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Abstract Duration Calculus (abbreviatedito DC) is aINnterval-based, metric-time tempo-
ral logic designed for reasoning about embedded real-time'systems at a high level of abstrac-
tion. But the complexity of model checking anyidecidable fragment featuring both negation
and chop, DC’s only modality, is non-elerf&ntary and thus impractical. Even worse, when
such decidable fragments are.generalized just slightly to cover more interesting durational
constraints the resulting fragments become undecidable.

We here investigate agsimilar approximation as frequently employed in model checking
situation- or point-baséd temporal logics, where linear-time problems are safely approximated
by branching-time counterparts amenable to more efficient model-checking algorithms. Mim-
icking the role that a situation has in (A)CTL as the origin of a set of linear traces, we define
a branching-time counterpart to interval-based temporal logics building on situation pairs
spanning sets of intervals. While this branching-time interval semantics yields the desired
reduction in complexity of the model-checking problem, from undecidable to linear in the
size of the formula and cubic in the size of the model, the approximation is too coarse to
be practical. We therefore refine the semantics by an occurrence count for crucial states
(e.g., cuts of loops) in the model, arriving at a 4-fold exponential model-checking problem
sufficiently accurately approximating the original one. Furthermore
negative polarity only in DC formulas, we have a doubly exponengia}\(nodekchecking algo-
rithm. \ .
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1 Introduction %
|

Duration Calculus (DC), as introduced by Zhou, Hoare, and Ravn!!l and thor-
oughly analyzed in Refs.[2, 3], is a metric-time temporal logic designed for reasoning
about embedded real-time systems at a high level of abstraction, which primarily is
achieved by basing the semantics on intervals rather than just temporal snapshots.
While the resulting abstractness is desirable for specification and analysis, it is a
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burden for automatic verification support. Checking dense-time models against DC
requires certain properties of the model, like the number of state changes being finitely
bounded over finite intervals!*! or even finitely bounded along the whole runl®!, unless
the use of temporal operators or negation is seriously restricted©=%. Otherwise, the
model property turns out to be undecidable>4.

Discrete-Time DC, i.e. DC interpreted over the natural numbers instead of Ry,
has more favorable decidability properties, as shown in Refs.[10, 11]. Here, decidabil-
ity holds for various fragments featuring both negation and chop, provided that the
use of durations is confined to simple cases where the accumulate duraﬁion of a state
proposition is directly compared to a constant rather than building linear combina-
tions of durations and relating these to constants, as perﬁlitted in more expressive
fragments. There have been various attempts to build automatic verification support
for discrete-time DC, e.g. Refs.[12-14]. But noné of these systems has come to be
routinely used for checking non-trivial formulas due to the extreme, non-elementary,
complexity of deciding or model-checking DC formulas/>%1%. In Ref.[16] there is an
interesting approach where' QDDC, a discrete-time version of DC, is incorporated in
CTL*. The result is'a powerful logic capable of expressing liveness and branching
properties as well as, interval properties of the past. But model-checking remains
non—elementary‘ because the DC fragment is interpreted over linear traces.

In situation-based (or, synonymously, point-based) temporal logics, an approach
towards enhancing model-checking techniques is to exploit the linear time vs. branch-
ing time dichotomy: While requirements are most naturally expressed in linear-time
idioms, the actual verification is performed using safe branching-time approxima-
tions'”). Such an approach yields reliable certificates while being considerably more
efficient — linear-time rather than PSPACE in the size of the formula.

We shall investigate similar approximations for interval-based logics. Mimicking
the role a situation has in (A)CTL as the origin of a set of gear traces, we de-
fine a branching-time counterpart to interval-based logics building on situation pairs
spanning sets of intervals. This branching-time interval semantics yields the desired
reduction in complexity of the model-checking proB{em, from non-elementary (when
dealing with simple duration constraints only)*erfeven undecidable (for linear combi-
nations of durations) to linear in the silr\e Z&he formula and O(|V|?) in the size of the
model, but the approximation is too coarse to be really useful. We therefore refine
the semantics to have finercontrol over traces. Adding an occurrence count for cru-
cial states (e.g., cuts'of loops) in the model, properties need no longer be true for all
traces between the situ&tion pair under investigation, but there is a filter mechanism
permitting jusg to focus on traces with certain properties. This filtering approach is
a compromise between the prima-facie trace underlying the linear-time interpretation
and the homogeneous treatment of complete trace ensembles underlying CTL-like
branching-time interpretations. This approximation of linear-time is for many prac-
tical purposes sufficiently accurate. We provide a model-checking algorithm with a
4-fold exponential upper bound, as opposed to the non-elementary model-checking
problem of linear-time DC. Furthermore, for DC-formulas having chop in negative
polarity only, we give a doubly exponential model-checking algorithm.

This paper is an extended version of Ref.[18]. (1) The fragment of DC consid-
ered here is significantly more expressive, addressing a fragment which is undecidable
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already in the discrete-time setting!*0-3!. (2) The filtering mechanism for the traces
has been refined thereby supporting finer approximations. (3) The model-checking
algorithm is significantly improved using a solver for integer LinSAT, i.e. Boolean

19]

combinations of linear arithmetic constraints over the integers'®, for an interesting

class of formulas.

2 Duration Calculus

3
Duration Calculus (DC) is a logic specifically tailored for reasoning about em-

bedded real-time systems at a high level of abstraction from eperatiofal detail. We
give a brief introduction to the discrete-time DC fragment, used 0 this paper. For
more complete coverage of the topic we refer to Ref&[& 20, 21].

2.1 Syntax - B
The syntax is defined below with tvk syntax categories: state expressions, ranged
over by S, S1,S52,..., and formaulas, ranged over by ¢, ¢1,1,91,... State expressions
are Boolean combinations of State variables, and they describe combined states of a
system at a given pOi{lt in time. Formulae can be considered as truth-valued functions
on time interva‘ls. The syntax is defined as follows:
S

S o= O|1|P‘—‘S|Sl\/52,
¢ u= T | Nieaci [Sik | ¢ | oA [~

where P € StateVar, with StateVar being a countable set of state variable names,
ke, € Z,xe {<,<,=,>,>}, and Q Cpy, N 1

While the meaning of the Boolean connectives used in DG formulas should be
obvious, the temporal connective ~ (pronounced “chop?), which is iherited from
Interval Temporal Logic [22], may need some explanation.“Formulae are interpreted
over, first, trajectories providing valuation of state variables that varies over time
and, second, over finite intervals of time,\called ¥observation intervals”. A formula
¢ — 1 is true of an observation interval iff the observation interval can be split into
a left and a right subinterval s.t. ¢ holds of the left part and i of the right part.
A duration formula 2 [P +—1[@ >3 is true of an observation interval iff the twice
the accumulated duration of State assertion P, interpreted over the trajectory, being
true over the observatién interval minus the accumulated duration of state assertion
@ beingtrue Qver the observation interval exceeds 3. Fig. 1 provides an illustration
of the meaning of these formulas.

2.2 Semantics

An interpretation Z associates a function Pr : N — {0,1} with every state
variable P, where N models the discrete time line. The relationship between an
interpretation for a state variable, say P, and a trajectory, as shown in Fig. 1, is
that Pr(t) = 1,¢t € N, iff the trajectory for P is high throughout the real interval
[t,t + 1). The semantics of a state expression S, given an interpretation Z, is a
function: Z[S] : N — {0,1}:
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The formula (1 [z > 3) A (1 [y < 3) holds on observation in rval O1 = [1,4], as the accumulated

duration of x being true over this interval is 3 and that,sof Y being true over this interval is 2.
Analogously, 1fy + —2f(z A —y) = 0 holdsion (%ﬁ;vatlon interval Oz = [4,7]. Therefore, the
formula ((1fz 23)A(1fy <3)) ~ (1fy+ 2 = 0) holds on the catenation Oz = [1,7] of
the otlier two observation intervals.

Figure 1. The meaning of accumulated durations and of the chop modality

¥
*
¥

¥ Z[0](t)=0

M) =1

I[P](t) = Pr(t)

)0 A ZS](t) =
TSI =1 ) 4 7[S](t ) -
otherwise. \ /
Satisfaction of formulas ¢ is defined over pairs (Z, [a, b]) (called observations) of

an interpretation Z and a time interval [a, b] with a\§ b and a,b € N. The satisfaction
relation Z, [a, b] = ¢ is defined as follows:

\ \*

Z,ja, b ET X

T,[0,8) k= SicatnfSiba k" i Sico ( iI[[Si]](t)) > k
T, [a, (h= ¢ iff T, [a,b] £ ¢

f,[g,bnz‘mw iff Z,[a,b] = ¢ and Z, [a,b] |= o
Z ]ja,blEo iff Z,[a,m]E ¢ and Z,[m,b] =

for some m € [a,b] NN.

Whenever Z, [a,b] = ¢ holds we say that ¢ is true in [a,b] wrt. Z. A formula ¢
is valid (written = ¢) if Z,[a,b] = ¢ holds for every observation (Z, [a,b]), and ¢ is
satisfiable if Z, [a, b] = ¢ for some observation (Z, [a, b]).

Based on the temporal connective ~ (called “chop”) inherited from Interval Tem-
poral Logic??!| the temporal operators ¢ and [J, meaning ‘in some subinterval’ and

‘in every subinterval’, can be defined by: O¢ & ((T ~¢)~T) and O¢ a ==,
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The following formulas give a flavor of the kind of durational properties which
can be expressed using the primitives of DC.

14 & J1 ‘interval length’

1/S>k ‘duration of S is at least k in an interval’
L=k i 1[1=k ‘interval length is k’

fSl = ng s 1f51 + 71]52 =0 “S; and S2 have the same duration 1{1 an interval’
[ST 2 1/-S=0A¢>0 ‘S holds through a non- pO\t interval’

These constructions and the formulas that can be built using t‘}lem dembonstrate that
the DC fragment we consider is qulte expressive, splte its simple syntax. As an

example take the formula O(¢ > 10 = - 2[q 1 A fp—2fqg = —1)!, which
expresses that over all sufﬁc1ently lon e frames (¢ > 10), process P is granted
roughly twice the run-time of proces i observables p and q are considered to

represent the time instances where the respectlve processes are executed.

It has been shown in Reﬁ[l@] that the satisfiability problem for the above frag-
ment of DC is undecidable already over discrete time, as the linear combinations of
durations permit to encode unbounded counters. Without weighted sums of dura-
tions, i.e. W;th‘atomic formulas of the form fS > k only, the discrete-time satisfia-
bility problem is decidable with non-elementary complexity due to a reduction to the
emptiness problem of extended regular expressions!'?). To this end, note that chop
coincides to concatenation of languages, — to complement, A to intersection, and that
the traces satisfying an atomic formula of the form [S > k can be defined by a regular
expression. It has furthermore been shown that satisfiability by a dense-time trace
of finitely bounded variability (in the sense of having a fixed, uniform bound k on
the number of state changes in any unit interval of time) is also decidable for this
fragment!. \ oz
2.3 Labelled Kripke structures \ )+

We shall consider the satisfaction problem Witﬁrespect to interpretations which
are generated by Kripke structures. —y

Definition 1. A labelled Kripke structure (or just Kripke structure) is a tuple K =
(V,E,I, L), where -

$

e V is a finiteset whose elements are called vertices or situations,

e EC VXV isa set of edges or transitions,

o [ CV, is'a non-empty set of initial vertices (or situations), and

o L:V — 25tateVar ys o labelling function assigning to each vertex a set of state
variables (of DC). A vertex v fulfills state expression S, written v =1, S, iff S
is satisfied when the state variables in L(v) are assigned the value 1 and those
not in L(v) the value 0.

We shall consider the following kinds of behaviour for Kripke structures:

IHere and in the sequel, we drop factors of 1 in linear combinations and merge negative factors with
the preceding additive operator.
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Definition 2. Let K = (V,E, I, L) be a labelled Kripke structure.

o A trace (or run) tr of K from i to j (i,j € V) is a non-empty, finite sequence
of vertices: vovy ...v, where vg = i,v = j, and (v;,vi11) € E, for 0 <1 < k.
Let img tr be the set of vertices {vg, v1,...,Vk}.

o The interpretation induced by tr, denoted Ly, is defined for any t € N by

1 ift<kand P € L(v),

0 otherwise.

3

\ =
|
Definition 3. Given a labelled Kripke structure K = (V,'E, I, L), a DC formula ¢,
and a trace tr = vguvg ---vg of K.

Pr. 0= {

»e. \ *
o The trace tr satisfies ¢, written by =g ¢,if i, [0, k] = ¢.

e The Kripke structure K _is a modeloof ¢, written K |= ¢, if for every trace tr of
K starting from a vertex in I we have that tr =g ¢.
)

The model—checlging problem K |= ¢ is undecidable. This follows directly from
the undecidability of the satisfiability problem of the considered fragment of DC, since
we can define Kripke structures which can generate all interpretations for the state
variables occurring in a formula on arbitrary intervals. The aim of this paper is to
develop a safe approximation technique for the model-checking problem in order to
achieve efficient tool support.

3 Doubly Situation-Based Semantics

Given the complexity gap between model checking linear-time temporal logics
and situation-based, branching-time logics, it seems attractive deﬁge a situation-
based variant of DC that can be used in the same way ACTL isifrequently used as
an efficiently analyzable substitute for PLTL (cf., e.g., B‘}ef.[l?]). We provide such
a situation-based interpretation of DCis As DC isla logic of intervals rather than
temporal snapshots, the natural counterpart to-@TL’s notion of a situation ¢, which
gives rise to a computation tree roote inXis a pair of situations (i, j) giving rise to
a bundle of runs originating in ¢ and ending in j. This ensemble of runs corresponds
to a set of observations obtained using the labelling function of the Kripke structure.

The doubly situation-based semantics is a function K[¢] : V — V — 28 mapping
a pair of situations‘to‘the power domain of truth values 2B, where the singleton
sets are interpreted as definite truth values while the other subsets of B denote the
following situations: value () represents the fact that there are some traces between
the situation pair of interest satisfying and others violating the formula such that no
meaningful truth value can be assigned wrt. a universally path-quantified property. B,
on the contrary, denotes the scenario that all traces between the situations do satisfy
and violate the formula, which can only happen if there is no connecting trace. The
semantic definition is then given by:

K[T]ij= { {true} if j is reachable from i

B otherwise
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B if j is unreachable from
{true} if tr Ex Bicac [Sixk

for all runs tr of K from i to j
{false} if tr £ Bicqc [Sik

for all runs tr of K from i to j

K[Sicac [Si<k]ij =

0 otherwise

{true} if K[¢]ij = {false}, |
K[-¢]ij = { {false} if K[¢]ij = {true} \ -

K[¢]ij otherwise \ ;

{true} -4 k‘[[(b]] ij=K[¢y]ij = {true}

KlpAyY]ij = { {false} \ if K[p]ijor K[¢]ijis {false}
K[¢]ij ﬂk[[z/)]] ij otherwise
("B ¢ if j is unreachable from ¢

)

. | {true} if for each run ¢r of K from i to j

. there is k € img tr with:

K[ﬁb:wﬂ” _ K[¢]ik = K[$]kj = {true}
{false} if for each run ¢r of K from i to j
and for each k € img tr we have :
K[¢]ik = {false} or K[¢] kj = {false}

0] otherwise.

Note that for a pair (i,j) of situations for which j is not reachable from i,
K[¢]ij = {true,false}, representing the fact that all trace vactously do both
satisfy and violate the property. Otherwise, there is at least one run_connecting ¢
with j. The semantics then reports {true} if every run from i to j satisfies ¢, it
reports {false} if every run from ¢ to j falsifies ¢. In the remaining case where some
runs satisfy ¢ while others falsify ¢ the semantics reports ().

Notice that negation and conj unct'or?&e interpreted by the strongest monotonic
extensions to 2% of the respective Boolean connectives. Furthermore, K[¢ — 9] j
is {true} iff on each run from #to j there is an intermediate situation m such that
(i,m) and (m, j) yield {true‘} for ¢ and 1, respectively. Similarly, it is {false} iff
on any such run from i to j, any intermediate situation yields {false} for at least
one of ¢ or ‘w.‘

Y

Lemma 1 (Approximation). Let K = (V, E, I, L) be a Kripke structure, i,j € V
two situations, and tr a run of K from ¢ to j. Then

1. K[¢]ij = {true} implies tr =k ¢,

2. K[¢]ij = {false} implies tr £k &,
i.e., if the situation-based semantics provides a definite truth value then this truth

value coincides with that assigned by the linear-time semantics to all runs between
the respective situations.
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Proof. Straightforward induction on the structure of ¢. O

For Kripke structures where there is at most one run between any pair of sit-
uations, the doubly situation-based semantics is precise, and we get the following
result.

Lemma 2 (Preciseness). Let K = (V,E,I,L) be a Kripke structure, where F
constitutes a set of trees, i,j € V are two situations, and t¢r is a run of K from i to

j. Then %
1. tr Ex ¢ implies K[¢]ij = {true}, \ =
2. tr i ¢ implies K[¢] i j = {false}. \ L

8.1 Model checking \‘

i

We present an algorithm for checki WX\cher a Kripke structure K = (V, E, I, L)
satisfies a formula ¢ wrt. the doubly situation-based semantics. The time-complexity
of this algorithm is O(|V|?)'in the sizé of the Kripke structure K and linear in the size
of ¢. The algorithm proceeds'by induction on the structure of ¢, marking situation
pairs (4,7) with the (subformulas of ¢ and the associated values. Le., marking a
situationpair (i,j) with just (1,b),b € B means that K[¢]ij = {b}, and a mark
(¢, 0) is provided whenever K[¢]ij = ().

In order to deal with the case where j is not reachable from i, i.e. K[p]ij =
{true, false}, we mark such situation pairs (7, j) with both (¢, true) and (¢, false).
This is done in an initialization step and the time complexity of that is O(|V|*). When
we consider a situation pair (7, j) below, we tacitly assume that j is reachable from i.

1. Base case ¢ = T. As T is satisfied by all pairs (i,7), all such pairs become
marked with (T, true). These markings can be performed in Q(|V|?) time.

2. Base case ¢ = E;cqc; [S; < k. The other cases of Ziegci\iSi >k are similar.
Let A(v) denote the contribution of ¥;cae [S; when st\yin—g onestime unit in
the vertex v, i.e. A(v) = Xjecficalvly 5,16 stociate to K a weighted graph
which has vertices V' and edge weights

oo\ ff (v1,v2) € E,
w(v1,v2) =
W 1}1 iff (1}1,’[}2) S E,

where W(vy) = A(vy)¥if ;ve are determining lower bounds on Y;cqc; [S; (or
W(vy) = —A(vl) Jrespectively, for upper bounds). We can then use an all-pairs
shertest-path algorlthm to determine the lower bound (upper bound, resp.) of
it fSp along all paths between all pairs of vertices in K. This part takes
O(|V|*°75) time using Zwick’s algorithm for directed graphs with integer edge
weights of small absolute value!?®/. We assign markings to all pairs (i,7) within
one sweep over V x V as follows:

e mark (4,7) with (EiegcifSi < k,true) iff the upper bound on EiegcifSi
along paths between ¢ and j is strictly less than k,

e mark (4,7) with (Z;enc; [S; < k,false) iff the lower bound on ¥;cqc; [S;
on paths from ¢ to j is greater than or equal to k,

e otherwise, mark (i, j) with (Z;eqc; [S; < k,0).
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The complexity of the second step is O(|V'|?) such that the overall complexity
coincides with that of the all-pairs shortest-path algorithm.

3. Case ¢ = —p. We assign values for ) to all pairs (4, j) within one sweep over
V x V taking O(|V|?) time as follows:

e mark (4, j) with (=, true) iff (4, j) is marked with (¢, false),
e mark (7,j) with (-1, false) iff (¢,7) is marked with (¢, true),
e otherwise, we mark (z,7) with (=, 0). \

4. Case ¢ = x N 1. We assign values for x A ¢ to all pairs ( 3\2 withifi' one sweep

over V x V taking O(|V|?) time as follows: \

e mark (i, ) with (x A4, true) iff both ()Q&ue) and (v, true) are markings
of (27.])7 - 3 ‘

e mark (4,7) with (x A ¢, fa se\iff (x,false) is a marking of (¢,7) or
(1, false) is a marking of (Z\,K}),

e otherwise, mark.(i, J) lzvith (x N, 0).

5. Case ¢ = x o . We as%ign values for x — ¢ to all pairs (i, 5) as follows:
3

e miark (z’,jf with (x — v, true) iff ¢ and j are unconnected in the graph
(V, B') obtained from (V, E) by removing all situations k € V which have

both (i, k) marked with (x, true) and (k,j) with (¢, true),
e mark (4,7) with (x — v,false) iff for all k£ € V reachable from ¢ and

backward reachable from j, (i, k) is marked with (x, false) or (k,j) with
(4, false),
e otherwise, we mark (z,7) with (x ~ ¥, ).

The complexity of this step is O(|]V|?). 3

As the algorithm recurs over all subformulas of ¢ in d& to ‘determine the
situation pairs satisfying ¢, the overall complexity of this algorithm is O(|¢||V|?).

Theorem 1 (Correctness of model checking zhgorithm). Let K =(V,E,I,L)
be a Kripke structure, i,j € V two situations, and ¢ a DC formula.

If K[¢p]ij = {z},x € B then the,model-checking algorithm marks (i, ) with
(¢, ) and there is no dissenting marking (¢, y) of (i,7) with z # y.

If K[p]ij = 0 then theymodel-checking algorithm marks (i,j) with (¢, ) and
there is no other marking of (7, 7) for ¢.

If j is not reachable from ¢ in K and, hence, K[¢]ij = {true, false}, then the
algorithm qla&s (i,7) with both (¢, true) and (¢, false).

Proof. The proof is by induction on the syntactic structure of ¢. Correctness of the
base case ¢ = T is obvious, and so is that the all-pairs shortest-path algorithm reports
the correct bounds on ¥;cq¢; [S;. Furthermore, the two recursive cases ¢ = =) and
¢ = x A Y are simple.

For the correctness of the algorithm for chop, observe that K[y — ¢]ij = {true}
iff all runs from ¢ to j visit some run-dependent chop point m with K[x]im =
K[y]mj = {true}. Taking the graph (V, E’) obtained from (V, E) by removing all
vertices m € V which have (i, m) marked with (x,true) and (m,j) marked with
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(¢, true), we have that j is reachable from ¢ in (V, E’) iff there is some run from
i to j not passing through any state k with (i, k) marked with (x,true) and (%, j)
marked with (¢, true). By induction hypothesis, this implies that j is reachable from
i in (V, E') iff there is some run ¢r from i to j s.t. all situations k visited by ¢r have
K[x]ik # {true} or K[¢]kj # {true}, i.e. iff K[¢]ij # {true}. Consequently,
the algorithm marks (i,7) with (xy — ¢,true) iff K[x — ¢] = {true} or j is not
reachable from ¢ in K.

The remaining parts are easily proved. s |

Example: Consider the Kripke structure in Fig. 2, which we v‘v\ant t6 model check
against the formula ¢ = ~(T —~ (J1 <4 A= [p < 3) ~ T),"which is the unfolding of
the abbreviations in O(¢ < 4 = [p < 3).

. 3 ’

1 2 3 4
— -
—(—(—GJ]

Figu‘re 2. A sample Kripke structure

The markings pnodﬁced by the model-checking algorithm are shown in Table 1.

: ¥  Table 1 Markings for the Kripke structure from Fig. 2.

7,7 j=1 j=2 =3 j=4
i=1 (T, true) (T, true) (T, true) (T, true)
(#.0) (#.0) (#0) (#.0)
=2 (T, true) (T, true) (T, true) (T, true)
(#:,0) (#0) (#0) (#0)
i=3 (*, %) (5, %) (T, true) (T,{:rue)
(J1 < 4,true) (1 <4,0)
(Jp < 3,true) \(fp <.3ftrue)
(=fp < 3;false) = [p <.3;false)
(&, falsi)S (&, false)
(T — & false) (T — ¢, false)
(TN &)= 1T, false) (T ~& — T,false)
(¢, true) (¢, true)
i=4 (*, %) (k4 %) # (%, %) (T, true)
* (J1<4,0)
b (Jp < 3,true)
b (—fp < 3,false)
. (&, false)
3 (T — &, false)
(T ~& — T,false)
(¢, true)

In this table, (*,x) denotes (¢, z) for each subformula ¢ of ¢ and each z €
{true, false}, and # stands for all subformulas different from the aforementioned
subformulas. Furthermore, ¢ = (/1 <4A—fp < 3)and ¢ = —=((T ~ &) ~ T). Unfor-
tunately, the approximation by the doubly situation-based semantics is too coarse to
decide ¢, as the state pairs (1,1) to (1,4), which represent the traces anchored in the
initial vertex 1, all become marked with (¢, ().
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4 Counting Semantics

To reduce the information loss encountered in the situation-based approximation,
we will add information on the frequency of visits to certain crucial vertices in the
Kripke structure, e.g. to cut points of loops such that the number of iterations of
loops can be determined. Let K = (V, E, I, L) be a Kripke structure.

We define a multiset m on V as a partial function

m:V parg N |
\ ¥
Let Mset denote the set of all multisets on V. | -

The main idea is that m conveys informatio about\how many times a given
vertex is visited. For example, if m(i) is defined (i'€ domm) and equal to n, then
vertex i is visited n times in the concerned,traces. If m(i) is undefined (i ¢ domm)
then we do not know how many times z\is %ited. For a run vy vy ... vk, the number
of times vertex v is wvisited is n.= |{i € N'| i.< k Av = v;}|, i.e. we disregard the last
vertex, as that vertex does n?t contribute to the duration of any state variable for
that run.

A run in K fromi to j is consistent with m if, for every k € dom m, k is visited
m(k) times in the run. The set of m-consistent runs from i to j is denoted R; j ,, in the
sequel. With V; ; ., we denote the set of all vertices visited on some m-consistent runs
from i to j in K, ie. Vi jm = UtreRi,j,m img tr. Furthermore, we call K consistent
wrt. 1, j and m if there is a run from ¢ to j which is consistent with m, i.e. if R; j ,, # 0.

A consistent decomposition of m wrt. K and three situations ¢, j, k is a pair of
multisets mq, mo where domm = domm,; = dommsy and m = m; + my and K is
consistent wrt. 7, k, m; and wrt. k, j, mo.

The counting semantics is a function K[¢]. : V — V — Mset — 2%

B if Ry jm =0 \\ -

{true} if Ryjm #0 h

B 1E R r—

sdadTVS
{true} \ if'R; jm # 0 and
“for all tr € Ri,j,m ctr ):K ZiegcifSi >k

{false} if R; ., # 0 and
|
for all ¢tr € R jm : tr ek Sicaci [Sixk

K[[Tﬂcijm:{

K[Sicac [Si<k]cijm=

$ 0 otherwise
;e {true} if K[¢]cijm = {false}
K[-¢]cijm=q {false} if K[¢]cijm = {true}
K[g]cijm otherwise
B if Ry =0
Kl n ol jm d (Euel i KToloijm= KIuL.ijm = {orue}

{false} if K[¢].ijm or K[¢].ijm is {false}
0 otherwise
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B if Rijm =10
{true} if thereis a k € V, ; ,, such that
for each consistent decomposition
my,mso of m wrt. 4,5,k :
K[¢]cikmy = K[¢] . kjmg = {true}
K¢ ~Y]cijm=q {false} if for each k € V; ; ,,, and for each

consistent decomposition my, meo of m

wrt. 4,7,k : -
K@) ikmy = {falﬁe}‘)r ¢
K]k jms % {false}

0 otherwise= § ¢

Note that while a witness vertex is e>§§ten ially chosen in the semantics of chop,
the decompositions of the anultisets are universally quantified. This is for the sake
of consistency as we.are onlytdealing with universal path properties such that each
possible, i.e. compatible with the counts in the multiset, path through the witness
vertex has to.be insp‘ected.

This semantic function extends the previous semantic function K[¢] by con-
sidering m-consistent traces only. For example, K[@].ijm = {true} when every
m-~consistent trace from 4 to j in K satisfies ¢.

Lemma 3 (Approximation). Let K = (V,E,I,L) be a Kripke structure, i,j €
V', and m € Mset. Then

1. K[¢]cijm 2 {true} implies Vir € R; j m : tr Ex ¢, 1
2. K[¢]cijm D {false} implies Vir € R; j . : tr Ek @, \ >

i.e., if the counting semantics provides a definite truth valué in the form of a singleton
set then this truth value coincides with that assignéd bysthe linear-time semantics to
all runs consistent with the respective sitnationstand multiset.

Proof. Straightforward induction on %,e structure of ¢. O

For an acyclic Kripke structure and a fully defined multiset m with dom m =V,
there is at most one m-consistent run between any pair of situations, and the counting
semantics is in this c‘ase precise.

Lemma 4 (Preciseness for acyclic Kripke structures). Let K = (V,E,I,L)
be a Kripke structure, where E constitutes a directed acyclic graph, let i,7 € V be
two situations and m € Mset a multiset with dom m = V. Then

Vir € Rijm:trEx ¢ iff true € K[¢].ijm .

Uniqueness of the m-consistent path, however, is a sufficient yet not necessary
condition for preciseness. As between chop points, paths visiting the same states in
different sequence are indistinguishable, counting visits to all basic blocks of a Kripke
structure suffices to determine satisfaction of a formula for all paths consistent with
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the count, provided that chop and conjunction occur in restricted polarity. Note
that it is to be expected that we have preciseness for restricted classes only, because
precise approximation for arbitrary formulas and Kripke structures would conflict
with our goal of providing a decidable model checking problem and an elementary
model checking procedure.

Hereby, a basic block is a connected component of the graph that remains after
eliminating all incoming edges to vertices having more than one incoming edge or
being initial and additionally having an incoming edge (i.e., all joins) and all outgoing
edges of vertices having more than one outgoing edge (i.e., all forks). Nete that except
for unreachable cycles, the (transitive closure of the) edge relatil%n n thé'graph pruned
according to these rules constitutes a linear order on the states in a basic block. Given
a reachable basic block B of K, we denete by min\@ (or max B, resp.) the unique
minimal (maximal) element with respect to that ordér. We say that W C V' covers
the basic blocks of K it Vg NW #£ () fox\ea basic block Vg C V of K.

Lemma 5 (Preciseness when counting basic blocks). Let K = (V,E,I,L)be
a Kripke structure, #,j € V two situations, and m € Mset a multiset with dom m
covering the basic bl(acks of K. Let ¢ be a formula where all occurrences of chop are
under the same polarity and all occurrences of conjunction under the dual polarity,
i.e. chops are cither all in negative context and conjunctions in positive or all chops
are in positive and all conjunctions in negative context. Then

Vir € Rijm:trEx ¢ iff true € K[¢]cijm

whenever the occurrences of chop are in negative and the occurrences of conjunction

in positive context and
3

Vir € Ry jm:tr kg ¢ iff false € K[[gb]}ci}\m
3\

whenever the occurrences of chop are in positive and those'of conjunction in negative
context. \

-
Proof. By induction on the structure\of E}\e formula ¢. The induction has two base
cases: )

1. ¢ = T: The conjecture holds, as tr =x T for each tr and as true € K[T].ijm,

and because false € K[T].ijm implies R; jn = 0.
\ Y

2. ¢ =2ieqci [S; > k: As the basic blocks are branch- and join-free, m together
with #,; fully determines the frequency of visit to each individual vertex in
V when m covers the basic blocks of K. Thus, Y¥;cqc; fSi is the same for
all m-consistent traces from i to j in K. Consequently, either R; ;,, = 0, in
which case the counting semantics assigns {true,false} consistently with the
trivially satisfied fact that Vir € R; ., : tr Ex ¢ as well as Vir € R; jm :
tr ek ¢, or R jm # 0 and Vir € R; j @ tr Ex ¢, in which case the counting
semantics correctly assigns {true} according to its definition, or R; ; ,, # 0 and
Vir € R; jm : tr ek ¢, in which case the counting semantics correctly assigns
{false}.
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For the induction step, the case ¢ = —¢; is straightforward taking into account that
the polarities swap, and the case ¢ = ¢1 A ¢o is easy because the conjunction has
positive polarity here.

For ¢ = ¢1 — ¢2, we observe that chop occurs in positive context here and we
thus have to prove that

Vir € Rijm:tr ek ¢ iff false € K[¢].ijm.
3
As the implication from right to left is covered by Lemma 3, it temains to be shown
that Vir € R; jm : tr ek ¢ implies false € K[¢].ijm. As the latter is trivially
satisfied by definition of the counting semantics whenever'\R; j m = (), we assume in
the remainder that R; ;,, is non-empty and ¢r béK for each tr € Ry j m.

each consistent decomposition m1, msg the multisets mq and ms both cover the

Let k € V; j.m and mq, mo be a consi“;nt. decomposfcwn of m wrt. i, 7, k. For
basic blocks of K if m does. Hence, W from the induction hypothesis that

Vir € Rikm, xtr‘ly&K ¢1 f false € K[p1].ikmy

)
k-

o Vtr € Ry jm, : tr ek 62 iff false € K[go] . kjims .

as well as

This implies that false € K[¢1].ikmy or false € K[¢pz].kjmse, as otherwise
there were tr1 € R; g.m, and tra € Ry jm, such that tr =g ¢1 and try =k @9, ie.
tr1 ~ tro Ex ¢1 ™ ¢2 and try — tro € R; ., contradicting the assumption that
tr ek ¢ for each tr € R; j m.

Thus, false € K[¢1]cikmy or false € K[¢p1].kjmo for cach k € V,
and each consistent decomposition my, ms of m wrt. 4, j, k, which implies false €

K[@].ijm by the definition of the counting semantics. |

We say that a multiset mo is more defined than a multiset m wrltten my C ma),
if the domain of my is included in the domain of - and ‘they agree on vertices for
which they are both defined, i.e. dom m3y C dom ms and for all v € dom m; we have
that my(v) = ma(v). .

For the fully undefined multiset AM ‘?\\rith empty domain), we have that every
run is | a-consistent, and in«this case, the counting semantics will degenerate to the
doubly situation-based sema,ritics as stated in the following lemma.

Lemma 6. Let K;:‘(V,E,I, L) be a Kripke structure and i, € V. Then

3
s Kl¢leijLlm =K[g]ij .

Furthermore, if mo is more defined than my, then an ms-consistent run is also m;-
consistent, and, therefore, more defined multisets yield more precise approximations.

Lemma 7 (Refinement). Let K = (V,E,I,L) be a Kripke structure, i,j € V,
and mq,mo € Mset. Then

mi1 & myg — K[[qb]]czyml QK[[¢]]Czym2
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Notice that @) gives least precision and {false, true} represents a contradiction.
4.1 A integer-linear programming formulation of the consistency condition

Let K = (V, E,I,L) be a Kripke structure and m a partial multiset covering the
basic blocks of K. Any covering of the basic blocks will do, but we will choose one
consisting just of the maximal elements of the basic blocks, i.e.

dom m = {max B | where B is a basic block of K}

We denote by vp the representative of the basic block B in dom%m.

For each vertex vg € dom m we introduce a variable named mfvg]. Let m
denote the vector of variable m[vg,], m[vp,].. .W\{Q‘Jin], Where domain dom m =
{vB,,VBy,.--,vB, }. Furthermore, for each edge (v,w) € F in the Kripke structure
which is not an edge inside any basic_blogk, i.“e.‘onlgl for edges transferring control
between basic blocks, we introduce a \&riXe e[v,w] counting the number of times
control is transferred via edgei(v,w). ¢

We shall give a system of linear constraints having 7 and € as the only free vari-
ables, named C(K, 4,90, ™, €), so that m-consistency wrt. K, ip and jo is equivalent
to satisfiability of C(J(,%o,jo,m, ).

To achieve this, we extend the notation m[v] to all vertices v € V without
introducing mew variables beyond 7. Instead, we alias appropriate variables in m as
follows. For each basic block Vz C V and each v € Vi \ domm, let

m[v] = m[vB} + Iv + Jv ’
where
I { —1 if v comes strictly before i

0 otherwise, \

J— { 1 if v comes strictly before jg, \

0 otherwise. 3

where “comes strictly before” is understood wrt. to >he control flow in the basic block.

Note that above m[v] can be use as‘%tsymbolic term determining the visiting
frequency of unaccounted vertices v withou
without extending the multiset. .

The constraints, (defineds in'the following) express informally that the “inflow”
is the same as the “outflow” for any basic block V’. The start and end vertices ig
and jo, respectively,’get special treatment to express that i has an extra outflow of
1, and that_the last visit to jg is not counted in the multiset . We assume below
that 79 and jg are in different basic blocks. The equations for the case where they are

introducing further variables mlv], i.e.

in the same block are obtained by a straightforward revision taking into account the
mutual position of iy and jy in the block.

For every basic block B neither containing the start vertex ig nor the end vertex
Jo, i-e. ig,jo € VB, there are two equations expressing that the frequency of visiting
the start vertex vy, = min B of the block coincides with the number of entries to B as
well as with the number of exits from the last vertex vg of B:

Suvoerell,vs] =mlvg] and mvp] = X, nepelvs, ] (1)
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where v, = min B and [ € V is arbitrary. Note that due to the aliasing rules m[vs] is
identical to m[vg] when i and jo are not elements in the block.

In order to characterize runs from iy to jg, we give i one visit extra beyond its
inflow through edges and analogously jo one visit less than its inflow (the last visit
to the terminal edge is not counted in m, as it does not contribute to accumulated
durations). For all the other vertices, we keep in- and outflow balanced and let them
agree with the number of visits.

Assume that ip is in basic block B (and that jo is not in that'block). Let
vs = min B be the first vertex and vp the last vertex of B as before. The equations

for the block containing the start vertex are: \ 4
\

-*

14+ 2k k
+ (k, 5)€Ee[ US (2)
(k) EEe UB, k]
Assume now that jg is in basic blo%k K(and that ip is not in that block). Then
the equations for the block Conta‘lnlng the end vertex are:
$
(kv )erelk, vs| =m[jo] + 1
mvg] =L (v, kyere(vn, k]

(3)

3
¥

The constraints presented so far, which contain 2 equations per basic block,
constitutes a mecessary condition for consistency. l.e., for every trace from iy to
jo, there is a corresponding satisfying assignment to the above constraints. But the
converse is not necessarily true as the simple example in Fig. 3 shows. It is easy to see
that the fixed-point-equations arising permit assigning uniform visiting frequencies to
a cycle without actually reaching it.

3

ememely\ 4

Figure 3. A Kripke st\ructure

The constraint system for the ca\g Xre the starts vertex is ig = 0, the end
vertex is jo = 1, and the domain of the multiset is dom m = = {0,1,2} due to all
vertices forming atomic basicblocks is:

$
¥ 1+¢[0,0

| =ml0]
g ! m[0] =e¢[0, 0] +e[0 2] + e[0, 1]
e[0, 1] =m[1] +
m[1]=0
el0,2] + e[2,2] =m|[2]
m[2]=e[2,2]

These equations express that

1. vertex 0 is visited once more than entered through edges, as it is initial due to
Z.0 = 17
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2. the outflow through the three outgoing edges departing from 0 coincides with
the frequency of visiting 0,

3. the visit frequency of vertex 1 is one less than the frequency of entering edges
taken, as the last visit to 1 is not accounted for due to jo =1,

4. the number of visits to 1 accounted for (i.e., excluding the final visit) coincides
to the number of leaves via an outgoing edge, which is zero due to no outgoing

edges being present,
3
to explain just the first four.

These first four equations imply that e[0, 2] = 0, which is e\a(ningﬁll since there
can be no transition from vertex 0 to vertex 2 for a trace starting in Vertex 0 and
ending in vertex 1. But this means that the onlx constraint on e[2,2] and m/[2]

remaining is -y
e[Z,K]z\v[Q] ;

allowing satisfying assignments which dé not correspond to any trace from vertex 0
to vertex 1, like the assignment m[0] = 2, m[1] = 0 and m[2] = 1000.

To avoid such undesirable assignments, we add the additional constraints that a
loop has to be entered to have a non-zero visit frequency. Loops involving the start
vertex g ‘can be disregarded as the start vertex by default is entered.

For simplicity, we assume that the loops are structured and, consequently, have
exactly one entry point vs which by definition is the start vertex of some basic block,
thus being covered by vector e. As the frequency of visiting vs (and all subsequent
vertices in the loop) is zero unless the loop is explicitly entered by either iy being
in the loop or via an edge going into v, from outside the loop, we add the following
constraint for each start vertex vy of a loop not containing i,:

mlvs] >0 = > e[<, o> 0 (4)

(v’',v)EE’ v’ outside and v inside the loop\

\\
For the simple example in Fig. 3 only the self—iop in vertex 2 is relevant, as the
[

other loop involves the start vertex, and we generate one constraint in this case:
o % .

2] > 0\:> el0,2] > 0.

Adding the extra constraints (4) we have achieved a necessary and sufficient
consistency condition. Let C(K, i, jo, T, €) denote the conjunction of the above con-
straints (1)-(4). leen‘n € Mset, we write n = C(K,i,j,m,¢e) if C(K,ig,jo, T, €)
after, for each k € domm substituting n(k) for m[k] is satisfiable.

Lemma 8. Let n € Mset with domn 2 domm.

n is consistent wrt. K, 1, if and only if n = C(K, i, j,m,€).
Proof. The implication: n is consistent wrt. K,i,j implies n = C(K,i,j,m,€), is
not difficult to establish. Given an n-consistent trace from ¢ to j is it easy to verify
that the constraints in C(K,1,j,m,€) are satisfied.

For the other direction assume that n = C(K, g, jo,m,€). We must show that
there is an n-consistent trace from iy to jo. The main idea is to remove “active loops”
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“ )

in K in a “well-chosen way” resulting in a new assignment n’ satisfying that there is
no active loop in K given n’. Furthermore, the loop removals preserve the constraints
C(K, 1o, jo,m,€) and the property that there is an n-consistent trace from ig to jo iff
there is an n/-consistent trace from iy to jo.

This idea is now formalized for a given Kripke structure K. We start with the

following definitions:

e By abuse of notation, we let M and € together denote a satisfying assignment
for C(K, 10, jo, M, E).

e A sequence of vertices v, Vs, ... Vs, Vs,, Where each vs, is\the start vertex of
some basic block with representative vp,, is called an active loop in K given
assignment m and e, if e[vp,, vs,,,}.> 1, for 1'< i < k) and e[vp, ,vs,] > 1. By
the loop frequency we shall understand the aninimal frequency on the edges of
the loop, i.e. f =min({€[vp,,vs, 4] | K< i< n} U {elvp,,vs ]}).

o Let vg,vs, ... Vs, Vs, be an active»bop in K with frequency f given assignment
m and €. By removalof tha‘t active loop, we shall understand a new assignment
m’ and e’ defined as follows:

—_ & (m(v)—f, ifwvisa part of the loop
m'(v) = ,
g ! m(v), otherwise
oo {e[v, v'] — f, if the edge (v,v’) is a part of the loop
e'lv, v =
elv, '], otherwise

o A guard of an active loop v, Vs, ... Vs, Vs, in K given assignment m and € is an
edge (v,vs,) € E for which vy, is some loop vertex, v does not belong to any

basic block in the loop and €[v, vs,] > 1.
3

Notice that the consistency constraints (4) guarantee that ﬁach active loop has
at least one guard. -

It is not difficult to check that loop removal preserves‘the flow-constraint part of
the consistency condition, i.e. equations:(1)-(3), in\Qhe sense that if m and € satisfy
these constraints, then so will m’ and e’ doy Butein gefieral, the last type of constraints
(4) will not be preserved. The problemiis that removal of one loop may result in that
another loop will become unreachable because all guards to that loop are removed.
We shall devise a safe method of removing loops while preserving all consistency
constraints. ’

Let Ly and Ly t‘wo‘active loops given m and €. Ly subsumes Lo if

e the glgar&s of Ly belong to the loop L; and
e [ is the only loop which edges of Lo are guarding.

If Ly subsumes Lo, then Ly can be safely removed. To see this, notice first that
the structured loop consisting of L; and Ls is active as well, and must have an
external guard, which must be a guard of L, alone as every guard of Ly belongs to
L. Therefore, if m’ and e’ result from removing Lo, the constraint (4) is preserved
(and the others as well) as the only involved loop L; still has an active guard.

Let v be a vertex and L an active loop including v given ™ and €. v subsumes L
if
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e All edges in L and vertices in L except v have the same frequency f and
e v has a visiting frequency which exceeds f.

If v subsumes L, then L can safely be removed since the edges of L do not act as
guards.

Suppose that no subsumed loop exists given m and €. Consider an arbitrary
active basic loop L, i.e. a loop with no repetitions except for the start and end vertex.
Every active loop has guards from two different loops as otherwise it‘\ would be a
subsumed loop. Therefore, L can be safely removed.

It is not difficult to see that each of these three rules fo}\safealoop removal
preserves the trace property: there is a consistent trace from ig to%o given m’ and €’
iff there is a consistent trace from iy to jy given m and e.

The safe loop removal method is now to rqpe\at he following two steps until all
active loops are removed:

1. Removed all subsumed active loops.

2. Remove an arbitrary active basic loop, when no subsumed active loop exists.
$

The resulting ‘assignment m’/ and ¢’ satisfies the consistency constraints and will
define a unique path from iy to jo since the flow equations hold, ig has an extra
inflow of 1, Jo has an extra outflow of 1, and each vertex has an outflow of at most
1, as otherwise there would be an active loop. There can be no isolated sequential
components, since that would imply the existence of a vertex with a net inflow of 0
and a positive visiting frequency and this would violate the constraints. |

Satisfiability of C'(K, 1, j, T, €) is a necessary and sufficient condition for existence
of an m-consistent trace from ¢ to j. Note that the formula C(K,1,j,m,€) has size

linear in |V| + |E| and can be generated in O(|V| + |E|) time.
3

4.2  Model checking

&

We now present an algorithm for checking whether a given Kripke structure
K = (V,E, I, L) satisfies a formula ¢ wrt. the counting semantics. It consists of, first,
an exponential (in the chop depth) labelling phaset\which generates a side condition
in the form of a Presburger formula, i.e. a qua'fltfﬁed‘ Boolean combination of integer
linear constraints and, second, the sati\;s@a‘&{ity check of this condition, which can be
done in triple exponential time. For formulas ¢ having chops in negative polarity only,
the formulas to be checked for satisfiability are quantifier free and can be checked in
NP using a decision algorithm for integer LinSAT, i.e. quantifier-free Boolean combi-
nations of linear constrz;ints over the integers, such as SAT-modulo-theory over linear
integer arithmetic'9.

Y

Phase 1: Labelling state pairs

The input to this phase consists of the Kripke structure K, the formula ¢ and the
domain of the multiset dom m = {vy,...,v,}, where we use the same domain as in
the construction of the consistency formula C(K, i, j,m,€).

This phase of the algorithm proceeds by induction on the syntactic structure of
¢, marking situation pairs (i,j) € V x V with triplets (¢, b, lin(77,€)) of a subformula
1 of ¢, a Boolean value b, and an integer linear satisfiability problem lin(m,€), having
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the vectors T and € as the only free variables. A marking (v, b,lin(m,€)) of (i,7)
denotes that:

{0} = K[¢]cijm

for all multi-sets m with dom m = {vy,...,v,} satisfying m |= lin(m,€).
For each state pair (7,7) and each subformula v of ¢, we provide two markings
(¢, true,lin,(m,€)) and (¢, false, ling(m, €)).
3
1. Base case ¢ = T. Asthe formula T is satisfied by all consistwlt triplets (¢, j, m),
all state pairs become marked with (T,true, C(K,i,],,¢)) and (T,false,
false). Given the O(|V| + |E]) size of the formula C‘KK,i,j,m,é), these mark-
ings can be performed in O(|V|*(|V| + |E)) ti ne.

- Y
2. Base case ¢ = Licac; [Si < k. heXﬁler cases of Yicqc; [S; < k are similar.
As m covers the basic blocks andim has been (symbolically) extended to all
vertices, we can assign conditions for satisfaction or violation by a multi-set m
to all pairs (7, j) within ene sweep over V x V as follows: mark (7, ) with
3

° (Eiigcifgi < k,true,C(K,i,j,m,e) A Zz’eﬂ c ZveV,v\:Si mlv] < k) and
° (2iegcif5i < k,false, C(K,i,7,m,€) A D, Ci ZUEV,M:Si mlv] = kz)
The complexity of this is O(|V|?(|V| + |E|)) due to the size of C(K,1i,j,m, ).

This means that the overall time complexity of marking formula ¥;cq¢; fSi <
k is O(|[VI?(|V| + |E|)). The generated individual formulas are again of size

o(|V[ + |E]).
\
3. Case ¢ = —p. We assign markings for =) to all pairs z&) withint one sweep
over V x V as follows: \ | '

e mark (4,7) with (=9, true, p) iff (4, j) is marked with (¢, false, ), and
e mark (¢,) with (ﬂ/},false,u)ﬁ(i;j) is marked with (¢, true,v).

With appropriate data structures. supporting the sharing of common
(sub-)formulas, the time complexity of this step is oV ?).

4. Case ¢ = x'A¥.5x We assign markings for x A ¢ to all pairs (i,7) within one

% ¥
sweep over V X V as follows:
)

e mark (7,7) with (x A ¢, true, u A v) iff (4,7) is marked with (x,true,p)
and with (¢, true,v), and

e mark (7,7) with (x A, false, u Vv v) iff (i,5) is marked with (y, false, p)
and with (¢, false,v).

Using appropriate data structures, the time complexity of this step is again
O(|V[?).

5. Case ¢ = x — ¢. We assign markings for y — 1 to all pairs (i, j) as follows:
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e mark (¢,7) with (x — ¢, true,lin:(m,€)) for

ling(m,e) =
3m17m2751752 LM
Viev | A .
Vi, Mg, €1, €2 1 i = (uk[mi, e1/m, e] A vy, e2/m, €])
o= |
mlv] = ma[v] + ma[v]
\ ¥
/\v,wedom m A 6[1)7 ’LU] = €1[U, U}] +e2 [U’ U)]‘\ - ’

AN C(K, i, k,m1,en) A C(R,k,j,m,éz)

where m; = mylvi],...,mfv,] and<e = &lvi, w1],...,efvn, wy], for I €
{1, 2}, are four vectors of freél%\;fa iables, (i, k) is marked with (x, true, u)
and (k, j) with (¢, true,vy). We use € [y1,...,yn/21, ..., 2Zy] to denote the

formula obtained.from & by substituting every free occurrence of x; with
yj, for 1 < < n. ¥

e mark (7,7) with (x ~ ¢, false,ling(m,€)) for

3
ling(m,e) =
C(K,i,j,m,¢e)
A Niev ( Vi, Mo, €1, 82 : = ([, €1/M, €]V vg[ma, €/, €]) )

where p is as in the previous case, (i, k) is marked with (x, false, ux) and

(k,7) with (¢, false,vy).
\

Note that this step, in contrast to the previous steps Whi(t generate markings
linear in the size of the DC formula, yields a [V/|-fold blow=up in formula size,
which thus dominates the space complexity of the whole procedure. The size
of the formulas generated is O(u(V| + [E|)|‘<|C), where ¢ is the chop nesting
depth of ¢ and u the nesting depth ifonjunctions.

This algorithm recurs over all subforn}u_las f ¢ in order to determine the situation

pairs satisfying ¢. 3

Lemma 9 (Correctness of‘marking algorithm). Let K = (V,E,I,L) be a
Kripke strueture, i, i€ V', ¢ a DC formula, and m a multiset. Let (¢, true, lin,(m, €))
and (¢, falselins(m,e)) be the (unique) markings obtained for formula ¢ on (3, j)
using the domain of m. Then

{true} = K[¢].ijm iff m | lin,(T,%e) (a)
{false} = K[¢].ijm iff m = liny(m,¢) (b)
Proof. The proof is by induction on the structure of ¢.
The base cases and the two recursive cases ¢ = =) and ¢ = x A ¥ are simple.

For the correctness of the markings computed for chop, observe that these mark-
ings try all possible chop points as well as all possible decompositions of the original

Copyright by Institute of Software, Chinese Academy of Sciences. All rights reserved



192 International Journal of Software and Informatics, Vol.3, No.2-3, June/September 2009

multiset into two parts, thus checking all consistent decompositions as required by the
counting semantics. The correctness of the marking thus follows from the induction
hypothesis. O

Corollary 1. Let K = (V,E,I,L) be a Kripke structure, ¢,7 € V, and ¢ a DC
formula. Let (¢, true,lin;) be a marking for the formula ¢ on (7, j) for some domain
V! C V of a multiset. Then validity of C'(K, 1, j, 7, €) = lin; over the integers implies

that tr =g ¢ holds for each run ¢r from i to j. \

Proof. Assume that tr & ¢ for some run ¢tr of K from ¢ to j. Thetrace ¢r induces at
assignments for the two vector of variables 1 and €, for which C (K, i,4,m,€) is true
according to Lemma 8. Furthermore, K[¢].ijm # {true} aecotdingto Lemma 3
and, therefore, according to Lemma 9: m F= lin:. \{Ience7 C(K,i,j,m,e) = ling is
invalid. -y U

Phase 2: Deciding the Presburger side c‘ngion

When checking a formula ¢, the H}arking phase yields a marking (¢, true, ; ;) for each
state pair (Z,7). The next step is to check the linear formulas C(K, 1, j, T, €) = p;
for validity: L
6. For each ‘initial vertex ¢ € I and each j € V decide the satisfiability of the
formula C(K, i, j,m,€) A=, ;, where (¢, true, u; ;) is the marking of (¢, j) from
steps 1 to 5. Satisfiability can be decided using any decision procedure for
Presburger arithmetic. If all these formulas are unsatisfiable then report “K =
o”.
The size of p; ; is O(u(|V| + |E|)|V|¢), where ¢ is the chop depth and w the depth
of conjunctions in ¢. As the p; ; are formulas of Presburger arithmetic) these can be
checked in triple exponential time rendering the overall algorith? 4-fold exponential.
The following theorem is a consequence of Corollary 1. \ ¢

\\
Theorem 2. Above model checking algorithm is iound. Le., if it reports “K = ¢”
in step 6 then K satisfies ¢.

The algorithm based on the abo g{kmg can be simplified, knowing that we
should check formulas of the form C'(K A—p; 5 for satisfiability. In particular,
we can make make Boolean sir‘nphﬁcatlon as well as quantifier eliminations. Let
ling(¢,1, j,m,€) and ling(¢,4, j,m,€) be the true and false markings of ¢ for the
situation pair (7, 7). Washall devise a marking algorithm containing simpler formulas
simy (P, i, 7, M, €) and simys(¢,1,j,m,€) so that

m = C(K,»’J?m, €) A —ling (9,4, j,m,€) it m = C(K,1,j,m,€) A —simp(p, 1, j, T, €)

for b € {t, f}.
The simplified formulas are defined as follows:
simy(T,1,j,M,€) =true
simy(T,i,7,m,€) =false

simy(Sieaci [Si < k,i,J,M,8) =310 i D yevms, MV < k
simg(Bicqc; [Si < k,i,j,M, €)= ,cqCi > vevils, M) = k
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simy(—¢, i, 4,0,

Simf(_‘@i»ja
Simt(d)l A (252, i,j,
simy(p1 A ¢2,1,j,m

sz(qb,z,],m €)

(¢7Z7j7m e)

((]51,2,_],777» 6) /\Sth(gf)g,Z,j,m 6)
= sz(qbl,z J,m,€) V simgs(¢2,1,7,M,€)

e)
)
)
)

and
simi(¢p1 — ¢a,1,j,M,€) =
Jmq, Mo, €1,€2 1 i
Viev | A \ ’
Yy, Ma, €1, €2 : = (simy(¢1,i,k,m1,€1) Asimt(q§2,k,j,m1,€2))
simg(P1 — ¢2,1,4,m,€) =

/\keV( p = (simg(¢1,1i,k,my,e \mf ¢27/€ J,Ma,€2)) )

where

3

mlv] = ma[v] + ma[v]
Ho= A A elv,w] = erfv, w] + exfv, w]

3
L ovelmm A O(K i,k i, e) A C(K k, j, Tz, e2)

*
Lemma 10 (Correctness of simplified markings).

m ': C(Kviaj7mvé) A _'linb(¢viaj7mvé)
iff mpE C(K,i,j,m,e) A -simy(o, i, j,m,€)

for b e {t, f}.

The proof is a simple inductive proof following the structure of formulas.

Step 6. for checking ¢ can now be improved by checking satisfiability of the
formulas C(K, 1, j,m,e) A =sim¢(¢,i, j,m, ) for every i € I and j € V..If the chop-
formulas of ¢ all occur in a negative polarity, it is easy to inspect that the formulas to
be checked will be quantifier free and can be checkediin NP using a decision algorithm
for integer LinSAT, e.g. state of the art satigfiability-modulo-theory solvers supporting
the theory of linear constraints over th\in‘&gers, like Sateen(24, Z3[25! or YICES[26],
Since the generated formulas-are of size €xponential in the chop-depth, the algorithm
is doubly exponential in the (iase where chop just occurs in negative polarity in ¢.

Example: . This mode‘l—checking algorithm can be used to establish K |= ¢, for ¢ =
O(¢ < 4= [p< 3) and Kripke structure K from Fig. 2. Expanding the abbreviations
in ¢, we obtain the equivalent formula ¢' = =((T ~ (f1 < 4A=[p < 3)) ~ T). Table 2
shows the relevant markings generated by the model-checking algorithm. The Kripke
structure K has three basic blocks. Vertices 1 and 2 belong to one block, where 1 is
the start vertex and 2 the representative for that block, and vertices 3 and 4 constitute
two singleton basic blocks. In the markings, we have omitted the vector € of edge
variables and we have simplified the markings exploiting logical equivalences; but in
some columns we have not expanded the abbreviation m[1] for illustrative purposes.
These simplifications render the tautology checks in step 6 of the algorithm trivial.
The model-checking algorithm consequently reports “K = 0(¢ < 4 = [p < 3)”
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Table 2 Linear constraints assigned to state pairs (¢, 7) of the Kripke structure from Fig. 2
when checking ¢ =00 < 4 = [p < 3)

i, ] C(K,i,j,m,¢€) linear constraint n assigned to state pair ¢, in marking (¢, tv, n)
after for tv = false and ¢ = for tv = true and ¢ =
simplification Jtrue < 4 -fp<3 ¢ ¢ Jp<3 =O¢C
1,1 m[3] =m[4] =0 m[l] > 2 m[l] < 3 | true | true | m[1] < 3 true
1,2 m[3] =m[4] =0 m[l] > 2 m[l] < 3 | true | true | m[1] < 3 true
1,3 m[3] =m[4] =0 m[l] > 1 m[l] < 3 | true | true | m[1] < 3 [} true
1] >1
1,4 m[2] >0Am[3] =1 mil m[l] <1 | true | true m}{} <1 true
vml[4] > 0 1
*
3l =m[4] =0
oq1,3 | (MBI =mi mll]>1 | m[l] <2 |grue | trie | m[1] < 2 true
Am[2] > 0
2,2 m[3] =m[4] =0 m[l] >1 m[l] <3 | true | true | m[1] <3 true
2] >0 1] >0
2,4 m[2l ml &1} =0 | true | true | m[1] =0 true
Am[3] =1 vm[4] > 1),
3,{1,2} false true true true | true true true
m[2] = m[3] 8
3,3 ¢ false true true | true true true
=m{4] =0
2] =0
34 m{2] Y ml[4] >3 true | true | true| true true
Am[3] =1
4,{1,2,3} ¥ false true true | true | true | true true
4,4 m[2] =m([3] =0 ml4] >4 true true | true true true

The formulas occurring in the table are simplified. Second column: condition for
path existence. Columns 3 to 6: markings (v, false,n) generated by the algorithm
for the different sub-formulas 1 occurring negatively in ¢. The formula ¢ abbrevi-
ates [1 < 4 A =fp < 3, i.e. =Q( is the original formula ¢. Columns, 7: markings
(1, true,n) generated for positive sub-formulas, simplified. Column 8: the formula
C(K,i,7,m,€) = lin; to be checked for validity, simplified: nce,#the algorithm
answers “K | ¢”. \ |

Notice that chop occurs in negative context XQ the formula ¢ and the doubly

exponential algorithm applies in this case, -y

5 Conclusion \

Aiming at efficient model ehecking by approximating its standard linear-time
semantics, we haye investigated two branching-time semantics for discrete-time DC,
where interyals are genérated from runs between two situations in a Kripke structure.
Model checking is linear in the size of the formula and O(|V'|*) in the size of the model
for the first'semantics, which unfortunately approximates linear time too coarsely to
be useful. The second semantics extends the first with an occurrence count for crucial
states, yielding a model-checking problem with a 4-fold exponential decision algorithm
which approximates sufficiently accurately. For a restricted class of DC formulas the
decision algorithm is doubly exponential.

Comparing this to the classical procedure proposed by Zhou, Hansen and Sestoft'%!
and practically implemented by Skakkeback and Sestoft!'?! and by Pandyal'¥l, it is not
immediately obvious which procedure is more well-behaved in practice. The classi-
cal procedure maps a DC formula to an observer automaton of non-elementary size
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and then builds an automaton product with the Kripke structure, thus being non-
elementary in the formula size yet linear in the size of the Kripke structure, while
ours is doubly or even four-fold exponential in the Kripke structure also. In order to
shed some light on this, we note the following facts:

1. In practice, building the observer automaton in the classical procedure often
already fails for moderately sized formulas such that the procedure cannot even
proceed to build the automaton product. The reason is that not ley the alter-
nation of chop and negation (which tends to be of rather lowdepth in practice)
leads to explosion of the observer automaton, but also non-trivial titne constants
do, requiring a lot of counting in the observer. The Qoulj}ting structures in the
automaton are exponential in the number of duration terms occurring in the for-
mula, with the time constants as base. Note that our algorithm is less sensitive
to time constants, as these are c 3\‘50 the Presburger formulae representing
the side conditions, where — at 1 the quantifier-free case — they may be

discharged by numerical procedures like integer linear programming.

2. The complexity, figures sta‘ted for our procedure are extremely pessimistic in
practice, as the procedure essentially collapses basic blocks to a single represen-
tative such that the number of basic blocks rather than the number of vertices
detern;inés the size of the formulas generated, which makes a tremendous dif-
ference in practice.

3. The classical procedure, being based on building an observer automaton, fails for
the fragment of DC considered herein, as DC with weighted sums of durations
is undecidable even in the discrete-time case.

Hence, it seems that the algorithms have a distinctly different scope. An interesting
topic for future research could be whether there are useful combinations of the two.

*
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