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Abstract

In this paper we calculate the minimal number of statesiafl automata which encode some classes of linear temporal logic
(LTL) formulas that are frequently used in model checking. Among others, we show that the minimal sizéictiaaBtomaton
accepting the formul@(p: A ... AOOp, is n+ 1, the minimal size of Bchi automaton accepting the formuwa A ... A Opy,
is 2" and the minimal size of a iBhi automaton accepting the formuldp: A Op1) A ... A O(pn A Opy) is 3™. Our results
may be used for verification of the quality of algorithms which automatically translate LTL formulas inthi Butomata and
for improving the quality and speed of such translators. In the last section of this paper we compare our lower-bound estimations
to Bichi automata generated by two currently used translators: LTL2BA and SPOT. We have checked, among others, that the
LTL2BA translator generates ailBhi automaton witl25 states and the SPOT translator generates an automatorgvittates
for the formulad (pl A O(p2 A Op3)) A O(ql A O(g2 A Og3)), while the minimal required number of stateslis

I. INTRODUCTION

The theoretic approach to model checking is based on the correspondence between linear temporal logicu@hiL), B
automata and formal languages. Usually the negation of the Tearmula, which express the desired property of the system,
is translated into an equivalentiiBhi automatonA-,, and then the produd® x A-,, whereS is the automaton used for
modeling the system, is investigated (see e.g. SPIN [1]). Therefore the complexity of the resulting task depends highly on the
size of the automaton obtained from the translation of the LTL formula. In hope of finding efficient translators many different
kinds of automata have been investigatedidB Automata, GeneralizediBhi Automata, Very Weak Alternating Automata,
Testing Automata, e.t.c.) and a number of translation algorithms has been built (see [2]-[5]). The main goal of these algorithms
is generation of automata with as few states as possible in a reasonable time.

In this paper we find the minimal number of states d@fcBi automata which encodes some relatively simple LTL formulas.
All of these formulas are in common use in model checking and have been considered in literature (see [6]-[8]). Let us stress
that in this paper we investigate only one aspect of the complexity of éflohiBautomata, namely the number of states. Other
important metrics of complexity, such as the number of transitions, are not considered here.

We observed that even for very simple formulas the correspondimfpiBautomata are exponentially large. It follows from
Theorem 3.3 that the formulgp; A ... A Op,, yields a Bichi automaton of size™. Similarly, the formula®(p1 A Og1) A... A
O(pn A Ogn) requires an automaton with* states (see Theorem 3.6).

In Section 2 we recall some basic notions and facts about linear temporal logiclghd &itomata. In Section 3 we prove
our main results and in Section 4 we compare our results with the automata generated by the two currently used translators
of LTL formulas into Bichi automata: LTL2BA (see [3]) and SPOT (see [9]).

Il. PRELIMINARIES

By w we denote the set of all natural numbers. [[€t= {0,...,n}, for n € w. The power set of a given sé&f is denoted
by 2X. The concatenation of two finite sequences is denoted by the symbob = (a4, ..., a,) is a finite sequence then by
0" we denote the reverse ef i.e.o"" = (ay,...,a1). By S,, we denote the group of permutations of the §et..., n}.

Linear Temporal Logic (LTL) is used to specify the properties of a system. The langl@eof LTL (see [10]) is built
from a finite setP of propositional variables with standard logical connectives and temporal opefat¢mext), U (until), ¢
(eventually),0 (always). An LTL formula can be evaluated over a sequenomputatiof € (27))% The relation(r, i) = ¢
is defined as follows:
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Finally, the computationr satisfiesa formula¢, that we denote byr = ¢, if (7,0) | ¢. The models of the LTL formula
are defined as P
mod(¢) = {r € (2")* : 7 |= ¢} .

A Biichi automaton (see [11]) is a tuple = (3, S, So, p, F'), whereX is a finite set called alphabe$, is a finite set of
states,Sy C S is a set of initial statesp : S x ¥ — 27 is a transition function and” is a set of accepting states. Bx|
we denote the number of states &f Elements of the set¥ are calledw—words over the alphabét. The inputs ofA are
w—words overX. A run over thew-word w = (a,)ne, IS @ sequence of states= (r,),e., € S¥, such thatr, € Sy and
ri+1 € p(rs, a;) for eachi > 0. Let

Inf(r) = {s € S : s = r; for infinitely many i-g .
The Buchi automatoracceptsthe w—word w if there exists a run over w such thatlnf(r) N F # (. We denote byZ,,(A)

the set of allu—words accepted by the automatan The following classical theorem (see [12]) connects LTL formulas with
Buchi automata:

Theorem 2.1:For each¢ € L(P) there exists a Bchi automatord, over the alphabeip such that
mod(¢) = Lo(Ag) -
We say that the automatoh encodeghe formulag if mod(¢) = L, (A).

[1l. BUCHI STATE COMPLEXITY FORLTL FORMULAS

The complexity of formal model checking method based on LTL depends highly on the size of the automaton obtained from
the translation of the LTL formula. The following definition formalizes this notion:

Definition 3.1: The Blchi state complexitypsd(¢) of the formula¢ € L(P) is the minimal number of states of aighi
automatonA which encodes the formula.

For example, it is easy to check thaso((Dp) = 1, bsd(Op) = bs{0p) = bsq(OUp) = 2 and bsgO(p A Og)) = 3. In
the following sections we shall calculate thédhi state complexity of some LTL formulas commonly used in formal model
checking (see e.g. [3]).

A. Something Will Occur n Times in a Row
Let p be a fixed propositional variable. Lt (p) = p andé,,(p) =p A O (¢n-1(p)) for n > 2. Finally, forn > 0 we put

Observe thatVy (p) = Op, Na(p) = O(p A Op), N3(p) = O(p A O(p A Op)), and so on. The informal interpretation of the
formula N,,(p) is ,,at some point the proposition p will occur n times in a row
Theorem 3.2:Let p, ¢ be different propositional variables and tetm > 0. Then

bsQ(Ny(p) A Nim(q)) = (n+ 1)(m +1) .
Proof: Let ¥ = 2{P9}, Forr € {p,q}, N >0, k € [N] and X € ¥ we put

N : k=N
An,(k,X)=¢ k+1 : re XAkE<N
0 : r¢ XAk<N

Let p((k1, ko), X) = {(Anp(k1, X), Ap g(k2, X))}, wherek; € [n] andk, € [m]. Finally we put

A= (Ev [n] X [m}v{(()?())}vpv{(nam)}) :

It is easy to see that
L., (A) = mod(Nn(p) A Nin(q)) -

Thereforebsd NV,,(p) A Nin(q)) < (n+1)(m + 1).
Let us assume now that there exists @cBi automatonA which encodes the formuld,, (p) A N,,,(¢) such that|A| <
(n+1)(m + 1). For each paifa, §) € [n] x [m] we define the sequence

Oa,B = (Xl,XQ,...,Xry) € > 5



wherey = max(«, 5) and
peX;,—i<a, geX;,—i<pg.

Next we putw;"g = (0a,3)"" * Opn—a.m—p * 0“. Notice that, for example,

vy = (), {p} dp. @ {poad, {p, ab {a)) 0

It is easy to check that for all paitgy, 3) € [n] x [m] we haver 7" € mod(N,(p) A Nim(q)). For all (o, 8) € [n] x [m] we
fix runsr, 5 of the automatomd which acceptsr)’;', i.e. a sequence of states

Ta,8 = (50,81,82. .+, 5y,...),

such thats, is an initial state;s; € p(si—1, 7,3 (i) for 1 <i andInf(ra,) N F # 0. Let yo,3 = 74,5(max(e, B)). From
the assumptionA| < (n + 1)(m + 1) and the pigeonhole principle we deduce that there are two pairs) # (¢/, 3’) such
thaty, s = yar,3. We can assume that < /. Then

T = Ta,B f (07 ey max(a,ﬂ)) *Tor 3 { (max(alvﬂl) + 15 SRR OO)

is an accepting run of the automatén Moreover, this is a run over the-word

(O-ayﬁ)rev * On—a/,m—p3' * @cu .

Buta+(n—a') =n— (o’ —a) < n, so the automatoA accepts aw-word in which there are strictly less thanoccurrences
of the propositional variablg, which is impossible. Therefore we have proved thsd(N,,(p) A N (q)) > (n+ 1)(m + 1).
[

Theorem 3.3:Let py,...,p; be pairwise different propositional variables and et ... n; be positive natural numbers.

Then
k

k
bsa( A\ N, (p:)) = [ ] (i + 1).
i=1 1=1
Proof. The proof for this theorem is a generalization of the proof of Theorem 2. Namely, we consider the automaton
with states[n] x ...[ng] in the first part of the proof and later we simulate the run on an arbitrary automaton by sequences

N,y Nk ]
Q1.0 "

Remark 3.4:From Theorem 3.3 we gétsq(Op; A ... A Opr) = 2%, bsdO(p1 A Op1) A ... AO(pe A Opr)) = 3%, and so
on. Therefore we see that even for very simple LTL formulas the size of encodioli Butomata is exponential in the size
of formulas.

B. Some Sequence will Occur in the Future in the Proper Order

Letn > 0 and letpy,...,p, be fixed propositional variables. We define recursively the formyle, ..., p,) as follows:
¢1(P1, cee ,pn) = Pn» ¢i(p1, . ,pn) = Pn—it+1 N O (gbifl(pl, . ,pn)) fori=2... , M. Finally, we put

En(pla ce 7p’n) = <>(¢7L(p1a ce 7pn))
Observe that?; (p;) = Op1, Ea2(p1,p2) = O(p1 A Op2),

E3(p1,p2,p3) = O(p1 A O(p2 A Ops))

and so on. The informal interpretation of the form#la(py, ..., p,) is ,the sequence of events, . . ., p, will occur in future

in the proper ordef We shall prove a theorem similar to Theorem 3.2. In fact not only this theorem but also its proof is

similar to the proof of the previous one, but we have found out that the common generalization of both proofs is artificial.
Theorem 3.5:.Let n,m > 0 and letpy,...,pn, ¢1,--.,qn be pairwise different propositional variables. Then

bsd E, (p1,...,0n) AN En(q1,. .. qm)) = (n+1)(m+1) .
Proof: Let ¥ = 2{Pup2,pnoausa2am} For N € w, k € [N] and X € ¥ we define

N : k=N
AN(k,X)_{ k+s : pk+17...pk+5€X/\k<N
and N k=N
@N(k,X):{ k4+s : Qri1y---Qes € X ANE<N
Let

p((k17k2)7X) = {(An(th)?@m(kQ?X))} )



wherek; € [n] andk; € [m]. Finally, we put

A=, [n] X [m],{(070)},p7{(n,m)}) :
It is easy to see that
L,(A) = mod(En(p1,p2, - sPn) A Em(q1,42,- - -5 qm))-

Thereforebsd E,, (p1,p2, - - -+ Pn) A Em(q1,42 -+, qm)) < (n+1)(m +1).
Let us assume now that there exists @cBi automatorA which encodes the formul®@,, (p1,...,pn) A En(q1, .-, qm)
such that|A| < (n+ 1)(m + 1). For each paif«, 5) € [n] x [m] we define the sequence

Oap = (X1,X9,...,Xy) € X7
wherey = max(«, 5) and
pieEXjeoj=y—a+ti, ¢geEX;joj=7-—0+i.
For the sequence, s we define the sequen@@?d = (X1,Xo,...,Xs) € ¥ whereé = max(n — o, m — 3) and
Pari EXsi<n—a, gu€X;—i<m-0.

Next we putr’7 B =0ap* aend * (). Notice that, for example,

7T42 = ({p1}, {2}, {ps- a1}, {pa, @2}, {ps, g3}, {aa}) * 0% .

Itis easy to observe that’ ;' € mod(E,, (p1,p2, .- -,pn) AEm(q1, G2, - - -, qm)) for aII pairs(ca, 8) € [n] x [m]. Now, similarly
as in the proof of Theorem 3.3, we fix a rup g of automatonA which acceptsr, ' ‘s and we deduce that there are two pairs
(o, B) # (o/, B") such thatr, s(max(«, B)) = ro g (max(a’, 3')). Finally we deduce that

7= (rap [ (0,..., max(e, §))) * (rar,p [ (max(e’, ) +1,...,00))
is an accepting run of automatdn over thew—word

end w
Oa,p % O ¥ 0% .

We can assume that< «'. Then the automatoh accepts a word in which there are no propositional variahles, pa+2, - - -, P’
which is impossible. Therefore we have proved that

bsd E, (p1,.--,0n) ANEn(q1,. .. qm)) > (n+1)(m+1) .

[ |
Using similar arguments we can prove the following generalization of the previous Theorem:
Theorem 3.6:Let nq,...ny be positive natural numbers afg; ;. : i € {1,2,...k},j; € {1,2,...n;} be pairwise different

propositional variables. Then
k

k
bsa( /\ En, (pi1,piz2---pim,)) = [[(ni +1) .

=1 =1
C. All Events Occur Infinitely Often
For each positive natural numbgrwe put

This kind of formulas often appears in various fairness conditions. The informal interpretation of the farislaall of the
propositionsp, . .., pr occur infinitely often in an arbitrary ordér

Theorem 3.7:(vk > 0) (bso(/\f:l(DOpi)) — ke 1)
Proof: Let ¥ = 2{rur2.pe} For X € ¥ andm € [k] we define

0 : m=k
pm,X)=< m+1 : ppr1eXAm<Ek
m D Pmr1 EXAM <k

Finally we put

A= (27 [k]v {O}7p7 {k}) .



It is easy to check that
L, (A) = mod(¢) ,

thereforebsq(v,) < (k + 1).
It is easy to check that ik < 3 thenbsdyy) > k + 1. We shall assume from now on that> 3. Now let us suppose
A=(%,8,5y,p, F) is a Bichi automaton which encodes the formula and|A| < k. Let us consider the-word

w= ({pl}v {p2}a ce {pk})w'

Obviously w € mod(y). We fix an accepting rum of the automator\ over the wordw. Let s € Inf(7) be an accepting
state which occurs infinitely often in the ran Then7 can be represented in the following way:

r= (q0,17"'7q0,T0a57q1,17"'7Q177‘1787QQ717"'>q2,T2787'")

It is easy to observe thate p(s, {p;}) for all i € {1,2,...,k}. We calla single event rura finite sequencé@, Q2,...Q;)
of the state of the automaton such that

(VZ € {1a2a BRI A 1})(3] € {1727 .- k})(QH—l € p(QZ; {pj})) .

Observe that each segmest ¢; 1, g2, - - -, qt.r,, s) Of the runr, for ¢ > 1 is a single event run. Take the shortest one and
denote it byn = (no,m1,m2, .-+ s My Mrt1), Whereny = 1,41 = s. From the fact thay) is the shortest one we deduce that
(Vi <j <r)(ni #mn;). Letw, = {aw},...,{a,}) be the subword of the word corresponding to the segmentlt is clear
that{pi,po,...,pr} C {ao,a1,...,a,}, so from the assumptiod | < k we deduce thafp,,pa,...,pr} = {0, 01, .., 05 }.
We will show that not all states of the automaténare accepting ones, i.e. thdf| < k. Namely, suppose thdt = S and
consider the sequende= ({p1}, {p2},.-.,{px},?)*. The sequencé is accepted by, so there exists a statee S such
that p(q,0) # 0. If ¢ € p(q,0) then some sequence of the foums« ) would be accepted by the automatén though
o * (¥ & mod(). On the other hand if there exists a state# ¢ such thaty; € p(q,?), then the automatoA would accept
a sequence of the form * () x )=, where not all propositional variables, . .., px occur in \.

Notice thatl,,(A) = U;cp Lu(Af), where

Af = (2, S; SOapv {f})

Let us fix a final state); € F'. For each permutatioll € S}, we define the sequenag; = ({amm)}, {an() ) - - -5 {anw) )
It is easy to observe that if; € £,,(A,,) then

i = 0 % {a(ifl) mod k} * {ai} * {a(iJrl) mod k:} * A

for someo € ¥* and A € X“. Leta = a(;—1) mod k» b = @; @NA ¢ = A(i41) mod k-

There are(k — 2)! permutationdl € S, such that(a, b, ) is a subsequence ¢f{ar)}, {2} -, {anw)}). There are
(k — 3)! permutationd] € S}, such thatoy ;) = ¢, ang—1) = a and gy = b and there argk — 3)! permutationdlI € Sy
such thatoyyy = b, are) = ¢ and ary,) = a. Therefore

e S, :an e Ly(Ay,)] < (B—2)!+2(k—3).
Recall that for eachll € S, we havexy € £, (A). Therefore
k' <|F|((k—2)!+ 2(k — 3)!).
But we showed thatF'| < k — 1, so
El< (k=1 ((k—2)!+2(k - 3)!),
which is not true fork > 3. Therefore we have proved thbsd(v);,) > k + 1. [ |
D. One of the Events Eventually Holds Forever

In this section we take under consideration the negation of the formula from the previous section, namely, for each positive
natural numbek we put

The informal interpretation of the formulg, is ,,one of the propositiong,, ..., p; eventually holds forever
Theorem 3.8:(Vk > 0) (bso(\/f:l(ODpi)) =k+ 1)



Proof: Let X = 2{Pur2.Pe} For X € ¥ we putp(0,X) = {0} U {i: p; € X} and

s ={ G 1 hex
fori € {1,...,k}. Finally we put
A= (X [k],{0},p,{1,2,...,k}).

It is easy to check thaf, (A) = mod (&), sobsg&y) < (k +1).

Suppose thah is a Biichi automaton such thal, (A) = mod (&) and|A| < k. Fori € {1,2,..., k} we define the sequence
m = ({p:}¥). Thenm; € L,(A), so there is a rum; over the wordr; and an accepting statg such thatf; € Inf(r;). We
show now thatf; # f; for all ¢ # j. So let us suppose that j and f; = f;. Fix o < 8; and; < §; such that

ri(ci) = ri(Bi) = rj(ey) = r;(B;) = fi-

Then the run
ri T(L, o) ([ (o +1,..,8) xr; [ (a5 +1,...,08))”

of the automatom\ would accept the word
{pi}* * ({p}P o s {py}im )~

which doesn’t belong tenod(&x). Therefore we see that all states Avfare accepting ones. Let us consider the ruof the
automatonA over thew-word
w = 0% * {p1}*.

From the assumptiopA| < k and the fact that for each stageof the automatomd we haveq ¢ p(q, {0}) we deduce that
there ared < i < j < k such thatr; = r;. But

(’I"Q,’I"l7 e ,Ti_l) * (riari-‘rl e ,Tj)w
is an accepting run, therefof’ € £,,(A), which is impossible. ]

IV. COMPARISON WITHLTL2BA AND SPOT

We compared our results with two currently used LTL tidcBi automata translators: LTL2BA&nd SPO%. We compared the
number of states generated by these tools and our results from the previous section. Moreover, we checked the time consume:
by them. Similar research was done by other authors (see e.qg. [8]), but their experiments compared only the relative efficiency
of translators—we compared the result of translation with our lower theoretical bounds.

We run all tests on HP Proliant DL360, with 2 Intel(R) Xeon(TM) CPU 5160 Processor (3.00 GHz, 1333 FSB), 2GB of
memory. The operating system was FreeBSD 6.2-RELEASE with SMP support. Both SPOT and LTL2BA were compiled on this
machine to achieve best performance. For the purpose of tests both programs were configured with the formula simplification
enabled.

We summarize the results in the series of tables. In the third and fifth column of each table we have the number of states
of the Blchi automaton generated by LTL2BA and SPOT and in the fourth and sixth column we have the time consumed by
these programs to translate the given formula. If the program returned no answer within 24h we marked it with N/A and if a
program died then we marked it by RIP.

First we consider the formula,, = E,,(p1,p2 .- Pn) A En(q1,92 - - - qn), i-€.

an =01 AOM2 A AOPn) . ) AU @ AO(@2 A+ A Oan) - --) -

From Theorem 3.6 we havesq«,,) = (n + 1)2. Table | contains the obtained results. We see that the automata generated
by both tools are far from being optimal. For example, for the minimal Bichi automaton has 9 states, but the automata
generated by LTL2BA and SPOT have respectivElyand 15 states. The difference between the optimal automaton and the
generated ones grows whenincreases.

We must stress that both programs LTL2BA and SPOT produce optiaehiBautomata for the first class of formulas
considered in this paper, namely for formulas of the fagm= N,,(p) A N,.(q), i.e.

Bn=0AOMDA...AOP) .. )AOGAO(GA...AOq)...)

Ihttp://www.Isv.ens-cachan.fr/"gastin/Iti2ba/index.php
2http:/Ispot.lip6.friwiki/



TABLE | TABLE I

FORMULA FORMULA
O AO2 A ee AOPn). ) AO(qr AO(g2 Ao AOgn)...) OAO@A ... NOp)..) AOGNOGA ... NOq)...)
LTL2BA SPOT LTL2BA SPOT
n bsc(ap, ) States Time [s] States Time [s] n bsc( By, ) States Time [s] States Time [s]
1 4 4 0.01 4 0.073 1 4 4 0.01 4 0.074
2 9 12 0.01 15 0.084 2 9 9 0.01 9 0.077
3 16 25 0.01 31 0.124 3 16 16 0.01 16 0.083
4 25 44 0.01 53 0.236 4 25 25 0.01 25 0.091
5 36 69 0.01 81 0.510 5 36 36 0.01 36 0.101
6 49 100 0.03 115 1.095 6 49 49 0.01 49 0.121
7 64 137 0.05 155 2.248 7 64 64 0.01 64 0.153
8 81 180 0.1 201 4.307 8 81 81 0.01 81 0.197
9 100 229 0.17 253 7.851 9 100 100 0.01 100 0.258
10 121 284 0.29 311 13.719 10 121 121 0.01 121 0.325
11 144 345 0.5 375 23.022 11 144 RIP RIP 144 0.479
12 169 412 0.83 445 36.876 12 169 169 0.02 169 0.651
13 196 485 1.32 521 57.716 13 196 RIP RIP 196 0.882
14 225 564 2.06 603 87.587 14 225 225 0.03 225 1.180
15 256 649 3.16 691 129.990 15 256 256 0.04 256 1.559
16 289 740 4.81 785 189.464 16 289 289 0.05 289 2.039
17 324 837 7.09 887 267.893 17 324 324 0.07 324 2.638
18 361 940 10.33 996 374.519 18 361 361 0.09 361 3.373
19 400 1049 14.89 1111 517.417 19 400 400 0.11 400 4.275
20 441 1164 21.09 1237 701.669 20 441 441 0.13 441 5.360
TABLE Il

FORMULA B, = O(p AQp AQO%p A ... AQ" D) AO(GAOgAO%qA...AQ" Lg)

LTL2BA SPOT
n bso(E;L) States Time [s] States Time [s]
1 4 4 0.01 4 0.074
2 9 9 0.01 9 0.078
3 16 16 0.01 16 0.081
4 25 25 0.01 25 0.089
5 36 36 0.01 36 0.101
6 49 49 0.01 49 0.119
7 64 64 0.01 64 0.149
8 81 81 0.03 81 0.195
9 100 100 0.06 100 0.261
10 121 121 0.24 121 0.353
11 144 144 0.90 144 0.480
12 169 169 3.62 169 0.655
13 196 196 14.64 196 0.886
14 225 225 61.44 225 1.186
15 256 256 287 256 1.561
16 289 289 1165 289 2.048
17 324 324 4759 324 2.640
18 361 361 19408 361 3.389
19 400 400 53450 400 4.305
20 441 N/A N/A 441 5.379

and they are doing it in a quick time. The results of these experiments are in the Table Il. However, let us consider the formula

B =0mAOPAOPA...AO" ) AO(GAOgAO% A ...AO 1q) .

The formulass,, and !, are logically equivalent. Table Il contains the results of experiments for the formjlaae observed

that LTL2BA produces the optimal automatons, but the time requirements increase dramatically. It turns out that the formula
simplifications in the preprocessing stage play a very important role. Notice that the SPOT translator can do such optimizations
automatically.

Both considered tools produce optimal automata for the formula

P = 0O0p1 AOOP2 A ... ADOD,

however, the consumed time grows very quickly and SPOT died for formulasnd ¢»y. Table IV contains the results for
formulast,,. Finally, Table V contains the results of experiments for formulas of the form

& =0Up1 VOUp2 V... v OUp, -
Both tools produced optimal ighi automata in a very short time.

V. CONCLUSIONS ANDFUTURE WORK

All of the LTL formulas analyzed in this paper are widely used in formal verification. In fact we focused in this paper on
formulas which we used in verification of properties of some distributed protocols. Observation from the last section shows that
the considered translators are far from being ideal. In many simple cases the size of the automata generated by both analyze
translators is bigger than the lower bound (i.e. its&cBi state complexity) or the time consumed by these tools is very big.



TABLE IV TABLE V

FORMULA v, = OOp1 A OOp2 A ... A OOpn, FORMULA &, = O0p1 v Olp2 V... v Op,
LTL2BA SPOT LTL2BA SPOT
n bsc(vp,) States Time [s] States Time [s] n bsc(€7,) States Time [s] States Time [s]
1 2 2 0.01 2 0.074 1 2 2 0.002 2 0.075
2 3 3 0.01 3 0.075 2 3 3 0.002 3 0.076
3 4 4 0.01 4 0.078 3 4 4 0.002 4 0.076
4 5 5 0.01 5 0.085 4 5 5 0.002 5 0.078
5 6 6 0.02 6 0.099 5 6 6 0.002 6 0.079
6 7 7 0.16 7 0.133 6 7 7 0.002 7 0.079
7 8 8 1.30 8 0.212 7 8 8 0.002 8 0.080
8 9 9 12.89 9 0.397 8 9 9 0.002 9 0.081
9 10 10 106 10 0.828 9 10 10 0.002 10 0.082
10 11 11 1209 11 1.833 10 11 11 0.002 11 0.080
11 12 12 11442 12 4.149 11 12 12 0.002 12 0.081
12 13 N/A N/A 13 9.415 12 13 13 0.002 13 0.080
13 14 N/A N/A 14 21.296 13 14 14 0.002 14 0.080
14 15 N/A N/A 15 48.123 14 15 15 0.002 15 0.082
15 16 N/A N/A 16 108.402 15 16 16 0.002 16 0.084
16 17 N/A N/A 17 242.422 16 17 17 0.002 17 0.085
17 18 N/A N/A 18 542.459 17 18 18 0.002 18 0.086
18 19 N/A N/A 19 1209.573 18 19 19 0.002 19 0.087
19 20 N/A N/A RIP RIP 19 20 20 0.002 20 0.089
20 21 N/A N/A RIP RIP 20 21 21 0.002 21 0.090

In fact we have discussed in this paper some examples of LTL formula patterns (or templates). In formal verification the
class of useful LTL-patterns, up to our knowledge, is not too large; it consists of few hundred of templates. Let us call the
LTL-patternsrecognizedif we know the size and the construction of their minimaldBi automata for each instance of the
pattern. Suppose that after some period of investigations most of useful patterns in formal verification will be recognized.
Then we would be able to construct a database with these patterns and algorithms for generation o€theunt®mata. This
database, when completed, could be used in tools like SPIN for buildilgiBautomatons and in many (or even most) cases
the time for this operation could be reduced from several hours to few seconds needed for the access to the database. Notict
also that only one database of this kind is required in the world.

We plan to expand the class of LTL-patterns frequently used in formal verification with precisely calcuiatedsBate
complexity and to extend our investigations onto other metrics of complexitylohBautomatons.
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