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ABSTRACT

There are a number of formal methods for distributed real-time systems in ubiquitous computing to analyze and verify the behavioral,
temporal and the spatial properties of the systems. However most of the methods reveal structural and fundamental limitations of
complexity due to mixture of spatial and behavioral representations. Further temporal specification makes the complexity more complicate.

In order to overcome the limitations, this paper presents a new formal method, called Timed Calculus of Abstract Real-Time
Distribution, Mobility and Interaction(t-CARDMI). t-CARDMI separates spatial representation from behavioral representation to simplify
the complexity. Further temporal specification is permitted only in the behavioral representation to make the complexity less complicate.
The distinctive features of the temporal properties in t-CARDMI include waiting time, execution time, deadline, timeout action, periodic
action, etc. both in movement and interaction behaviors. For analysis and verification of spatial and temporal properties of the systems in
specification, t~-CARDMI presents Timed Action Graph (TAG), where the spatial and temporal properties are visually represented in a
two-dimensional diagram with the pictorial distribution of movements and interactions.

t-CARDMI can be considered to be one of the most innovative formal methods in distributed real-time systems in ubiquitous
computing to specify, analyze and verify the spatial, behavioral and the temporal properties of the systems very efficiently and effectively.
The paper presents the formal syntax and semantics of t-CARDMI with a tool, called SAVE, for a ubiquitous healthcare application.
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oy

g F 93, FHLE o]FIHY ZZe x=857)F FA
< Y8, A4d AXNE T8 A=, AFH 8 &
€ 53& Add
ojg} 2 FHFAE L HAFY 842 AFHEY 9
AR A2 B diF BA, £4, AT, TE
o u¢ & RFEE 873k qloh
B¢ AN2de £A3 AF5E A8 Zed[l], Esterell2),
VDM(3]3#} #& F®2 Real-time Z¥7|¥E0] EA43ch
A9 (29 DellA B npe o] 71&9] AFIYPELS
Zt T2AAEY A @ Y9, BFEE 257 4
gokd 333 el 979 4EE wF2 e, F
A kel Z2AH28 ofo]HES o]FAE AT
o A E %t
FulAEH2E AT AP T3} o]FAHY BE
& g aio|y, o)} L 4 olF, AANL AxH
(DMRS: Distributed Mobile Real-time Systems)®] BAE
o3 Agte EAHQ AY7|M L2 n-calculus[4-5], mobile
ambients[6], bigraph[7-8] §°] EA®ct. Z2AX diF 7]
uke] ol P A¥7|WE T3l DMRSY #4 2&e] 9ol
g3 2A5S Bt £ a dAg HAFL FF AN
£ B3E F gt
A AN &40 F Fold 71EY timed CCS[9),
timed n-calculus[10]3 2 F¥7|YEE DMRSY BA
= #AH8E50] A% £, xRT-calculus(11], Discrete
time mobile ambient calculus(DTMA)[12] n-calculus®t
mobile ambientsol A1zt £4& F7He Y7o AT, A
g3 NBEAL ZE do|HEY FAH o]FS EHIY
de g3 2 £AFAo EATE
1) 7RT-calculusE w-calculusE 7|22 dla 9o ¥
ZARE Aosa A %z, A% B§E B}
£¢ 58 Nz go=¢ gdstn gtk
2) DTMA E% bound® AH7Y e% e Atolo] EA
3= B4 Aol A9i7t o3PS B e ¥
kg AlzkEA e dsAd e Belstn AA A
3) FollA AAE Z2HAL FES APANE 543
9l AjZtoz AoEtt AL, ol #BHE 54
Al Ago] ojF: A|Zte] ARE A HF & Lo
Aol EA®h 53 & FRoAM FZHAHA o]
& AAge 24 ¥
B =FoME o)Fdn FYT AL FHEHE ALH

32 %

21 Reakfime H 8718 .
Process A
IERGEREEEE ms_|—|—L_.
N
+-CARDM! &
ENERDEENED AT

:ll.l—l [

[
(3% 1) 7|= Real-time M&7|gnte| H|w

BAE A% AL $4E 71E9 Calculus of Abstract Real-
Time Distribution, Mobility and Interaction(CARDMI)[13]
of #7HAt. tick-timeg 7|¢Ho 2 30, A|zte] £4g o
T4 FAE FYshs do|HEY REZ diy|AZh A3z
RFAZE AYAZL AYgs WEARC2 EFHE}T, FUU/
HF714 A2k AYEe §42 718 ol@ AR Al
AE4E T3 9E AWM E AFTEHA R F
A g3} APARo] e AAE FAY & glon, A
ol wE HEAHQ PAE FEE 5 Ae FHE Ado

DMRSE #AI8t7] ¢ AojE 33, A9, Ado] &
Aol glof ol FA o] vf$ o2 E dHo] EAft

CARDMIE #i¢ Z& EAE A7) Astd A2ge
YAREG IHAEE TR BA s BYYe=
FNAREG o] HEEY PARR(]F, §A F)E TE
AL, FAE % JdHYgHez FEIHAUY A=
DMRSIA olo|dES] &4, BEAY, £, o184 &
of g 293, 343, Y4 AT T AU

& =82 (29 2)% Z°| DMRSS 33 93 54
E% BAs] fl8 A|gkd CARDMIO Alzb&4E 719
Z2A A g 7] 371 (-CARDMD ©|& #4317
@ A ZHZ(TAG), 223 o] & AUs7] A% CASE
=721 Specification, Analysis, Verification, and Evaluation
(SAVE)E A<ta.

TAG &£ Al 5§7|%e| dlo|dES] & 7INHe=
BEYY F glon, 94 g g3, AFE FAY 28
F e S Ad. BEY ASH Tho| @ ARPA
PHE AT, AY/FA/ANE F39T F Y=S A
9=t SAVEE FARS, TAG, H2E 7|% JAHE
2F Egsie, 94, £4, ¥4, 35949 d848E A
g & Jd= P& Add. =¥, t-CARDMICl HHse
GUI HA%Y S Altec

ol # WP FUH A, 28 gz FEHA o
Ad FAlol dis) FHE BAEHE L AFse] £} DMRS
o g ¥4 R AFE Lol & F A

send xy get 20, ) G, ' Systems

(28 2) =29 e
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2. Timed CARDMI (t-CARDMI)

CARDMI®| FZHinterval) 78'd9] A7t £4& F7}3id
#4313t CARDMIE 71&9] Z2A2 di§[4-5]9 4%
Aol A wig adg w23 gloy o of= ¥
W3z A7 AUE gu2 FE8E Acts de|HEY
AR M3} o]F HAE oujdy, Azt £A4o] F7iE ]
Act;2 B@EC ol d Azte AL (2d 3)3% 2o
t-CARDMI®| 4 ¢] A7k o]AbH (Discrete)ol®], %9 A+
2 gddo

Jgaay *& r o deadline

(38 3) gurHel AlZke] 58

2.1 AlZte| He
[&2] 2.1] Timed Action

Acty =, Actl, . 0

(9] 210914 Act o ¥ 242 49e gt gk
e A2t g 224 Bojnlg) A7 vehis, FAHdA
£ 907} W@ AHelA Azslofo} shexE ¥A
s, Adel ol AZ ol o] WHHE Eolue)
Ak e, g7k AEY B9e) AF Aol ®
£ Azl dis) L& slof &g vehys, Ade &
Zrol 2so] A e,

ere o] 445 8 Hargoz WXHojo} 3
£ FHl/d7) A dendd

o tot= BRSO (timeout)®] §% EHOZ FH|AIE rol
A F gato] A7) fAsh d71g F A A A
e Yehdn Tickol ¥ 4 58 doit 0L 0%
B 37h8ie, Au) timeout AIHE Z3}sd, dHe A
o2},

cet HH7 A¥HEH LRHE AR v, A
YA 022 EAYY, B9 ddo) #pPoz
CRLEEELE

edt 9= (deadline) LERAT o] AgE A
AREH a7 A%E Baw, Belok ol Aze
A7 AP N DFL ARG F d%o] $EHo|
o §& ofm,

epst ne 77149 YA€ A ¥R 1 YAe 2
¥ 4%t 23, 542 et ok pe A F Ay
7718 wan, p=009 A shsaich £, ne p
o #71& n¥ BEFE Yen, n=00ld 4 7}
sa,

4% wear BT} gA) ER37) AFs re

Period : p, 12 | el

N N
s . .

(3% 4) F715 dgel 20|

[
A

A 2], 718 ¥ tote] Bato] AFs o] wF
AN Ha ABAL BF 4B & F d3do] B ol
e e,

(Fel 2.2] AIzte] 17

[r.to,e,d] : AYAZ golde] Azte] HHH ] Azt
o3lo] A#o] FuH.

(r,t0,e,d]: YA gz o] AlZke] 5o} dAIZ o]
3ol A¥o] FEH.

[r.to,e,d) : AHA golde] Ajzhe] Ags|o] dAzt
mte] Aol Fx.

(r,10,e,d) : AYA g2 Ao Aas o] dAZ
ot dejo] FRE.

22 2¥(Syntax)

(49 23] t-CARDMICIA Alo]HES o]F R UAHY
AS B3] A8 228 EUS Jviddh 71EHY &
H& CARDMI(13]9] £9¥& WE0, Azt £40] F71€ 8
Aol AL 7] =3t At

[Hel 23] Syntax
(1) Primitive action:

Er = (X 2) t0ea) * Er | (13X (M)l 0.7 ® Er | Ex \ () |
ET‘ +ET! |0 |g|9M |[g][Er][,.d] |< E?:,Er’ >eE;

(2) Composition: &€:=E; | E, | E; iET
(3) Movement:

M= gyin ALl ey ® Er | (108t 473, 00y Er
(4) Communication Entity:

Send: M=m' M| m
m=A4|x|y|m
Z=27| 2

z''=z:agent | z:msg | z: port

Receive:

dlolHES] FF F4d g 719 oue ogH 2
o 02 F29 FEY ofF FAL YA gt VHE
Uerdo], A8 S22 A3 ‘e, AYS AT Y, AL 9
&\ olE9 gu|F Ay e gdgH 2o
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(1) Primitive action

o3 34
W ey Er, (01X M)l 01 * Er

N ool 2t AP gL 2L PYE FYg
o A8 FAolHe BPE g9 A 2(2), (MY F
2 [r,t0,e,d]8 HE=2 F3dla, E9 B9 Fo
ol o Epo Az Ao Azt o] F 5 9l

o d9, B +E,

712 CARDMIZ} 8919] A3 AZ3sigohd, t-CARDMI
dre 2AY & 9 ARde EAde < 7Y
P9 F ¢ N9 v AR ool dF MdEe ofn g
A goolHe At FIF FAE s P9l
dME AlZhe] me & PR A4EH. 4& ¢
m¥ @20z X @haen®t B0l FLTF PHE FAHE F
MY BUE ¥ Dzos tiz ¥ Doy Bl AEHYPYZ F
g 4 gl

® (Global "l z_]'é‘:’%l, |g|[ETLr.d"

HAE] Aol dig AMHY AREEL B, 9= A
A 947k Ao of dh= AT, r& FAIAYHY A WA
#9lo| Fu|AZH de FAFRY ¢ o AL FH7 BE
of 3t g8 UEAZHE et F d43os FA4E
P S0l i A £4& BA ¥

o Timeout (Altemnative), < Er.Ez, > *Er,

<E,E; >eEr o Ero] 97} Aod AHE wHae
A% Enol Ae2 Aolfwm, Ere AREAE BFA R
e 2%, Ene 398 £9EL Jvgd

® Restriction, E; \(vx)

ESt 2ol $3¢ 3t do|HEE z9 & EE 9§
£29 FAo| YRR ARHUSE vt

(2) Composition: 38 2%, E; | E; | E; | E,

‘"= gaH o Folsts oo]HEE YEHIY. 43 F
Ag FYsE ol HESE “|" 2 EASH, FA] 53
7] YlME F 719 oo|HET} HAE AT T EF F
2ol AA glolok @k AgAlzte] 00] obd F4-9 F7
BN 5 oo]HES] AP e FLT AlZto]ojo} Pt

(3) Movement: ©|& (o)

. p.n P
11 Ao ey ® Ers (510U A7 0 ® Er

ol EA AT goll AFsA rof AR 7|
% 109 A7t gl eo] AHANE FE PYAE AR
dsrel ol 3¢ ¢udd

Z71491 o]E8Y polAE olF FFE FHsdEA FH
29 P02 Eolg & Uk AT H4E F Utk

(4) Communication Entity

ME do]AET B & A& T4 AHEZA, oojH

(A), £E(z, y,), IAA(m,) Folt}. o] FAd &
ztz} o2 79 vAAE B £ o 2= YFPez
T e dHEZ {7 A2 EeHo Ao o
47t oo]dEE We F & ziagent, XE O|§E
%

u Qe z:imsg, WARANE Bg § Q= z:port2 N

ot fE M nZ rlo |m

Lo o do wo
(1)
&

2.3 t-CARDMIS| 2{o| (Semantics)
E,—%>E,

@9 53& #3981 EJl Ef o2 AMNEE 9o
Ho] Al2g)e e Helg] F 7HA] 7|8 dde
AEw, 38 A2ge] HAs% AFE A8 Fdsistn A
Ao A4¥ Wyoldt. t-CARDMIE Ho| AlAgoz
u|g g HPFL2HN A|2gE o]F & 3y do]HE}
YAE AYe}7] A AW HAZALAN ojEF =4
& wEam Y98 APty ojyF AHE HolHEA|d
e Z 24 g A9 glch. £, Ho] A2ge
AHg-ste 7+ Adele] Mo IF A deh= AHe FY
A[4-5]% Bisimulation[4-5]& AHg-3te HEFE & Aot 7]
£ o2& CARDMI(13]9] 9rgg m2v £ =FoA
£ Az $A40] F7HE B9 dhsjA @t

Aole dg3 2 73 Heje] JPez Fodoh

A
ﬁ(.’-‘:?‘_‘)

ole] ojuj& & Pk
“uket A A (premise)?t HZA(side condition)o] T
A A &(conclusion) & F=8 F Ut}

(Bl 24] 718 39 do| FHE

do|HE A9 oule ol /e FER FAECL
<E;, 4, ¢r, o> 471N E = AT EHE T &
AE olo]HES o|F A BA} B FHolx, Heldt
A DCE x@p xErs ol F3HES D5k

(1) Tick-time:

(r-iz0) or

3
[gI'ET[r.m.e.d] — g ET[r—i.m.e‘d-i]

(to—i20)

L3
[3'|Ef[r.mlt,dl g Eriu,m-:..-..t-.-]

(2) Timeout:

151Pr o) * B —=2 Eyy (g'=2 “f-] e
< 1£1Pom.e) oE Epy > .E”_u:L’En Lm 20

'En—“""L'Er: {g; =g, +ey, )

121 Py oy 1
oE,, > oE,, —=5" 5 E, \19, < 0,10, 20)

el En[:..n-_.n..l.j- 11 B ot it ]
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(3) T-Repetition:

{n 21,p>0 or ]
i +]® -1
(¢1 Pty ® Br —E5 Bl rBr (1020

(4) T-Input-act:

(xeﬁ:(E,.)AMEﬁ:{E,) or
xebn(E.)A M ebn(E,),
to20

XD e ® Er =22 5({M | Z}E, '}L

(5) Input-ported act:

x,y €bn(E,) £ bn(E;)

(I.yEfn(Er) or
toz0

¥ PO By =y ) 2B, |

(6) Output-act:

- to20
1 XM, 1o.c.0)®* Er _L‘:‘I&’Er ( )

(7) Summation (choice):

(8,177 jlr;to;.e,

i — LS Eyy (1<i<n,
3 Lejee)1%1 ; ' to; 20
; [s,]ETf[r,-fof-epd.l EU‘ L !

(8) Restriction:

E,—<>E,
E \x——>E \x

(xens(a))

(9) Parallel:

[leTIErm.e.dI—%Ea [M(w)ﬁns(Ez)= Qﬁ]
ETI{r.m-.r.d| | E;, —“2&—)5;, | E;, \to2 0
(61 Erstrsoeay == E7 (M(*P)ﬂns(EJ: ‘3]
Eropr soea —lea® y | EL\1020

(]

El"l I (2]

(10) Close sync-communication:

UM ; — ; E, E,
I'.iE“luv--'f-I__L*L_’E”'ls:IE’H'.-me,-l_"'_L’Era[:o.sj?m:;};m )}
15,1 Erte ) |1 Bty g =M Epy [ {M/ Z) Ep )\ x lgl L

=&

(11) Open sync-communication:

e En s TLTLL IR E;:su_.lfm,.n_“.x,l_m-"y_’m E‘r:[;ejg’(‘:{r;ﬁ‘w')}
|.,|Er|-.;..,..:.1iu_.lgrm_.»_..:.ua_“&'wlrn 1{M/Z}E;,)\x Lg :g -
1= 82

(12) In-movement:

f(A J Agt(E;)) el of Agt(E; )1, ofA}-]

117 Ay ey ® Er =2 E, (1020

(13) Out-movement:

(A2 4guE,)el, of Agr(Ef),]
I&'lowI A[r.w.e.d‘l .ET_‘:]&EI' kw 20

(14) Nested in-movement:

( Agt(E) = A
(A2 AgUE, ) € {1,of AlE, )1, of A),
1020

[Lu""' 4,‘_‘:-572]—-11:!-'1;[5"]
[Enh[m‘" L S 'Er:]_'mi"[En |{Eer]L

(15) Nested out-movement:

Agi(E;) =4
(A2 AgH(E,,)) e 1, of Agt(E;.)
1020

[lsl""' Alr.v-u‘]"Erx‘ E— 2] (
[En |[m°"‘ Appri® Er:]] —= i (B I[Er ]L

¢ 2 action® rAlZ o] F to > 09 9 7b53Eo

o tick-time r—i > 0% 7% th7]AIZE el A DiwHE
9 ticke] EAH o HAAL g7t g+i2 FHHL, U
7|X1ke] i9HE ZAE A& 9]z, ojnf JHe ¢
27} BEFof = At dE d—i2 W= g 9y
o =3 AA AlZF A7 tooll A BAF tickd] ojn]E
$9lo] As EfJob AZtoA iHF 9 ticke] BE A
£ u|gtk(to—i =2 0). & EE YPAEL tick-time
odAel Alzte] &S HAR o P47t APHUG
€ AL tick-timeo] o8] A]to] BAHQ APA|7H <t
M F2d AL 9u|grt

* Timeout to = 091 7399 AR} to, <0, to, = 0
Qo A9 Ade 27 Shoz Uy AAH
AYL EndlMe A £4& BF3 FAHo=
499 Ag Yusn, AN BT FFS B9 AD
£ & BFEA o, B 4 EL7H 2488 A
£ vehdch

<Ernnoan Enpoon > *Erpiozdt e AS (29 59 2

ol BEHA A En°] EFdobE Ak ho] #HS9j7 Al

1
| | | | | | | | |
1 — T T 1T
=1 et AT 7
o
E B i | [CE] ewasonTime
5] osatiee
[T mmeot
0o 1 2z 3 4 5 & 7 @& 9§ 10 '5"”““’
| | | | | 1 | | | |
I'I, | I I | I I 1 |
En | T
B FT—T 1710

(1% 5) Timeout AIZHEA(H: FAME, ofzf: Alm)
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HA ggod, 2 FA 9 En7t ALt odE £, 9
Elgole Az olF EL9 g7t 0o]d FA] Agsn, 28
A e AT Epd gAztel #9171 Alzgd
® Repetition® p2] At F7]12 nE9 s HEH
& Yehin, g A3 BAE gol 71EY A A
olo] ma} WrEEC) no| 1o]W Ykl AP ojn|
L=
* Summation(Choice)= 7H8lA 54 F29] Hol7p &

Agtgctd dedols 7HRNA BHE 15,4697
Py F AANE A 42 Aojgn

@ Bua0m o Enioa

(2% 6)3% Zo] o™ el dig Hee 3T AAE
Fol st Ay 298 Udeidd £ 9 e @
7t AYHEE PA HAT ANFHeg 7 YEL o
2 AzHdd A% F Aok dAE g Buea® B
Ad g9 F 49 G Al B0 B97H AdE A
ot

oParallel® ¥EH02 Bolte JHEEY P9E

@it

@ Eunon bn Ennon

A9 ojR7A 2 o2 7|9 do|HEES] FYHE Al
e 9% AZYY F U3, g A FE Utk
Parallel?] 9juj& 5UF AlZtel]l FA|d Agdris oo
Auk A|ZkEAo] F7hE A FAld A¥E F s §
& oujdtE Ao, FAlo] 2709 ojo]HET APFH1 3l
getne 98 F ok (29 DY CdAs ¥EHez 49
g 2719 olo]HESo] AZte] EFo| we} 49 B At
o Encl A=A, 99 GHAIT Ep7t AFHMU

¢ In-movement$} Out-movement: ©]F F222 tickel

& WY Az g9 erlZt Fol @REHA "t

win Ayaas
nl) 12 3 4 .ls ? ; %li T 'IO A reay Tire
| | | |
I I ] I I I | [ | [E] eentonTme
& (AT TT5] 5] oeive
+ T et
T 1 1] * Beution

8 9 10 [ ey Time
|

.

I 1 I I I 1 [E] BeafonTime
B [ . R [0 Dextina
T =
Ex iIII‘ Emaiien

(228l 7) Parallel AlZHEA

olF & AFA|Zto] FRFHE AFHAA G do|HERS]
ojFc] ¢ndE. o] ¢EHE A|FLE d=Us dx ¥
ofef gk (2 8)2 timeout ¢hollA AAHo2 Ao
Az, AAIzE 259 e F d=gel el Fa
Hog FaE dAeld,

¢ Synch-Communication (Case 1)

[2!Ell.l.0.3] h] E[I.l.ﬂ,i!

FAdAe Azt B3EA] Fa, A JAFA0
AYEE Z5E e dodEI} JagAE HH F
§ @533, di7] Folojof &, dd de|HE} Falg
A% SH7F GRHE AHAA FA] o]Fo4RT (Y 9)
< En® Epd 449 §713 F4E uidy, E, ol
HA 7] Foln Ep7t 48 7Hsd et se AlA
Aol #3dr. old E ol @At 48 AUHE Fal
AsjstA @t

* Synch-Communication (Case 2)

[2] E[l.l.l.!] ]{!] E[I.l.l.l]

AYAN TS e P4 A, AT HAE FAE
T8 2719 oo]HEc| o] HPA|THE MZ ZFolof F
g Aol olde B9 AlRE AT Ebdolr Al 4
o] Alztsjojop dn], FFoA AHPA T HPE F 4
Po| gta = d=el Ak ko] ¢FH ook Fr}. (27 10)
2 AgAZte] EAste AL EEE Aot F43A
EAF} go] BAL 7 JoJHEE FAL FAY F
= 54 434,

¢ Close synch-communication 5713¢l 44 3%

o dhte] TEO didjM FHN FALE rJHE F
g},

o
=

R S A G A S R O i =Bl
— T =t % ¥ s
En I_“I E I E (] | [3 Execution Ters
[0 [
: ir—
0 woverere
(3% 8) 0|F AlZHEN
o 1 2 a3 4 5 6 1 8 8§
S A D GO N N VR T 1 2 o
FH——TT1TT"1T"1T""1T1 § e
B T A - (O] oo
Timeou
En D S O

I R A S N (1 =
| I I I I I I I I 1 ' Exicuon
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