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Abstract: The verification of real-time properties requires If real time systembave to be treated, then quantitative
model checking techniques for quantitative temporal strucreasoning about time has to be performed. In many applica-
tures and real-time temporal logics. However, up to nowtions (protocol verification, standard cell characterization,
most of those problems were solved by a translation into aterface design) the specification is basedjoantitative
standard CTL model checking problem with unit-delaytiming and properties like the following have to be verified:
structures. Although usual CTL model checkers like SMVa grant is given between 15ns and 47ns after the request sig-
can be used then, the translation leads to large structureral” or “the circuit oscillates with a minimum frequency of
and CTL formulas, such that the verification requires largedOMHz". Hence we must be able to express and to efficiently
computation times and only small circuits can be verified. Inverify quantitative properties.

this paper a new model checking algorithm for quantitative Efficient real-time model checking requires two changes:
temporal structures and quantitative temporal logic is pre-the underlying temporal structure has to be extendaded
sented, which avoids these drawbacks. Motivated by lowtransition graphswhere transitions with arbitrary delay can
level circuit verification, the implemented prover can be usedbe modeled, and the logic has to be augmented by quantita-
for verifying general real-time systems. Although it has beetive temporal operators. Recently these real time logics have
proved that the complexity of the new algorithm is identicafound considerable attention [3, 4, 5, 6, 7, 8]. However, only
to the corresponding CTL model checking problem, thdew proof algorithms have been proposed which are suited
application of the new algorithms leads to significant betterfor efficient implementations, comparable to state-of-the-art
runtimes and larger verifiable structures. The paper presentmodel checkers like SMV [9]. Defining quantitative temporal
the underlying algorithms, the complexity proof, implemen-operators by keeping the standard CTL unit-delay structures
tational issues and concludes with experimental resultshas been done previously [10].

demonstrating the advantages of our approach. However, the critical part for real time model checking is
1] ducti the support of timed transition graph structures. In usual
ntroduction model checkers, the temporal structures are symbolically

Hardware verification is the formal proof that a circuit imple-treated by storing the Boolean transition relation efficiently
mentation behaves according to a given specification. Thasing BDDs [11]. If time has to be considered in the transi-
introduction of symbolic representation techniques for finitetion relation, then Boolean functions cannot be used directly.
state machines [1] has made possible the automated verific&nother possibility to verify real-time systems is to use the
tion of large circuits. This led to tools for checking the equiv-standard symbolic representation of unit delay temporal
alence of two FSMs as well as to symbolic model checkerstructures. Then however the non-unit delay transitions have
where a temporal logic formula is proven valid with regard tao be expanded into sequences of intermediate states, in many
a given symbolically represented finite-state model. cases resulting in an unacceptable increase of the model size
However, all those approaches are targeted at fully-syr22].
chronous circuits on gate or RT-level: implementations are In this paper a new algorithm fquantitative computation
treated as finite state machines, where each time step corteee logic(QCTL) model checking is presented, directly sup-
sponds to a clock cycle. Timing effects caused by capacitigsorting quantitative temporal structurd®TS). The key idea
and resistances of the transistor circuit may not be taken intaf our approach is to split thienedtransition relation of the
account, leading to a coarse model of the circuit which is nd@TS into a set of BDDs, each representing the set of transi-
detailed enough for verifying asynchronous circuits or stantions with the same delay time. Thus, the efficiency of a sym-
dard-cell characterizations. The unit-delay model is causedolic BDD representation is kept although timed transitions
by the underlying proof technique, since in most cases CThre directly supported. A previous approach supporting timed
(computational tree logic) model checking is performed [2]transition systems uses a binary encoding of the transition
There, a CTL temporal logic specification is checked againgtuch that the time information can be directly added to the
a unit-delay finite state structure. transition relation [13]. However, this approach leads to a fur-
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ther blow up of the BDD representing the transition relation.ts, s, F E f, iff there exists a pat,s;... , such that
If 9,44 IS the largest upper bound of all transition times, then 0i20:T5,s E f
additional[ log,(g,,) ] Variables have to be used in the tran- — == "=~ '
sition relation, leading to smaller verifiable systems. More-Ts, s, F E(fUg), iff there exists a path,s;... , such that
over, the number of additional variables only depends on [0,i20:T5,s F g and0j,0<j<i: TS, s, F f
Omay: thus systems with few but large time values are —' = 7' ¢ BESISES S '
encoded redundantly. By splitting the timed transition rela-The other temporal operators can be abbreviated as
tion into several BDDs, only as many BDDs as different tranA f%-E X, A fE-E ©f, E fEE(t rUfy, e
sition times are needed. The partitioning of the relation lead8Gf =-EF-f andA(fug) =-E(-gU(-f O0-g)) OAFg .
to smaller BDD sizes such that larger structures are represent-Testing whetherTs, s, F f  holds, is performed using
able resulting also in many cases in faster computations. model checking [9]. Symbolic model checking implements

Representing the timed transition relation as a vector dthis approach by representing the transition rel&ion  of the
BBDs leads to new model checking algorithms@&® and  temporal structur&S and the satisfying state sets as BDDs,
QCTL, introduced in this paper. Nevertheless, we could showhe latter using the fact that a Boolean function can be inter-
that the complexity of our extended model checking algopreted as a characteristic function of a binary encoded state
rithm is equivalent to the complexity of the algorithm for con-set.
ventional temporal structures and CTL [2]. S

In the following, we first introduce CTL and its semantic53 Quantitative Temporal Structures
based on temporal structures. Then timed temporal structurddsing standard unit-delay temporal structures, it is not possi-
QCTL and the model checking algorithm are then presenteble to express timed transitions explicitly. However, this is
together with a complexity proof of the algorithm. The papemecessary if real-time systems have to be modeled. Thus we

ends with experimental results and a conclusion. introduce quantitative temporal structupds that are identi-
. cal to unit-delay structurekS concerning the set of atomic
2 CTL Model Checking formulas AF , the state s& , the transition relaton , and

In CTL model checking [2], a model of the system to be verithe labeling functior. . In addition we introducedistance
fied is given as a temporal structure. Specifications ariinction G: R - (N\0), which assigns a distance to every
expressed in temporal logic formulas, which are then provetransition. The distance can be interpreted as a transition time
to be true with regard to the structureefporal(“Kripke”) (Figure 3-1).
structureTS is a labeled state-transition graph given by the
tuple (AF, S R ) , whereAF s a set afomic formulasS
is a finite set oftates RO Sx Sis atransition relationand
L: S - O (AF) is a function labeling every state with a set of
atomic formulas. Apath is an infinite sequence of states
SoS;--- » such thatdi: (s, s;, ;) DR . Each temporal structure
can also be represented by altisputation treestarting in
each of its states.

The syntax of CTL includes propositional logic with addi-
tional temporal operators. The latter are used to relate states F i g
of the computation tree to each other. Each temporal operatg¥en if we never perform this step explicitly, the semantics of
has to be composed of a path quantifigniversal(*A”) or QTS transition is explained the easiest way by translating it
existential ("E”) path quantification — and one of the four into a behaviorally equivalefi. For this purpose ea€v's

operatorsiexttime(*X"), globally (“G”), eventually("F") or transition with distance  is expanded usingl ~  intermedi-
until (*U”). Propositional and temporal operators can be arbipte states, connected via unit-delay transitions. However, this
trarily composed. can be done in two ways, that differ in the state labeling.

The semantics of a CTL formula is given with regard to antermediate states are either labeled with the atomic formu-
temporal structur@s  and an initial stafe . If formula _is|as of the originaQTS predecessor state,(  in Figure 3-2),

true in a state, of a structure , we wiites, - f . The denoting that the values do not change during the transition.
truth value of a formula is |ndUCtlve|y defined as follows: A second possib|e interpretation “ignores“ the |abe|ing of the
If fis an atomic formulaf O AF  thems, sy F f  iff intermediate states such that we are not able to say anything
fOL(s) about the values of the atomic formulas in-between (Figure 3-
S0 - 2). The quantitative temporal logic, introduced in the next
TS, s F = f ,iff fOL(sy). section of this paper supports both interpretations simulta-
. neously, leading to two variants of quantitative nexttime oper-
TS, so F fOg,iff TS,sy F f and TS, s5 F g . ators.y g a P
TS,s, E E fXiff there exists a pathys,... , such that The semantics of @TS is explained by the example of a

CMOS-inverter. TheQTS;,,, of Figure 3-3 represents the
timed behavior of the inverter using an inertial delay model.
Hence, an input signal of the inverter leads to a change of the

TS, s, F f.



QTS transition: 4 Quantitative Temporal Logics

@ n ;@ The syntax of QCTL is a direct extension of CTL. Besides
So S1 the complete CTL-syntax, we introduce the additignain-
TS interpretation 1: titative operators EXW[n]f, EXS[n]f, EfU[n]g and

EG[n] f . Their semantics is defined with regard to a quantita-
Tttt *‘—’ tive temporal structur@TS as follows, where O (N\0) :
% %0, 50,4 51 QTS, sy F EXW[n] f , iff there exists a pathys;... anda
TS interpretation 2:

kON, such thaQTs, s, F f ande: G(S,S+1)>N
50 ---»@;»Sl i=0

QTS, sy F EXS[n] f, iff there exists a path,s;... anda

Figure 3-2: QTS interpretation kDN, such that

output signal only if the input signal is stable for a minimum QTS S F andz:‘: RECIE)ERE
amount of time. As temporal structures do not carry transition)
inputs as usual finite state machines, we have to represent
input variables as additional state variables and input changesk O N, such thatii, 0<i<k: QTs,s F f and
as non-deterministic state transitions. K G((s,s..)>n

TheQTS representing the inverter has therefore four states, zi =0S S+ '
representing the four possible valuations of the ipput  angTs, so F EfU[n]g, iff there exists a patl,s;... anda
output g with binary values. LabelingQiS-state with an KON . such that
atomic formulap orqg means a logical value “one” of the ' _ _
corresponding circuit-signals. The twtable statef the QTS, s F g andDj, 0<j<k: QTS,s; = f and
inverter @ andq have opposite binary values) are repre- Zk—le((S1 s..))<n
sented by th@TS-statess, ands, having self-loops with i=0 P
distance one. Thus tgIS may stay in these states for an Obviously, the QCTL operators are defined analogously to
arbitrary amount of time. The twmstable states, ands, their CTL counterparts, taking timing constraints into
(p andg have equal binary values) without self-loops haveccount. Note, that we have introducestrangand aweak
to be left after a givedelaytime. variant of the quantitative nexttime operator. The strong ver-
sion of the quantitative nexttime operat{S[n] f holds for
an actual state iff there is at least one path to an explicit QTS
state in whichf holds and the length of the path equals

S, sy F EG[n] f, iff there exists a pathys;... anda

VDD Thus only explicitQTS states are considered, leading to the
second interpretation of Figure 3-2. The weak version
P g EXW[n]f also takes into account variable values of interme-
diate states, leading to the first interpretation of Figure 3-2.
T Thus EXW[n]f also holds for each sta¢e  for which
GND= = holds and that is the starting point of at least one transition

with a distance greater than . This is the case because for
the weak variant of the nexttime operator we assume that the
labelling of s; holds for all intermediate states of all transi-

If the QTS is in one of its stable states and an input changéions, starting frons;
occurs, then a transition to the respective unstable state takeghe operatorsAXW[n] ,AXS[n] AfU[n]lg AG[n] ,
place. If theQTS is in one of its unstable states and the inputAF[n] and EF[n] can be derived from the explicitly intro-
keeps its value a state transition is performed after the uppduced QCTL operators in the usual manner.
time bound (in our example 9 and 20, respectively) of all pos- Using QCTL we can specify behavioral properties of the
sible transitions of this state; the corresponding transitions argroduced CMOS-inverter example. The specification:
labeled with this fixed distances. If a further change of the QTS F "EG[21](pO0q)

input occurs before reaching this time bound, therQitse claims that the inverter cannot be in the unstable state in

performs a transition back to the former stable state. Thﬁ/hich(qu) hold for 21 time units. This specification obvi-

labellings <9 and <20 of the corresponding transitions in th P )
QTS are abbreviations for the sets of all transitions with dis?’ usly holds for all states of tgS in figure 3-3. Another

tancesl<j<9 and<j<20 ,respectively. Itis possible andexample Is the specification:
supported by our model checker to abbreviate arbitrary sets QTSiny So F EXW[10[(EG(~pUQ)) .

of transitions using such expressions. The transitions betweaths formula states that there is at least one path starting in
s; ands; are performed if an input change occurs S'”‘Ultastates0 such thgt-pOq)  holds after 10 time units and fur-
neously to a state transition. ther holds for an arbitrary long time. This specification shows

Figure 3-3: QTS representing a CMOS-inverter



the combination of conventional CTL-operators with thetemporal structures and CTL, developed by Clarke,
introduced quantitative operators. Using conventional CTLMcMillan and others [2]. To check a QCTL-formula against a
Operators for the specification can be interpreted as a@TS, the model checking algorithm calculates the subset of
“untime” construction since these operators do not use th@TS-states in which the formula holds. This is performed by
transition distances, thus abstracting from the timing informascanning the syntax-tree of the given QCTL-formula bottom
tion. Furthermore the composition of temporal operatoraip while calculating the satisfying state-set of each occurring
allows us to specify arbitrary intervals of time. In the abovesubformula. The type of a subformula can toee , an
example the combination of the CTL-operais (- p Cq) atomic-formula fromAF , a Boolean connectivef or
and the QCTL-operatoEXW[10]  specifies an unboundedf g, a CTL-operatolEXf E{fUg} EGf or a QCTL-
time interval[ 10, «] . operatorEXS[n]f EXW[n]f E{fU[n]g} o0EG[n]f .All
. . other operators can be reduced to one of these basic ones. For

5 Symbolic Model-Checking for QTS and each o? these basic operators there exists a separate check
QCTL function that is able to calculate the respective satisfying state
In this section we show, how symbolic model checking methS€t, using the partitioned transition relation, represented as a
ods for simple temporal structurdS and CTL can be . ) ) ) ) )
adapted to quantitative temporal struct@&sand QCTL. _ Our model checking algorithm is not restricted to quantita-

If n is the number of state variables, then a unit-delay temtve temporal operators but also allows to check pure CTL-
pora| structure for conventional CTL model Checking is Sym.formulas as well as formulas Contalnlng SlmultaneOUSIy CTL

bolically given by a characteristic function of typ& — B, and QCTL-operators. The check functions for the Boolean
representing the transition relati®ts § , where and connectives only operate on characteristic functions repre-
indicate the actual and next state, respectively]2].  can bgenting state sets and thus do not differ from standard CTL
easily stored and manipulated using BDDs. implementations. For checking CTL-operators we assume

Obviously this representation cannot be directly used fofach transition of th@Ts as of distance one. Thus the imple-
the quantitative temporal structu@dS, since we have to Mmentation of the corre_spondmg ch_eck funct|o_ns can be done
additionally encode the distana®sN . Instead of encodir:g_s'ng the well known fixpoint algorithms and is therefore not
the values directly in the transition relation [13], we represerfiscussed here. The distances of@f@transitions are only
the timed transition relatioR,  which also covers the disconsidered in the case of QCTL-operators. The algorithms
tances, by a set of “untimed” relations. Since we always hav@'€ explained in the following f@XS[n]f  amkW[n]f
a finite number of distances, we can partition the entire set of! he state set, satisfying, s, F EXS[n]f is characterized
transitions into subsets, each containing all transitions of didy:
tancei and represented by a transition rel@ipn . Thus thea(EXS[n]f) = {s,0 S| there is a patlgys;...s, such
overall QTS transition relation is given as an array K
R; = [RL, ..., R¥™], ranging from one to the maximum dis-  thatscdSa(fandy 7 G(s, 5.0 = n}
tance occurring in a givedTS. Each of theky  can be repre- The aigorithncheck EXSn calculates the BDD, represent-
sented by a single BDD. For symbolic model checking thqng the state seSa(EXS[n]f) . The algorithm performs a

overall characteristic transition-function is represented as gacktrace starting from the subset of states where  immedi-
vector of BDDs. Figure 5-1 shows the BDD representation O&tely holds until the length of the traced path equals

4 1 o 0 4 1 function Check_EXSn( :BDD, :integer):BDD
beginO
(% (%) EX’:=f _
0 for i=10 do EX := faémefor
1 1 foor i =00 n-db
(%) for j =%  min{ g, N—tP
1 i+] oyl vl i *
vo EX " =EX" OB(Ry ¢ DEXs o)
@ @ endfor
R2 R$ endfor
result:= EX'
Figure 5-1: Representing the quantitative temporal structure return  result
of figure 3-1 using an array of BDDs end

the QTS example given in figure 3-1. Our model checking Each of the variableEX'  carries the characteristic function
algorithm is directly based on this partitioned transition rela-of a state set. In the first line of the initialization sequence the
tion. variableEX® is assigned with the BDD, representing the set

The model checking algorithm f@TS and QCTL is  of states for which immediately holds. Then each element
closely related to the model checking algorithm for unit-delay

[s - s] denotes the substitution ef kg



of the vector(Exl, ...,EX") is initialized with the BDD sponding check-algorithm. The algoriteheck_EXWn can
false, representing an empty set, While performing the algotherefore be obtained by simply adding
rithm each intermediate variatiieX'  is assigned with the set ) _
of those states from which a successor state that saftisfies isfor | = max gy, nfo | =d@
reachable via a path of length
The kernel of the algorithm is build up with two nested

IofOﬁs ranginlg over the vaﬂabl'es Iand : ::0r| the inri]tial valueat the end of the initialization sequence ofdieck EXSn

of the outer looi = 0) , the inner loop calculates those stat - ; i 0,

sets, each state of which is a direct predecessor of a state Eﬁ;onthm. The relational produds(Rs ¢ DEXg )s . o

which f immediately holds. In the first run of the inner loo Iculate_s the set of all states for v_vhich holds and which are
- y : ; . Pihe starting point of a transition with length . For each state

(j=1) the subset of predecessors with distance one st this set, formulaEXW[j-1]f holds and is therefore

. . I +J " Lo .
determined and assigneda withj =1 . The Innerassigned tex "t . Obviously for each state in which for-

loop ends ifj reaches the minimum @f . and 1 , - ;
because we know on the one hand, that the transitionmula EXW[j~1]f holds, all formulasEXW(n]f with

: SHONZ . 1 also hold and thus we additionally have to merge the
between two succeeding states can only be labeled with d'gfatje subsetgx' ™! with all previouslyycalculated sgbsets

tances no greater thap,, . On the other hand it is not NECESyi by a disjunction of their BDDs. The kernel of

sary to consider transitions with distance greater than thg ..\ "Exwn is identical to the kernel of the check-algo-

quantitative parameter  &XS[n f rithm for the strong next operator.

The calculation of the state sax' " is performed by The check-algorithmscheck EUn  and check EGn
evaluating the existential quantified relational product:irnplementing the quantitgtive temporal _operators

(R g UEXs . g). The BDDEX,  represents the E{ fU[N] S :
- X - S _ g}, andEG[n]f have similar implementations and
set of those states from which there exists a path of léngth thus are not discussed here in detail.

with a destination state for whi¢h  holds. The BBD

represents all transitioins of distanice  having a destinatiof Complexity of QCTL Model Checking

state in the state sely _ . The result of the relationay, following we will show that the complexity of QCTL
product therefore is a BDD that represents all states with del checking is identical to the complexity of CTL-model
least one transition of distance to a successor state that itsg ecking, that i©(| f| (R +|$)) wherd| s the length of
is the starting point of a path with lendgth and a destinatio e CTL-f’ormuIa we want to check afRl +| is the size of

state for whicht  holds. Thus each evaluation of the relationq e temporal structure [2]. Due to the fact, that each model
product may be interpreted as a backtrace of previously deteéh ecking problem for QC'i'L can be transléte d to an equiva-

mined paths of weigtit by a further transition with diStancelent CTL one we are therefore able to directly compare the

j - While running the algorithm each path that ends in a stat " : :
for which f holds is traced back until an origiQas state is gomplexmes of the two problems. First we want to determine

the complexity of thecheck EXW algorithm. Let us
reached such that the length of the path equals . Each st = ;
with this property is a state for which formuxsn] f aatgsume, that we want to check the QCTL-fornaxav[1] f

holds and the transitions of the underlyi§§S has maximum dis-

As mentioned above theeak next operatoEXW(n] f tance ofg,,, = 1 . In this case the vector of BDDs, repre-

does not require an expli€ifS state as path destination. For senting the transition-relation of t@TS has only one
the exampleQTS shown in figure 5-2 formulEXS[n] f element and the algorithaleck_EXW has to calculate the

relational product exactly for one time. But this is exactly
what the comparable CTL check-algorithm would do to solve
- > the equivalent CTL-formul&EXf [9]. The complexity to
checkEXwI[1]f for &QTS with g,,,, = 1 is therefore equal
to O(f| QIR +|9)) . If we now allow th&TS to have a max-
imum distancey,,,,,=1 and the formukxXW[n]f  to have a
guantitative parameten>1 , theheck EXW algorithm
Figure 5-2: Example for strong and weak next have to calculate the relational prodggt,,[h ~ -times in the
worst case. Thus the complexity checking formula
holds in states, only fon = 2 . In comparison the weak EXW[n]f is O(g,,,[h0fl (IR +|9$)) . On the other hand
variant of the next operat@XW[n]f  holds in stgje  forif we want to check the equivalent problem with CTL, we
all quantitative parameteessn<7 , since in the case of theeed to encode the distances offR&transitions into linear
weak variant we assume thiat holds for all (virtual) intermechains of states of th&, increasing the number of states by
diate states until a successor state is reached for fvhich daée factor ofg,,,, In the worst case. Furthermore we have to
not hold. For each state of Q€S wheref holds and,,, is transform the QCTL-formul&xw[n]f into a CTL-formula
the maximum distance of all transitions starting from thisof the form EX,(EX,(...(EX,f)...)) what increases the
state, obviously each weak next statem®&XW([n] f withength of the formula by the factor of  in the worst case. As
n<d,.—1 holds also. Nevertheless this semantic differenceesult the equivalent CTL problem also has an overall com-
between the strong and weak variant of the QCTL-next opeplexity of O(g,,,thOfl IR +|$)) . Similar argumenta-
ators only effects the initialization sequence of the corretions can be found for all other QCTL-Operators and thus we

EX M= 8(R) ¢ DEXY )s . ¢ DEX endfor




can conclude that QCTL and CTL model checking have 74__;v

equal cost. runtimgl SMY

V= runtimg DELTA

7 Results °
The complexity of the QCTL model checking algorithms
QCTL is identical to the complexity of the CTL model 47
checking. In the following we want to examine whether our
QCTL-model checker DELTA, based on the efficient repre-
sentation ofTSs and an algorithm optimized for quantitative
operators leads to any gain in the runtimes in comparison to1
CTL-model checking. L e T
Judging the runtimes of the two model checking ~ 5 3 4 5 6 7 8 9 10 11 12 |AFl
approaches by the verification of individual circuits may lead )
to overly optimistic or overly pessimistic results, depending Figure 7-1: Results
on the specific circuit properties. To get results, that are inderansition relation in conventional model checking. Thus
pendent of individual circuit properties, we checked equivaDELTA allows the verification of real-time systems, that can-
lentQTSs andTSs in form of trees generated randomly with an not be represented and verified using conventional model-
automatic model generator. The generated trees differ in theheckers. The above results have shown, that our implemen-
maximum distance,,,,,  of their transitions, their maximumtation outperforms traditional model checking in those exam-
number of branches starting in a node and the total number ples, where quantified time is used. Our current work aims at
nodes. The generator built up trees by arbitrarily choosingvaluating the performance gain of DELTA for the verifica-
distance-values  of each transition and numbers  ofion of MOS transistor-circuits, done up to now using stan-
branches, starting at each node. The total number of nodeard CTL model checking [14, 12].
and thus the size of the tree depends on the given numberéxf
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