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Abstract

Timed automata were introduced by Alur et al. in the early 1990’s as finite automata
augmented with finitely many (global) clocks. Adding clocks to finite automata enables
us to model continuous time behaviors of real-time systems. The reachability problem of
timed automata is decidable (PSPACE-complete) and it is key to automatically verifying
temporal properties of real-time systems.

Several classes of pushdown extensions of timed automata have been introduced and
studied. Bouajjani et al. introduced pushdown timed automata (PTA) as timed automata
augmented with a single stack (alternatively, pushdown automata augmented with finitely
many global clocks). Abdulla et al. introduced dense-timed pushdown automata (DTPDA)
as timed automata with a timed stack whose stack element is a pair of a stack symbol and
a single local clock. A DTPDA has unboundedly many local clocks during a computation;
thus DTPDA clearly extend PTA. On the other hand, Clemente and Lasota showed PTA
and DTPDA are equally expressive.

In this thesis, we introduce two new classes of timed pushdown automata: timed push-
down automata with multiple local clocks (MTPDA) and synchronized recursive timed
automata (SRTA). MTPDA and SRTA can be seen as extensions of DTPDA with mul-
tipe local clocks and several new operations. We study the expressiveness and show the
decidability of the reachability problem of the two classes.

About the expressiveness, on MTPDA, we show that MTPDA are as expressive as
PTA in spite of having multiple local clocks and new operations. We show that SRTA
are strictly more expressive than MTPDA owing to the presence of new constraints called
fractional constraints that inspect the fractional parts of local clocks.

About the decidability of the reachability problem, we show that the reachability prob-
lems of MTPDA and SRTA are EXPTIME-complete. We also show that the reachability
problem of PTA is already EXPTIME-complete even though PTA are the simplest form
of timed pushdown automata.
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Chapter 1

Introduction

The most important application of the theory of automata is model checking of systems
and programs. We use automata to formally represent behaviors of systems and programs
and verify their properties by results of the theory of automata. There is no perfect class of
automata for all situations due to an unavoidable trade-off between expressiveness and de-
cidability. The higher expressiveness a class of automata has, the more programs the class
can precisely represent but the less properties on the class can be solved algorithmically.
Therefore, we should use or develop an adequate class of automata for each situation.
To this end, on each class of automata, it is important to clarify its expressiveness and
decidability of typical decision problems.

Ezxpressiveness. We compare the expressiveness of a model with those of existing similar
models to understand the model. For this direction, the Chomsky hierarchy, REG C
CFL C CSL C REC [Chohd], plays a central role where REG is the language class of
finite automata (regular languages), CFL is the language class of pushdown automata
(context-free languages), CSL is the language class of linear bounded automata (context-
sensitive languages), and REC is the language class of Turing machines (recursively
enumerable languages). Since Chomsky proposed these four classes, many important
classes have been introduced (indexed languages [Aho68, [Aho6Y], higher-order indexed lan-
guages [Mas74, Mas76, Dam82, Eng91)], multiple context-free languages [SMEKYT, DenTh],
tree-adjoining languages [ILT75, V187], etc). Chomsky’s four classes, however, are still
invaluable due to the simple formalization of the corresponding automata and are bases
to develop a new class of automata.

Decidability. As the Chomsky hierarchy, the expressiveness is a good measure to study
automata; however, studying solvability of typical decision problems is also a good mea-
sure. Customary decision problems studied in the theory of automata are the membership,
emptiness, and equivalence problems. Let A be an automaton of some class.

Membership The membership problem decides whether the automaton accepts a given
word w, w €7 L(A).

Emptiness The emptiness problem decides whether the language of the automaton is
empty, L(A) = 0.

Equivalence The equivalence problem decides whether the languages are the same for a
given automaton B of the considered class, L(A) =7 L(B).

Though these problems seem to be theoretical, we can use these problems for formal
verification of systems and programs. Especially, the emptiness problem is important
on formal verification. On many classes of automata (at least, Chomsky’s four classes),
the emptiness problem equals to a decision problem called reachability problem. This



problem decides whether there is a valid computation from a given configuration cgart to
another one Cgoal (Cstart =5 Cgoal). On formal verification, we can use this problem for
safety analysis, which decides whether there is a computation that reaches an unexpected
(or unsafe) configuration from the entry point of a program. The emptiness problem is
decidable for the classes REG and CFL, and not for CSL and REC [HU7Y].

The languages that are conventionally considered in the theory of formal languages are
sets of words of finite alphabet. Formally, a language is a subset of >* where ¥ is a finite
set of symbols. Towards formal verification of real-time systems, Alur et al. introduced
timed automata by adding the notion of time to finite automata [AD90, ACDY3, AD94|
On timed automata, words w € X* and languages L C X* are extended to timed words
w' € (X xR>)* and timed languages L C (¥ x R>()* where R>g = {r € R : r > 0} is the
set of non-negative real numbers. Timed automata are finite automata augmented with
finitely many clocks (variables over R>g) and the formalization of timed automata is not
so different from that of finite automata. However, from the viewpoint of decidability, the
two models are different; the language equivalence problem of finite automata is decid-
able but that of timed automata is undecidable. Fortunately, the emptiness problem of
timed automata remains decidable and thus we can use timed automata for formal verifi-
cation of real-time systems; for example, timed automata has been used to verify temporal
properties of communication and security protocols [BGKT02, ATKOY97, DKNO4, NPOH].

It is expected that adding clocks to an existing non-timed model of computation makes
a new interesting model of computation as timed automata. Especially towards formal
verification, we would like to design a model that is more expressive than timed automata
and whose reachability problem remains decidable (the language equivalence problem is al-
ready undecidable for timed automata). We consider pushdown automata are an adequate
candidate to be extended with clocks. The first reason is that it is located next to the
class of finite automata in Chomsky’s hierarchy and its reachability problem is decidable.
The second reason is that pushdown automata have already been extended for many direc-
tions and the reachability problems of some interesting extensions of them are decidable
(higher-order pushdown automata [HOO8, HMOS08, HMOST7|, pushdown vector addition
automata [LSTTH], restricted classes of multi-stack pushdown automata [LMPO7, MPTT],
etc.): therefore, we expect the reachability problems of timed-extensions of pushdown
automata also remain decidable. Bouajjani, Echahed, and Robbana introduced a timed-
extension of pushdown automata called pushdown timed automata (PTA) [BERY4]. This
model is a simple combination of timed automata and pushdown automata and its reach-
ability problem is decidable. Abdulla, Atig, and Stenman extended pushdown timed au-
tomata and introduced dense-timed pushdown automata (DTPDA) [AAST234]. Although
the latter model is more complex and seems strictly more powerful than the former model,
PTA and DTPDA are equally expressive [CLI5a].

In this thesis, we extend existing timed-extensions of pushdown automata to enlarge
their expressiveness while preserving the decidability of the reachability problem. We
introduce two new timed-extensions of pushdown automata called timed pushdown au-
tomata with multiple local clocks (MTPDA) and synchronized recursive timed automata
(SRTA). Our result on expressiveness is the following:

e MTPDA and PTA are equally expressive: MTPDA = PTA [UezI3].

e SRTA is more expressive than PTA: PTA C SRTA [UMIR, LIMTH].
Our result on decidability is the following:

e both the reachability problems of MTPDA and SRTA are decidable and EXPTIME-
complete [[UezI8, IIMIR, IIMT5].

Hereafter we briefly review pushdown automata, timed automata, and DTPDA. Then,
we see our two classes of timed pushdown automata and the differences from DTPDA.



Pushdown automata Pushdown automata (PDA) are finite automata augmented with
a single stack [Eve63, Sch63, HU7Y]; therefore, a PDA is a 6-tuple A = (Q, Ginit, F, X, T, A)
where @) is a finite set of locations, ginit € @ is the initial location, F' C @ is a set of
accepting locations, X is a finite input alphabet, I' is a finite stack alphabet, and A is a
finite set of transition rules. A configuration of pushdown automata (g, w) consists of a
control location ¢ and a stack w € I'*. Each transition rule is of the form p % g e A

where p,q € Q, « € U {e}, 7 € {nop} U {push(v),pop(y) : v € T}. ©
The operational semantics of a PDA is given by a labeled transition system (Q xI'*, —)

where @) x I'* is the set of states and — is the set of labeled transitions defined as follows:

push(7y) pop(7) nop
—a 4€A P qEA p—rqgEA

(p.w) = (g wy),  (pywy) > (qw),  (pw) = {(g,w).
The following is an example of PDA where ¥ = {a,b} and I' = {A, B, Z} :

push(A) pop(A)
push(Z) Q nop pop(Z)

b b

push(B) pop(B)

where qg is the initial location and ¢3 is an accepting location. This PDA accepts the
following language (here we omit the definition of the language of PDA):

L, = {w#wR cw € {a,b}*, w! is the reverse word of w}.

Pushdown automata play an important role in program verification. Since we can
use a stack to implement the call-and-return mechanism of recursive programs, we can
use pushdown automata as an abstract model of recursive programs. Furthermore, the
reachability problem of pushdown automata is decidable and in PTIME [BEMY7]. For
verification of recursive programs, we use this decidability to solve the safety analysis
which decides whether or not a given recursive program enters an undesirable state or
exceptional state.

Timed automata Timed automata are finite automata augmented with finite clocks,
which are used to measure the time elapsed between events [ADY0, ACDY3, ADY4]. For-
mally, a timed automaton A is a 6-tuple A = (Q, ¢init, F, 2, X', A) where Q, ginit, F, %,
and A are the same as pushdown automata. The component X is a finite set of clocks. A
configuration of timed automata (g, v) consists of a control location ¢ and a valuation over
finite clocks v : X — R>(. On timed automata, we consider a timed word which belongs to
the set (¥ xRx>¢)* instead of a normal word on ¥*. A timed word (o1,71)(02,72) ... (0p, Tn)
means that a symbol o7 occurs in r; seconds after a computation started and also oy oc-
curs in 7o seconds after the computation started (alternatively, o occurs in r9 —r1 seconds

after the symbol o1 appeared), and so on. On timed automata, there are three types of

. nop reset(z)
transition rules: p =7 4, D

x€rl . . .
—— ¢, and p TO> q where z is a clock and [ is an interval.

These types of transition rules are called discrete transition rules. The operational seman-
tics of a timed automaton is given by a labeled transition system (Q x (X — Rx>q), —,~>)

'For the sake of simplicity, we use a formalization of PDA that differs from the most standard one [HII79]
but is equivalent to that.



where @ x (X — Rxq) is the set of states and — is the set of labeled transitions over the
set of states defined as follows:

P €A p=gen pEgen v el
eset(x) o1
P, v) "2y (q,),  p,v) s (g, vfw = 0), (p,v) =25 (g, v),

where v[z := 0] is the reset valuation of v for x by the real 0.0 defined as follows:

s 00 ifz=y,
Y v(y) otherwise.

We also have another type of transition called timed transitions:

5€R20

(p,v) % (p,v +6)

where v + 4 is the evolved valuation of v by § defined as (v + 6)(x) £ v(x) + 6.
The following is an example of a timed automaton where X = {z} and ¥ = {a, b, ¢, d}:

nop nop
a C

This timed automaton represents the following timed language (here we omit the definition
of the language of a timed automaton):

Lo ={ (a,r1)...(a,rn) (b, rns1)(C,rnt2) - - (€ Tnam)(dy Trtm+1) @ Tntmt1 — Tng1 = 2}

The timed language is the set of timed words of the form aa . ..abcc. . . cd where d appears
in two seconds after b appears.

Alur et al. introduced timed automata and proved that the reachability problem of
timed automata is decidable and PSPACE-complete with respect to the size of a timed
automaton. In order to show the decidability of the reachability problem of timed au-
tomata, they developed a notion called region abstraction; today, it is an important and
fundamental tool to study timed automata.

Timed pushdown automata It is natural to consider a hybrid model of pushdown au-
tomata and timed automata since both the reachability problems of these models are decid-
able. Bouajjani, Echahed, and Robbana considered the simplest combination of those two
models, pushdown timed automata [BERY4, Dan03]. Pushdown timed automata (PTA)
are finite automata augmented with finitely many clocks and a single stack. Formally, a
PTA is a 7-tuple A = (Q, ¢init, F, X, T, X', A) where each component has the same meaning
as that of pushdown automata and timed automata. A configuration of PTA is a triple
(q,v,w) of alocation g, valuation v : X — R>q, and stack w € I'*. Each transition rule is
of the form p %) g € A where p,q € Q, o € ¥ U {e}, and

7 € {nop} U {reset(x),z €7 I : x € X, I is an interval} U {push(y), pop(y) : v € I'}.

The operational semantics of a PTA is given by a labeled transition system (Q x (X —
R>g) x I'*, =, ~) where @ x (X — R>() x I'* is the set of states, — is the set of labeled



transitions for discrete transitions, and ~- is the set of labeled transitions for timed tran-
sitions. The sets — and ~~ are defined in the same way as pushdown automata and timed
automata.

Although this model is a simple combination of pushdown automata and timed au-
tomata, it strictly enlarges the language class of timed automata. The following is an
example of PTA where X = {z,y}, ¥ = {a,b,¢,a,b,¢}, and ' = {x}:

push(x)

©
o
©
—
*
N

b
no Q reset(y yeEr(2:3
_)@ p " (v) (o) 7 (2:3)

° ! U { xesz(LQ:S) @

The above PTA accepts the following timed language by its accepting location g4 and the
empty stack:

Ly={
(a,r1)(b,72) ... (by1p)(c, 1) (C, r;l+1)(b, ) ... (byrh)(@,r]) :
2< 1 —Tpy1 <3, 2<r]—11 <3

.

On the other hand, this language cannot be accepted by any timed automaton. In order
to accept this language (more precisely, to check whether or not the number of b is the
same as that of b), we need a stack rather than clocks.

The reachability problem of PTA is decidable. This decidability was easily shown:

1. We translate a given PTA to the corresponding PDA that preserves the reachability
by the technique of the region abstraction of timed automata;

2. We use the reachability analysis of pushdown automata.

Therefore, we can solve the reachability problem of PTA by using existing model check-
ers for pushdown automata. Applying the region abstraction technique to a given PTA
yields the corresponding PDA where the number of control locations of the PDA is ex-
ponential with respect to the number of clocks of the PTA. Since the reachability prob-
lem of pushdown automata is in polynomial-time, we obtain an exponential-time algo-
rithm of the reachability problem of PTA [BRERY4]. In this thesis, we newly show the
exponential blowup is unavoidable, i.e., the reachability problem of PTA is EXPTIME-
complete (Corollary B). On timed automata, the reachability problem is PSPACE-
complete although there is a similar exponential blowup caused by applying the region
abstraction [ATY94]. If the complexity class PSPACE is strictly included in the class EX-
PTmME (PSPACE C EXPTIME), the coexistence of clocks and a stack makes that PTA
essentially differ from timed automata and pushdown automata.

Abdulla, Atig, and Stenman introduced another timed-extension of pushdown au-
tomata, dense-timed pushdown automata (DTPDA) [AAST2a, AASTAR, AAST4a]. For-
mally, a DTPDA is a 7-tuple A = (Q, ¢init, F, X, T, X, A) as with PTA. A configuration
of DTPDA (q,v,€) is a triple of a location ¢, valuation v : X — R>¢, and timed stack
€ e (I' x Rxp)*. A timed stack (y1, k1) (72, k2) ... (Vn, kn) is a stack whose each element
(i, ki) is a pair of a stack symbol 7; and value k; of an accompanying clock. We call a clock
of X global clock and an accompanying clock in a stack local clock. Hence, unboundedly
many clocks appear in a timed stack as a timed stack unboundedly grows. Each transition
rule is of the form p %) q € A where p,q € Q, a € X U {e}, and

T € {nop} U {reset(z),z €7 I :x € X,I is an interval}
U {push(y),pop(y,I):~v €T, Iis an interval} .



The operational semantics of a DTPDA is given by a labeled transition system (Q x
(X = Rxg) x (I' x R>0)*, =, ~) where @ x (X — Rx>g) x (I' x R>()* is the set of states,

— is the set of labeled transitions for discrete transitions, and ~- is the set of labeled
op  reset(z) Iy

transitions for timed transitions. The transitions for — =7 —5 7 and are defined
h I
in the same way as PTA. We define the cases of pusa(v) , poP((j’ ) , and 2.
h I
p%qu p%qu kel
push(v) pop(7.I)
<p7 v, ’LU> T> <q7 v,w <’Y7 00>>7 <p7 v,w <’Y7 k>> T> <q7 v, ’LU>,

0 €R>o

)
D,V (Y1, k1) - (s b))~ (v 40, (1, kL +6) o (Yns B +6)).

Although PDA only modify the top part of a stack by the push and pop operations,
DTPDA simultaneously evolve all the local clocks in their stack to reflect time-elapsing.
It should also be noted that we can check the value of a local clock only when we pop the
stack frame that the local clock belongs to. This means that we cannot check local clocks
more than once and reset local clocks.

The following is an example of DTPDA where X = {z,y}, ¥ = {a,b, ¢, a,b, E}, and

I'={x}:

push(*) pop(x, (2:3))

b b
_)@ nop \\q% reset(y) /q;\ Yy €2 (2:3) . x €y (2:3) @

G N G

This DTPDA represents the following timed language by the accepting loction g4 and the
empty stack:

w

Ly = { (a,r1)(b,r2) ... (by7rn)(c,rny1)(C, T;LH)(b, 7‘,’1) .. (5, ré)(a, ri) 12 < ré —-—r; <3 } .

In spite of the unboundedness of the number of local clocks in a timed stack of DTPDA,
its reachability problem remains decidable (and EXPTIME-complete) [AASTZa]. Due to the
presence of local clocks, we cannot use the same construction of the reachability problem
of PTA for DTPDA. Indeed, Abdulla et al. adapted the classical region abstraction of
timed automata for DTPDA and the decidability proof of the reachability problem for
DTPDA significantly differs from that for PTA.

On the viewpoint from the theory of formal languages, Clemente and Lasota showed
the untiming theorem of timed pushdown automata [CLI5a]. The theorem says that we
can translate a DTPDA to the corresponding PTA while preserving its language. This
implies that PTA and DPTDA are equally expressive. Indeed, the above timed language
L4 can be accepted by a PTA with two clocks because the two languages L3 and L4 are
the same. Following the untiming theorem of Clemente and Lasota, we obtain another
proof of the decidability of the reachability problem of DTPDA.

Contribution

In this thesis, we introduce two classes of timed pushdown automata: timed pushdown
automata with multiple local clocks (MTPDA) [UezIR] and synchronized recursive timed
automata (SRTA) [UMTS, IIMTH].



Timed pushdown automata with multiple local clocks (MTPDA). The class of
MTPDA is an extension of timed pushdown automata of Clemente and Lasota with mul-
tiple local clocks. Formally, MTPDA (K-MTPDA) is an 8-tuple A = (@, ginit, F, X, T, X,
{z1,22,...,2K},A) as with DTPDA except a set of K-local clocks {z1,22,...,2K}. A
configuration of MTPDA is a triple (g, v, T) of a control location ¢, clock valuation v, and
timed stack T € (F X ({z1,22,..., 26} — RZO))*. Although DTPDA cannot reset and

check local clocks of a timed stack, MTPDA allow those operations by transition rules of

the form p % q and p Z’i—71> q where z; is a local clock rather than a global clock

and [ is an interval.
Our result on MTPDA is the following:

Ezxpressiveness MTPDA and PTA are equally expressive.
Decidability The reachability problem of MTPDA is ExpPTIME-complete.

In order to show these results, we prove the untiming theorem of MTPDA that general-
izes the untiming theorem of Clemente and Lasota. The untiming theorem of MTPDA
translates a given MTPDA to the corresponding PTA while preserving its language.

Synchronized Recursive Timed Automata (SRTA). The class of SRTA can be
seen as an extension of MTPDA with a new kind of clock constraints called fractional
constraints. Each fractional constraint {x} =» 0.0 checks whether or not the fractional
part of the value of a (global or local) clock x is 0.0. In other words, it checks whether or
not the value of a clock is a natural number.

Our result on SRTA is the following:

Ezxpressiveness SRTA is more expressive than PTA; therefore, PTA = DTPDA =
MTPDA C SRTA.

Decidability The reachability problem of MTPDA is EXPTIME-complete.

Although we can easily simulate a PTA while preserving its language by an SRTA,
the following timed language LgrTa cannot be accepted by any PTA because it requires
unboundedly many clocks in a stack:

LsrTa = { (a,r1)(a,r2) ... (a,rn)(b,rh) ... (b,ry) (b, 7}) =i — 1 € N} .

This unrecognizability result means that we cannot untime stacks of SRTA and use the
same argument as MTPDA to show the decidability of the reachability problem of SRTA.
Alternatively, we use the region abstraction designed by Abdulla et al. that was introduced
to show the decidability of the reachability problem of their DTPDA. Although our proof
is based on the region abstraction of Abdulla et al., we clarify key structures of their
elaborated proof and give a simpler decidability proof. Technically, our proof simplification
comes from backward-simulation of SRTA by pushdown automata obtained by region
abstraction. This does not only simplify our proof but also generalizes the decidability
result of timed pushdown automata. On the previous work, the decidability of the location
reachability problem of timed pushdown automata has been studied [BERY4, AAST23).
We generalize this to the decidability of the configuration reachability problem and show
both the reachability problems of SRTA remain EXPTIME-complete [IIMIR, [IMTH)].

Overview of the Thesis

In Chapter B, we will introduce basic notation and formalize timed automata. We review
the classical decidability result of timed automata, the decidability of the location reach-
ability problem of timed automata. In addition, through introducing collapsed valuations
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and the semantics of timed automata based on such valuations, we show the PSPACE-
completeness of the configuration reachability problem of timed automata. As far as we
know, this decidabiliy result is new.

In Chapter B, as a preliminary to our new extensions of timed pushdown automata,
we will review pushdown timed automata (PTA) of Bouajjani et al. [BERY4], dense-timed
pushdown automata (DTPDA) of Abdulla et al. [A’ASTZa], and timed pushdown automata
(TPDA) of Clemente and Lasota [CLIba]. We also review the known result that PTA,
DTPDA, and TPDA are equally expressive. As a new result for PTA, we show that
the reachability problem of PTA is already PSPACE-complete. This PSPACE-hardness
refines the PSPACE-hardness of DTPDA shown by Abdulla et al.

In Chapter B, we will introduce a new extension of timed pushdown automata, timed
pushdown automata with multiple local clocks (MTPDA). For this class, we show the
untiming theorem which implies that MTPDA and PTA are equally expressive and that
the reachability problem of MTPDA is EXPTIME-complete.

In Chapter B, we will introduce a new extension of timed pushdown automata, syn-
chronized recursive timed automata (SRTA). We will show that SRTA is more expressive
than PTA and the reachability problem of SRTA remains EXPTIME-complete. Finally,
we will conclude in Chapter B.

11



Chapter 2

Timed Automata

In this chapter, we revisit timed automata introduced by Alur et al [AD94]. We define
basic notation and then formalize timed automata. We also show the decidability of the
important decision problem of timed automata called the location reachability problem
along with introducing digital valuations that are useful tool to analyze timed automata.
Our digital valuations and the region of timed automata introduced by Alur et al. are
similar but slightly different. Although we can also use the region of timed automata to
show the decidability of the location reachability problem, we will use digital valuations
instead of the classical region in Chapter B; therefore, we introduce them in this chapter as
a preparation for that chapter. Furthermore, we show the decidability of the configuration
reachability problem of timed automata through the technique called a backward simula-
tion. As far as the author know, our decidability proof of the configuration reachability
problem differs from existing approaches.

2.1 Basic Notation

We define basic notation to define timed automata.

The set of natural numbers and real numbers are written by N and R, respectively.
We use R to denote the set of non-negative real numbers: R>g = {r € R:r > 0}. For
a real number r € R, we write |r| and frac(r) to denote the integral part and fractional
part of r, respectively. For example, [3.14| = 3 and frac(3.14) = 0.14.

We use intervals of the following form to denote a set of real numbers:

(a:b)&2{reR:a<r <b}, (a:b] = {reR:a<r<b},
[a:b) = {reR:a<r<b}, [a:b] = {reR:a<r<b},
(a:w)E{reR:a<r}, [a:w)2{reR:a<r}.

where a,b € N.

We will use X to denote a set of clocks of a timed automaton and call a function
v:&X — Ryo from X to R>q concrete valuation or simply valuation on X. The special
valuation that assigns 0.0 to any clock of X is written as Ox: Ox(x) = 0.0 for any x € X.
If X is clear from the context, we omit it and simply write O.

Let v : X — R>¢ be a valuation. We write v[z := r] to denote the valuation obtained
by updating the value of z by r:

r if x =y,

(v[z = r])(y) = {

v(y) otherwise.

Let v/ : X — R>q be another valuation and Y C X be a subset of X. We write v[Y = /]
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to denote the updated valuation of v defined as follows:

VY = o) (z) 2 {V(SC) ife gy,

V'(x) otherwise.

For a subset Y C X, we write v [ Y : Y — R>( to denote the restriction of v to Y.
We write v |= x € [ if, on the valuation v, the value of x belongs to the interval I:
def
vEzel < v(z)el

For two valuations v1 : X — R>g and 12 : ¥ — R>( where their domains are disjoint,
XNY =0, we write v1 Uy to denote the valuation on X UY that is defined as follows:

(1 Uo)(2) 2 vi(z) ifzeX,
vo(z) otherwise.

For two valuations vy, vy : X — R>q, we write v; < 1y if v(2) < va(x) for any z € X.
It is clear that this relation < forms an ordering.

2.2 Formalization of Timed Automata

A timed automaton A is a 6-tuple A = (Q, ¢init, F, X, X', A) where

e () is a finite set of control locations, gt € @ is the initial location, F' C @ is a finite
set of accepting locations,

e Y is a finite input alphabet,
e X is a finite set of clocks, and
e AC QXX x Act x (Q is a finite set of transition rules.

— We write X, to denote the set ¥ U {e}.

— Act is the set of actions of timed automata defined as the following grammar:
Act n=reset(z) | x €7 I
where x € X and I is an interval.

In the present chapter, we fix a timed automaton A = (Q, ginit, F, X, X, A) to define some
notation.

A configuration of the timed automaton A is a pair (g, v) of a location ¢ € @ and clock
valuation v : X — R>¢. Especially, we call the configuration (ginit, 0) initial configuration.
We write p % q to denote a transition rule (p, a, 7,q) € A.

The operational semantics of the timed automaton A is defined as an infinite labeled
transition system T4 = (Q X (X — R>q), —,~»). First, we define discrete transitions —

as follows:

reset(x) zE€-T

aq4eA p——qEAN viExel
reset(x) €l
(p,v) =5 (g, v[z = 0]), (p.v) 5 (a,v).

The transition rule p % q resets the designated clock x by assigning 0.0 to = in a

. .. 21 . .
valuation. The transition rule p % q checks whether or not the designated clock z is

in the interval [ in a valuation.

13



Next, we define timed transitions ~~ that reflects time-elapsing as follows:
0 € RZO

(p,v) 9, (p, v+ 96).

The timed transition c; 2 co denotes the time-elapsing of ¢ time units. It is worth noting
that timed transitions only affect valuations and do not change locations.

On timed automata, we consider timed words and timed languages over (X x Rx>g)*
instead of (untimed) words and language over ¥* of ordinary finite automata. A timed
word w € (X x R>)* is a finite sequence of pairs of ¥ and R>¢. Intuitively, a timed word
w = (01,71)(02,72) ... (0On, ) means that

e a symbol o1 appears in r; seconds after the computation started

e a symbol o9 appears in r9 seconds after the computation started, and so on:

start 01 02 03 On

l rll | | 7

T2 rs Tn

More formally, timed words are weakly monotonic sequences on (X x R>g)*; therefore, the
set of timed words TW(X) is defined as follows:

TW(X) £ {(01,71)(02,72) ... (00, 7n) : 0 € X1 € Rog, 7 < 7ip1}

A timed language L C TW (X) is a set of timed words.

2.2.1 Language of Timed Automata

In order to define the timed language of a timed automaton, we need some notation. A
computation 7 of a timed automaton is a finite alternating sequence of timed and discrete
transitions that starts from the initial configuration (ginit, 0) as follows:

_ 01 T g 02 T2 4 O3 Tn—1_ 4 O, Tn 4
T = (qinit, 0) ~> €1 By oy B T e oo

1 6 On Tn . .- .
Let m = (init, 0) Vg);‘_11> c ~3;—22> «/@;—n> cl, be a computation. Intuitively, this compu-
tation means that

e a symbol oy (maybe o = €) appears in 71 seconds after the computation started

e a symbol ay (maybe ag = €) appears in 7y seconds after a; appeared, and so on.

stclw"t 071 0412 Ozlg an‘—l Oé‘n

1 T2 r3 Tn

Following this intuition, we define the timed trace tt(m) € (X xR>¢)* for the computation

7 as follows:
n

tt(ﬂ') = (a1,51><a2,51 + 52) ... <Oén, 250
i=1
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Excluding silent transitions from timed traces, we define the timed word tw(w) € (¥ X
R>0)* for the computation: tw(m) £ ¥(tt(n)) where ¥ is the homomorphism from (X, x
R>0)* = (£ x R>)* defined as follows:

W (o, 7)) = {(a,r) ifael,

€ otherwise.

We define the language of a timed automaton as the set of timed words obtained from
the computations that reach a configuration whose location is an accepting location:

01 T 5n Tn
L(A) 2 {tu(m) : 7 = (quie, 0) 7o -+ B (qr,v), ar € F ).

Normalizing Intervals. We can normalize intervals that appears in a given timed
automaton while preserving its language.

Proposition 2.1. Let A be a timed automaton. There is a timed automaton B such that
L(A) = L(B) andifarulep%qu, then I = (a:a+1), I =[a:al,or [ = (a:w).

Proof. This is immediately shown by the following simple equation:

(a:a+k)=(a:a+1)Ufa+1:a+1jU(a+1:a+2)U---U(a+ (k—1):a+k),
(a:a+kl=(a:a+k)Ula+k:a+ k]

[a:a+k)=[a:alU(a:a+k),

{a:a—{—kz] [a:alU(a:a+ kKl

cw)=la:aU(a:w).

S]

If we have a transition p ﬂ g in A, then we add it to B.

If we have a transition p T‘> q in A, then we add transitions obtained by decomposing

2(1:3
I to B. For example, if p IGT(]> q in A, then add the following transitions:

x€2(1:2) x€2[2:2] x€7(2:3) x€7(3:3]
« , D T> q, D T> q, a

O]

Atomic Operations. We consider a new action 71§ 7o that performs two actions 7 and

T9 sequentially at a single transition without time-elapsings. Therefore, the semantics of

a transition rule p M q is defined as follows:

(p,v) =2 W) V) 2 (e,

T1§ T2

(p,v) —5— (g, V")

We call this transition rule atomic transition rule. Adding atomic transition rules does
not enlarge the expressiveness of timed automata.

Proposition 2.2. Let A be a timed automaton with atomic transition rules. There is a
timed automaton B such that L(A) = L(B).

Proof. Let A = (Q, Ginit, F, 2, X, A) and p % ¢ be an atomic transition rule of A. We

remove this transition rule by constructing the following timed automaton:

= (Q U {p07p17p2} 7qinit7F727X U {C} 7A/)
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where pg, p1, p2 are fresh locations, C is a fresh clock, and A’ is defined as follows:

a = an{p gl
reset(C) 1 T Cel0:0]
U §p—5 2P0, Po—*P1, P1L-7D2 DP2—(—q

We use the fresh clock O to ensure that there are no time-elapsings among moving p
to g through pi, p2, and ps3. It can be easily verified L(A) = L(Bj). Furthermore,
we can remove all the atomic transition rules of B; by repeatedly applying the same
construction. Finally, we obtain a timed automaton B without atomic transition rules
such that L(A) = L(B). O

We also use a more general form p % q. Adding such atomic transition rules

also does not enlarge the expressiveness of timed automata; indeed, on the basis of the
same argument of Proposition B2, we can remove such atomic transition rules.

Example of Timed Automaton As an example of timed automata, we model a time-
dependent light-switch that behaves as follows:

e As the initial status of the light-switch, the light is off.
e If we push the switch, the light becomes on.

e Furthermore, if we again push the switch within 3 seconds after the light becomes
on, then the light becomes bright.

e Otherwise, the light becomes off when we push the switch.

The following timed automaton A = (@ = {OFF, ON, BRIGHT}, OFF, @, {press},{z},A)
models the above behavior:

xr €7 (3:w)
press

reset(x)
press

BRIGHT

press

Let us consider the following two computations:

reset(x)

= (OFF, {z — 0. 0}> <OFF {z—04}) —
(on, {z — 0.0}) &2 (o, {z — 6.3)) “Z opp, {2 s 6.3)).

press

reset(x)

= (OFF, {z — 0. O}> <0FF {r —»04}) —>

press

(0N, {z = 0.0}) 2 (on, {2 — 2.1}) =,
(BRIGHT, {x — 2. 1}> (BRIGHT {z — 4.0}) % (OFF, {x — 4.0}).

From each computation, we obtain the following timed words:

tw(m) = (press, 0.4) (press, 6.7), tw(ma) = (press, 0.4) (press, 2.5) (press, 4.4).
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2.3 Reachability Problem and Digital Automata

In the present section, we show the classical decidability problem of timed automata
called the location reachability problem or simply the reachability problem. For a given
location ¢ of a timed automaton, the location reachability problem of timed automata
(Ginit, 0) =3 {(q,7v) decides whether or not there is a computation that starts from the
initial configuration reaches a configuration (g, v) where ¢ is the designated location and
v is some valuation.

The decidability (and PSPACE-completeness) of this problem was shown using the
important technique of timed automata called region abstraction [AD94]. They used the
region abstraction to remove two infiniteness in timed automata: 1) the unboundedness of
real numbers and 2) the denseness of real numbers. We introduce digital valuations instead
of the classical regions of [ADY4] and construct digital automata from timed automata to
show the decidability of the reachability problem of timed automata. Although the classi-
cal region suffices to show the decidability of the reachability problem of timed automata,
we introduce digital valuations in advance as a preliminary for Chapter B where we need
digital valuations rathar than the classical regions to establish an important lemma.

To define digital valuations and digital automata, we fix a timed automaton A =
(Q, ginit, F, 2, X, A) whose intervals are normalized by following Proposition 2.

2.3.1 Digital Valuations

We write M4 to denote a sufficiently large natural number with respect to the constants
appearing in A. Formally, we define M4 as follows:

Ma £ max{ i,j € N: (i:j), [i : j], or (i:w) appears in A} + 1.

We simply write M by omitting A from M4 when a timed automaton A is clear from the
context. We cannot distinguish large real numbers r; and ro such that r1,72 > M with

e o1
any transition rule p % q € A.

Proposition 2.3. Let r; and ry be real numbers such that r{,7o > M.

If p xi—71> q is a transition rule of the timed automaton A, then the following holds:

{z—r}EFzel < {z—r}Ezecl

Proof. This is trivial from the definition of M. O

On the basis of this proposition, we can forget values of a clock valuation that are
beyond M. This is useful to deal with the first infiniteness of timed automata, the un-
boundedness of real numbers.

To deal with the second infiniteness of timed automata (the denseness of real numbers),
we forget the fractional parts of a clock valuation but keep the ordering of the fractional
parts of the clock valuation. Indeed, we cannot check whether or not the value of a clock
x is a real constant with any clock constraint « €7 I. (However, by some constraint such
as x € [n: n], we can check if the fractional part of a clock z is 0.0.)

Following these intuitions, we define digital valuations.

Definition 2.1 (Digital Valuation). A sequence of sets d = dyd; ...d,, where d; C
X x{0,1,...,M — 1,00}, is a digital valuation on X if d satisfies the following conditions:

e Every clock in X appears in d exactly once.

e Except dp, all the sets d; are not empty: d; # 0 for all i € {1,2,...,n}.
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We write (z,k) € d if (x,k) € d; for some i € {0,1,...,n}.
We use D(X, M) to denote the set of digital valuations on a finite clock set X and
constant M. We simply write D if X and M are clear from the context. |

We define a realization relation between concrete valuations and digital valuations.

Definition 2.2 (Realization). Let v be a valuation on X', and d = dod; . . . d,, be a digital
valuation on X. We write v |= d if the following hold:

e Forall x € X, v(z) > M iff (z,00) € d.

If v(z) <M, then (z, |[v(x)]) € d.
o If (z,k) € d with some k € {0,1,...,M — 1}, then |v(z)| = k.

For all x € X, frac(v(z)) = 0.0 iff z € dy.

frac(v(z)) < frac(v(y)) iff x € d; and y € d; for some i < j.

Example. Let M = 4.

{ 2.0,y 43} = {(z,2)} {(y, )},
{o =08 y— 1.5 2= 3.8} = {} {(y, )} {(2,0),(2,3)},
{r—=4.0; y—25; 2= 55} = {(z,00)},{(y,1),(2,00)}.

Remark: For the special sets dy that contain clocks whose fractional parts are 0.0, we
use the notation {...}, as above.

We can easily construct a digital valuation from a valuation by collapsing the integral
parts of the valuation to {0,1,...,M — 1,00} and sorting fractional parts of the valuation.
Therefore, the following simple property holds.

Proposition 2.4. The realization relation |= is functional, i.e., for a valuation v, there
exists the unique digital valuation D(v) such that v = D(v).

On the other hand, the realization relation |= is not injective: for example, {z — 0.3} &
{}o{(z,0)} and {z — 0.9} = {} {(2,0)}

We define operations, clock checking d = = € I and clock resetting d[x = 0], for digital
valuations. To this end, we need the following properties.

Proposition 2.5. Let v; and v be valuations on X. If D(v1) = D(vs),

Checking. v; Fx €7 I iff vy =2 €7 [ for any clock constraint « €7 I in A of the timed
automaton A.

Resetting. D(vi[z :=0]) = D(v2[z = 0]) for any clock z € X.

On the basis of this proposition, we define d = z € [ and d[z = 0] for digital
valuations.

Definition 2.3. Let d be a digital valuation and v be a valuation such that v = d.
e For aconstraint x €2 I, d=zelifvi=x el

e For a clock z € X, d[z = 0] £ D(v[z = 0)).
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Remark: The definition for a digital valuation d uses a valuation v that satisfies v |= d.
But the definition is well-defined and does not depend on the choice of such a valuation
because of Proposition EZ3.

The definition immediately leads to the following proposition.

Proposition 2.6. Let v be a valuation and d be a digital valuation. If we have v = d,
e vi=zx el < d=x eI for any clock constraint in A.
e v[z :=0] = d[z := 0] for any clock = € X.
We define the successor relation d F d’ that corresponds to time elapsing on valuations.

Definition 2.4 (Successor). Let d and d’ be digital valuations. The valuation d’ is the
unique successor of d (d F d’) if one of the following holds:

Case d = dyd; . ..d, and dy # 0:
dody...dpt0dody...dy.
Cased=0d;...d,_1dy,:
Ody...dp1dptd,dy...dy1,
where d], satisfies the following: if (z, k) € d,,,

(x,k+1)ed, ifk<M-—1,
(x,00) €d, fk=M-=1ork = cc.

We use H* to denote the reflexive transitive closure of F. [ |

Example. The following is an example of the successor relation - with M = 2.

{r—00;, y—13} < {&—05 y—~18 < {r—07 y—20} < {r—009 y—22}
m m m m

{0} {ls, D} F @0 {1} = {wo0)}{(=0} = {}{(y,00)}{(x,0)}

We show the following diagrams that state the relation F* reflects time-elapsings on
concrete valuations:

v < UV v < vV v v < W
T = T T T — T T
d d + 3, d  d d  d.

To this end, we define the three auxiliary time elapsing relation <;, <o, and <3 on clock
valuations. We need the notation max_fract(v) defined as follows to denote the maximal
fractional part of a valuation v:

maz_fract(v) = max {frac(v(z)) : x € X'}.

Let v and v/ be clock valuations.

oy et there is no clock z such that frac(v(x)) = 0.0 and
v<iv
! V' =v+ (1.0 — maz_fract(v)).
oy el there is no clock x such that frac(v(x)) = 0.0 and
v<ov
? V' < v+ (1.0 — maz_fract(v)).

, def there is a clock x such that frac(v(z)) = 0.0 and
v<s &
V' < v+ (1.0 — maz_fract(v)).
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For example,

{r —02; y— 1.6; 2+ 2.9} <; {x — 0.3; y— 1.7; z— 3.0},
{r—0.2; y— 1.6; z+— 2.9} <o {x— 0.28; y— 1.68; 2+ 2.98},
{r—0.3; y— 1.7 2— 3.0} <g {x— 04; y+— 1.8; z+— 3.1}.

Proposition 2.7. Let v and v/ be valuations and d be a digital valuation. The following
diagram holds for i = {1, 2, 3}:

/

v <; UV v <; Vv
1D — T m
d d + d.
Proof. All the cases are trivial from the definition of <; and . O

Let v and v/ be valuations such that v < /. We can decompose v < v/ by using the
relations <1, <s, and <3. Let us consider the following example:

(v=){x—0.2; y— 1.6; 229} < {z+— 1.0; y+> 2.4; 2 3.7} (=1).
We have the following decomposition:

v={x—02; y— 1.6; z— 2.9} <4
vi ={x—03; y— 1.7, z+— 3.0} <3
vy ={x—04; y— 1.8; z— 3.1} <4
v3 ={x— 0.6; y— 2.0; z+— 3.3} <3
vy ={x—009; y— 2.3; z+— 3.6} <4
V={r—10; y—2.4; 2+ 3.7}.
Formally, the following property holds.

Proposition 2.8. Let v and ¢/ be valuations such that v < /. We can decompose v < 1/

as follows:
/
V<V <j V2 <5 <, V

where i1, 149,...,1, € {1,2,3}.

Proof. 1t suffices to consider the case v/ = v + § where 0 < § < 1.
We use the following function.

Measure(v,8) = [{x € X : |v(x)| # |v(z) +6]} .
The following properties for Measure can be easily verified:
e v<iv+dorv <y <v+4if and only if Measure(v,d) > 0.
e v <ov+dorv<sgv+dif and only if Measure(v,d) = 0.
o If 0 < 01 + 2 < 1, then Measure(v, 01 + d2) = Measure(v, 1) + Measure(v + d1,02).

We proceed by induction on Measure(v, v — v).

Base Case. We consider the case Measure(v,1/ — v) = 0. Since there are two subcases
v <oV or v <3 v/, this case is finished.
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Induction Case. We consider the case Measure(v,v’ — v) > 0. For this case, we have
the following two subcases:

v<i v, o<V <.
Now we consider the latter case. Since
e Measure(v,v — v) = Measure(v,v" — v) + Measure(v”, v/ —v"); and
e Measure(v,v" —v) > 0,
we have Measure(V',v — V") < Measure(v,v — v). By the induction hypothesis, we have

the following:

7 /
V<, v <p<ve <jg oo <y, V.

m

Therefore, v <1 V' <j, 11 <j,< V2 <j; --+ <j,, V' and it finishes the proof. O

We can easily show the following proposition from Proposition 224 and EZ3.

Proposition 2.9. Let v be a valuation and d be a digital valuation.

v < v v < vV
m — T T
d d — 3d.

Proof. If v = v/, then it suffices to take d’ = d. Otherwise, we decompose v < v/ by
Proposition 8 and then repeatedly apply Proposition EZ4. 0

The following similar propositions also hold.

Proposition 2.10. Let v be a valuation and d be a digital valuation.

v v <
m — T m
d v d d v d.

Proof. 1t suffices to show the following 1-step diagram holds:

v v < I/
m — T m
d - d d - d.

In order to show this diagram, we do case analysis on d - d’.

Ifd={-}ydi...dp - d' ={}, dodi...dy:
Since this corresponds to <1, there is a valuation v/ such that v <; v/. It is clear

that v/ = d'.

Ifd={},di...dp1dp -d" ={--},di...dy—1: Since this corresponds to <3, we take v/
such that v <3 /. Tt is clear that v/ = d’.

O]

Proposition 8, 29, and 210 mean that we can use digital valuations to simulate clock
valuations. In the following subsection, we will define digital automata to simulate timed
automata and show the reachability problem of timed automata is decidable due to the
finiteness of digital automata.
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2.3.2 Digital Automata and Decidability of Reachability Problem

We define digital automata D4 from timed automata A and show the decidability of the
location reachability problem of timed automata.
A digital automaton Dy defined from the timed automaton A is a 5-tuple:

Dy = (Q x D, (ginit, D(0)), F x D, %, 9).
where

e Q x D is the set of states (each state (q,d) is a pair of location ¢ € @) and digital
valuation d corresponding a clock valuation of A),

(Ginit, D(0)) is the initial state that corresponds to the initial configuration (giyit, 0)
of A,

e ['x D is accepting states that correspond to configuration of A whose location is in
qr,

e Y is the input alphabet, and

0 C (Q xD) x X x Actgigi x (Q x D) is a finite set of transitions where the actions
Actqgigi is defined as follows:

T € Actgigi = reset(x) | x €2 I | evolve

The set of transitions 0 is defined as follows from A:

reset(x) x€rT
(p,d) =, (g dlz = 0]) € 0, (p,d) “=5 (g, d) € 0, (g, d) = (q,d) € b.

Since digital automata are finite automata, we can define the language L(Dy) C ¥*
for the digital automaton D4 as follows:

L(Ds) 2 {am -t i D(0)) 25 51 25 - I (gp,d) € F x ]D)} :
In order to show that the digital automaton D4 simulates the timed automaton and

vice versa, we define a correspondence relation between timed and digital automata.

Definition 2.5. Let A be a timed automaton and Dj be the corresponding digital au-
tomaton. For a configuration (g,v) of A and (p,d) of D4, we write (q,v) ~ (p,d) if the
following holds:

q=p and viE=d.

We show the digital automaton D4 simulates the timed automaton A. First, we
consider the case of discrete transitions.

Lemma 2.1. Let (p,v) and (p,d) be configurations such that (p,v) ~ (p,d):

(p.v) 3 (a.v) p.v) & (a.v)
2 = 2 2
{p, d) (p,d) —z—> Aq,d’).

Proof. We proceed by case analysis on (p, ) %> (q,V").
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reset(x)
a

reset(z)
o

Case (p,v) (¢,v[xr = 0]): This means that there is a rule p g e A

reset(x)

and therefore we have a rule (p,d) (q,d[z = 0]) € 0. Proposition EZ8 implies

v[z = 0] = d[x := 0] because v |= d.
Case (p, V) xi—vl> {(q,v): This means that there is a rule p xea—ﬂ> q € A. Since v = d and
Proposition 28 implies d |= = € I, we have a rule (p, d) $Ea—7[> (q,d). O

Next, we consider the case of timed transitions.

Lemma 2.2. Let (p,v) and (p,d) be configurations such that (p,v) ~ (p,d):

(p,v) < (p,V/) pv) S ()
2 — 2 2
{p,d) (p,d)y =2 (p,3d').

Proof. Since v |= d, Proposition 210 implies that there is a digital valuation d’ such that

evolve

dF* d and v+ E d'. By the definition of digital automata, we have (p,d) ——

€

(p,d')y € 0. O

Conversely, we show the timed automaton A simulates the digital automaton Dy.

Lemma 2.3. Let (g,7') and (q,d’) be configurations such that (g,v') ~ (q,d’).

(q.v) (p.v) & (a,7V)
(1) : 2 = 2 2
(p,d) 3 (¢ ) (p.d) & (a.d).
(p,v) () > ()
(2) : 4 | — 2 2
(. d) =55 (p, ) (p,d) ZF% (p. ).
Proof. This lemma is shown by the same argument of Lemma P and Z2. O

Combining these lemmas, we can reduce the location reachability problem of a timed
automaton to the reachability problem of the corresponding digital automaton.

Theorem 2.1. Let A be a timed automaton and ¢ be a location of A. The following loca-
tion reachability of the timed automaton A and the digital automaton D4 are equivalent:

e (Ginit, 0) =* (¢, ) where = is a discrete transition or timed transition.
. < D * 3 . e
Ginit, P(0)) —* (g, ”d) where — is some transition.

Proof. First we show the direction (=) by induction on the length of the transition
<Qinit70> =" <Q7 V>'

If {ginit, 0) = (g, v), then the transition (ginit, P(0)) —* (qinit, D(0)) suffices.

If {Ginit,0) =* (p,v) = (q,v), then we have (ginit, P(0)) =* (p,d’) by the induction
hypothesis.

(p,v') = (q,v)

The diagram 2 , Lemma P, and Lemma 22 imply the following one
{p,d)
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(qinit, 0) =" (p,v") = (q,v)
2 2 2
<Qinit7D(0)> —" <p7 d,> = <Q7 EId)
The direction (<) is also shown by induction on the length of (ginit, P(0)) —* (g, d)
with Lemma P73. O

This theorem states that the location reachability problem of timed automata can be
reduced to the state reachability problem of finite automata.

Corollary 2.1. Let A be a timed automaton and ¢ be a location of A.
The location reachability problem {ginit, 0) =3 (g,>v) is PSPACE-complete.

Proof. Although this result was well-known in the theory of timed automata [ATY4], we
show this because we will use the construction of this proof in Corollary B of Chapter B.

The location reachability problem is in PSPACE. We focus on the size of the
digital automaton D4 obtained from the timed automaton A. Since the size of digital
valuations D(X, M) of D4 is exponential with respect to the size of X and M, the size
of Dy is exponential with respect to the size of A. The reachability problem of finite
automata (or finite graphs) can be solved in log-space for the number of states (or nodes):
hence, we can solve the corresponding reachability problem of Dy is in PSPACE for the
size of A.

The location reachability problem is PSPACE-hard. We use the following PSPACE-
complete problem [Koz77]:

Let Mj,..., My be k deterministic finite automata (DFA) with a common
input alphabet ¥, and let L(M;) be the language of the DFA M;.

The emptiness problem of the intersection language ﬂle L(M;) = 0is PSPACE-
complete.

We can translate each DFA M; to a DFA N; that satisfies the following conditions in
polynomial time for the size of M;.

e The numbers of states of N1, No, ..., Ni are the same.
Therefore, there is some K such that |@Q;| = K for any 1 <1 < k.

We denote N; by N; = (Qi, ¢, F,6°) where Q; is a finite set of states, s¢ . is the

ini

initial state, F’ is the set of accepting states, and ¢° : @Q; x ¥ — Q; is the transition
function. We assume @Q; = {qli, @, ..., q}(}

To simplify our explanation, we assume k = 3. However, the following argument can
be easily generalized to any k. First, we consider the following (untimed) word:

ovsifttif ur oasaftot ug o on sy Btaf un Ongr Sup1 it f unp
where it satisfies the following condition:

e 5, €Q1,t; €Qo,and u; € Q3 for 1 <i<n+1;

o 51(gti,01) =81, 0Y(si,0ir1) = siy1 fori € {1,...,n}, and s,41 € FL.

o 62(¢2y,01) =t1, 0%(ti,0ix1) =tiy1 fori € {1,...,n}, and t,+1 € F2

° (53(q13nit,01) =uy, 0%(uj,0541) = uipr fori € {1,...,n}, and wu,41 € F3.
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Let L be the set of words that satisfy the above condition. It is clear that L = () <=
L(N1)NL(N2)N L(N3) = ) and L is a regular language. We can construct a DFA M that
accepts L by product construction in exponential time for the size of N1, No, and Ns.

We construct a timed automaton A such that Untime(L(A)) = L in polynomial time
for the size of Ni, No, N3 by avoiding product construction where the homomorphism
Untime : (£ x R>0)* — £* is defined as follows:

Untime({o1,71)(02,72) ... (On,T0)) 2 0102 ... 0p.
We require the following condition for each timed word 7 € L(A):
(1) Untime(t) =01 s1 1 ti i ur - opsplntnflhun€(X-Q-4-Q%- 1 - Q%"
e We do not require Untime(T) € L.
We write 7(a) to denote the time 7 in the timed word 7 =--- (r,a) - - -
(2) 7(8:) — 7(03) = K, 7(]) — 7(ti) = K, and 7(0341) — 7(8;) = K.
3a) 7(s;) —7(0y) = if Q' = {ql,q2, . ,q}(} and s; = qjl-.

5t (qlmt,al) =51, 0Y(si,0041) = 8441 fori € {1,...,n}, and s,41 € FL.

2(q1n1t701) =11, (52(757;70'1'_;,_1) =1iy1 for i € {1,. . .,TL}, and tnt+1 € F2.

>

T(ui) = 7(8) = 7 if Q= {a}, 43, ., qf} and u; = ¢}.

)
)
)
da) 7(t;) —7(t) = jif Q* = {}. 3. .., %} and t; = ¢2.
)
5a)
)

5b 53(qlmt,01) =y, 03(ui,0541) = uip1 fori € {1,...,n}, and wu,1 € F3.

To check condition (1), for the general case k (k is the number of DFA), we need no

clocks but O(k)-states and O(poly(k, |2|, K))-edges.
To check the condition (2), we use three clocks z1, x2, and z3.

e When we read a symbol o;, we reset the clock z;. After that, when we read the
corresponding symbol #;, we check z; € [K : K].

e Similary, we use the clock x5 for the pair #; and £, and use the clock 3 for the pair
ﬁ; and O41-

Therefore, for the general case k, we need k clocks.
To see how we check the condition (3a) and (3b), let us consider the following timed

word:
/ /
T= - 058t B Wi o1 Sip1 Big1 ti B Wigr- -

where 7(f;) — 7(0;) = K, 7(8;) — 7(8;) = K, and 7(0i41) — 7(#;) = K. We use a clock y to
ensure 7(s;) —7(0;) = j where qjl- = s; and clock ¥’ to restore s; when we read the symbol
oi+1. To this end, we carry out the following steps:

1. When we read the symbol o;, we reset a clock y.
2. When we read the symbol s;,

e we check whether or not 7(s;) — 7(0;) = j by y €2 [J : j]; and

e we reset the clock y/'.

3. When we read the symbol o1, we restore the state s; based on the following prop-
erties:
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e The condition (2) implies the value of ¢ is in {2K,2K +1,...,3K — 1}.
e Furthermore, if y/ = 3K — ¢, then s; = ql} holds.

Therefore, we can check whether or not s;11 = 6'(s;, 0441).

For the general case k (k is the number of DFA), the construction to check the con-
ditions corresponding to (3a)-(5b) is accomplished with O(k)-clocks, O(poly(k, |X|, K))-
states, and O(poly(k, |2|, K))-edges.

Following the above argument to avoid an exponential blowup, we obtain a timed
automaton A in polynomial time for the size of Ni, Na, ..., Ni. Therefore, the location
reachability problem of timed automata is PSPACE-complete. O

Recently, Fearnley and Jurdzinski showed the location reachability problem of two-
clocks timed automata is already PSPACE-complete [FJT5]. Laroussinie, Markey, and
Schnoebelen showed that location reachability problem of one-clock timed automata is
NLOGSPACE-complete [LMS04].

Regularity of Timed Automata Since the digital automaton D, obtained from a
timed automaton A faithfully simulates computations of A, we can show the regularity of
timed automata. The regularity of timed automata is that if we forget the time-stamps
from the language L(A) of a timed automaton A, then the untimed language is regular. To
state this formally, we consider the projection Untime : (X xR>p)* — ¥* from timed words
to (untimed) words. This function was already used in the proof of Corollary 270. The
regularity of timed automata can be stated as: for any timed automaton A, Untime(L(A))
is regular. This is shown by the following theorem.

Theorem 2.2. Let A be a timed automaton and D, be the digital automaton cor-
responding to A. The untimed language Untime(L(A)) equals to the language of Dy:
Untime(L(A)) = L(Da).

Proof. This is shown by Lemma P, 22, and =3 because we preserve labels in these
lemmas.
First, we show that if w' € L(A) then Untime(w') € L(D4). We assume the following:

t o1 1. s 62 T2 s 03 T
w = tw<<qinit,0> ~ C1 a—1> c] ~> C3 a—2> cH~> - ﬁ <qf,y>>.

It suffices to show Untime(w') = ajas -+, € L(Da). Applying Lemma EZI and P2, we
have the following computation in Dg:

evolve T1 ; evolve T2 7 evolve Tn
(Ginit, D(0)) —— 81 5> 81 — (> 82 5.2 Sg —¢ > o o (qr, d)

where ¢; = s; and ¢ |= ). Since g € F, we have oz - - - a,, € L(Djy).
Next, we show that if w € L(Da) then there is a timed word w’ such that w! € L(A)
and Untime(w') = w. This is shown by the similar argument by using Lemma 223, O

2.4 Backward Simulation and
Decidability of Configuration Reachability Problem

We consider the configuration reachability problem that decides whether or not a timed
automaton A can reach a designated configuration (q,v) rather than a location:

(ginit; 0) =7 (g, V).
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As with the decidability proof of the location reachability problem, we reduce the
configuration reachability problem on timed automata to the configuration reachability
problem on digital automata.

We can show the following property based on the previous section.

Lemma 2.4.
{¢init, 0) =" (¢, v) == (Ginit, D(0)) =" (¢, D(v)).

Proof. This can be shown in the same way as the (=)-part of Theorem PZT. O

However, we cannot show the following directly:
{ginit, D(0)) =" (¢, D(v)) = (qunit,0) =" (¢, v).

We will see why this does not hold in the following two subsections.

2.4.1 Redefine the Constant M

For the configuration reachability problem (ginit,0) =* (q,v), we need to redefine M
by involving constants in the target configuration (g,v). Let us explain why we should
redefine M by considering the following timed automata:

H@@ xe?CE2:2] @ resel;c(m) @ye? (CS:cu)

We have M = 6 by the current definition:

M 2 max{ 4,7 € N: (i:j), [i:j], or (i :w) appears in A} + 1.
Let us consider the following instance of the configuration reachability problem:
(q0,{x — 0.0; y — 0.0}) =3 (g3, {z — 10.0; y — 11.0}).

This does not hold because, for any configuration (g3, ) that is reachable from (g, {z — 0; y — 0}),
v(y) —v(z) > 2 holds.
We translate the query to the following one of the digital automaton Dy:

<QO7{(5670)7 (y, 0)}0> _>$ <Q3,{($,OO), (y,oo)}0>.

Although we cannot reach (g3, {x — 10.0; y — 11.0}), we can reach (g3, {(z, M), (y, M)},)
with the following witness:

(a0, {(2,0), (.0)30) “F (o, {(22) (1:2)}) 5

(@, {(22), 1:2)}0) 22 (g1, {(2.2), (1,2)},) =,

evolve

(g2, {(2,0), (1, 2)}0) =25 (ga, {(2,00), (1, 00)}o) = (g5, {(x,00), (3, 00)}o)-

To overcome this problem, it suffices to take a sufficiently large M with respect to a
given instance of the configuration reachability problem. To formalize this, let us fix one
instance (ginit,0) =5 (¢,v). We use max(v) to denote the maximum value of the real
numbers in a valuation v defined as follows:

max(v) £ max {v(z) :x € X}.
We take an upper-bound constant M € N so that it satisfies the following:
M > max{ 4,7 : (i:7), [¢:]],or (i :w) appears in A} and M > max(v).
Now we have the following query and it does not hold on the digital automaton D 4:

<QO7{(x70)7 (y, 0)}0> _>$ <QS7{($7 10)7 (yvll)}0>'
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2.4.2 Forward Simulation is not Enough

Again let us consider the following timed automaton:

ﬁ@ xE?C[L2z2] @ resel;t(a;) @ye? (CS:w)

and we consider the following reachability query:

(qo, {x — 0.0;y — 0.0}) =5 (g3, {z — 5.0;y — 7.5}).

This holds due to the following witness:

[\

z€7[2:2]
a

qo, {z — 0.0;y — 0.0} 29 (qo, {x — 2.0;y — 2.0})

reset(x)

(q1,{z — 2.5,y = 2.5}) ——

$5

29 (q2,{x — 5.0;y — 7.5})

[e=]

( )
(q1,{z — 2.0;y — 2.0})
( )

yE2(5w)
c

g2, {x — 0.0;y — 2.5}

(g3,{z — 5.0,y — 7.5}).
We take M = 8 to satisfy the following:

M > max(A) = 5, M > max({z — 5.0;y — 7.5}) = 7.5.

We consider the corresponding query on the digital automaton:

(90, {(2,0), (y,0)}g) =% (a3, {(2,5)}o { (v, D)})-

It can be easily checked that the query holds. Therefore, applying Theorem P, we have
(qinit, 0) =" (g3,v) with v |= {(2,5)},{(y,7)} on the timed automaton. Unfortunately,
this does not ensure v = {x +— 5.0;y — 7.5} and we cannot say the original query holds
on the timed automaton.

To deal with this problem, we show the following backward simulation property in this
section (Lemma D8):

<Qa V/> <Qinit7 O> =* <Q7 VI)
2 — 2 2
<qmita D(O)> —* <Q7 d/> <Qinit7 D(O)> —* <q7 dl>'

It should be noted that there exists a unique valuation v such that v = D(0), i.e., v = 0.
We would like to show the following diagram to prove this theorem:

v G <V
T = T nin (#)
d + d d + d.

Unfortunately again, this diagram does not hold. Let us consider the following example:

{z — 3.0,y — 1.7}

.
Uo{ly, D3, D} = {(z,00)}{(y,1)}

where M = 2. There is no valuation v that satisfies the conditions because
e if v = {}o Ly, D} {(, 1)}, then 0 < v() — v(y) < 1

e However, since v < v/, v(z) — v(y) = 1.3.

To avoid this problem and show Lemma P8, we introduce collapsed valuations that
are another abstraction of clock valuations. On collapsed valuations, we only abstract
(or collapse) the integral parts of clock valuations. Recall that, on digital valuations, we
abstract both the integral and fractional parts of clock valuations. We will show that the
above diagram (#) holds (Proposition EZT2) between collapsed and digital valuations and
show the backward simulation property (Lemma 28) based on the proposition.
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2.4.3 Collapsed Valuations

Let A = (Q, ¢init, F, X, X, A) be a timed automaton, (ginit, 0) =* (g, v) be a configuration
reachability query, and M is the constant defined from A and v.

Definition 2.6 (Collapsed domain). The set of collapsed real numbers C is defined as
follows:
C=({0,1,..., M =1} U{oc}) x [0:1).

The collapsing function C : R>g — C is defined as follows:

Cr) 2 {(oo , frac(r)) ?fr > M,
(], frac(r)) if r < M.

For a concrete valuation v : X — Rxq, we define the collapsed valuation of v, C(v) as
follows:

We write v.r to denote (v,r). For example, we write 2.6 and c0.3 to denote the
collapsed values (2,0.6) and (oo, 0.3), respectively. Moreover, |v.r| and frac(v.r) denote
v and r, respectively. We use Greek letters A, ... to denote a collapsed valuation.

The following basic properties are immediately shown by the above definition.

Proposition 2.11. Let vq,v5 : X — R>( be valuations. If C(v1) = C(v2),
Checking. v =2 € I iff v, =2 € I for any interval I of the timed automaton A.
Assigning. C(vi[z =71]) = C(ve[z :=7]) for any z € X and r € Rx>g.
Evolving. C(v; 4+ 6) = C(v2 + 0) for any 0 € R>q.

On the basis of Proposition b, we define operations for collapsed valuations as follows.
Definition 2.7. Let v and A be concrete and collapsed valuations on X such that C(v) = A.

e For a constraint x €7 I, we write A\ ez e [if v Ex € 1.

e For a real number r € R>q, Az :=71] £ C(v[z = r]).

e For a real number 6§ € R>g, A+ £ C(v + 6).
[ ]

The above definition is well-defined because Proposition BA ensures that the result does
not depend on the choice of a witness v for A.

We define a (quasi) ordering A < X for collapsed valuations that corresponds to the
ordering < on concrete valuations.

Definition 2.8. Let A and )\ be collapsed valuations. We write A < ) if there are two
concrete valuations v and v/ such that v < v/, C(v) = A\, and C(v') = N, [ |

This quasi-ordering is not antisymmetric because { — 00.0} < {z — 00.5} and {z — 00.5} <
{z + 00.0} but these are different valuations.
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Collapsed Semantics. For our fixed timed automaton A = (Q, Ginit, F, %, X, A), we
define the collapsed semantics of A as an infinite labeled transition system (Q x (X —
C),—,~») where

%QEA pxi—?[>qu AEzel 5 € Rog
reset(x xEal )
(p, N =2, g Al = 0)), (p, \) 2525 (g, ), (@A) 2 (g, A+ 0).

Relating the standard semantics and the collapsed semantics, we define a relation
between configurations of them as follows:

(q,v) ~ (p, \) & g=p and C(v)=A\.

The definitions of the collapsed semantics and the relation ~ leads to the following property
that states the operational semantics of timed automata is simulated by the collapsed
semantics, and vice versa:

Lemma 2.5.

<p71/> “i <p,l/,> <p,l/> “é_’ <p,l//> <p,V> % <q,V,> <p7y> s <Q7V,>
(1): 2 = 2 2 ? — 2 2

(:A) X5 02N, 2 (b, X) 2 (0. 2X).

<p7 V) <p, V> j‘-? <p,31//> <p7 V> <p7 V> % <Q73V/>
(2): ¢ = 2 2 2 = 2 2

(0, A) % (p, N) (P, A) > (p, N, (p:A) 2 (@ \) (D, A) = (g, V).
Proof. This is immediate from the definition of the collapsed semantics. O

We use the property between the collapsed semantics and digital automata that cor-
responds to the diagram (#) in Section 4. First, we define the realization relation
between collapsed and digital valuations.

Definition 2.9. Let A : X — C be a collapsed valuation on X, and d = dypd; ...d, be a
digital valuation on X. We write A |= d if the following hold:

e Forallx € X, (z,[A(z)]) € d.
e For all x € X, frac(A(x)) = 0.0 iff = € dp.

o frac(A(x)) < frac(A(y)) iff z € d; and y € d; for some i < j.

Proposition 2.12. Let A be a collapsed valuation and d be a digital valuation.

N ™ < N
m = T m
d + d d + d.

Proof. 1t suffices to show the following 1-step diagram holds:

N A < N
m™ = T m
d v d d + d.
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To prove this, we reuse the ordering <; and <3 which were defined as follows:

; def there is no clock z such that frac(v(x)) = 0.0 and
v<iv &
V' =v+ (1.0 — maz_fract(v)),

, def there is a clock z such that frac(v(z)) = 0.0 and
v <3V <—
V' < v+ (1.0 — maz_fract(v))
where maz_fract(v) denotes the maximal fractional part of a valuation v:
maz_fract(v) = max {frac(v(z)) : x € X}.

In order to show this diagram, we proceed by analysis on d + d’.

Case d={ - }odi...dpFd ={}, dods...dn:
There is a valuation v/ such that v/ = X | d’. Furthermore, there is a valuation v
such that v <z /. Tt suffices to show v = d and it is shown as follows:

e The following two condition is easily verified from v/ = d’ and v <3 v/

— For a clock z € X, frac(v(x)) = 0.0 iff = € dp.
— frac(v(z)) < frac(v(y)) iff z € d; and y € d; for some i < j.
e Since [V/(2)] = |v(x)] for any z € X and v/ |= d’, the following conditions are easily
verified:
- v(z) > Miff (x,00) € d.
— If v(z) < M, then (z, |v(z)]) € d.
— If (z,k) € d with k < M, then |v(x)] =n.

Case d = {}gdy...dnrdp Fd' ={---}ody...dp 1
There is a valuation v/ such that v/ = X |= d’. On the basis of //, we define a valuation

9’ as follows:
M if (2,M — 1) € dy,

O'(x) E<XM+1 if (z,00) € dy,

V'(x)  otherwise.

It can be easily verified that 8’ =\ |= d’ and there is a valuation 6 such that § <; 6'.
It suffices to show 0 = d.
The following condition is easily verified from 6’ =d and 6 <; 6’

o frac(f(x)) < frac((y)) iff z € d; and y € d; for some i < j.
o frac(6(x)) = 0.0 iff z € {},.
To show the other conditions, we proceed by case analysis for a clock x € X.

Case z ¢ {---}, of d’: For this case, ¢ = d’ and 6 <; ¢ imply |6(x)| = |6'(z)]. There-
fore, the following condition hold from ¢’ = d’:
o J(z) > Miff (x,00) € d.
o If §(z) < M, then (z, 6(z)]) € d.
o If (z,k) € d with k < M, then |(z)] = k.
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Case z € {---}, of d’ (equivalently, z € d,, for d): For this case, d - d’ implies

k<M-1A(z,k)ed = (z,k+1)ed,
(z,M=-1)ed = (z,00) ed,
(x,00) €ed = (x,00) €d'.

Furthermore, by 6’ = d’ and d - d’, the definition of 6’ leads to the following:
k+1 if (2,k) € dy with k< M — 1,
0 (z) =M if (x,M—1) €d,,
M+1 if (z,00) € d.
We show that if (z,k) € d with k € {0,1,...,M — 1}, then |0(x)| = k.

o If (x,k) € d with k < M—1, then #'(z) = k+1 and 6 <; 0" implies [f(x)] = k.
o If (£x,M —1) € d, then #'(x) = M. We have [f(z)] =M —1 from 6 < ¢'.

We show that if (x,00) € d, then [0(x)] > M.
e Since ¢'(z) =M+ 1, 0 <; ¢ implies [6(z)]| = M.
We show that if #(x) > M, then (z,00) € d.
e 0 <y 0 implies #’ > M + 1; thus the definition of #" implies (z, ) € d.
We show that if #(x) < M, then (z, [0#(x)]) € d.
SubCase [f(xz)] =M —1: 0 <; ¢ implies #'(x) = M and thus (z,M — 1) € d.
SubCase [f(x)] =k <M —1: 6 <1 ¢ implies §'(x) = k + 1 and thus (z, k) € d.
0

Relating the collapsed semantics and the digital automaton, we define the following
relation:

def
(¢, \) ~(p,d) < q=p and AfEd.

Lemma 2.6.

(g, \) I, N 3 (@, X) 3p, A) S (g, N)
¢ - 2 2 or 2 2
(p.d) 3 (a.d) (p.d) % (g, d) (p.d) % (g,d).

Proof. We proceed by case analysis on (p, d) % (q,d).

reset(z) reset(x)

Case (p,d) —— (¢, d[z = 0]): This means that there is a rule p ——= ¢ € A.

It is not difficult to find r € R such that N[z = 7] E d from N | d[z = 0].
Therefore, we have the following;:

reset(x)

<p7 /\/[$ = T]> T> <Q7 )‘/>
2 2

reset(x)

<p’ d> T> <Qa d[ﬂ? = 0]>

32



Case (p,d) an—7[> (q,d): This means that there is a rule p xi—?% g € A. Since X = d

and d | x €7 I, Proposition 8 implies \' = €7 I and we have a transition (p, ') zel,

(g, \).

Case (p,d) cvolve, (p,d’) where d* d’:

€

N aa < X
The diagram T and Proposition T2 imply T T
d + d d + d.

Therefore, we have a transition (p, \) 2 (p, \') where N = X\ + .

2.4.4 Decidability of the Configuration Reachability Problem

Lemma 24, Lemma P23, and Lemma Z8 immediately lead to the decidability of the con-
figuration reachability problem.

Theorem 2.3. The following two reachability queries are equivalent:
e On the timed automaton, (ginis, 0) =* (g, v).
e On the digital automaton, (ginit, P(0)) —* (g, D(v)).

This leads to the PSPACE-completenss of the configuration reachability problem of
timed automata.

Corollary 2.2. The configuration reachability problem of timed automata is PSPACE-
complete.

Proof. It can be easily shown that the configuration reachability problem of timed au-
tomata is in PSPACE because we can reduce the configuration reachability problem of a
timed automaton to the reachability problem of the corresponding digital automaton by
Theorem 273.

To show that the configuration reachability problem is PSPACE-hard, we show a linear-
time reduction from the location reachability problem into the configuration reachability
problem. Let A = (Q, ginit, F, X, X', A) be a timed automaton and (ginit, 0) =5 (g, V) be a
query of the location reachability problem. We assume X = {1, 9, ..., z,} and construct
the following timed automaton:

B:(QU{Sla$27'"asn}7q1nit7F727X7A/)

where

reset(x1 reset(xo reset(x
A’—Au{q%))sl, s1 4)82, cey Sp_1 Msn}

€ €

Now it is easily verified that:
(3’/' <qmit>0> =" <Q7V>) — <Qinit70> =* <3n70>'

Therefore, the configuration reachability problem of timed automata is PSPACE-hard. [
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It has been shown that the decidability of the configuration reachability problem in
general form [CJ99, Dim02, JSWI7]. They showed that the binary reachability relation
of two locations ¢ and ¢/, {(v, V') : (q,v) =* (¢',V')}, is effectively definable in the additive
automata [[Dim02Z]. On the basis of those characterizations, they showed the decidability
of the general configuration reachability problem of timed automata: we can decide if
(q,v) —=* (¢, V) for given configurations (g,v) and (¢’,v’). The known time-complexity
of the binary configuration reachability problem is EXPTIME-hard.

With respect to their result, our result states that the configuration reachability prob-
lem is a tractable case of the binary configuration reachability problem; indeed, the con-
figuration reachability problem is PSPACE-complete with respect to the size of an input
timed automaton and query. Especially, the backward simulation on timed automata is
important to show that the configuration reachability problem is in PSPACE.

2.5 Extensions of Timed Automata

In this section, we review two extensions of timed automata, timed automata with diago-
nal constraints [BPDGYS, BLROS] and updatable timed automata [BDEPO0a, BDEPOOH,
BDEPO4]. Each class is an extension of timed automata with new constraints and oper-
ations; however, these extensions are as expressive as timed automata. Furthermore, the
location and configuration reachability problems of them are decidable. We also see an
extension, updatable timed automata with diagonal constraints. Unlike the two exten-
sions, this class is more expressive than timed automata and unfortunately its location
and configuration reachability problems are undecidable.

2.5.1 Timed Automata with Diagonal Constraints

We extend timed automata by diagonal constraints that are constraints of the following
form:
r—yerl

where x and y are clocks and [ is an interval. By the constraint  —y €+ I, we can check
whether or not the difference of the values of x and y is in 1.

Let v : X — R>q be a valuation, z and y are clocks, and I be an interval. We write
viErz—yelifv(z)—v(y) €l

A timed automaton with diagonal constraints A is a 6-tuple A = (Q, Ginit, F, X, X, A)
where all component except A is the same as timed automata and A C Q xX¢ x Act giqq X Q.
Act giqq is the set of actions of timed automata defined as the following grammar:

Act gigg == reset(x) |z €7 I |z —y €7 1.

The operational semantics of timed automata with diagonal constraints is defined in

. .- —y€al .
the same way as timed automata except the transition rule p % g. The meaning of

the rule p —:6—7%67—[% q is defined as follows:

—y€ql
px—‘f'—%qu vExr—yel

—y€ol
(p,v) —5 (q,v).

It is the well-known result that adding diagonal constraints to timed automata does
not enlarge the language class.
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Theorem 2.4 ([RPDGYY]). Let A be a timed automaton with diagonal constraints. There
is a timed automaton B without diagonal constraints that recognizes the same language
as A: ie., L(A) = L(B).

Proof. Let A = (Q, ginit, F, 2, X, A) and C; — By €7 J be a diagonal constraint in A. By
removing transition rules with the diagonal constraint Ci — Cy €7 J, we construct a timed
automaton B = (Q x {tt,ff}, (qinit, tinit), F' ¥ {tt, ff}, 2, X, A’) where

o tinit = tt if 0.0 € J and ¢, = ff if 0.0 ¢ J,
o L(A) = L(B),

e The rules with a diagonal constraint in B is a proper subset of those in A: formally,
—y€qrl —y€ql
{%%QGA'} Q{Ch %%EA}-

We define a relation ~ between configurations of A and B as follows

(p,v) ~ ({g,t), ) gp:q and v=pu and v()-v()eJ = t=tt

Therefore, (q,v) ~ {{g,t),v) holds if the tag ¢ reflects whether v(C;) — v(C2) € J or not.
For timed transition, the following holds:

(g, v) ~ (g, 1), v) = V6 € Rxo.{q, v + ) ~ ((¢; 1),V + ).

This states that the relation ~ is compatible with timed transitions.
For discrete transitions, on the basis of the relation ~, we define the set of transition
rules A’ of B as follows:

o If 1 xi—?% g2 € A, then (q1,t) mi—71> (g2, t) € A,

—y€al
It g 2555 gy € A,

o
x—yc, I#0,-0yer J r—yerI=0-0yer J
(ar0) 2 gty € A, g, 1t) 2 (g 1) € A
(Note that the checking C; €7 [0 : w) always holds.)
o If n % g2 € A, then
J=10:0] J #10:0]
(0,t) =5 () € & (0, t) 5D (00, ) € A,
o If ¢4 rese;&> g2 € A, then
far, 1) I (g 6, g, t) IS, (g 1) € A
o If 1 & g2 € A and = ¢ {Cy,Cy}, then (qi,¢) % (g2, t) € A.
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On the definition, we have the following diagram:

@) & dV) @) @ V)

(1) : = 2 2
({a.t),v) Uatyv) T (g 1)),
(a,v) av) o (g

(2) ¢ T — 2 2
(e, t),v) & (d,t),V) U, t), ) L (g, ), V).

Therefore, we have L(A) = L(B). By repeatedly applying this construction to the timed
automaton A, we finally obtain a timed automaton C without diagonal constraints such
that L(A) = L(C). O

2.5.2 Updatable Timed Automata

Updatable timed automata (UTA) are an extension of timed automata that allow to
update clocks by using intervals [BDEP0O0a, BDEPOOH, BDEPO4].

An UTA A is a 6-tuple A = (Q, Ginit, F, X, X, A) where all component except A is the
same as timed automata and A C Q X X¢ X Actypg X Q. Actypq is the set of actions of
updatable timed automata defined as the following grammar:

Actypg w=reset(x) |z €7 I | x 1.

The operational semantics of UTA is defined in the same way as that of timed automata

except the transition rule p xa;I q- The meaning of the rule p gca;] q is defined as follows:

1
p—F—qE€EA rel

(p,v) T (g, vz = 1)),

It is the well-known result that adding update operations to timed automata does not
enlarge the language class.

Theorem 2.5 ([RDEPO0R, BDEPO4]). Let A be an UTA. There is a timed automaton B
without update operations that recognizes the same language as A: i.e., L(A) = L(B).

Proof. Let A = (Q, ginit, F, X, X, A) and we assume A is normalized by Proposition P
Stepl. By the same argument of Proposition P71, we can assume the following on A:
. pr%qu,wehaveoneofI:(k:k:+1),I:[k::k:],or]z(k::w).

.- k:
Furthermore, we can remove transition rules of the form p % q as follows:

e Let H be a natural number that is larger than any constant appearing in a constraint
of A:

H>{k:pwqu}U{k:pxe?T[k:kkqu}U{k:p%qu}.

07
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k:
e We replace any transition rule of the form p % q by the following rules:

z<—(k:k+1) 4 [k+1:k+1] x4 (k+1:k+2) < (H—-1:H) x<—[H:H]
o q, o P o *q, ..., D o 4, a4

Clearly, this modification does not change the language of A.

k:k Lo k:k+1
Now we call p % q a transition with deterministic update and p M_(QA q a

transition with nondeterministic update.

Step2. First, we remove all deterministic update from the UTA A and construct the
following UTA:

B=(Qx (X —={0,1,...,K}), (gnit,0), F x (X = {0,1,...,K}),3, X, A
where K—max{k:p%qe A}.
We define the following relation ~ to relate configurations of A and B:

(0, v) ~ (@, ) 1) €5 Vo e X.v(z) = plz) + f(z).

On the basis of this relation, we define A’ as follows:

x—[k:k] reset(z)

o If p——— q€ A, then (p, f) —— (¢, flz = k]) € A

o 1fp ZEEED, e A then (p, f) Z2, (g, fla = K]) € A,
reset(x) reset(x)

o If p ——= g€ A, then (p, f) —— (¢, flz =0]) € A"

rer I

oprTqEA,then(p,f)M

[0}

(q,f) € A" where

(i:))okE(Gi—k:j—k), [i:j]ok=[i—-k:j—k], (i:w)ok2(i—k:w).

It should be noted that r +k € I <= r € I ©k for an interval I, r € R>¢, and
ke N.

Clearly, the following diagram hold; therefore, L(A) = L(B):

pv) o (g, V") vy = g V)
¢ ¢ ¢ ¢

(0. )y > 3(a, £, 1), (P f)om) =2 (a0 f) i),

vy % () (pov) > 3p)
2 2 ¢ ¢

(0, 1)) > H(ps ), 1), (0, )y > (s )t

Note that the above construction also removes nondeterministic updates except tran-

0:1
sitions of the form p #) q.
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Step3. Next, we remove a transition rule with nondeterministic update. We fix an
update C < (0 : 1) and construct the following UTA to remove transition rules with the
update G« (0: 1):

:(QU{(](O 01) qu}7 Ginit, FU{@(O;I) :qu}a Za XvA/)'
We define the following relation ~ to relate configurations of A and B:
(g, v) ~{q,p) <= v=up,
(@) ~{a), 1) <= v [ (X\{CH =pT (X \{C}) A 0<uC)
(@) ~ (@), ) <= v I (X\{CH =p 1 (X\{C}) A 0<p(l)

For each location of the form q(q.;), we have the following two transition rules:

<v(0) <1,
<v

Ce-[0:1) _ Cer(0:1) 3 Ce—[1:1]
q0:1) — 401 o1 — ¢ *4€ A

A location g,y is used to nondeterministically update the clock Cby C«[1:1].
We define the set of transition rules A’ as follows:

o« Ifp C<—(0 1) g € A, then p reset(C) Q(O s POy reset(E) Q(O N c A
o Ifp _(0.1)_> q € A with = # E then ;éog)% 45 P(0:1) EE?[Ozl)img(O:l) q(0:1) € A

reset(C) reset(C)

C
reset( ) q € A, then p —a & P01 5 74€ A

o Ifp

reset( )

o Ifp q € A with  # C, then

reset(x) Cer[0:1) ¢ reset(z) _
— 6 Po1) a7 401) € A,

e Ifp Ce—”>q€A then

Ce.1 BE?[O 1)

P—4 I:(Oil):p(01)—>Q(01)€A/'
o Ifp ﬂ>q€AWithac;«éC,then
x€rl Ces[0:1)§ z€7l _ ’
P — 4, Po:1) — a2 do1) €A

We show L(A) C L(B). Each discrete transition (p,v) — (p/,7') of UTA A can be
simulated by a discrete transition of the UTA B as follows:

(p,v) = (p,v) (p,v) % (',
2 — 2 2
(s, 1) (s,1) = (s 4)

Wherese{q, q(0:1) qEQ}ands 6{q,q01 qGQ}
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To state the similar property for timed transitions, we use the following notation:

_ 5
(D(0:1), V) = (P(0:1), v + 6)

e _ _ Ceq[0:1
‘d:f’ 301,02. 6 =61+ 02 A <p(011)7V> & <p(0:1)aV+ 01) % <p(0:1)7V+ 1) 2 <p(0:1),V +6),
_ s
(D(o:1) ) > (py 1)
e — 01— Ce(0:1)5 C[1:1 k)
&L 351,62 5= 51+ A By ) S By v +81) I 6, 0y 2 ).

Each timed transition of A can be simulated by a compound transition of B as follows:

) S () ) S ()
(1) : 2 — 2 2
(p, 1) (Do) > (par).
<p7 V> j" <p, V/> <p7 V> Aé_) <p7 V/>
2): vl)+d<1 A 2 — 2 2
{Po:1)s 1) (P(o:1)> 1) & (Po:1ys 1)
<p7 V) “é" <pa V/> <pa V> '\i <p7 1/>
3): v(l)+d>1 A 2 = 2 2
(P(0:1), 1) (Po:1) 1) 5 (p, ')

Therefore, L(A) C L(B).
Conversely, we show L(B) C L(A). It should be noted that for a timed word w' € L(B)
there is an acceptable run 7 of B of the following form:

T

5 1) T d O n
™= <Qinit70> ':é <517M1> o’ <3/17M,1> ':% <827:u2> %) <S/2>,u/2> ’:% = <87L7VTL> ;—n> <S/n7y7/1>

1
a1

where tw(m) = w?, A g r%, s; € {q,q(oﬂ) 1q € Q}, and s, € {q,q(oﬂ) iq € Q}.
The UTA B can simulate UTA A by the following diagrams:

(', V) vy = V)
¢ = 2 2
(o) () (o) = (1),
(p, /) (p,v) % (p,v)
5
(p,p) ~ (o, 1) (o) > (p),
(p, V) ,v) % (p)
_ 5
<p(0:1)”u> = <p(031)’/’1'/> <p(0:1)>,u> bi <p(0:1)>,u/>7
(p, /) vy > (p)
_ 5
Py, ) = (po). (P(0:1)» 1) S (o).

Combining these diagrams, we have L(B) C L(A); thus L(A) = L(B).
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Step 4. After Step 3, we obtain an updatable timed automaton where if it has a tran-
sition p _:%_71;) q, then I = [1 : 1]. By taking Step 2 again, we can remove such transition

0:1
without introducing transitions of the form p’ % q'. Therefore, we finally obtain

a timed automaton without any updatable operations that is equivalent to the original
updatable timed automaton A. ]

Undecidability of Updatable Timed Automata with Diagonal Constraints.

As we have seen, adding diagonal constraints or update operations does not enlarge the
language class of timed automata. We consider updatable timed automata with diagonal
constraints (UTA with diagonal constraints).

An UTA with diagonal constraints A is a 6-tuple A = (Q, ¢init, F, 2, X', A) where
A C Q x Xe X Actupisediag X Q. Actypas.diag 15 the set of actions of updatable timed
automata defined as the following grammar:

ACtupd&diag i= reset(x) ’ x €yl ‘ T I ‘ x—y€Eql.

The operational semantics of UTA with diagonal constraints is defined in the same
way as updatable timed automata and timed automata with diagonal constraints. Unlike
updatable timed automata and timed automata with diagonal constraints, the class is
more expressive than timed automata. It is formalized by the following result.

Theorem 2.6 ([BDEP00a, BDEPO4]). The location (and configuration) reachability prob-
lem of updatable timed automata with diagonal constraints is undecidable.

Proof. This theorem was shown by encoding Minsky’s two counter machines into the
class of timed automata. Since two counter machines are Turing-complete [Min61l, Min67,
HU7Y], we can reduce the undecidable decision problem, the halting problem of Turing
machines, into the location reachability problem. O
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Chapter 3

Timed Pushdown Automata

In this chapter, as a preliminary to Chapter @ and B, we review the models of computation,
pushdown automata, pushdown timed automata (PTA) of Bouajjani et al. [BER94], dense-
timed pushdown automata (DTPDA) of Abdulla et al [A’AST?d], and timed pushdown
automata (TPDA) of Clemente and Lasota [CLI5a]. Although this chapter will review
existing results of classes of timed pushdown automata, we show a new result that the
reachability problem of PTA is already EXPTIME-hard. This EXPTIME-hardness refines
the known result of Abdulla et al. that the reachability problem of DTPDA is EXPTIME-
complete since DTPDA can easily simulate PTA but not vice versa.

The contents of this section (the relationship of three classes of timed pushdown au-
tomata, PTA, DTPDA, and TPDA) is summarized as follows:

Structure: Roughly speaking, we can see the three classes as follows:

PTA = timed automata + stack,
DTPDA = timed automata + timed stack,
TPDA = DTPDA + diagonal constraints for global and local clocks.

Expressiveness: The three classes are equally expressive: PTA = DTPDA = TPDA.
Decidability: The reachability problem of the three classes are EXPTIME-complete.

3.1 Pushdown Automata

Pushdown automata are an extension of finite automata with a single stack. Formally, a
pushdown automaton A is a 7-tuple A = (Q, ginit, F, X, I', Z, A) where

e () is a finite set of control locations, gnit is the initial location, and F' C () is a set
of accepting locations;

e X is a finite input alphabet;
e [ is a finite stack alphabet and Z € I' is the initial stack symbol;

e ACQxXxI'xI'™x Q is a finite set of transition rules.

— To denote a transition rule (p, a, 7y, w,q) € A, we write p % q.

The operational semantics of the pushdown automaton A is defined as an infinite
labeled transition system T4 = (Q x I'*, =) where the set of transitions = is defined as
follows:

p<Law>q€A w eT*

(p,w'y) 2 (q, w'w).
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A state of the infinite transition system T4 (or a configuration of the pushdown automaton
A) is a pair (q,w) of a location ¢ € @ and stack w € I'*. A transition (p, w'y) = (g, w'w)
means that we pop the stack top symbol v and then push a sequence of symbols w.

We define the language L(A) of the pushdown automaton A as follows:

L(A) £ {ala2"'an AGinit, Z) = €1 = -+ 22 (qp,w), qF € F}

We consider the following three decision problems on pushdown automata:

Emptiness Problem. The emptiness problem of pushdown automata decides whether
or not L(A) = 0.

Location Reachability Problem. For a given location ¢, the location reachability prob-
lem of pushdown automata (ginit, Z) =3 (¢, Jw) decides whether or not we can reach
a configuration (g, w) with some stack w from the initial configuration (gin;, Z).

Configuration Reachability Problem. For a given configuration (g, w), the configura-
tion reachability problem of pushdown automata (ginit, Z) =5 (¢, w) decides whether
or not we can reach the configuration (g, w) from the initial configuration (ginit, Z).

It is a well-known result that these three decision problems can be solved in polynomial
time for the size of a given input pushdown automaton (and a given configuration).

can be solved in polynomial time with respect to the size of an input pushdown automaton.

Theorem 3.2 ([BEMY7, EWWUY7]). The configuration reachability problem (ginit, Z) =3
(¢, w) can be solved in polynomial time with respect to the size of an input pushdown
automaton and the length of w.

3.2 Nonstandard Formulation of Pushdown Automata

We give a nonstandard formulation of pushdown automata. On this formulation, a push-
down automaton B is a 6-tuple B = (Q, ¢init, F, X, I, A) without the initial stack symbol
where each component is the same as that of the standard formulation except A:

e A C (@ x X x Actppa X @ is a finite set of transition rules. Actppa is the set of
actions for pushdown automata that is defined by the following grammar:

Actppa = push(y) | pop(7) | nop

where v € T'. To denote a transition rule (p, o, 7,¢q) € A, we write p % q.

We call pushdown automata of the nonstandard formulation nonstandard pushdown
automata. The operational semantics of a nonstandard pushdown automaton is defined
as an infinite labeled transition system Tp = (Q x I'*, —). The set of labeled transitions
— is defined as follows:

p%hm)qu p%qEA prz_p>qu
ush(v) ()
(pw) P20 (g ), () P2 (gw),  (pyw) B (g, w).

We also define the language L(B) of a nonstandard pushdown automaton:
L(B) £ {Oé1a2"'an Ginit, €©) 5 €1 w2 -+ = (qp,w), qp € F}

The initial configuration is the pair of the initial location ¢y and the empty stack.
The standard and nonstandard pushdown automata are equally expressive.
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Lemma 3.1. Let A be a pushdown automaton. There is a nonstandard pushdown au-
tomaton B such that L(A) = L(B).

Conversely, for a nonstandard pushdown automaton B’, there is a pushdown automa-
ton A’ such that L(A") = L(B’).

Proof. We extend nonstandard pushdown automata by the following transition rule:

T1§ T2
«

This rule is intended to perform two actions at a single transition; therefore, the semantics
of this rule is defined as follows:

(p,w) = (p,w") (P, w") 35 (q,w') (9 is a fresh location)

T1§ T2

<p7 w> T> <Q7 w/>

TI§T28 " §Tn

We also use more general forms like p ————— ¢. It is clear that adding this transition

rules does not enlarge the language class of nonstandard pushdown automata.
Let A = (Q, qinit, F, 2, T, Z, A). From the pushdown automaton A, we construct the
following nonstandard pushdown automaton B:

B = (Q U {Qi/nit} 7Qi/nit7 F, 3, T, A/)

where A’ is defined as follows:

P‘WT/EHJEA 7/7112'“% geA n>1 ~ el
push(Z) pop(7) pop(7y) § push(y1)§ push(y2) -+ § push(yn)
qi/nit € Ginit € Ala P—a 74€C Al? p : - o e qc< Ala

It is easily verified that L(A) = L(B) from this construction.

From nonstandard formulation to standard formulation Let B’ = (Q, qinit, F, 2, T, A).
We construct the following pushdown automaton A’:

A/ - (Q7qinit7F727FU{Z}7zaA/)

where A’ is defined as follows:

h
—>pusa(7) geA A eTu{z} p—>p°';(7) g€ A p—>an geA ~eTl
p%qu’, p‘%/quA’, p"%qu’,

To show L(A") = L(B'), we define a relation ~ between configurations of A’ and B’:

(g, Zw) ~ (g, w).
It can be easily verified that this relation forms a bisimulation between A’ and B’; therefore,

L(A') = L(B').
O
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3.3 Pushdown Timed Automata

Bouajjani, Echahed, and Robbana introduced pushdown timed automata (PTA) by extend-
ing timed automata with a single stack [BER94]. Formally, a pushdown timed automaton
A is a 7-tuple A = (Q, Ginit, F, X, T, X, A) where

e () is a finite set of control locations, gt € @ is the initial location, F' C () is a set
of accepting locations;

e X is a finite input alphabet; I' is a finite stack alphabet;
e X is a finite set of clocks;
e A C(@Q x X, x Actpra X @ is a finite set of transition rules.

— To denote a transition rule (p, o, 7,¢q) € A, we write p % q.

Actpra is the set of actions of pushdown timed automata defined by the following gram-
mar:
Actpra == x €7 I | reset(x) | push(y) | pop(y) | nop.

The transition rules x €7 I and reset(z) come from timed automata and push(7y), pop(y),
and nop come from pushdown automata (of the nonstandard formulation).

The operational semantics of the PTA A is defined as an infinite labeled transition
system T4 = (Q x (X — Rxsg) x I'", =, ~) where the set of discrete transitions — is
defined as follows:

px—ig—WEA viEzel p%t(x%qu
povw) (g, o) R (g vl = 0], w),
220 gen P22 gen PR
{p, v, w) % (gv,wy),  (p,v,wy) % (qv,w0),  (pv,w) =5 (g, v,w),

and the set of timed transitions ~ is defined as follows:
S RZO

(p,v,w) = (p,v +6,w).
We define the language of the PTA A in the same way as timed automata:

J on Tn
L(A) = {tw(w) : T = {Ginit, 0, €) «/l»;_ll> W;—n> (qr,v,w), qr € F}

Location Reachability Problem of PTA and Pushdown Digital Automata. We
consider the location reachability problem of PTA. For a given location ¢, the location
reachability problem (giit,0,€) =% (g,7v,w) decides whether or not we can reach a
configuration (g, v, w) with some valuation v and stack w from the initial configuration
(init, 0, €).

As we showed the decidability of the location reachability problem of timed automata,
we can also show the decidability of the location reachability problem of PTA by consid-
ering pushdown digital automata.

Let A = (@, ¢iit, F, X, T, X, A) be a pushdown timed automaton. The pushdown
digital automaton of A is the following pushdown automaton D(A):

D(A) = (Q x D, (ginit, D(0)), F x D, %, T, A')
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where the set of transition rules A’ is defined as follows: first, we define transition rules
that correspond to discrete transitions of A

p—>xi71q€A dEzxel p—>rese;(w)qu
z€qI reset(x) .
<p7 d> T> <q7 d) € A/> <pa d> T> <Q7 d[l‘ T 0]) € Al)
push(y) A pop(7) A nop

) 5 (g dy e N, (pd) P2 (g d) e A, (pd) BB (g, d) € Y
next, we define transition rules that correspond to timed transitions of A

d-*d’
(p,d) 22 (p,d’) € A,

(We also write (p, d) % (p,d’) if d -* d’ instead of (p,d) % (p,d’).)
To relate the pushdown timed automaton A and the pushdown digital automaton
D(A), we define the following relation on their configurations:

(q,v,0) ~ (¢, d),w) <& v =d.

As we have shown the similar relation between a timed automaton and the digital
automaton forms a bisimulation, we can show the above relation ~ forms a bisimulation

between A and D(A) and the following holds.

Lemma 3.2. The pushdown digital automaton D(A) can the pushdown timed automaton
A based on the relation ~.

<p> l/,w> % <q, V/,w,> <p7 V7w> % <Qa V/7w,>
2 — 2 2
{(p, d),w) ((p, d), w) = (g, d"),w).
(p,v,w) 9 {p, V', w) (p, v, w) 2 (p, V', w)
2 — 2 . 2
{(p, d), w) ((p, d),w) =25 3((p, d’), w).

Lemma 3.3. The pushdown timed automaton A can forwardly simulate the pushdown
digital automaton D(A) based on the relation ~.

<p7 v, 'LU> <p7 l/7w> %} E|<Q7 V/awl>
2 e 2 2
((p,d),w) & ((g,d"),w) (p,d),w) = ((q,d"),w")
(p, v, w) (povyw)y S Ap, v/, w)
¢ . — 2 . 2
((p,d), w) =25 ((p,d’), w) ((p.d),w) =22 ((p.d’),w)

These two lemmas lead to the following theorem.
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Theorem 3.3. Let A be a pushdown timed automaton and D(A) be the corresponding
pushdown digital automaton. The following location reachability of the timed automaton
A and the digital automaton D4 are equivalent:

<Qinit707 6> :>* <Q73V7 EIU}> — <qinit7D(0>7€> H* <(Q73d)53w>'

This theorem and the decidability of the location reachability problem of pushdown
automata imply the decidability of the location reachability problem of timed pushdown
automata.

Corollary 3.1. The location reachability problem (g, 0,€) =* (¢, v,

timed automata is EXPTIME-complete.

w) of pushdown

Proof. First, we show the problem is in EXPTIME. For a given pushdown timed automa-
ton A, the size of the corresponding pushdown digital automaton is exponential in the
size of A. Since we can solve the location reachability problem of pushdown automata in
polynomial time, the corresponding location reachability problem of the pushdown digital
automaton can be solved in exponential time with respect to the size of A.

Next, to show the problem is EXPTIiME-hard, we use the following EXPTIME-complete
problem [HLMST?]:

Let P be a pushdown automaton and Mj, Mo, ..., My be k finite automata.
The language emptiness problem L(P) N ﬂle L(M;) =7 0 is EXPTIME-
complete for the size of P and M;.

We also use the following PSPACE-complete problem [Koz77]:

Let My, Ms, ..., M be k finite automata. The language emptiness problem of
ﬂle L(M;) =7 0 is PSPACE-complete for the size of M;.

As we have seen in the proof of Theorem P11 of Chapter 1, we can construct a timed
automaton B in polynomial time for the size of the automata M; such that ﬂ,’f:l L(M;) =
) < L(B)=0.

Here we assume the alphabet of B is ¥ and k& = 3 to explain our construction. The
following holds from the construction of Theorem 2T

o181 8t1 8 ur oo softot us - o syt ty ' u, € Untime(L(B))
<~ 0102...0p € ﬂle L(Mz)

We can construct a pushdown timed automaton C in polynomial time with respect to
the size of P such that

o If 0y09...0, € L(P), then there is a timed word 7 € L(C) such that

Untime(t) =01 s1 ft1 #f ur oo sofitot ug -+ op sp it i un.

o L(C) = Untime™(Untime(L(C))) N TW(Z).

From the construction, L(P) N ﬂle L(M;) =0 < L(C)N L(B) = ( holds.
Finally, we can construct a pushdown timed automaton D by product construction for
B and C' in polynomial time for the size of B and C where L(D) = L(B) N L(C). O

We also have the EXPTIME-completeness of the emptiness problem of pushdown timed
automata.

Corollary 3.2. The emptiness problem of PTA, which decides whether or not L(A) =0
for a given PTA, is EXPTIME-complete.
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Proof. First, we show that the emptiness problem of PTA is in EXPTIME. Let A =
(Q, qinit, F, 2, T, X, A) be a PTA. We can construct the following PTA B in linear time
with respect to the size of A:
B = (Q U {ngal} s Qinit F7 27 Fa X) A,)a
A/:AU{QF%ngaI:QFGF}-
It is clear that L(A) # 0 holds for A iff (giit, 0) =* (ggoal, ~v) holds on B. Since the
location reachability problem of PTA is in EXPTIME, the emptiness problem of PTA is
also in EXPTIME.
Next, we show that the emptiness problem of PTA is EXPTIME-hard. For a query

(init, 0) =" (qgoal, 1) of the location reachability problem, we can construct the following
PTA B in linear time with respect to the size of A:

B = (Q7 Ginit {ngal} ’ Ev Fa X? A)

It is clear that (ginit, 0) =* (ggoa1, ~) holds iff L(B) # (). Since the location reachability
problem of PTA is EXPTIME-hard, the emptiness problem of PTA is EXPTIME-hard. [

3.4 Hierarchy Theorem of Pushdown Timed Automata

In the present section, we show the intuitive property for pushdown timed automata that
pushdown timed automata with (n 4 1)-clocks are more expressive than pushdown timed
automata with n-clocks.

To state formally this, we write PTA,, for the language class of pushdown timed
automata with n-clocks. Furthermore, we use the following timed language L,:

Ln 2 {(an,tn)(@n—1,tn-1) ... (a1,t1) (b1, 1) . .. (bn—1,th_1) (b, th,) 1t — t; =i} .
On the basis of these notions, our result is the following (Theorem B3):
Vn>1, Lyt € PTA, 11 A Lpyq ¢ PTA,.
Since PTA,, C PTA,, 1 is clear, this result shows that the strict expressiveness hier-
archy PTAg C PTA; CPTA, C--- CPTA,; C---.
3.4.1 Preliminaries for Theorem 34

We need some notions and propositions to show this theorem.
Only in the present section, we use the following notation temporarily

e P2 N\ {0} denotes the set of positive natural numbers.
e ¢ = ¢’ denotes either a discrete or timed transition.

e ¢ =* ¢’ denotes a sequence of transitions = where r € R is the elapsed time
; >

between ¢ and c’.
e For a transition %, if the action label 7 is not important, then we omit it and write
simply —.

Definition 3.1 (Indistinguishable configurations). Let A be a PTA and (p;, v, w;) and
(p2, V2, wa) be configurations of A. These two configurations cannot be distinguished if
(p1,v1,w1) = (p2,v2, we) where = is defined as follows:

p1 = P2, D(v1) = D(vy), wy = wa.
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Proposition 3.1. Let (g, v, w) be a configuration where there are no clocks z such that
frac(v(z)) = 0.0. There exists a real number 0 < 0 < 1 such that (g, v,w) = (q,v + 6, w).

Proof. Recall the definition of <3 in the chapter of timed automata:

oy e there is no clock = such that frac(v(x)) = 0.0 and
v<gv
? V' < v+ (1.0 — maz_fract(v)).

where
maz_fract(v) = max {frac(v(z)) : x € X}.

From the assumption, there exists § such that v <9 v 4+ §. Since there exists a digital
valuation d such that v =d and v + § = d, we have (¢, v, w) = (q,v + J, w). O

Proposition 3.2. Let A be a PTA, and ¢; and ¢y are indistinguishable configurations.

5 6
cp ~ cll c1 ~ Cll
IR = IR 1%
35’
C2 ca ~ 3dch.

Proof. Let ¢1 = (p1,v1,w1) and ¢a = (p2, V2, w3). We have the following diagram for some
digital valuations d and d':

141 < v+ 1)

m m

d +H* d.
Since 11 = d and vy |= d’, Proposition P10 of Chapter B implies there is ' € R>( that
satisfies the following and it concludes the proof:

%] < Vo + o
m m
d + d.

The same property also holds for discrete transitions.

Proposition 3.3. Let A be a PTA and ¢; and ¢y are indistinguishable configurations.

T /
o = ¢t T G
IR = 1%
T
Cco C2 7 E|C/2 .

These two propositions lead to the following lemma.

Lemma 3.4. Let A be a PTA of which the set of accepting locations is F', and ¢1, c2 be
indistinguishable configurations of A.

If ¢; =* (qF, -, -) where qr € F, then also ¢ =* {(qF, -, -).
Remark: hereafter if a component is irrelevant to a discussion, we omit the component
and simply write as (qp, _, ).

We need the following technical proposition.
Proposition 3.4. We assume the following part of a computation of a PTA:

o o o On
(qu,v1, ) g™ B (e, ). (n>1)

n

If Z 51 < IJQ(JJ), then Ul(:E) = I/Q(SL‘) — Z 51
i=1 =1



Proof. We proceed by induction on n. First, as the base case of the induction, we consider
the following one:

1
<qla Vi, *) Vl\_) <QZa V2, *)'
For this case, v1(x) = vo(z) — 1 holds trivially.

Next, as the induction step, we consider the following one:

6 1 On— On
<q171/17*> Ml%ﬁvz-} Wl <p7 v, *> W <p/,1/,,,> ~ <q271/2a7>'

Since we cannot reset = on the transition -, 2?2—11 d; < v(z). Indeed, if we reset, then

vo(x) = 0y, and it contradicts to > | 0; < va(z). Therefore, by the induction hypothesis,
n—1
we have vi(x) = v(z) — Y d;. It suffices to show v(z) = ve(x) — &, and it is verified by

=1

the following:
1. V' (z) = ve(x) — ,, > 0 since vao(z) > > 0; > 0p.
i=1

2. Among (p,v,.) 5= (p',V/,-), we cannot reset z and thus v(z) = v/(z). Indeed, if
V'(z) = 0.0, it contradicts to v/(z) > 0.

We will use the following special case of Proposition B4l

Proposition 3.5. We assume the following part of a computation of a PTA:

o1 b2 03
(q1,v1,-) AP LA e

s
2 5 {g2, v, ).

If0< > d; <1and va(z) €P, then frac(vi(z)) =1.0— > 0;.
i=1 i=1

3.4.2 1-clock language

It is clear that the following 1-clock language can be recognized by a 1-clock pushdown
timed automaton:

Ly = {(a1, t1) (b1, ) : ] —t1 = 1}.

We prove that the language L; cannot be recognized by any 0-clock pushdown timed
automaton. To this end, we assume a 0-clock PTA Ay where L(Ag) = L; and a computa-
tion 7 of Ag such that

*

= <qinit7’/7€> :>*H> <Qa17Va17—> = W <qb17’/b17*> :>* <CIF7VF7—>

and tW(TF) = (al,tl)(bl,tll) € L.

Claim: When A( reads by, there is a clock whose value is in P.
We decompose 7 as follows:

4 0.0 0.0 0.0
™= <C_Iinit,V,€> ="~ <q;7,1’1/l,7/1’*> ?) ?)W?) T <q;)1aVI,)17*> Fl_) <leayb1af> =" <QFaVFaf>

where § > 0.0. Our claim is rewritten as there is a clock = such that Vé’l (z) € P. We show
it by contradiction; assume there are no clocks x such that vy (z) € P.
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e Since 6 > 0.0, we have 1/,’]’1 (z) # 0. This and the assumption imply that there are no
clocks z such that 1/{7’1 (z) € N. Thus, Proposition BTl implies that there is a positive
real 0 < ¢’ < 1 such that

0498’
(Ginit, v €) ="~ (qy,, v, +6',2)
where (g, vy, ) = (g, vy, +0',).

e Since (g, , v, ,-) =(q, v, +0',-), there is a computation

/ " " !/ . .
T = (Ginit, 0, €) =" (g, vy, +0',-) D> g e=

Therefore, tw(r') = (a1,t1)(b1,t] + ') € L(Ay).
e However, since t) —t; =1 and 0 < ¢ < 1, tw(n’) & L.

The above argument states that, to recognize the language L, we need clocks at least
one. Since there are no clocks on Ay, L(Ap) # L1 and thus L; ¢ PTA,. More formally,
we can show the following based on the above argument:

If (al,tl)(bl,tll) S L(AO) and tll — 1 = 1,
then (a1, u1)(by,u}) € L(Ag) with 1 < v} —uy < 2.

3.4.3 2-clock language

On the basis of the previous argument, we show that Ly € PTAy but Ly ¢ PTA; where
Lo is defined as follows

LQ = {(ag,tg)(al,tl)(bl,t'l)(bg,té) : tll -t = 1, tl2 — 19 = 2} .

It is clear that a 2-clock PTA can recognizes the timed language Lo.
To prove Ly ¢ PTA;, we consider the following proposition.

Proposition 3.6. If a 1-clock PTA A; accepts a timed word of Lo

(az,t2)(a1,t1) (b1, 1) (b, ty) € Lo

that satisfies 0 < ¢, — ¢ < 1, then there is another timed word
(a2, u2)(a1, ur)(by, uy) (b2, uy) € L(A)

with 1 <uj —up < 2.

This immediately leads to Ly ¢ PTA; because there is a timed word that satisfies the
assumption of this proposition; for example (az,0.0)(a1,0.4)(b1, 1.4)(b2,2.0).

Proof. We assume the following computation:

<qinit7 v, €> :*E) <qa27 Vay), *> :*ﬁ

m =
(Gars Vars =) =" 57 @by Vby» -) =557 (Qos Vbos =) =" (a5 Vs -)

where ¢p is an accepting location of A; and tw(7) = (ag, t2)(a1, t1)(b1,t}) (b2, th) € Lo with
0<th—t) <1
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Claim: When A; reads b;, there is a clock whose fractional part is ¢}, —t].
We decompose 7 as follows:

<Qinit7 v, 6> :>* <Qg;17 Vllzl ) *) W <qb17 Vbla *> ?* <Q;;27 Vl/;27 *> W <Qb27 Vbz? *) :* <QF7 VF, *>

where 0 = t, —t}.

We show frac(v;, (y)) = 1.0 — 0 for some clock y. On the basis of the argument for the
1-clock language and Claim 1, there is a clock y such that 1/1’72 (y) € P. Wehave 0 < 6 < 1
from the assumption for 7. Proposition BH implies frac(vp,(y)) =1—60 and 1 —6 > 0

implies frac(vy, (y)) = frac(vp, (y))-

Now we decompose 7 as follows:
é
™= <Qinit7V7 6> :>*W <q1/;15 V{)ﬁ*) W <ql)17 Vb 7> :>* <qF7 VF7*>‘

There are no clocks y such that Vll)l (y) € P because the 1-clock pushdown automaton has
only a single clock  and v (x) ¢ P on the basis of the above argument. Therefore, by
the same argument for the 1-clock language L1, there is 6’ and a computation 7’ such that

0<d <1and

546’
= <Qinit, v, €> =" <q§)1a VI,)I + 5,7 7> =" <qFa - 7>'

Since tw(n’) = (ag, t2) (a1, t1)(b1,t] + ") (b2, u2) and 0 < ¢ < 1, it finishes the proof.  [J

3.4.4 n-clock language

We can easily generalize the above argument for any n-clock language with n > 2.
We use the following timed language:

Ln = {(an, tn)(@n—1,tn—-1) - .- (a1, t1) (b1, 1)) ... (bn—1, 1) (bp, t7,) : G — & = i}

It is clear that an n-clock PTA can recognizes the timed language L,. On the basis of the
above argument, we show the following.

Proposition 3.7. Let m be a natural number with m < n, and A,, be an m-clock
pushdown timed automaton. If A, accepts a timed word of L,

((Ln, tn)(anfl, tnfl) Ce (al, tl)(bl, tll) . (bnfl, tfn_l)(bny t;z) S Ln
that satisfies the following
e V1<i<n 0<t,—t <1and
eVI<ij<nifj = tj—t, At —1,
then there is another timed word
(@, un)(@n—1,Uun—1) ... (a1, u1)(br,u}) ... (bp_1,ul,_1)(bp,ul) € L(Ap)
such that 1 <} —wu; < 2.

Proof. We assume an accepting computation 7 that satisfies the assumption:

tw(m) = (an, tn)(an—1,tn-1) ... (a1,t1)(b1,t)) ... (bu_1,t,_1)(bn,t,) € Ly
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When A4, reads b; (1 <i <n), there is a clock whose fractional part is ¢, — ¢].
We decompose 7 as follows:
(Ginits v, €) =" (Ghy» Vi, ) 57 @by Vs ) ﬁ* (@is Vo =) 57 (@i Vi -) =" {ars v, ).
i ‘1
On the basis of the argument for the language Lo, we can show that there is a clock
z; such that v, (z;) € P. By Proposition B3, frac(up, (z;)) = 1.0 — (t; — t}) > 0 (here we
use the assumption 0 < t; —#} < 1) and therefore frac(v, (z;)) = 1.0 — (t; — t}).

Let {y1,92,...,ym} be clocks of the m-clocks pushdown timed automaton A4,,. We
decompose 7 as follows:

é
<q1nit7 v, 6> ="~ <Qg1a Vllyla 7> W <Qb17 Vbys 7> =" <QF7 VF, 7>'

The above argument requires 0 < vy (y;) < 1 (thus v} (y;) ¢ P) for 1 <i < m. Therefore,
by the same argument for the languages L; and Ls, there is ¢ and a computation 7’ such
that 0 < ¢ <1 and

546’
' = <Qinit7 v, 6> =" (qglv Vllal + 5,7 7> =" <QF1 - 7>'

Since tw(n’) = (an,tn)(an—1,tn-1)...(a1,t1)(b1,t] + &) ... (bp—1,un—1)(bn,u,) and 0 <
0’ < 1, it finishes the proof. O

This proposition immediately implies that L, cannot be recognized by any m-clock
PTA with m < n.

Theorem 3.4. For any positive natural number n, L, € PTA,, but L, ¢ PTA,,_;.

Proof. We show that there is a timed word that satisfies the assumption of Proposition BZ1.
It suffices to take the following timed word:

1
1 1
-3 2
LT — |
1-— FaoT | I gmoT
J—
1-— L L
2n 2n
G, ap—1 Gn—2 ag ai by b bn_o b1 b,

By Proposition B4, A, accepts a timed word (an, -)(an—1,-) ... (a1, u) (b1, ) ... (bn—1,-)(bn,-)
where 1 < «/ — u < 2. Since this word does not belong to Ly, L(A;,) # Ly holds. O

This theorem and the trivial property PTA, C PTA, ; lead to the expressiveness

hierarchy of pushdown timed automata.

Corollary 3.3.
PTA  C PTA; CPTA, C---CPTA, C -+
Our proof does not depend on the existence of the stack, we can also show the same
result for timed automata.

Corollary 3.4 ([PST2, HKWY93]). Let TA; be the language class of timed automata with
i-clocks.
TA)C TA; CTA, C---CTA, C---
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The same result was already known in the theory of timed automata [PST2, HKWO93)].
However, there is a little difference between their result and ours because they do not allow
e-transitions in their formulation of timed automata. Timed automata with e-transitions
are more expressive than timed automata without e-transitions [BPDGYR, BHROY].

3.5 Dense-Timed Pushdown Automata

We review the model of computation called dense-timed pushdown automata [AAST2a,
CLIba]. Abdulla, Atig, and Stenman introduced dense-timed pushdown automata (DT-
PDA) by extending (updatable) timed automata with a timed stack. Formally, a dense-
timed pushdown automaton A is a 7-tuple A = (Q, ginit, F, 2, ', X', A) where

e () is a finite set of control locations, giniy € @ is the initial location, FF C @ is a set
of accepting locations;

e Y is a finite input alphabet; I' is a finite stack alphabet;
e X is a finite set of clocks;
e A C(@Q x X x Actprppa X @ is a finite set of transition rules.

— To denote a transition rule (p,«, 7,q) € A, we write p %) q.

Actprppa is the set of actions of dense-timed pushdown automata defined by the following
grammar:
Actprppa i=x €7 I | x < I | push(v, 1) | pop(y, ) | nop.

A configuration of DTPDA (g, v, &) is a triple of a location ¢, valuation v : X — Rxq,
and timed stack £ € (I' x R>¢)*. Since a configuration of PTA is a triple of a location
g, valuation v, and (untimed) stack w € I'*, the timed stack is peculiar to DTPDA. The
operational semantics of the DTPDA A is defined as an infinite labeled transition system
Ty = (Q x (X = Rxg) x (I' x R>p)*, —,~) where the set of discrete transitions — is
defined as follows:

zerl x1I

p—Fm—qEA viEzel p—(qE€EA rTEI
€rl I .
<p7 V7§> xT> <Q7V7§>7 <p7 V7£> % <Q7V[x = T]7§>7
h(v,I I
—>pus§{’) geA rel p—>p°pg/’) geAN rel PP e

(o, €) PO b ey, el PP g ve) (o) I (g, ,6),

and the set of timed transitions ~~ is defined as follows:

5€R20
(p,1,€) > (p,v + 6, + 6)

where & + ¢ is defined as follows:

(v, 1) (2, 72) o Yy ) + 8 (1,71 4+ 8) (y2, 72 + 8) - (Yny T + 6.

It should be noted that timed transitions modify all the values of a stack.
We define the language of the DTPDA A in the same way as PTA:

L(A) 2 {tw(ﬂ') c = (Ginits 0,€) BT - BT (g 1, €), gp € F}
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Normalizing DTPDA. As we translated an updatable timed automaton to a timed
automaton while preserving its language, we can also translate a DTPDA to a DTPDA
without update operations while preserving its language.

Lemma 3.5. Let A be a DTPDA. There is a DTPDA B such that L(A) = L(B) and
I=1[0:0]ifp % g € Ap where Ap is the finite set of transition rules of B.

Proof. This proposition is shown in the same way as Theorem 3 of Chapter 1 that
removes updatable operations from updatable timed automata. ]

Location Reachability Problem of DTPDA. We consider the location reachability
problem of DTPDA. For a given location g, the location reachability problem (gisit, 0, €) =3
(q,7v,7¢) decides whether or not we can reach a configuration (g, v, w) with some valuation
v and timed stack ¢ from the initial configuration (ginit, 0,€). Abdulla et al. showed that
the location reachability problem of DTPDA is EXPTIME-complete [AAST2)].

In comparison with pushdown timed automata, the decidability proof of the location
reachability problem of DTPDA is difficult due to the presence of timed stack. For ex-
ample, let us suppose to apply the region abstraction technique to DTPDA and obtained
the corresponding pushdown automata. We cannot naively reflect timed transitions in the
obtained pushdown automata because we only modify the stack top element on ordinary
pushdown automata. Since there are many other reasons why the classical region abstrac-
tion technique does not work well in DTPDA, in the next section, we will see another
decidability proof of the location reachability problem of DTPDA based on the untiming
theorem shown by Clemente and Lasota [CLI5ba]. In Chapter B, we will show the de-
cidability of the location reachability problem of DTPDA through the region abstraction
technique.

3.6 Timed Pushdown Automata and Untiming Theorem

We define a model of computation called timed pushdown automata to accurately state
the result of Clemente and Lasota in their paper [CLI5a]. A timed pushdown automaton
(TPDA) A is a 7-tuple A = (Q, Ginit, F, X, T, X, A) where the finite set of transition rules
A only differs from that of DTPDA:

e A C QXX x Actrppa X Q is a finite set of transition rules.

To define the set of action of TPDA Acttppa, we introduce some notation. For a clock
set X, we define a constraint formula ¢ generated from atomic propositions x €7 I and
x—y € I

pu=xerl|z—yerI|pAp

where z,y € X. We write ®(X) to denote the set of constraint formulae on the clock set
X. For a valuation v : X — R>( and constraint formula ¢ € ®(X), we define v = ¢
inductively: v = o1 A p2 if v = 1 and v = pa.

Actrppa is the set of actions of pushdown timed automata defined by the following
grammar:

Actrppa = check(p) | reset(z) | push(v,I) | pop(y,¢) | nop
where ¢ € ®(X) and ¢ € ®(X U {z}).
A configuration of TPDA (q,v,£) is a triple of a location ¢, valuation v : X — R>o,

and timed stack £ € (I' x ({z} — R>¢))*. The set of configurations @ x (X — Rx>q) X
(I' x ({z} — Rx>p))* is isomorphic to that of DTPDA; therefore, to denote a config-

uration (q,v, (y1,{z — 71}) ... (9, {z — mm})), we simply write (g, v, (v1,71) ... (Vn,"n))-
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Clemente and Lasota considered that a timed stack (vi,{z+— ri})...(n,{z — rn}) is
a sequence of pairs of stack symbol +; and local clock called z. The formulation of
TPDA does not allow update operations but allows diagonal constraints. The oper-
ational semantics of the TPDA A is defined as an infinite labeled transition system
Ty = (Q X (X = Rxg) x (I' x R>0)*, —,~>) where the set of discrete transitions —
is defined as follows:

check(yp) reset(x)
—a v4€A vEv P—a d€A P gEA

(v, €) S e ) S = 016),  (pw€) I (g, 6),

%CJEA rel %qGA vU{z—r}Evy
ush (v, W
(p,v, &) 20D, g ety 7, (p, v, €0y, m)) PP g 0 ),

and the set of timed transitions ~~ is defined as the same as DTPDA. We can also define
the language L(A) of a TPDA A as the same as DTPDA.

Clemente and Lasota showed the following normalization lemma [CLI5a, CLT5H].
Lemma 3.6. Let A be a TPDA. There is a TPDA B such that L(A) = L(B) and
push(v,1)

I =10:0] for p ——= q € Ap where Ap is the set of transition rules of the TPDA B.

This lemma enables the following important properties of normalized TPDA.

Proposition 3.8. Let (q,v, (y1,71){(72,72) ... (Vn, ™)) be a reachable configuration on a
normalized TPDA:

(Ginit, Vs €) =7 (¢, v, (71,71) (2, 72) - - {(Vn, ) -
For each i € {1,2,...,n— 1}, riy1 > 1y

On the basis of this proposition, Clemente and Lasota showed the untiming theorem
of TPDA. It means we can remove all the local clocks in the timed stack of a TPDA while
preserving its language.

Theorem 3.5 ([CLI5a]). Let A be a TPDA. There is a PTA B such that
e L(A)=L(B).
e The number of states and stack symbols of B is exponential in the size of A.
e The number of clocks of B is linear in the size of A.

Since the emptiness problem and location reachability problem of PTA is decidable,
this theorem leads to the decidability of the emptiness problem and location reachability
problem of TPDA.

Corollary 3.5. The emptiness problem and the location reachability problem of TPDA
are EXPTIME-complete.

Proof. As with Corollary B3, since we can reduce the emptiness problem to location
reachability problem in linear time and vice versa, it suffices to show the EXPTIME-
completeness of the emptiness problem.

The EXPTIME-hardness of the emptiness problem of TPDA is immediately shown by
Corollary B2 because any PTA is also TPDA.

We show the emptiness problem of TPDA is in EXPTIME. Let A be a TPDA and B
be the corresponding PTA obtained by applying the above untiming theorem. On PTA,
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by the proof of Corollary B, the emptiness problem can be solved in time linear in the
number of states and stack symbols and exponential in the number of clocks. Therefore,
the emptiness problem of B is solved in exponential time with respect to the size of A. [

We also have the following result.
Corollary 3.6. PTA and DTPDA are equally expressive.
Proof. 1t is clear that the language class of DTPDA subsumes that of PTA: PTA C
DTPDA. Now we assume a DTPDA A and construct a PTA such that L(A) = L(B).
By Lemma B3, we can normalize A into a DTPDA A’ and then, A’ can be seen as a

TPDA. Therefore, there is a PTA corresponding to A" and we have L(A) = L(B). This
means that PTA D DTPDA. O
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Chapter 4

Timed Pushdown Automata with
Multiple Local Clocks

We extend TPDA by the following features:

e Multiple local clocks; therefore, a configuration of MTPDA is of the form (q, v, (y1, 1)
-« (Yn, ftn)) where p; : Z — R is a clock valuation on the local clocks Z (Z is
a finite set of local clocks). On the other hand, a configuration of TPDA is of the
form (g, v, (y1,71) ... (Yn, ™)) where 7; € R>.

e Resetting and checking local clocks by actions reset(z), z €7 I and z — x €7 I where
z is a local clock. On DTPDA of Abdulla et al. and TPDA of Clemente and Lasota,
such actions are not allowed.

We show the untiming theorem of MTPDA that removes local clocks from a given
MTPDA. Alternatively, for a given MTPDA A, we can construct a PTA B such that
L(A) = L(B). These results will be shown as Theorem B=3 and Corollary BT

This chapter is based on the paper [UezIR].

Some Notation on Intervals In the present chapter, we consider intervals generated
by integers as follows:

(a:b)2{rcR:a<r<b}, (a:b]2{reR:a<r<b},
[a:b) 2 {rcR:a<r<b}, [a:b] 2 {rcR:a<r<b},
(a:w)&{reR:a<r}, [a:w)2{reR:a<r},
(~w:a) 2 {reR:r <a}, (~w:a] &2 {reR:r<a}

where a,b € Z.

It is clear that, for any interval I, there exists the unique interval J such that a €
I < —a € J. For an interval I, we write —I to denote the unique interval that satisfies
acl < —ac—I.

Let I and J be intervals. We write I = J if a < b for any a € I and b € J. For
example, (—w :2) C [2: 3] but (—w : 2] Z [2: 3]. We write I C J to denote I = J or
IcJ.

Let I be a non-empty interval (I # (). We define I} and I} as follows:

nsJs &y

JcI I—J
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For any non-empty interval I, I} and I are intervals since the following holds for these
operators:

(~w:)y=(-w: =0, (wh=[:wr=0,

a: i =fo: )= (—wia), [ial=(:a=(a:w),

(@a:]y=(:)=(~w:d, [:ar=(:a)=[a:w)
We also use the following simple properties on intervals.

Proposition 4.1.

e Let I be an interval and r; < ro < rg be real numbers. If 71 € I and r3 € I, then
ro € 1.

e Let I be a non-empty interval. For any real number r € R, one of the following
holds:
rel or rel or r € I.

e For a non-empty interval I, we have I} C I C I;.

4.1 Formalization of Timed Pushdown Automata with
Multiple Local Clocks

We define timed pushdown automata with multiple local clocks (MTPDA).
An MTPDA A is a 8-tuple A = (Q, ¢init, F, 2, T, X, Z, A) where
e () is a finite set of locations, ¢t € @ is the initial location, F' C (@ is a set of
accepting locations;

e > is a finite input alphabet, I' is a finite stack alphabet;
e X is a finite set of global clocks, Z is a finite set of local clocks;
— X and Z are disjoint, i.e., X N Z = (.

e A CQxXxActmrrpa X @ is a finite set of transition rules. To denote a transition
rule (p,a, 7,q) € A, we write p %) q.

— ActyTepa s the set of actions of MTPDA and it is defined by the following
grammar:

T € Actyrppa = push(7y) | pop(7y) | nop | reset(c)
| cerl|e—cd el

where v €T, ¢, € X U Z, and [ is an interval.

We call an MTPDA A K-TPDA if A has K-local clocks {z1,22,...,2x}. Let A =
(Q, Ginit, F, 2,1, X, Z,A) be a K-TPDA. A configuration of A, (q,v,w), is a triple of a
location ¢ € @, valuation v : X — R>q, and timed stack w € (I' x (Z — R>))*. We call
a stack element (v, 1) stack frame. The initial configuration of A, (¢init, 0, €), is the triple
of the initial location, O-valued valuation, and empty stack.

We define the operational semantics of the K-TPDA A as an infinite labeled transition
system Ty = (@ X (X = R>p) x (I' x (£ — R>p))*, —,~»). First, we define the set of
(discrete) transitions — as follows:

h
p 2D, g e n p 2P, e PP gen
push(v) pop(7)
(v, w)y 22 (g v, w (7,0)),  (pyv,w () T (quvw),  (pvw) s (g, v, w),
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%qu re X p%qu z€Z
pov,w) O g vl = 0L w), (v wly, ) s (g vy, pl = 0),
pxi—7[>q€A reX viExzel p%qEA 2€Z pkEzel

(p,v,w) 2= (g, v,0), (o, v, w(y, 1)) 25 (g, v, w(, ),

p%qu {c1,6} CX vEca—cel

<pa v, w> % <Q7 I/,’U}>,

(0%
c1—co€ql
(0%

geA {c,e} € X vUpuEc—cel

c1—co€rl

(P, v, w (v, 1) ——— (@, v w (v, 1))
Next, we define the set of (timed) transitions ~~ as follows:

(5€R20

(p,v.w) 2> (p,v+6,w+0)
where ({71, 1) (2, 2) - - - (Yn, pin)) + 9 is defined as follows:

((vas ) (2o p2) -+ - (s i) + 6 = (1, 1 + ) (y2, 2 + ) - .- (Y, fim + 6).

As with timed automata and timed pushdown automata, we define the language of the
K-TPDA A as follows:

61 T On Tn
L(A) £ {tw(w) M <q1nit70;€> M1->a—11> ce W;—n> <qF7V7w>7 qr € F} .

We also define the set of timed words, L.(A), that is accepted by a configuration whose
location is an accepting location and stack is empty as follows:

Lo(A) 2 {eu(m) s 7 = (i, 0,€) 2o -+ B (qi,v6), qp € F .
Proposition 4.2. Let A be an MTPDA. There is an MTPDA B such that L(A) = L¢(B).
Proof. Let A = (Q, qinit, F, X, T, X, Z, A). We construct the following MTPDA B:

B =(QU{gs},qmit {45}, 5,1, X, Z,A)

where gp is a fresh location and A’ is defined as follows:

A’:AU{an—zp—)qB:qFEF}U{qBLpem—)qB:WEI’}.

. . . . . 19 On Tn
By this construction, if there is a computation of A (ginit, 0, €) «/5;—11> w;—n> (qp, v, w)

where gr € F', then we also have the following computation of B:

5 5 5 -
<Qinit, 0, e> §/~1—>;—11> ... %;—Z) <QF7 1/7w> VQ% <QB7 y/’w> Jgp"pf(“% . . JQM <QBa I///, €>‘
This implies L(A) C L(B). A similar property also implies L.(B) C L(A). O

On the basis of this proposition, hereafter we mainly consider the timed language accepted
by accepting locations and the empty stack.
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4.1.1 Compared to Timed Pushdown Automata

We recall the set of actions Actpra allowed on pushdown timed automata of Bouaj-
jani et al.:
Actppa = x €7 I | reset(x) | push(v) | pop(7) | nop.

Since all the kinds of transition rules on PTA are allowed on MTPDA, the language class of
MTPDA is greater than or equal to that of PTA. Furthermore, since the language classes
of dense-timed pushdown automata DTPDA and TPDA equal to the language class of
PTA PTA, we have the following.

Proposition 4.3.
PTA =DTPDA = TPDA C MTPDA.

We have a question whether or not MTPDA is strictly larger than PTA. Our main
result of MTPDA, the untiming theorem of MTPDA (Theorem B=3 and Corollary B-1 of
Section 1), states PTA = MTPDA.

4.1.2 Extending MTPDA by Useful Transition Rules

We consider useful extra actions on MTPDA and show that adding these rules to MTPDA
does not enlarge the expressiveness of MTPDA.

c &2 I: A new action ¢ &7 I that checks whether or not the clock ¢ does not belong to

. . .. 21 .
the interval I. The semantics of a transition rule p % q is defined as follows:

ceX vEcel ceEZ pEcel

cal

<pa v, w> Ci—?l> <q7 v, w>7 (pv v, w<77:u>> T> <Q7 v, w<%M>>

71§ T2: A new action 7 § 7o that performs two actions 7 and 19 sequentially at a single

transition without time-elapsings. The semantics of a transition rule p % q is

defined as follows:

<pa v, U]> %} <p/71/aw/> <p/a’//7w/> TT2> <p”77///7w”>

<p’ v, w> 71377'2) <p//7 I/”, w//)

15 25 3

-
We also use the more general forms such as p ————— g¢.

check(7): A new action check(vy) that checks whether or not a stack is not empty and its

heck
top symbol is v. The semantics of a transition rule p CecaJ> q is defined as follows:

check(v)
<p7 1/7w<77 :u>> Tfy) <Q7 Z/,lU<"Y, :u>>

check(e): A new action check(y) that checks whether or not a stack is empty. The

. - heck .
semantics of a transition rule p Ce;—(g)> q is defined as follows:

check(e)

—a <q,]/,€>

(p,v,¢€)
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rew(7y): A new action rew(y) that rewrites the stack top symbol to y. The semantics of

a transition rule p —re—vi(l)% q is defined as follows:

rew(7)
(py v, w(y' 1)) = (g, v, w(y, 1))

Lemma 4.1. The above five types of transition rules ¢ &7 I, 71 § T, check(7), check(e),
and rew(7y) do not enlarge the expressiveness of MTPDA.

. . 21 . . .
Proof. First, we remove transition rules of the form p C—i——) q. It is easily verified that, for

any interval I, there are intervals Iy, I, ..., I, such that R>o \ I = [J;", I;; for example,

R>0\(3:5] =[0:3]U(5 : w). Following this property, we can replace a transition p % q

by transitions p Cea—?% q for each ¢ = 1,...,n such that R>o \ I = (J;"_; I; while preserving
its language.

Next, we remove transition rules of the form p % q. This can be removed in the
same way as Proposition Z72.

Finally, we remove check(7), check(e), and rew(y) simultaneously. Let A = (Q, Ginit, F,
N, T, X, Z,A) be an MTPDA where A may contains the above three types of actions. We
construct the following MTPDA B:

B = (QFLa(JijﬁitaFrlaEurL?XyzaA/)

where '} = {L}UT, Q™ = {¢¥:qeQ,x €T}, and F'+t = {¢f:qp e F,x €T }.
We use a marked location ¢ to denote that the stack of a configuration is empty and
q” to denote the stack top symbol is . Formally, we define a correspondence relation ~
between configurations of A and B as follows:

<Q> v, 6> ~ <ql7 v, 6>7
(@, v, (v, ) ~ (g7, v, (L, 1),
(@, v (va, ) {v2s p2) - - (s ) (Yot 1s 1)) ~ (@40 v, (L pa ) (v, p) - - (a1 i) (Vs Hnt1))-

We define A’ as follows to have the relation ~ form a bisimulation between A and B:

pr%hw%qu, thenweadde%qv to A’ for each y € T'}.

pr%qu, thenweaddp”%qx to A’ for each y € '}

nop

If p —> q € A, thenweaddpxn—zl)—)qx to A’ for each y € I'|.

reset(c)
a

reset(c)
a

If p q € A, then we add pX gX to A’ for each y € T'}.

21 21
pr%qu, then we add pX %qx to A’ for each y € '}

If p Cl_(;ze?l g € A, then we add pX 2% gX to A’ for each xy € '} .
check(~) nop I

If p————q €A, then we add p” — ¢” to A"
check(¢) | nop | ,

If p —; q € A, then we add p— —= ¢~ to A

If p % g € A, then we add p"' nZ—P> q" to A’ for each v/ € T".

Since we can easily check the relation forms a bisimulation between A and B, we have
L(A) = L(B). O
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4.1.3 Example of 1-TPDA

Let Z be a finite set of intervals. Let us consider the following context-free language where
each letter is indexed by an interval of Z:

L= {a[1a12 ...ag, Gy, ...aRa, - I; € I} .
We can pair ay, and ay, for each i as follows:
/A
an @, --- ar, @, --- ar,  ar

By imposing a timing condition for each pair of a;, and @z, we consider the following
timed language:

Lex, = {(ah,rl)...(a[n,rn)(dln,r%) c(@n,ry) s LEL ri—r € Ii}.

This timed language requires that the elapsed timed between the corresponding symbols
ar; and ay, belongs to I;. It is depicted as follows:

ri—r €l
rh—1r9 € Iy
/7“;1 —Tn € IN
D / — N (= /
(ahﬂrl) <a127r2) T (afmrn) (aln’r’n) T (a12,r2) (ah?Tl)

For example, the following timed word belongs to Ley,:

((1[2:3], 0.3)(&(0:1), 0'8)(6(0:1)7 17) (6[2:3]7 24) € Lexl

because 2.4 — 0.3 € [2:3] and 1.7 - 0.8 € (0:1).
The timed language Ley, is recognized by the following 1-TPDA where its stack al-
phabet is {Z} UZ and a single local clock is z:

push(I) z €7 15 pop(I)

push(Z2) nop pop(Z)
(W)@
push(/)
a

(On this diagram, for the sake of simplicity, we write transition rules ¢; — @ and

z€21 § pop(ar)
42 ar

h(I h(I
a —>'°”ZI( D) q, ¢ —>puf”( ) ¢1 and so on for the finite set of intervals Z = {I3, I»,...}.)
1 2

g2 parameterized by an interval I. Precisely speaking, we should write

4.1.4 Example of 2-TPDA
We extend the above 1-TPDA language Ly, as follows:

(afurl)(bJur/l) s (a[n,Tn)(an,T%)
Lexg é (afny?n)(bt]na T,n) s (ahafl)(b.]prll)
Lel J, el —r; EIi,PZ'—Tg e J;
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~

e e /7\7 -~ ~ T~ N .
an bJ1 ar, ng e 'afann alnbjn‘ s A, bJ2 ar, le

To accept this language, we consider 2-TPDA that includes two local clocks z; and z3. We
use z1 and 2 to represent the elapsed times after symbol a;, and b, appear, respectively.
When we read ay,, we push a new stack frame. After that, when we read b;,, we reset the
clock z3. Following this idea, we define 2-TPDA whose stack alphabet is {Z} U (Z x Z) as

follows:

arg\ push(I,I)
rew(l,J) 5 reset(z2) \ by

push(Z) nop pop(Z)

check(I,)s z1 €7 I [ag
by 7€ J§ pop(I,J)

A stack symbol (I,J) is pushed on to the stack after we read a; and b;. To achieve
this, we take the following steps: (i) when we read ay, we push (/,I) and then (ii) when
we read by, we rewrite the second component by J. On this diagram, for the sake of
simplicity, we write parameterized transition rules such as push(Z, I); therefore, in practice,
we instantiate these transition rules by concrete intervals.

4.1.5 Important Property of MTPDA: Monotonicity in Stack
We define an important notion and property of MTPDA.

Definition 4.1 (Monotonically Decreasing Stack). Let (g, v, w) be a configuration of an
MTPDA.
The stack w is a monotonically decreasing stack if one of the following holds:

e w is a non-empty stack, w = (y1, p1) - - - (Y, pn), and pg > piz > - > pip.

e w is the empty stack.
[

Discrete and timed transitions preserve the monotonicity of monotonically decreasing
stacks.

Proposition 4.4. Let (¢, v, w) be a configuration where w is monotonically decreasing
stack.

o If (q,v,w) — (¢, ,w'), then w' is also a monotonically decreasing stack.

r
o
0
~

o If (¢, v,w) ~ (g, V', w'), then w' is also a monotonically decreasing stack.

Proof. First, we consider timed transitions: {(q, v, (1, 1) - - - (Y, fn)) 2 (q,v+0,{v1, 1+
0) oo {Yny pin + 6)). We need to show p; + 6 > piy1 + 6. It is clear from p; > pri41.

Next, we consider the following two types of discrete transitions because our claim is
trivial for the other types of discrete transitions:

) push(y)

(1) = (g5 v (yas )+« (s i) —5— (@5 ¥ (Y15 12) -+« (s 1) (7, 0)),

reset(z)

(2) : <Q7 v, <717N1> ce <'7n—17/in—1><7n“un>> — <q7 v, <717 M1> T <7n—17 Mn—1><7n7:u’n[z = 0]>>
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For the case (1), it suffices to show p, > 0 and it is clear.
For the case (2), it suffices to show p,—1(2) > pn[z = 0](2) and it is clear. O

By this proposition, a stack of a configuration that is reachable from the initial con-
figuration is monotonically decreasing.

Proposition 4.5. Let (¢, v, w) be a configuration.
If (Ginit, 0, €) =™ (q,v,w), then the stack w is a monotonically decreasing stack.

We will use this proposition to show an important lemmas, Lemma B8 and E10, in
Section B4

4.2 Proof Outline of Untiming Theorem of MTPDA

The main result of this chapter is the following (Corollary B0 in Section B=7):
Untiming Theorem of MTPDA.
Let A be an MTPDA. There is a PTA B such that L(A) = L(B).
We prove this by the following step:
Section 3 For a given MTPDA, while preserving its language, we remove transition

r—x' ol z—z'eqrl z€ol x—z€7l ’
q, and p —,— where z,2' € Z

rules of the form p = , = ) o

are local clocks and z, 2’ € X are global clocks.

Section AA-AH For a given MTPDA, while preserving its language, we remove transi-
tion rules of the form p Z_Z—E?I> q where z € Z is a local clock and z € X is a global

clock.

Section @A Through Section B2-ET0, we can remove transition rules that inspect clocks
except rules of the form p xea_71> g while preserving the language of a given MTPDA.

Alternatively, we can only inspect global clocks by constraints of the form z €7 I;
therefore, the presence of local clocks does not affect computations of the given
MTPDA. Following this argument, we prove our main result, Corollary B

4.3 Removing Transition Rules with
Actions x —a2' €, 1, z— 7 €1, 2, 1,0or v — 2z €9 1

Lemma 4.2. Let A be an MTPDA. There is an MTPDA B that satisfies the following:
o [(A)=L(B).
e There are no transition rules of the form p % q where z is a local clock.
Proof. We assume A = (Q, ginit, F, 2, T, X, Z, A) and construct the following MTPDA B:
B = (Q, ¢unit, F, X, T, X U {y}, Z,A")

where 7 is a fresh global clock and A’ is defined as follows:

z€rl

P—o7qcA PoqEAN THzE]
reset(y)gaz—yeﬂ ge A, P % =
It is clear that L(A) = L(B). O
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It should be noted that the proof of this lemma inserts some transition rules using z—y € [
where z is a local clock and y is a global clock.

Lemma 4.3. Let A be an MTPDA. There is an MTPDA B that satisfies the following:
e L(A)=L(B).
e There are no transition rules of the form p i_%ej—) q where x and z are global and
local clocks, respectively.
Proof. We assume A = (Q, ginit, F, 2, ', X, Z, A) and construct the following MTPDA B:
B = (Q, ¢nit, F, 2, T, X, Z, A')

where y is a fresh global clock and A’ is defined as follows:

r—z€q1 -
p—Fa—qEA PqEA THFT—2671
z—x€q—1 T
p——— qE N, pqc .
It is clear that L(A) = L(B). O

Again, it should be noted that the proof of this lemma inserts transition rules using
z —x €7 I where z is a local clock and z is a global clock.

Lemma 4.4. Let A be an MTPDA. There is an MTPDA B that satisfies the following;:
e L(A)=L(B).

oy r1—x2€721
e There are no transition rules of the form p % q.

Proof. We can construct an MTPDA B that satisfies the condition in the same construc-
tion as Theorem P4 of Chapter B. Recall that Theorem P4 removes diagonal constraints
from a timed automaton while preserving its language. O

Lemma 4.5. Let A be an MTPDA. There is an MTPDA B that satisfies the following;:
e L(A)=L(B).

- z1—z2€71
e There are no transition rules of the form p % q where z; and zo are local

clocks.

Proof. Although we can show this in the same way as Theorem P4 of Chapter B, we

construct an MTPDA B that satisfies the condition just for the sake of completeness.
We assume A = (Q, ¢init, F, 2, T, X, Z,A) and fix an action z; — z9 € I. We remove

transition rules with the action z; — zo € I by constructing the following MTPDA B:

B = (Quqinil’nFaE)P X {ttuﬂ:}aX)ZaA/)'
Before defining A’, we define a relation between configurations of A and B:

(@ v, (s 1) - (s tn)) ~ (@ v, (01, 01)5 1) - - (9, bn) 5 i)
g bi:tt<:>ui):,21—22€f.
We define A’ to have the above relation form a bisimulation between A and B:

z1—2z2€71 —co€qJ
p%QEA p%qEA Cl—CQG?JiéZl—ZQE?I

heck((v,tt — 2J
chec E)f’y )) qEA’, P c1—C2E9 qGA',

«
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phgen  pPhgen befwfl} L% o

» CE?I e A/ P pop((v b)) E A/, D % q c A/,
POl pen 00er p 2O gen 00¢r
push({7,tt})) push((v,ff))
T”]EA/? pﬁquc
reset( )

GEA c#2z1 cH# 2o

EECRAN)
G ge A be {t, ) e ge A be ftff)
p T 2Ty chec((0 )5 rewlly ), 1 reset(en)s 22ty 15 check((r b)) rew(trM), ¢ A,
) ge A be {t, ) e ge A be {i,ff)
p Tt il check(n ) rewlly ), reset(ea)s s1rly check({n0) rew(rf), o A

It can be easily verified that the relation ~ forms a bisimulation between A and B in
the same argument as the proof of Theorem 4. O

We summarize the above lemmas as the following lemma.

Lemma 4.6. Let A be an MTPDA. There is an MTPDA B that satisfies the following:
o L(A)=L(B).

e There are no transition rules with actions of the form z €7 I, v —z €7 I, x1—x9 €7 1,
and z1 — 29 €9 1.

4.4 Predicting MTPDA: Preliminary to Remove z —x €, [

We construct a type of MTPDA called predicting MTPDA from an MTPDA.

On predicting MTPDA, instead of pushing a new stack frame onto a stack by push(v),
we push a frame with a predicting interval J that is either one of I, I, or I} by push((v, J)).
Furthermore, instead of popping a stack frame together with a predicting interval J, we
pop a frame by an action x — z €7 J § pop((v,J)) while checking whether or not our
prediction J is correct. This is depicted as follows:

. ((2,),0) (I | e s
v w ) PO iy T ) o s T ) e RO, v ).

We nondeterministically push push((v,1})), push((v, 1)), and push((v, I1+)); therefore, the
constructed predicting MTPDA accepts the language of the original MTPDA (Lemma B72).
Predicting MTPDA is useful to analyze the structure of stack and we obtain an im-
portant property Lemma E=8. On the basis of the construction of predicting MTPDA and
this lemma, in the following two sections, we will remove transitions with z — z €9 I.
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4.4.1 Predicting MTPDA

Let A = (Q, ginit, F, 2,1, X, Z,A) be an MTPDA. From the MTPDA, we construct the
following predicting MTPDA B:

B = (Q, qwit, .5, T x {1}, I, 1}, X, 2, A").

The set of transition rules A’ is defined as follows:

push(v) pop(y)
p—m—qeA Je{l, I, L} p—mrqEA
push(,J) check(v,J)3 z—x€+J3 pop(v,J)
p—aqel, p — qed,

p—q€A T#push(y) T pop(y)

-
pqge .

Remark: For the sake of simplicity, we simply write push(~,J), pop(y,J), check(y, J),
and rew(y, J) instead of push((v,J)), pop((v,J)), check((v,J)), and rew((~,J)), respec-
tively.

We can show the obtained MTPDA B is equivalent to the original MTPDA A.
Lemma 4.7. L(A) = L(B) and L¢(A) = L¢(B).

Proof. We show the following relation ~ on the configurations of A and B forms a bisim-
ulation between A and B:

<q) v, </717 /’L1><727 ,U’2> cee </7’I’L) /~Ln>> ~ <Q7 v, ((717 J1)7 N1><(727 JQ)? ,U'2> cee ((’an Jn)) Nn>>
First, to show L(A) C L(B) and L¢(A) C L¢(B), we consider the following diagram:

(p,v,wa) — (g, ,w'y) (p,v,wa) — (g, v/, w'y)
2 = 2 2

<q7 V,7w/B> <pa v, wB> %) <q’y/’wlB>,

Although we also need the same diagram for timed transitions, we omit it because the

diagram immediately holds.
We proceed by case analysis on 7. Here we only consider the case 7 = pop(y). The
other cases are trivial from the definition. Let us consider the following diagram:

muwhwﬁﬁ%l<%mw

14
<Q7 v, wB>-

By Proposition BT, there is an interval J € {I, I, I+} such that u(z) —v(x) € J; therefore,
we have the following and we can show L(A) C L(B) and L.(A) C L¢(B).
op(7)
{p, v, w{y, 1) a (g, v,w)
2 2

check(n,J)s z—z€2J3 pop(y,J)
(p, v, w((7, J), 1)) = (¢, v, wB).

Next, to show L(B) C L(A) and L¢(B) C L¢(A), we consider the following diagram:

/

<p7 v, 1UA> <p7 v, wA> —7(;7 <q: V,a U)j4>
2 . — 2 2
/ /
<p7 V,UJB> ? <Qay7wB> <p7 v, wB> %) <Q7V/7U/B>'
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We also need the same diagram for timed transitions ~». Since we can easily show these
diagrams easily by case analysis on 7, we omit the proof. O

4.4.2 Stack Structure of Predicting MTPDA without reset(z)

Let A be an MTPDA such that it does not have a transition rule including an action
reset(z). Here we show the following important properties of the predicting MTPDA
obtained from A.

Lemma 4.8. Let B be the predicting MTPDA obtained from A and 7 be an accepting
computation ™ = (¢init, 0, €) =* (qp, V', €).
For the computation 7, we consider a predicting stack w that appears in 7, i.e.,
™= <Qinita 07 6> =" <q7 v, ’UJ) =" <QFa Vl? €>'
We have w € Y(I4)* - Y(I)* - T(I)* where T is defined as follows:
Y(J) = (I x {J}) x (Z = Rxo).
To show this lemma, first we show the following.

Lemma 4.9. Let C' be an MTPDA. We consider a computation from the initial configu-
ration

(Ginit; 0,€) =" (D, Vs (Y i) - (Vs pin)) =7 {0V (Y b))
that satisfies the following conditions

e among =", there are no configurations whose stack height is less than m;
*

(alternatively, among :*>*, the frame including =, have not been popped.)

e Furthermore, there are no transitions that include reset(z) in =*.

*

For such a computation, we have pu,(z) — v(z) < ul,(2) — V/'(z).

Proof. By Proposition B3, we have p, < t,. Let § be the elapsed time among =*. Since
*

our assumption that there are no transition rules with reset(z), ul,(z) = pm(z) + ¢ holds.
For the global clock x, we have /(z) < v(z) + . Combining them, we have the following:

pm(2) — v(2)
(1 (2) +0) = (v(2) + )
pn (2) = V' ().

pin(2) = v(2)

IA A

Now we prove Lemma EZ8 based on the above lemma.
Proof of Lemma F-8. We decompose 7 as follows:

<Q1n1t70 €>
q,V,w = <('71a Jl)’ M1> o <(r7i’ Ji)nu’i><(7jv ‘]]')’ /Lj> s <(’W€’ Jk?)nuk» =*

<
RN AT A WA CE A PAY AL IN
<q V2?<(717J1)7M
( ey

/
1
/1> <(’7iaJi)7:u;>> ?*
q37V37<(’Yl?J1)7 > <(’YMJZ)7M£/>> i';(”ﬂ) <CI4,V4:<(’YI7J1)7MI1/>---> :>* <QF,V/7€>.

Since there are no transition rules with reset(z) in the MTPDA A, we can apply Lemma 279

and have p;(z)—v1(z) < ' (2)—v3(x). Furthermore, the presence of the transitions %ﬁﬂ)
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and L(%)) implies 1 (2) — vi(x) € J; and pj (2) — v3(z) € J;, respectively. Therefore, we

have J; C J;.
This argument states Ju J Jo 3 --- 3 J; J J; J --- 3 Jp, and therefore w €
Y(Ip)* - Y(I)* - T(Ly)*. O

Lemma B9 also leads to the following useful property.

Lemma 4.10. Let us consider the following computation of the MTPDA A:

<Q1n1t70 6>
op(7;)
(@, Vs oo (Yo fam) - (Vs ) -+ {30 145)) %
<q s i) (s i) <) 7
()
<q37 '7<’7h7,u/h> <717#z>> <q47 7 <’7halu‘ >> p_‘;?'h_> <Q57V”7-'->-

If 41j(2) —v(z) € J and py(z) —v"(x) € J, then pi(z) —v/(x) € J.

Proof. By Lemma B9, we have u;(z) —v(z) < pl(2) =/ (z) < pj(z) —v"(x). The presence

of pOPOEWj), and po';(:m) implies 11(2) —v(x) € J and pjl(z) —v"(x) € J, respectively. Now,
Proposition B0 implies ) (z) — v/(x) € J. O

4.4.3 Example: Removing z — x €; I based on Predicting MTPDA

Lemma B8 and B0 imply an important idea to remove z — z €7 1. By Lemma B, any
stack w appearing in a computation of the MTPDA A, which does not contain reset(z),
takes the following form:

= (O, y)s pa) - A )y ) - ((ves 1), pae)
<(7€+17 I)?/J'€+1> s <(,Yn7[)7 Mn>
<(7n+17 Ii)? Nn+1> e <(7m7 Ii)a Um>'

By Lemma B7T0, we only need the exact values of the local clock z of the above underlined
six frames. Indeed, for example, we do not need the exact value of z in the frame ((vy, I), i)
because the frame automatically satisfies z — x €7 I if we can safely pop the frames
((v1,14), 1) and ((ve, It), pe) by Lemma BT0. On the basis of this intuition, we prepare
extra six global clocks that reflect the values of the above six underlined frames and replace
z — x €7 I with a diagonal constraint between global clocks.

Let us consider the following timed language:

L={(a,t1).. {a,tn){t, t)(a t,)...(@t))  tj—t; € (1:2)}.
The following 1-TPDA A recognizes this language by the empty stack (L.(A) = L):

push (x z €7 ( )¢ pop(x

-8

For the sake of simplicity, we do not remove the action z €2 (1 : 2) by Lemma B2
and directly treat it. By Lemma B8, a stack of the predicting MTPDA obtained from the
1-TPDA forms the following:

(71,[2: w) ) p1) ((v2, [2:w))s p2) - ((ve-1, 2 : w)), M 1><( [2:w)), pe)
(ves1, (1 ) [e41) <(W+2, (1:2)), pueg2) - ((vm—1, (1 :2)), 1) ((Ym> (12 2)), fim )
(’Vm—i—l ])7Nm+1> <(’Ym+2a (‘w : 1])7ﬂm+2> <(’Yn 1, ('w 1])7/1'n—1> <(7n7 ('w : 1])7,Uln> .
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Furthermore, by Lemma E-10, we need six clocks x[‘Z:w), $['2 ) (‘1 2)> x('m), $(A-w:1]’ and
$('_w:1] where x[‘zzw) is the clock for the frame ((71,[2 : w)), 1) and x[2 ) 18 the clock for the

frame ((7¢,[2:w)), ue) and so on. To distinguish the frame ((v1,[2 : w)), p1) associated
with the clock x[‘ztw) from the other frames, we add a mark -4 as ((71,[2 : w)*), ).
Following this idea, the above stack is modified as follows:

(71,25 w)*), 1) (2, 21 w)) s pi2) - ((e-1, 12 @) s o) (96, (22 ) ), ae)
(w1, (12 2)2), perr) ((ewas (1:2))s pesa) - ((vme1, (12 2)), prm—1) { (Y, (12 2) )um>

((rmr1s Co s 102 i) ((vmerzs (w2 1) ) - (1, o s 1) 1) (s (w0 = 1Y), ) -

Now we define a predicting MTPDA that recognizes L by the empty stack:

where
pushA(J) = push(J)§ reset(z4),
pushY(J) £ check(J4)s push(J') sreset(zY) + check(JY)grew(J) g push(JY) ¢ reset(zY),
popt(J) £ check(JA)s x4 €7 J 5 pop(J4),
pop¥(J) = check(JV)s zY €7 J 5 pop(JY),
T = popA([2:w)) +p0p ((1:2)) + popA((-w : 1])
+ pop"([2:w)) + pop((1:2)) + pop" ((-w: 1])
+ pop([2: w)) + pop((1 : 2)) + pop((-w : 1]).

It should be noted that there are no transition rules with z €7 (1 : 2); therefore, we do
not inspect any local clocks.

Let us consider an acceptable computation of the predicting MTPDA (in the following,
we only write clocks that are assigned to some frame):

(20,0, ¢) oow

(q1, {x[‘m) - 00} (12 w4, 0.0y) 232w (@2,

(@2, {8y = 03,285 = 0.0} {[2: )4, 0.3)((1: 2)4,0.0)) Q1 puahT(12)),

(a2, {hy > 0, ) > 0.1, ) 0 0.0} (125 0)4,04)((1 5 2)4,0.1)((1+ 2)7,0.0)) 202,
(g2, {x[‘2 w) 0.6 x(‘l )03 x('l o) 0.0} 2 w)A,0.6)((1:2)4,0.3)((1:2),0.2)((1:2)7,0.0)) 0.0
(a1, {x[‘w) = 0.6, 25 = 03,2 ) = 0. 0} ([2: w)4,0.6)((1: 2)4,0.3)((1:2),0.2)((1:2)7,0.0)) ~
(s, {ahy = LT gy o LA (20 w)4 LT)(1: 204, 14)(1:2),18) 25

(qa, {m[Ag;w) — 1.8, x(‘l 2) 7 157, ([2:w)A 1.8)((1:2)4,1.5)) Q}%}

(a1, { oy = 19} (23004, 19) 25 (a4,0,6)



It is important that we only require three global clocks ZE[A2:W), $(Al:2)’ and :L’('m
need the value of the local clock in the frame ((1: 2),_) when we pop the frame.

Next, let us consider an unacceptable computation:

) and do not

0.0 push*((1:2))

(90,0, €) ~>——F—

(g2, {:c(‘m) - 0.0} L{(1:2)4,0.0)) L2t (O2),

(a2, ki) = 10,27, = 0.0} (1224, 10){(1:2)7, 0.0y W 2D,

(g2, {x(‘m) = 11zl 5 =0 0} L((1:2)4,1.1)((1:2),0.1)((1 : 2)7,0.0)) L{i}ng—p)
(a1, {ahg) 1 27,0010 = 16} (1522, 27)((1:2),17)((1:2)", 1.6) W5
{ga, x(Al:Q) —2.85,((1:2)%,2.8)((1:2),1.8)) St

{as, }x(‘m) —3.91,((1:2)4,3.9)((1:2),2.9)) =

(g4, {37(‘1;2) 3 9} ,((1:2)4,3.9)) £§%> STUCK

The following last part is important:

(@, {x(‘m) - 3.9} ((1:2)4,3.9)((1:2),2.9)) =

(@, {x(‘m) - 3.9} ((1:2)43.9) ¥ STUCK.

Since we do not record the value of the local clock of the frame ((1 : 2), _), we cannot check
z €7 (1:2) and pop the frame wrongly. However, it is not critical; because we can safely
reject this computation when we try to pop the frame ((1:2)4,_).

On the basis of this construction, in the next section, we will remove a transition
rule with z — 2 € I from an MTPDA without reset(z). Furthermore, we generalize the
construction for MTPDA that allows reset(z).

4.5 Removing Transition Rules with z—x €7 [ from MTPDA
without reset(z)

Let A be an MTPDA and z — z €7 I be an action of A. Furthermore, we assume that A
does not have a transition rule with reset(z). In the present section, by the technique of
predicting MTPDA, we will construct an MTPDA C such that L(A) = L(C) and C does
not have transition rules with z — x €7 I.

We denote the MTPDA A as A = (Q, ¢init, F, X, T, X, Z, A) and construct the following
predicting MTPDA B obtained from the MTPDA A and interval I:

B = (Q, ¢iit, F, 5, T x {I,,I,1;},X,Z,Ap).
4.5.1 Predicting MTPDA C not having z —z €5 [
We construct the following MTPDA C that has no transitions with z — x € I:
C = (Q, gmit, I, X, I'c, Xo, 2, Ac)
where
e T 2T x {JA J,JY : Je{l,I,I1}},

° XCéXU{x},x} cJe {1, I, L}
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On the basis of Lemma B=8 and the explanation of Section B4=3, we consider stacks of the
following form:

(v, 18), pa) ((v2s It), ) - (o1, 14), pe—) {(es Y ) pae)
((Ver1, I%)s peg1) ((ver2s ), prev2) - (V=15 1), pin—1) (s IV) s i)
((rn+1, If)wun+1> <('7n+27[¢)a fnt2) - - - <(’7m71vl¢)a fm—1) <(7m7[I)a Lorn)

We prepare six clocks z4,2Y for J € {I},I,1;} to remember the value of the local clock z
in the frame with J4 or JV, respectively. Following these ideas, we now define the set of
transition rules A¢ as follows.

h(~,J ..
Case p E‘%—L g € Ag: We add transition rules to A¢ as follows:

e The following rule corresponds to pushing a frame onto the empty stack:

check(e)s push(v,J4)s reset(z4)
p o q.

e The following rules correspond to pushing a frame onto the stack whose top symbol
has J:

check(y/,J4)s T check(',J)3 T check(v',JY)3 rew(J)s T
o ) a , P a

where 7 = push(y, JV) ¢ reset(zY). The first rule induces a transition of the form
wJ* — wJAJY, the second rule induces a transition of the form wJAJ — wJAJJY,
and the third rule induces a transition of the form wJAJJY — wJAJJJY.

e The following rules correspond to pushing a frame onto the stack whose top symbol
has K and J C K:

check(y/,K4)s T check(y/,K)s T check(y/,KV)s T
o ? g, Py *q, P o >

where 7 = push(y, J4) § reset(z4).

check(v,J)s z—z€2J§ pop(y,J)

Case m g € Ag: We add transition rules to A¢ as follows:
check(y,J4)3 x4 —x€2J3 pop(y,J*) check(v,JV)s &Y —x€2J5 pop(v,J) check(v,J)3 pop(v,J)
@ ) b o q, b @ 4

Compared to the original rule, the last rule does not check the value of the local clock z.
This, however, does not cause any trouble by Lemma ET0.

Case p i_%ej—) q € Ap: For the action to be removed, if some global clock is assigned
to the stack top frame, then we use it to check z — x €7 I. Otherwise, if the stack top
frame has the prediction I, then we permit a transition. Therefore, we add the following
transition rules:

check(y,J4)s w4 —ze-T check(y,JV)s &% —ze-T check(v,I)
« ? p [ ’ «

Other Rules p % q € Ap: For the rules other than those above, we add the same rules.
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4.5.2 Properties of Predicting MTPDA C

In order to show the predicting MTPDA C can simulate the predicting MTPDA B, we
prove some important properties of C'. The following lemma states that a global clock
associated with a marked frame correctly records the value of the local clock z of the
marked frame.

Lemma 4.11. Let us consider the following computations:

(init, 0, €) =* (g1, v1, w1 (71, J*), p1)),
(Ginit; 0, €) = (g2, v2, w2 ((y2, IV ), p2)).

For these computations, we have p(z) = vi(z4) and pa(z) = v2(2Y).

Proof. To show this, we introduce a predicate for a configuration. A configuration (g, v, w)
is correctly storing local clocks, CS((q,v,w)), if the following conditions are satisfied:

o if there is a stack frame of the form ((v, J4), ) in the stack w, then v(z}) = u(z);

o if there is a stack frame of the form ((v, JV), ) in the stack w, then v(zY) = u(z).

We can easily verify that the predicate CS is an invariant for the transitions — and N
Since the initial configuration (ginit, 0, €) satisfies the predicate, the statement is derived
because of CS({(q1,v1, w1 {(71,J*), 1)) and CS({ga, va, w2 {(y2, V), 2))). O

The following lemma states that the value of the local clock z of a non-marked frame
((~y,J), 1) belongs to J while the frame is located top on a stack.

Lemma 4.12. Let us consider the following computation:

<Qinit7 07 6) :>* <q7 v, w <(77 '])7 M>> :>* <QF7 VF, 6>'
For this computation, we have p(z) — v(z) € J.

To prove this lemma, we need some additional lemmas. First, we show a lemma similar
to Lemma BR. A stack w of the predicting MTPDA C' is well-formed if it satisfies the
following;:

we F(hy)- F(I)-F(1)
where F is defined as follows:
F(I) = {e} U TJY-Y)* U YT Y- 1Y),
Recall that Y(J) is defined as Y(J) £ (' x {J}) x (£ = Rxo).

Proposition 4.6. Let us consider a transition (g, v, w) = (¢, v/, w’). If w is well-formed,
then w' is also well-formed.

Proof. We proceed by case analysis on the transition. Here we consider transitions with
push and pop because all the other transition rules do not change the symbols of a stack
and the statement clearly holds.

First, we consider the case of a transition with push; there are the following types of
transitions (for the sake of simplicity, we only write stack symbols):

e = (7,J4),
w(y, J4) = w(y, J4)(,JTY),
w(y,J) = w(y, J)(,J),
w(y,JV) = w(y,J),J),
w(y, K4 — w(y, K4) (', J*), (JCK)
w(y, K) — wly, K)(,J4), (JC K)
w(y, KY) — wly, KY)(, J*) (JC K)



It is clear that the well-formedness is preserved for each case.
Next, we consider the case of a transition with pop; there are the following types of
transitions:
wy, J4) = w, wy,JY) —=w, wly,J) = w.

Again, it is clear that the well-formedness is preserved for each case. O

This proposition immediately derives that any reachable configuration, which can be
reached from the initial configuration, is well-formed.

Lemma 4.13. Let us consider the following reachable configuration:
<Qinita 07 €> =" <q7 v, w>
The stack w is well-formed.

Proof. From the definition, the empty stack e is well-formed; therefore, by repeatedly
applying Proposition B8, we know w is well-formed. ]

Furthermore, this lemma leads to the following technical property.

Lemma 4.14. Let us consider the following computation:
™= <q1nit7 07 E> :>* <q,7 Vl) w<(73 J)7 :u/>>
We can decompose the above computation 7 as follows:

(Ginit, 0, €) =~
check(v;,J V)3 % —x€7J3 pop(v;,J7)
PV (i I ) (s T)s ) (g0 V)5 115)) : o :

(p,
(@, v, A(vi, JA), i) - (v, ) ) ) =7
<q/>’/7 s <(’7i> JA)?/%) s ((77 J)mu/>> = <q/7y’7w<(fy7 J)vul>>'

Proof. For the sake of simplicity, we omit valuations on the local clocks of a stack in this
proof. By Lemma B3, the computation m must take the following form:

™= <Qinit707€> =" <q/77/7 s (’Yia JA) s (77 J))

The following transition rule can only make the frame ((v, J), u/) by our construction of
the predicting MTPDA C:

check(y,J V)3 rew(v,J)s push(v,JY)s reset(zY)
q.
a

Therefore, we can again refine the computation 7 as follows:

Qinit;076> =*

q”’ V”, o (%" J‘) o (’y, J')) check(v,J V)3 rew('y,J)Z push(,J V)3 reset(zY)
¢" (I (s D)L IT)) rd

Voo (v, IR ().

Let us focus on the sequence of transitions 7* To reach (¢, v/, ... (vi, J*) ... (v,J)) from

{
ot
{
{

" V" (v, IR (y, I (Y, JY)), we must eventually pop a stack frame associated
with JY. Therefore, we can refine ?* as follows:

(" " (i JY) (s DS TT)) =7
vy (i JA) o (1 T check(3;,J")3 @} —2€2J3 pop(7;./7)

(v, J7)) &
vy (i IX) () ) =RV (v, IA) ().
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Combining these transitions, we finally have the adequate decomposition:

*

(Ginit, 0, €) =
check(v;,JV)3 2%—x€2J3 pop(v;,JY)
Doy (Vis IA) () e (5, TY)) ! Jaz !

Dy (Vi IX) (7 )y =V (s TA) ().

Now we go back to and prove Lemma ET2 based on Lemma ET4.

Lemma 4.12. Let us consider the following computation:
(Ginits 0,€) = (g, v,w (7, ), 1)) = (ar, v €.
For this computation, we have p(z) — v(z) € J.
Proof. Applying Lemma B4 to the computation, we have the following decomposition:

Q1n1t70 6>
check(v;,JV)s % —x€7J3 pop(v;,J7)
Pty (Vi IA) i) - A Ty ) (5 ), 1)) : = :

(
(
<p’, Vyoo A(vin IA)s i) o (0, )y ) ) =7
{
(

q/’y 7 <(")/Z’JA) //>> CheCk(’yiv‘]A); x};?‘e7J; POP(%JA)\

¢ V') =" (g, vr,€).

From the decomposition, we know v(zY) — v(z) € J and v"(24) — v"(z) € J. These and
Lemma BT lead to p;(z) — v(z) € J and pf/(z) — v"(z) € J. Finally, from the same
argument as Lemma BT0, we have u(z) —v(x) € J. O
4.5.3 Equivalence of the predicting MTPDA B and C

In order to show L(B) = L(C), we define the following relation between configurations of
B and C:

(B, v.wp) ~ (qc.mwe) <5 qp=qc A v=n]X A wp=(wc)
where ¢ : Ty, — (I' x {1}, I, 1;})* is a projection defined as follows:
W((, ) = (v, ), (v, J4) = (v, ), (v, I7)) = (7, ]).
To show L¢(B) = L(C), we first show L.(C) C L¢(B) and then show L¢(B) C L¢(C).
Lemma 4.15. L.(C) C L.(B).
Proof. Let d be a configuration of C' such that:
(Ginit, 0,€) =¢ d =6 (qr, nF, €).

By induction on the length of the sequence of transitions (ginit,0,€) =¢ d, we show the
following;:

01 3 1 3, 02 é. 3 T =y
<Qinit’ 07 6> ~ C1 a_1> Ci e ~5 Cp, ﬁ (&9

Q Q Q % Q

TTL

5 o
(nit, 0,6) ~ di 5> di = dy o dy=d =" (R, E,€).

Since this is clear about the base case (¢init, 0, €) :>% (Ginit, 0, €), we consider the induction
step by case analysis.
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Case timed transition ~>. We consider the following case:

<Qinita 0, €> :>*B <pa v, U}>
X 2
. 5
<Qinit7 07 6> :>C’ <QJ n, ’U),> M <Q7 n + 67 wl + 5>
By the definition of ~, it is clear that (q,v + §,w + ) = (¢,n + 0, w’ + 9).

Hereafter, we consider several non-trivial cases of discrete transitions. For all the other
cases, the above diagram is easily shown.

Case pop. First, we consider the following subcase:

. check(v,JA4)s x4 —x€7J5 pop(y,J4)
<Qinita076> =c <p7777w/<(7a JA)MU>> : Ja : ¢ <q’n’ wl)‘

By the induction hypothesis, we have the following;:

<Qinit7076> :>*B <p7 V7w<(77j)7u>>
2 2

<Qinit;07€> jz‘ <p777;w/<(% JA)?/’L>>

Since n(z%) — v(xz) € J and Lemma BIT leads to u(z) = n(z4), u(z) — v(z) € J holds.
Therefore, the following holds:
heck(vy,J)$ z—x€2J3 ,J
povowl(y, d), ) SIS RROD, )

Q Q

check(vy,J4)s 4 —x€2J3 pop(y,J4)
<p7nawl<(7a JA):M>> 9 Ja d C <Q7nawl>'

Next, we consider the following subcase:

check(v,JV)s % —x€7J3 pop(v,JV)
(Ginits 0, €) =5 (pym,w! (7, T7), 1) - ¢ {g,n,w').

This case is shown in the same way as above; therefore, we omit the proof.
Finally, we consider the following subcase:

check(v,.J)3 pop(7,J)
) A c {a.n,w').

(@init; 0,€) = (p,m, W' (7, ), p
By the induction hypothesis, we have the following;:

<q1nit7076> :>*B <p7 V7w<(77j)7u>>
2 2

(Ginit;0,€) =& (p,n,w' (v, ), 1))

Applying Lemma BT2 to the sequence of transitions (ginit, 0, €) =% (p,n, W' (7, J), 1)) =&
(qr,mF,€), we have u(z) —n(z) € J. Since n(z) = v(x), u(z) — v(z) € J holds and thus
we have the following:

check(v,J)s z—x€2J5 pop(y,J)
<p7 V7w<(77 J)7M>> : a ?B <p7 l/7w>
R X

check(y,J)s pop(v,J
<p7naw/<(77‘])7/~j’>> G )a Pop(. ) C <Q7 777w,>'
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. . —x€ql . .
Case for transition rules derived from p % q € Ap: First, we consider the

following subcase:

” check(vy,JA)s x4 —x€ql
<Qinit70;€> :>C <p,7],w/<(’y,J‘),u)> P : C <Q7777w/<(77 JA>7M>>

The induction hypothesis leads to the following:

<Qinit707€> :>*B <p7 V7w<(’7>J)aM>>
2 2

<qmit7 07 €> :>2' <p7 m, w/<(7a JA)a 1UJ>>

By n(z%) —n(x) € I and Lemma BT, we have ;(z) —v(x) € I and the following transition
holds:

(povyw{(y, ), 1) e, (v, w{(, ), 1)
Q R

check(y,JA)s x4 —x€ql
(p,n,w' (v, J*), ) i o (anw (v, J4), 1)

Next, we consider the following subcase:

" check(v,JV)s % —ze7I
(@init, 0, €) =¢ (0o, w' (v, T ), 1)) P c (g, W (v, J), 1))

This case is shown in the same way as above; therefore, we omit the proof.
Finally, we consider the following subcase:

* heck(v,1)
<qmit707€> éC <p7 777w/<(%1.)aﬂ>> %C <Q7777w/<(771)au>>'

The induction hypothesis leads to the following:
<Qinit7036> :>*B <p7 V7w<(’771)aﬂ>>
X X
<Qinit,07€> :>z’ <p,777w/<(’77[)71u’>>
Applying Lemma BT2 to the sequence of transitions (ginit, 0, €) =& (0, n, w' (7, 1), 1)) =&

(gr,mF,€), we have pu(z) —n(x) € I. This also implies u(z) — v(x) € I; therefore we have
the following:

v wl(v D)) g (pvw((v, 1), )

Q Q

(oo w7, D)) LD (g (1, 1), ).

Lemma 4.16. L.(B) C L(C).
Proof. Let ¢ be a configuration of B such that:
<qinit7 07 €> :>*B Cc :>*B <CIF7 Vp, €>'

By induction on the length of the sequence of transitions (ginit, 0,€) =7} ¢, we show the
following:

(51 T1 ’ 52 6 Tn 7
(Ginit, 0,€¢) ~ ¢ a0 B e, “r cp=c =% (qr,vr,€)
2 2 R Q Q
01 3 o3 02 O0n 3 T3
<Qinit7 07 €> > dl 04—1) dll i e dn Oln> d:z

Since the base case {(ginit, 0, €) =% (ginit,0,€) is clear, we consider the induction step by
case analysis.
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Case timed transition ~>. We consider the following case:

4
<Qinit70;€> :>*B <p7 V7w> e <q71/ +(5,’U) + 5>
X 2
(qmitn 07 €> éz’ <Q7 m, ’U)/>
By the definition of =, it is clear that (q,v + d,w + J) =~ (q,n + 0, w" + §).

Case push. We consider the following case:

(ginit 0, €) =% (b, v w((7, 1), 1) 20T g v w (. J), i) (7, '), 0)).

By Lemma B3R, we have J'  J or J' = J. First, we consider the case J' C J.

Subcase (p,v, w((v,J),n)) = (p,n,w'((y,J*),n)): By the induction hypothesis and the
construction of C'; we have the following;:

check(v,J4)3 push(y',J'4)3 reset(z4,)

(@init, 0, €) =5 (p,m, w'{((7, J4), 1)) a ¢ {an w'((y, J4), m (', J™), 0)).
Now v =7’ | X holds from v =n | X and n | X = [ X, and it leads to the
following:

(g, v, w((y, J), (Y, J"),0)) = (g, 7, w'((v, J*), ) {(7/, T'™*), 0)).

(p, v, w{(7, ), 1)) = (p,m, w'((7v, ), 1)),

(p, v, w((v, J), 1)) = (p,m, w' (v, IV), 1))
in the same way as the above case, we omit the proof.

Subcases { : Since we can show these cases

Next, we consider the case J' = J.

Subcase (p,v, w{(y,J),n)) =~ (p,n,w'{(v,J*),n)): By the induction hypothesis and the
construction of C'; we have the following:

check(v,J4)s push(v/,J V)3 reset(zY)

(Gnit; 0, €) =5 (p,m, w'((v, J*), 1)) o e (g, w (v, J4), (', T7), 0)).
Now v =17 | X holds from v =n | X and n [ X =7 | X, and it leads to the
following:

(@, v, w((7, 1), (', 1), 0)) = (g, 1, w'{(v, J*), m{(7/, J7), 0)).

(p,v,w((7,J), 1)) = {p,n,w'((v,J), ) or

(P, v, w((y, J), w)) = (p,n, w' (v, J7), 1))
the same way as the above case; therefore, we omit the proof.

Subcases { : These cases can be shown in

Case pop. We consider the following case:

# check(v,J)3 z—x€2J3 pop(7,J)
<Qinit,076> =B <p,l/,’LU<(’Y, '])>M>> @ B <Q7V’w>'

This implies p(z) — v(z) € J.

Subcase (p,v,w((v,J), 1)) = (p,n, w'((y, J*),u)): For this subcase, we know n(z4) —
n(z) € J because v(x) = n(x) and Lemma ETT implies p(z) = n(z%). Therefore, we
have the following transition

check(y,J4)s x4 —xe7J5 pop(y,J*)

(Ginit, 0, €) =& (p,n,w' (v, J*), 1)) = ¢ (g n,w').
J ~ ! J
Subcase (p, v, w((y, J), ) <p,77,wl(('y, )" H) or : These cases can be shown in
(o, v, w((vy,J), 1)) = (p,n,w' (v, JV), 1))

the same way as the above case; therefore, we omit the proof.
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Case z —x €7 I. We consider the following case:

(Ginit: 0. €) =% (o vy w((7, T), 1)) “ (g, v, ((3, T). ).

This means u(z) —v(x) € I.

Subcase (p,v,w((7y,J), u)) = (p.n,w'((v, J*), u)): Since p(z) = n(z}) by Lemma ETT
and v(x) = n(z), the predicting MTPDA C has the following transition:

" check(vy,J4)s x4 —ze,1
(Ginit, 0, €) =& (p,n,w' (v, J*), 1)) — o (g, nw' (v, J*), m)).

Subcase (p,v, w{(y,J),n)) =~ (p,n,w'{(v,JV),n)): This case is shown by the same argu-
ment as the above.

Subcase (p,v, w((v,J),n)) = (p,n,w'((~,J),p)): By the induction hypothesis and Lemma B3,
we have the following:

<Qinit707€>:>}j3 <q/,1/,_.,<(,7j),,>.._<(7,J),,>...<(,7J),,>...> :>*B <p7V7w<(’YaJ)7:U’>>
Q %

<qinita 07 €>:>*C<q/7 77/7 cee <(77 JA)7 7> oo <(FY7 J): ,u/> oo <(*7 JV)’ *> s >:>Z‘<p7 m, w/<(’77 J)v M>>
We have u(z) — v(z) € J by applying Lemma B0 to the following computation:

(@ s AGT), ) A D)y ) A D)) ) =6 v wl(7, ), ) = ¢ apsves ).

Since pu(z) —v(z) € I and J € {I,1,1,}, J = I must hold.

Finally, we have the following transition from the definition of the predicting MT-
PDA C:

(o {(7, 1), 1) 20D, g (3, 1), ).

Combining these lemmas, we have the following result.

Theorem 4.1. Let A be an MTPDA that does not have transitions with reset(z) and
z —x €7 I be an action that compares the local clock z and global clock x. There is an
MTPDA C that satisfies the following conditions:

o L.(A) = L(C).

e There are no transition rules that contain an action z —x €7 I.

4.6 Removing Transition Rules with z—z €7 [ from MTPDA

Extending the construction of the previous section, we will show the following theorem in
the present section.

Theorem 4.2. Let A be an MTPDA and z —x €» I be an action that compares the local
clock z and global clock x. There is an MTPDA D that satisfies the following conditions:

o L.(A) = L.(D).

e There are no transition rules that contain an action z — x €+ I.

79



In the previous section, we impose the restriction that there are no transitions with
the action reset(z) with respect to a fixed action z —x €2 I. We needed this restriction to
prove the important lemmas about a stack of predicting MTPDA, Lemma E-9 and BT,
indeed, if we permit transitions with the action reset(z), then Lemma B79 does not hold.

In the present section, we use new auxiliary global clocks {C 1,,6r,C IT} to deal with the
action reset(z). Our strategy is simple: if the action reset(z) is taken when the stack top
has a prediction J, then we assign the auxiliary global clock C; (if we already assign C;
to some frame, then we dissolve the assignment and then we assign the clock to the top
frame).

Let A be an MTPDA and B be the predicting MTPDA obtained by A:

A = (Q?Qinit;FyzaraX7ZaA)a
B = (Q7qinit7F727P X {LL)I? IT})‘X')ZaAB)'

We construct the following MTPDA D that does not have transition rules with z —x €7 I:
D= (Qa (init F7 27 FDa XDa Z7 AD)
where I'p and Cp is defined as follows:

Ip £T x {JA JJV, Jhe Jo, g% Je{I, I, I+}},
Xp 2 X U {ah,2):Je{l,I,I;}} U {C,Cr,Cr}.

e The stack symbol J4 means that we store the elapsed time in the global clock x4
after a frame that has J* pushed. So does the stack symbol JY. (However, as we
will see later, we do not use the symbol JV.)

e The stack symbol J° means that we store the value of the local clock z in the global
clock C.

e The stack symbol J4° means that we store (1) the elapsed time in the global clock
x4 after a frame that has J4 pushed and (2) the value of the local clock z in the
global clock C4. So does the stack symbol J¥°.

On the basis of the construction of the previous section, we define the set of transition
rules Ap as follows.

reset(z)

Case p —— ¢ € Ap: On the predicting MTPDA D, when we reset the local clock z,

we mark a frame by adding -° and reset the global clock C to reflect the value of

the local clock z of the current stack top frame. We carry out this by adding the
following transition rules to Ap:

check(~,J)s rew(y,J°)s T check(v,J°)s T
o 4 P—
check(y,J4)3 rew(y,J4°)s 7 check(y,J4°)s T check(vy,JY°)s T
o 9 P— 48 P—( 4

where 7 2 reset(z) 5 reset(Cy).

h(v,J .
Case p pusa# g € Ag: We add transition rules to Ap as follows:

e The following one corresponds to pushing a frame onto the empty stack:

check(e)s push(y,J4:°)3 reset(z4)s reset(C;)
p o > q
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e The following rules correspond to pushing a frame onto the stack whose top
symbol has J:

check(vy,J4)s T check(vy,J4:°)s rew(y,J4)s T
[e% ’ o )
check(v,J)s T check(,J°)s rew(v,J)s T
a y D a )
check(vy,J7:°)s rew(y,J)s T
a

where 7 = push(y, JV°) ¢ reset(zY) 5 reset(C;).

e The following rules correspond to pushing a frame onto the stack whose top
symbol has K and J C K:

check(v,K4)s 7 check(y,K4°)s 7
o q, o q,
check(v,K)s check(v,K°)
« ? « ’
check(v,KY:°)s T
a

where 7 = push(y, J4°) ¢ reset(z%) § reset(C;).

heck(v,J)3 z—z€2.J3 J .
check(. )i ==c€rJ5 poplr.J) g € Ap: We add transition rules to Ap as follows:

Case p

(0%
check(y,J4)3 x4 —xe7J3 pop(y,J*) check(y,J4°)s x4 —x€2J5 pop(y,J4°)
o y D o q,
check(v,J)3 pop(v,J) check(,J°)s pop(v,J°)
ey q, P o )
check(v,JV:°)s ¢} —z€2J5 pop(7,J7°)
p o

—xeal . .-
Case p % q € Ap: We add the following transition rules:

check(vy,J4°)3 Cy—xeco1 check(y,J V%) Cr—zco1 check(y,J°); Cyj—zer1
o y D o y D o q,
check(v,I4) check(v,I)
a 4, «@

Other Rules p % q € Ap: For the rules other than those above, we add the same rules
to A D-

4.6.1 Properties of Predicting MTPDA D

We define the well-formedness of a stack of the predicting MTPDA D and show the
property corresponding to Lemma BT3. A stack w of D is well-formed if it satisfies the

following condition:
w e F(ly) - F(I) - F(1)

where F(.J) is defined as follows:
F(J)={e} U T4) U T4 T U T4 -0(I) (T UTIT)).

Recall that Y(J) is defined as Y(J) £ (I' x {J}) x (Z — Rxo).

Lemma 4.17. If a configuration (g, n,w) of D is reachable from the initial configuration
(i.e., (git, 0,€) =7, (¢,n, w)), then w is a well-formed stack.
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Proof. This lemma can be shown in the same way as Lemma ET3. O

If the top frame of a stack is one of ((, J4°),u), ((,JV°), ), or {(v,J°), i), then
the value of the local clock z is recorded in the corresponding auxiliary clock.

Lemma 4.18. Let us consider the following computations of D:

<qinit7 07 €> :>>|l() <q17 m,. .. <(717 JA70)7 M1>>7
<Qinit, 0) €> :>*D <Q2, n2,... <(/y27 JV,O)’ /L2>>7
(Ginit; 0, €) =1 (g3, 73, - - - (13, J°), 13))-

For these computations, we have u1(z) = m(Cs), u2(z) = n2(Cs), and ps(z) = n3(Cr).
Proof. Each case can be easily shown by induction on the length of the computation. [

Next, we consider the case that the top frame a stack is of the form ((v, J), u). For
this case, we have a property that are similar to Lemma BET2A. To show the property, we
prove the technical lemma corresponding to Lemma T4

Lemma 4.19. Let us consider the following computation 7 for a configuration ¢’:
™= (ginit, 0,€) = (@', .. ((vi, J4) i) - (7, ), 1)) = €.
We can decompose 7 as follows:
(Ginit, 0, €) =~
(B TN 1)« 3y T ) o (g TV, 1)) o0 T8 520 0ROy T,
{ms - ACi TH) ) - A ) o)) =
(@' Ay J2) ) - (), 1))

Especially, among the part of the computation :ﬁ>*’ we do not reset reset(z) against the

frame that contains the stack symbol (v, J).
Proof. We can decompose 7 as follows in the same argument as Lemma BT

<qinit7 05 6) :>*
check(v,,JY°)3 x)—z€2J5 pop(y,,J7°)

<£7777 s <(7i7 JA)a ,Ui> s <(77 J)Hu> s <(7J7 J'7o)> *>> a
(oA TR i) A )y ) - 27 A (s T4 ) - () 1))

However, this does not ensure that there are no transitions with reset(z) in ?>>* If there
are no such transitions in T;*, then the proof is finished. Therefore, now we assume that

T>>* has such a transition and focus on the transition:

(@n, - Ay, J2)s i) Ay, )y ) ) =7

<€, v, <(’Yi7 J‘)’ 7> . <(7’ J), 7>> check(~,J)s rew('y,JOa); reset(z)3 reset([]‘])>

v A TR), ) A, T, ) 27 A s A TR), i) - (s ), )

It should be noted that there are no transitions with reset(z) in ?* To rewrite J° to J,

the sequence of transitions ?* must be decomposed as follows:

*

o . Check(v,J°)s rew(v,J)3 push(v',JV°)3 reset(zY)s reset([:( )
WV (0 TA), ) (39, 0) = =

D15 Ay T2 ) - s Ty ) - (35 TV, 1))

<C],77, s <(/Yia JA))M%) cet <(’7) J))M) e > ?* <C],,77/, s <(’7iv JA)M“’D te <(7a J)v:“’,>>'

check(v;,J7-°)3 Y —z€2J5 pop(v;,J7°)
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Combining these transitions, we have the following desired decomposition:

(init, 0, €) =
oy (v IA)s i) - A Ty ) - (55, T,
(q,n,--.<(%,J‘)7m>---<(%J),u>~-->=ﬁ> (

check(v;,J7°)3 «Y—x€2J5 pop(v;,J7°)

)s 15))
¢ 1 A ) i) (s ) i)

where there are no transition with reset(z) in ?* O

Lemma 4.20. Let us consider the following computation:
™ = (Ginit 0, €) = (@7, {(v. ]), 1)) =D (ar.nr,e€).
For this computation, we have p'(z) — n/(z) € J.

Proof. Applying Lemma B9 to 7, we have the following decomposition:

(¢init, 0, €) =~

0 A 4). ) (O T (3 T ) ) ST PR,
(G 7001 AT ) 5

(oo A T4, A ), )

(o (i) D

By the definition of pop, we have n(zY%) —n(z) € J and " (z4) —n"(x) € J. Therefore,
we prove the following to show p/(z) — n'(z) € J:

(@) —n(x) < p'(z) —n' () < n"(zh) —n"().
We assume that ¢ is the elapsed time among (g, 7, ... (7, J4), i) ... ((v, ), 1) .. .) :ﬁ>*
<q/777/7 s ((717 JA)vMD s <(77 J),/J,/>>

n(xy) —n(z) = (n+0)(x}) — (n+6)(x)
< (n+0)(xy) —n'(x)
< (u(z) +6) —n'(2) [on(@Y) < p(2)]

we do not perform reset(z)
against the frame containing (v, J)

We assume that ¢’ is the elapsed time among (¢/, 7', ... (i, J&), pl) ... (7, J), ') =*
(" n" - (i, J2), 1))

wz) —n'(x) = (W+)(2)— (0 +)(x)
< (W40 (2) =" (x)
< (w+ (=) —n"(x)
< (' +)@h) —n"(x)  [oopi(z) <0f(2h)]
= 7'(z%) —n"(x).

O]

Finally, we consider the case that the top frame a stack is of the form ((v, J*), u). The
lemmas corresponding to Lemma B2 and B=22 hold. Since both lemmas can be shown by
the same argument as the corresponding lemmas, we omit the proof.
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Lemma 4.21. Let us consider the following computation 7 for a configuration ¢’:
™= <Qinit7 Oa 6) :>*D <q/7 7]/7 cee <(’717 JA)? lu’;>> =c.
We can decompose 7 as follows:

init» 0, €) =~

(

o check(v;,J7°)s z%—xe7J5 pop(v;,J 7 °)
<P7777<(’YZ,JA)7M><(’Y]7Jv’ )7:U’J>> : ]a : [
(g, m,

(

@1 A0 ) i) ) =

a0 (i, J4), 1))
Especially, among the part of the computation :ﬁ>*’ we do not reset reset(z) against the
frame that contains the stack symbol (v, J).

Lemma 4.22. Let us consider the following computation:

™= <Qinit;0,€> :>*D <p7 77,7 R <(77 JA)MU//>> :>*D <QF777F7€>-

For this computation, we have u/(z) — n/(x) € J.

4.6.2 Language Equivalence between Predicting MTPDA B and D

In order to show L¢(B) = L¢(D), we define the following relation between configurations
of B and D:

def
(gB,vB,wB) =~ (gp,vp,wp) <> qp=qp N vg=vp [ X A wp=Y(wp)

where ¢ : I'}) — (I' x {I}, I, 1}})* is a projection defined as follows:

Wy, D) = (v, ), (v, I) = (v, ), ¥((v,I7)) = (v, ]),
lb((% JO)) = (7, J): ¢((7a JLO)) = (77 J), w((Vajv’o)) = (77*])'

On the basis of this relation, we can show L.(B) C L.(D) and L.(B) 2 L((D) in the similar
way to the proofs of Lemma T8 and B-T3 because we already showed Lemma B4, 718, A—20,
and 22 that correspond to Lemma B3, BT, and B—T2.

Therefore, we obtain the following result that states, for a given MTPDA A, we can
remove a diagonal constraint of the form z — x €7 I of A while preserving its language.

Theorem 4.2. Let A be an MTPDA and z —x €7 I be an action that compares the local
clock z and global clock x. There is an MTPDA D that satisfies the following conditions:

o L.(A) = L.(D).

e There are no transition rules that contain an action z — x €+ I.

4.7 Untiming Theorem of MTPDA

Summarizing all the above discussion, we prove the untiming theorem of MTPDA.

Theorem 4.3. Let A be an MTPDA.
There is a pushdown timed automaton E such that L.(A) = L.(E).

Proof. Applying Lemma B3 to the MTPDA A, we have an MTPDA B such that
e L.(A)=LB) and
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e There are no transitions that have an action z — z €7 I or z — 2’ €7 I where z is a
global clock and z, 2’ are local clocks.

Applying Theorem E=4 to B until there are no transition rules with an action of the
form z — x €7 I, we have a predicting MTPDA C such that

o L(B)=L(C) and

e There are no transitions that have an action 2 —x €, I, x —2 €7, [, or 2 — 2/ €7 I
where z is a global clock and z, 2" are local clocks.

From the MTPDA C = (Q, ¢it, F, X, T, X, Z,A¢), we construct the following 0-
MTPDA D:
D = (quinit7F727F7X7®7AD)

where Ap is defined by removing local clock resetting from Ag:
ADé{p%qEAC:T#reset(z)JEZ}.

It is clear that L.(C) = L.(D).

Since pushdown timed automata do not allow diagonal constraints of the form x; —
To €9 I, we should remove such actions from D. To this end, we can use the same
construction to remove diagonal constraints from timed automata; therefore, we obtain a
pushdown timed automaton E such that L(A) = Le(E). O

Combining the above theorem and Proposition B4, we have the following form of the
untiming theorem of MTPDA.

Corollary 4.1. Let A be an MTPDA. There is a pushdown timed automaton F such
that L(A) = L(E).

The untiming theorem also implies the following time complexity result for MTPDA.

Corollary 4.2. The emptiness problem and location reachability problem of MTPDA are
EXPTIME-complete.

Proof. Since we can reduce the emptiness problem to the location reachability problem
in a linear time and vice versa, it suffices to show the EXPTIME-completeness of the
emptiness problem.

First, we show the EXPTIME-hardness. This is immediately shown by Corollary B
of Chapter B because any PTA is an MTPDA.

Next, we show the emptiness problem is in EXPTIME. Let A = (Q, ginit, F, X, T, X, Z, A)

be an MTPDA. Let K be the numbers of transition rules of the form p # q where

z € Z and z € X. Applying Lemma B0 and E-1, we can construct an MTPDA Aj such
that:

e if Ay has a transition rule with ¢; —co €2 I, then ¢; is a local clock and ¢ is a global
clock;

e the numbers of states and stack symbols of Ay are exponential in the size of A;
e the numbers of global clocks and local clocks of Ay are linear in the size of A.

In order to remove transition rules with actions of the form z —x €+ I, we apply Theo-
rem B2 about O(K)-times. Each applying the theorem to an MTPDA causes exponential
increases in the numbers of states and stack symbols and a linear increase in the number
of global clocks. Therefore, after we remove all the transition rules with actions of the
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form z — x €7 I, then the numbers of states and stack symbols of the obtained PTA is
exponential in the size of the original MTPDA A and the number of global clocks is linear
in the size of A.

Since the emptiness problem of a PTA is solved time linar in the numbers of its states
and stack symbols and exponential in the numbers of clocks, the language emptiness
problem of the untimed PTA can be solved in exponential time with respect to the size of
the input MTPDA A. O
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Chapter 5

Synchronized Recursive Timed Automata

This chapter presents a class of timed pushdown automata, synchronized recursive timed
automata (SRTA ), and we study its expressiveness and decidability. This chapter is based

on our previous work [UMTH, IIMTR].

Expressiveness. In comparison with existing classes of timed pushdown automata—
PTA, DTPDA, and MTPDA—, SRTA have novel constraints, fractional constraints—
formulae of the form frac(x) = 0 and frac(z) < frac(y) (frac(z) is the fractional part of a
clock x)—for checking the fractional parts of clocks. Owing to fractional constraints, the
class of SRTA is more expressive than the existing classes of PTA, DTPDA, and MTPDA.
Indeed, an SRTA accepts the following timed language Lsgrra which cannot be recognized
by any PTA:

Lsrra £ {(a,t1)(a,t2) ... (a,tn)(b,t],) ... (b,ty) (b, t]) : t; — t; € N} .

We will formally show that the above language can be accepted by an SRTA and not by
any PTA.

Decidability of Reachability Problem. Even though SRTA extend MTPDA due to
the presence of fractional constraints, the location reachability problem of SRTA is decid-
able and EXPTIME-complete. Furthermore, we show the decidability of the configuration
reachability problem of SRTA. For a given SRTA and configuration (g, w), the configura-
tion reachability problem cini; —3 (¢, w) decides whether we can reach the configuration
(g, w) from the initial configuration ciyi;. Although the configuration reachability problem
of pushdown automata is straightforwardly reduced to the location reachability problem
of them, such a reduction does not hold on SRTA due to the unboundedness and dense-
ness of real numbers. Indeed, the configuration reachability problem of TPDA was not
considered by Abdulla et al. in [AAST2a].

Our decidability proof of the configuration reachability problem is organized as fol-
lows. The reader will find the detailed overview of our proof in Section b=3. In Section b,
we introduce SRTA and give the standard semantics of SRTA. In order to reduce the
configuration reachability problem of the standard semantics to that of a semantics de-
fined as a pushdown system, we need to remove the entire stack modification of timed
transitions (q, (Y1, 1) - -« (Yns Vn)) 9, (q, (71,71 +96) ... (Yn, Vn+6)) and the unboundedness
and denseness of real numbers. In Section b4, to remove the entire stack modification of
timed transitions, we use the technique called lazy time elapsing that was introduced by
Abdulla et al. to show the decidability of the location reachability problem of DTPDA
in [AAST?3]. In Section b, we remove the unboundedness of real numbers by introducing
collapsed real numbers. In Section bf, we remove the denseness of real numbers with the
formalization of the region of Abdulla et al. Through Section b4 to b8, we can give a
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semantics defined as a pushdown system that corresponds to the standard semantics and
it leads to the decidability of the configuration reachability problem of SRTA.

We compare the conventional region of timed automata given by Alur and Dill in [AT)94]
and the region designed by Abdulla et al. for DTPDA in Section BZ0. Through this com-
parison, we find out that a key technical lemma fails on the region of Alur and Dill.

Basic Notation

Bounded Intervals. In this chapter, unlike the previous chapters, we consider bounded
intervals I defined as follows:
Ii=Ja:b] | (a:0)

where a,b € N. Therefore, if we call I interval, then the (bounded) interval I is not an
unbounded intervals such as (a : w), (—w : b], etc.

We use I to denote the set of bounded intervals and I to denote the set of intervals
including unbounded intervals:

I={(a:b),[a:b]:a,be N}, I*={(a:b),la:b],(—w:a),(a:w):abeN}.

Pushdown Systems.

A pushdown system (PDS) is a triple (Q,I',<) where @ is a finite set of control
locations, I' is a (possibly infinite) stack alphabet, and < C (Q x I'*) x (Q x I'*) is a
set of transition rules. A configuration is a pair (g, w) of a location ¢ € @ and a stack
w € T'*. A one-step transition (g, wv) = (¢’,wv’) is defined if (g,v) — (¢’,v"). We also
write w — w’ by omitting locations if the locations are irrelevant. A PDS is called a finite
PDS if its set of transition rules is finite. Otherwise, it is called an infinite PDS. Note
that our formalization allows multiple popping rather than single element popping at each
single move. A PDS is called a normalized PDS if the set of transition rules < is a subset
of (Q xT) x(QxT%).

For given configurations c; and cs, the configuration reachability problem asks if
c1 —* c9 holds. The configuration reachability problem of finite normalized PDS is
in PTIME [BEM97, FWWU7]. Since we can translate a finite PDS to the corresponding
finite normalized PDS while preserving the configuration reachability, the configuration
reachability problem of finite PDS is also decidable.

5.1 Synchronized Recursive Timed Automata

We introduce synchronized recursive timed automata (SRTA) and define the standard
semantics of SRTA called STND.

Clock Constraints. Let C be a finite set of clocks. The set ®¢ of clock constraints is
given by:
@ u=c &y I | frac(x) = 0| frac(c) > frac(c) | o A | ~¢

where ¢, € C, I € 1 is a bounded interval, and > € {<,=,>}.

For a constraint ¢ € ®¢ and valuation v : C — R, we write v |= ¢ if ¢ holds when
clocks are replaced by the values of v: eg., v |=c €2 [ if v(z) € I, v |= frac(c) = 0 if
frac(v(c)) = 0. The fractional constraints frac(c) = 0 and frac(c) < frac(d) are a novel
feature against previous pushdown-extensions of timed automata.

Definition 5.1 (Synchronized Recursive Timed Automata). A synchronized recursive
timed automaton (SRTA) is a 7-tuple A = (Q, ginit, F, 2, ', X', A) where
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Q@ is a finite set of control locations, g, is the initial location, F C (@ is a set of
accepting locations,

3} is a finite input alphabet, I' is a finite set of stack symbols,

X is a finite set of clocks, and

ACQx (XU{e}) x Actgrra X @ is a finite set of discrete transition rules.

— To denote a transition rule (p, a, 7,q) € A, we also write p % q.
Actsgra is the set of actions of SRTA defined as follows:

T € Actsrra = push(y) | pop(y) | dig(z,y) | < I | check(yp)

where y e I'xz,y € X, I €1, and ¢ € Py. [
We define the standard semantics STND of SRTA as an infinite transition system.

Definition 5.2 (Semantics STND). A configuration is a pair (g, w) of a location ¢ and a
stack w in which each frame (7y,v) consists of a stack symbol « and a concrete valuation
v: X — R>¢. The set of configurations of STND is @ x (I' x (X — Rx>q))*.

For an action 7 € Actgrra, we define a discrete transition w I w' for w,w € (I'x(X —
R>0))* by case analysis on 7 as follows:

h
w iy, 1) 2O ) (12,0), w (e, )z, va) PP (e, ),

vy = o[z = i (y))

dig(z,
w (y1,v1) (72, V2) Mw(%wﬁ(%w&) ;

rel VvV =vz:=r vE
win ) Ehw iy oy . w () 2K )

We note that the pop-rule removes the top frame and puts 15 to the next frame as follows:

~ .
w(y1, V1) (Y2, V2) — w(y1,V2).
In addition to discrete transitions, we allow timed transitions:

|w[21 5€R20

5 time
w -~ w—+ 90

where w + § is defined as follows:

(v, v) (2, 12) - (s vm)) + 0 = (1,01 4+ 6) (2, 2+ 8) . (Yn, Vn + 6).

The operational semantics STND of the SRTA A is defined as a labeled infinite transi-
tion system T4 = (Q x (I' x (X — Rx>q))*, —, ~>) where the set of discrete transitions —
and the set of timed transitions ~ are defined as follows:

5€R20

(p, w) <> (g,0'), (g, w) %> (g, w+5).
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By exploiting the dig rule, we can implement useful transition rules, which naturally
appeared in the existing models: timed recursive state machines and recursive timed
automata [BMPTO, IWI0]. We call an SRTA equipped with the following extended push
and pop rules extended SRTA:

Vy = OX[X = 1/1]

ush(vy, X
w (Y1, 1) = w {1, v1) (Y2, v2) push(12, X)
vh = 19X =14
o , X
w (y1,v1) (y2, v2) = w (Y1, V%) pop(r2, X)
where X is a subset of X and v[{z1,...,z,} = 1/] is defined as follows:
v[{z1,20,..., 25} = V] 2 v[zy =V (21)][re =V (22)] - - [ =V (20))

For any extended SRTA, we can construct the corresponding normal SRTA by replacing
each extended transition rule with appropriate dig rules.

Timed Languages of SRTA. We define the timed language of an SRTA in the same
way as timed automata.
For an SRTA A, its timed language, L(A), is defined as follows:

L(A) 2 {tw(7) : ™ = {ginit, (L, 0)) ~ --- = {q,w),q € F}.

Remark: For the initial configuration (g, (L, 0)), we use the special stack symbol L.
We consider the following timed language:

Lsrra £ {(a,t1)(a,t2) ... (a,t)(b,t},) ... (b,ty)(b,t]) : t; —t; €N, n > 1}.

It should be noted that if we forget the time stamps from LgrTa then the language
{a™b™ : n > 1} is a typical context-free language.

To accept the above timed language, let us consider an extended SRTA AgrTa =
({qo,---,q4},90,{qa},{a,b},{L,x},{z},A) where A is defined as follows:

push(x) check(frac(x)=0)
b

a
push(L1) Qcheck(fmc(x)—O) pop(*, {z})
H@ a1 a2

a N b €
€ [ pop(l)

SRTA Agsgrra accepts Lsgra and the following acceptable computation represents the
timed word (a,0.1)(a, 1.2)(b, 2.2)(b,3.1) € Lgrra:

—_

(g0, (L, 0)) % (o, (L, 0.1)) & (g, (L, 0.1)(L,00) = (g1, (L, 1.2)(L, 1.1)) &

—

.0 5

(g1, (L, 1.2) (L, 1.1 (%, 0 A2 (qr, (L, 2.2) (L, 2.1) (%, 1)) 2 (go, (L, 2.2)(L, 2.1) (%, 1)) &
(g2, (L, 2.7)(L, 2.6) (%, 1.5)) 5 (g5, (L, 2.7)(L, 2.6)) %3 (g3, (L, 3.1)(L,3)) >

(2, (L,3.1)(L,3)) > (g, (L, 3.1)(L,3)) S (qa, (L,3.1))
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The fractional constraint check(frac(xz)=0) checks if the fractional part of ¢, — ¢t; is
zero (i.e., t, —t; €7 N) and is key to excluding runs 7 such that tw(7) ¢ Lgrra. For

example,
a

7= (g0, (L, 0)) % (qo, (L,0.1)) %
(a1, (1,0.1)(1,00) %3 (g1, (1,0.3)(1,0.2))

) ) * ) *

and tw(7) = (a,0.1)(b,0.3) ¢ LsrraA.

5.2 Expressiveness of SRTA

In this section, we study the expressivenss of SRTA by comparing it with PTA and MT-
PDA. First, we show that SRTA are more expressive than PTA; and then, we show that
SRTA can be seen as an extension of MTPDA.

5.2.1 SRTA is More Expressive than PTA: PTA C SRTA

We show PTA C SRTA and then show the above timed language Lggrra can not be
recognized by any PTA.

Theorem 5.1. Let A be a PTA. There is an SRTA B such that L(A) = L(B).

Proof. Since there are no global clocks in SRTA, let us see how we can encode them in
SRTA by extended rules push(~, X) and pop(vy, X).

Without loss of generality, we can assume that if p x—i?—) q in A, then I = (a : b),

I =Ja:b],orI=(a:w). We denote the PTA A as A = (Q, ginit, F, 2, [, X, A) and
construct the following SRTA B:

B = (Q7qinit7F727FU {J—}7X7A/)

Our idea to simulate A by B is to represent the values of the global clocks X of A in the
stack top frame of B. To formally state this, we define a correspondence relation between
configurations of A and B as follows:

(q,v,€) ~ (g, {L,v)),
(@ vsmy2 - An) ~ (@ (715002, ) -+ W, 1))

Now we define A’ as follows so that the above relation forms a bisimulation between A
and B:

pargeA p 220, e A p 220, g e p = e n
p fMC(ﬂf)zfmC(z) ge N, pushc(j,X) ge N, » pops,@) ge N, » %[0:% ge N
x@éa:b) ge A » xeoT[ab]> ge A p :Eefgia:w) qe A
—>x€?(ia:b) qge A, pxe?T[a:b]>q€A’, pxg?TM>q€A’.
(Here we assume that X = {z,...} is not empty).
It should be noted that a transition rule p M q induces transitions of the

following form:

(D, (71, 01) (12, 12) -+ (s V) D, g o, 1) (2, 2) - (s ) (7, )
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.- 0 . .- .
and a transition rule p % q induces transitions of the following form:

(0, (v, 1) (v2, v2) -+ (Vs Vn) (Vs Vi) % (@, (v, vi) (2, v2) - (Vs Vnr1)) -

It can be easily verified that the above relation ~ form a bisimulation between A and B
for the set of transition rules A’; therefore, we have L(A) = L(B). O

Theorem 5.2. The following SRTA language cannot be accepted by any PTA.

LsgpTa = {(al,tl)(ag,tg) R (an,tn)(bn,t;) - (bg,té)(bl,tll) n>1, t; —i; € N} .

Proof. To prove this, we use the notations introduced in Section B2 of Chapter B. We
prove this by contradiction; we assume there is an m-PTA A,, such that Lggrra = L(An,).
Since Lgpra = L(A,), there is a timed word such that

(@t 15 tmr1) - (a1, 01) (b1, 1) - (b1, Epeg1) € L(An)

where ¢/ —t; =i for any 1 <4 < m+ 1. This and Proposition B of Chapter B shows the
presence of a timed word

(@m1s Um+1) - - (ar,wr)(br,ul) .o (bpg1, uiyq) € L(AR)

such that 1 < u’l — u1 < 2. By the definition of Lggra, this timed word does not belong
to Lsrra. Therefore, L(A;,) # LsrraA.- O

Combining these results, we obtain the main result about the expressiveness of timed
pushdown automata.

Corollary 5.1.
PTA = DTPDA = MTPDA C SRTA.

5.2.2 Alternative View of SRTA
We show that SRTA can be seen as an extension of MTPDA.

Clock Constraints with Diagonal Constraints. Let C be a finite set of clocks. We
extend the set of clock constraints ®¢ with diagonal constraints.

The set églag of clock constraints with diagonal constraints is given by:

e @giag z=c €y I| frac(c) = 0] frac(c) = frac(d) |c— >k | o Ay | —p

where ¢, ¢ € C, I is an bounded interval, and <1 € {<,=,>}, and k € Z. A constraint
¢ — ¢ < k correspond to a diagonal constraint of timed automata in Section PZA 1 of
Chapter B. .

Let ¢ € @glag be a constraint and v : C — R>¢ be a valuation. We write v |= ¢ if ¢
holds when clocks are replaced by values of v. We write Var(y) for the set of clocks of ¢: for
example, if p =c¢; €7 (3:5) Aca — 3 < 3A(frac(cq) = 0), then Var(p) = {c1, ca, 3,4}
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Extended MTPDA Here we consider an extension of MTPDA, extended MTPDA
(EMTPDA). An EMTPDA A is a 8tuple A = (Q, ¢init, ¢r, 2, I, X, Z, A) where each
component except A is the same as that of MTPDA and A C Q x X X ActgmTeDA X @
is the set of transition rules. The set of actions of EMTPDA is defined by the following
grammar:

Actgmrepa == push(y) | pop(y) | ¢ <+ ¢ | ¢ < I | check(yp)

where y € T, ¢, € XU Z, I is an bounded interval, and ¢ € (I)f\,’iﬁng' As with MTPDA, A
configuration of the EMTPDA A is a triple (q, v, (1, t1) - - . (Yn, ftn)) where ¢ is a control
location, v : X — R is a valuation on global clocks, and (y;, ;) € T' x (Z — R>o) is

a stack frame with a stack symbol and valuation on local clocks. The semantics of the
h
transition rules of the form p % q and p % q is defined in the same way as

MTPDA. We define the semantics of the other transition rules as follows:
Bounded Update ¢ + I:

pi(o_é—gqéA reX rel piE{)QEA z€Z rel
1 1
(pv,w) T (qovfz=rlw).  (pv,w(y, p) S5 (v, wiv, plz = 1)),

Checking Clocks check(y):

Checaﬂ>q€A Var(p)NZ=0 vk . pd'eca&)qu Var(p) NZ#0 vUpEg
(p.vw) S5 (g, v, ), (b vl 1) 5D (g vy )
Copying Clocks ¢ < co:
p%qu reX a'eX p 5B gEAN zEX €2

/

(v, w) =5 (g vl = (@) w),  (pviwly, p) S5 (g, vle = )] wiy, ),

o !
pEHgeAN 2€2Z X P dEN €2 FeZ

z 2

(v w(y, 1) =5 (g v, wly, plz = v(@), (o, viwly,m) 5 (g vowly, plz = u()))).

We define the language L(A) of an EMTPDA A in the same way as MTPDA. Extended
MTPDA can be seen as follows:

Extended MTPDA = MTPDA + fractional constraints frac(c) = 0 & frac(c) > frac(c)
+ bounded update ¢ < I + value copying ¢ < ¢/

Since we can simulate the dig actions of SRTA by the value copying mechanism of extended
MTPDA, we have the following lemma.

Lemma 5.1. Let A be an SRTA. There is an extended MTPDA B such that L(A) = L(B).

Proof. We denote the SRTA A by A = (Q, Ginit, F, X, T, X, A) where X = {z1,22,...,2}.

We define the EMTPDA B = (Q, ¢init, F, 2, T, Gy, Ly, A’) where Gy = {g, : v € X'}
and Ly = {l, : x € X'}. Before we give the definition of A’, we define a correspondence
relation between configurations of A and B as follows:

<q7 <717 V1>> ~ <q, Vi, <'717*>>7
<(], <'71a V1><'72a V2>> ~ <Q7 V2, <7177><727V1>>7
<q7 <717 V1><727 V2> T <7n—17 Vn—1><'7n7 V’fl>> ~ <q7 Vn, <'717 *><'727 V1> s <7n7 Vn—1>>‘
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Basically, we remember the clock valuation v, of the top frame of A in the global clock
valuation of B and the clock valuation v, of the frame next to the top of A in the local
clock valuation of the top frame of B, and so on. To have the above relation ~ form a
bisimulation, we define A’ as follows:

push(v)
LELIINPISON
push(7)s Laq <gay3 =3 Kmk:gxk; reset(z1)§ --§ reset(zy) g€ A,,
dig(z, heck
lggcy)qu ppoz(quA px:[qu pcez(w)qu
gz — Ly pop(7) gz 1 check(rename(y))
p—s—qelN, p——>qgeldN p——qgecl ” ge A

where the function rename : \If(jviag — \Ilgiig renames each clock x of an input constraint
to the corresponding clock g,. To simplify the construction, we used atomic transition

Ti§ T2 -

rules of the form p % q; however, we can remove this by adding a sequence of

transition rules and a fresh clock to ensure the atomicity of the sequence of transitions
(see Lemma B0 of Chapter ). O

Conversely, we show the language class of EMTPDA is subsumed by that of SRTA. To
this end, we consider an extension of SRTA, full SRTA, which are as expressive as SRTA.
ActrsrTa is the set of actions of a full SRTA defined as follows:

T € Actpisrra = push(y) | pop(v) | dig(z,y) | z < I | check(y)
| TsTltop(y) [z <2

where v € I, z,2' € X, I is an interval, and ¢ € @%ag. On full SRTA, we newly allow the
following types of transition rules:

Atomic transition An atomic transition rule p Tl;—T% q induces the following transition:

T1 T2
w wl/ w// w/

(p,w) T2 (g, ).

Adding this type of transition rules does not enlarge the expressiveness of SRTA
because we can easily remove atomic transitions in the same way as Lemma BT of
Chapter @.

Checking a stack symbol A transition rule p % q checks whether or not the stack

symbol of the stack top frame is ~y; therefore, the rule induces the following transition:

V=7

(py (s 1)) 220 (g (v, ).

Adding this type of transition rules does not enlarge the expressivenes of SRTA
because we can remove such transition rules in the same way as Lemma BZ1 of
Chapter @.

Copying clocks in a single frame A transition rule p xlaﬂ> q, unlike the action dig,

copies the value of the clock xo to the clock x in the stack top frame; therefore, the
rule induces the following transition:

x1 <=Hx2
o

(0, w(y, 1)) ——o— (g, w(vy, plr1 = px2)])).
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Adding this type of transition rules does not enlarge the expressivenes of SRTA
push('y,X)g dig($17$2); POP('Yv(Z))
(0%

because we can replace p Ilaﬂ q by p

Diagonal constraints On full SRTA, we allow diagonal constraints x — y < k. This
does not enlarge the expressiveness of SRTA; we showed this result in our pre-
liminary work [UMTH]. The similar result was already shown on timed automata
in [BDFPO4]. This is in constast to the result of timed automata that the combi-
nation of unbounded updates and diagonal constraints enlarge the expressiveness of
timed automata and leads to the undecidability of the reachability problem of timed

automata [BDEPO4].

Therefore, SRTA and full SRTA are equally expressive.
Lemma 5.2. Let A be an extended MTPDA. There is a full SRTA B such that L(A) =
L(B).

Proof. We denote the extended MTPDA by A = (@, ¢init, F, X, I, X, Z, A). We define the
following full SRTA B:

B = (Q,Qinit,F,E,FU{J—}a-)C'UZ,A/)-

Before giving the definition of A’; we define a correspondence relation between configura-
tions of A and B:

<Q7V76> ~ <Qa <J—’9>> = v=0]4,
(a,v, (y1, 1)) ~ {a, (L, ) {1, v U ),
<Q7V7 <’)/1,M1><’)/2,,LL2> s <r7nnun>> ~ <Qa <J-’f><’71791><72’92> s <’ymy U /“Ln>> = Wi = (el | X)

To have this relation ~ form a bisimulation between A and B, we define the set of
transition rules of B as follows:

h
» pusa(v) geA

pop(7)

push(~,X
((X )

qge A,

cic!

p—7—q€A {c,d}NZ#0 ~eTl

top(y)3 c<=c’
(e}

qge

c+1

p—F—q€EA ceZ yel

top(v)s ¢« 1

—2 S qed,

check(yp)
[0

geA Var(p)NZ#D ~eTl

X
» pop(7,X) ge N,

(e}

c+ic
p——qeA {¢d}NZ=10

cec
pP—x—74¢€ A,

c+1

p—(5rq€EA ceX

c—1
p——qcA

check(yp)
«

geA Var(p)NZ=10

t 3 check
» 0p(7)9; eck(y) gen

check(yp)
a

qge A

It can be easily verified that ~ forms a bisimulation between the extended MTPDA A
and the extended SRTA B; therefore, we have L(A) = L(B). O

Combining these lemmas, we have the following.

Theorem 5.3. Extended MTPDA and (full) SRTA are equally expressive.
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5.3 Overview of Decidability Proof of
Configuration Reachability Problem

As an overview of the rest of the present paper, we outline our proof of the decidability
of the configuration reachability problem of SRTA.

Configuration Reachability Problem.

For a configuration (g, w), the configuration reachability problem (ginit, (L,0)) —3
(g, w) decides if there is a run from the initial configuration (g, (L, 0)) to (g, w).

The following is our main result:

‘Main Result (Corollary 5:2)
The configuration reachability problem of SRTA is decidable.

To show this, we build a semantics called the digitized semantics D1G1 that can be defined
as a finite PDS through Section B and Section b:

STND Se¢BA 137y Semantics LAzy
SecBF  Collapsed Semantics COLL
SecBR  Digitized Semantics DIGI.

These translations allow reducing the configuration reachability problem of the standard
semantics to the configuration reachability problem of the digitized semantics. Since the
configuration reachability problem of finite PDS is decidable, we obtain the decidability of
the configuration reachability problem of SRTA. We note that our construction is based
on the construction of Abdulla et al. in [AAST?4] and the finally obtained finite PDS is
basically equivalent to their symbolic pushdown automaton.

Let us see the idea of each translation and explain the reason why our approach works
well for the configuration reachability problem.

5.3.1 Idea of Each Semantics

Our aim is to reduce the reachability problem of the standard semantics STND to the
corresponding reachability problem of the digitized semantics D1GI. To this end, we remove
the following three problems at each step:

1. The entire stack modification of timed transitions:
)
(i, v)(v2, v2) - (Yns Vn) ~ (Y1, 01+ 0)(y2, v2 + 6) .. (Yn, n + 6).
2. The unboundedness of real numbers.

3. The denseness of real numbers.

Removing Entire Stack Modification: Lazy Semantics

To simulate the entire stack modification of timed transitions by pushdown systems
that only allow to modify finitely (boundedly) many elements of a stack, we use the
technique called lazy time elapsing that was developed by Abdulla et al. in [AAST2d,
AAST2H|.

To show the idea of the technique, let us consider the following transitions:

2.0 dig(z,z o
v vy s 23 v vl BB r g BOR

where
v1 ={z — 0.5}, = {z — 2.0},v3 = {x — 1.5},

vl =v;+ 2.0, v§ = {z— 4.0}.

Our simulation idea is to
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e keep the correct top and next to the top frames rather than the entire stack for the
check and dig rules; and

e reconstruct a new frame that reflects the correct information when performing pop
transitions.

We introduce the notion of clock marking and valuation pairing to describe this idea. We
pair two valuations v; and v;4; and make the paired valuation p;11 as follows:

1. Mark v;11 and obtain the marked valuation ;4 : X — R>g as Zi41(%) = vie1(2).
2. In the same way, we mark and obtain the marked valuation v; : X — Rx>g.
3. Finally, we obtain p: X' U X — R>q by gluing them p; 11 = v; U Diq1.

We relate the 1-height stack v; to a 1-height stack p; of a paired valuation such that
vi(x) = p1 (&) as follows:

vi ={z— 0.5} = {z—r &~ 0.5},

where the value of 7 is irrelevant. We also relate the 3-height stack v11v513 to the following
3-height stack ppops:

v3 = {x+ 1.5} ps = {z 2.0, &~ 15}
vo={x—20} E po={z—05 &~ 20}
v1 = {x — 0.5} p={z— 1 &—05},

where the top frame p3 has the correct information of the top frame v3 and next to the top
frame s, the frame ps corresponds to the frames o and vy, and the frame py corresponds
to the frame 1.

On the basis of valuation pairing, we simulate the entire stack modification v1ov3 29

vivsvy by only evolving the top frame as follows (123 28 12ty

{z+— 2.0; &+ 1.5} {z+— 4.0; & 3.5}
{1 =05 220} ¥ {z—05 &— 20}
{z— r; 2— 05} {z+— r; 2—05}.

Although the obtained stack does not match the stack v{v4v4, the top frame pf matches
the top frame 14 and the next to the top frame 4. Therefore, we can safely simulate the

. . dig(z,x =%
dig transition vjvjv} LLGON vivyrs as follows (p1papy — papapsy):

{#—40; &35} . {z—4.0; &~ 4.0}
{21505, 200 — {75 05; & 2.0}
{z— r 205} {z— 7 &—05}.

In order to simulate /4y 22 /¥, we evolve the next to the top frame iy until

p2 + § matches p3 or formally (us + 0)(2) = ps(z) holds:

{q: = 4.0; & 4.0} {x = 4.0; & 4.0}
{z—05; 2—20} = {z—25 &— 40}
{z+— 7 &— 05} {z— 7 &—05}.

This operation reconstructs the frame {2 + 2.5; & — 4.0} that has the correct information
of v] and V4. We compose the frames u4 and po + 2.0 as follows:

(kO EA0) o g 40)
{%7'_>2'5; m|—>4.0} — {mp—) T j|—>0.5}.
{e 1205}, )
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After simulating the pop transition, the top frame {z — 2.5; & — 4.0} matches v/|v}.

It is worth noting that, to simulate pop transitions, we need to operate the top and the
next to the top frames at once. For this purpose, multiple pop transition rules (g, a) <
(q,B) where o € T't are allowed in our formalization of pushdown systems.

Considering stacks of paired valuations is enough to simulate the standard semantics
by an infinite pushdown system. However, for technical reasons, we introduce reference
clocks along with the lazy elapsing technique. We use a fresh clock called a reference clock
C. Such a clock is accessed and reset to 0.0 only when we push a new frame as follows:

{C—ri; 2+ 0.5 C s ro; i:l—>2.0}ﬂ>

{0+ 0.0; 2+ 2.0; £+ 0.0; &+ 0.0}
{Qr—>r1; z+ 0.5; 0+ 0.0; i"r—>2.0}.

The introduction of reference clocks does not interfere with the above idea of the lazy
elapsing technique. The reader can find the reason why we need reference clocks in Sec-
tion B2h, the remark after Lemma b7, and Section b6GA.

In Section B4, we show the simulation between the standard semantics and the lazy
semantics in the both directions:

s —— & s — &

STND STND
Lemma b33 : = T T
1 ! —— 3,

Lazy
s s — ds’

STND
Lemmaba: T = T ™
I — U I — .

Lazy LAZY

Removing the Unboundedness of Real Numbers: Collapsed Semantics Coll
To remove the unboundedness of real numbers, as with Section EZ23 of Chapter B, we

consider the collapsed valuations. For an SRTA A, we introduce an upper-bound constant
M:

M 2 max{ 4,7 : (i : j) or [i : j] appears in an interval constraint of A } + 1.
We also define the collapsed real numbers C as follows:
Cc= ([O..(M - 1uU {oo}) x [0,1)

and define the collapsing function C : R>g — C as follows:

A (0o, frac(r)) ifr>M
) {(LTJ,fTaC(r)) if r <M

In Section B, we will show the simulation between the lazy and collapsed semantics
in the both directions:

I — U I — U

LAZY LaAazy
Lemmab®: = T m
c c —— A,

CoLL
l I —— 3

Lazy
Lemmab™@: T = T m
c — c — ¢

CoLL COLL



Removing the Denseness of Real Numbers: Digitized Semantics Digi.

Finally, we remove the denseness of real numbers from the collapsed domain C by in-
troducing digital valuations as with Section EZ31 of Chapter B. Recall a digital valuation
is obtained from a collapsed valuation by abstracting the fractional parts of the valua-
tion into the corresponding ordering. For example, we abstract the following collapsed
valuation

uw={a—1.0; b— 2.3; c— 3.7; d— 0.3}

into the digital valuation

d= {(avl)}o{(ba 2)a(d7 OO)}{(C, 3)} (:u ): d)

and d means the following:

e The term {(a,1)}, means that the integral part of a is 1 and the fractional part of
a is 0.0 (i.e., the value of a is 1.0).

e The term {(b,2),(d,00)} means that the fractional parts of b and d are the same.
Furthermore, the fractional parts of b and d are strictly larger than 0.0 because they
do not belong to {...},.

e The order {(b,2), (d,0)} {(c,3)} means that the fractional part of b and d is strictly
smaller than that of c.

In the theory of timed automata (without the stack), the region is an appropriate
abstraction of the collapsed valuations. Indeed, when considering timed automata rather
than SRTA, we have the forward simulation between the collapsed and digitized semantics
in the both directions as follows:

c c — dc c — ¢ c — ¢

CoLL COLL CoLL
For TA: T = T T  Lemmab™: = T m
d — d d — d. d d — 3d'.

Dial DiGI DiGI

However, on SRTA, the former diagram does not hold for the unavoidable nondeterminacy
of pop transitions. For example, let us consider the following pop-transition:

{z —10; 222} pop

{#+—1.0; 2~ 04} cowu
m

d2 = {(:.Ca 1)}0{('%72)} pop

dy = {(‘%a 1)}0{(?’¢0)} Diar

We need to decide the order of € dy and & € da when composing d; and dz. However,
since there is no information about their fractional parts, we generate all the possibilities

as follows:
d = {}O {(L.L’, O)a (i’ 2)} )
d = {}{(z.0}{(2)},
d’ = {}p{(#2)}{(z.0)}.
On the other hand, the pop transition of the collapsed semantics behaves deterministically;
therefore, the collapsed semantics cannot capture the nondeterministic behavior of the pop
transition of the digitized semantics.
Although we give up the forward simulation, the following backward simulation holds:

{:p — 0.4; & — 2.2}

{d,d',d"}.

¢ Jde ——

CoLL
Lemma 510 : T = T Bl
d — d d — d.

Diar Diai
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The backward simulation naturally solves the above determinacy vs. nondeterminacy prob-
lem. Furthermore, as we will see below, the backward simulation is key to establishing
the decidability of the configuration reachability problem.

5.3.2 Backward Simulation in Configuration Reachability Problem

We see how to use the backward simulation lemma (Lemma BT1) in the configuration
reachability problem. Let us consider the following configuration reachability problem:

{dinit, (L, {z = 0.0; = 0.0})) —=" (¢, (L, {z = 2.71; y = 3.14})). (%)
Hereafter we confirm that the above problem is equivalent to find a digital valuation d
that satisfies {x + 2.71;y — 3.14} |= d and the following:

(it (L {(2,0), (3, 0), (2,0), (3, 0) o)) =" (g, (L, D). (t
For simplicity, we do not consider reference clocks in this example and assume M > 4.
Let us assume the following digital valuation d satisfies (f):

d:::{}0{(g73)}{(ivz)}{(?7oo)7(y7oo)}'

We consider the following collapsed valuation p such that y = d:

The backward simulation lemma, Lemma BT, ensures the following run:

Z+— 0.0; ¢ +— 0.0; .
(ginit» (L, {x 5700; y+—>0.0}>> po (q, (L, ).

Sequentially applying the forward simulation lemmas, Lemma 670 and B4, to this run, we
obtain the above run (x). Therefore, to solve (x), it suffices to find a digital valuation d
such that {x — 2.71;y — 3.14} |= d and solve (f). Indeed, we will use the same argument
in the proof of our main theorem (Theorem B4).

In the above argument, using the backward simulation is key and we cannot replace
it by the forward simulation of the digitized semantics by the collapsed semantics. (As
we have seen above, we cannot forwardly simulate the semantics DI1GI by the semantics
CoLL due to the nondeterminacy of pop-transitions.) Even if we could apply the forward
simulation to the run (), then we may obtain the following run:

L[ 00 500 o [ 23 309
{dinie, (L, z+— 0.0; y— 0.0 )) COLL (@, (Lo = T — 00.9; y — 00.9 )

where p/ = d. Since the forward simulation only ensures a run to {(q, (L, u')) where ¢’ = d,
we cannot show the existence of a run to (g, (L, x)) where p(Z) = 2.71 and u(y) = 3.14.
If we apply Lemma 570 and BR to this run. then we only obtain the following run that
differs from (x):

(Ginit, (L, {z — 0.0; y — 0.0})) —" (q, (L, {x — 2.34; y +— 3.09})).

STND
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5.3.3 Comparing Proof of Abdulla et al. and Ours

We review the proof of Lemma 4 of Abdulla et al. in [A/AST2a], which enables us to reduce
the location reachability problem of the standard semantics to the location reachability
problem of the digitized semantics. The proof structure of their lemma can be summarized
schematically as the following diagram by using our notation:

W -Dici» W/
327 _7“"‘\Vg/
VIIZ__-__ IIZ

w STND% w'

This diagram says that if W —> W’ and C' ~ W', then there is C such that for all

Dicr
stack w = C' there exists w’ = C’ such that w S—> w’. Let us explain the definition

of the relation ~ and 2. Informally, C' ~ W means that a valuation C' is obtained by
flattening a stack W. Let us consider the following stack:

ds = {(y, D}, {(x,2)}
W= _dy={}{(3)(y,4)}
di = {}o {(z, D} {(¥,5)} .

The following is one of the valuations obtained by flattening W:

Yy = 1.0; 20 = 115 20 s 2.4
T 2@ = 3.6; ¥y 4.6; yV =59

The tag of each clock z(® or y\9) points to the frame where the clock comes from: for
example, the clock y(3) and (1) comes from the digital valuation ds and dy of W, respec-
tively. Informally, w = C' means that a stack w matches a valuation C' or w is isomorphic
to C. For the above flatten valuation C, there exists the unique stack w that matches C'

vy ={y— 1.0; z — 2.4}
w= vy ={r—3.6; y— 4.6}
vi ={z—1.1; y— 5.9}

because we can reconstruct the stack w from the tag information of C.

They directly bridged the two semantics, the standard semantics and digitized se-
mantics. As a result, their simulation requires an elaborated form; we find out that
their elaborate simulation is called a backward-forward simulation in Lynch and Vaan-
drager [LVYA, LVY6]. It is a source of complications in their proof to simultaneously
handle the backward direction (choosing C' from C’) and the forward direction (finding w’
from w € C). In addition, the relation ~ is not defined by a componentwise manner and
it is another source of their elaborated proof.

In contrast, we clearly solve these problems as Lemmas b4, b7, and b0 by considering
the intermediate semantics LAzy and COLL.

W —Dici— W/
iR LemEED il_

V- >3
w 7STND*> w'

This allows us to separate the above mixed simulation into three simple simulations and
define correspondences |= in a componentwise manner. Finally, these make the entire
proof structure easy to understand.
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5.4 Lazy Semantics: Removing Entire Stack Modification

We define notations to formalize the lazy time elapsing technique.

Definition 5.3 (Clock Marking). Let X = {21, z3,...,z,} be a finite clock set. We use X
to denote the marked set {Z1, 22, ..., 2, } and X to denote the marked set {:pl, T2, ..., a.cn}.
Let v : X — R>( be a valuation on X. We write © to denote the marked valuation
U : X — Rsg defined by (&) £ v(z). We also write v for the marked valuation on X.
For a constraint ¢ on X', we use ¢ to denote the corresponding marked constraint on X.
For example, if ¢ = (frac(z) = 0 A frac(z) < frac(y)), then ¢ = (frac(&) = 0 A frac(d) <
frac(9)). [

Definition 5.4 (Compatibility and Composition). Let p; and po be valuations on X' U X.
The valuation 1 is compatible with the valuation pg if p1(2) = po(z) for all z € X
and we write p1 // po.
If a valuation p; is compatible with a valuation uo, the composed valuation p; ® psa is
defined as follows:

(11 © p2)(2) = m(2), (11 © p2)(E) = pa(d).
]

As we have explained in the previous section, we need a reference clock to justify a
simulation between the collapsed and digitized semantics.

Definition 5.5. Let X" be a finite clock set. We write A to denote the clock set &' U {C}
extended by a reference clock C.

Let. v1 and vy be valuations on X and p be a valuation on Xp U /'\.,’C. If (yl U 1)2) =ul
(XU X), then we write (v1,12) = p. [

For example, let us simulate the following transitions with our notations:

ush 2.0 o
141 p—> ViV ~> V{I/é u) Vé

where
vi ={x— 1.5}, vro ={x+— 0.0}, v, =v; +2.

We start from the following paired valuation p;:

A 1-height stack p corresponds to a 1-height stack v if o = p | X holds. Therefore, the
above 1-height stack p; corresponds to the 1-height stack v.

. " h
We simulate the first transition v, 2 1115 as follows (u1 — php2):

r— 1.5 £+ 0.0

&+ 0.0; £ 0.0
2 15 b |
T 1y D {5}»—)1.5;E*—>0.0}

When pushing a new frame, we reset the clock { of the current top frame to 0.0. This
resetting is important to establish the backward simulation lemma, Lemma BT, in Sec-
tion BB6A. We assign the values of the marked clocks ¢ of the current top frame to the
corresponding marked clocks y of the new frame to be pushed. As the result, the new
top frame us reflects the information of the top v, and next to the top v; frames in the
standard semantics.
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ph=mC=00 i /) pa pa(d) =0 (Va € Ap)

h
oush(oa) / push(72)
(v1, 1) = (1, 1) (V2 p2)
py < py gy /) pe pop(r2) pE¢ check(o)
pop(72) check(y)
(v, 1) (2 p2) > (71, 1) © pz) (v, 1) —— (7, 1)
Mé:MQ[i:y] TEI /= [j"—r]
4 di no=plx =
" / ig(z,y) — — e I

(15 1) (v2, p2) ——— (71, 1) (2, 1) (v, ) — (v, )

Figure 5.1: Definition of actions on LLAZY semantics

We simulate the second transition vivy 23 vivh as follows (pfua — phub):

{56 = 0.0; (e 0.0} {:1: —2.0; [ 2.0}

z+ 1.5; 0+~ 0.0
{j:»—>1.5;[3»—>0.0} {a'cl—>1.5;[3|—>0.0}

When performing timed transitions, we only modify the top frame in a stack as above.

We simulate the last transition 14 22 1), First, we adjust 4} to be matched with
the real frame v{, and it is formalized by evolving u} until pj + 8 // pfh. For this case,
d = 2.0 and this corresponds to adding the time (2.0) elapsed after 1} was covered by the
new top frame po. Next, we compose the two valuations p) 4+ 2.0 and pf, as follows:

i 2.0; §— 2.0;
{ T+ 3.5; 0 2.0 } i 2.0; §— 2.0;
&+ 3.5; €+ 2.0 { x> 7y +2.0; 0+ 2.0 } '
{ T g+ 2.0; 0 7 + 2.0 }

Since ((p) 4+ 2.0) ® wh) (&) = 2.0 = v4(x), the composed valuation reflects the real top
frame v/4.

5.4.1 Lazy Semantics Lazy

On the basis of the above description, we formalize the lazy semantics LAZY of SRTA.

Definition 5.6 (Lazy Semantics LAZY). Let A = (Q, ginit, F, 2, ', X, A) be an SRTA.
We define the infinite-PDS (Q,I" x (&g U Ay — R>o), <+ U <) where discrete tran-
sition rules <4 and time elapsing transition rules <—; are defined as follows:

e A discrete transition rule (g, w) ¢ (¢/,w’) is defined if there is ¢ — ¢’ € A and
w <5 w’ is defined by following Fig. 5.

e Time elapsing transition rules (g, (v, u)) < {q, (7, 1’)) are defined for all ¢ € @ and
v e if u < g holds.

Note that, on the lazy semantics, we cannot always perform pop-transitions w g1 po LaLN
w p because it requires the existence of a valuation p} such that p; < p) and p) // pe.
However, this is not an obstacle to simulating the standard semantics because the well-
formedness of the stack defined below ensures to perform pop-transitions.
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Definition 5.7. Let p1 and po be valuations on X U X. If there is a valuation p} such
that p1 < pf and p) // pe, then we write pq1 < po.

For two valuations y; and po such that g 3 pe, we define o & py € R by pe © i e
p2(z) — p1(Z) where z is a clock of X. It is well-defined because pa(z) — p11(Z) does not
depend on the choice of a clock z € X. |

Definition 5.8 (Well-formed Stack). A stack w = (y1, 1) (2, 12) - - - (Y, ptn) € (D% (XU
/'\..’[: — Rzo))+ is well-formed WF(w) if, for all i € [1..(n — 1)], the following holds:
e The marked clock ( satisfies 1;(€) = 0;

® fi T it

The following two basic properties are easily shown by definitions.

Proposition 5.1. Let p; and pg be valuations such that p1 < po. There exists the unique
valuation g} such that p; < pf and pf // pe.

Proof. Tt suffices to take p) as p} = p1 + (u2 © p1). For any other 6 (6 # 2 © p1), it is
clear that uq + 0 is not compatible with ps. O

Below, for p1 3 po, we write 1 < ug to denote the valuation p) uniquely determined by
the above proposition.
Proposition 5.2 (WF is an invariant). Let w be a well-formed stack WF(w).

If (g, w) — (¢, '), then w' is also a well-formed stack WF(w").

Proof. We consider the following nontrivial case induced by a pop transition:

(q, wpapops) = (¢, wpr ((p2 < p3) © ps)).

Since WF(wpqpap3), we have pq < po. This and po < (p2 < pg) imply g < (2 < p3).
It is clear that (p2 <1 p3)(z) = ((u2 < p3) © p3)(x) for any = € Xp. Therefore, we obtain
p1 3 ((p2 < ps) © ps). O

We define the notations of stack correspondence and configuration correspondence
between the standard and lazy semantics.

Definition 5.9 (Stack and Configuration Correspondence). Let w € (F X (X — RZO))Jr

be a stack of the semantics STND and w € (I' x (X U ‘;\?E — Rzo))+ be a well-formed
stack WF(w) of the semantics LAzY.
The stack correspondence relation is inductively defined as follows:

o (L) E(mifr=plX.
o w(y,vi)(v2,v2) F Wy, 1) {2, p2) if

— (v1,12) = p2;
— w(v, 1) F Wy, pn < p2).

Let (g, w) and (¢, w) be configurations of the semantics STND and LAZY, respectively.
If g = ¢ and w | w, two configurations correspond and we write (g, w) ~ (¢, w). [

For a given well-formed stack w of paired valuations, there exists the unique stack w
such that w = w. This is shown by the following property.
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Proposition 5.3 (Recover the concrete stack from a lazy one). Let w = (y1, 1) (v2, p2) - - - (Y, fin)
be a well-formed stack WF(w).

The stack w = (y1,v1)(7v2,12) ... (n, vn) defined as follows is the unique stack that
satisfies w = w:

o Uy = lin f.)e
. n—1
e Forallie [1.(n—1)], & = p; [ X+ > (Kj+1 S 1y)-
Jj=t

Proof. We proceed by induction on n.

Case w = (y1,¢1): The valuation vy that satisfies ©7 = pp | X is the unique valuation
such that <"}/1, I/1> ): <’)/1, ,u,1>.

Case w = (71, 11) - - - (Vs )Vt 1, Pt 1)
Since w is a well-formed stack, a stack w, = (yi,p1) ... (Yo, ttn + (fns1 S tn))
is also well formed and the induction hypothesis leads to the unique stack w, =
(v1,v1) ... (71, Vn) that satisfies w,, = w,, and the following:

Un = fin | X + (Hn+1 © fin)
. n
=pn [ X+ 32 (141 © p5),
j=n

. n—1

Ui=pi | X+ (1 © pn) + 2 (11 © 115)

i=i
n

=i [ X+ 3 (i1 © py).

j=i

Let v,41 be the unique valuation such that 2,41 = ppe1 | X. It is clear that
W (Yn+1, Vn+1) E w. The uniqueness of the wy, (Yn+1, ¥n+1) comes from the unique-
ness of v, 1 and w,.

O]

The above proposition immediately implies the following property that is key to con-
necting the two semantics STND and LAZY.

Proposition 5.4. Let w(vy,v) and w(y, u) be stacks such that w(v,v) = w(y, ). For
any 0 € R>q, (w(v,v))+6 E w(y, u+0).

We show the correspondence ~ forms a bisimulation between STND and LAZY.

Lemma 5.3. Let (¢, w) and (g, w) be configurations such that w E w.

e If there is a timed transition (g, w) 3, (g, w') for some § € R>p, then there exists w’
such that (¢, w) = (¢, w’) and v’ = Ww'.

e If there is a discrete transition (g, w) — (¢/,w’) for some o € ¥ U {¢}, then there
exists w’ such that (¢, w) — (¢, w’) and v’ E Ww’.

; roo
<q7 w> STND <q/’ w’) <q, w> STND <q » W >
2 — 2 2

I W'y,
(g, w) (0, w) —=3(d, ')
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Proof. We only consider the case of timed transitions. The other cases push, dig, x < I,
and check(y) are trivial and the nontrivial case pop is shown in the same way as that of
timed transitions.

Let us assume (g, w(7y, v)) 2 (q, (w{7y,v))+0). From the assumption, we have (g, w{vy,v)) ~
(q, w(y, u)) for some valuation u.

It suffices to show (w(vy,v))+ 0 = w(v, p+ 6). This is clear from Proposition 64. [

Lemma 5.4. Let (g, w) and (g, w) be configurations such that w | w. We have the
following:

/ /
<q, ’LU> <Qa w> STND 3<q ’ w )
/ / / /
G0 T W) g @) o (),

Proof. We only consider the case of pop transitions. The other cases push, dig, = < I,
and check(y) are trivial and the nontrivial case, timed transitions, is shown in the same
way as the pop transitions.

We consider the following transition:

pop
(g, {1, pr) (v2, p2) (13, 13)) —>L
AZY

(¢ wlyt, pa) (e, (w2 < ps) © ps))-

(The following easy case

o]

(@, (71, 1) (2, p2)) oo (', (71, (11 <1 i) © paa))

Lazy

is shown in the same argument for the above case.)
From the assumption, for some valuations vy, 1o, and v3, we have following:

(%) = (g wlyr, v1) (2, v2) (13, v3)) ~ (@ W {1, 1) (V25 p2) (3, 113)) -
This implies the following:
f1 (v2,v3) = s
o w{yL, v1)(v2,v2) ~ W, p){y2, p2 < p3)-
Our aim is to show the following:
(@' wivi, vi) (2, vs)) ~ (s (v, pa) (2, (H2 < ps) © ps))-
First, we show (v1,v3) = (2 < ps) © ps.

e Since ((u2 < pg) © ps)(&) = pg(€) and pg(2) = vs3(z) (this comes from f), we have
(12 < p3) © pg)(2) = va(z).

o Since (12 <1 p3) ® 13)(z) = (2 < p13)() and (2 < y13)(3) = v () (this comes from
£2), we have (12 < pi3) © p13)(z) = 11 (a).

Next, we show the following:
w{yr,v1) | wly, p < ((p2 <D ps) © pa))-

Since p1 < ((pe < p3) © ps) = p1 < (pe < ps) is clear from the definition of <, it suffices
to show w(yy,11) E w(y1, p1 < (pe < pg)) and it is immediately shown by fs. O
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5.5 Collapsed Semantics

We cannot formalize the lazy semantics as finite PDS for the unboundedness and denseness
of real numbers. In this section, we remove the unboundedness of real numbers. We will
remove the denseness of real numbers in the next section and give a finite PDS semantics.

5.5.1 Removing the Unboundedness

In order to remove the unboundedness of real numbers, we translate a sufficiently large
real number into the corresponding collapsed real number.

Although we have already defined the notion of collapsed valuations in Chapter B, for
the sake of completeness, we again define them.

Definition 5.10 (Upper-bound constant and Collapsed domain). Let A be an SRTA and
7 be the set of intervals that appear in A. The upper-bound constant M for A is defined
as follows:

M £ max{i,j:[i:j]€Z, (i:7)€L}+1.

The set of collapsed real numbers C is defined as follows:
C = ([0..(M = 1)] U {oo}) x [0,1).

The collapsing function C : R>¢g — C is defined as follows:
cir) 2 (0o, frac(r)) ?fr > M,
(L], frac(r)) if r < M.

For a concrete valuation v : X — Rxq, we define the collapsed valuation of v by C(v)(z) £

C(v(z)). [ ]

We write v.r to denote (v,r). Moreover, |v.r| and frac(v.r) denote v and r, respec-
tively. We use Greek letters A, ... to denote a collapsed valuation. Especially, we use A, ...
to denote a collapsed valuation on a marked clock set g U )2[3.

The following basic properties are immediately shown by the above definition.

Proposition 5.5. Let v; and v» be valuations on a finite clock set X'. If C(v1) = C(1n),
Validity. vy = ¢ iff vy E ¢ for any constraint .

Copying. C(vi[z :=y]) = C(ve[z :=y]) for any z,y € X.
Updating. C(vi[z =71]) = C(ve[z :=7]) for any z € X and r € R>q.
Evolving. C(v; + 6) = C(v2 + 0) for any 0 € Rxq.
On the basis of Proposition b3, we define operations for collapsed valuations as follows.

Definition 5.11. Let X be a finite clock set, v and A be concrete and collapsed valuations
on X such that C(v) = A.

e For a constraint ¢, we write A = ¢ if v = .
e For a real number r € R>g, Az = 7] £ C(v[z = r]).
e For clocks z,y € X, Alz :=y] £ C(v[z = y]).

e For a real number § € R>g, A+ = C(v + ).
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The above definition is well-defined because Proposition B3 ensures that the result does
not depend on the choice of a witness v for A.

We define a (quasi) ordering A < X for collapsed valuations that corresponds to the
ordering < on concrete valuations.

Definition 5.12. Let A\ and )\ be collapsed valuations. We write A < )\ if there are two
concrete valuations v and v/ such that v </, C(v) = A, and C(v/) = \. |

We define the compatibility and composition in the same way as the lazy semantics.
Definition 5.13. Let A1 and As be collapsed valuations on a finite set of clocks Xy 2&'[;.
o If Ay(2) = Az(z) for any = € A, then Ap is compatible with As and we write Ay // As.

e If Ay // Ay, then the composed collapsed valuation A; ® Ag : XU /1.’[; — C is defined as
follows:

— (A1 ® Ag)(z) £ Ai(2) for all z € Ap.
— (Al ® Ag)(j) = AQ(S&) for all z € XE

5.5.2 Why Do We Need Reference Clock
Let us consider the following pop transition of the lazy semantics:

x> 4.0; 0+ 2.0
{ir—>2.0;ﬂr—>0.0;} H
1 =

where

z + 00.0; 0+ 2.0

{iHQ.O; £ 0.0; } = A
Ay =TT 2 B

where

x+— 2.5 0— 2.0

In order to compute A from A; and Ag, we evolve A; to A} (A1 < A}) until A} // A2 and
compose them as A = Ai ® Ag. For this case, A} is uniquely determined as A} = A; + 2.0
by the reference clocks C of Ay and  of Ay. In general, the presence of reference clocks
ensures the uniqueness of such A} (see Proposition 58 and Lemma B3).

On the other hand, if we drop reference clocks, then the above pop transition behaves
nondeterministically. Let us consider the following stack that is obtained by removing the
reference clocks from the above transition:

Ao = {x — 00.0; & — oo.5}
A ={z—05; &—20}.

Due to the absence of reference clocks, there are the following three possibilities about \}
such that Ay < A} and A} // Aa:
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e M +1.0={z— 15 i~ o000}/ X
e \ +20= {x 2.5, & oo.O} // Aa.
e X\ +3.0={z— 00b5; & 0.0} // Ao

Thus, we have the following nondeterministic transition:
Ao P22 I+ 10X AL +20 Ao, AL 430 Ao}

Since the valuation p only justifies (A1 4+ 2.0) ® Ap for C(u)(z) = 2.5, the lazy semantics
without reference clocks cannot simulate the collapsed semantics.
We show a key property to ensure the uniqueness of pop transitions.

Proposition 5.6. Let A\, X', ) be collapsed valuations such that A < X and A < ).
If the following conditions hold, then A = \”: there is a clock C such that

(#1) A(C) =0.0; and
(2) X'(C) = A"(C).
Proof. We proceed by case analysis on |\ (C)]:

Case |N(C)] # oot The condition (f2) implies X'(C) = X”(C) = (4,r) for some i # oo and
r € [0,1). This means that X' = X+ (i,7) and A = XA+ (4,7). Hence X = \".

Case |N(C)] = oot The condition (f2) implies X' (C) = \”(C) = (o0, ) for some r € [0, 1).
In contrast to the above case, in general, there may exist two distinct real numbers
01 and 09 such that X' = X + 1 and N = X\ + d5. Here, we assume 61 > 0s.

It suffices to show frac(N (x)) = frac(N'(x)) and [N (z)] = |\ (x)] for any clock z.

frac(N (x)) = frac(N’(x)): We have §;—d2 € N because frac(\ (C)) = frac(\'(C)).
This implies frac(N (x)) = frac(N'(z)) for any clock z.

[N ()] = [N(x)]: The condition (#;) implies that any clocks are collapsed: |\ ()]
= |\ (z)| = oo for any clock z.

O

Remark: We cannot replace the two conditions of Proposition b by the following single
condition:

(#3) There is a clock C such that X'(C) = \"(C).
For example, let us consider the following valuations under M = 4:

A= {x+— 0.5; C— 3.0},
N =X+1={z— 1.5; C+— 0.0},
N =X+2={x+ 2.5; L+ c0.0}.

We have \'(C) = \’(C); however, N # ).
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A =M[E=0] Ay /Ay Ax(E) =0 (Vo € Ap)

oush(oa) push(y2)
{71, A1) (71, A1) (72, Az)
Al 4 All All // A2 pop(’yz) A ): Sb ChECk(QO)
(72) heck(p)
(7, A1) (2, Ag) 22 (g AL © Asg) (7, A) =2 (4, A)
Ay = Aol =] digey) €L A =Al=r]
dig(z,y) , g\, Yy 1 ’ r I
(71, A1) (2, Ao) —— (71, A1) (72, A3) (v, A) — (v, A')

Figure 5.2: Definition of actions on COLL semantics

5.5.3 Collapsed Semantics Coll

Collapsed valuations lead to the collapsed semantics COLL, which removes the unbound-
edness of real numbers from the lazy semantics LAZY.

Definition 5.14 (Collapsed Semantics). Let A = (Q, ginit, F, 2, T, X', A) be an SRTA.
We define the infinite-PDS (Q,I' x (U — C), <4 U <) where discrete transition
rules <4 and time elapsing transition rules —; are defined as follows:

e A discrete transition rule (g, w) <4 (¢’,w’) is defined if there is ¢ — ¢’ € A and
w <> w' is defined by following Fig. 5.

e Time elapsing transition rules (g, (v, A)) < (g, (7, A’)) are defined for all ¢ € @ and
v e if A <X A holds.

In the same way as the lazy semantics LAZY, we define the notion of the well-formed
stack and prove some properties of well-formed stacks.

Definition 5.15. Let A; and As be collapsed valuations on X U/'l.,’c. If there is a collapsed
valuation A} such that A; < A} and A} // Ag, then we write A 3 As. [ ]

Definition 5.16 (Well-formed Stack). A stack w = (1, A1) (72, A2) ... (7, Ap) is well-
formed WF(w) if for all i € [1..(n — 1)]

e The marked clock ( satisfies A;(C) = 0; and

o A S Aia.

As the lazy semantics, the well-formedness WF forms an invariant.

Proposition 5.7. Let (¢, w) be a configuration where w is a well-formed stack WF(w).
If (g, w) — (g, w’), then w’ is also a well-formed stack WF(w’).

Proof. This is shown by the same argument of the proof in Proposition B2 O

As we mentioned above, the presence of reference clocks is key to the following property
and the determinacy of pop transitions. The following property, which corresponds to
Proposition B, is immediate from Proposition 6.

Lemma 5.5. If WF(w({7y1, A1){(y2, A2)), then there exists the unique A such that A < A
and A} // A2. We use A1 <9 Ag for such the unique valuation.
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We define the stack and configuration correspondence between LAZY and COLL.

Definition 5.17. Let w = p1 ... up and w = Ay ... A, be well-formed stacks WF(w), WF(w)
of the lazy and collapsed semantics, respectively.

The stack correspondence w = w is defined if C(p;) = A; for all i € [1..n].

It is naturally extended to configurations: we write (¢, w) ~ (¢, w) if ¢ = ¢’ and
wEw. [

We show the correspondence ~ forms a bisimulation between LAzY and COLL.

Lemma 5.6. Let (¢, w) and (g, w) be configurations such that w = w.

/ / - / /
(gw) oo (@) (0@ o0 {4 W)
2 — 2 2

(¢, w').
(g, w) (g, w) o3’ w')

Proof. Since the stack correspondence relation w | w is defined in a componentwise way,
the forward simulation is immediately shown for all the transition rules. O

Lemma 5.7. Let (¢, w) and (g, w) be configurations such that w F w.

El / /
(4, w) (g ) —3(¢, )

/ ’ ! /
<q’ w> CoLL <q W > <q’ w> CoLL <q et >

Proof. We consider the case of pop-transitions:

(g, w(y1, A1) (72, A2)) 2% (¢, wiy, A} © Ag))

for some A} such that Ay < A} and A} // As. All the other cases are not difficult.
Using Lemma B3, A} is uniquely determined as A; << As. From the assumption, for some
valuations, we have the following:

() (g wly, pa) (2, p2)) ~ (g wivr, A1) {2, Ag)).

We show the following correspondence:

W (71, (1 < p2) © p2) F w(y, (A1 < A2) © Ag).

It suffices to confirm C(u2) = A2 and C(p1 < p2) = A1 < Ag. The former is trivial from
(). To show the latter equation, we use the following simple property:

if pia // pw, then C(pa) // C(up)-

We use a real number § such that g+ = g < pe. Since C(uy +6) = Ay + 6, which comes
from C(u1) = A1, and C(u2) = A2, we have A; + 9 // As from the above property. This
compatibility and Lemma B3 imply A1 + 3 = A; <t Ay. Therefore, our goal is rewritten as
C(ur +96) = A1 + 6 and it is already shown. O

Remark: As we have seen in Section 52, we need reference clocks to ensure the unique-
ness of pop-transitions on the collapsed semantics. However, this does not answer the
question why we need to introduce reference clocks at the lazy semantics rather than col-
lapsed semantics. The answer of that question is that the forward simulation does not
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hold between the lazy semantics without reference clocks and the collapsed semantics. Let
us consider the following pop-transition under M = 2:

J € 157 & > c0.5;
2= [3»—>1.5;@»—>oo.5 pop A

A = J 02 0.0 & 0005
1= C—0.0; 2~ 0.0

where A = (A; + 1.5) ® A and thus it forms the following valuation:
A={C~ 15 > 1.5; (> 1.5; &+ 00.5}.

If we do not introduce reference clocks at the lazy semantics, the following stack realizes
the above stack AjAs:
po = {z 2.5, & — 2.5}
p = {&—2.0; z— 0.0}

As
= A
On the lazy semantics without reference clocks, we have the following pop-transition:
g 222 (14 0.5) © po = {2 — 0.5; & — 2.5} .

For the obtained valuations, (11 + 0.5) ® pa = A because ((p1 +0.5) ® p2)(z) = 0.5 and
A(z) = 1.5. To prevent this problem, we need reference clocks at the lazy semantics rather
than at the collapsed semantics.

5.5.4 Upper Bound for Configuration Reachability Problem

To show lemmas for the configuration reachability problem of SRTA, as with Section 24
and 22711, we redefine the upper bound constant M obtained from an SRTA.
Let A be an SRTA and (qo, (L, 0)) S—>?§ (g, w) be a query of the configuration reach-
TND

ability problem of SRTA. For a stack w = (y1,v1)(72,12) ... (Yn,vn) € (I' x (X — R>p))*
on the standard semantics, we define the maximum value max(w) of the real numbers in
w as follows:

max(w) £ max {v;(z) :i € [l.n],z € X}.

We again take an upper-bound constant M € N so that it could satisfy the following:

M > max{ j : (i,7) or [i,j] appears in A} 4+ 1,
M > max(w) + 1.

Under the new definition of upper-bound constant, we have the following adequate simula-
tion properties for the configuration reachability problem. To formalize the statement, we
define a stack correspondence between the standard and collapsed semantics in a natural
way.

Definition 5.18. Let w and w be a stack of the standard and collapsed semantics,
respectively. If there is a stack w of the lazy semantics such that w = w and w = w, we
write w = w. []

Lemma 5.8. Let (g, w) be a configuration of the standard semantics. The following are
equivalent:

(1) {ainits (1, 0x)) ——" (g, w).

(2) (Ginit, (L, OX[IUQEC» ——* (g, w) for some stack w such that WF(w) and w = w.

CoLL
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Proof. The direction (1) = (2) is shown by using the forward simulation Lemmas b=3 and b8
sequentially.

We consider the other direction (2) = (1). The assumption w = w implies the
existence of a stack w such that w = w = w.

First, the forward simulation of COLL by LAzy (Lemma B7) implies the following
transition:

<Qinit) (J—7 0%‘[:U)2’[:>> —>* <Q7 wl>

Lazy
where w’ is a well-formed stack such that w’ = w.
Next, the forward simulation of LAzy by STND (Lemma B54) implies the following
transition:

<Qinit7 <—L7 0>> —" <q7 w/>

STND
where ' is a stack such that v’ = w'.

We need to show w = v’ from w | w = w and v’ = w’ |= w. However, since w # w’

in general, showing w = w’ is not trivial. Let us consider the following two stacks under
M =4:

T+ 3.5, 025
{a‘:t—>1.0; C|—>0.0}
,ulz 777777777777 9

, 2T {a:H?)S, L—25 }
o (AL Ls 00
M= 2560, 050
where w and w’ are different and realize the same stack C(u1)C(u2) because C(pu1) = C(p})
and C(u2) = C(ph). Although w # ', by the definition of M, ui(&) = p}(&) and
po(z) = ph(x) and it implies po & py = ph © pj = 2.5. Therefore, Proposition B33 implies
w = w' for the unique stacks w and w’ such that w = w and v’ | w:
, {x—20}

~ {x—3.5}.

We formalize the above argument in the general case to show w = w':

w=w

L Ifw = {y1, 1) (Yns n) (Vnt1, nt1), then we can show the following from w = w
and Proposition B3:
o u1(%) <M forall x € X.
o pi(x) <Mforallic[2.(n+1)and z € XY UX.
2. If ' = (v, 11) - - - (Vs ) (Yt 1, My 41> then we can show the following from w |= w
and w' E w:
o p1(k) = py(&) <M forall x € X.
o ui(z) =pi(x) <Mforallie2.(n+1)] and z € XU X.

These imply g1 © i = pj . © pj for i € [1..n].

3. Assume w = (y1,71) - (Vnt1, Vnt1) and w' = (y1,v]) ... (Ynt1,V,41). Proposi-
tion B3 and piy1 © p; = pjy © py for all i € [1..n] imply v; = vj for all i € [1..n].
Thus, w = w'.

The fact w = w’ implies the following transition:

(it (L, 0)) ——"

— (q,w).
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5.6 Digital Valuations and Finite-PDS Semantics

The collapsed semantics cannot be formalized as a finite PDS for the denseness of real
numbers. We define digital valuations to remove the denseness and the digitized semantics
Diar as a finite PDS.

Although we have already defined the notion of digital valuations in Chapter B, for the
sake of completeness, we again define them and state their properties without proofs.

5.6.1 Digital Valuations
Our definition of digital valuations equals to that of regions given by Abdulla et al. in [AAST23).

Definition 5.19 (Digital Valuations). Let X be a finite clock set. A sequence of sets
d = dydy...dy,, where d; C X x {0,1,...,M — 1,00}, is a digital valuation on X if d
satisfies the following conditions:

e Every clock in X’ appears in d exactly once.

e Except dy, all the sets d; are not empty: d; # 0 for all i € [1..n].
For a clock x € X and set d; of d, we write x € d; if (z,v) € d; for some v €
{0,1,...,M — 1, 00}. ]

Intuitively, each digital valuation is obtained by forgetting the fractional parts of a
collapsed valuation and only keeping the order of the fractional parts of it. On the basis
of this intuition, we define a realization relation between collapsed and digital valuations.

Definition 5.20 (Realization). Let X be a finite clock set, A be a collapsed valuation on
X, and d = dod; .. .d, be a digital valuation on X. We write A = d if the following hold:

e For all x € X, (z, |[A(z)]) € d; for some i.
e For all x € X, frac(A(z)) = 0.0 iff = € dp.
o frac(A(z)) < frac(A(y)) iff x € d; and y € d; for some i < j.
|

Proposition 5.8. The realization relation = is functional: for a collapsed valuation A,
there exists the unique digital valuation D(A) such that A = D(A).

For the special set dy that contains clocks whose fractional parts are 0.0, we use the
notation {...}, as above.

We define the successor relation d - d’ that corresponds to time elapsing on collapsed
valuations.

Definition 5.21 (Successor). Let d and d’ be digital valuations. The valuation d’ is the
unique successor of d (d F d’) if one of the following holds:

Case d = dyd; ...d, and dy # 0:

dodi...dpF0dod;...dy.

Cased=0d;...d,_1dy,:
Ody...dp_1dn l—d/ndl...dn_l,

where d], satisfies the following: if (z,k) € d,,

(@ hk+)ed, ifk<M-—1,
(x,00) €d, ifk=M-=1ork = cc.
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We use H* to denote the reflexive transitive closure of . [ |

On the realization relation between collapsed and digital valuations, the similar prop-
erties to Proposition BA hold.

Proposition 5.9. Let A; and As be collapsed valuations on X'. If D(A;) = D(Ag),
Validity. A; | ¢ iff Ay |= ¢ for any constraint .

Copying. D(A1[z :=y]) = D(Az[z :=y]) for any =,y € X.

Integer Updating. D(Aq[x :=n]) = D(Ag[z :=n]) forany x € X andn € {0,1,...,M — 1}.
Evolving. If A; < A, then there exists Af such that Ay < A} and D(A]) = D(A)).

On the basis of Proposition b, we define basic operations on the digital valuations in
the same way as those of the collapsed valuations.

Definition 5.22. Let d be a digital valuation and XA be a collapsed valuation that satisfies
D(\) =d.

e For a constraint ¢, d = ¢ if X\ E .
e For two clocks z,y, dlx = y] £ D(\[z = y]).
e For a natural number n such that 0 < n < M, d[z = n] £ D(\[z = n]).

In order to treat updating x < I for a clock x and interval I, we need to define
nondeterministic updating d[z < I] for a digital valuation d.

Definition 5.23 (Nondeterministic Update). Let d be a digital valuation. We define the
update d[x < I] for a clock = and an interval I as follows:

drx«— I {D(Az=7r]):relLAE=d}.
|

Example. Let d = {(x,0)},{(y,1)} be a digital valuation. The updating d[z < (2,3)]
generates the following three digital valuations:

dlz « (2,3)] = {d1,dy,ds},
di = {}o{(=,2)}{(y, 1)},
d2 — {}0{(1‘, ) ( )}a
ds = {}o{(y, )} {(z,2)}.
5.6.2 Forward and Backward Simulation of Time Elapsing
For time elapsing, we have two forward simulations and one backward simulation below.

Proposition 5.10. Let A be a collapsed valuation and d be a digital valuation.

A=< N A=< N
T = T ni
d d +* 3d'.

Proposition 5.11. Let A\ be a collapsed valuation and d be a digital valuation.

Y Ao AN
m = T m
d - d d + d.
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Proposition 5.12. Let X' be a collapsed valuation and d be a digital valuation.

N N o< N
m = T m
d - d d + d.

Remark. Proposition 612 is crucial to the backward simulation lemma (Lemma b10)
and peculiar to collapsed valuations. Indeed, this fails on the realization relation v = d
of concrete and digital valuations. Let us consider the following under M = 2:

{z — 2.0}
m
Dolars 0} — {x s ocly

For the backward simulation, we need to find a valuation v such that v < {z — 2.0} and
v = {}y {z = oo}. However, since v < {x — 2.0} requires v(x) < 2.0, v = {}, {z — oo}
never holds.

5.6.3 Nondeterministic Composition
As the collapsed semantics COLL, we define the compatibility and composition.

Definition 5.24 (Compatibility and Composition). Let D; and Dj be digital valuations
on a finite marked clock set p U Ap.

e The valuation Dy is compatible with the valuation Dy (D; // Dy) if there are collapsed
valuations A and Ay such that A= Dy, A= Dy, and Ay // As.

e The composed valuations are defined by:

a A1l Dy, A= Do,
D1®D2_{D(A)'A1//A2,A:Al@AQ .

|
Nondeterminacy of pop transitions. Let us consider the following pop transition under
M=3: .
D, = {((,2),(C,2), (x 00) fo {(&,00)} pop,
D, = {(C,0),(C,0), (£,2) }, { (z o)}

When performing the pop transition, first we compute D} such that D; H* D} and
D) // Ds. For this case, D] is uniquely determined as follows:

/1 = {([.:7 2)7 ([.:7 2)7 (‘7.:7 OO)}O{(‘.% 2)}

Next we compute the new top frame by composing the two digital valuations D} and Dy
as D] ©® Dy:

D2 = {([.:72)7 (g72)7 ('.%700)}() {<jvoo)}
Dll = {([.:72)7 ([;72)7 (:i,oo)}o{(q:,Q)}
2 {D;, D}, DY

where

D; = {(t,2), [32} x2}{xoo}

D} = {(,2), C,Q} ), (&,00)},

Dy = {(.2),(.2) {(w OO)}{(%Q)}
When composing the two digital valuations, we need to decide the order between z of D]
and & of Dsy. However, since we dismiss the fractional values in digital valuations, there
are no clues to decide the ordering, and so we generate all the possible orderings as above.
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Di[l:=0] // Dy D, €[0,0] (Vo € Xp)

ush(y2) o
(v, D1) 2 (31, Dy [E 1= 0]) (72, D)

D, Dy D, // Dy DéeD;oDs DEg¢
pop(72) check(p)
(71, D1) (32, Do) =% (71, D) (v, D) —— (7, D)
Dj = Ds[2 =y D' € D[i + I
dig(z,y) x1

(71, D1)(y2, D2) —— (71, D1)(72, D3) (v, D) = (v, D’)

Figure 5.3: Definition of actions on DIGI Semantics

As we have seen in the previous section, pop transitions for well-formed stacks be-
have deterministically on the collapsed semantics. Hence, the collapsed semantics cannot
capture the nondeterminacy of pop transitions of the digitized semantics.

5.6.4 Digitized Semantics
Digital valuations lead to the digitized semantics D1G1, which is defined as a finite PDS.

Definition 5.25 (Digitized Semantics D1GI). Let A = (Q, ginit, F, X, ', X, A) be an SRTA.
We use D for the finite set of digital valuations on }p U /%C'
We define the finite PDS (Q,T' x D, <4 U <) where discrete transition rules <4 and
time elapsing transition rules —; are defined as follows:

e A discrete transition rule (g, W) <4 (¢/, W’) is defined if there is ¢ — ¢’ € A and
W < W is defined by following Fig. 63.

e Time elapsing transition rules (q, (7, D)) < {(q, (7, D’)) are defined for all ¢ € Q
and v € T if D F* D’ holds.

In the same way as the lazy and collapsed semantics, we define the stack well-formedness
for the digitized semantics.

Definition 5.26. Let D and D> be digital valuations on a finite marked clock set .{\,’EU.)\?E.
If there is a digital valuation D] such that D; * Df and D} // Ds, then we write
D1 é DQ. B

Definition 5.27 (Well-formed Stack). A stack W = (y1, D1)(7y2, D2) ... {yn, Dy,) is well-
formed WF(W) if for all i € [1..(n — 1)]

e D; |=( €0,0] holds for the clock {; and

o D, é Di+1-

The well-formedness of the digitized semantics forms an invariant.

Proposition 5.13. Let W be a well-formed stack WF(W). If (¢, W) — (¢', W’), then
WE(W").

Proof. This is shown in the same argument of the proof in Proposition 62. O
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In order to show the forward and backward simulation properties between the collapsed
and digitized semantics, we define stack and configuration correspondences.

Definition 5.28. Let w = Aq,..., Ay and W = Dy, ..., D, be well-formed stacks WF(w)
and WF(W) of the collapsed and digitized semantics, respectively.

The stack correspondence w = W holds if A; = D; for all i € [1..n].

It is naturally extended to configurations: we write (¢, w) ~ (¢, W) if ¢ = ¢’ and

wkEW. [
The following forward simulation of COLL by DIGI can be shown easily.

Lemma 5.9. Let (¢, w) and (g, W) be configurations such that w = W.

(0,w0) ooldvw) ew) o (dh )
2 - 2 2
! !/
<C_[, W> <Q7 W> DIGI; E|<q 7W >

Proof. We consider the following nontrivial case:

<q ,’UJ<’}/1,A1><’}/2,A2><’)/3, A3>>
POPOL, (gl w1, Ar) (7o, (s < As) © Ag)).

Our assumption can be rewritten as follows:

(4, wv, Ar){y2, A2) (3, As))
2

<q ) W<’717 D1><72> D2><'737 D3>>

Since A2 < (A2 < Ag), we apply Proposition 510 to Ay = D2 and obtain D) such that
Dy H* DY and (Ay < Ag) = DY Tt is clear that D} // Ds from the definition of //.

Since Ay < Ag = DY and A3 = Ds, the definition of ® implies that there is a digital
valuation D such that D € D4 ® D3 and (A2 <<A3) ©® Az = D. This leads to the following

transition:
(9, W{y1, D1){v2, D2)(73, D3))

P, (¢ W {1, D) {2, D).
Now (A2 < A3) ® A3 = D concludes the proof. O

5.6.5 Backward Simulation

Compared to the forward simulation of COLL by DiG1, the counterpart does not hold for
the nondeterminacy of pop rules in DIGI as we have stated in Section b6G53. However, we
can show the backward simulation by Proposition hT2.

Lemma 5.10. Let (¢’,w’) and (¢', W’) be configurations such that w’' E W'.

/ ’ 3 / ’
(¢, w’) (@, w) o= (¢, w')
<Q7 W>TDIG—I><q/’ W,> <q, W> ]—:)—> <q/, W’)
IGI

Proof. We consider the two cases push and time (Here we write ¢; time, ¢y to denote a
transition caused by a time elapsing transition rule (g, (v, D)) < (¢, (v, D’))). The cases
dig, = < I, and check(y) are trivial and the case pop is shown in the same argument of
the proof of the case time.
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Proof of Case push We consider the following push transition:
(¢, W({y, D))

(', Wy, Di[t = 0]) (72, Da)).
Our assumption is rewritten as follows:

(¢, w(y, A7) (72, A2))
2

(@', W {1, D1 = 0)) (72, D2))

for some collapsed valuations A} and As.
We define Ay : (A U &) — C so that it satisfies both the following conditions:

1. Ay(z) = Aj(z) for all 2 € X U X

push(v2
(72)

2. A(C) = r where r € R>( is a non-negative real number that satisfies A; |= D).

We show the following:
(A) w(y, A1) |E W, D).
(B) WF(w(y1,A1)).

(C) (g wlm, Ar)) P02 (g iy, AL (90, As)).

(A) is immediate from the definition of Ay. (B) is shown by the assumption WF(w (1, A}) (72, A2))
and the fact that Ay [ Xp = A} [ Ap.
For (C), we show the following:
o A (%) = Aa(z) for any = € Ap.
We split this into the two parts: showing A (Z)| = [A2(z)| and frac(A](£)) = frac(A2(z)).
The former [A}(Z)| = [A2(z)] comes from A} = Dy[C = 0], Ag |= D», and D;[C :=
0 // Ds.
The latter frac(A}(Z)) = frac(A2(z)) is somewhat involved and shown by the following
steps:
1. A} Z As holds from WF(w(vy1, A}) (72, A2)).
2. frac(A}(€)) = 0.0 holds from A} = Dy[C := 0].
3. frac(As(C)) = 0.0 holds from Dy[C := 0] // Dq and Ay = Ds.
Finally, combining A} 3 Ag and frac(A}(€)) = frac(AL(C)) = 0.0, we have frac(A (&) =
frac(Az(z)) for all clock z € Xp U AG. O
We remark that the above proof needs reference clocks; indeed, without reference
clocks, the case push fails. Let us consider the following diagram:
{:/'U = 0; x> 0.5}
{z—0; &~ 04}
m

. push {(]."’O)}O{(:’.Uao)}
R (O} (EX0)
Although the above diagram satisfies all the conditions of Lemma B0, the following
transition is not allowed on the collapsed semantics without reference clocks:

e push {i’ — 0; T 05}
om0 e 04} s 0 s 04)

Compared to this, the following stack is not a well-formed stack and we do not need to
consider it:

{...; 0—0.0; 205}

{...; C—0.0; &~ 0.4}
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Proof of Case time Before giving the proof for the case time, we state a technical
lemma that is key to the case time.

Lemma 5.11 (Key Lemma for Backward Simulation). Let A;, A2, and A3 be collapsed
valuations on a finite clock set X'. Also, let dy, d2, and d3 be digital valuations on the set
X.

)\1 )\2 )\3 >\1 -\< A37
If T m m A Ao <X A3, ,
d, H* dy FH* d3 dx.x S) dq

then A\ < Ao
For d = dyd; .. .d,, we write x €y d if = € dy, i.e., a clock x belongs to dy of d.

We put the proof of this lemma on Section B9 for the readability and continue to give
a proof for the case time. First, we consider the following case:

(¢, (v, D)) = (q,(y, D))

where D F* D’. This case is immediate from Proposition BI2.
Next, we consider the following general case:

(¢, W{y1, D1){v2, D2)) — (g, W (1, D1) {2, D3))

where Dy H* DY,. The assumption can be rewritten as follows for some valuations:
w A1 A/2 }: WDlDé.
Since Dy H* DY, by Proposition B12, there is a collapsed valuation A such that

Ay < A/Q
m m
D, + D

For this, w A1 Ay = W D1 D; is clear.

Next, we show that w A Ag is a well-formed stack. From the well-formedness WF(wA1A%),
it is clear that Aj(C) = 0.0 and WF(wA;). Hence, it suffices to show A; 3 Ag. To show
this, we use the above technical lemma (Lemma BTT).

We extract some valuations from Aj, Ag, and A), as follows:

° ).\1 : )&E — C is the restricted function of Ay to .)E‘C. Furthermore, we unmark the
clocks of A1 and obtain the valuation Aq : Ap — C.

o )\ : Ap — Cis the restricted function of A to Xp. We also unmark the clocks of Ao
and obtain the valuation Ay : & — C. Xy : & — C and A, : Ay — C are defined in
the same way from Aj.

We also extract some valuations from Dy, Do, and D) as follows:

e d; is defined by restricting D; to 23[3 and unmarking the clocks.

e d; is defined by restricting Do to &p and unmarking the clocks. dj is defined in the
same manner from DJ.

We show A1 < Ag since it immediately implies A; < Ag. The above definition leads to
the following diagram:
A1 Ao A,
m m m
d H dy H d]
where A\; = d1, A2 | d2, and N}, |= d) are derived from A; = Dy, Ay = Dy, and A}, = D},
respectively. The relation A; Z A5 implies A; < Ay and Ay < Af implies Ay < A,. The
well-formedness WF(W Dy D5) implies ¢ €9 Dy and C €¢ d;.
Now we can use Lemma b1T and obtain A\; < A2 and it implies A T Ao. O
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5.6.6 Decidability of Reachability Problem

Combining the forward simulation between the standard and collapsed semantics (Lemma b)
and the forward /backward simulation between the collapsed and digitized semantics (Lemma 59
and B10), we can show our main theorem, Theorem BZ. We introduce a notation for the
stack correspondence between the standard and digitized semantics w = W to formalize

our main theorem.

Definition 5.29. Let w and W be stacks of the standard and digitized semantics, re-
spectively. If there is a stack w of the collapsed semantics such that w = w and w = W,
we write w = W. [ |

Theorem 5.4. Let (¢, w) be a configuration of the standard semantics. The following are
equivalent:

(1) {ginit, (L, 0x)) —* (g, w).

STND

(2) (Ginit, (L, Do)) —* (q, W) for some stack W such that WF(W) and w = W

Diar

D ::{(@170)7(j170)7"‘7(?N70)7(jN70)7(970)7(E70)}0‘

where

Proof. The direction (1) = (2) is shown by using Lemma B8 and 59 sequentially.

We consider the other direction (2) = (1). From the assumption w = W, there is
a stack w of the collapsed semantics such that w = w = W. The backward simulation
lemma (Lemma B5T0) implies the following:

(Ao : collapsed valuation).
Ao [F Do A {ginie: (L Ao)) =" (g, w).

OLL

Since 0 XU )g[: is the only collapsed valuation that satisfies 0 XU )E[] = Dy, we also have the

following:
<Qinita <J_7 O"X‘UU‘)}C>> —>* <Q7 w>

CoLL

The forward simulation of the collapsed semantics by the standard semantics (Lemma B)
implies the following transition:

(Gnit, (L, 0x)) ——" {q,w).

STND

O]

The above theorem allows to reduce the configuration reachability problem of the
standard semantics to that of the digitized semantics. For a given configuration (g, w),
there are finitely many well-formed stack W such that w = W and we can enumerate all
such stacks W. This computability and the decidability of the configuration reachability
problem of pushdown systems imply the decidability of the configuration reachability
problem of SRTA.

Corollary 5.2. The configuration reachability problem of SRTA is decidable.
We also consider the location reachability problem and emptiness problem of SRTA:
e The location reachability problem decides, for a given location ¢, whether or not

(init, (L, 0)) ——* (g, w) for some stack w.
STND

e The emptiness problem decides, for a given SRTA A, whether or not L(A) = 0.

These two decision problems are EXPTIME-complete.
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Corollary 5.3. The location reachability problem and emptiness problem of SRTA are
EXPTIME-complete.

Proof. 1t is clear that the location reachability problem is polynomial-timed reducible to
the emptiness problem and vice versa. Therefore, it suffices to show that the location
reachability problem is in EXPTIME and the emptiness problem is EXPTiME-hard.

‘The location reachability problem is in EXPTIME. ‘

Let A = (QaQinitaFazaFVXaA) be an SRTA and <qinita <J—70>> S—>* <q’3w> be an
TND

instance of the location reachability problem. On the basis of A, we build another SRTA
B=(QU{{d}, i, F, 2, T, X, A") where ¢’ is a fresh location and

A’éAU{qn:—%q’:qEQ,wEI‘}U{q’%q’:’yef}.

(nop is a tautology like frac(xz) = frac(z) for some clock x € X)

From the construction of the SRTA B, the following holds:

A (ginit, (1,0)) ——" (g, "w)
Aaad B : <Qinit7 <J—)0>> — <Q7 311)) STK)* <q,7 <J—)3V>>

STND
— B: <Qinita <J-7DU>> ﬁ* <q/7 <J—73D>>

Let P = (QU{¢'},T'xD, Ap,,) be the PDS that corresponds to the digitized semantics
of the SRTA B. We build another PDS C = (QU {¢,¢"},T' x D, A”) where ¢” is a fresh
location and

A" & AU {{(¢,(L,D)) < (¢",€): D € D}.
From the construction of the PDS C, the following holds:

B : {ginit, (L, Do)) EE?* {q, <J_,3D)> <~ C: {(Gmit, (L, Do)) =" (¢" €).
Therefore, it suffices to solve the configuration reachability problem for the PDS C. Since
the configuration reachability problem of pushdown system is in polynomial-time [BENMY7,
E'WWU7| and the size of the PDS C is exponential with respect to the size of the SRTA A,
we can solve the location reachability problem of SRTA in exponential-time with respect
to the size of an input SRTA.

‘The emptiness problem is EXPTiME-hard.

This is immediately shown by the following two results:
e The emptiness problem of PTA is EXPTiME-hard (Corollary B2 and [AAST2a)]).

e For a given PTA A, we can build an SRTA B such that L(A) = L(B) in polynomial-
time with respect to the size of A (Theorem BT).

O

5.7 Regions vs Digital Valuations

We compare the two kinds of regions:

e the conventional region given by Alur and Dill in [ADY94], which does not keep the
fractional parts of the clocks that exceed a given upper bound M.
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e the region given by Abdulla et al. in [A’AST23d)], which keeps the fractional parts of
clocks even if their values are beyond M. To the authors’ best knowledge, such a non-
standard region first appeared at the work of Ouaknine and Worrell [OW04] to show
the decidability of the language inclusion problem on one-clock timed automata.

The difference between keeping and not keeping the fractional parts of the clocks that
exceed M is significant: on the region of Alur and Dill, the key lemma for the backward
simulation of Dic1 by CoLL (Lemma BET1) does not hold.

For the ease of comparison, we consider a slightly modified version of the definition
given by Alur and Dill. The region of Alur and Dill can be understood through introducing
the following collapsed domain:

€ 2 ([0..(M = 1)] x [0,1)) U {oo}.

For this collapsed domain, the new collapsing function C' : R>o — C’ is defined as follows:

() = {(Lrj,fmc(r)) ifr<M

%) ifr>M

We forget the fractional parts of the clocks that are equal to or greater than M.
Instead of giving the precise definition of the region for C’, let us consider the following
example under M = 1:

1. The region R = ({},{(z,0),(y,0)},0) means that the values of the two clocks
and y are the same. For example, the collapsed valuation p = {z — 0.4; y +— 0.4}
realizes this region (p = R).

2. The successor region R’ of the region R (R+ R') is R' = ({},,{z,y}) and R’ means
that the values of the two clocks z and y exceed the upper bound M = 1. On the
region R/, there is no information that the fractional parts of two clocks are the
same. The collapsed valuation p’ = {x — o00; y + oo} of the collapsed domain C’
realizes this region (p' = R').

5.7.1 Key Lemma fails on Region of Alur and Dill

As we have seen in the previous section, the following property (Lemma B11) is key to
establishing the backward simulation of Dia1r by CoLL:

A1 A2 A3 A1 < Ag,
i i m A Ao <X A3, — A < Ao
d H dy H* dj dr.x €¢ dy

This property does not hold on the region of Alur and Dill. Let us consider the
following collapsed valuations and regions on C’ under M = 1:

p1 = {z+ 0.0; y— 0.5}
(1) u
Ry = ({(2,0)},{(y,0)},0),

p2 = {x+— 0.5; y 0.9}
(2): U
Ry = ({(2,0)}, {(5,0)}.0),

p3 ={x — 00; Yy oo}
m
Ry = ({}¢.,{z.v})-
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Although these valuations and regions satisfy the assumption of the above property, p1 <
p2 does not hold. Since we forget the fractional parts of the clocks that exceed an upper-
bound constant, the assumptions p; < p3 and ps < p3 do not help to relate the fractional
parts of p; and po.

On the other hand, on the collapsed domain C = (([O(I\/I —1)Ju{oo}) x [0, 1)) consid-

ered by Abdulla et al, there is no collapsed valuation A3 that satisfies both {z +— 0.0; y — 0.5} <
Az and {z — 0.5; y — 0.9} < A3. This enables us to avoid the above problem and establish
the key lemma for the backward simulation.

5.8 Related Work

Trivedi and Wojtczak introduced recursive timed automata (RTA) [I'WT0] and Benere-
cetti, Minopoli, and Peron introduced timed recursive state machines [BMPT0, BPT6]
independently. The two models are essentially equivalent. Compared to SRTA, timed
transitions of RTA increase only the top frame of a stack as follows:

(@ (1 01) - (s )~ (0 (41, 21) - (s v+ 8))

where 6 € R>g. The difference of timed transitions between SRTA and RTA is crucial
because RTA can simulate two-counter machines by using the timed transitions effectively
and thus the reachability problem of RTA is undecidable [I"WT0, BNMPTO].

Li, Cai, Ogawa, and Yuen introduced nested timed automata (NeTA) in [LCOYT3].
A configuration of NeTA is a stack of timed automata that are synchronously evolved by
timed transitions. NeTA can be seen as SRTA without fractional constraints and value
passing mechanisms between frames like the rule dig. Due to the absence of value passing
mechanisms, we cannot keep values of clocks in the top frame when removing the top
frame; indeed, the following transition that mixes the top and next to the top frames is
not allowed:

) pop(v2,{z}) (

(m,{x — 1.0;y — 2.0})(y2, {x — 3.5;y — 4.5} 7, {x — 1.0; y — 4.5}).

NeTA only removes the top frame as follows:

(m,{x — 1.0;y — 2.0}) (72, {x — 3.5;y — 4.5}) pov’(r2), (v, {xr — 1.0; y— 2.0}).

Krishna, Manasa, and Trivedi introduced the subset of RTA called RTAgx (RTA only
with pass-by-reference and non-passing) in [KMTT5] and showed that the location reach-
ability problem of RTAgry is decidable. RTAry can be seen as SRTA without fractional
constraints. Although their proof closely followed that of Abdulla et al. [AAST?a] and
depended on the details of the construction of Abdulla et al., we adapt the construction
of Abdulla et al. to simplify our proof.

5.9 Proof of Lemma 51T

We show the following technical lemma:

A1 A2 A3 A1 < A3,
i m m A Ao <X Az, — A < Ao
d, +* dy F* dj dr.x €y dy

Before giving a proof, let us see that we cannot drop any condition.
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If we drop the condition A\ < A3 ...7 Let us consider the following diagram:

z+— 0.0 z+— 0.2 x+— 0.4
y+— 0.5 y+— 0.3 y +— 0.5

T T T
{(@,0}{(y,0)} = dy  F ds

where dy = d3 = {}, {(2,0)} {(y,0)}. Although this case satisfies the assumptions except
Al =< A3, A1 =< A9 does not hold. For the same reason, we cannot remove the condition
Ao < As.

If we drop the condition Jx.x €p d; ...7 Let us consider the following diagram:

{z — 0.5} {z — 0.3} {z — 0.5}
m il 1D

(ol 0} = {3o{(= 0} F {}{(=,0)}

Although this case satisfies the assumptions except Jz.x €¢ di, A1 < A2 does not hold.
Therefore, we cannot drop the condition Jz.x €y d;.

Proof of Lemma We prepare several notations to prove this lemma. Let A and
) be collapsed valuations on a finite clock set X.

frac(N)(x) = frac(A(z)),
[A] () = M=)l
A=\ < 36 € Rxq. frac(A\+ 0) = frac(X\).

It is clear that the relation = is an equivalence relation.

Proposition 5.14. Let A and )\ be collapsed valuations on a finite clock set X.
If A=) and 3z € X. frac(\)(z) = frac(N')z), then frac(\) = frac(\).
We show that related valuations A and X with A = X imply A = ) under some

constraints.

Proposition 5.15.
A= N
L T A(Fzx€gd) = A=)
d = d

Proof. 1t is clear that [A\| = |N] from A = d and X |= d. Since there exists a clock z

such that x €¢ d, we have frac(\(z)) = frac(N'(z)) = 0.0 from the assumption A = \.

Proposition 514 implies frac(\) = frac(\'). This and |A] = [N imply A = X. O
Furthermore, since A < A implies A = )\, we have the following property.

Proposition 5.16.

A=< XN
m T A Jzaxcopd = A=)\.
d = d

Although A = X does not imply A < X in general, if there are digital valuations d and
d’ such that A =d, N =d', and d+ d’, then A = X\ implies A < \'.
Proposition 5.17.
A= X
™ T = A\
d + d
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Proof. We proceed by case analysis on d - d’.

Case (0dy ---dp—1d, b d], dy---d,—1: Note there exists a clock x that belongs to d], and
thus z €y d’. By the forward simulation of digital valuations by collapsed valuations
(Proposition B1), we can find a collapsed valuation A" that satisfies the following

diagram:
)\ 4 )\l/
m il
d - d

Since A < X implies A = ), we have X' = \”. Using Proposition ECI3 along with
NEd, N Ed,and x €y d’, we have N = ) and thus A < \.

Case dody---d, (Z)d'o dy ---dp: We can use the same argument as above. There exists
a clock x that belongs to dy and thus x €¢ d. By the backward simulation of
digital valuations by collapsed valuations (Proposition BI2), we can find a collapsed
valuation \” that satisfies the following diagram:

NN
m m
d + &

Since A’ < X\ implies X' = )\’, we have A = \”. Using Proposition bI3 along with
AEd, N Ed, and z €g d, we have A = ) and thus A < \.

We can easily generalize the above proposition to the following one.

Proposition 5.18.

A= N
m T = A\,
d v d

Finally, Proposition b8 and bI8 imply our key technical lemma.

Lemma 5.11.

)\1 )\2 )\3 )\1 < )\37
i m m™ A Ao <X Az, — A < Ao
d, +* dy F* dj dr.x €y dy

Proof. From the assumption A1 < A3 and Ao < A3, A1 = Ao = A3 holds.

First, we consider the case di = ds. Since A1 = )9, this case is immediate from
Proposition bT8.

Next, we consider the other case dy # ds (i.e., d; T ds). This case is immediate from
Proposition bTR. ]
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Chapter 6

Conclusion

Summary

In the present thesis, we have introduced the two classes of pushdown extensions of timed
automata—timed pushdown automata with multiple local clocks (MTPDA) and synchro-
nized recursive timed automata (SRTA)—by extending existing models of computation.
We have not only introduced new classes but also shown new results on existing models,
timed automata and pushdown timed automata:

1. On timed automata, we have shown that the configuration reachability problem,
(ginit, 0) =3 (q,v), is PSPACE-complete. Our decidability proof is based on the
backward simulation between collapsed timed automata and digital automata. The
decidability of the more general problem called the binary configuration reachability
problem had been shown [CJ99, Dim02, Dan03, QSWI7]. The binary configuration
reachability problem decides, for a timed automaton and given two configurations
Cstart and Cgoal, whether or not there is a computation from cgstart =3 €goa- The
known result about the complexity is that the binary configuration reachability prob-
lem is EXPTIME-hard. Our proof differs from the existing proofs and we show that
the configuration reachability problem is a tractable case of the binary configuration
reachability problem and PSPACE-complete.

2. On pushdown timed automata (PTA) of Bouajjani et al. [BERY4], we have shown
that the location reachability problem is EXPTIME-complete. The EXPTIME-
hardness of the reachability problem of PTA refines the known complexity result
that the reachability problem of dense-timed pushdown automata (DTPDA) of Ab-
dulla et al. is EXPTIME-complete [AAST?23]; indeed, DTPDA are obtained by ex-
tending PTA.

For our two new models of computation, we have presented the following results:

1. The language classes of MTPDA and timed pushdown automata are the same even
though MTPDA can be obtained by augmenting timed pushdown automata with
multiple local clocks, the reset operation for local clocks reset(z), and diagonal con-
straints between a local clock and global clock z — x €7 I.

2. The language classes of SRTA and timed pushdown automata are different due to
the presence fractional constraints of SRTA.

3. The location and configuration reachability problems of SRTA are decidable and
in EXPTIME-complete. Since the class of SRTA subsumes the class of MTPDA,
this result means that the language class and the complexity class of the location
reachability problem are the same between MTPDA and pushdown timed automata.
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We have clarified that considering digital valuation is key to showing the decidability of
the reachability problems of SRTA; indeed, the classical regions which are used to show
the decidability of the location reachability problems of timed automata are insufficient
to establish the important technical lemma (Lemma 511 of Chapter H). We also have
presented a simple and modular decidability proof of the reachability problems of SRTA.
The most important technique is using a backward simulation rather than a forward simu-
lation. This enables us to decompose the original decidability proof of Abdulla et al. based
on an intricate hybrid simulation, forward-backward simulation, into a sequence of simple
simulations along with a few intermediate semantics.

Further Directions

SRTA can be seen as MTPDA augmented with the following features (Theorem B3 of
Chapter B):

e fractional constraints;

e the ability to copy the value of a local clock z to a global clock z,  + z, and the
value of a global clock to a local clock, z < ;

e bounded update of clocks: x < I where [ = (a:b) or I = [a: b].

To show that SRTA are more expressive than pushdown timed automata, we use only
fractional constraints to recognize the timed language Lsgra of Chapter 5. Although that
language cannot be recognized by any pushdown timed automaton, it can be accepted by
1-MTPDA with fractional constraints. Therefore, the following questions are natural:

e Is the class of MTPDA with the ability to copy a local clock to a global clock and
vice versa more expressive than the class of MTPDA?

e Is the class of MTPDA with bounded update of local clocks more expressive than the
class of MTPDA? Similarly, is the class of dense-timed pushdown automata, which
does not allow diagonal constraints, with (unbounded) update of local clocks more
expressive than the class of MTPDA?

On those classes, we can easily confirm that the monotonicity of a stack that is a key
property to the untiming theorem of MTPDA does not hold. For the latter question, it
seems difficult to apply the technique that removes updates from a given updatable timed
automata while preserving its language. At the present moment, we have no clues to
determine the expressiveness power of such new extensions; therefore, to solve the above
question, we need to develop new techniques. We believe such techniques will further
deepen and widen the theory of pushdown extensions of timed automata.
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