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Abstract

We give a formal model of component interface for real-time component based systems. We
add to the specification of a method a time constraint which is a relation between the resource
availability and the amount of time spent to perform the method. We define contract to in-
clude method specification, and define component as an implementation of a contract. This
implementation may require services from other components with some assumption about the
schedule for the use of shared methods and resources with the presence of concurrency. Our
model supports the separation between functional and non-functional requirements, and the
formal compositional verification of component-based real-time systems.
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Introduction 1

1 Introduction

Real-time embedded systems now need heterogeneous notions to describe, have high complex-
ity, and are compositional and reactive. A formal framework for unifying those heterogeneous
notions will help the development for the systems more coherent. The paper concerns three
aspects in the development of real-time embedded systems using real-time UML [4]:

e the separation of functional and non-functional constraints during the development,
e the formal specification and modelling of component interfaces, and

e the formal verification of a design with real-time UML.

The reason for the separation of functional and non-functional constraints (requirements) during
the development of real-time embedded systems is that removing the non-functional constraints
in a component will increase the reusability. In fact, real-time requirements are simply non-
functional constraints that are separated from functional requirements. In practice, software
engineers rely on Moore’s law, which is the hope that the abundant availability of computing
power will decrease the chance for conflicts related to computing and memory resources, and
handle the non-functional requirements only during the implementation phase. But this reduces
the compositionality. Hence, the non-functional requirements must be treated explicitly from the
beginning. In fact, functional requirements are more compositional than non-functional require-
ments because the latter are emergent features that depend not only on individual components
but also their interaction, their timing constraints and on the available resources.

In [7], it has been identified that component interface specifications should include:

e functionality specifications like operations (preconditions, post conditions), invariants, at-
tributes and exception handling

e resources estimations, e.g. time constraints, resources constraints (memory) and depen-
dencies

e interactions with messages (periodic, episodic, synchronous, asynchronous or single), pro-
tocols, autonomy, invariants.

The aims of component interface specifications are to ensure the correct cooperation between
components, to facilitate the schedulability analysis and to verify the correctness of components.
In order to support the separation of functional and non-functional constraints, all non-functional
constraints must be defined separately from the functional specifications in component interface
specifications and component interaction diagrams.

Note that real-time requirements are normally associated with usecases (or a view of a user
described as a SIP (System Interface Protocol) as in [14], as represented by a sequence diagram).
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A Formalism for Component Interface Specifications 2

Questions arise as to give:

a formalism for component interface specifications that support the functionality and non
functionality separation (using projection),

e a formalism for sequence diagrams for use cases to support the formal specification of
real-time requirements,

e a proof system or model-checking algorithms for the verification problem, and

e a specification of timing constraints (for methods) as a relation between parameters char-
acterising the implementation (resources used, hardware or software) and the lower and
upper bounds for the execution time of the methods to support the verification of real-time
requirements without reducing the reusability of the components.

In this paper we propose a solution for these problems. We organise the paper as follows. In the
next section, we present our formal model for real-time component interfaces and components.
After that, in Section 3 we propose a logic for specifying real-time properties. Section 4 is
devoted for a formal semantics of concurrent threads in the active components. The last section
is the conclusion of our paper.

2 A Formalism for Component Interface Specifications

A component provides services to its clients. The services could be either data or methods.
To specify non-functional requirements of a method, we assume a fixed set of integer variables
RES = {resy,...,resy}. The variable res; indicates a resource type, and its value represents
the amount of resources of the type assigned to a component. A method will have a resource
specification to specify resource requirement for its implementation, which will be a predicate
over the integer variables in RES. It needs some time to perform, and this amount of time
depends on the type and number of resources available. We introduce a temporal variable /
to represent the amount of time spent to perform a method (in term of TLA [12], £ is exactly
now' — now). The value of £ for a method should satisfy some condition when the execution
of the method terminates. This condition is represented as a predicate over the variable £, the
resource variables and the input variables for the method.

Definition 1 (Interface) An interface I = (Fd, Md) consists of

e Fd - a feature declaration which is a set of variables,

e Md - a method declaration, each method m € Md is of the form op(in,out), where in and
out are sets of variables.
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A Formalism for Component Interface Specifications 3

The specification of a method in an interface is a “timed design” («, F'P, FR), where « denotes
the set of (program) variables used by the method, F'P denotes the functionality specification,
and F'R denotes the non-functionality specification of the method. We follow the style in [9] to
represent FP and FR (as in the unifying theory of programming by He and Hoare [8]):

e F'P is a predicate of the form
(pts R) = (ok Ap) = (ok' A R)

where p is the precondition of the method which is the assumption on the initial value of
the variables in « \ out that the method can rely on when activated, and R is the post
condition relating the initial observations to the final observations (represented by the
primed variables in the set {z'|z € a '\ (in U out)} and variables in out). The Boolean
variable ok is a special variable denoting the termination of the method.

e F'R is a predicate of the form
gk, S=q¢= S

where ¢ is the resource precondition for the method in the given interface which is the
assumption on the resources used by the method, and is represented as a predicate on
the variables in Rd, and S is the timed post condition for the method which relates the
amount of time £ spent for performing the method and the resources used for the method.
S is represented as a predicate on the variables in RES, a and /.

The definition of FP in a timed design (a, FP, FR) is clear, but the one for FP needs an
example to illustrate. Let o = {z,y}, FP =2 >0+t y?> =z and FR = P133 + P266 = 1 I,
((P133 =1 = ¢ <0.001) A (P133 = 0 = ¢ < 0.0005)). Then («, FP, FR) represents a timed
design to compute y = y/z for a non negative z, and if it takes no more than 0.001 time unite
when performed by a 133M hz processor, and it takes no more than 0.0005 time unite when
performed by a 266 M hz processor.

The definition of the refinement for the timed designs is almost the same as for the designs as

presented in [9]. A timed design D; = (a, F'P;, FRy) is refined by a design Dy = («, F Py, FRy)
(denoted by Dy C Do) iff

(Vok,ok',v,v' e« FPy = FP;) A\ (Vr,l ¢ FRy = FRy)

where v, v are vectors of the program variables, and r denotes a vector of the resource variables,
r=(resy,...,resy).
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A Formalism for Component Interface Specifications 4

Sequential Composition Let D = («, FP;,FRy) and Dy = {(a, FP,, FRy) be timed de-
signs. Then Dq; Dy = (o, FP, FR), where:

e Let FP, = FPy(v') and FP, = FPy(v). Then FP = 3m e FP;(m) A\ FPy(m).
e FR=3l1,/e (FRl[///l] A FRQ[K/KQ} N =1t —l—fg)

where F[z/x1] denotes the expression resulting from the substitution of 21 for z in the expression
F.

Disjoint Parallel Composition Let Dy = (aq, FP;, FRy) and Dy = (ay, FPy, FRs) be
timed designs. Assume that a3 Nay = . Then D;||Dy = (o, F P, FR), where:

e a=aoiUay, FP=FP, NFP,

e FR= ag],gg,’l“],’)"g L] (FR] [6/&,7”/7"1} /\FRQ[E/EQ,T/TQ} ANl = max{&,&} ANr = 71+ T9

where r1 and r9 are vectors of resource variables, and r; + ro are defined componentwise. To
verify the soundness of these two definitions, it is possible to use the operational semantics for
the programs defined as a labeled transition system (S, —, C), where each state s € S is a tuple
(v,7,t), v is a vector of values of program variables, r is a vector of values of resource variables,
t is a real number to indicate the real-time. C is the set of commands. Let the semantics of
¢ € C be design (o, FP,FR), where FP = p ¢ R and FR = p, I, S. There is a transition
(v,7,t) = (', 7", ') iff p(v) A R(v,v"), r =" and p,(r) AL =1t —t AS(¢,r,v,v"). The disjoint
parallel composition and sequential composition are defined in the obvious way in the label
transition system. It is verified easily that these definitions coincide with the definition given
above. A set of rules for other commands can be developed and verified using this operational
semantics. It is obvious that like for untimed designs:

Theorem 1 The relation T is a partial order relation on the set of timed designs, and the
disjoint parallel composition and the sequential composition are monotone according to this re-
lation.

Definition 2 (Timed Contract) A timed contract is a tuple (I, Rd, M Spec, Init, Inv), where

e [ = (Fd,Md) is an interface
e Rd - a resource declaration, which is a subset of RES,

e [nit is an initialization, which associates each variable in Fd and each local variable with
a value of the same type, a variable in Rd with an integer,
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A Formalism for Component Interface Specifications 5

e M Spec is a method specification which associates each method op(in,out) in Md with a
timed design (o, FP, PR), where (a\ (in Uout)) C Fd, and

e Inv is a predicate on the features in the contract. Inv should be satisfied by the value of
the variables in the feature declaration F'd of the component at any time that accessible
from outside, particularly by Init.

We should emphasise here that the resource variables declared in Rd in a contract are internal
in the contract, and in the components (see below) that implement the contract.

Definition 3 (Refinement of Contracts) Timed contract
Ctry = ((Fdy, Mdy), Rdy, M Specy, Inity, Invy) is refined by timed contract
Ctro = ((Fdy, Mds), Rdo, M Specs, Inity, Invy) (denoted Ctry T Ctry) iff:

[ ] Fd] Q ng, Rd] Q Rdg, and I’IL’L't2|Fd1 = In’l.tﬂpdl, Im't2|Rd1 S Init]|Rd1.
e Mdy C Mdy

e For all methods op declared in Md,

M specy (op) C M speca(op), and Invy = Invy.

(Ctry may provide more services, but should have at least the same resources as Ctry does).

Let Ctr; = (Fd;, Md;, Rd;, M spec;, Init;), i = 1,2 be timed contracts which have the compatible
sets of features and methods, i.e. f € FdyNFdy = Initi(f) = Inits(f) and op € MdyNMdy =
M Speci(op) = M Specy(op). The combination Ctry U Ctre is defined as:

CtryUCtry = ((F(]l U Fdy, Mdy U Mdg),Rdl U Rds, M speciU
M speco, Inity W Inity, Invy A Invy),

where

max{Init(z), Inita(x)} if x € dom(Inity) N dom(Inity)
(Imity W Inity)(z) = Inity(z) if x € dom(Inity) \ dom(Inity)
Inity(x) if x € dom(Inity) \ dom(Inity)

It should be noticed here that when combining two constracts, the amount of resources available
for the combined is defined as the maximal of the component contracts. This definition reflects
our view that a method in the combined contract will have at least the same time performance
as it has in the component contracts, provided the following well-formedness is satisfied.
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A Formalism for Component Interface Specifications 6

A timed design (o, FP,FR) is said to be well-formed iff FR satisfies Vr,r; o (r > r; =
(FR(RES/r) = FR(RES/r1), where r and r; are vectors of resource variables’ value (re-
call that RES is the vector of resource variables, and FR is a relation on RES, ¢ and «). So,
a well-formed design will provide the better timed performance if more resources are provided.
For the definition of the refinement of timed contracts to be meaningful, we assume that all the
timed designs for the specification of contracts are well-formed.

Theorem 2 Let Ctry, Ctry be composable timed contracts with well-formed specifications for
methods. Then Ctr; C Ctry U Ctry fori=1,2.

Proof: By direct check from the well-formedness of the specifications for methods and the
definition of the timed design refinement. O

A passive component is an implementation of a contract using services from other passive com-
ponents via their contract. We are going to formalise this concept. For the simplicity of pre-
sentation, we do not introduce the concept of private methods and private features, and use the
simple architectural style with the client /server initiative, and synchronous communication. The
implementation of a method may invoke other methods in other components. The invocation
of methods in other component may need some extra time for handling the concurrent use of
the methods. We assume that there is a scheduler in the system to handle this matter. This
scheduler may be centralized or distributed. We introduce a set Dep of component names in
the declaration of a component Comp for that purpose. Like for the set of resource names, we
fix a set of global variables II to express the requests for components from a component, each
v € Il may correspond to a call from a component C' for a service from a component (). The
scheduler uses the variables in II to schedule for a calls from components. Dep is a finite set of
components that Comp depends on. The idea is that when the implementation of a method op
in Comp has a call to a method in a component C' then this call should be sent to the scheduler
for scheduling. The scheduler bases on the current requests to resolve the conflict and may force
some calls to wait a certain amount of time.

Definition 4 (Passive Components) A real-time passive component
Comp = (Ctr, Dep, SDep, M code, SInv), where Comp is identified with the name of component,
consists of

e a contract Ctr = ((Fd, Md), Rd, M spec, Init, Inv)

e a set Dep of component names, each element of Dep is the name of other component that
Comp depends on.

e SDep is the set of variables in II (representing calls from other components that may have
a call to a method in Md of Comp and acted on by the scheduler).

e SInv is a predicate on the variables v € SDep (to express the assumption about informa-

tion that the scheduler can rely on when a method in Comp is called).
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A Formalism for Component Interface Specifications 7

e Mcode assigns to each method op in Md a design built from basic operators (as defined
in [11] with suitable time consumption assumption as time and resource specification) and
the method calls of the form call(Comp,C,op1) where opy is a method in a component
C in Dep (see below). Note that method names, resource variables and local variables
used in the specification and implementation of a method op(in,out) in a passive com-
ponent C (with the name C) are local in C, and are prefized by “C.” to avoid the con-
fusion with the variables used in other passive components. Let Env denote the predicate
ANvepep(Inv(Ctr(U)) A SInv(U)) (here and below we use Ctr(U) to denote the contract
of component U, Inv(Ctr(U)) to denote the invariant of the contract of component U,
Dep(U) to denote the set of component names that U depends on, and SInv(U) to denote
the system schedule invariant of component U ). The following condition should be satisfied
by Mcode: Env = (Mspec(op) & Mcode(op)), and Inv is preserved by any operation used
in Mcode.

Let C € Dep, and op € C. Then call(Comp, C,op) is defined as:

Schedule(Comp, C)||C.op, where Schedule(Comp, C) is a design using variables in SDep(C)
(the value of these variables represent the current calls to a method in C; we expect that
the precondition of Schedule(Comp, C) is implied by SInv(C)). From the disjoint parallel
rule, Schedule(Comp, C)||C.op implies the functional specification of C.op, but may need
more time to perform.

Contract Ctr is said to be implemented by Comp.

In the definition of component Comp, it requires that M spec(op) C M code(op) for every method
op in the contract of Comp under the assumption

ANvepep(Inv(Ctr(U)) A SInv(U)). Therefore, op can be used as a proper service with the
specification M spec(op). The implementation of op relies on the methods in the components
with name in in Dep. But the implementation of those methods may eventually relies on op.
This situation may cause circular reasoning, and may make op not implemented properly. This
situation will not happen if we have the well-implementedness for the methods defined as follows.

Definition 5 Well-implemented methods are defined recursively as

1. if op is a method in a component with the code M code(op) composed from the basic com-
mands, then op is well-implemented

2. if op is a method in a component with the code M code(op) composed from the basic com-
mands and method-calls for a well-implemented method, then op is well-implemented.

So, well-implemented methods do not contain recursive method-calls, although methods which
contain recursive method-calls may always terminate and have well-defined semantics.

Let Comp = (Ctr,Dep,SDep, Mcode, SInv). Let Dep = {(Cy,C2)|Cy € Dep(Ch)} (i.e.
C1 Dep Cs iff the implementation of a method in C; contains a call to a method in Cy). Let
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Dep™ and Dep* be the transitive closure and the reflexive and transitive closure of Dep re-
spectively.

By recursively replacing a method name by its implementation, we have:

Theorem 3 Let Comp = (Ctr, Dep, SDep, M code, SInv), and op be a well-implemented method
of Comp. Then, there is a program text P without occurrences of method calls such that
Acepep+Inv(C) = Mspec(op) E P.

Combination of Components Let C; = (Ctr;, Dep;, SDep;, Mcode;, Inv;), i = 1,2 be
passive components which have the composable contracts, and satisfy that Mcode;(op) =
M codey(op) for all op € Mdy N Mdy. The combination C;UCy is defined as (Ctrq UCtry, Depy U
Depy, SDepy U SDepy, M codey U M codes, SInvy A STnvs).

Let U be a finite set of passive components such that Uy U.Dep C U. Let dependency graph
of U be defined as the directed graph D(U) = (U, A), where (U,V) € Aiff V € U.Dep. U
is well structured iff its dependency graph has no cycle. A passive component U is said to be
self-contained iff U.Dep = ).

Theorem 4 IfU is well-structured, any method in a component U € U is well-implemented.

Remark

e The methods in components are defined as designs with preconditions, post conditions and
relations on the amount of time to execute the methods and the resource availability. This
is suitable for specifying the termination systems, but is not powerful enough to express
the behaviour of nonterminating programs or reactive systems.

e The definition of a component Comp requires that Mspec(op) T M code(op) under the
assumption Agepep(Inv(Ctr(U)) A SInv(U)). The condition
Inv(Ctr(U)) is on the variables used to implement the functionality specification for the
method op, and is guaranteed by all components U. The condition STnv(U) is on the vari-
ables in SDep(U) used by the scheduler only, and is used to implement the non-functional
specification of the method. Therefore if STnv(U) is verified as a global invariant for the
corresponding untimed system (which has more untimed behaviours than the timed sys-
tem), it must be an invariant of the timed system as well. The verification of the invariant
SInv(U) for the corresponding untimed system can be done with classical techniques. For
example, when scheduling is unnecessary (e.g. the parallel usages of services are allowed,
or services are called by only one component at a time, SDep(U) = () for all U), then, and
we can have Schedule(Comp,C) = (), skip,¢ = 0) (later we will assume that computa-
tions always take time, hence, the time specification for the scheduler in this case should
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A Formalism for Component Interface Specifications 9

be change to £ > 0 A ¢ < d where d is the smallest amount of time needed to perform
a command under the assumption about resources in the system). The precondition for
Schedule(Comp, C) is true, and hence SInv(C) can be true, which is a trivial invariant.
As another example, assume that the scheduler uses the ’first in first service’ (FIFO)
policy, and the maximal amount of time that a component uses a service of component
Comp each time is a, and that at most only n other components may use services of
Comp. Then we can have Schedule(Comp) = (SDep(U), FP,¢ < n x a). We leave FP
unspecified here. Whether there are concurrent calls to a component or not depends on if
there are concurrent active methods in the system. The latter depends on if the language
allows a method to be implemented with parallel commands or if there are more than one
threads running in parallel in the system. We will discuss more about this aspect later.

From the discussion in the remark, it is reasonable to define that a component comp, is refined
by a component Comps iff Comps is better than Comp; in the sense that Comps provides more
service than Compy, but needs less services than Comp;, and the schedule condition needed in
Comps is looser than in Comp; (i.e. Comps has stronger invariants for the scheduler).

Definition 6 (Refinement of Components) Let
Comp; = (Ctr;, Dep;, SDep;, M code;, SInv;), i = 1,2
be passive components. Compy is said to be refined by Comps (denoted by Comp, C Comps) iff

e Ctry C Ctry (Compsy provides more services than Comp; )

e Depy C Depy, SDepy C SDepy and SInvey = SInvy (Comps does not need more services
from the system than Compy, and ensures stronger invariants)

Active Components Active components are defined in the same way as passive components,
except that the active components should have concurrent thread declarations and event decla-
rations. Active components are driven by either events from the environment or by their internal
clocks. A thread T is defined as always D follows e, where e is an event which is a boolean
expression, and D is a method. The meaning of the notation “D follows e” is e = ok A D.
Roughly speaking, thread T is listening for the occurrences of event e; whenever event e occurs,
method D should be invoked. The formal meaning of the operator always will be given in the
next section using a real-time temporal logic.

Definition 7 A component based system is a set S of components such that for any active
component U € S, for any V such that U Dep* V', V € S holds.

In a component based system, we can replace a passive component by a better component
without any violation of the requirements.
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Interval Logic with Time Functions 10

Theorem 5 Let S be a component based system. Let Comp, and Comps be passive components
such that Comp; C Comps, and let Comp; € S. Let Sy be obtained from S by replacing
Comp1 by Compy and replacing each occurrence of the name Compy in components in S by an
occurrence of the name Compy. Then Sy is also component based system, and provides more
services than S.

Proof:

The only thing we need to proof is that after the replacement of the occurrences of the name
Comp; by the occurrences of the name Comps, the resulting systems is also a set of compo-
nents, i.e. we have to show that for any method op in a contract of a resulting component
C, Mspec(op) E Mcode(op) under the assumption Ayepep(cy(Inv(Ctr(U)) A SInv(U)). From
Definition 6, it follows that

Schedule(Comp, Compy)||Comp;.op T Schedule(Comp, Comps)||Comps.op

for any method op in Comp;. Hence, from the monotonicity of operations in the used program-
ming language according to the refinement relation, and from the fact that SInv(Compy) =
SInv(Comp)

M spec(op) C M code(op)

holds under the assumption Aycpep(c)(Inv(Ctr(U)) A SInv(U)) for any method op in the con-
tract of C' in the system Sj.

O

So, in this model of component based systems we can use UTP and additional rules for the
real-time specification of designs to verify if a method is implemented properly or not. However,
in order for this model to support the verification of the temporal and real-time properties, we
have to give formal meaning for threads, and formal specification for real-time properties.

3 Interval Logic with Time Functions

In this section, we give a summary of our specification and verification techniques for real-time
systems. Namely, we use Extended Duration Calculus (EDC) as our specification language.
Extended Duration Calculus is just an Interval Logic with chop in which temporal variables and
temporal propositional letters are defined via functions of time. We refer the readers to [5, 2]
for more details of interval logic and EDC.

Interval Logic with Chop (Dutertre 95) and Neighborhood Operator (Zhou and
Hansen, 1996) We are given the following symbol sets: the set GVar of global variables
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z,Y, 2, ..., independent of time; the set Twar of temporal variables v, vy, v, ... interpreted as
functions of time intervals, in which £ is an interval function denoting interval length (which
coincides with the meaning given to it in the previous section); the set F'Symb of global function
symbols f, g, ... (such as constants and +, —, *, ...), and the set RSymb of global relation symbols
G, H, ... (such as true and false, and =, >, ...) which have standard meaning; and the set P Letter
of temporal propositional letters X, Y, ... which will be interpreted as truth-valued functions of
time intervals .

Terms 6 and formulas ¢ are built using the following grammars

0 ==z |L]|v] f(0,..,0)
¢ u= X[GO,...0) | ¢ | ¢Ve|Ird|d7¢| O

In addition to the standard abbreviations, we denote

op ™

def

true (¢ " true) O¢ = =O—¢

The semantic of terms and formulas are defined as follows. Let Intv denote the set of time
intervals. Let a value assignment V (V : GVar — Reals) for global variables, an Interpretation
T for the given symbols be given. The semantics of a term # is a mapping 67 : Intv — Reals.
The semantics for a term of the kinds = or v, is exactly the one given by V and Z. For a term
0 = f(01,...,0,), 0z([a, b)) is defined defined as f(cy, ..., c,) where ¢; is (0;)z([b,e]) fori =1,....n

The semantics of a formula ¢ is a mapping Z[¢] : Intv — {true, false} defined as
Z[X]([b, €]) = true iff Xz([b,e]) = true;

Z[G (61, ..., 0,)]([b, €]) = true iff G(cu, ..., c,) = true, where ¢; = (6;)z([b,e]) for i =1,...,n;
Ll ] ([b, e]) = true iff Z[$]([b, m]) = true and Z[]([m,e]) = true for some m € [b,e].
Z[C,P]([b, €]) = true iff Z[¢]([e, m]) = true for some m > e.

For other cases of ¢, the definition is just the same as in predicate calculus. ITL has a powerful
proof system which is relatively complete and very useful in the formal verification of real-time
systems. We refer readers to [1, 5] for the details.

Extended Duration Calculus We assume that we are given a set M of real functions and a
set B of Boolean functions of time that we are interested in. Note that for an n-ary relation R over
Reals, for f1,..., f, € M, R(f1,..., fn) is a Boolean function defined by R(f1, ..., fn)(t) = true
iff R(f1(t),..., fn(t)) = true. We define time-function-based temporal variables and temporal
propositional letters for the interval logic as follows.

e For any real function f € M, b.f and e.f are temporal variables interpreted as the value
of f at the beginning and the ending points of intervals, respectively.
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e For any Boolean function b € B, [b] is a propositional letter which is evaluated to true
over an interval [c,d] iff d — ¢ > 0 and b is interpreted as true everywhere inside [c, d] (i.e.
everywhere in the open interval (c,d)).

e For any Boolean function b € B, [b]° is a propositional letter which is evaluated to true

over an interval [c,d] iff ¢ = d (i.e. [c,d] is a point interval) and b(c) = true. So, [true]®
is satisfied by [c, d] iff [c,d] is a point interval. As a standard denotation in DC, [true]? is

abbreviated as [ |.

A formula in Interval Logic in which only time-function-based temporal variables and temporal
propositional letters are allowed, is called an EDC formula.

4 Modeling Real-time Properties and Threads in ITL

We will interpret (lift) all the program variables z in our component based systems as right con-
tinuous step functions of time x (note that only the typefaces are changed). Since [6]°7[p]° <
[bAp]°is valid in ITL, we should assume that the computation always takes time to avoid con-
flict, and hence, for any design («, F'P, FR) we assume that FR = ¢ > 0. The ITL semantics
and the untimed ITL semantics for a design D = («, FP, FR) are defined respectively as the
following formulas:

T(D) = Avca(bx =z Aex = 2') A FP A FRATC(D)
UT (D) = Neea(bx = z N ex = ') NFP AL> 0 AUTC(D)

Note the formula U7 (D) only says about the temporal order between the changes of variables,
but not time constraints. These formulas are satisfied by an interval [a, b] iff the method D
starts at time a (ok and preconditions are satisfied at time a) and terminates at time b, b > a
(ok’ and post conditions are satisfied at time b). It request for the first formula that the time
consumption is £ = (b — a) and satisfies FR. TC(D) and UTC(D) are ITL formulas expressing
the timed and untimed behaviour, respectively, of D inside the interval [a,b], and is defined
based on the code of D. We will not give the definition of 7C(D) and UTC(D) here, and refer
readers to [15] for the details.

Now we give formal semantics for events and threads in active components.

An event is a boolean expression b, and its occurrences should be isolated and not too frequent.
So, for an event b it holds that:

(619 true = [b]°7[—b] true
35« O([b]°[-b][6]° = £ > §)
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In an active component, together with the event declaration, we introduce event specification
E Spec which assigns to an event e a boolean expression as semantics for e and ITL formula as
assumption for the occurrences of e.

The semantics and the untimed semantics of a thread “always D follows ¢” are defined respec-
tively as:

O([e]” = ©,T(D)), and
O([e]" = ©.UT (D))

A real-time requirement R for a component based system S is an ITL formula on the events
and other features of the active components of the system S. Requirement R is verified iff it
is provable from the semantics of all the threads in the system provided that SInv(C) holds
during the time a method D in component C' is performing, i.e.

O(TC(C.D) = [SInv(C)]°: [SInv(C)]; [SInv(C)1%)

(to guarantee that the methods used in the system are implemented correctly according to the
definition of components) should be derivable from the timed semantics of the system. Note
that the invariants SInv are used as the precondition for the scheduler only, and have nothing to
do with the untimed behaviour of the system (which does not depend on the scheduler). Hence,
we have the following theorem which is the easiest way to verify the condition O(7C(C.D) =
[SInv(C)]%; [SInv(C)]; [SInv(C)]Y):

Theorem 6 If for all component C in a component based system S O([ | = [SInv(C)]°) is
provable from the untimed ITL semantics of all threads in the system, O([ 1 = [SInv(C)]Y)
holds for the timed system.

In general, some assumptions from the environment are needed to ensure the schedule invariant
SInv for components. Those assumptions could be the frequency of the trigger events, etc.

Now we illustrate how our model works via a simple example.

Example: A Car Navigation System [7] assists the driver of a car to navigate through an
area. To interact with the driver, it consists of a display to show a map of the area around the
car location, a keypad to enter commands (e.g. “display <map>", “zoom in/out” and “find a
route to <destination>"). UML like use case diagram, class diagram and sequence diagram are
shown in Figs 1, 2 and 3.

A component based design for CNS consists of the following main components

1. Component GPS: This component has one method get_pos(out : src) with the specification
({src}, true F¢ src! = current_position,0 < £ < 1). We leave the code of this method
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Figure 1: Usecases for CNS
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Figure 2: Class Diagram for CNS
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Figure 3: A Timed Sequence Diagram for “Find Route”
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unspecified here, but assume that the code does not contain any call to a method from
other components. The only other component that may use this component is Controller.
(We leave the resource unspecified here, and assume that the resource-precondition for
get_pos(out : src) is true.

2. Component RouteDB: The resource declaration of this component consists of resource
variables memory (initiated to 4 (Mb)) and 75M H z,rocessor (initiated to 1). The com-
ponent has two methods: get_map(in : src,in : dstn,out : map) and find_route(in :
sre,in : dstn, out : route). The specifications of these methods are given respectively as
({src,dstn, map}, true ¢ map’ = map_for_the_area,0 < £ < 1) and
({sre,dstn, route}, true ¢ route’ = route_to_the_destination,

T5M H zyrocessor = 1 Amemory =4, 0 < £ < 11).

The only other component that may use this component is Controller. The code for
find_route(in : src,in : dstn,out : route) is

get_map(src, dstn, map); compute(sre, dstn, map, route).

Assume that compute(sre, dstn, map, route) needs 10 seconds to perform using 4 Mb
memory, and a 75 MHz processor, then this code is a refinement of the specification
of find_route(in : src,in : dstn,out : route).

3. Active component Conitroller: This component has an event declaration
find_route_command_arrival, and a method find_route_handler. The resource declara-
tion of this component has variable 75M H z,rocessor which is initiated to 1. The code for
this method is
dstn := read_dstn; Schedule(Controller, GPS)||GPS.get_pos(src);

Schedule(Controller, RouteDB)||RouteD B. find_route(src, dstn, route);

display_route(dstn).

Time specification of this method is 0 < £ < 14. Assume each of dstn := read_dstn and
display_route(dstn) has the time consumption less than 1 using a 75 MHz processor. We
assume that the Schedule(Controller, RouteDB) and Schedule(Controller, RouteDB) do
not take time, i.e. £ = d (we cannot assume ¢ = 0 because of our ealier assumption) is their
post condition for timed specification (their precondition is given later as invariant for all
three components), where d is the smallest ammount of time to perform a command. Tt
is derived directly from the sequential and parallel composition rule that the code of this
method is the refinement of its specification.

A thread of this component is
always find_route_handler after findroute_.command_arrival. ITL semantics of the
thread is:

[ findroute_command_arrival]® = O, T (find_route_handler)

Let the invariant SInv for scheduler for all components C' be we + r¢ < 1, where w¢ is the
number of calls to a method in C' that are waiting, and r¢ is number of calls that are on
processing. This invariant for a component C' just says that the concurrent use of a component
is not allowed, and when a component is in use by another component, then there is no other
request for a service from it.
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One of the requirement for the CNS is that the deadline for finding a route is 15 seconds which
is specified as the following ITL formulas

[ findroute_command_arrival]® = .0 < 157 [display_route(dstn)]°

Because T (find_route_handler) = ¢ < 147 [display_route(dstn)], the requirement is implied
by the semantics of the thread, provided that SInwv is provable from the timed semantics of the
system. SInwv is provable if we have an assumption

[ findroute_command_arrival]’ [ findroute_command_arrival] ™
[ findroute_command_arrival |’ = £ > 15

A formal proof of this would involve the proof system of ITL which is not given here. But we
do believe that it can be done with the assistant from a theorem prover like PVS.

5 Conclusion

This paper has presented a formal model for component-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 cover the timing and resource aspects of component-based systems. There are significant
differences between this model and the original one. A component is defined to carry some
architectural information to support the schedule of the concurrent use of its services as well as
timing and resource constraints. Qur model supports the separation between functionality speci-
fication from non-functionality specification of components, which can simplify the verification of
the functionality requirements, and in many case can simplify the verification of non-functional
requirement as well, particularly when the real-time requirements are in the form of deadline
constraints.

With UML, one can derive a component based design and implementation. But sine UML is
just semi-formal, it does not support the formal verification of the system. Furthermore, even
real-time UML does not support the timed design for components. Our technique is used as a
complementary to UML to support the timed design and the formal verification of the safety
critical systems. With the separation of the non-functionality and functionality during the
system development, we first use UML to design an untimed system that satisfy the functionality
requirements. Then, resource and time constraints are added to the untimed design of methods
based on the timed sequence diagrams. After that, the specification of the scheduling for the
concurrent use of services is introduced as global invariants distributed over the components.
The final timed design is then verified formally against the non-functionality requirements.

In this paper, for simplicity, we have assumed a very simple way for communication between
components. The model can be extended for handling communication by introducing commu-
nication events and methods in the active components. There are still quite a lot of work to
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make our model more detailed. This will be in our future work. We would like to mention here
some work in the literatures related to this topic.

In [13, 16] a temporal logic is introduced to specify real-time properties in specification classes,
and extended class diagrams and extended statechart diagrams are used together with classical
UML diagrams. They also suggest to use XTG to describe the behaviour of real-time systems
and propose a technique to convert real-time UML with clock variables into XTG. In [6], OCL
is extended to specify real-time properties. In [14], timing properties are introduced as guards
for transition, statecharts can specify real-time behaviour. They propose the stereotype “SIP
view” to specify the temporal order of the interaction for different customers to simplify the
interactions (multiple views). This approach is similar to our specification of concurrent threads
except that SIP views do not carry timing information. In [3], a temporal logics is introduced for
specifying dynamic and static properties of object systems. A map to convert a large fragment
of OCL to the logic is also proposed.
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