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A Formal Model for ComponentInterfa
es for Real-time SystemsDang Van Hung
Abstra
tWe give a formal model of 
omponent interfa
e for real-time 
omponent based systems. Weadd to the spe
i�
ation of a method a time 
onstraint whi
h is a relation between the resour
eavailability and the amount of time spent to perform the method. We de�ne 
ontra
t to in-
lude method spe
i�
ation, and de�ne 
omponent as an implementation of a 
ontra
t. Thisimplementation may require servi
es from other 
omponents with some assumption about thes
hedule for the use of shared methods and resour
es with the presen
e of 
on
urren
y. Ourmodel supports the separation between fun
tional and non-fun
tional requirements, and theformal 
ompositional veri�
ation of 
omponent-based real-time systems.
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Introdu
tion 11 Introdu
tionReal-time embedded systems now need heterogeneous notions to des
ribe, have high 
omplex-ity, and are 
ompositional and rea
tive. A formal framework for unifying those heterogeneousnotions will help the development for the systems more 
oherent. The paper 
on
erns threeaspe
ts in the development of real-time embedded systems using real-time UML [4℄:� the separation of fun
tional and non-fun
tional 
onstraints during the development,� the formal spe
i�
ation and modelling of 
omponent interfa
es, and� the formal veri�
ation of a design with real-time UML.The reason for the separation of fun
tional and non-fun
tional 
onstraints (requirements) duringthe development of real-time embedded systems is that removing the non-fun
tional 
onstraintsin a 
omponent will in
rease the reusability. In fa
t, real-time requirements are simply non-fun
tional 
onstraints that are separated from fun
tional requirements. In pra
ti
e, softwareengineers rely on Moore's law, whi
h is the hope that the abundant availability of 
omputingpower will de
rease the 
han
e for 
on
i
ts related to 
omputing and memory resour
es, andhandle the non-fun
tional requirements only during the implementation phase. But this redu
esthe 
ompositionality. Hen
e, the non-fun
tional requirements must be treated expli
itly from thebeginning. In fa
t, fun
tional requirements are more 
ompositional than non-fun
tional require-ments be
ause the latter are emergent features that depend not only on individual 
omponentsbut also their intera
tion, their timing 
onstraints and on the available resour
es.In [7℄, it has been identi�ed that 
omponent interfa
e spe
i�
ations should in
lude:� fun
tionality spe
i�
ations like operations (pre
onditions, post 
onditions), invariants, at-tributes and ex
eption handling� resour
es estimations, e.g. time 
onstraints, resour
es 
onstraints (memory) and depen-den
ies� intera
tions with messages (periodi
, episodi
, syn
hronous, asyn
hronous or single), pro-to
ols, autonomy, invariants.The aims of 
omponent interfa
e spe
i�
ations are to ensure the 
orre
t 
ooperation between
omponents, to fa
ilitate the s
hedulability analysis and to verify the 
orre
tness of 
omponents.In order to support the separation of fun
tional and non-fun
tional 
onstraints, all non-fun
tional
onstraints must be de�ned separately from the fun
tional spe
i�
ations in 
omponent interfa
espe
i�
ations and 
omponent intera
tion diagrams.Note that real-time requirements are normally asso
iated with use
ases (or a view of a userdes
ribed as a SIP (System Interfa
e Proto
ol) as in [14℄, as represented by a sequen
e diagram).Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 2Questions arise as to give:� a formalism for 
omponent interfa
e spe
i�
ations that support the fun
tionality and nonfun
tionality separation (using proje
tion),� a formalism for sequen
e diagrams for use 
ases to support the formal spe
i�
ation ofreal-time requirements,� a proof system or model-
he
king algorithms for the veri�
ation problem, and� a spe
i�
ation of timing 
onstraints (for methods) as a relation between parameters 
har-a
terising the implementation (resour
es used, hardware or software) and the lower andupper bounds for the exe
ution time of the methods to support the veri�
ation of real-timerequirements without redu
ing the reusability of the 
omponents.In this paper we propose a solution for these problems. We organise the paper as follows. In thenext se
tion, we present our formal model for real-time 
omponent interfa
es and 
omponents.After that, in Se
tion 3 we propose a logi
 for spe
ifying real-time properties. Se
tion 4 isdevoted for a formal semanti
s of 
on
urrent threads in the a
tive 
omponents. The last se
tionis the 
on
lusion of our paper.2 A Formalism for Component Interfa
e Spe
i�
ationsA 
omponent provides servi
es to its 
lients. The servi
es 
ould be either data or methods.To spe
ify non-fun
tional requirements of a method, we assume a �xed set of integer variablesRES = fres1; : : : ; resng. The variable resi indi
ates a resour
e type, and its value representsthe amount of resour
es of the type assigned to a 
omponent. A method will have a resour
espe
i�
ation to spe
ify resour
e requirement for its implementation, whi
h will be a predi
ateover the integer variables in RES. It needs some time to perform, and this amount of timedepends on the type and number of resour
es available. We introdu
e a temporal variable `to represent the amount of time spent to perform a method (in term of TLA [12℄, ` is exa
tlynow0 � now). The value of ` for a method should satisfy some 
ondition when the exe
utionof the method terminates. This 
ondition is represented as a predi
ate over the variable `, theresour
e variables and the input variables for the method.De�nition 1 (Interfa
e) An interfa
e I = hFd;Mdi 
onsists of� Fd - a feature de
laration whi
h is a set of variables,� Md - a method de
laration, ea
h method m 2Md is of the form op(in; out), where in andout are sets of variables.Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 3The spe
i�
ation of a method in an interfa
e is a \timed design" h�; FP; FRi, where � denotesthe set of (program) variables used by the method, FP denotes the fun
tionality spe
i�
ation,and FR denotes the non-fun
tionality spe
i�
ation of the method. We follow the style in [9℄ torepresent FP and FR (as in the unifying theory of programming by He and Hoare [8℄):� FP is a predi
ate of the form(p `f R) b= (ok ^ p)) (ok0 ^R)where p is the pre
ondition of the method whi
h is the assumption on the initial value ofthe variables in � n out that the method 
an rely on when a
tivated, and R is the post
ondition relating the initial observations to the �nal observations (represented by theprimed variables in the set fx0jx 2 � n (in [ out)g and variables in out). The Booleanvariable ok is a spe
ial variable denoting the termination of the method.� FR is a predi
ate of the formq `n S b= q ) Swhere q is the resour
e pre
ondition for the method in the given interfa
e whi
h is theassumption on the resour
es used by the method, and is represented as a predi
ate onthe variables in Rd, and S is the timed post 
ondition for the method whi
h relates theamount of time ` spent for performing the method and the resour
es used for the method.S is represented as a predi
ate on the variables in RES, � and `.The de�nition of FP in a timed design h�; FP; FRi is 
lear, but the one for FP needs anexample to illustrate. Let � b= fx; yg, FP b= x � 0 `f y2 = x and FR b= P133 + P266 = 1 `r((P133 = 1 ) ` � 0:001) ^ (P133 = 0 ) ` � 0:0005)). Then h�; FP; FRi represents a timeddesign to 
ompute y = px for a non negative x, and if it takes no more than 0:001 time unitewhen performed by a 133Mhz pro
essor, and it takes no more than 0:0005 time unite whenperformed by a 266Mhz pro
essor.The de�nition of the re�nement for the timed designs is almost the same as for the designs aspresented in [9℄. A timed design D1 = h�; FP1; FR1i is re�ned by a design D2 = h�; FP2; FR2i(denoted by D1 v D2) i�(8ok; ok0; v; v0 � FP2 ) FP1) ^ (8r; ` � FR2 ) FR1)where v; v0 are ve
tors of the program variables, and r denotes a ve
tor of the resour
e variables,r = (res1; : : : ; resn).
Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 4Sequential Composition Let D1 = h�; FP1; FR1i and D2 = h�; FP2; FR2i be timed de-signs. Then D1;D2 b= h�; FP; FRi, where:� Let FP1 = FP1(v0) and FP2 = FP2(v). Then FP b= 9m � FP1(m) ^ FP2(m).� FR b= 9`1; `2 � (FR1[`=`1℄ ^ FR2[`=`2℄ ^ ` = `1 + `2)where F [x=x1℄ denotes the expression resulting from the substitution of x1 for x in the expressionF .Disjoint Parallel Composition Let D1 = h�1; FP1; FR1i and D2 = h�2; FP2; FR2i betimed designs. Assume that �1 \ �2 = ;. Then D1jjD2 b= h�; FP; FRi, where:� � b= �1 [ �2, FP b= FP1 ^ FP2� FR b= 9`1; `2; r1; r2 � (FR1[`=`1; r=r1℄ ^ FR2[`=`2; r=r2℄ ^ ` = maxf`1; `2g ^ r = r1 + r2where r1 and r2 are ve
tors of resour
e variables, and r1 + r2 are de�ned 
omponentwise. Toverify the soundness of these two de�nitions, it is possible to use the operational semanti
s forthe programs de�ned as a labeled transition system (S;�!; C), where ea
h state s 2 S is a tuple(v; r; t), v is a ve
tor of values of program variables, r is a ve
tor of values of resour
e variables,t is a real number to indi
ate the real-time. C is the set of 
ommands. Let the semanti
s of
 2 C be design h�; FP; FRi, where FP = p `f R and FR = pr `n S. There is a transition(v; r; t) 
�! (v0; r0; t0) i� p(v) ^R(v; v0), r = r0 and pr(r) ^ ` = t0 � t ^ S(`; r; v; v0). The disjointparallel 
omposition and sequential 
omposition are de�ned in the obvious way in the labeltransition system. It is veri�ed easily that these de�nitions 
oin
ide with the de�nition givenabove. A set of rules for other 
ommands 
an be developed and veri�ed using this operationalsemanti
s. It is obvious that like for untimed designs:Theorem 1 The relation v is a partial order relation on the set of timed designs, and thedisjoint parallel 
omposition and the sequential 
omposition are monotone a

ording to this re-lation.De�nition 2 (Timed Contra
t) A timed 
ontra
t is a tuple hI;Rd;MSpe
; Init; Invi, where� I = hFd;Mdi is an interfa
e� Rd - a resour
e de
laration, whi
h is a subset of RES,� Init is an initialization, whi
h asso
iates ea
h variable in Fd and ea
h lo
al variable witha value of the same type, a variable in Rd with an integer,Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 5� MSpe
 is a method spe
i�
ation whi
h asso
iates ea
h method op(in; out) in Md with atimed design h�; FP; PRi, where (� n (in [ out)) � Fd, and� Inv is a predi
ate on the features in the 
ontra
t. Inv should be satis�ed by the value ofthe variables in the feature de
laration Fd of the 
omponent at any time that a

essiblefrom outside, parti
ularly by Init.We should emphasise here that the resour
e variables de
lared in Rd in a 
ontra
t are internalin the 
ontra
t, and in the 
omponents (see below) that implement the 
ontra
t.De�nition 3 (Re�nement of Contra
ts) Timed 
ontra
tCtr1 = hhFd1;Md1i; Rd1;MSpe
1; Init1; Inv1i is re�ned by timed 
ontra
tCtr2 = hhFd2;Md2i; Rd2;MSpe
2; Init2; Inv2i (denoted Ctr1 v Ctr2) i�:� Fd1 � Fd2, Rd1 � Rd2, and Init2jFd1 = Init1jFd1 , Init2jRd1 � Init1jRd1 .� Md1 �Md2� For all methods op de
lared in Md1Mspe
1(op) vMspe
2(op); and Inv2 ) Inv1:(Ctr2 may provide more servi
es, but should have at least the same resour
es as Ctr1 does).Let Ctri = hFdi;Mdi; Rdi;Mspe
i; Initii, i = 1; 2 be timed 
ontra
ts whi
h have the 
ompatiblesets of features and methods, i.e. f 2 Fd1\Fd2 ) Init1(f) = Init2(f) and op 2Md1\Md2 )MSpe
1(op) �MSpe
2(op). The 
ombination Ctr1 [ Ctr2 is de�ned as:Ctr1 [ Ctr2 = h(Fd1 [ Fd2;Md1 [Md2); Rd1 [Rd2;Mspe
1[Mspe
2; Init1 ℄ Init2; Inv1 ^ Inv2i;where(Init1 ℄ Init2)(x) b= 8><>: maxfInit1(x); Init2(x)g if x 2 dom(Init1) \ dom(Init2)Init1(x) if x 2 dom(Init1) n dom(Init2)Init2(x) if x 2 dom(Init2) n dom(Init1)It should be noti
ed here that when 
ombining two 
onstra
ts, the amount of resour
es availablefor the 
ombined is de�ned as the maximal of the 
omponent 
ontra
ts. This de�nition re
e
tsour view that a method in the 
ombined 
ontra
t will have at least the same time performan
eas it has in the 
omponent 
ontra
ts, provided the following well-formedness is satis�ed.Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 6A timed design h�; FP; FRi is said to be well-formed i� FR satis�es 8r; r1 � (r � r1 )(FR(RES=r) ) FR(RES=r1), where r and r1 are ve
tors of resour
e variables' value (re-
all that RES is the ve
tor of resour
e variables, and FR is a relation on RES, ` and �). So,a well-formed design will provide the better timed performan
e if more resour
es are provided.For the de�nition of the re�nement of timed 
ontra
ts to be meaningful, we assume that all thetimed designs for the spe
i�
ation of 
ontra
ts are well-formed.Theorem 2 Let Ctr1, Ctr2 be 
omposable timed 
ontra
ts with well-formed spe
i�
ations formethods. Then Ctri v Ctr1 [ Ctr2 for i = 1; 2.Proof: By dire
t 
he
k from the well-formedness of the spe
i�
ations for methods and thede�nition of the timed design re�nement. 2A passive 
omponent is an implementation of a 
ontra
t using servi
es from other passive 
om-ponents via their 
ontra
t. We are going to formalise this 
on
ept. For the simpli
ity of pre-sentation, we do not introdu
e the 
on
ept of private methods and private features, and use thesimple ar
hite
tural style with the 
lient/server initiative, and syn
hronous 
ommuni
ation. Theimplementation of a method may invoke other methods in other 
omponents. The invo
ationof methods in other 
omponent may need some extra time for handling the 
on
urrent use ofthe methods. We assume that there is a s
heduler in the system to handle this matter. Thiss
heduler may be 
entralized or distributed. We introdu
e a set Dep of 
omponent names inthe de
laration of a 
omponent Comp for that purpose. Like for the set of resour
e names, we�x a set of global variables � to express the requests for 
omponents from a 
omponent, ea
hv 2 � may 
orrespond to a 
all from a 
omponent C for a servi
e from a 
omponent Q. Thes
heduler uses the variables in � to s
hedule for a 
alls from 
omponents. Dep is a �nite set of
omponents that Comp depends on. The idea is that when the implementation of a method opin Comp has a 
all to a method in a 
omponent C then this 
all should be sent to the s
hedulerfor s
heduling. The s
heduler bases on the 
urrent requests to resolve the 
on
i
t and may for
esome 
alls to wait a 
ertain amount of time.De�nition 4 (Passive Components) A real-time passive 
omponentComp = hCtr;Dep; SDep;M
ode; SInvi, where Comp is identi�ed with the name of 
omponent,
onsists of� a 
ontra
t Ctr = hhFd;Mdi; Rd;Mspe
; Init; Invi� a set Dep of 
omponent names, ea
h element of Dep is the name of other 
omponent thatComp depends on.� SDep is the set of variables in � (representing 
alls from other 
omponents that may havea 
all to a method in Md of Comp and a
ted on by the s
heduler).� SInv is a predi
ate on the variables v 2 SDep (to express the assumption about informa-tion that the s
heduler 
an rely on when a method in Comp is 
alled).Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 7� M
ode assigns to ea
h method op in Md a design built from basi
 operators (as de�nedin [11℄ with suitable time 
onsumption assumption as time and resour
e spe
i�
ation) andthe method 
alls of the form 
all(Comp;C; op1) where op1 is a method in a 
omponentC in Dep (see below). Note that method names, resour
e variables and lo
al variablesused in the spe
i�
ation and implementation of a method op1(in; out) in a passive 
om-ponent C (with the name C) are lo
al in C, and are pre�xed by \C." to avoid the 
on-fusion with the variables used in other passive 
omponents. Let Env denote the predi
ate^U2Dep(Inv(Ctr(U)) ^ SInv(U)) (here and below we use Ctr(U) to denote the 
ontra
tof 
omponent U , Inv(Ctr(U)) to denote the invariant of the 
ontra
t of 
omponent U ,Dep(U) to denote the set of 
omponent names that U depends on, and SInv(U) to denotethe system s
hedule invariant of 
omponent U). The following 
ondition should be satis�edby M
ode: Env j= (Mspe
(op) vM
ode(op)), and Inv is preserved by any operation usedin M
ode.Let C 2 Dep, and op 2 C. Then 
all(Comp;C; op) is de�ned as:S
hedule(Comp;C)jjC.op, where S
hedule(Comp;C) is a design using variables in SDep(C)(the value of these variables represent the 
urrent 
alls to a method in C; we expe
t thatthe pre
ondition of S
hedule(Comp;C) is implied by SInv(C)). From the disjoint parallelrule, S
hedule(Comp;C)jjC.op implies the fun
tional spe
i�
ation of C.op, but may needmore time to perform.Contra
t Ctr is said to be implemented by Comp.In the de�nition of 
omponent Comp, it requires thatMspe
(op) vM
ode(op) for every methodop in the 
ontra
t of Comp under the assumption^U2Dep(Inv(Ctr(U)) ^ SInv(U)). Therefore, op 
an be used as a proper servi
e with thespe
i�
ation Mspe
(op). The implementation of op relies on the methods in the 
omponentswith name in in Dep. But the implementation of those methods may eventually relies on op.This situation may 
ause 
ir
ular reasoning, and may make op not implemented properly. Thissituation will not happen if we have the well-implementedness for the methods de�ned as follows.De�nition 5 Well-implemented methods are de�ned re
ursively as1. if op is a method in a 
omponent with the 
ode M
ode(op) 
omposed from the basi
 
om-mands, then op is well-implemented2. if op is a method in a 
omponent with the 
ode M
ode(op) 
omposed from the basi
 
om-mands and method-
alls for a well-implemented method, then op is well-implemented.So, well-implemented methods do not 
ontain re
ursive method-
alls, although methods whi
h
ontain re
ursive method-
alls may always terminate and have well-de�ned semanti
s.Let Comp = hCtr;Dep; SDep;M
ode; SInvi. Let Dep b= f(C1; C2)jC2 2 Dep(C1)g (i.e.C1DepC2 i� the implementation of a method in C1 
ontains a 
all to a method in C1). LetReport No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 8Dep+ and Dep� be the transitive 
losure and the re
exive and transitive 
losure of Dep re-spe
tively.By re
ursively repla
ing a method name by its implementation, we have:Theorem 3 Let Comp = hCtr;Dep; SDep;M
ode; SInvi, and op be a well-implemented methodof Comp. Then, there is a program text P without o

urren
es of method 
alls su
h that^C2Dep+Inv(C) j=Mspe
(op) v P .Combination of Components Let Ci = hCtri;Depi; SDepi;M
odei; Invii, i = 1; 2 bepassive 
omponents whi
h have the 
omposable 
ontra
ts, and satisfy that M
ode1(op) �M
ode2(op) for all op 2Md1\Md2. The 
ombination C1[C2 is de�ned as hCtr1[Ctr2;Dep1[Dep2; SDep1 [ SDep2;M
ode1 [M
ode2; SInv1 ^ SInv2i.Let U be a �nite set of passive 
omponents su
h that [U2UU .Dep � U . Let dependen
y graphof U be de�ned as the dire
ted graph D(U) b= (U ;A), where (U; V ) 2 A i� V 2 U .Dep. Uis well stru
tured i� its dependen
y graph has no 
y
le. A passive 
omponent U is said to beself-
ontained i� U .Dep = ;.Theorem 4 If U is well-stru
tured, any method in a 
omponent U 2 U is well-implemented.Remark� The methods in 
omponents are de�ned as designs with pre
onditions, post 
onditions andrelations on the amount of time to exe
ute the methods and the resour
e availability. Thisis suitable for spe
ifying the termination systems, but is not powerful enough to expressthe behaviour of nonterminating programs or rea
tive systems.� The de�nition of a 
omponent Comp requires that Mspe
(op) v M
ode(op) under theassumption ^U2Dep(Inv(Ctr(U)) ^ SInv(U)). The 
onditionInv(Ctr(U)) is on the variables used to implement the fun
tionality spe
i�
ation for themethod op, and is guaranteed by all 
omponents U . The 
ondition SInv(U) is on the vari-ables in SDep(U) used by the s
heduler only, and is used to implement the non-fun
tionalspe
i�
ation of the method. Therefore if SInv(U) is veri�ed as a global invariant for the
orresponding untimed system (whi
h has more untimed behaviours than the timed sys-tem), it must be an invariant of the timed system as well. The veri�
ation of the invariantSInv(U) for the 
orresponding untimed system 
an be done with 
lassi
al te
hniques. Forexample, when s
heduling is unne
essary (e.g. the parallel usages of servi
es are allowed,or servi
es are 
alled by only one 
omponent at a time, SDep(U) = ; for all U), then, andwe 
an have S
hedule(Comp;C) = h;; skip; ` = 0i (later we will assume that 
omputa-tions always take time, hen
e, the time spe
i�
ation for the s
heduler in this 
ase shouldReport No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



A Formalism for Component Interfa
e Spe
i�
ations 9be 
hange to ` > 0 ^ ` � d where d is the smallest amount of time needed to performa 
ommand under the assumption about resour
es in the system). The pre
ondition forS
hedule(Comp;C) is true, and hen
e SInv(C) 
an be true, whi
h is a trivial invariant.As another example, assume that the s
heduler uses the '�rst in �rst servi
e' (FIFO)poli
y, and the maximal amount of time that a 
omponent uses a servi
e of 
omponentComp ea
h time is a, and that at most only n other 
omponents may use servi
es ofComp. Then we 
an have S
hedule(Comp) = hSDep(U); FP; ` � n � ai. We leave FPunspe
i�ed here. Whether there are 
on
urrent 
alls to a 
omponent or not depends on ifthere are 
on
urrent a
tive methods in the system. The latter depends on if the languageallows a method to be implemented with parallel 
ommands or if there are more than onethreads running in parallel in the system. We will dis
uss more about this aspe
t later.From the dis
ussion in the remark, it is reasonable to de�ne that a 
omponent 
omp1 is re�nedby a 
omponent Comp2 i� Comp2 is better than Comp1 in the sense that Comp2 provides moreservi
e than Comp1, but needs less servi
es than Comp1, and the s
hedule 
ondition needed inComp2 is looser than in Comp1 (i.e. Comp2 has stronger invariants for the s
heduler).De�nition 6 (Re�nement of Components) LetCompi = hCtri;Depi; SDepi;M
odei; SInvii, i = 1; 2be passive 
omponents. Comp1 is said to be re�ned by Comp2 (denoted by Comp1 v Comp2) i�� Ctr1 v Ctr2 (Comp2 provides more servi
es than Comp1)� Dep2 � Dep1, SDep2 � SDep1 and SInv2 ) SInv1 (Comp2 does not need more servi
esfrom the system than Comp1, and ensures stronger invariants)A
tive Components A
tive 
omponents are de�ned in the same way as passive 
omponents,ex
ept that the a
tive 
omponents should have 
on
urrent thread de
larations and event de
la-rations. A
tive 
omponents are driven by either events from the environment or by their internal
lo
ks. A thread T is de�ned as always D follows e, where e is an event whi
h is a booleanexpression, and D is a method. The meaning of the notation \D follows e" is e ) ok ^ D.Roughly speaking, thread T is listening for the o

urren
es of event e; whenever event e o

urs,method D should be invoked. The formal meaning of the operator always will be given in thenext se
tion using a real-time temporal logi
.De�nition 7 A 
omponent based system is a set S of 
omponents su
h that for any a
tive
omponent U 2 S, for any V su
h that U Dep� V , V 2 S holds.In a 
omponent based system, we 
an repla
e a passive 
omponent by a better 
omponentwithout any violation of the requirements.Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



Interval Logi
 with Time Fun
tions 10Theorem 5 Let S be a 
omponent based system. Let Comp1 and Comp2 be passive 
omponentssu
h that Comp1 v Comp2, and let Comp1 2 S. Let S1 be obtained from S by repla
ingComp1 by Comp2 and repla
ing ea
h o

urren
e of the name Comp1 in 
omponents in S by ano

urren
e of the name Comp2. Then S1 is also 
omponent based system, and provides moreservi
es than S.Proof:The only thing we need to proof is that after the repla
ement of the o

urren
es of the nameComp1 by the o

urren
es of the name Comp2, the resulting systems is also a set of 
ompo-nents, i.e. we have to show that for any method op in a 
ontra
t of a resulting 
omponentC, Mspe
(op) v M
ode(op) under the assumption ^U2Dep(C)(Inv(Ctr(U)) ^ SInv(U)). FromDe�nition 6, it follows thatS
hedule(Comp;Comp1)jjComp1.op v S
hedule(Comp;Comp2)jjComp2.opfor any method op in Comp1. Hen
e, from the monotoni
ity of operations in the used program-ming language a

ording to the re�nement relation, and from the fa
t that SInv(Comp2) )SInv(Comp1)Mspe
(op) vM
ode(op)holds under the assumption ^U2Dep(C)(Inv(Ctr(U)) ^ SInv(U)) for any method op in the 
on-tra
t of C in the system S1. 2So, in this model of 
omponent based systems we 
an use UTP and additional rules for thereal-time spe
i�
ation of designs to verify if a method is implemented properly or not. However,in order for this model to support the veri�
ation of the temporal and real-time properties, wehave to give formal meaning for threads, and formal spe
i�
ation for real-time properties.3 Interval Logi
 with Time Fun
tionsIn this se
tion, we give a summary of our spe
i�
ation and veri�
ation te
hniques for real-timesystems. Namely, we use Extended Duration Cal
ulus (EDC) as our spe
i�
ation language.Extended Duration Cal
ulus is just an Interval Logi
 with 
hop in whi
h temporal variables andtemporal propositional letters are de�ned via fun
tions of time. We refer the readers to [5, 2℄for more details of interval logi
 and EDC.Interval Logi
 with Chop (Dutertre 95) and Neighborhood Operator (Zhou andHansen, 1996) We are given the following symbol sets: the set GV ar of global variablesReport No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



Interval Logi
 with Time Fun
tions 11x; y; z; :::, independent of time; the set Tvar of temporal variables v; v1; v2; ::: interpreted asfun
tions of time intervals, in whi
h ` is an interval fun
tion denoting interval length (whi
h
oin
ides with the meaning given to it in the previous se
tion); the set FSymb of global fun
tionsymbols f; g; ::: (su
h as 
onstants and +;�; �; :::), and the set RSymb of global relation symbolsG;H; ::: (su
h as true and false, and =;�; :::) whi
h have standard meaning; and the set PLetterof temporal propositional letters X;Y; ::: whi
h will be interpreted as truth-valued fun
tions oftime intervals .Terms � and formulas � are built using the following grammars� ::= x j ` j v j f(�; :::; �)� ::= X j G(�; :::; �) j :� j � _ � j 9x:� j �_� j 3r�In addition to the standard abbreviations, we denote3� def= true_(�_true) 2� def= :3:�The semanti
 of terms and formulas are de�ned as follows. Let Intv denote the set of timeintervals. Let a value assignment V (V : GV ar ! Reals) for global variables, an InterpretationI for the given symbols be given. The semanti
s of a term � is a mapping �I : Intv ! Reals.The semanti
s for a term of the kinds x or v, is exa
tly the one given by V and I. For a term� = f(�1; :::; �n), �I([a; b℄) is de�ned de�ned as f(
1; :::; 
n) where 
i is (�i)I([b; e℄) for i = 1; :::; n.The semanti
s of a formula � is a mapping I[[�℄℄ : Intv ! ftrue, falseg de�ned asI[[X℄℄([b; e℄) = true i� XI([b; e℄) = true;I[[G(�1; :::; �n)℄℄([b; e℄) = true i� G(
1; :::; 
n) = true, where 
i = (�i)I([b; e℄) for i = 1; :::; n;I[[�_ ℄℄([b; e℄) = true i� I[[�℄℄([b;m℄) = true and I[[ ℄℄([m; e℄) = true for some m 2 [b; e℄.I[[3r�℄℄([b; e℄) = true i� I[[�℄℄([e;m℄) = true for some m � e.For other 
ases of �, the de�nition is just the same as in predi
ate 
al
ulus. ITL has a powerfulproof system whi
h is relatively 
omplete and very useful in the formal veri�
ation of real-timesystems. We refer readers to [1, 5℄ for the details.Extended Duration Cal
ulus We assume that we are given a setM of real fun
tions and aset B of Boolean fun
tions of time that we are interested in. Note that for an n-ary relationR overReals, for f1; : : : ; fn 2M, R(f1; : : : ; fn) is a Boolean fun
tion de�ned by R(f1; : : : ; fn)(t) = truei� R(f1(t); : : : ; fn(t)) = true. We de�ne time-fun
tion-based temporal variables and temporalpropositional letters for the interval logi
 as follows.� For any real fun
tion f 2M, b:f and e:f are temporal variables interpreted as the valueof f at the beginning and the ending points of intervals, respe
tively.Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
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Modeling Real-time Properties and Threads in ITL 12� For any Boolean fun
tion b 2 B, dbe is a propositional letter whi
h is evaluated to trueover an interval [
; d℄ i� d� 
 > 0 and b is interpreted as true everywhere inside [
; d℄ (i.e.everywhere in the open interval (
; d)).� For any Boolean fun
tion b 2 B, dbeo is a propositional letter whi
h is evaluated to trueover an interval [
; d℄ i� 
 = d (i.e. [
; d℄ is a point interval) and b(
) = true. So, dtruee0is satis�ed by [
; d℄ i� [
; d℄ is a point interval. As a standard denotation in DC, dtruee0 isabbreviated as d e.A formula in Interval Logi
 in whi
h only time-fun
tion-based temporal variables and temporalpropositional letters are allowed, is 
alled an EDC formula.4 Modeling Real-time Properties and Threads in ITLWe will interpret (lift) all the program variables x in our 
omponent based systems as right 
on-tinuous step fun
tions of time x (note that only the typefa
es are 
hanged). Sin
e dbe0_dpe0 ,db^ pe0 is valid in ITL, we should assume that the 
omputation always takes time to avoid 
on-
i
t, and hen
e, for any design h�; FP; FRi we assume that FR ) ` > 0. The ITL semanti
sand the untimed ITL semanti
s for a design D b= h�; FP; FRi are de�ned respe
tively as thefollowing formulas:T (D) b= ^x2�(b.x = x ^ e.x = x0) ^ FP ^ FR ^ T C(D)UT (D) b= ^x2�(b.x = x ^ e.x = x0) ^ FP ^ ` > 0 ^ UT C(D)Note the formula UT (D) only says about the temporal order between the 
hanges of variables,but not time 
onstraints. These formulas are satis�ed by an interval [a; b℄ i� the method Dstarts at time a (ok and pre
onditions are satis�ed at time a) and terminates at time b, b > a(ok0 and post 
onditions are satis�ed at time b). It request for the �rst formula that the time
onsumption is ` = (b� a) and satis�es FR. T C(D) and UT C(D) are ITL formulas expressingthe timed and untimed behaviour, respe
tively, of D inside the interval [a; b℄, and is de�nedbased on the 
ode of D. We will not give the de�nition of T C(D) and UT C(D) here, and referreaders to [15℄ for the details.Now we give formal semanti
s for events and threads in a
tive 
omponents.An event is a boolean expression b, and its o

urren
es should be isolated and not too frequent.So, for an event b it holds that:dbe0_true) dbe0_d:be_true9Æ � 2(dbe0_d:be_dbe0 ) ` � Æ)Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
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Modeling Real-time Properties and Threads in ITL 13In an a
tive 
omponent, together with the event de
laration, we introdu
e event spe
i�
ationESpe
 whi
h assigns to an event e a boolean expression as semanti
s for e and ITL formula asassumption for the o

urren
es of e.The semanti
s and the untimed semanti
s of a thread \always D follows e" are de�ned respe
-tively as:2(dee0 ) 3rT (D)); and2(dee0 ) 3rUT (D))A real-time requirement R for a 
omponent based system S is an ITL formula on the eventsand other features of the a
tive 
omponents of the system S. Requirement R is veri�ed i� itis provable from the semanti
s of all the threads in the system provided that SInv(C) holdsduring the time a method D in 
omponent C is performing, i.e.2(T C(C.D)) dSInv(C)e0; dSInv(C)e; dSInv(C)e0)(to guarantee that the methods used in the system are implemented 
orre
tly a

ording to thede�nition of 
omponents) should be derivable from the timed semanti
s of the system. Notethat the invariants SInv are used as the pre
ondition for the s
heduler only, and have nothing todo with the untimed behaviour of the system (whi
h does not depend on the s
heduler). Hen
e,we have the following theorem whi
h is the easiest way to verify the 
ondition 2(T C(C.D) )dSInv(C)e0; dSInv(C)e; dSInv(C)e0):Theorem 6 If for all 
omponent C in a 
omponent based system S 2(d e ) dSInv(C)e0) isprovable from the untimed ITL semanti
s of all threads in the system, 2(d e ) dSInv(C)e0)holds for the timed system.In general, some assumptions from the environment are needed to ensure the s
hedule invariantSInv for 
omponents. Those assumptions 
ould be the frequen
y of the trigger events, et
.Now we illustrate how our model works via a simple example.Example: A Car Navigation System [7℄ assists the driver of a 
ar to navigate through anarea. To intera
t with the driver, it 
onsists of a display to show a map of the area around the
ar lo
ation, a keypad to enter 
ommands (e.g. \display <map>", \zoom in/out" and \�nd aroute to <destination>"). UML like use 
ase diagram, 
lass diagram and sequen
e diagram areshown in Figs 1, 2 and 3.A 
omponent based design for CNS 
onsists of the following main 
omponents1. Component GPS: This 
omponent has one method get pos(out : sr
) with the spe
i�
ationhfsr
g; true `f sr
0 = 
urrent position; 0 < ` � 1i. We leave the 
ode of this methodReport No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au



Modeling Real-time Properties and Threads in ITL 14
Car Navigation System

Use cases are

Find route

Update map

Driver

mutually exclusive

Figure 1: Use
ases for CNS
Route Planner

GPS

get_position()
mode()
on_off()

RouteDB

get_map()
find_route()

on_off()

Position

get_position()

Receiver

mode()
on_off()

find_route()

QueryManager

get_map()

Database

get_data()

find_route_handler

Controller

Figure 2: Class Diagram for CNS

get_position

position(src)

find_route(src,dstn)

cmd(find_route, dstn)

find_route
get_map get_map(src,dstn)

get_map get_map(src,dstn)

map & route

Controller Bus DB
Route

Planner

Route

Manager
Query

Database GPS

display_route(dstn)

Figure 3: A Timed Sequen
e Diagram for \Find Route"
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Modeling Real-time Properties and Threads in ITL 15unspe
i�ed here, but assume that the 
ode does not 
ontain any 
all to a method fromother 
omponents. The only other 
omponent that may use this 
omponent is Controller.(We leave the resour
e unspe
i�ed here, and assume that the resour
e-pre
ondition forget pos(out : sr
) is true.2. Component RouteDB: The resour
e de
laration of this 
omponent 
onsists of resour
evariables memory (initiated to 4 (Mb)) and 75MHzpro
essor (initiated to 1). The 
om-ponent has two methods: get map(in : sr
; in : dstn; out : map) and find route(in :sr
; in : dstn; out : route). The spe
i�
ations of these methods are given respe
tively ashfsr
; dstn;mapg; true `f map0 = map for the area; 0 < ` � 1i andhfsr
; dstn; routeg; true `f route0 = route to the destination;75MHzpro
essor = 1 ^memory = 4 `n 0 < ` � 11i.The only other 
omponent that may use this 
omponent is Controller. The 
ode forfind route(in : sr
; in : dstn; out : route) isget map(sr
; dstn;map); 
ompute(sr
; dstn;map; route).Assume that 
ompute(sr
; dstn;map; route) needs 10 se
onds to perform using 4 Mbmemory, and a 75 MHz pro
essor, then this 
ode is a re�nement of the spe
i�
ationof find route(in : sr
; in : dstn; out : route).3. A
tive 
omponent Controller: This 
omponent has an event de
larationfind route 
ommand arrival, and a method find route handler. The resour
e de
lara-tion of this 
omponent has variable 75MHzpro
essor whi
h is initiated to 1. The 
ode forthis method isdstn := read dstn;S
hedule(Controller;GPS)jjGPS.get pos(sr
);S
hedule(Controller;RouteDB)jjRouteDB.find route(sr
; dstn; route);display route(dstn).Time spe
i�
ation of this method is 0 < ` � 14. Assume ea
h of dstn := read dstn anddisplay route(dstn) has the time 
onsumption less than 1 using a 75 MHz pro
essor. Weassume that the S
hedule(Controller;RouteDB) and S
hedule(Controller;RouteDB) donot take time, i.e. ` = d (we 
annot assume ` = 0 be
ause of our ealier assumption) is theirpost 
ondition for timed spe
i�
ation (their pre
ondition is given later as invariant for allthree 
omponents), where d is the smallest ammount of time to perform a 
ommand. Itis derived dire
tly from the sequential and parallel 
omposition rule that the 
ode of thismethod is the re�nement of its spe
i�
ation.A thread of this 
omponent isalways find route handler after findroute 
ommand arrival. ITL semanti
s of thethread is:dfindroute 
ommand arrivale0 ) 3rT (find route handler)Let the invariant SInv for s
heduler for all 
omponents C be wC + rC � 1, where wC is thenumber of 
alls to a method in C that are waiting, and rC is number of 
alls that are onpro
essing. This invariant for a 
omponent C just says that the 
on
urrent use of a 
omponentis not allowed, and when a 
omponent is in use by another 
omponent, then there is no otherrequest for a servi
e from it.Report No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
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Con
lusion 16One of the requirement for the CNS is that the deadline for �nding a route is 15 se
onds whi
his spe
i�ed as the following ITL formulasdfindroute 
ommand arrivale0 ) 3r` � 15_ddisplay route(dstn)e0Be
ause T (find route handler) ) ` < 14_ddisplay route(dstn)e, the requirement is impliedby the semanti
s of the thread, provided that SInv is provable from the timed semanti
s of thesystem. SInv is provable if we have an assumptiondfindroute 
ommand arrivale0_d:findroute 
ommand arrivale_dfindroute 
ommand arrivale0 ) ` > 15A formal proof of this would involve the proof system of ITL whi
h is not given here. But wedo believe that it 
an be done with the assistant from a theorem prover like PVS.5 Con
lusionThis paper has presented a formal model for 
omponent-based real-time embedded systems.The model is an extension of the one for untimed systems proposed in He and Liu's work [9, 10℄to 
over the timing and resour
e aspe
ts of 
omponent-based systems. There are signi�
antdi�eren
es between this model and the original one. A 
omponent is de�ned to 
arry somear
hite
tural information to support the s
hedule of the 
on
urrent use of its servi
es as well astiming and resour
e 
onstraints. Our model supports the separation between fun
tionality spe
i-�
ation from non-fun
tionality spe
i�
ation of 
omponents, whi
h 
an simplify the veri�
ation ofthe fun
tionality requirements, and in many 
ase 
an simplify the veri�
ation of non-fun
tionalrequirement as well, parti
ularly when the real-time requirements are in the form of deadline
onstraints.With UML, one 
an derive a 
omponent based design and implementation. But sine UML isjust semi-formal, it does not support the formal veri�
ation of the system. Furthermore, evenreal-time UML does not support the timed design for 
omponents. Our te
hnique is used as a
omplementary to UML to support the timed design and the formal veri�
ation of the safety
riti
al systems. With the separation of the non-fun
tionality and fun
tionality during thesystem development, we �rst use UML to design an untimed system that satisfy the fun
tionalityrequirements. Then, resour
e and time 
onstraints are added to the untimed design of methodsbased on the timed sequen
e diagrams. After that, the spe
i�
ation of the s
heduling for the
on
urrent use of servi
es is introdu
ed as global invariants distributed over the 
omponents.The �nal timed design is then veri�ed formally against the non-fun
tionality requirements.In this paper, for simpli
ity, we have assumed a very simple way for 
ommuni
ation between
omponents. The model 
an be extended for handling 
ommuni
ation by introdu
ing 
ommu-ni
ation events and methods in the a
tive 
omponents. There are still quite a lot of work toReport No. 296, Mar
h 2004 UNU-IIST, P.O. Box 3058, Ma
au
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