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Formalizing Advanced Class
Mechanisms

Atsushi Igarashi (Univ. of Tokyo)
joint work with

Benjamin C. Pierce (Univ. of Pennsylvania)
Philip Wadler (Avaya Labs)

lass-Based OO Languages

lain Stream of Object-Oriented Languages
(C++, Java, etc.)

- Useful and simple abstraction mechanisms
» Class as a programming unit
» Inheritance for incremental programming
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Advanced Class Mechanisms
For better abstraction and code reusability
- Parametric classes

* Type information can be abstracted as
parameters (cf. polymorphic functions)
- templates in C++ '
- extensions for Java [GJ, NextGen, etc.]

- Nested classes

* Classes can be members of a class just as
fields/methods (cf. nested functions)

- virtual classes in Beta [Madsen et al. 89]
- inner classes in Java 1.1 :

Goals of the Work

» Clarification of the essence of complex
advanced class mechanisms

- Language semantics

- Type system

- Implementation technique
* Feedback to language design
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Our Approach
ormal modeling with a tiny class-based language
- Focus on core features

* Dropping other advanced features such as
reflection, concurrency, etc.

* Making proofs of useful properties tractable
- High-level base language

Why Formalization?
Rigorous specification of the language
- Useful for serious users and compiler writers

- cf. official specification documents written in
English prose

Proof of important properties

- e.g., type soundness, correctness of
compilation

» Increasing importance of secure languages
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Why High-Level Base Language?

* No additional complexity of encoding

- cf. Object calculi [Abadi&Cardelli] and ob ject
encoding in A-calculus [Pierce&Turner, etc.]

* Focus on complexity of advanced mechanisms

Objects of Study
* Inner classes in Java

- Member classes

- Local/anonymous classes

- Compilation to Java Virtual Machine Language
* GJ [Bracha, Odersky, Stoutamire & Wadler 98]

- Parametric classes/methods

- Raw types to interface with old Java code

- Method type parameter inference

- Compilation to Java Virtual Machine Language
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Contributions
ethodology to study advanced features

' Design/formalization of a foundational calculus:
Featherweight Java

Formalization of the core of ...
- Inner classes (w/o local/anonymous classes)
- 6J (w/o type inference)

* Direct semantics

* Type system

* Compilation scheme

Lontributions (contd.)

Proofs of ...

- soundness of the type system

- correctness of the compilation scheme
Discovery of design/compiler bugs
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Outline of the Talk

- Featherweight Java (FJ)

- Featherweight Java with Inner Classes (FJI)
* Featherweight 6J (FGJ)

* Related Work

» Concluding Remarks

Featherweight Java
Slogan: "A-calculus” for class-based OO languages

- A tiny sublanguage of Java with ...
- top-level class declarations
* inheritance/subtyping
- fields/(side-effect-free) methods
* typecast (dynamic typecheck)
* method recursion through this

- Simple small-step operational semantics

- e — e’ (w.r.t. a certain set of class defs)
- realized by syntactic tricks
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Why Omitting Assignments?
+ Simplifies the formalization significantly
- No need to model heap
* Does not affect most issues in FGJ/FJI
- Exceptions (left for future work):
- Type inference in GJ
» Compilation of local/anonymous classes

2xample of FJ Class

gir class

ilass Pair extends Object {
Object fst; Object snd;
Pair (Object fst, Object snd) ({
super(); this.fst=fst; this.snd=snd;}
Pair setfst (Object nfst) {
return new Pair(nfst, this.snd);}}

The single constructor just initializes fields
from its arguments

very method body is a single return statement

xplicit this to access fields/methods of the
urrent class
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Syntax of FJ Classes

L ::= class C extends D {
c, £,; .; C, £f; KM . M }
K &= C(C, £,,..,C, £ ){ super(f,,.., f;)
this.f, ,=f,,.,; ..; this.f =f ;
M= C m(C;, x;,..,C, x ){ return e; }
e = X
this
new C(e;,..,e,)
e.f
e.m(e;,..,e,)
(C)e

Operational Semantics

* Reduction relation: e — e’
e.g., new Pair(a,b).setfst(c)

— [c/nfst,new Pair(a,b)/this]

new Pair(nfst, this.snd)

= new Pair(c,new Pair(a, b) snd)

— new Pair(c,b)

methodbody(m, C) = (%x,,...,X

4

}

new C(e,,..

re,) -m(d;,.,d)
— [d,/x;, new C(..)/this]e
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Type System

+ Subtyping € <: D
- induced by extends clauses in class
declarations
+ Type judgment T e : C
+ Typing rules following Java's closely
- object instantiation

fields(c)=¢c, £,,..,c, £, T | e;:D, D;<:C,

1 1
I' | new Cc(e;,..,e,) ¢ C

[ype Soundness

. Theorem: A well-typed FJ program does not
cause "no such method/field" errors

- Proved using standard techniques
» Subject reduction
- Reduction preserves well-typedness

* Progress

- Reduction proceeds unless the (well-typed)
expression becomes a (fully-evaluated) value
or fails at a downcast
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Outline of the Talk

. Fécn‘herweighf Java (FJ)

* Featherweight Java with Inner Classes (FJI)
- Featherweight 6J (FGJ)

- Related Work

» Conclusion and Future Work

Inner Classes in Java

» Class declaration in a class
- as a member just as fields/methods
- inside a method (a.k.a. local/anonymous
classes) |
* Direct access to members of its enclosing
definitions
- Programming style similar to nested
functions
+ Extensively used in event-driven programming
(eg., AWT)
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nner Classes in AWT programming

Counter and event handler (ActionlListener)

lass Counter {

int x=0;

void regButton(Button b) {
b.addActionListener (new Listener());}

class Listener implements ActionListener {
public void actionPerformed(ActionEvent e)

{ x++; }}}

- Method regButton associates a listener with a
given button

- Every time the button is pressed, x will be
incremented through the invocation of
actionPerformed of the listener object

Complication (1): Scoping Rules

+ Directly accessible members are in
- superclasses
- enclosing classes
- even superclasses of enclosing classes

class A { Object £f; .. }
class B { Object f£;
class C extends A {
Object m() {
return f£;
// which £?
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Complication (2): Inheritance
+ Almost any form of inheritance is permitted
- Inner class is inherited outside of the

defined scope

class A { ..
class B { .. }

}
class C extends A.B { .. }

- Inner class can extend its enclosing class

class A { ..
class B extends A { .. }

}

Official Specification by JavaSoft

- Explains what inner classes are and how to
compile them to Java Virtual Machine Language

- However, it is not quite sufficient
- indirect
» the semantics is given only via compilation
- informal and sometimes ambiguous
- written in English prose

- interpreted differently by different
versions of JDK
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Main Issues to Deal With

* Syntactic complication
- Scoping rules
+ Semantics complication
- Direct semantics
* Interaction with inheritance
- Compilation scheme

Outline

Basic constructs about inner classes
Overview of formalization
Interaction with inheritance
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Enclosing Instances
- Every instance of an inner class is associated
with an enclosing instance of the enclosing class

- e.g., Listener object has its Counter object
to increment

listener

;oid actionPerformad(.))

w§*§\\§\§\\g\§& N

- cf., function closure = code + environment

* new Listener () in Counter creates a listener
whose enclosing instance is this

.this Notation
» Enclosing instance is accessible with c.this

- cis the enclosing class’'s name

counter 3 43

& . ) Counter.this §§§§§§§W~
.

+ Direct access to x is just an abbreviation of
access to the field x of the enclosing instance

class Counter {
int x; ..
class Listener .. {
public void actionPerformed(..){
Counter.this.x++; } .. }}
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Prefix to new

+ Enclosing instance of a newly created object can
be explicitly specified by prefixing new
-e.new Listener () creates a new listener

where counter.this refers to e, which is a
Counter object

-new Listener () in the class Counter is an
abbreviation of this.new Listener()

» AListener can even be instantiated outside the
class counter

Counter c¢ = new Counter();
Counter.Listner 1 = c.new Listener();

rormalization: FJ+Inner Classes (FJI)

t notation C.this for enclosing instances
prefix to new

notations to support inheritance (explained
later)
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Separating Syntactic Complication

- Elaboration from external to internal language

Example of FJI Program

class A { -

class B {
Object f; Object g;
B(Object f, Object g){this.f=f; this.g=g;}
B set g(Object x) {
return new B(f, x); }}}
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xample of FJI Program

class B {
Object f; Object g;
B(Object f, Object g){this.f=f; this.g=qg;}
A.B set g(Object x) {
return A.this.new B(this.f, x); }}}

Everything is made explicit by elaboration
- “fully-qualified" type names
-this/A.this before field accesses and new

Reduction Relation: e — e’

When a method is invoked, the redex becomes
the method body (the expression after return),
replacing formal parameters, this and A.this

ew A() .new B(a,b)).set_g(c)
[c/x, new A()/A.this,
new A() .new B(a,b)/this]
A.this.new B(this.f, x)
new A() .new B((new A().new B(a,b)).f,c)
new A().new B(a,c)

- The value for A.this is immediate from the
form of the receiver
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Inheritance and Inner Classes

- Inherited methods may require a different
environment i.e., enclosing instance

» How do you create an object of c.D?

class A { eA Object C
int i; \3\\ x“\. ‘ ngf‘i@\‘\\i\\x
\ \\\\E \ SR 8 RS

class B { &xxﬁ&kwgoe‘\\\&&xx

void inc_i()({
A.this.i++; }}}

/4’

,J

class C {
int j:

%\\&;\;\ :.."i‘-g\&g« \;if\\&g‘%\
class D extends A.B { &ﬁ§%§§®§§ Jihe

void inc_j() { Object D
C.this.j++; }}} (also B)

Prefix to super();

- Constructor of D must specify the value for
A.this used in B by prefixing super () ;

class C {
int j;
class D extends A.B {
D(A a){ a.super(); } .. }}

- Both a.new B().inc_i() and
c.new D(a).inc_i() increments i of a

» In FJI, a prefix must be a constructor argument
- The prefix can be any expression in Java

- Even under such a restriction, computing

A.this gets rather complicated
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Compilation of Inner Classes

An inner class is translated to a top-level class
with one additional field holding the direct
enclosing instance

- C.this is translated to a sequence of field accesses
this.f,....f_where £,,.. f_are mangled field names

Formalized as translation from IL to pure FJ

lass A .. {
class B .. { ..
class C .. { ..

T m() { return .. A.this ..; }

Technical Results
+ Definition of FJT
- reduction semantics and type system

* main complexity in the computation of
enclosing instances in method invocations

- elaboration (scoping rules)
+ Formal rules of compilation to pure FJ

- Closure conversion of class definitions
* Theorem: type soundness
+ Theorem: correctness of compilation
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What was "Real” Complication?

v An instance of an inner class is just like a closure!
v Convenient for
» exporting a small piece of code outside
- writing adapters
- Environment is represented by an object called
enclosing instance

% Liberal subclassing lets methods from one object
refer to distinct environments

- By certain restrictions,
- we wouldn't need a prefix to super
- simpler semantics could be given

Nested Classes in Simula

- Possible forms of inheritance are rather
restricted

- Ifc,.....C,<:D,.....D_, then n=m and c.<:D,

b B

class A {
class B { .. } }

class C extends A {

class D extends B { .. } }
//A.this in B and C.this in D
//always denote the same object

* An object can dispense with multiple links
to direct enclosing instances

* no need for prefixed super () ;
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Nested Classes in Beta

* Enclosing instances are a part of the type

class A {
class B { .. }}

class C {
class D extends a.B { .. }
// a is the enclosing instance A.this
//for methods in B

}

- some sort of dependent types?
- no need for prefixed super () ;, either

Subtlety in Scoping Rules
X Some classes/packages can be inaccessible!
- Necessity of syntax for “top-level"?
s Gty Cre

class A { .. }
class B { ..
class A {
// you can’t use the top-level class A,
// or package A here!!

}

}
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Outline of the Talk

- Featherweight Java (FJ)

* Featherweight Java with Inner Classes (FJI)
* Featherweight 6J (FGJ)

- Related Work

- Conclusion and Future Work

GJ [Bracha, Odersky, Stoutamire & Wadler]
- Java + ML-style parametric polymorphism
- Classes and methods can take type parameters
- Refined type information
» Compilation into JVML
- By "erasing” type parameters
- cf., "by-expansion” compilation of C++
templates
* Method type parameter inference
* Raw types for interface with Java
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Example of GJ Program
class List<X> {
X hd; List<X> tl;
<Y> List<Y¥Y> map(Fun<X,¥> f) { .. }}

List<A> 1 = ..;
Fun<A,String> f = .;
String s = l.map(f).hd+”Hello”;

+ Type argument string for map is inferred
+ Type system can give hd the type String

- Java programmers simulate this style by
giving hd the type object and inserting a
downcast (String) for the access of hd

Main Issues on GJ
+ Direct semantics

- not specified in the official document
+ Type system and its soundness
- Subtlety due to the erasure compilation
- Raw types '
* List<X> can be used w/o type parameters
+ Correctness of the compilation scheme
- depending on downcasts
- run-time check might fail
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Featherweight GJ (w/o Raw Types)

FJ + parametric polymorphism Re
- Tricks similar to FJ
- Single constructor
* Method body as a single return statement e
- Explicit this o
- Explicit method type parameters e
- No type inference (so far)
Example: Polymorphic Pair Class
class Pair<X extends Object, | Fe

Y extends Object> extends Object {
X fst; Y snd;

Pair(X fst, Y snd) { .. }
<Z extends Object> Pair<Z,Y> setfst(Z nfst) {
return new Pair<Z,Y¥>(nfst, this.snd);}

- Type parameters X, ¥,and z with explicit upper
bounds object (i.e., any type is allowed)

+ Object instantiation: new Pair<a,B>(a,b)
* Method invocation: e.setfst<B>(b’)
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Direct Operational Semantics
Reduction relation as in FJ
- "Type-passing” reduction semantics
» cf. polymorphic A-calculus [Girard, Reynolds]

e = new Pair<A,B>(a,b)

le.setfst<C>(c)
- [C/Z,c/nfst, e/this]
new Pair<Z,B>(nfst, this.snd)
= new Pair<C,B>(c,new Pair<A,B>(a,b).snd)
— new Pair<C,B>(c,b)

- Models programmers' intuition directly

Model of Compilation
Formalized as translation from FGJ to FJ
- Type parameters are erased
ePair<A,B> = Pair

X = Object
- Synthetic downcasts for recovery of type
information of the original program
*new Pair<A,B>(a,b).fst
= (A) (new Pair(a,b).fst)
- The type of the field £st is Object in FJ
+ Synthetic downcasts must not fail |
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Compilation of Pair Class

class Pair<X extends Object,
Y extends Object> extends Object {
X fst; Y snd;
air(X t, Y snd) { .. }
Z extend§ Object> Pair<Z,Y> setfst(Z nfst) {
return n&w Pair<Zz Y¥>(nfst, this,snd);}

\ XA PO
clas% Pair e s Object
Object £s€t; Object spd;
Pair ject fst, ject snd) { .. }

Pair setfst(Object nfst) {
return new Pair(nfst, this.snd);}

Equivalence of Two Semantics

- Naive 1-to-n correspondence of reduction
steps does not hold

FGJ execution: new C<A,B>(...).m() -
FJ execution: (A)new C(...).m() -

» But, it is proved that the execution results
will agree with each other

- Synthetic downcasts can never fail, indeed!
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Summary of FGJ (w/o Raw Types)
* Intuitive semantics

+ Compilation scheme and its correctness

- Implementation of polymorphism with
subtyping and typecast

+ Theorems

- Type Soundness

* Well-typed FGJ program does not cause "no
such-method/field" errors

- Correctness of compilation
* Compilation preserves well-typedness
- Compilation preserves execution results

Outline of the Talk

* Featherweight Java (FJ)
* Featherweight Java with Inner Classes (FJI)

+ Featherweight 6J (FGJ)
- Raw types to support program evolution

+ Related Work
+ Conclusion and Future Work
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Raw Types to Support Program Evolution

Interface between parametric classes and old
Java classes

- Class Pair<Xx, Y> can be accessed through
the raw type Pair (w/o type parameters)

- so that clients of Pair do not have to be
rewritten as Pair is rewritten to
Pair<X,¥>

-—Pair p;

}

P

How Raw Types Work

E.g., the raw type Pair
- provides erased types for fields/methods
efst is given type Object
ssetfst takes Object and returns Pair
- no type parameters required

class Test { ...
A id(Pair p, A a) {
return (A) (p.setfst(a).fst); }}

- is supertype of Pair<x,¥Y> forany X and ¥

new Test().id(new Pair<A,B>(..), a)
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Unchecked Programs

+ Several unsafe operations are permitted to
accept more evolving programs

- unsafe subtyping: Pair <: Pair<a,B>

- method invocation is unsafe if erasure
changes argument types

ep.setfst(..) is classified as unsafe
- argument type Z changes to Object

+ Compiler should issue unchecked warnings
against such unsafe operations

Some Natural Questions...

* Do unchecked warnings cover all sources of
disaster?

* What are they, really?

- 6J spec. explains raw types in terms of
compilation (erasure)

* "Erased programs are, at least, well-
typed Java programs”




Lecture Notes Seamail Vol. 12 No. 8- 10

Current Results from Formalization

- Type system of FGJ with raw types
- correspondence to existential types

- Type theory for ADT and modules

ePair is some polymorphic class Pair<x,y>
» Direct reduction semantics

- Type arguments for polymorphic methods may
be missing!
new Test().id(new Pair<A,B>(..), a)
—(A)new Pair<A,B>.setfst<?>(a).fst
- Appropriate type arguments have to be
'made up’
- Introduction of the bottom type

Current Results (contd.)

- The original type system is found flawed!!

- Invocation of raw constructor should be
unsafe if erasure changes argument types

* Repaired type system is proved to be sound
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More Questions to Answer

* How do raw types affect the correctness of
compilation?

* Do raw types really help program evolution?
- Evolution theorem?

- "Sensible evolution preserves well-
typedness”

Related Work

+ Official specification documents
[Bracha et al. 98, JavaSoft 97]

- Indirect

- Semantics as compilation scheme
- Hard to reason about program behavior

- Informal
* Written in English prose
* Including several underspecifications
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Related Work (contd.)

+ Object calculi [Abadi&Cardelli] and ob ject encoding in
A-calculi [Pierce&Turner, etc.]

- Complexity of encoding of simple classes

* Models of class-based languages [Fisher&Mitchell, etc]
- Focusing on basic class mechanisms

- Core Ianguages for Java [DrossopoulouéEisenbach, etc.]
- Too large to deal with complex extensions

Conclusions

Formalization works |

- Rigorous understanding of complex language
mechanisms

- Semantics and typing rules
» Compilation scheme
- Proofs of useful properties
- Type soundness
- Correctness of compilation scheme

- Discovery of design bugs and
underspecifications
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Future Work

+ 6J's type inference
- Bottom type plays an important role
- Interaction with side-effects

* Local/anonymous classes

- Method parameters as free variables in a
class declaration

- Interaction with side-effects

* Access restriction (public, private, ..) and
inner classes

Future Work (contd.)

* Connection with lower-level calculus
- structural vs. name-based subtyping
- denotational semantics of FJ [Studer00]

+ Study of erasure compilation and raw types
under a simpler setting
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1% 5 5Z2CafeOBJ

= 2’.@%&@1:!:*%
mod! NAT { [ Nat ]
op 0 : -> Nat op s_ : Nat -> Nat
op _+_: Nat Nat -> Nat
vars M N : Nat
eq0+N=N. eqsM)+N=sM+N).}
1B DIREE
s(s(0)) +s(0) =0 +s(s(s(0))) 2+1=0+3)
s(s(0)) + s(0) — s(s(0)+s(0)) — ... = s(s(s(0)))
0+ 5(s(s(0))) = s(s(s(0)))
red s(s(0)) + s(0) == 0 + s(s(s(0))) .
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S push(t, S) pop(push(t, S))

_S™=pap(push(f, $))

top(S) = top(pop(push(f, S))
top(pop(S)) = top(pop(pop(push(f, S))))
top(push(t, S)) = top(push(t, pop(push(t, S))))

e EE(L 1
&
t ||| top * top
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AP push| | || pop * push
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mod* STK { pr(BOOL) *[ Stk ]*

bop top_ : Stk -> Bool

bop push : Bool Stk -> Stk

bop pop_ : Stk -> Stk

var S : Stk var B : Bool

eq top push(B, S)=B.

beq pop push(B, S) =S . }
bop: IREFEH, beq: IREBFKX REZEM)

IRFE (L 15

top(S) = top(pop(push(f, S))
top(pop(S)) = top(pop(pop(push(f, S))))
EED c. ¢(S) = c(pop(push(f, S))).
AV TFAKc)
) RIEZRIENMT o= RICITOE A
) IRFEFEDS

' RSEFE
EEDc.c(s)=ct). < begs=t.
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G IR

» {EHREFECafcOBJ
b IRFMLHR
) IREBFM DL &

) FiEEAAL OV R—R RS R
) SFHMEIREL A%

) ST RIRE LT

e ZEZE AT D IR G T %

AT FAMFE#E (Hennicker 1990)

» AV THFARDRSICEHT DIRMIE

) HEADHEENDLE

RIFIE (Bidoit and Hennicker 1996,
Goguen and Malcolm 1997)

) REZX 5 X250 TXAMNGEME

TAMRERIFWIE (1998)

» EEDBENE R
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| B TR S

» (LR E FECafeOBJ

» IREE(LHR

) IREE MO R AE

) BEAFRAV OV R—R NS R
) SHHIERREL A E

) ST BUIREE{L R

BIEZH# A= 0h —FE

CRIED) 1% iy

) IRFEFHED

G REREER
eqptrpopS=ppirS.
eq arr pop S =arr S . RAVE| | TLA

BEEIVR—R DT

EXEIL FEBEEZAV-REESR

D5t RO E & (RigaR—rk

DHEEE A DECL)
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G172 e FE (L #5

) {LHRE 8 CafeOBJ

) IRE{HR

) IREFMDREES %

) AR OV R—R NS
» EEMIERREE A&

d FHEZBUIRF{E4R

s,

FFMIE 1% AT ;%

A4t
| gy FPRILREETISC
» YIRS H
giffﬂﬁ::%-] Foeh
| s4B1E

EFfl{EHR2

A

S

7
700

1
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TTDEER: X2V D
srfELT=tEhk: RAAETLAIZLS
A9 D iL¥k
FMELI=IHR LT, ROMENSRYILDILE

Y.

eq top push(B, S)=B.

beq pop push(B, S)=S.

CDFF, redARUFZFHATES.

FE: SFERXENAR/LONSILE

a4 | allp

HMIERATTE /' ” ‘\p

! Bidoit, Hennicker 1996 L 1~%]  [7LA

Goguen, Malcolm 1997 D 74

) MEIVK-FUPDIELLVREE (a || p) £ 1RET
951=8, EERREFIBREE-ITETIL
DHEEHRDETILEEZS

|

) REEICRET AIRME, MEOREALE

[CTRBl LB D
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%Ts-/"éﬁﬁ L\é jiji

» EEIVK-FIMDIREE, BICELLODT,
TIVIZHIBRZ BRI D E ALY

l
d IREEICE T DIRINIE, MEORELATE

7

G IRFEL %

» {L#RSF 5 CafeOBJ
» TREF{LER
) IREBFMORILAE

) iAWY R—R AR
» EEMRIEIRETL Ak

) ST B IRELIR
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| BB B A
5238 U / 184 o [ 'Zﬂ;

MY
QU R—R U M ¥ 3,
» RIEDFBAERADEZEZFIR
R 4ERR

d» ARTADER (384E) E[RIGaAR—RY
kD ERRI (3R 4E) & D8l D %t I B R & 50 ik

TR =R MEEED G

Put: A—AILI UML) E—RII I AD
J7AIVERET AT 5L
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TR —F MR D B
mod* PUT { pr(BOOL + ...) *[ Put |*
bop getremote : Put -> Machine
bop isinlocal : File Put -> Bool
bop isinremote : File Machine Put -> Bool
bop setremote : Machine Put -> Put
bop put : File Put -> Put
var P : Put varsIJ:File var M : Machine
eq 1sinlocal(I,put(J,P)) = isinlocal(I,P) .
ceq isinremote(I,M,put(J,P)) =t
if (I ==1J)and (getremote(P) == M) .

TR ZEFFED B

,

\I

)

Sce i £ YE—FT

\l

Put
166
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IR XL FDY]
mod* PUT { pr(BOOL + MACHINE +FILE)
pr(FTP + INFODB) *[ Put |*
bop getremote : Put -> Machine
bop put : File Put -> Put
op ftp : Put -> Ftp op infodb : Put -> Infodb
eq getremote(P) = getmachine(infodb(P)) .
eq ttp(put(L,P))
= put(I,getmachine(infodb(P)),
name(getmachine(infodb(P))),
passwd(getmachine(infodb(P))),ttp(P)) .

| G BT 1

— iR DIR T LR
) EEDIREFLFRICHL, FEDIREFEZF
MNILT HAMEINTHITET HHEFRVATA
[FFTELZELY (Buss et al. 2000)
o STERNREALH
» FEDSEZRIRELRICHL, EEDIR
EEZXMNRILTEINEONZEXHRF(E
EMZIRTL)THETES.
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The ATM system (Matsumoto et al. 1999)
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FERDAN

» ST B R4k (PSBS)
) AUR—HRU MY TR T RF (CBSD)
» CBSD~MDPSBSD & F

T —FR R TR DT TR

) O R—R M T DT RIF
) AZAERIT

169




stire Notes Seamail Vol. 12 No. 8- 10

D AR—RUNSATSYERE
Y VIR TIE, aVHR—FR U NEHAED
BB ETIER

N\
N\

e,

i,

Component library

JUR—F R TR D FEE

T—FTIFvIAIYTF (Garlan et al. 1994)

EEDT7—XTIUFraHDI2AVR—RUb
[FHEETELRVUREDFRIL).

D The existance of X library vs. No existance
of X library

D Reply routine vs. Callback routine
T—=XTIFNIAIVFERITHEDFE

» VIO 7 7 —FTOF Y DEE
» Assumption list®D {5 Fi (Bass et al. 1998)
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T —RA R TR T FREE

Barrocan|Z&DAVKR—RNSATSD
f& &1 (Barroca et al. 1999)

d —ARMEIF4000 D R—RIISATS
VEMRLIZAz—T o OBESHOTO
DTN KE

» FFEEME(F100B DL R—R NS4 TS5)
=¥ AL-HPO EBERBL L AT L DRI

|

D MRFAMZFEETARE

) SATZDREZIZI00BLLTFICT RE

TR —R R T TR

AR—RrDBRAICRELGIE

) I—HEA—NIE D i@ EAE ARERM)

| l

\ AVR—RUMRARICEAT B DE-T
SR

) RERINEME TESOM TR TESZL
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TR —FE R TR DT PR

) AAR—RUNI TR T TREH
) FRERIT

REFX AT

BRERMNMDmI-T NEEHE

) VIR IT7EMEBIZZFANLONBIE

d» T4—FR/\IIZ&YEELTLKIE

b AVR—RUNI IO FRHRFEEZEELT
AV Yul <

)
UMLBEHR i E L
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R

UMLD I4—KR I\ vo(ZkBH#1L

» RFP Z#1ERK

» TF DX E[Z LS RFP D& / JERE
» RTF [Z&L % revision up

IRZEL T

s UMLBEEDIAVR—RUMI T TEHF
~DEE
» HhRILI R
P UML Profile for EDOC
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FERDHN

» SR EIRFE LR (PSBS)
d OR—RU YTz 7HF (CBSD)
P CBSD~MDPSBSD & F

i,

%
v

e

.

-

8
¢

CBSD ~DPSBS D& /H

P Programming-in-the-Large
» K7 —FTIF~%

» BEZIEY—IL

» EERMEDHAA
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' Programming-in-the-Large

» DeRemero DT (DeRemer et al. 1976)I
IRFEY, TDEMIL, ADLELTHEE.

MIL75

) BMGEERAVWTED 2—LORBEE
Z Ao
BRELETORREEBYIZ)Y—RIZTY
AL TS D EAREL

d FEDa—ILA, RELIZVY—RERH
LTWSMEREL

Programming-in-the-Large

MIL
) )V —XEHEZFDNon-functional /& TEE D
ok, 1REE
l
ADL(Wright(Garlan94),Rapide(Luckham95))
» Functional’Z B (A R—RUFDIREELY)
DiEcik, HREE
» O 7R—2 2 ;i D communication protocol
DEGRUN
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CBSD ~DPSBS D&

P Programming-in-the-Large
» K7 —FTIF~

» FREZIEY—IL

» BERIMEDHE

anl

.,

o,

A

L e i 14

aAR—RNDARENETIL

#2 21 #2 Z/ 124k

) AVHR—RURDARVNETILIL, REEZE
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D VIO T I7I(RAA) ZETE
) ARVNETFTILTAVEKR—RUMEETIVIE

F—F T FrDHY

YISO T I7I) : TPAIVERETOY S A
Put-A, Put-B, Get-A, Get-B

A—AILTI
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ANF—FTIF+ DY

i,

Put-A Put-B

Get-A Get-B
— R hSA4TS)

CBSD ~ DPSBS D& fH

D Programming-in-the-Large
» K7 —FTIF%
» AEXEY—IL
) RERMEDIHE
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BRXIEY—IL DA
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R IES—/L

sHH L #RELE
BREERD) T

REEFSR

RS IEY—/L
ORI DEEERL

[ 1w gt - [ AJARob

[V,
@

HiEDHR o J7M17 DEF

(JavaBeans)

v

» ARV EDEEILFELC
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VE3T

2 —JL

OV R—3R 2 hDJavaBeans|Z L AHEIR

obs property

- i > -

obs event

FIEXEY—/L

Put: A—AILI UM E—RT I AD
J7AIVERX T O 5

A—AJLTY
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getremote
T4y
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71N

FIRXIEL—/L
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- AVR—RUMIHBITS
1R 1E (setremote B1TRAVIT) Br D AL IR

X

setremote [
TR 4y |
BT

Put A7 R—AR2k

BIEZAE Y~

mod* PUT { pr(BOOL + MACHINE +FILE)
pr(FTP + INFODB) *[ Put |*
bop getremote : Put -> Machine
op ftp : Put -> Ftp
op infodb : Put -> Infodb
eq getremote(P) = getmachine(infodb(P)) .
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FARXEY—/

SavR—UMZBITS
&8 (getremote BITRAET ) B D LR

getremote

%ﬁt 4y

i,

e, .

call

result

i

Infodb A HR—HR b

i,

Put A R—Rk

FREZIE—/L

mod* PUT { pr(BOOL + MACHINE +FILE)
pr(FTP + INFODB) *[ Put |*
bop put : File Put -> Put

s,

op ftp : Put -> Ftp

op infodb : Put -> Infodb

eq ftp(put(I,P))

= put(l,getmachine(infodb(P)),
name(getmachine(infodb(P))),
passwd(getmachine(infodb(P))),ttp(P)) .

eq infodb(put(L,P)x= infodb(P) . == -

oy

s
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F TR X 1% —/L

Ea R—RUMNMIEITS
RAE (putEITREVIET) B AL

%17’1‘ a tp :l/'l'\ —Rk

Put 2 R—ARk
Infodb :lyrl-\—*‘/h

CBSD ~DPSBS D& /H

D Programming-in-the-Large
» KV —FTIOF¥
» FEXERY—I

» BRERMEDIFHE A
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EERINEDH S
FEIZEY—ILDOEFFEE

UML spec (XMI’V \\U‘ML spec (XMI)

feedback
CafeOBJ spec

- Component

Changmg contents

(1) FARXZEY—ILDIERK

) SR RRBARERICLETIERE TR

TEHARR%T, UMLOYLERELTER
(Stereo type or UML Profile)

) COE|EHR—MTDY—ILDER

(Rose tool or Visio enterprise)
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IRER M EDIEE

(2) AVR—RESALTSYD VR
) AVR—RUNY TR TP (EH—N

Machine 1 Machine2 - Client

IRZEI T EDIEE

(FHEER)

XFERRAL

) MEFFHAT L

JVR—ARk

) SMESH DT —E2%BET B R—
=7

» MEHFZERT a0 RK—Rk
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FED

DA —TILAYYE SRR S
T4 EEE: CafeOBJ

| AVR—RUTEITTRFE:

WK -3 EMEEHIETYIIMITZFMS
) TA—RILA)IEDBERES

Wk -3ohDiLER, HERADRER ZAE

HEEDELEREE HEEHOER
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VI by 7 IFICHERWT
[¥FETHBRE| EXfRIRBEH?
By 7 by T7I¥EBEELT —

~AES> ODTED

B RE

(BR) B STHEWERT o % 7 LBAFEWIEET
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Y7y =T To [EiRl & [Eigl & OBk

B TEEEIE : VA X -
4 g 7

1%

RAK
Ak (25 ) sStEE#ES] (“(theoretical) computer science”)

&S HREBREETH 5.

i b, [EHEEE) & v BB oLF e, NENICZEBERD¥:%
ZbFT TR 2BS0E, A7) « =25 —DINOREITDH R b.
(MSMAT2E] & BFFA T THsRARREE) & RFFEAWTL x 5.)

T, “informatics” ([EHF] ? ) A23EREDI TV 5B,
C DFEDEE#® “Iinformation” (I {FH]) & w5 SIEY

Y7 Vv 2T OXEFE R FE DT HWICZEPARNIAT & 3.

BIREY 7 b =T OXRER IR TE2H ) K200,
T h 2 2N T 2 R1ES B 2 Eb I AFRICH,

“computationics” (GREE& LTk [EE®¥] )
ERRL e\

SIGFM, 9 March 2001 -1-
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Hoare & He (1998) M35

MEEFDE ST I RHFDETHDEF

LasL,
PR H) X RRB0 B R b B, A,
sl ERERNHEGRICE S T » .

CDfthic b, Hoare & He (&,
DEERIEECH I 2 RAMEX B 1510

RHHEINB.

Wz X, BARoOWHE LXK, HTOREFOARATEEL T BEEK,
H—AITHEERETLEENIINZ D TR BRI AN |

Wz X, T, RITEBRED D ? | DEF L AT, Blb,
Navier-Stokes 523, Wi, HOEADADEF L A THOHMH L,

R7ZH > T .

SIGFM, 9 March 2001
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Hx DIRRE

IR tEREE : VA E Y-
=] BoRsREE : HF
= B¥% I dE : BFEEITHRSE

Hi5,

VZ2boxT72 ERGIDH: VIV TEHRETHE
> HE  E@RHIRE BFERET EAHT F

SIGFM, 9 March 2001
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V7 bz T EFRIC FARESINEZIRETHS .

Lﬁ)bﬁji‘&)

[HFTHDE] LIFFERBEMN?

(%2 TH BE (Mathematicalness) | (,

BEDORFH OIS

LD NWTEFET 5.

D, HNETH 5~ THEHAL,
LEDEFED [BFFEEES ] bDOHHFE !

SIGFM, 9 March 2001
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R, LELE

BEEITH B

kIS LaL,

TR AL (CEFRIR DO ?

(ATICIE~ 73« DFFERICHI N T)

FM (I ohd ( #HE2 ) /BT OFRICEOSVLTWS

EnSEERHET S L, FIOEMIIR, IROKRICEWE
2ZTHREWN.

RIENTHDE] < [HFHTHSHE] ?

SIGFM, 9 March 2001 -5-
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MEFTHITHEF] <— [HFRHITHD
17

(<) HEHKE ;
V) BEERARENCIRIENMREIEATH
500,

(=) 2?1 ?7ChBEEELEZELAV] 7 |
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REPEDRS vs HFEORI

B E O (BEEE T 2R0) BRI,
BILERNTH S |

I
YeelG.e-z =2,

VeeG. () ' -z =ce,

Ve,y,2€ G.z-(y-2)=(z-y)- 2.

AT A RS A D 1E, b DRI, TE B
RG0S & o R OBERO I, LT b 2.

BeEFIc L 5Tl ChboABOED 5 BENIREE
ﬁ? ﬁég‘? ﬁ?k Lfﬁ%f@émﬁkﬁi])@%@{‘j—
Ld 5.

SIGFM, 9 March 2001 -7-
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1=
2

amEE e &, RNEEICER DRI DR FFo T
W5 AHETH 5.

Boas & i, B DD v (NS
BHTREZOHDOHEZE b2 5)
NHEHTH 5.

(© Hidetaka Kondoh, 1997.

SIGFM, 9 March 2001
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AL DI

i1
X %8, CE %X LoVER ~tr%, £
FNODOPEFR BN LEERR E T 5. C DR,

Vz,ye X.(zCy Dz Cy)

OVe,ye X.(z~2ydDrx=ry)

COSHEBERWICEXEHHETH 2 CHhbT, NKT
DRI AFEA T, 10 X7 v 7% 2T 5.

SIGFM, 9 March 2001 A -9 -
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Bl2 : (A 7 w7 T L0224 HEEA 2 S Dok

NotYetFound(i,j — 1) Aali, 7] =0

A€ [l.m]Aj € [l.n]

D (Minamallndex(z,5) V NowhereZero A1 > m)
where

NotYetFound(i,j) =

VEk € [1.m],[ € [1..n].

({h,8) C (0,5} > alk, [ £ 0)

C : the lexicographic order on N x N
Minimallndex(i, j) £

Vk € [1.m],1l € [1..n].

((a[k,l] =0 (6,5) C (k, 1))

Nt €[l.m]Aj € [1..n])

NowhereZero £k € [1..m],1 € [1..n].,alk, 1] # 0

ERMIICE Z 5 Lt HHK 3 #5F, BRI c i 3FHT 2 1
920 27 v 7HESF 5.

SIGFM, 9 March 2001
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|
AREIC & - C E D < BEA% [3EHH 2
7w 7| cXzb, BRI T 10
25y PN 0E 5.
HI®, |

T HIRER AT OFEA & LT, RREHSIXFEYHRELICKEL
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TEDKSEED [ ]

Fostose (M)
(A 7 5 2 D) BOEET, W
DRCEE L FRE BEETES (BB
5L VHSEREEANT ) Fh g
LR, ENERREISTA S
B OREE L FEA B,

- RHIEEE 2, SRR E
A EFECHouk & N T IC BRI EE S
LIEE)E LT\ AP (KRR, H
e A EOWITEE) & HER LA
LERIZH L.
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BEEE OB AT HFARICET 304
EME, BHAERPEZETHDEEZXDEH
THIZIERTX 5.

HIB, BB ASEECEER L
7R D )

fl1  Barendregt ® “The Lambda Calculus” :
600 = — 2,
w307/ ~—,
HaH R (informal—formal) 20 |
(CORDAMHICEFELHH TR WF v v 71
TV O THD T/ E W F)

Y
C DADPIZEH 400,000 formal lines (LOC) A4+
5 & HEY 2FERHES.
SIGFM, 9 March 2001 -13 -
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B2 .

H L A BEEOMSGECE 2 EX 2520 ~— 2T 307 ~—
YO (£ b DFEE, A, Frx OEAZA
TEEEREDHE W [F+v 7] E5HADTH 35)

Z DBCEN RN OHEETHIRE, %960, 000 ~ 600, 000
LOC |

SIGFM, 9 March 2001
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Software Formallsts (B A RRIE O P )
X, OoBHH ORI EIRXWICEALFD Al
WOBEHD (FOHHREL TS FM o
@Emﬁﬁé)}ﬂmﬂ%ﬁfﬁmﬂﬁtk$
HAaRWN !

V7 b7 TEMER, BTy T
ZHAE-TW3. HIb, #ooRKEEwTH
57 w775l EECEXNWARDTATH
X7 67\ |

SIGFM, 9 March 2001 S by —15 —
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HAMKSEE: YT F Yoo vs BB |
{

Bnid, EHEATREEBEVTLWEOMN?

V7 b THEANE HFH
s | HLWEHESAL) |
s 7 B L BEEOHR |
(IcBI3 53 |
1EEHEDEEH EH DEEH
3

MDD, BFFHONER T, FEmZEo b TiEAL,

=5

nn e RAEDFEL

syzm
VI MY TOELIE, Y7 Y THENE
DELZLZBHDO—DTH L (Bnix, [HEHX
ETHB|) B,

IELHDOFEABH D (&R ) IEL 3, 1%
b OEHE A OHEFNT D 5.

SIGFM, 9 March 2001 ~i18 =
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7w 77 AL, BRBEEEEHT 3 RS

TH 5.
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DT —FYIH DL BB HER77a—F T :
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De Bruijn-Curry-Howard O®S: 705 5 A vs R

ass3I s SmIE
Ak iyt
WA = /405 VN NH

C DOFARE L, programming-in-smalls @

2y —ATHY, BEDV 7+ 2T .
¥ 2T BOREEEA T — AT I L
T (MR AR BRI A
T, [HidE] DEEDE LEL OF
EDPTHRZBE\ND EERR)
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ToFT—% |
Tva 7o nlk, BICEIEE~DES DT T
AL, NERLtOa2Ia=4 —>a v

DTHD5. |
WEoT, 7AZSLIEFELLGEDHDIHDTHD
RELE.

U
Knuth o XZEW 7w 775 v 7

N oFEEoF-Cc, v 73 v/ K
HEELL 721580 NEFEmEEC(ETH
3.

-
COMRBEFT o o=TY 5 TIFEETERL.

(HI5, LRSFOfERE)
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D s |
7'v 7T A RHARBRERAEARICESWTED,
FRICETER S T TAhRSARBICE>THEF TN
N 7% D 7\

L2, BEoO 7w 7o L EEBETEWVRET
5.

e, 7045 4L, FOHBHRFENAR
HloTWwd TRWHEE] ZAVTER:ETINEFE
A 54y Y

U
KB 7 v x ] 15

V7 b= TEFICE DL L 2 AETEENE
FPOXREECETD 5.
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BEME - V7 by 27 v.s. FF

TATT
RN Terosvrceco7ae 753 v 7 eEREEOXNIG
Bifa%, & U programming-in-larges ® X7 —ATE 2z X 5.

V7 by TR HFRYEE
FAH S S FmAL DIEARAR T v 7
AT 4F 4 AFHT 7 = v 7
g7 — 2 A B B3 2 HER
THA Y e REA—V RIEAA D B ffiy
T—X77Fx « AZAN | FiERkEE O
V7 NT 2T e VAT L BT
NG A ¥t oo
SIGFM, 9 March 2001 - 21 -

210




Lecture Notes Seamail Vol. 12 No. 8 - 10

EAGIEEE v.s. RADEXRT VT d

C OXIGE exact TH 5. (cof R 7w r >3 7))

SIGFM, 9 March 2001 , - 22—
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4 F4 AL vs. SEHDFZ =y 5

AT7F4FLLE, BHROEXRGEESEYIFED N F — v THIE
72D TH 5.

BERRTZ =y 2 L i, BHEBMOERNBRRIER T v T2 RIED N Z —
Y CHAGbELDDTH S,
Bl 2,

Fermat OHERRRE T : (RIEEEGRCREHTHES)
HFRRINE L BEBR L 2 DL — v THAEDE L
Am Al

SIGFM, 9 March 2001 : - 23 —
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HEF— 58 p.s. —DOYSIS - T 5EH |

MEF—FBILE, (FOEHBBEBMHMEINIARNE) @07 — %
WCVEHST 2 8EDEFYTDH 5.

BEBSICET R ER & X, FoMaoE»EAIETCED
LT bapdEDEFTYTH 5.

R —5 A S CEET 2 ES
HE OHRR (BB B+ %) m
WRT—2BoHRE | (BIEcET %) HEim=EL »mE0ET Y
T DEH frEE DA |
g7 — 2 BIoEH | HEREZHENR T 2O FA0EE b

SIGFM, 9 March 2001 - 24 —
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FHA 2 - 15— v.s. OB

FTHA e g—203, BHOWMEFT—FE (25X ) tEh
O DEIDOYE DEKFFER (&) L OfAEDLEHTDH 5.

SRR & X, GrAZHED 2 LehSEIct UCcEA X 54
B Ao E* 52 %) i — TDEF VX, Bl I=E
T3 [S] BHEERT D — & 2 ofiESCHEEOE D

EAFRERICBE T 2 HEETH 5.
FHAL e s —3 SEBA D&kl
WET— 4R (77 %) MW AER L L comBE0ES
7S FIRE R DR DIKAFEIR
SIGFM, 9 March 2001 _ — 25 —
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—FTI7F+ « ATAIL v.s. BEHEIEDEHRR

—FTFTIF v RFANLE, VT VU T v AT LRREE
TAOTyTL—+THY, AR—Z D EINE i,
REBA > 72—, A > 9 72—k —FORTHA2ED
BdDTH 5.

SRR DERR L 13, EAFRER  BRARES ETR3EED,/S
— (EEEBINBRX generic BHE) , EEAREHOA
BOABEF Y TH B, Hilzid,

A- eI ECHREI DR R, & X HER 2 T 2 55
At (Church-Rosser Al ERE. Hlb, ChasdZho HEE)
; ERTICE, BAHEIbRADDELTE, AHIT2E 28
W OTELD L. (ZDK x5 [ HiREEOWEE | <5 5)
(1) Hindley-Rosen ® & 4 ¥ & F#i#E (C OFEE
generic) #Hw 3 5k ;
(2) WFIEHKI (€ DBEZEALS generic) % v 3 HEk

SIGFM, 9 March 2001 - 26 —
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YT M7 « ORFL v.s. BFEH

V7 b7 « RT L HEFEE
v 27 I OMNERERE FEHE LTET b8
ayK—F v F OHEE fli & L ORI NmE
2y K%y FOEH FEE D LR
FATTY e avKR—%v} R OB L 7 fliE
NI D B DG 7 — # B TEHF R B B DOEENEE S
NEA v 27 2 —RDOLEOWMRT — 2K | #EZ B~ 5 5OMEMLE

SIGFM, 9 March 2001 ~ 27 ~
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XA v.s. DR

I, HERHED T ACKREAERWATEEZOES & K
MWAEEZEZHFEEDS. !

SIGFM, 9 March 2001 — 28 —

e
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VI bz TITETAANRF TN EDH?

V7 T xTo=7ufl (ATFT4F 4L, THFEL Y« RE2—V,
T—%77F %« AZA ) OmBHCEEBEREEZSHL &

BEL, BFHTSE

AT ERLEE LCGGERT 2F LD 5. Ll
HEDDIDIHEREY HENCERTHS -

SIGFM, 9 March 2001 ~ 29 —
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BEVZ b 7T¥EHELT

© VT WU T Okx BRI OB TR IR LE
no~7 nEGOWEEZ ST L,

o TNOLDOREICHT 2 $ B ( MHFHE
LA UEHT) RS 5 H
C OIEEE, FHSLEH LTI G E & % 3
N5 LS RT, FRAREE R UERT,

WMRBY 7 by T
LIFATCTHEW CHCER, YT bY 7
REBEEIIXZBY I MY TDEDR LS.

(o By 7 v 2T T2 O, T
HFIXLDFADI v ay)

SIGFM., 9 March 2001 - 30 —
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FORRPICHSCERELE LCORBEY 7 72 7 T2
TOEEOFIHTFIEZ, B,

o T LDEEICET L THMrd b - 30T A
WEEZERL T, TENODOEEE , T4 (B
L, INTOABLERELIZ) BFIFEL,

o INOLOETHATHEINAEY 7 YT
DIEL T %, ELXDEEIZHT S S ZHGICHE

DUVWTHIER (ELHT 5.

D, FHEHBIREY 7 by 2 TREDLETHS !

SIGFM, 9 March 2001 - 31 -
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B SR DHEERE R

i Fis

[FC®HIC

U—7uokiA R EDISERITT ORI
RELZELANL—EDHERZIZILT AT A
THd. THhITEBRREFINSG Z L bbb BEH
B2 AT A LB - IEA S < kit ek 5
ICHBDITRBMHEICARSD. Zhid, T. Lamport
X BFEREBOERTH S TLA2) ZFDINE

ROMRERITER T 2RL0BNMTH 5.

1 BEREX

Z#% (tranformational system) (XA ST —#
ZEATRT T LB LEOEIEL EHITHA
T—=FERIBOTHY, 7u /7 AMINTIEE
DIELZERLTVS. BRRIIAANELHAZ D
b, HAOBANOBEKLEZZZ LR TES. L
BoT, TrI7T7 AOHRRIIBEEER, HDHVNI,
Al (precondition) & #f4# (postcondition) D#A%
Sxniddmnor.

ZHUTH L THER (reactive system) iXROF| A
BHR EOIRREE LABEAER 2 MEE L 00— ED
BREZEHETILOTHY, 2ED LX) REBME

HLoTW3. .
1. #gfetE GEELET)
2. XtEEE
3. AT

ERDT B 7T ML TIELT UHEIET S
ZEERHFL TR, RS- TV BEFEASIE
FoTIHEZLITTHD. ZDZ LiX, FiffkL#
Lo LTTu 77 LAOMENTRTE 21
ZLEEBEBRL, TR TITo7- Hoarc R KIT

L57u I roMEOHBNEDEETIITE
2 RoTW3.
ISERIIBRELZBE LN ZOHBELRETO
TR AMBESRMBEIC2S. RENEH,IIE
REANEZZOT 0 harr EE2EZ TS
B2V,

INERIZEHER I X >TEIT I rER L L
TEBRIND Z EMRBV. FOERNFEDFERE
W4T T2 < ZEiR (interleaving) 12 X 5 WATH D3
BbH DM, WATHENS| & & Z 4 I EMI IR
2725, »
ZOEDREREE B OEEROHEESED L S
IZEXTHD. BWERRBZOFENEHOES
LHRY. FIT, EBEANLLRZLROKE
(REEL BZRHDBNNET B F LD OEHIZFD
EZ2E T2 THD) RYDELFIE LT
T 5. Shh 5 Az ARVIRIER S BB F iRk
L7eWEEITENEZFF L TH & TRETHIZT I,
ZOREF| 2 FFEHEOREL LTRRL, Fh
EHARELEXHDOTHS.
THRZPHERTHEEL L THE T 075 At
BHoTD, IGERDFBEITIIHEB R (transition
system) BRILD. (FLITE) #EBR L1, REgL
WOEE S, ANDDLE, BRI S - P(Ax
S)(P(X) T X DEDEELEEZRT) 2\, o
£V, ITREEs Bl a T L - THRB T B IREEL
TebZ2RTHOTHS.

2 i1

Pl THE S, HOEXIERLTE2RTTEE
HoOTn /7 A0ThHs. ZnITLEF->TIEES D
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DTHB.

const hr € {1..12}

{& = hr}
do lrue - z = (rmodl2)+1
od

IIT, 7’77 atke LTHMEE { false}
ETBDRERDBR. X TT RS T LEHS
REZBZANITOEDHBRHNEFITS.

~1

ST, DEOREBOERINIT 1 ST ADETS
IRoTNS.

c=r=11,2z=12,z=1,---
REDERSI 2 28 (E175]) LnwH Z izl
5. REEFIT, ThZThER LKL 2 REZ/ER
(178, T, #B) 2L LWV, BRREEE #IKEE
DREfRE LTRBTD. =& xid,

Nezt = 2' = (2mod12) 4 1
ETB. EL, o BBRREEZBRIS. £,
PR AR

Init =2 z€{1.12}
Thd. &LT5LEBMT

StatcScquence = Tnit AONecxt
LRYE, TNZRHTe/ 70008 EXDZ
LBTED. 2FED, 2¥DLIIEZXBZDOTH
5. ZZITET =& D eukEE StateScqunce 2
BOLTHRLTEDRRBEEDD. 7'7(4 L7
LOEEEHERBICL 2mBR 2 RIBREE L
W, ZOEAIIEFHORZRIDORIED ETED
5. Inil (X ED%8) o 123 L TEORIIDORE
z=I11TETHD. LENR>T, EOFIiIZHLT
BLRD. 774 R LBIBT T LDEDE

Seamail Vol. 12 No. 8- 10

HE2EOWMBXNEEARE L WV, #EFELE 28K
BROMTEOEB/ZEDS. O IMRMGED 1§
iZ) BETTHSB. ONewlid, Newl BEFRE
ThHEMORE T 2 REBICH L CTEBREE 5N
(#IZ) BETFZ2O0 784, ThiER®EL
WA, TTOERE 2 REBICK L TEOHAIC
BHLEDD. ONext 1T LD o i LTIXE L 22
5. oY, JEFHRZ
(z=11,x=12),(z=12,2 = 1), -
EEZEZNE, TOZTNZNICH LT Neat IZE L
%,
REIREE DB R IR 7 0 7 F LDk L LT
INTHaMnR LI o0 TIRWE IR b2,

3 fl2
DEDOTU T T MIFEREMEEZ S THS.

{z =0}

do z<3 -5 z := z2+1
O odd(z) - « = z—1
od

INbOTDL S REEBRIEFIT 5.

z=4

£ u T AOETICH D REFIOLEITER
REEAUZ
(AB)Y + (AB)T(CD)* + (AB)Y(CD)t F«

EFENTWWWESS, 2L, AB, - 1T A: 2=
0; Biop=1,Cra=2 D:x=3, E:gz=4
ZRLTWS (ARIREFIE 25 b OICR LTI
£ DRI HBAMIRAE % IR MEEE: U CERSIE L ¢
5).
BlloESCEZNET B ST LOHEROED
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LOICRRTES.

Init £ £=0

Inc £ z<3Az'=z+1

Dec = odd(z)Az' =x—1

Next = TneV Dee

Spec = Init AONext
T ZCIHRREMIAET 2 AFHICOWTHET
5. ¥8) ABABABAB --- IAFIERKRL LW
Z%. K& B M oiRfiE C ~ BT 2, oF

D, fEM Inc BET SN BB TIEHS -

NEREHDICHBHDLT—ELZ SR> TR
WhHLTHD.

@, AFERFSTDLIICERBERLTVS.
#>8 o BMEA AT L THAETHSH LT, A
ZETTE HRENEREES L CTAEREL TV
BT AREFTINTVE EXITWV, #BEL T
DEBEERN L EBAFE LD,

ABABAB .- XER (5,0) ICBBL T, £7,
ABABCDCDCD --- i3/ER (D, F) (B8 L T
NF (ERIBAF) THEARW. Thbb, Zh b0
ERZEITTE DRENERERZ > TWB DI
EITINTWRWALTHS. BAFEZRIETH
BB 1 77 A3 BEREBICEET 275
D

4 TLA

T ZTHI1,2 TRA L) ARl 2 EH CE
5 1=®IT Leslie Lamport @ 'I'LA('l'emporal Logic
of Actions)[2] BN T 5. ZhixFarsF 4 (v
AT A, F5Y) DT & HERR D 7o 8 DO BEBURIE
M@mEERTHS. TLA TRTRS T L EZ DM
HeBRUSBETRATS. TLA XMER (TH),
HR, #B) 2EABSLL, ZThiCX-oTTLA
X, Whw 3, stuttering RERSFE/IZ/>TW
5. ZOMBEIIABRMERICE L TERROMR -
Ye#R, 2fF - SROE THRITILO.
TLA IZ X BHARITHRO b OB ORI L L%

Seamail Vol. 12 No. 8 - 10

LT 2bDTHDH. £, REE REOXHTH
DIEA, REEQERY| TH 5 EBNEAESTH
5.

4.1 #X

=7, TLABXZR~S. EELAKLLTO&
EEETD.

(i E&%‘E%
m, .- FREIZERTFEHR (rigid variable)
z.x' oo (RFREET) EH (flexible vari-

able)(7'Z74 L72L, 71 bhD%)
£ - KHEBEHK (state function)(F°7 A A

2 UEH, WRERIPHRTEY, EEG
Sx R (ERE) R)

p,p', - KEBMREE (statc predicate)(7° 7 A
Lrp LY, FFRPEEFER, E3
LEEAVRER)

A .-+ fERA (action)(FZ7A A72L, 77
A LT, WHFFHKTEER, &
HELm & AV GRER)

EAKD Bz TLA = (B 5E) (TLA formula,
temporal predicate) Z 2END XL D IZEET D (Z
AU stuttering AED 7= DIZEE O FRFEFRERIC
HAELLHBLAEBDILRE> TN S).

F,G == p|EnabledA | O[A];
|FAG|-F|OQF |3m:F |3z F

BEBEESEFOEEHEER L TRL.
FVG = =(-FA-G)
F=G £ ~(FA-G)
Unchangedf = f' = f
OF £ -0O-F
[y £ AV(f =75
(A) 2 AN(F#D
WF;(4) 2
0O-(FnabledA) v OOG(A),
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SFs(4) =
OO0-(EnabledA) v OO(A);

4.2 ERk

TLA ROEWKZUTICERTS. EECES
LTuw<.

d, v & &l -1, 22, "abc”, {1..12},---
£ BRI EBARR (RERJER TR
¥ & EHES I LE~DEE)

st K (BEDLE~DOBY)
o1 W (RIEEOEEF)

P EZEY LT, REORIHT 2 EAROEKRE
SEDLHICEERTS.

[e(s:0) = €(e)

[m](s,t) = £(m)

[z1(s,8) = s(2)

[=1(s,¢) £ t(z)

[£1(s,t) = F(¥v :[w]s/v)
[F1(s.t) = f(Vo: [e]t/v)
[Pl(s,t) £ p(Vv: [v]s/v)
[A1(s,t) = A(Vv: [v]s/v, [v]t/v")
[EnabledA](s.t) = Ju: [A](s.u)

(Yov:o--fo,--Jo') BT _RTOEKv % - TE
WMLbDOERT.
SEEMTHT D TLA ROEKRESDED L S
WERTS.

[ple = [p)(ov, o)

[FnabledA]ec = [EnabledA](cq.01)
[FAGle = [FloA[Flo

I[ﬂF']]a' 2 —1[[}7]0'

[OF]e = VneN: [F]o"

[3m:Flo £ 3c€eVal:[Flo
Bz:Flo = 3p,7: (ho =hp) A(p=x7)

> 1l

Seamail Vol. 12 No. 8 - 10

A[F]r

UEDEHRT o; 1I3EB o D i(0 DIED) &E
BREZEL, ¢ X o O o, I[ZH5E 5 ERFI
(On,Ong1,---) BT, 1,= HOEICXL>TER
T BN, ho i3EE) o D2 THES L -R—IKER
IRFI % B—RRBIC B L7328, 7L, ko
HRFIERVTRHRA—OREFITEOEE L L
FEBOILTHY, o=, T13EBo & 7 DR
BB (03, ) (Vi € N) 2% z IO 2 EZBRVTR
—ThHILEFRTILDTHS.
fVneN: ¢, =hde

he = { h(tlo) if hde = hd(tlo)

hdoofj(llo) otherwise

c=T=YVYneN:Vuv#z:[v]o,=[Im
DERRLZDOERICOVWTETHET .
WHERSE p BHDEBIIH L TETH D L1IZD
EBORIORIEBIZH L TETHD LT ELED
LETHD.

£EDOIER A Tk LT, #i3E FEnabledAd %, £
NRHHRETETHDLIDIXZDKRENGIZICE
HABRAEETHELEETHDLERTD. Fi
Enabled(y =z'+n)=3c:y=c+n

HETF D IIRFMREO [#IZ) (Wob always, 5
# %o & henceforth) HEFTH 5. T72bb, OF
it F ARFICH L THICETHD Z LEEKTS.
BEMICIX, ¥ o2 0F 2T L1, 7T
DneNIZKHLT o B F ZWMTZLETHSD,
DEY, o DFTNTOREN F 2\ DOTHS.
HETF O IIFRFERED N0y, AT (some-
time, eventually) JEHEFTH 3. OF iZeA TV
OMFREICRBEENLDHIELEER®TD. B
A, D n e NBFELTo™ M F 27
T, 2FD, nEETREF EZ2HETLVIHDT
H5.

O[A]; IFRRICBOTEED o7 T R TORED
RHOBMER ADHDIVE f = fEMETILEE
BT 5. ZHIER A DD BIORIEEK F £ x
ROHSBROFEZFT LV HOT, ko
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ETMIER SN R OET A TH 2T E e
LRWEWIEFBIZESIK bDTHS.

K3z PII PRI T D ¢ OEZBIRCTESH
ERDHBZELZERL ¢z 2RI 5 BRIZ .

5 ZTEMLFEH

ARERRIC B W TR M LiEH (I5EH) otk

B—FERETHD. KLMH (safety) LITBNI &
[FRLTECSBLEWVWIHETHY, OF OFD
NTRATE D, THUTH UTEE (liveness) &1
BOWIELEFOHTEIDEVWHIHETHY, OOF
HBNFEOOF OO TEHRIETE 3.
LEHITOWTIE, TICH 1,2 D ONext DFIT
Fe X DT, 01 iZEBHOTTORE (D) I
MNLTFRELRDIDITTHLING, EHOVD
DOREETOHLMT FBRILT D, 2FY, FLSHZ
BLTEILARANWIEZTTHOTHS.
kL L TEEMRET E2FE VO TIEIRRTH S.
21T LARVHIEBR 2R bILARE R 3276 T
HD. Licho TEHZAFRKICEN 2T
LRV, & ZATEMEOFIIFRFMEE T 2 @t
WTWBERLTZ LRI LU,
RKOOF BHHEHIKLTETHDHDIE, £0
EBHOTRTORE (FFEn) IKBWTOF NE
ThoHrEETHY, ZLT, AR IZBWT OF
NETHIDIZ HHFERIm>nIlTFBRETH
HLETHD. Thbb,

[OCK]le=VneN:ImeN: [F]o™T™
Vn:3m:p(n+m) ODHORIT p(i) PERIZEL
DiDEICH L TEERDZLEFRLTWS. L
TedioT, ¥BM O0F 24 LT 0EBHOD
PCERE FAELRDEILTHD. ZOZL%E
F 2 4EEE LIE LIE (infinitely often) EiZ7/25
REENS.

X OOF XN T, 2V, KFKDHHMELIE
ITEICFREICRDZEZFRL TS, X
BT

Seamail Vol. 12 No. 8- 10

[COF]c=3meN:VYneN: [F]e"tm
WETIIT, ZEBD OOF WM T Lidb s
FELTEORFRUBRIIKGEL T FREICRD Z
LTHD. ZDZE%E FRIFEAEEIZ (almost
always) HiZ/2 5728 L),

ST, fFH A IOV T OB AT (weak [airuess)
EOTDELIITERTS.

WF;(A) = O(OEnabled(A); = O(A);)
= DOﬁEnabled(A)_f Vv DO(A)f
= OOFnabled(4); = OO(A),

Ihbi, TNENABTOEDLIICNZ BT
59.

[DENEITKRY LD : A DE[TAREL M N
X AR TEITEND .

TA BERE UIXLIXETARARETH LD, HD
UWNE, A PMEREIULIELIEEITIND .

[A D3RR D & B WF s LA EAT W RE A kAT 9 auiE
ADERE UL UIZETINS .
E£7, 1FA A TOWTORA T (strong fairness)
EOEDLICERTD.

I

SFs(A) ©GO-Enabled(A); vV OO(A);

OOEnabled(A); = OO(A)

TADBZE A EBICEITREICRD D, HDHVIL,
ADPNERE U UEETENS.)

[A MEEFRE] UiX LI EITRIREIC R T A 2N ERR
ELIELIEETENS.)
UEDERICEWT, (RS (4), OB THSE Z
CIZEE LV,

REIEEF 2> = ROB| D= DIZ DX DAL
EEETS.

00—F = O0-0F = ~00F

-0OF = O-F

O(FVG)=OFVOG
OO(FVG)=00FVOOG

B 1,2 THEREH LI DO ZOFEEE K VTW
7e. LHIT WF, (Next) ZES SHRITHIEZS
20,
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6 stuttering FZEH

TLA TRER L RRRAEF2M 5 TLA i3
[Aly, HBE, (4), DRICBREATNS. Z
i stuttering FEMEZ ZE LR THD. EH)
DB Bok 2REAFR—D L E, TD2REZ
stuttering BxfE& V5. TLA ROEBITENEE
% ZEB D725 TR CIRARO A BRE O K8 28
HHVIRELTHEDL 2. ZOHEZ stut-
tering FETH D LV ). ZOREHITOEDOL
SREFITIDHDOTHS.

70 Y7 hER DGR REERRER I YO B
FQxES. TuSTA

Progl @z :=xz+1
=8

O(z=0 = Oz =1)) ()
EWil-d. £ZAT,

Prog2 :: localt;

ti=1l:iz = z+1

I (x) &7z 72V, Prog2 % Progl D¥E# L E
Z () & Progl DftAkL 729 L &, Prog2 7% (%)
B ERVOITEENEN.
T,

Progd = y:=y-—1
(=

O(y=1= Olw=0))- (1
Bt OX0WTEREEZD.

ProgA :: Progl || Prog3
DA Progd DS (x)A (1) 7T Z L 2#ifFL
7evN L, EBRX () B (1) bRV 2D
%Y, Ful 7 LS OERPEITEROLARD
—EIZR2 bRV, Z0 X 5 ZRRIRITEROAARE
FRICEE U T E L < A2v. BRREERERECAS stutter-
ing AETH D LU LDRRMFET 5. FFHEH
D stuttering AEMENEENTFTUTH S.

Seamail Vol. 12 No. 8 - 10

7 TLAIZk B

TLA I X Btk —fl 22T 5. Zhid
REL L ROIEADORERFEITEITEZF I RVRER
1$E D4T (component) D ZEIAFRUC X B 7Rk
BITHs. RIT1BEOAS (BEE) E#e, 1ED
HAOZEE e, 1BORNTEK 2 b0ET2. =
DROLERRIT ST DK TRBTE 5:

Jz. (Init AO[Next]. . A Live)

el

Init ¥ ¢ & z DHIHEE RIIREBRFE.

Next (TROEBE XA T 2/EH. ZORDFEEA
NEEEZREIEDOND Nextide = e ZFET
3.

c,x X Next DIHEXFICHND. L WH DX
O[Nezt]er e & z & ERBITROKREBE(LE
BT2MLTHS.

Live XTENEND WL, - (A4) > SI', z(A) DD
AFHRHOES THD. —MKIZ Next ITEED
ER DB IT25.

ZDFRIT L BHERRIERITIZESE D X 5 R
FEIZELIIRBESD.

(0) Fzid¥ o8y L MREL R

(1)  ROBOEEERY, TOR LML
B}, EEEIBOTORENEES.

2)  WRIEBRZ BT (BB OFIZ 2T TH
X).

(3) HEORMEICETIHS BT, Kat
LB (ATHE) 2R . AR
REE, KARIBMER, ATHOESICRS.

(4) RS DM TE 3 EBE R L.

EE ROBWEICOVWTIIRIIZERL, b T
FARIEVER RS & L CEmE k.
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8 FRIMKIEFm

BHRAFERISA L TAHE S, oE IR
T —H%EZ(ERE (2 phase handshake protocol)
DRI TH D, T—F % val ETED rdy & ack
E#RERBAODIES. EEMI2EDT —F
EREET HRNCREBMERE L 2iThide b/
AN
Rz KR$hid

c .
Sender—— Receiver

RERRITOZDI> R LD THS.

v
rdy
ack

v
rdy
ack

Send(dl) v e dl
—_— rdy —r 1
—

111111
R

(==

. ——

ELICZOREETIOED X ) 2B & L THHA
TE5.
Send(d)
00, 11| 10,01
Rev
DENTLA L LB TH 3.

SEeE— module Chan e |
CONsTANTS D, Two = {0,1}
VARIABLE ¢
TInvs = ¢ €v: D, rdy: Two, ack : Two)
}
Init = TTnv A crdy = c.ack
Send(d) £ e.rdy = c.ack
Ac = [c EXCEPT lw=d, L.rdy=1- @]
Rev £ c.rdy # c.ack
Ac = [c EXCEPT lack=1- @]
Nezt = (3d € D : Send(d)) V Rev

L

7
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Spce = Tnit A O[Next]e A WF.(Rcv)

L
THEOREM Spec = OT Tny
J
LB D [ EXCEPT ler=e1,---,le, =en | I

riICBWVWTENEND ¢ 12X LT 7.Ci % & —C“'E%
WxTxzbhizba—FERRTD. 77, Ko
ICHIRT 2@ re; ZEKRTS.

9 RITHEKEIEHR

BIRE & U THRILDBAKITH L THAR Y 72 1E
BIELHET 077 ADEREE X5 [1][3][4].
BALTHAZ VBENREITIIR Y 72 &G T
BT EITTERN.
RIEOEDOHEEETEZ B> TNS.
ROFIHE T e 77 a0nbRr 70 lEgh) &
MEIE) ODMTEZITS.

AR UBHBITHE T T ST AR F R
A &L H [fER) 2HbHE5.

KREBMBIIEE T 0 7T A~TLRKMAD [F
VW o MEW) Z2HIBES. £EZ TR T AR

DEREFETD.
(1)  AFVBERENOKIERZLIERST
Z{EHh
(2) AZVBERENOKMERLITRST
BAELE
(3)  AZ BEBRAANIES IR 7
B
(4) AFVBEfBRIOKIEZLIERST
ZEIE
KEIZCRED LB THS.
MethaneSensor
Mc
Controller—2— PumplUnit
We
WaterSensor

ZOREHEBRKE LTEREIR




Lecture Notes
®
MWP___MWP
f&
5| | ﬁ[ j x
%
MWP____MWP
f&

KOPDXFIZHEDL S REKRE L > TV :

M = Mecrit MWP=MAWAP
W = Wlow MWP=MA-WAP
P = Poff

DOENTLA IC LA LRFITHS.

= module MinePumpController e
CONSTANTS M = { &, f&}
W = {I& @&}
= { A I}
VARIABLE m,w,p, S
Mc = instance Chanwith D + M,c «m
We = instance Chanwith D « W,c + w
= instance Chanwith D « P,c+p
TInvl =se[ms: M, ws: W, ps: P]

Merit
Wilow
Poff = s.ps =W
Tinv = McTInu AWelTInd A PelIno A TInvl
Init 2 Tinv A MclInit A Wellnit A PelTnitA
Merit AWlow A Pof f
F |
MSend(d) = Mc!Send(d) A Mc!RevA
UNCHANGED (we)A
case Mcrit A Poff hd=%& —
PclSend(A)A
s' = [s BEXCEPT l.ms =d,l.ps = A]
=Poff Ad=1f& — Pc!Send(¥7)A
s' = [s EXCEPT L.ms = d, !.ps = W]

other — s’ = [s EXCEPT l.ms = d,]A

l UNCHANGED (pc) ,

WSend(d) = WelSend(d) A We!RevA
UNCIIANGED (me)A

Seamail Vol. 12 No. 8- 10

case ~Poff Ad=1& — Pc!Send(lf)A
s’ = [s xcepr Lws = d,.ps = B
—PoffAd=1K —
Poff A=Mcrit Ad= @ — Pc!Send(A)A
s’ = [s EXCEPT Lws=d,l.ps = A]
other — s’ = [s EXCEPT l.ws = d]A
UNCUANGED (pc)
PRcv = Pc!Rev

Nexl = (3d € M : MSend(d))V
(3d € W : WSend(d)) V PRev
Spec = Init A D[]\/"ez:t](mc,,,,,,,pc,,)/\

WEF,(PRev)

-

FEH

TLA ZEROMRREERICFIA T2 Z & 280
L7c2%, TLA BEOHABFEL THD. B
REEFITOVTIRTBLRICE V. EBRICFIAT S
TeDITHERERROBER, EH, £/, 5 &
AT DV T B —EIFEA L TRV, ZERFER (real-
time system) RIBE R (hybrid system) D72 D
BRI OWTHRIKRTHS. LA L, TLA (34A
& (embedded system) 72 & TRIERA - EALL
THIENWERS.

BHNRY =RV R—R Y MR EIZHDOWTITZ
DY THELRBRATEDLLEZL TS,

EEp
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