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abstract

In this paper, we propose a timed extension of the m-calculus for real-time
software development. We present a collection of translation rules that map the
syntactic constructions of a real-time object-oriented language into expressions
in a time-extended m-calculus.

A time-extended m-calculus which is an extension of the w-calculus enables
us to describe the passage of time and timeout. We introduce an action which
means waiting for given time. The passage of time is represented as special
transition which is defined by the structured operational semantics. We show
that when two processes are bisimilar including the passage of time, they
behave equivalently even if time is not considered.

We can describe the behaviors of real-time systems strictly using a time-
extended m-calculus. These descriptions enable to verify the behaviors of the
systems automatically. Translation rules convert software programs that con-
sist of real-time systems to expressions in a time-extended m-calculus. It is
possible to check the correctness of implementation by comparing the descrip-
tions of the behavior and the expressions converted from implementation. We

take a concrete description of a pacemaker for instance.
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[Mdecs](m,a,%,k) = la(n)a(m).([Mdeci)(mi,%,k) | -
| [Mdec,,](mn, T, k))
[Mded(m, 7, k) = (vg,7,77)
(m(v, 7, 1)1 (r1, ur).ag(vy). - - g {ry, wy) g {eg).g{r, 1)
| [var Y1) (yy,nil) | -« | [var Yi](y, nil)

| 9(r, D)-[S1(,r T VY, k)

043 00000000000

Boolean 0 00 BooleanOO OO #0000 [14)00 4.60 000k 0 Boolean
OO0oooooObOp000,00000000000BoolClassd Boolean
goobooooobbbooooobobbooobbuoob kOo0oon
gooooog
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vI([E)(U, 7, k) | (wr,w)(l'(v).Zx (r, u) ). D))

[X := E)(l,r,7,k) = @)
[E](,r % k) = WIE),Z, k)| '(v)])
[S1:8)(1,r 7 k) = W)([Si(,r, 7 k) | 1.[S2)(1, 7,7, k)
[wait E)(I,r, 7, k) = WI)([E], k) | '(n)tn].0)
[return E|(I, 7%, k) = @) [E](, % k) | '(v)Fv))

[if E then Sy else Sy endif](l,r,Z, %)
= (vl 1)
([EI(, 7, k)
| (wt, /) (v) (@)t f).(th | fl2))
| L[S 7, 7 R)
[ 1o [S2] (07 T, )
[while E do S done|(l,r,Z, 75)
= (vg, 0l 1)
@[ g.([EI(, 7, k)
| (vt, H)(I'(v).0(@) 7 t, f).(th | fl2))
| 1,.[S](g,, 7, )
| 15.1))
[within £ do S timeout S, done]({,r, , k)
= i l"r)
([E1(, %, k)
(). (IS 7 )
| () F(w) | 1D) + ] [Sa] (1 7. 7. F)))

044 00000000
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[true] (1,7, k) = (WUt f)(kpoa(l', t, )21 (0).1(b))
[false) (1,7, k) = WI',t, f)(Esoall'st, f).F1(0).1(b))
[nil(l,2,k) = 1
[Numeral](1,Z,k) = 1(Numeral)
[new(A)](L, 7 k) = (@) (Fall').l'(c)1{c))
[X](L3 k) = (vru)@x(ru)r@)v)
[E'm(Ey, ..., E)](, T, k)
= (Wh,hy,... hy)
([EN(h, 7, k) | [Ea] (b, 3 R) | -+ | [En](ha, T, F)
| h(v).hi(v1). - -y (v). (o, U n) (U(n). (m) mar (v, ..., U, 1, 1)
| r(v).0{v) | 1D))

45 00000000

Boolean(k)

BoolClass(k, b, by)
Bool, (b, k)

BoolBody (b, n)
BoolVal;(n,)
BoolVal(n,)

BoolNot(ng, nq, k)
BoolAnd(ng, ny, k)

(vby, by)(BoolClass(k, by, by) | Booly(by, k)
| Booly(by, k)
(Lt £).(E3GB) | £T0))
(vn)(! BoolBody(b, ) | ! BoolVal,(ny)
| ' BoolNot(ng, nq, k) | ! BoolAnd(ng, ni, k))
b(n').(n (¢, f) Tt ) | ns(1)7a(l) | na(V,0)75(0' 1))

= ny(t, f)t
= nl(tmf)'f
= no(l) (L, ). (Rt ). | fE(LE, £)T)
= ng(V, ).t f).(fRE F)F
|tV ()l (&, f).(E Kt f)

O 4.6: BooleanOOOO nO0O0O0O
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PaceMaker

start()

Sensor Manager Generator

setManager(m) setGenerator(g) fire()
pulse() setinterval(i)

pulse()
run()

gsl:0000000o0oodad
5.2.1 00000

gobobboobboouogobtooobooboboooboobobuoooo
0000000000 «-~0D0000O0DO0DODOO

O000000obooogs1000b0000bobobod PaceMader OO0
OO0000000000PaceMakerUO0DOOOOO Sensor0O000onogn
O000000 Generator 000000000 DO0OOOOOOOODOODOODO
U000 Manager 0O O 0O0O0ODOD0O0O0OO0OO0OODOOO0OODOOOODOO
goobogobuooboobooooboobbobobobbuoobuoobuoooo
goobooooboboboooobobbooooboboboooooboooo

O0000 000000000 b20000Sensor0 00000000
O0000ddd ManagerOOOOOOOOOOO pulsed OO O Manager
O0000 me 0000000 ManagerOO0ODOO0OO0O0OO0O Sensord0
OO0O0O000O0OSensor 0000000 OO0ODOO0ODOODDOODODOO
O000000000n0O0 Sensor 00000000 0OOO0ODOOOOOO
Ooodoooogoobooooboodoooodgd nm, 000000000

gbboddmobbooobobobboodgbobboogbbboogd



s «~O0O000D0O0O0 29

PaceMaker =

Manager

Sensor

Generator =

Manager | Sensor | Generator
ms.Manager + t[n].m,.t[m].Manager
'pulse.my

I'my. fire

U s2.0000000000ad

Generator 0 Manager D00 O0D0O0O0O0O0ODOO0ODOOOOODOO0OODOO

Oo00oDbOooooD fee00000000O0ODODOOOB20000000

goobbogobbogss3tngunboougobouoogobooobon

gbobogdgboboboooobn

OO000D0000000b0go0dn=2m=1000000 fire00O0O

OooboOoboooooboboboooboobD frreb0000ODODODOO

gboooog

pulse
PaceMaker —

,
—

Manager | my | Sensor | Generator
Manager | Sensor | Generator
ms.Manager + t[1].7,.t[1]. Manager

| Sensor | Generator

ms.Manager + t[0].7,.t[1]. M anager

| Sensor | Generator

my.t[1].Manager | Sensor | Generator
t[1].Manager | Sensor | fire | Generator
t[1].Manager | Sensor | Generator

Manager | Sensor | Generator
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PaceMaker N

E pulse/ms
( Manager \ E

.....................

| Sensor | | Manager | |Generator|

pulse

a
b-a<=
{b-a<=n} b pulse
{c-b>n}

c

fire

053 000000000000000000O00O00DO0

n=20000000000200000000000000000000¢0
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O0000000000000000 (051)00000 (052)00000
OO0b0000booooboooobooboooooD OOLgrOooonon
obooobbooobboobbos40bbbOo0nbbOOU Manager
oo rn0000000whileOOOOOOOOOOoOOOOOO
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UO0o0oobodbdpulsedd000gnoooobooboogobooooon

gbobobooggbbbidwaitD0OO0OOOoooo

5.23 ~UUOoooboon

05400000000 420430440450000000 000000
000000 (00 A)O

gbogoboobogbbooboobbboobuoobobooboaon
gbobooboboodoon

[y, 7, %, k)
| (' (v) () | I".T) + ¢[1000].[gen! fire(); wait 250](, r, %, k))

| (vg)(mpuse(nil, v, 1).g(r, 1) | g(r,1).[manager!pulse()](l,r,, %))

500

Mpulse
—_—

S A [
| (('(v).7(v) | I'.1) + t[1000].[gen! fire(); wait 250](L, r, T, E))

| (vg)(mpuise(nil, 7, 1).g(r, 1) | g(r,1).[manager!pulse()](l,r,Z, %))

1000 410] Tgen! fire(); wait 250](1, r, 7, k)

| (vg)(mpuse(nil, v, 1).g(r, 1) | g(r,1).[manager!pulse()](l,r,z, E))

Mfire
e
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1: program PaceMaker is 30: within n do

2 31: while b do nil done;
3: class PaceMaker is 32: b := true

4 var m, s, g 33: timeout

5: 34: gen!fire();

6 method start() is 35: wait 250

7 m := new(Manager); 36: done

8 s := new(Sensor); 37: done

9: g := new(Generator); 38:

10: s!setManager (m) ; 39:

11: m!setGenerator(g); 40: class Sensor is

12: m!setInterval (1000) ; 41: var manager

13: m!run() 42:

14: 43: method setManager(m) is
15: 44: manager :=m

16: class Manager is 45:

17: var gen, b, n 46: method pulse() is

18: 47: manager !pulse ()

19:  method setGenerator(g) is  48:
20: gen = g 49:
21: 50: class Generator is
22: method setInterval(i) is 51: method fire() is
23: n:=1i 52: // 000000
24: 53: nil
25: method pulse() is 54:
26: b := false 55:
27: 56: with
28: method run() is 57: new(PaceMaker) !start ()
29: while true do

Us4 0000000000
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250
A N [y

| (' (v) () | I".T) + ¢[1000].[gen! fire(); wait 250](, r, %, k))

| (vg)(mpuse(nil, v, 1).g(r, 1) | g(r,1).[manager!pulse()](l,r,, %))

goaosoobooobooooodoodood myue UO0ODOO0OO00O000O00O
oboobobooboobbobbolcootoboobuooboobooboob
mp, HOO0O00000000000000000000000000000
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P = (Vkp,km, ks, ka, kpoot)
[PaceMaker](k) | [Manager](k) | [Sensor] (k) | ﬂGeniratorﬂ (k)
| Boolean(kpoor) | (1) [new(PaceMaker)!start()](l, nil, k))

[PaceMaker](k)
= (wva)(kp().l{a).(VTm, Ts, Ty, Tthis, Mstart)
([var X](@m, nil) | [var X](zs, nil) | [var X](zg4, nil) | [var X](z¢nis, nil)
| La(n).n(msiare) - [Mdecsiart] (Mstart, T, E)))
[[Mdecstart]](mstart 5 E)
= (vg)(mstare(nil,r, 1).G(r, 1) | g(r,1).[Bodystare] (I, 7, %, k))
[Bodystart] (L, 7, T, k)
= (W)([m := new(Manager)](l1,r, %, k)
| 11.[s := new(Sensor)](ly, r, Z, k)
| Iy.[g := new(Generator)](Is, r, %, k)
| 15.[s!set Manager(m)](ls, 7, %, k)
| Iy.[m!setGenerator(9)](Is, 7, %, k)
| Is.[m!setInterval(1000)] (s, r, 7, k)
| Ig.[mlrun()] (1,7, %, k))
[m := new(Manager)](l,r,z, k)
= I')([new(Manager)|(l',Z. k) | (vr,
[new(Manager)] (1,7, k) = (1) (kar (I').1' (¢
[s := new(Sensor)|(l,r, Z, k)
= (l/l')([[new(Sensor)]](l',i,E) | (vr, w)(I'(v).75 (r, u).T@(v).1))

w) (' (v). T (ry w) A (w) 1))
).1{c))
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[new(Sensor)|(l, Z, k) = (') (ks (I').l'(¢).1{c))
[g := new(Generator)|(l,r, T, k)
= (vl )([[new(Genemtor)]](’ T, k) | (wr,u)(l' (v).2(r, u).7(v).1))
[new(Generator)| (1, %, k) = (vl (ka(').l'(c).1{c))
[slset Manager(m)](l,r, %, k) = (') ([s'set Manager(m)](I', %, k) | I'(v).])
[s'set Manager(m)](l, %, k)
= (h,h1,g0)([s)(h, 7, k) | gr.[m](hn, F, k)
| B(0) g1 (01). (o7, ) (B 0)n() g (o, U | ()T} | 1)
[m!setGenerator(g)](L, 7, %, k)
= (l)([m!setGenerator(g)|(I', Z, k) | I'(v).])
[m!setGenerator(g)](1, %, k)
= (vh,ha,g0)([m](h, %, k) | g1.[9](h, 7, F)
| h(v).g1.h1(v1).(vr, U, n) (T{n).n(m) Msea (v1, 7, 1) | r(v).l(v) | I'.1))
[m!setInterval(1000)](,r, %, k)
= (wl')([m!setInterval(1000)](I',Z, k) | I'(v).])
[m!setInterval(1000)] (1, %, k)

= (vh,hy, g1)([m](h, T, k) [1000](hq, Z, k)

| g1.[1
| B(v).g1-ha(v1).(wr, U n) (@) n(m) Miser (o1, 7, 1) | 7(v).2(v) | 1))
[m] (L, k) = (vr, w) (@ (r, u).r(v).1(v))
[sD(L, &, k) = (vr, w)(@(r, u).r(v).1(v))
[9)(1, %, k) = (vr, u)(@g (r, u).r(v).1(v))

[1000](1, %, k) = 1{1000)

[Manager] (k) )
= l(wa)(kam().l{a).(VZgen, Tb, Tn, Tihis, MsetGs MsetTs Mpulses Mrun)
([var X](zgen, nil) | [var X](xp, nil) | [var X](zy, nil) | [var X](z¢nes, nil)
| Ya(n).a(m).([Mdecsera] (mserc, T, k) | [Mdecaerr](maseir, %, k)
| [Mdecpuse] (Mpuise, & k) | [Mdecrun](Mrun, T, ))))
[Mdecserc] (mseia T k)
= (V9,Yg:7g, Ug) (Mseri (v, 7,1) Yg(rg, tg) Ug(v).g(r, 1) | [var X](yg, nil)
| g(r,1).[gen == g](1,r, T U, k)
[gen := g](l,r, 2 Uy, E)
= W) ([g](.FUT, k) | (wr,u)(l!(v) Tgen (r, u) (v).D))
[o] (1 FU T, k) = (vr, u)(Tg(r, u).r(v).1(v))
[Mdecaerr](Maerr T, k)
= (vg,Yi, i, Ui) (Mserr (v, 7, 1) 77 (i, ug) a (0).g(r, 1) | [var X](ys, nil)
| g(r,0).[n == i](I,7, T UG, k)
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[n:=il(l,r, EUG k) = W) ([, FUTR) | (wr,u) (' (0)- T (r, u).a(v) 1))
[(LFUg, k) = (wr, u)(Filr, u).r(v)d 1(v))
[Mdecpuise] (Mpuise, T, k)
= (vg)(mpuise(v,r,1).9(r, 1) | g(r, l) [b:= false] (i, r,
[b:= false]](l,r,x,k) (vl")([false] (I, 7, k)| (wr,u)(l'(v
[Mdecyun] (Mpun, 7, k)
= (0g)(ran(nilr, 0505, 1) | 9, 1. [Bodyrunl (1,7, 7, 7))
[Bodyrun] (1,1, T, k)
— (gl a)(@ | g (Teruel (U3, F) | (wt, £ (o) B )T | £15))
| 1y Jwithin] (1,7, %, k).g | l2.]))
[within] (1,7, %, k)
= W) (], 7 k) |1 () (IS0 7 &, )
| (7 ()7 () | 1) + t[n].[gen! fire(); wait 250 (1, 7,7, k))))
[n](1, 7, k) = (r, u) (T (r, u).r(v).1(v))
[S:](, 7,7, k) ) )
= (wl')([while b do nil done] (!, 7,2, k) | I'.[b := true](l,r, T, k))
[while b do nil done](l,r, 7, k)
= (vg,l, 1, 1)@ | g-([B)(W, 7 k) | (wt, ) (v).0@) 7T, £)- (40 | £12))
| 1. [nill (g, 7, 7, k) | 12.0))
b1, z, E) = (vr,u)(Tp(r, u).r(v).l{(v))
[b:= true] (I, r, 7, k) = (1) ([true] (I', 7, k) | (v, u)(l' (v).75(r, u). @ (v).1))
[gen!fire();wait 250] (I, r, T, E)
= W) ([gen!fire())(U',r, 7, k) | I'.[wait 250](l,r, %, k))
[gen! fireO] (1, % k) = (') ([gen! fireO] (1, %, k) | I'(v).1)
[gen!fire()](, 2, k)
= (vh)([gen](h, @, k) | h(v).(ur,1',n)(@(n).n (i) Mgie (r, ) | 7(v)0(v) | 1.1))
[wait 250] (1, 7, %, k) = (w1')([250](1', %, k) | U'(n).t[n].D)
[250] (1, %, k) = 1(250)

%))
)75 (r, u).1(v).0))

[y ==

[Sensor](k)
= (va)(ks().l{a).(VTman, Msetrr, Mpuise) ([var X (@man, nil)
| Va(n). (). ([Mdecsein] (mseent, T k) | [Mdecpuise] (Mpuise, T k))))
[Mdecseint] (mseinr, T, k)
= VG, Ym, Tms Wm) (Msetrr (U, 7, 1) G Ty ) T (0).G (1, 1) | [var X (Ym, nil)
| g(r,1).[manager := m](,r,z Uy, E))
[manager .= m](l,r,Z U7, %)
= @[ FUFE) | (o, 0) (') T, ) (o) 1)

42
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[m](,zUg, k) = (vr, ) (@ (r, w)7(0) 1))
[[Mdecpulse]] (mpulsea %7 k)
= (vg)(mpuse(nil,r,1).g(r, 1) | g(r,1).[managerpulse()](,

- 1%, k))
[manager!pulse()](l, 7,7, k) = (vI')([manager!pulse )](I',z, k) | I

(v).0)
[manageripulse()](l, z, k)
= (vh)([manager](h, %, k) | h(v).(vr, I, n)(@(n).n(m). Mpuse (r, ')
| 7(v).L{v) | I'.1))

[manager] (1,7, k) = (vr, u)(Tman (1, u).r(v).1{v))

[Generator] (k)

= (wa)(kc()l{a).(vmpire) (' a(n) A(mpire). [Mdecsire] (Mpire, T, k)
[Mdecsive] (M pire, T, k)

= (wg)(mpire(nil,r, 1).g(r, 1) | g(r,).[nil] (1, , %, k))

[new(PaceM aker)!start()](l, nil, k)
= (vh)([rew(PaceMaker)](h,nil, k) | h(v).(vr, 1, n)(@(n).n(m) Msgare(r. ')
| 7(v).01{v) | 1'.D)) ~
[new(PaceMaker)| (L, z, k) = (Wl')(kp({l').l'(c).l{c))



