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From High-Level Verification to Real-Time
Scheduling: A Property-Preserving Integration*

Johannes Faber and Ingo Stierand

Department of Computing Science, University of Oldenburg, Germany
{johannes.faber|ingo.stierand}@informatik.uni-oldenburg.de

Abstract. In the design process of real-time systems, formal verification
establishes global properties of high-level specifications while real-time
scheduling analysis ensures that concrete realisations meet essential tim-
ing properties with respect to a given target platform. But a formal link
between these phases is missing. It is unclear (1) whether timing assump-
tions that are required to verify properties of high-level specifications can
actually be realised on a target platform and (2) whether verified prop-
erties remain valid for a schedulable task network. Our approach bridges
this gap by guaranteeing that properties verified on specification level
are preserved on the implementation level, and vice versa, schedulability
results can be propagated back to the specification. To this end, we pro-
vide a property-preserving translation from a subclass of the high-level
real-time language CSP-OZ-DC into Cyclic Timed Automata, a Timed
Automata based task network formalism. We apply our method to a case
study from the European Train Control System standard.

1 Introduction

Formal verification methods are widely used in the design process for complex
real-time systems. Starting from formal requirements, high-level specification
languages are an appropriate tool to specify systems during the design phase
[25,18,2,22]. Formal verification methods, e.g., model checking, are applied to
ensure that the specification complies with the requirements [1,4]. In the im-
plementation phase, the specification is realised on a target platform, e.g., by
automatic code generation. Real-time scheduling analysis [17,28,8] is applied to
ensure that such a concrete implementation of the system is feasible on a hard-
ware platform: it is verified that the underlying timing assumptions are met.
Thus, we have the situation that there are well-investigated methods on
the specification level to model and verify real-time systems and likewise well-
investigated methods considering realisations of systems on specific platforms.
But often the formalisms of these disciplines are incompatible and a formal link
between them is missing: real-time properties can be verified on specification

* This work was partly supported by the German Research Council (DFG) under grant
SFB/TR 14 AVACS. See http://www.avacs.org for more information.
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Fig. 1: Odometer unit in the ETCS

level but it is unclear (1) to what extent these results remain valid on implemen-
tation level, and (2) whether timing assumptions that are necessary to verify the
specification can actually be established on a target platform.

Our approach bridges this gap by guaranteeing that properties verified on
specification level are preserved on implementation level, and vice versa, by es-
tablishing the feasibility of the specification’s timing assumptions via existing
real-time scheduling analysis techniques. To this end, we provide a translation
from a subclass of the high-level specification language CSP-OZ-DC (COD) [12]
into Cyclic Timed Automata (CTA) [26], a Timed Automata based task net-
work model. The subset is chosen to match the expressiveness of the underlying
task network model. Assuming a correct code generation for single COD tasks
to executable code!, we prove that our translation preserves real-time properties
verified on specification level; if the translation of a COD specification results in
a schedulable task network, our approach guarantees that timing assumptions of
the specification, needed for high-level verification to ensure global properties,
are met by the implementation. We illustrate our approach using an odometer
unit as specified in the European Train Control System (ETCS) standard [5].

Our main contributions are (1) the definition of a COD subclass that can
be translated into task networks, (2) a translation algorithm that generates task
networks in terms of CTA from our COD subclass, (3) a proof that our transla-
tion results in a task network that—if it is schedulable—preserves properties of
our high-level specification formalism, and (4) a small example from the ETCS.
Outline. The remaining Sect. 1 gives an overview of the approach and reviews
related work. In Sect. 2 we recall the underlying formalisms, COD and CTA.
While in Sect. 3 a COD subclass for task specifications is introduced, Sect. 4
gives its translation to CTA and our example’s results. Section 5 concludes.

1.1 Motivating Example

We consider an odometer as specified in the European Train Control System
(ETCS) standard as running example throughout the paper. In the final ETCS
level, the trains’ positions are autonomously measured and reported. Hence, the
system’s safety crucially depends on the odometer measuring position and speed

! This is not subject of this work.



of a train. The odometer computes a confidence interval taking the error of mea-
surement into account. The scenario is sketched in Fig. 1. The train measures
its movement using a Rotational-Speed Sensor (RSS) and stores the results in
a shared resource. The speed is computed by a task Determine Current Speed
(DCS). At irregular intervals, there are balise groups on the track, calibrating
the position of the train. The odometer determines (DCL) the last relevant balise
group (LRBG). Finally, the odometer uses these values to determine (DDT) po-
sition and a confidence interval specifying the assumed accuracy of the calculated
position. A basic safety requirement is that the actual position of the train is
not illegally outside the calculated confidence interval.

The first step in the design process is to specify the system using a high-level
specification language. Systems like the odometer are determined by different as-
pects: control flow, data and state changes, and timing aspects. To cope with this
diversity, [13] introduced COD, a combined language that integrates three well-
investigated formalisms, CSP [11], Object-Z [25], and Duration Calculus (DC)
[29]. We consider COD as a high-level language because it allows for modelling
the identified dimensions in an object-oriented, declarative, and compositional
way, incorporating complex and infinite data types—in contrast to the opera-
tional Timed Automata model. In particular, COD specifications can be verified
against safety requirements given in terms of DC formulae [22,6].

Later in the design process, the specification has to be implemented. In order
to verify the feasibility of the system on the designated hardware platform (in
our case the train odometer), the specification is translated into a task network
that can be handed over to scheduling analysis.

To ensure the overall sys-
tem safety, verified properties
have to be preserved for the Structure (S)
implementation. That is we
have to show, if (1) the COD
specification fulfils a require-
ment ¢ and if (2) a task net-
work for this specification is
feasible on a certain machine
M, then the property ¢ also
holds for the implementation
(cf. Fig. 2). In order to obtain
a common semantical basis for COD and task networks, we apply Cyclic Timed
Automata (CTA) [26], a formalism to specify task networks in terms of Timed
Automata [1]. The task network is generated from the control structure (CSP
part) and the timing properties (DC part) of the specification. The data as-
pects (OZ part) constitute the executable code C for the tasks. We assume the
generated code to comply with the OZ specification. Since a translation is not
possible for arbitrary COD specifications, we provide a subclass that restricts
the use of timing constraints and the control part. We prove that the translation
is property-preserving by relating the trace semantics of COD and CTA.

csp - 0z - DC = ¢

M & crAs & © E ¢

Scheduling

Fig. 2: Overview on the Approach



1.2 Related Work

The work closest to ours is that of Burns and Lin [3]: They developed an en-
gineering process that links different stages of the design process for real-time
systems. Contrary to ours, their approach is not completely formal. Moreover,
while they apply Timed Automata as underlying formalism, our approach bene-
fits from the use of a high-level formalism with complex and infinite data types.

Model checking and scheduling analysis for scheduling client-server systems
are combined in [15], but they only apply model checking on task network level—
there is no established connection to high-level verification. Related work regard-
ing correct implementations of high-level real-time specifications can be found,
e.g., in [21,18,2,4]. For instance, [4] addresses code generation for real-time spec-
ifications in terms of PLC automata. But it is not checked whether specified
timing assumptions can always be met. These approaches have in common that
schedulability is not analysed.

Approaches to formal synthesis of real-time software considering scheduling
are, e.g., [19,24,14]. All of these generate code from a formal Petri Net speci-
fication. In each case, they apply only specific static scheduling algorithms on
single processor systems, in contrast to the CTA framework. Moreover, they do
not prove that high-level properties are preserved.

Related work on Timed Automata based scheduling techniques can be found,
e.g., in [7,8]: variants of Timed Automata are used to analyse fixed priority
scheduled tasks. In [20] a framework for distributed systems has been presented.
In contrast to the above, the CTA framework does not model the underlying
scheduling algorithm as Timed Automata. Instead, it utilises efficient ,tradi-
tional” scheduling analysis techniques such as [28] for the verification of schedu-
lability, based on a compliance proof to the formalism of demand bound functions
[27]. Tt bounds execution demands for the tasks in terms of functions over time
intervals. Schedulability is expressed as a functional calculus problem.

2 Preliminaries

2.1 CSP-0OZ-DC

CSP-OZ-DC (COD) was introduced in [13,12] and combines three formalisms,
Communicating Sequential Processes [11], Object-Z [25], and Duration Calculus
[29], allowing declarative specifications of a system’s control flow, data structures,
and timing. Figure 3 displays a simple COD specification for our odometer ex-
ample of Sect. 1.1. Each COD specification begins with an interface part (first
line) declaring methods that are provided by the specification. In the following,
we give an intuition of the individual parts of a COD specification.

CSP. The control flow of methods is described by CSP [11]. CSP is used to
model parallel and sequential processes in terms of the events they communicate.
Events always occur in instantaneous time. We denote the set of events Events.
The CSP syntax is defined by the following BNF grammar: P ::= Stop | Skip |



— Odometer
method DCL : [lrbg_pos? : Position], RSS, DCS, DDT
main = Py || P2 || P3  P1 = RSS, — RSS. — P

c

Py = DCLy, — DCL, — Py P; = DCSy, — DCS. — DDTy, — DDT, — Ps

W-/
CSP
part

MaxSpeed, spd : Speed wheel_circ, estPos, lrbg, new_lrbg : Position
rot : Z conf_r, conf_l : Position

wheel_circ = 2890 A MazSpeed = 5780 A inacc = 25 A MazErr = 50

— Init
rot = 0 A estPos =0 A lrbg = 0 A new_lrbg =0
conf_l =0 A conf_r = MaxSpeed + MazxErr

__effect_DDT,
A(conf_r, conf_l, estPos, lrbg)

OZ part

(lrbg > new_lrbg A estPos’ = estPos + spd A conf_l' = conf_l — MazErr A
conf_r’" = conf_r + MazErr A lrbg’ = Irbg) V
(Irbg < mew_lrbg A Irbg’ = new_lrbg A estPos’ = new_lrbg A

conf-l' = —MaxzSpeed — MazErr A conf_r’ = 2 x MazxSpeed + 2 * MazErr)
_effect_DCS._____ _effect_DCL._________effect_RSS,
A(rot, spd) A(new_lrbg) A(rot)
spd’ = wheel_circ * rot new_lrbg’ = lrbg_pos? rot’ = rot + 1
rot’ =0

—(true ™ [ DCLy, ™ (£ < 36) © [ DCLy) —(true © ] RSS, ~ (£ < 20) ~ [ RSSy) 0 "g
—(true T~ [ DCS, © (£ < 40) T 1 DCSy)  —(true T BDCS, A (£ > 40)) A A

Fig. 3: COD specification for the odometer

a— P | Pl O P2 | Pl ||A P2 | Pl I” P2 I Pl; PQ | X. Themainprocess in the
odometer specification of Fig. 3 consists of an interleaving (||) of three simple
subprocesses. For instance, subprocess P; states that an RSS, event, denoting
the start of task RSS (cf. Fig. 1), is followed by a RSS. event, denoting the
task’s completion. Then P; is restarted again. The remaining processes repre-
sent a diverging process (Stop), a terminating process (Skip), choice (O), and
sequential composition (; ). Finally, X stands for a process identifier, which must
be declared with an expression X = P.

OZ. Object-Z [25] is an object-oriented extension for Z. We use OZ schemas
to define the state space over variables Var of a COD specification, and possi-
ble state changes. The first OZ schema in Fig. 3 defines the state space with
invariants over the state variables, e.g., wheel_circ contains a constant value for
the train’s wheel circumference. The Init schema defines constraints over the
system’s initial state. State changes are defined in a constraint-based declarative
way by effect schemas. The schemas are associated to events from the CSP
part such that a state change is always performed at the same time when a CSP
event is triggered. For example, the effect of the determine current speed task,
effect_DCS,, changes the variables rot (counting the wheel rotations) and spd
(the speed), which is indicated by the A expression. The unprimed variables in
the constraints refer to the pre-state while the primed variant refers to the post-
state; the new value of spd is computed by wheel_circ * rot, where rot is the old
rotation value — the new value is set to zero. The schema effect_DDT, com-



putes the new estimated position estPos and the confidence interval (conf;, conf;.)
depending on the last relevant balise group Irbg.

DC. Timing properties are modelled with Duration Calculus (DC) [29], an
interval based real-time logic using a dense time domain T := R*. Since the full
DC is undecidable, we restrict ourselves to counter-example traces [12]. The first
DC formula in Fig. 3 states that there will never be an interval of length lower
than 36 milliseconds (¢ < 36) between two DCL;, events (]). The second and
third formulae are analogous. The last formula specifies an upper bound: there
will be no interval of length greater than 40 (¢ > 40) without a DCS;, event (B).

Semantics. In [12], the operational semantics of COD specifications is given in
terms of timed traces (originally defined via Phase Event Automata, a Timed
Automata model [1] involving data aspects). A timed trace is an infinite sequence
of configurations ((e1, 51, t1), (€2, B2, t2), - - - ), with events e;, variable valuations
0;, and points in time ¢; € T, t; > 0, for ¢ € N. The semantics is compositional
in that every part of the specification is translated separately; for a COD spec-
ification Z with the appropriate parts Zosp, Zoz, Zpc the semantics is given
by [Z] := [Zcsp] N [Zoz] N[Zpc], where [Zcsp] is the trace semantics given by
the structured operational semantics of CSP [23], [Zoz] is defined s.t. variable
valuations 3 are restricted according to the changes in the operation schemas
of the OZ part, and [Zp¢] contains trace representations of the DC formulae’s
interpretations. For details we refer to [12].

For the chosen subclass of DC, COD model checking is possible [22]. For a
formula ¢ of this subclass we consider the set [¢] of traces satisfying ¢. We write

Z ¢ iff [Z] € [¢].

2.2 Task Networks and Cyclic Timed Automata

The common model for scheduling analysis is a task network. Each task repre-
sents a piece of code, and has parameters assigned such as the execution time,
depending on the code, and an activation pattern, like periodic or sporadic ac-
tivations with some period P. The result of scheduling analysis are worst case
response times for the tasks, depending on the underlying scheduling schema,
e.g., fixed priority scheduling. The analysis results in a feasible task network if
all response times are less or equal to deadlines assigned to each task.

The aim of CTA [26] is to combine a formal semantics for task networks with
efficient scheduling analysis techniques [16]. The CTA framework comprises a
number of Timed Automata templates, that can be instantiated and parame-
terised in order to constitute task networks. A CTA component consists of one or
more Timed Automata. A set of interface automata define the visible input and
output behaviour of the component. The internal timing behaviour is defined by
a core automaton, which models, e.g., response times for tasks. Components are
connected by synchronisation via their interface automata. Figure 4 depicts the
component types used in this paper, except for Triggers and Sinks. They consist
only of an interface automaton, and are used to model environmental tasks. Eze-
cute components are used to model tasks. The input interface automaton models
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the activation behaviour, and the core automaton models the delay caused by
the execution of the component. This delay is bounded by the minimum and
maximum response times (R™, RT) as they are calculated by scheduling anal-
ysis. The output interface defines the resulting completion behaviour. Splitter
and Composer are used to split and combine event flows.

Temporal behaviour of a CTA interface is defined by a tuple (P, P, J, O),
where P~ and P* are the minimal and maximal periods of the event stream,
and J is the maximum jitter. Periodic activations are modelled by setting P~ =
Pt = P. Finally, the parameter O defines the start time of the component. Its
value depends on the output behaviour of a preceding component the interface
is connected to. In the following, we define CTA and their trace semantics.

Definition 1 (CTA component).

1. An interface automaton In(e, P~, PT,J, O)/ Out(e, P~, PT,J, O) is the au-
tomaton depicted in Fig. 4a. The semantics of In and Out is
[[Out]] [[ITL]I—{<(e,to+5o),(6,t1+(51) (e ta + 02), > |O<(5 <J
O<ty<O+Pr ti 1+P <t S tz—1+P+}-
If the context is obvious we use the abbreviations In. and Out..

2. A trigger Q(Out(e, P~, P, J, 0)) is a automaton which semantics semantics
[Q] is equal to [Out(e, P~, P*,J, 0)]].
3. A sink S(In(e, P~,PT,J,0)) is a automaton which semantics [S] is equal
to [In(e, P~, P*,J, O)].
4. An ezecute component E(In(e,P~, P, J,0),f, R~,R") is the automaton
pictured in Fig. 4b. Its semantics [E] is
[E] = { {(e, o + o), (f, t0+50+Ro) (e,t1 +01), (fy t1 + 01 + Ri), )
|O<to<O+Pr t; 1+P <t; <t 1+ PT,
0<6;<J, R §R <RT }.

5. A splitter component D(In., Outy, ,--- ,Outy,) is a automaton as depicted in
Fig. 4c, with the following semantics:



[[D]I = { <(67 t0)7 (fhto)?' T ﬂ(fnu tO)v (67 t1)7 (fh tl)? : >
‘ <(€,t0)7(€,t1),"'> € [[In(e,PﬂP"‘,J, O)]] }

6. A composer C(Ine,, - ,Ine,,Outy) is a automaton as depicted in Fig. 4d,
with the following semantics:
[[C]] = { <(€1’ tl,O)v Ty (6n7 tn,O)a (fv UO)’ (617 t1>1)> Ty (em tn,l)’ (fa ul)? o >
‘ vi:l,mn«ei’ ti,0)7 (61‘, ti71), <. > S I[Inei]l’vjel\] U; = maﬁl?izl’”_n(ti,j)}.

The definitions for In and Out are identical because the original definition
for Timed Automata does not distinguish between sending and receiving events.

CTA components are combined to CTA networks by parallel composition.
A CTA network is a tuple (Events, A C CTA), where CTA is the set of all CTA
components, and Events is a set of common events. For each e € Events there
are two unique CTA components src, dest € A with interfaces synchronising via
e. The semantics of CTA is defined as [CTA]™ :=[||xea X].

Yet, task networks have no notion of data variables and valuations. Hence,
in order to compare the traces of task networks and COD, we extend CTA
traces ((e1, t1), (e2,t2), --+) € [CTA]~ with valuations of variables: {((e1, 01, t1),
(e2, B2, 12), -+ ) € [CTA]. Additionally, we define the implementation, feasibility,
and correctness of an implementation.

Definition 2 (Implementations). Let M be a machine, defined by a set of
possible traces [M], and C be executable code, defined by [C]. An implementation
is then given by a task network CTA, code C for this tasks, and by M, written
as (CTA, C, M). We define its feasibility and correctness w.r.t. a formula @:

(CTA, C, M) k= feasible = [CTA]N[C]IN[M] # &
(CTA,C, M) E ¢ & [CTAIN[C] C [¢] and (CTA, C, M) |= feasible

3 Task Specifications

Since task networks have a simple and firm structure, it is not possible to trans-
late arbitrary COD specifications into task networks. Hence, we introduce Task
Specifications, a COD subclass that admits only those CSP and DC constructs
that can be translated into task networks in a semantics preserving way. As our
translation refers to initial and terminating events of CSP processes, we begin
by defining functions yielding these events.

Definition 3. The function first returns all possible initial events occurring in
a CSP process P. The functions next(P, a) and last(P, a) return the unique next
and last event, respectively, or a default event.

{e} ifP=e— P’
first(P) :=  first(Py) if P=P1; Py
first(P1) U first(P2) if P = P1 | P, with | € {||, 0}

{e ifP=e— P’

next(P, a) : s olse



e if P=e — Skip
last(P) := ¢ last(P’) if P=e— P’ with P' # Skip
last(P1) U last(P2) if P = Py op P

Now we proceed with the definition of the Task Specifications subclass.

Definition 4 (Task Specification). A Task Specification Z for a set of tasks
T is a COD specification with respective parts Zcsp, Zoz, and Zpc, with the
following properties:

1. For every task a € T the specification Z contains events ayp,a. € Events,
denoting the begin and the end of task a. The OZ part Zoz must not impose
a state change on the occurrence of ay.

2. The CSP part Zcgp complies with the BNF

TaskProcDecl ::= LoopProcDecl | TaskProcDecl || TaskProcDecl
LoopProcDecl ::= p X : TermProc; X
TermProc ::= [a; —] ap — a. — Skip | [ax —] ap — a. — TermProc
| TermProc; TermProc | TermProc | TermProc

| TermProc O TermProc,

for tasks a € T. The event a; is a special trigger event needed for timing
constraints on the tasks.

3. For tasks a,a,a € T, with a € first(main), and P~,P*,J € T\ {0}, every
DC formulae in Zpc is in the form of one of the following pattern:

DCp_(P ,a):=—(true " lay, " P~ >0 T a,)
DCp(PT,a) :==(true " Ba, N Pt < ()
DC;(J,a) :=—(true ™ Jay " Bap AN J < ¥£)
where a, = ay if there is a formula DCy(J,a) and a, = ap otherwise.

Moreover, in order to get a well-behaved task network, periods and jitters
have to be unique for each loop process declaration, i.e., if there are DC for-
mulae DCj(P1, a1) and DCy(Pa, ag) for lpd € LoopProcDecl with a1, ay €
first(lpd) we demand Py = P, and analogously for DCp_ and DCp .

The ideas behind this definition are as follows.

1. In COD state changes are defined using operation schemas, which define
the tasks of the system. An essential difference between the task and the COD
view is that state changes induced by a OZ schema do not consume any time.
Time elapses just between state changes, whereas a task is basically characterised
by its execution time. Obviously, it is not possible to produce a code generator
that can reflect this instantaneous behaviour of a COD specification. To solve
this issue, we integrate a more realistic notion of a task in COD, where the
call of a method is separated from the time when the execution is performed.
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In Def. 4, we use a straight-forward approach, where each task is associated
with two events: The first event a; reads input parameters and the state space,
while the second event a. writes the output and the modified state space. A
code generator has to take this behaviour into account. The obvious drawback
of using two events is the increased effort for high-level verification. Note that
it is not possible to use the build-in double event methods of COD: the method
execution cannot be interrupted by other tasks, which is essential for scheduling.

2. Obviously, we cannot construct a finite task network for every CSP process,
because there are some cases where the operational semantics of a CSP process
gets infinitely many states. Further, task networks have a periodic structure.
Thus, Def. 4 gives a subclass of periodic CSP processes that can be translated.
The idea is to allow only loop processes (LoopProcDecl) that are defined over
terminating processes ( TermProc), i.e., processes that end with the Skip process.
The fix-point expression p X : TermProc; X denotes a process that behaves like
TermProc and restarts again after terminating.

3. The temporal behaviour of tasks is determined by sporadic or periodic
task activation with a possible jitter. Therefore, Def. 4 restricts the use of DC
formulae to pattern describing periods and jitters of tasks. The formulae DCp _
and DCp . define lower (P~) and upper (P7) time bounds for the occurrences of
an event a;—indicating the activation of a task a with jitter—or the occurrences
of an event a for a task without jitter. Intuitively, the formula DCp _ states that
two occurrences of events are separated by an interval of a length not less than
P~. The second pattern DCp  formulates the upper period bound: there will
never be an interval of length greater than P' without the appropriate event.
The jitter J of a task a can be specified with a formula DCy(J, a): after an
event a; an event a, has to follow within an interval of length less or equal to J.
No other DC formulae are allowed in COD task specifications. If we can prove a
property on COD level without timing constraints, this property is preserved on
task level for arbitrary periods, jitters, and deadlines. In our running example,
the first three DC formulae have the DCp _ pattern, the last isa DCp 4 formula.
There is no DCj pattern, i.e., initial tasks are defined without jitter.

Definition 4 does not include parallel composition with synchronisation. This
is to simplify the construction of the task networks. Since we only consider a trace
semantics of CSP here, we can represent parallel composition with interleavings.

4 Translation

In this section, we introduce a property-preserving translation from the COD
specification subclass defined above into task networks in terms of CTA and
state the correctness.

We consider a task specification Z with a set T of tasks according to Def. 4.
We translate only the CSP and the DC part into task network, because a task
network abstracts from data and state changes. We inductively define the con-
struction over the structure of the CSP part. On the level of TaskProcessDecl,
every interleaved LoopProcDecl is translated separately. The entire task net-
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Table 1: Mapping from TermProc to CTA components

CSP expression [CTA component

Termination

Skip CTA(TP,P~,P*,J,0,a,e) =0
Task execution Execute component

TP =[a; —] ap — ac. — P |CTA(TP,P~,P*,J,0,a,¢) =
{E(In(as, P~, P*,J, 0), next(P,a.), R~,RT)}
U CTA(P,P~,P*,J(a), O(a), next(P, a.), )
Interleaving Splitter, Composer component
TP =P || P2 CTA(TP,P~,P*,J,0,a,¢) =
{D(a, next(P1, a), next(P2, a))}
U CTA(Py,P~,Pt,J, 0, next(P1,a), e)
U CTA(P2, P, Pt J, O, next(Pz,a), e)
U {C(last(Pr), last(Pz), e)}
Sequence Execute component
TP = P;; P CTA(TP,P~,P*,J,0,a,¢) =
CTA(Py,P~,P",J,0,a,f)
U {E(In(last(P1,f1), P, P+, J(P1), O(Py)),
next(Pz, f2),0,0)}
U CTA(P2, P, P+, J(P1), O(P1), next(Pa2, f2), €)

work consists of the parallel composition of the task networks translated from
the respective subprocesses. A LoopProcDecl consists of a terminating process
TermProc that is recalled after termination. The task network construction maps
each CSP expression occurring in TermProc to a CTA component: every task in
T is mapped to an execute component, interleaving is realised via splitter and
composer components, and a sequence is represented by a dummy execute com-
ponent. To this end, we define a mapping from TermProc to CTA components
that depends on periods, jitters, the offset, and on input and output events. It
is given in Tab. 1. With this, we formally define the translation.

Definition 5 (Translation of Task Specifications to CTA). The trans-
lation from a Task Specifications Z with CSP part Zcsp and DC part Zpco
to CTA components, i.e., CTA : TaskProcDecl — CTA, is defined inductively
over the structure of Zgsp. For TPDy, TPDy € TermProcDecl \ TermProc and
TP € TermProc:

CTA(TPD, | TPDs) := CTA(TPD;,) U CTA(TPD,)
CTA(p X : TP; X) :={Q(In,),S(Out,)}y U CTA(TP,P~,P*,J,0,a,¢),

where a = next(TP, f1), e = last(TP, f1), for new events fi, fo, and Zpc contains
formulae DCp_(P~,a), DCp4(P",a), and DCy(J,a) or J = 0. The CTA
components for TermProc processes are given by a mapping CTA : TermProc x
T x T x T x T x Events x Events — CTA which is inductively defined in Tab. 1,
where J(a) = J + R (a) — R™(a), O(a) = O + R~ (a).

Currently, CTA do not support choice. Hence, we do not create CTA that
reflect the behaviour of choice Py O Ps. Instead, we apply the CTA generation
and the scheduling analysis twice, for P1 and Ps, respectively.
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4.1 Correctness

In order to show that the task network of a COD specification Z preserves prop-
erties on implementation level, we start by recapitulating and formalising the
problem. First, we assume that Z satisfies a DC property ¢, which is, e.g., proven
by model checking [22]. We then apply our construction from Sect. 4 to obtain a
task network CTA. Together with task code C, it realises the specification Z on
some hardware M. The question is if (CTA, C, M) is a correct implementation
of ¢ on a machine M (cf. Def. 2):

ZE¢ > (CTAC.M)Eg.

In order to prove this, we apply scheduling analysis and assume that the COD
specification Z is feasible on M: (CTA, C, M) k= feasible. Since code generation
is not subject of this work, we assume the existence of a compiler for the OZ
part that produces correct executable code C for Zpz. This code is correct if it
does not jeopardise the OZ specification, i.e., [C] C [Zoz].

An issue we have to care about is that on CTA level different events can occur
synchronously. The PEA semantics of COD yet demands that there is only one
event per time point. For this reason, only properties that are event robust can
be preserved from COD to task level. Event robustness means that a property
does not distinguish between synchronous and sequential occurrences of events,
where the events are separated by an infinitesimal amount of time.

Definition 6 (Event robustness). Given events a,b € Events, a property ¢
is called event robust iff 30 <4 V0 < e < § s.t.

< ,(a,t),(b,t+e),--~>€|[<p]]:>(--- 7(a7t)7(bat)>"'>€[[@]l
\ < ,(a,t—e),(b,t),--~>€|[<p]]=><--- 7(a’t)7(b7t)7"'>6[[@]l

However, this is not a real restriction since properties depending on events that
occur exactly at the same time are unrealistic and can never be implemented
on real-world systems anyway. The DC properties that can be verified for COD
specifications, i.e., DC test formulae from [22], are predominantly robust. Ex-
ceptions are for instance formulae like (Ha A £ > 1) A (HBb A £ > 1)). The
basic idea to consider robust systems is taken from [10,9].

We state the correctness of our construction—the main result of this work—
in the following theorem.

Theorem 1 (Correctness). We consider a COD model Z that shall be imple-
mented on a machine M, a translation into a task network CTA(Z) = CTA, a
translation of the OZ part Zoz into executable code C, and a event robust DC
property @, only restricting events in T. Assume the translation of Zoz to be
correct, i.e., [C] C [Zoz]. Then

ZFy

= (CTA,C, M) = .
(CTA, C, M) |= feasible
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Proof. Let the parts of Z be given by Zcsp, Zoz, and Zpc, respectively. To
prove this theorem, we apply the following property, establishing a relationship
between the task networks of our construction and the COD specification.

[CTA]\r € [Zesp]ir N [ Zpe]r (1)

This property’s correctness is proven in Lemma 3 that can be found in the
appendix. The subscript | T denotes the restriction of traces to events of Z
representing tasks. We know by definition that [Z] = [Zosp] N [Zoz] N [Zpc].
Due to the precondition Z | ¢, we get [Z] C [¢] and since ¢ restricts only
events in T also [Zcsp]iT N [Zoz] N [Zpc]ir C [¢]. We can conclude

[Zcsp]ir N[ Zoz] N[ Zpc]ir € [v]
= [Zesplir N [CIN[Zpc]r € o] {Ic] € [Zoz1}
= [CTA]r N [C] C [¢] {()}
= [CTAIN[C] € [#] {(x)}
~ & C [CTAIN[C] N [M] < [¢] (Feasibility}
= (CTA, C, M) = . {Def. 2}

The conclusion (*) holds because ¢ only restricts events in T and, particularly, no
internal events of CTA. Further note that feasibility is necessary as (CTA, C', M)
is only an implementation if its semantics is not empty (cf. Def. 2). O

4.2 Results for the example

To demonstrate the application of our ’Task \WCET\P‘\P‘*HR_ \R"‘\J\ 0‘
approach, we take up the odometer exam-
ple of Sect. 1.1 and 2.1. We start by for- RSS 2 2000 2 ]2]0/0
mulating the identified high-level require- DCL 4 36)cc] 46 10/0
ments in terms of DC formulae: after ex- |[PCS| 11 14014011117 /0] 0
ecution of task DDT the actual train po- DDT] 9 4040 9 |28 6|11

sition is never beyond the calculated con-

fidence interval, i.e., =(true ~ | DDT, ™ Table 2: Scheduling results
[actPos < estPos + conf_l]) and —(true ™ [ DDT. ~ [actPos > estPos +
conf_r])). Note that the actual position is realised via a COD specification for
the environment, which is not presented here. Using the techniques of [22], we
verified these properties (assuming exclusive access to shared resources) for our
case study model using the model checker ARMC. To pass from the specification
to the implementation, we generated the task network according to Def. 5. We
get the following CTA components for the processes P; and Ps (cf. Fig. 3):

Py Q(Out(RSSy, 20, 0,0, 0)), E(In(RSSy, 20, 00,0, O), RSS,, 2,2),
S(In(RSS,, 20, 0,0,2)),

Ps:  Q(Out(DCSy,40,40,0, 0)), E(In(DCS), 40,40,0, O), DDTy, 11,17),
E(In(DDTy,40,40,6,11), DDT.,9,28), S(In(DDT., 40, 40,23, 20))
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In order to get the values for the response times (R~, RT), we applied scheduling
analysis on the tasks. Since code generation is not subject of this work, we aban-
don worst case execution time (WCET) analysis in order to get execution times,
and estimated the parameters as shown in Table 2. We assumed a fixed priority
scheduling (tasks are shown in descending priority order). Thus, we could use
the methods described for example in [17,28] to calculate the response times. All
response times remain lower as the respective periods, so that the task network
is feasible. Now, our correctness result from Theorem 1 automatically yields the
feasibility of the specification on a given target platform, and—assuming a cor-
rect compiler and WCET analysis—the verified safety properties remain valid
for implementations that comply with the task network structure.

5 Discussion and Future Work

In this paper, we have introduced a framework for connecting two stages of the
formal design process for real-time systems: high-level verification on specifica-
tions and scheduling analysis for implementations. Without such an indispens-
able connection, it is undetermined whether a verified real-time specification
can be implemented on a target platform and how verified properties can be
preserved for the implementation. That is, safety is not guaranteed despite suc-
cessful verification. To solve this issue, we have proposed a property-preserving
translation from task specifications in terms of COD into task networks in terms
of Cyclic Timed Automata. The limitation to a subclass of COD was neces-
sary since COD can express much more timing assumptions and structures than
scheduling analysis can deal with, due to its simple view on task networks with
periods, jitters, and deadlines. However, it is worthwhile to use a formalism like
COD because it enables declarative high-level system descriptions and it sup-
ports complex and infinite data types [12,22,6].

The current definition of the translation for the CSP part covers a big class
of relevant periodic process structures. The extension of the control flow part to
allow more complex structures is future work. In particular, a more sophisticated
treatment of choices and synchronised parallel operators is desirable. Moreover,
real-world systems are often not strict periodical but comprise mode changes. An
integration of mode changes into the CSP part would be easy but scheduling must
support mode changes, which is currently not the case for CTA. In addition, it is
future work to provide rules for transforming general CSP processes (if possible)
into processes matching our patterns from Def. 3.

Besides the fact that our method provides scheduling analysis for a high-level
language, a second benefit is that schedulability results can be propagated back
to the specification. The idea is that information of the scheduling analysis—
particularly if not schedulable—can be used to merge tasks already at speci-
fication level to reduce communication costs. Scheduling analysis can than be
repeated with the modified specification. A detailed elaboration of this iterative
procedure remains future work.
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A Appendix for Referees

This appendix presents some definitions and the proof of Theorem 1 in detail.

A.1 CSP-OZ-DC

CSP. In COD, external and internal communications and the control flow of
methods are described by CSP. CSP was introduced in [11], and is used to model
parallel and sequential processes in terms of the events they communicate. Events
always occur in instantaneous time. We denote the set of events Events. The CSP
syntax is defined by the following BNF grammar:

P ::= Stop|Skip|a— P |PiOPy| Py ||[aPe|P1||P2|P1; Po| X

The process Stop denotes a diverging process, Skip a terminating process. For
an event a € Events, a — P denotes a process that communicates a and then
behaves like P. The operator O represent external represents external choice.
The parallel composition of processes is described by |4 and ||. The former
is used for processes that synchronise on events A C Events, and the latter
for interleaved processes without any synchronisation. The operator ; denotes
sequential composition of processes. Finally, X stands for a process identifier,
which must be declared with an expression X = P.

For CSP a structured operational semantics (SOS) has been defined, repre-
sented as a labelled transition system (@, EventsU{r, v}, o, —), with a special
event v representing the termination of a process, and an internal event 7 that
is not visible from outside. The states @) are are the CSP processes, and ¢y € @
is the initial process. The transition relation — is defined inductively over the
structure of CSP processes. Examples for rules defining — are:

o Py P pp
a— PP Py || Py = Py | P PiQ—Q

OZ. Object-Z [25] is an object-oriented extension for Z. We use OZ to define the
state space over variables Var of a COD specification and possible state changes.
State changes are defined in a constraint-based declarative way by operation
schemas. The schemas are associated to events from the CSP part such that a
state change is always performed at the same time when a CSP event is triggered.
As task analysis abstracts from the state space, it is not necessary to introduce
the OZ part in more detail here. For details we refer to [12].

DC. Timing properties of a COD specification are modelled in the Duration
Calculus (DC) part. The DC is an interval-based dense real-time logic [29]; we
denote the time domain by T := R*. The DC describes a state of a system at one
point in time using so-called state expressions ¢, formulae over time-dependent
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state variables Var, and predicates p/,. For ~ € {<,<,=,>,>} and t € T and
state expressions ¢ the class of formulae ¥ is defined by:

ﬁ:;:ﬂwt‘ |—(p~| |ﬁ19|191\/192‘191/\’l92

The length of an interval is denoted with ¢, the operator ™ splits an interval
into two parts. The expression [¢] states that a state expression ¢ holds almost
everywhere on a given interval. The semantics of a state variable v € Var is
given by an interpretation I[v] : T — D(v), assigning values from the variable’s
data domain. The semantics of a predicate p,,, is an interpretation p : D(v;) x

- X D(v,) — {1,0}. The semantics of DC formulae is an interpretation of the
formulae on an interval [b,e]. With b < e; b,e € T and ¢t € T we define the
interpretation I of state expressions and formulae:

Ip(or, -, v)l(8) = p(I[wn](2), - -+ I[we] (%))
[[ el(t) :==1-1I[e](2)

Ipr V 2](t) == maz{I[p1] (1), I[e2] ()}
I[¢ ~ t][b, €] := true iff (e — b) ~ t

I[[o1][b, €] := true iff /:I[[go]](t)dt =(b—e),b<e

I[Y91 ™ 92][b, €] := true iff there is an m € [b, €] s.t.
I[91][b, m] = true and I[¥3][m, e] = true

We demand finite variability for state expressions, so that [ I]¢](¢) is well de-
fined. The semantics of — and V is as usual.

Events e € Events are realised by boolean state variables. The occurrence of
an event e is denoted by ] e, which is valid for a point in time ¢ iff the state
variable e changes its value at time t. Finally, to express that an event does not
occur during an interval of length greater 0, we use He.

Semantics. In [13,12], the operational semantics of COD specifications is given
in terms of Phase Event Automata (PEA), a Timed Automata model [1] involv-
ing data aspects. Since we refer throughout this paper to the trace semantics
of PEA only, we omit the formal definition, and relate the COD specification
directly to the traces produced by its PEA semantics. A PEA trace is an infinite
sequence of configurations ((e1, 01, t1), (e2, Ba, t2), -+ ), with events e;, variable
valuations f;, and points in time t; € T, ¢, > 0, for ¢ € N. Furthermore, we
use a simplified variant of PEA traces, because we are not interested in program
locations and clock valuations. With respect to satisfiability of DC properties,
the results of [12] remain valid, as validity of DC properties only depends on
events, variables valuations and timestamps.

Definition 7 (Trace semantics of COD). Given a COD specification Z with
the appropriate parts Zosp, Zoz, Zpc, the semantics is defined compositionally
by [Z] := [Zesp] N[ Zoz] N[ Zpe], with the following definitions for the parts of
the specification:
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CSP. Traces of Zosp are given by

[Zese] == {{(eo, Bo, to), (€1, B1, t1),--+) | where

-
o —" =% —* . 2 s a run of the SOS of Zesp ).

OZ. The semantics of Zoz is given by traces [Zoz], s.t. variable valuations
are restricted according to the changes in the operation schemas. Time is not
restricted.

DC. Traces of Zpc with an interpretation I are given by

[Zpc] = {{(e0, Bo, o),
I(t) =
(1) =
(1) =
(1) =

t

(e1,081,t1), )| where

Bi(v) for almost all t € Int;,

I[e](t") for almost all t,t' € Int;,

I[e](t") if e # e; for almost all t € Int;, t' € Int;_1,
=I[e](t') if e = e; for almost all t € Int;,t' € Int;_1},

~No N~
<

[

[e]
[e]
[e]

e

~

where Int; = [Z; o j,Z] _ot;], e € Events, and v € Var.

In [22] a subclass of DC is defined for which COD model-checking is possible.
For a formula ¢ of this subclass we consider the set [¢] of traces satisfying ¢.
We write Z |= ¢ iff [Z] C [¢]. We denote the set of all timed traces with Traces.

A.2 Correctness

To finish the proof of Theorem 1 we have to establish the desired relationship
of CTA and COD: [CTA] C [Zesp] N [Zpe]. We will prove this relationship in
two steps. First, we show that the generated task network does not violate the
structure of the CSP part. In a second step, we make use of the first step’s results
and prove that the traces of the task network also satisfy the timing constraints
given by the DC part.

To this end, we start by defining the notion of cyclic traces and show in
Lemma 1 the relationship between cyclic traces and CTA.

Definition 8 (Cyclic traces). A set T of traces T C Traces is called cyclic
over T’ ending with event e for a trace T’ C Traces, iff

T= {<'LU(), (67 t1)7 W, (6, t2), w - - > | w; € T/}
Analogously, it is called cyclic over T" starting with event e, iff
T ={{(e, t1), w1, (e, t2), wa, (e, t3), w3 --+) | w; € T'}.

Lemma 1 (Concatenation of CTA). Assume CTA A; and Ay with trace
semantics [A1] and [As] that are cyclic over A}, ending with e, and AL, starting
with e, respectively. Additionally, the parallel composition of Ay and Ao exists
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(i.e. they are schedulable, in particular, we demand that the accumulated response
times are smaller than the period of the traces in A1: Vw € [A]],v € [45] :
Jw+ RT(w)+ Rt (v)+ Rt (e) < P~ ). Then the concatenation Ay o As is defined
by Ay 0 Ay := Ay || Az, and the traces of the concatenation are given by

I[Al o AQ]] - {<w(],(€,t1),m, wlv(evt2)7w727 w27"'> | (U € I[All]]vm S I[AIQ]]}v

which is cyclic again, ending with e.

Proof. From the assumption that the A; are cyclic over A} we know

[41] = {(wo, (e, t1), wr, (e, t2), wa---) | w; € [A}]} and

[[A2]] = {<(€, tl)ana (67 t?)v@a (6, t2)’ U > | w; € [[Aé]]}
Since the A; are schedulable, we know that there common traces exist. In par-
ticular, we only need to consider traces where the event e only occur at the same

times t;, otherwise the trace will not occur in the intersection of the traces of A;
and As. So all traces of the concatenation A; o A; have the same shape

<UO» (6, tl)a U1, (67 t2)7 V2, (67 t3)7 Usg, -+ >

and we only have to show that each of the v; consists of w; € [4]] and w; € [45]
that do not overlap. To this end, we recall that traces for an arbitrary trigger
are given by

{<(w7t0+6[)),(6,t1+51),"'> |
O<ty<PY telti1+P ,t; 1+PY], 0<4;< J}-

So, we consider traces from A; and As with synchronous occurrences of e:

<(w07téu +§6u)7(e=t0 +50)7(w17t{1} +5iu)>(evt0 +50)7"'> € [[Al]l

(e, to + 80) (01, £ 4+ 07, (esto + 00), (1 8 + 83), ) € [Ag], )

where w; € [A4]] and v; € [A}]. For simplification, we abbreviate subtraces
w = ((ag, t0), "+, (an, tn)) by (w, &), because we are only interested in the time
point at the beginning of a trace. Now, we show that for those traces in (2) we

can conclude
VieN:t! +07 + R (v;) <t + 5%, (3)

by which the v; and the w; are seperated properly. First, we collect information
about the traces from the periodicity of the w; (the w; occur with the same
period as the event e). Hence, for the traces in (2) we get

t <Pt and t €[t +P ,t",+ PT]. (4)

The event e is determined by the same period, but with an offset given by the
response time R(w;) of the w;:

ti+0; € [t + 6 + R~ (w;), t* + 0¥ + R (w;)]. (5)
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Analogously, we determine the time points for the v; and apply (5):

ty +67 € [tic1+0im1 + R (e), tic1 +6im1 + R+(6)]
{G)} e H+6 e[ty +62 + R (wi1) + R (e)

’ 6
)+ 6 + R (wi—1) + R"(e)] R

Now, starting from the precondition, we can use our results in (4) and (6) to
conclude (3).

J+ R (w;—1) + RT(e) + R (v;) < P~
=t +J+ R (wi_)+ R (e) + R (v) <ty + P~
{4} =t +J+ R (wi—1)+ R (e) + R (v;) < t*
=t + 6"+ R (wi—1) + RY(e) + RT(v) < 7 + 5
{(6)} = ! + 67 + R (v;) <t + 6

By this it is clear that the v; and w; in the traces of (2) do not overlap and every
trace of the intersection of A; and A, has the form

<(w07 téu + 5(1)1))7 (6, tO + 50)7 (vla tf + 5f)a
(wlvtiu +61U)7(83t0 +50)a> € |IA1 || A2]17

which is cyclic again per definition. O

Since the CSP part always has the structure defined by the BNF in Def. 4,
we show the compliance of the task network structure with the CSP part by in-
duction over the structure of the CSP processes. To this end, the next Lemma 2
relates terminating processes TermProc to its CTA from the construction. The
main problem here is that terminating CSP processes always produce inherently
finite, terminating traces, whereas CTA always have periodic behaviour. There-
fore, the main idea is to relate a CTA for a terminating process CTA(TP) to
a modified variant TP’ representing the “periodic closure” of TP. That is, TP’
behaves as TP but it restarts TP after terminating.

Lemma 2 (Control structure of TermProc). Given a TermProc TP and
a modified process TP' := pX : TP; X, with a schedulable CTA(TP) we
can conclude the restriction of the CTA traces to events visible on COD level
[CTA(TP)]jx € [TP'] and, particularly, [CTA(TP)]t is cyclic over [TP].

Proof. We show the proposition by induction over the structure of TermProc.

1. a — Skip. The semantics of a CSP process in COD is defined by a labelled
transition system represented as PEA [12]. Due to the stuttering invariance
we can ignore all 7 steps introduced by the translation of CSP to PEA. Then
the (generalised) traces of the CSP process u X : a — Skip; X are simply

{<(a""')’(a"")7(a"")a'">}' (7)
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We do not need to take the variable values § and the time points into account
here, as they are not constraint by the CSP part and can be chosen arbitrar-
ily. So we omit them completely in the following. The CTA of ¢ — Skip is
given by CTA(a — Skip, P, J, P,-), which is the union of a trigger for a a
execute automaton E(In(a, P~,P*,J,0),e,R"(a), R~ (a)) and a sink for
e, where e is a new event that is not visible in the trace semantics. Obviously,
CTA(a — Skip) is a subset of (7) and it is cyclic over [a — Skip] = {a}.

. a — P.The CTA for a — P are given by CTA(a — P,P*,P~,J,0,") :=
Ay || Ag, where

Ay :={E(In(a,P~,P",J,0),f, R (a), R (a))} (8)
Ao :=CTA(P,P",P~,J,0+ R%(a) — R (a),f) (9)

The traces for (8) are given by a set [A1] = {{(a,B1,t1), (f, 51, ), )}
according to [26]. It is cyclic, beginning with a. By induction hypothesis we
know for the sub-process P that [Az]it C [uX : P; X];r which is cyclic
over I[P]]ITv Le. HAQ]I - {<(faﬁiv t{)v Wi, (fa/Béa té)v w2, - > | w; € IIP]]}

As the entire CTA for TP, namely CTA(TP), is assumed to be schedulable,
we know that all its sub CTA are also schedulable. So the preconditions for
Lemma 1 are fulfilled and with application of this lemma we get traces of
the concatenation of A; and As:

[[Al OA?] - {<(a7617t1)7(faﬁi’t{)’wlv(a7ﬂ2’t2)"'> ‘ <w’b> € [[P]]}

and if we restrict these traces to visible events

[A1 0 Ao]ir € {{(a, B1, 1), wi, (a, Ba, ta), wa, - +)
| (a,w;) € [a — P] for (w;) € [P]},

which is cyclic over [a — P]r, beginning with a. Since [CTA(a — P)] =
[A1 || A2] = [A1 o A3] we are finished.

. P1; Ps. The proof for this TermProc is analogous to the previous one. The
CTA is given by CTA(Py; Py, PY,P~,J,0,a) := Ay || A2 || A3 with

Ay := CTA(P,, P*,P~.J,0,q) (10)
Ag :={E(In(e, P~,P",J,0),f,R™(e), R (e))} (11)
A3 := CTA(Py, P*,P~,J,0(P1) + R (e) — R (e),f), (12)
where e is an event such that S(e,-,-,-,-) € CTA(P, PT,P~,J,0,a). We

now make use of the induction hypothesis to get trace sets for A; and Ag
and the CTA semantics to get As:

[[Al]IIT - {<(U)1, (evﬁia t{)a w2, (evﬁia t{)a o > | w; € I[Plﬂ} (13)
[[AQ]IlT c {<(67617 t{>7 (fvﬂilv t{/)v (&Bé? té)v (f7ﬂg? té/) e >} (14)
[[A3]I|T C {<((f7ﬁil7 t{/)7 ’LU{, (f’61/7 t{1)7 wé o > | wz/ € [[P2]I|T} (15)
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As those three sets comply with the requirements, we apply Lemma 1 twice
and get the trace set

IIAI o AZ o AS]]\T g {<’IU1, (67517 t{)? (fvﬁila t{/)a w{7 wa, - - >
| <U)1, (eaﬂia t{)a (f761/7 t{/)a w2> € [[Pl ) P2]]|T
for (w;) € [P1], (w)) € [Pe]jr},

assuming the visibility of e and f on COD level, otherwise we can just omit
them in the last set.

4. P || Ps. The proof for the interleaving uses a parallelised variant of Lemma 1
— but the proof is identical to the proofs for the previous TermProc and,
hence, omitted here.

O

Lemma 3 (CTA and PEA). Given a COD model Z (consisting of the appro-
priate parts Zosp, Zoz, Zpc) and a machine M, we assume a translation into
task networks CTA(Z), executable code for the tasks C(Z). If we further assume
the feasibility of these translations, (CTA, C', M) |= feasible, we can conclude

[CTA(Z)] v € [Zesp]iT N [Zpe]ir

Proof. The proof is in two steps. In a first step (a), we show that our translations
preserves the control structure of Z for traces that are adjusted of invisible events
not in T, ie. [CTA(Z)];v+ € [Zcsp]jr- We use this information to show in a
second step (b) that the timing behaviour given by the COD model is also not
violated, [CTA(Z)];r € [Zpc]r-

(a) We know that Zggp is in the form of Def. 3, consisting in an interleaving of
looping process declarations TPD = LPD; || --- || LPD,,. For every TermProc
in those process declarations we apply Lemma 2 and get

[CTA(LPD,)]ir C [LPD;]r. (16)

It remains to show that this relation also holds for the interleaving of looping
process declarations. But this is clear since these interleavings are translated to
a parallel composition of CTA without any synchronisation. Thus, on trace level
we likewise have interleavings of traces. Therefore, we conclude

[CTA(ll: LPDy)];x = lli [CTA(LPD)];x < |ls [LPDi] = [ll: LPDi].
(b) We consider an arbitrary trace m € [CTA(Z)]jr and show that Zpc also
enables this trace =
S [[CTA(Z)]I“— = TE [[ch]h-r.

We show this assumption for every formulae we allow for the DC part according
to Def. 3. Examining DCj(J, a),DCp (P, a;), and DCp_ (P, a;), we consider



23

that all of these refer to a;, which is invisible on CTA level. So, for every 7 €
[CTA(Z)]r we have to find a trace 7" € [Zpc] such that

Ty = (17)

Thus, let us assume a trace

™= < a(a03507t0+60)7"' 7<a17ﬁ17t1 +61)7 7(a2,ﬁ2at2+61)a"'>
€ [CTA(Z)]|r

with no other occurences of a. According to the CTA semantics we know that
the time points fulfill the following criteria for the period and the jitter, fy <
P+,t7;+1 € [tl+P_7t7,+P+]70§6, < J forieN.

We now construct a modified trace 7’ with the desired property (17) (the
dottet parts remain the same).

7T'/: < 7(@?,ﬂ?,t0),"' 7(a0aﬂ0at0+60)a"' )
(atlvﬁtl7t1)a"' 7(a17617t1+61)7"' )
(at27ﬂ?at2)a"' a(a27ﬂ25t2+51)a"'>

Obviously, property (17) is satisfied for 7 and 7’. The only reason that this
could not be a possible extension of 7 is that there are already other events
b, By, t; occurring at the same points in time ¢;, where we inserted the a; events.
But because of the event robustness of the properties we want to check, we can
assume that this is never the case. (Otherwise, we examine a slightly modified
trace the events at the critical points in time are moved arbitrary small amount.
Then, from the robustness it follows that all relevant properties also hold for m,
confer Def. 6.) Additional, this trace 7’ has the necessary property that every a
is preceded with a;.

We now show 7’ € [Zp¢]. The new trace 7’ does not joepardise DCj3(J, a) =
-O(Jag ™ Ba A J < {), because for every occurrence (af, ¢, t") there is
(a%, 3%, t* + &%) in 7', where t* — (t' + §%) < J. We see that

DCp_ (P ,a)=—-0(la; ™ P~ > 0" T a)

holds, since in 7’ for every (af, 8¢, %) and (a ™!, B3I, t'+1) we have t*+ — % >
P~. Analogously, we get t**1 — ¢ < P* and, particularly, t < P*. By this,
DCp (P, a;) = =O(Ba, N Pt < 0) is also satisfied.

With these observations, we get a trace 7’ € [Zpc] for every m € [CTA(Z)]r
such that property (17) holds. Hence, 7 € [Zpc];r. O



