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A Formal Description of a Real-Time Object-Oriented Language

by the w-Calculus with Time

HIROAKI KUWABARA,! SHOJI YUEN®t and KIYOSHI AGUSA*

In this paper, we aim at providing a foundational framework of the object- oriented tech-
nique for system development with timing constraints. We formalize timed behavior of objects
via the behavior of m-calculus extended with time. It is common to model a real-time system
by composing concurrent objects with timing constraints. To capture the features of real-time
objects, we define a simple programming language OOL g7 to give the operational semantics
by translating a program of OOLg7 into a term of our timed m-calculus. By this transla-
tion, we obtain an abstract behavioral model for real-time objects to analyze and verify the

behavioral properties of real-time systems.
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Fig.1 The transition rules.
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Pdec ::= program P is Cdec, . .
with E
Cdec ::= class A is Vdecs, Mdecs
Mdecs ::= Mdecs, ..., Mdecn,
Mdec ::= method M(X1,...,X;)is S
Vdecs ::=var X1,..., Xk
Su=FE|X:=FE|51;5
wait

., Cdecy,

\
| return E
| if E then S; else S2 endif
| while E do S done
| within E do S1 timeout S> done
E ::= X | true | false | nil

| Numeral

| new(A)

| EIM(E,..., E)

03 OOLgr 00O
Fig.3 The syntax of OOLgy.
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[Pdec] = (vk)([Cdeci](k) | - | [Cdecn](k) | Boolean(kpoo) | (v1)[E](, nil, k))
[Cdec](k) = ! (va)(k(1).1{a).(vE, m)([Vdecs](Z,EU {a}) | [Mdecs] (i, a, E, k)))
[Vdecs](z,¢) = [var X1](z1,c1) | -+ | [var Xi](zk, ck)
[var X](z, ¢) = (v1)(z(r, w).(F{e).I(c) | u(c).I(c)) | 1i(e).a(r,w).(F(c).l(c) | u(c').I(c)))

04 ODO00D00OO0OO0ODOODOOOOODOOOO nOOOO0ODOOOOO
Fig.4 Translation rules for Pdec, C'dec and Vdecs.

[Mdecs] (i, a, T, k) = a(n).m(m).([Mdeci | (m1, %, k) | - | [Mdecm](mn,F, k)
[Mdec](m, F, k) = (vg, T, 7, @)
(m(D,t,0). g1 (r1, u1).wi{v). - - Gr{re, w)wfe).g(t, )
| [var X1](ya,nil) | -+ | [var XuD(ye,nil) | g(¢,0).[ST( ¢, F U T, k)

05 0000000DODD »0000D0DOOOOO
Fig.5 Translation rules for Mdecs.

June 2004

004000000 kO00D00D0OO0DOODOO

000000000 e0O0O0DODOODCDOOO

000 1000000000000000000
Oooooooooa
[Cdec] (k)

k(1) - - ~

— (va) ({a).(vz,m) () | [Cdec] (k)

8 (g, m) () | [Cdec](B)

kO0O0O0O0OO00OOO0ODOOOOOOOOOOO0ODO
goooooooooooocoooooo oo
goooobobooobobooboo0ob eO0O00OOa
goooooooOoO0DObOO0o000ey0DOOODO
oooooooboboobooooobooooboooboo
z00000000000000mO0O0O00OO0
0000000c00000000000000
bodouoobooooooooooooooboo
O thisOOOOOO

0000 VdeesOOODO - ODOOODOOOOOO

0040000z000000000000¢O
gobooooooboooboooooooboonon
oobooooobDOo0ooooDD 0000 2
oooo r0.000000000D0000 rO
gooooOooO0o0o0oooooooogd « O
gbobooooooooodo

000000 MdeesOOO MdecODODOO « O

gooobooboobOoodo sooooooooao
goooooooooooooooobooobooDbo
O0000O00o0ooo0oooong [CdeOO
ooooooooobooob «00O000oo0ooo
gobooooboooooooooooo

[Mdecs](m,a,z, E)

= wm).([Mdeed (ma, @, k) | - )
| [Mdecs](m,a,z, k)

= ([Mdeer] (ma, 3k) | o)
| [Mdecs](m,a,z, k)

o00O00000O0O0C0OOO0OODOOOOCOO
oooooooooooooobooboooooo
oobOoooooobooooooooono m
000000000000 000 v000000
00000000 00000000y 00000
000000000r00000000000 0w
goooooooooboboooooooboooboo
mO00O000000000 r0 reurn00000O0
goboooooooooo

Oo0oo0 SOoo000 ~nO0O0OO0DOOOODOOO
[S](,r,7,k 00 6000010000000
ooooboooOrd recurn0O00000OO0OOO
000070000000k 000000000
gooooboooboooooobooDo
[wait E] 00 E0DODOO0OOOOOOOODOO
goooooooooooobooonoooooEeEOd
00000000000 000000000
goboooboobobocooooooooooon
[within E do Sy timeout Sz done] DO OO0 E
0000000o0oOooooooo!"ooooo
goooooooo s,0000000000DO0
gboooobooboobooooooooooo
goooooooooogooo sso000oooo
goooopogo Ss;oopooooood



Vol. 45 No. 6 0000 ~rO0O0CO0OOO0O0OODOOOOOOOOOODOOOOOOO0 1503

[X := El(I,r, & k) = (V) ([E](V, &, k) | (vr,w)(l' (v) Tx (7, u) 0@(v).D))
[E)( 7, & k) = () ([B]W, & k) | ' (v).0)
[S1; S2](1, r, &, k) = W' )([S1] (s, &, B) | 1. [S2] (1, r, &, k)
[wait E[(1,r, %, k) = (W )[E]W, Z, k) | I'(n).t[n].T)
[return E](L,r, %, k) = (W) ([E](, & k) | I'(v).7(v).1)
[if E then Sy else Sy endif(l, 7, &, k) = (v, 11, l2)

(IEY(, &, R) | (wt, f,7) (1 () B(@R) At .60 | f12))
| 1. 1810, 7, &, k) | 12.[S2] (1, 7, T, K))
[while E do S done](l,r, %, k) = (vg,l’, 11, 12)
@ | '9-([E](, %, k)
| (vt, f, 7)1 (0) 0(@). 7Lt )00 | fl2))
| 11.[S)(g, 7 7, k) | 12.]))
[within E do S; timeout Sz done](l,7, %, k) = (v, 1", ")
([E10", . k)
RACOR(EN (GRS
| (7' ()7 () | 1.0) + t[n].7.[S2] (1, 7, 7, F))))

06 U000O0ODOO ~DOO00OO0OOOCOOOO
Fig.6 Translation rules for statements.

[truel (1, @, k) = (Wl t, £)(Foot (', t, £).T.1' (b).1{b))

[false (1, %, k) = (vl t, £)(kBoot (U's t, £).F.U'(6).1(b))
i, 7, k) =1

[Numeral](l, %, k) = [(Numeral)
Inew(A))(1, 7, F) = (1) (Fa (') ()1(e))
[X](, 7, k) = (vr,w)(@x (r, u).r(v).1(v))
[E'm(E1, ..., B, %, k) = (wh, ha, ..., ha)
(IEY(h, &, k) | [Ba](h1, @, K) | - | [Bnl(hn, . K)

| h(v).hi(v1). - b (vn).(wr, U, n) (T(0) (W) TR (V1 o s Vny 7y 1)

| (r(v).I{v) + U".1)))
07 0000000 ~0O00OO0O0O0OCOOO
Fig.7 Translation rules for expressions.

Boolean(k) = (vbs, by)(BoolClass(k, bt, by) | Booly(bs, k) | Bools (b, k))
BoolClass(k, by, bs) = k(L t, f).(t.1(bs) | f.1{bs))
Bool, (b, k) = (v7)(! BoolBody(b, @) | ! BoolVal, (n1)
| ! BoolNot(ng2,n1, k) | ! BoolAnd(ns,n1, k))
BoolBody (b, 1) = b(n).(n} (¢, f)A(t, f) | ns (1) Az(l) | ni', 1) Az, 1))
BoolVal;(n1) = ni (¢, f).%
BoolValf(n1) = ni(t, f).f
BoolNot(ng, n1, k) = (vt, f) (n2(1).x(t, f)-(¢k( ¢, f)F | fR(E )F))
BoolAnd(ns, n1, k) = (vt, f) (n3(d’, )70 (t, f).(fk{,t, f).f
| et £1) (O () () (Rt )T | SRt ) T)

0 8 Boolean 0000000 mO0O0OO0O0O0ODOODOO
Fig.8 Translation rules for Boolean class.
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4. O 0O O

oooboooooooboooobobobooobDbo
OOLrr 0000000000 90000start O
000000000000 00oo0O0ooog fireO
O00ooooOooooooo fire000O0OOO

1: program P is

2

3 class Timer is

4 method start() is
5: while true do
6 wait 10;

7 this!fire()
8 done

9:

10: method fire() is
11:

12:

13: with

14: new(Timer) !start ()
09 OOoobooboood
Fig.9 A program of timer.
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P = (VkTimers kBool)

([Timer] (k) | Boolean(kpoor) | (v1) [new(Timer)!start()](L, nil, k))

[Timer](k) = !(va) (krimer ()@Y (UTihis, Mstart, Mire)

1505

[var Xipnis](z,c) =

(Ivar X¢nss](znis, a)
| (ta(n).7(m).([Mdecstare] (Mstart, T k)
| [Mdecyire] (mfire, % F)))))

(WD) (@(r, u).(7(e).I{c) | u(c).I(c"))

| 11(e).a(r,w).(Fe).I(e) | u(c).I('))

[Mdecsiart](m, %
k

T
[Bodystare(l, 7, %, k) = (vg, ', 11,12)

k) = (vg) (m(r,0).g(r, 1) | g(r,1).[Bodystare] (L, 7, T, k)

@ | 'g-([true] (', 7, k)
| (wt, ) (1 (0) R TG, -7 | £T3)
| 1y .[wait 10; this!fire()](g,r, %, k)

| 12.1))
[wait 10; this!fireO](l,r, T, k) =
[wait 10](l,r, T, k) =
[101(t, %, k) = i(10)
[this! fireO(,r, &, k) =
[this! fireQ(L, %, k) =

[this](L, %, k) =
[Mdecyire](m, Z, k) =
z,k

[new(T'imer)!start()] (I,

') ([wait 10](t', v, T, k) | U'.[this! fireO](l,r, T, k)
@) ([10)(1', 7, k) | ' (n).t[n].)

Wl') ([this! fireO1(, &%) | ' (v).D)
(wh) ([this] (h, 7, F)
| h(w).(ur, 1, n) @(n) (@) Agae(r.1') | r(v)1(v) | 11))
(wr,w) @ (r, w) r (0) 1(v))
(wg) (m(r,0).(r.0) | g(r,).[Body},, J(L,r, 7, k)
) = (wh) (Inew(Timer)] (h, &, F)

| h(v).(wr, ', n) (B(n) (). msrare(r, U) | 7(v).(v) | 1))

[new(Timer)](l, %, k)

= (Vl/) (ETimer (l/>‘l/ (c) Z(c})

010 0000000000 »0ODOODOO
Fig. 10 m-calculus expressions of a timer program.

(1) (1) (7¢10) | 1" (n).t[n].T7) | 1
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