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Complete Abstract:

Component based middleware helps to facilitate software reuse by separating application-specific
concerns into modular components that are shielded from the concerns of other components and from
the common concerns addressed by underlying middleware services. In real-time systems, concerns such
as invocation rates, execution latencies, deadlines, and concurrency semantics cross-cut multiple
component and middleware abstractions. Thus, the verification of these systems must consider features
of the application components (e.g., their execution latencies and relative invocation rates) and of the
supporting middleware (e.g., concurrency and scheduling) together. However, existing approaches only
address a sub-set of the features that must be modeled in component based real-time systems, and a
new more comprehensive approach is needed. To address that need, this paper offers three main
contributions to the state of the art in the verification of component based real-time systems: (1) it
introduces a formal model called component automata that combines new input/output rate
specifications with input/output actions and timed internal actions from the existing interface automata
and timed automata models respectively; (2) it presents new component composition operations for
single-threaded and cooperative multi-tasking, in addition to composition under the preemptive multi-
tasking semantics assumed by interface automata; and (3) it describes how the composed component
models then can be combined with task location specifications, a scheduling model, and a
communication delay model, to generate a combined timed automaton representation of the components
and middleware that can be verified by existing timed model checkers. This research was supported in
part by NSF grant CCF-0448562 titled CAREER: Time and Event Based System Software Construction.


https://openscholarship.wustl.edu/cse_research/220?utm_source=openscholarship.wustl.edu%2Fcse_research%2F220&utm_medium=PDF&utm_campaign=PDFCoverPages
https://openscholarship.wustl.edu/cse_research/220?utm_source=openscholarship.wustl.edu%2Fcse_research%2F220&utm_medium=PDF&utm_campaign=PDFCoverPages

Washington
University in St.Louis

SCHOOL OF ENGINEERING
Department of Computer Science & Engineering & APPLIED SCIENCE

2008-1

Modeling Timed Component-Based Real-time Systems

Authors: Huang-Ming Huang and Christopher Gill

Corresponding Author: cdgill@cse.wustl.edu

Web Page: http://www.cse.wustl.edu/~cdgillCAREER/
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To address that need, this paper offers three main contributions to the state of the art in the verification of
component based real-time systems:
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with input/output actions and timed internal actions from the existing interface automata and timed automata
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Abstract time middleware[19, 22] have emerged which typically of-
fer flexible options for timers, threading, remote communi-
Component based middleware helps to facilitate soft- cation, and other common features, which can be configured
ware reuse by separating application-specific concerns into specifically for each application’s needs. Unfortunately, the
modular componentghat are shielded from the concerns very flexibility that allows desirable combinations of com-
of other components and from the common concerns ad-ponent and middleware features to be configured, also may
dressed by underlying middleware services. In real-time allow configurations in which deadlocks, race conditions,
systems, concerns such as invocation rates, execution latenmissed deadlines, and other concurrency and timing haz-
cies, deadlines, and concurrency semantics cross-cut mul-ards can arise. Furthermore, a middleware configuration
tiple component and middleware abstractions. Thus, thethat is suitable for one set of applications may introduce
verification of these systems must consider features of thehazards for a dierent set of applications. Although the
application components (e.g., their execution latencies andconcerns encapsulated by individual components and mid-
relative invocation rates) and of the supporting middleware dleware services are usually documented by their develop-
(e.g., concurrency and scheduling) together. However, ex-ers, concerns easily can be overlooked by system integrators
isting approaches only address a sub-set of the features thatluring the component assembly process and as an appli-
must be modeled in component based real-time systems, andation grows larger, the increasing number of components

a new more comprehensive approach is needed. may cause an explosion of possible combinations of config-
To address that need, this papefass three main con-  uration options, making manual verification impractical.
tributions to the state of the art in the verification of com- Therefore, it is essential to develop automated tools for

ponent based real-time systems: (1) it introduces a formal verification of these systems. The tools should track the
model calledcomponent automattat combines new in-  compatibility of software components, provide valid mid-
puyoutput rate specifications with inpatitput actions and  dleware configuration options, and verify the presence, ab-
timed internal actions from the existing interface automata sence, or possibility of properties such as deadlocks or
and timed automata models respectively; (2) it presents newthe timeliness of required responses. Model checking has
component composition operations for single-threaded andemerged as an important technology for verification of real-
cooperative multi-tasking, in addition to composition un- time systems in which application and middleware details
der the preemptive multi-tasking semantics assumed by in-must be analyzed together, but no existing model checking
terface automata; and (3) it describes how the composedapproach is entirely well suited for verification of systems
component models then can be combined with task locationbuilt with real-time component middleware. Section 2 sum-
specifications, a scheduling model, and a communicationmarizes work related to the research presented in this paper,
delay model, to generate a combined timed automaton rep-and compares our work to those approaches.
resentation of the components and middleware that can be  Contributions of this paper: To address the limitations
verified by existing timed model checkers. of existing approaches for verification of systems built us-

ing real-time component middleware, this papéers a for-

mal verification approach that is specifically designed for
1. Introduction those systems. Section 3 provides an overview of the ap-
proach along with a brief discussion of the timed automata
model upon which the approach builds. This paper provides
three main contributions to the state of the art in verifica-
tion of component-based real-time systems: (1) Section 4

“This research was supported in part by NSF grant CCF-0448562 titled INtroduces a formal model callehmponent automatiat

“CAREER: Time and Event Based System Software Construction.” combines new input and output rate relationships with in-

To promote the separation of application-specific and
common concerns in real-time systems, new forms of real-




putoutput actions and timed internal actions (from the ex- The first approach is discrete time modeling, in which a
isting interface automata and timed automata models re-global non-decreasing clock is maintained and monotoni-
spectively); (2) Section 5 presents new component compo-cally incremented [20] [5]. All automata in the system can
sition operations for single-threaded and cooperative multi- read and compare local clocks against the global clock to
tasking, along with composition under the multi-threaded calculate the relative delays between two states. The ben-
semantics assumed by interface automata; and (3) Section &fit of this approach is that it can be integrated easily with
describes how the composed component models then catraditional model checking tools. BIP[2] is an example of
be combined with task location specifications, a schedul-a real-time component modeling framework built on top of
ing model, and a communication delay model, to generatethe discrete time model. However, the discrete time model
a timed automaton representation of the combined compo-equires that continuous time be approximated by a fixed
nents and middleware that can be verified by existing timed quantum (in advance) which may limit the precision with
model checkers. Section 7 summarizes these contributionsvhich the system is modeled.

and dfers concluding remarks. The other approach for modeling time is the dense time
model. In this model, times at which events occur are repre-
2. Related Work sented as real numbers which increase monotonically with-

out bound. The representative formalization of this model

Component modeling environments:A body of ongo- is calledtimed automatdg1] which we review in the next
ing research has focused on how to ensure the correctnesieCtion- Although timed automata allow modeling of dense
of component based software systems. Karsai et al, [9]iMe: it is not possible to express preemption semantics in

proposed a model-integrated approach for software devel-& timed automata model. More specifically, the flow con-

opment in which formal domain specific models are used d|t|(_)ns of the vf';\rlables in a timed automata_i model ml_Jst re-
within a software development process. main constant in all states. In other words, it cannot directly

In Ptolemy [8] actors communicate through interfaces model and verify the behavior of a system with preemptive

calledports. The execution of atomic actors is described in scheduling policies. Hyt,’“d aqtomata [101, constitute an-
terms of interface automata [6]. The PTIDES [23] approach other formal model fgr mixed dls'crete—contlnuous systems
includes an executable simulation capability, but unlike our where the flow conditions of variables can change among

approach does not support an executable composition witrstates. Therefore, it is possible to represent preemption be-
models lower level middleware components haviors by setting the flow conditions of certain variables in

DREAM [14] supports model-based schedulability anal- S°Me states to zero. One drawback of hybrid automata is
ysis of ime and event-driven DRE systems. DREANEGs that their verification is generally undecidable except with

a computational model consisting of tasks, timers, event SOme special constraints, and the complexities of those de-

channels and schedulers. Tasks are triggered either by gldable special cases are often NP-hard.
timer or external aperiodic events and tasks communicate Modeling middleware services:The mapping between
among themselves by means of an event channel. Withinsoftware components and the automata for model check-
this computational model, DREAM considers the problem iNg is also an important topic. One way to model com-
of deciding the schedulability of a given set of tasks with Ponent based applications and their supporting middleware
time and event-driven interactions. By using timed au- Services is for each software component to be modeled as
tomata models for each of the elements in the computational@n individual automaton and the communications between
model, the schedulability problem is converted [14] into a components to be represented by channels in various rep-
reachability problem in the composed model. resentations supported by modeling checking tools; how-
Formal models: Model checking is a powerful ap- €ver, this approach does not fully capture the semantics of
proach for the automatic verification of finite state concur- the application when components can be collocated on the
rent and reactive Systems_ Genera”y Speaking, a System t@ame host. The problem arises in the context of the reactor
be checked is modeled as a state transition system whictPr leadeffollower patterns [17] that are used in the design
can be converted to finite state automata (e.gictB au- of most middleware service layers (for the sake of mem-
tomata [21]). Traditional model checkers likeng[12] and ~ Ory and CPU #iciency). As described by Subramonian et
Bogor [15] do not support explicit modeling of time. In al- [18], the use of those patterns coupled witffetent
other words, specifying the relative magnitude of delays be- configuration options (such as wait-on-reactor or wait-on-
tween events, which may be critical to verifying correctness connection) in middleware, carffect the safety and live-
of real-time systems such as aircraft, industrial machinery Ness properties of a system.
and robots, is not directly supported in those tools. Several In[18], Subramonian et al. demonstrated techniques that
approaches have been proposed toward addressing modsupport middleware modeling infehaL and the IF toolset.
checking real-time systems, by modeling time explicitly. These techniques map software abstractions directly to



timed automata. For example, inter-process communica-automaton[1] is a finite stateBhi automaton extended
tion (IPC) channels are modeled with a set of yeaie with a set of real-valued variables calleldcks Transitions
buffers, and regehrite operations of the IPC channel model between states are guardeddbgck constraintsvhich rep-
are directly invoked. Although this approach epitomizes resent timing delays. More formally, l1&t be a set otlock
the actual implementation of software systems, ffess variables The set ofclock constraints €X) is defined as
from three problems: (1) lack of higher-level abstractions — follows:

model developers must specify the communication in terms

of reagwrite operations on the IPC channels, which is con-  ® All inequalities of the formx < c or ¢ < x are inC(X),
trary to the genera' princip'e of encapsu|ation; (2) it con- wherex< is either< or < andcis a nonnegative rational
tains many details which may not be essential for model- number.

ing and model checking at the application level, and thus is . .

more prone to inflict state space explosion [7]; and (3) ev- * If ¢1andg; are inC(X), thengs A ¢ is in C(X).
ery software component is treated as an active object [17]  The timed safety automatfl1] model simplifies the

which creates the potential for mismatches between mod-timed automata model with location invariants and removes
els and dfferent concurrency implementations and makes gccepting locations. Formally, imed safety automatds
models more dficult to develop and understand. a 6-tupleA = (, S, So, X, I, T) such that

3. Overview of the Solution Approach e Xis afinite set ohlphabets

S is afinite set ofocations

As was described in the previous section, there are im-
portant limitations of the existing modeling approaches. ® So € Sis a set ofstarting locations
Timed automata do not support preemption, interface au-
tomata lack a way to specify relative rate relationships be-
tween input and output, and model checking with hybrid e | : S — C(X) is a mapping from locations to clock
automata is generally undecidable. Our approach combines  constraints, calletbcation invariants
and extends timed automata and interface automata mod-
els with traditional scheduling analysis and enforcement ® T € SxZxC(X) x 2¥ x Sis a set oftransitions For
algorithms [13]. Traditional scheduling analysis requires any transitiort € T, 65(t) andéqy(t) € S represent the
task scheduling policies and task periodicity, which are not ~ Source and destination locations of a transitie(t)
present in a timed automata model. We exploit that extra  C(X), is the time guard which must be satisfied when
information to calculate the response time of a given task  the transition is takeny(t) € 2%, is a set of clocks that
(state) in the presence of task preemption. After the re-  are resetto zero once the transition is taken.
sponse time is obtained, it can be used to define the cor-
responding timing constraints in a timed automata model.
The major benefit of this approach is that it allows us to
verify the real-time responsiveness of distributed systems
with preemptive scheduling using timed automata models.
Note that a restriction of our approach is that it assumes the4. Component Automata
scheduling algorithms used in the systems to be verified can
be analyzed with an established theory. To better support modeling and verification of systems
To realize our system verification approach, we develop build using real-time component middleware, we have de-
and formalize a new component model that supports theveloped a newwomponent automatabstraction, which ex-
specification of the required component functional seman-tends interface automata [6], for model specification. A
tics and timing constraints as well as component composi-component can be eithbasicor composite A basic com-
tion strategies and system scheduling policies. Based on thgponent consists of rate basatgput and output actionsas
new component model, we are developing a prototype toolwell as a (timed) automaton which describes the behav-
to automate the process of converting our new componentiors of the component. The input and output actions are
model into a timed automata model, after which it is possi- used to specify how a component can interact with its en-
ble to use an existing timed automata model checker suchvironment or other components. The input actions are used
as Weaac [3] or the IF toolset [4] to verify the correctness to model procedurg@sethods that can be invoked in pro-
of the model. gramming languages, actions on the receiving ends of mes-
We now summarize features of the timed automata sage transmission channels, or actions at the return location
model, upon which our approach builds. A timed of a procedurgnethod invocation. The output actions are

X is a set of clocks.

In the subsequent sections, we extend the timed safety
automata model to accommodate component abstractions
and preemption semantics.



used to model the invocation points of procedimexthods, the correlation between input actions more abstractly. In the
the sending ends of message transmission channels as welest of this paper, we will use to denote the relationship
as the point of return from a procedymesthod invocation.  between input and output rates as shown in Figure 1.

The input and output actions that represent the return loca- More  specifically, a component P =
tions and return actions of procedtmethod invocations, (AL, A3, AL, Sp, S, Xp, Ip, Kp, wp, Tp, fp)  consists  of
are calledreturned input actionsindreturning output ac-  the following elements

tionsrespectively. A component automaton starts with an | o ] )

input action that receives requests or events at a speci- ® “p andAp represent the input and output actions re-
fied rate from its environment, processes the requests, and ~ SPectively. Ap = Ap U A is the set ofexternal
then generates outputs to the environment again at speci-  actionsof the component.A;, and A7 are mutually
fied rates. Figure 1 shows two examples of components, in  disjoint, Le.Ap N AR = 0.

which the transitions that are followed by “I" and “?” rep-
resent the output and input actions respectively.

o fw m |w |w

o A is a set of internal actions.

e Spis a set of locations.

- N N e s € Spis a starting location.
2] ? i
a? ag” . ap! @ e Xpis a set of clocks.
ras! ras? e Ip : Sp — C(Xp) is a mapping from locations to a set
@ of location invariants, wher€(Xp) is the set of clock
rag? " ay! constraints defined in Section 3.
J . J + 4. . .

lral o lraz Za laz = 0505 lras e la“ - ray e KpC Q >§Q Jisaset of_ task constraints with WCETS
and priorities, wher@" is the set of non-negative ra-

tional numbers. .
Figure 1. Two example components P and Q e wp . Sp — Kp is a mapping from locations to task

constraints.
In addition, a new timing constraint calledtask con-

straint is used in our component abstraction. A task con- ® Tp C (Spx Al x 2% x C(Xp) x 2** x Sp) is a set of
straint consists of orst case execution tin{fgVCET) and transitions.

a priority. The WCET represents the maximum accumu-
lated CPU time that can be spent on a location. In the timed
automaton model, the constraints over clocks do not change
in accordance with automaton composition. This is usually — gq, brevity of notation, we will use to represent the

used to represent certain cases such as timer expiration. Of,nction from a location to its task constraint in a compo-
the other hand, WCET is also a value that can be used to calyant: that is. ifs e Sp, thenw(s) = wp(9). If a locationsis

culate the response time of a state for preemptive schedul; non-task location them(s) = 0. The disjunction operator
ing algorithms, which we consider in Section 6.2. In Figure , o task constraints is defined as
1, the WCET is shown beside locatigm. The priority in

o fp: A — F(A}) is a function from the input actions
to output rate relations.

a task constraint is an integer that indicates the scheduling 0 if w(s1) = w(s) =0,
preferences among tasks. A location with a task constraint w(s1) if w(sy) # 0 andw(sy) = 0
is atask location otherwise, it is anon-task location w(s1) V w(s) = .

w(s) if w(s1) =0andw(s;) # 0,

To enable scheduling analysis of components, it is also
necessary to establish the relationship between the rates of
input and output actions, which is a novel contribution of
this work. For example, we may specify that the output rate
of actiona, for componentQ in Figure 1 is half of the input
rate of actionag. There are two reasons to specify the rate
relationship explicitly. First, the rate of an output action o ForallxeR, xe T(ﬂ:’)'
may depend on the values of certain data variables which 4 Eqr gl x e AL, x € F(AL).
may not be relevant to the rest of the model. Using the
explicit rate specification can reduce the complexity of the e For all X,y € ?(ﬂ'P), the expressiong + vy, X XV,
model. Second, it allows us to express relationships suchas  min(x,y) andmaxx,y) are all elements of(ﬂL).

undefined ifw(s;) # 0 andw(sy) # 0.

Given a set of input actionstl, the set of output rate
reIations”f(ﬂ'P) is defined as follows :



For the convenience of future discussion, we also define
the following functions which retrieve certain attributes of
a transitionr in a component:

e 0(t) maps to atupleq s') wheresands' are the source
and destination locations of the transitienrespec-
tively,

¢ a(1) maps to the input or output action that is associ-
ated with the transitioh and

e B(7) maps to the set of internal actions that are associ-
ated with the transitioh

Given two componentB andQ, theinternalized actions
denoted asntA(P, Q), refer to the matching external actions
betweerP andQ, i.e, INtA(P, Q) = (AL,NAZ)U(AZNAL).

5. Component Composition

A composite component is constructed from subcom-
ponents using a specifiemponent composition scheme
There are three flerent composition schemes in our ap-
proach: parallel, atomig monitor. Each of these schemes
corresponds to a form of concurrency commonly provided
by real-time component middleware: multithreaded, sin-
gle threaded and cooperative multitasking respectively. The
parallel composition approach is derived from the interface
automata approach. The atomic and monitor composition
approaches are novel contributions of our work. The paral-

lel composition scheme cannot be used directly on a compo-
nent with task locations. Section 6 discusses how to convert

a component with task locations into one without them.
Formally, a composite component is defined as follows:

given component$® and Q, the composition of and Q

(denoted byP ® Q, P® Q andP & Q for parallel, atomic

and monitor composition respectively) is a comporfeat

(ﬂl s ﬂg, ﬂg, SR, %, XRr, IR, KR, WR, TR, fR) where

A = (Ap U A ~ INAP.Q), AR = (AQ U AY) ~
IntA(P, Q) and AL = AL U AZ U INtARP, Q),

L] SRZSPXSQ,
° #:%XS%,
° XRZXPUXQ,

Ir : Sr = C(XR), wherelr(s; x sQ) =lp(sp)A |Q(SQ),
Kr=KpU KQ.

wr : Sk — Kg is a mapping from locations to task
constraints that is defined in each composition scheme.

Tk C (Sr X AL x 278 x C(Xg) x 2** x Sg) is subject
to the composition rules for each composition scheme.

o fri AR - F(AL).

If ais an output action of botR andR, then the value
of fr(a) is fp(a) with all internalized actions dR being
recursively substituted with the values frdguntil no
internalized actions dR are in the formula. Similarly,
if ais an output action of botfp andR, then the value
of fr(a) is fo(a) with all internalized actions d® being
recursively substituted with the values frdmuntil no
internalized actions dR are in the formula.

5.1. Parallel Composition

ras!

S R T
¢ l 4 al? ?
2 2
ray! ai raylra! ) g ray!
ag? ras?
CH—CD C2B - CB—0D

rag!

lral Ta1 ll'ag =ras la4 = 0.5a3

Figure 2. The composite component P® Q

The parallel compositionscheme is used to describe a
system in which the composed components run concur-
rently, though the components to be composed may syn-
chronize at the points where there are matches between the
input and output actions. Figure 2 shows the parallel com-
position of the two components in Figure 1. In this sub-
section, we will only describe the case where components
P and Q do not contain task constraints. We will discuss
the case with task constraints in Section 6. The rules for
parallel composition are defined as follows:

1. For any transitiorr, whered(r) = (sPsQ,s'Ps’Q), S #
Spands, # s, Tis atransition oRif and only if there
exists a transition, € Tp whered(z,) = (S, Sp) and
a transitionry € Tg whered(ry) = (sQ, s’Q) such that
atp) = a(TQ) € IntA(P, Q). The guard expression of
7 is the conjunction of those af, andr,. The clock
resets ofr are in the union of those af; andr,,. The
external actions of, a(r) = 0. The internal actions of

7, B(r) = ﬁ(Tp) Uﬁ(TQ) U {a’(Tp)}-

. For any transitionr, whered(r) = (sPsQ, s'psQ), T IS
a transition ofR if and only if there exists a transi-
tion 7, € Tp wherea(rp) ¢ IntA(P, Q) andé(r,) =



(Sp. sp)- The actions, guard expression and clock re-
sets ofr are the same as witt),.

3. For any transitionr, wheref(r) = (S5Sg, $p5), 7 is
a transition ofR if and only if there exists a transi-
tion 7, € Tq Wherea(ry) ¢ INtA(P, Q) andé(ry) =
(sQ, s’Q). The actions, guard expression and clock re-
sets ofr are the same as with,.

Rule 1 describes the synchronization between subcom-
ponents when matches exist between input and output ac-
tions, as the actiona, andra, shown in Figure 2. Rules
2 and 3 are a symmetric duo that describes the interleaving
of actions other than those synchronization points described
in rule 1. Since all component compositions are symmetric,
only one of the symmetric rules for other compositions will

e s; ands, are not both task locations,
e s, ands; are not both task locations.

The guard expression faris the conjunction of those
of 7p andr,. The clock resets of are in the union of
those ofrp andr,. The external actions af a(r) = 0.
The internal actions aof, 3() = ﬂ(rp)uﬁ(TQ)u{a(TP)}.
The task constraint cﬁPsQ, w(sPsQ), is w(sp) Vw(SQ);
similarly, w(s’Ps’Q) = w(sp) vV w(s’Q).

2. For any transitiorr, whered(r) = (sPsQ, sps’Q), Tisa

transition ofR if and only if the following conditions
hold:

e there exists a transitio'ﬂQ € Tg and a(TQ) ¢

be presented for the rest of this section.

5.2. Atomic Composition
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Figure 3. The composite component PoQ

IntA(P, Q) such thaB(rQ) = (s ,s’Q);
e Spis not atask location, i.eu(sp) = 0;
e and one of the following conditions holds:

- %=
— there exists a transition, € Tg, such that
a(r,) € INtA(P, Q) ande(r,) = (S>Sh, SpSo)»

— there exists a transition, € Tg, such that
a(r,) ¢ INtA(P, Q) ande(r,) = (SpSp, SpSo)-

Furthermore, the actions, guard expression and clock
resets ofr are the same as those«g.

Like parallel composition, rule 1 of atomic composition
refers to the synchronization of input and output actions be-
tween subcomponents. However, the constraint that only
one of the locations;, and s, can be a task location en-
sures no preemption exists in atomic composition. Rule 2
enforces that transitions fromftérent subcomponents can-
not be enabled at the same time except in the initial state.

5.3. Monitor Composition

Monitor composition is used to express composition

Atomic composition is used to describe a system where\yhere components cooperatively share a single thread. In

only one subcomponent can be executed at a time, with NOatomjc composition, another request cannot be processed
arbitrary interleaving between the executions of subcompo- il the current one is done: however, monitor composi-

nents. The interleaving can only occur when the output ac-tjon allows a composite component to enable an input ac-
tions of one subcomponent match the input actions of thetign from one subcomponent while it is blocked on an in-

other subcomponents. Figure 3 shows the result of atomicyt action from another subcomponent. For example, there
composition of the two components from Figure 1 in Sec- exists only one execution path frometio) and @ogy) in

tion 4. The rules for atomic composition are defined as fol- Figure 3 before it returns tqgdo), while the path diverges

lows.

1. For any transitiorr, whered(r) = (sPsQ, s’Ps’Q), Sp #
S, ands, # S, 7is a transition oRif and only if the
following conditions hold.

e there exists a transition, € Tp whereé(r;) =
(Se» Sb) and a transitiorr, € To whered(ry,) =
(SQ, S/Q) SUCh thaU(TP) = a(TQ) e |ntA(P, Q)’

from (poQs) in Figure 4. Notice that the divergence exists
only because the transition betwegnd;) to (pogs) is an
input action from subcomponef@ which is diferent from
the subcomponer® that provides the input action in the
transition betweenpay) to (P10a).

Formally, the monitor composition rules are the same as
those for atomic composition except for the addition of an
extra condition in the third bullet of rule 2:



lal las lra4 tasksT, and T, are running without any other preempted

1 ) tasks in the scheduler, aiig ; represents the state where
rag! T1 preemptsT, beforeT, finishes.
m ~ However, there are two problems with the model shown
'jjg;‘ in Figure 5. First, the model contains a deadlock, when
a2 a2 7inL,and thenf trar;‘sition tblzal. If task Tq1 spend.; exactly f
1 time units to finish, no valid transition exists because o
fau! rai! the invariant ofL,: at that pointt, would be greater than
l 8 already and hence the transition frdsy to L, won't be
valid. Second, it is not semantically correct farto stay in
L, for more than 5 time units without transitioningltg .
) | [Ts To|
Jraisa [rassras [a =05 execution time 5 1
period 20 3
Figure 4. The composite component P& Q response time 8 1
preemption overhead 3 0
- = <2 and there exists a transitiap € Tg such that Table 1. The parameters of T; and T,
0(tg) = (sPsQ, s’PsQ) and bothe(r) anda(ry) are input
actions.

All the composition relations are symmetric (i.B.O Q
is equivalent toQ O P, whereO can be eitheo, & or
®). Moreover, the atomic and monitor composition rela-
tions must be nested inside parallel composition relations.
For example,P ® (Q ® R) is legal whileP © (Q® R) is
not. Atomic and monitor compositions, which are designed
to model component composition under single threaded and
cooperative multitasking, must be used before parallel com-
position, which is designed to model multi-threaded compo-
sition.

. ) Ly Lo1
6. Conversion to Timed Automata

The timed automata model does not support the mod-  Figure 5. Timed Automata Model of T, and T,
eling of preemptive systems with the specification of the  with response time transformation
maximum execution time of certain locations. The problem
stems from the fact that clocks in timed automata can only
progress uniformly in all locations; however, maximum ex-
ecution time for a location represents the concept that time6.1. Response Time with Preemption
only progresses in the designated location and it should stop Counting Mechanism
progressing when preemption occurs. To avoid this prob-
lem, we use response times instead of maximum execution One remedy to the deadlock problem is to add a guard
times for model verification. However, response times gen-t; <= 7 with the transition fromL, to L,;. However, this
erally are not available during model specification, and must doesn’t solve the second problem mentioned above where
be derived from the specific scheduling algorithm. For ex- the model allows a task to stay in a location longer than the
ample, Table 1 shows two periodic tadikksand T, and their designated maximum execution time. Without resorting to
expected response times when the Rate Monotonic Schedulthe hybrid automata model, an extra mechanism is needed
ing algorithm is used. Figure 5 shows a timed automatato count the number of times that a task can be preempted by
model of the scenario where the maximum execution time other tasks before its completion. In the example shown in
of T, is replaced by its respective response time. Note thatTable 1, if Rate Monotonic Scheduling is uséd,can only
the locations directly; and L, represent the states where be preempted by; at most 3 times. Therefore, an integer

1<1 t1:=0 t1<1 t1:=0



C,1 for counting the number of preemption is added into This guard ensures that the number of times fat ex-
the model as shown in Figure 6. ecuted beford; completes cannot exceed what is allowed
by the specified rate df;.

C2,1 =0

6.2. Node Abstraction

b? (3]

@)

c |rd Id [ra
o [1] o d? [1]
Figure 6. Timed Automata Model of T, and T,
with Counting Mechanism rc! P, d! d! Ps al
o , AT [ ra?
To be more specific, given a setmfasks{ Tj|0 < i < n} - - - -
in a node, we defind(i) to be the set of indexes of the tasks lrc =rd lc =d jrd =ra la =d
which have higher priority thafi; does. If the worst case )
execution time and periodicity f, areg and p; respec- Figure 7. Example Components.
tively, then the response tinmgof taskT; can be calculated
using the following formula. A nodedefines the boundary of a (composite) compo-
nent which can be scheduled by a single processor schedul-
=+ Z [i} . ing algorithm. Given the components shown in Figure 7, we
& Pk define the nodé&\; to bePy® P, ® (Po® P1). If the input ac-

tionsa, b, ¢ are periodic with frequencies 0.05 Hz, 0.02 Hz

Our transformation utilizes the response time formula and @nd 0.1 Hz respectively, the needed CPU utilization bound
replaces the termis | with discrete counter€; . These of N; can be easily obtained. In this case, the utilization
counters encode the number of times fhats breempted would be 0.44, wh.ich means the nodg is schedulable under
by Ty directly or indirectly. Therefore, the timewhich the ~ the Rate Monotonic Scheduling algorithm.

taskT; spends before completion is subject to the constraint

i<g+ ZkeJ(i) Cik&,Cik € [0, 1,---, %)k(t')” andmaxt;) ra lrb lrc

is the upper bound df. This constraint can be used as the t=20/al// t=50/bl// t =20/cl//

invariant of the task location representimgand the guard @/_\
for the transition that represents the terminationrof In Pa
addition,t andC; ; wherej € [0, --- ,i — 1] are reset to zero Jra?jt = 0/ Jrb2/t = 0/ /re2t =0/
when the tasK; starts, and the count€; j is incremented
when the tasK; is directly or indirectly preempted by an-
other taskj. However, the upper bound &f ; cannot be
calculated directly from the formula because it depends on  Figure 8. Example Stimulus Components.

the upper bound df and is a recursive formula. Therefore,

we use the following formula to guard the transitions for ~ Since a node represents a physical scheduling bound-

Ps Pe

la =005 lb =002 lc =005

which C;  is incremented. ary, in addition, the atomic and monitor composition are
solely used for single threaded composition. Only parallel
c & + 2ke) Cike + € composition can be used between components fiéreént
ij <

pi nodes. For convenience, brackets will be used to denote



the boundary of a node. Taking the composite component e For each task locatiog, add an invariant; < E(i).

[Po® P, ® (Pg ® P1)] ® [P3] as an example, it contains two

nodesPo ® P, ® (Po © P1) andPs. e For each transition whose source location is a task lo-
Similar to interface automata, a componerdgenwhen cations;, add a transition guarel < E(i).

it contains external actions; otherwise, ittl®sed For the ) o

components in Figures 7 and 8, the composite component After the trgnsformgtlon of individual compo.nents, par-

[Po® P, ® (Po© P1)® Pg] ® [P3] ® [P4® Ps ® Pg] iss closed allel c_omppsmon.wuhln a pode can t_’? done with Fhe rules

because all actions are internalized after composition. described in section 5.1 with the addition of following rule:
Consider for example the nod¢ = [Py ® P, ® (Py ©

P;) ® Py] and the composite componeht = N ® [P3] ®

[Ps® Ps ® Pg]. To analyze the responsiveness of a fixed

priority system, a composite component in the system has

to be closed because only closed systems have enough in- i

formation about the required input rates of the tasks ineach ~ Ci.j < and the guards af andz;. The actions

node. The number of tasks in each node is the number of ~ of = are the union of the actions of andC; j + +.

task locations in the node. The composite compoh&imas

7 tasks: two fronPy, two from P, and three fromR, © Py).

Given the output action rate relations for the components in

Figure 7, it is possible to derive the input rates of all the

actions inN of M. For example, the input actiorb?” of

P1 © Po matches the output actiob!® of Ps; therefore the ~ 6.4. Modeling Communication Delays

input rate ofb in P, ® Py is the same with the output rate of

4. For any transitiorr, whered(r) = (ss;j, S, s’j), in ad-
dition, boths ands; are task locations; thenis a
transition ofR if and only if the priority ofs; is higher
than that ofs. The guard ofr is the conjunction of

El)+e

Pi

No task constraint will remain after the above transfor-
mation and composition; therefore, we can directly use the
rules in section 5.1 for the composition between nodes.

bin Ps, which is 0.02 Hz. Similarly, the input rates cd?” Besides composition schemes, timing constraints can be
in the two instances d®, in nodeN and ‘c?” in P, in node added to internalized actions during component composi-
N are 0.05 Hz. tions. This is a unified way to specify the timing delay be-
tween component communications. The timing constraints,
6.3. Task Location Conversion referred to asomposition constraintsnclude a set of clock

variablesX’ to be referred to asomposition resetand a
Given a node which is composed of components with set of clock constraint€(X’) to be referred to asomposi-
task locations, we defind(i) to be the set of indexes of the tion guards Composition constraints may lkrectedfor
task locations which have higher priority than a task loca- representing asymmetric communication overhead. For ex-
tion s in the node, i.e. , ample, the composite componeRg © P, from Figure 7
has two internalized actiorssandra operating in opposite
directions. Thus we can use one set of composition con-
E(i) represents the maximum time that can be spent on thestraints fora and another set fara. With the previously
locations when it is directly or indirectly preempted sy mentioned composition schemes and the transformation of

J(i) = {j |V, wheres; has higher priority thass }

(k € J(i)) for exactlyC; time; to be more precise, task locations, it is possible to express a variety of middle-
. ware communication and concurrency constructs rigorously
E() =@+ kz(:) Cik& and easily. Other than the wait-on-connection and wait-on-

eJ(i

reactor communication strategies modeled by atomic and
Before the components with task locations in a node can bemonitor composition schemes, the ACE thread pool reac-
composed using the rules in Section 5, the following trans- tor framework [16] can be modeled as parallel composi-
formation must be performed for each component: tions of multiple instances of the same component automa-
ton. Asynchronous communication channels between com-
ponents can be modeled as components which provide mes-
sage queue automata to be composed with event sources and
e For each task locatiog, add a unique clock variabte sinks using the parallel composition scheme.

and a set of counter{@i,j |ICijeN.¥je J(i)} ins's

respective component to represent the time spent on7  conclusions

the locations.

¢ Identify all the task locations (tasks) in the node and
sort them according their respective priorities.

e For each transition whose destination location is atask  Real-time component based middleware helps to hide
locations, add a clock resdt := 0 and counter resets complexities from software developers; however, those hid-
{Ci,,- = 0| Yje J(i)}. den complexities may have an impact on the properties of
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