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Performance Analysis Method of Soft Real-time Systems

Using Timed Automata

SATOSHI YAMANEt

Generally, hard real-time systems have been specified using timed automata, and moreover
recently, the verification method of schedulability of real-time operating systems using timed
automata have been developed. On the other hand, as soft real-time systems such as dis-
tributed systems and multimedia systems have been increasing, it is important to design soft
real-time systems. Especially, performance analysis methods are important for soft real-time
systems. In this paper, we develope the performance analysis method of soft real-time systems
by extending the verification method of schedulability of hard real-time systems using utility

functions.
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Fig.1 Utility functions of real-time systems.

000000000000000000000000
00000000000 P(Dp,Cp,up(tp)) 00O
000000000000C, 000000D0ODe
O0000000we(tp) 0000 POOOOOODO
00000000 ¢tp 00000 vp 0000000
O0Dp0 Cp,O00000000O0O0O0OOOCH(P)
0 Dp(P) 0000 POOODOOOOOOOOOO
ooooo
[
00000000000000000000O0
Definition20 0 0 0O
00oo0ooooo
(1) AtD0O00D0000O00O0OOOO00O00
000000000000000000000
00000 Act = {a,b,c,...} 0000
(2) cOO0DO0OOOOOOOOOOOOOOOOO
00C ={z1,z2,23,...; DOO0O
(3) B(C)ODDOOOOOO ¢OO0000O0O00O0O00
00 g0 2;~d; 000 zj—2x; ~d;; OOODO
00000000z, z; € CO~E {<, <, >, >0
di0d; 00000000000
[
00000000000000000000000
00000000000viooooooo®»9ooo
000000000000000000000000
000000000000000000000000
000000000000000000000000
0O00o00O00o0o0Oon
Definition30 000000000000
000000000 A = (N,l,E,I,M)0 500
0O00o0o0oOo0ooooo

AR MR
a a a a a a
RN
20 20 20 20 20
(a) JAWIHY 2 A7 DA 2 FDOFAE (b) JE WE & A &7 o> Rk 5]
(1) JEey s =2

PRt o T = 2
a b a b a b Q1(5,20, Y~
‘ ‘ ‘ ‘ ‘ . Vai (ta1))
] x=20 -

() FEHHN 2 227 DA Rk DFEAE (b) FEJAII 2 A 2 D FEE )
(2) FEEMpy» 27

x=10
a
x:=0

S

a a a a a a a a a \
AR P

a
PERN PRI S x:=0
10 10 10 10 1010

(@ BIEHIH X7 DA > FDOFEAE (b) 1IERY & 2 7 DFLRB]
(3) BIEMZ A2

02 0000000000000000

Fig.2 Example of specification of tasks using timed

automata.
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Fig.3 Examples of periodic tasks, aperiodic tasks,
sporadic tasks.

O0000000oooOooooooooooood
o0o0ooooooogd

0000ooooooooooooooo
Example20 00000000
03000oooooooooooooopPA, 0 RO
OO 20000 100000000000@:10 Q20
O000O000oooooooooooog ma OO
00 @ 0000oolooooooonog @ 000
00000 n, 000O0O0OODODDOO n, OOOO
P O000O00O20000000000D0000OO
oodd 000000 00C0O00O0OOoooio
00000000 ae O0O00ODOOODO ne0O0OO
J000d0d0dd ne 0000 PRRODOODOOI00O0O
ooooogogo

oo0ooooooooooo

(1) ODOOSchO EDFOOODO

(m1 e =0, [Q1(1,2,v6, ()
—sen (ma, [z =1],[Q1(0,1,ve, (1)])
= (ma, [z =1],[])

[
—osen (ma, [z = 10], )
sen (na, [z = 0], [P1(4,20,vp, (0)])
ssen (na, [z = 4], [P1(0, 16, vp, (4)])
= (n1, [z =4, [])
isch (77,1, [SL‘ = 20]7 H)
—>Sch (77,1, [SL‘ = 0}7[ ( 20,vp, (0)])
HSch (n1, [z = 2], [P1(2, 18, vp, (2)])
—>Sch (me, [z = 0], [Q2(5, 10, v0,(0)),
Pi(2,18,vp,(2)])
S ssen (ma, [z = 5], [Q2(0,5,v0,(5)),
Pi(2,18,vp,(7)])
= (ma, [z = 5], [P1(2,18,vp, (T)])
2 sen (ma, [z = 17],[P1(0,16,vp, (9)])

Nov. 2005

(2) O000Sch O FCFSOOOO
(ma, [z = 01, [Q1(1,2,vg, (0)])
—sen (ma, [z = 11, [@1(0,1,vg, (1))
= (ma, [z =1],))
sen (ma, [z =10, )

—Lgen (n1, [z = 4], [P1(0,16,vp, (4)])
= (nlv[x:4]7[)
ii&hmhuzzmn>

[
]
e (n1, [z = 0], [P1(4,20,vp, (0)])
(
]

—’Sch (’I’Ll, [x = O}, [P1(4, 20,1)}91 (0)])
—>Sch (n1, [z = 2], [P1(2,18,vp, (2)])
—’Sch (’IT'LQ [xZO],[P1(2,18,’UP1(2),

Q2(5,10, v, (0
i>sch (ma, [z = 2], [Py
Q2(5,10,ve,(2)))
= (m27 [JZ = 2] [ (5 10, vg, (2))])
i>Sch (ma, [m = 7]7 [Q2 (0,5,vq, (7))])
= (m2, [z =17],[])

)

)
(0,16, vp, (4)],

3. DOOOoooooo

00000000000000000000000
0000000000000000000200200Yi
000000000000000000000000
00O0000000000000000000000
000000000000000000000000
0000000000000000000000%90
000000YioOOoOoOOoOOoOoO0Ooo0o0oooo
000000000000000000000000
000000000000000000000000
YioOOOOOOO0OOooo0oO00ooo0o0ooo0o
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000 00000000000000
000000000000000000000%0

00000000000000000000000
000000000000000000000000



Vol. 46 No. 11

goobooooboobobobooboboobooobooo
gobo0oboboooboobooobooboobooo
00000000 (lo,ueg) 0000000D0D
0000 (k,ukqy) 0000000000000DO
0000 000000000000 (b, ue, qe) O
Jo0o0odbO0o00oobOOooobOooooobooo
goooooooo
gogobobbooboobooboobooboo
goo
Definition60 00000000000 OOO0O
goboooobobobobooboobooboooo
ogoo
w:(lo,uo,qo)t—0>...
ogood
W:(ZO,UO,QO)t—U)---E’(l:U7Q)
oooooooooooooooo (Luw,g) OODOO
oopobooooo

9i—1,04—1,Ti—1
—

(l,u,q)

[
00000000000000000000000
000000
Definition70 0000000
000000000000000000000000
000 (g,ur,q) 0000000000 O0DOODO
000000000000000000000000
000000000000000000000000
000000 (lo,u,q) 00O0O0DOO0OOOOODO
00 (kuk,ge) 00000000000 ODOOODO
0000000000000000000¢: 0000
0000000000000000000 (Ik, uk, qk)
00000000000000000000000
0000k ur,q)(k = 0,1,2,...,ks) 00O
OOgx = [P "(cp,®,dp, ", vp, (tp,¥)), ..., Puf(cp, ",
dp,*,vp, (tp,*))] D0 0DOO0ODOO0ODOO0O
0oo0oooo0o00
0000k 0000000000000 00O0nO
00 (kuk,ge) 00000000000 OD0OODO
000000000D00000000000000
nonZeno 0000000 O0OO
(1) 000000000000000000000
0000000 (Ik,uk,q) 000000000
00o0ooo0oooooon
(a) tp,">Tp, 0000
00000000000000 (I, uk,
@) 0000000000000000
ooooo
O0O00tp,* 0000 RO0OOOD

oooooooooooboooOooooooooOoboooooooooo 2669

0000000000Tp, O P O0OO
0o00O000O000000000Oo0
oooo
(b) tp,*<Tp, 000D
000000000000000000

v 0000D0e¢® = 0000000
vp, (tp,®) 000 (I, us,q) D000
0000000000000
n
vai (tpik)
=1
(2) 0DOOOOOOODOOOOOOODOODOO
0 Y, v(te,¥) 000000000000
00000000000 0000000000
o0oo
[ |
00000000000000000000000
00D000000000D0000000000000
0000000000000000000000000
00000000000D00D00000000000
0000000000000000000000'Y0
0000000000 00000000000000
00000000000 00D0O0O0O®»Y0000
00000000000000Yioooooooo
0000000000000 00000000000
0000000000000000D00
Theorem1O0 000000
0D00000000000D00000000000
ooooDOoooooo
Proofl 00000000 D0O0OOOOOODO
0D000000000D00D00000000 1700
00000000000 00000000O0®Y900
000000000000000000000000
00000000 000000000000000
oooooo®90000000000000000
0000000000000 00000000000
[ |

4. DO0OO0OOO0OO0O0OO

goboocoooooooooboooooboooo

4.1 0O00OO0O0OO0OOOCOOOOOOOCOO

000000000000 00O00ODefinition5 0
000000000000 0000000D000Def-
inition7 000000000000 COOOODOO
gooobooboooboooobooboboobobooo



2670

goboooobooobooboboobooobooo
gobooobOooboboboboboobooobooo
0000000 0DBMsO Difference Bounds Matri-
ces?YP3) 0D OODODOOODBMs 0OOOOODO
go0obo0ooo0ooOooOoooDoobooobooooo
00000oO0obO0oooooDobDooooOooOoooo
Ooo0obBMsOOOOOO
Definition80 DBMs 0 00 O

R*" 0 DBMsOOOOOOO #1,...,2, 0000
(n+1)x (n+1)000 DODOOOOO ¢0O
oooooo D ODODOOD 2z, DOOODOO
0ob0o Dy, 0000000 2, 0000DODODOOO
OO0z O OOODODODOOOOODODOOOOOO
(0; 0000000 D;; 0000000 ;0 z; O
go0oo0oboOooooobOoobooboobooo
000000zxz<20 x<200000000000
00o00D000O00bOoooboooooobooo
Zx{<,<}U{cc} 000000000000000
UddlDccO00oooobobbbooooobo
(,<)0 <c000D0000 (¢,<)0 <cOO0DO
000000 <z1 <2)A(0 < z2 < )A(z1—22 > 0)
000DO0ooOooOoDbBMsOOODOODO

oo (0,5) (0,<)
(2,<) 00 00
(1,<) (0,<) 00

|
O0ODBMsODOODOODOODOO Floyd-Warshall
gooooboooooooooooooooooooon
ooooood
OO0OODBMsOOOOOODODDO
Definition90 DBMs OO OO
ooboooooooooooooboo
(1) 000 CF(D)O
DBMs D OO0OO0OO0OOO0O0OOOO0DOOODO
(2) 00O Conjunction(D, D0
DBMs D 0O Dr O00O0OOODBMs OO
Conjunction(D,Dr) 0000000000
Ooo0 DBMs DrO0OQon
Vi,j 00000 Din = min{Dij, Dijr}
0000min{Dy;,Ds;t 00D O i5-000
D0 j-0000000000C00 DBMsO
oono
(3) 000000 Time-Sccessor(D)O
o000 DBMsDOOOOOOOOODODOO
goooobooooboooooooboboooooo

goooooooo

Nov. 2005

100000z —20 <dio 000 z;—x0 < dio

oooood

(4) 000000 Reset(D[r:=0])0
DBMs D 0000000 Dfr:=0] 0000
oobooooboooobooono 000000 =z
00000 —20 <000 @o—a; <00
ooo

|
ooODBMsOOOOOOOOOOOOOOOOO

oo

Definition100 DBMsOOOOO0O0O0000O0O

ooo

00 (e, ue,qe)(k=0,1,2,....k) 00000

ax = [P1*(cp,*, dp, *,vp, (tR,F)), ...,

Pt (ep,* dp, ", vp, (tr,"))]
ooooooooooooo
gbooooboooooooooobooooooon
oo
10o0o0o0o
oobooooboooooogoo
00000 (kukq) 0000000000000
ooo
oooooo0o DBMsO DOOOOOO0 DOOO
oooobooooooobooooooooooooon
oobooooboooooobocononOoOO
oooooo (kuwsge) DOOOOOODODOOOO
oooooo ¢, 000000Dp 000000000
00000000 Dr=CF(D)0000000¢, =0
obooooboooobooooobooooooooga
oo pOOOO0o0OO
ty, — 20 <0, %, —x1 <0, ...,

ty, —@n <0, 20 — 1, <0

000000000000000 (b, uk,qr) 000

ooboooobooooo

(1) DOOO0OOO I, DOODDOO DBMsOOOO
Conjunction(D7, Dy, )

(2) 0DODOOOOD ,ODOODOO DBMsOODODO
00 DBMsOOODO
Time-Sccessor(Conjunction(D/, D, )))
00D0O0Dg,,) 0000 00000000
gobooooooooo

(3) ODOOOOOD L, OOOOODBMsOODOOO
OO0 DBMsOOOOOOO [, 00O00CO0ODOO
00Dy, 0000000
Conjunction(Time-Sccessor

(Conjunction(D/, Dy,))), Dra,))



Vol. 46 No. 11

(1) tik = dikoo & =

oooooooooooboooOooooooooOoboooooooooo 2671

000000c¢p* <d,Ocp,* =d;Ocp,” >

tilk
L dl
Tk
o (a)
clk clk
clk
(2) tik < dlko> & =
tik
L L
le) dik
clk clk
(3) tik = diko & = tik
\ ®
(0] T dik
X
Cclk
(4) tik = diko & =
ti1k
L L
i) dik T
clk clk
clk
(5) tik > dlko & =
tilk
L L
N
Cclk Cclk
04 0OO0OODOOOO
Fig.4 Cases of ¢, . (b)

(4) DOOOOU L, OODOOUDOOODOOODOOO
O0o0oooDoO0Ob0 ¢gO0000000 DBMs
gobooooboooooooooooooo

Conjunction(Conjunction

(Time-Sccessor(Conjunction
(D1, Dra)))s Drayy)s Do)
ooboob, 0000000 g0 DBMsOOOO
(5) ODOODOOOOUOODOUDOO
goooood tlk DDDDD(lk,uk+tlk7Run(qk, (C)

#,)) 000000

oooood, 00000000Run(gx, t,) 00O

goo

oo0ooooad ¢, 00, <d,0t, =d;,,0t, <
d, 0, >d,0t, >d, 0000000000
000d, DDDDDCPlk goooooooooo
cPlkgdlkDCplk:dlkDCPlk <dlkDCp1k > dp, 0
cPlkZdlkDDDDDDDDDDDD

gooooooooobooooooboooooooo

ooy, 000000000
uoboooboocooooo40000
0000000000000000Run(gk,t,) 00

oooo

d, 03000000000

ep, " <d, 0000
0000000000000oooooo
Run(qk7 tlk) = [

Plk(ovdplk - Cplk,’l)Pl (tplk + CPlk))7

Pik(o,dpik — (Cpllc + ...+ Cpiilk)7
Up; (tPik + (Cplk +.ot CPi—lk)))7
Pi+1k(cpi+1k - (dlk - (Cplk + ..t
cPik))vdPik —di,, vp; (tPi,+1k + dlk))?

Pnk(CPnkvdPnk_dlkvvpn(tPnk_Fdlk))]
000004, =d, 0000
gOO0000OO00OoOoOoOooooa

vp (tp, " +cp®)) + ...+ vp,
(tp" +cp "+ ... +cp,")
O000e<nOOOnd
cpF=d, 0000
god0ooooobooooooboooono
Run(katlk) = [
Pf(0,dp* —cp,®,vp (tp " + cp ™)),

PQk(CP2k7 dP2k _CP1k7 Up, (tP2k+dlk))7

Pt (ep,* dp, ", vp, (tp, " + du,))]
0oO0O00t, =d, 0000
goooOooOooboooboooo

vp, (tp " +cp¥))
ep " >d, 0000
goooooooooooobooooono
Run(gk, ti,,) = [
Pi*ep, "—di,, dp, "—di,,, vp,(te, *+diy),

PQk(CP2k7 dP2k: Vp, (tPQk + dlkk))»

P, (cp,*,dp, ", vp, (tp," + di,))]
OO0o0o0o0oooOoooooooooo
OO00oOO0O0ooO0oooOoobooooa
00000t, =d, 0000

(2) tlk<dlkDDDD

(a)

ooooooooooooooono Tp, 00000
goooooobooooooooboooooooboooon
gobooooooooooobooo

(1) tlkgdlkDDD

000000cp* <d,Ocp®>d;, 0200
ooooooon

ep"<d, 000D
0000000000000000000
Run(qk7 tlk) = [

Plk(ovdplk - Cplk,’l)Pl (tplk + CPlk))7



2672

(3)

goooooooo

Pik(ovqu‘,k - (CP1k +.o Tt cPi,—lk)7
Up; (th‘,k + (Cplk .+ CPi—lk)))7
P¢+1k(Cpi+lk — (dlki — (Cplk + ...+
cPik))7dPik_dlk77vPi(tPi+1k+dlk7))7

P, (cp,* dp," —di,, ",

vp, (tp," + di, 7))

ooo0d,” O0d,, 0000000 dg,

ooooboooobooboa

ooboddt, =4, 0000

gooboooooboooboboo
vpy (tP1k +CPlk)) + vp, (thk +

Cplk—|—...—|—6pbk))

ooooOsr<nO0OD0O

(b) epF>d, 0000
0oooOopooooOooooooooon
Run(qk, t;,) = |
P*(ep” — di, ", dp* di,~,vp,
(tplk +dlk7)7

k k k -
Py (cp,”,dp,” —di,,

UPy (thk + dlk 7))»

Pnk(Cpnk,dpnk — dlki,
v, (tp," +di, 7))
00000000000000000 0
00000000000000000
00000, =d,~ 0000
ty, =d;, 000
000000c¢p,* < d,Ocp,® =di, 0cp,” >
d, 013000000000
(a) cp¥<d, 0000
0000000000000000000
Run(gk, ti,,) = |

Plk(()7dl’1lC - CP1k7vP1 (tplk + Cplk))v

PF0,dp," — (cp," + ... +cp "),
vp, (tp,* + (cp, "+ ...+ cp,_, M),
Pii*(ep = (diy, — (cp® + ... +
cPik))vdPik —dy,,vp; (th‘+1k + dlk))7

P.f(cp,*,dp, " —du, , vp, (tp, " +di,.))]
00000, =d, 0000
OO00oOO00oO0o0oooOoooooo
vp, (tplk + CPlk)) + vp, (tPQk +
cp® 4. +cp’))
O000c<nO00DO
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cpF=d, 0000
god0ooOooooooooooooono
Run(qx, ti,) = [

Plk(07dP1k _CP1k7vP1(tP1k +CP1k))7

PQk(CP2k7 dP2IC _CP1k7 Upy (tP2k+dlk))7

(b)

Pt (ep,* dp, ", vp, (tp, " + )]
000004, =d, 0000
OoooooOoooooooooa

vp, (tp " +cp¥))
ep " >d, 0000
god0ooOooooooooooooono
Run(gr, 1) = |
Pi*(ep* —diy,dp,® — diy,vp, (tp " +
dlk)»
Pk (ep,*,dp,” — diy,vp, (tp," + duy)),

Py (cp,* dp, " —dy, vp, (tp, " +du,))]
gooboobooboboboboboo
gooboooooooooooooo
00000t, =d, 0000

t, >d, 0OO

CpikD d, 000000000000000

gpoooooooooo

Run(ge, t1,) = |

Pi*(0,dp," —cp, *,vp, (tp," 4+ cp ")),

Pk (0,dp," —(cp, " +cp, "), vp, (tp,* +cp F +

szk)),

P.*(0,dp,*, —(cp, " +...+cp,*),vp, (tp, " +
ep®+ . +ep™))]
00000, =cp,"+...+cp,* 0000
goooooooooooboobo

vp (tp " +cp ™)) + ...+ vp, (tr, " +
cp " .. +ep))
ty, > dlk ooo
cPik 04, 000000000000000
goboboooooooo
Run(qx, i) = |
Pi*(0,dp,* —cp, B up, (tp,® + cp,F)),
P*(0,dp,* —(cp, " +cp,”),vp, (tr," +cp "+

CP2k))7

P, 0,dp, ", —(cp, " +.. . +cp, "), vp, (tp, " +
ep" 4.+ ep, )]

00000, =cp,"+...+cp, " 0000
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go0o0odoooobooobooono
UPl(tPlk +CP1k))+---+vP2(tP2k +
Cplk—|—...—|—6pnk))

200000
goooooooooooo
Doooooooooool®moo uEgO0O
gobooobooooooooooon
(1w, q) 228 sen (m,ulr — 0], Sch(M (m) :: q))
O000w[r—0 0000000 Reset(D[r:=0])
0D0000D00O00Sch(M(m) : ¢) 0000 m
ooooooooooboono ¢oobooboooboon
ooo
gooobooooooobooooooboooooo
goooboooboooobooooooobooobooo
D0000000000000Y", vp(ts*) OO
gobood
|
4.2 0OO0OO0OO0OO
O0OO00O0Example2 000000000000
goooobooooooobooobo 3soooooo
gooooooooo
(1) m O0O00OO0OO0ODBMsOOUOOO
(a) OOO0Oz =00t =00000DBMs
DOOOooooooooo

o (0,2) (0,%)
0,<) 00 0o
(0,<) (0,2) o0

(b) OO DBMsOOOO CF(D) 0000
0ooooooo
00000000 DrOo00n

0,<) (0,<) (0,5)
<) (0,9) (0,9)
0,<) (0,5) (0,2)

(2) DOO0m OOO0ODOOOOOO
(a) 000000 my 00000 DBMs
Conjunction(D/, Dy(,,,)) 0000

0,<) (0,2) (0,%)
(10,<) (0,2) (0,<)
(0,g) (0,5) (0,5)

0000 Dim,) 0000 m, 0000
000000000000000
(b) 0DO0O0O0O0 m 00000 DBMs O

oooooooooooboooOooooooooOoboooooooooo 2673

000000 DBMsOODOO
Time-Sccessor
(Conjunction(D/, Dy(m,)))

(0,<)
(0,<)
(0,<)

(¢c) ODDODODODO m ODOOOO DBMsO
000000 DBMsOOOOOOO my
00000D0000D;m,) 00000
oo
Conjunction(Time-Sccessor

(Conjunction(D/, Di(m,y)),
Dr(my))

(0,<)

(0,<)

(0,<)

(0,<) (0,

0,<) (0,<)
0,<) (0,2)

(d) DooooUommOOOOOOODOO
goooboooboobobgo gbooo
O0O0 DBMsOOOOOODOOODOO
goooooooo
Conjunction(Conjunction

(Time-Sccessor(Conjunction
(D1, D1(my)))s Di(my)), Dy)
oooob, 0000000 g0 DBMs

gooo

0,9)
(0,)  (0,2) (0,9)

(e) ODDOOOOOLOOUOOOOOUDOO

(0,<)  (10,<) (10,%)
(_107§) (ng) (07 S)
(_107§) (ng) (O,S)

00000, =100000
(3) 000 m 00000000

000z 0000000 », 00000000

000 0000000000
0000000 n 0000000000000
000
0000000000000
(mh@:NJQUﬂwmmm

—sen (ma, [z =1],[Q1(0,1,vq, (1)])
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000000 ve,(1)+vp,(4) 000000
00000000 m; 0000 n, DOOOOO
0oo
00000000Om. 0 n, 0000000000
0000 m O00000000D000000000
0000000000000

5. 0 0O O

00000000000000000000000
000000000000 D00DOO0ooooon®Y
000000000000000000000000
000000000000000000
000000000000000000000000
(1) 000000O0O0OD00O000

(2) 000O0OOOOOOOOO

00 000000O000O00000000000
000000000000000
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