Software Tools for Technology Transfer manuscript No.
(will be inserted by the editor)

Practical CTL * Model Checking

Should SPIN be Extended?

Willem Visser! and Howard Barringer >

! RIACS, NASA Ames Research Center, USA. e-maiti sser @t ol eny. ar c. nasa. gov
2 Department of Computer Science, Manchester University, &ail:howar d@s. man. ac. uk

The date of receipt and acceptance will be inserted by theredi

Abstract. We describe an efficient CTLmodel checking al- Efficient model checking algorithms for linear time tem-
gorithm based on alternating automata and games. A*CTL poral logic were developed by exploiting the close relation-
formula, expressing a correctness property, is first translateghip of the temporal logic and nondeterministic automata on
to ahesitant alternating automatand then composed with a infinite words [28,27]. Essentially for each formula one can
Kripke structure representing the model to be checked, whereonstruct a nondeterministic Biichi automaton (NBA) that ac-
after this resulting automaton is then checked for nonempticepts the same input language as the formula. Model check-
ness. We introduce theonemptiness gantbat checks the ing then reduces to checking the nonemptiness of the prod-
nonemptiness of a hesitant alternating automaton (HAA). Inuct of the automaton for the formula and the Kripke struc-
the same way that alternating automata generalises nondetdure being checked. In [2,1] it has been shown that a similar
ministic automata, we show that this game for checking theapproach can be taken for branching time temporal logic by
nonemptiness of HAA, generalises the nested depth-first alusinghesitant alternating automatan infinite trees (HAA).
gorithm used to check the nonemptiness of nondeterministi¢iere we show that practically effective model checking can
Buchi automata (used in SPIN). be done for the branching time logic CTLby giving an al-
gorithm for checking the nonemptiness of hesitant alternating
automata that ibothspace and time efficient. We show that
this nonemptiness check can be reformulated as a 2-player
|.game, which we call theonemptiness gamgVe develop a
novel way, by playing so-calledew gamesof ensuring that
results obtained during the nonemptiness game can be reused
in later stages to make the algorithm both space and time effi-
cient. We show that when specifying properties in the sublog-
1 Introduction ics LTL and CTL of CTL*, the nonemptiness game can be
optimised by reducing the number of new games required. In
fact, it is the case that when we combine the rules for playing
For nearly two decades now, model checking has been a pop-TL games and CTL games we can do nonemptiness check-
ular method for analysing the correctness of designs [5, 20]. Ang for full CTL*. Furthermore, it is easy to see that the LTL
model checker performs the task of checking whether a cornonemptiness game is a reformulation of the nested depth-
rectness property, expressed in a temporal logic, is valid in dirst search for testing nonemptiness for NBA. The extra rules
model of a design. Its popularity is to a large extent due torequired for the CTL nonemptiness games therefore capture
the fact that the model checking task can be automated whethe extra expressive power of the branching time fragment of
checking finite state systems. CTL*.

Key words: model checking — Biichi automata — hesitant a
ternating automata — games — SPIN

Temporal logics are often used as property-description  The rest of the paper is structured as follows. Section 2
languages since they can describe event orderings withowontains the syntax and semantics of CTSection 3 de-
having to introduce time explicitly. There are two main kinds scribes automata-theoretic LTL model checking, including a
of temporal logicslinear andbranching[16]. In linear tem-  description of the nested depth-first search used within SPIN
poral logics, each moment in time has a unique possible futo check the nonemptiness of NBA. In Section 4 automata-
ture, while in branching temporal logics, each moment intheoretic CTI* model checking with HAA is described (in-
time has several possible futures.
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cluding a brief description of the translation from formulasto = |= v are written whenk is clear from the context. The
HAA). Section 5 describes the nonemptiness game for HAArelation = is inductively defined as:
as well as the use of new games, whereas in section 6 we give
the rules for playing the optimised games for LTL, CTL and — Vs € S, s = true ands & false
CTL*. In section 7 we briefly discuss the integration of oural- — s = pforp € Propsiff p € L(s)
gorithm within the SPIN system and in section 8 we conclude — s = —p for p € Props iff p & L(s)
with some general comments on the work presented here.  — s = @1 A ¢, iff s = 1 ands = ¢
—sEp1 Vaiff sl=¢10rs = g9
— s = Ay iff for every pathm = sg,$1,..., with sy = s

2 Syntax and Semantics of CTI* TEY _ _ _
— s = Ev iff there exists a path = s, s1, ..., with s =
s, andr |= v

CTL* can express both linear and branching time properties,— = |= ¢ for a state formulap, iff s = ¢ wherer =

and is more expressive than the linear time logic LTL [19]and  sq, s1, - - -

the branching time logic CTL [7]. In fact, both these logics 7w |E 1 Ao iff =y andr = 9y

are strict sublogics of CTL For technical convenience only mE YL Vi iff = orm =1

positiveCTL* formulas will be used here, i.e. formulas with Tl Xyiff ' o

negations only applied to atomic propositions. Any CTar- 7 =y U 1y iff 3i > 0 such thatr! = v, andVj,0 <

mula can be transformed into a positive form by pushing j < i, = ¢,

negations inward as far as possible by using De Morgan’s— = = ¢; V 1 iff Vi > 0 such that ifr! £ v, then

laws and dualities (note, this transformation can at mostdou- 35,0 < j < i, 7 =y

ble the size of the formula). There are two types of formulas

in CTL*: formulas whose satisfaction is related to staséste A states satisfiesdy) (Ev) if every path (some pathy from

formulas, and those whose satisfaction is related to pathshe states satisfies), while a path satisfies a state formula if

path formulas. Letg € Props, where Props is a set of the initial state of the path doe&.y holds of a path wheg

atomic propositions. The syntax of CTlstate §) and path  is satisfied in the suffix starting in the next state on the path,

(P) formulas is then given by the following two BNF rules:  whereas); U 1, holds of a path ify; holds on the path until
1o becomes trueV is the dual ofU since—(y; U t9) =

S u=true| false|q|—-q|SAS|SVS] -1 V. —po and is referred to as the “release” operator:
AP | EP Y1 V 1 holds for a path, ifys remains true untik); “re-
P:=S|PAP|PVP|XP|PUP|PVP leases” the path from its obligation. The following well known

abbreviations will also be usediip = true U p andGy =
A (*forall”) and E (“there exists”) are referred to as path false V .
guantifiers and{ (“next”), U (“Until”) and V' (“release”) as
path operators. The sublogics CTL and LTL are now defined

as. 3 Automata-Theoretic LTL Model Checking

CTL Every occurrence of a path operator is immediately pre-

ceded by a path quantifier. For linear time temporal logics, notably LTL, a close rela-
LTL Formulas of the form/_l_P where th_e only state S“'F’Tor' tionship with nondeterministic automata has been established
mulas of P are propositions, negations of propositions, [28,27]. Essentially, with each linear time formula, an au-
true or false. tomaton over infinite words is associated that accepts exactly
) ) ] ) ) all the computations that satisfy the formula. Therefore if we
The semantics of CTLis defined with respect tolripke  consider the Kripke structure to be an automaton as well,
structurek” = (Props, S, R, so, L), whereProps isasetof oo it 4, with the automaton describing the formuldy,,
atomic propositions5 is a set of statedy C S x Sisatran-  then model checking can be described as a language contain-
sition relation that must be total (for evesy € S there exists  hant problem:(Ay ) C £(A,). This can be rewritten as

as; such that(s;, s;) € R), so € Sis aninitial state and 5 honemptiness problem of intersecting autométat ) N
L : S — 2Prors maps each state to the set of atomic propo-ﬁ(Aw) = 0.

sitions true in that state. F@s;, s;) € R, s; is asuccessoof

s; ands; a predecessoof s;. The branching degree, i.e. the

number of successors, of a statis denoted byi(s). Apath 31 Nondeterministic Bhi word automata

in K is an infinite sequence of statese= sq, s1, s2, ... such

that(s;, s;+1) € R fori > 0. The suffixs;, s;+1,... of 7 is

denoted byr?. K, s |= ¢ indicates that the state formufa  LTL formulas can express properties on infinite behaviours,
holds at state and K, = |= ¢ indicates that the path formula therefore automata that accept infinite sequences (words) are
¥ holds at the pathr of the Kripke structurds. s |= ¢ and  required. Since nondeterministic Buchi automata (NBA) can
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accept infinite sequences they are often used for automatd-
theoretic LTL model checking [28, 27].

A Buchi automatom is a 5-tuple( X', S, p, sg, F'), where
Y is a finite alphabet§ is a finite set of states, € S is the
initial staté}, p : Sx X — 2% is a transition function anél' C
S is the set of accepting states. Intuitivelys, a) is the set of
states4A can move into when it reads symholvhen in state
s. Since it can move to a set of states, the Biichi automaton i
nondeterministic. If an infinite wordy = ag, a;,... overyY
is given as input tod then arun of A is a sequence, sy, . . . 12
wheres; 11 € p(s;,a;), foralli > 0 (we also refertoarun 13
as a path of states). If we defimef(7) as the set of states 14
that occur infinitely often on the infinite path thenwisan 15
accepting pathff inf(7) N F £ ). 16

O~NO O WN

0
11

AKripke structure’ = (Props, S, R, sq, L) can be view- g
ed as a Bichi automatohy = (X, S, p, sg, S), whereX' = 19
2FProvs ands' € p(s,a) iff (s,s') € Randa = L(s). The 20
automatomd i has as its accepting set all the states in the au21
tomaton and therefore any run of the automaton is accepting.
Thus,L(Af ) is the set of computations (possible behaviours)

df s(state s)

Add (s,0) to VisitedStates;

FOR each successor t of s DO
IF (t,0) not in VisitedStates THEN

df s(t)

END

END

IF s is an accepting state THEN
seed = s; 2dfs(s)

END

END;

2df s(state s)

Add (s,1) to VisitedStates;

FOR each successor t of s DO

IF (t,1) not in VisitedStates THEN

2df s(t)

END

ELSI F t ==seed THEN report nonenpty END
END
END

Fig. 1. Nested DFS

of K.

In [27] it is established that given an LTL formula a
Biichi automatom,, can be constructed such thatA, ) is
the set of computations that satisfies formulathe num-
ber of states of4,, is in the order of2°(¥)). Furthermore,
for Blichi automata the following hold€}(A,) = £(A-y).
Let's define the product of two Biichi automata = (X, Sp,
0, Sg,Fo) andA1 = (21,517p1,<9[1)7F1) to beAO X A1 =
(Yo x X1,80 x S, p, 88 x 88, Fo x Fy), with p((p,q),a) =
po(p,a) x p1(q,a). In general the following does not hold for
Buchi automatal(A; x Ay) = L(A1) N L(A,), since this
implies that the two automata must go infinitely often aid

time linear in the size of the automaton and an LTL formula
¢ can be translated to a Biichi automaton wie®(1¥1))
states, this gives model checking complexit).S| x (2°(1¥1)))
where|S| is the number of states in the Kripke structure to be
checked.

Courcoubetis et al. [6] show that during the nonemptiness
check of a Buchi automaton the computation of SCCs can
be avoided. Note that constructing SCCs is not very memory
efficient since the states in the SCCs must be stored during
the procedure. The idea is to use a nested depth-first search

multaneouslghrough accepting states. Here, however, sincelo find accepting states that are reachable from themselves.

all the states ofi - are accepting we havé(Ax x A_) =
L(Ax)NL(A-y). Automata based LTL model checking can
therefore be described by the following three steps:

1. Negate formula and create the NBA ;.
2. Construct the product automatdn ., = Ax x A_y.
3. If L(Ak —y) # 0 reportinvalidelsereport valid.

3.2 Nonemptiness Checking

A Buchi automaton accepts some wdifdthere exists an ac-

cepting state reachable from the initial state and from itself
[27]. It is easy to see that a linear time algorithm exists to

Such an algorithm is given in Figure VisitedStatess
a data-structure, usually a hash table, that keeps track of all
states already seen during the search. The algorithm works
as follows: when the first search backtracks to an accepting
state a second search is started to look for a cycle through this
state. In [6] it was stated that the memory requirements of
the nested depth-first search would be double that of a single
depth-first search, but in [11] it is shown that only two bits
need to be added to each state to separate the states stored in
VisitedStatesUnfortunately, the time might double when all
the states of the automaton are reachable in both searches and
there are no cycles through accepting states.

Of all model checkers, SPIN [14] is probably the most
widely used: a recent estimation puts the number of installa-

find such an ac_:cepting lstate: decompose the state graph %ns at around 4000 [13] with an even spread among com-
the automaton into maximal strongly connected componenti,ercia| and academic usage. Correctness properties in SPIN

(SCCs), which can be done in time linear in the size of the

automaton [25]; the automaton is nonemjffyan accept-

ing state exists in any of the maximal SCCs. Since checkin
whether a Biichi automaton accepts some word can be done

1 In the general case there is a set of initial states, but fatahchecking
we only require a single initial state.

are specified by the so-callatever claim which is essen-
tially a Buichi automaton expressing unacceptable behaviour

ggt]ence the nameever claim. Checking nonemptiness of the

tomaton comprising the product of thever claimwith
the model of the system is done with the nested depth-first
algorithm shown in Figure 1 [14,15]. The product automaton
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is also built on-the-fly during the depth-first search for mem-meaning that the automaton accepts the warsdwherea is

ory efficiency. An interface for doing LTL model checking a symbol andv is a word) when it accepts in states and

exists by translating a LTL formula to mever claim(Buchi acceptsw from both states, ands; or from both s, and

automaton). s3. The transition combines therefore both existential choice
(disjunction) and universal choice (conjunction).

4 Automata-Theoretic CTL* Model Checking 4.1 Alternating Tree Automata

The automata-theoretic counterpart for branching time tem_In order to define automata over infinite trees we need the fol-

L o lowing basic definitions. Areeis a connected directed graph,
poral logic is automata over infinite trees [26, 21]. For branch- . :
o . ) . e with oneroot node g, and every other node has a unique par-
ing time, unlike for linear time, satisfiability and model check-

. . L - . ent. More formally, a tree overN is a subset oN*, such that
ing complexity do not coincide; model checking is typically if +.icr wherer € N* andi € N. then alsar € 7 and
much easier than checking satisfiability. Nondeterministictre(?o'r/a”/O < ’i, <i T Ve Fof ever' v e 7 the /node'y i
automata cannot compete with this gap, essentially since the S = T ) yr .

. . Wherei € N are called thesuccessorsf z. Thedegreeof a
translation from formulas to automata can incur an exponen- ) .
. o . ..~ nodez, d(z), in a treer is the number of successorsoin .
tial blow-up in size. Therefore, when using nondeterministic

. ? : leafis a node with no successors.pathr of a treer is a
tree automata as a basis for model checking the resulting al- . ; :
L : . 2 . sequence of nodes starting witland for everyr € w, either
gorithm’s time complexity will be exponential in the size of

the temporal formula x is a leaf or there exists a uniques N such tha_tz: "1 € .
' Letinf(7) be the set of nodes that occur infinitely often on
Since nondeterministic automata have traditionally beerthe infinite pathr.
used for automata-theoretic model checking and since for cer-

tain branching time temporal logics model checking is linear An alternating tree automatois a tuple(¥, D, 5,0, so,
g P 9 9 f). Here X' is a finite alphabetD C N is a finite set of

(e.g. CTL), automata-theoretic techniques have been consig- . . . . .
ered inapplicable to branching time model checking. In [2,1] .ranch|ng-(_jegree§,|s afinite set OT _statesg € Sisthe ni-
) ' ““tial state,F' is the acceptance condition (the type of condition

it is shown that the use @lternatingautomata over infinite : :
. . .. depends on the type of alternating automata; two types are
trees is the automata-theoretic counterpart of branching time,. " : .
. . : discussed below) ant: Sx X¥'xD — B*(NxS) is a partial
temporal logics that allows efficient model checking.

transition function, wheré(s, a, k) € BT ({0,...,k — 1} x
Alternating automata generalise nondeterministic automasg, for eachs € S, a € X andk € D such that(s,a, k) is

since they can express both existential and universal choicelefined. Arun r of an alternating automatot on a tre€T” is

whereas nondeterministic automata can only express exister-tree where the root is labelled by and every other node is

tial choice. In fact, the name refers to the automaton'’s abilitylabelled by an element & x S. Each node of corresponds

to alternatebetween existential and universal choice. In orderto a node ofl". A node inr, labelled by(x, s), describes a

to define the alternating automata of interest here, the follow€opy of the automaton that reads the ned# T in the state

ing definition is required: for a given se¢, let BT (X) be  s. Note that many nodes ofcan correspond to the same node

the set of positive Boolean formulas ovEr(i.e. boolean for-  of 7. The labels of a node and its successors have to satisfy

mulas built from elements itk usingA andV), where the  the transition function (see example below). A rumcsept-

formulastrue and false are also allowedY C X satisfies  ingif all its infinite paths satisfy the acceptance condition

B € BT (X)if 3is satisfied when assigning true to the mem- For example, the Biichi acceptance conditiorC S will be

bers ofY and false taX — Y. For example, the sdts, s1 } satisfied on an infinite pathiff in f ()N F # (. Note that we

satisfies the formulésg V s2) A (s1 V s3), but the sefsq, sa} can get finite branches in the tree representing the run when

does not. eithertrue or falseis read in the transition function. However

in an accepting run, onlyue can be found as leaves, since a

Let's explain the difference between nondeterministic and o 7 X
path containindalseis trivially not accepting.

alternating Buichi word automata with the aid of the func-
tion B¥(X) (defined above). For a nondeterministic Biichi Example: Let’s consider the following transition func-
word automatond = (X, 5,6, so, F') the transition func-  tion: §(sg,a,2) = ((0,s1) V (1,s2)) A ((0,s3) V (1,s1)).
tion § maps a state and an input symbak € ¥ to a set When the automaton is in statg, reads inputz and the
of states indicating the possible nondeterministic choice fobranching degree of the input treedsvhena is read (i.e.
the automaton’s next state. The functiboan be represented there are2 successor states from this state in the input tree)
by usingB* (S); for exampleg(s,a) = {so, s1,s2} can be  then the automaton will make two copies of itself (due to the
written asd(s,a) = so V s1 V so. When using alternating au- A in §) which could then proceed in different ways. One pos-
tomata, howeven can be an arbitrary formula froB+ (.5); sibility is that one copy of the automaton proceeds to state
for example and the next input this copy reads is in directibof the in-
put tree (which could be considered to be the first successor
0(s,a) = (8o As1)V(s2 A ssz) of the state in the tree wherewas read), the other copy of
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the automaton could also go to statebut read its input in

directionl of the input tree (say in the direction of the second

successor of the state in whiehwas read). In fact there are

four possibilities for the automaton to proceed, summarised

below:

— one copy proceeds in direction 0 in stateand one copy proceeds in
direction 0 inss.

— one copy proceeds in direction 0 in stateand one copy proceeds in
direction 1 ins;.

— one copy proceeds in direction 1 in stateand one copy proceeds in
direction 0 inss.

— one copy proceeds in direction 1 in stateand one copy proceeds in
direction 1 ins;.

Weak alternating automaf@vAA), introduced by Muller

et al. [17], was one of the first types of alternating automat
to be used for reasoning about temporal logic. For exampl
in [18] WAA are used to explain the complexity of deci-
sion procedures for certain temporal logics. More recently,
WAA were used to define linear time algorithms for model

checking CTL [1]. In [2], Bernholtz et al. defindabunded

causg(0, sg) and(1, sg) are related by a conjunction and
So € S;.

— if S; is universal, therd(s, a, k) only contains conjunc-
tively related elements of;. Examples (assum§; =
{s0}): 0(s0,a,2) = (0,s0) A (1,50) andé(sg,a,2) =
((0,s0) A (1,50)) V (0, s1); but for the casé(so, a,2) =
((0,s0) V (1,80)) A (0,s1), Si is not a universal set, be-
cause(0, so) and(1, sq) are related by a disjunction and
Sp € S;.

The acceptance condition is a pair of sets of stat@sB).
From the above restricted structure of HAA it follows that
an infinite path,p, will either get trapped in an existential
or universal set,S;. The path then satisfiegz, B) iff ei-
ther S; is existential andnf(¢) N G # ( or is universal
andinf(¢) N B = (. Here we also define a subclass of

SHAA, called 1-HAA, for which everyS; set contains only

one state in the partial order. In [31] it is shown that 1-HAA
is the automata-theoretic counterpart of CTL, whereas HAA
in general correspond to CTlformulas.

alternationWAA, that also allow space efficient CTL model 4.2 Translating CTE to HAA

checking. In fact, it was shown that CTL model checking is

in NLOGSPACE in the size of the Kripke structure.

Here we will only discuss informally the translation of CTL

A weak alternating automaton is defined as follows. Firstlyformulas into HAA. The interested reader is referred to [1]

it uses a Biichi acceptance conditidhC S. The set of states
of a WAA can be partitioned into disjoint sefs, such that
eachS; is either amaccepting seti.e. S; C F, or is areject-
ing seti.e.S; N F = (). Furthermore, a partial ordet exists
on the collection ofS; sets such that for every € S; and
s' € S; forwhich s’ occurs ind(s, a, k) for somea € X' and
k € D, we haveS; < S;. Thus, transitions from af; either
lead to states in the sanSgor a lower one. An infinite path in
the run of a WAA will therefore get trapped within sonsg

for a detailed analysis of this translation. Firsiaximalstate
subformulas of a formula, maz(p), need to be defined:

is a maximal state subformula gfif it is a proper state sub-
formula and there is no other proper state subformula fair
which ¢ is also a proper state subformula. For example, let
© = AF(Xqg V AFAGD), thenmaz(¢) = {q, AF AGp}. Sec-
ondly, observe that complementing an HAA= (¥, D, Q,
8,q0,(G,B))isA = (X,D,Q,0,q, (B,G)), wheres is de-
fined as switching all the true and false values and\taad

if this S; is accepting then the path satisfies the acceptance symbols. For example, (g, a, k) = p V (true A g), then

condition.

Unfortunately WAA cannot be used for model checking

6 =pA(falseV g).
The first step in the translation ¢f is to build the HAA

CTL*, since CTL* can define languages that are not weaklyfor all the formulas inmax(y). The formulay is now rewrit-
definable [22]. A stronger acceptance condition is requireden, asy’, with all the formulas innaz () replaced by atomic

for automata corresponding to CTlformulas. In [1] hesi-

propositions. The formula’ now consists of path modalities

tant alternating tree automata (HAA) are defined that havepreceded by a path quantifier (A or E) and only has proposi-
a more restricted transition structure than WAA, but a moretions as state formulas, i.e. linear time formula preceded by
powerful acceptance condition. As with WAA, there exists aan A or E. Let's consider the case where we have E1),

partial order between disjoint sefs of S. Furthermore, each
setS; is classified either asansient existentialor universal
such that for eacls;, and for alls € S;,a € X andk € D
the following holds:

— if S; is transient, then(s, a, k) contains no elements from
S;. Examples (assum®& = {s0}): d(s0,a,2) = (0,s1)A
(1, s2) ando(so,a,2) = ((0,s1) V (1,82)) A (0, s3)

— if S; is existential, them (s, a, k) only contains disjunc-
tively related elements of;. Examples (assum§; =
{s0}): 0(s0,a,2) = (0,s0) V (1,50) andé(sp,a,2) =
((0,s0) V (1,30)) A (0, s1); but for the casé(sg,a,2) =
((0,80) A (1,50)) V (0, 1), .S; is not an existential set, be-

where is a linear time formula. Informally, the idea is to
build an HAA for Ev over the alphabeE’ = 2me#(2) and
then to expand it over the alphahgtby using the HAA for

the formulas inmax(«). For the formulad«, an HAA for
E—1) (with the negation pushed inside to the propositions) is
built in the above fashion and then complemented. In the con-
struction of the HAA forEv the crucial point is the construc-
tion of a nondeterministic Buichi word automaton that accepts
all the infinite words recognised by. A simple translation
exists from this automaton to the HAA fd#y) (see [1]). Un-
fortunately, the Buchi word automaton is exponential in the
size of they [27,10]. This results in the complete translation
from a CTL* formula into an HAA being exponential.
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Note that we do not translate the linear time formula into Y
an alternating Biichi word automaton, even though this trans-
lation is known to be linear [18]; this is because the reduction
to a 1-letter nonemptiness problem, which we will see in the
next section is crucial for efficient model checking, is impos-
sible for alternating Biichi word automata, but possible for
nondeterministic Buichi word automata [1].

@"’\@’

ol

Example: Considerthe CTEformulay = AFGp. Since
Fig. 2. Kripke structureK = ({{p}, {-p}}, {z,y,2,k,h}, R,x,L)

it is of the form Ay we need to negate and complement the

HAA for EGF-p. Note that we do not need to construct | 5(g,0,1) | (¢, i}, 1) |

an HAA for the maximal formula-{p) since it is already a Vo) AN (ea0) | N2 q0)

proposition. The nondeterministic Buichi word automaton for 1 =0 1 e=0 0 10 e=0102 40
@ || Veole.ar) true

G F-p has the following transition relatioh/

M(qo, {=p}) = M(q1,{-p}) = a1
M (qo,{p}) = M(q1,{p}) = o0

with the accepting s€ig, } and the initial state,. (We imple- 2. Construct the product alternating automaz&fl;] — Kx

mented an optimised version of the algorithm given in [10] to Ap.,. This automaton simulates a runf ,, on the tree

create Buchi word automata from linear time formulas.) From |nduced by the Kripke structure K.

this we construct the HAA foEG F—p: 3. If the language accepted by} . is nonempty thenp
holds for K, otherwise not.

Fig- 3.HAA Ap agrrp = ({0, {p}}; D {40, a1}, 0, 90, ({3}, {}))

| 0(a,0,k) | o(a:{p}. k) |
@ | ViZo(e.a) [ Via(e,q0)
o || Vig(e,q) | Viig(e,q0)

Thus, a nonemptiness check for HAA is required to check
CTL* properties in K. The general nonemptiness check for
HAA cannot be done efficiently [1]. Fortunately, taking the

with acceptance conditiof{¢; }, {}) and initial statejo.  productwith the Kripke structur®, results in a 1-letter HAA
Since this HAA is already defined over the alphablétrs = over words (i.e. an HAA with 2| = 1 andD = {1}),
{=p,p}, all that remains is to complement it to get the HAA for which a nonemptiness check can be done in linear time
for ¢ (call this HAA A pcyp): [1]. Let's now define this product automaton. Lép , =
(2Frors D Q.. 84,00, (G, B,)) be an HAA which accepts

|| 6(q,0,k)

| 8(q. {p}. k) |

qo

/\f;é (Cv q1 )

/\f;(} (Cv qO)

exactly all theD-trees that satisfy and letK = (Props, S,
R, s, L) be a Kripke structure with degreesin The prod-

uct automaton is then an HAA word automatar}, |
({a}, S x Q. 6, (s0,q0), (S x Gy, S x B,)) whered is de—
fined as §uccg(s) is the ordered list of successors oin
K):

a | Nisj(ea) | NiZ) (e, q0)

with acceptance conditiof{ }, {¢: }) and initial statey,.

4.3 Nonemptiness Checking for HAA
—Let@ € Q,, s € S, succr(s) = (so,---,5(s)—1)) and

do(q, L(s),d(s)) = a. Thend((s,q),a) = o, wherea' is
Let's first consider the general approach to automata-theoretic ~ obtained fromx by replacing each atorfe, ¢') in « by (s., ¢').
branching time model checking. Recall that for linear time
temporal logic each Kripke structure may correspond to in-
finitely many computations. Model checking is therefore re-
duced to checking inclusion between the set of computation
allowed by the Kripke structure and the language of an aus
tomata describing the formula (section 3). For branching tem-,

poral logic, each Kripke structure corresponds to a single successor state exists in the product automaton). For exam-
nondeterministic computation. Therefore, model checking is

le consider the product automaton of the Kripke structure
reduced to checking the membership of this computation uf b P

the language of the automaton describing the formula [32]1Tr g g)urignags ;:eAI:QAC‘)IOt: QZ?nCI;II LJ:)errzula AGEFp (Fig-
This suggests the following automata-based model checking g g

A run of an alternating automaton is a tree; in the sequel
we will display this tree as an And-Or tree with each infinite
ranch truncated when a node is revisited on a branch. There-
fore the product automaton will be displayed in this fashion
(note we do not show the andV choices when only one

algorithm. Given a branching temporal formwand a Kripke
structureK with degrees inD:

1. Constructthe alternating automaton for the formdla,, .

To illustrate how this product is obtained we show how

the run proceeds from the initial state. In the initial state the
automaton is in stat@ and takes as input the label from state
2 (namely—p) and its branching degree (2) in the input tree
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Fig. 4. And-Or tree for the product automatdii x Ap AGEFp-

induced by the Kripke structurk’: 5 Nonemptiness Game

(s(QO', {_‘p}', 2) = ((0/ Q1) \ (1/ Q1)) A ((0/ QO) A (1/ (Jo))
Emerson and Jutla were the first to use game-theory in com-
If we considety to be the first successor ofandk the second  bination with temporal logic [8]. They used infinite Borel

successor af then we get: games to show that satisfiability checking for CTik in de-
terministic double exponential time. In [24] Stirling showed
6(go, {=p}) = ((y. 1) V (k. 1)) A ((y,90) A (K, q0)) how Ehrenfeucht-Frés games can be used to capture the

expressive power of the extremal fixed point operators of the
which is displayed graphically in Figure 4. Note that all the ;,-calculus . To the best of our knowledge, Stirling was the
branches that reach the stdte ¢,) are trivially accepting first to use two-player games for model checking [23] when
since arue is read in the transition function. All other branch- he reformulated the model checking problem for thealculus
es are infinite and their acceptance is determined by the ags a two-player game. Here we show how the nonemptiness
ceptance conditioi{}, {}): the infinite branches with &  check for HAA can be formulated as a 2-player génvée re-
component are accepting (singeis in a universal set and  fer to this game as theonemptiness gam@é/e will show that
q ¢ B,ie.inf(r) N B = 0, wherer is any of the infi-  formulating the nonemptiness problem for HAA as a game
nite branches with @, component) whereas all the infinite has two main advantages: (1) The game is simple and can be
branches with @ component are not accepting (singeis  played without prior knowledge of the automata-theoretic de-
in a existential set anth f(7) N G = , wherer is any of  tails. (2) Although the game does not improve the worst-case
the infinite branches with & component). However, since complexity of the nonemptiness check for HAA, it leads to a

all the infinite branches with @ component can be avoided simple and efficient implementation for checking nonempti-
by picking the other option in the-choice and reach a triv- ness of an HAA.

ial accepting state it follows that the run of the alternating

automata is accepting and hericer = AGEFp. The nonemptiness game is defined as a two-player game,

in which player 1 will try to show that the HAA is empty

In [1] it is shown that the 1-letter nonemptiness problemwhilst player 2 will try to establish that it is nonempty. A
can be solved in a space efficient and a time efficient fashplay of the game is a possibly infinite sequenceositions
ion. Unfortunately, the algorithm proposed for time efficient of the form(qo. s0), (¢1,51), . .. where each positiofy;, s;)
nonemptiness checking is incompatible with the one that alis a node in an And-Or tree (in our case, the product of the
lows space efficiency. This is because the time efficient alHAA for the formula and the Kripke structure). Which player
gorithm is a global algorithm (product HAA must be kept in makes the next move is determined by the structure of the
memory throughout the procedure) and the space efficient aland-Or tree: player 1 (Bindy) moves whenever there is an
gorithm is a local algorithm (only the part of the HAA being
explored is kept in memory). In order to tackle large model 2 We do not claim this formulation is new, in fact Gurevich anaftihgton
Checking examples a practical algorithm is required that ig/12] showed that the nonemptiness problem for nondetestiinRabin tree

. . . . ., automata can be reduced to a 2-player game, which is closkelted to our
both time and space efficient. In the next section we considef,g

the theory of 2-p|ayer gar_nes asa W?‘y of deﬁning such an s Positions in the game setting are equivalent to states iratih@mata
algorithm for the nonemptiness checking of HAA. setting.
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A-choice and player 2 (® t) when there is a-choice!. The  left-most play play.), infpos(play.) = {(x,q0), (y,q0),
players therefore do not take turns as is the case in many stafis, ¢o) }, but since B is empty & t wins this play. Brt in
dard games. The winner of a play can be determined when efact wins every play, regardless of&rdy’s moves, and from
ther a node that is labelledue (Por twins) or false (Brandy  Theorem 1 it then follows thak” x Ap agrrp iS NONempty,
wins) is found in the play or when a position in the current and hence also th& = AGEF'p.

play is revisited.

When a position in a play is revisited it represents theTheorem 2. Given a Kripke structures” and a CTL for-
scenario where there is an infinite path in the product HAAMulay then K = o iff Player 2 (For t) has a winning strat-
and therefore we need to consider the acceptance conditiotgy for the nonemptiness game®n< Ap, ,, whereA, , is
(G, B) to determine which player wins the play. Recall the @ah HAA such that the language accepteddyy,, is exactly
acceptance condition for an infinite path,in an HAA: the set ofD-trees satisfying.

1. If = gets trapped in an existentis] andin f(7) NG # 0 Proof: Theorem 2 follows directly from Theorem 1 and cap-
2. If m gets trapped in an universs andin f(r) N B = () tures the relationship between the model checking problem

and the nonemptiness game.
Let’s define a set of positionsy fpos(play,), to be the

positions in the current play/ay, that are visited infinitely
often onplay,. ExistentialS; only contain disjunctively re-
lated elements, thusolP t will be making the choices of which

From Theorem 2 we can now construct a more effective
algorithm for doing CTl* model checking. The first partis to
construct the HAA from the CTLformula and then to play
the nonemptiness game on the product of this HAA and the

move to make in thes$;. UniversalS;, on the other hand, Ok h - fth ;
only contain conjunctively related elements, thereforarty Kripke st_ruct_ure. T € co_nstructlon ofthe H'A_‘A roma CTL
formula is given in section 4.2. Next we will show how to

makes the next move. The definitions of existential and uni- | h . ) fficient fashi
versal sets combined with 1 and 2 above are sufficient to de™P ement the nonemptiness game In an efiicient fashion.
fine the winning conditions of a play, summarised in Figure 5.

Since the intentions of the players when making movess.1 Implementing the Nonemptiness Game
are backwards sound, the following rule can be used to com-
bine the results of plays: if Bindy (Por t) moves from po-
sition s to s’ in a play ands’ is the start of a winning play In the previous section it was shown that the moves of the
for Brandy (Por t), then Bandy (Por t) also wins froms. nonemptiness game are determined by the structure of the
A player has aNinning Strategyor a game |f the player can And-OI’ tree. We haVe implemented a depth-first algorithm

win any play of the game from a position, regardless of thefor finding winning plays in an And-Or tree. An efficient im-
opponent’s moves. plementation ofn fpos is obtained by keeping track of the

positions in the current play on a stack data-structure, where a

Theorem 1. Player 2 (Por t) has a winning strategy in the N€W position is pushed every time a move is made and popped

nonemptiness game from the initial state of an HAA iff theWWhenever awinning play is found from the position. The el-
language accepted by the HAA is nonempty. ements inin fpos are therefore all the elements in the stack

between the depth where a position is revisited and the cur-

Proof (sketch): Each play in the game is essentially check- rent depth (value of the top of stack pointer). The stack is

: ; oo ; Iso used to keep track of the other possible moves from a
th t f bly) infinite path in the HAA, 259 X .
Ing the acceptance of a (possibly) infinite pathin the A Goosmon, but the moves themselves will only be made if the

éiepth-first algorithm requires it later (i.e. after backtracking)
in the search for a winning play. For example when looking
for a winning play in the initial position of Figure 6 the left-
hand choice at the-node is taken and the fact that there is
a right-hand choice is recorded in the stack, but it is only ex-
plored when it is clear that the left-hand choice returns a win-
ning play for Por t. This approach is in general more memory
efficient than a breadth-first algorithm where all the choices
are explored simultaneously.

a winning play do not depend on any previous choices, th
winning strategy for a player can be considehgstory-free
(or memoryless). Therefore, all that is required to prove the
orem 1 is to show that if there is an accepting run of an HAA
then it will be a history-free run. By [9], and by the fact that
in eachsS; set of the partition the hesitant acceptance condi
tion is either a Buichi or co-Biichi condition, this is indeed the
case, an ho memory is required.

Example: If we play the nonemptiness game on the HAA,

K x Ap.acr, from Figure 6, then it is clear that whenever Unfortunately, although the algorithm outlined above is

Por t has a move it can reach the positigin ¢, ) which is a memory efficient, it is not time efficient. The reason for this is
! that “winning” games from a position can be replayed. Con-

winning position for Br t (the winning players are shown as ideri i th le of Fi 6. it is clear that in th
labels on the positions in Figure 6). The only interesting playsSI €ring again the exampie of FIgure o, 1 IS clear that in the

are those that revisitr, o) and(z, ¢; ), for example for the play (z, a0), (4. o). (2. 40). (. 1) there is awinning play for
' T Por t in position(x, ¢1), but this position arises three more

4 The player names reflect when the player moves: Byamdi Pot. times in other plays and the fact thabt has a win from
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| Player 1 (Bandy) Wins | Player 2 (Pr t) Wins |
Play reaches galse Play reaches &rue
After a move by Br t, that revisits a position After a move by Br t, that revisits a position
in the current playin fpos(play-) N G =0 in the current play;n fpos(play-) N G #
After a move by Bandy, that revisits a positior] After a move by Bandy, that revisits a position
in the current playin fpos(play.) N B # () in the current playjn fpos(play-) N B = ()

Fig. 5. Winning Conditions for a Play in the Nonemptiness Game

Port

"7~ The labels indicate the player
winning from a position
AN |

A VAR
Por t Por t Por t Por t
g(

Por t Port(z ,q
Port Port r r T
A i)

Brandii Port
Brandy i Por t

Brandy(Z ,q

Brandy X q

Fig. 6. And-Or tree for the product automatdii X Ap aceFp

this position will be re-established each timeresultsstore  are deleted and the result of the new game is stored in the
is required to keep track of winning positions so that whenoriginaP results store. Whenever a position is visited in the
they are revisited in different plays then the results can benew game it is first checked whether this position is in the
reused. The problem is however to determine when to stor@riginal store, since if it is that result can be used. Note that
the results, or to put it another way, when a potential win-when we refer to theaonemptiness gamee refer to the initial
ning position is stored to be certain that the winning position(first) game together with all the new games that are played in
is indeed correct. A first consideration might be to store theorder to determine the winning player for the initial position
winning position when all moves from a position have been(of the first game).
played (i.e. when the depth-first algorithm backtracks). How-
ever, since a play is truncated whenever a position is revisited .
) . laying a new game another new game can be started etc.
it may happen that an incorrect result can be stored when a . .
herefore, to ensure that new games will not be played in-
moves from a position have been made. The problem is that A

Initely, a new game is not allowed from a position from which
winning play for a player may now be missed since that playa new game is already being played. In fact, when a new game
may have been truncated at some point. : ’

is being played one need not play more new games from posi-
tions that are on the current play of any of the previous games
5.2 New Games (initial game and all new games currently being played). The

reason for this restriction is that new games for positions that

In order to ensure that the results stored as winning positiongire on the current play of a previous game will be played later

. o . on (precisely, when the positions are backtracked in the previ-
are indeed correct, it is proposed than@wvgame is played
" ous game). This therefore has the effect of just postponing the
whenever all the moves from a position, sayhave been - s :
. N o new game. Note that the initial position of a new game is by
played. This new game takes as its initial positioand a

def|n|t|0n also part of the current play of the previous game
new stack and new results store are used. Since a new gam

ARd therefore this restriction also ensures that new games can-
uses a new stack and a new store, the intuition is that plays

not be played infinitely. Furthermore, when a new game is to
that were previously truncated will be played to completion
. ) . be started from a position that is in the acceptance condition
in the new game, hence ensuring that the correct result is ob-,

tained for the initial position of the new game. When a new(G B) and a previous new game is already being played for

game .iS completed (i.e. the winning player from its initial Po- 5 The store used for the initial game will be referred to as thgimal
sition is found) the stack and results store for the new gametore and is never deleted.

New games may have to be played recursively, i.e. whilst
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this position then a cycle exists and the winning player fromFALSE or TRUE was expanded in the transition table. How-
this position can be determined by whether it is part of a uni-ever, when the next move requires the successor states of the

versal or existential set.

Example: In Figure 7 it is shown how a new game is
played when the only move frofx, ¢;) has been played and
the result of this new game is th@t, ¢;) is a winning posi-
tion for Por t. Reusing this result whef, ¢, ) is visited again
enables Br t to win the game from the initial position which
is the correct result. No further new games are played for th
positions visited in the new game from position ¢ ), since

current Kripke state to be evaluated then Bieay function

is called. Note that wheRl ay is called only one of the two
players will be making the moves. The functidvel nK
makes a move by generating a successor state in the Kripke
structure. If the position reached after this move has not been
seen before in the game th&ane is called in theExpand
emode from this position.

Here follows a brief description of each function being

all these positions are on the current play of the initial gamecalled inGane andPI ay:

New games are however played for the positions in the initial

game, but in those cases the results are immediately found ireateExpr This function does the lookup in the transition

the original results store (due to the depth-first nature of the
plays).

5.3 Algorithm

An algorithm for playing the nonemptiness game is given in
Figure 8. In order to illustrate how the algorithm works we

first need to show that some moves made by the players relate

only to the structure of the HAA for the formula, whereas

table and expands the entry it finds to an And-Or ex-
pression or tofRUE or FALSE. Expressions are created
in such a fashion that positions from low8f sets are

to the left of theA or V. This, combined with the fact
that the moves on the left sides ofraor v choice are
played first (see functio@ane), means that winning po-
sitions are first established for positions in low&rsets

in the partial order. In terms of the CTLformulas this
has the effect of first establishing the truth-value of all
the state-subformulas before the truth-value of the origi-
nal formula.

other moves depend on the number of successor states froMovelnK This function has several purposes, firstly it chooses

some state in the Kripke structure. For example, if we are in
state(z, qo) in Figure 4 then the next move depends on the
following expression (from the transition table of Figure 3):

k—1 k—1
\/ (C7 ‘h) A /\ (C7 QU)

TheA in the middle of this expression is a move forBidy,
and does not depend on the fact that stateas two suc-
cessorsi = 2). Whereas the moves f(\/f;é (¢,q1) (Port

moves) and/\f;é (c,qo0) (Brandy moves) are dependent on

the number of successor states of the Kripke structure. We
make a distinction between these two types of moves an%a

they are handled by different parts of the algorithm: we call
the formerAND andOR moves and the ones dependent on the
successor statediND SUC andOR_SUC moves. Essentially
this distinction allows the state of the Kripke structure to be
hidden in the algorithm of Figure 8: we will only refer to
Al t _St at e which is the state of the HAA for the formula
being checkedAl t _St at e can take on 6 different values:
AND, OR, AND_SUC, OR_SUC, TRUE andFALSE.

The algorithm consists of two functio@ e andPl ay

a successor of the current position, it then checks whether
this new position is on the current play, i.e. in the stack,
if so it returns a value stating whether a position in B (or
G) was found on this cycle, depending on whether it is
a move by Bandy or Port that causes the cycle to be
closed B_i n_I nf pos, ....). If a cycle isn’'t closed

by the new position a check is made in the results store
to see if this position is winning for a player, if so either
Brandy_wi n or Port _wi n is returned. Lastly, if the
new position is neither on the stack nor in the results store,
itis pushed onto the stack and the vatugav_posi ti on

is returned. When all the successors have been visited
from a position themo_nor e_noves is returned.

ckTrack Backtrack is called when a winning position for

one of the players is found. Backtrack stores this result
in the results store and also pops the entry from the stack
and returns the state of the HAA so that successors of this
(old) state can now be evaluated. The results store is im-
plemented as a hash table for fast access. When Backtrack
is called after a new game has finished the result is stored
in the original results store (i.e. the one associated with
the very first game). This ensures new games will only be
played once for every position.

that both return a winning player from a specific position. NotPlayedBefore Checks whether a game is already being

Gane, when in theExpand mode, takes care of the lookups
in the transition table (using the state of the HAA and the
state of the Kripke structure as indexes) of the HAA for the

played from the current position or whether the position
is on the current play of any previous game and not in the
sets G or B.

formula to be checked. After an expression is expanded bylayNextGame Creates a new results store and new stack for

Cr eat eExpr, Gane is called in thePl ay mode and plays
the moves related to the structure of the HAA, i.e. AND
and OR (as defined above). It also checks whethearity

or Port has a trivial win in the case when respectively a

the new game. Note, creating a new store and stack is
simply done by incrementing@amecounter that would

be used as part of the stack and store entries thus avoiding
conflict with the entries from other games.
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e |:| @

Add Store: /\ Add Store: From Store: \/
Port Port Port

Add Store: /\

Add Store:

N
Port Port
5
Add Store: \/
Port

Add Store:
T (E )

I
Brandy 3
I

New Game

I I
| Add Store 1; \V _Add store I
! Brandy, Port !

Ka

Fig. 7.New Games combined with Results Store

ReturnToPreviousGame Do the reverse of the previous funcgame is therefor®(cn), wherec < n andc is the number of
tion: clears the new results store and decrement&tmee  new games that will not immediately find a winning position
counter. Currently the value of tt@amecounter parti-  from the results store. Note of course, thas bound by the
tions the hash table (results store), thus making it easy tmumber ofS; sets in the HAA for the formula, and ultimately
clear the table when a new game is finished. Note the newherefore, the length of the formula.
stack will be empty by definition, due to tBackTr ack

function. The space complexity of the nonemptiness game is the

amount of space required for the stack plus the space required

Althouah the original . f the alaorith b dfor each of the games’ results stores. The space requirement
though the original version of the algorithm was base for one results store is linear in the number of positions n,

on arecursive structure (as seen in Flgu_re 8) when we €Val3nd since we can reuse the space when a game is finished the
uated it on real-world examples [30, 31] it became apparenEO

o ) ace complexity i®)(k + n), wherek is the space required
that the overhead (memory in this case) required to keep trac P plextty (k+mn) P q
r the stack (in most casés< n)
of the call stack was too large. We therefore removed as muc
as possible of the recursion (by eliminating tail recursion) and
inlinedthe code folPlay within Game and as a consequence

improved the efficiency by at least an order of magnitude. & OPtimised Games

We show that the number of new games played can be re-
duced by exploiting the structure of the HAA. Firstly we
show that checking the nonemptiness of a HAA translated
Let the number of positions in the product HAK x Ap ., from anLTL formula is similar tp the nested_ depth-first algo-
be n. Since a new game is required for each position andithm of section 3.2,_next we give the special rules for Wh_en
in the worst case each of the positions needs to be vis- [0 Play néw games in the CTL case and lastly we consider
ited for each new game the time complexity of the nonempti-OPtimised rules for general CTLformulas.

ness game i®(n?). However, due to the depth-first nature of

the nqnemptiness games _and the_ fact that _the original resul@1 LTL Nonemptiness Games

store is checked for winning positions during a new game,
new games tend only to traverse alpositions the first time
the game is played and subsequently the results store prdiere we are interested in CTLformulas of the form A
vides the results. The time complexity of the nonemptinessand Ep where ¢ contains no state-subformulas other than

5.4 Complexity
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1 Player Play(Alt_State s)

2 { while (!Finished) {

3 action = Movel nK(s);

4 if (action == no_nore_noves) Finished = TRUE;
5 el se {

6 switch (s) {

7 case AND_SUC.

8 switch (action) {

9 case new_position:

10 if ((result=Game(s, Expand))==Brandy) Fi ni shed = TRUE;

11 i f Not Pl ayedBefore(s) {

12 Pl ayNext Gane() ;

13 if ((result=Gne(s, Expand))==Brandy) Fini shed = TRUE;

14 Ret ur nToPr evi ousGane(resul t);

15

16 s = BackTrack(result);

17 br eak;

18 case B_in_Infpos : result = Brandy; Finished = TRUE, break;
19 case no_ B in_Infpos : result = Port; break;

20 case Brandy_wi n : result = Brandy; Finished = TRUE, break;
21 case Port_win : result = Port; break;

22 }

23 br eak;

24 case OR_SUC

25 /] same as case AND _SUC, but with Port substituted for Brandy and G for B.
26 br eak;

27} 1}

28 return result;

29 }

30

31 Player Gane(Alt_State s, int node)
32 { if (node == Pl ay)

33 if (s == AND)

34 if (Gane(s.left,Play) == Brandy)
35 return Brandy;

36 el se

37 return Gane(s.right, Play);

38 else if (s == OR

39 if (Gane(s.left,Play) == Port)
40 return Port;

41 el se

42 return Ganme(s.right, Play);

43 else if (s == TRUE) return Port;
44 else if (s == FALSE) return Brandy;
45 el se return Play(s);

46 if (npbde == Expand) {

47 s = CreateExpr(s);

48 return Gane(s, Pl ay);

49 } }

50

51 Initialise:

52 1. CGenerate HAA fromforrmula with initial node of HAA being init.
53 2. if (Gane(init,Expand) == Port) printf("Formula Satisfied");
55 else printf("Fornmula Invalid");

Fig. 8. Algorithm for Nonemptiness Game.

true, false, propositions and their negations (call them lin- q || 8(g:0,k) | (g {r}.k) |
ear time formulas). From section 4.2 (and in more detail [1]) a || APy (ea) | AFZo (e, qo0)
we know that the HAA obtained from formulas of the form a1 || AZo(e,q) | ANZo (e, qo)

Ey only containVv-choices and those for Aonly contain
A-choices.The nonemptiness games for linear time formu-
las can therefore be considered tolming games for one

of the two players, since either all the moves will be made
by Port (for Ep formulas) or by Bandy (for Ay formu-  tions in the nonemptiness game given in Figure 5,df P
las). Furthermore, whend? t makes all the moves the accep- (Brandy) moves and- (B) is empty then any position on the
tance condition igG. #) and when Bandy makes all the  current play that is revisited means a win foaBidy (Por t).
moves it is((), B) [1]. Therefore from the winning condi- However, ifG (or B) is not empty then the fact that th#

Fig.9.Ap arap = ({{r}, 0}, D, {q0, a1}, 6, g0, ({}, {@1}))
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set is not necessarily singleton means some of the positions neitherin G nor in B but are referred to in the transition ftioe

in the set can now be i& (B) and other positions not it of a two-player set.
(B). For example the HAA translated from the formula AFGp _ o .
(Figure 9) has ar$; set containing two stategy(andg;) of Again considering the 1-HAA fodGEFp (Figure 3),

which only one ) is in the B set. When a nonemptiness bothS; sets of the automaton are referred to in the transition
game, without any new games, are played for an automatoftinction of the two-player sef,, and therefore new games
of the above form, the use of a results store might cause a cynust be played for all positions visited during the nonempti-
cle through a position in G (B) to be missed and consequentlyl€SS game.

awinning position can be labelled incorrectly. Anew gameis | the CTL nonemptiness game it is unnecessary to play
_thus required. to find a cycle.through positions that are either, g, games for positions in the initi#); set. The reason is

in B or G. This, combined with the fact that only one player ¢ it we consider the positions in lows sets already to
moves in a game and that cycles in a play, where no positiofg |gpelled then the boolean transition function for the states
is in G (B) are trivially labelled, allows us to make the fol- , he initial set reduces to only referring to positions from
lowing optimised rule for linear time nonemptiness games: jiseif. Therefore, it can be considered to be a one-player set
and no new games are required for these positions regardless
whether the positions are in G or B. For example in the 1-
HAA for AGE Fp, positions with ajo component are in the
initial S,, set and therefore no new games will be played for

This is the same rule that is used in the nested depth—firstthese positions.
search used in the SPIN model checker [15] (see also sec-
tion 3.2). Here we have presented a justification for this rule6.3 CTL* Nonemptiness Games
in the setting of the nonemptiness game.

— During the nonemptiness game flirk Ap, wherey is a linear
time formula, new games need only be played from positions
that are either in G or B.

Although in the LTL case all states in the HAA can be con-
6.2 CTL Nonemptiness Games sidered part of the samg set, splitting this set into singular

sets where possible can allow more efficient nonemptiness

, games. In the CTL case we saw that for 1-HAA, when posi-

In [31] it was shown that CTL formulas can be translated jong from one of thes; sets are in G or B then no new games
to 1THAA _(HAA with smgleton Si_ sets). Hence, unlike in 5.0 required for these positions. Therefore, in the LTL case if
the linear time case, the introduction of a results store canna e 5. set of the HAA is divided into smalles: sets and it is
cause a position in G (B) to be labelled incorrectly as a wing, 4 that all the positions in G (B) are in singletSnsets

for the wrong player. Intuitively, when a cycle in a play iS then no new games are required. For example, consider the
found during a CTL nonemptiness game if all the positionsHAA for the formulaA(Gp v Fq) given in Figure 10. If we
in in fpos are in G then Br twins the play (vice versaforB o qjder hoth states of the HAA to be in the safpset then
and Bandy); if one of these positions im fpos is revisited ., games must be played for positions with @omponent
in a later play then the result in the store can be reused sincg\ -4 these positions are in B. Whereas if we consider the

the new play will also have a cycle through the positions in HAA to have twosS; sets then it is clear that no new games
infpos (this is not necessarily true in the linear time case).are required

This would seem to indicate that new games need only be

played from positions that are neither in G nor B. Thisruleis ~ The differentrules for determining when to play new games
however too weak. inthe CTL and LTL environments are summarised in Table 1.

, ) First, the HAA for the CTL or LTL formula is built and then
_Inthe linear time case we have seen that all the moves e according to the rules in Table 1. After completing
in a game are made by the same player. Let's now def'n%e analysis each state in the HAA will have NewGame
5; sets with all the transitions either consisting of only flag either set to true or false. When the product with the
choices_or only/y_choices to b_&)ne-playerset_s. Similarly, Kripke structure is taken the product statBlewGamedlag
a set with transitions consisting of bothchoices and\- | he copied from the states of the HAA for the formula.
choicesis called wo-playerset. In the linear time nonempti- - \yen the depth-first algorithm backtracks from a position the

ness game all th8; sets are therefore pne—play_er sets. In theNewGamélag is tested to see whether a new game is required
1-HAA f_or the CTL formu_la_AGEFp, givenin Figure 3, the o the position, i.e. line 11 of the algorithm in Figure 8 is
setS,, (i.e. S; set containingy) is a two-player set, whereas changed to:

the s_e'qu1 (_|.e.Sl- set containing ) is a one-player set. From (Not Pl ayedBef ore(s) & (s->NewGane)) {
the linear time case we know that for a one-player set no new

games are required if the positions in the set are notin G nor By adding a simple proviso to the rules for playing the
B. This leads to the following stronger rule: nonemptiness game the rules in Table 1 are also sufficient to

play nonemptiness game for full CTLHere we will only

— During the nonemptiness game fir< A, , wherepisaCTL  give informal arguments for why this is the case, the inter-
formula, new games need only be played from positions tieat ar ested reader is referred to [31] where it is discussed in detail.
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q || 6(¢,0,k) | 6(q.{p}. k) | (¢, {a}, k) | (¢, {p,a}. %) |
90 /\f;(} (e, q1) /\’j;(} (c,qo0) | true true
9 /\ﬁ;(} (e, q1) /\ﬁ;; (c,q1) | true true

Flg lO'AD,A(Gp\/Fq) = (2{p,q}’ D, {‘10%]1}’ d, q0, ({}7 {ql}))

| LTL | CTL |
1 For all states in HAA, 1 For all states in HAA,
setNewGamédlag to false. setNewGamédlag to false.
2 Construciminimal S; sets.| 2 S; sets are singleton (i.erinimal).
3 Forallstatesin G (B)and| 3 For all states not in G or B and referred
not in a singleton set, to in the transition function of a
setNewGamerue. two-player set, seflewGamerue.

4  SetNewGamédor initial state to false.

Table 1.New game rules in nonemptiness Game for CTL and LTL

First observe that a CTLformula can consist of a boolean CTL* has nothing to offer over LTL; in response some would
combination of CTL and/or LTL formulas or nesting of such offer AG(reset — FEFinit) (which is not expressible in
formulas. It is easy to see that the HAA for a boolean com-LTL). The algorithm described here however coincides with
bination of formulas will adhere to the rules of Table 1, the the best-known practical algorithm for LTL model checking,
HAA for a nesting of formulas (e.g. the HAA for AFG(EFp)) hence if one never uses the additional expressive power of
will however need additional treatment. In fact we only needCTL* over LTL (or HAA over Bichi automata) then there
the following proviso: when a next move is to be picked by ais no potential performance penalty (see below for when this
player, a move that leads to a lowgrset must be picked first. might happen). Next we therefore consider the practical side
This has the effect of first playing a game for all subformulasof implementing the algorithm described here within SPIN.
before playing a game for the formula itself. For example for

the HAA for AFG(AGEFp) we first play games from the po- LTL nonemptiness game in SPIN. However, adding the CTL

sitions of AGEFp, which will be CTL games, before playing nonemptiness games would require some fundamental changes
the games for the positions of AFGq (where g can be considx P 9 q ges.

L . Firstly, it is worth noting that whereas for the LTL games
ered the propositional result of playing the game for AGE':p)at mgst one new gamegwill be required (from the regsult for
which will be LTL games. Note that this proviso is imple-

. ) CTE - the nested depth-first search [11]), in the CTdase many
mented in the algorithm given in Figure 8 (see description of d iaht b ired d di he f |
CreateExpr function) (nested) games mig t be required depending on the formula
' to be checked. Also, in the CTLcase we currently require
An interesting observation is that for a formula that is ex- that the results stores for the new games be deleted when the
pressible as both a CTL and LTL formula no new games will games terminafewhich is not necessary for the strictly LTL
be required during the nonemptiness game: HAA for CTL case (again from [11]). The biggest single change to SPIN
formulas always have singletcsh) sets and HAA for LTL for-  would be to replace theeverclaim with a different notation
mulas can only contain one-playgy, therefore from Table 1 to handle the positive boolean functions used with the HAA.
it follows no new games will be played. Note that this result Specifically to handle the case where we hav@nnectives.
also indicates that for Buchi aut(_)mata for which all cycles_are We have implemented a CTmodel checker based on
self-loops, no second search will ever be necessary during & ;
; : e work presented here [31]. One of the features of this model
nonemptiness check. This result can be used to reduce th

) ; L thecker is that it was designed with the view to easily fa-
number of nested depth-first searches required within SPIN'ciIitate changing the design formalism to be checked. Cur-

rently we check asynchronous hardware designs described in
the Rainbow formalism [30]. A potentially easier avenue for

7 Implementing the Nonemptiness game in SPIN integrating CTL* model checking within the SPIN commu-
nity might therefore be to check PROMELA designs with our

t model check ther th h SPIN to play th
In the title we ask “should SPIN be extended?” such tha current model checker (rather than change © playthe

honemptiness game).
CTL* properties can be checked. This is not just a ques- P ¢ )

tion of programming effort it is also a more philosophical
question: what is the practical worth of CTl{or CTL for
that matter) for property specification during model check-

?ng? The.r_e is most deﬁn.itely a Iarge grqup Qf model check- ¢ This requirement needs further investigation; we beliéveight not be
ing practitioners who believe the branching time fragment ofnecessary, although it is necessary in our prototype imgteation.

It is obvious that it would be simple to implement the
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8 Concluding Remarks

The main focus of this paper was to introduce an automata-4.

based model checking algorithm for CTthat can be imple-
mented efficiently in practice.

In [4] Bhat et al. also gives an efficient on-the-fly al-

gorithm for CTL* model checking, however our algorithm

is different in two fundamental ways: their algorithm is not

15

national Workshop on Tools and Algorithms for the Construc-
tion and Analysis of Systemslume 1055 ol ecture Notes in
Computer Sciencel996.

G. Bhat, R. Cleaveland, and O. Grumberg. Efficient Onfihe-
Model Checking for CTL*. InSymposium on Logic in Com-
puter ScienceJune 1995.

5. E.M. Clarke and E.A. Emerson. Design and Synthesis of Syn-

based on automata but rather checks the properties according

to the structure of the formula, and secondly, they build SCCs 6.

to check properties whereas we use the idea of new games.
Since their algorithm is based on the structure of the formulas
being checked it means that the algorithm can take different

amounts of time (and space) to check equivalent formulas on

the same Kripke structure. For example, in [3] it is observed

that their model checker finds éasierto check the formula
A(FG(pAFq)) than the equivalent formul&(FGpAGFq).

chronization Skeletons using Branching Time Temporal togi
In D. Kozen, editorProceedings of IBM Workshop on Logic of
Programs pages 52—71. Lecture Notes in Computer Science,
131, 1981.

C. Courcoubetis, M. Vardi, P. Wolper, and M. Yannakakis.
Memory-Efficient Algorithms for the Verification of Tempo-
ral Properties.Formal Methods in System Desjghi275-288,
1992.

7. E.A. Emerson and J.Y. Halpern. Decision Procedures and Ex

pressiveness in the Temporal Logic of Branching Tidaurnal
of Computer and System Sciend@§):1-24, 1985.

8. E.A.Emerson and C.S. Jutla. Complexity of Tree Automath a

The automata approach do not suffer from this problem; for

example when using our model checker these two formulasog.

translate to the same HAA. The automata approach do how-
ever use extra overhead for the translation from the tempo-

ral logic, but this translation is done up-front before model 10.

checking and do not influence the model checking process
itself (as seen with the above structural approach). Building
SCCs to check properties is not memory efficient, especially,

not when checking reactive systems since it is often the casgél'

that large parts of a reactive systems’ state space is contained

within the same SCC.

Another related algorithm is that of Verguawen and Lewi 12-

for doing on-the-fly CTL model checking [29]. Although this

algorithm only handles CTL and is not automata based, the
also observe the cases in which extra information need to bé

gathered to check certain properties. In essence they require
extrawork (memory and time) in precisely the cases in which, 4

our algorithm would play hew games.

The algorithm given in this paper has the following in-

15.

teresting characteristic (its complexity can be measured by
the number of new games required during the nonemptiness
game, see section 5.4): when checking properties that can be
expressed in both CTL and LTL the algorithm has the low- 14
est complexity (no new games required), but when moving to

properties that are strictly linear or branching the complexity

increases. We believe this is somehow an intuitive result.
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