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Abstract The object-oriented design methods and their CASE tools are widely used in practice
by many real-time software developers. However, object-oriented CASE tools require an additional
step of identifying tasks from a given design model. Unfortunately, it is difficult to automate this step
for a couple of reasons: (1) there are inherent discrepancies between objects and tasks; and (2) it is
hard to derive tasks while maximizing real-time schedulability since this problem makes a non-trivial
optimization problem. As a result, in practical object~oriented CASE tools, task identification is usually
performed in an ad-hoc manner using hints provided by human designers. In this paper, we present
a systematic, schedulability-aware approach that can help mapping real-time object-oriented models
to multi-threaded implementations.

In our approach, a task contains a group of mutually exclusive transactions that may possess
different periods and deadline. For this new task model, we provide a new schedulability analysis
algorithm. We also show how the run-time system is implemented and how executable code is
generated in our frame work. We have performed a case study. It shows the difficulty of task
derivation problem and the utility of the automated synthesis of implementations as well as the
inappropriateness of the single-threaded implementations.

Key words : real-time object-oriented modeling, unified modeling language(UML), real-time

scheduling, preemption threshold, multi~threading

T F089 ALy ANFFETEY 2T =EAS 200108 29 199

sshong@redwood.snu.ac.kr AAREE ¢ 200108 129 279



AN AR 2de] gE AYs

1.MEB

AN WY Azde o Be FRAH 294 2
Hse ervowd A4 o Bsw FaA 9
o, oo mah QAT A2EL el AN A7)
Ago] AA v-m rzEge] 87 71WE AHsHE Aol
27T A1), AEd] A WHEL 19609

B I = %E‘:‘L A g PPEe] &AL o
o} AT Eo] A7 Wy Ed AgEs ) wet A
A7 AlzE HAE PR AZEdY A4 84
(component)®] TZ(structure)®} FF 424 (behavior)
o] ZAAT(2]. o]3 AL (1) 2= 7|¥k A A
Az} (2) AA A GA A F AE EHE F Ao

DARTS(Design Approach for Real-Time Systems)
2 g8 923 7w AZEde] HA WEE Fo
3hjolth. DARTSOIM= FA4 87 AKF BAY] 72
gt EA(Structured analysis)&iv‘?—Ei HATE dol
e Aol 71 & £3& £0H2]. 2742 & DARTS
oA g2z Z|dke] AAE -_rLfﬁ_&i HEslE AL v
£ 4 Aol

g2z 7)HE AdA e €8, ROOM(Real-
Time Object-Oriented Modeling)[3]13 UML-RT[4]
o} 22 A g 2A PHedME azzy H4ds
A" dANA § UFe 9AZ vFe Fuh A
A A BHEAMe AAE ALEE HAAE T
3l gl FAA0)a TEAY AHEY JAPeR
b A A% dA IHEL Haa 7N A U
2o HIgte g FHE AT ok ¢4, AAA
Eo] A28l A9 £F FHIE EHL ¥ohile
o A2 & JA sEd ole 4 £F A" B4
S yeld 4 = AA g 2dF AE A&ty
7hedteh. =g A x& A 71HS AAT AE"Y
A7 2dg pAAQ FHoERE 2 4 A 3§
Zoh oz Alztel ot LA F U 5',-7&55} AAIZE
A" el digk AZEd o §A B BRFE A ST,
AZEO AAE, HAEHE 7|5 i%‘% 7FsstA 3l

ok AA A A PHEC] ANE gl ma o
£ A¥de CASE E7Ex EF veuth dAA<=

CASE E7E 53 HAzt Al2"g 4A8tn 49 7}
3 2de 5 EA43a, ALHE 93 A Z=s
A 4 glrk

Y AR AAzE A2"RE 8 AN AF
CASE =7E& 8% ZHg shi 714z vk AA
A dA FEdAME 7N W g Azde] 5534

TR AAEYS wF AT5E HE 175

A AAE HHHon AASA % W, A4 AF 4
A 29e FHoE wwat Wl FHNA R,
ol HREel AN LPAAGl AFAT hisiw

AR Fe] Ade 7 TS AA FES 95
& oje =HAE AP W) W mWaty AF)

A% CASE oA Blaas Adses Wwe 7
Aol gaslth BYSAR, o) HF& AFdshe A
2 7hA olfE dte] wlS- oYk (1) A Biz

T 1 549 ojd oEFow o)zl glow, (2) 4
AT 2AE 7MedE AdEElEA Ha3Es FES
B AL EA @e HZH3 EAolt W HEF
Baa 1ge An Axdd 2AF sbsgd F1A
o7 293 ge mAL) o] ERE Aty sy
2o AF A CASE =FoAe Mt - 4%
o2 AAE H2ar WPNNEF ,Q_-T‘Lo]—_x_ ek 2
AHoZ NARNEL A9 AYL s 9
Al WEAQ W &t Hlaag EO}J_ gict.

AAZE A A% 2l 2F3E FEY 2AE 7}
54 HAEC #E AFE (5 6, 717 2L AF0A
ojn] thEolFut. L olHF ATFEL AA A H
2729 Wgo] o|Fojd AedMY 2AZ JIeAS
BAs, 242 7H54L 1T AeddM AAE o
232 Wse e AN s ZIoh
B =RdAe AA7 AA g md2 R AAF
tede nEA AEHez TES AdstE WS
ANt mE o] WHe A dE ASEHI YT
CASE =79 o84 H88 4 deA AHgct 44
mdary gr3s FEFA glold EdAA
(transaction)®] 7W'd& AM-gth. ERYHL 45 94Y
o285 sty R 23S YIZAAY 4 Y 3
S Yehich AAZE 24 2doA EdRAAL S8 1
Aol LA olflEs] dFE XIY & Yok B

ERAAE AN A0 2AZE EdAUE 385
0, 2A% FsHe aPste) EANES FolA 2
2 weAn wHe ALEG, B oIFA 49Y
drze) 48 Zol7] Asted [8 9olN AAE HF

YAl (preemption threshold) =AE% & 83tk

£ =Y AL Oed 2o 2BdAE B =Ee
78 2d9 Agrl = UML-RT 2A 243%, o0&
A €3l CASE =7 @3l 2tehs] duch 373 eA
£ =7oAM AAEte A el & AAE o
2ot 4gdAe Al g Adsr] A% 73
Tz} 97, A7 CASE =77} #)etd Hg@ e
7] 95l oj¥A FHEY 4 YeAES MYt 57

Mu e



176 AR A3 =T-A)

Me AgE W 88 BAFE A ATE A
&1, 63olA =& A2E dett

2. UML-RTQ} CASE =72 7z

o] ZME At Wy A2 T2 doR
Aeg UML-RT$ UML-RTE A93t= CASE &7
9 RoseRTell @3] zheks] Anith

2.1 UML-RT 7=t

UML(Unified Modeling Language)[10]& AXE4]
o] A2®lS WAsln, AlZsiAlT)e, P, EA8
e T3 RYAA A7)7] HEte AHEE £ Sle 3
g ojolty UMLE AA thy Al2dHM= HFH
o2 FHEgHo FEAS dF wUsten, Uy dold
2 ¥Eo2 AYR 3tk UML-RT(UML Real-
Time)E UMLe] oHlE FHo|n E4txja]e] 7hsAde]
Pe Azde HadF AzE Mde FUig Felth
UML-RTE 713 71830 =2dd 84e s
(capsule)olth, &g FAFL ZYAYI AAEE
Zre 3 7hed T3 AAd. PFEEL XE
(port)gt Bdl= "ol AAE FaA HAAE F
g ozNT e PAEEY FAE ¢ Ak 7 s
o] #z mde Aio| EFIE HEETL 2L HEEY
ZEE 7te] QAR o|FojAtk 7} AEe] YT RIS
FSM(Finite State Machine) 22 71&Hch &9 X
Ed] wA]A7t =&sbd FSMel wel Ae) Holrt &
Ast e Holo #Fsls HM(action)o] LB
o]al o7lollA HdEF UML-RTY &o]& AME3ch

2.2 RoseRT CASE =+

RoseRTE A A&k HAAZ Al =ds dAT
F de AZHY zddy #dFes AFIh E
RoseRTE 4AAY Uiy Ag3oz 43 7l
z2aPs YAY & Y2 HFET AHE =2y
2 g8 z2ay 39 A el A2H-RTS, Run-
Time System) ZtolH g2 AT A g§Y A|2H]
Zrojr el A FAQ8AE controller HAZE 2
o} £A5H, z+ AE /BA(instance)o] AGHE
AR ES BEshs I9Ee 3k controller A=
ANA AN 71 B 24 99 wAAE Fol W
o] 3F He& A At

a2 RoseRTE 2383 2E7 9448 /MHAe
<8 zmZzads AAITh Saksena F2  [6]9A
UML-RTZ AAE & Zzalddr &5 Ay
AQle] He £4 £9 A AJAEE (1) wAAS
289 o]F 2AZY, (2) 2EU= 7F wiAA Y,

sl

Feo AA A 8 A A 2 (0024

(3) &3 £ (run-to-completion)2] 4 7FXZ At
Atk E£3 o] BEF AAESE Y HASE)
A% Al NFE AEET B =R At By
M 2 o] AR Mo] MAeA] etk o
ZA 2 =29 g Hye F A il AFE A
2% YmA ¢hff AAE gt

3. HigHE PHE Wi

o] FolM doJe FolR HAIZF AA A A
pdzny ~AE8 /158 oF sdE FEE AF
Aoz HAsheE WHE FAHeE dEEck 18 1
3 2AZ FAE ALY Py ABs veiict 2
gAdAE (1) EFRR, (2) =24 ==, 3) &

A A GAME dA 5=

¢

o

fu ¢

¢ #2390 F WA 2ACME 45 )
Ag HoA "liaz wgstn, 4 g

CERRLE
26 $4 £99 ¥H IARE 2AFY FeHe 1
Hal YA o] WA HaAE AF FAL T
sk “BYA 2dss TEs] Al w=dd 2
A="ehm RE W ks eAA = 2d=g
S4 ¢9sh A4 YA WA waY 1goz F

£ 7 HAY g0l 898 297} Bk

Mk g
7
EgMa R I

4B HEIX
Saao 1B

4% 29

=2 MHE RT

A5 HIEEFQ!
=clH g9
pul..x

EEEEC R I
M B

¥ 1 Al e A

53

AHEYO BBEE
ZES=E-

3.1 & 24

AA mdolE 4Y olylES &Y o|WES] o
ATk 7z B PHe oWES ALHoF AP,
oo wat Aol FAPo] FYHA Hew, B =FolA
o] dgel YL EWAH(transaction)olt FeJgt
t}. UML-RTOA 3slte] o S8 ojWlEE= o 7
9 ERQAL HAANE 4 Uth A mddl st
e 2e g 7K Mol ek (1) BEE IR 3E
o F71Holt}t, (2) ERNAL FE AT F7)9% 2



AAZ AA 299 GF H=

o] UML-RTHAN & £ T8 *] & HAE =
““i‘!l°l K71 wEelth (3) WAIAY ¢4 9= HA
Aol ot 8 Ale AEd B AL By

Exe d4 mdg wEAoz AdsA 2&sA| o
3, Agd EE B8 ZE WARAESE 2AF e
A ¥ —;:m} e Aolth (4) 2L WM AR E
43 wEE oz gt gREe AlaE
1 é€a°§ o] 7}3L wWath oF Eo 2&4A A
g HES F3 ZAXEREH HHE wolEols
28 9 BIMV 1 N2"S Azbs) Bl grel wdo)
FE BE AAOH o] Al2He TRE FF B
AA%c 9ef g¥o] “E BE AlFo|H RS A
TRz AAse O EdlAL NS 9o &
2 553 AANA AAg EddMe] FE wiErH
22 e s E 4 A
B =FA AMgste B7IHe E 19 2tk

X1 E7d
E71H 4
T =394
Al B B o] A4
(ALAL L., ALy [A4e] ez ERAMA g
O(A ) A4 A jB Eoehe 558 A3
CA D A4 A je) Hot w8 A
EWRH ;9] Hop 3 Al
Az A 2)=Zc(A hz e
() EdAA .0 F7)
() ERYH 7,0 SUEY
A 1) EdAA ;9] AY A%

=5 40}0‘1 AR @
Z5 Ag)as].q.

EEs ¢ % Jebd 4 3l
ow 2t —‘?—H\’Jt WA A9 55& vehdth FAHFHS
2, 3 == dHoht wWAlA e FA] A (conjunc-
tion) == A9d BA(disjunction)S veERITE X
==& AND-action, OR-action® LEAF-action =%
2 BEF"u. AND-action =E& dFdAM eEX0R
EE e R Wie vAAE AedE 2Zdth OR-
action === Y9 ZHo] wlg} ¥te g = wiA]
% @A & wAATE Btk LEAF-action =5
ez yie WAAE ZHAa A ok JHo

©2
rﬁ

r

TRoz 2AEHY

tio

Tk

%

A5t W 177

HAAES 23HE ¥ BY 29 2 (bridge) =
7 AHEY 94 ==o) iR A =R

-
L
Ry

£

AND-bridge, OR-bridge, LEAF-bridge2 #¥&Fd¥
BojgEh

a9 2€ WAA A4 29 4E

02:A3 O1:A2 02:A4 02:A3 O1:A3

a9 2 WAA A% =

A T
B oEe] 9le] ofy|d Zt MO THE ERE
T (2) 4 EYERE Edy4AS %E?}‘:}.

(1) 8% oJdEd] 2J3}ef of7]gl Z} JHozrPH
A&t Egle] Ay Edlg AAdE A0 di
2t}

cFE kEE ¥EA A4 Ssolofol gt

-de] A2 FE¥H(path expression)o] AAHE=

HHo) = FZE EMPTL M AHE A=
x4 P°ﬂ o3t

Pol Wizt wfe] A4
action =Z=7} ®t}

«ref P=V/P; (i=1,...,n) °|W, 1 =E&
Pl st »Ae A4 =& 742 OR-action
=7t gk

2z} Pl A4 mtd disly
sk p=AP; (i=1,...,m) °}W, 1 =E&

AND-bridge =27} Ed}.
<mey p=\/P;; (i=1,..., n) oY, 1 k=&
OR- bridge =57} €@t}

x99 HAE2 FHE HelA Pk
2oz Hggrt

- gk W7 (e AAe el weh g o

AES dog & uvhd, o Ao Aejol wel

4] OR-bridge =E=71 AAE1 dAAE BRus

=

od Z2 W



178 JRAGH A BFH

o) dddch
(2) 2} EZ|2FPE EdAH
g4 Ego] gt FE
FHToEH o
o] E@A Mol
AND—node—é‘ s
Zo]H LEZROZ ¢
-OR—nodeE i =
£ 4&E AT
ag 200A= 5719 EdAMe] fEHck <O1:AlL
0O2::Al, 03:Al1, 02:A3, O1:A2:>, <01:Al, O2:Al,
03:A1, 02:A3, 02::A4>, <O1:Al, 02:A2, O3:A2>,
<O1:AlL 02:A2, 02:A3, 01:A3>, <01:Al, 02:A2,
O1::AZ>,
3.3 2 ¢! =2lF AYHEY F&
=& Ao FE2L& 3 QAR o|FAL I =
23 2= WaliA (1) 743k ERIYAES o}
Wi, (2) $4 45 A8, ) Hdl A" 4A%
< gt

& #EF7) 7t HAA
ETERE AJEe TE
Xl d%g f=@th 72 QM o
ot =22 FH glejA,

=x9 z+ AR s}
‘Zol 4 AR FHTCL
=29 &4 Al st

A mlo

(1) Edgde] 288 w23 2gse) 3498 &
RAE FAO 430 BT EWARES FE= A

o|Fojxict 3139 7ol o3t R oHIE
2oz W AAE FRIE EAYHEL shio
24 zEdcE £ £ g =g¥ zg=E
Li={rilj=12,...}2 Jedd =83 2¥=g
o e EdALe] FAFolmg A 79 F7], ot
FYANZ, A 57 BEY AL 7 ¢ %11:}.

(2) ,k,—z,/g ZREE 2 2 g9 A 9 %)

Audsley®] ¢xel&(11]18, 24 7154 HLEM
S A7 EA012).8 A8t AE3c =2F &
=7t o8 e 2AZY 54 AT e S
%‘ st 71EY dnYES FASAY. = F 2y
o] SHAZ R(L)T vHEo 4& AHgs Alse
=3
Blr) = ::m(f,). {

LI ENES €
m?ix {Cc H+8(c B}
Az D+ Bx D
M (e I TCe D)
T DI )

ROL) =LY+ CR(LY+ 2 T f&‘% ciL)

M2 (o dr

¥ _(f« T & F(F e

32

(A f A D=0 Y]
CAL) =z P
ALY =B(x
(L) =c(z )
T(L) = T(zjy:

Azl Ae)E ERANA o E2F AZME Ye

2ol A4 A 8 d A 2 320024

Ak ERYA ke 3E FRe 4 55 AApL ¢
A 43 (run-to-completion) v AAE AL F U=
Z 317] Y3t FEX(mutex)E AHgd-oof o) @
AHoE @A £33 E5F AE ATRAY] H3ho,
Artd WH e PCPE(PCP Emulation) T2 EZ[13]&
A4t AESth PCPEOIME B2zl 97 499
Qtofl A 3 W 2 B2z $A 38 ZFREHO
2 1 "H237 &F8a d= Tr'!—)l"] priority
ceiling % % Hugez ZF7MAz1 Zt RE|so
priority ceiling & 2 FEX7} %{P %o Aol B
WAE AAEY A3 GARY @ FoiA HAxne] @
o2 #ggdt o] dAAE 2 =d ¥z MH
PAZke] 4 &99 22 &g /1% PCPE Z2E
Z& 83 ERRHL FPE AFEE g wo] @
& Wgk B2 9 £ ok

R(LY)E CHLYSH BL)7Y F7Vgel wa} gz

}\

z7sng cR(L~)9+ ﬂ(L-)94 #e =95
EWNT F F3 A 1242
Wz sk Ewm e A ]'-‘7]' w2y Agez
o wRel Lol i@ 5 $4 29 3 o9
A OARRe CUL)/T(L)d @d @z Z7lsinz
CHLpst T(Lp2 g 7 o S8zl Az}
He BERAAY 8 A 7712
(3) FHal Hdg JAgG B8 & Ad dARE =
23945 o He 2o 28 J4% 24 HoBs
7t =8d ~ged 7HEd Auig 43 JARE g%
SI=E 3t AdE WM A AY A% g9
guelEeg [9]eA AAE HHE 283ty AMEF
AR dARE 2t [9, 12]9 2#AZE H
2E 2EE WS A, B =RAA A4
g =83 ¥z A4S 3std [9]dAM A"
24 wihlo] WAL selgad A3 °‘7%l§k HWL)E 7}
A EH 2ds L9 $R9AL RL)E oo 2
& Aol o3} ANE 4 9ok
B(L) = "X { (LA Lyzal L)>a( L))
S(Ly=B(Ly+ B (1+i=gry ) clL)
ROL)=F(L)=S(L)+ CR( L)+

BN IE oA G s 20 E

aord B

of #4N B(L)E % $4 &4 7HAD,
LIRS

2 Ad JARE 7



AR AA Zd bF 9= 74

vehdth S(L)9 F(Ly)® Z2 =33 229 J
ANZ AN g8 A JERdT, g3 o] o
EEA(AL)HT AF JAZ 23 B2 BL))
2 & =d 2d=(EAYA)7 3L A g
AR =3 E 59 § sk wsis, BUL)7}
BLYETE B 27] wFo] o F2cMe} o] &
E7) A+ B(L)T AH&ETh

EWAAT ESAE Yo 7 dHe Ag EFs}
© =94 2= 4 €99 44 dAFE U=
olo] WA B}, AHeE A T YolHE B4
£ NI HAIAZ = F 2Esg A £99
A FARE LA "ok

3.4 3EHI: B8 AE £&

F A9 =98 4= L L, % L)z
ALPOIZ r(LyzrLyeld N2 Ad Brrssici9).
ol2igt AAE ol&ste] 2 o] BF MZ M3 B}
T HAE 5SS EA 9E F Uk AgE e
AMe 4 HdY S sy B84 sy=E AM
(mapping) ¥ttt ol 2#8=9] A48 =24 29 4+ ¢
om, ol we} A Al B w A7tm gHQ) mm
g a7#8s 29 4 Utk

o rot 12

4. 78 X =7 X

RoseRT7} & TE 2 =0 AP (mapping)she
v, 2 =79 AgR dydMe 7 vARE A=
o APgAIZITE ARt WHLS RoseRT 9 Bl A|2®

B F= ANE Fagoz WINPORM TP 4
o= 2 RoseRTel AtdE WHE TH3}E AL o)

$- 4 Yotk

4.1 78 7=

g 32 WAAY dolg TxE Jehdth 1glA
e wlel o], wiAAE S4 e A WY F
z9 ) Ade AN 2= P FxzS Ik
a9 4 74 2g=dd 3% 72 2E 1RE BRAFEY
2 zEEE 9B oWEMAAL HEHs)E stk
o 9 oEYL AUHY, 2Ete QR ERYA
AFgE 28 4 (a)9 Ul whie 2X= EalAM
AR 5EFOZHA oMEES APt 13 4 (b)
7 He o] 2 AHL P ¥ A
B3she Fd2ol gsle] d&Hog ojRolAe AL
EAZT ol Zt 5 Mo gu W w3,
UML-RT®] €3 43 ofn] A7Ale] ejsjAolct. 2y
4 (0 FSMoZ EHHE 5% AA P& 783

e to e

2o 229 2P 453ty W 179

£ F5(Behavior()9] A} ITE HoFrh o 5
apile] 48 5% AAZRE FA3 AN M3t
ol= % AAY dAS] Aefell welA, 2+ Ao 3

Foke XEs Ao BHE d2E A9 A o)
PARORH olFoit. Wb WYEE duo) WAy
AgE WAL MFAT oY 7} 55

AANE A% Z=e 3= A7 G
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Port port;
Short signal;
void® data;
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}
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Thread::mainLoop() {
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wait_for_external_event();
while(message queues are not empty) {
foreach(Message M)
dispatch(M);

An_object::Behavior(int _signal, int _port) {
switch ( currentState ) {
case 0
switch{ _port ) {
case 0:

switch ( _signal ) {
case 0:

0 0:
) } chaini_t0();

(@) }
Thread::dispatch(Message M) { )
M.target_object. mutex->enter(};
M.target_object->Behavior( M.signa!, M.port ); )”
M.target_object. mutex->leave(); )
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Communication }} Ready — Ready timeout start, stop 500 4.0
Vision Ready — Ready timeout visionData 400 90.0
Location Ready — Ready visionData ballest, ballFound - 5.0
Ready — Ready requestLocation | location - 3.0
Motor Ready — Ready timeout movement 5 05
Ready — Ready setSpeed - - 0.5
Ready — Ready movement setSpeed - 05
PathTracker || poady — Ready setPath - - 10
RobotControl Standing — Search'Ready start - - 0.1
Search, Shoot — Standing stop setPath - 0.1
Search — Shoot:Ready ballFound - - 0.1
Shoot — Search:Ready ballLost - - 01
(Any state) — Search:Ready entry action requestLocation - 0.1
Search:WaitTimer— Search:Ready | Search:timeout - 200 0.2
Search:Ready— Search:WaitTimer | location setPath - 2.0
(Any state) — Shoot:Ready entry action requestLocation - 0.1
Shoot:WaitTimer — Shoot:Ready Shoot:timeout - 100 0.2
Shoot'Ready — Shoot:WaitTimer | location setPath - 15.0
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