

n

� 0, suc h that �( c ) =

�( e

0

0

) + �

1

�( e

0

1

) + �

2

�( e

0

2

) + :::�

n

�( e

0

n

) � 0 where e

0

i

ma y not b e adjacen t to e

0

i +1

. Eac h �

i

means

ho w man y times the edge e

0

i

app ears in c . Therefore, the construction of c can b e reduced to the

construction of Euler cycle c suc h that eac h edge e

0

i

app ears �

i

times in c .

� Construction of path p

W e can form the path in to p = p

0

c

�

1

1

p

1

c

�

2

2

:::c

�

n

n

p

n

where c

i

means a cycle in whic h some place's

marking c hanges in to ! on G (w e call it i -th ! place). W e w ould lik e to compute �

1

; �

2

; :::; �

n

� 0

suc h that �( p

0

c

�

1

1

p

1

c

�

2

2

:::c

�

n

n

p

n

) � m

x

0

. Here, the problem is not so easy b ecause p m ust b e legal.

The follo wing recurren t form ulas m ust b e solv ed:

(0) M

0

= m

0

+ �( p

0

), and a path p

0

from marking m

0

m ust b e legal,

(i) M

i

= M

i � 1

+ �

i

�( c

i

) + �( p

i

), and a path c

�

i

i

p

i

from marking M

i � 1

m ust b e legal,

(n) M

n

� m

x

0

.

W e p oin t out that these form ulas can b e solv ed bac kw ard from the n-th form ula, that is, w e can

compute �

i

bac kw ard indep enden tly from �

1

; �

2

; :::; �

i � 1

, b ecause w e can ignore j-th ! place for

all j < i .

After all, a deterministic legal transition sequence �

0

�

!

c

suc h that h ( �

0

�

!

c

) 2 L ( N ; f ; h ) is directly

pro duced from pc

!

.

2 Concurren t Program V eri�cation

Consider concurren t program v eri�cation fo cusing on b eha vioral prop erties. After retracting the basic

b eha vioral structures represen ted b y P etri nets from concurren t programs, it is p ossible to analyze the

b eha vioral prop erties of programs. This v eri�cation means to c hec k whether or not a giv en P etri net
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satis�es a giv en sp eci�cation. T emp oral logic is adopted as a sp eci�cation language where atomic prop o-

sitions corresp ond to transition �ring as describ ed in the previous c hapter. Only the in�nite P etri net

language L

!

( N ; h ) is considered there, whic h do es not care for �nite b eha viors of N including deadlo c ks.

Therefore, P etri net N is extended to P etri net N

!

whic h is made deadlo c k-free b y adding a visible

dumm y transition nop (no op eration) in Fig. 15.

nop

Figure 15. nop (no op eration)

It will b e sho wn ho w to v erify whether a giv en concurren t program ( N

!

) meets a giv en sp eci�cation

( f ). W e assume that all transition are visible and atomic prop ositions of f are iden ti�ed with transitions.

In this case, a lab eling function to map transition to atomic prop ositions is an iden tit y function e . T o

v erify that the program meets the sp eci�cations, it su�ces to c hec k L

s

( f ) � L

!

( N

!

; e ), whic h means

eac h of all p ossible computations in P etri net N

!

is a mo del of PL TL form ula f .

De�nition 14 A deadlo c k-free P etri net N

!

satis�es the temp oral logic sp eci�cation f with the single

ev en t condition i� L

s

( f ) � L

!

( N

!

; e ) . Deciding whether N

!

satis�es f is called a v eri�cation problem.

Theorem 3 The v eri�cation problem is decidable.

Pro of. F rom Chapter 2 Lemma 2, the v eri�cation problem ( L

s

( f ) � L

!

( N

!

; e )) can b e reduced to the

emptiness problem ( L

s

( : f ) \ L

!

( N

!

; e ) = L ( N

!

; : f ; e ) = ; ). Therefore, it is decidable from Theorem.

It will no w b e made clear what the inputs and outputs of this v eri�cation are:

INPUT: Concurren t program structure (represen ted b y P etri net N

!

).

INPUT: Sp eci�cation (represen ted b y temp oral logic f ),

OUTPUT: Y es / No,

where "y es" means that the program satis�es the sp eci�cations, and "no" means it do es not.

It is signi�can t to analyze what is p ossible and what is not in this v eri�cation metho d as follo ws:

What is p ossible to v erify

� Mutual exclusion

ex. In terv als [ t

1

; t

2

] and [ t

3

; t

4

] b et w een t w o transitions do not o v erlap eac h other:

2 ( t

1

� 
 ( : ( t

3

_ t

1

) U t

2

)) ^ 2 ( t

3

� 
 ( : ( t

1

_ t

3

) U t

4

))

Note: Though w e cannot directly sp ecify tok ens of places, in the case of Fig. 16(a) an in terv al [ t

1

; t

2

]

can sp ecify that place p has a tok en in the in terv al.

� P artial ordering among transition �ring

ex. T ransitions t

1

and t

2

�re in turn:

2 ( t

1

� 
 ( : t

1

U t

2

)) ^ 2 ( t

2

� 
 ( : t

2

U t

1

))

� Firing prohibition

ex. Once t

1

�res, t

2

will nev er �re.

2 ( t

1

� 
 2 : t

2

)
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� Deadlo c k inevitabilit y

ex. T ransition t will ev en tually fall in to deadlo c k.

} 2 : t

� Boundedness and safeness prop ert y It can b e v eri�ed b y in tro ducing dumm y transitions. ex. } 2 : d

to v erify whether place p is b ounded in P etri net with a dumm y transition d (Fig. 16(b))

t1 t2p

(a) Existence of a token

p

(b) Verification of boundedness

d

Figure 16. What is P ossible to V erify

What is imp ossible to v erify

� Num b er of tok ens

It is imp ossible to generally v erify the n um b er of tok ens in places, whic h could b e used to sp ecify

reac habilit y prop ert y .

� P ossibilit y of deadlo c k (liv eness prop ert y)

This arises from the in tro duction of nop.

Consideration for complexit y giv es a clear in terpretation to these p ossibilit y and imp ossibilit y of

v eri�cation. When PL TL form ula is small enough compared with P etri net (in fact all example form ulas

men tioned ab o v e are small), complexit y of our v eri�cation metho d has the almost same order as the

co v erabilit y problem. Therefore, our metho d cannot v erify in itself the reac habilit y problem and liv eness

prop ert y , of whic h complexit y is far larger than the co v erabilit y problem.

V eri�cation Example As a simple example, v erifying a concurren t program, let's consider a m utual

exclusion problem con taining un b ounded bu�ers. A target P etri net N

!

is illustrated in Fig. 17, where

places p

4

and p

5

are un b ounded bu�ers (this P etri net is deadlo c k free itself, therefore w e ignore nop

for a simple explanation). Sp eci�cation f is giv en suc h that in terv als [ t

1

; t

2

] and [ t

3

; t

4

] satisfy a m utual

exclusion condition, as follo ws:

f

def

= 2 ( t

1

� 
 ( : t

3

U t

2

)) ^ 2 ( t

3

� 
 ( : t

1

U t

4

))

B • uc hi sequen tial automaton A

: f

= ( f t

1

; t

2

; t

3

; t

4

g ; f s

0

; s

1

; s

2

; s

3

g ; �; s

0

; f s

3

g ) is sho wn in Fig. 18. The

extended co v erabilit y graph G can b e generated from A

: f

and N

!

(Fig. 19). In G , no designated no de

exists. That means L ( N

!

; : f ; e ) = ; from Theorem 1. W e conclude N

!

satis�es f .

3 Concurren t Program Syn thesis

It is not easy for an ordinary programmer to realize a correct sync hronization in concurren t programs,

and it requires tremendous debugging e�orts. This section pro vides a metho d to syn thesize a concurren t

program automatically with reusable comp onen ts b y program tuning. The goal programs are syn thesized

to satisfy the giv en sp eci�cation b y tuning up reused programs that are represen ted b y P etri nets. W e

also emphasize that our metho d adopts a comp ositional w a y to syn thesize. It is necessary for t w o reasons:
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p1

p2

p6p3

p4
p5

t1

t2

t3

t4

t5

Figure 17. N

!

: Mutual Exclusion with an un b ounded bu�er

s1

s3

s2s1

t1,t2,t3,t4

t2,t3 t4,t1

t1,t2,t3,t4

t3

t1

t1

t3

Figure 18. A

: f

t1 100000 s0 0

011000 s2 0 011000 s0 0

100Ø 00 s0 0

t1

t2
011Ø 00 s2 0

t1

011Ø 00 s0 0

100ØØ 0 s0 0
011ØØ 0 s2 0

010ØØ 0 s1 0

t1
t2 t5

t5

t5

t1

t2

t5

t5

t5

t1

t3
t3 t4
010ØØ 1 s0 0

011ØØ 0 s0 0

Figure 19. G : Extended Co v erabilit y Graph
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� Reusable soft w are itself is comp osed comp ositionally in ordinary soft w are, and

� global syn thesis of a large-scale program requires h uge, and therefore impractical, computing p o w er.

The mo del building tec hniques in Theorem 2 are used in this syn thesis metho d.

3.1 Comp osition of P etri Nets

W e also in tro duce a comp osition op erator " j

L

" whic h pla ys an imp ortan t role in the syn thesis metho d.

De�nition 15 (Comp osition of lab eled P etri nets) F or giv en lab eled P etri nets LN

1

= ( N

1

; h

1

) , LN

2

=

( N

2

; h

2

) , and a giv en lab el set L � � where N

1

= ( P

1

; T

1

; w

1

; m

01

) , N

2

= ( P

2

; T

2

; w

2

; m

02

) , P

1

\ P

2

= ; ,

and T

1

\ T

2

= ; , a lab eled P etri net ( N ; h ) = LN

1

j

L

LN

2

, whic h is called a comp osition of LN

1

and

LN

2

with L , is de�ned as follo ws.

N = ( P ; T ; w ; m

0

) , where

� P = P

1

[ P

2

,

� T = T

0

1

[ T

0

2

[ T

0

suc h that

{ T

0

1

= f t 2 T

1

j h

1

( t ) 62 L g ,

{ T

0

2

= f t 2 T

2

j h

2

( t ) 62 L g ,

{ T

0

= f t

ij

j h

1

( t

i

) = h

2

( t

j

) 2 L g ,

� w ( p; t ) =

8

<

:

w

1

( p; t ) for t 2 T

0

1

w

2

( p; t ) for t 2 T

0

2

w

1

( p; t

i

) + w

2

( p; t

j

) for t = t

ij

2 T

0

w ( t; p ) is also de�ned similarly ,

� m

0

( p ) = m

01

( p ) + m

02

( p ) for all p 2 P .

Example 4 W e sho w an example of a comp osition ( N

1

; h

1

) j

L

( N

2

; h

2

) in Fig. 20. In this example,

h

1

( t

1

) = b; h

2

( t

4

) = c; h

1

( t

2

) = h

2

( t

3

) = a , and L = f a g .

(N1,h1) (N2,h2)
(N1,h1) (N2,h2)L

t1 t2 t3 t4 t1 t23 t4
b a a c b a c

Figure 20. Comp osition of P etri Nets

Lemma 4 Let LN , LN

1

, LN

2

b e lab eled P etri nets and L � � b e a set of lab els. When LN = LN

1

j

L

LN

2

, L ( LN ) =L = L ( LN

1

) =L \ L ( LN

2

) =L , L

!

( LN ) =L = L

!

( LN

1

) =L \ L

!

( LN

2

) =L , and L

� !

( LN ) =L �

L

� !

( LN

1

) =L \ L

� !

( LN

2

) =L . Here, L ( LN ) represen ts L ( N ; h ) suc h that LN = ( N ; h ) .

Pro of. L ( LN ) =L = L ( LN

1

) =L \ L ( LN

2

) =L and L

!

( LN ) =L = L

!

( LN

1

) =L \ L

!

( LN

2

) =L are clear.

W e pro v e L

� !

( LN ) =L � L

� !

( LN

1

) =L \ L

� !

( LN

2

) =L b y sho wing a example � 2 L

� !

( LN ) =L and

� 62 L

� !

( LN

1

) =L \ L

� !

( LN

2

) =L (Fig.21). In LN = LN

1

j

f c

1

;c

2

g

LN

2

, a �ring sequence � = t

1

t

5

falls

in to deadlo c k. Therefore, h ( � ) = �

!

2 L

� !

( LN ) =L , but h ( � ) 62 L

� !

( LN

1

) =L \ L

� !

( LN

2

) =L .
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a1 a2

c1 c2

b1

c1 c2

b2

t2/a2

t3/c1

t4/b1

t6/c2

t5/b2

LN1 LN2

LN

{c1,c2}

t1/a1

Figure 21. Coun ter Example of L

� !

( LN ) =L = L

� !

( LN

1

) =L \ L

� !

( LN

2

) =L

3.2 P etri Net Syn thesis

De�nition 16 L

f air

� !

( N ; h ) � L

� !

( N ; h ) is de�ned as

L

f air

� !

( N ; h )

def

= f h ( � ) 2 �

!

[ �

�

�

!

j � 2 F

!

( N ) under the visibilit y-fairness condition g

where the visibilit y-fairness condition means whenev er some visible transitions are in�nitely enabled, then

one of them will ev en tually �re. Here, L

!

( N ; h ) � L

f air

� !

( N ; h )

De�nition 17 A P etri net N = ( P ; T ; w ; m

0

) is deadlo c k-free i� there is at least one enabled transition for

ev ery reac hable marking. A lab eled P etri net ( N ; h ) is visibilit y-starv ation-free i� L

f air

� !

( N ; h ) = L

!

( N ; h ) ,

that is, there is no in�nite lo op of in visible transitions (whic h lo oks lik e deadlo c k for the outside) under

the visibilit y-fairness condition.

No w, w e will sho w ho w to syn thesize a new P etri net whic h satis�es temp oral logic sp eci�cations

and is deadlo c k-free and visibilit y-starv ation-free, b y tuning up the original net (i.e. adding some places,

transitions, and arcs to the original net).

Theorem 4 (P etri Net Syn thesis) If �

0

�

!

c

2 L

!

( N ; h ) , a lab eled P etri net ( N

0

; h

0

) can b e constructed

b y adding some places, transitions, and arcs to N suc h that N

0

is deadlo c k-free, ( N

0

; h

0

) is visibilit y-

starv ation-free, and L

!

( N

0

; h

0

) = �

0

�

!

c

.

Pro of. It is easy to construct a lab eled P etri net ( N

s

; e ) suc h that L ( N

s

; e ) = f s

0

s

�

c

g . Then, mak e a

comp osed P etri net ( N

c

; h

c

) = ( N ; h ) j

�

( N

s

; e ). Here, L

!

( N

c

; h

c

) = L

!

( N ; h ) \ L

!

( N

s

; e ) = f s

0

s

!

c

g from

Lemma 4. Finally , w e can construct ( N

0

; h

0

) b y tuning up ( N

c

; h

c

) according to the V alk and Jan tzen's

tuning metho d [V alk 85 ] (cf. App endix I) suc h that N

0

is deadlo c k-free, and L

f air

� !

( N

0

; h

0

) = L

!

( N

0

; h

0

) =

s

0

s

!

c

.

Corollary 1 Let ( N ; h ) b e a lab eled P etri net and f b e a PL TL form ula. If L ( N ; f ; h ) 6= ; , a lab eled

P etri net ( N

0

; h ) can b e constructed b y adding some places, transitions, and arcs to N suc h that N

0

is

deadlo c k free, ( N

0

; h

0

) is visibilit y-starv ation-free, and L

f air

� !

( N

0

; h

0

) � L ( N ; f ; h ) � L

s

( f ) .

F rom no w on, w e abbreviate f i ( t ) to just t for simplicit y . In this case, a lab eling function h of d-t yp e

forms h = e=L where L is a set of visible transitions (i.e. atomic prop ositions).
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Example 5 (P etri Net Syn thesis) A P etri net N is giv en in Fig. 22(a), and h = e= f t

0

; t

1

; t

2

g is a lab eling

function of N . And �

0

�

!

c

2 L

!

( N ; h ) is giv en where �

0

= t

0

and �

c

= t

1

t

2

. First, N

�

is constructed

(Fig. 22(b)) suc h that L ( N

�

; e ) = f �

0

�

�

c

g . Then, ( N

c

; h ) = ( N ; h ) j

�

( N ; e ) is comp osed (Fig. 22(c)).

Finally , N

0

is constructed as sho wn in Fig. 22(d). Here, L

f air

� !

( N

0

; h ) = L

!

( N

0

; h ) = f �

0

�

!

c

g , and N

0

is

tuned up to b e deadlo c k-free while N

c

is not.

t2 t1t0t3

(a) N

t0

t1 t2

(b) NÈ

t2

t3 t0

t1 t2

t3 t0

t1

2

(d)N'(c) Nc

Figure 22. Example of P etri Net Syn thesis

3.3 Concurren t Program Structure

It is assumed that a target program consists of one c ontr ol ler (main con troller) and sev eral agents (device

con troller) whic h con trol devices lo cally . While the con troller con trols eac h agen t sequen tially , the agen t is

indep enden t from other agen ts and they can run concurren tly with eac h other. This structure ( hier ar chic al

synchr onization sup ervisor , ref. Chapter 3) is v ery natural in some domains, suc h as rob ot con trol systems

and plan t con trol systems. An example (Example 6) is sho wn in Fig. 23.

The con troller and the agen t i comm unicate with eac h other b y a set of sync hronous comm unication

c hannels C

i

, lik e CCS [Milner 89 ]. It is assumed that a ra w con troller and ra w agen ts ha v e already b een

constructed from reusable soft w are comp onen ts up to this step. Here, the ra w con troller is represen ted

b y P etri net N

c

= ( P

c

; T

c

; w

c

; m

c 0

), and the ra w agen t i is represen t b y N

a

i

= ( P

a

i

; T

a

i

; w

a

i

; m

a

i 0

).

Comm unication c hannels C

i

b et w een N

c

and N

a

i

are de�ned as C

i

= f h

i

( t ) 2 T

c

j t 2 T

a

i

g where

hi : T

a

i

! T

c

[ f " g is a lab eling function (called "c hannel function") to connect N

a

i

's transitions with

N

c

's transitions. If t 2 T

a

i

and h

i

( t ) = " , t is a in ternal and in visible transition whic h is not connected

with T

c

. In case of Example 6, a con troller and an agen t ma y b e represen ted as sho wn in Fig. 24, and

c hannel functions are de�ned as h

i

( star t ) = star t

i

, h

i

( end ) = end

i

, h

i

( ov er f l ow ) = " for eac h i .
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Controller

Agent Agent

start2
end2end1

start1

device device

Figure 23. Concurren t Program Structure

Controller Agent

start2

end2end1

start1 start

end

overflow

2
3

Figure 24. Original Con troller and Agen ts
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3.4 T emp oral Logic Sp eci�cation

The user sp eci�es sev eral constrain ts b y a PL TL form ula f with a set of atomic prop ositions P r op � T

c

so that the con troller satis�es f co op erating with all agen ts.

Example 6

� P r op = T

c

= f star t

1

; end

1

; star t

2

; end

2

g

� f = 2 ( star t

1

� 
 ( : star t

2

U end

1

)) ^ 2 ( star t

2

� 
 ( : star t

1

U end

2

))

The form ula f ab o v e means that once A gent 1 starts, A gent 2 nev er starts un til A gent 1 ends. Also

when A gent 2 starts, A gent 1 nev er starts un til A gent 2 ends.

Here, a concurren t program syn thesis means to tune up reusable comp onen ts to satisfy this sp eci�ca-

tion (constrain t). T o start with, it is made clear what the inputs and outputs are:

INPUT: Sp eci�cation f (written b y PL TL)

INPUT: Reused Programs

One ra w Con troller and sev eral ra w Agen ts and Channels (represen ted b y P etri nets N

c

; N

a

1

; N

a

2

; :::; N

a

k

,

and c hannel functions h

1

; h

2

; :::; h

k

)

OUTPUT: Syn thesized Programs

One Con troller and sev eral Agen ts and Channels (represen ted b y P etri nets N

0

c

; N

0

a

1

; N

0

a

2

; :::; N

0

a

k

,

and c hannel functions h

0

1

; h

0

2

; :::; h

0

k

)

The prop osed program syn thesis metho d consists of t w o pro cedures. First, w e sho w the con troller

syn thesis pro cedure and then the agen t syn thesis pro cedure.

3.5 Con troller Syn thesis

This con troller syn thesis pro cedure consists of the follo wing four steps:

Step 1: Eac h P etri net N

ai

of agen t i is reduced as far as p ossible [Lee 85 ] in to N

r

a

i

suc h that L

!

( N

a

i

; h

1

) =

L

!

( N

r

a

i

; h

1

).

Step 2: Mak e a comp osed P etri net ( N ; h ) = ( N

c

; e ) j

C

1

( N

r

a

1

; h

1

) j

C

2

::: j

C

k

( N

r

a

k

; h

k

) . W e abbrevi-

ate this comp osition to S y nc ( N

c

; N

r

a

1

; N

r

a

2

; :::; N

r

a

k

; h

1

; h

2

; :::; h

k

), since it means sync hronization of

Pro cesses with c hannels.

Step 3: Construct an in�nite �ring sequence � = �

0

�

!

c

on N suc h that h=P r op ( �

0

�

!

c

) 2 L ( N ; f ; h=P r op )

from Theorem 2.

Step 4: Construct a deterministic P etri net N

0

c

suc h that L ( N

0

c

; e ) = f �

0

�

�

c

=T

c

g .

N

0

c

is a P etri net of the syn thesized con troller, that is a deterministic sequen tial program. In case

of Example 6, N

0

c

is syn thesized from a transition sequence � = ( star t

1

end

1

star t

2

end

2

)

!

whic h satis�es

sp eci�cation f , as sho wn in Fig. 25.

3.6 Agen t Syn thesis

F or eac h agen t, w e can construct a tuned agen t P etri net N

0

a

i

= ( P

0

a

i

; T

0

a

i

; w

0

a

i

; m

0

a

i

0

) and a lab eling

function h

0

i

: T

0

a

i

! C

i

from N

r

a

i

, and �

0

�

!

c

suc h that N

0

a

i

is deadlo c k-free, ( N

0

a

i

; h

0

i

) is visibilit y-starv ation-

free, and L

!

( N

0

a

i

; h

0

i

) = f �

0

�

!

c

=C

i

g , using Theorem 4. Fig. 26 sho ws a comp osition ( N

r

a

i

; h

i

) j

c

i

( N

�

; e )

where L

!

( N

�

; e ) = f ( star t

i

end

i

)

�

g , and a syn thesized agen t in Example 6.

Note that the syn thesized con troller is a deterministic sequen tial program while the tuned agen ts

can b e nondeterministic concurren t programs. Here, w e m ust assume the visibilit y-fairness condition for

eac h agen t. After all, the con troller N

0

c

and the agen ts N

0

a

i

can run concurren tly with sync hronous com-

m unication b y c hannels, of whic h structure is represen ted b y S y nc ( N

0

c

; N

0

a

1

; N

0

a

2

; :::; N

0

a

k

; h

0

1

; h

0

2

; :::; h

0

k

).

The follo wing theory assures that this comp osed concurren t program satis�es a giv en temp oral logic

sp eci�cation.
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Theorem 5 If lab eled P etri nets ( N

0

c

; e ) ; ( N

0

a 1

; h

0

1

) ; ( N

0

a 2

; h

0

2

) ; :::; ( N

0
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k

; h

0

k

) are syn thesized from P etri nets

N

c

; N

a

1

; N

a

2

; :::; N

a

k

, c hannel functions h

1

; h

2

; :::; h

k

, and a PL TL form ula f with a set of atomic prop o-

sitions Prop, according to the ab o v e syn thesis metho d, then

� a comp osed lab eled P etri net ( N

0

; h

0

) = S y nc ( N

0

c

; N

0

a

1

; N

0

a
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; :::; N

0

a
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0

1

; h

0
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0

k

) is deadlo c k free,

� ( N

0

; h

0

) is visibilit y-starv ation-free, and

� L

!

( N

0

; h

0

=P r op ) � L ( N ; f ; h=P r op ) � L

s

( f ) , under the visibilit y-fairness condition

where ( N ; h ) = S y nc ( N

0

c

; N

0

a

1

; N

0

a

2

; :::; N

0

a

k

; h

0

1

; h

0

2

; :::; h

0

k

) .

Pro of. It is follo w ed from our metho d utilizing previous theorems.

The main dra wbac k in this syn thesis is that a syn thesized con troller is deterministic. The con troller

is serialized b y a deterministic �ring sequence, while agen ts are non-deterministic and run concurren tly

with eac h other. Ho w ev er, when expanding a deterministic one to nondeterministic one that lo oks more

natural, it is indisp ensable to consider in visible transition of eac h agen t, whic h requires other information

b esides giv en comm unication c hannels. Therefore, non-deterministic con troller syn thesis has danger of

decreasing concurrency of a syn thesized program.

4 Related W orks

W e compare our v eri�cation and syn thesis metho ds with related w orks.

V eri�cation: One of common goals of other w orks [Cherk aso v a 87 , Ho w ell 88 , Suzuki 89 ] is to uniformly

sp ecify most P etri net prop erties with temp oral logic. Therefore its decision pro cedure inevitably falls

in to undecidable or costs more than the reac habilit y problem. Complexit y more than the reac habilit y

problem is out of the practical v eri�cation. Our metho d's complexit y is almost equal to the co v erabilit y

problem b ecause of abandoning some v eri�cation prop erties, suc h as deadlo c k p ossibilit y . Ho w ev er, our

metho d still pro vides more sp ecial prop erties, suc h as analysis of partial ordering among transition �ring

and m utual exclusion, whic h can not b e co v ered b y the traditional analysis. These abilities are e�ectiv e

for the concurren t program v eri�cation. Our metho d is not all-around but can complemen t the traditional

analysis.

On the other hand, if w e w ould restrict the P etri net in to a b ounded one, the v eri�cation b ecomes sim-

pler [Uc hihira 90a , Katai 82 ]. Ho w ev er, an un b ounded bu�er is sometimes necessary to sp ecify ordinary

concurren t programs. It migh t b e p ossible to assume a large enough b ounded bu�er in real programs.

A b ounded P etri net with a large b ounded bu�er usually pro duces a larger co v erabilit y graph than ones

of un b ounded P etri nets. Recen tly , sev eral e�cien t v eri�cation metho ds based on temp oral logic mo del

c hec king for b ounded P etri nets ha v e b een prop osed. They can b e classi�ed in to t w o t yp es; symb olic

mo del che cking [Hiraishi 95 ] and p artial or der metho d [Y oneda 93 ]. In particular, Y oneda et. al. pro-

p osed an e�cien t mo del c hec king metho d based on partial order for one-safe time Petri nets [Y oneda 93 ].

It w ould b e a future promising approac h to apply tec hniques of sym b olic mo del c hec king and partial

order metho d to un b ounded P etri nets.

Syn thesis: W e think the soft w are-reuse-based program syn thesis is highly practical. Our metho d di�ers

from other syn thesis metho ds [Manna 84 , Clark e 82 ] that also use temp oral logic sp eci�cations, in regard

to the p oin t of utilizing soft w are reuse. Another signi�can t feature is to relax the automatic syn thesis

for only �nite-state programs [Manna 84 , Clark e 82 ] to in�nite-state programs, suc h as a P etri net. Our

metho d has the same approac h as that of V alk and Jan tzen [V alk 85 ] in p oin t of tuning up existing

programs (reusable soft w are) satisfying the giv en sp eci�cations. Ho w ev er, our metho d has the follo wing

c haracteristic features:

� the sp eci�cation is describ ed with temp oral logic, and

� the program syn thesis metho d consists of t w o phases; con troller syn thesis and agen t syn thesis.
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5 Summary

This c hapter considers the fusion of un b ounded P etri nets and temp oral logic as a sp eci�cation language

for reactiv e and concurren t systems. W e prop ose a v ersion of the fusion and pro v e that the emptiness

problem is decidable in this v ersion. Then, v eri�cation and syn thesis for reactiv e and concurren t systems

are discussed based on these results. In this c hapter,

(1) w e de�ne the class com bining P etri nets and temp oral logic whic h is decidable,

(2) the decision pro cedure for this class is applied to concurren t program v eri�cation, and

(3) a t w o phase syn thesis metho d is pro vided whic h mo di�es reusable comp onen ts to satisfy a sp eci-

�cation.

This researc h w as carried out to establish v eri�cation and syn thesis for un b ounded P etri nets and

temp oral logic. E�cien t v eri�cation and syn thesis for b ounded P etri nets (i.e., transition systems) and

temp oral logic will b e describ ed in the subsequen t c hapters.

App endix I

Results of V alk and Jan tzen's metho d are brie
y summarized. See the original pap er [V alk 85 ] for pro ofs.

De�nition 18

� N = ( P ; T ; w ; m

0

) is a P etri net.

� A marking m is T'-con tin ual for some subset T' of T, i� there is an in�nite legal �ring sequence

from m whic h con tains all t 2 T

0

in�nitely often.

� C O N T I N U AL ( T

0

)

def

= f m j m is T'-con tin ual g .

� N is a set of non negativ e in tegers. Let K � N

k

, then the residue set of K , written r es ( K ) , is a

smallest subset of K whic h satis�es r es ( K ) + N

k

= K + N

k

.

Theorem 6

� r es ( C O N T I N U AL ( T

0

)) is �nite and can b e e�ectiv ely constructed.

� Using r es ( C O N T I N U AL ( T

0

)) , w e can construct a new P etri net N

0

whose all reac hable markings

are lying in C O N T I N U AL ( T

0

) with the same n um b er of places of N , but p ossibly additional

transitions and arcs.



Chapter 5

Comp ositional V eri�cation Using

Mo dal Logic

This c hapter prop oses PQL (Pro cess Query Language) and the comp ositional v eri�cation metho d of

reactiv e and concurren t systems using PQL. Our comp ositional approac h is e�ectiv e to ease the state

explosion problem in the v eri�cation.

1 Bac kground and Motiv ation

T emp oral logic mo del-c hec king metho d [Clark e 86 ] is v ery useful for v eri�cation of reactiv e and concurren t

systems. Ho w ev er, a ma jor dra wbac k to using this metho d is that as the scale of the programs increase,

the computation costs for v eri�cation increase exp onen tially . An e�ectiv e solution for this problem is

comp ositional v eri�cation.

This c hapter fo cuses on the comp ositional v eri�cation for �nite state transition systems instead of

P etri nets b ecause of the follo wing reasons.

� In general a comp ositional v eri�cation for in�nite systems [Winsk el 90 ] is restricted and di�cult to

apply to practical systems.

� Man y practical reactiv e and concurren t systems can b e mo deled as �nite state transition systems

(with appro ximation).

Comp ositional v eri�cation for transition systems is formalized as pro cess reduction in whic h the bisim-

ulation equiv alence of concurren t programs is used to extract from eac h system comp onen t (subpro cess)

only these abstract information necessary to v erify eac h giv en query , thereb y a v oiding an explosion in

cost.

In this c hapter, PQL (Pro cess Query Language) is prop osed as an impro v ed metho d in the solution

of this problem. PQL is based on mo dal logic whic h is the union of temp oral logic and pro cess logic.

Then, this c hapter prop osed the comp ositional v eri�cation metho d b y using PQL with consideration of

the div ergence b y in ternal transitions.W e ha v e applied this metho d to program v eri�cation of sequence

con trol systems.

1.1 Bac kground

Since the framew ork of reactiv e and concurren t systems often can b e expressed with transition systems,

v eri�cation metho ds based on temp oral logic, pro cess logic, CCS, A CP are w ell in v estigated [CA V 89 ,

Beaten 90 ]. F or example w e ha v e dev elop ed an automatic v eri�cation system (PTSV: Practical T emp oral

Sp eci�cation and V eri�cation to ol) [Uc hihira 89a ] whic h is based on mo del-c hec king of CTL (Computation

T ree Logic) [Clark e 86 ], and apply it to man ufacturing systems.

The v eri�cation metho d based on mo del-c hec king can b e summarized as follo ws. First, a 
at and

global �nite-sate graph is generated, whic h expresses all p ossible b eha viors of the target program. F or

example, when the target program consists of sev eral pro cesses, a 
at and global �nite-sate graph is

generated b y pro cess comp osition based on in terlea ving seman tics. Next, v eri�cation of whether giv en

56
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temp oral logic queries are satis�ed is p erformed b y tracing all the states of the graph. Ho w ev er, this

v eri�cation metho d has the follo wing problems.

(1) State explosion problem

A generated global �nite-state graph often b ecomes excessiv ely large.

(2) Lac k of expression abilit y ab out \actions"

CTL can express only queries ab out \states" and \state attributes".

One of the promising approac hes for the problem (1) is c omp ositional veri�c ation [Mishra 85 , Clark e 89 ,

Stirling 89b ] % Comp ositional v eri�cation is de�ned as follo ws in this thesis

9

.

Comp ositional veri�c ation is a metho d for gener ating a lo c al and minimum �nite-state gr aph

c omp ositional ly for e ach veri�c ation query and verifying it, inste ad of gener ating and verifying

a glob al and huge gr aph.

Here, a lo cal and minim um �nite-state graph means a graph in whic h only necessary information to

v erify a giv en query is k ept and the rest is reduced. Because this comp ositional v eri�cation metho d do es

not generate the global graph directly , the state explosion problem can b e e�ectiv ely eased.

Based on this idea, Mishra and Clark e applied the hierarc hical v eri�cation metho d b y CTL for v er-

ifying async hronous circuits [Mishra 85 ]. Ho w ev er, this metho d has some limits for expressiv e p o w er of

v eri�cation queries and is not a sophisticated and general metho d. Also, Clark e, Long and MacMillan

prop osed a comp ositional v eri�cation metho d whic h in tro duced the comp ositional framew ork of CCS

[Milner 89 ] (i.e., pro cess comp osition and observ ation equiv alence) for CTL mo del-c hec king. While CTL

is a logic concerning \states" (state attributes), CCS is a calculus concerning \actions". Therefore, the

p oin t is ho w to handle \states" and \actions" in the same frame. This is also the solution for the problem

(2). Ho w ev er, Clark e's v eri�cation metho d [Clark e 89 ] could not express \states" and \actions" freely

mixed with eac h other. On the other hand, researc hes ha v e b een undertak en to c haracterize CCS expres-

sions b y pr o c ess lo gic (ex. Hennessy-Milner L o gic : HML ) [Hennessy 85a , Hennessy 85b ]. F urthermore,

new logics, whic h com bine temp oral logic and pro cess logic, ha v e b een in v estigated. These logics can

express \states" and \actions" freely mixed with eac h other, and y et cop e with comp ositional framew ork.

They , therefore, are promising as query language for comp ositional v eri�cation. An example is Stirling's

Gener al T emp or al L o gic ( GTL ) [Stirling 89a , Stirling 89b ]. GTL is a general logic whic h com bines temp o-

ral logics (linear-time temp oral logic and branc hing-time temp oral logic) and pro cess logic (HML). And

further, Stirling and W alk er prop osed the comp ositional v eri�cation metho d b y GTL [Stirling 89b ].

1.2 Motiv ation

The p oin t of comp ositional v eri�cation is to reduce (lo calize, minimize) the global state graph, lea v-

ing only essen tial information for eac h v eri�cation query . In the comp ositional v eri�cation b y GTL,

this information is formalized b y observation e quivalenc e [Milner 89 ] . Whenev er the reduced graph is

observ ation-equiv alen t to the original graph, it is assured that the reduction has no in
uence on the

v eri�cation results, that is, it preserv es the same results for ev ery v eri�cation query .

Ho w ev er, the comp ositional v eri�cation metho d based on observ ation equiv alence has one problem.

In observ ation equiv alence, an y diver genc e is ignored. The diver genc e [Milner 81 , W alk er 90 ] means an

in�nite cycle (lo op) of in ternal and unobserv able transitions (i.e., � -actions) whic h cannot b e observ ed

and then lo oks lik e deadlo c k for an observ er (w e call it an external de ad lo ck ). This o ccurs due to the

fact that a certain fairness is assumed for in ternal and unobserv able transitions (i.e., if there is at least

one observ able and executable action, there will not b e an external deadlo c k b y div ergence). In the case

of comp ositional v eri�cation, to mak e the transition observ able or not will b e decided b y whether it is

necessary for a giv en v eri�cation query or not. Therefore, if a di�erence in fairness exists dep ending up on

the giv en v eri�cation query , a problem arises.

F or instance, in the transition system T

a

sho wn in Fig. 27, the answ er will b e N O for a query: \Do es

the system ev en tually reac h the end state for all paths" b ecause there exists a path with an in�nite lo op of

b whic h nev er reac hes the end state. On the other hand, the answ er will b e Y E S if b is unobserv able. The

reason is that T

a

is recognized to b e equiv alen t to T

b

of Fig. 27 according to observ ation equiv alence if b is

unobserv able (i.e., � -action). Ho w ev er, it is a problem from the standp oin t of comp ositional v eri�cation.

9

The formal de�nition and surv ey of comp ositional v eri�cation are describ ed in detail in Section 6.1.
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Figure 27. T ransition systems with/without div ergence

The existence of a path, whic h has an in�nite lo op of b and nev er reac hes the end state, m ust b e recognized

regardless of observ abilit y of the action b .

In order to in tro duce expressiv e p o w er of recognizing div ergence in to logics, In tuitionistic HML

(IHML) [Stirling 87 ] has b een prop osed. F urthermore, Stirling suggested (but not with an y concrete

prop osal) the p ossibilit y of adding the IHML feature to GTL and expanding it (GTL + IHML). But ev en

if this \GTL + IHML" can b e realized, there still remains the same problem. That is, the equiv alence

theory (equiv alence based on partial bisim ulation preorder) [Stirling 87 ], whic h IHML is based on, ma y

sometimes pro duce recognition (abstraction from the observ er's p oin t of view) whic h do es not agree with

in tuition, dep ending up on whic h action will b e made observ able.

In the case of T

a

and T

c

in Fig. 27, if b is not observ able, div ergence o ccurs in b oth transition systems,

and T

a

and T

c

are equiv alen t from the equiv alence theory of IHML. This equiv alence is deriv ed from

the observ ation that b oth transition systems cannot tak e action c after action a in some p ath . Ho w ev er,

a problem arises for the query: \Is there a state in whic h the system cannot tak e action c in al l p aths

after action a ." In tuitiv ely , the answ er should b e N O for T

a

and Y E S for T

c

, regardless of whether b

is observ able or not. It is natural to b e able to di�eren tiate b et w een these t w o cases. The equiv alence

theory of IHML, whic h considers b oth T

a

and T

c

to b e equiv alen t, will cause a loss of the necessary

information to v erify the query . In other w ords, the comp ositional v eri�cation of GTL + IHML reduces

T

c

in to T

a

according to its equiv alence theory , thereb y creating stronger abstraction than necessary .

F rom these p oin ts of argumen t, it can b e concluded that the usual equiv alence theories (observ ation

equiv alence, equiv alence b y partial bisim ulation preorder) whic h the usual mo dal logics (HML $ GTL $
GTL + IHML, etc.) based on, is aimed at equiv alence relation from the viewp oin t of the external

pro cesses as observ ers and therefore, it is not appropriate to apply directly these equiv alence relations

for comp ositional v eri�cation b ecause of creating stronger abstraction than necessary . In comp ositional

v eri�cation, \not observ ed" simply means \not paid atten tion" instead of \not sync hronized". Therefore,

ev en if a certain action is made unobserv able, its existence m ust b e preserv ed.

1.3 Ov erview of Main Results

In this c hapter, w e prop ose Pro cess Query Language (PQL) for comp ositional v eri�cation in order to

solv e the problem describ ed ab o v e. PQL can clearly express and easily handle the cycles of unobserv able

actions, taking a di�eren t approac h from GTL + HML. The unique feature of PQL is the follo wings.

� PQL is b e able to uniformly express b oth temp oral logic prop erties and the existence of cycles of

unobserv able actions using the maxim um/minim um �xed p oin t op erators.

� Constrain ts ab out state attributes and actions can b e expressed in the uniformed and 
exible w a y .

� PQL pro vides sev eral useful macros including the regular expression.

� PQL mo del-c hec king is decidable and has the e�cien t decision pro cedure. F urthermore, PQL has a

new pro cess equiv alence relation ( � � ! -bisim ulation equiv alence) whic h is used for the comp ositional

v eri�cation. That is, if t w o transition systems (original one and reduced one) are equiv alen t, it is

assured that ev ery PQL query has the same answ er.
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1.4 Organization of the Chapter

The remainder of this c hapter is organized as follo ws. Section 2 de�nes concurren t programs using

transition systems and their equiv alence relation (extended bisim ulation equiv alence). In Section 3, PQL

is de�ned and it is sho wn that the discrimination abilit y of PQL is the same as the extended bisim ulation

equiv alence. This means that ev en if the giv en concurren t program is reduced to a smaller equiv alen t

program, v eri�cation results of PQL will b e preserv ed. A comp ositional v eri�cation metho d using the

result obtained in Section 3 is prop osed and its e�ectiv eness is demonstrated b y means of exp erimen tal

results in Section 4. In Section 5, w e consider ho w to apply this metho d to actual reactiv e and concurren t

systems. W e in tro duce an application to c hemical plan t con trol systems b y example. Section 6 men tions

related w orks in whic h other comp ositional v eri�cation metho ds and a partial order metho d are surv ey ed

and compared with our metho d.

2 Represen tation of Concurren t Programs

Concurren t programs are constructed from some n um b er of pro cesses. The program and eac h pro cess

are as transition systems T = ( S; P ; A; � ; � ; s

0

) [Arnold 92 ], whic h ha v e b een de�ned in Chapter 2.

Here, w e assume that S , P , and A are �nite sets for the automatic v eri�cation. In this case, the �nite

branc hing condition holds.

2.1 Equiv alence of T ransition Systems for Comp ositional V eri�cation

W e in tro duce a new bisim ulation equiv alence of transition systems ( � � ! -bisimulation e quivalenc e ), whic h

is an extension of Milner's w eak bisim ulation equiv alence [P ark 81 , Milner 89 ] in order to recognize � -

cycles. First, (we ak) bisimulation used in CCS is de�ned for ( S; Act; � ).

De�nition 19 (bisim ulation)

F or ( S; Act; � ) , a binary relation R � S � S is (w eak) bisim ulation if 8 ( s; t ) 2 R implies

� 8 a 2 Act: 8 s

0

2 S: ( if s

a

! s

0

then 9 t

0

2 S:t

^a

) t

0

^ s

0

R t

0

)

� 8 a 2 Act: 8 t

0

2 S: ( if t

a

! t

0

then 9 s

0

2 S:s

^a

) s

0

^ s

0

R t

0

)

The � -cycles cannot b e recognized in bisimulation . Therefore, w e in tro duce � ! -bisimulation whic h

can do.

De�nition 20 ( � ! -div ergence)

F or ( S; Act; � ) and s 2 S ,

s "

def

= 8 n > 0 : 9 s

0

2 S:s (

�

! )

n

s

0

De�nition 21 ( � ! -bisim ulation)

F or ( S; Act; � ) , a binary relation R � S � S is � ! -bisim ulation if 8 ( s; t ) 2 R implies

� 8 a 2 Act: 8 s

0

2 S: ( if s

a

! s

0

then 9 t

0

2 S:t

^a

) t

0

^ s

0

R t

0

)

� 8 a 2 Act: 8 t

0

2 S: ( if t

a

! t

0

then 9 s

0

2 S:s

^a

) s

0

^ s

0

R t

0

)

� s " i� t "

F urthermore, � � ! -bisim ulation is in tro duced for ( S; Act; � ; P ; � ) where state attributes P and a

b o olean function � is added to ( S; Act; � ) in order to tak e the equiv alence of state attributes in to consid-

eration.

De�nition 22 ( � � ! -bisim ulation)

F or ( S; Act; � ) , a binary relation R � S � S is � � ! -bisim ulation if 8 ( s; t ) 2 R implies

� � ( s ) = � ( t )

� 8 a 2 Act: 8 s

0

2 S: ( if s

a

! s

0

then 9 t

0

2 S:t

^a

) t

0

^ s

0

R t

0

)
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� 8 a 2 Act: 8 t

0

2 S: ( if t

a

! t

0

then 9 s

0

2 S:s

^a

) s

0

^ s

0

R t

0

)

� s " i� t "

De�nition 23 ( � ; �

� !

; �

� � !

)

In ( S; Act; � ; P ; � ) , for s

1

; s

2

2 S $ if there exists bisim ulation suc h that ( s

1

; s

2

) 2 R , then w e denote

s

1

� s

2

. s

1

�

� !

s

2

and s

1

�

� � !

s

2

are de�ned in the same manner.

Theorem 7 (Relation b et w een � ; �

� !

; �

� � !

)

F or ev ery s

1

; s

2

2 S in ( S; Act; � ; P ; � ) , if s

1

�

� � !

s

2

, then s

1

�

� !

s

2

, and if s

1

�

� !

s

2

, then s

1

� s

2

.

Pro of. This is clear from the de�nition. 2

Since s

1

� s

2

is called bisimulation e quivalenc e , s

1

�

� � !

s

2

is to b e called \ � � ! -e quivalenc e " %

De�nition 24 ( � � ! -equiv alence for T ransition Systems)

F or T

1

= ( S

1

; P ; A; �

1

; �

1

; s

01

) and T

2

= ( S

2

; P ; A; �

2

; �

2

; s

02

) ( S

1

\ S

2

= ; is assumed), T

1

and T

2

is

� � ! -equiv alence (denoted b y T

1

�

� � !

T

2

) if s

01

�

� � !

s

02

in ( S

1

[ S

2

; Act; �

1

[ �

2

; P ; �

1

[ �

2

)

� � ! -equiv alence is the extended bisim ulation equiv alence whic h can handles � ! -div ergence and state

attributes, and it has higher discrimination abilit y than the bisim ulation equiv alence.

F or div ergence, there are sev eral researc hes b y Milner[Milner 81 ], Stirling[Stirling 87 ], W alk er[W alk er 90 ].

Ho w ev er, their equiv alence ( T

1

�

p

T

2

def

= T

1

v T

2

^ T

2

v T

1

) based on partial bisim ulation preorder ( v )

is w eak er than � ! -equiv alence. F or example (sho wn in Fig. 27), when b is unobserv able (i.e. � action),

T

a

� T

b

and T

a

6�

� !

T

b

, where � -cycle can b e discriminated. Also, as T

a

�

p

T

c

and T

a

6�

� !

T

c

, the

problem p oin ted out in section 1 is solv ed.

Figure 28 sho ws the diagram of prop er inclusions among sev eral w ell-kno wn equiv alence relations and

� ! -bisim ulation equiv alence. The arro w ( ! ) means prop er inclusion. F or example, \ � ! -bisim ulation

equiv alence ! bisim ulation equiv alence" means \for ev ery T

1

; T

2

if T

1

�

� !

T

2

then T

1

� T

2

". The detail

de�nitions of equiv alence relations referred in this �gure are sho wn in App endix I I.

Trace Eq.

�

1

'

&

$

%

Failure Eq.

�

f

'

&

$

%

Partial

Bisimulation Eq.

by Local Divergence

�

p

'

&

$

%

Partial

Bisimulation Eq.
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�

g

p

'

&

$

%

Bisimulation Eq.

�

'

&

$

%

� ! -Bisimulation Eq.

�

� !

'

&

$

%
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X

X

X

X

X

X

X
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Figure 28. Comparison of equiv alence relations
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2.2 Comp osition of T ransition Systems

A concurren t program is comp osed of pro cesses (transition systems) whic h run concurren tly and com-

m unicate with eac h other b y the handshaking-t yp e sync hronization mec hanism. Here, op erators (com-

p osition,relab eling) concerning the comp osition of transition systems is to b e in tro duced. Also, it will b e

pro v ed that these op erators preserv e the � � ! -equiv alence.

Comp osition: T

1

j T

2

The transition system T = T

1

j T

2

, whic h is comp osed of T

1

= ( S

1

; P

1

; A

1

; �

1

; �

1

; s

01

) and T

2

=

( S

2

; P

2

; A

2

; �

2

; �

2

; s

02

) suc h that P

1

\ P

2

= ; , is de�ned based on the in terlea ving seman tics as follo ws:

T = ( S

1

� S

2

; P

1

[ P

2

; A

1

[ A

2

; � ; � ; ( s

01

; s

02

))

where � : S

1

� S

2

! 2

P

1

[ P

2

is de�ned as

� ( s

1

; s

2

) = �

1

( s

1

) [ �

2

( s

2

) for all s

1

2 S

1

; s

2

2 S

2

$
� : S

1

� S

2

� ( A

1

[ A

2

[ f � g ) ! 2

S

1

� S

2

is de�ned as $

� (( s

1

; s

2

) ; a ) =

8

>

>

>

>

<

>

>

>

>

:

f ( s

0

1

; s

2

) j s

0

1

2 �

1

( s

1

; a ) g if a 2 A

1

^ a 62 A

2

f ( s

1

; s

0

2

) j s

0

2

2 �

2

( s

2

; a ) g if a 62 A

1

^ a 2 A

2

f ( s

0

1

; s

0

2

) j s

0

1

2 �

1

( s

1

; a ) ; s

0

2

2 �

2

( s

2

; a ) g if a 2 A

1

^ a 2 A

2

f ( s

0

1

; s

0

2

) j ( s

0

1

2 �

1

( s

1

; � ) ; s

0

2

= s

2

) _

( s

0

2

2 �

2

( s

2

; � ) ; s

0

1

= s

1

) g if a = �

.

In tuitiv ely , T

1

j T

2

means a concurren t program in whic h T

1

and T

2

run concurren tly and tak e

sync hronous actions with the same lab els, while T

1

j T

2

is formally de�ned as the ab o v e transition system

T . In other w ords, T

1

j T

2

is equiv alen t to T based on the in terlea ving seman tics.

relab eling: T [ f ]

F or T = ( S; P ; A; � ; � ; s

0

) and a relab eling function f = ( f

A

; f

P

) suchthatf

A

: A [ f � g ! 2

A

0

[f � g

(here, f

A

( � ) = f � g ), and f

P

: P ! P

0

[ f tr ue g (here, f

P

( p ) = tr ue means it mak es the state attribute p

unobserv able), the relab el-led transition system T

0

= T [ f ] is de�ned as follo ws:

T

0

= ( S; P

0

; A

0

; �

0

; �

0

; s

0

)

where �

0

: S � ( A

0

[ f � g ) ! 2

S

is de�ned as �

0

( s; a

0

) = f s

0

j s

0

2 � ( s; a ) ; a

0

2 f

A

( a ) g , and

�

0

: S ! 2

P

0

[f tr ue g

is de�ned as �

0

( s ) = f

P

( � ( s )).

In tuitiv ely , f

A

( a ) = f a

0

g and f

P

( p ) = p

0

means simply relab eling a to a

0

and p to p

0

, resp ectiv ely .

f

A

( a ) = f a

1

; a

2

g means relab eling the original a to a

1

and its replica to a

2

after adding one more same

transition with the lab el a .

No w, the actions and state attributes of the transition system T can b e c hanged b y the relab eling

function f . This relab eling function is used to a v oid o v erlapping of names of actions and state attributes

in the case that the program consists of sev eral same pro cesses (i.e. T

0

= T [ f

1

] j T [ f

2

]). Also, the

relab eling function is used to mak e actions and state attributes of T unobserv able (i.e. f

A

( a ) = f � g ,

f

P

( p ) = tr ue ) %
F or con v enience, this relab eling function f

A

can b e denoted as follo ws:

[ f l

0

11

; :::l

0

1 k

1

g =l

1

; :::; f l

0

n 1

; :::l

0

nk

n

g =l

n

]

This denotes a function f

A

suc h that f

A

( l

i

) = f l

0

i 1

; :::l

0

ik

i

g for all i 2 f 1 ; :::; n g . This applies to f

P

, to o.

Theorem 8 (Preserv ation of � � ! -equiv alence)

If T

11

�

� � !

T

12

; T

21

�

� � !

T

22

, then T

11

j T

21

�

� � !

T

12

j T

22

; T

11

[ f ] �

� � !

T

12

[ f ]

Pro of ' This is ob vious for relab eling. As for comp osition, as men tioned in Prop osition 7.2 of [Milner 89 ],

it is easily sho wn that the follo wing relation R is � � ! -bisim ulation:

R = f (( s

11

; s

21

) ; ( s

12

; s

22

)) j s

11

�

� � !

s

12

; s

21

�

� � !

s

22

; s

11

2 S

11

; s

12

2 S

12

; s

21

2 S

21

; s

22

2 S

22

g 2
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3 Pro cess Query Language

Pr o c ess Query L anguage (PQL) is in tro duced whic h is used to describ e queries in the comp ositional

v eri�cation for transition systems.

The unique features of PQL is:

� Constrain ts ab out state attributes and actions can b e expressed in the uniformed 
exible w a y .

� Div ergence b y � -cycles can b e explicitly expressed using the maxim um/minim um �xed p oin t op er-

ators.

� Strong expression abilit y including the regular expression.

First, a mo dal logic SPQL (Strong Pro cess Query Logic) is de�ned, where � actions are observ able,

and then PQL is de�ned as a macro-language of SPQL where � actions are unobserv able.

3.1 SPQL (Strong Pro cess Query Logic)

SPQL is a mo dal logic whic h uni�es temp oral logic and pro cess logic with �xed p oin t op erators.

De�nition 25 (SPQL form ula)

[Syn tax]

P : a set of state attributes

A : a set of actions

SPQL form ulas are recursiv ely de�ned as follo ws. Here, a fr e e state variable is a state logical v ariable

whic h is not b ound b y an y �xed p oin t op erator ( � -op erator).

State F orm ula � A state logical v ariable Z is a state form ula.

� p 2 P and tr ue are state form ulas.

� If f

1

and f

2

are state form ulas, then f

1

^ f

2

and : f

1

are state form ulas.

� If f is a state form ula, and Z is a free state logical v ariable app earing in f , and negation

nesting of Z in f is ev en, then �Z :f is a state form ula.

� If g is a path form ula, 9 g is a state form ula.

P ath F orm ula � a 2 A is a path form ula.

� If g

1

and g

2

are path form ulas, then g

1

^ g

2

and : g

1

are path form ulas.

� If f is a state form ula, then X f and T f are path form ula.

SPQL F orm ula � If a state form ula f include no free state logical v ariables, then f is a SPQL

form ula.

[Seman tics]

A state satisfying an SPQL form ula f is called a mo del of f . V [ [ f ] ] , a set of mo dels of SPQL form ula

f for a transition system T = ( S; P ; A; � ; � ; s

0

) , will b e de�ned. Here, w e assume the follo wing notations.

� f : a state form ula.

� g : a path form ula.

� S F : a set of state form ulas.

� P F : a set of path form ulas.

� V [ [ f ] ] � S : a set of states satisfying f .

� R [ [ g ] ] � S � S : a set of paths, whose length is 1 (i.e., edges), satisfying g .

� ( �Z :f

1

) f

2

: a state form ula in whic h a free state logical v ariable Z in f

1

is replaced with f

2

.

� [ [ S

0

] ]

� 1

: a virtual state form ula f suc h that V [ [ f ] ] = S

0

(for example, [ [ ; ] ]

� 1

= f al se; [ [ S ] ]

� 1

= tr ue ).
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V : S F ! 2

S

for a state form ula f , whic h includes no free state logical v ariables, is de�ned as follo ws:

V [ [ p ] ] = f s 2 S j p 2 � ( s ) g

V [ [ 9 g ] ] = f s 2 S j 9 ( s; s

0

) 2 R [ [ g ] ]) g

V [ [ : f ] ] = S � V [ [ f ] ]

V [ [ f

1

^ f

2

] ] = V [ [ f

1

] ] \ V [ [ f

2

] ]

V [ [ �Z :f ] ] =

T

f S

0

� S j V [ [( �Z :f )[ [ S

0

] ]

� 1

] ] � S

0

g

R : P F ! 2

S � S

is de�ned as follo ws:

R [ [ a ] ] = f ( s; s

0

) j s

a

! s

0

g

R [ [ : g ] ] = ( S � S ) � R [ [ g ] ]

R [ [ g 1 ^ g 2 ] ] = R [ [ g

1

] ] \ R [ [ g

2

] ]

R [ [ X f ] ] =

f ( s; s

0

) j9 a: ( s

a

! s

0

^ a 6= � ^ s

0

2 V [ [ f ] ]) g

R [ [ T f ] ] =

f ( s; s

0

) j9 a: ( s

a

! s

0

^ a = � ^ s

0

2 V [ [ f ] ]) g

Also, the follo wing con v enien t constan ts and op erators are in tro duced.

� f al se

def

= : tr ue

� f

1

_ f

2

def

= : ( : f

1

^ : f

2

)

� � Z :f

def

= : �Z

0

: : ( �Z :f )( : Z

0

)

The in tuitiv e meaning of eac h op erator is sho wn as follo ws.

� ^ (AND), _ (OR) ; : (NOT).

� X f : f will b e true immediately after an y action except � o ccurs.

� T f : f will b e true immediately after a � action o ccurs.

� 9 g : g is true on some path.

� �Z :f : � is the minim um �xed p oin t op erator.

�Z :f : expresses the minim um �xed p oin t where a free state logical v ariable Z in f is recursiv ely

b ound with f itself.

F or instance, �Z : ( f _ 9 X Z ) means \on some paths, f will b e ev en tually satis�ed".

� � Z :f : � is the maxim um �xed p oin t op erator.

F or instance, � Z : ( f _ 9 X Z ) means \on some paths, f will b e ev en tually satis�ed, or there

exists an in�nite path (it cannot b e decided b y a �nite path)".

The imp ortan t prop erties of the minim um and maxim um �xed p oin t op erators of SPQL are stated

in the follo wing lemmas. Here, it is de�ned that for �x:y , ( �x:y )

1

z

def

= ( �x:y ) z and ( �x:y )

k +1

z

def

=

( �x:y )( �x:y )

k

z ( k > 1).

Lemma 5 (Monotonicit y)

S

1

� S

2

) V [ [( �Z :f )[ [ S

1

] ]

� 1

] ] � V [ [( �Z :f )[ [ S

2

] ]

� 1

] ]

Pro of:

As the n um b er of the negation nesting on Z in f is ev en, the monotonic prop ert y is clear b y the de�nition

of SPQL. 2



Chapter 5: Comp ositional V eri�cation 64

Lemma 6 (Prop erties of minim um/maxim um �xed p oin t op erators)

(1)

V [ [ �Z :f ] ] = lim

k !1

( �S

0

:V [ [( �Z :f )[ [ S

0

] ]

� 1

] ])

k

;

= lim

k !1

V [ [( �Z :f )

k

f al se ] ]

V [ [ � Z :f ] ] = lim

k !1

( �S

0

:V [ [( �Z :f )[ [ S

0

] ]

� 1

] ])

k

S

= lim

k !1

V [ [( �Z :f )

k

tr ue ] ]

(2) s 2 V [ [ �Z :f ] ] ( ) 9 k : 8 h � k :s 2 V [ [( �Z :f )

h

f al se ] ]

(3) If S is �nite, for an y f including � op erators, there exists a form ula f

�

of �nite length f

�

including

no � op erators suc h that V [ [ f ] ] = V [ [ f

�

] ] .

Pro of:

(1) Let S

k

= ( �S

0

:V [ [( �Z :f )[ [ S

0

] ]

� 1

] ])

k

; = V [ [( �Z :f )

k

f al se ] ] and S

!

= lim

k !1

S

k

. According to the

monotonicit y ,

8 S

0

� S: ( V [ [( �Z :f )[ [ S

0

] ]

� 1

] ] � S

0

) S

!

� S

0

) :

Also, it is clear that

V [ [( �Z :f )[ [ S

!

] ]

� 1

] ] � S

!

;

therefore,

V [ [ �Z :f ] ] =

\

f S

0

� S j V [ [( �Z :f )[ [ S

0

] ]

� 1

] ] � S

0

g = S

!

:

Same for V [ [ � Z :f ] ] .

(2) Since ; � S

1

� S

2

� � � � S

!

,

s 2 S

!

( ) 9 k : 8 h � k :s 2 S

h

( ) 9 k : 8 h � k :s 2 V [ [( �Z :f )

h

f al se ] ] :

(3) When S is �nite, from (2)

9 k : ( V [ [ �Z :f ] ] = V [ [( �Z :f )

k

f al se ] ]) :

Therefore, there exists a form ula f

0

, in whic h the most outer � -t yp e subform ula �Z :f

sub

of f is

substituted with ( �Z :f

sub

)

k

f al se , suc h that V [ [ f ] ] = V [ [ f

0

] ] . By rep eating this substitution op eration

un til there is not an y more � -t yp e subform ula, w e can construct a form ula f

�

including no �

op erators suc h that V [ [ f ] ] = V [ [ f

�

] ] .

2

De�nition 26 (Mo del)

If s 2 S and s 2 V [ [ f ] ] , s is called a mo del of an SPQL form ula f , and is denoted as s j = f . Similarly , if

s

0

2 V [ [ f ] ] for a transition system T = ( S; P ; A; � ; � ; s

0

) , T is a mo del of an SPQL form ula f , and denoted

as T j = f .

Theorem 9 (Decidabilit y of SPQL mo del c hec king)

F or an y transition system T = ( S; P ; A; � ; � ; s

0

) and an y SPQL form ula f , if S is �nite, there exists an

algorithm whic h automatically decides whether T j = f .

Pro of:

It is enough to sho w the algorithm whic h computes V [ [ �Z :f ] ] and V [ [ � Z :f ] ] . F rom lemma 6(1),

[ [ �Z :f ] ] = lim

k !1

( �S

0

:V [ [( �Z :f )[ [ S

0

] ]

� 1

] ])

k

; :

Therefore, if S is �nite, it is decidable since ( �S

0

:V [ [( �Z :f )[ [ S

0

] ]

� 1

] ])

k

; con v erges in a �nite n um b er k .

Same for V [ [ � Z :f ] ] . 2

The e�cien t mo del c hec king algorithm for SPQL can b e implemen ted b y extending those for CTL

[Clark e 86 ].
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3.2 PQL (Pro cess Query Language)

PQL is de�ned based on SPQL. In SPQL, the � action is assumed to b e observ able and it has to b e

explicitly expressed in an SPQL form ula lik e T f . PQL is a language in whic h the � action is unobserv able,

and therefore it is not necessary to express the � action explicitly in the form ulas.

De�nition 27 (PQL form ula)

[Syn tax]

P : a set of state attributes.

A : a set of actions.

� A state logical v ariable Z is a state form ula.

� p 2 P and tr ue are state form ulas.

� If f

1

and f

2

are state form ulas, then f

1

^ f

2

and : f

1

are state form ulas.

� If f is a state form ula and a 2 A , � a �

+

f ; � a �

�

f ; � : �

+

f ; � : �

�

f ; ��

+

f ; ��

�

f

are state form ulas.

� If f is a state form ula, and Z is a free state logical v ariable app earing in f , and negation nesting of

Z in f is ev en, then �Z :f is a state form ula.

� If a state form ula f include no free state logical v ariables, then f is a PQL form ula.

The set of en tire PQL form ulas is denoted as L

P QL

.

[Seman tics]

The PQL form ula can b e translated in to an equiv alen t SPQL form ula with the follo wing rules. There-

fore the seman tics of a PQL form ula is giv en as one of the translated SPQL form ula.

� � a �

�

f ,

�Z

1

: ( 9 (( a ^ X ( �Z

2

: ( f _ 9 T Z

2

))) _ T Z

1

))

� � a �

+

f ,

� Z

1

: ( 9 (( a ^ X ( � Z

2

: ( f _ 9 T Z

2

))) _ T Z

1

))

� � : �

�

f ,

�Z

1

: ( 9 ( X ( �Z

2

: ( f _ 9 T Z

2

)) _ T Z

1

))

� � : �

+

f ,

� Z

1

: ( 9 ( X ( � Z

2

: ( f _ 9 T Z

2

)) _ T Z

1

))

� ��

�

f , �Z : ( f _ 9 T Z )

� ��

+

f , � Z : ( f _ 9 T Z )

� Other PQL form ulas are also SPQL form ulas.

The in tuitiv e meaning of eac h op erator is sho wn as follo ws.

� � a �

�

f : After an action a , it is p ossible to b ecome a state in whic h f is satis�ed.

� � a �

+

f : After an action a , it is p ossible to b ecome a state in whic h f is satis�ed, or there is a

div ergence of the � -cycle.

When there exists a div ergence of the � -cycle and it is imp ossible to b ecome a state in whic h f is

satis�ed after an action a , � a �

�

f is in terpreted as f al se and � a �

+

f is in terpreted as tr ue . In the

latter, the form ula in terpreted as true b ecause the system nev er reac hes a state in whic h f is unsatis�e d

when it falls in to the div ergence.

F or other PQL form ulas, � : � f means 9 a 2 A: � a � f , �� f means � " � f .

PQL has a stronger expression abilit y than one of CTL, that is, PQL can express an ything whic h

CTL can. PQL can express v arious kinds of v eri�cation queries ab out actions and state attributes of

concurren t programs from the temp oral p oin t of view. Ho w ev er, it cannot b e said that PQL's readabilit y

is excellen t enough for practical use, so the follo wing macro-op erators are in tro duced for con v enience.

Here, ap at , ap et , ep at , and ep et means 8 2 , 8} , 9 2 , and 9} of CTL temp oral op erators, resp ectiv ely .

That is, a = \ 8 (for all)", p =\path", e = \ 9 (exists)" , and t = \time".
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� f

1

_ f

2

def

= : ( : f

1

^ : f

2

)

� ( �Z :f

1

) f

2

( � notation is allo w ed to b e app ear explicitly in PQL form ulas)

� � Z :f

def

= : �Z

0

: : ( �Z :f )( : Z

0

)

� [[ a ]]

+

f

def

= : � a �

�

: f

� [[ a ]]

�

f

def

= : � a �

+

: f

� [[ : ]]

+

f

def

= : � : �

�

: f

� [[ : ]]

�

f

def

= : � : �

+

: f

� [[ ]]

+

f

def

= : ��

�

: f

� [[ ]]

�

f

def

= : ��

+

: f

� apat f

def

= [[]]

+

� Z : ( f ^ [[ : ]]

+

Z )

( f can alw a ys b e true in all paths)

� apet f

def

= [[]]

+

�Z : ( f _ ( � : �

�

tr ue ^ [[ : ]]

+

Z ))

( f can ev en tually b e true in all paths)

� epat f

def

= � �

�

� Z : ( f ^ ([[ : ]]

+

f al se _ � : �

�

Z ))

( f can alw a ys b e true in some paths)

� epet f

def

= � �

�

�Z : ( f _ � : �

�

Z )

( f can ev en tually b e true in some paths)

� exter nal deadl ock

def

= [[ : ]]

+

f al se

(It lo oks deadlo c k from the observ er, although the div ergence ma y o ccur.)

� inter nal div er g ence

def

= � �

+

f al se

(The div ergence exists whic h cannot b e observ ed.)

� inter nal deadl ock

def

= [[ : ]]

+

f al se ^ : � �

+

f al se

(It is complete deadlo c k without div ergence)

W e sho w sev eral examples of PQL form ulas. W e remark that PQL can express temp oral prop erties

equiv alen t to th regular expression.

Example 7 Examples of v eri�cation queries b y PQL

(1) apat ( epet � a �

�

tr ue )

Meaning: an action a is deadlo c k-free.

(2) � Z

1

: ([[ b ]]

+

f al se ^ [[ c ]]

+

f al se ^ [[ a ]]

+

( � Z

2

: ([[ a ]]

+

f al se ^ [[ b ]]

+

Z

2

^ [[ c ]]

+

Z

1

)))

Meaning: The sequence of actions a , b , and c are equiv alen t to th regular expression

( ab

�

c )

�

).

As one of the most imp ortan t prop erties of PQL, it is pro v ed that the discrimination abilit y of PQL

for transition systems is equal to that of � � ! -equiv alence. That is, the transition systems whic h are

� � ! -equiv alen t ha v e the same results for an y PQL v eri�cation queries. This prop ert y is necessary for the

comp ositional v eri�cation.

De�nition 28 ( �

P QL

)

T

1

�

P QL

T

2

def

= 8 f 2 L

P QL

: ( T

1

j = f i� T

2

j = f )
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Theorem 10 (Relationship b et w een PQL and � � ! -equiv alence)

F or an y transition systems T

1

and T

2

,

T

1

�

� � !

T

2

, T

1

�

P QL

T

2

Pro of: App endix 2

Example 8 Simple v eri�cation example b y PQL

F or three transition systems in Figure 27, when an action b is assumed to b e unobserv able (i.e. tau

action), v eri�cation (mo del c hec king) results for three PQL form ulas are sho wn in th T able 5. In this

table, YES means the transition system is a mo del of the PQL form ula, and NO means it is not. These

results sho w that there exist PQL form ulas whic h can discriminate these three transition systems. It

supp orts that T

a

6�

� � !

T

b

, T

a

6�

� � !

T

c

, and T

b

6�

� � !

T

c

.

T able 5. Simple Example of V eri�cation Using PQL

PQL F ormula T

a

T

b

T

c

� a �

�

� c �

�

tr ue YES YES YES

[[ a ]]

�

� c �

�

tr ue NO YES NO

� a �

�

: � c �

�

tr ue NO NO YES

4 Comp ositional V eri�cation

The comp ositional v eri�cation metho d for concurren t programs, based on the result of Theorem 10, is

sho wn here. First, the veri�c ation sc op e is in tro duced whic h is necessary for comp ositional v eri�cation,

then the v eri�cation pro cedure is prop osed.

4.1 V eri�cation Scop e

Generally , eac h of v eri�cation queries often ma y concern only a lo cal prop erties of the target systems.

Therefore, w e in tro duce a v eri�cation scop e in order to explicitly state what p otion of the program is

exclusiv ely v eri�ed.

T o b e more sp eci�c, the v eri�cation scop e V S of a transition system T = ( S; P ; A; � ; � ; s

0

) is expressed

as V S = ( P

0

; A

0

), where P

0

� P and A

0

� A are w atc hed state attributes and actions in the v eri�cation.

Then a v eri�cation query is expressed as a pair of a v eri�cation scop e V S and a PQL form ula f , ( V S; f ).

W e remark that state attributes P

f

and actions A

f

app earing in f m ust b e included in the v eri�cation

scop e V S = ( A

0

; P

0

) (i.e., P

f

� P

0

; A

f

� A

0

). In the v eri�cation pro cedure, all the state attributes and

actions whic h are not on the v eri�cation scop e V S are considered unobserv able, and relab eled with � and

tr ue . This relab eling function deriv ed from V S is denoted as l

V S

.

Accordingly , T j = ( V S; f ), a macro-expression for describing v eri�cation queries easily , is de�ned as

T [ l

V S

] j = f . It is more natural for v eri�er to describ e T j = ( V S; f ) in whic h V S is part of the v eri�cation

query instead of T [ l

V S

] j = f . F or instance, for a query f = � : �

�

tr ue , there ma y b e some observ able

actions whic h do not app ear in f explicitly , whic h can b e expressed as observ able using a v eri�cation

scop e.

4.2 V eri�cation Pro cedure

A basic idea of the comp ositional v eri�cation is to ac hiev e the global v eri�cation as the comp osition of

lo cal v eri�cations. In this case, instead of v erifying globally

T j = ( V S

1

; f

1

) ^ ( V S

2

; f

2

) ^ ::: ^ ( V S

n

; f

n

) ;

w e v erify comp ositionally

T

1

j = f

1

^ T

2

j = f

2

^ ::: ^ T

n

j = f

n

:
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Here, T

i

is the pro jection of T on to the v eri�cation scop e V S

i

of f

i

. This means that state attributes

and actions of T whic h are not app eared in V S

i

are in terpreted as unobserv able and T is reduced to T

i

as m uc h as p ossible suc h that T [ l

V S

i

] �

P QL

T

i

using the reduction function describ ed later. T

i

is called

the pro jection transition system of T to V S

i

. The more lo cal the scop e V S

i

is, the smaller the pro jection

transition system T

i

is. These smaller pro jection transition systems can ease the state explosion problem

whic h the naiv e construction of T often causes.

It is sho wn ho w to construct the pro jection transition system as follo ws (Fig. 29). W e only sho w the

case that the concurren t program T = T

1

j T

2

consists of t w o pro cesses (transition systems), T

1

and T

2

.

When the program consists of n pro cesses, it can b e treated as an extension of one of 2 pro cesses (i.e.,

T = ( ::: (( T

1

j T

2

) j T

3

) ::: j T

n

)). The v eri�cation query is expressed as ( V S; f ).

T1 T2

reduction reduction

red(T2[l2])

composition

reduction

Tf

red(T1[l1])

red(T1[l1]) | red(T2[l2])

Figure 29. Construction of pro jection transition systems

If T is comp osed directly from T

1

and T

2

, the size of T is of the m ultiplication order of T

1

and T

2

,

whic h is the cause of its state explosion. The follo wing pro cedure to comp ose the pro jection transition

system T

f

can ease the state explosion problem using a reduction function.

T

f

= r ed (( r ed ( T

1

[ l

1

]) j r ed ( T

2

[ l

2

]))[ l

V S

])

Here, l

1

and l

2

are relab eling functions that mak e attributes and actions unobserv able whic h do not

app ear in the v eri�cation scop e of f and do not related to the comp osition (i.e., sync hronization) of T

1

and T

2

. That is, these attributes and actions are relab eled as tr ue and � . Also, r ed is a reduction function

and T

0

= r ed ( T ) is a reduced transition system suc h that T �

� � !

T

0

and j T j�j T

0

j . The concrete

reduction function will b e men tioned in the follo wing section.

Based on Theorem 9, the mo del c hec king can b e done for the pro jection transition system T

f

instead of

T [ l

V S

]. As T [ l

V S

] �

� � !

T

f

, it is guaran teed that they ha v e the same v eri�cation result (i.e., T [ l

V S

] �

P QL

T

f

) b y Theorem 10. Since this comp ositional v eri�cation metho d can con trol the maxim um n um b er of

states of the temp orary transition systems whic h are created during rep eating comp osition and reduction,

it is p ossible to v erify large-scale concurren t programs.

The follo wing is the input and output of an automatic v eri�cation to ol using this metho d (Fig. 4.2) '

INPUT:

(1) Concurren t Program

(expressed in terms of a comp osition of transition systems, including necessary relab eling func-

tions).

(2) V eri�cation Queries

(eac h query is expressed as a pair of v eri�cation scop e and PQL form ula)
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OUTPUT:

(1) Answ ers to Eac h V eri�cation Queries

(YES/NO)

Concurrent Program
- Composition of 
   Transition Syatems

Verification Queries
- Scope
- PQL formula

Automatic Verification Tool

Answer (YES/NO)

Figure 30. Input and output for the automatic v eri�cation to ol

F rom ab o v e input information, the v eri�cation to ol can p erform automatically relab eling, reduction,

comp osition, and mo del c hec king, then output answ ers.

4.3 Reduction F unction

Reduction means generating the smaller transition system T

0

= r ed ( T ) from a giv en transition system T

suc h that T

0

is � � ! -equiv alen t to T . Tw o reduction functions are in tro duced here.

(1) Reduction b y � � ! -bisim ulation

Let R b e the maxim um � � ! -bisim ulation in T . The transition system, where all related

(i.e., equiv alen t) no des in R are reduced in to one no de, is called r ed ( T ). Then T

0

= r ed ( T ) is

the transition system with minim um states whic h satis�es T

0

�

� � !

T . The e�cien t algorithm

to compute � � ! -bisim ulation R is acquired b y mo di�cation of an algorithm for bisim ulation

[Kanellakis 90 ].

(2) Reduction b y rewriting rules

Although the reduction b y � � ! -bisim ulation can obtain the the transition system with min-

im um states, its computation cost migh t sw ell in case when T is large. So, �v e heuristic rules

(sho wn in Fig. 4.3) that rewrite a transition system fo cused on the tau actions are applied to

reduce the transition system as m uc h as p ossible. Since rewriting b y these heuristic rules pre-

serv es the � � ! -equiv alence, the reduced transition system T

0

= r ed ( T ) satis�es T

0

= r ed ( T ) O
T

0

�

� � !

T . If compared with original reduction b y � � ! -bisim ulation, the reduction rate ma y

b e smaller, but it p ossesses the capabilit y of sp eedy reduction for large scale transition systems.

F urthermore, the com bination of t w o reduction metho ds is e�ectiv e in whic h heuristic rewriting

rules are applied �rst b efore reduction b y � � ! -bisim ulation.

4.4 Exp erimen ts

4.4.1 The Jobshop

Using the simple example presen ted in \Comm unication and Concurrency" b y Robin Milner [Milner 89 ],

w e con�rm e�ectiv eness of the comp ositional v eri�cation. The target program, j obshop , whic h w e w an t

to v erify , is giv en as the follo wing comp osition of four pro cess ( j obber � 2 ; hammer ; mal l et ).

j obshop = ((( j obber [ l

j 1

] j hammer [ l

h

]) j mal l et [ l

m

]) j j obber [ l

j 2

])[ l

j s

]

The transition systems of these pro cesses are sho wn in Fig. 32, and lab eling functions are de�ned as

follo ws.
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s1

s2

Ó s2

rule 1

Ð (s1)=Ð (s2)

s1

s2

rule 2

a a

s1

s2

a

s1

s3

Ó

s4

s2
a1 an

ana1
...

...

...

rule 3
s1

s3

Ó

s4

s2

ana1

...

...

s1

s2

Ó
s3

a

rule 4

a

s1

s2

Ó
s3

a

Ó

Ó
Ó

Ó

Ó
s0

s1

s2

sn s0

Ð (s0)= Ð (s1)= Ð (s2)=...= Ð (sn)

rule 5

Figure 31. Heuristic reduction rules
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� l

j 1

= ([ � =easy ; � =har d; � =nor mal ; � =do; in 1 =in; out 1 =out;

g eth 1 =g eth; puth 1 =puth; g e tm 1 = g e tm; pu tm 1 = putm ] ; [ ]) :

� l

j 2

= ([ � =easy ; � =har d; � =nor mal ; � =do; in 2 =in; out 2 =out;

g eth 2 =g eth; puth 2 =puth; g e tm 2 = g e tm; pu tm 2 = putm ] ; [ ]) :

� l

h

= ([ � =er r or ; f g eth 1 ; g eth 2 g =g eth; f puth 1 ; puth 2 g = puth ] ; [ h of f =of f ]) :

� l

m

= ([ � =er r or ; f g etm 1 ; g etm 2 g =g etm; f putm 1 ; putm 2 g =pu tm ] ; [ m of f =of f ]) :

� l

j s

= ([ � =g eth 1 ; � =g eth 2 ; � =puth 1 ; � =puth 2 ; � =g etm 1 ;

� =g etm 2 ; � =putm 1 ; � =putm 2 ; in=in 1 ; i n=i n 2 ; ou t=out 1 ; out= out 2] ; []) :

in

normal
hard

easy

getm geth

do

putm

puth

outgeth

do
do

jobber

getm

putm

error

off

geth

puth

error

off

mallet hammer

Figure 32. Example: The Jobshop

The follo wing v eri�cation queries are giv en to the target program.

(1) Can the deadlo c k o ccur? (([ ] ; [ ]) ; epet exter nal deadl ock )

(2) Is there an y in ternal div ergence whic h cannot b e observ ed? (([ ] ; [ ]) ; epet inter nal div er g ence )

(3) Is there a pattern of the action sequence \ in; in; out; out "?

(([ in; out ] ; [ ]) ; � in �

�

� in �

�

� out �

�

� out �

�

tr ue )

(4) Ev en if mal l et is not a v ailable, if hammer is a v ailable, deadlo c k will nev er o ccur. Is it true?

(([ ] ; [ m of f ; h of f ]) ; apat (( m of f ^ : � �

�

h of f ) � : exter nal deadl ock ) K

Ho w the v eri�cation system w orks for ab o v e queries is sho wn in the follo wing t w o steps.

(Step1) Comp osition and Reduction: The pro jection transition system is comp osed for eac h query

in whic h unrelated actions and state attributes for the query are reduced as m uc h as p ossible. F or

instance, for query (3), the pro jection transition system ( j obshop

f

3

) is comp osed in the follo wing w a y .

W e remark that this comp osition pro cedure is automatically made of the original comp osition structure

of j obshop and the v eri�cation scop e.

j obshop

f

3

= r ed ( r ed (( r ed (( r ed (( r ed ( j obber [ l

j 1

]) j r ed ( hammer [ l

h

0

]))[ l

j 1 h

])

j r ed ( mal l et [ l

m

0

]))[ l

j 1 hm

]) j r ed ( j obber [ l

j 2

]))[ l

j 1 hmj 2

])[ l

j s

0

]) ;

where

� l

h

0

= ([ � =er r or ; f g eth 1 ; g eth 2 g =g eth; f puth 1 ; puth 2 g =pu th ] ; [ tr ue= of f ]) :
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� l

m

0

= ([ � =er r or ; f g etm 1 ; g etm 2 g =g etm; f putm 1 ; putm 2 g = putm ] ; [ tr ue=of f ]) :

� l

j 1 h

= [ � =g eth 1 ; � =puth 1]

� l

j 1 hm

= [ � =g etm 1 ; � =putm 1]

� l

j 1 hmj 2

= [ � =g eth 2 ; � =puth 2 ; � =g etm 2 ; � =putm 2]

� l

j s

0

= [ in=in 1 ; in=in 2 ; out=out 1 ; out= out 2]

� l

j 1

and l

j 2

are not c hanged %

T able 6 sho ws the �nal state n um b ers of j obshop (original one) and j obshop

f

3

(reduced one), and

maxim um n um b ers of states in t w o cases whic h are temp orally created during comp osition and reduction

pro cedure. The t w o previously men tioned reduction functions are used here. This table sho ws that our

reduction metho d could reduce the �nal size of states to one-ten th of the original one.

T able 6. E�ect of Reduction (The Jobshop)

T r ansition System Final Size Maximum T emp or ary Size

j obshop J original K 164 164

j obshop

f

3

J reduction function (1) K 17 72

j obshop

f

3

J reduction function (2) K 90 110

(Step2) V eri�cation: F or eac h query f and its pro jection transition system j obshop

f

, the decision

(YES/NO) on j obshop

f

j = f is made. The results of these decisions are sho wn in T able 7.

T able 7. Result of V eri�cation (The Jobshop)

V eri�c ation Query R esult

(1) YES

(2) YES

(3) YES

(4) YES

4.4.2 The Man ufacturing Mac hine Con trol Soft w are

Our comp ositional v eri�cation metho d w as applied to a middle-scale man ufacturing mac hine con trol

soft w are (Fig. 33). This mac hine consists of 5 arms, 4 c ham b ers, and other equipmen t. An etc hing

c ham b er, a transfer c ham b er, an electro de, a pusher, and 2 inner arms constitute an etc hing unit. Tw o

etc hing units are iden tical. The outer arm rep eatedly transp orts material w afers from a loading cassette

to one of t w o pushers in fron t of c ham b ers (v acan t one) via a w afer liner and from the pusher to an

unloading cassette. The w afer liner puts a w afer in order. One inner arm transp orts material w afers from

a pusher to an electro de in an etc hing c ham b er, and the other inner arm do es in the opp osite directory ,

that is, from an electro de to a pusher. In etc hing c ham b er, materials should b e etc hed in a v acuum.

The t w o gates are con trolled to k eep the etc hing c ham b er in a v acuum. Since these 5 arms can mo v e

concurren tly , the con trol soft w are b ecomes considerably complicated.

This mac hine con trol soft w are is con trolled b y a concurren t (m ulti-task) program whic h consists of

16 elemen t pro cesses (tasks). Eac h pro cess is a lo cal con troller of a corresp onding con trolled ob ject (i.e.,

arm, c ham b er, electro de, etc.). This con trol soft w are is mo deled b y a set of comm unicating transition

systems sho wn in Fig. 34 where transition systems are represen ted b y safe P etri nets and sync hronization

b et w een transitions is represen ted b y a dotted line. T able 8 sho ws the sizes of elemen t pro cesses. The state

n um b ers of eac h elemen t pro cess ma y seem to b e small. It attributes to the fact that only sync hronization

parts of systems are mo deled b y transition systems.

The follo wing v eri�cation queries are giv en for the soft w are.
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outer_arm

pusher1 pusher2

loading_cassette unloading_cassettewafer_liner

etching_chamber1 etching_chamber2

inner_gate1

outer_gate1

inner_gate2

outer_gate2

arm11 arm12 arm21 arm22

transfer_
chamber1

transfer_
chamber2

electrode2
electrode1

Figure 33. Man ufacturing Mac hine

T able 8. Mac hine Con trol Soft w are

Element Pr o c ess � The numb er of it State Numb er of T r ansition System

(p1) Outer Arm � 1 6

(p2) W afer Liner � 1 3

(p3) Loading Cassette � 1 5

(p4) Electro de � 2 3

(p5) Unloading Cassette � 1 5

(p6) Setting Arm ( ar m

i 1

) � 2 6

(p7) Extracting Arm ( ar m

i 2

) � 2 6

(p8) T ransfer Cham b er � 2 2

(p9) Etc hing Cham b er � 2 4

(p10)Pusher � 2 3
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Figure 34. Mac hine Con trol Soft w are (T ransition Systems)
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1. The complete deadlo c k nev er o ccurs.

(([] ; []) ; : ( epet inter nal deadl ock ))

2. Whenev er an action in o ccurs, an action out ev en tually o ccurs. The action in means a material is

put in a loading cassette (cassette1), and the action out means a material is got out of an unloading

cassette (cassette2).

(([ in; out ] ; []) ; apat ([[ in ]]

�

( apat ( epet � out �

�

))))

3. An inner gate and an outer nev er b ecome op en at the same time to k eep v acuum condition b etter

in an etc hing c ham b er.

(([] ; [ tc 1( outer g ate open ) ; ec 1( inner g ate open )]) ; apat : ( tc 1( outer g ate open ) ^ ec 1( inner g ate open )))

(([] ; [ tc 2( outer g ate open ) ; ec 2( inner g ate open )]) ; apat : ( tc 2( outer g ate open ) ^ ec 2( inner g ate open )))

Figure 9 sho ws the e�ectiv eness of reduction in the �rst v eri�cation query (\the complete deadlo c k

nev er o ccurs").

T able 9. Mac hine Con trol Soft w are (E�ect of Reduction)

T r ansition System Final Size Maximum T emp or ary Size

machine J original K 16741 16741

machine

r ed

(reduction function (1) K 4 1276

machine

r ed

J reduction function (2) K 1425 4218

In this example, only sync hronization parts of the system are mo deled b y transition systems. Actually ,

they ha v e a lot of non-sync hronization (functional) parts whic h are unrelated to v eri�cation queries.

Therefore, the reduction will b e more e�ectiv e.

5 T o w ard Practical V eri�cation

5.1 T ranslation T arget Program to T ransition Systems

Ho w do es the designer mo del the target systems with transition systems in the practical soft w are de-

v elopmen t? Since a transition system is a v ery simple mo del, it is impractical to describ e the systems

using naiv e transition systems. In fast most reactiv e and concurren t systems can b e mo deled as extended

�nite state transition systems, suc h as Petri net , State chart , HMS machine [Gabrielian 91 ], and SF C

(Sequen tial F unction Chart) [IEC 1131-3 ]. Generally sp eaking, it is p ossible to translate them to naiv e

transition systems with some appro ximation.

This section presen ts an example of applying our comp ositional v eri�cation metho d to actual c hem-

ical plan t con trol systems, in whic h con trol programs written b y SF C are automatically translated in to

transition systems. SF C is a kind of safe P etri net whic h has shared memories. In the latter c hapter,

w e will also pro vide high-lev el P etri nets (MENDEL nets) to describ e the target reactiv e and concurren t

systems, from whic h transition systems can b e retracted as sk eletons of them.

5.2 Chemical Plan t Con trol Soft w are

This section sho ws ho w our v eri�cation metho d can b e applied to practical c hemical plan t con trol systems.

The p oin t of this application is ho w to translate a practical plan t con trol system to a set of transition

systems. W e brie
y illustrate the translation and v alidation pro cess using an example of a simple c hemical

plan t sho wn in Fig. 35.

A requiremen t for a con trol soft w are of this plan t is describ ed as follo ws. Tw o ra w materials are

p oured in to a reactor via pip e1 and pip e2. When the lev el sensor of the reactor indicates high, v alv e1

and v alv e2 are closed. Then, v alv e4 op ens and hot steam is p oured in to the reactor via pip e4 un til



Chapter 5: Comp ositional V eri�cation 76

valve1 valve2

reactor

agitator

level(high)

level(low)

temperature

pipe2pipe1

pipe3

pipe4

pipe5
valve3

valve4

Figure 35. Example of Chemical Plan t

the temp erature of the reactor b ecomes high. A t high temp erature, c hemical reaction is caused b y an

agitator. Finally , pro duced materials are extracted from the reactor via pip e3 b y v alv e3.

In this example, the con trol soft w are consists of t w o pro cesses; the main con trol pro cess ( task

1

)

and the temp erature con trol pro cess ( task

2

)

10

. These tasks are describ ed b y SF C whic h is a p opular

graphical programming language for sequence con trol systems (Fig. 36 and Fig. 37).

When applying the comp ositional v eri�cation metho d to the plan t con trol soft w are, the target system

should b e translated to a set of transition systems. The target system consists of the con trol soft w are and

con trolled ob jects (plan t equipmen t), b oth of whic h should b e translated to transition systems b ecause

the con trol soft w are can not function without connecting it with con trolled ob jects. W e brie
y sho w

pro cedures of the translation.

� SF C T asks ! T ransition Systems

In translation from a SF C task to transition system, t w o issues ha v e to b e considered; concurrency

within a task and access to shared memories.

{ Concurrency within a task

Eac h SF C task is translated to a transition system. Since SF C is based on P etri nets, SF C ma y

ha v e concurrency in a task. F or example, v1_open and v2_open are concurren tly pro cessed

in Fig. 36. If a SF C task has no concurrency , then a generated transition system almost

corresp onds to a SF C task b y one to one. If a SF C task has concurrency , then a global transition

system is pro duced whic h is equiv alen t to the original SF C b y in terlea ving concurren t actions.

Note that this in terlea ving within a task has p ossibilit y to cause state explosion, but it usually

do es not b ecause most state explosions are caused b y in terlea ving among concurren t tasks and

not b y in terlea ving within a task.

{ Access to shared memories

In plan t con trol systems, comm unication among tasks and comm unication b et w een tasks and

plan t are done b y w a y of shared memories. It means asynchr onous comm unication. As a

transition system supp oses only synchr onous comm unication, access to shared memories ha v e

to b e translated in to synchr onous comm unication. In our metho d, p ossible access patterns of

a shared memory are mo deled as actions, and eac h access is in terpreted as sync hronization

of the same actions. F or example, �gure 39 illustrates ho w to translate accesses to shared

memories for comm unication among task1 and v alv e1.

Figure 38 sho ws a generated transition system of task1 .

� Plan t Mo deling with T ransition Systems

10

Here, \task" and \pro cess" are iden tical. Since \task" is con v en tionally used in plan t con trol systems, w e use \task" in

the follo wing explanation.
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START
level_low

N v1_op

S timer1
v1_open

N v2_op

S timer2
v2_open

v1_opa timer1_up v2_opa timer2_up

timer1_up timer2_up

S timer1waiting

timer1_up

level_high

N v1_cl

S timer1
v1_close

N V2_cl

S tmer2
v2_close

v1_cla timer1_up v2_cla timer2_up

timer1_up timer2_up

S timer1
ag start

temper_high

S
timer1_up

ag stop R

agitator

agitator

N v3_op

S timer3
v3_open

v3_opa timer3_up

timer3_up

N v3_cl

S timer3
v3_close

v3_cla

timer3_up

timer3_up

N v1_cl

N v2_cl

error
 handling

S timer1waiting

level_low

timer1_up timer1_up

N v3_cl

timer1_up

waiting

switch

stop

switch

S switch
stop_or_
continue

Figure 36. Plan t Con trol Soft w are (task1)
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START
temper_low

N v4_op

S timer4
v4_open

v4_opa timer4_up

timer4_up

N v4_cl

S timer4
v4_close

v4_cla timer4_up

timer4_up

waiting

temper_high

level_high

stop_or_
continue

STOP

switch

switch
waiting

Figure 37. Plan t Con trol Soft w are (task2)
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Con trolled ob jects should b e directly mo deled b y the designer with transition systems. This ma y b e

a tedious job. F o cusing on c hemical plan ts, w e ha v e prop osed a metho d to generate automatically

transition systems (plan t sim ulator) b y reusing and connecting mo del fragmen ts corresp onding to

plan t equipmen t from plan t con�guration data (e.g., pro cess 
o w diagram) [Ka w ata 95 , ? ].

level(low)

v1(op),
timer1(set)

v2(op),
timer2(set)

v2(opa)

v2(opa)

v2(opa) v1(opa)

v2(op),
timer2(set) v1(op),

timer1(set)

v1(opa)

timer1(up) timer2(up)

timer1(up)timer2(up)
timer1(set)

level(high)

temper(high)

ag(start),timer1(set)

ag(end),timer1(up)

v3(op),timer3(set)

v3(opa)

timer1(set)

level(low)

v3(cl),
timer3(set)

v3(cla)

switch(off)

timer3(up)

switch(on)

timer3(up)
v1(cl),
v2(cl),
v3(cl)

switch(set)

timer1(up)

timer1(up)

v1(opa)
v2(op),
timer2(set) v1(op),

timer1(set)

timer1(up) timer2(up)

v1(cl),
timer1(set)

v2(cl),
timer2(set)

v2(cla)

v2(cla)

v2(cla) v1(cla)

v2(cl),
timer2(set) v1(cl),

timer1(set)

v1(cla)

timer1(up) timer2(up)

timer1(up)timer2(up)

v1(cla)
v2(cl),
timer2(set) v1(cl),

timer1(set)

timer1(up) timer2(up)

Figure 38. T ransition System (task1)

Figure 40 sho ws a �nal structure of the plan t con trol system comp onen ts of whic h are mo deled b y

transition systems.

V eri�cation queries for this plan t con trol soft w are are listed as follo ws.

� There exists no complete deadlo c k except normal termination ( task 1( stop ) ^ task 2( stop 2)).

(([] ; [ task 1( stop ) ; task 2( stop 2)]) ; apat ( inter nal deadl ock � ( task 1( stop ) ^ task 2( stop 2))))

� The normal termination state is reac hable from ev ery state whic h is reac hable from an initial state.

(([] ; [ task 1( stop ) ; task 2( stop 2)]) ; apat ( epet ( task 1( stop ) ^ task 2( stop 2))))

� There are no abnormal states suc h that material p ouring and extracting are sim ultaneously carried

out in the reactor.

(([] ; [ v al v e 1( open ) ; v al v e 2( open ) ; v al v e 3( open )]) ; apat : (( v al v e 1( open ) _ v al v e 2( open )) ^ v al v e 3( open )))

� There are no dangerous states suc h that a reactor is heated up although material is not �lled up

enough.

(([] ; [ v al v e 4( open ) ; l ev el ( hig h )]) ; apat v al v e 4( open ) � l ev el ( hig h ))
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task1 valve1
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Memory

op

opa

cl

cla

op

opa

cl

cla

close

valve1

Control
Software

Controlled
Object
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task1:cl
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task1:opa
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valve1:opa

valve1:cl valve1:cla

Figure 39. Mo deling of Shared Memory
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leveltimer1 timer2 timer3

reactor

temper

steam

ag valve2 valve3 valve4

switch

Figure 40. Structure of the Plan t Con trol System
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In fact, This SF C program has a lot of bugs, most of whic h can b e detected as complete deadlo c k

except normal termination. T o put it concretely , there exist the follo wing bugs.

� When a termination switc h is turned on in certain timing, it is p ossible that one of tasks is termi-

nated and the other is h ung up.

� Since task2 can not completely cop e with error handling of task1, task2 is p ossibly h ung up.

� When it tak es long time to close v alv e1 and v alv e2, heating pro cess of task2 ma y b e �nished. On

that o ccasion, task1 ma y b e h ung up b y w aiting forev er the temp erature b ecomes high.

The e�ectiv eness of computing cost in comp ositional v eri�cation in the case of deadlo c k detection is

sho wn in T able 10.

T able 10. State Space Generation (Chemical Plan t Con trol System)

Metho d States T r ansitions

Comp ositional Metho d 528 4064

Naiv e State Space Generation 283439 2174168

5.3 V eri�cation T o ol

W e initially implemen ted primitiv e op erations used in the comp ositional v eri�cation including comp osi-

tion, relab eling, reduction, and PQL mo del c hec k er. Ho w ev er, when the v eri�cation metho d is actually

applied, the follo wing problems still remain.

� It is not necessarily easy for ordinary designers to describ e in PQL queries.

� The exact lo cation of bugs cannot b e sp otted ev en if the existence of bugs can b e detected.

� Pro cess comp osition and relab eling op erations are lab orious.

Therefore, w e ha v e dev elop ed a to ok kit named \ VERASQUES " (VERi�cA tion Systems for temp oral logic

QUErieS) whic h is of general purp ose and includes the follo wing facilities to solv e the ab o v e problems.

� Primitiv e op eration commands

� PQL query generation in terface

� Debugger whic h supp orts to iden tify the lo cation of bugs

� PCL (Pro cess Comp osition Language) whic h is a command language to describ e op eration pro ce-

dures.

When fo cusing on certain domains suc h as c hemical plan ts, the more sp eci�c v eri�cation to ol can b e

a v ailable. SA VE/SF C [Uc hihira 93a , Ka w ata 96 ] is a Sim ulation And V eri�cation En vironmen t for SF C

programs whic h w e ha v e b een no w dev eloping (Fig. 41). SA VE/SF C has a sim ulation facilit y in addition

to the v eri�cation facilit y . Moreo v er, v eri�cation is tigh tly tuned up b y merging comp ositional metho d

and partial order metho d [Uc hihira 95b ]and in tro ducing a lot of heuristics.

W e ha v e applied SA VE/SF C to a real c hemical plan t con trol soft w are, where the plan t consists of 28

v alv es, 4 pumps, 5 measuremen ts, and 1 reactor, and the program consists of 5 tasks. Man y trivial bugs

can b e found b y t ypical and v aried sim ulation using the heuristic selection. Some complicated bugs that

are di�cult to �nd b y t ypical sim ulation ha v e b een detected b y exhaustiv e sim ulation using the logical

selection. The v eri�cation generated the reduced state space whic h has 2800 states, and tak es ab out 3

hours.
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Figure 41. SA VE/SF C

6 Related W orks

6.1 Comp ositional V eri�cation Metho ds

Man y c omp ositional veri�c ation metho ds ha v e b een prop osed for a system whic h has comp ositional

structure lik e CCS, CSP , and Mo dular P etri nets. Generally sp eaking, comp ositional v eri�cation can b e

de�ned as

� v erifying prop erties of the comp onen ts of a system, and then

� deducing global prop erties from these lo cal prop erties.

This comp ositional approac h can reduce v eri�cation cost drastically . Comp ositional v eri�cation should

b e comp ositional in the structure of pro cesses and w ork purely on the syn tactical lev el without insp ecting

comp onen ts. An ide al metho d of comp ositional v eri�cation can b e formalized as follo ws.

( op ( T

1

; T

2

; :::; T

i

; :::; T

n

) j = f ) ( )

op

f

(( T

1

j = op

� 1

1

( f )) ; ( T

2

j = op

� 1

2

( f )) ; :::; ( T

i

j = op

� 1

i

( f )) ; :::; ( T

n

j = op

� 1

n

( f )))

where T

1
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2

; :::; T

i

; :::; T

n

are comp onen t pro cesses of the system and op ( T

1

; T

2

; :::; T

i

; :::; T

n

) is a comp osite

pro cess using an op erator op o v er the comp onen ts, f is a form ula represen ting v eri�cation queries, T j = f

means a pro cess T satis�es f , op

� 1

i

( f ) is a form ula whic h is deriv ed from f and op for i -th argumen t of

op , op

f

is a logical op erator corresp onding to op . Here, op

� 1

i

( f ) is a pro jection of f on to i -th argumen t

of op . Note that op

� 1

i

( f ) is deriv ed without insp ecting comp onen ts T

1

; T

2

; :::; T

n

. This function op

� 1

i

pla ys an imp ortan t role in the comp ositional v eri�cation, that is, if T

i

j = op

� 1

i

( f ) can b e lo cally v eri�ed

for ev ery comp onen t T
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, then op

f
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instead of globally v erifying op ( T
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; :::; T
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) j = f .

F or example, a summation op erator \+" of CCS is go o d-natured for the comp ositional v eri�cation.

The comp ositional v eri�cation with regard to \+" can b e formalized as follo ws.
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where op = +, op
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( h a i f ) = h a i f and op

h a i f

= _ . In this case, it is su�cien t to pro v e lo cal prop erties

( T

1

j = h a i f ) and ( T

2

j = h a i f ) instead of pro ving a global prop ert y ( T

1

+ T

2

) j = h a i f .

Unfortunately , it is pro v ed that it is imp ossible to �nd op

� 1

i

( f ) for ev ery op erator op of CCS

[F an tec hi 91 ]. In particular, a comp osition op erator is inadequate for the ideal comp ositional v eri�cation.

Therefore, sev eral non-ide al comp ositional v eri�cation metho ds ha v e b een prop osed with a v oiding this

essen tial limitation.
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1. Restriction of v eri�cation queries

F or example, Winsk el [Winsk el 90 ] sho w ed a comp ositional v eri�cation for restricted assertions, in

whic h an assertion o v er pro cess comp osition (pro duct) T

1

� T

2

should b e describ ed as pro duct of

assertions A

1

� A

2

.

2. In tro duction of comp onen t's information to op

� 1

i

( f )

If w e are allo w ed to insp ect comp onen ts T
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; :::; T

n

and use an extended pro jection op
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i
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)

instead of op
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( f ), pseudo-comp ositional v eri�cation is a v ailable. Since the pro jection op
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i
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n

, it is p ossible to deriv e a relativ ely simple and equiv alen t
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)) b y apply reduction rules to the original op
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i

( f ; T
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n

). Andersen

and Winsk el [Andersen 92 ] prop ose a comp ositional v eri�cation metho d based on this framew ork.

The latter approac h is essen tially equiv alen t to our and Clark e's comp ositional v eri�cation metho ds.

The di�erence b et w een them is concerned with the place on whic h information deriv ed b y insp ecting

comp onen ts is re
ected. In our and Clark e's metho ds, T
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In other w ord, the information (+ � ) is re
ected on a transition system T

i

in our and Clark e's metho ds,

while it is re
ected on a form ula op

� 1

i

( f ) in Andersen and Winsk el's metho d. Note that b oth metho ds

mak e go o d use of reduction tec hniques. More sp eci�cally , w e can sho w the follo wing corresp ondence for

the form ulation of our comp ositional v eri�cation metho d describ ed in Section 4.2.

( T

1

j T

2

j = f

1

^ f

2

) ( )

(( T

f

1

j = f

1

) ^ ( T

f

2

j = f

2

))

where T

f

1

= T

+ �

1

= r ed (( r ed ( T

1

[ l

11

]) j r ed ( T

2

[ l

12

]))[ l

V S

1

]) and T

f

2

= T

+ �

2

= r ed (( r ed ( T

1

[ l

21

]) j

r ed ( T

2

[ l

22

]))[ l

V S

2

])

Although Andersen and Winsk el's approac h is essen tially equiv alen t to our and Clark e's metho ds, our

approac h is more appropriate for transition systems whic h can utilize (extended) bisim ulation for pro cess

reduction.

6.2 Comparison with P artial Order Approac h

Another approac h to a v oid the state explosion is p artial or der appr o ach [V almari 90 , Go defroid 91a ,

Go defroid 91b, W olp er 93 , Go defroid 96 ]. When there are man y redundan t in terlea ving sim ulation paths

o v er the state space, w e can lea v e one represen tativ e path and delete the others b y the p artial or der

metho d . Figure 42 illustrates an essen tial idea of the partial order metho d. A naiv e state space of P

1

j P

2

has 18 states and 20 paths b y transition in terlea ving (i.e., total ordering). Here, P

1

and P

2

sync hronize

only ab out actions a and b . Ho w ev er, if P

1

and P

2

are indep enden t regarding actions t

11

; :::; t

23

, this naiv e

state space is redundan t in order to detect deadlo c k. It is su�cien t to analyze only one represen tativ e

path a ! t

11

! t

12

! t

13

! t

21

! t

22

! t

23

! b whic h consists of 9 states.

T o compare the partial order metho d with the comp ositional metho d, w e sho w Fig. 43 where t

11

; t

13

; t

21

; t

23

are in ternal ( � ) actions and pro cesses P

1

and P

2

are �rst reduced and then comp osed. This metho d can

reduce 18 states of a naiv e state space to 7 states.

These t w o approac hes can b e c haracterized as follo ws.

� P artial Order Metho d

{ Compatibilit y with con v en tional testing and sim ulation

P artial order metho d is w ell-suited to actual execution of target programs b ecause a selection

mec hanism of a represen tativ e path can b e implemen ted as a smart sc heduler. V eri�cation

is mo deled as a smart exhaustiv e sim ulation and harmonized with con v en tional testing and

sim ulation. In other w ords, con v en tional testing and sim ulation are in terpreted as a sp ecial

case of a smart exhaustiv e sim ulation based on the partial order metho d.
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P1 P2
P1 | P2

t11

t12

t21

t22

t11

t11

t11
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t22t21
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t12

t12

t12

t13 t32

t13

t11

a a

b b
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b

t21

t22
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t23
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t23
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Figure 42. P artial Order Metho d
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b b

t12

t12
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t22

Figure 43. Comp ositional Metho d



Chapter 5: Comp ositional V eri�cation 85

{ Applicabilit y to ill-structured systems

It is not so di�cult to implemen t a smart sc heduler whic h requires only information ab out

data and con trol dep endency b et w een pro cesses. Therefore, it is applicable to ill-structured

systems.

{ Flat and global analysis

Since the partial order metho d is a smart v ersion of global state apace analysis, it can not

mak e go o d use of hierarc hical and comp ositional structures of the target systems.

� Comp ositional Metho d

{ E�ectiv eness for w ell-structured systems

The comp ositional metho d is e�ectiv e for w ell-structured systems whic h consist of man y but

uniform and mostly indep enden t subpro cesses b ecause pro cess reduction w orks w ell for them.

{ Hierarc hical and comp ositional analysis

The comp ositional metho d is e�ectiv e for large but hierarc hical systems b ecause v eri�cation

is done comp ositionally where subpro cesses are abstracted b y pro cess reduction.

Since comp ositional metho ds and partial order metho ds are orthogonal, it is practical solution to

utilize b oth metho ds complemen tarily (h ybrid metho d). F or example, w e illustrate a t ypical h ybrid

metho d for the target system whic h consists of t w o large pro cesses P

1

and P

2

(Fig. 44). First P

1

and

P

2

is reduced to simple in terface pro cesses whic h pro duces only b eha viors related to giv en queries and

sync hronization b y the comp ositional metho d, then a smart state space generation is done b y the partial

order metho d. Finally , the state space is analyzed b y PQL mo del c hec k er. In fact w e adopted this h ybrid

approac h in SA VE/SF C [Uc hihira 93a , Uc hihira 95b ] whic h is men tioned in the previous section.

P1 P2

red(P2)

Reduction by
Compositional
Method

State Space
Generation by
Partial Order
Method

red(P1)

Model Checking

Target Program

State Space

PQL Queries

Figure 44. Hybrid Approac h of Comp ositional and P artial Order Metho ds

7 Summary

Pro cess Query Language of concurren t program v eri�cation based on state logic and the comp ositional

v eri�cation metho d w ere prop osed and its e�ectiv eness con�rmed b y using the examples.

This c hapter fo cuses on the comp ositional v eri�cation for transition systems, whic h ha v e only �nite

states, in place of P etri nets, whic h ma y ha v e in�nite states. A mo del-c hec king metho d for P etri nets w as

prop osed b y [Brad�eld 92 ], whic h is v ery p o w erful but not comp ositional (he sho w ed some remarks on

comp ositionalit y at page 82 of [Brad�eld 92 ]). In general the comp ositional v eri�cation for P etri nets is

di�cult and impractical. Therefore, dev eloping a comp ositional v eri�cation metho d for P etri nets, whic h

ma y b e restricted to some degree but practical enough, is one of the further w orks.
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App endix I : Pro of of Theorem 10

T o pro of theorem 10, sev eral de�nitions and lemmas are in tro duced.

De�nition 29 ( �

k

� � !

)

In ( S; Act; � ; P ; � ) , for 8 s; t 2 S; 8 k � 0 ,

s �

0

� � !

t

def

=

� � ( s ) = � ( t )

� s " i� t "

s �

k +1

� � !

t

def

=

� � ( s ) = � ( t )

� 8 a: 8 s

0

: ( if s

a

! s

0

then 9 t

0

:t

^a

) t

0

^ s

0

�

k

� � !

t

0

)

� 8 a: 8 t

0

: ( if t

a

! t

0

then 9 s

0

:s

^a

) s

0

^ s

0

�

k

� � !

t

0

)

� s " i� t "

Lemma 7 (Relation of �

� � !

and �

k

� � !

)

(1) s �

� � !

t ,

1

^

k =1

( s �

k

� � !

t )

(2) s 6�

� � !

t ,

1

_

k =1

( s 6�

k

� � !

t ) , 9 k : ( s 6�

k

� � !

t )

Pro of. It is ob vious from the de�nition. 2

Lemma 8 (Seman tics of � �

�

f ; � �

+

f ; � a �

�

f ; � a �

+

f )

(1)

s j = � �

�

f ( ) 9 t = �

�

: 9 s

0

: ( s

t

! s

0

^ s

0

j = f )

(2)

s j = � �

+

f ( ) 9 t = �

�

: 9 s

0

: ( s

t

! s

0

^ s

0

j = f ) _

9 t = �

!

: ( s

t

! )

(3)

s j = � a �

�

f ( ) 9 t = �

�

a�

�

: 9 s

0

: ( s

t

! s

0

^ s

0

j = f )

(4)

s j = � a �

+

f ( ) 9 t = �

�

a�

�

: 9 s

0

: ( s

t

! s

0

^ s

0

j = f ) _

9 t = �

�

a�

!

: ( s

t

! ) _

9 t = �

!

: ( s

t

! )

Here 9 t = �

�

a�

�

means 9 t 2 f �

i

a�

j

j i; j � 0 g .
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Pro of.

(1) F rom lemma 6, s 2 V [ [ � �

�

f ] ] = [ [ �Z : ( f _ 9 T Z )] ] ( ) 9 k :s 2 V [ [( �Z : ( f _ 9 T Z ))

k

f al se ] ] =

V [ [( 9 T )

k � 1

f ] ] ( ) 9 t = �

�

: ( s

t

! s

0

^ s

0

2 V [ [ f ] ]) :

(2) F rom lemma 6, V [ [ � �

+

f ] ] = V [ [ � Z : ( f _ 9 T Z ) ] ] = lim

k !1

V [ [ �Z : ( f _ 9 T Z )

k

tr ue ] ] =

lim

k !1

S

k � 1

i =0

V [ [( 9 T )

i

f ] ] [ V [ [( 9 T )

k

tr ue ] ] : Therefore, s 2 V [ [ � �

+

f ] ] ( ) 9 i: ( s 2 V [ [( 9 T )

i

f ] ]) _

s 2 V [ [( 9 T )

!

tr ue ] ] ( ) 9 t = �

�

: ( s

t

! s

0

^ s

0

2 V [ [ f ] ]) _ t = �

!

: ( s

t

! ) :

(3) In the same w a y as (1), s 2 V [ [ � a �

�

f ] ] = V [ [ �Z

1

: ( 9 ( a ^ X ( �Z

2

: ( f _ 9 T Z

2

))) _ T Z

1

)] ] ( )

9 i; j:s 2 V [ [( 9 T )

i

9 ( a ^ X ( 9 T )

j

f )] ] : Therefore, s 2 V [ [ � a �

�

f ] ] ( ) 9 t = �

�

a�

�

: ( s

t

! s

0

^ s

0

2

V [ [ f ] ]) :

(4) In the same w a y as (2), V [ [ � Z : ( f _ 9 T Z ) ] ] = lim

k !1

(

S

k � 1

i =0

V [ [( 9 T )

i

f ] ] [ V [ [( 9 T )

k

tr ue ] ]) : Therefore,

s 2 V [ [ � a �

+

f ] ] = V [ [ � Z

1

: ( 9 ( a ^ X ( � Z

2

: ( f _ 9 T Z

2

))) _ T Z

1

)] ]

( ) 9 i; j: ( s 2 V [ [( 9 T )

i

9 ( a ^ X ( 9 T )

j

f )] ]) _9 i: ( s 2 V [ [( 9 T )

i

9 ( a ^ X ( 9 T )

!

tr ue )] ]) _ s 2 V [ [( 9 T )

!

tr ue ] ] :

Then, s 2 V [ [ � a �

+

f ] ] ( ) 9 t = �

i

a�

j

: ( s

t

! s

0

^ s

0

2 V [ [ f ] ]) _ 9 t = �

i

a�

!

: ( s

t

! ) _ 9 t = �

!

: ( s

t

! ) :

2

Pro of of Theorem 10

[Pro of of T

1

�

� � !

T

2

( T

1

�

P QL

T

2

]

If T

1

6�

� � !

T

2

, it is su�cien t to pro v e 9 f : ( T

1

j = f ^ T

2

6j = f ). As 9 k : ( s

01

6�

k

� � !

s

02

) from lemma 7, the

induction ab out k can b e applied as follo ws. In the case of s 6�

k

� � !

t , f suc h that s j = f ^ t 6j = f can b e

constructed for the follo wing 4 cases.

Case 1 � ( s ) 6= � ( t ) ) f = p s:t: p 2 � ( s ) ; p 62 � ( t ) :

Case 2 s " ^: ( t " ) ) f = � �

+

f al se: J from Lemma 8)

Case 3 s

a

! s

0

^ :9 t

0

: ( t

^a

) t

0

) ) f = � a �

�

tr ue: (from de�nitions)

Case 4 s

a

! s

0

^ 8 t

0

i

: ( t

^a

) t

0

) s

0

6�

k � 1

� � !

t

0

i

) )

By the induction,

8 t

0

i

: 9 f

i

: ( s

0

j = f

i

^ t

0

i

6j = f

i

). Then, f = � a �

�

^

i

f

i

.

[Pro of of T

1

�

� � !

T

2

) T

1

�

P QL

T

2

]

8 f : ( T

1

�

� � !

T

2

^ T

1

j = f ) T 2 j = f ) is sho wn here. F rom Lemma 6(3), only �nite length PQL form ulas

with no � op erators should b e considered. When PQL form ulas whic h do not con tain � op erators, it

can b e pro v ed b y the structural induction of PQL form ulas as follo ws. Here the cases of f = � a �

+

f

0

; f = � a �

�

f

0

are pro v ed. As for other form ulas, the pro of can b e pro vided in the same manner.

� f = � a �

�

f

0 '

When s

1

�

� � !

s

2

and s

1

j = � a �

�

f

0

, 9 t

1

= �

�

a�

�

: ( s

1

t

1

! s

0

1

^ s

0

1

j = f ) from Lemma 8, also

9 t

2

= �

�

a�

�

: ( s

2

t

2

! s

0

2

^ s

0

1

�

� � !

s

0

2

) from s

1

�

� � !

s

2

. By the structural induction, s

0

2

j = f

0

, then

s

2

j = � a �

�

f

0

.

� f = � a �

+

f

0 '
When s

1

�

� � !

s

2

and s

1

j = � a �

+

f

0

, from Lemma 8,

(1) 9 t = �

�

a�

�

: ( s

1

t

! s

0

1

^ s

0

1

j = f ), or

(2) 9 t = �

!

: ( s

t

! ), or

(3) 9 t = �

�

a�

!

: ( s

t

! ) %

In the case of (1), it can b e pro v ed in the same manner as f = � a �

�

f

0

. In the case of (2), since

s

1

" and s

1

�

� � !

s

2

, s

2

" . Therefore s

2

j = � a �

+

f

0

. In the case of (3), since 9 t

1

= �

�

a�

�

: ( s

1

t

1

!

s

0

1

^ s

0

1

" ) and s

1

�

� � !

s

2

, 9 t

2

= �

�

a�

�

: ( s

2

t

2

! s

0

2

^ s

0

2

" ). Therefore, s

2

j = � a �

+

f

0

2
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App endix I I : W ell-kno wn Equiv alence Relations and Div ergence

This section sho ws detail de�nitions of w ell-kno wn equiv alence relations (trace equiv alence, failure equiv-

alence, partial bisim ulation equiv alence) referred in Fig. 28. Their relations are summarized from the

viewp oin t of \div ergence".

De�nition 30 (trace equiv alence)

Let S b e a set of states, A b e a set of actions ( Act = A [ f � g ), and � : S � Act ! 2

S

b e a nondeterministic

transition function. F or ( S; Act; � ) and s; t 2 S , s and t are trace equiv alen t, written s �

1

t , if 8 � 2

Act

�

:s

^

�

) i� t

^

�

)

De�nition 31 (failure)

F or ( S; Act; � ) and s 2 S ,

f ail ur es ( s )

def

= f ( � ; L ) j � 2 Act

�

; L � A suc h that 9 s

0

2 S: ( s

^

�

) s

0

and s

0

6

�

! and 8 a 2 L:s

0

6

a

! ) g

De�nition 32 (failure equiv alence)

F or ( S; Act; � ) and s

1

; s

2

2 S , failure equiv alence ( �

f

) is de�ned as follo ws.

s

1

�

f

s

2

( ) f ail ur e ( s

1

) = f ail ur e ( s

2

)

De�nition 33 (partial bisim ulation preorder b y global div ergence)

F or ( S; Act; � ) , a partial bisim ulation preorder with global div ergence v

g

( � S � S ) is de�ned as the

largest relation suc h that

if 8 s; t 2 S; s v

g

t implies

� 8 a 2 Act: 8 s

0

2 S: ( if s

a

! s

0

then 9 t

0

2 S:t

^a

) t

0

^ s

0

v

g

t

0

)

� if : ( s " ) then

{ : ( t " )

{ 8 a 2 Act: 8 t

0

2 S: ( if t

a

! t

0

then 9 s

0

2 S:s

^a

) s

0

^ s

0

v

g

t

0

)

De�nition 34 (partial bisim ulation equiv alence b y global div ergence)

F or ( S; Act; � ) and s; t 2 S ,

s �

g

p

t ( ) s v

g

t ^ t v

g

s:

�

g

p

is called partial bisim ulation equiv alence b y global div ergence.

De�nition 35 (parameterized � ! -div ergence)

F or ( S; Act; � ) and s 2 S; a 2 Act ,

s " a

def

= s " or 9 s

0

: ( s

^a

) s

0

^ s

0

" )

De�nition 36 (partial bisim ulation preorder b y lo cal div ergence)

F or ( S; Act; � ) , a partial bisim ulation preorder b y lo cal div ergence v ( � S � S ) is de�ned as the largest

relation suc h that

if 8 s; t 2 S; s v t implies

� 8 a 2 Act: 8 s

0

2 S: ( if s

a

! s

0

then 9 t

0

2 S:t

^a

) t

0

^ s

0

v t

0

)

� 8 a 2 Act: if : ( s " a ) then

{ : ( t " a )

{ 8 t

0

2 S: ( if t

a

! t

0

then 9 s

0

2 S:s

^a

) t

0

^ s

0

v t

0

)

De�nition 37 (partial bisim ulation equiv alence b y lo cal div ergence)

F or ( S; Act; � ) and s; t 2 S ,

s �

p

t ( ) s v t ^ t v s:

�

p

is called partial bisim ulation equiv alence b y lo cal div ergence.
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P artial bisim ulation equiv alence b y lo cal div ergence is sometimes simply called \partial bisim ulation

equiv alence". The discrimination abilit y of partial bisim ulation equiv alence b y lo cal div ergence is the

same as Intuitionistic Hennessy-Milner L o gic (IHML) [Stirling 87 ].

Theorem 11 (Im v olv emen t Relation among Equiv alence Relations)

The im v olv emen t relation among equiv alence relations is sho wn as follo ws.

� �

� !

��

g

p

� �

g

p

��

p

� �

g

p

��

f

� �

f

��

1

� �

p

��

1

Here, \ R

1

� R

2

" means \ 8 s; t 2 S: if sR

1

t then sR

2

t ".

Pro of. It is ob vious from the de�nition. 2

Figure 45 sho ws a coun ter example whic h sho ws there is no im v olv emen t relation b wt w een �

f

and

�

p

. In this example, T

1

�

p

T

2

but T

1

6�

f

T

2

. On the other hand, T

3

6�

p

T

4

but T

3

�

f

T

4

.

a

b

tau

a

a

a ba

tau
a

T1 T2

a

bb

T3 T4

c d

a

bb

c d

a

Figure 45. Example whic h sho ws there is no im v olv emen t relation b wt w een �

f

and �

p



Chapter 6

Comp ositional Program Adjustmen t

In this c hapter, w e examine \ pr o gr am adjustment ", a formal and practical approac h to dev eloping correct

concurren t programs, b y automatically adjusting an imp erfect program to satisfy giv en constrain ts. A

concurren t program is mo deled b y a �nite state pro cess, and program adjustmen t to satisfy temp oral

logic constrain ts is formalized as the syn thesis of an arbiter pro cess whic h partially serializes target (i.e.

imp erfect) pro cesses to remo v e harmful nondeterministic b eha viors. Comp ositional adjustmen t is also

prop osed for large-scale comp ound target pro cesses, using pro cess equiv alence theory .

1 Motiv ation and Ov erview

1.1 Motiv ation

The di�cult y of concurren t program debugging is mainly due to its nondeterministic b eha vior. W e

classify nondeterminism in to the follo wing 3 t yp es.

� In tended nondeterminism: Nondeterministic b eha viors whic h the programmer in tends to im-

plemen t.

� Harmful nondeterminism: Nondeterministic b eha viors whic h the programmer do es not in tend

to implemen t and do es not exp ect.

� P ersisten t nondeterminism: Nondeterministic b eha viors whic h ha v e no e�ect on the results.

F or example, Fig. 46 sho ws a simple Ada-lik e concurren t program \ S eat B ook ing ", where t w o pro-

cesses read/write a shared memory \ seat " to reserv e one seat. This program has the 3 t yp es of nonde-

terministic b eha viors.

In tended nondeterminism The follo wing nondeterministic b eha viors �

1

and �

2

deriv e di�eren t re-

sults: P

1

can b o ok the seat ( status

1

= O K ) in �

1

, but cannot ( status

1

= N G ) in �

2

. Ho w ev er b oth are

correct (in tended b eha viors).

� �

1

= l

1

! l

2

! l

3

! l

4

! l

5

! m

1

! m

2

! m

5

Result: status

1

= O K ; seat = O C C U P I E D ; status

2

= N G .

� �

2

= m

1

! m

2

! m

3

! m

4

! m

5

! l

1

! l

2

! l

5

Result: status

1

= N G; seat = O C C U P I E D ; status

2

= O K .

Harmful nondeterminism The follo wing nondeterministic b eha vior �

3

deriv es an incorrect result

(double b o oking). So, this program has harmful nondeterminism.

� �

3

= l

1

! m

1

! l

2

! m

2

! l

3

! m

3

! l

4

! m

4

! l

5

! m

5

Result: status

1

= O K ; seat = O C C U P I E D ; status

2

= O K .

90
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P ersisten t nondeterminism The follo wing t w o nondeterministic b eha viors ha v e the same result b e-

cause l

1

(write in status

1

) and m

1

(write in status

2

) are indep enden t actions of eac h other. W e call suc h

a situation p ersistent .

� �

4

= l

1

! m

1

! l

2

! l

3

! l

4

! l

5

! m

2

! m

5

Result: status

1

= O K ; seat = O C C U P I E D ; status

2

= N G .

� �

5

= m

1

! l

1

! l

2

! l

3

! l

4

! l

5

! m

2

! m

5

Result: status

1

= O K ; seat = O C C U P I E D ; status

2

= N G .

seat
(Initially, seat := FREE)

P1 P2

l1: status1 := NG ;
l2: if  seat.read = FREE then
l3:   seat.write(OCCUPIED) ;
l4:   status1 := OK ;
     end if ;
l5: terminate ;

m1: status2 := NG ;
m2: if seat.read = FREE then
m3:   seat.write(OCCUPIED) ;
m4:   status2 := OK ;
       end if ;
m5: terminate ;

status1 status2

read

write write

Figure 46. An example of a concurren t program

In our observ ation of concurren t program dev elopmen t, a programmer �rst tries to design and imple-

men t pro cesses so as to maximize concurrency , whic h ma y include 3 t yp es of nondeterminism. He then

often �nds harmful nondeterministic b eha viors in testing and debugs them b y partially serializing the

critical sections whic h in terfere eac h other using sync hronization mec hanisms (e.g. semaphores). Bugs

due to harmful nondeterministic b eha viors often accoun t for a considerable part of all timing bugs.

W e will sho w that the debugging pro cesses for harmful nondeterministic b eha viors can b e mec hanically

supp orted using formal metho ds. It can b e also regarded as a practical application of program syn thesis

tec hniques to program mo di�cation in debugging.

1.2 Ov erview of Main Results

W e prop ose \program adjustmen t" whic h automatically adjusts (debugs) an imp erfect program to satisfy

giv en constrain ts. Here, w e consider only timing constrain ts for concurren t programs that can b e sp eci�ed

b y temp oral logic. In this con text, \an imp erfect program" is regarded as a program whic h is functionally

correct but ma y b e imp erfect in its timing. W e call suc h a program an F CTI pr o gr am (F unctionally-

Correct T emp orally-Imp erfect program).

A concurren t program is mo deled with the �nite state pro cess [Kanellakis 90 ] , whic h can sp ecify the

�nite state transition system with liv eness conditions. It can not only represen t the transition systems

in CCS [Milner 89 ], but also B • uc hi automata [B • uc hi 62 ]. A target F CTI program is comp ositionally

constructed from sev eral �nite state pro cesses with the comp osition op erator \ j "(ex. P = ( P

11

j P

12

) j

( P

21

j P

22

) in Fig.47(a)).

Basic Adjustmen t Program adjustmen t ( b asic adjustment ) means to adjust an F CTI program to

satisfy giv en constrain ts b y adding an arbiter pro cess whic h is sync hronized with and restricts the b eha vior

of the F CTI program (Fig.47(b)). The arbiter partially serializes the F CTI program to remo v e harmful

nondeterministic alternativ es whic h do not satisfy giv en constrain ts. W e will sho w an algorithm to

syn thesize an arbiter pro cess C

f

automatically .
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P11 P12 P21 P22
P1 P2

P11 P12 P21 P22

P1
P2

C0

C1 C2

P

P'

(a)

P11 P12 P21 P22
P1 P2

P'

Cf

Process
Composition

(b)
Basic
Adjustment

(c)
Compositional
Adjustment

arbiter

Figure 47. Pro cess Comp osition (a), Basic (b), and Comp ositional (c) Adjustmen t

Input: An FTCI program P .

Input: T emp oral logic constrain ts f .

Output: An arbiter pro cess C

f

suc h that P j C

f

satis�es f .

Comp ositional Adjustmen t When a target program b ecomes large, the arbiter syn thesis ma y cause

computing cost explosion. Therefore, w e prop ose c omp ositional adjustment , in whic h lo cal arbiters are

syn thesized in eac h comp osition step. F or example, an adjusted program with lo cal arbiters C

0

, C

1

, and

C

2

is sho wn as follo ws (Fig.47(c)).

P

0

= ( P

11

j P

12

j C

1

) j ( P

21

j P

22

j C

2

) j C

0

In eac h comp osition step, the reduction of the �nite state pro cess, based on pro cess equiv alence theory ,

can ease computing cost explosion. W e in tro duce a new pro cess equiv alence relation ( � � ! -bisim ulation)

to manipulate liv eness prop erties b ecause the traditional w eak bisim ulation equiv alence used in CCS

cannot. � � ! -bisim ulation is used to reduce a �nite state pro cess to a smaller and equiv alen t one in the

comp ositional adjustmen t.

It is more feasible for ordinary programmers to adopt the program adjustmen t approac h compared

to other metho ds whic h syn thesize complete programs from (temp oral logic) sp eci�cations [Manna 84 ,

Emerson 82 , Pn ueli 90 ]. The reasons are as follo ws.

� It is not v ery di�cult for ordinary programmers to pro duce an F CTI concurren t program, whic h

satis�es at least the functional requiremen ts. A more di�cult task is to design and debug the timing

of suc h programs.

� Man y bugs are deriv ed from harmful nondeterministic alternativ es.

� It is easy for ordinary programmers to sp ecify timing constrain ts, suc h as deadlo c k-free and starv ation-

free constrain ts, as compared with implemen ting them.
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1.3 Organization of the Chapter

The remainder of this c hapter is organized as follo ws. Section 2 de�nes Finite State Pro cesses (FSP)

and their equiv alence relation and comp osition op erator. Basic and comp ositional adjustmen t of FSP

is describ ed in Section 3. Section 4 sho ws a simple and non trivial example and an exp erimen tal re-

sult of comp ositional program adjustmen t. Finally , Section 5 tak es program adjustmen t in standard

programming languages in to consideration, follo w ed b y related w orks and summary in Section 6 and 7.

2 Finite State Pro cesses

The basic mo del for concurren t programs is the �nite state pro cess (FSP) de�ned in Chapter 2, whic h

can sp ecify the �nite state transition system with liveness c onditions . First, w e in tro duce an equiv a-

lence relation for FSPs. Then, sev eral op erators (comp osition, relab eling, and reduction) on FSPs are

in tro duced and their prop erties are sho wn.

2.1 Equiv alence of Finite State Pro cesses

W e no w in tro duce � � ! -bisimulation e quivalenc e for FSP whic h w as originally de�ned for comp ositional

v eri�cation in Chapter 5. In this c hapter, it is used to reduce an FSP to a smaller and equiv alen t one in

comp ositional adjustmen t. � � ! -bisim ulation equiv alence is rede�ned for FSPs as follo ws.

De�nition 38 ( � ! -div ergence)

Let P = ( S; A; L; � ; � ; s

0

; F ) b e an FSP . s 2 S is � ! -div ergen t ( s " ) if 8 n > 0 : 9 s

0

2 S: 9 � 2 A

�

: ( j � j =

n; ^� ( � ) = " and s

0

= � ( s; � )) . 2

De�nition 39 ( � � ! -bisim ulation Equiv alence)

Let P

1

= ( S

1

; A

1

; L

1

; �

1

; �

1

; s

01

; F

1

) and P

2

= ( S

2

; A

2

; L

2

; �

2

; �

2

; s

02

; F

2

) b e FSPs. P

1

and P

2

are � � ! -

bisim ulation equiv alen t ( P

1

�

� � !

P

2

), if there is a binary relation R � S

1

� S

2

, suc h that ( s

01

; s

02

) 2 R ,

and 8 s

1

2 S

1

: 8 s

2

2 S

2

: ( s

1

; s

2

) 2 R ( )

� s

1

2 F

1

i� s

2

2 F

2

,

� s

1

" i� s

2

" ,

� 8 t

1

2 A

1

: 8 s

0

1

2 S

1

: ( if s

0

1

= �

1

( s

1

; t

1

) then

9 � 2 A

�

2

: 9 s

0

2

2 S

2

: ^�

1

( t

1

) = ^�

2

( � ) ; s

0

2

= �

2

( s

2

; � ) ; and ( s

0

1

; s

0

2

) 2 R ) ,

� 8 t

2

2 A

2

: 8 s

0

2

2 S

2

: ( if s

0

2

= �

2

( s

2

; t

2

) then

9 � 2 A

�

1

: 9 s

0

1

2 S

1

: ^�

2

( t

2

) = ^�

1

( � ) ; s

0

1

= �

1

( s

1

; � ) ; and ( s

0

1

; s

0

2

) 2 R ) :

2

� � ! -bisim ulation is extended so that it can discriminate designated states and div ergence, whic h

cannot b e discriminated b y w eak bisim ulation (the w eak bisim ulation ignores div ergences, i.e., � -lo ops

and � -circles). The follo wing lemma is deriv ed from these discrimination abilities.

Lemma 9 If P

1

is complete and P

1

�

� � !

P

2

, then P

2

is also complete. 2

De�nition 40 (Reduction) F or a giv en FSP P = ( S; A; L; � ; � ; s

0

; F ) , a reduction of P , r ed ( P ) =

( S

r

; A

r

; L

r

; �

r

; �

r

; s

r

0

; F

r

) , is an FSP suc h that P �

� � !

r ed ( P ) and j S

r

j�j S j . 2

The smallest r ed ( P ) is constructed e�ectiv ely b y the relational coarsest partitioning algorithm [P aige 87 ,

Kanellakis 90 ] suc h that all states of P that are � � ! -bisimilar to eac h other are brough t together in to a

single state of r ed ( P ).
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2.2 Op erators on Finite State Pro cesses

Concurren t programs are constructed as a comp osition of sev eral FSPs that are sync hronized with eac h

other. The comp osition and relab eling op erators for FSPs are in tro duced and their imp ortan t prop erties

(substitutivit y and re
ectivit y) are sho wn.

De�nition 41 (Comp osition Op erator)

F or P

1

= ( S

1

; A

1

; L

1

; �

1

; �

1

; s

10

; F

1

) and P

2

= ( S

2

; A

2

; L

2

; �

2

; �

2

; s

20

; F

2

) , a comp osition P = P

1

j P

2

is

de�ned as follo ws.

P = ( S

1

� S

2

� f 0 ; 1 g

2

; ( A

1

[ f idl e g ) � ( A

2

[ f idl e g ) ; L

1

[ L

2

; � ; � ; ( s

10

; s

20

; 0 ; 0) ; F ) , where

� � : ( S

1

� S

2

� f 0 ; 1 g

2

) � ( A

1

[ f idl e g ) � ( A

2

[ f idl e g ) ! ( S

1

� S

2

� f 0 ; 1 g

2

) [ f?g suc h that

� (( s

1

; s

2

; f

1

; f

2

) ; ( a

1

; a

2

)) =

8

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

>

:

( �

1

( s

1

; a

1

) ; �

2

( s

2

; a

2

) ; f

0

1

; f

0

2

) ; when �

1

( a

1

) = �

2

( a

2

) 6= � ; and f

1

= f

2

= 1 ;

where

�

f

0

i

= 1 if �

i

( s

i

; a

i

) 2 F

i

;

f

0

i

= 0 otherwise ;

�

( for eac h i = 1 ; 2)

( �

1

( s

1

; a

1

) ; �

2

( s

2

; a

2

) ; f

0

1

; f

0

2

) ; when �

1

( a

1

) = �

2

( a

2

) 6= � ; and ( f

1

= 0 _ f

2

= 0) ;

where

�

f

0

i

= 1 if �

i

( s

i

; a

i

) 2 F

i

_ f

i

= 1 ;

f

0

i

= 0 otherwise ;

�

( for eac h i = 1 ; 2)

( �

1

( s

1

; a

1

) ; s

2

; f

0

1

; 0) ; when �

1

( a

1

) =2 ( L

1

\ L

2

) ; a

2

= idl e; and f

1

= f

2

= 1 ;

where

�

f

0

1

= 1 if �

1

( s

1

; a

1

) 2 F

1

;

f

0

1

= 0 otherwise ;

( �

1

( s

1

; a

1

) ; s

2

; f

0

1

; f

2

) ; when �

1

( a

1

) =2 ( L

1

\ L

2

) ; a

2

= idl e; and ( f

1

= 0 _ f

2

= 0) ;

where

�

f

0

1

= 1 if �

1

( s

1

; a

1

) 2 F

1

_ f

1

= 1 ;

f

0

1

= 0 otherwise ;

( s

1

; �

2

( s

2

; a

2

) ; 0 ; f

0

2

) ; when �

2

( a

2

) =2 ( L

1

\ L

2

) ; a

1

= idl e; and f

1

= f

2

= 1 ;

where

�

f

0

2

= 1 if �

2

( s

2

; a

2

) 2 F

2

;

f

0

2

= 0 otherwise ;

( s

1

; �

2

( s

2

; a

2

) ; f

1

; f

0

2

) ; when �

2

( a

2

) =2 ( L

1

\ L

2

) ; a

1

= idl e; and ( f

1

= 0 _ f

2

= 0) ;

where

�

f

0

2

= 1 if �

2

( s

2

; a

2

) 2 F

2

_ f

2

= 1 ;

f

0

2

= 0 otherwise ;

? ; otherwise ;

� � : ( A

1

[ f idl e g � A

2

[ f idl e g ) ! L

1

[ L

2

[ f � g suc h that

8

<

:

� (( a

1

; a

2

)) = �

1

( a

1

) = �

2

( a

2

) if a

1

2 A

1

and a

2

2 A

2

;

� (( a

1

; idl e )) = �

1

( a

1

) if a

1

2 A

1

;

� (( idl e; a

2

)) = �

2

( a

2

) if a

2

2 A

2

;

� and F = f ( s

1

; s

2

; f

1

; f

2

) j s

1

2 S

1

; s

2

2 S

2

; f

1

= f

2

= 1 g .

2

W e remark that pro cesses are sync hronized at actions with the same lab els in the ab o v e pro cess

comp osition. This comp osition is similar to comp osition in CCS[Milner 89 ] except for its treatmen t of

designated no des. The follo wing relab eling op erators are used to relab el actions so that actions whic h

are sync hronized in comp osition ha v e the same lab els.

De�nition 42 (Relab eling Op erator) F or P = ( S; A; L; � ; � ; s

0

; F ) and a relab eling function f : L !

L

0

[ f � g , P

0

= P [ f ] is de�ned as follo ws.

P

0

= ( S; A; L

0

; � ; �

0

; s

0

; F ) ; where

�

�

0

( a ) = f ( � ( a )) if � ( a ) 6= � ;

�

0

( a ) = � if � ( a ) = � :

2

Example 9 (Comp osition and Relab eling)

� P

1

= ( f s

0

; s

1

; s

2

g ; f t

1

; t

2

; t

3

; t

4

; t

5

g ; f a

1

; b

1

; c g ; �

1

; �

1

; s

0

; f s

1

g ) where

�

1

( s

0

; t

1

) = s

1

; �

1

( s

0

; t

2

) = s

2

; �

1

( s

1

; t

3

) = s

2

; �

1

( s

2

; t

4

) = s

1

; �

1

( s

1

; t

5

) = s

1

; �

1

( t

1

) = a

1

; �

1

( t

2

) =

b

1

; �

1

( t

3

) = b

1

; �

1

( t

4

) = a

1

; �

1

( t

5

) = c .
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� P

2

= ( f s

0

; s

1

; s

2

g ; f t

1

; t

2

; t

3

; t

4

; t

5

g ; f a

2

; b

2

; d g ; �

2

; �

2

; s

0

; f s

2

g ) where

�

2

( s

0

; t

1

) = s

1

; �

2

( s

0

; t

2

) = s

2

; �

2

( s

1

; t

3

) = s

2

; �

2

( s

2

; t

4

) = s

1

; �

2

( s

2

; t

5

) = s

2

; �

2

( t

1

) = a

2

; �

2

( t

2

) =

b

2

; �

2

( t

3

) = b

2

; �

2

( t

4

) = a

2

; �

2

( t

5

) = d .

� relab eling functions: f

i

( a

i

) = a; f

i

( b

i

) = b , and f

i

( l ) = l for other lab els l 2 f c; d g (for eac h i=1,2).

� P

1

[ f

1

] j P

2

[ f

2

] = ( f s

0

; s

1

; s

2

; s

3

; s

4

g ; f ( t

1

; t

1

) ; ( t

2

; t

2

) ; ( t

3

; t

3

) ; ( t

4

; t

4

) ; ( t

5

; idl e ) ; ( idl e; t

5

) g ;

f a; b; c; d g ; � ; � ; s

0

; f s

3

; s

4
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� ( s

0

; ( t
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; t

1

)) = s

1

; � ( s
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; t

2

)) = s

2
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1
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3

; t

3

)) = s
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1

; ( t

5

; idl e )) = s

1

; � ( s

2

; ( t

4

; t

4

)) =

s

4

; � ( s

2

; ( idl e; t

5

)) = s

2

; � ( s

3

; ( t

4

; t

4

)) = s

1

; � ( s

3

; ( idl e; t

5

)) = s

2

; � ( s

4

; ( t

3

; t

3

)) = s

2

; � ( s

4

; ( t

5

; idl e )) =

s

1

; � (( t

1

; t

1

)) = a; � (( t

2

; t

2

)) = b; � (( t

3

; t

3

)) = b; � (( t

4

; t

4

)) = a; � (( t

5

; idl e )) = c; � (( idl e; t

5

)) = d .

(Fig.48) 2

P1:
s0

s1 s2

t1/a1 t2/b1
t3/b1

t4/a1

t5/c

P2:
s0'

s1' s2'

t1/a2 t2/b2
t3/b2

t4/a2

t5/d

P1[f1]|P2[f2]:
s0,s0',
0,0(t1,t1)/a (t2,t2)/b (idle,t5)/d(t5,idle)/c

(t5,idle)/c(idle,t5)/d

(t3,t3)/b(t3,t3)/b

(t4,t4)/a

action/label

s1,s1',
1,0

s2,s2',
1,1

s2,s2',
0,1

s1,s1',
1,1

Figure 48. Comp osition and Relab eling

De�nition 43 (Pro jection) Let P

1

and P

2

b e FSPs. A left pro jection L ( P

1

j P

2

) # l ef t is de�ned as

L ( P

1

j P

2

) # l ef t

def

= f �

1

= f idl e g j 9 � 2 L ( P

1

j P

2

) :� [ i ] = ( �

1

[ i ] ; �

2

[ i ]) g . Similarly , a righ t pro jection

L ( P

1

j P

2

) # r ig ht is de�ned. In the same w a y , pro jections of L

!

, L

f air

�

!

, and L

b

are de�ned. 2

Lemma 10 (Re
ectivit y) Let P

1

and P

2

b e FSPs. If P = P

1

j P

2

, then L

b

( P ) # l ef t � L

b

( P

1

) and

L

b

( P ) # r ig ht � L

b

( P

2

) . 2

Lemma 11 (Substitutivit y) � � ! -bisim ulation equiv alence is preserv ed b y comp osition and relab eling;

that is, if P �

� � !

Q , then 8 R : ( P j R �

� � !

Q j R ) , and 8 f : ( P [ f ] �

� � !

Q [ f ]) . 2

Re
ectivit y and substitutivit y are used in the basic adjustmen t and the comp ositional adjustmen t,

resp ectiv ely . These adjustmen ts are describ ed in the next section.
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3 Program Adjustmen t

This section prop oses program adjustmen t of FSPs. First, w e sho w that a temp oral logic constrain t f

can b e transformed to an equiv alen t FSP P

f

. F or an FTCI pro cess P and a temp oral logic constrain t f ,

P j P

f

is a comp osed pro cess in whic h P 's b eha viors against f are disabled b y P

f

(i.e., safet y prop erties

are satis�ed). Ho w ev er, P j P

f

is not necessarily complete (i.e., liv eness prop erties ma y not b e satis�ed).

Program adjustmen t means to mak e P j P

f

complete b y adding arbiter pro cess C (i.e., the adjusted

program = P j P

f

j C ).

3.1 T emp oral Logic Constrain ts

The constrain ts for concurren t programs (safet y prop erties and liv eness prop erties) are sp eci�ed b y prop o-

sitional liner time temp oral logic (PL TL)

11

. Safet y prop erties include admissible partial ordering of

actions (i.e., transition �ring), and liv eness prop erties include deadlo c k and starv ation ab out actions.

Theorem 12 Giv en an PL TL form ula f under a single ev en t condition, one can build an FSP P

f

=

( S; A; L; � ; � ; s

0

; F ) suc h that L corresp onds to a set of atomic prop ositions of f , and L

b

( P

f

) is exactly

the set of b eha viors whose lab el sequences satisfy the form ula f . 2

Pro of. This is a FSP v ersion of Lemma 2.

W e remark that a lab el sequence of a satis�able b eha vior in P

f

corresp onds to a mo del of an PL TL

form ula.

Example 10 (T emp oral Logic Constrain ts) Let a lab el set b e L = f a

1

; a

2

g .

� (1) 2 } ( a

1

_ a

2

) : Either a

1

or a

2

m ust in�nitely often o ccur.

� (2) 2 ( a

1

� 
 2 ( : a

2

)) : Whenev er a

1

o ccurs, then a

2

m ust nev er o ccur.

FSPs whic h are generated from (1) and (2) are sho wn in Fig.49.

a1/a1 a2/a2

a1/a1 a2/a2

a2/a2

a1/a1

a1/a1

(1) (2)

Figure 49. FSPs P

f

of T emp oral Logic Constrain ts

In the con text of the follo wing program adjustmen t, w e restrict temp oral logic form ulas so that P

f

is

deterministic with regard to sync hronization lab els. In this case, some form ulas, suc h as } 2 a , whic h

are translated to nondeterministic one, b ecome not a v ailable. These form ulas are suitable for v eri�cation,

but not for adjustmen t (syn thesis) b ecause the arbiter cannot lo ok ahead at future b eha viors as indicated

b y Pn ueli and Rosner[Pn ueli 89a , Pn ueli 89b ].

3.2 Basic Adjustmen t

When temp oral logic constrain ts f can b e translated to an FSP P

f

, w e ha v e to sho w ho w to mak e an

FSP P = P

f

j P

0

c omplete for the target F CTI program P

0

b y adding an arbiter pro cess C . In other

w ords, basic adjustmen t is de�ned as an arbiter syn thesis for P = P

f

j P

0

(Fig. 50).

In the follo wing explanation, w e assume that the target FSP P has already comp osed with P

f

(i.e.,

P = P

f

j :::: ), and do not men tion P

f

explicitly .

Problem 1 (Basic Adjustmen t)

11

Detail de�nitions are sho wn in Chapter 2.
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P0 fPf

C

P= P0 | Pf

composition

adjustment = arbiter synthesis

target
program

Arbiter

Figure 50. Basic Adjustmen t

Input: An FSP P = ( S; A; L; � ; � ; s

0

; F ) (W e assume P = P

f

j ::: ).

Output: A maximally p ermissiv e FSP C = ( S

c

; A

c

; L

c

; �

c

; �

c

; s

0 c

; F

c

) suc h that P j C is complete.

\C is maximally p ermissiv e" means that for ev ery C

0

if P j C

0

is complete then L ( P j C

0

) � L ( P j C ) . 2

The arbiter, C , restrains the target FSP P from falling in to unsatis�able states b y eliminating harmful

observ able transitions.

Algorithm 1 (Single Arbiter Syn thesis)

(Step 0) P

0

:= P .

(Step 1) Find a set of unsatis�able states S

u

� S

0

in P

0

= ( S

0

; A

0

; L; �

0

; �

0

; s

0

0

; F

0

) . If there are no

unsatis�able states, go to Step 4.

(Step 2) Construct a pseudo-arbiter C

0

from P

0

as follo ws. A t �rst, � � cl osur e C

�

is de�ned as

C

�

( s; a )

def

= f s

0

j 9 � : ( s

0

= � ( s; � ) ; ^� ( � ) = a ) g for 8 s 2 S

0

and 8 a 2 L [ f " g ,

C

�

( S

sub

; a )

def

=

S

s 2 S

sub

C

�

( s; a ) for 8 S

sub

� S

0

and 8 a 2 L [ f " g ,

then

C

0

= ( S

0

c

; A

0

c

; L; �

0

c

; �

0

c

; C

�

( s

0

0

; " ) ; S

0

c

) , where S

0

c

= 2

S

0

; A

0

c

= f t

a

j a 2 L g [ f t

s

j s 2 S

0

g , and for

8 a 2 L , 8 s

0

2 S

0

c

,

� �

0

c

( s

0

; t

a

) = C

�

( s

0

; a ) 2 S

0

c

if C

�

( s

0

; a ) \ S

u

= ; ,

� �

0

c

( s

0

; t

a

) = ? if C

�

( s

0

; a ) \ S

u

6= ; ,

� �

0

c

( s

0

; t

s

0

) = s

0

,

and �

0

c

( t

a

) = a and �

0

c

( t

s

0

) = � for 8 a 2 L; 8 s

0

2 S

0

c

.

W e remark that \ �

0

c

( s

0

; t

a

) = ? if C

�

( s

0

; a ) \ S

u

6= ; " means elimination of all b eha viors whic h

cannot b e distinguished from inevitably unsatis�able b eha viors b y a lab el observ er.

(Step 3) P

0

:= P

0

j C

0

, and return to Step 1.

(Step 4) Let the �nal pseudo-arbiter C

0

, whic h is generated after applying Step 1 - Step 3 rep eatedly ,

b e the arbiter C .

If C is empt y (i.e., all b eha viors are eliminated), C is called unr e alizable ; otherwise, C is called

r e alizable .
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Theorem 13 (Main Theorem) If an FSP C = ( S

c

; A

c

; L

c

; �

c

; �

c

; s

0 c

; F

c

) is realizable for a giv en FSP

P = ( S; A; L; � ; � ; s

0

; F ) in the ab o v e algorithm, then P j C is complete and C is maximally p ermissiv e.

2

Sk etc h of pro of. During Step 1 - Step 3, all inevitably unsatis�able b eha viors are eliminated in the

�nal P

0

. Therefore, P

0

is complete. Since the transition function of C

0

is deterministic ab out its lab els,

C

0

restrains no satis�able b eha vior of P . Therefore P j C is complete and C is maximally p ermissiv e.

Corollary 2

L

f air

� !

( P j C ) # l ef t � L

b

( P j C ) # l ef t � L

b

( P )

2

Pro of. This pro of is deriv ed from Lemma 1 and Lemma 10 with Theorem 13.

This corollary assures that P , adjusted b y C , satis�es its liv eness constrain ts, whenev er its b eha viors

are made b y random transitions o v er states. W e remark that an arbiter is e�ectiv e in case L

f air

� !

( P ) �

L

b

( P ) do es not hold (i.e., P has harmful nondeterministic b eha viors).

Example 11 (A single arbiter syn thesis) Fig.51 sho ws a simple single arbiter syn thesis. In the target

pro cess P , only � = t

3

t

6

t

7

is an inevitably unsatis�able b eha vior. Since f t

3

t

6

t

7

; t

3

t

4

g is a set of b eha viors

whic h cannot b e distinguished from � (i.e. ha v e the same lab el sequence \ab"), t

4

and t

7

are eliminated.

F rom the remainder, the arbiter C can b e constructed.

t1/a t3/a

t2/Ó
t5/Ó

t6/Ó

t7/b t8/c

t9/Ó

P (Target Program):

C (Arbiter): tS0/Ó

ta/a

tS1/Ó tc/c

t4/b

inevitably unsatisfiable 
behavior

unsatisfiable state

s0

s1 s2

s3 s4

s5 s6

S0

S1
tc/c

S2

tS2/Ó

S0={s0}

S1={s1,s2,s4}

S1={s6,s2,s4}

Figure 51. Single Arbiter Syn thesis

3.3 Comp ositional Adjustmen t

When a target program that is comp osed hierarc hically with man y pro cesses b ecomes v ery large, the

arbiter syn thesis ma y cause the follo wing problems.

1. The syn thesis results in a computing cost explosion,

2. A single arbiter is to o restrictiv e to con trol the whole program precisely .
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Therefore, w e prop ose comp ositional adjustmen t, in whic h lo cal arbiters are syn thesized in eac h

comp osition step. The reduction of an FSP can ease the computing cost explosion in eac h step.

Theorem 14 If P

1

�

� � !

P

2

, then C is an arbiter of P

1

i� C is an arbiter of P

2

.

2

Pro of. F rom Lemma 1 and Lemma 11, C j P

1

is complete i� C j P

2

is complete.

Corollary 3 If C is an arbiter of red(P), then C is also an arbiter of P .

2

Algorithm 2 (Comp ositional Arbiter Syn thesis) F or simplicit y , w e explain comp ositional adjustmen t

for the follo wing target program that is constructed b y t w o-lev el comp osition (Fig.47(c)). This algorithm

can b e extended easily to arbitrary target programs.

� T arget Program:

( P

11

[ h

11

] j P

12

[ h

12

])[ h

1

] j ( P

21

[ h

21

] j P

22

[ h

22

])[ h

2

]

where P

11

; P

12

; P

21

, and P

22

are FSPs, and h

11

; h

12

; h

21

; h

22

; h

1

and h

2

are relab eling functions.

� T emp oral Logic Constrain ts:

f

1

, f

2

, f

0

are temp oral logic constrain ts for eac h comp osition lev el.

The comp ositional arbiter syn thesis is done in a b ottom-up w a y (Fig. 52).

(Step 1) Lo w lev el arbiters C

1

and C

2

are syn thesized for subpro cesses P

11

[ h

11

] j P

12

[ h

12

] j P

f

1

and

P

21

[ h

21

] j P

22

[ h

22

] j P

f

2

, resp ectiv ely . W e denote P

1

def

= ( C

1

j P

11

[ h

11

] j P

12

[ h

12

] j P

f

1

)[ h

1

] and

P

2

def

= ( C

2

j P

21

[ h

21

] j P

22

[ h

22

] j P

f

2

)[ h

2

] .

(Step 2) Reduced subpro cesses r ed ( P

1

) and r ed ( P

2

) are made from P

1

and P

2

.

(Step 3) A top lev el arbiter C

0

is syn thesized for a target pro cess r ed ( P

1

) j r ed ( P

2

) j P

f

0

.

P11 P12 P21 P22

Arbiter Synthesis Arbiter Synthesis

C1 C2

P1 P2

Composition

Reduction

Composition

Reduction

red(P1) red(P2)

Arbiter Synthesis

C0

Pf1 Pf2

Transform Transform

f1 f2

Pf0

Transform

f0

Figure 52. Comp ositional Arbiter Syn thesis

Corollary 2 assures that reduction preserv es all information necessary for eac h lo cal arbiter syn thesis.

The reduction in eac h step can cut do wn the syn thesis cost. As the ratio of in ternal actions in the pro cess
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increases, so do es the e�ectiv eness of the reduction. Note that it is p ossible to syn thesize directly a

single arbiter C

0

for the target programs. Ho w ev er, C

0

is to o restrictiv e b ecause it has less con trollable

actions compared with lo cal arbiters, and its syn thesis cost is more exp ensiv e without reduction. Pro cess

reduction b y w eak bisim ulation equiv alence has b een already prop osed and sho wn its e�ectiv eness in

comp ositional v eri�cation b y Clark e et. al. [Clark e 89 ]. Ho w ev er, the reduction preserving liv eness

prop erties b y � � ! -bisim ulation is our original w ork.

4 Example and Exp erimen tal Result

4.1 Example: The Mac hine Con trol Program

In this example w e syn thesize a single arbiter. The problem ma y b e stated informally as follo ws. The

target program m ust b e designed to con trol mac hines whic h co op erativ ely pro cess (i.e., etc h) prin ted

circuit b oards (Fig.53). The coating mac hine applies resist to b oards. The exp osure mac hine exp oses

b oards to the ligh t. The dev elopmen t mac hine dev elops b oards. The arm mac hine mo v es b oards from one

mac hine to another. The target program is comp osed of 6 pro cesses ( R esist , E xposur e , D ev el opment ,

Ar m , and T r ans � 2) whic h con trol corresp onding mac hines. T r ans represen ts b oard transp ortation.

Eac h pro cess is displa y ed as a P etri net, sho wn in Fig.54. With no arbiter, this system is F CTI b ecause

it falls in to deadlo c k when an action lab el sequence of Arm \ g et r ! put e ! g et r " o ccurs. W e giv e the

follo wing temp oral logic constrain ts:

f = 2 } ( g et r _ put e _ g et e _ put d )

whic h means Arm nev er falls in to deadlo c k. An arbiter C is syn thesized as follo ws: �rst, FSPs represen ting

6 subpro cesses are relab eled b y relab eling functions f

r

; f

e

; f

d

; f

a

; f

t 1

, and f

t 2

, and are reduced, and FSP

P

f

(Fig.55) represen ting temp oral logic constrain ts f is generated. The target pro cess P (Fig.56) is

comp osed from these FSPs (including P

f

). Finally , the arbiter C sho wn in Fig.57 is syn thesized from P ,

according to Algorithm 1. W e can see that the adjusted program \ C j P

f

j R esist [ f

r

] j E xposur e [ f

e

] j

D ev el opment [ f

d

] j Ar m [ f

a

] j T r ans [ f

t

1

] j T r ans [ f

t

2

]" satis�es the ab o v e constrain ts. Figure 58 sho ws

the adjusted program represen ted b y extended P etri net. Y ou can see the target P etri net in Fig. 54 is

adjusted b y in tro ducing the arbiter C in Fig. 58.

Exposure

Development  Resist

Arm

Figure 53. Mac hine for Pro cessing Prin ted Circuit Boards

4.2 Exp erimen tal Result

W e will sho w ho w w ell the comp ositional metho d w orks when it is applied to a middle-scale man ufacturing

mac hine con trol soft w are. This mac hine is con trolled b y a concurren t (m ulti-task) program whic h consists

of 16 elemen t pro cesses (tasks). T able 11 sho ws the sizes of elemen t pro cesses. The state n um b ers of eac h

elemen t pro cess ma y sound small. It attributes to the fact that only sync hronization parts of systems are

mo deled b y FSPs.

F or this target pro cesses, w e giv e temp oral logic constrains b y f ; prohibition of illegal b eha viors

of arms and deadlo c k-freedom for t w o symmetric pro cess groups ( P

4

; P

6

; P

7

; P

8

; P

9

; P

10

). Tw o arbiters
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get_r put_d

put_e get_e

Arm

Development

put_d

Resist

get_r

put_e get_e

Trans Trans
Exposure

put_e get_e

get_r put_d

hand-shake

Figure 54. Extended P etri net

get_r,put_e,
get_e,put_d

get_eget_r

put_d put_e

Figure 55. FSP P

f

for PL TL form ula f
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Ó Ó

Ó

ÓÓ Ó

Ó

Ó

Ó

Ó

get_r

put_e

get_r

get_r

put_e

get_r

get_r

get_e

get_e

put_d

put_d

Ó
deadlock:
unsatisfiable
state

Figure 56. T arget Pro cess P (displa ying only lab els)

s0

s1 s2

s3

tS0/Ó

tput_d/put_d

tget_e/get_e

tget_r/get_r

tput_e/put_e
tS2/Ó  

tS3/Ó

tS1/Ó

Figure 57. Syn thesized Arbiter C



Chapter 6: Comp ositional Program Adjustmen t 103

get_r put_d

put_e get_e

Arm

Development

put_d

Resist

get_r

put_e get_e

Trans Trans
Exposure

put_e get_e

get_r put_d

get_r put_d

put_e get_e

Arbiter C

Figure 58. Adjusted Program

w ere syn thesized after the comp ositional adjustmen t pro cedure. Fig. 4.2 sho ws their whole structure

(comm unication and sync hronization among pro cesses).

T able 11. Middle-scale Mac hine Con trol Soft w are

Element FSP Numb er of States

(p1) Distribution Arm 6

(p2) T esting Equipmen t 3

(p3) 1st Man ufacturing Equipmen t 5

(p4) 2nd Man ufacturing Equipmen t � 2 3

(p5) 3rd Man ufacturing Equipmen t 5

(p6) Set-up Arm � 2 6

(p7) Extracting Arm � 2 6

(p8) 1st do or � 2 2

(p9) 2nd do or � 2 3

(p10)Con v ey er � 2 3

The comp ositional adjustmen t pro cedure to syn thesize t w o arbiters C

f 1

and C

f 2

is sho wn as follo ws

12

.

1. P

c 1

= r ed ( P

4

j P

6

j P

7

j P

8

j P

9

j P

10

) (max size = 48 states)

2. P

c 2

= r ed ( P

1

j P

2

j P

3

j P

5

) (max size = 85 states)

3. P

c 3

= r ed ( P

c 1

j P

c 2

) (max size = 77 states)

4. The �rst arbiter C

f 1

is syn thesized from f and P

c 3

(max size = 385 states)

12

Relab eling functions are omitted for simplicit y .
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P2

P3 P5P1

P9

P4

P8

P9

P4

P8

P6 P7 P7P6

Communication and 
Synchronization between
Processes

P10 P10
arbiter

Cf1
arbiter

Cf2

f f

Figure 59. Adjusted Middle-scale Mac hine Con trol Soft w are

5. P

c 4

= r ed ( P

c 3

j C

f 1

) (max size = 88 states)

6. P

c 5

= r ed ( P

c 4

j P

c 1

) (max size = 239 states)

7. The second arbiter C

f 2

is syn thesized from f and P

c 5

(max size = 112 states)

Here, the \max size" means the maximal n um b er of states whic h are temp orally created during pro-

cess comp osition and reduction pro cedure at eac h step, and the w orst case is max siz e = 385. Without

the comp ositional metho d (i.e, b y the basic adjustmen t), the naiv e pro cess comp osition of 16 pro cesses

w ould generate far larger n um b er of states since the max siz e is increasing monotonously without reduc-

tion. T able 12 sho ws the maxim um n um b er of states in t w o cases (basic adjustmen t and comp ositional

adjustmen t). It sa ys that the comp ositional metho d can reduce the maxim um size to ab out 1/150 of the

basic adjustmen t.

In this example, only sync hronization parts of the system are mo deled b y FSPs. If they ha v e a lot of

actions whic h are unrelated to sync hronization, whic h are regarded as � actions, the pro cess reduction

w ould b e more e�ectiv e.

T able 12. Middle-scale Mac hine Con trol Soft w are (E�ect of Pro cess Reduction)

A djustment T yp e Maximum T emp or ary Size of States

Basic Adjustmen t 61096

Comp ositional Adjustmen t 385

5 Program Adjustmen t in Standard Programming Languages

This section considers brie
y program adjustmen t in standard programming languages, instead of FSP .

Program adjustmen t is applicable to concurren t programming languages whic h ha v e a sync hronous (i.e.,

hand-shak e) comm unication mec hanism, lik e Ada and Occam. F or example, Fig. 60 sho ws a program

adjustmen t example for the Ada program used in the motiv ation section (Fig. 46). Tw o FSPs P

1

and

P

2

are deriv ed from the original program, then an arbiter is syn thesized b y the basic adjustmen t pro ce-

dure, and �nally an adjusted Ada program

13

is deriv ed from FSPs and the arbiter. As y ou can see in

13

Some trivial declarations are omitted.
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Fig. 60, the arbiter con trols the target programs using a r endezvous mec hanism of Ada to remo v e harmful

nondeterministic b eha viors (i.e., �

3

) men tioned in Section 1.

When applying the program adjustmen t to Ada, w e require the follo wing t w o con v erters.

� Ada ! FSP con v erter: The Ada program co de is divided in to basic blo c ks. Eac h basic blo c k is

assigned to one state of a generated FSP . Con trol 
o ws b et w een basic blo c ks are represen ted as

edges b et w een these states. Sync hronous comm unication commands are also represen ted as edges

with sync hronization lab els. F urthermore, the user can put arbitrary lab els on edges whic h are used

to sp ecify temp oral logic constrain ts.

� FSP ! Ada con v erter: A syn thesized arbiter represen ted b y a FSP is con v erted in to an Ada task

whic h implemen ts state transitions using lo op and sele ct constructs. Sync hronization lab els in the

arbiter are con v erted in to ac c ept commands, and sync hronization lab els in the target pro cesses are

con v erted in to entry c al l commands.

l1

l2

l3

l4

l5

m1

m2

m3

m4

m5

in1 in2

out1

out1

out2

out2

in1 in2

out1 out2

N=0

N=1 N=2

task arbiter is
  entry in1 ;  
  entry in2 ;
  entry out1 ; 
  entry out2 ;
end arbiter ;

task body arbiter is
  N:integer:= 0 ;
begin
  loop
    select
      when N=0 =>
        accept in1 do N:=1; end in1 ;
      when N=0 =>
        accept in2 do N:=2; end in2 ;
      when N=1 =>
        accept out1 do N:=3; end out1 ;   
      when N=2 =>
        accept out2 do N:=3; end out2 ;   
    end select ;
  end loop :
end arbiter ;

P1 P2 Arbiter

Ó Ó

Ó

N=3

task body p1 is 
begin
  status := NG ;
  arbiter.in1 ;
  if seat.read=FREE then
    seat.write(OCCUPIED) ;
    arbiter.out1 ;
    status := OK ;
  else
    arbiter.out1 ;
  end if ;
  terminate ;
end p1 ;

task body p2 is
begin
  status := NG ;
  arbiter.in2 ;
  if seat.read=FREE then
    seat.write(OCCUPIED) ;
    arbiter.out2 ;
    status := OK ;
  else 
    arbiter.out2 ;
  end if ;
  terminate ;
end p2 ;

Figure 60. Program Adjustmen t in Ada

6 Related W orks

Our previous w orks [Uc hihira 87 , Uc hihira 90a , Uc hihira 90b ] had prop osed program syn thesis metho ds

based on temp oral logic. Ho w ev er, these metho ds generated a global state transition graph based on

the assumption that all pro cess actions are visible (not in ternal) and con trollable. This assumption is
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restrictiv e, and the state transition graph often b ecomes h uge, and its generation is exp ensiv e since it

cannot b e done comp ositionally . In this c hapter, w e in tro duce a CCS-lik e comp ositional framew ork to

ac hiev e comp ositional adjustmen t utilizing pro cess reduction. Abadi, Lamp ort, and W olp er [Abadi 89 ]

prop osed a comp ositional program syn thesis using the CCS-lik e comp ositional framew ork, where failur e

e quivalenc e is adopted instead of our � � ! -bisim ulation equiv alence. Ho w ev er, their approac h is a top-do wn

program re�nemen t, whic h di�ers from our b ottom-up program adjustmen t approac h. F rom another view,

arbiter syn thesis can b e regarded as a con trol problem of discrete ev en t systems ( sup ervisory c ontr ol ) whic h

are w ell surv ey ed b y Ramadge and W onham [Ramadge 89 ]. Ho w ev er, while these w orks mainly consider

safet y prop erties, they sho w ed no comp ositional syn thesis metho ds satisfying liv eness constrain ts. The

c oncurr ency c ontr ol of database transactions [Bernstein 81 ] is m uc h related to the program adjustmen t.

Both are in tended to remo v e harmful nondeterminism. The program adjustmen t can b e regarded as the

extended concurrency con trol applied to comp ositional (hierarc hical) concurren t programs.

7 Summary

W e ha v e in tro duced the concept of \program adjustmen t" in to concurren t programming. Program adjust-

men t consists of partially syn thesizing programs to remo v e bugs that are due to harmful nondeterministic

b eha viors. In the prop osed framew ork, program adjustmen t is de�ned as the syn thesis of arbiter pro-

cesses whic h con trol target pro cesses with sync hronization to satisfy their temp oral logic constrain ts. F or

comp ositional adjustmen t, w e ha v e also in tro duced a new comp osition and equiv alence for �nite state

pro cesses whic h can preserv e liv eness prop erties, b ecause the traditional CCS framew ork (comp osition

and equiv alence) is not adequate for �nite state pro cesses. These tec hniques are essen tial to the basic

and comp ositional adjustmen t.

W e also remark that our metho d is suited for reactiv e systems whic h ha v e uncon trollable and unob-

serv able elemen ts in its en vironmen t since they can b e mo deled b y � actions in FSP .



Chapter 7

MENDEL Net: High-Lev el P etri Net

for Reactiv e and Concurren t Systems

Up to this c hapter, P etri net is used as a sp eci�cation language for reactiv e and concurren t systems.

This c hapter fo cuses on a high-lev el P etri net as a rather programming language, and prop oses a new

high-lev el P etri net, called MENDEL net, whic h is suited for b oth sp ecifying and implemen ting reactiv e

and concurren t systems.

1 In tro duction

Although man y high-lev el P etri nets ha v e b een prop osed, they are not practical enough to describ e reac-

tiv e and concurren t systems in the detail design and implemen tation phases. They are mainly in tended

to describ e concurren t systems in the mo deling phase and are lac king in sev eral imp ortan t features (e.g.

concurren t tasks, task comm unication/sync hronization, I/O in terface, task sc heduling) for programming

reactiv e and concurren t systems. On the other hand, there are sev eral programming languages based on

P etri nets. Ho w ev er, they are deeply dep end on its execution en vironmen t and not sophisticated as a

mo deling and sp eci�cation language.

W e prop ose MENDEL net whic h is a high-lev el P etri net extended b y incorp orating task, task comm u-

nication/sync hronization, I/O in terface, and task sc heduling in a sophisticated manner. MENDEL nets

can bridge the gap b et w een P etri net as sp eci�cation language and P etri net as programming language.

The remainder of the c hapter is organized as follo ws. First P etri nets as programming languages for

reactiv e and concurren t systems are considered in Section 2. Section 3 in tro duces MENDEL nets in detail

and an example of MENDEL nets is sho wn in Section 4, follo w ed b y related w orks and a conclusion in

Section 5 and Section 6. Finally , a syn tax of MENDEL nets is sho wn in App endix.

2 P etri Nets as Programming Language

2.1 Programming Language for Reactiv e and Concurren t Systems

A practical programming language for reactiv e and concurren t systems requires expressiv e p o w er for the

follo wing items.

� I/O In terface with En vironmen t

I/O in terface with an en vironmen t (con trolled ob jects) is necessary to de�ne and describ e inputs

(e.g. sensor information from devices) and output (e.g. con trol commands to devices) (Fig. 61).

Concerning inputs, there are t w o t yp es, active and p assive . An active input device generates an

in terrupt when it has some input to b e pro cessed b y an interrupt hand ler of the system (con troller).

As a p assive input device do es not generate in terrupt, the system (con troller) should read some

sensor data b y an input hand ler p erio dically or on demand. Outputs lik e con trol commands are

sen t to devices b y an output hand ler . These handlers (input, output, in terrupt) are called devic e

driver generally .

107
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Environment
(Controlled Objects)

Reactive and Concurrent System (RCS)

Output/Command

Input/Sensor

Program

Interrupt Handler

Device Driver

Input Handler

Output Handler

Figure 61. I/O In terface with En vironmen t

� Concurren t T asks and T ask Comm unication/Sync hronization

It is necessary to de�ne concurren t tasks and describ e comm unication and sync hronization b et w een

these tasks. There are the follo wing mec hanisms to realize comm unication and sync hronization

[Andrews 83 ].

{ comm unication/sync hronization b y shared memories

semaphore, ev en t 
ag, etc.

{ comm unication/sync hronization b y message passing

mail b o x (async hronous message passing), rendezv ous (sync hronous message passing)

� Real-Time T ask Sc heduling

Most reactiv e systems are implemen ted b y m ulti-tasking on a single pro cessor. They require a

real-time task sc heduling mec hanism to decide whic h task should b e pro cessed b y the pro cessor at

a giv en momen t. T o realize the real-time sc heduling, the follo wing mec hanisms are necessary and

are usually pro vided b y real-time op erating systems.

{ T ask priorit y

{ T ask dispatc hing

{ In terrupt handling

{ Real-time managemen t (timer, p erio dical sampling)

� Abstraction Mec hanism

A mo dule (subroutine) and data abstraction (information hiding) are t ypical abstraction mec h-

anisms in most programming languages. Additionally , the follo wing abstraction mec hanisms are

e�ectiv e for reactiv e and concurren t systems.

{ Abstraction and information hiding for comm unication and sync hronization

{ Abstraction and information hiding for I/O devices

2.2 Extension of P etri Nets as Programming Language

Since standard P etri nets cannot fully satisfy the ab o v e requiremen ts for describing reactiv e and concur-

ren t systems, it is necessary to extend a standard P etri net as follo ws.

� I/O In terface with En vironmen t

It is necessary to in tro duce I/O in terface with the en vironmen t in to P etri net explicitly . Concretely ,

sp ecial places and transitions whic h are link ed to device driv ers should b e de�ned. F or example,

P etri net with external inputs and outputs (PNIO) [Ic hik a w a 85 ] sho ws a t ypical P etri net extension

whic h has I/O In terface.

� In terface with Other Programming Languages

Reactiv e and concurren t systems ma y ha v e data and n umerical pro cessing parts. It is di�cult to

extend P etri net to manipulate directly these parts. Therefore, the practical solution is to in tro duce

in terfaces with other programming languages for data and n umerical pro cessing.
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� Concurren t T asks and Sc heduling Mec hanism

Although a P etri net has concurrency in itself, the gran ularit y of its concurrency is to o small, that

is, transition-lev el. A mo dule-lev el concurrency (i.e., task, pro cess) should b e in tro duced in to P etri

nets. Moreo v er, a sc heduling mec hanism whic h con trols these tasks should also b e expressed within

the extended P etri nets.

� Real-Time Extension

T o in tro duce real-time in to P etri nets, there are sev eral approac hes.

{ Time dela ys are asso ciated with transitions and/or places. These mo dels include timed P etri

nets and sto c hastic P etri nets [Marsan 86 ].

{ A global clo c k is in tro duced, and then, time stamps are attac hed to tok ens, whic h are used to

describ e transition conditions and actions [Bellettini 93 ].

{ Timers are prepared as built-in subnets, that is, in terfaces with the timers are in tro duced in to

P etri nets.

� Individual T ok ens and Hierarc hical Net Structure

By extending tok ens to p ossess individual attributes and v alues (w e call them individual tok ens), it is

p ossible to express high-lev el enabling conditions and actions accompan ying transitions. Moreo v er,

it is p ossible to fold sev eral symmetric nets in to a single net b y means of individual tok ens. On the

other hand, hierarc hical net structure (e.g., some subnets can b e represen ted b y one macro-place

or macro-transition) is necessary to design large-scale systems. These individual tok ens and net

hierarc h y are regarded as abstraction mec hanisms. Sev eral extended P etri nets ha v e b een prop osed

in whic h these mec hanisms are a v ailable. Generally , they are called high-level Petri nets .

2.3 P etri-Net-Based Programming Languages

In the �eld of sequen tial con trol, programming languages based on P etri nets are p opular, and sev eral

languages ha v e b een prop osed. Some are widely used as languages for programmable logic con troller

(PLC) in the industry . Individual languages are in tro duced brie
y b elo w.

� SF C

T raditionally , ladder c harts and function blo c ks are used as programming languages for PLC. Ho w-

ev er, these languages are structurally 
at, and di�cult to main tain when the program b ecomes

large. In order to o v ercome this problem, it is e�ectiv e to in tro duce a state-transition-based struc-

ture (e.g. P etri net) in to ladder c harts and function blo c ks. Sequen tial F unction Chart (SF C)

[IEC 1131-3 ] is a p opular programming language for PLC, whic h is originally based on P etri nets.

SF C has in terfaces with ladder c harts and function blo c ks. These ladder c harts and function blo c ks

are used to describ e transition conditions, actions, and I/O in terface. SF C has b een standardized

b y In ternational Electrotec hnical Commission (IEC).

� High-Lev el SF C

Since SF C standardized b y IEC is v ery basic, sev eral extensions ha v e b een done b y eac h PLC

pro vider. F or example, Instrumen t Flo w Chart (IF C) [Ko jima 91 ] is a high-lev el SF C for plan t

con trol systems (i.e., c hemical plan ts and w aterw orks and sew age treatmen t plan ts), whic h has the

follo wing extensions.

{ Multi-tasking mec hanism

{ Domain-sp eci�c macro notations

� MF G/PFS

MF G/PFS [Miy agi 88 ] is a Mark Flo w Graph (MF G) based programming language for con trol

systems for discrete ev en t pro duction systems (DEPS). MFS is a P etri-net-based language whic h

has the follo wing additional features.

{ Sp eci�c T ok ens: T ok ens represen t \items" (material, w ork pieces, etc.) of DEPS.
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{ I/O in terface: Input and in terrupt handlers are represen ted b y sp eci�c transitions, and output

handlers are represen ted b y sp eci�c places.

{ Mo dularit y: A subnet-orien ted mo dularit y called \activit y" is in tro duced whic h means a single

pro duction op eration of DEPS.

Pro duction Flo w Sc hema (PFS) is a macro represen tation of MF G whic h can supp ort step wise

re�nemen t in designing and programming.

� C-net/SCR

Con trol-net (C-net) is a visual programming language for sequen tial con trol whic h is based on a

safe coloured P etri net. In C-net, some con trol program fragmen ts including I/O in terface with the

en vironmen t can b e describ ed in eac h place, whic h are called plac e pr o c e dur es . Hence, a net structure

of C-net represen ts a transaction con trol program where eac h transaction consists of sev eral place

pro cedures. Station Con troller (SCR) [Murata 90 ] is a programming and executing en vironmen t

whic h includes a C-net editor, a C-net in terpreter, and an execution monitor. The C-net in terpreter

supp orts m ulti-task pro cessing in whic h eac h task is describ ed as a C-net.

� K-NET

K-NET [Nagao 92 ] is a programming en vironmen t for Flexible Man ufacturing Systems (FMS). K-

NET adopts a hierarc hical high-lev el P etri net in whic h enabling conditions of transition and place

pro cedures can b e sp eci�ed b y the follo wing user-de�ned functions and logical I/O functions.

{ user-de�ned function: The user can de�ne functions with C language whic h are used in

enabling conditions and place pro cedures.

{ logical I/O function: Logical I/O functions are also used in enabling conditions and place

pro cedures. In the logical functions, eac h atomic prop osition (logical I/O name) is link ed to

some ph ysical device.

The K-NET programming en vironmen t consists of editor, sim ulator, C program generator, monitor,

and do cumen t generator. P etri net descriptions in K-NET are translated in to C programs b y the

C program generator and compiled and executed b y factory computers.

2.4 High-Lev el P etri Net as Programming Language

Sev eral high-lev el P etri nets and to ols ha v e b een prop osed, whic h include Coloured P etri Nets (CPN) and

its to ol (DESIGN/CPN) [Jensen 92 , Jensen 95 ], Predicate/T ransition Nets [Genric h 81 ] , and Algebraic

P etri Nets [Reisig 91 ] . CPN (DESIGN/CPN) in tro duces hierarc h y constructs in to nets to enable a large-

scale system description. Although these high-lev el P etri nets pro vide sophisticated mo deling abilit y , they

cannot b e used as a programming (implemen tation) language for reactiv e and concurren t systems as they

are. Principally , the follo wing extension should b e done according to Section 2.2.

� I/O In terface with En vironmen t

� Concurren t T asks and Sc heduling

Since an in tro duction I/O in terface is easy , in tro duction of concurren t tasks and sc heduling mec hanism

is essen tial. Hierarc h y (mo dule) constructs whic h these high-lev el P etri nets pro vide are subnet-orien ted;

that is, a part of the net (subnet) is regarded as a hierarc hical unit and reduced to one no de. This subnet-

orien ted hierarc h y (mo dule) is inadequate to represen t concurren t tasks b ecause it do es not concern

mo dule-lev el concurrency . Reactiv e and concurren t systems require task-orien ted mo dules and mo dule

comp osition mec hanism as pro vided in the pro cess theory (e.g., CCS, CSP , A CP). F urthermore, task

sc heduling cannot b e sp eci�ed explicitly within the framew ork of these high-lev el P etri nets.

On the other hand, there are some programming languages (C-net, K-NET) based on high-lev el P etri

nets as men tioned in the previous section. Since they deeply dep end on execution en vironmen t, they are

not sophisticated as sp eci�cation languages. F or example, m ulti-tasking of SCR is sp eci�ed as a system

con�guration outside C-net.

The gap b et w een P etri net as a sp eci�cation language and P etri net as a programming language is

a serious problem in the P etri-net-based soft w are dev elopmen t pro cess. In the next section, w e prop ose

MENDEL net to bridge this gap.
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3 MENDEL Net

A MENDEL net is a high-lev el P etri net for b oth sp ecifying and implemen ting reactiv e and concurren t

systems. In particular, MENDEL net adopts pro cess-orien ted hierarc h y and sc heduling mec hanism b y

t w o-lev el nets, whic h allo ws the concurren t tasks, task comp osition, sync hronous/async hronous comm u-

nication b et w een them, and task sc heduling to b e explicitly represen ted in its mo del

14

. By this feature,

MENDEL net is distinguished from other high-lev el P etri nets as a sp eci�cation language (e.g., CPN)

and as a programming language (e.g., C-net).

A MENDEL net has the follo wing prop erties in addition to the standard P etri net.

� four t yp es of places (state elemen t, slot, 
ag, and p ort), and p ort attributes,

� logic program description of transition conditions and actions,

� I/O in terface,

� pro cess-orien ted net hierarc h y ,

� t w o t yp es of comm unication mec hanisms (sync hronous and async hronous) b et w een pro cesses,

� real-time sc heduling mec hanism b y t w o-lev el nets, and

� sev eral macro represen tations.

The ab o v e prop erties not only mak e MENDEL nets p o w erful enough to describ e most reactiv e and

concurren t systems but also mak e it p ossible to automatically retract a sk eleton of the MENDEL nets

to b e used for a net analysis phase (v eri�cation and adjustmen t). MENDEL nets are designed to handle

detailed descriptions as w ell as sk eleton-lev el analysis. The ab o v e prop erties are explained in detail in

the follo wing subsections. MENDEL net has b oth graphical and textual represen tation. The graphical

form is in tuitiv e, but not p erfect (i.e., only sk eletons are sho wn). In the follo wing explanation, b oth

represen tations are used complemen tarily .

3.1 Place

The places and transitions of standard P etri nets are v ery general and can ha v e a wide v ariet y of meanings.

F rom the viewp oin t of reactiv e and concurren t programs, places are classi�ed in to four t yp es (state

elemen ts, slots, 
ags, and p orts) as sho wn in Fig. 62.

state 
element slot portflag

:attribute

:attribute

initial
assignment

Figure 62. F our T yp es of Places

� state elemen t: A place whic h represen ts the lo cal state of a system. This t yp e of place has at

most one tok en (i.e. it is safe). If the place has one tok en, it means that the system sta ys in the

lo cal state (called \the state elemen t is active "). Otherwise, it means that the system do es not

sta y in the lo cal state (called \the state elemen t is inactive "). The state elemen ts are graphically

represen ted b y circles. Initial assignmen t of activ e state elemen ts is represen ted b y arro ws starting

from b old dots.

14

MENDEL net uses a term pr o c ess instead of task .
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� slot: A place that represen ts data and database on a static storage. This t yp e of place has

constan tly one tok en. The slots are graphically represen ted b y horizon tal bars similar to the data

stores in Data Flo w Diagram.

� 
ag: A place that represen ts a Bo olean v ariable on a static storage. If the place has a tok en, the


ag is true , otherwise false . The 
ags are often used for pro cess sync hronization, that is, used as

event 
ags . The 
ag is graphically represen ted b y com bination of t w o horizon tal bars and a circle.

� p ort: A place that represen ts an in�nite bu�er necessary for mo deling data 
o w and async hronous

comm unication. F urthermore, the p ort ma y ha v e sev eral attributes whic h are used as indexes of

tok ens. F or example, a tok en pushed with an attribute :att can b e p opp ed with :att . Eac h index

organizes a FIF O queue. The p orts are graphically represen ted b y ellipses.

This classi�cation pro duces informativ e structures utilized in P etri net design, analysis, understanding,

and co de generation. These four t yp es of places are textually declared as follo ws.

states([<state_el em ent _n am e>, .. .], [< in iti al _st at e_e le me nt_ na me> ,. .. ]) ;

slots([<slot_name >( <in it ia l_v al ue> ), .. .]) ;

flags([<flag_name >( <in it ia l_v al ue> ), .. .]) ;

ports([<port_name >( <in it ia l_b uf fer >) ,. ..] ) ;

Example 12 (Place Declaration)

states([s1,s2,s3] ,[ s1] ) ;

slots([slot1(10), sl ot2 (o k) ]) ;

flags([f1(true),f 2( fal se ), f3( tr ue) ]) ;

ports([p1([]),p2( [1 ,1, 2] ), p3( [] )]) ;

3.2 T ransition

In MENDEL net, the transition is called a metho d for historical reasons. A metho d is graphically

represen ted b y a rectangle. The metho d's �ring conditions and actions are describ ed in detail b y the

inscription language based on a logic programming language LPL

15

. Therefore, a MENDEL net is a kind

of high-lev el P etri net, where the individual tok ens are represen ted in logic program terms ( atom , inte ger ,

lo gic al variable , and list ), and the conditions and actions are describ ed with guar ds and actions of LPL

clauses, resp ectiv ely . The textual form of a metho d follo ws:

method(<method_na me >, <exchange_term>, <in pu t_l is t>, <o ut put _l ist > ) :-

<guard> | <action> ;

<guard> ::= <LPL predicate>, <LPL predicate>, ...

<action> ::= <LPL predicate>, <LPL predicate>, ...

The exchang e ter m is used for sync hronous comm unication whic h is describ ed later. The input l ist

and the output l ist mean a list of input places and a list of output places of the metho d, resp ectiv ely .

As the slot and p ort ha v e individual tok ens, they are describ ed in the form: h sl ot name i ( h ter m i ) and

h por t name i ( h ter m i ). Regarding p orts, attributes can b e used to iden tify individual tok ens in the form:

h por t name i : h attr ibute i ( h ter m i ). In MENDEL net, there is no w eigh t function asso ciated with arcs, and

th us, during �ring, just one individual tok en is tak en from an input p ort and just one tok en is deliv ered

to an output p ort. The propagation of tok en information is done b y uni�cation of logic program terms

of tok ens in the same manner as in Prolog. In h g uar d i , only LPL predicates whic h ha v e no side-e�ect

are a v ailable.

A �ring rule of the MENDEL net is de�ned as follo ws.

Enabled Metho d Searc h: Searc h all enabled metho ds satisfying the follo wing conditions.

� All input state elemen ts of the metho d are activ e.

15

In MENDELS ZONE, the concurren t logic programming language KL1 [Ueda 90, Chik a y ama 92 ] is actually used as a

inscription language. Ho w ev er, w e can regard the inscription language as Prolog b ecause concurrency of KL1 do es not

pla y an imp ortan t role in MENDEL net. Here, w e call it simply Logic Programming Language (LPL).
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� All input 
ags of the metho d coinside with Bo olean v alue of 
ags. ( flag $ true , -flag $

false )

� Eac h term of the input slot is successfully uni�ed with the term describ ed in the metho d.

When the term of the metho d is v ariable, the v alue of the input slot term is assigned to the

v ariable, and then is referred in the guard and action part.

� Eac h input p ort has at least one tok en. When the p ort has attributes, there is one tok en with

the same attribute that the metho d sp eci�es. Eac h term of the tok en is successfully uni�ed

with the term describ ed in the metho d. When the term of the metho d is v ariable, the v alue

of the input p ort term is assigned to the v ariable, and then is referred in the guard and action

part.

� The guard condition is true for the assigned v ariables.

Metho d Selection: When there are plural enabled metho ds, select the upp er one in the program text.

Metho d Execution: A selected metho d is executed as follo ws.

� Ev aluate an action part of the metho d.

� Mak e all input state elemen ts inactiv e, and mak e all output state elemen ts activ e.

� Mak e Bo olean v alue of 
ags coinside with the output 
ags. ( flag $ true , -flag $ false )

� W rite v alues ev aluated in the action part on eac h output slot.

� P op up the uni�ed tok en from ev ery input p ort, then push one tok en with the v alue ev aluated

in the action part in to ev ery output p ort.

A metho d will b e brie
y explained b y the follo wing example.

Example 13 (Metho d (Fig. 63))

method(move, _, [ready,x(N1),y( M1) ,t yp e:j ob (ID )] , [busy,x(N2),y(M 2) ,ac k( A)] ) :-

N1>0, M1>0 | N2 := N1+1, M2 := M1+1, A=ok(ID) ;

move

type

ack

ready

busy

x y

:job

Figure 63. Example of Metho d

In this metho d example, the metho d mov e is enabled if the state elemen t r eady is activ e, there is

at least one tok en with an attribute j ob in the p ort ty pe whose term can b e uni�ed with a v ariable I D ,

the guard ( N 1 > 0 and M 1 > 0) is satis�ed where terms N 1 and M 1 are copied from the slots x and

y . When the metho d mov e is executed (�red), the b o dy ( N 2 := N 1 + 1 ; M 2 := M 1 + 1 ; A = ok ( I D ))

is ev aluated, the state elemen t r eady b ecomes inactiv e and the state elemen t busy b ecomes activ e, the

ev aluated terms N 2 and M 2 are written in the slots x and y , and the tok en is remo v ed from the p ort

ty pe and a tok en whose v alue is ok ( I D ) is pushed in to the p ort ack .
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3.3 I/O In terface

In MENDEL net, I/O in terface with the en vironmen t is realized b y assigning device driv ers to distin-

guished 
ags, slots, and p orts (called I/O 
ags, I/O slots, and I/O p orts). Note that state elemen ts

are not a v ailable for I/O in terfaces. These distinguished places are graphically represen ted b y double

lines of the original shap es as sho wn in Fig. 64. The driv er assignmen t is done using logical addresses

io tag $ h l og ical addr ess i whic h indicate ph ysical I/O addresses or program p oin ters of the driv er pro-

grams. Actual device driv ers are implemen ted as ph ysical I/O addresses and driv er programs whic h are

dep enden t on the hardw are. The p orts of Fig. 64 are declared using io sl ots , io f l ag s , and io por ts

textually as follo ws. In this example, in and out mean I/O mo de.

Example 14 (I/O p ort Example)

I/O slot and p ort in Fig. 64 are de�ned textually as follo ws.

io_slots([hand1(i o_ tag $a dd 1,o ut )]) ;

io_ports([hand2(i o_ tag $a dd 2,i n) ]) ;

I/O slot (out) I/O port (in)

hand1

hand2

io_tag$add1 io_tag$add2

Hardware

Figure 64. Example of I/O Slot and P ort

3.4 Pro cess-Orien ted Hierarc h y

3.4.1 Ov erview

In order to enable large-scale system description, it is necessary to in tro duce mo dule constructs in to

P etri nets. Man y practical high-lev el P etri nets pro vide mo dule constructs. Ho w ev er, most of them are

classi�ed in to subnet-oriente d hier ar chy , that is, a part of net (subnet) is regarded as a hierarc hical unit

and reduced to one no de. This subnet-orien ted mo dule is inadequate to represen t concurren t pro cesses

and pro cess comp osition of reactiv e and concurren t systems. Therefore, w e prop ose pr o c ess-oriente d

hier ar chy .

The hierarc hical unit of MENDEL nets is a pro cess (i.e., task). A pro cess ma y consist of sev eral

subpro cesses hierarc hically . While transitions of eac h pro cess are executed sequen tially , the pro cess can

run concurren tly according to the sc heduling mec hanism whic h will b e men tioned in the follo wing section.

The in teraction b et w een hierarc hical units is de�ned as sync hronous and async hronous comm unication

b et w een pro cesses. The pro cess in terface is a set of external p orts and external metho ds. A pro cess can

push/p op tok ens to/from external p orts of subpro cesses. Since p orts are in�nite bu�ers, this in teraction

realizes async hronous comm unication. On the other hand, a pro cess can sync hronize its o wn metho ds

with the external metho ds of subpro cesses (i.e., �re these metho ds sim ultaneously only if they are all

enabled). Since data exc hange is a v ailable using the exchange term , this in teraction realizes sync hronous

comm unication. W e emphasize that this pro cess-orien ted hierarc h y can directly sp ecify a comp ositional

structure of w ell-researc hed concurren t pro cess theories, suc h as CCS, A CP , CSP , and LOTOS. Unlik e

pro cess theories, MENDEL net allo ws only �xed comp osition, and therefore dynamic pro cess creation is

una v ailable.
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Another c haracteristic feature is indir e ct c ommunic ation b et w een pro cesses. In MENDEL net, pro-

cesses can comm unicate directly only with their paren t pro cesses. Comm unication b et w een pro cesses at

the same lev el is realized indirectly b y w a y of the paren t pro cess. This restriction is in tro duced to secure

the b ene�t of pro cess reuse, since direct comm unication mak es pro cesses strongly in terdep enden t.

3.4.2 Graphical Represen tation

process1

Extensive Form Reduced Form

p1

p2

s2s1

p01

p02

s01

s02

m02

m1

m2

p01

p02

p1

p2

m02

s01

s02

m2

m01

m03

m03

m01

process1

plug

plug

plug

Figure 65. Pro cess-Orien ted Hierarc h y

Figure 65 illustrates a simple example of a MENDEL net including a pro cess-orien ted hierarc h y . The

external p orts and external metho ds are represen ted b y b old ellipses and b old rectangles, resp ectiv ely .

These external p orts and external metho ds are called plugs whic h mean in terfaces with the paren t pro cess.

The comm unication b et w een pro cesses is represen ted b y linking dotted lines b et w een places/metho ds.

These dotted lines are seman tically in terpreted as tr ansition fusion and plac e fusion (Fig. 66) in tro duced

in [Christensen 92 ]. In the transition fusion, fused transitions can exc hange data with eac h other b y using

h exchang e ter m i . F rom the viewp oin t of the paren t pro cess, a subpro cess is graphically represen ted b y

a large circle.

port1 port2 port1+2

a1

a2 a3

a4 a5

a6

a1
a4

a5

a2
a3

a6

fusion

method1 method2 method1+2

a1

a2 a3

a4 a5

a6

a1
a4

a5

a2
a3

a6

fusion

Figure 66. Place and T ransition F usion

The v arious comm unication mec hanisms can b e realized b y place and transition fusion as follo ws.
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� 
ag fusion: ev en t 
ag, semaphore,

� p ort fusion: mail b o x,

� metho d fusion: rendezv ous.

Since transition fusion (metho d fusion) realizes sync hronous comm unication and place fusion (
ag and

p ort fusion) realizes async hronous comm unication, MENDEL net can pro vide t w o t yp es of comm unication

mec hanisms.

3.4.3 T extual Represen tation

A pro cess textually consists of the follo wing four parts.

� Declaration part (dec: f ... g )

declaration of places (state elemen ts, slots, 
ags, p orts)

� Bo dy part (b o dy: f ... g )

declaration of subpro cesses ( <process_name>(< id >,< me tho d_ li st> ,< pla ce _l ist >) )

� Metho d part (meth: f ... g )

de�nition of metho ds

� Junk part (junk: f ... g )

de�nition of LPL clauses used in metho ds

A syn tax of a pro cess is de�ned as follo ws.

process <process_name>( <external_method_ li st> ,< ext er na l_p la ce_ li st >):

dec:{...} ;

body:{...} ;

meth:{...} ;

junk:{...}

}.

Place and transition fusion are sp eci�ed b y argumen t matc hing. The follo wing MENDEL net is a

textual form of Fig. 65. In this example, p orts p 01 and p 02 of the paren t pro cess \main" are fused with

p orts p 1 and p 2 of the pro cess \pro cess1" resp ectiv ely , b ecause these argumen ts are matc hed in the b o dy

part. In the same manner, a metho d m 02 of \main" is fused with a metho d m 2 of \pro cess1".

process main([],[]):{

dec:{

ports([p01([]),p02([])]) ;

states([s1,s2],[s1]) ;

} ;

body:{

process1(pid1,[m02],[p01 ,p02 ]) ;

} ;

meth:{

method(m01,_,[],[p01(v1) ]) ;

method(m02,v2,[s01],[s02 ]) ;

method(m03,_,[p02(X)],[] ) ;

};

junk:{} ;

}.

process process1([m2],[p1,p2]) :

dec:{

ports([p1(_),p2(_)]) ;

states([s1,s2],[s1]) ;

} ;

meth:{

method(m1,_,[s1,p1(X)], [s2 ]) ;

method(m2,X,[s2],[s1,p2 (X) ]) ;

} ;

junk:{} ;

}.
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The ab o v e example sho ws comm unication b et w een a paren t pro cess and a c hild pro cess. Comm unica-

tion b et w een pro cesses at the same lev el (�rst cousin pro cesses) is describ ed as follo ws. In this example,

the metho d m 1 pla y the role of comm unication c hannel. In the b o dy part, eac h pro cess is giv en di�eren t

pro cess iden ti�cation (e.g., pid1 , pid2 ) whic h mak es it p ossible to create plural instances of the same

pro cess.

process main([],[]):{

dec:{

ports([p1([]),p2([])]) ;

} ;

body:{

process1(pid1,[],[p1]) ;

process1(pid2,[],[p2]) ;

} ;

meth:{

method(m1,_,[p1(X)],[p2( X)]) ;

};

junk:{} ;

}.

3.5 Pro cess Sc heduling Mec hanism

In sp ecifying and programming for actual reactiv e and concurren t systems, a sc heduling mec hanism pla ys

an imp ortan t role. Without information ab out the sc heduling mec hanism, sim ulation and analysis of the

mo del ma y di�er from the actual situation and b ecome imp erfect in the timing asp ect, and usable only

for c hec king the functional asp ect. T o in tro duce the sc heduling mec hanism in to the P etri net mo del,

there are three approac hes.

� all-in-one t yp e: Both an application and a sc heduler are describ ed in the same P etri net mo del.

� separation t yp e: An application is describ ed b y P etri nets, and a sc heduler is describ ed b y

another mo del. While the in terface with the sc heduler ma y b e pro vided in P etri nets, the sc heduling

mec hanism itself is out of the P etri net mo del. Most P etri-net-based programming languages (e.g.,

C-net/SCR) are of this t yp e.

� t w o-lev el t yp e: An application and a sc heduler are describ ed in t w o P etri nets of di�eren t lev els;

b ase-level net and meta-level net . A base-lev el net describ es an application and a meta-lev el net

describ es a sc heduler.

Since a P etri net is not only used to sp ecify concurren t programs but also suitable for describing

sc hedulers [V allejo 94 ], w e adopt the t w o-lev el net approac h for MENDEL net (Fig. 67). Merits of the

t w o-lev el net include mo del consistency as compared with the separation t yp e and easiness of description

and main tenance as compared with the all-in-one t yp e.

Base-Level
MENDEL net
(Application)

Meta-Level
MENDEL net
(Scheduler)

scheduling commands
through meta-places

process status information
shared by both levels

Figure 67. Tw o-Lev el MENDEL Nets

T o sp ecify in teraction b et w een base-lev el net and meta-lev el net, w e in tro duce the notions of meta-

plac e and token sharing .

� meta-place: A base-lev el net has sp ecial places, called meta-places, whic h are shared with a meta-

lev el net b y place fusion, and used to comm unicate with a meta-lev el net. A tok en that is put in to

a meta-place in the base-lev el net is tak en out and used in a meta-lev el net. These tok ens represen t

sc heduling commands in MENDEL nets.



Chapter 7: MENDEL Net 118

� tok en sharing: Some tok ens in a base-lev el net can b e shared with a meta-lev el net. Concretely ,

a meta-lev el net can c hange information of shared tok ens whic h are referred to in a based-lev el net.

Shared tok ens are used to c hange and refer to the status of pro cesses from b oth a base-lev el net

and a meta-lev el net.

In the follo wing sections, the pro cess sc heduling mec hanism using t w o-lev el nets, tok en sharing, and

meta-place is describ ed in detail.

3.5.1 Base-Lev el MENDEL Net

Since a base-lev el MENDEL net has already b een describ ed in the previous sections (3.1 { 3.4), w e explain

sev eral sc heduling commands (tok ens) sen t from the application (base-lev el net) to the sc heduler (meta-

lev el net) via meta-places. Primitiv e sc heduling commands include sta_prc , ter_prc , and sus_prc

whic h are also used in the real-time op erating system � -ITR ON [F ukuok a 91] are brie
y explained as

follo ws.

� sta pr c(Pr o c,Prio) : start the pro cess at a pro cessor Pr o c with a priorit y Prio .

� ter pr c : terminate the pro cess.

� sus pr c : susp end the pro cess.

One meta-place is established corresp onding to eac h pro cess. In other w ords, eac h pro cess has one

meta-place whic h accepts sc heduling commands from other pro cesses or from the pro cess itself. W e call

the meta-place pr o c ess plac e . Graphically w e use a large circle represen ting a pro cess for its pro cess place

(Fig. 68).

process2

m1

:ter_prc
:sta_prc(1,2)

process1
process 
place

Figure 68. Pro cess Place and Sc heduling Commands

A pro cess place is textually iden ti�ed as h pr ocess id i . When sending commands to itself, self is used

instead of h pr ocess id i . F or example, a MENDEL net of Fig. 68 is textually describ ed as follo ws. In this

example, p 1 represen ts h pr ocess id i .

process process1([],[]): {

dec:{}

body:{

process2(p1,[], []) ;

} ;

meth:{

method(m1,_,[], [p1 :s ta _pr c( 1,2 ), se lf: te r_p rc ]) ;

} ;

junk:{}

}.

3.5.2 Meta-Lev el MENDEL Net

A sc heduler is describ ed as a meta-lev el net. A meta-lev el net manipulates tok ens represen ting pro cess

status, called pr o c ess status token , whic h are initially created b y the sta pr c command. When the sta pr c

command is sen t to a pro cess place in the base-lev el net, all initial state elemen ts of the corresp onding
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pro cess are mark ed with tok ens whic h ha v e a pr o c ess status information P S I . A t the same time, the

corresp onding pro cess place in the meta-lev el net has a pro cess status tok en whic h has the same P S I .

It is tok en sharing; tok ens in initial state elemen ts in the base-lev el net and a tok en in a pro cess place

in the meta-lev el net share the same P S I . While usual individual tok ens ha v e values , these tok ens ha v e

r efer enc es to the shared P S I (Fig. 69).

value

usual token shared token

reference reference

value

Figure 69. Shared T ok en

There are the follo wing pro cess statuses in P S I .

� PSI.meta : pro cess status c hanged b y a meta-lev el net

e.g., P S I :meta 2 f activ e; r eady ; w ait; suspended; w ait suspended; dead g

� PSI.base : pro cess status c hanged b y a base-lev el net

e.g., P S I :meta 2 f enabl ed; disabl ed g

A pro cess sc heduler (meta-lev el net) can c hange pro cess status ( PSI.meta ), whic h indicates a place

with the corresp onding pro cess tok en. In the base-lev el net, only activ e tok ens (i.e., tok ens P S I of whic h

is active ) are a v ailable at metho d �ring. As dead tok ens can nev er b e c hanged to activ e unless the pro cess

is restated again, they can b e remo v ed from the base-lev el net. On the other hand, a base-lev el net can

c hange pro cess status, enable d and disable d . When there are enabled metho ds regardless of PSI.meta ,

a pro cess status b ecomes enable d , otherwise it b ecomes disable d . This status information ( enable d or

disable d ) is used for pro cess dispatc hing in the sc heduler.

F or example, a simple sc heduler is describ ed in Fig. 70 whic h is based on subset of � -ITR ON for a

single pro cessor. A place pr o c ess if is an in terface with a base-lev el net whic h forms place fusion with

pro cess places. F unctional inscriptions of transitions are describ ed b y LPL as follo ws.

� t1 (dispatc h): The sc heduler selects a pro cess whic h is in the r e ady place and has the highest

priorit y and mo v es it to the active place.

� t2 (preempt): When a pro cess has just b ecome in the r e ady place and has higher priorit y than

the pro cess in the active place, the sc heduler exc hanges status of these pro cesses.

� t3 (w ait): When the activ e pro cess has no enabled transitions in the base-lev el net (i.e., P S I :base =

disabl ed ), it is mo v ed from the active place to the wait place.

� t4 (ready): When the w aiting condition of the wait pro cess is satis�ed in the base-lev el net (i.e.,

P S I :base = enabl ed ), it is mo v ed from the wait place to the r e ady place.

� t5 { t18: omitted.

3.6 Timer

Concerning real-time extension of P etri nets, w e adopt timers prepared as a built-in subnet,

sys$timer(<tid>, [] ,[o p, up ]).

Here, a setting/resetting p ort ( op(set),op(reset ) ) and a referring 
ag ( up ) mean the in terface of the

timer.



Chapter 7: MENDEL Net 120

activeready

wait

dead
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P1 P1
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Figure 70. Simple Sc heduler Example ( � -ITR ON)

process process([],[]){

dec:{

states([s1,s2],[s 1]) ;

ports([op([])]) ;

flags([up]) ;

};

body:{

sys$timer(t1,[],[ op, up ]) ;

} ;

meth:{

method(m1,_,[s1], [s2 ,o p( set )] ) ;

method(m2,_,[s2,u p], [s 1, op( re set )] ) ;

} ;

junk:{}

}.

3.7 Macro Notations

Generally sp eaking, actual descriptions b y P etri nets are often troublesome. Macro notations are v ery

useful in practice. Here, one of the macro notations, arra y represen tation, is in tro duced.

Arra y Represen tation Occasionally , a reactiv e and concurren t system con tains sev eral subpro cesses

ha ving the same structure. F or example, a lift system ma y ha v e sev eral request buttons corresp onding to

ev ery 
o or. It is tedious to individually write all button pro cesses. T o o v ercome this problem, coloured

P etri nets represen t these subpro cesses as separate coloured tok ens on a single net structure. Ho w ev er,

this approac h is not suitable for the pro cess-orien ted hierarc h y , b ecause a pro cess is a hierarc hical unit

and tok ens should not b e a pro cess. Therefore, a MENDEL net pro vides an alternativ e: an arra y to
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represen t sev eral subpro cesses with the same structure, in the same manner as the CSP-based concurren t

programming language Occam. Eac h arra y ed pro cess can b e explicitly treated as a separate computing

unit that can run on a separate CPU. Figure 71 sho ws a graphical arra y represen tation of N iden tical

pro cesses, whose textual form follo ws.

pr ocess f I g ( m f I g )( in f I g )( out f I g ) � I : f 1 ::N g

on {I}

out {I}

m {I}

proc {I}

Figure 71. Graphical Represen tation of Arra y

4 Simple Example

A simple example of a MENDEL net (base-lev el net) is sho wn in Fig. 72, whic h describ es a part of a

con trol program of a telephone terminal. This MENDEL net sp eci�es ho w the phone terminal b ecomes

connected. The MENDEL net consists of �v e pro cesses (main, phone, calling, ho ok, and ring), where

pro cess main activ ates other pro cesses b y sending sta pr c commands to pro cess places. In these pro cesses

cal l ing and hook , I/O p orts cal l dr iv er and up dr iv er are de�ned whic h detect input ev en ts from the

en vironmen t, calling and taking up the receiv er, resp ectiv ely . After detecting calling, a pro cess phone

receiv es a tok en from a p ort cal l of the pro cess cal l ing and mak es a 
ag bel l of a pro cess r ing activ e. In

succession, the pro cess r ing sets an output slot bel l dr iv er on and o� to ring a b ell in termitten tly using

a built-in subnet sy s $ timer . Finally , after detecting taking up the receiv er, the pro cess phone mak es the


ag bel l inactiv e, then the pro cess r ing stops ringing the b ell.

/* main */

process main([],[]):{

dec:{

states([start],[start] ) ;

ports([call([]),up([]) ]) ;

flags([bell(false)]) ;

};

body:{

phone(p1,[],[call,up,b ell] ) ;

calling(p2,[],[call]) ;

hook(p3,[],[up]) ;

ring(p4,[],[bell]) ;

};

meth:{

method(m1,[start],[p1: sta_ prc (1,4 ),p 2:st a_p rc(1 ,2) ,p3: sta _prc (1, 1),p 4:s ta_p rc( 1,3) ) ;

};

junk:{};

}.

/* phone */

process phone([],[call,up,bell ]): {

dec:{
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Figure 72. Example (T elephone T erminal)
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ports([call(_),up(_)]) ;

flags([bell(_)]) ;

states([standby,ringin g,co nne cted ],[ stan dby ]) ;

};

body:{};

meth:{

method(t1,_,[standby,c all( on) ],[r ing ing, bel l]) ;

method(t2,_,[ringing,u p(on )], [con nec ted, -be ll]) ;

};

junk:{};

}.

/* calling */

process calling([],[call]):{

dec:{

io_ports([call_driver( io_t ag$ call ,in )]) ;

ports([call(_)]) ;

};

body:{};

meth:{

method(t1,_,[call_driv er(_ )], [cal l(o n)]) ;

};

junk:{};

}.

/* hook */

process hook([],[up]):{

dec:{

io_ports([up_driver(io _tag $up ,in) ]) ;

ports([up(_)]) ;

};

body:{};

meth:{

method(t1,_,[up_driver (up) ],[ up(o n)] ) ;

method(t2,_,[up_driver (_)] ,[] ) ;

};

junk:{};

}.

/* ring */

process ring([],[bell]):{

dec:{

io_ports([bell_driver( io_t ag$ bell ,ou t)]) ;

ports([top([])]) ;

flags([bell(_),tup(fal se)] ) ;

states([s_off,s_on][s_ off] ) ;

};

body:{

sys$timer(tim,[],[top, tup] ) ;

};

meth:{

method(t1,_,[s_off,bel l],[ s_o n,to p(s et), bel l_dr ive r(on )]) ;

method(t2,_,[s_on,up], [s_o ff, bell _dr iver (of f),t op( rese t)] ) ;

};

junk:{};

}.

5 Related W orks: P etri Nets and Hierarc h y

Sev eral hierarc hies in Coloured P etri Net (CPN) w ere prop osed in [Hub er 90 ]. They in tro duced the

notion of p ages (i.e., net mo dules), substitution tr ansitions and substitution plac es , where a substitution

transition/place is a macro no de and represen ts a subpage whic h con tains the detail of ho w it actually

p erforms the activit y . It means subnet-oriente d net hier ar chy . Only the substitution transition is adopted

in DESIGN/CPN and this v ersion is usually called Hierarc hical Coloured P etri Net (HCPN). Mo dular

Coloured P etri Net (MCPN) [Christensen 92 ] extends HCPN b y incorp orating b oth place and transition

fusion. A more 
exible form of transition fusion w as also prop osed b y extending CPN with sync hroniza-

tion c hannels [Christensen 94]. MCPN and CPN with sync hronization c hannels are in tended to represen t

a pr o c ess-oriente d net hier ar chy , whic h is similar to the hierarc h y of MENDEL nets although they ha v e
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b een prop osed apart from MENDEL net. F urthermore, Ob ject P etri Net (OPN) [Lak os 95 ] has not only a

pro cess-orien ted and subnet-orien ted net hierarc h y but also a token-oriente d net hier ar chy , where tok ens

are allo w ed to b e subnets encapsulating their o wn activit y

16

. Other approac hes of pro cess-orien ted net

hierarc h y include OBJSA net [Battiston 88 ] and Pr otob [Bruno 95 ]. OBJSA nets com bine nets with alge-

braic sp eci�cation tec hniques and supp ort pro cess comp osition b y transition fusion. Pro cess comp osition

b y transition fusion is adv an tageous for comp ositional analysis tec hniques. OBJSA net is similar to LO-

TOS whic h com bines CCS with algebraic sp eci�cation tec hniques, where lab el sync hronization of LOTOS

is the same as transition fusion, and G-LOTOS [Bolognesi 89 , Lee 91 ] pro vides a graphical represen tation

with a pro cess-orien ted hierarc h y of LOTOS. Protob is a high-lev el P etri net in whic h systems can b e

structured according to the principles of ob ject orien tation. An ob ject mo del is a system's comp onen t

and its b eha vior is giv en b y a net. Ob jects are enabled to comm unicate with other ob jects b y in terface

places. The structure of ob jects in Protob is a tree; a comp ound ob ject con tains other ob jects. This

comp ositional structure is v ery similar to MENDEL net. Ho w ev er, Protob is, if an ything, a sp eci�cation

language and ob jects in Protob do not directly corresp ond to concurren t pro cesses. Compared with

these high-lev el nets with pro cess-orien ted net hierarc h y , MENDEL nets are strongly pro cess-orien ted

b ecause pro cess sc heduling mec hanism and I/O devices can b e explicitly sp eci�ed within the MENDEL

net framew ork. In other w ords, MENDEL nets are in tended to b e a programming language rather than

a sp eci�cation language.

6 Summary

This c hapter considered a P etri net as a programming language for reactiv e and concurren t systems.

Although sev eral P etri-net-based programming languages for reactiv e and concurren t systems ha v e b een

prop osed, they are short of abstraction mec hanisms and there is a large gap b et w een P etri net as a

sp eci�cation language and P etri net as an implemen tation language. On the other hand, high-lev el P etri

nets are lac king in sev eral imp ortan t features (e.g. concurren t tasks, task comm unication/sync hronization,

I/O in terface, and task sc heduling) for programming reactiv e and concurren t systems. Therefore w e

prop osed a high-lev el P etri net, MENDEL net, for reactiv e and concurren t systems to bridge the gap

b et w een a sp eci�cation language and an implemen tation language.

A MENDEL net features the follo wing prop erties in addition to standard P etri nets.

� I/O in terface,

� pro cess-orien ted net hierarc h y , and

� task sc heduling mec hanism mo deled b y t w o-lev el net approac h.

MENDEL nets are used as a sp eci�cation and programming language in the programming en vironmen t

MENDELS ZONE.

Syn tax of MENDEL Net T extual Represen tation

<program> ::= <process> | <program>

<process> ::=

'process' <process_name> '(' <external_method_list> ',' <external_place_list> ')'

':' '{'

<declaration_part> ';'

<body_part> ';'

<method_part> ';'

<junk_part> ';'

'}' '.'

16

There ha v e b een sev eral prop osals for com bining ob ject-orien tation with P etri nets. They are classi�ed in to obje ct inside

nets and Petri nets inside obje cts ; in the former tok ens are ob jects (e.g., OPN), in the latter P etri nets are used for

sp ecifying the b eha vior of individual ob jects (e.g., HOOD nets [Gio v anni91 ]). In the latter approac h, hierarc h y is not

necessarily pro vided b y P etri nets.
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<declaration_part> ::=

'dec' ':' '{'

<declaration_list>

'}'

<declaration_list> ::= <declaration> ';' | <declaration_list>

<declaration> ::=

<state_declaration> |

<slot_declaration> |

<flag_declaration> |

<port_declaration>

<state_declaration> ::=

'states' '(' <state_list> ',' <initial_state_list> ')'

<state_list> ::=

'[' { <state_element_name> ',' }* <state_element_name> ']' | '[' ']'

<initial_state_list> ::=

'[' { <state_element_name> ',' }* <state_element_name> ']' | '[' ']'

<slot_declaration> ::=

'slots' '(' <slot_list> ')' |

'io_slots' '(' <io_slot_list> ')'

<slot_list> ::= '[' { <slot_name> '(' <initial_value> ')' ',' }*

<slot_name> '(' <initial_value> ')' ']'

| '[' ']'

<io_slot_list> ::= '[' {<io_slot> ',' }* <io_slot> ']' | '[' ']'

<io_slot> ::= <slot_name> '(' 'io_tag' '$' <logical_address>, <io_mode> ')'

<flag_declaration> ::=

'flags' '(' <flag_list> ')' |

'io_flags' '(' <io_flag_list> ')'

<flag_list> ::= '[' { <flag_name> '(' <initial_value> ')' ',' }*

<flag_name> '(' <initial_value> ')' ']'

| '[' ']'

<port_declaration> ::=

'ports' '(' <port_list> ')' |

'io_ports' '(' <io_port_list> ')'

<port_list> ::= '[' { <port_name> '(' <initial_value> ')' ',' }*

<port_name> '(' <initial_value> ')' ']'

| '[' ']'

<body_part> ::= 'body' ':' '{' { <process_call> ; }* '}'

<process_call> ::= <process_name> '('

<process_id> ','

<external_method_list> ','

<external_place_list> ')'

<method_part> ::= 'meth' ':' '{' { <method> ; }* '}'

<method> ::= 'method(' <method_name> ',' <exchange_term> ','

<input_place_list> ',' <output_place_list> ')' ':-'

<guard> '|' <action>

<input_place_list> ::= '[' { <place> ',' }* <place> ']' | '[' ']'

<output_place_list> ::= '[' { <place> ',' }* <place> ']' | '[' ']'

<place> ::= <state_element> | <flag> | <slot> | <port>

<state_element> ::= <state_element_name>
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<flag> ::= <flag_name>

<slot> ::= <slot_name> '(' <LPL_term> ')'

<port> ::= <port_name> '(' { <LPL_term> | <attribute> ':' <LPL_term> } ')'

<guard> ::= { <LPL_predicate> ',' }* <LPL_predicate>

<action> ::= { <LPL_predicate> ',' }* <LPL_predicate>

<junk_part> ::= 'junk' ':' '{' { <LPL_clause> ; }* '}'



Chapter 8

P etri-Net-Orien ted Design

Metho dology

This c hapter prop oses a design metho dology for MENDEL nets. Although man y P etri net to ols ha v e b een

prop osed, most to ols supp ort only dra wing, sim ulation, and analysis of P etri nets; few to ols supp ort the

design metho dology for P etri nets. While P etri nets are go o d �nal design do cumen ts easy to understand,

analyzable, and executable, it is often di�cult to write P etri nets directly in an earlier design phase when

the system structure is obscure. A prop osed design metho d mak es a designer to construct MENDEL nets

step wise and systematically using c ausality matric es and temp or al lo gic .

1 P etri-Net-Orien ted Design Metho dology

As men tioned in Chapter 1, P etri nets are often inadequate in an early design phase when some parts

of the system structure ma y b e obscure. P articularly , while the structures of lo cal pro cesses, called

elemen tary pro cesses, are usually tangible and able to b e easily designed, the structures of a pro cess to

co ordinate elemen tary pro cesses, called co ordinator pro cess, are often obscure at �rst in a reactiv e and

concurren t systems. Since a P etri net is a formal language and do es not p ermit v agueness, it is di�cult

to design systems from b eginning to end using only P etri net.

W e fo cus on con trol systems whic h are t ypical instances of reactiv e and concurren t systems, and then

prop ose a design metho d for them utilizing MENDEL net and additional complemen tary formalisms

(causalit y matrix and temp oral logic). The c ausality matrix represen ts causalit y relations among system

elemen ts. It allo ws v agueness (abstract lev el description), so a designer can step wise re�ne the causalit y

matrix from an abstract lev el to a concrete lev el. F urthermore, draft P etri nets whic h are syn thesized

from the causalit y matrix are v alidated using temp oral logic. By doing these step wise re�nemen ts, the

designer can construct a correct MENDEL net systematically .

The prop osed design metho d consists of the follo wing phases.

1. Initially elemen tary pro cesses (i.e., tangible or concrete pro cesses) whic h ha v e in terfaces with con-

trolled ob jects (en vironmen t) and manipulate them are designed b y MENDEL nets.

2. Co ordinators (i.e., conceptual pro cesses) are created to co ordinate elemen tary pro cesses and ele-

men tary pro cesses are in terconnected with them b y comm unication c hannels.

3. Co ordinators are designed b y step wise re�nemen t using the causalit y matrix, and MENDEL nets

are �nally pro duced whic h represen t these co ordinators.

4. A target system whic h consists of elemen tary pro cesses and co ordinators are describ ed b y MENDEL

nets and are v alidated b y sim ulation, v eri�cation, and adjustmen t.

The remainder of this c hapter is organized as follo ws. Section 2 sho ws a t ypical soft w are arc hitecture

of con trol systems. The causalit y matrix is describ ed in Section 3. A detail pro cedure of the prop osed

design metho d is giv en in Section 4. Section 5 describ es a MENDEL net design example for a lift system,

follo w ed b y related w orks and a summary in Section 6 and Section 7.

127
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2 Soft w are Arc hitecture of Con trol Systems

First w e sho w a t ypical mo del of con trol soft w are (Fig. 73). In this mo del, con trol soft w are consists of

elemen tary pro cesses and co ordinator pro cesses.

Elemen tary pro cess: This pro cess corresp onds to some con trolled ob ject in the problem domain and

manages I/O devices to con trol them. F or example, in a plan t con trol system, v alv es pumps, and

motors are con trolled ob jects.

Co ordinator pro cess: This pro cess corresp onds to a set of functions required for con trolling con trolled

ob jects. This pro cess co ordinates elemen tary pro cesses to accomplish these functions. The co ordi-

nator ma y b e consists of a set co ordinator pro cesses.

Controlled Objects Controller

Control 
Software

Coordinator

EP

EP

EP

EP

EP

D

D

D

D

D

D

D

D

D

D

EP = elementary process, D = I/O device

Figure 73. Mo del of Con trol Soft w are

3 Causalit y Matrix

The causalit y matrix, C=[ c

ij

], is a t yp e of an extended incidence matrix of a P etri net (Fig. 74), where

eac h en try , c

ij

, represen ts a causalit y relation b et w een an i -th op erator (i.e., metho d) and a j -th op erand

(i.e., state elemen t, 
ag, slot, p ort, or external metho d). One of unique features of the causalit y matrix is

its wide-sp ectrum prop ert y that the causalit y relation of eac h en try can range from an abstract lev el to a

concrete lev el (w e call this a wide-sp ectrum causalit y relation). T able 13 sho ws wide-sp ectrum causalit y

relations. F or example, c

11

=\+" of Fig. 74 is an abstract lev el relation represen ting only existence of

relation b et w een the op erator opr1 and the op erand op d1 ; the details of the relation are not giv en at

this lev el. On the other hand, c

23

=\p op:X" is a concrete lev el relation in whic h the op erator opr2 p ops

a tok en from the op erand op d3 and uni�es the color of the tok en with X (i.e., X is assigned the color

of the tok en). A designer step wise re�nes op erators, op erands, and causalit y relations from an abstract

lev el to a concrete lev el, whic h is regarded as a design pro cess. The wide-sp ectrum causalit y matrix has

the follo wing adv an tages compared with graphical P etri net represen tations.

� The binary relation in the matrix is more adequate for system elemen t analysis in the earlier design

phase. It is m uc h easier for a designer to decide what is a lo cal abstract relation b et w een ev ery t w o

elemen ts than to directly dra w a rigid P etri net.

� A spread-sheet editor for the matrix can pro vide p o w erful editing abilities. Cop ying, eliminating,

decomp osing, bro wsing, fo cusing, and c hec king can b e implemen ted more easily than b y a graph-

ical one. F urthermore, graphical represen tations are di�cult to p erceiv e without go o d top ological
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operand

operator

opd1 opd2 opd3

state

external

opd4

guard bodyport

opr1

opr2

opr3

opr4

opr5

+

+

+

in

push

pop:X

+> +

+

pp<

X>0 true

Figure 74. Causalit y Matrix

T able 13. Wide-Sp ectrum Causalit y Relations

LEVEL RELA TION EXPLANA TION

Abstract lev el + some relation

blank no relation/unde�ned

In termediate lev el (1) < input/cause

> output/e�ect

In termediate lev el (2) sync sync hronization

rw read or write from/to slot

pp p op or push from/to p ort

trans state transition

In termediate lev el (3) insync sync hronization with input data

outsync sync hronization with output data

read read from slot

write write to slot

p op p op from p ort

push push to p ort

in reference of state

from transition from state

to transition to state

Concrete lev el KL1 KL1 co de
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arrangemen t. Curren t automatic top ological arrangemen ts in P etri net to ols are not y et go o d

enough.

� The wide-sp ectrum prop ert y mak es bac ktrac king easier. Bac ktrac king is inevitable in a design

pro cess. Ho w ev er, the wide-sp ectrum prop ert y enables the designer to manipulate only common and

consisten t design do cumen ts (causalit y matrices) throughout the design pro cess, whic h minimizes

the mo di�cation e�orts in bac ktrac king.

A concrete causalit y matrix can b e transformed straigh tforw ard in to a pro cess of MENDEL nets. In

other w ords, a causalit y matrix is a matrix-based represen tation of MENDEL nets whic h allo ws v agueness

and informalit y . Figure 75 sho ws an example of straigh tforw ard transformation from a matrix to a pro cess

of MENDEL nets. Remark that eac h matrix corresp onds to one pro cess and do es not ha v e a hierarc hical

structure in itself, whic h should b e represen ted b y MENDEL nets.

operand

operator

free busy data

state

external

input

guard bodyport

get

put

from

to

write:X

read:X push:Y

trueX>0

true Y:=X+1

output

state portslot

external

to

from

pop:X

free

dataget put

busy

input output

Figure 75. T ransformation from a Causalit y Matrix to a Net

4 Design Metho d

The prop osed design metho d consists of four phases; design of elemen tary pro cesses (Phase 1), pro cess

in terconnection and co ordinator creation (Phase 2), design of co ordinators (Phase 3), and v alidation

(Phase 4).

First, Phase 1 and Phase 2 are carried out using directly MENDEL net b ecause elemen tary pro cesses

are not so obscure. Then, the design of the co ordinator whose structure ma y b e obscure is done b y

step wise re�nemen t using the wide-sp ectrum causalit y matrix. A pro cedure of the matrix re�nemen t is

summarized as follo ws.

step 1: metho d recognition

step 2: p ort and slot recognition

step 3: state recognition

step 4: functional re�nemen t (writing LPL co de)

Finally , MENDEL nets are v eri�ed and adjusted using PL TL, and executed visually . Figure 76 outlines

the 
o w c hart of the follo wing design metho dology .
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start

P1-S1: Find elementary processes

P1-S2: Construct MENDEL nets

P2: Interconnect subprocesses
and create coordinator

P3-S1: Recognize methods

Phase 1

Phase 2

Phase 3

P3-S2: Recognize slots and ports

P3-S3: Recognize states

P3-S4: Describe LPL code

P3-S5: Generate MENDEL net

P4-S2: Verify

stop

Phase 4

P3-R1: Backtrack

P3-R2: Refine

P3-R3: 
Decompose 
coordinator

P4-S3: Adjust

P4-S1: Simulate

Figure 76. Design Metho d (Flo w Chart)



Chapter 8: P etri-Net-Orien ted Design Metho dology 132

[Phase 1]

(Step 1) Find elementary pr o c esses :

Find all elemen tary pro cesses whose structure is w ell de�ned, and en umerate the metho ds, slots,

and p orts for eac h pro cess. Most hardw are-constrained pro cesses are elemen tary . F or example, c age

is one of the elemen tary pro cesses in a lift system, and its metho ds include move up, move down,

op en do or , and close do or .

(Step2) Construct a MENDEL net for e ach elementary pr o c ess :

Construct a MENDEL net for eac h elemen tary pro cess b y app ending the state elemen ts and arro ws

to the metho ds, slots, and p orts listed in step 1. Then, classify eac h p ort and metho d as external

one whic h b ecomes a plug and is accessed from other pro cesses or in ternal one.

[Phase 2] Inter c onne ct elementary pr o c esses and cr e ate a c o or dinator :

Create a new pro cess (paren t pro cess) that consists of the elemen tary pro cesses (subpro cesses). In ter-

connect the plugs of these subpro cesses with async hronous comm unication and sync hronous comm unica-

tion. Some plugs whic h cannot b e directly connected ma y remain; in this case some pro cess is required

to co ordinate them. Create a new subpro cess (the co ordinator) and connect the remaining plugs to it.

Note that an initial co ordinator has only external p orts and metho ds that are connected to the remaining

plugs of the elemen tary pro cesses.

[Phase 3]

(Step 1) Cr e ate an initial c ausality matrix and r e c o gnize metho ds :

Create an initial causalit y matrix of the co ordinator, in whic h only external p orts and metho ds,

listed in phase 1, are �lled. Then, recognize all functions (metho d candidates) of the co ordinator

and �ll them in the matrix.

(Step 2) R e c o gnize internal p orts and slots :

Judge existence of the causalit y relation b et w een external/in ternal metho ds and external p orts, and

�ll abstract lev el judgmen t (+ or blank) in the matrix. Step wise re�ne these causalit y relations

in to a less abstract lev el. This step wise re�nemen t helps a designer to recognize additional in ternal

p orts and slots whic h are necessary to re�ne the causalit y relations.

(Step 3) R e c o gnize state elements :

Find logical state elemen ts of the co ordinator (e.g., active, sle ep, waiting, busy ), and add them

and �ll causalit y relations in the matrix. In the causalit y relation, eac h metho d should b e decided

whether it is enabled or not in eac h logical state. In addition, consider the partial ordering of

metho d �ring, and in tro duce dumm y con trol state elemen ts to put metho d �ring in order.

(Step 4) Describ e metho d inscriptions :

Describ e the detailed condition and action for eac h metho d b y logic programming language. A t

this p oin t, the causalit y matrix reac hes its most concrete lev el.

(Step 5) Gener ate MENDEL net pr o c esses :

Finally , generate MENDEL net pro cesses of co ordinators straigh tforw ard from the most concrete-

lev el matrices.

In addition, the follo wing design rules are applicable during Phase 3.

(Rule 1) Cause design b acktr acking :

When an y design failures or unexp ected functions that require structural rearrangemen ts are de-

tected, go bac k to an y previous steps in Phase 3.

(Rule 2) R e�ne metho ds, slots, and p orts :

Decomp ose and mo dify metho ds, p orts, and slots if they ha v e comp ound functions or meanings.

(Rule 3) De c omp ose c o or dinators :

Decomp ose co ordinators if the co ordinator b ecomes to o large or to o complex.
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[Phase 4] V alidate c onstructe d MENDEL nets :

(Step 1) Simulation :

Execute MENDEL net b y a sim ulator, and con�rm that it w orks w ell (i.e., it satis�es y our require-

men ts).

(Step 2) V eri�c ation :

Sp ecify timing constrains for the target system using PL TL whic h are deriv ed from the original

informal sp eci�cation. Then, v erify and analyze whether the constructed MENDEL net satis�es

these PL TL constrain ts (e.g., deadlo c k-free, in terlo c k).

(Step 3) A djustment :

If the MENDEL net do es not satisfy all the sp eci�ed PL TL constrain ts, the designer m ust adjust

the MENDEL net to satisfy them, man ually using a MENDEL net editor or automatically using

the program adjustmen t mec hanism describ ed in Chapter 6.

5 Example: Lift Con trol System

5.1 Problem

This problem is a revised v ersion of the p opular problem presen ted for the 4th In ternational W orkshop

on Soft w are Sp eci�cation and Design [IWSSD 87 ].

List Con trol System:

One lift is to b e installed in a building with M 
o ors. The problem concerns the logic to mo v e

cages b et w een 
o ors according to the follo wing constrain ts:

� The cage has a set of buttons, one for eac h 
o or. These illuminate when pressed and cause the

cage to visit the corresp onding 
o or. The illumination is canceled when the corresp onding


o or is visited b y the cage, or when the button is pulled out (canceling the request).

� Eac h 
o or has t w o buttons, one to request an up-lift and another to request a do wn-lift.

These illuminate when pressed. The illumination is canceled when a cage visits the 
o or and

is either mo ving in the desired direction, or has no outstanding requests. The illumination

ma y also b e canceled b y pulling the button out (canceling the request).

5.2 Observ ation of actual design pro cess

The actual design pro cess of the lift system will b e traced using MENDELS ZONE. Here, \ P

i

- S

j

:" means

Step j of Phase i ; it is an index for the design metho dology .

(1) P1-S1: This lift system has four elemen tary pro cesses: c age , button , 
o or button p anel , and

c age button p anel .

(2) P1-S2: The constructed MENDEL nets of these elemen tary pro cesses are sho wn in Fig. 77.


o or button p anel , and c age button p anel are constructed as paren t pro cesses of buttons . Ho w-

ev er, since they are v ery ph ysical and require no co ordinators, they w are regarded as elemen tary

pro cesses. Remark, c = c age , f = 
o or , r e q = r e quest , c an = c anc el , vis = visit .

(3) P2: The top lev el lift system is constructed b y in terconnecting 3 subpro cesses: c age , 
o or button p anel

and c age button p anel . Here are all plugs ( op en , up , down , c r e q , c c an , c vis , f r e q , f c an, f vis )

remain unconnected. Therefore w e create a co ordinator pro cess, and connect remaining plugs to

it (Fig. 78).

(4) P3-S1: The initial causalit y matrix is created. It has 6 external p orts and 3 external metho ds

corresp onding to the plugs initially connected in (3). W e �nd the follo wing functions (metho d

candidates) of the co ordinator and en ter them in the matrix:

� op en : op en the do or of the cage when the cage visits the requested 
o or.



Chapter 8: P etri-Net-Orien ted Design Metho dology 134

up

down

open

close

vis!

req can

off
on

req
can

cage
button

f_vis

f_req f_can

button button

dn_visup_vis

up_req

c_vis

c_req c_can

button 
[ i ]

vis

req can

floor_button_panel cage_button_panel

Figure 77. Elemen tary Pro cesses of Lift Con trol System
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Figure 78. Pro cess In terconnection and Co ordinator Creation
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� up : mo v e up to the target 
o or.

� down : mo v e do wn to the target 
o or.

� c r e q / f r e q : accept requests from the c age button p anel / 
o or button p anel .

� c c an / f c an : delete the canceled 
o or from the request queue.

� c vis / f vis : ac kno wledge the c age button p anel / 
o or button p anel when the cage arriv es

at the requested 
o or.

(5) P3-S2: Causalit y relations are en tered at the abstract lev el. W e recognize 3 in ternal slot candi-

dates ( r e q que , curr ent f , tar get f ) and one additional metho d candidate (start), and add them to

the matrix (Fig. 79).

op en up do wn c req c can c bis f req f can

metho d metho d metho d p ort p ort p ort p ort p ort

external external external external external external external external

op en +

up +

do wn +

c req +

c can +

c vis +

f req +

f can +

f vis

start

f vis req que curren t f target f

p ort slot slot slot guard b o dy

external

op en + +

up

do wn

c req +

c can + +

c vis + +

f req +

f can + +

f vis + + +

start + +

Figure 79. Causalit y Matrix (Abstract Lev el)

� r e q que : a request queue in whic h all requests are stored.

� curr ent f : the n um b er of the curren t 
o or that the cage is curren tly sta ying.

� tar get f : the n um b er of the target 
o or to whic h the cage will go.

� start : select a target 
o or from the request queue.

(6) P3-R2&S3: While re�ning the causalit y relations step wise, w e re�ne the op erators and op erands,

and recognize new state elemen ts. The follo wing case sho ws a fragmen t of this re�nemen t and

state recognition pro cess. When re�ning the op erator c c an (Fig. 80(a)), that is a lo cal view of

the matrix, w e notice that there are t w o cases.

Case 1: The canceled request remains in r e q que .

Case 2: The canceled request has already b een selected as tar get f .

Here, w e divide c c an in to c c an 1 (case 1) and c c an 2 (case 2), and try to re�ne eac h op erator.

Then, w e recognize that the states (activ e and sleep) are necessary to re�ne c c an 2 , and in tro duce

them. Finally , the matrix sho wn in Fig. 80 (b) is deriv ed.
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(a) Original Matrix

c can req que target f

p ort slot slot guard b o dy

c can p op rw read

@

@�

�

(b) Re�ned Matrix

c can req que target f activ e sleep

p ort slot slot state state guard b o dy

c can 1 p op:X read:Q1, write:Q2 read:Y in X n = Y cancel r
(X,Q1,Q2)

c can 2 p op:X read:Y from to X = Y true

Figure 80. Causalit y Matrix (Re�nemen t Example)

(7) P3-R1: W e notice that w e ha v e missed the fact that the cage should stop and op en the do or at

the 
o or that is stored in the r e q que ev en if it is not a curren t target. Consequen tly , w e m ust

bac ktrac k and mo dify the design; w e m ust mo dify the metho d op en .

(8) P3-R3: The co ordinator is divided in to 2 co ordinators ( c age c ontr ol ler and r e quest c ontr ol ler ),

b ecause the matrix b ecomes somewhat complex; so it is natural to divide its functions in to the

cage con troller and the request con troller. During this dividing, the follo wing in terface plugs

(external p orts) are in tro duced.

� start : ac kno wledge that the cage has started.

� end : ac kno wledge that the cage has visited the target 
o or.

� exit : ac kno wledge that the request has b een canceled.

� curr ent : inform the curren t 
o or that the cage is sta ying.

� c ommand : command that the cage op ens the do or or not.

Divide the matrix in to new t w o matrices whic h corresp onds to generated co ordinator pro cesses

( c age c ontr ol ler and r e quest c ontr ol ler ).

(9) P3-S3 (for c age c ontr ol ler ): After c hec king for an y metho d con
icts, w e in tro duce 9 dumm y

con trol state elemen ts ( active , sle ep , etc.) to serialize the metho ds ( curr ent , c ommand , op en , p ass ,

up , and down ) to a v oid the con
icts.

(10) P3-S5: W e implemen t inscriptions used in the metho ds (e.g., c anc el r
 of Fig. 80) whic h com-

pletes the step wise re�nemen t of the matrix. The �nal causalit y matrix of the cage con troller is

sho wn in Fig. 81. F rom this matrix, MENDEL nets of the lift system can b e generated automat-

ically . Fig. 82 sho ws the top lev el pro cess ( lift system ), and Fig. 83 sho ws one of the subpro cesses

( c age c ontr ol ler ). In (b), slots are hide in the displa y for simpli�cation, and a triangle represen ts

OR-connection of sync hronous comm unication.

(11) W e can v erify at its sk eleton lev el whether or not this system satis�es the follo wing constrain ts.

� Deadlo c k freedom of a cage:

PL TL form ula = 2 } ( open _ up _ dow n )

� Once a k-th 
o or is requested, the cage ev en tually visits the 
o or and op ens the do or unless

the request is not canceled:

PL TL form ula = 2 ((( c r eq ( k ) _ f r eq ( k )) ^ 2 ( : c can ( k ) ^ : f can ( k ))) � } open ( k ))

In this case it is fortunately assured that this system satis�es these constrain ts in the sk eleton

lev el, so no adjustmen ts are necessary .
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op en up do wn start exit end command curren t sleep activ e

metho d metho d metho d p ort metho d metho d p ort p ort state state

external external external external external external external external

op en outsync

end outsync to

exit insync to from

start p op:X from to

c hec k1 from

c hec k2 from

curren t push:CF

pass p op:COM

op en outsync p op:COM

c hec k3

c hec k4

up outsync to

do wn outsync to

target f w ait op end c h w ait com mo v e up do wn

slot state state state state state p ort p ort

op en from to

end from

exit

start write:X p op:X

c hec k1 read:Y to

c hec k2 read:Y

curren t from to

pass from to

op en from to

c hec k3 read:Y from to

c hec k4 read:Y from to

up from

do wn from

c 
o or

slot guar d b o dy

op en true true

end true true

exit true true

start true true

c hec k1 read:(X, ) X=Y true

c hec k2 read:(X, ) X n =Y true

curren t read:CF true true

pass COM=pass true

op en COM=op en true

c hec k3 read:(X, ) X < Y true

c hec k4 read:(X, ) X > Y true

up read:(X, ),write:(Y,up) true Y:=X+1

do wn read:(X, ),write:(Y,do wn) true Y:=X-1

Figure 81. Causalit y Matrix (Concrete Lev el)
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cage

cage_
controller

request_
controller

cage_
button_
panel

floor_
button_
panel

updown

open

start
command

current

exit

end
f_vis

f_can

f_req

c_req

c_canc_vis

Figure 82. Constructed MENDEL nets (lift system)
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Figure 83. Constructed MENDEL nets (cage con troller)
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5.3 Qualitativ e Ev aluation

W e brie
y sho w our exp eriences of the lift system design. When w e designed it using only a P etri net

editor and with no metho dology , w e abandoned the use of the editor and did pap er w orks in the earlier

design phase b ecause bac ktrac king caused tedious editing and rearrangemen t. W e used a P etri net editor

only for a fair cop y of the pap er w orks. On the other hand, when w e use the causalit y matrix and the

MENDEL net editor according the prop osed design metho d, w e succeed to �nish design of the lift system

without escaping pap er w orks.

6 Related W orks

W e b eliev e that existing comp etitors to the prop osed design metho d are R TSAD [W ard 86 ], OO AD

[Bo o c h 94 ], D AR TS [Gomaa 93 ], P AISLey [Za v e 91 ], ST A TEMA TE [Harel 90], and G-LOTOS [Lee 91 ].

W e ha v e also prop osed another design metho dology using structured analysis [Honiden 90 ]. All supp ort

data 
o w, state mac hine, and hierarc h y . The most ob vious di�erence from our approac h is that these are

not directly based on P etri nets. Eac h approac h has similar abilities in general and distinct merits and

demerit in detail. Nev ertheless, w e fa v or the P etri-net-based approac h from the follo wing reasons.

� P etri net is a m ulti-paradigm mo del whic h can represen t b oth 
o w mo del and state mo del uniformly ,

while design c harts ha v e to b e separated in to 
o w mo del and state mo del in other design metho ds.

This prop ert y is e�ectiv e to ha v e an accurate grasp of b oth static and dynamic structure of systems.

� This approac h can tak e adv an tage of graphical represen tations and a v ariet y of analysis metho ds

whic h ha v e b een and will b e pro vided b y man y P etri net researc hers.

Recen tly , sev eral P etri-net-based design metho ds ha v e b een rep orted. There are t w o follo wing t yp es

in these metho ds.

� Comp ound T yp e: P etri net are used only to represen t state mo dels instead of other substitutiv e

c harts (i.e., state transition diagram or Statec hart), where 
o w mo dels are represen ted b y another

c hart.

� Pure T yp e (Net-Orien ted Design Metho d): P etri net are used to represen t causalit y relations

among system elemen ts, whic h include b oth state mo dels and 
o w mo dels. W e call this t yp e of

design metho d Net-Oriente d Design Metho d .

Pinci and Shapiro prop osed a metho dology in whic h CPN are in tegrated with SADT (Structured

Analysis and Design T ec hnique) [Pinci 91 ]. SADT is a sophisticated and w ell-used metho dology for

requiremen t analysis [Ross 77 ]. Bruno also prop osed a design metho d b y com bination of high-lev el P etri

nets (Protob nets) and structure diagrams (Quid) [Bruno 95 ] instead of SADT. Ho w ev er, SADT and Quid

are based on data 
o w diagrams and lac ks the state transition feature, while our causalit y matrix supp orts

b oth data 
o w and state transition features. Etessami's rule-based design metho dology [Etessami 91 ] is

another P etri-net-based approac h whic h uses Abstract P etri Net (APN). A unique feature of APN is the

com bination of timed and colored P etri net. According to the rule-based design metho dology , a designer

�rst formalizes the sp eci�cation b y means of a set of rules and lists attributes represen ting the status

of a target system. Then, he retracts places from the attributes and transitions from the rules, and

�nally describ es APN. Etessami's approac h seems to b e in the same researc h direction as our approac h.

Ho w ev er, Etessami's metho dology is less systematic (therefore, has no computer supp ort) and is w eak er

in design bac ktrac king. In addition, APN is not hierarc hical.

The design metho d b y Reisig [Reisig 92 ] is one of the purest P etri-net-based design metho d, where it

uses t w o t yp es of P etri nets, Channel Agency net (C/A net) and Individual T ok en net (I/T net). C/A

net is used only to represen t static structure of the target system, while I/T net is a simple high-lev el

P etri net and used to static and dynamic structure. Similar to our approac h, a C/A net is used in an

earlier design phase, then it is re�ned step wise in to an I/T net. This design metho d is v ery in teresting

and promising. Ho w ev er, it is rough and immature in detail and has plen t y of ro om for impro v emen t.

W e are no w trying to impro v e this metho d and com bine it with our metho d [Uc hihira 93b ].
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7 Summary

This c hapter has prop osed a P etri-net-based design metho d whic h utilizes causalit y matrices and temp oral

logic. According to this design metho d, the designer can construct P etri nets b y step wise re�nemen t from

an abstract lev el at the earlier design phase to a concrete lev el at the �nal phase. Our metho d can b e

classi�ed in to net-orien ted design metho ds, where P etri nets are used to represen t v arious causalit y

including data 
o w, con trol 
o w, and state transition. Therefore our metho d can b e distinguished from

other p opular design metho ds suc h as OO AD and R TSAD.

Ho w ev er, net-orien ted design metho ds are not y et mature enough to b e used for practical soft w are

design as compared with other design metho ds. W e need further exp eriences and deep consideration

ab out net-orien ted design metho ds.



Chapter 9

MENDELS ZONE: P etri-Net-Based

Programming En vironmen t

This c hapter describ es MENDELS ZONE , a P etri-net-based programming en vironmen t, whic h is pur-

p osed b eing suitable for reactiv e and concurren t systems. MENDELS ZONE adopts MENDEL nets, and

pro vides sev eral utilities including temp oral logic v eri�cation and adjustmen t, and computer-aided design

metho d, whic h are men tioned in the previous c hapters.

1 In tro duction

Since it is often troublesome for ordinary programmers to pro duce reactiv e and concurren t programs

as compared with sequen tial programs, sev eral kinds of CASE (Computer-Aided Soft w are Engineering)

to ols are inevitable. Requiremen ts for CASE to ols for reactiv e and concurren t systems include editors

(graphical and textual), sim ulators (program sim ulator, I/O sim ulator, and en vironmen t sim ulator),

debugger, execution monitor, v alidation to ols (v eri�cation and analysis), program generater (compiler,

translator, and program syn thesis), p erformance ev aluation to ol, soft w are reuse supp ort to ol (program

comp onen t library), and do cumen tation to ol.

MENDELS ZONE [Uc hihira 87 , Honiden 90 , Uc hihira 90a ] is a programming en vironmen t for reactiv e

and concurren t systems, whic h had b een dev elop ed o v er 8 y ears b y 3{7 p ersons as a part of the Fifth

Generation Computer System Pro ject ( F GCS ) [F uruk a w a 92 ]. It facilitates the di�cult task of concurren t

programming for reactiv e and concurren t systems. MENDELS ZONE adopts a high-lev el P etri net,

MENDEL net, as a k ernel programming language. In addition to a MENDEL net editor and a compiler

to the concurren t programming language, MENDELS ZONE pro vides t w o app ealing features describ ed

b elo w.

(1) V eri�cation and adjustmen t using P etri nets and temp oral logic

(2) Computer-aided design metho d for high-lev el P etri nets

With regard to the latter feature, MENDELS ZONE is unique compared with other P etri net to ols

b ecause they so far supp ort only the dra wing (graphical editor), sim ulation, and analysis (reac habilit y

and in v arian t analysis) of P etri nets [F eldbrugge90 ].

The remainder of this c hapter is organized as follo ws. First requiremen ts for CASE to ols for reactiv e

and concurren t systems are considered in Section 2. Ov erview and structure of MENDELS ZONE are

giv en in Section 3. Section 4 illustrates a soft w are dev elopmen t pro cess in MENDELS ZONE. Section 5

in tro duces a middle-scale example, follo w ed b y related w orks in Section 6.

2 Requiremen ts for Programming En vironmen t

A pr o gr amming envir onment consists of sev eral constituen t to ols. The follo wing to ols are useful for

dev eloping reactiv e and concurren t systems using P etri nets.

141
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� Gr aphic al Editor

An editor is the most fundamen tal programming to ol. In the P etri-net-based programming en vi-

ronmen t, a graphical editor is indisp ensable b ecause the graphical represen tation of P etri net is one

of the most strong p oin ts. The recen t remark able progress of graphical user in terface tec hnology

mak es it easier and less exp ensiv e to dev elop sophisticated graphical editors. There still remains

some ro om for consideration in regard to graphical manipulation of hierarc h y (mo dule) of P etri

nets.

� Pr o gr am Synthesizer

Program syn thesis is de�ned to generate an executable program from an unexecutable sp eci�cation

suc h as temp oral logic and algebraic sp eci�cation. It is not realistic to syn thesize a whole pro-

gram in actual soft w are dev elopmen t. P artial program syn thesis is a promising solution. Program

adjustmen t is included in this approac h.

� Pr o gr am Gener ater (Compiler or T r anslator)

A mac hine-executable co de should b e automatically generated from graphical represen tation of the

program. In particular, the cr oss-c ompiler is required in case that the execution en vironmen t di�ers

from the programming en vironmen t. Actually , most em b edded systems require the cross-compiler.

� Simulator and Debugger

When the execution en vironmen t di�ers from the programming en vironmen t, sim ulation and debug-

ging in the programming en vironmen t are v ery useful. Sim ulation in the programming en vironmen t

requires not only a program execution sim ulator but also an I/O hardw are sim ulator and an en vi-

ronmen t sim ulator.

� V alidation T o ol

V alidation to ols include a testing to ol and a v eri�cation to ol. T esting is easy to apply but di�cult

to co v er all p ossible cases. On the other hand, formal veri�c ation can c hec k all p ossible cases

b y analyzing the program source co de. V eri�cation is v ery promising for safet y-critical reactiv e

systems. Ho w ev er, v eri�cation is usually hard to apply ill-structured systems and v ery exp ensiv e.

F rom the practical p oin t of view, complemen tary use of b oth testing and v eri�cation is e�ectiv e

and necessary [Uc hihira 95b ].

� Exe cution Monitor

After testing and debugging the program in the programming en vironmen t, it is also necessary

to execute and test the program in the actual execution en vironmen t as in tegration testing. In

this case, execution monitor is indisp ensable. Esp ecially visual execution monitor is e�ectiv e for

concurren t systems. W e emphasize that testing in the actual execution en vironmen t is not so easy

b ecause it do es not repro ducible b eha vior. F or example, errors whic h app ear in the usual execution

often disapp ear when using the monitor (it is called pr ob e e�e ct ).

� Performanc e Evaluation and R e al-Time A nalysis T o ol

P erformance ev aluation is imp ortan t for some reactiv e and concurren t systems. Timed P etri net

are often used for this purp ose. Real-time sc heduling analysis (e.g., r ate monotonic analysis ) is also

useful for hard real-time systems using real-time op erating systems [Stank o vic 95 ].

� Softwar e R euse Supp ort T o ol

In general soft w are reuse is v ery e�ectiv e to ac hiev e high pro ductivit y . The recen t programming

en vironmen t suc h as Visual Basic and Visual C++ pro vide p o w erful soft w are reuse mec hanisms.

Ho w ev er, there are some ro om for consideration in regard to soft w are reuse for reactiv e and con-

curren t systems.

� R e quir ement A nalysis and Design Metho dolo gy Supp ort T o ol

Supp ort to ols used analysis and design phases are called upp er CASE to ol , while editor, testing and

debugging to ols are called lower CASE to ol . There are man y upp er CASE to ols supp orting OO AD

and R TSAD. Ho w ev er, most of them are used only for analysis and design phases and are link ed

to editing, testing and debugging to ols. Recen tly programming en vironmen ts whic h in tegrate b oth
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upp er CASE to ol and lo w er CASE to ol are required and some ha v e b een prop osed. P etri nets are

promising framew ork to ac hiev e this in tegrated programming en vironmen t.

� Do cumentation T o ol

Some do cumen tation of the �nal pro duct is necessary for its main tenance. The do cumen tation to ol

pro duces do cumen ts from program information whic h can b e retracted in the ab o v e to ols (e.g.,

graphical editor), or generates do cumen ts from the source co de b y rev erse engineering.

3 MENDELS ZONE

MENDELS ZONE is a CASE to ol kit for concurren t programming. The k ernel concurren t programming

language is MENDEL, whic h is a textual form of a MENDEL net

17

. MENDEL programs are compiled

in to the concurren t logic programming language KL1 [Ueda 90 , Chik a y ama 92 ] and executed on the

parallel computer Multi-PSI [T aki 89 ]

18

. MENDEL is regarded as a user-friendly macro language

of KL1, whose purp ose is similar to A'UM [Y oshida 88 ] and A Y A [Suzaki 91 ]. Ho w ev er, MENDEL

(MENDEL net) is more con v enien t for designers to use in designing state-transition-based reactiv e and

concurren t systems.

MENDELS ZONE pro vides the follo wing facilities.

� Automatic generation of MENDEL elemen tary pro cesses from algebraic sp eci�cation [Honiden 91a ],

� MENDEL-net-based programming en vironmen t bac k ed up b y design metho dology [Uc hihira 92b],

and

� V eri�cation and adjustmen t to ol using b ounded MENDEL nets and temp oral logic [Uc hihira 95a ].

(f) Translater

KL1 Program

Multi-PSIEnvironment

(g) Animater
(Visual Monitor)

(b) MENDEL Net
Editor Verification

MEDEL Net

Temporal
Logic

Editing & Visualizing Tools

Adjustment

(e) Analyzing
Tools

Component Library
(Subnet, Process)

(a) Component
SynthesisTool

(d) Software
Reuse

(c) Causality
Matrix
Editor

Performance
Evaluation

I/O

Figure 84. MENDELS ZONE (Blo c k Diagram)

Figure 84 sho ws a blo c k diagram of MENDELS ZONE. These to ols are implemen ted on Multi-PSI

except for a causalit y matrix editor. W e ha v e also prop osed a p erformance ev aluation to ol [Honiden 94 ]

for MENDEL programs. Ho w ev er, it w as not y et implemen ted in MENDELS ZONE. T able 14 sho ws ho w

MENDELS ZONE satis�es requiremen ts of CASE to ols en umerated in the previous section.

Figure 85 sho ws the graphical user in terface of MENDELS ZONE, whic h consists of sev eral sub win-

do ws. The designer basically constructs MENDEL nets and execute them through this in terface. The

follo wing sections describ e constituen t to ols of MENDELS ZONE in detail.

17

MENDELS ZONE supp orts an only subset of MENDEL net, b ecause Multi-PSI is a sym b ol manipulation mac hine, not

a real-time con trol mac hine. F or example, MENDELS ZONE omits sc heduling facilities of MENDEL net.

18

MENDEL programs can also b e translated in to the C language and b e executed on a distributed p ersonal computer

system [Uc hihira 89b ].
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T able 14. Requiremen ts for CASE to ols and MENDELS ZONE

R e quir ements MENDELS ZONE

Graphical Editor (b)

Program Syn thesizer (a),(e)

Program Generator (f )

Sim ulator/Debugger |

V alidation T o ol (e)

Execution Monitor (g)

P erformance Ev aluation |

Reuse Supp ort (d)

Design Metho dology (c)

Do cumen tation |

(a) | (g) indicate functions of MENDELS ZONE whic h are sho wn in the blo c k diagram (Fig. 84).

MENDELS ZONE

Message Window

I/O Definition
Editor

Process
Library

Temporal
Logic 
Specification
Editor

MENDEL Net 
Graphical Editor & Visual Monitor

(a)

(b)

(c)

(d)

(e)

Figure 85. MENDELS ZONE (Graphical User In terface)
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3.1 Graphical MENDEL Net Editor

� MENDEL Net Editor

The designer constructs eac h pro cess of MENDEL nets using a graphic editor (Fig. 85(a)) whic h

pro vides the creation, deletion, and placemen t functions for p orts, state elemen ts, 
ags, slots,

metho ds, arro ws, and tok ens. This editor also supp orts the hierarc hical expansion and reduction of

nets, and the transition o v er the pro cess-orien ted hierarc h y (i.e., from pro cess to subpro cess, and

vice v ersa).

� Metho d Editor

The metho d editor pro vides sev eral editing functions sp eci�c to a high-lev el P etri net. Using the

metho d editor, the designer describ es metho ds (their conditions and actions) in detail with KL1.

F urthermore, the editor c hec ks syn tax and consistency of edited metho ds. This metho d editor is

activ ated b y clic king the target metho d in the MENDEL net editor.

� I/O De�nition Editor

This I/O de�nition editor (Fig. 85(b)) is used to assign I/O devices to I/O places. MENDELS

ZONE pro vides the follo wing I/O devices.

{ Files : The program reads/writes c haracter streams from/to designated �les.

{ Windows : The program reads/writes c haracter streams from/to standard input/output win-

do ws.

{ Lists : The program reads c haracter streams represen ted as lists (e.g., [ a; b; c; d; ::: ]).

3.2 Causalit y Matrix Editor

This spread-sheet editor supp orts step wise re�nemen t of the c ausality matrix . It pro vides the follo wing

functions:

� creation, deletion, and renaming of metho ds, p orts, slots, and state elemen ts,

� dividing metho ds, p orts, slots, and state elemen ts in to detailed ones,

� c hec king whether re�ned relations are legal, and

� lo calizing and fo cusing the view of relations of designer's in terest.

The causalit y matrix editor is implemen ted on a UNIX w orkstation and consists of 3 parts; a general

purp ose spread-sheet editor ( Ole o ), a consistency c hec k er, and a translator.

� Oleo: a free soft w are for spread-sheet editing.

� Chec k er c hec ks whether the matrix data edited b y Oleo are consisten t.

� T ranslator translates the matrix data in to MENDEL nets.

3.3 Soft w are Reuse Supp ort T o ol

Reusable pro cesses are stored in the pr o c ess libr ary (Fig. 85(c)). This library to ol supp orts bro wsing and

searc hing. In MENDELS ZONE, pro cesses can b e not only retriev ed and but also in terconnected in t w o

main w a ys; man ually and automatically .

Man ual In terconnection

The designer selects an pro cess from an pro cess library and in terconnects these pro cesses with arro ws

man ually . These op erations are carried out graphically using the MENDEL net editor.
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Automatic In terconnection

The designer giv es program sp eci�cations as a set of input/output attributes whic h are a kind of

I/O data t yp e. Appropriate pro cesses are then selected from an pro cess library and in terconnected

automatically b y pattern matc hing of these I/O attributes. Automatic retriev al and in terconnection are

carried out, according to the follo wing principles [Uc hihira 87 , Honiden 94 ].

(1) A pair of plugs ha ving the same attributes can b e in terconnected.

(2) All required output attributes m ust b e reac hable from giv en input attributes through connected

pro cesses and arro ws.

These automatic retriev al and in terconnection can b e formalized as a simple and classical planning

pr oblem in Arti�cial In telligence. F or example, when the follo wing attributes are giv en, pro cess B , C ,

and D are retriev ed and in terconnected as sho wn in Fig. 86.

� Input attribute a , b ;

� Output attribute e ;

Process
C

Process
D

Process
A

Process
B

Process
E

Process
H

Process
F

a

a

c c

e

e

b
d

d

b

k

e

g

c

c b

k

a

input attribute input attribute

output attribute
Process Library

Retrieval

Interconnection

Figure 86. Automatic Pro cess Retriev al and In terconnection

More Flexible Automatic In terconnection

This automatic retriev al and in terconnection (i.e., automatic binding) seems to b e not p o w erful

enough. The binding mec hanism dep ends on the simple pattern matc hing b et w een output and input

attribute names. In some cases, it migh t �nd no candidate to �t the giv en I/O attributes, or a lot of

candidates in other cases. More information m ust b e needed to select the most adequate candidate. T o

o v ercome this problem, w e adopt a kind of seman tic net w ork (called attribute network ) whic h represen ts

the attribute structure and de�ne a metric to order the candidates on the seman tic net w ork. Detail

tec hniques are describ ed in [Uc hihira 87 ].

3.4 V eri�cation and Adjustmen t T o ol

In the previous c hapters, comp ositional v eri�cation and adjustmen t w as in v estigated for transition sys-

tems. When MENDEL nets are supp osed to b e b ounded, v eri�cation and adjustmen t can b e also applied

to MENDEL nets, b ecause b ounded MENDEL nets are equiv alen t to transition systems. Therefore, only

sk eletons of MENDEL net structures are automatically retracted (detailed KL1 co des of metho ds are ig-

nored) in MENDELS ZONE. F urthermore, ev ery async hronous comm unication should b e appro ximated

b y b ounded bu�ers.
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Then the v eri�cation to ol c hec ks whether a MENDEL net satis�es the giv en PL TL constrain ts en tered

b y the designer using the PL TL e ditor (Fig. 85(d)). If the net fails to satisfy the constrain ts, the

adjustmen t to ol can automatically adjust (tune up) the net to satisfy the PL TL constrain ts b y adding

an arbiter pro cess [Uc hihira 90a , Uc hihira 95a ].

W e note that PQL is not used and PL TL is used as a sp eci�cation language in MENDELS ZONE.

The reason is that the same sp eci�cation language m ust b e used for b oth v eri�cation and adjustmen t.

Unfortunately , w e do not pro vide comp ositional adjustmen t metho d for PQL. T o b e exact, w e do not try

to pro vide it b ecause w e think branc hing time temp oral logic including PQL is ill-suited for syn thesis

and adjustmen t. V eri�cation metho d for b ounded P etri nets and temp oral logic is a sp ecial case of our

metho d prop osed in Chapter 4. Moreo v er, w e can also use other e�cien t v eri�cation metho ds for PL TL

after b ounded P etri nets are translated to transition systems. F or example, a mo del c hec king metho d for

PL TL [V ardi 86 ] is one of the most e�cien t one.

The v eri�cation and adjustmen t are based on the theorem pro ving metho d (i.e., tableau construction)

of PL TL that is e�cien tly executed on Multi-PSI. The basic idea of parallel graph generation algorithm

whic h is used in generating �nite state pro cesses from PL TL is sho wn in [P aten t K OUKAI H4-259071 ].

3.5 Program Execution on Multi-PSI

The adjusted MENDEL net is translated in to its textual form (MENDEL program). The MENDEL

program is compiled in to a KL1 program b y the MENDEL tr anslator . The generated KL1 program

can b e executed on Multi-PSI. Eac h Pro cess of the MENDEL program ma y run on the di�eren t CPU.

Sev eral compilation tec hniques (e.g., separate compilation) are in tro duced here to deal with large-scale

programs. During execution, �ring metho ds blink on the visual monitor (Fig. 85(a)), and the v alues

(colors) of the tok ens are displa y ed on the message windo w (Fig. 85(d)). The designer can visually c hec k

that the program b eha v es satisfactorily .

4 Soft w are Dev elopmen t Pro cess in MENDELS ZONE

Fig. 87 (Data Flo w Diagram) and Fig. 88 (Flo w Chart) sho w a t ypical soft w are dev elopmen t pro cess in

MENDELS ZONE. The designer should construct a target program according to the follo wing steps.

Informal
Specification

Petri-net Basd
Design

MENDEL
Nets

Inplementation

MENDEL
Nets

Visual
Execution

Adjustment

Validation

Temporal
Logic

MENDEL
Nets

Reuse

Reusable
Components

Verification

Figure 87. Soft w are Dev elopmen t Pro cess in MENDELS ZONE (Data Flo w Diagram)

(Step 1): MENDEL Net Construction

A designer constructs a MENDEL net using the MENDEL net editor and the pro cess library as

follo ws.

� (Step 1-1) Construct elemen tary MENDEL pro cesses basically b y soft w are reuse, where

MENDELS ZONE pro vides a pro cess library and a pro cess retriev al to ol. If the library has no
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suitable reusable MENDEL pro cesses, MENDELS ZONE can syn thesize it from a giv en alge-

braic sp eci�cation. It is also p ossible for the designer to construct the elemen tary MENDEL

pro cess b y himself using the MENDEL net editor.

� (Step 1-2) In terconnect MENDEL pro cesses b y comm unication links using the graphic editor

to mak e a new comp ound MENDEL pro cess. A large-scale program can b e constructed in this

comp ositional w a y . The designer can also mak e use of an automatic pro cess in terconnection

mec hanism pro vided in MENDELS ZONE.

Constructed programs are functionally-correct temp orally-imp erfect (FTCI) b ecause a designer

reuses programs whose p ossible b eha viors he ma y not fully understand; so comm unication links

ma y b e incomplete.

(Step 2): MENDEL Net V eri�c ation and A djustment

The comp ositional adjustmen t is used in co op eration with the v eri�cation. In MENDELS ZONE,

the designer �rst �nds existing bugs b y the v eri�cation step, then adjusts the program to remo v e

the bugs b y the adjustmen t step.

(2-2) Verification

Start

Stop

(Step 1) MENDEL Net Construction
(1-1) Construct Elementary Processes
(1-2) Interconnect Processes

satisfiable

unsatisfiable

(2-3) Adjustment

(Step 3) Translation

(Step 4) Execution and Test

(2-1) PLTL Specification

bug

Figure 88. Soft w are Dev elopmen t Pro cess in MENDELS ZONE (Flo w Chart)

After constructing an F CTI MENDEL net, the designer sp eci�es safet y and liv eness prop erties that

m ust b e satis�ed b y MENDEL net. These prop erties are sp eci�ed b y temp oral logic.

The v eri�cation and adjustmen t pro cedure in MENDELS ZONE is as follo ws.

� (Step 2-1) The designer giv es a PL TL form ula for a MENDEL net of eac h elemen tary or

comp ound pro cess.

� (Step 2-2) MENDELS ZONE c hec ks whether a MENDEL net satis�es a giv en PL TL form ula.

� (Step 2-3) When it do es not satisfy the PL TL form ula, the adjustmen t metho d is in v ok ed.

(Step 3) and (Step 4): Concurr ent Pr o gr am Gener ation and Exe cution

The adjusted MENDEL program is compiled in to a KL1 program, whic h can b e executed on Multi-

PSI. The designer can c hec k visually that the adjusted program satis�es his exp ectation. If not, he

should consider t w o t yp es of bugs.

� Bugs in the temp oral logic constrain ts, and
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� Bugs in the KL1 co de attac hed to transitions (i.e., its enable conditions and additional actions),

whic h are ignored in translating to FSP .

� Bugs hidden when translating un b ounded MENDEL nets to b ounded nets.

5 Example: P o w er Plan t Con trol System

Using MENDELS ZONE, w e ha v e constructed and ev aluated sev eral small-scale and middle-scale reactiv e

and concurren t systems including a lift con trol system, a mac hine con trol system for pro cessing (i.e.,

etc hing) prin ted circuit b oards

19

, and a con trol system for a p o w er plan t

20

. This section explains a

middle-scale example of the p o w er plan t (Fig. 89) in detail.

Power Plant Controller

plant status

control
commands

Plant 
DB

Control
Rule
DB

Figure 89. P o w er Plan t Con trol System

A requiremen t of the system is summarized as follo ws. A con troller observ es plan t status con tin uously

and p erio dically , and in resp onse to c hanges of plan t status it selects con trol commands according to the

con trol rules, then the con troller sends commands bac k to the plan t. This con trol cycle consists of the

follo wing steps.

1. The con troller p erio dically w atc hes curren t plan t status and up dates a plan t database.

2. Changes of plan t status is detected b y comparing the curren t status with the previous status in the

plan t database.

3. The most appropriate con trol rule is selected based on c hanges of status from a con trol rule database.

4. The selected rule is applied to deriv e con trol goals.

5. T o ac hiev e the con trol goal, concrete commands are computed and sen t to the plan t.

First, the designer decomp oses the con trol soft w are in to 6 elemen tary pro cesses (Fig. 90).

Plant
Simulator

Transmission

Timer

DDC

Action

MMI

Figure 90. P o w er Plan t Con trol System (Pro cess Structure)

19

This w as demonstrated at The National Fifth Generation Computer System Symp osium 1991.

20

This w as demonstrated at In ternational Conference on Fifth Generation Computer Systems 1992 [F GCS 92 ].
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� Plan t pro cess (Con trolled Ob jects)

This pro cess pro vides curren t plan t status to the con troller, receiv es con trol commands from the

con troller and c hanges the status according to the commands. In our exp erimen tal system on

Multi-PSI, a plan t sim ulator is used instead of an actual plan t.

� T ransmission pro cess

This pro cess transmits plan t status and con trol commands from/to an action pro cess and a DDC

pro cess to/from the plan t pro cess.

� Action pro cess

The curren t plan t status and previous plan t status stored in the plan t database are compared in

this pro cess. The action pro cess detects c hanges of the plan t status, then decides whic h con trol rule

is applied. By ev aluating the rule, a con trol goal is deriv ed.

� DDC (Direct Digital Con trol) pro cess

T o ac hiev e the con trol goal giv en b y the action pro cess, concrete commands are computed and sen t

to the transmission pro cess using DDC.

� Timer pro cess

This pro cess pro vides real-time managemen t to other pro cesses.

� MMI (Man-Mac hine In terface) pro cess

This pro cess pro vides the op erator in terface whic h includes plan t status monitoring and the op erator

instruction handling.

First, eac h pro cess is constructed b y the MENDEL net editor. Here, only the action pro cess is

explained in detail. W e supp ose that the designer initially construct a MENDEL net of the action

pro cess sho wn in Fig. 91 where data 
o w among p orts, slots, and metho ds is sp eci�ed but con trol 
o w is

missing. Con trol 
o w is latter syn thesized b y program adjustmen t from temp oral logic sp eci�cation.

append_data

init_act

get_from_act get_from_tim get_from_mmi

renew_DB find_changes

select_klgs

eval_klgs

unfold_klgs

plant_DB rule_DB

dist_message

newdata1 newdata2

changes

from_com from_act from_tim from_mmi

to_com to_act to_tim to_ddc to_mmi

message

trigger_klgs
eval

trigger

bypass

pre_com timer_com mmi_com

Figure 91. MENDEL net of action pro cess
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The action pro cess includes sev eral metho ds to access the plan t database. Some of metho ds are

sho wn in the textual form as follo ws. An action p art of eac h metho d is describ ed b y KL1 predicates (e.g.,

generate_new_data ), whic h are de�ned in a junk part.

method(append_dat a, _,[ fr om _co m( Dat a) ,p re_ co m(C om )], [n ew dat a1 (ND 1) ,n ewd at a2( ND 2)] ) :-

true | generate_new_data (D ata ,C om ,ND 1, ND2 ).

method(find_chang es ,_, [n ew dat a2 (ND ), pl ant _D B(P DB )], [c ha nge s( CL) ]) :-

true | detect_changes(ND ,P DB, CL ).

method(renew_DB,_ ,[ new da ta 1(N D1 ),p la nt _DB (P DB1 )] ,[p la nt _DB (P DB2 )] ) :-

true | database_update(N D1 ,PD B1 ,P DB2 ).

method(select_klg s, _,[ ch an ges (C L), ru le _DB (R DB) ,m mi_ co m( MC) ], [by pa ss (KL GS )]) :-

true | select_klgs_from_ rd b(M C, CL ,RD B, KLG S) .

method(trigger_kl gs ,_, [t im er_ co m(T C1 ), byp as s(K LG S)] ,[ ti mer _c om( TC 2) ,tr ig ger (K LGS )] ) :-

TC1 = ok | TC2 = nil.

method(eval_klgs, _, [tr ig ge r(K LG S), pl an t_D B( PDB )] ,[e va l( New Go al) ]) :-

true | evaluate_klgs(KLG S, PDB ,N ew Goa l) .

F or this pro cess, the designer can sp ecify temp oral logic sp eci�cation using the PL TL editor. The

sp eci�cation is mainly related to access con trol of the plan t database so as to preserv e consistency of

data.

� : append_data U init_act

Before initializing the plan t database, no access to the database is p ermitted.

� 2 ( append_data � 
 ( : renew_DB U find_changes ))

The plan t database m ust not b e renew ed b efore c hec king the c hanges b et w een curren t and previous

status.

� 2 ( append_data � 
 ( : trigger_klgs U renew_DB ))

After up dating the plan t database, rule ev aluation is triggered o�.

� 2 ( append_data � 
 ( : append_data U eval_klgs ))

Getting a new plan t status is not p ermitted b efore rule ev aluation is �nished.

In this case, these constrains are ob viously not satis�ed, then MENDELS ZONE adjusts the pro cess

automatically . The adjustmen t do es not require large computing cost (within 1 min ute). As a result,

5 state elemen ts are added to the original MENDEL net to satisfy temp oral logic sp eci�cation. The

adjusted pro cess can b e w atc hed in Fig. 92. In this �gure, added state elemen ts are pain ted halftone,

and slots are not displa y ed for simplicit y .

After all elemen tary pro cesses are constructed, they are in terconnected with the MENDEL net editor.

Figure 93 sho ws a top-lev el pro cess in MENDELS ZONE whic h corresp onds to the pro cess structure of

Fig. 90. In the top lev el, the designer can v erify and adjust a MENDEL net again. In this example, he

v eri�es whether it is deadlo c k free. Actually , sev eral deadlo c k states are detected. Since they are due

to bugs of elemen tary pro cesses, he do es not use the program adjustmen t at top lev el and debugs them

man ually . A size of a �nal MENDEL net amoun ts to 4300 lines in MENDEL textual represen tation.

Finally , all pro cesses (MENDEL program) are compiled in to KL1 co des (6200 lines) and executed

and monitored visually on MENDELS ZONE. It is rep orted that dev elopmen t cost is cut do wn to half

compared with the case that the designer implemen ted the same system using nak ed KL1 and Multi-PSI

[Uraok a 92]. This cost-do wn results from reduction of debugging e�orts b ecause debugging of the nak ed

KL1 program is troublesome for ordinary programmers.

6 Related W orks

6.1 Comparison with ST A TEMA TE

ST A TEMA TE is another CASE to ol for reactiv e and concurren t systems, in whic h three t yp es of c harts

( mo dule-chart , activity-chart , and State chart ) are written b y the designer. These c harts corresp ond to

elemen ts of MENDEL net as sho wn in T able 15.

W e compare MENDELS ZONE with ST A TEMA TE in regard to the follo wing items.
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Figure 92. MENDELS ZONE (Adjusted Action Pro cess)

Figure 93. MENDELS ZONE (T op-lev el MENDEL net)
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T able 15. ST A TEMA TE vs. MENDELS ZONE

ST A TEMA TE MENDELS ZONE

mo dule (mo dule-c hart) pro cess

con trol activit y (activit y-c hart) co ordinator

activit y (activit y-c hart) metho d

data store (activit y-c hart) slot, p ort

state (Statec hart) state

data 
o w arro w

con trol 
o w arro w

inscription language KL1

� State T ransition Mo del Complemen ted b y Data Flo w

Both MENDELS ZONE and ST A TEMA TE adopt an extended state transition mo del (i.e, P etri

net and Statec hart) whic h pla ys a k ey part in reactiv e con trol systems, while a data 
o w mo del

is also utilized complemen tarily . This approac h is fa v orable in most CASE to ols for reactiv e and

concurren t systems.

� Viewp oin t

ST A TEMA TE adopts three t yp e of c harts (mo dule-c hart, activit y-c hart, Statec hart) and supp orts a

multi-view design metho d using them, while MENDELS ZONE adopts one t yp e of c hart (MENDEL

net) and supp orts a single-view design metho d . The m ulti-view design is suited for analyzing

am biguous requiremen ts in the earlier design phase and understanding outline of the systems in the

main tenance phase. Ho w ev er, it is di�cult to k eep consistency among three c harts. On the other

hand, the single-view design is suited to trace dynamic b eha viors in the testing and debugging phase

b ecause design information is represen ted uniformly and consisten tly . Ho w ev er, it is not easy to

describ e MENDEL nets in the earlier design phase; a causalit y matrix is in tro duced in MENDELS

ZONE.

� Hierarc h y

While MENDEL net adopts only pro cess-orien ted hierarc h y , ST A TEMA TE pro vides sev eral t yp es

of hierarc h y; concept-orien ted hierarc h y in activit y-c hart whic h is useful for top-do wn step wise

re�nemen t, and state-orien ted hierarc h y in Statec hart whic h is useful to sp ecify exception handling.

On the other hand, ST A TEMA TE do es not m uc h care ab out pro cess structure as compared with

MENDELS ZONE.

� Analysis

ST A TEMA TE pro vides a sim ulation and a global state analysis to ol, while MENDELS ZONE

pro vides v eri�cation and adjustmen t using temp oral logic. V eri�cation abilit y of temp oral logic is

stronger than global state analysis in ST A TEMA TE. Ho w ev er, the analysis to ols of ST A TEMA TE

is more sophisticated from user's p oin t of view.

� Co de Generation

ST A TEMA TE generates C programs or Ada programs from the describ ed three c harts, while

MENDELS ZONE generates KL1 programs from MENDEL nets.

F rom the ab o v e consideration, w e can summarize comparison b et w een MENDELS ZONE and ST A TE-

MA TE as follo ws. MENDELS ZONE and ST A TEMA TE are generally similar, but their target in soft w are

dev elopmen t pro cess is di�eren t. MENDELS ZONE puts emphasis on the design phase where in tegration

and tractabilit y with a single c hart are imp ortan t, while ST A TEMA TE puts emphasis on the analysis

phase where it is imp ortan t to collect functions and arrange them in order from three t yp es of c harts.

6.2 Comparison with Other P etri Net T o ols

Most P etri net to ols (DESIGN/CPN, GreatSPN, Cab ernet, etc.) are used only for mo deling, sim ulating,

and analyzing systems in a protot yping phase. After �nishing the protot yping phase, a target concurren t
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program for an actual reactiv e and concurren t system has to b e man ually reconstructed in an implemen-

tation phase. Some to ols can generate program source co de written b y standard languages. Ho w ev er,

these are sequen tial programming languages. F or example, Design/CPN pro vides the automatic gener-

ation of SML (Standard ML) co des [Jensen 92 ], where SML is not a concurren t programming language.

MENDELS ZONE can automatically generate target concurren t programs directly from high-lev el P etri

nets where generated programs run e�cien tly in the real parallel and distributed en vironmen t.

7 Summary

W e ha v e presen ted an o v erview and a system structure of MENDELS ZONE and ho w to construct

concurren t programs using MENDELS ZONE. MENDELS ZONE is just an exp erimen tal system in order

to adopt and ev aluate no v el tec hnologies dev elop ed b y us (v eri�cation, adjustmen t, design metho d).

Although it is immature, it is rep orted that in the middle-scale example the designer can construct

concurren t programs easier in MENDELS ZONE than he do es it with nak ed KL1.

Since Multi-PSI is designed for parallel sym b ol manipulation and not for reactiv e systems, MENDELS

ZONE is w eek in implemen tation accommo dated to the actual reactiv e and real-time en vironmen t. W e

shall implemen t another v ersion of MENDELS ZONE on the other platform in future.
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Conclusion

1 Review of Dev elopmen ts

I ha v e prop osed soft w are dev elopmen t tec hniques for reactiv e and concurren t systems using P etri net and

temp oral logic. These tec hniques include sp eci�cation, v eri�cation, syn thesis, and design metho dology .

P articularly , to put v eri�cation and syn thesis in to practical, I in tro duced the comp ositional program

v eri�cation and comp ositional program adjustmen t. T o em b o dy and ev aluate these tec hniques, I ha v e

also dev elop ed a programming en vironmen t, MENDELS ZONE. MENDELS ZONE is a v ailable to the

public as ICOT F ree Soft w are, accessible via In ternet (h ttp://www.icot.or.jp/ICOT/IFS/ifs.h tml)

2 Curren t Status

MENDELS ZONE sho ws a t ypical pro cess and a CASE en vironmen t for soft w are dev elopmen t using

P etri net and temp oral logic. I b eliev e that MENDELS ZONE can pla y an imp ortan t role as a reference

protot yp e of CASE to ols for reactiv e and concurren t systems. Ho w ev er, since MENDELS ZONE is

no more than the protot yp e, practical domain-sp eci�c CASE to ols should b e reconstructed based on

MENDELS ZONE for actual soft w are dev elopmen t. In fact, w e ha v e b een constructing a CASE to ol for

c hemical plan t con trol systems (SA VE/SF C, ref. Chapter 5, Section 5.3), in whic h sev eral tec hniques of

MENDELS ZONE ha v e b een adopted.

Of course, some of tec hniques prop osed in this thesis are immature and inexp erienced for the actual

soft w are dev elopmen t. The relation of P etri net and temp oral logic is w ell researc hed and mature from the

theoretical p oin t of view. Ho w ev er, from the practical p oin t of view, there is still ro om for impro v emen t

in the e�cien t v eri�cation and adjustmen t tec hniques. Moreo v er, P etri-net-orien ted design metho dology

is a unexplored researc h sub ject, and our w ork is nothing but one of trail-blazing e�orts. Thr e e phase

net-oriente d softwar e design metho d [Uc hihira 97a ] whic h w e recen tly prop osed is another trail-blazing

e�ort.

3 F uture W orks

Our future w orks can b e summarized in to the follo wing directions.

� Sophisticated Sp eci�cation Language

{ High-lev el P etri Net: Although a prop osed High-lev el P etri net (MENDEL net) has a

su�cien t expressiv e p o w er, there is still ro om for impro v emen t in easiness of describing the

actual systems. An in tro duction of domain-sp eci�c macro-expressions seems to b e a shorter

w a y to the solution.

{ T emp oral Logic: Although sev eral extended temp oral logics handling real-time ha v e b een

prop osed, there is no extended temp oral logics handling con trollabilit y and observ abilit y ex-

plicitly , whic h are essen tial feature of reactiv e systems. W e are doing researc h on the temp oral

logic extended to handle con trollabilit y and observ abilit y .
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� Comp osite Program V eri�cation

T o b e concerned with e�cien t program v eri�cation based on mo del c hec king, there are other ap-

proac hes b esides comp ositional v eri�cation. One of them is a p artial or der appr o ach , whic h is

full of promise and w ell in v estigated these y ears. It is practical to use comp ositional metho d

and partial order metho d case b y case and complemen tarily men tioned in Chapter 5. F urther-

more, it is promising to harmonize and in tegrate b oth v eri�cation and con v en tional v alidation

tec hniques lik e testing/sim ulation in the common CASE en vironmen t. Hyp erse quential pr o gr am-

ming [Uc hihira 96c , Uc hihira 97b , Uc hihira 97c ] is our latest c hallenging prop osal in this direction.

Hyp ersequen tial programming is in tended to mak e actual concurren t programs highly reliable b y

con v en tional testing whic h is strengthened b y v eri�cation tec hniques.

� Cultiv ation of Adjustmen t and P etri-Net-Based Design Metho dology

Since program adjustmen t and P etri-net-based design metho dology whic h I prop osed b elong to

pioneer's w ork, it is v ery imp ortan t to cultiv ate the sub jects from no w on. In particular, it is

necessary to apply these metho ds to practical examples, ev aluate, and impro v e them.
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