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ARTICLE INFO ABSTRACT

Planning is one of the most studied problems in computer science. In this paper, we focus
on the timeline-based approach, where the domain is modeled by a set of independent,
but interacting, components, each one represented by a number of state variables, whose
behavior over time (timelines) is governed by a set of temporal constraints (transition
functions and synchronization rules). Whereas the time domain is usually assumed to be

Keywords: discrete, here we address decidability and complexity issues for timeline-based planning
Planning (TP) over dense time.

Timelines We first prove that dense TP is undecidable in the general case; then, we show that
Metric temporal logic decidability can be recovered by restricting to synchronization rules with a suitable future
Timed automata semantics. More “tractable” settings can be obtained by additionally constraining the

form of intervals used in rules: EXPSPACE-completeness is obtained by avoiding singular
intervals, and PSPACE-completeness by admitting only intervals of the forms [0,a] and
[b, 4+o0[. Finally, NP-completeness can be proved for dense TP with purely existential rules
only.

1. Introduction

Timeline-based planning [20] (TP for short) represents an alternative to classic action-based planning. The latter aims at
determining a sequence of actions that, given the initial state of the world and a goal, transforms, step by step, the state of
the world until a state satisfying the goal is reached. TP can be viewed as a more declarative approach, that focuses on what
has to happen in order to satisfy the goal rather than on what an agent has to do. In TP, the planning domain is modeled as
a set of independent, but interacting, components, each one consisting of a number of state variables. The evolution of the
values of state variables over time is described by means of a set of timelines (sequences of time intervals called tokens), and
it is governed by a set of transition functions, one for each state variable, and a set of synchronization rules, that constrain
the temporal relations among (the values of) state variables.

TP has been successfully exploited in a number of application domains, including space missions, constraint solving,
and activity scheduling (see, e.g., [4,8,9,12,16,20]), but a systematic study of its expressiveness and complexity has been
undertaken only very recently. The temporal domain is commonly assumed to be discrete. In [13], Gigante et al. showed
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Table 1
Decidability and complexity of restrictions of the TP problem.

TP problem Future TP problem
Unrestricted Undecidable (Undecidable?) Non-primitive recursive-hard
Simple trigger rules Undecidable Decidable (non-primitive recursive)
Simple trigger rules, ? EXPSPACE-complete
non-singular intervals
Simple trigger rules, ? PSPACE-complete
intervals in Intv(g )
Trigger-less rules only NP-complete /!

that TP with bounded temporal relations and token durations, and no temporal horizon, is EXPSPACE-complete and expres-
sive enough to capture action-based temporal planning. Later, they proved that EXPSPACE-completeness still holds for TP
with unbounded interval relations, and that the problem becomes NEXPTIME-complete if an upper bound to the temporal
horizon is added [14].

In this paper, we study TP over a dense temporal domain, without resorting to any form of discretization, which is the
commonly adopted “solution”. The reason why we assume the temporal domain to be dense is, basically, to increase expres-
siveness: dense time allows one to abstract away unnecessary details, often artificially added for the necessity of discretizing
time, and to suitably represent actions with duration, accomplishments, and temporal aggregates.

The first result we establish is negative: we prove that TP over dense time, in its general formulation, is undecidable.
So, we study suitable restrictions on the TP problem that make it possible to recover decidability. In fact, we do not only
illustrate how decidability can be achieved, but we also show how to guarantee reasonable computational complexities,
which are important for the concrete application of TP, by constraining the structure of synchronization rules.

In the general case, a synchronization rule allows a universal quantification over the tokens of a timeline (such a quan-
tification is called trigger). When a token is “selected” by a trigger, the rule allows one to compare tokens of the timelines
both preceding (past) and following (future) the triggered token (trigger for short). The first restriction we consider limits
the comparison to tokens following the triggered one (future semantics of trigger rules). The second imposes non-trigger
tokens to appear at most once in the constraints set by the rule (simple trigger rules). Better complexity results can be
obtained by restricting also the type of intervals used in rules in order to compare tokens.

Table 1 summarizes the decidability and complexity results proved in the following sections: we will consider suitable
mixes of restrictions on TP involving trigger rules with future semantics, simple trigger rules, and intervals in atoms (of
trigger rules) which are non-singular (a singular interval is an interval of the form [a, a]), or unbounded/left-closed with left
endpoint O (the latter intervals are denoted by Intv(g ) ).

Organization of the paper In Section 2, we introduce the TP framework. Then, in Section 3, we prove that TP is undecidable
in the general case, by a reduction from the halting problem for Minsky 2-counter machines. In the last part of the section,
we discuss the non-primitive recursive-hardness of TP under the future semantics of trigger rules (such a result is formally
demonstrated in Appendix A). Next, in Section 4, we first show that future TP with simple trigger rules is decidable (in
non-primitive recursive time), and then we prove membership in EXPSPACE (resp., PSPACE) under the additional restriction
to non-singular intervals (resp., intervals in Intv( ). Matching complexity lower bounds for the last two restrictions are
given in C. Finally, in Section 5, we outline an NP algorithm for TP with trigger-less rules only (which have a purely existential
form disallowing universal quantification/trigger) stemming from the results of the previous sections. With a trivial hardness
proof, we also show TP with trigger-less rules to be NP-complete. This paper is an extended and revised version of [5-7].

2. The TP problem

Let N be the set of natural numbers (including 0) and R be the set of non-negative real numbers. Let Intv denote the
set of intervals of R (both open or closed) whose endpoints are in N U {oco} (notice that Intv includes singular intervals
[a, a], with a € N). Moreover, let Intv(g ) be the set of non-singular intervals I € Intv such that either I is unbounded, or I
is left-closed with left endpoint 0. Intervals in Intv(g o) can be represented by expressions of the form ~n, for some n e N
and ~ € {<, <, >, >}.

We now introduce the basic notions of the TP framework [10,13]. The domain knowledge is encoded by a set of state
variables, whose behavior over time is described by transition functions and synchronization rules.

Definition 1. A state variable x is a triple x = (V, Tx, Dx), where
e Vy is the finite domain of the state variable x,

o Ty:Vy— 2Yx is the value transition function, which maps each v € Vy to the (possibly empty) set of successor values, and
e Dy :Vy— Intv is the constraint (or duration) function that maps each v € V to an interval of Intv.
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Fig. 1. A multi-timeline for Example 2 where the timeline for variable x.. is the sequence of tokens (not_ready,2), (ready, 1.5), (not_ready, 2.7),
(ready, 1), (not_ready, 2.8), (ready, 1).

A token for a state variable x is a pair (v,d) consisting of a value v € V, and a duration d € R, such that d € Dy(v).
Intuitively, a state variable represents a component of a system and a token for x represents an interval of time where the
component takes the value v. If the interval is singular (i.e., it has duration 0), the token represents an instantaneous activity
of the component (the state value is entered and exited instantaneously). In order to identify the variable a token refers to,
we shall often denote (v,d) as (x, v,d). The behavior of a state variable x is specified by a timeline, which is a non-empty
sequence of tokens 7w = (vg,dp) - - - (vn,dy) consistent with the value transition function Ty, namely, such that v;;1 € Tx(v;)
for all 0 <i < n. The start time s(7r, i) and the end time e(s, i) of the i-th token of the timeline 7 are respectively defined
as follows:

i-1 i
s(m,i)=0ifi =0, and s(rr,i) = Zdh otherwise; e(m,i)= Zdh.
h=0 h=0

Given a finite set SV of state variables, a multi-timeline of SV is a mapping IT assigning a (distinct) timeline to each
state variable x € SV.

Example 2. Let us consider a system consisting of three components (temperature sensor, processing unit, and data transmission
unit) respectively modeled by the state variables x, = (Vy,, Tx,, Dx,), with £ € {te, p, tr}, where

o Vy . ={ready,not_ready}, Ty, (ready) = {not_ready}, Ty.(not_ready) = {ready}, Dy, (ready) = [1,2],
Dy, (not_ready) =12, 3],

o Vi ={readingi, reading;, readp, reads, ready}, Ty, (readingy)={reado, readi}, Tx (readp) = {readingy},
Ty, (ready) = {readingy}, Tx, (readingy) = {readi, ready}, Ty, (ready) = {ready}, Dy, (readingy) =
Dxp (readingy) =|[1, 2], Dxp (reado):Dxp (read]):Dxp (ready)=[2, 3], and

o Vy., ={send}, Ty, (send) = {send}, Dy (send) =[2,5].

The temperature sensor swaps between the state ready, where it senses the temperature of the environment, and the
state not_ready, where it possibly sends the temperature value to the processing unit. The processing unit receives two
temperature samples from the sensor, and sends the average value to the data transmission unit: in state read;, with
i=0,1,2, i samples have been already read; in state reading;, with j=1,2, it is attempting to read the j-th sample. A
multi-timeline for the described system is reported in Fig. 1.

Multi-timelines of SV can be constrained by a set of synchronization rules, which relate tokens, possibly belonging
to different timelines, through temporal constraints on the start/end times of tokens (time-point constraints) and on
the difference between start/end times of tokens (interval constraints). The synchronization rules exploit an alphabet
¥ ={0, 00,071,032, ...} of token names to refer to the tokens along a multi-timeline, and are based on the notions of atom
and existential statement.

Atom. An atom p is either a clause of the form o1 sfl’ez 0y (interval atom), or a clause of the forms o1 571 norn 571 01
(time-point atom), where 01,0 € &, [ eIntv, n€ N, and eq, e; € {s, e} (s for start, e for end).

An atom p is evaluated with respect to a X-assignment Ay for a given multi-timeline IT, which assigns to each token
name o € ¥ a pair Ag(0) = (;, i), where 7 is a timeline of IT and 0 <i < || is a position along 7 (intuitively, (;r, i) repre-
sents the token of IT referenced by the name o). An interval atom 01 gfl’ez 0y issatisfied by Ay if ex(A11(02)) —eq1(Arr(07)) € 1.
A point atom o <f n (resp., n <} o) is satisfied by Ary if n —e(Ap(0)) €I (resp., e(An1(0)) —nel).

Existential statement. An existential statement £ for a finite set SV of state variables has the form £ =301[x; = v1]---30,[X; =
vy].C, where C is a conjunction of atoms, 0; € %, x; € SV, and v; € Vy,, for 1 <i <n.

The elements o;[x; = v;] are called quantifiers. A token name used in C, but not occurring in any quantifier, is said to be
free.

Given a X-assignment Ap for a multi-timeline IT of SV, we say that Ay is consistent with the existential statement & if, for
each quantifier o;[x; = v;], we have Ar(0;) = (;r, h), where m = I1(x;) and the h-th token of 7z has value v;. A multi-timeline
IT of SV satisfies £ if there exists a X-assignment A for IT consistent with £ such that each atom in C is satisfied by Ap.

We can now introduce synchronization rules, which constrain tokens, possibly belonging to different timelines.



Definition 3. A synchronization rule ‘R for a finite set SV of state variables is a rule of one of the following forms: (trigger
rules) oplxo = vol = &1V & V... Vv &, (trigger-less rules) T — £V E V... Vv &, where 0og € X, xo € SV, vg € Vy,, and
&1, ..., & are existential statements. The quantifier og[xp = vo] in a trigger-rule is called trigger; we impose that only 09 may
occur free in &;, for all 1 <i <n. No token name may occur free in trigger-less rules. A trigger rule R is simple if, for each
existential statement £ of R and each token name o distinct from the trigger, there is at most one interval atom of £ where
0 occurs.

Intuitively, the trigger og[xg = vg] acts as a universal quantifier, which states that for all the tokens of the timeline for xo,
where xp takes the value vg, at least one of the existential statements & must be satisfied. Trigger-less rules simply assert
the satisfaction of some existential statement used to express initial conditions or goals, while trigger rules are much more
powerful allowing the specification of invariants and response requirements. Simple trigger rules restrict the possibility of
comparing multiple times the same token in an existential statement to trigger tokens only.

Example 4. Let us consider the system described in Example 2. The sensor and the processing unit respectively start in state
not_ready and state readingj. This is enforced by the following two trigger-less rules:
T — J0[Xte =not_ready].o <[0 00 and T — Jo[x, = reading].0 5?0,0] 0.
A successful reading is possible only if the sensor and the processing unit are synchronized namely, when a token of
value readingj contains a token ready. (For a token o containing a token o/, we write contains(o,0’) for o <[0 oo
N <[0 4 oof 09) Analogously, the processing unit can send data to the transmitter only if a token with value send contains
a token with value read,. If a reading attempt (a token reading1) is unsuccessful, it is followed by a token ready. (For
a token o’ following a token o, we write next(o, 0’) for o <[0 0] 0'.) If the reading attempt is successful the token contains a
ready token and it is followed by a read; token. To this end, we consider the trigger rule:

0[Xp = reading] — (Jo1[xp = readgl.next(o,01) Vv 302[x, = read;]303[xce = ready].next(o, 0z) A contains(o, 03).
Notice that the trigger rule is not simple since the token name o3 occurs twice in the definition of contains(o, 03). A similar
rule can be written for the second temperature sampling and for transmission. An example of system goal is the successful
transmission of two reads encoded by the following trigger-less rule

T — Jo1[xp = read;]302[Xcr = send].(02 <[0 oo 01N O01 = [0 +Oo[ 07).
Definition 5. Let IT be a multi-timeline of a set SV of state variables. (i) Given a trigger-less rule R of SV, Il satisfies R if
I1 satisfies some existential statement of R. (ii) Given a trigger rule R of SV with trigger og[xo = vo], I1 satisfies R if, for
every position i of the timeline 7w = IT(xg) for xo such that 7 (i) = (vo, d), there exists an existential statement £ of R and
a X-assignment A for IT consistent with £ such that A(0g) = (1, 1) and Ap satisfies all the atoms of £.

In the following, we consider also a stronger notion of satisfaction, called satisfaction under the future semantics, which
requires that all non-trigger tokens selected by some quantifier do not start strictly before the trigger token.

Definition 6. Given a trigger rule R = 0g[xo = vo]l = &1V & V... Vv &, a multi-timeline IT of SV satisfies R under the
future semantics if T1 satisfies the trigger rule obtained from R by replacing, in each existential statement & = Jo01[x1 =

v1]---3on[xp = vp].C, the conjunction of atoms C by C A /\l 100 <[0 oo Oi

With reference to Example 4, we observe that the occurrence in the trigger rule of contains(o, 03) which is by definition
0 [0 400[ 03 A 03 <[440 0 Can be simplified under the future semantics to o3 <[0 +oof O Since the first conjunct is imposed
by the future semantics itself. This implies that the considered trigger rule which is not asimple rule in the general semantics
can be converted to a simple rule in the future semantics.

A TP domain P = (SV, R) is specified by a finite set SV of state variables and a finite set R of synchronization rules for
SV modeling their admissible behaviors. A plan for P = (SV, R) is a multi-timeline of SV satisfying all the rules in R. A
future plan for P is defined in a similar way, but it requires the satisfaction of all trigger rules under the future semantics.

In the next sections, we will study the following decision problems:

e TP problem: given a TP domain P = (SV, R), is there a plan for P?
e Future TP problem: given P = (SV, R), is there a future plan for P?

3. TP over dense temporal domains is an undecidable problem

We start by settling an important negative result, namely, we show that the TP problem, in its full generality, is undecid-
able over dense temporal domains, even when a single state variable is involved. Undecidability is proved via a reduction from
the halting problem for Minsky 2-counter machines [19]. The proof resembles the one for the satisfiability problem of Metric
Temporal Logic (which will be formally introduced in Section 4), with both past and future temporal modalities, interpreted
on dense time [3].



As a preliminary step, we give a short account of Minsky 2-counter machines. A Minsky 2-counter machine (counter
machine for short) is a tuple M = (Inst, inir, £nqir) consisting of a finite set Inst of labeled instructions of the form ¢ : 1,
where ¢ is a label and : is an instruction for either (i) increasing counter h (c, :=cp +1; goto £;), or (ii) decreasing counter
h (if ¢4 >0 then cy:=cp—1; goto ¢s else goto ), where h € {1,2}, €5 # £, and ¢, (respectively, ¢s, ¢;) is either a
label of an instruction in Inst or the halting label £54;. Moreover, £ € Inst is the label of a designated “initial”instruction.

An M-configuration is a triple of the form C = (¢,nq,ny), where ¢ is the label of an instruction (intuitively, the next
instruction to be executed), and ny,n; € N are the current values of the two counters ¢y and c;, respectively.

M induces a transition relation M, over pairs of M-configurations: (i) for an instruction with label ¢ increasing c1,
we have (¢,nq,ny) M, (¢r,n1 4+ 1,ny), and (ii) for an instruction decreasing ci, we have (¢,nq,ny) M, (ls,n1 — 1,1n3)
if ny >0, and (¢,0,ny) M, (4¢,0,n,) otherwise (the same for c3). An M-computation is a finite sequence Cq, ..., Cy of
M-configurations such that C; M, Citq for all 1 <i <k. M halts if there exists an M-computation starting at (¢in;, 0, 0) and

leading to (€uqy,n1,n2), for some nq,ny € N. The halting problem for a counter machine M is to decide whether M halts. The
problem was proved to be undecidable by Minsky [19].

Theorem 7. The TP problem over dense temporal domains is undecidable.

Proof. The proof consists of a reduction from the halting problem for Minsky 2-counter machines. For an instruction ¢, we
use the following notation:

o for increments ¢ :cp :=cp + 1; goto £, we define c(¢) =c and succ(¥) = ¥¢;;
o for decrements £: i f ¢, >0 then ¢, :=c, — 1; goto ¢, else goto £, we define c(£) = cp, dec({) = ¢,, and zero(¢) =
Ls.

Moreover, let InstLab be the set of instruction labels, including €4, and let Inc (resp., Dec) be the set of labels for increment
(resp., decrement) instructions. We consider a counter machine M = (Inst, £injt, £pqr) assuming, w.l.o.g., that no instruction of
M leads to £iujr, and that ¢;; labels an increment instruction. We build in polynomial time a state variable xy; = (V, T, D)
and a finite set Ry; of synchronization rules over xj; such that M halts if and only if there is a plan for P = ({xm}, Rnm), i.e.,
a timeline for xy; that satisfies all the rules in Ry;.

Encoding of M-computations. We start by defining the encoding of a computation of M as a timeline for xp. The finite
domain of the state variable xy; is the set of symbols V = V ek U Vingin, Where

Vae= ) U U ((ce.0p} U {(E0pi, ey U {(E.opi. (e #)),

LelnstLab i,he{1,2} op;efinc;,dec;,zero;}

Vaan= | U (@Ui@an)u

LeincU{lpqe} he{1,2}

U U U (v e.anuie. . e #)).

teDec ('e{zero(¢),dec(?)} he{l1,2}

For each h € {1, 2}, we denote by V, the set of V-values v of the form v = (¢,c), v=({, £, c), or v= (¢, 0p,c), with
c € {cn, (cp, #)}; if c =cp (resp., ¢ = (cp, #)), we say that v is an unmarked (resp., marked) V,-value.

An M-configuration is encoded by a finite word over V consisting of the concatenation of a check-code and a main-code.

The main-code Wi, for an M-configuration (¢, n1, ny), with £ € IncU {€pqit}, n1 >0, and ny > 0, has the form wpgin =
£- (L, c)™ - (L, ).

In case of a decrement instruction label £ € Dec such that c(¢) = cy, the main-code w; . has one of the following two
forms, depending on whether the value of ¢y in the encoded configuration is equal to or greater than 0:

o either w/ . = (£, zero(0)) - (£, zero(£), c2)™
e or w .. = (£,dec(?)) - (€,dec(), (c1,#)) - (¢, dec(€), c)™ - (£, dec(£), c2)™.

In the former case, w/ . encodes the configuration (¢,0,n3); in the latter, the configuration (¢,n; 4+ 1,n2). Note that,

in the second case, there is exactly one occurrence of a marked V,-value which intuitively “marks” the unit of the counter
that will be removed by the decrement. The main-code for a decrement instruction label £ with c(¢) = c; has two symmetric
forms.

The check-code is used to trace both an M-configuration C and the type of instruction associated with the configuration
Cp preceding C in the considered computation. The type of instruction is given by the symbols inc;, dec;, and zero;, with
i € {1,2}: inc; (resp., dec;, zero;) means that C, is associated with an instruction that increases the counter c; (resp.,
decreases ¢; with ¢; greater than 0 in Cp, decreases ¢; with ¢; equal to 0 in Cp).
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Fig. 2. A computation-code with configuration-code for an instruction ¢;,1. Main-codes are highlighted in yellow and check-codes in cyan. Each square is a
token of a timeline for xy decorated with their start time and temporal constraints. The symbols c;, ¢, cx#, and c;l’ , for h € {1, 2}, stand respectively for
i, cp), (Liy1,inct, cp), (Liy1,incy, (cp, #)), and (¢i4+1, cp). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this
article.)

The check-code for an instruction label ¢ € InstLab and an incq-operation has the form (¢,incy) - (¢,incq, (c1, #)) -
(¢,inc1, c1)™ (¢, incq, c2)™ and encodes the configuration (¢,n1 + 1,n3). The marked occurrence of a V¢, -value represents
the unit added to the counter by the increment. The check-code for an instruction label ¢ € InstLab and an operation
op; € {decq, zero1} for counter c¢; has the form (¢,op;) - (¢,0py,c1)™ - (£, 0pq,Cc2)". where n; = 0 if op; = zero;. The
check-code for ¢ € InstLab and op, € {dec;, zero,} for counter c; is defined similarly.

A configuration-code is a word W = Wgpeck * Wmgin Such that weperk and wpgin are a check-code and a main-code, re-
spectively, associated with the same instruction label. The configuration-code is well-formed if Wk and Wigin encode the
same configuration. Fig. 2 depicts a configuration-code for the instruction ¢;; which increments c;.

A computation-code is a sequence of configuration- codes T=w! cowh such that, forall 1 < j <n,

check * Wnain® check * W?nain
the following holds (let ¢; be the label associated with w! ~wi )t () £ # Lpare; (i) if €5 € Inc, with c(€;) = cp, then

check main
£jt1 =succ({j) and Wchelk is associated with the operation incy; (iii) if £; € Dec, with c(¢j) = ch, and the first symbol
of wmam is (¢£j,zero(¢j)) (resp., (£j,dec(£j))), then £ 1 = zero(£j) (resp., £j11 = dec({;)) and wcheck is associated with

operation zeroy (resp., decy).
The computation-code 7 is well formed if, additionally, each configuration-code in 7 is well-formed and, for all 1 < j <n,
the following holds (we assume (¢;,n}, ”2) to be the configuration encoded by wcheck wmam) (i) if ZJ € Inc, with c(¢;) =cy,

then nHl = ”n +1and néﬂ = ng i (i) if € € Dec, with ¢(¢;) = cp, then n3+h = ng - Moreover, if wcheck is associated with
decy, then n{lH _nh 1. A computation-code 7 is initial if it starts with the prefix (£init, zero1) - £init, and it is halting if it

leads to a configuration-code associated with the halting label ¢p4;. Clearly, a well-formed computation-code 7 encodes a
computation of the machine M which halts if and only if there is an initial and halting well-formed computation-code.

Definition of xp; and Ry. In the following, we reduce the problem of checking the existence of an initial and halting well-
formed computation-code to a TP problem for a TP domain ({xp;}, Ry ). The idea is to define a timeline for the state variable
xm where the sequence of values of its tokens is a computation-code whose well-formedness is guaranteed by exploiting
the duration of tokens and the synchronization rules in Rp. Now, the untimed part (i.e., neglecting duration of tokens)
of any plan for ({xy}, Ry) is an initial and halting well-formed computation-code and M halts if and only such a plan
exists. In more detail (see Fig. 2 for an intuition), each symbol of the computation-code is associated with a token with a
(non-fixed) positive duration. The overall duration of the sequence of tokens corresponding to a check-code or a main-code
amounts exactly to one time unit (dense time allows one to encode arbitrarily large values of counters in one time unit). In
two adjacent check/main-codes, the time elapsed between the start times of corresponding elements in the representation
of the value of a counter (see elements in Fig. 2 connected by horizontal lines) amounts exactly to one time unit. Such a
constraint allows us to compare the values of counters in adjacent codes, either checking for equality, or simulating (by
using marked symbols) increment and decrement operations.

Let us now formally define xj; and Ry;. As for xp;, we take xp; = (V, T, D) such that D(v) =]0, 1], for each v € V. Note
that the duration of any token in a timeline is greater than 0 and less than or equal to 1 (strict time monotonicity constraint).
It is a tedious but straightforward task to define T of xj; in such a way that the following requirement is fulfilled.

Claim 8. The untimed part of any timeline for xp, whose first token has value (£jn;, zeroq), is a prefix of some initial
computation-code. Moreover, (¢, zeroy) ¢ T(v) for all ve V.

Synchronization rules in Ry ensure the following requirements.

Initialization. Every timeline starts with two tokens, of value (¢jni, zeroq) and £j,jr, respectively. Since no instruction leads to
Linit, by Claim 8 we only need two trigger-less rules: T — 30[xy = (Linit, zero1)]. T and T — Jo[xy = Linic)- T.

Halting. Every timeline leads to a configuration-code associated with the halting label. By the rules for initialization and
Claim 8, the following trigger-less rule suffices: T — Jo[xpy = Lpare]. T.

One time unit distance between consecutive control values. A control V -value corresponds to the first symbol of a main-code or
a check-code, i.e., it is an element of V¢on =V \ (V¢ U V,,). For each pair of tokens tk and tk’ along a timeline such that tk
and tk’ have a control V-value, tk precedes tk’, and there is no token between tk and tk’ with a control V-value, it holds



that s(tk’) — s(tk) = 1. By Claim 8, strict time monotonicity, and halting requirements, it suffices to ensure that each token
tk having a control V-value distinct from £q; is eventually followed by a token tk’ such that tk’ has a control V-value and
s(tk’) — s(tk) = 1. To this end, for each v € Vgon \ {£har}, We add a trigger rule of the form: o[xy = v] — \/uevcon Jo'[xy =
ul.o 5?1’%] 0.

Well-formedness of configuration-codes. For each configuration-code W pec - Wmgin in a timeline and each counter cp, the value
of ¢p, in the main-code Wpgi, and the check-code w e must coincide. By Claim 8 and the previous requirements, it suffices
to ensure that (i) each token tk with a V¢, -value in Ve is eventually followed by a token tk’ with a V,-value such that
s(tk’) —s(tk) =1, and (ii) each token tk with a V,-value in Vpgin is preceded at some point by a token tk’ with a V, -value
such that s(tk) —s(tk’) = 1. As for (i), for each v € V¢, NV peck, we add the rule: o[xy = v] — \/uevc,, do'[xp =u].0 5?1’?” o,

while for (ii), for each v € V¢, N Vipgin, we add the rule: o[xy = v] — \/uevch Jo'[xy =ul.0 E[Sf” o.

Increment and decrement. Increments and decrements must be correctly simulated. By Claim 8 and the previous require-
ments, we can assume that the untimed part ;v of a timeline is an initial and halting computation-code such that all
configuration-codes occurring in 7 are well-formed.

Let Wmgin - Weheck be @ subword occurring in 7z such that wpgi (resp., Wepeck) is @ main-code (resp., check-code). Let £pqain
(resp., £check) be the instruction label associated with Wpygin (resp., Wepeer) and for i =1, 2, let n}"ain (resp., nfh“k) be the
value of counter c¢; encoded by Wpgin (r€sSp., Wepeck)- Let ¢ = ¢(€mqin). By construction, £gin # €hai, and either €pmgin € Inc
and £cpeck = succ(€main), OF €mgin € Dec and £cpeck € {Zz€r0(Umgin), deC(@main)}. Moreover, if £y4in €Dec and £cpeck =20 (Lmain),
then nff’ec" = nZ"”" = 0. Thus, it remains to ensure the following two requirements:

(*) if £main € Inc, then n§1e* =pMin 4+ 1 and ng'eck = i,
(**) if €imqin €Dec, then ngh_eﬁk = ngﬂ". and whenever £ ook = dec(£mgin), then nflh"d‘ = n;"”i” —1.

By strict time monotonicity and one time unit distance between consecutive control values, it follows that require-
ments (*) and (**) are captured by the following rules, where U; denotes the set of unmarked V-values, for i =1, 2, and
Vinie (resp., Vpg) is the set of V-values associated with the label £injr (resp., £pg). For each v € (Ug N Vingin) \ Vhai
we add the rule: o[xy = v] — \/ueuq Jo'[xy =ul.o S?i?u o', and for each v € (Ug; N Vepeek) \ Vinit, we add the rule:

olxm =vl—= ey, 30'[xm =ul.0’ SFf” o. This ends the proof. O

Note that since all the trigger rules used in the proof are simple, undecidability of the TP problem holds also under the
restriction to simple trigger rules.

It is worth pointing out that trigger rules are necessary to ensure the well-formedness of configuration-codes and the
increment/decrement requirements. Consider, for instance, the well-formedness rule. We can force every token with value
in V¢, (for h=1,2) in a Wcpeer code to be followed, one time instant later, by a token with value in V¢, in the following
Wmain code. However, under the future semantics, the converse cannot be ensured. As a consequence, we could only enforce
that if n is the value encoded for the counter c, in a check code, then the value encoded for ¢, in the following wyygin
code is n’ with n <n’, whereas we had to ensure that n =n’. For the same reason, under the future semantics, we can not
correctly encode increments and decrements, thus losing the ability of capturing computations of (exact) Minsky machines.
In fact, we shall prove that, under the future semantics, we can encode computations of the variant of Minsky machines
called gainy counter machines [11], whose counters may “erroneously” increase. Since the halting problem for gainy counter
machines is known to be non-primitive recursive [11], we can prove the non-primitive recursive-hardness of the future TP
problem. The encoding of the gainy counter machines halting problem into the future TP problem, which is an adaptation
of the above one for Minsky machines, is reported in Appendix A.

Theorem 9. The future TP problem is non-primitive recursive-hard also under one of the following two assumptions: either (i) the
trigger rules are simple, or (ii) the intervals (occurring in atoms or constraint functions) are in Intv(g ).

4. Decidability of future TP with simple trigger rules

In this section, we show that decidability of the TP problem can be recovered by using trigger rules which are both simple
and interpreted under the future semantics. If, in addition, the intervals occurring in trigger rules are non-singular (resp., are
in Intv(,)), the problem is in EXPSPACE (resp., in PSPACE). Decidability of future TP with arbitrary trigger rules remains an
open problem (we conjecture undecidability). Decidability is proved in Subsection 4.2 by reducing the future TP problem
with simple trigger rules to the decidable existential MC problem for Timed Automata (TA) [1] against Metric Temporal Logic
(MTL) [18] over finite timed words (see [21]). We start recalling the basics of TA and MTL.

4.1. Timed automata and the logic MTL

Let X be a finite alphabet. A timed word w over X is a finite word w = (ag, To) - - - (an, Tp) Over X x R, (7; is called a
timestamp and, intuitively, it represents the time when the “event” a; occurs) such that 7; < 7;4 for all 0 <i <n (mono-



tonicity requirement). We often denote the timed word w by (o, ), where o is the finite (untimed) word ag---a, and t is
the sequence of timestamps 7y, ..., Ty. A timed language over X is a set of timed words over X.

Timed automata (TA) Let C be a finite set of clocks. A clock valuation is a function val: C — R that assigns a non-negative
real value to each clock in C. Let t € R, and Res C C (called reset set). For all ¢ € C, let (val +t) be the valuation for C such
that (val + t)(c) = val(c) 4+ t, and val[Res] be the valuation for C such that val[Res](c) =0, if c € Res, and val[Res](c) = val(c)
otherwise.

A clock constraint @ over C is a Boolean combination of atomic formulas of the form c € or ¢ — ¢’ €I, where ¢,c’ € C
and I € Intv. Given a clock valuation val and a clock constraint @, val is said to satisfy 0, written val =0, if 6 evaluates to
true after replacing each occurrence of a clock ¢ in 6 by val(c), and interpreting Boolean connectives and membership to
intervals in the standard way. We denote by ®(C) the set of all possible clock constraints over C.

Definition 10. A timed automaton (TA) over X is a tuple A= (X%, Q, qo,C, A, F), where Q is a finite set of (control) states,
qo € Q is the initial state, C is a finite set of clocks, F C Q is the set of accepting states, and A € Q x £ x ®(C) x 2€ x Q
is the transition relation. The maximal constant of A is the greatest integer occurring as an endpoint of some interval in the
clock constraints of the transitions of A.

A configuration of A is a pair (q, val), where q € Q and val is a clock valuation for C. A run r of A on a timed word w=
(ap, T0) - - - (an, Tp) over X is a sequence of configurations r=(qo, valp)- - -(qn+1, valp4+1) starting from the initial configuration
(qo, valp), with valp(c) =0 for all ceC (initialization requirement) and such that, for 0 <i <n, (i) (q;,a;,0,Res,qi+1)EA
for some 6 € ®(C) and reset set Res, (ii) (val; + t; — ti—1) =6, and (iii) vali;1 = (val; + t; — ti—1)[Res], where t7_1 =0
(consecution requirement).

The behavior of a TA A can be described as follows. Assume that A is in state ¢ € Q after reading the symbol (a’, 7;)
at time 7; and, at that time, the clock valuation is val. Upon reading (a, 7i11), A chooses a transition of the form & =
(q,a,0,Res,q’) € A such that the constraint 6 is fulfilled by (val + t), with t = 7,1 — 7;. The control then changes from g
to ¢’ and val is updated in such a way as to record the amount of elapsed time t in the clock valuation, and to reset the
clocks in Res, namely, val is updated to (val + t)[Res].

A run r is accepting if gn+1 € F. The timed language L1(A) is the set of timed words w over £ such that there is
an accepting run of A on w. As shown in [1], given two TA A; and Ay, with sy (resp., s) states and ki (resp., k2)
clocks, the union (resp., intersection) automaton A, (resp., A,) such that £L7(Ay) = L1(A1) U L1(Ay) (resp., LT(AL\) =
L1(A1) N L1(A2)) can be effectively computed, and has s; + so (resp., s1 - s2) states and kq + k2 (resp., k1 + k2) clocks.

The logic MTL Metric Temporal Logic (MTL) extends LTL with time constraints on the until modality [18]. Let 42 be a finite
set of proposition letters. The set of MTL formulas ¢ over 42 is defined by the grammar: ¢ ::=T |p| @ V¢ | —¢ | pU;p,
where p € 4P, I € Intv, and Uj is the strict timed until MTL modality.

MTL formulas over 42 are interpreted on timed words over 27, Given an MTL formula ¢, a timed word w = (o, T) over
277 and a position 0 <i < |w|, the satisfaction relation (w, i) = ¢—meaning that ¢ holds at position i of w—is defined as
follows (we omit the clauses for Boolean connectives):

e (W,i)Ep & peoli,
o (w,i) =@1Ujpy <= there exists j>i such that t; — 7€, (W, j) =@z, and (W, k) [=¢q forall i <k < j.

A model of ¢ is a timed word w over 2% such that (w, 0) = ¢. The timed language Lt (¢) is the set of models of ¢.

The existential MC problem for TA against MTL is the problem of checking, for a given TA A over 2** and an MTL formula
@ over AP, if L1(A)N L1 (p) # 0.

In the following, we use standard shortcuts such as Fj¢ for ¢ v (T Ujp) (timed eventually) and G;¢ for —F;—¢ (timed
always). We also consider two fragments of MTL, namely, MITL (Metric Interval Temporal Logic) and MITL(g o) [2]: MITL is
obtained from MTL by allowing only non-singular intervals of Intv as subscripts of U, while MITL g, is obtained from MITL
by allowing only intervals in Intv, ). The maximal constant of an MTL formula ¢ is the greatest integer occurring as an
endpoint of some interval of (the occurrences of) U; in ¢.

4.2. Reduction to existential MC for TA against MTL

We now solve future TP with simple trigger rules by means of an exponential-time reduction to the existential MC
problem for TA against MTL.

Let P = (SV,R) be an instance of the problem where the trigger rules in R are simple. The maximal constant of P,
denoted by Kp, is the greatest integer occurring in the atoms of the rules in R and in the constraint functions of the state
variables in SV. The proposed reduction consists of three steps:

o first, we define an encoding of the multi-timelines of SV by means of timed words over 2% for a suitable finite set 4P
of proposition letters, and show how to construct a TA Asy over 2% accepting such encodings;



t=0  t=4 t=7 t=102 t=13 (=171 =209

Fig. 3. Example of multi-timeline of SV = {x,y,z}. The timeline for x is (al,7),(@?,5), (a3,0),(a},7.9),(@3,...). Note that the third to-
ken has null duration. The encoding of the timeline for x is ({(begx,a}),p>],0)({(a},a%),p>},7)({(af,a%),p>},13)({(a?,a‘1‘),past§3,past:2},13)

1 1
({(a}.a3),p>}.20.9)--- The encoding of the multi-timeline is ({(begy.a]), (beg,.al), (beg,,al).,p>}.0)({(a}.ad), p-}.4)({(a}.ad). (@3.a3). p>}.7)
({(a},a}), p=},10.2)({(a2, a3), (@}, a3), p~}, 13)({(a3, a}), past53 Paste} 13)({(@3,a2), p=}, 17.1) -

e next, we build an MTL formula ¢y over 4% such that for each multi-timeline IT of SV and encoding wy of I, wy is a
model of ¢y if and only if IT satisfies all the trigger rules in R under the future semantics;

o finally, we construct a TA A5 over 27 such that for each multi-timeline IT of SV and encoding wy of IT, wp is accepted
by Ajg if and only if IT satisfies all the trigger-less rules in R.

Hence, there is a future plan for P = (SV, R) iff L1(Asy) N L1(A3) N L1 (py) # 0.

For each x € SV, we let x = (Vy, Ty, Dx). Given an interval I € Intv and n € N, let n + I (resp., n — I) denote the set of
non-negative real numbers 7 € R such that T —n e[ (resp.,, n — T € I). Note that n+ I (resp., n —I) is a (possibly empty)
interval in Intv whose endpoints can be trivially calculated. For an atom p in R involving a time constant (time-point atom),
let I(p) be the interval in Intv defined as follows: if o has the form o<{n (resp., n<}o), then I(p)=n—I (resp., I(p)=n+I).
Finally, let Intvg be the set of intervals | € Intv such that | = I(p) for some time-point atom o occurring in a trigger rule
of R.

Encodings of multi-timelines of SV For any pair of distinct state variables x and x/, we assume the sets Vy U Vy =@. To
encode multi-timelines of SV, we make use of the set 4% = (| J,.s5y Mainy) U Deriv of proposition letters, where

Mainy, = (({begy} U V) x Vx) U (Vx x {endx}) and Deriv=Intvg U{p-}U U U {pastS, past$}.

xeSV veVy

Intuitively, we use proposition letters in Mainy to encode a token along a timeline for x. Proposition letters in Deriv enrich
the encoding in order to translate simple trigger rules in MTL formulas under the future semantics (see below). The tags
beg, and endy in Mainy are used to mark the start and the end of a timeline for x. A token tk with value v along a timeline
for x is encoded by two events: the start-event (occurring at the start time of tk) and the end-event (occurring at the end
time of tk). The start-event of tk is specified by a main proposition letter of the form (vp, v), where either v, = beg, (tk is
the first token of the timeline) or v, is the value of the token for x preceding tk. The end-event of tk is instead specified
by a main proposition letter of the form (v, vs), where either vy = endy (tk is the last token of the timeline) or v; is the
value of the token for x following tk. An example of encoding is given in Fig. 3.

Let us consider now the proposition letters in Deriv. The elements in Intvg reflect the semantics of the time-point atoms
in the trigger rules of R: for each I € Intvg, I holds at the current position if the current timestamp 7 satisfies 7 € I.
The proposition letter p. is used to mark a timestamp whenever it is strictly greater than the previous one. Finally, a
proposition letter past} (resp., past$) is used to mark a timestamp T whenever it is preceded by a token of value v starting
(resp., ending) at the same time 7. An encoding of a timeline for x is a timed word w over 2MainsUDeriv of the form

w = ({(begy, vo)} U So, T0) {(vo, v1)} U S1, T1) - - ({(vn, endx)} U Spq1, Tng1)

where, for all 0 <i <n+1, S; C Deriv, and (i) viy1 € Tx(v;) for i <n; (ii) 7o =0 and ti41 — 7; € Dx(v;) for i <n; (iii) S; N
Intvg is the set of intervals I € Intvg such that 7; € I; (iv) p> € S; if and only if either i =0 or 7; > tj_1; (v) for all v € V4,
pasty, € S; (resp., pastd € S;) if and only if there is 0 <h <i such that 7, = 7; and v = vy (resp., T, = 7j, Vv = vp_1, and
h > 0). Note that the length of w is at least 2. The given timed word w encodes the timeline for x of length n + 1 given
by @ = (vo, T1)(V1, T2 — T1) - - - (Vn, Tn+1 — Tn). The timestamps 7; and 7;41 represent the start and the end time of the i-th
token of the timeline 7w (0 <i <n). See again Fig. 3 for an example.

Next, we define the encoding of a multi-timeline of SV. For P € 4® and x € SV, let P[x] =P \ Uyesv\m Mainy. An
encoding of a multi-timeline of SV is a timed word w over 2% of the form w = (Pg, 7o) - -- (Py, Ts) such that (i) for all
x € SV, the timed word obtained from (Pg[x], 7o) - - - (Pn[X], T7) by removing the pairs (P;[x], T;) such that P;[x] N\ Mainy =@
is an encoding of a timeline for x, and (ii) Po[x] N Mainy # @ for all x € SV (initialization). See again Fig. 3 for an example
of the encoding of a multi-timeline.

We now construct a TA Asy over 27 accepting the encodings of the multi-timelines of SV (see the proof of the next
proposition).



Proposition 11. A TA Asy over 22, with 20 Cuesv IVxD states, [SV| + 2 clocks, and maximal constant O (Kp), such that L1 (Asy)
is the set of encodings of the multi-timelines of SV, can be built in exponential time.

Proof. Let us fix an ordering SV = {x1,...,xy} of the state variables. Let # = Deriv \ (Intvg U {p-}) and V] =V, U
{begy,, endy;}, for all 1 <i <N.
The TA Asy = 2", Q,qo, C, A, F) is defined as follows.

e The set of states is given by Q =V} x ... x V| x 2* _ Intuitively, for a state (vq,..., vy, H), the i-th component v;
keeps track of the value of the last (start-event for a) token for x; read so far if v; ¢ {beg, , endy;}. If v; = beg,, (resp,
vi = endy, ), then no start-event for a token for x; has been read so far (resp., no start-event for a token for x; can be
read). Moreover, the last component H of the state keeps track of past token events occurring at a timestamp coinciding
with the last timestamp.

o qo = (begy,,...,beg,.¥) and F ={(endy,, ..., endyy, H) | H C H}.

o The set of clocks C is given by C = {c1,...,CN, C>, Cglon}. We have a clock ¢; for each state variable x;, which is used to
check that the duration of a token for x; with value v is in Dy, (v). Moreover, c- is a clock which is always reset and is
used to capture the meaning of proposition letter p., whereas cgop is a clock that measures the current (global) time
and is never reset.

o The relation A consists of the transitions

((V1,...; VN, H), P, 01 Ao AON A= ABgiop, Res, (v, ..., vy, H')) such that

- if (v1,..., VN, H)=qo, then P N Mainy# for all xe SV (initialization);
- for all 1 <i <N, it holds that

* either P N Mainy, = 9, vg =v;, 6; =T, and c; ¢ Res (intuitively, no event associated with x; occurs in this case),
* or PN Mainy, = (v, v}) (and thus v; # endy,), vi € Ty, (v;), if both v; € Vy, and v € Vy, ci €Res, and 6; =¢; €
Dy, (vi) (resp., 6; = c; € [0, 0]) if v; # beg,, (resp., if v; = beg,.);

— <« — <«

- Cglob ¢ Res, Oglop = /\Iem,an Cglob € IA/\lelan\P(Cglob € I Vcgop € 1) where, for each I e Intvg \P, I and I are
(possibly empty) maximal intervals in R, disjoint from I (e.g., if I =[3, 5[, then <I_ =10, 3], _I) =[5, +o0[ ). Note
that T, T e Intv. Recall that for all I € Intvg, I is in P if and only if the current time (given by cgjop) is in I;

- C= €Res; moreover, if (v1, ..., VN, H)=qo, then p. €P and 6. =T, else either p. €P and 6. =c- €]0, +o0[, or p~ ¢P
and 6. =c- €0, 0];

- PNH =0 if p. € P; otherwise, PN'H =H;

- for all xeSV and veVy, past; e H' (resp., past; e H') if and only if either P N Mainy, has the form (v, v) (resp., (v, V)),
or p~ ¢ P and pastj eH (resp., pastSeH). O

Encoding of simple trigger rules by MTL formulas We now build an MTL formula ¢v over A7 for simple trigger rules in R
under the future semantics.

Proposition 12. An MTL formula ¢y, with maximal constant O (K p), such that for each multi-timeline I1 of SV and encoding wy of
I1, wry is a model of @y if and only if T1 satisfies all the simple trigger rules in R, under the future semantics, can be built in linear time.
The formula ¢y has O(|R| - Na - Ng¢ - (\Inth|+(ZX€5V |VX|)2)) distinct subformulas, where N4 (resp., Ng ) is the maximum number
of atoms (resp., existential statements) in a trigger rule of R. The formula @v is an MITL (resp., MITL(0,~)) formula if the intervals in
the trigger rules are non-singular (resp., belong to Intv(g ).

Proof. We first introduce some auxiliary propositional formulas. Let x € SV and v € V; ¥ (s, v) and v (e, v) are two propo-
sitional formulas over Main, defined as:

Y (s, v) = (begy, v) v \/ (u, v), Y(e, v) = (v,endy) v \/ (v,u).

ueVy ueVy

Intuitively, ¥ (s, v) (resp., ¥ (e, v)) states that a start-event (resp., end-event) for a token for x with value v occurs at the
current time. We also introduce the formula vy = —|\/meMamx m asserting that no event for a token for x occurs at the
current time. Finally, given an MTL formula 6, we define the MTL formula EqTime(0) =6 V [-p-Uso(—p= A 0)], which
is satisfied by an encoding of a multi-timeline at the current time if 6 eventually holds at a position whose timestamp
coincides with the current timestamp.

The MTL formula ¢y has a conjunct ¢ for each trigger rule R € R. Let R be a trigger rule of the form o;[x; = v;]—
E1vEV.. .ng.
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k
Then, we have pr = Gzo(d/(s, Vi) —> \/(Dgi), where ®g¢, ensures the fulfillment of & under the future semantics (1<i<k).
i=1
Let £ € {&1, ..., &}, O be the set of token names existentially quantified in £, A be the set of interval atoms in &, and,
for each o € 0, val(o) be the value of the token referenced by o in the associated quantifier. In the construction of &g,
we crucially exploit the assumption that R is simple: for each token name o € O, there is at most one interval atom in A
where o occurs.
For each token name o € {o;} U O, we denote by Intv§ (resp., Intvg) the set of intervals J € Intv such that | =1I(p)
for some time-point atom p occurring in £, which imposes a time constraint on the start (resp., end) time of the token
referenced by o. Note that Intvg, Intvg € A%, and we exploit the propositional formulas &5 = A\ ;s I and &5 = /\j¢jnpe I t0

ensure the fulfillment of the time constraints imposed by the time-point atoms associated with the token o.
The MTL formula ®¢ (recall that £ € {&1, ..., &}) is defined as follows:

D =&5 AP Uzo(¥ (e, ve) AEIA \ Xp»

peA

where, for each p € A, the formula x, captures the future semantics of p.
The construction of x, depends on the form of p. We distinguish 4 cases.

e p=0 5?1’92 o and o # o¢. We assume O € [ (the other case being simpler). First, let e, =s. Under the future semantics,
p holds if and only if the start time of the trigger token o; coincides with the e;-time of o. Hence, we have that
Xo=&"A (past‘;lal(o) v EqTime( (e1, val(0)))).

If e =e, then X, = [Y-xU=0{&' A ¥(e1,val(0)) A Yy, A (Y Ut (e, vo}] v [(¥(e1, val(0) V pastyy,) A &' A
(EqTime(r (e, ve)) V (Y A (Y- U1 (e, ve)))) ] V [Y—x Uso{¥ (e, ve) A EqTime(ys (e1, val(0)) A &1} .

The first disjunct (in square brackets) considers the case where the ej-event of token o occurs strictly between the
start-event and the end-event of the trigger token o; (along the encoding of a multi-timeline of SV'). The second disjunct
considers the case where the e1-event of o precedes the start-event of o;: under the future semantics, it holds that the
e1-time of o coincides with the start time of o;. Finally, the third disjunct considers the case where the ej-event of o
follows the end-event of o; (hence, the corresponding timestamps must coincide).

e 0=0; gfl’ez o0 and o # o;. We assume e; = e and 0 € I (the other cases being simpler). Then,

Xp =[x Uzo(¥ (e, ur) AF1((e2, val(0) A &> )] V [¥—xUz0(¥ (e, ue) Apastiy i, Ao™)],

where the second disjunct deals with the case where the e;-time of o coincides with the end time of o¢, but the e;-event
of o occurs before the end-event of o;.
e 0=0; gfl’ez o¢. This case is straightforward and we omit the details.

e 0=01 5‘,"1’62 02, 01 # 0t, and 0y # o;. We assume 01 # 02 and 0 € I (the other cases being simpler). Then,

Xp = [Pastiy o) A &' AFI(Y (€2, val(02) A &)V
[Foo{¥(e1, val(01)) A &' AF (¥ (e2, val(02)) A &)}V
[pastf,lu(u]) NESV A past%l(oz) ANEZ]V
[pastf,fﬂ(oz) A E5* AEqTime(y (eq, val(01)) A &g ]V
[F>olt (e2, val(02)) A &> A EqTime(ys (e1, val(01)) A §51)}]-

The first two disjuncts deal with the cases where (under the future semantics) the eq-event of o1 precedes the e,-event
of 02, while the last three disjuncts consider the dual situation. In the latter three cases, the e;-time of 07 and the
e,-time of 0, are equal.

Note that the MTL formula ¢y is an MITL formula (resp., MITL(, o) formula) if the intervals in the trigger rules are non-
singular (resp., belong to Intvg ). O

Encoding of trigger-less rules by a TA We now deal with trigger-less rules. We start by noting that an existential statement
£ in a trigger-less rule requires the existence of an a priori bounded number of temporal events satisfying mutual temporal
relations (namely, in the worst case, the start time and end time of all tokens associated with some quantifier of &).
Thus, we can build a TA for £ which guesses such a chain of events by non-deterministically resetting some clocks, and
then checks the temporal relations in £ by suitable clock constraints over the mentioned clocks. By the closure of TA under
language union [1], we can then build a TA for the whole trigger-less rule. Additionally, by exploiting the closure of TA under
intersection, we build a TA accepting (encodings of) multi-timelines satisfying all trigger-less rules. We refer to Appendix B
for the proof of the next proposition, where we show how to build such a TA.
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Proposition 13. A TA A, over 2 such that, for each multi-timeline I1 of SV and encoding wry of I1, wry is accepted by As if and
only if 1 satisfies all the trigger-less rules in R can be built in exponential time. A, has 200Ng) seqtes, O (Ny) clocks, and maximal
constant O (Kp), where N is the overall number of quantifiers in the trigger-less rules of R.

Conclusion of the construction The next theorem follows from Propositions 11, 12, 13, and well-known results about TA and
MTL over finite timed words [1,21].

Theorem 14. The future TP problem with simple trigger rules is decidable (with non-primitive recursive complexity). Moreover, if
the intervals in the atoms of the trigger rules are non-singular (resp., belong to Intv, ), then the problem is in EXPSPACE (resp.,
PSPACE).

Proof. Let P = (SV, R) be an instance of the problem with maximal constant Kp. Moreover, let Nv:ersv [Vxl, Ngq be the
overall number of quantifiers in the trigger-less rules of R, and N4 (resp., Ng) be the maximum number of atoms (resp.,
existential statements) in a trigger rule of R.

By Propositions 11, 12, 13, and the closure of TA under language intersection,

e we can build a TA Ap—namely, the intersection of Asy from Proposition 11 and A; from Proposition 13—having
20MNg+Nv) srates, O (Ng + SV |) clocks, and maximal constant O (Kp),
e and an MTL formula gy, with O(|R|- N4 - Ng - (|Intvg| 4 N2)) distinct subformulas and maximal constant O (Kp),

such that there exists a future plan for P if and only if L1 (Ap) N L1 (py) # @. By [21], checking non-emptiness of L1 (Ap)N
L7 (@y) is decidable. Thus, the first claim of the theorem holds.

As for the second claim, let us assume the intervals in the trigger rules to be non-singular (resp., to belong to
Intv(g,o0))- By Proposition 12, ¢v is an MITL (resp., MITL(g,«)) formula. By [2], one can build a TA Ay accepting L1 (¢v)
with 20(KpIRINa-Ne-(Intve +N)) states, O(Kp - [R| - Na - Ng - (/Intvg| + N2)) clocks (resp., 20(RI-NaNe-(Intvel+N9) states,
O(IR| - N4 - Ng - (|Intvg| + Nﬁ)) clocks), and maximal constant O(Kp). Non-emptiness of a TA A can be solved by an
NPSPACE = PSPACE search algorithm over the region automaton of A (see [1]), which uses work space logarithmic in the
number of states of .4 and polynomial in the number of clocks and in the length of the encoding of the maximal constant
of A [1]. Thus, since Ap, Ay, and the intersection A, of Ap and Ay can be built on the fly—i.e., by looking at their
A transitions one can determine, given a state q, a successor ¢’ and the connecting transition along with the constraints
and clocks to reset—and the search in the region automaton of A, can be done without explicitly building A, the claim
follows. O

As a matter of fact, future TP with simple trigger rules and non-singular intervals in the atoms of trigger rules (resp.,
intervals in Intv(o,«)) can be proved to be EXPSPACE-complete (resp., PSPACE-complete). We refer the reader to C for the
corresponding proofs of hardness.

5. TP with trigger-less rules only is NP-complete

In this section, we focus on planning domains where only trigger-less rules are allowed, and describe a TP planning
algorithm that requires a polynomial number of (non-deterministic) computation steps. Trigger-less rules are useful, for
instance, to express initial and intermediate conditions as well as reachability goals. We start showing that there exist
instances of the problem that do not admit a polynomial-size plan. It immediately follows that the problem cannot be solved
by a non-deterministic guessing (and check) of a suitable polynomial-size multi-timeline certificate.

Exponential-size plans for TP with trigger-less rules. Consider the following planning domain. Let p(i) be the i-th prime num-
ber, say, p(1)=1, p(2)=2, p(3) =3, p(4) =5..... For i =1,...,n, we define x; as the variable ({v;}, {(vi, vi)}, Dy) with
Dy;(vi) = [p(i), p()]. The rule T — Foq[x1 = vq]---Jop[xn = vn]./\?:_l1 0j 5?()?0] 0i4+1 requires the existence of a “synchro-
nization point”, where n tokens (one for each variable) have their ends “aligned”. Due to the allowed token durations, the
first such time point is [T, p(i) > 2"-1 Hence, in any plan, the timeline for x; features at least 2"~! tokens that clearly
cannot be enumerated in polynomial time.

The above considered TP problem shows that there is no trivial guess-and-check NP algorithm for TP with trigger-less
rules only. In the following, we provide a (nontrivial) non-deterministic polynomial-time algorithm, proving that the problem
actually belongs to NP (it can be proved to be NP-hard by an easy reduction from the Hamiltonian path problem).

We preliminarily have to derive a bounded horizon (namely, a bounded end time of the last token) for the plans of a
(any) instance of TP with trigger-less rules, that is, if an instance P = (SV, R) admits a plan, then P also has a plan whose
horizon is no greater than a given bound. Analogously, we have to fix a bound on the maximum number of tokens in a plan.
Both bounds can be obtained from the TA constructions done in the proof of Theorem 14. Since only trigger-less rules are
allowed, we restrict our attention to the TA Ap, i.e., the intersection of the TA Asy for the variables in SV (Proposition 11)
and the TA A, for the trigger-less rules in R (Proposition 13). Ap accepts all and only the encodings wp of multi-timelines
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Fig. 4. In a multi-timeline of SV ={x, y, z}, we non-deterministically place some tokens, which are associated with quantifiers (they are depicted as rectan-
gles).

Il of SV satisfying all the trigger-less rules in R, and it has oy =20MNatXesv V2D states, e =0 (Ng + |SV|) clocks, and
maximum constant ox =0 (Kp), where Ny is the number of quantifiers in the trigger-less rules of R.
The algorithm to check TA for emptiness applied to Ap visits the (untimed) region automaton for Ap [1], which features

o =as- 0(a!- 2% 22NG (Qag + 2)%*c) states (the factor 22N accounts for diagonal clock constraints in Ap), looking for
a path from the initial state to a final state, whose length is clearly bounded by the number of states. We observe that
each edge/transition of the region automaton in such a path corresponds, in the worst case, to the start point of a token
for each timeline for the variables in SV (i.e., assuming that all these tokens start simultaneously). This yields a bound on
the number of tokens equal to « - [SV|. A bound on the horizon of the plan equal to « - |[SV| - (g + 1) can be derived as
well, as each transition taken in Ap may let pass at most o + 1 time units, where «k is the maximum constant to which
a (any) clock is compared.

Given these bounds, the proposed algorithm consists of two main steps which rest on the following observations: (i) each
trigger-less rule requires the existence of an a priori bounded number of temporal events satisfying synchronization relations
(in the worst case, the start time and end time of all tokens associated with the quantifiers of one of its existential state-
ments); (ii) apart from these events, timelines for different state variables evolve independently of each other. To deal with
(i), we non-deterministically choose and place such temporal events along timelines; as for (ii), in between any pair of
“so-positioned” events, we guarantee that each timeline correctly evolves independently of the other ones. See Fig. 4 for a
graphical intuition.

Non-deterministic token positioning The algorithm starts by non-deterministically choosing, for each trigger-less rule in R, a
disjunct—discharging all the others (if any). Then, for each quantifier o;[x; = v;] of such a disjunct, it generates the integer
part of both the start and the end time (denoted by sj;(0;) and ejn(0;), respectively) of the token associated with o;.
For simplicity, we assume that all quantifiers refer to distinct tokens. It is not difficult to extend the algorithm to possibly
associate -by a non-deterministic choice- two or more quantifiers with the same token (it would suffice to rewrite with a
common fresh name all the occurrences of quantifiers in the rules associated with the same token). Note that all start/end
time sjn¢(0;) and ejn¢ (05), being less than or equal to « - |SV| - (ag + 1) (the finite horizon bound), have an integer part that
can be encoded with a polynomial number of bits and can be generated in polynomial time. Once the integer part of the
start/end time of the tokens has been fixed, to determine the relationship among tokens we have to fix also an ordering of
the associated fractional parts. We denote them by sf.4c(0;) and e 4 (0;). The algorithm non-deterministically generates an
order of all such fractional parts. In particular, we have to specify, for every token start/end time, whether it is an integer
(i.e., Sfrac(0j) =0 | efrac(0;) = 0) or not (i.e.,, sfrac(0;) > 0 [ efrqc(0;) > 0). Every such combination can be generated in
polynomial time.

Some trivial correctness requirements have to be checked, that is, we need to check that each token is assigned an end
time greater than or equal to its start time (i.e., for all 0, sin(0;) < ejnt(0;)), and two different tokens for the same variable
do not overlap. Since all the constants appearing in atoms are integers, it is routine to prove that, if we choose two different
assignments of the start/end time of tokens associated with quantifiers which are indistinguishable for (i) all the integer
parts, (ii) zeroness/non-zeroness of the fractional parts, and (iii) the order of the fractional parts, then the satisfaction of
the atoms in the trigger-less rules does not change for the two different assignments.

Enforcing legal token durations and timeline evolutions The second step of the algorithm checks that (1) all the tokens previ-
ously associated with a quantifier have a legal duration, and (2) there is a legal timeline evolution between pairs of adjacent
tokens associated with quantifiers over the same variable (two tokens are said adjacent when there is not another token
in the timeline associated with a quantifier in between them). All the requirements are expressed as constraints of a lin-
ear problem, which can be solved in deterministic polynomial time (e.g., using the ellipsoid algorithm). When needed, we
use strict inequalities, which are not allowed, in general, in linear programs. We shall describe later how to convert strict
inequalities into “equivalent” non-strict ones.

We start by associating non-negative variables o, s, @, . With the fractional parts of the start/end times sfyqc(0;),
efrac(0;) of each token for a quantifier o;[x; = v;] adding the linear constraints 0 < o, s <1 and 0 < ay,; . < 1. In addition,
we introduce linear constraints to ensure that the values of a,, s and o, . respect the order of the fractional parts guessed in
the first step. Next, to enforce requirement (1), for any quantifier o;[x; = v;], we set a < (ejn¢(0;) + Qo;.e) — (Sin¢ (0i) + g, 5) <
b, where Dy, (v;) =[a, b]. Clearly, strict (<) inequalities must be used for a left/right open interval.
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Fig. 5. A legal timeline evolution between a pair of tokens for o;[x; = v;] and 0;[x; = v;].

In the following we focus on the existence of a legal timeline evolution between a pair of adjacent tokens associated with
quantifiers, say, 0;[x; = v;] and 0;[x; = v;] (requirement (2)). The case of a legal timeline evolution leading to the first token
associated with a quantifier can be treated analogously. Each state variable x; = (V;, T;, D;) can be seen as a directed graph
G = (Vi, E;), with E; ={(u,v) |u e Vi,v € Ti(u)} and D; a function associating with each vertex v € V; a duration range.
We have to decide if there exist (i) a path in G, vg-vy---vy—1 - V4, Where vertices can occur repeatedly, and vg € T;(v;)
and vy, with v; € Tj(vy), are non-deterministically generated, and (ii) a list of non-negative real values do, ..., d, such that
Z?:o de = (sine(0j) +0o;,5) — (€inc(0i) + Aoy e, and for all s=0,...,n, ds € Dj(vs). See Fig. 5 for a graphical hint.

To find the solution path, we guess a set of integers Py = {a;, , | (u, v) € E;}. Intuitively, ot[,,,, > 0 is the number of times
the solution path traverses the edge (u,v) in G. Since every time an edge is traversed a new token starts, each o, , is
bounded by the number of tokens, i.e., by - |SV| and then its binary encoding of can be generated in polynomial time. Now,
we have to check whether there is a path in G from vq to v, where the set of edges in the path is Py~ = {(u, v) | oz,f,qv > 0}
and the number of occurrences of an edge (u, v) in the path is precisely o, , (we call it a Py/-path). The solution of the
problem is obtained by considering an Eulerian path problem in a multigraph Gp,, = (V;, E), where Ej is a multiset of
edges such that the underling set of edges is P,/ . and the multiplicity of each edge (u,v) € Py - is oz{m,. Clearly, there
is a Py-path from vg to vy in G if and only if there exists an Eulerian path from vo to vp in Gp,,. The existence of the
Eulerian path can expressed using linear constraints by exploiting the following characterization.

Theorem 15.[17] Let G’ = (V', E’) be a directed multigraph (E’ is a multiset). G’ has a (directed) Eulerian path from vq to vy iff:
(i) the undirected version of G’ is connected and (ii) |{(u, v) € E'}| = |{(v, w) € E'}| forall v € V' \ {vo, vp}; (iii) |{(u, vo) €E'}| =
{(vo, w) € E'}|=1; (iv) |{(u, vn) € E'}|=|{(Vn, W) €E"}| +1.

Then, we perform the following 4 deterministic steps.

1. We consider the subset E' = {(u,v) € T; \a,ﬁﬁv > 0} of edges of G, and we check if E’ induces a strongly (undirected)
connected subgraph of G.

2. We check if (1) Z(u,vo)eE’ail,Vo = Z(VU,W)GE’O{(/(J,W -1, (11) Z(u,vn)eE’a{l,vn :Z(vn,w)eE"X(/n,w +1, (111) Z(u,v)eE’a;,v =
Z(v,w)eE’a(/,w for veVi\{vo, vn}.

3. For all v € V; \ {vo}, we define y, = Z(u,v)eE’ oc,fl,v (yv is the number of times the solution path gets into v). Moreover,
Yvog = Z(vo,u)eE’ a(/g,u'

4. We define the non-negative real variables z,, for every v € V; (z, is the total waiting time of the path on the node v),
subject to the constraints a-y, <z, <b-yy, where D;(v) = [a, b] (an analogous constraint is added for open intervals).
Finally, we set ngvi Zy = (Sint(0§) +a0]',5) — (eint (0i) + Aoy e)-

Steps 1 and 2 check that the chosen values oz{“, allow a directed Eulerian path from vq to vy, in a multigraph, as guaranteed
by Theorem 15. Steps 3 and 4 evaluate the waiting times of the path in some vertex v with duration interval [a, b]. If the
solution path visits the vertex y, times, every visit must take at least a and at most b time units. Hence, the overall visiting
time is in between a- y, and b - y,. Vice versa, if the total visiting time is in between a -y, and b - y,, it can be split into
yy intervals, each one falling into [a, b].

The algorithm ends by solving the linear program over the variables «y, s, o, ¢, for each quantifier o;[x; = v;], and the
variables z,, for each pair of adjacent tokens in the same timeline for x; and v € V;, subject to the respective constraints.
To conform to linear programming, we have to replace all strict inequalities with non-strict ones. It is straightforward to
observe that all constraints involving strict inequalities we have are of (or can easily be converted into) the following forms:
Es<nq+k or &s > nq + k, where s and q are variables, and &, n, k are constants. We replace them, respectively, by
Es—nqg—k+ B <0 and &s — nqg — k — Bt > 0, where B; is an additional fresh non-negative variable, which is local to a
single constraint. The original inequality and the new one are equivalent if and only if 8; is a small enough positive number.
Moreover, we add another non-negative variable, say r, which is subject to a constraint r < f, for each of the introduced
variables B; (i.e., r is less than or equal to the minimum of all B;’s). Finally, we maximize the value of r when solving
the linear program. We have that maxr > O if and only if there is an admissible solution where the values of all ;'s are

14



positive (and thus the original strict inequalities hold true). This ends the description of the algorithm which proves that
the TP problem with trigger-less rules is in NP.

Hardness can be easily proved by a reduction from the problem of the existence of a hamiltonian path in a directed
graph.

Proposition 16. The TP problem with trigger-less rules only is NP-hard (under polynomial-time reductions).

Proof. Let G = (V, E), with |V| =n, be a directed graph. We let x = (Vy, Tx, Dx), where Vy =V, T, encodes E, and Dy(v) =
[1,1] for all v € Vi, and we add the following trigger-less rules, one for each v € Vy: T — Jo[x =v].0 Z?O,n—l] 0. The rule
for v € V requires that there is a token (x, v, 1) in the timeline for x, which starts no later than n — 1. It is easy to check

that G contains a hamiltonian path iff there is a plan for the defined planning domain. O
The following theorem immediately follows.
Theorem 17. The TP problem with trigger-less rules only is NP-complete.

6. Conclusions and future work

In this paper, we addressed the TP problem over dense temporal domains. Timelines over discrete time have been exten-
sively and fruitfully used in temporal planning. Moving from discrete to dense time is important for expressiveness: dense
time allows one not to deal with unnecessary (or even artificially “forced”) details and to properly express properties such
as accomplishments, actions with duration, and temporal aggregates. Since TP over dense time turns out to be undecidable
in its general form, we have identified and studied “intermediate” decidable cases of the problem, which suitably constrain
the structure of synchronization rules. By restricting also the type of intervals used in trigger rules, better complexity re-
sults (EXPSPACE and PSPACE) can be obtained. Finally, if only trigger-less rules are allowed, TP over dense time becomes
NP-complete. As for future work, we shall investigate open issues pointed out in Table 1.
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Appendix A. Non-primitive recursive-hardness of future TP

Theorem (9). The future TP problem is non-primitive recursive-hard also under one of the following two assumptions: either (1) the
trigger rules are simple, or (2) the intervals (occurring in atoms or constraint functions) are in Intvg, ).

The proof is by a polynomial-time reduction from the halting problem for gainy counter machines [11], a variant of Minsky
machines, whose counters may erroneously increase. The machine is a tuple M = (Q,, Ginit, Ghait N, A), Where:

e Q is a finite set of (control) locations/states, qin;r € Q is the initial location, and gpq € Q is the halting location,
e ne N\ {0} is the number of counters of M, and
e ACQ xLx Q is a transition relation over the instruction set L = {inc, dec, zero} x {1, ...,n}.

We adopt the following notational conventions. For an instruction op € L, let c(op) € {1,...,n} be the counter associated
with op. For a transition § € A of the form § = (q, op, q'), we define from(8) = q, op(§) = op, c(8) = c(op), and to(8) =¢’.
We denote by op;,; the instruction (zero, 1). W.l.o.g., we make these assumptions: (i) for each transition § € A, from(8) #
Qhaie and to(8) # Qinir; (ii) there is exactly one transition in A, denoted 8, having as source the initial location gipt.
An M-configuration is a pair (q, v) consisting of a location g € Q and a counter valuation v : {1,...,n} — N. Given two
valuations v and v/, we write v > v’ if and only if v(c) > v/(c) for all c € {1,...,n}.

Under the exact semantics (with no errors), M induces a transition relation, denoted by —, over pairs of M-configura-
tions and instructions, defined as follows: for configurations (q,v) and (q’,v’), and instructions op € L, we have

(q,v) LN (q’,v") if the following holds, where c € {1,...,n} is the counter associated with the instruction op:

e (g,op,q) e A and V' (¢) =v(c) forall ¢’ e {1,...,n}\ {c};
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e V' (c)=v(c)+ 1 if op = (inc, ¢);
e V' (c)=v(c) — 1 if op= (dec, ¢) (in particular, it has to be v(c) > 0);
e V'(c)=v(c) =0 if op = (zero, ¢).

The gainy semantics is obtained from the exact one by allowing increment errors. Formally, M induces a transi-
tion relation, denoted by —— gginy, defined as follows: for configurations (g, v) and (q’,v’), and instructions op € L, we

have (q,v) i{gamy (q’,v") if the following holds, where ¢ = c(op) is the counter associated with the instruction op:
(q,v) igainy (q’,v") iff there are valuations vy and v/, such that vy >v, (q,vy) LN (q',v), and v' > v/ . Equivalently,

(q,v) i)gamy (q’, v') iff the following conditions hold:

e (g.op,q)e A and V' (c)>v(c) forall ' € {1,...,n}\ {c};
e V' (c)>v(c)+1if op=(inc,c);

e V'(c) >v(c) —1 if op = (dec, ¢);

e v(c) =0 if op = (zero, ).

A (gainy) M-computation is a finite sequence of the form:

0pg opq OPk—1
(o, Vo) —>gainy (@1, V1) —gainy *** —>gainy (Qk»> Vk)-
M halts if there exists an M-computation starting at the initial configuration (qinit, Vinit), Where viir(c) = 0 for all ¢
{1,...,n}, and leading to some halting configuration (qpq, V). Given a gainy counter machine M, the halting problem for M
is to decide whether M halts, and it was shown to be decidable and non-primitive recursive [11].
We now prove the following result, from which Theorem 9 directly follows.

Proposition 18. One can construct in polynomial time a TP domain P = ({xy}, Ry) where the trigger rules in Ry are simple (resp.,
the intervals in P are in Intv(,«)) such that M halts iff there is a future plan for P.

Proof. We focus on the reduction where the intervals in P are in Intv(g ). At the end of the proof, we show how to adapt
the construction for the case of simple trigger rules with arbitrary intervals.

Encoding of M-computations. First, we define a suitable encoding of a computation of M as a timeline for xy. For this, we
exploit the finite set of symbols V = Vigin U Vsec U Vgymmy corresponding to the finite domain of the state variable xy. The
set of main values Vi, is given by

Vimain = {(8,0p) € A x L | op # (inc, ¢) if op(8§) = (zero, ¢)}.

Intuitively, in the encoding, a main value (8, op) keeps track of the transition § used in the current step of the computation,
while op represents the instruction exploited in the previous computation step (if any). The set of secondary values V. is
defined as Viee = Vingin % {1, ..., n} x 2M¥nc#dec} where #,c and #qec are two special symbols used as markers. Vi is used
for encoding counter values, as shown later. Finally, the set of dummy values is Vgummy = (Vinain U Vsec) x {dummy}; their
use will be clear when we introduce synchronization rules: they are used to specify punctual time constraints by means of
non-simple trigger rules over intervals in Intv(g ).

Given a word w € V*, we denote by ||w|| the length of the word obtained from w by removing dummy symbols. For
cef{l,...,n} and vpgin = (8, 0p) € Vingin, the set Tag(c, Vmqin) of markers of counter c for the main value v, is the subset of
{#inc, #dec} defined as follows: (i) #inc € Tag(c, Vmain) iff op = (inc, ¢); (i) #gec € Tag(c, Vimgin) iff op(8) = (dec, ¢);

A c-code for the main value Vmpgn = (8,0p) is a finite word w. over V such that either (i) w. is empty and
#inc & Tag(C, Vigin), o1 (ii) op(8) # (zero, ¢) and w¢ = (Vmgin, ¢, Tag(C, Vimain)) (Vmain, €, 9, dumm}’)ho * (Vmain» €, 9) - (Viain, €, 9,
dummy)" -+« (Vinain, €, 9) - (Vimain, ¢, @, dummy)™ for some n > 0 and ho, hy, ..., hy > 0. The c-code w. encodes the value for
the counter c given by ||w(||. Intuitively, w. can be seen as an interleaving of secondary values with dummy ones (they
have technical use without encoding any counter value).

A configuration-code w for a main value Vpgin = (8,0p) € Vigin is a finite word over V of the form w = vy -
(Vmain, dummy)® - wq ---wy,, where h > 0 and for each counter c € {1,...,n}, wc is a c-code for the main value Vpgin.
The configuration-code w encodes the M-configuration (from(é8), v), where v(c) = ||w¢|| for all c € {1,...,n}. Note that if
op(8) = (zero, c), then v(c) =0 and op # (inc, ¢). The marker #,c occurs in w iff op is an increment instruction, and in such
a case #inc marks the first symbol of the encoding wcp) of counter c(op). Intuitively, if the operation performed in the
previous step increments counter c, then the tag #,c “marks” the unit of the counter c in the current configuration which
has been added by the increment.

The marker #4oc occurs in w iff § is a decrement instruction and the value of counter c(8) in w is non-zero; in such a
case, #qec marks the first symbol of the encoding w(s) of counter c(8). Intuitively, if the operation to be performed in the
current step decrements counter ¢ and the current value of ¢ is non-zero, then the tag #4ec marks the unit of the counter
c in the current configuration which has to be removed by the decrement.
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A computation-code is a sequence of configuration-codes 7T = W sy opy) - -+ W(5;,0p,)» Where, for all 0 <i <k, ws;,op,) is a
configuration-code with main value (§;, op;), and whenever i <k, it holds that to(§;) = from(8;11) and op(8;) = op; 1. Note
that by our assumptions to(8;) # qpqir for all 0 <i <k, and &; # 8¢ for all 0 < j <k. The computation-code 7 is initial if
the first configuration-code wsy,opy) 1S (Sinit> OPinie) (Which encodes the initial configuration), and it is halting if for the last
configuration-code w s, op,) in 7, it holds that to(6x) = qnqy. For all 0 <i <k, let (q;, v;) be the M-configuration encoded by
the configuration-code w s op;) and ¢; = c(8;). The computation-code 7 is well-formed if, additionally, for all 0 < j <k —1,
the following conditions hold:

o Vj11(c) > vj(c) for all c e {1,...,n}\ {c;} (gainy monotonicity);
e vj1(cj) = vj(cj)+ 1 if op(§j) = (inc, ¢j) (increment requirement);
o vi11(cj) = vj(cj) — 1 if op(8;) = (dec, c;) (decrement requirement).

Clearly, M halts iff there is an initial and halting well-formed computation-code.
Definition of x); and Ry;. We now define a state variable xj; and a set Ry of synchronization rules for x); with intervals in
Intv(o 0y such that the untimed part of any future plan for P = ({xm}, Ry) is an initial and halting well-formed computation-
code. Thus, M halts if and only if there is a future plan of P.

Formally, the state variable xy is given by xy = (V, T, D) where, for each v € V, D(v) =10, 00[ if v ¢ Vgymmy, and
D(v) = [0, oo[ otherwise: we require that the duration of a non-dummy token is always greater than zero (strict time
monotonicity). The value transition function T of xj; ensures the following.

Claim 19. The untimed part of any timeline for xj); whose first token has value (8, 0pjnir) corresponds to a prefix of some
initial computation-code. Moreover, (Sinir, 0Pinic) € T(v) for all v e V.

The definition of T is easy and omitted. Let Vg = {(8, 0p) € Vimain | t0(8) = qpqie}- By Claim 19 and the assumption that
from(8) # qnq for each transition § € A, to ensure the initialization and halting requirements, it suffices to enforce the
timeline to feature a token with value (8ini, 0pjs;r) and a token with value in V. This is captured by the trigger-less rules
T — Jolxm = (Sinit, OPjni)]. T and T — \/vevha,t Jo[xy =VI. T.

The well-formedness requirement is captured by the trigger rules in Ry which express the following punctual time
constraints.

e 2-Time distance between consecutive main values: the overall duration of the sequence of tokens corresponding to a
configuration-code amounts exactly to 2 time units. By Claim 19, strict time monotonicity, and the halting requirement,
it suffices to ensure that each token tk having a main value in Vygin \ Ve is eventually followed by a token tk’ such
that tk’ has a main value and s(tk’) — s(tk) = 2. To this aim, for each v € Vgin \ Vpai, we have the following non-simple
trigger rule with intervals in Intv(g,~) which uses a dummy token for capturing the punctual time constraint:

/

/ s,s s,S / s,S
olxyg = v] — \/ \/ Jo'[xp = uldoglxpm = ugl.o SH.4oo[ %4 AN O0d <[] 4oof @ N 0 =[5 O

U€Vmain Ud €V dummy

e For a counter ¢ € {1, ...,n}, let us denote as V C Vs the set of secondary values given by Vgin x {c} x 2#inc.-#aec} We
require that each token tk with a V.-value of the form ((8, op), c, Tag) such that c # c(§) and to(8) # qnq is eventually
followed by a token tk’ with a V -value such that s(tk’) — s(tk) = 2. Note that our encoding, Claim 19, strict time
monotonicity, and 2-Time distance between consecutive main values guarantee that the previous requirement captures
gainy monotonicity. Thus, for each counter ¢ and v € V. such that v is of the form ((8, op), c, Tag), where ¢ # c(8) and
t0(8) # qpair» we have the following non-simple trigger rule over Intv(g «):

ofxy = v] — \/ \/ Jo'[xm = ulToglxy = ugl.0 §ff+oo[ 04 A 0g E?i?—‘roo[ o Ao Sf(fzj o.
ueVe ugeVaummy

e For capturing the increment and decrement requirements, by construction, we enforce that: (i) each token tk with a
Vc-value of the form ((8, op), ¢, Tag) such that to(8) # qpqe and 8 = (inc, ¢) is eventually followed by a token tk’ with
a Vc-value which is not marked by #,c such that s(tk’) — s(tk) = 2; (ii) each token tk with a V.-value of the form
((8, 0p), c, Tag) such that to(8) # qparr, 8 = (dec, ¢), and #qec ¢ Tag is eventually followed by a token tk’ with a V.-value
such that s(tk’) — s(tk) = 2. These requirements can be expressed by non-simple trigger rules with intervals in Intv(g oo
similar to the previous ones.

Finally, to prove Proposition 18 for the case of simple trigger rules with arbitrary intervals, it suffices to remove the dummy
values and replace the conjunction 0 <{;°, 1 0d A 0d <[’} o @' A 0 <[gi; 0 in the previous trigger rules with the “punctual”

atom o 5?232] o', whose interval at the subscript is singular.
This concludes the proof of Proposition 18. 0O
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Appendix B. Proof of Proposition 13

Proposition 13. A TA A, over 2% such that, for each multi-timeline I1 of SV and encoding wry of T1, wy is accepted by As if and
only if T1 satisfies all the trigger-less rules in R can be built in exponential time. A, has 20N states, O (Ny) clocks, and maximal
constant O (Kp), where Ny is the overall number of quantifiers in the trigger-less rules of R.

Proof. Let £ be an existential statement for SV such that no token name appears free in £. We first show how to construct
a TA Ag over 27 such that for each multi-timeline IT of SV and encoding wp of I1, wyy is accepted by Ag iff IT satisfies
£. Then, we exploit the well-known closure of TA under language union and language intersection to prove the proposition.

Let O be the set of token names existentially quantified in the existential statement £ and, for each o € O, let val(o) be
the value of the token referenced by o in the associated quantifier. For each token name o € O, we denote by Intv; (resp.,
Intvy) the set of intervals J € Intv such that | =I(p) for some time-point atom p occurring in £ which imposes a time
constraint on the start time (resp., end time) of the token referenced by o.

We first outline the construction of 4¢. We associate two clocks with each token name o € O, namely c; and c§ which,
intuitively, are reset when the token chosen for o starts and ends, respectively. The clocks c§ and ¢ are non-deterministically
reset when a start-event for val(o) and the related end-event occur along an encoding of a multi-timeline. The automaton
Ag ensures that the clocks ¢§ and cj are reset exactly once. Ag moves to an accepting state only if all the clocks c
and cg for each o € O have been reset and the time constraints that encode the interval atoms in &£ are fulfilled. To deal
with time-point atoms, we also exploit, like in the previous proofs, a global clock cgjop Which measures the current time
and is never reset: whenever the clock ¢} (resp., c5) is reset, we require that the clock constraint /\,emwg Cglob € I (resp.,

/\Iemwg Calop € 1) is fulfilled. The TA Ag = (27, Q, qo, C, A, F) is formally defined as follows.

e The set C of clocks is {cgiop} U Upeo (€5, €5}

e The set of states is 2\ (b} and qq is ¢. Intuitively, a state keeps track of the clocks in C \ {cgop} Which have been reset
so far.

o The set of final states F is given by the singleton {C \ {cgop}}. In such a state all clocks different from cg,, have been
reset.

o The transition relation A consists of the transitions (C1,P, 8 A 6gjop,Res, C2) such that either (i) C1 = C\ {cgiop}, C2 =Cy,
Res=,0 =T, and 6gop = T (intuitively .A¢ loops unconditionally in its final state), or (ii) C1 C C\ {cgiop}, C2 2 C1 (Ag
has not reached its final state yet), and the following conditions hold:

for each ¢§ € C; \ Cy, there is a main proposition in P of the form (v’, val(0)) for some v’.
for each 0 € 0, ¢ € C; \ C; if and only if ¢ € C; and (val(0), v') € P for some v’.
if Co € C\ {cgiop} (in this case A¢ is not transitioning to its final state), then 6 = T.

Conversely, if C2 = C\ {cgion} (here Ag moves to the final state), then 6 = /\p€A code(p), where A is the set of
interval atoms of £ and for each interval atom p € A of the form 04 5‘;1’62 02, the clock constraint code(p) is defined
as follows:

* if cg2 ¢ C1 and cg! ¢ Cq, then code(p) = cg2 — cg! €1 (in this case, both c;? and cg! are reset simultaneously
by the transition to the final state C,, meaning that 0,'s ep-event and o01’s ej-event have the same timestamp;
hence it must be that c;2 — cg! =0 €I for the atom to be satisfied);

* if cg2 € C1 and cg! € Cy, then code(p) = cg! —c2 € 1;

* if cg2 € C1 and cp) ¢ Cq, then code(p) = cg2 € [0,0] A cg? € I (02's ex-event and 01's eq-event must have the
same timestamp; as before, it must be that 0 € I);

% if cg2 ¢ C1 and cp! € Cq, then code(p) =cj! € 1.

= Oglop = /\ /\ Cglob € I and Res = C \ C;.

c§eCo\Cy Tentvg

Note that Ag has 29 states, O (m) clocks and maximal constant O (K), with m the number of quantifiers in £ and K the
maximal constant in £.

Given a trigger-less rule R=T — & v & V... Vv &, we construct the TA Ax resulting from the union of the automata
Ag,, ..., Ag,. Then the TA Aj is obtained as intersection of the automata A, for all R € R being trigger-less rules. By [1],
Az has 2000 states, 0(Ng) clocks, and maximal constant O (Kp), where Ny is the overall number of quantifiers in the
trigger-less rules of R. O

Appendix C. Future TP with simple trigger rules and non-singular intervals: hardness

In this section, we first consider the future TP problem with simple trigger rules and non-singular intervals, and prove
that it is EXPSPACE-hard by a polynomial-time reduction from the domino-tiling problem for grids with rows of single exponen-
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Fig. C.7. A timeline encoding the ordered concatenation of the rows of a tiling. Red lines represent the horizontal and vertical constraints among domino-
types.

tial length, which is known to be EXPSPACE-complete [15]. Hardness holds also when only a single state variable is involved.
By putting together Theorem 14, EXPSPACE-completeness of the problem follows.

We start by introducing the domino-tiling problem for grids with rows of single exponential length. An instance Z of such
a problem is a tuple Z = (C, A, n, dinit, dfina1), Where C is a finite set of colors, A C C4 is a set of tuples (Cqown, Cleft> Cup Cright)
of four colors, called domino-types, n > 0 is a natural number encoded in unary, and dini¢, dfins € A are two distinguished
domino-types (respectively, the initial and final domino-types). The size of Z is defined as |C|+|A|+n. Intuitively, a tiling of
a grid is a color labeling of the edges of each cell (see Fig. C.6). Formally, a tiling of Z is a mapping f : [0, k] x [0, 2" — 1] — A,
for some k > 0, that satisfies the following constraints:

e two adjacent cells in a row have the same color on the shared edge, namely, for all (i, j) € [0,k] x [0,2" — 2],
Lf @, Drighe = [f (i, j + D]ljee (horizontal requirement);

e two adjacent cells in a column have the same color on the shared edge, namely, for all (i, j) € [0,k — 1] x [0,2" — 1],
Lf(, Dlup =[G+ 1, j)]laown (vertical requirement);

e f(0,0) =djy; (initialization requirement) and f(k, 2" — 1) = dgyq (acceptance requirement).

Checking the existence (respectively, non-existence) of a tiling of Z is an EXPSPACE-complete problem [15]. We can now
prove the following.

Theorem 20. The future TP problem, even with one state variable, with simple trigger rules and non-singular intervals is
EXPSPACE-hard (under polynomial-time reductions).

Proof. For the reduction, we define the state variable y = (V, T, D) where:

o V={$,$JUA (with $,$ ¢ A),

e T($)=A and T(§) =1{$},

o for d e A\ {dgnah, T(d) = {8} U{d" € A | [dlrighe = [d L),
. T(dﬁnal) ={$,$}uf{d e [dﬁnal]right = [d/]left}y

e forall ve V, D(v) =2, +o0l.

Basically, the domain of the state variable y contains all domino-types, as well as two auxiliary symbols $ and $'. The idea
is encoding a tiling by the concatenation of its rows, separated by an occurrence of $. The last row is terminated by §'.

More precisely, each cell of the grid is encoded by (the value of) a token having duration 2. A row of the grid is then
represented by the sequence of tokens of its cells, ordered by increasing column index. Finally, a full tiling is just given
by the timeline for y obtained by concatenating the sequences of tokens of all rows, ordered by increasing row index. See
Fig. C.7 for an example.

We observe that T guarantees the horizontal constraint among domino-types, and that it allows only occurrences of $’
after the first §'.
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We start with the following simple trigger rules, one for each v € V: o[y =v] — o 5?6?2] 0. These, paired with the
constraint function D, enforce the duration of all tokens to be exactly 2. This is done for technical convenience: intuitively,
since we exclude singular intervals, requiring, for instance, that a token o’ starts t instants of time after the end of o, with
te[¢,¢+1] and even ¢ € N, boils down to o’ starting exactly ¢ instants after the end of 0. We also observe that, given the
constant token duration, in this proof the density of the time domain does not play any role.

We now define the following synchronization rules (of which all trigger ones are simple and future). The next ones
state (together) that the first occurrence of (a token having value) $ starts exactly at 2-2": T — Jo[y = $].0 3?0,1] 2-2m
and o[y=9%]—o0 Z?O,+oo[ 2 - 2", Thus, all tokens before such a first occurrence of $ have a value in A. Every occurrence
of $ must be followed, after exactly 2 - 2" instants of time (namely, after 2" tokens), by another occurrence of $ or of §':
o[y = $] g (EIO/[.V = $]0 S?é?zn_z.zu,n O/) Vv (EOND’ = $,]-0 S?j.szn‘zzrurl] O//)'

Now we force every token with value d € A either (i) to be followed, after 2 - 2" instants, by another token with value
d’ € A, in particular, satisfying the vertical requirement, i.e., [d]up = [d"]4own, OF (ii) to be in the last row (which is terminated
by $'). For each d € A,
oly=dl— (\/30'ly =d'1.0 <5 50,1 0') v 0Ly =810 <55 0 5 0").

d'eA, [dlup=I[d"]down

It is straightforward to check that the above defined rules along with the horizontal constraint guaranteed by the function

T, enforce the following property.

Proposition 21. There exists k' € N such that all tokens with value $ end at all and only times k - 2(2" + 1), for 1 <k < k’. Moreover
the first token with value $' ends at time k' - 2(2" + 1). All other tokens having end time less than k' - 2(2" + 1) have value in A and
satisfy the horizontal and vertical constraints.

The initialization and acceptance requirements are set by means of the following pair of trigger-less rules: T — Jo[y =
dinit].0 3?0,1] 0 and T — Jo[y =dfna]30’[y =10 5[66,31] o’. The former rule states that a token with value djn;; must start
at t =0, the latter that a token with value dg;q must occur just before the terminator of the last row $'. To conclude the
proof, we observe that the state variable y = (V, T, D) and all synchronization rules can be generated in polynomial time in
the size of the instance Z of the domino-tiling problem (in particular, all interval bounds and time constants of time-point
atoms have a value, encoded in binary, which is in 0(2")). O

We now focus on the case with intervals in Intv(g ), proving that the problem is PSPACE-hard (and thus PSPACE-comp-
lete by Theorem 14) by reducing periodic SAT [Papadimitriou, 1994] to it in polynomial time.

We recall the periodic SAT problem. We are given a Boolean formula ¢ in conjunctive normal form, defined over two sets of
variables, I' = {x1,...,xp} and ['t1 = {x;”, ...,x1}, namely, ¢ = AL, ( \/ XV \/—w), where m is the number

xe(Cur+hnLt xe@ur+HnL;,
of conjuncts of ¢ and, for 1 <t <m, Lt+‘ (resp., L, ) is the set of variables occurring non-negated (resp., negated) in the t-th
conjunct of ¢. Moreover, the formula ¢/, for j € N\ {0}, is defined as ¢ in which we replace each variable x; € " by a fresh
one x/, and x{ ' e "1 by xf“.
Periodic SAT is then the problem of deciding the satisfiability of the (infinite-length) formula ® = /\jeN\{O} @/, that is, de-
ciding the existence of a truth assignment of (infinitely many) variables xl] fori=1,...,n, j € N\{0}, satisfying ®. Periodic
SAT is PSPACE-complete; in particular membership to such a class is proved by showing that one can equivalently check
2 .

the satisfiability of the (finite-length) formula ®f = /\?:"1“ @J. Intuitively, 2*" is the number of possible truth assignments
to variables of TUTH!, thus, after 22" 41 copies of @, we can find a repeated assignment: from that point, we can just loop
through the previous assignments. We now reduce periodic SAT to our problem. Hardness also holds when only a single
state variable is involved, and also restricting to intervals of the form [0, a].

Theorem 22. The future TP problem, even with one state variable, with simple trigger rules and intervals [0,a], a € N \ {0}, is
PSPACE-hard (under polynomial-time reductions).

Proof. Let us define the state variable y = (V, T, D), where

V=133 stoplU{x ,x-, %, 5t |i=1,...,n,

17

T($) = {x] ,x}, T(§) = {¥1 |, %1} and T(stop) = {stop},

[ )

o fori=1,....n—1, T(x") =Tx") ={x 1. %5}
efori=1,....n—1, TE ) =TE) =31 . X317}
o T(x])=T(x}+)={§,stop},

° T(x}T) = T(x},l) = {$, stop}, and

e forallve V, D(v) =[2, +o0l.
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Fig. C.8. Let the formula ¢ be defined over two sets of variables = {x1,xz x3,%4} and TT! = {x +1 le,x;',x‘ll} The j-th copy (we assume j is odd) of

@, ie, @l is satisfied by the assignment xJ > T, x) > T, x> 1, xd > T, ™ > T, 6™ > 1, %" T, xJ"' > L. The analogous for ¢i*1,

Intuitively, we represent an assignment of variables x{ by means of a timeline for y: after every occurrence of the symbol
$, n tokens are present, one for each x;, and the valtle xiT (resp., xﬁ) represents a positive (resp., negative) assignment of x{,
for some odd j > 1. Then, there is an occurrence of $, after which n more tokens occur, again one for each x;, and the value
)Z~T (resp., )?H‘) represents a positive (resp., negative) assignment of xl for some even j > 2. See Fig. C.8 for an example. We

start with the next simple trigger rules, one for each v € V: o[y = v] —>0 <[0 2] 0- Paired with the constraint function D,
they enforce all tokens’ durations to be exactly 2 (as in the previous proof). Then We add the following rules:

. T—>Elo[y—$]o>f0”0;
o T—3oly=8l.0>%,, " +1) - 2(n+1);
-71+%w=an25”0”+m2m+D.

They respectively impose that (i) a token with value § starts exactly at t =0 (recall that the duration of every token
is 2); (ii) there exists a token with value $ starting at t = (22" + 1) - 2(n + 1); (iii) a token with value stop starts at

2]
t = (22+42)-2(n+1). We are forcing the timeline to encode truth assignments for variables x!,...,x}, ..., x" ¥2 . ,xﬁzn“:

as a matter of fact, we will decide satisfiability of the finite formula ®; = /\2 "+ @J, which is equivalent to .

We now consider the following rules, which enforce the satisfaction of each @/ or, equivalently, of ¢ over the assignments
of (x],... x,’,,x{“,...,x,’,“).

For the t-th conjunct of ¢, we define the future simple rule:

oly=$1—
(\/ '[y=%"10 <{oan o’) v (\/ 30'ly =x' 1.0 <oan) o’) v
xiernLt xHler+inLf
(\/Elo[y_x, ]o<[04n] ) (\/Elo[y_x ]o<[o4n]o)\/
xieMnLy xlertinLy

30"[y = stop].0 <{g>m 0"

Basically, this rule (the rule where the trigger has value $ being analogous) states that, after every occurrence of $, a token
o’, making true at least a (positive or negative) literal in the conjunct, must occur by 4n time instants (i.e., before the
following occurrence of $). The disjunct Jo”[y = stop].o <[0 P 0" is present just to avoid evaluating ¢ on the n tokens
before (the first occurrence of) stop.

The variable y and all synchronization rules can be generated in time polynomial in |@| (in particular, all interval bounds
and time constants of time-point atoms have a value, encoded in binary, in 0(2%")). O

By Theorem 14 and Theorem 22, PSPACE-completeness of future TP with simple trigger rules and intervals in Intv(g, o)
follows.
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