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The Clock Constraint Specification Language (CCSL) is a clock-based formalism for the
specification and analysis of real-time embedded systems. The major goal of schedulability
analysis of CCSL specifications is to solve the schedule problem, which is to answer
‘whether there exists a clock behaviour (also called a ‘schedule’) that conforms to a given
CCSL specification’. Existing works on schedulability analysis of CCSL specifications are
mainly based on model checking or SMT-solving. In this paper, however, we propose a
theorem-proving approach to the problem. To this end, we define a clock-based dynamic
logic (cDL) in which we can specify the clock behaviours and the clock relations in CCSL.
With cDL, given a CCSL specification SP, we can express its schedule problem as a cDL
formula ¢sp. Then solving the schedule problem is equivalent to checking the validity of
¢sp in the proof system of cDL. By analyzing the proof tree of ¢y, we can generate a
concrete schedule satisfying SP. Compared to the previous approaches, our method is not
limited to special types of CCSL specifications and schedules and does not depend on the
bounds that are set for approximate checking. We implement our cDL in Coq. We use an
example throughout the paper to illustrate our method.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The clock constraint specification language (CCSL) [2] is a specification language for specifying the constraints between
the occurrences of events in real-time embedded systems (RTESs). It was firstly defined as an annex of UML/MARTE [3],
but later developed as an independent language equipped with a formal semantics [4]. CCSL gives a concrete syntax to deal
with logical clocks, made popular by Leslie Lamport [5] and synchronous languages (such as Esterel). In CCSL, ‘clocks’ are
treated as first-class citizens for capturing discrete-time events, and clock expressions are used for specifying the logical
and chronometrical constraints between the occurrences of events. CCSL is a specification language and not a programming
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Fig. 1. Theorem-proving approach for schedulability analysis of CCSL specifications.

language. It only allows an abstract specification of a set of possible behaviours and does not attempt to provide a single
operational deterministic execution. All the values are ignored to focus only on clock issues. CCSL has been widely used in
the specification and analysis of different RTESs, e.g. see [6-8].

One important aspect in the formal analysis of CCSL is schedulability analysis of CCSL specifications. The major goal of the
analysis is to answer whether ‘there exists a schedule for a given CCSL specification’. Here a schedule is a clock behaviour
expressed as a sequence of the occurrences of clocks (whose formal definition is given in Sect. 2). The decidability of
this problem still remains open [9]. However, there are existing methods based on model checking and SMT-solving that
give a partial solution of this problem [10,11,9,12]. The model-checking-based approach [10,11] relies on a transformation
from CCSL specifications into finite automata, but only a part of CCSL specifications whose corresponding automata are finite
(which are also called ‘safe CCSL specifications’ [13]) can be treated in this way. On the other hand, [9,12] proposed an SMT-
solving-based approach which relies on encoding a CCSL specification directly into a first-order logical (FOL) formula. In this
approach, the authors focus on searching a type of schedules called ‘periodic schedules’ [9] for a given CCSL specification
by SMT-solving the FOL formula. However, solving the FOL formula always needs to set a bound (a positive number that
decides the iterative steps in the SMT-solving procedure) and the result of the search of the schedules depends on this
bound.

In this paper, we propose a theorem-proving approach to schedulability analysis of CCSL specifications, which is not lim-
ited to special types of CCSL specifications and does not depend on the bounds set to FOL formulae. To this end, we define
a variation of dynamic logic called ‘clock-based dynamic logic’ (cDL) and develop a proof calculus in order to specify and
analyze the schedule problem. We build ¢DL by extending first-order dynamic logic (FODL) [14] with clocks as primitives
and inheriting the so-called ‘normalized trace formula’ of differential temporal logic? (dTL?) [15]. With these features the
schedule problem of a CCSL specification can be specified as a ¢cDL dynamic formula. cDL supports both modelling the dy-
namic clock behaviour of the specification as its program model and specifying the static clock relations of the specification
as its logical expression in a single formalism. The key idea behind our approach is that, the proof in cDL makes use of
the syntactical structure of cDL program models so that a cDL dynamic formula can be decomposed into quantifier-free FOL
(QF-FOL) formulae (i.e. verification conditions), which in turn can be proved using SMT-solving. With cDL the schedulability
analysis can be made at an abstraction level where the concept of clock and the synchronous execution mechanism can be
fully stressed.

Our method is illustrated in Fig. 1. A CCSL specification SP consists of a set of clocks and a set of relations between
clocks. The schedule problem of SP can be captured as a dynamic formula ¢sp in cDL. This is achieved by transforming all
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clocks whose behaviours can be captured as a clock-labelled transition system (see Sect. 2.3) into a ¢DL program model
Psp, and expressing all clock relations as a cDL formula . In this way, we reduce the schedule problem of SP into a
verification problem of the ¢DL formula ¢s,. With the inference rules of cDL, ¢s, can be proven with the generation of a
proof tree. All verification conditions on the leaf nodes of the proof tree are QF-FOL formulae, which can thus be solved
by an SMT-solving procedure [16]. By analyzing the proof tree, a concrete schedule that satisfies the specification can be
generated (e.g. schedule o). Except for the process of generating the proof tree, all other procedures can be carried out
automatically. The whole ¢DL system can be mechanized by popular theorem provers like Isabelle [17], Coq [18], etc.

Compared to the previous approaches mentioned above, the whole analysis process of our approach does not rely on
state exploration so it does not require the specification SP to be a safe one. And since all verification conditions are
quantifier-free, we do not need to set a bound for an approximate solving. This is different from the existing SMT-solving-
based approach mentioned above, where the FOL formula that directly encodes the schedule problem contains quantifiers
(e.g. formula ¢’ in Fig. 1) and a bound has to be set in order to eliminate them. Because of this reason, in our approach
the search for a schedule does not depend on the bound but on whether we can prove the cDL formula that captures the
schedule problem.

To summarize, the contributions of this paper are:

(i) We construct cDL and its proof calculus, and we mechanize cDL using Coq.
(ii) We propose a method for schedulability analysis of CCSL specifications based on cDL.

For (ii), we focus on the encoding from CCSL specifications into cDL formulae and how the schedule problem can be solved
through derivations of cDL.

cDL is partially based on ‘CCSL dynamic logic’ [19], which is designed for characterization and verification of a simple
CCSL specification Rel (consisting of a set of clock relations) of a given synchronous system p. In CCSL dynamic logic, clock
relation Rel is taken as a primitive, and the satisfaction of the specification can be captured as a formula of the form
‘[r] A (Relq, ..., Rely)’. In cDL we use temporal formulae of the form ‘00vy’ to express clock relations, which is more general
than [p] A (Relq, ..., Rely). It is known that CCSL dynamic logic is not expressive enough to handle the schedule problem in
CCSL, which can be expressed as a normalized trace formula of the form ‘(p)¢ m O’ in cDL (see Sect. 4). Normalized trace
formulae can express the existence of a trace satisfying both a state property! (¢) and a temporal property (Ov).

This paper is an extended version of the conference paper [1], where cDL was defined and the method for schedulability
analysis of CCSL specifications was proposed. There the algorithm for analyzing the proof tree of a valid cDL formula can only
generate a bounded schedule, which is, a finite prefix of a schedule. In this paper, we take one step further by improving the
algorithm there, so that the modified algorithm (Algorithm 2) can generate a complete schedule. Furthermore, this paper is
more comprehensive with well and completely defined preliminaries, introductions to FODL and dTL?, and a full definition
of the substitution in c¢DL (Sect. 4.2). Also, we add the proofs of important propositions (Appendix A) and of the soundness
of the cDL proof system (Appendix B). Graphical illustrations of some concepts and examples are provided throughout the
paper for better understanding (e.g. Examples 2.3, 4.3, 4.4 and Example 5.2).

The rest of this paper is organized as follows: Sect. 2 briefly introduces the formalism CCSL, which is necessary for
understanding the content of this paper. Sect. 3 introduces an illustrative example, which is used throughout the paper to
explain our contributions. We define in Sect. 4 the syntax and semantics of cDL. In Sect. 5, we present the proof system of
cDL and analyze its soundness, completeness and decidability. Sect. 6 proposes a method for schedulability analysis of CCSL
in cDL. In Sect. 7 we discuss our implementation of cDL in Coq, and give an example of how cDL formulae can be captured
and proved in Coq. We discuss the related work in Sect. 8, and draw our conclusions in Sect. 9 with a discussion about
possible future work.

2. The clock constraint specification language

The version of CCSL presented here is based on [9,20]. CCSL consists of two parts: logical clocks and the constraints
between clocks. In Sect. 2.1, we introduce the logical clock and the related concepts. In Sect. 2.3, we introduce the constraints
between clocks and the related concepts. We give the semantics of CCSL and the definitions of CCSL specifications and the
schedule problem. In Sect. 2.3 we introduce clock-labelled transition systems — an automata semantics of CCSL.

2.1. Logical clock

Logical clock In CCSL, a logical clock captures the occurrences of an event in RTESs over a discrete time model. It is an
infinite sequence, defined as a function ¢ : N* — {0, 1}, where N* ={1,2,...,n, ...} is the set of natural numbers. Each c(i)
(i e N*) can be either ‘tick’ (represented as 1) or ‘idle’ (represented as 0), representing that the event associated to ¢ occurs
or not at the instant i. We use C to denote a finite set of clocks.

1 Ie. a property that is evaluated at a state.
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Fig. 2. A possible schedule of CCSL constraints.

Clock sequence & Schedule Given a set of clocks C, the state of clocks in C at an instant captures the ticks of all clocks in C
at that instant. It can be denoted as a function 1 : C — {0, 1}. Given a set of clocks C, a clock sequence (or simply ‘sequence’)
is a finite or infinite sequence of states of clocks in C. It is defined as a down-closed partial function « : N* — (C — {0, 1}),
which satisfies for any i e N*, if i e dom(k), then for any j <i, j € dom(k).

Since for any function 7, there exists exactly one set of ticked clocks: o7 = {c | n(c) = 1} corresponding to it, we can
use « to denote 7. Hence a sequence can be also written as: kK = ®1¢2...0¢.... If a set of ticked clocks o = {c}, we simply
write it as c.

A schedule is an infinite clock sequence, denoted by o. A finite clock sequence is also called a ‘bounded schedule’ in
some references, e.g. [9,12].

Configuration Given a set of clocks C, the number of times each clock has ticked at an instant is denoted as a function
h:C— N (where N = NTU{0}). Given a set of clocks C and a clock sequence «, a configuration H is an infinite sequence
that keeps track of the number of times each clock has ticked at each instant in clock sequence «. It is defined as a function
H¢:N - (C— N) s.t.:

0, ifi=0
Hi(i,0) =qf { He(i—1,0)+1, ifi > 0,c e k(i)
H.(i—-1,0), ifi > 0,c¢x().

H, (0, c) =0 indicates that at the beginning no clock ticks.

Example 2.1. In Fig. 2(a), there are two clocks: c1, c2, C ={c1, ¢c2}. Clock ¢; =101100100100..., clock c; =010100110010....
Schedule o = {c1}{ca}{c1}{c1, c2}90{c1, c2}{c2}P{c1}{c2}0..., where for example we have o (1) = {c1}, 0(4) = {c1,c2} and
o0 (7) ={c1, c2} (they are indicated by the dashed rectangle in Fig. 2). The configuration H, for example satisfies: H, (0, c1) =
0, Hy(1,c1) =1, Hy(2,¢c1) =1, Hy(3,c1) = 2.

2.2. Clock constraint

Clock Constraint In CCSL, a clock constraint captures a constraint between clocks. It can be either a clock relation or a
clock definition.
Clock relations describe binary relationships between clocks, their syntax is defined as:

Rel :=c1<cy|c1 X2 |c1 Ccy|cr#cy,

where cq, ¢y are arbitrary clocks. The semantics of clock relations o F5 Rel is defined in Fig. 3. ‘Causality’ and ‘Precedence’
describe a asynchronous dependence relation between two events. ‘Causality’ captures a constraint between c; and ¢, in
which the ticks of clock c, are caused by the ticks of clock cq, in other words, c; cannot tick before cq ticks. ‘Precedence’
captures a similar constraint as ‘Causality’ but it does not allow that two clocks tick at the same instant, in other words,
it expresses that ¢y ticks strictly faster than cy ticks. ‘Subclock’ and ‘Exclusion’ describe a synchronous relation between
two events. ‘Subclock’ captures a constraint between c1 and ¢ in which ¢y can only tick if ¢, ticks at the same instant;
‘Exclusion’ captures a constraint between c¢; and ¢, in which cq, ¢z cannot tick at the same instant.

Clock definitions define new clocks by composing the existing clocks in different ways. A clock definition is of the form:

Cdf :=c2E
where E is a clock expression defined by the following grammar:

Ex=ci+c|ca*xa|apla>oalcanc|lcan|c$n|civey|c Ac.

c1, C are arbitrary clocks, n > 1. The semantics of clock definitions o F . Cdf are defined in Fig. 3. ‘Union’ defines a clock
¢ that ticks at any instant when either c; or cy ticks. ‘Intersection’ defines a clock ¢ that ticks at any instant when both ¢4
and c; tick. ‘Sample’ defines a clock ¢ that samples c; based on c;. ¢ ticks at any instant when c, ticks for the first time
after a tick of cy. ‘Strict Sample’ is similar to ‘Sample’, but it does not allow clock c to tick at any instant when both c; and
cq tick. ‘Interruption’ defines a clock c that ticks at all instants when cq ticks until ¢y ticks for the first time. ‘Periodicity’
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Causality: 0 FeeC1 < iff Vie NT.Hy (i, c1) > Ho (i, C2)
Precedence: 0 Feesi €1 < C iff Vie NT . Hy (i, c1) > Hy (i, ¢2) V (Ho (i, ¢1) = Ho (i, ¢2) Acq & 0 (i)
Subclock: 0 FeeiCc1 C 0 iff Vie NT.cq e (i) — 3 e o (i)
Exclusion: 0 FesgCi#cy iff VieNT c; ¢o(i) Ve ¢o(i)
Union: 0 EegCc2ci+c iff Vie NT.ceo(i) < (c1 o (i) Ve €oli))
Intersection: 0 FEeesi C© Lk iffVieNTce o(i)< (crea(i)Acyeal(i))
VieNT.ceo(i) o (

. A . ceo(i)n
Strict Sample: 0 Ecesi C=c1 B Cy iff . . X X i
Jj.0<j<i)Acrea(ANMk.(J<k<i)—cy ¢ok))
)
VieNT.ceoa() < (
. cea(i)A
Sample: 0 Eeg ¢ 21 > cy iff
i cl €= >0 3j.0<j<i)Acieo()AMk(<k<i)— 2 ¢o (k)
)

Interruption: oEsiCEci e iff VieNTceo() o (creo()AYj.(0<j<i)— 2 ¢ o (j)
Periodicity: o Fegc2c axniff ieNtceo()« ( eoc(i)Adme Nt Hy@G,c)=m-(n+1))
Delay: 0 Eeest €2 ¢’ $n iff Vie Nt . Hg (i, ¢) = max(Hy (i, ¢') — n, 0)
Infimum: 0 Feesi € IS c1 Acy iff Vie NT.Hy (i, ¢) = max(Hy (i, ¢1), Ho (i, €2))
Supremum: 0 Eeeq €21V ¢y iff Vi e NT.Hy (i, ¢) = min(He (i, ¢1), Ho (i, €2))

Fig. 3. Semantics of CCSL.

defines a clock c that ticks every n ticks of clock ¢’. ¢ ticks at any instant when ¢’ ticks, and there are n ticks of ¢’ (not
including the tick of ¢’ at the instant) after the last instant when c ticks. ‘Delay’ defines a clock ¢ that ticks at any instant
when ¢’ ticks and before the instant ¢’ has ticked for n or more than n times. ‘Infimum’ defines the slowest clock that is
faster than both ¢ and c;. ¢ ticks at any instant when the faster clock between c; and c; ticks. ‘Supremum’ defines the
fastest clock that is slower than both c¢; and c;. ¢ ticks at any instant when the slower clock between c1 and c; ticks.

Example 2.2. Fig. 2(a) illustrates the clock relation ¢ < c;. We can see that the tick of ¢, always depends on the tick of cq
(the dependence relation is indicated by the red arrows) and c¢; and c; do not tick at the same instant. At each instant the
semantics of Precedence is satisfied, e.g., at the instant 3, H5(3,¢1) > Hs (3, C2).

Fig. 2(b) illustrates the clock definition ¢ £ ¢’ $n (when n=5).

Clock Specification & Free Clock Given a set of clock constraints C, o F..g C is defined s.t. o Fq cn for all cn € C. A CCSL
specification is a pair

SP::= (Cdf, Rel),

where (:dvf is a set of clock definitions, Rel is a set of clock relations. & FEcest SP is defined s.t. 0 Fcg Rel and & Ecest ch}
We use C(SP) to denote all clocks appearing in SP. .

Given a CCSL specification SP = (Cdf, Rel), we use F(SP) to denote the set of all free clocks appearing in Cdf U Rel.
A ‘free clock’ is a clock that does not appear on the left side of any clock definitions of the form ‘c £ E’ in a specification.

Schedule Problem Given a CCSL specification SP = (Cdf, Rel), the schedule problem is to determine whether ‘there exists
a schedule o of C(SP) s.t. 0 F¢c51 SP'. In a schedule of a CCSL specification, we are only interested in those instants at which
at least one clock ticks. According to the semantics of CCSL (Fig. 3), instants at which no clock ticks have no impact on the
satisfaction relation between a schedule and a specification. In other words, if o is a schedule of a specification, and o’
is the schedule obtained by inserting or removing arbitrary number of instants at which no clock ticks into the schedule
o, then ¢’ is also a schedule of the specification. For example, if o = {c1}{c2}{c1}{c2}... is a schedule of the specification
SP = (@, {c1 < c3}), then schedule 6’ = {c1}{c2}¥{c1}{c2}... (obtained by inserting an instant at which no clock ticks into o)
is also a schedule of SP, because at the instant 3, H; (3, ¢1) > H, (3, ¢2) holds since no clock ticks. Therefore, in the schedule
problem, we always focus on the schedules that contain no instants at which no clock ticks (except for instant 0), i.e., every
schedule o must satisfy: o (i) #£ @ for any i e N,

2.3. Clock-labelled transition system

Clock-labelled Transition System In CCSL, the clock behaviour can be captured as a special type of finite transition systems,
called a ‘clock-labelled transition system’ (cLTS) [20]. A cLTS is a tuple

A=(L,T,lp,C)
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[ {vi,u1} g1?{v1, v3} g2?{v1,v3} [
21} {v1} p1 Iy Is

—> :‘V {vi,u1, vs}

A {vs} —>0) [%)

g1?{v1} {vi} {vs} {V1 v3} I3 g1?7{v1} g27{v1} {vi,u1}

() (b1) (b2) (© (c) (d)

g1=h(vi,u1) <4, g2 =h(vi,u1) =4
p1=90®{vi}®{v3}®{vi,v3}, p2=0® g1?{v1} ® g1?{v1, v3}
P3=0®g2v1} D &Hv1,v3} pa=0 B {vi, u1} & {vi, 1, v3}

Fig. 4. Examples of cLTSs.

where L is a set of locations, Iy is an initial location. T C L x (G x (C — {0,1})) x L is a set of transitions. A transition

(, g?a,l') € T (also denoted as lﬁ I') can be fired from [ to I’ when guard g is true and exactly the clocks in o C C tick.
G is a set of guards. The guard g is of the form

g =df h(c1, c2) ik,

where k € Z, < € {<, <,>,>,=}. When g is the Boolean true expression, it can be omitted and we simply write «. We
use h(c1, c2) to represent the difference between h(c1) and h(cz): h(c1, c2) =gf h(c1) — h(c2), where the unary function h is
defined in Sect. 2.1. In cLTSs, T satisfies that for each location l € L, (I,%,]) e T.

?
A clock sequence 0 = a1¢3...¢xi... is accepted by a cLTS if from the initial location Iy there is a path I LILLIN I

g’—> l;... in the cLTS, where each guard g; (i > 1) is evaluated to be true. We use Seq(A) to denote the set of all

sequences accepted by .4, and we use Sch(.A) to denote the set of all schedules accepted by .A.

g270
= 5

Example 2.3. Fig. 4(a) shows the cLTS of the constraint u; £ v1$5, where L = {l1, l»}, the initial location is Iy, C = {u1, v1}.
There are 5 transitions in T: (I1,9,1l1), (I1,g1?{v1}, 1), (L1, &2?{v1}, 1), (o, {v1,u1}, ), (b, 0,1). g1, g2 are given in the
lower part of the table. Let 0 = v{v{vivi{v1,uy}®, then o € Sch(A).

Note that p,, p3, p4 will be used later in conjunction with this example.

Synchronous Product The synchronous product of Ajy,....4,, denoted by A; | ... || Ap, captures the common behaviours
of all n cLTSs. They synchronize only when they all agree on whether their common clocks tick or not. Formally, let A; =
(Li, Ti,loi, Ci) (1 <i<n), then Ay || ... || Ay is defined as a tuple (L, T,lop, C) where
(1) L=1Lq x ... x Ly;

(2) (1, ln) s (Aizg 802Uy o), (1 o 1)) € T iff (I, g0, 1)) € Ty for 1<i<nand ajNCr=0aq NCj forany 1< j <
k<n;

(3) lo=A{lo,1, ... lon);

4) Cc=UJL,C.

The condition ‘aj NCy = o NC;’ guarantees that all n cLTSs agree on whether their common clocks tick or not in their own
transitions. Refer to [20] for more explicit explanations.

In cLTS we use a ‘compositional transition’ [I, 21?1 @ ... ® gn?ay,l'] as a shorthand to express the set of transitions
{d,g1?a1,1),...(, gn?0n, ') with the same locations [,I'. Later in Sect. 4, we see that the operator & here is actually the
choice operator of the program model of cDL.

Example 2.4. Fig. 4(c) shows the synchronous product A, = Ap; || Apz where Ap; and Ay, (shown in Fig. 4(b1) and (b2)
respectively) are the cLTSs of the free clocks v and v3 respectively. Fig. 4(d) shows the synchronous product Ay = Ag ||
Ac = Aq || Apt || Apz. In Ag, e.g., the transition (I3, {v1},[3) of A is the synchronization of the transition (s1, {v1}, s1) of Ap;
and the transition (s3, @, s2) of App, where I3 = (s1, s3). In Ay, e.g., the transition (l4, g2?{v1, v3},Is5) is the synchronization
of the transition (l1, g2?{v1},l2) of A, and the transition (I3, {v1, v3},I3) of A, where I4 = (l1,13), Is = (I, 13). Let Cq, C be
the set of clocks of A, and A, respectively. Since C; = {v1,u1} and Cc = {vq, v3}, we have {vi} NC. = {v1,v3}NCq = {v1}
holds.

Fig. 4(c’) shows the same cLTS as Fig. 4(c), but we use a compositional transition [I3, p1,[3] to express all 4 transitions
(I3,9,13), (I3, {v1},13), (I3, {v3},I3) and (I3, {v1, v3},I3). p1 is shown in the lower part of the table.

cLTS Semantics of CCSL Any CCSL definition ¢ £ E (or any free clock c¢) can be captured as a cLTS ASE (or A). For any
schedule o, there is

0 Eeest € 2 Eiffo € Sch(ASE).
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Clock behaviour Corresponding cLTS
¢ {c,c}
h(c’,c)=n—1?{c'} %
cAcgn h(c’,c) <n—1?{c'} [}
%)
c c

Fig. 5. Encodings of some clock behaviours.

capacity: <5
clock: vq buffer1 clock: vs
e ——fou}—>
clodk: o
clock: vy buffer2

Fig. 6. A component of an application.

Fig. 5 gives the encoding of the clock definition ¢ £ ¢’$n and the general free clock ¢, which we use in our example in
Sect. 3. Fig. 4(a) is a special case of the cLTS of ¢ £ ¢’ $n when n = 5. The encoding of other clock definitions can be found
in [20-22]. .

With the cLTS semantics of CCSL definitions, the behaviour of clocks of any CCSL specification SP = (Cdf, Rel) can be
encoded as a cLTS A" by making the synchronous product of the cLTSs of all clock definitions and all free clocks in SP.

Formally, A" = (|| AEeCaF A‘éE) Il (lcerspy A°). The following proposition shows that ASP exactly captures the behaviour
of SP.

Proposition 2.1. Given a specification SP = (617 , }?él), for any schedule o of C(SP),
0 Feest Cdf iff o € Sch(A™). (1)
Proposition 2.1 is a direct result from the cLTS theory proposed in [20], where there is

0 Eeest SPiff o € Sch(A), (2)

with A" = (|| gereiar ARely (”CéEEC’-El’f ACéE) being the synchronous product of the cLTSs of all clock relations and clock
definitions of SP. Here in Proposition 2.1, the proposition (1) is a special case of (2), where we only consider the behaviour
of the clocks of SP. For the free clocks F(SP) which are in Rel but not in any clock definition of Cdf, we encode them into
cLTSs to capture their behaviours.

3. An illustrative example

In this section we consider an illustrative example which is used throughout this paper. This example is originally from
[20]. As Fig. 6 shows, a component of a practical application contains two inputs inl, in2, three computations step1, step2,
step3, two buffers buffer1, buffer2 and an output out. step1, step2 and step3 are three independent modules running con-
currently. step1 (resp. step2) needs an input from in1 (resp. in2) for a computation and after the computation it produces a
result in the buffer. step3 needs intermediate results from both step1 and step2 for a computation and after the computa-
tion it returns a result to the output out. The component continuously receives inputs and produces outputs in a streaming
fashion.

In this component, by associating each action with a clock, we can use CCSL, as an annex language of this model, to
capture the logical constraints between clocks. As a simple case, let us consider two basic specifications SP1, SP; in the
following table:
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cdf Rel F(SP) (i€ {1,2})

SP1  ui1£vi$5 V1< V3, V3 <Uj Vi, V3

V1 <V3, V3 XU, ip 2 vy, 1,02,
SP; U1éV1$5, leéV1\/V2 X ’ ’ ’ el
Ip 2 Va,U2 <V3,V3 20 V2,V3,0

where SP; specifies a basic relation between step1 and step3: step3 must occur later than step1, but before buffer1 reaches
its maximum capacity: 5 outputs of step1. This constraint can be expressed by two clock relations: vi < v3, v3 < uq. Here
the clock uq is newly defined, it ticks as the clock vy but delayed by 5 ticks. This can be expressed as a clock definition:
u1 £ v1$5. SP, defines a more refined specification by adding more clock constraints in the sets Cdf, Rel. SP, specifies all
dependency relationships between actions in the application. See [20] for more complex specifications of this example.

After obtaining the clock specifications, designers can have a better understanding of this component by performing
schedulability analysis of these specifications. One important problem in schedulability analysis is the schedule problem
as mentioned in Sect. 1. For a CCSL specification, there may be no schedules, or one or more schedules satisfying it. E.g.,
Fig. 7 shows two possible schedules satisfying the specification SP;. By analyzing the schedule problem, unimplementable
specifications can be found as early as possible in the development process of an RTES.

In this paper, we take SP; as an example. We show how our proposed method can be used to describe and analyze the
schedule problem of SP;.

4. Syntax and semantics of cDL

In this section we propose a logic called ‘clock-based dynamic logic’ (cDL) in order to suitably characterize the CCSL
specifications. cDL extends FODL with clocks as primitives and inherits the concept of normalized trace formulae from dTL?
to express and verify temporal properties. cDL provides a proof system for reasoning about the schedule problem at a high
level. It can be encoded into higher-order logic for implementation issues. We firstly give a brief introduction to FODL and
dTL? as a background. Then we define the syntax of cDL in Sect. 4.2. At last we give its semantics in Sect. 4.3.

4.1. First-order dynamic logic and dynamic temporal logic dTL?

First-order dynamic logic. Dynamic logic [23] is an extension of modal logic for reasoning about programs. FODL [14,24]
is a type of dynamic logic able to express programs in the domain of first-order arithmetic theory. A program model p in
FODL is a regular program, defined as follows:

pu=x:=e|P?|p;plp®p|p*

where e is an arithmetical expression and P is a quantifier-free Boolean expression. x := e is an assignment, it assigns to
the variable x the value of an arithmetical expression e. P? is a test, it means at the current state, the program proceeds
if the proposition P is true. ;, @, % are the sequence, non-deterministic choice and finite loop operator respectively. p; q
means the program first executes p, and after p terminates, it executes q. p @ q means the program either executes p or
executes g, it is a non-deterministic choice. p* means the program executes p for a finite number of times.

An FODL formula ¢ is defined as follows:

pu=ttle<el(P)¢|—~P|pAP|VX0,

where tt is Boolean true, < represents the ‘less than’ relation in the arithmetic theory. (p)¢ is called a ‘dynamic formula’.
It is formed by embedding a regular program p into a modal logical formula $¢. (p)¢ expresses that ‘after some execution
of p, ¢ holds’, which is a state property of p. One can refer to [24] for more details.

The dynamic temporal logic dTL2. dTL? [15] is an augmentation of differential dynamic temporal logic (DDTL) [25], which
enriches FODL with differential equations for expressing the behaviour of hybrid systems and ‘dynamic temporal formulae’ of
the form ‘(p)O¢’ and ‘(p)O¢’ for expressing the temporal properties of p. Dynamic temporal formulae (p)0 (0 € {C¢, Op})
express that there exists a trace of p satisfying the temporal formula 9. In DDTL, there are no suitable rules to support
the derivations of formulae of the form (p)m¢. Based on DDTL, dTL? introduces a type of more general formulae called

(a) (b)

Fig. 7. Two possible schedules for SP;.



Y. Zhang, E Mallet, H. Zhu et al. Science of Computer Programming 202 (2021) 102546

‘normalized trace formulae’ which are of the forms ‘(p)¢ U Oy’ and ‘(p)¢ M Oy, and proposes relative rules to support
their derivations. Normalized trace formula is able to express both state and temporal properties of a single trace (whose
meaning will be given in Sect. 4.2). One can refer to [15] for more details about dTL2.

4.2. The syntax of cDL

In order to characterize the behaviour model of CCSL clocks (i.e., the cLTS) in logic, we introduce a program model called
‘clock program model’ (CPM) based on the regular program model of FODL [14,24].

Definition 4.1 (Syntax of CPM). The syntax of CPM is defined in BNF as follows:
pu=alglalelilpsplp®plp*|p®.

The intuitive meaning for each sentence is as follows. « is a set of ticked clocks and g is a guard in cLTS (see Sect. 2
for their definitions). We also call « a ‘clock event’ (or simply ‘event’) in CPM. Each event consumes one unit of time. The
guarded clock event g?« means ‘at current time, if g is true, then « executes, else the program halts’. The evaluation of g
does not consume any time. & represents an ‘empty program’, it does nothing and does not consume time. I represents a
‘halting program’, it halts the program and nothing can happen after that. ;, ®, x are the sequence, non-deterministic choice
and finite loop operator that are directly inherited from FODL. p; g means that the program first executes p, and after p
terminates, it executes q. p @& ¢ means that the program either executes p, or executes ¢, it is a non-deterministic choice. p*
means that the program executes p for a finite number of times. w is the infinite loop operator. p® means that the program
p executes for infinitely many times and never terminates.

Note that we use the same symbol ‘@’ to express the infinite loop in CPM (Definition 4.1) and an infinite clock sequence
that repeats a segment (Sect. 2) at the same time. The precedence of the operators in CPM is declared from the highest to
the lowest as: w, *, ;, ®.

As we will see in Sect. 6.1, any cLTS can be encoded as a CPM. The schedules accepted by a cLTS exactly correspond to
the words accepted by its corresponding CPM (as stated in Proposition 6.4).

Example 4.1. The behaviour of clocks uq, vy, v3 in SP; (given in Sect. 3, whose cLTS corresponds to Fig. 4(d) in Sect. 2.3)
can be captured as a CPM pgp; = pS @ p3; p3; by, where pa, p3, p4 are given in the lower part of the table in Fig. 4.

¢DL extends FODL with CPM as its program model and inherits normalized trace formula of the form (p)¢ MOy from
dTL? [15]. The following definition gives the syntax of cDL formulae.

Definition 4.2 (Syntax of cDL formulae). The ¢DL formula ¢ is defined in BNF as follows:

¢u=¢s | (p)pNOP | PPN
where

psu=tt|e<e|—ds| s A s | VX.¢s,

ex=x|h()|n()|klet+ele-e.

¢s represents static formulae. In ¢, tt is Boolean true, e is an integer arithmetic expression, x is a general variable in
the domain Z. We use Var to denote a set of general variables. The function h:C — N (given in Sect. 2.1) records the
number of ticks for each clock at the current instant. And the function 1 : C — {0, 1} (given in Sect. 2.1) records the state
of each clock at the current instant. Because clocks do not appear alone in a c¢DL formula (they only appear alone in the
programs of a cDL formula), we can take h(c), n(c) as special variables related to the clock c € C. We use Var(C) to denote
the set of all ‘clock-related variables’ h(c), n(c) for any c in C. k € Z is a constant. (p)¢ M Oy is a dynamic formula. The
term ¢ M Oy describes both a state property and a temporal property of an execution trace in clock programs. It consists
of a state formula ¢ and a temporal formula O, with a conjunction operator m linking them. The formula (p)¢ N Oy
means that there exists some execution of p s.t. (1) the execution trace satisfies the temporal property 0O, and (2) after
the execution terminates (if it does), the state property ¢ also holds. For non-terminating executions of p, they do not need
to satisfy the condition (2).

As it will be seen in Sect. 6.1, the schedule problem for a CCSL specification can be expressed as a cDL formula. The
truth of the formula indicates the existence of a schedule of the specification (as stated in Theorem 6.1).

Example 4.2. The schedule problem of SP; in Example 4.1 can be captured as a dynamic formula Isy; — (psp1)tt M O(Wsp1 A
V), where the program pgy1 can never terminate. It means that ‘under the initial condition g7, there exists an infinite
trace of psp; satisfying O(¥sp1 A ¥yg)'. The formula sp; captures the set of clock relations in SP1 and the formula vy plays
the role of filtering out the traces of p, more details will be given in Sect. 6.

9
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[-] is the dual operator of (-). Formulae of the form ‘[p]..." mean that ‘all execution traces of p satisfy ... The disjunction
operator U is the dual operator of the conjunction operator r. Formula [p]¢ L Oy means that for each trace of p, it
either satisfies O, or terminates and satisfies ¢. It can be expressed as formula —(p)—¢ N O—y. Other logical terms and
expressions such as ff (the Boolean false), ¢1 Vv ¢2, ¢1 — ¢2, Ix.¢, €1 — €2, €1 = €3, e1 < e3,... can be expressed by the terms
and expressions defined in Definition 4.2.

In cDL, given a formula ¢, we say a variable X is ‘bound’ in ¢ if

(1) X € Var and X is in the scope of some quantifier VX, or

(2) X € Var(C) (assume X = h(c) or X =1(c)),
(i) there exists a subformula of ¢ of the form (p)y; MOy, s.t. X is in ¥y M OY; and c is in p, or
(ii) there exists a subprogram of ¢ of the form g;r s.t. X is in r and c is in gq.

We say a variable X is ‘free’ in ¢ if it is not bound in ¢. A substitution ¢[e/X] replaces every free occurrence of the variable
X of ¢ with the expression e. An ‘admissible substitution’ guarantees that the meaning of a formula is the same before and
after the substitution. ¢[e/X] is ‘admissible’ iff there exists no variable Y s.t. (1) Y is in e; and (2) Y is bound in ¢[e/X].
Unless specially mentioned, all substitutions in this paper are assumed to be admissible.

4.3. The semantics of cDL

Kripke Frame & Trace The semantics of cDL is based on the Kripke frame (S, val) [24], where S is a set of states, val
interprets a program as a set of traces on S and a logical formula as a subset of S. A trace tr is a finite or infinite
sequence of states. Given a finite trace trqy = sos1...Sy and a (possibly infinite) trace tra = uouj...un..., we define trq - tro =4f
50S1...SpUqUy...Uny... provided that s, = ug. Given any try, trp, we define

trqy - try, if trq is finite

try o tra =df { trq, otherwise

Given two sets of traces S1, Sy, S10 Sy is defined as:

S1083 =gf {try otry | try otrp is defined, try € Sy, try € S3}.

We use tr(i) to denote the it" element of the trace tr, i > 0. We use tr, to denote the first element of the trace tr, tr, = tr(0).
We use tr, to denote the last element of the trace tr, provided that tr is finite.

Definition 4.3 (State and evaluation in cDL). Given a set of clocks C and a set of variables Var, a state s in cDL is defined as a
total function as follows:

(i) s maps each variable h(c) € Var(C) to a value in domain N.
(ii) s maps each variable n(c) € Var(C) to a value in domain {0, 1}.
(iii) s maps each variable x € Var to a value in domain Z.

Given an expression e and a state s, an evaluation Evals(e) is defined as:

(1) If e =a, where a € {x, h(c), n(c)}, then Evals(a) =45 s(a).
(2) If e =k, then Evals(k) =g4f k.
(3) If e =eyAep, where A € {+, -}, then Evals(e) =4f Evals(e1) AEvals(er).

With Definition 4.3 we can link the concept of traces in ¢cDL and the concept of clock sequences in CCSL by defining the
traces of a clock sequence as follows.

Definition 4.4 (Trace of a clock sequence). Given a set of clocks C, the corresponding set of traces of a clock sequence «,
denoted as Tr¥, is defined s.t. for all clocks ¢ € C and i € N7, the following conditions hold:

(1) tr(0)(n(c)) =0 and tr(0)(h(c)) = 0;
(ii) tr@)(n(c)) =1 iff c e k (i);
(iii) tr@@)(h(c)) = H (i, c).

Definition 4.4 indicates that there exists a connection between the clock sequences in CCSL and the traces in cDL.
Intuitively, a clock sequence corresponds to a set of traces whose clock-related variables (of the form ‘h(c), n(c)’) exactly
record the information reflected by the sequence at each instant. From Definition 4.4 we note that only traces with all
variables 1(c), h(c) (for any c € C) being set to 0 at the beginning can capture the behaviour of clock sequences since we

10
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k(1) K(2) K(3) K (i) Kk@i+1)
—@ O O ®

So S1 S2 Si

Fig. 8. The correspondence relation between a sequence « and one of the traces tr € Tr.

assume H,(0,c) =0 for any k (Sect. 2.1). Thus we only focus on those traces that satisfy this condition. We call them
‘standard traces’.

Definition 4.5 (Standard traces). Given a set of clocks C, a standard trace tr (w.r.t. C) is defined s.t. tr(0)(n(c)) = 0 and
tr(0)(h(c)) =0 for any ceC.

Example 4.3. Fig. 8 shows a correspondence relation between a clock sequence x and a trace tr € Tr*. Let k(1) = {¢1}, k (2) =
{c1, c2}, then so, s1, s satisfy that so(n(c1)) = so(n(c2)) = So(h(c1)) = so(h(c2)) =0, s1(1(c1)) =1, s1(h(c1)) = He (1, 1) =1,
s1(7(c2)) =0, s1(h(c2)) = Hc(1,¢2) =0, s2(n(c1)) =1, sa(h(c1)) = He (2, ¢1) = 2, s2(n(c2)) =1 and s3(h(cz)) = He (2,¢2) =
1.

The semantics of cDL is given as the following definition.

Definition 4.6 (Semantics of cDL formulae).
Given a set of clocks C and a set of variables Var, the semantics of cDL formulae is given as a Kripke frame (S, val),
where S is the set of all states defined in Definition 4.3, val is defined as follows:

e For CPM:
(1) val(e) =45 S.
(2) val(}) =45 9.
(3) val(a) =¢5 {ss’ | s,s' € S; for any c € a, s'(h(c)) =s(h(c)) + 1 As'(n(c)) = 1; for any d € C — «, s'(h(d)) = s(h(d)) A
s'(n(d)) =0; for any x € Var,s'(x) =s(x)}.
4) val(g?a) =q5 {ss’ | s € val(g), ss’ € val(a)}.
5) val(p; q) =45 val(p) o val(q).
6) val(p ® q) =gy val(p) U val(q).
7) val(p*) =q45 val(e) U UnZl val(p) o ... o val(p).

n

(
(
(
(

(8) val(p®) =q45 val(p) o val(p) o ....
—
[o.¢]
e For ¢DL formula:
(i) val(tt) =q4f S.
(ii) val(er <ez) =g {s | Evals(e1) < Evals(ez)}.

s | there is a tr € val(p) s.t. s=trp, tr E Oy and
) = .
(iii) val((p)¢ 1OV) =as { tre € val(¢) if tre exists
. _|[s | forall treval(p) s.t. s=trp, tr =y or
(iv) val(pl¢ U ©¥) =as { tre exists and tre € val(¢) |’

(v) val(=¢) =qr {s | s ¢ val(®)}.

(vi) val(¢ A ) =qf val(¢) Nval(y).

(vii) val(Vx.¢p) =45 {s | for any vo € Z, s € val(¢[vo/x])}.

The trace semantics of temporal formulae Oy, ¢ is defined as follows:
(a) tr E Oy iff every state s in tr (s # trp) satisfies s € val(y).

(b) tr E O iff there exists a state s in tr (s # trp) that satisfies s € val(y).

The semantics of each CPM corresponds to a set of traces on S. ¢ defines the set of all traces with length 1. { defines
the empty set. The event « defines a transition from a state s to a state s’. Intuitively, at the current instant, if a clock ¢
(c € o) ticks, variable h(c) is increased by 1 and variable n(c) is set to 1; if the clock ¢ does not tick (c ¢ «), h(c) does not
change and 7(c) is set to 0. Other variables in both s and s” are kept the same. Traces satisfying g?« are exactly those traces
satisfying o whose beginning states satisfy g. Since the guard g is in fact a cDL formula, the definition of val(g) makes
sense. Each trace of p;q is formed by concatenating a trace of p and a trace of q. Each trace of p & q is either a trace of p
or a trace of q. The traces of program p* are defined as all finite traces with length 1, or traces of the form trj otryo...otr,
where n > 1, tr; € val(p) is finite (1 <i <n). The traces of p® consist of all infinite traces of the form trq otr,... where each
trj € val(p) is finite (i > 1), or of the form try otry o ... otr, where n > 1, trq, ..., trp—1 € val(p) are finite, but tr, € val(p) is
infinite.

The semantics of each cDL formula corresponds to a set of states in S. (iii), (iv) are similar to the corresponding def-
initions in dTL? [15]. Note that in cDL, for any temporal formulae Oy and O, ¥ is a state formula. The semantics of

11
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Fig. 9. The semantics of (p)¢ MmOy and [ple L Oy,

temporal formulae Oy and <y is given in (a) and (b), where we do not require that the first state of a trace tr satisfies
formula . This stipulation helps traces better correspond to schedules because according to Definition 4.4 the 1st element
of a schedule exactly corresponds to the 2nd element of a trace. For a state property ¢, we only consider its truth for
terminating traces. (v), (vi), (vii) directly come from the corresponding definitions in FODL [24].

Example 4.4. Fig. 9 gives a graphical illustration of the semantics of formulae (p)¢ MOy, [plg u Oy In Fig. 9(a), a state
satisfies formula (p)¢ M Oy (the blue state) iff there exists a trace of p (the 2nd and 3rd trace from top) satisfying the
temporal formula O and if it terminates, the terminating state satisfies ¢. In Fig. 9(b), a state satisfies formula [p]¢ L Oy
(the blue state) iff any trace of p either satisfies the temporal formula ¢ (the 2nd and 3rd trace from top), or it terminates
and satisfies ¢ (the 1st trace from top).

From Fig. 9 we see that the infinite traces are only required to satisfy the temporal formula because they never terminate.
With the semantics of cDL we introduce the satisfaction relation of cDL.

Definition 4.7 (Satisfaction relation). Given a Kripke frame (S, val), for any state s € S and a ¢DL formula ¢, the satisfaction
relation s =q; ¢ is defined as:

S Ecat ¢ iff s € val(¢).
If for all state s € S, s =cq1 ¢, then we call ¢ is ‘valid’, denoted by g ¢.

CPM is in fact an w-regular expression of an w-regular language [26] based on clock events and guarded clock events
as words. This observation is important for the encoding from cLTS into CPM introduced in Sect. 6.1. We first define the
concept of ‘string’, as the basic element of the w-regular language. Then we show how CPM denotes the w-regular language
by defining a semantics of CPM based on strings.

Definition 4.8 (String). A string is a finite or infinite sequence p = aia;...a,... where a; (1 <i <n) is a clock event of the
form « or g?«, called a ‘word’. The concatenation between strings is defined as follows:

01, if py is infinite
1 P2, if p1 is finite

P12 =df { )
where for any finite string x; = aj...a, and string x = by...bm..., X1 . X2 =g a1...apb1...bpy....
We use p® to represent an infinite string that infinitely repeats string p, i.e., p* =45 pp....
——
o0
Let A be the empty string that satisfies for any p, it holds that pA =ip = p.
We define 4 operators on sets of strings:

(1) Concatenation: L1Ly =gf {0102 | p1 € L1, p2 € L2}.
(2) Union: Ly ULy =45 {p | p €Ly or pely}.
(3) Star Operator: L* =qf Up>oL", where L" =g LL...L.

n

4 (0} tor: LY =4¢ LL...L....
(4) Omega Operator daf

o]

From the definition of string in Definition 4.8, we can observe that clock sequence is in fact a special type of strings
where there is no guard in each clock event.

12
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Definition 4.9 (CPM as an w-regular expression).
CPM is an w-regular expression, it denotes an w-regular language in the sense of the semantics given as follows. For any
CPM p, the set of strings of p, denoted by Str(p) is defined as:

(i) Str(a) =4 {a}, Str(e) =45 {A}, Str(¥) =45 ¥, where a is of the form « or g?c.
(ii) Str(q; r) =q5 Str(q)Str(r).
(iii) Str(q ®r) =45 Str(q) U Str(r).
(iv) Str(q*) =45 Str(q)*.
(v) Str(@®) =45 Str(q)®.

We use Str to denote the language denoted by CPM in the sense of the semantics given above.
We use symbol = to denote the equivalence between CPMs on strings, i.e., for any CPMs p, q, p = q iff Str(p) = Str(q).

Intuitively, a string captures one deterministic behaviour of CPM and it can be seen as a sequential program of CPM. We
show this by defining the semantics of strings in Kripke frame as the following definition.

Definition 4.10 (Semantics of strings). Given a set of clocks C and a set of variables Var, the semantics of a string p =
a1d;...a,... is given as a Kripke frame (S, val), where S is the set of all states defined in Definition 4.3, val(p) is defined as:

val(p) =g45 val(ay) o val(az) o ... o val(ap) o ...

For a set of strings A, we define

val(A) =g U val(p).
peA

Since a string captures one behaviour of CPM, the set of strings of a CPM should capture all of its behaviours. Therefore,
there exists a correspondence relation between the string semantics and the trace semantics of CPM, stated as the following
proposition.

Proposition 4.1 (Relation between string semantics and trace semantics). Given a CPM p, we have
val(p) = val(Str(p)).

Proof. The proposition can be proved by induction on the structure of p. The base case is trivial, for example, we have
val(Str(a)) = val({a}) = val(a) where a is of the form « or g?c.

For the induction step, we only give q@®r for example, other cases are similar. By Definition 4.9, we have val(Str(q®r)) =
val(Str(q) U Str(r)) = val(Str(q)) U val(Str(r)). By induction hypothesis, we have val(Str(q)) = val(q) and val(Str(r)) = val(r).
Therefore we have val(Str(q ®r)) = val(q) Uval(r) =val(@®r). O

Proposition 4.1 says that the traces of a CPM are actually the traces of all strings of a CPM, which means that the set of
strings of a CPM actually captures all of its behaviours.
With Definition 4.10, we can have a better understanding of the relation between clock sequence x and traces of CPM.

Proposition 4.2. Given a clock sequence k, Tr (defined in Definition 4.4) is exactly the set of all standard traces in val(x).

Proposition 4.2 is direct according to Definitions 4.4, 4.5 and 4.10. Here we omit its proof. Proposition 4.2 will play a
crucial rule in the proof of Proposition 6.4 in Sect. 6.1.

5. Proof calculus of cDL

In this section, we propose a proof system for c¢DL, which is the logical framework for analyzing the schedule problem
of CCSL specifications. We first briefly introduce the background about sequent and sequent calculus in Sect. 5.1. Then we
introduce the proof rules in Sect. 5.2, and discuss the soundness, completeness and decidability of cDL in Sect. 5.3.

5.1. Sequent calculus

Sequent Calculus & Rule In this paper we use Gentzen's sequent [27] as the logical argumentation for the proof calculus
of cDL. A sequent has the form:
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(a) Rules for special primitives in cDL
(h(c1),...h(c)) =1+ 1, .., %+ 1),

v/ v G, e =, .1, =AY, AIVV]
D). e 1)) = (0. .. 0) é gA($nOY
F= @¢noy.A @ eonoy " (gwenow
i @ o :T=Iv,A &:-=Inv— (p)nvnoy o
Menoy LT (p°)pnOv, A

I'=s AxInvix), A -=Vx>0.(Inv(x) = [pliInvix—1)u oY) - = (Ax <0.nv(x)) — [p]OY¥

L= [p®lpu oy, A
(b) Rules mainly inherited from FODL and dTL®
(p)pn oY) Vv ()¢ NOY) (pa@noy)noy) . oV p;pH@noyY) ) I'=ihv,A -=Iwv—[pllvuoy -=Iv—¢

(@) G +
(r@&qenoy (P noy (p*) (@ OY) = [p*lpuoy, A

([w]u)

([x]uy

g1:M=3xInv(x), A & :-=Vx>0.(Inv(x) — (p)Inv(x—1)nay) ¢3:-= (Ax<0.Inv(x)) > ¢ (o

;:T'= (pYpnoy, A
(c) Rules of FOL

)

Ecdt Aper ® = Vyea ¥ F=¢,A T, ¢p=A r,—¢=A F=—¢, A
(0) (ax) (cut) (=r) =D
I'=s>A ¢=¢,A 'sA I's>¢, A ¢=A
! I, ¢le/x]=> A
I'=¢,A Iy, A o~ I¢g=A A Iy =A i I'= ¢[x'/x], A wn ¢le/x] w I'=s¢,A )
F'so¢oAy, A oAy =A oAy =A I'=sVx.¢, A IVx.¢ = A I'soeovy, A
r=v,A w2 I¢=A TI¢¥y=A w Io=9, A o I=¢,A T,¥y=A - = ple/x], A an T, o[X/x]= A @
F=¢Vvy, A ToVvy=A T'=s¢—y, A Fo—>y=A = 3x¢, A I,3xp = A

Fig. 10. Proof Calculus of cDL.

r=a=4 No—\/ v

¢el’ veA

where T', A are two finite multi-sets of logical formulae. A sequent I' = A means that ‘if every formula holds in T, one can
conclude that some formula holds in A’. When I' or A is empty, we use - to denote it.
A rule in sequent calculus is of the form:

M=A1 .. Th=A
'=A

It means that if 'y = A4, .., [y = Ay, are all valid, so is I’ = A. Each sequent I'; = A; in the upper part is called a
‘premise’, while the sequent I' = A in the lower part is called ‘conclusion’. We use

1—'/:> A/

T= A
t t a pair of trules: 2B nd T2 A e P o A s valid iff I’ = A is valid. Someti it
0 represent a pair or sequent rules: F:}A an F/:>A/ , L.e., = 1S valid 1 = 1S valid. Sometimes we write

% if for all T, A, %
formula ¢ in sequent I' = ¢, A or ', ¢ = A.

Node & Proof Tree The derivation of a sequent forms a ‘proof tree’. Each sequent in the proof tree is a node, denoted by
¢ ={(v, 1), where ¢ is the node name, v is a vector of its child nodes, 7 is a rule name. In a proof tree,

q:Mi=A1 ... &G:Th=A4A,
(:I'= A

holds. It is easy to prove that % just means ‘¢ implies ¢’. We call ', A the ‘context’ of the

anode ¢ = ((¢q, ..., &n), ‘(r)’) is defined iff there is a derivation ),

where (r) is the name of the rule, ¢1, ..., & are the child nodes of ¢ in sequence from left to right. In a proof tree, we call a
node ¢ a ‘successor’ of a node ¢’ iff there exist n nodes (n > 0) ¢y, ..., &y S.t. ¢ is a child node of ¢1, ¢; is a child node of ¢,
.., {n is a child node of ¢’. We call node (v, T) a ‘leaf node’ if v = @. If a leaf node is obtained from a termination rule (rule
(0), (ax) introduced below in Fig. 10(c)), we also call it a ‘valid node’, denoted as /. We call a proof tree ‘a valid proof tree’
if all its leaf nodes are valid.

Single-target Sequent/Proof Tree Since the proof system we give in this paper is mainly for decomposing one dynamic
formula for a CCSL schedule problem, we restrict ourselves to consider a special type of sequents where there is at most one
dynamic formula. We call them ‘single-target sequents’. We call a proof tree in which all nodes are single-target sequents
a ‘single-target proof tree’. Considering this type of sequents and proof trees is enough and does not reduce the ability of
sequents for proving all cDL formulae due to the following reasons:
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(i) If there exists more than one dynamic formula in a cDL formula ¢ to be proved, since dynamic formulae are atomic
formulae in cDL, we can always translate it into a conjunctive/disjunctive normal form like ¢ = ¢1 A ... A ¢, OF ¢ =
¢1V ...V ¢n, Where each ¢; contains only one dynamic formula. Then we can prove ¢; one by one through n single-
target sequents: - = ¢1, ..., - = ¢n.

(ii) As we will see in Sect. 5.2, every proof tree which starts at a single-target sequent can only have one dynamic formula
at all of its nodes because no extra dynamic formulae can be generated by any rules in the proof system of cDL (Fig. 10).

Unless specially mentioned, all sequents and proof trees discussed in this paper are single-targeted.
5.2. Proof rules

Our main contribution in the proof system of cDL is proposing the rules for special primitives: «, g?«, &, p® in cDL.
They are listed in Fig. 10(a). Other rules in cDL are either directly inherited or can be derived from the proof system of
FODL [24], dTL? [15] and FOL, which are listed in Fig. 10(b) and (c).

In Fig. 10(a), rule («) says that under any context I', A, proving that some trace of « satisfies ¢ M Oy is equivalent to
proving that ¢ Ay holds after the execution of «. Variables in V are updated with new values according to ¢, while their old
values are stored in V. @ = {c1, ...,cn}, C —a ={d1, ...,dn}. V = (h(c1), ..., h(cn), n(c1), ..., n(cn), n(d1), ..., n(dm)) is a set of
variables whose values change as the execution of a. V' = (X1, ..., X0, Y1, ..., Yn, Z1, ..., Zm) is a set of new variables (w.r.t. T,
(a)y¢p MmOy, A) corresponding to V. '[V'/V] represents the context obtained by doing the substitution ¢[V'/V] for each
formula ¢ in T, where ¢[V'/V] is the shorthand of ¢[x1/h(c1)]...[xn/h(c)I[y1/N(CD)...L¥n/N(C)]lz1 /N(AD)]...L2m /1) (dm)]
replacing variables h(cy)...h(cp), n(c1)...n(cy), n(d1)...n(dym) with variables x1, ..., Xn, ¥1,..-s Yn, 21, ..., Zm respectively. The
vector equation (xq, ..., X;) = (e1, ..., ep) is a shorthand for equations x; =e1, ..., X, =ey.

Example 5.1. Consider a sequent h(c1) =0, n(c1) =0, h(c2) =0, n(c2) =0 = (c1)Th(c1) > h(cy), by applying rule (x), we
obtain the derivation:

x1=0,y1=0, |h(cr)=x1+1,n(c1)=1,
h(c2) =0,z1 =0, n(c2) =0 “
h(c1) =0, n(c1) =0,h(c2) =0,n(c2) =0= (c1)0h(c1) > h(c2)

where x1, y1,z7 are the corresponding new variables of h(c1), n(c1), n(c2) respectively. They keep the old values of the
variables h(c1), n(c1), n(cz) respectively, while the variables h(c1), n(c1), h(cz2), n(c2) keep the current values in the premise
after the execution of the program ci. In the derivation above, h(cy) is kept unchanged.

} = h(c1) = h(c2)

Rule ({(¢)r) holds because we stipulate that the first element of any trace is unrelated to the temporal formula O in
the definition of tr F Oy (Definition 4.6). Rule (g?) moves the guard g out of the dynamic part ‘g?«’ as a static formula
g. Rule ({()n) says formula ()¢ MOy is a contradiction, because the program i will halt and never produce any execution
trace. In rules ({(w)r) and ([w]u), the state property ¢ is irrelevant since an infinite loop program never terminates. Rule
({(w)r) says that the conclusion holds if we can find an invariant Inv s.t.: (1) Inv holds under the current context I', A; (2)
under any context, if Inv holds, then there exists a trace of p satisfying Oy and after p terminates, Inv holds. Rule ([w]u)
is similar to ({(w)r), where x indicates the number of repetitions of p before every trace of p satisfying Ov.

Example 5.2. Fig. 11 gives a graphical illustration of rules ({w)r), ([w]u). The snake arrow indicates a trace. Fig. 11(a) shows
that to prove a state (the blue one) satisfies formula (p®)¢ m Oy, we firstly show that this state satisfies the invariant Inv,
then show that for any state (s1, s2, ..., Si, ...), if it satisfies Inv, then there exists a trace (the red one) satisfying 0O and if
it terminates, the terminating state satisfies Inv. If the trace does not terminate, then we have already obtained an infinite
trace that satisfies O . Intuitively, the invariant Inv makes sure that we can always find a segment of trace of p that satisfies
O, by ‘concatenating’ all these segments, we obtain a trace of p®.

Fig. 11(b) shows that to prove the blue state satisfies formula [p®]¢ L O, firstly we show this state satisfies Jx.Inv(x),
then show that for any state (So,...,Si, Si+1, - Sj» Sj+1..), if it satisfies Inv(k) for some k > 0, then for all traces starting from
this state, they either satisfy G (the red traces), or terminate and satisfy Inv(k — 1). The decrease of number k guarantees
that there always exists a state (s;) from which all traces satisfy O

In Fig. 10(b), rule () expresses that some trace of p & q satisfies ¢ M Oy iff some trace of p or some trace of q satisfies
¢ MOy Rule ({;)r) means that some trace of p;q satisfies ¢ MmOy iff some trace of p satisfies Oy, and if it terminates,
there is some following trace of q satisfies ¢ m O . Rule ((+")) unwinds the loop program into a sequential one. It is based
on the equation p* =& @ (p; p*), which means that the traces formed by executing p for n > 0 times (val(p*)) comprise of
the traces formed by executing p for 0 time (val(e)) and the traces formed by executing p for n > 0 times (val(p; p*)). Rules
([*¥]w) and ((*)r) proceed the proof by eliminating the loop operator *, they are similar to rules ({(w)n), ([w]u) respectively.
But since all traces of p* are finite and will terminate, in rules ([*]u), ({(*)r), the terminating conditions (‘- = Inv — ¢’ and
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all traces of p®

(@)

S|

(p®lpu Oy

Ix.Inv(x Inv(k — 1)

all traces of p®

(b)

Fig. 11. An illustration of Rule ((w)n), ([w]u).

‘= (Ix < 0.Inv(x)) — ¢’) for ¢ are considered. Rule ([*]u) says that to prove all traces of p* either satisfy & or terminate
and satisfy ¢, we introduce an invariant Inv and prove (1) Inv holds under the current contexts I', A; (2) under any context,
if Inv holds, then all traces of p either satisfy ©vr, or terminate and satisfy Inv; (3) under any context, if Inv holds, then ¢
holds. The explanation of rule ({(x)r) is similar to ([«]u), where the decrease of the number x in the invariant makes sure
that a finite trace of p* can be found whose terminating state satisfies ¢.

In Fig. 10(c), rule (o) is an oracle rule indicating the termination of the proof, where all formulae in I', A must be QF-FOL
formulae. Rule (0) means that to prove the validity of the conclusion, we check the validity of the QF-FOL logical formula in
the premise. As indicated in Sect. 1, this process can be handled through an SMT-solving procedure, which is independent
from the proof calculus of cDL. (ax) is another termination rule. Other FOL rules are classic and here we omit the details
of them. For convenience in the derivation of Sect. 6.4, we also list the FOL rules for connectors v, — and quantifier 3.
However, they are not necessary in the proof system and can be derived from other FOL rules.

With the proof calculus of cDL we introduce the derivation of cDL.

Definition 5.1 (Derivation of cDL). For any cDL formula ¢ and a multi-set ® of cDL formulae, we say ¢ is derivable from &,
denoted by ® F.q ¢, iff the sequent ® = ¢ can be derived to form a valid proof tree according to the rules in Fig. 10. If
O =@, we also write g ¢.

5.3. Soundness, completeness and decidability of cDL

cDL is sound, as stated in the following theorem.

Theorem 5.1 (Soundness of cDL). Given a Kripke framework (S, val), for any cDL formula ¢,
if Feat ¢, then =cqr .

To prove Theorem 5.1 equals to prove the soundness of each rule in Fig. 10. The soundness of the rules in Fig. 10(b),
() is directly from the proof calculus of FODL [24] and dTL2 [15]. The soundness of the rules in Fig. 10(a) can be proved
directly according to the semantics of cDL. The only non-trivial cases are rule («), rule ({(w)r) and rule ([w]u), whose proofs
are given in Appendix B.

Generally, like FODL, ¢DL is not complete due to Godel’s incompleteness theorem [28]. A sub-logic of cDL whose formulae
are defined by using all terms and operators in cDL but the operator w is relatively complete to arithmetic FOL due to the
relative completeness of dTL? [15]. However, it still remains open whether cDL is relatively complete to arithmetic FOL. The
main reason is that for rules ({(w)r) and ([w]u), it is still not clear that for each CPM p, whether there exists an invariant
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Inv s.t. falsehood of the premise implies falsehood of the conclusion, which is the key for proving the relative completeness
of cDL.

FODL and dTL? are generally undecidable, because the process of generating the loop invariant for an arbitrary program
model whose domain includes Presburger arithmetic theory is generally undecidable [29]. However, we observe that CPM
only contains very simple arithmetic expressions (clock event «) and conditions (clock guard g). It is still not clear for us
whether the invariant in cDL is generally decidable or not.

6. Schedulability analysis of CCSL specifications in cDL

In this section we discuss how to analyze the schedule problem of CCSL specifications in the ¢DL calculus built in
previous sections. We first need to encode the schedule problem as a cDL formula, then prove the formula and analyze
the proof tree generated through this verification process. As indicated in Fig. 1, the encoding of the schedule problem of a
given CCSL specification SP = (Cdf, Rel) can be accomplished in two steps:

1. Encoding the CCSL specification as ingredients of cDL, which includes two steps:
(i) Modelling the dynamic behaviour of all clocks C(SP) as a CPM psp. This can be done by encoding the synchronous
product of the cLTSs of all clock definitions in Cﬂz\ﬂr and the cLTSs of all free clocks in F(SP);
(ii) Encoding all static clock relations in Rel as a temporal formula Osp.
2. Encoding the schedule problem into a cDL formula.

Sect. 6.1, Sect. 6.2 deal with the encoding in step 1.(i) and step 1.(ii) respectively. Sect. 6.3 deals with step 2. In Sect. 6.4,
we solve the schedule problem by analyzing its corresponding cDL formula.

6.1. Encoding the behaviour of clocks into cDL

The encoding from cLTS into CPM turns out to be a standard process of encoding Biichi automata into w-regular lan-
guages [26]. From Definition 4.9 in Sect. 4 we see that a CPM is an w-regular expression that denotes an w-regular language
of Str. cLTS can be taken as a special type of Biichi automata that accept clock events or guarded clock events as words
and where all states are accepting states. The language accepted by this type of Biichi automata is exactly a subset of the
language Str. Next we first show how cLTSs can be taken as Biichi automata that accept the language Str, then based on
this we propose an algorithm (Algorithm 1) for encoding cLTS into CPM.

cLTSs taken as Biichi automata accept a subset of the language Str, stated as the following proposition.

Proposition 6.1 (cLTSs as Biichi automata). Given a cLTS A= (L, T, ly, C), we can take it as a Biichi automaton whose locations (i.e. L)
are all accepting locations. And for each transition (I, g?«, ') € T in the Biichi automaton A, g?« is taken as a word rather than a

guarded event in the cLTS A. In this Biichi automaton, a string p = a1as...an... is accepted by A iff there exists a path ly iR I &

N In... in A. We denote the set of strings accepted by A as Str(A).
According to the theory of Biichi automata, the language accepted by A is an w-regular language, i.e., Str(A) € Str.

Proposition 6.1 is direct from the theory of Biichi automata, we omit the proof of it.

According to Definition 4.9 and Proposition 6.1, we propose the encoding from cLTS into CPM in Algorithm 1. Procedure
cLTS_2_CPM takes a cLTS A as input and returns the corresponding CPM p as output. It directly follows the process of
encoding a Biichi automaton into an w-regular language. In cLTS_2_CPM, given a cLTS A = (L, T,lp,C), we use Ay to
represent .4 as a non-deterministic finite automaton (NFA) with [ the initial location and I’ the single accepting location,
denoted as A;y = (L, T,I,C,I'). Note that A;y and A share the same form, but differ in the accepting states and the types
of accepting traces. Procedure NFA_2_CPM is called in procedure cLTS_2_CPM, it encodes A, as an NFA A,y, into a CPM.
Procedure NFA_2_CPM directly follows Brzozowski’'s method [30] for encoding an NFA into a regular language, whose main
idea is to encode an NFA as a set of equations on regular expressions, then solve it by using Arden’s rule [31]. A finite
automaton 4; y with n locations can be encoded into exactly n equations following the principle explained in Algorithm 1,
where each equation (i) (1 <i <n) describes the transition relations between a location I; to other locations (including
itself). Using Arden’s rule (explained in Proposition 6.2), we can solve the variables I; one by one and finally obtain l; — the
corresponding CPM of A; .

Proposition 6.2 (Arden’s rule in CPM). In the regular part of CPM that excludes the infinite loop program of the form p®, given any
CPMs p, q (where q # €), X = q*; p is the unique solution of the equation X =p & q; X.

Proposition 6.2 is straightforward since from Definition 4.9 we know that the regular part of CPM is exactly a regular
expression.

From Algorithm 1 we observe that each CPM encoded from a cLTS is an infinite program, as stated in the following
proposition.
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Algorithm 1 Encoding cLTS into CPM.

1: procedure cLTS_2_CPM(.A = (L, T,lp,C))
2:  for each [ € L do [*compute the CPM for all NFAs A, ; and A;;*/

3 Pio.t :=NFA_2_CPM(A;, 1)
4 pL = NFA,Z,CPM(.A[_[)
5: P := ®icL (P15 P)) [*compute the CPM of A%/
6: return p
7: procedure NFA_2_CPM(A;y = (L, T,I,C,I')) [* [L|=n "/
8 Build a set of equations according to A;y:
h=bi1®p11;h ®p12:Lb @ ... ®pinsln (1)
L=by®pa;li ®p22;2® ... ®pan;ln (2)
In=bn @ pn1; 11 @ pr2; 2 ® ... ® prns ln - (M)
where Iy, ..., I; are variables, Iy =1 is the initial location of A;y. p;j (1 <i< j<n)is of the form a; & ... ® ao, with a; (1 <k <o) in the form of o or

g?a. In any equation (i) (1 <i<n),
(i) term ‘pjj;1;* (1 < j <n) appears on the right side of (i) iff there exists a compositional transition [l;, p;j,[;] in Ajr;
(ii) bi=¢e if ; =1,

(iii) by =Fif ; #1I'.
9: for each k, k=n,n—1,...,2,1 do
10: transform equation (k) into the form Iy = p @ q; Ix.
11: By Proposition 6.2, obtain I, =q*; p from Iy = p & q; .
12: substitute I, on the right of other equations (k — 1), ..., (1) with ¢*; p.
13: return ;.

Proposition 6.3. Given a cLTS A= (L, T, lp, C), let p = cLTS_2_CPM(A), then p is an infinite program, i.e., val(p) # @ and all traces
of val(p) are infinite traces.

Proof. According to Algorithm 1, p has the form: ®c1(pyy .15 p;f’l). Therefore the only possibilities that makes p not an infinite
program are 1) p =1; 2) p,‘f), = ¢ for some I € L. However, both conditions 1) and 2) are impossible because according to the
definition of cLTS (in Sect. 2.3), all locations of cLTS are accepting and for any [ € L, (I,#,]) is a transition of .4. So p must
be an infinite program. 0O

Example 6.1. The cLTS of the specification SP; (see Sect. 3): Agp; (Fig. 4(d) in Sect. 2.3), is the synchronous product of the
cLTSs of u; £ v1 $5 (Fig. 4(a)) and free clocks v, v3 (Fig. 4(b1), (b2)). By Algorithm 1, we can get Psp1 = p;j:,[‘l D Diylss pl‘;’ s
where

pl4,l4 = NFA—Z—CPM(ASPI,I4,I4) = p§7
Piyls =NFA_2_CPM(Asp1.1,15) = P5: P3; P4,
plSJS = NFA—Z—CPM(ASPI,15,15) = PZ,
P2, P3, P4 are shown in the lower part of Fig. 4. Thus we have
Psp1 = (p3)” @ p3; p3; pa; (P21 =5 @ p3; P3; Py -

In particular, we give the process of solving the equations in procedure NFA_2_CPM(Asp; 1,,1,)- The set of equations of
Aspi 14,1, is built as follows:

la=e®prla@p3ils (1)

Is=1® pa;ls 2
In (2) by Proposition 6.2 we obtain I5 = pj; . Substituting Is in (1) and by Proposition 6.2 we obtain

lg =p3; (e ®p3; py; D) =p5;e=p5.

According to Algorithm 1 we can conclude a natural correspondence between the semantics of a cLTS and its corre-
sponding CPM.

Proposition 6.4 (Relation between cLTS and CPM). Let A be a cLTS and p 4 be its corresponding CPM obtained from Algorithm 1, then

{tr | thereis a o € Sch(A) s.t.tr € Tr°}
is the set of all standard traces accepted by p 4.
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Proposition 6.4 says that the infinite behaviour of a cLTS exactly corresponds to the behaviour of its corresponding CPM
obtained from Algorithm 1 in the sense of Definition 4.4. So if we can find a standard trace of a CPM, we then find a
schedule of its corresponding cLTS.

The proof of Proposition 6.4 is given in Appendix A

6.2. Encoding clock relations into cDL

Unlike the behaviour of clocks, clock relations can be treated as static properties. As declared in the following proposition,
they can be captured as a temporal formula in cDL.

Proposition 6.5 (Encoding clock relations as temporal formulae). Given a set of clock relations Rel, we can build a temporal formula
as: Yz =0 /\R(Rel) s.t. o Feeq Rel iff tr = g, for any o and any tr € Tr. h(Rel) is defined as:

Rel h(Rel) Rel h(Rel)
c1=xcz  h(c1) =h(c2) c1<c2  hicr) > h(c2) v (h(c1) =h(c2) An(c1) =0)

1S ne)=1—->n(2)=1 ci#cz n(c)=0vn(c2)=0

Proposition 6.5 can be directly proved by Definition 4.4, Definition 4.6 and the semantics of CCSL relations (Fig. 3). Here
we omit its proof. Intuitively, for each clock relation Rel € Rel, h(Rel) exactly corresponds to the condition in the definition
of Rel shown in Fig. 3, that the schedule must satisfy at each instant in order to satisfy Rel.

Example 6.2. In the clock relations {vq < v3,v3 < uq} of SPq, fi(vi < v3) corresponds to the condition in the definition
of vi < v3 that must be held at any instant i € N* by any schedule o satisfying vi < v3, i.e., ‘Hys(i,¢1) > Ho(i,c2) vV
(Ho (i,¢1) = Ho (i, c2) A1 ¢ 0 (D))" (see Fig. 3).
The clock relations {vi < v3, vz <u1} of SP1 can be expressed as
OYsp; = O(h(vy < v3) A(v3 X uyp))

= 0((h(v1) > h(v3) v (h(v1) = h(v3) An(v3) =0)) Ah(v3) = h(uy)).
6.3. Encoding the schedule problem into cDL

In Sects. 6.1, 6.2, we have encoded the behaviour of all clocks and all clock relations of a specification as ingredients of
¢DL, the following proposition states that the schedule problem stated in Sect. 2 can be solved by proving a cDL formula.

Theorem 6.1 (Schedule problem in cDL). Given a CCSL specification SP = (C:a]‘ , I@l), the schedule problem of SP (stated in Sect. 2)
holds iff cDL formula

¢sp=1— (psp) 1 T(Wsp A Ygp))

is valid, where pp, Vsp are obtained from SP through Proposition 6.4 and Proposition 6.5, I = /\CEC(SP) (h(c)=0An(c)=0), yy=
Veeespyn(© =1.

I represents the initial environment of clock-related variables. We set all clock-related variables to O, indicating at the
beginning no clock ticks. This corresponds to H (0, ¢) = 0 for any schedule o and clock c. Since all traces of psp are infinite,
the state property is set to tt. The formula 1 means ‘at least one clock ticks at any instant’, which is used to avoid the
schedules that contains ¢ at any instant (as explained in Sect. 2).

Proof of Proposition 6.1. Assuming that I holds initially, there exists an (infinite) trace tr of ps, satisfying ‘tt N O(Wsp A ¥yp)’,
iff tr satisfies O(y¥sp A V), iff tr satisfies Oy, and in tr each state contains at least one variable n(c) satisfying n(c) = 1.
According to Propositions 6.4, 6.5, there exists a _schedule o of the corresponding cLTS of SP that satisfies tr € Tr® and
o0 Fcst Rel. By Proposition 2.1, we know o Fqg Cdf hence o F¢ SP. O

Example 6.3. We consider the schedule problem of SP1. According to Theorem 6.1, it can be expressed as a cDL formula:

dsp1 = Isp1 = (Psp)tt N O(Psp1 A V),

Vyhelre Isp1 = /\CE{V],V3.U1}h(C) =0AnN)=0, ¥y = \/ce{vwz.m} n(c) = 1. psp1, ¥sp1 Were given in Examples 6.1, 6.2 respec-
tively.
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Algorithm 2 Generating a schedule from proof tree.

1: procedure GEN_SCH(¢o = (vo, To), ko) [* ¢o is a valid proof tree */
E :={¢o} [*nodes remaining to be analyzed*/
K =Ko [*initialize «*/
while E # ¢ do

2
3
4
5 take a ¢ = (v, T) in E and remove it from E
6: if v=¢ then continue /*a leaf node*/

7 if 7 ='(a)’ then

8 put all nodes of v in &

9 o :=T(¢) [* is the ‘target event’ of rule («)*/

10: K:i=Ka

11: continue

12: else if T ='((x)r)’ then [*set v = ({1, ¢2, £3)%/

13: put g3 in E

14: k' := GEN_SCH({2, 1)

15: K =k (k")* [*k is a witness of “Ix.Inv(x)" in 1%/
16: continue

17: else if T ='((w)n)’ then [*set v = ({1, &2)%/

18: k' := GEN_SCH({2, 1)

19: K =Kk(K")?

20: continue

21: else [*where T can be other cases, they do not contribute to the body of the schedule*/
22: put all nodes of v in E

23: continue

24: return «

6.4. Solving the schedule problem

In Theorem 6.1, if ¢sp is valid, the derivation of ¢sp actually provides a hint of what the schedules of SP may look
like. Essentially, the valid proof tree of ¢sp itself can be seen as a special ‘transition system’ that captures the behaviour
of all schedules of SP. By analyzing this proof tree, one can generate a possible schedule of SP expressed in the form of
K1K%.

'lzhe generation procedure is described as Algorithm 2, where procedure Gen_Sch takes a valid proof tree ¢y and a
clock sequence «( as inputs, and outputs a sequence k. In Algorithm 2 we use =’ to mean the assignment and ‘=’
to represent the logical equality. Starting from the root node ¢y, procedure Gen_Sch traverses each node of the tree
and consecutively updates the sequence k according to the rule at each node. Only 3 rules cause the change of the
sequence k: (&), ({(x)r) and ({w)r). In the analysis we only consider formulae of the forms defined in Definition 4.2
so we do not need to consider rules ([w]u), ([x]u). At line 10, sequence k is appended with an event « if rule (o)
is applied at the current node. T(¢) returns the target event of rule (o) (if rule («) is applied to this node). E.g., for
node 6 of the proof tree 1 in Fig. 12, we have T(6) = {v1}. At line 15, the sequence k is appended with a sequence
(k")*, where k' is computed by another invocation of procedure Gen_Sch. k is a value manually found to make the for-
mula 3x.Inv(x) valid. The nodes ¢, {2, ¢3 correspond to the child nodes of rule ((x)m) respectively (see rule ({x)r) in
Fig. 10(b)). At line 19, sequence « is appended with an infinite sequence (k’)®, where x’ is computed by another invoca-
tion of procedure Gen_Sch. The nodes ¢1, & correspond to the child nodes of rule ({(w)r) respectively (see rule ({(w)n) in

Fig. 10(a)).

Theorem 6.2 (Schedule generation in cDL). Given a CCSL specification SP = (C’a}, Eél) and the cDL formula ¢sp =1 — (psp)(tt 1
O(Wsp A ¥y)) of the schedule problem of SP, assume ¢sp is valid and generates a proof tree o, let oo be the schedule generated by
procedure Gen_Sch(¢o, ¥) given in Algorithm 2, then

oy is a schedule of SP.
The proof of Theorem 6.2 is given in Appendix A.

Example 6.4. Fig. 12 shows the derivation of the formula ¢g,1 in Example 6.3. In order to save space, we use a derivation
with multiple rules: % (r1,r2,..™) to mean that there are n (n > 1) derivation steps between node ¢; and node ¢, and the
names of the inference rules being applied by each derivation step are listed on the right in order. E.g., the derivation from
node 1 to node 2 can be abbreviated as a derivation with multiple rules:
2:Isp1 = (p3; p3; PN OY
1= Ipr — (p3 @ p3: p3; pIENOY

(=1,8,vr2)
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Y
v 3= Inva A

()
. 11: Inv; vy, ug, val)nva n
v 2= (v, unvshlvanay e

(w)n

[o=lnva  10:-= Inva — (pa)lnv, NOY
v M=y 9:My = (pPunoy
: D= (p)enoy) Ay
kK < OAIn\;1 (K)y=g2 8:k <0AInvi(k)= ({vi,v3}))((p{)ttnOy) NnOy

(er)

(8?,A1)

kK <0 AInvi(K') = (g2?{v1, v3))((pP)tt N OY) N Oy
((:)N,8,vr2,®,vr2)

kK <0AInvi(K') = (p3: pgittn Oy

(—=r.3)
7:-= 3k < 0.Invy(k)) — (p3; p§)ttNOY <

v
v :
: = hiE—1) Ay o
t>0,Invi(t)=>g1 6:t>0,Invi(t) = (vi)Invi(t—1) Oy

(8?2,A1)
v t>0,Invi(t) = (g1 ?2vi)lnvi(t — )N Oy

(®,vr2,@,vrl)

: t>0,Invy(t) = (p2)Invi(t — 1) Oy o)
4: Isp; = Fk.Invy (k) 5:-= Vk > 0.(Invy (k) = (p2)Invi(k — 1) nOy) 7:-= 3k < 0.Invy(k)) — (p3; pF)ttN Oy
3: L1 = (p3)((p3; p§) (LN OY) N OY)
2:Isp1 = (p3; p3; pS)tEN OV
(vr2)
Ispr = (pS)tt N OY Vv (p3; p3; pY)LEN OV ®
Isp1 = (p§ ® p3; p3; L)L OY
1:-= Isp1 — (p§ ® p3; p3; LN OY

({x)m)

(=1

K=k call (k"= 1) k' =k'{v1}
K=\ N (=1
1] 161
call (" :=1)
8} < 1] D >0} 11
K =kK{vi, v3} K=K (k")® ret i’ k' :=K"{vi,uq, v3}

p2=V® g v} ® g1 ?{v1, v3} p3=0®g?{v1} ® g2?{v1,v3}
pa=0®{vi,u1} ®{vi,u1,v3} g1 =h(vi,uy) <4
&=h(vi,u;)=4 V=Ysp1 AVy
Invi(k) = (h(vy,u1) =4 —k) A (h(vq,v3) >4 —k)Ah(v3,u1) >0A0<k<4 Inv, =h(vq,v3) >0Ah(vs,u;) >0

T ={t >0, Inv1 ()}[X1, X2, X3, Xa/h(v1), n(v1), n(v3), nw ] U {h(vi) =x1 + 1,n(v1) = 1, n(v3) =0, n(u1) =0}
Ty = (K <0AInvi(K))[y1, Y2, Y3, Y4, y5/h(v), h(vs), n(v1), n(v3), nw)IU th(v) = y1 +1,h(v3) = y> +1,n(v1) =1, n(v3) =1, n(u1) =0}
U3 =1Invy(21, 23, 23, 24, 25, 26 /h(v1), h(v3), h(u1), n(v1), n(v3), n(uD]U {h(v)) =z1 +1,h(v3) =z + 1, h(u) =z3 + 1, n(v) = 1,n(v3) =1, n(ug) =1}

Fig. 12. Derivation of formula Isp; — (psp1)tt 1M OWsp1 A ¥p).

v

Due to the limit of space, we move the derivation of node 7 to the top. We use : to denote the branch where from node Z,

all derivations will end in valid nodes ./. The lower part of Fig. 12 gives the detailed content of each node, where p1 — pa,
g1, &2 have been declared in Fig. 4. x1, ..., X4, ¥1, ..., V5, 21, ..., Z6 are new variables with respect to their contexts.

The derivation starts from the root 1, and stops if (i) all leaf nodes are valid nodes (,/), or (ii) one of the leaf nodes is
not valid. The derivation of the formula ¢sp1 is a valid proof tree, with all leaf nodes are valid. The whole proof procedure
is semi-automatic, while the only places that need manual intervention are nodes 3 and 9, where two invariants Invy, Inv;
need to be determined.

By calling procedure Gen_Sch(1,2) (where A is a special string defined in Definition 4.8), finally we can generate a
schedule

4
o =vi{vi, va{vi, v3, u1}®

of SP;. The path below the derivation in Fig. 12 shows the process of node enumeration in procedure Gen_Sch, where
variables «, k" denote the corresponding variables in Algorithm 2, ‘call/ret’ means the calling/return of a new procedure
Gen_Sch. The value of the variable « is initiated to A before dealing with node 1. The value of the variable « is updated
after dealing with nodes 3, 6, 8, 9 and 11 in procedure Gen_Sch. E.g., after dealing with node 3, the variable « is appended
by (x’)* where the variable k' = {v{} is computed from the branch 5 — ... - 6 — ..., while the witness of Jk.Inv{ (k) at
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Table 1
The definition of formula ¢sp1 and its sequent in Coq.

21 | (h(u1) = 0/V y(ul) = 0) /\ (h(v3) =" 0/V y(v3) = 0).

1 | (* Example in the papersx) 22
2 | (x clocks v1, ul and v3x) 23 | (x formula psi )
3 Deﬁnit?on v1: CName := (clk 1). 24 | (x formula expressing the specification )
4 | Definition u1: CName := (clk 2). 25 | Definition psi_sp1 := (h(v1) > h(v3) \/" (h(v1) = h(v3) /\V y(v3) =
5 | Definition v3 : CName := (clk 3). 0)) /\ h(v3) >= h(ui).
6 26 | (% formula for expressing ‘at least one clock ticks at each instant of
7 | (x program p ) a schedule’ x)
8 | (x g1, g2) 27 | Definition psi_es := y(v1) =" 1\/ y(ul) = 1\/ y(v3) =" 1.
9 | Definition g1 : g_exp :=D(v1,ul) < 4. 28 | (x psi %)
}(1) Definition g2 : g_exp :=D(v1, ul) == 4. 29 | Definition Psi := psi_sp1/V psi_es.
30
12| (+ p2, p3, p4x) ) 31 | (x Other components of the sequent )
13 Def!n!t!on p2 : CPM_exp = @ n!l U g1?{v1} U g1?{v1|v3}. 32 | Definiton Gamma0 : Gamma := nil.
14 | Definition p3: CPM_exp := @ nil U g2?{v1} U g2?{v1|v3}. 33 | Definition Delta0 : Delta := nil .
15 | Definition p4 : CPM_exp := @ nilU @ {v1|u1} U @ {v1|ul|v3}. 34 | Definition VO: list Var:= nil.
16 | (x P*) 35 | Definition CO: list CName:=v1:ut: v3 : nil.
17 | Definition p : CPM_exp = p2*w U (p2" ; p3 ; p4"w). 36 | Definition ntCO: list CName := CO.
18 37
19 | (+ initial condition I *) i ) i i 38 | Theorem Example : <| GammaO0 , empty ==>
20 | Definition | : cDL_exp :=(h(v1)="0/V y(v1) = 0) /\ 39 |exp( | —>'<<p>>(tt’ , Psi) ), Deltad / VO, CO, ntCO |>.

node 4 is 4. At node 8, the variable « is appended by an event {v1, v3} due to the derivation of rule (¢). Similar analysis
can be given for nodes 6, 9 and 11.

7. Mechanization of cDL

In order to show the potential applicability of our method, we have mechanized the cDL calculus in Coq [18] — a
theorem prover based on a type of higher-order typed A—calculus called ‘calculus of inductive constructions’ (CIC). We use
CIC to define the syntax of ¢DL and to define the sequents of cDL as the propositions of CIC in an inductive way based
on the proof system given in Fig. 10. Each rule in the proof system of cDL is treated as an ‘axiom’ in Coq. To prove a cDL
formula, which is expressed as a A—expression in CIC, we deduce it by applying these axioms in Coq. The axioms transform
the L—expression into a quantifier-free arithmetical proposition in CIC, which can then be either proved in Coq or solved
in an SMT-procedure using tools like Z3. When the proposition is a linear integer arithmetic logic formula, it can also be
solved by the ‘Omega’ solver embedded in Coq [18].

In this paper, we only show how a cDL formula can be expressed and verified in Coq through an example. More details
about our implementation can be found online? (where the example given below can also be found at the end of the code
file). We take the formula ¢sp1 = Isp; — (psp1)ttMO(Wsp1 A Yy) (in Example 6.3) as an example. Table 1 shows the definition
of the formula ¢s1 and the sequent - = ¢sp1 in Coq.

In Coq, CPM and cDL formulae are defined as the inductive types CPM_exp and cDL_exp respectively. Clock names and
variables are defined as the types CName and Var. The CPM pg,1 is defined as p at line 17, where p2, p3 and p4 define
the programs p,, p3 and p4 (shown in Fig. 4) respectively, the guards g; and g, the variables vq, u; and v3 are defined
as g1, g2, v1, ul and v3 respectively. The symbols ;, U, "w and “* define the operators ;, &, @ and = respectively. {a1 | a2

| ... | an} denotes a list of elements aft, ..., an (with nil denoting the empty list) in Coq. {c1 | c2 | ... | cn} with c1, ..., cn
: CName defines the set of clocks {c1, c2,...,cn}. @{c1 | c2 | ... | cn} denotes the clock event {c1, c3, ..., cp} in CPM. g?{c1
| c2 | ... | cn} defines the guarded clock event g?{cq,...,cn}, with g : g_exp defining the guard g. The guard expression is

defined as the type g_exp, where D(c1, c2) represents h(ci,c2) — the distance between h(cy) and h(cy) (in Sect. 2.3). The
initial condition Isy1 and the formula ¥ = ¥sp1 A Yy are defined as | and Psi at line 20 and line 29 respectively, where
h(c), y(c) represent clock-related variables h(c), n(c) respectively. The symbols ~’, /\’, \/’, —>" denote the logic connectives
-, A, V, — respectively, while the symbols <=’, <’, >’, >=’, =’ represent the operators <, <, >, >, = in expression e.

The sequent - = ¢sp1 is defined as the theorem Example in Coq (at line 38). A sequent is defined as a 4-tuple <| G, pls1
==> pls2, D |>, where G and D represent the contexts I' and A respectively, pls1, pls2 are places for formulae that are
targeted at current sequent, they can be either empty (represented by empty) or contain a target formula ¢ (expressed as
exp phi). The formula ¢sp1 is defined as | —>’ << p >> (it, Psi), where << p >> (phi, psi) represents the dynamic formula
(p)¢ M. VO, CO, ntCO are auxiliary variables used in the derivation procedure.

We prove the theorem Example in Coq by applying the axioms defined as the rules of the proof system of cDL (Table 10).
Table 2 shows the procedure of proving theorem Example in Coq, where the correspondence relations between some axioms
and rules are declared in the lower part of the table. Compared to other rules, rule («) is special in the implementation. In
Coq we use 3 axioms to split the simultaneous occurrences of clocks in a clock event, which is captured by the single rule
(o) in the proof system of cDL. Axiom r_Alpha_c deals with the occurrence of each clock, axiom r_Alpha_idle2 deals with

2 https://github.com/antitaboo/cDL-for-SA-of-CCSL/.
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Table 2
The procedure of proving Theorem Example.
15 — apply r_impR. apply r_placeL_add. apply r_extL. cbn. (x rule —>r,
1 | Proof. ext %)
2 | apply LimpB- (x rule —>r *f) 16 apply r_Seq. apply r_Choice. apply r_orR_2. apply r_Choice. apply
3 | apply r_Choice. (x rule choice ) r_orR_2. (x rule sequence, cho, \/ r 2, cho, \/ r 2 %)
4 | apply r_orR 2. (x rule \/ r 2 %) 17 apply r_Guard. apply r_andR; split. (x rule g?, /\ r %)
5 | apply r_Seq. (x rule sequence %) ) 18 # (+@s) apply r_o. cbn. intros. omega. (x rule o %)
6 | apply r_Star_dia; exists inv1; split; [| split ]. (x rule <<star>> x) 19  apply r_Alpha_c; apply r_Alpha_c; apply r_Alpha_idle2; apply
7 — (*@x) apply r_extR. exists 4. simpl. split. (x rule ext r x) r_Alpha_idle1. cbn. (+ rule alpha )
8 + (@) intuition. + apply r_o. cbn. !ntros. omega. (* rule o x) 20 apply r_andR; split. Focus 2. (x rule /\ r )
9 — apply r_allR. apply r_impR; apply r_impR. cbn. (x rule all r, rule 21 { (*@=x) apply r_o. cbn. intros. omega. } Unfocus. (x rule o s)
- r*)' ) 22 { apply r_Omega_dia; exists inv2; split. (* rule <<omega>> )
10 apply r_Choice. apply r_orR_2. apply r_Choice. apply r_orR_1. (x 23 — (x@x) apply r_o. cbn. intros. omega. (* rule o )
rule cho, \/ r 2, cho, \/ r2x 24 — apply r_impR. apply r_Choice. apply r_orR_2. apply r_Choice.
11 apply r_Guard. apply r_andB; split. (« rule g?, /\ r %) apply r_orR_2. (x rule —>r, cho, \/ r 2, cho, \/ r 2 %)
12 + (x@3x) cbv. apply r_o;cbn. intros. omega. (x rule o *) _ 25 apply r_Alpha_c; apply r_Alpha_c; apply r_Alpha_c; apply
13 + cbv. apply rfAIphaf'c. apply r_Alpha_idle2; apply r_Alpha_idle2; r_Alpha_idle1; cbv. (* rule alpha )
apply r_Alpha_idle1; cbv. (x rule alpha ) 26 (x@x) apply r_o. cbn. intros . omega. (* rule alpha x)
14 (x@x) apply r_o. cbn. intros. omega. (x rule o *) 27 }
28 | Qed.

Axioms in Coq  Rules in cCDL  Axioms in Coq  Rules in cCDL  Axioms in Coq  Rules in cCDL ~ Axioms in Coq  Rules in cCDL

r_Alpha_c, (o) r_Seq ((;)yrm) r_Guard (€:49) r_Choice (®)
r_Alpha_idlet,

r_Alpha_idel2

r_Star_dia ((x)r) r_Omega_dia ({w)r) r_o (0) r_andR (A1)
r_allR (Vr) r_orR_1 (vrl) r_orR_2 (vr2) r_impR (—r1)
r_extR 3r) r_extL an

the behaviour of the clocks that do not occur, while axiom r_Alpha_idle1 ends the whole procedure if the behaviours of all
clocks have been dealt with. We will not give the details of all axioms here, interested readers can refer to the code online
for more details.

The whole procedure of the proof in Table 2 corresponds to the derivation process of formula ¢sp1 given in Fig. 12, with
each line corresponding to exactly one derivation step in Fig. 12 (‘(*@*)’ indicating the lines whose corresponding derivation
is omitted in Fig. 12). For example, line 6 corresponds to the derivation from node 3 to nodes 4, 5, 7 in Fig. 12 where
rule ({(x)r) is applied. Line 7, 9 and 15 correspond to the derivation from node 4, 5 and 7 of Fig. 12 respectively. For each
derivation in Fig. 12, several tactics may need to be applied. E.g., at line 7, which corresponds to the derivation from node 4
(not shown in Fig. 12), after applying axiom r_extR, we need to find a witness of k by using tactic exists, and then split the
conjunction with the tactic split. Any detailed introduction of these tactics is beyond the scope of this paper, one can refer
to [18] for more details.

The whole procedure of the proof terminates successfully with the key word ‘Qed’ (at line 28). All leaf nodes of the
proof tree end by using the tactic omega to solve the obtained quantifier-free linear integer arithmetic propositions in CIC
(at lines 8, 12, 14, 18, 21, 23, 26). However, this is not the general case, sometimes manual work might be needed for
the arithmetic propositions obtained at the leaf nodes might be non-linear. A more powerful SMT-solving tool (such as Z3)
could be used as a back-end tool to deal with these propositions in an efficient way.

Currently, this proof has been made entirely manually. But we can design a tactical in Coq to automatize most of these
selections of tactics. And that could be one of our future work.

Currently we do not realize the schedule generation algorithm (Algorithm 2). It can be considered either implemented
in Coq or implemented as an independent tool that receives valid proof trees produced by Coq as inputs. More work will
be put on that in the future.

8. Related work and discussion
8.1. Schedulability analysis of CCSL specifications

In CCSL, the state space of the cLTS of a CCSL specification depends on h(c1, c2) — the difference of the number of ticks
of two clocks ¢ and c». If all such differences are bounded, then this cLTS has a finite number of states. A CCSL specification
is often called ‘safe’ [13] if its corresponding cLTS is finite.

Previous approaches for solving the schedule problem of CCSL specifications are mainly based on model checking and
SMT-solving techniques.

In the model-checking-based approach [10,11], the schedule problem of a CCSL specification can be translated into the
reachability problem of finite state automata. A CCSL specification is transformed into a finite automaton, then reachability
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analysis is made on its states. [10] proposes to encode a CCSL specification into a finite SPIN automaton, whose validity
can be checked by the model checking tool SPIN [32]. For unsafe specifications, a bound needs to be set to acquire finite
state automata, so only approximate checking is possible. E.g., in some previous works like [12,20], relation ¢y <, ¢ has
been adopted to bound the unsafe specification c; < ¢z, where n is a bound to limit the gap between the distance of the
ticks between c1 and cy. In [11], a rewriting system is built for CCSL and the behaviour of CCSL clocks is explored by
the rewriting tool Maude [33]. By rewriting CCSL expressions, any specification can be expanded into a (possibly infinite)
transition system and bounded model checking is then applied.

In the SMT-solving-based approach [9,12], a CCSL specification is directly encoded into an FOL formula with quantifiers
according to the semantics of CCSL shown in Fig. 3. This FOL formula captures the conditions that should hold at each
instant for the specification (e.g., the formula ¢’ in Fig. 1). To solve the FOL formula, a bound needs to be set in order to
eliminate all quantifiers, and this bound indicates the number of instants at which the conditions are checked in an SMT-
solving procedure. E.g., after setting a bound n for formula ¢’ in Fig. 1, it becomes A;_;., Ho (i,c1) = H (i, c2) and we can
solve it in an SMT-solving procedure. By solving the FOL formula, a bounded schedule is obtained. [9] proposed a sufficient
(but not necessary) condition to check if a periodic schedule can be obtained from this bounded schedule. In this approach,
whether a periodic schedule can be found depends on the bound set for solving the FOL formula: If the bound is proper, a
schedule can be found; If the bound is too small, it might happen that no schedules can be found, but we still do not know
whether there exists a schedule or not.

Our approach to schedulability analysis of CCSL specifications is based on theorem proving. Compared to the previous
approaches, our approach is not limited to special types of CCSL specifications and does not depend on the bound that is set
for approximate checking. Different from the SMT-solving-based approach, which directly encodes a specification into an FOL
formula with quantifiers, our approach encodes a specification into a dynamic ¢DL formula. And by proving this dynamic
formula or its negation in cDL calculus, we can know exactly whether there exists a schedule or not and can generate one
if it exists. The proving process decomposes the dynamic formula into QF-FOL formulae according to the syntactic structure
of the CPM so that a bound can be avoided.

Our approach can be considered as a complement to the previous approaches. When no schedule can be found after
even setting a large bound, our approach can be adopted to try to give a formal proof of whether a schedule exists or not.
The structure of the CPM that reveals the behaviour of clocks of the CCSL specification can provide some hints on why a
schedule can or cannot exist, so as to help people have a better understanding of the specification. On the other side, when
problems are hard or fail to be proved by our approach, we can try the previous approaches to perform an approximate
checking with a proper bound.

The main disadvantage of our approach is that the verification procedure of cDL formulae is generally undecidable, which
means that we have to manually search loop invariants in the verification procedure. However, considering the simplicity
of CPM and the peculiarity of CCSL relations, it is possible to propose an automatic algorithm for generating loop invariants
for CPMs and logical formulae with particular shapes, which could be one of our future work.

8.2. Dynamic logic

Dynamic logic [34] is a formalism for modelling and reasoning about program specifications. Classical dynamic logics
like FODL [14] only capture state properties of programs. Process logic [35] firstly introduces temporal logic in dynamic
logic to express temporal properties of programs, where formulae of the form ‘(p)Ot” were introduced. Later [36] proposes
a dynamic logic with modalities where formulae of the form ‘« p > ¥’ were introduced to mean the same as (p)< ¢ in
process logic. Process logic (similar for the dynamic logic with modalities) can only prove formulae of the form (p)<{v, for
formulae of the form ‘(p)0+’, no inference rules were proposed for the sequential program p = q; r. dTL? [15] introduces
the normalized trace formulae of the form ‘(p)¢ MOy’ and their related rules to solve this problem.

The syntax and semantics of cDL are largely based on and extended from FODL and dTL?. In cDL we add the infinite loop
operator w to capture the infinite clock behaviour in cLTS. The operator w is necessary for capturing the schedule problem
of CCSL and its effect cannot be subsumed by the finite loop operator *. In fact, formula (p®)0v and formula (p*)Oy have
different meanings (the former is stronger than the latter), and so do their rules. Because of this, it is clear that cDL has a
different expressiveness from dTL2. More analysis will focus on the theory of cDL in the future.

9. Conclusion and future work

In this paper, we proposed a theorem-proving approach to schedulability analysis of CCSL specifications. To this end, we
propose a variation of dynamic logic cDL and its proof calculus, based on which we analyze the schedule problem in CCSL.
Based on FODL, cDL inherits the normalized trace formulae from dTL? and introduces clock events and the infinite loop
operator w as an extension in order to capture the cLTS models of CCSL specifications. With cDL, the schedule problem
can be expressed as a cDL formula and so as can be checked by verifying this formula in a semi-automatic way combining
theorem proving and SMT-solving. We also propose an algorithm for generating a schedule by analyzing the valid proof
tree generalized by a verification procedure. To show the potential applicability of our method we mechanize cDL in Coq.
Through an example, all these points are clearly illustrated.
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The future work may focus on the following aspects: (1) Improving the implementation of ¢cDL and evaluating its ap-
plicability in practice; (2) Analyzing the relative completeness of cDL and the decidability of the loop invariants in CPM;
(3) Proposing a general methodology for schedulability analysis of RTESs based on dynamic logic. As a general dynamic
logic, the application of cDL should not be limited to CCSL specifications. We believe it could also be used for schedulability
analysis of other specifications of synchronous systems, whose behaviour can be captured as a program model in cDL.
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Appendix A. Proof of Proposition 6.4 and Theorem 6.2

Proof of Proposition 6.4. Given a cLTS A= (L, T,ly,C), let p =cLTS_2_CPM(A), first we show that Str(A) = Str(p), i.e., the
language accepted by A (as a Biichi automaton) is exactly the language of p (as an w-regular expression). From Propo-
sition 6.1, A can be taken as a Biichi automaton that accepts a subset of the w-regular language Str. According to the
theory of transforming Biichi automata into w-regular language [26], we have Str(A) = (J,¢; Str( Ay, 0Str(A;)®, where L
is the set of all accepting states in the Biichi automaton A. For any 4;y and p;y = NFA_2_CPM(A, ), since procedure
NFA_2_CPM is a standard process of transforming a finite automaton into a regular expression and the regular part of CPM
(that excludes the infinite loop program of the form p®) is a regular language, we have Str(A;y) = Str(p; ). Therefore
Str(A) = e Str(pio,)Str(pi,n®. By Definition 4.9 we have Str(A) = Str(®jeLpiy,1; pl“”]) = Str(p).

Now we get back to Proposition 6.4. For any schedule o = a1a3...00,..., by the definition of Sch(A) (in Sect. 2.3), we
have o € Sch(A) iff there exists a path Iy a, I 2, I L, I Iy & .. in A, where a;i (ie NT) can be «; or gi?u;.
Then we have there is a string p = aja;...a,... accepted by the Biichi automaton A, i.e. p € Str(A). Since Str(A) = Str(p),
p € Str(p). By Proposition 4.2 we know that Tr® is the set of all standard traces in val(a1¢...a5...). Moreover, by the fact
that o € Sch(A), it is easy to see that every standard trace in val(oi¢z...a05...) is a standard trace in val(p), because every
guard g; of o; (suppose a; = g;?w;) is true in A. Hence every trace of Tr? is a standard trace in val(p).

On the other side, for any standard trace tr € val(p), from Proposition 6.3 tr must be infinite. By Proposition 4.1, there
must exist a string p’ = a}a)...ay... € Str(p) s.t. tr € val(p’). Since Str(p) = Str(A), p’ € Str(A). Because val(p’) # @, so there

7

exists a path g il I 5 1) 5 2, 2 .. in the cLTS A. Let o’ be the schedule obtained by removing all guards in p’,
we have ¢’ € Sch(A). O

. 2 R . .
In the proof of Theorem 6.2 given below, we use % (r.r2,..;t) to denote a derivation with multiple rules: there are n
1

(n > 1) derivation steps between node ¢; and ¢, and the names of the inference rules applied by each derivation step are
listed on the right in order.

Proof of Theorem 6.2. For any string p, let k(p) be the clock sequence obtained from o by removing all guards in the clock
events of p.

In the valid proof tree of the sequent - = ¢sp, for any node ¢ with a sequent of the form I' = (p)¢ m Oy, A (where
(p)¢p MOy is the target formula), let ¢(p) be the proof tree which starts at node ¢ as the root node, but ends at a node
where program p has just been eliminated in formula (p)¢ M O . Let k¥ be the clock sequence generated by analyzing the
proof tree ¢(p) through procedure Gen_Sch in Algorithm 2, we prove:
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(a) there exists a string p s.t. p € Str(p) and x(p) =«;
(b) under the context I' (i.e., provided that all formulae in I" are true), there exists a trace tr € val(p) s.t. tr E Oy and
tre € val(¢) if tre exists.

We prove (a), (b) by induction on the structure of p.
For the base case, according to Proposition 6.3, there is only one situation when p =a where a is of the form o or g?a.
We take p = g?a as an example, the case for p =« is similar. The proof tree ¢(p) is in the form of:

1.

F:;.;g,A I'= (@)pnoy, A
¢:I'=(g2a)p oy, A

()
(8?,A1)

which ends at node (1) because at this node program p has just been eliminated. According to procedure Gen_Sch of
Algorithm 2, we know k = . Let p = g?«, clearly we have p € Str(p) and «x(p) = k. Since p = p, obviously under the
context I" there is a trace tr € val(p) satisfying tr E Oy and tr. € val(¢) if tre exists.

For the induction step, we have 4 cases:

(i) p=gq;r. The proof tree ¢(q;r) is in the form shown as follows:

H: "= (r)¢ noy, A
& T = (@) ((Ngnay), A

()
¢:I'=s(g:nenoay, A

According to procedure Gen_Sch in Algorithm 2, we can split « into two parts: k = k1k2, where k1 is the clock sequence
generated in procedure Gen_Sch from node ¢; to node ¢», and «» is the clock sequence generated in procedure Gen_Sch
after node ¢;. Since 1 can be seen as the sequence generated by analyzing the proof tree ¢1(q) which ends at node ¢
where program g has just been eliminated, and k3 can be seen as the sequence generated by analyzing the proof tree
£2(r), by inductive hypothesis there exist p; € Str(q) and pz € Str(r) s.t. k (01) = k1, k(p2) = k2. SO p102 € Str(q)Str(r) =
Str(q; r) = Str(p). Since k = k1k2, kK (p102) = k. Again by inductive hypothesis there are traces tr; € val(p1), tra € val(p2)
satisfying: 1) under the context T, tr; F Ov and try . € val({r)¢) if tr1 . exists; 2) under the context I/, tr, F Oy and
trae € val(¢) if try . exists. So it is not hard to see that the trace tr =trq o try € val(p1) o val(p2) = val(p1p2) satisfies
that tr E Oy and tre € val(¢) if tre exists.
(ii) p=q@r. The proof tree ¢(q & 1) can be in the form shown as follows:

{1:F:>(d>¢>l‘||:|1p,A
c:I'=s@erenoy, A

(P,vrl)

According to Algorithm 2 k is actually generated by analyzing the proof tree ¢1(q) in procedure Gen_Sch. By hypothesis
analysis, we know there exists a string p € Str(q) s.t. k(p) = «, and under the context I' there is a trace tr € val(p)
satisfying that tr E Oy and tre € val(¢) if tre exists. We observe that p € Str(q) C Str(q) U Str(r) = Str(q & r) = Str(p), so
the result is directly obtained.
(iii) p = q*. The proof tree ¢(q*) is of the form:
g4 Inv(t) = (@)Inv(t — 1) N Oy 1)
&1 : = IxInvx), A & :-=Vx>0.(Inv(x) = (q)Inv(x — 1) nOy) 3:-= (@x <0.Inv(x)) > ¢ ()
(:I'= (@ )¢noy, A

)

which ends at node ¢3 where program g* has just been eliminated. According to Algorithm 2, k¥ = K{‘ where k1 is
the clock sequence generated in procedure Gen_Sch by analyzing the proof tree ¢4, k is a witness making Inv(k) valid
at node ¢p. By inductive hypothesis, there exists o € Str(q) s.t. k(p1) = k1 and under the context in which Inv(t)
(t = 1) holds, there is a trace try € val(p1) satisfying that tr¢ . F Oy and tr; . € val(Inv(t — 1)) if tre e exists. So by let-
ting t =k,k—1,...,1, we can obtain k such traces try,...,tr1. Let p = p%‘, clearly p € Str(q)¥ C Str(q)* = Str(q*) = Str(p)
and «(p) = Kk(p1) = K{‘ =K. Let tr =try otry_q o...otry, it is easy to see that tr € val¥(p;) = val(pf) =val(p). By
the soundness of rule ((x)r), it is not hard to see that under the context I', tr F Oy and tr. € val(¢) if tre ex-
ists.
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(iv) p =q®. The proof tree ¢(q®) is of the form:
g3 Inv = (q)Invn Oy -
G1:=Inv,A &= Inv— (@)Invnoy (@)
(:T=@®)pnoy, A

m

According to Algorithm 2, k = k{’ where k1 is the clock sequence generated by analyzing the proof tree ¢2(q) in pro-

cedure Gen_Sch. By inductive hypothesis, there exists pq € Str(q) s.t. k(p1) = k1 and under the context Inv, there

is a trace try € val(pq) satisfying that trq F Oy and tri. € val(Inv) if tri. exists. Let Ag, be the corresponding

cLTS of psp, since Str(psp) = Str(Asp), we have op € Str(Agy). So og € Sch(Agp), i.e., og is a schedule of SP. Let

p = py, clearly we have p € Str(q)® = Str(q®) = Str(p) and k(o) = k®(p1) = k{’ =«. Let tr =trjotryo..., we have
N— ——

o0
tr e val(p1) o val(p1) o ... = val(py’) = val(p). By the soundness of rule ({(w)r), it is easy to see that under the context

o0
I, tr E Oy and tre € val(¢) if tre exists.

Now we focus on the proof tree of the sequent - = ¢sp itself, it is in the form shown as follows:

%0 1= (pyp)(tt MO (Wp A V)
ST (pe) (N DYy A )

oy in fact can be seen as the sequence generated by analyzing the proof tree {o(psp) in procedure Gen_Sch of Algorithm 2,
therefore we have:

(1) there exists a string pg s.t. pg € Str(psp) and « (po) = 0p;
(2) under the context I, there exists a trace tro € val(po) s.t. tro F O(¥sp A ¥g) and tro e € val(tt) if trg e exists.

On the one hand, let A5, be the corresponding cLTS of psp, in the proof of Proposition 6.4 we have shown that Str(As,) =
Str(psp). Since pg € Str(psp), po € Str(Asp). By k(o) = 0o and the fact that ¢o is a valid tree, we can get og € Sch(A). So by
Proposition 2.1 there is o Fccs C?l? .

On the other hand, since x (pg) = oo, val(po) € val(op). So we have trg € val(op). From the fact that trgp is a standard
trace in val(op) that satisfies (2), in fact we can get that all standard traces of val(og) satisfy (2). This is because of the
following two reasons: 1) for any standard trace tr € val(op), all clock-related variables in tr can be complete determined
by o00; 2) according to the construction of s, and ¥y in Theorem 6.1, ¥y, Yy only contain clock-related variables. By
Proposition 4.2 we know all traces in Tr° satisfy (2). By Proposition 6.5, we obtain op Fccg Rel.

00 Feesi SP since og Fecst Cdf and og Fqcq Rel. That is, og is a schedule of SP. O

Appendix B. Proof of soundness of cDL system

According to the analysis in Sect. 5.3, to prove Theorem 5.1, here we only need to give the proof of the soundness of

'i=4A ... Th=A
rules («), ({w)r) and rule ([w]u). The soundness of rule ! 1I‘ —y L " means that if Ecdl /\qser] ¢ — \/1//EA1 v,

o Ecdl /\¢ern ¢ — vweAn Y hold, then =4 /\¢er¢’ — \/weA Y holds.

/ /

'=A

Proof of the soundness of rule (). By the definition of the rule of the form:

in Sect. 5.1, we need to prove the

following two propositions:

() Vs €S, s Ecat (Nper @IV /VIAP) = (@AY V'V pep IV /V]), then Vs €S, s =cal \ger @ = (@)dNOY V Vyep @)
(ii) If Vs € S, s =cal /\¢er¢ — () nOy Vv \/qbeA @), then s =g (/\¢er GV /VIAP) > (p AY) V \/q)eA dLV'/V]).

In rule (o), recall that we have assumed o = {cq, ..., cp}, C— o = {d1, ..., dn} (see Sect. 5.2). And V' = (X1, ..., Xn, Y1, ... Y
71, ..., Zm) is a set of new variables (w.r.t. T, (o)¢ Oy, A) corresponding to V = (h(cy), ..., h(cy), n(c1), ..., n(cn), n(d1), ...,
ﬂ(dm)) P= /\]SiS” h(Ci) =Xj + 1A /\15[511 U(Ci) =1A /\15[§m r’(dl) =0.

For (i), for any s € S, if s |=¢q /\¢er ¢, we show that s =g (@) MOy Vv \/c,)eA ¢. Construct an s’ such that

s'(h(ci)) =s(h(ci))+ 1, forany 1 <i<n

sS(nci) =1, forany1<i<n

s'"(n(d;)) =0, forany1<i<m . (B1)
s'(2) =s(2), for each new variable z’ € V’

s'(y) =s(y), for other variable y ¢ V
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Since the variables in V' are all new variables w.r.t. the contexts I', A, we can assume that for any z’ € V', s(z') = s'(2)).
Because if it is not the case actually we can consider another state s”, whose value differs state s only on those variables
in V’ (which satisfies s”(z') =s'(') for any 2z’ € V’). Since s =g /\¢€r¢, obviously s” ¢ /\¢er ¢. And if we can prove
" e ()M OY Vv \/¢EA ¢, then we also have s =¢q (@)p MOy V \/¢>€A P.

Since s E=cq /\¢er ¢, from (B.1) we get s =cqr /\¢€r¢[V//V] AP.S0 S |=cq (P AY) V\/¢eA ¢[V’'/V] from the assumption
of (i). If s’ E=car \/¢6A¢[V’/V], obviously s F=cq \/¢€A¢ by the definition of s" in (B.1). Hence s =¢q (&) MOV V \/4)EA @.
If s =cai ¢ A, from the construction of s’ easy to see that ss’ € val(«). According to the semantics of ()¢ MOy (Defini-
tion 4.6) there is s =g ()¢ M OY. Therefore s =qq (@) M OY Vv \/¢eA ¢.

For (ii), for any s € S, if s =¢g /\¢EF¢[V//V] A P, we need to show s =g (¢ A ) V \/¢GA ¢[V’/V]. Construct an s’ such
that

s'(h(c;)) =s(x;), forany1<i<n

s'(n(ci)) =s(yi), forany 1 <i<n

s'(n(d;)) =s(z;), forany1 <i<m . (B.2)
s'(z2) =s(2), for each new variable z’ € V’

s'(y) =s(y), for other variable y ¢ V

Since s =car \per #LV'/ V1, from (B.2) we get s =cai \per #- SO 8" el (@) MOV V \/ s p ¢ from the assumption of (ii).
If ' =car \/¢EA ¢, obviously s =g \/¢6A ¢[V’/V] from the definition of s” in (B.2). If s’ =g (&) MO, since s =g P, from
the construction of s’ easy to see that s’s € val(«). Again, according to the semantics of (@) M Oy we have s =cq ¢ A V.
Both situations above conclude that s =g (¢ A ¥) V \/(bGA olV'/V]. O

Proof of the soundness of rule ({(w)r). We need to prove that for any I', A,

it /\ ¢— (nvv \/ ¢)andnv— (p)invrioy hold, then /\ ¢ — ((p®)p oy v \/ ¢) holds. (B.3)

¢el’ (SN ¢el peA

Due to the arbitrariness of I', A, we can assume /\¢€F¢ holds and \/¢EA ¢ does not hold. Otherwise the proposition above
holds obviously. Thus it equals to prove that

if Inv and Inv — (p)Inv 1 oy hold, then (p®)¢ N Oy holds. (B.4)

In fact we only need to prove (p®)Ov since all traces of p® are infinite (see Definition 4.6). According to the assumption
of proposition (B.4), the infinite trace tr of p® that satisfies Oy can be constructed as one of the following two forms:

(i) tr =tryotryo...otrypo..., where each tr; (i > 1) is a finite trace of p, and it satisfies tr;p F=cq Inv, trie =cq Inv and
tr; F Oy

(ii) tr =trj otry o ... o try, where each tr; (1 <i <m) is finite, try, is infinite. Each tr; satisfies tr; € val(p), trip E=ca Inv,
trie F=cat Inv and tri E Oy, while try, satisfies try, € val(p), trm p F=ca Inv, trp = OY.

Suppose tr ¥ Oy, by Definition 4.6 there exists an i > 0 s.t. tr(i) F=cq —¥. No matter what forms trace tr is in, there
must exist an N > 1 s.t. trace try contains state tr(i). But this contradicts the fact that try F Ov. Therefore tr E O, so
(p®Y¢p MOy holds. O

The soundness of rule ([w]u) can be proved in a similar way as rule ({w)n).

Proof of the soundness of rule ([w]u). Similar to the proof of rule ({(w)r), due to the arbitrariness of I" and A, we only
need to prove that

if Ix.Inv(x), Vx > 0.(Inv(x) — [plInv(x — 1) U Ovr) and (3x < 0.Inv(x)) — [p]<Oy hold, then [p®1¢ L O holds.

We only need to prove [p®]<Ov since all traces of p® are infinite. Set k the number that makes Inv(k) hold. If k <0,
then we get [p]< ¢ holds. So all traces of p satisfy &, Since any trace of p® is either a trace of p or must have a prefix
in p, we have [p®]Oy holds. So [p®1¢ LU Oy holds. If k > 0, we now show that [p¥t1]Oy holds. Actually, any trace tr of
pkt1 must be of the form:

(1) tr =tryotryo...otrky1, where tr; (1 <i <k+1) is finite. Each tr; satisfies tr; € val(p). trq p F=cq Inv(k). For any 1 < j <k,
either trj & O, or trj e F=cq Inv(k — j), trjqq1p FEcar Inv(k — j) holds. And tryq F O

(2) tr =triotryo...otry, where 1 <m <k+1, try, ..., tr,p—1 is finite, try, is infinite. Each tr; (1 <i <m) satisfies tr; € val(p).
trip Ecat Inv(k). For any 1 < j <m — 1, either tr; F O, or trje =ca Inv(k — j), trjy1p F=car Inv(k — j) holds. And
trm E O,
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From both forms we have tr = Oy since either tri,q or try is a suffix of it. Hence [p*+1]<&v. Because any trace of p® is
either a trace of p**! or must contain a prefix in p**1, [p®]Oy holds. O
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