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ABSTRACT

We study planning for temporally extended goals expressed in Pure-Past Linear Temporal Logic (PPLTL) in the context of deterministic (i.e., classical)
and fully observable nondeterministic (FOND) domains. PPLTL is the variant of Linear-time Temporal Logic on finite traces (LTL f) that refers to
the past rather than the future. Although PPLTL is as expressive as LTL,, we show that it is computationally much more effective for planning.
In particular, we show that checking the validity of a plan for a PPLTL formula is Markovian. This is achieved by introducing a linear number of
additional propositional variables that capture the validity of the entire formula in a modular fashion. The solution encoding introduces only a
linear number of new fluents proportional to the size of the PPLTL goal and does not require any additional spurious action. We implement our
solution technique in a system called Plan4Past, which can be used alongside state-of-the-art classical and FOND planners. Our empirical analysis
demonstrates the practical effectiveness of Plan4Past in both classical and FOND problems, showing that the resulting planner performs overall better
than other planning approaches for LTL goals.

1. Introduction

In Al Planning, a temporally extended goal is a (possibly complex) property that the state trace induced by a plan must satisfy.
In this scenario, a powerful formalism to express temporally extended goals is Linear-time Temporal Logic (LTL), which has been
advocated as an excellent tool to express properties of processes in Formal Methods [10]. Given that tasks in Al planning are inherently
of finite nature, meaning that their execution stops after a finite number of steps, a finite-trace variant of LTL, namely LTL, has often
been employed [7,13,37]. An alternative to LTL 5 is Pure-Past Linear Temporal Logic [60], or PPLTL. PPLTL looks at the trace backward,
instead of forward as in LTL s, by expressing properties on traces using only past operators. PPLTL and LTL have the same expressive
power, but translating a formula from one to the other (and vice versa) can be prohibitive since the best-known algorithms are
3EXPTIME [33].

Planning for an LTL, goal requires synthesizing a sequence of states that satisfies the LTL; goal formula. Similarly, planning for a
PPLTL goal requires reaching a certain state satisfying the PPLTL goal, that is, the state-trace produced to reach such a state satisfies
the goal formula. In this paper, we study planning for PPLTL temporally extended goals in the context of both Deterministic (classical)
and Fully Observable Non-Deterministic (FOND) domains. The standard approach for planning for PPLTL goals consists of computing the
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cross-product between the deterministic automaton (DFA) for the planning domain and the DFA for the PPLTL goal formula, and then
checking non-emptiness on the resulting automaton returning a plan if any [35,33]. Exploiting a property of reverse languages [29],
the DFA corresponding to a PPLTL formula can be computed directly in single exponential time in the size of the formula. Therefore,
classical planning for PPLTL goals is PSPACE-complete and FOND planning for PPLTL goals is EXPTIME-complete [33].

In this paper, we propose an approach for planning for PPLTL goals that bypasses the standard construction of the automaton
of the goal formula. Our technique exploits the well-known fixpoint characterization [46,62,39] of temporal logic formulas, which
recursively splits a PPLTL formula into a propositional formula on the current instant and a temporal formula to be checked at
the previous instant. By monitoring the truth of specific subformulas of the PPLTL goal at the previous instant using a few additional
variables, we can leverage the fixpoint characterization to evaluate the PPLTL goal based solely on the current state, without reasoning
over the entire traces. We employ this technique to seamlessly encode classical planning for PPLTL goals into classical planning for
reachability (i.e., final-state) goals. Notably, unlike existing polynomial encodings for LTL ; goals [74], our technique does not require
any additional action, thereby preserving the size of solution plans. Interestingly, this approach can also be effortlessly extended to
encode FOND planning for PPLTL goals into FOND planning for reachability goals.

We study the proposed encoding for PPLTL goals from both the theoretical and the practical perspectives. Theoretically, we can
encode PPLTL goals into both classical and FOND planning linearly in the size of the goal formula, without introducing any spurious
actions. In the context of classical planning, the state-of-the-art encodings for LTL, goals are either exponential [13,14] in the size
of the goal or significantly increase the length of solution plans [74]. In FOND planning, the only known encoding for LTL, goals
depends on explicit automata construction and is worst-case exponential in the size of the goal formula [27,26]. Practically, we have
implemented our approach in a tool called Plan4Past, which can be used along with state-of-the-art classical and FOND planners.
Moreover, our experimental analysis shows the effectiveness of Plan4Past by comparing it against state-of-the-art approaches for LTL
goals over a set of benchmarks featuring both classical and FOND planning domains.

1.1. Contributions

This paper presents an approach to planning for temporally extended goals in PPLTL. We significantly extend and detail our
previous works [20,21] by providing (i) a much more detailed presentation of the encoding technique, (ii) extended examples, (iii)
full-spelled proofs, (iv) a presentation of our approach from an automata-theoretic perspective, (v) an extended experimental analysis
with a deeper discussion and new empirical results, and (vi) an in-depth related work analysis comparing our approach with existing
LTL, encodings for classical and FOND planning.

1.2. Outline

The paper is organized as follows. Section 2 reviews the syntax and semantics of PPLTL, and provides some examples of compelling
PPLTL formulas. Section 3 contains the theoretical foundations for handling PPLTL formulas; in particular, this section shows that any
PPLTL formula can be evaluated state-by-state as a Markovian property by only adding a few propositional variables. Section 4
formalizes the problem of classical planning for PPLTL goals and shows how to exploit the theoretical results of Section 3 to encode
classical planning for PPLTL goals into classical planning for reachability goals; the proposed encoding employs axioms and derived
predicates [55,73] to elegantly and compactly capture the evaluation of the PPLTL goal formula in each generated planning state.
Section 5 introduces FOND planning for PPLTL goals and shows that the encoding presented in Section 4 can be used as-is to encode
PPLTL goals into FOND domains. Section 6 presents an alternative approach that explicitly encodes the relevant parts of the PPLTL
goal formula into the domain to avoid introducing derived predicates, which only a few planners fully support. Section 7 reports our
empirical analysis. Finally, Section 8 analyzes related work.

2. Pure-past linear temporal logic

Pure-Past Linear Temporal Logic (PPLTL), recently surveyed in [33], is the variant of LTL, that refers about the past instead of
the future. Here, we summarize its main characteristics and give some examples.
Given a set P of propositions, PPLTL is defined as:

@ = plelore|Ye|pSe

where p € P, Y is the yesterday operator and S is the since operator. Intuitively, Y(¢) specifies that the formula ¢ must hold in the
previous step, while @, S @, is satisfied when ¢, held since ¢, became satisfied.

PPLTL formulas are interpreted on finite-length nonempty traces, also called histories, T = s, ..., s, with n >0, where s; at instant
i is a propositional interpretation over the alphabet 2”. We denote the length of 7 by length(r) = n+1 and the last element of = by
last(z) = s5,,. We define the satisfaction relation 7,i F ¢, stating that ¢ holds at instant i, with 0 <i < length(z), as follows:

T,iEpiff pes; (for peP);

T,iEgiff 7,iF @;

T,iF @ A, iff 7,iF @ and 7,i F @y;

T,iEYe iff i>1and 7,i — 1 F @;

7,i E @S¢, iff there exists k, with 0 < k <i such that 7,k F ¢, and for all j, with k < j <i, we have that 7, j F ¢;.
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PDDL3 operators and their equivalent PPLTL and LTL, formulas. Superscripts abbre-
viate nested temporal operators. 6 is a propositional formula on planning fluents;
X,WX,F,U and G are the next, weak next, eventually, until and always operators
of LTL;; ¢y R, = (¢, U=, ), and end is the end of the trace in LTL, [37]. * tags
an operator with the corrected LTL, translation.

PDDL3 Operator

PPLTL Formula

LTL; Formula

at-end ¢

always 6
sometime 6
sometime-aft. 6,6,
sometime-bef. 6,6,
at-most-once 6

/]

Hé

00

(-0, S6,) vVH(,)

H(, — Y(0(6,)

H(0 — (6 S (H(—0) V start)))

F(0 A end)

Go

Fo

G(6, — F0,)

0,R-0,

G(6 — (06U (G(-0) v end)))

hold-during n; n, 6

Vosren (0 A Y (start))v
/\n|<i£nw H(O v WY (Ytrue))

Vosgicn, X'(0 Aend)v
N, <izn, WX' ()

* hold-after n 6

Vosicn(@ A Y (start)v
O(0 A Y™ (O(start)))

Vo<i<n X'(0 Aend)v
Xn+l (F(g»

In addition, we define the following common abbreviations: ¢ V ¢, = =(=¢; A—¢,), the once operator Op = trueS ¢, the historically
operator Hp = “O—¢, the weak-yesterday operator WY¢ = -Y-¢, and the propositional Boolean constants rrue = p V —p, for any
proposition p, and false = —true. The semantics of these derived temporal PPLTL operators are the following:

» O(p) requires that ¢ held at some point in the past. Formally, z,i F O(¢p) iff there exists k with 0 < k <, such that 7,k F ¢;

« H(g) is satisfied when ¢ always held in the past. Formally, 7,i F H(¢) iff for every k with 0 <k <i, 7,k F @;

* WY(@) specifies that the formula ¢ must hold at the previous step, but only when the current step is not the first. Formally,
T,iEWYgiffi=0orz,i—1F¢.

Also, formula start = —Y(true) expresses that the trace has started. A PPLTL formula ¢ is true in 7, denoted 7 F ¢, if 7, length(z)—1 E ¢.
We denote by sub(¢g) the set of all subformulas of ¢ obtained from the abstract syntax tree of ¢ [37]. For instance, if p = a A=Y (bV (cV
d)), where a, b, c,d are atomic, then sub(@) = {a,b,c,d,(cvd),bV(cVvd),Y(bV(cVd)),~YbV(cVd),an-Y(bV (cVd))}. Moreover,
we define the size || of a PPLTL formula ¢ as the number of symbols of ¢, while |sub(¢)| denotes the number of subformulas of ¢.
It is important to note that |sub(¢p)| is O(|¢]) in the worst case.

Several temporal properties can be compactly expressed in PPLTL.

Example 1. The goal “We are now at location /; and have passed through location /,” in PPLTL is /; A O(/,). Another interesting
property is “Every time I took the bus, I bought a new ticket beforehand”, which translates as H(Bus => Y(=BusSTicket)) [33].

In addition, some common PPLTL patterns have been employed in the context of MDP rewards in [5] or as norms in multi-agent
systems [40,59,2]. Further examples appear in [33] and in [43].

Table 1 provides the translation to equivalent PPLTL formulas of PDDL3 patterns [49], while Table 2 reports the equivalent
PPLTL formulation of DECLARE templates (Table 2), the de-facto standard modeling language for Business Processes [1]. Notably, a
systematic translation between LTL ;, and PPLTL (and vice versa) does exist, but it is impractical [33]. Hence, we formally proved the
correctness of translations for both tables by checking equivalence in terms of languages, i.e., by translating them to DFA and solving
graph isomorphism.

3. Handling pure-past linear temporal logic formulas

In Al planning, the objective is to achieve a certain condition in a final state. However, in this paper, we tackle the problem of
achieving a PPLTL temporal formula, which is a Non-Markovian property. Normally, evaluating a PPLTL formula requires considering
the whole history (i.e., the state trace) generated by the planning process, but searching for a trace is quite demanding. Instead,
in this section, we propose an approach to evaluate a PPLTL formula state-by-state, without considering traces at all. Given a trace
T =15p,8(,...,5, and a PPLTL formula ¢, our technique works as follows. We record the truth of a specific set of subformulas of ¢ at
every instant of = with a new set of propositional variables denoted with X ,. Then, we properly combine these new atoms with the
original set of atoms P to determine the truth of ¢ state-by-state.

To determine which subformulas we need to consider, we exploit the observation that we can put a PPLTL formula in a form where
its evaluation depends only on the current state and the evaluation of some PPLTL subformulas at the previous instant. In particular,
similarly to LTL and LTL ;, PPLTL formulas can be decomposed into present and past components, given the fixpoint characterization
of the since operator?:

2 We remind the reader that the other PPLTL operators such as O and H can be expressed in terms of the S operator.
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Table 2
DECLARE templates, their equivalent PPLTL and LTL, formulas. a,b are atomic
propositions.
DECLARE Template Equiv. PPLTL Formula  Equiv. LTL, Formula
init(a) O(a A —Y(true)) a
existence(a) O(a) F(a)
absence(a) =0(a) -F(a)
absence2(a) H(a —» WYH(-a)) —(Fa A XF(a))
choice(a, b) O(a) v O(b) F(a) Vv F(b)
. . (O(a) v O(b))A (F(a) vV F(b)A
exclusive-choice(a, b
(@b ~(O(@) AO(b)) ~(F(@) AF(B)
co-existence(a, b) H(=a) « H(=b) F(a) & F(b)
responded-existence(a,b)  O(a) — O(b) F(a) - F(b)
response(a, b) (—aSb) v H(-a) G(a — F(b)
precedence(a, b) H(b - O(a)) (=bUa) v G(-b)
succession(a, b) response(a, b) A precedence(a, b)
chain-response(a, b) H(Y(a) = b) A a G(a — X(b))
chain-precedence(a, b) H(b - Y(a)) G(X(b) = a) A—b
chain-succession(a, b) HY(@ = DA=DA 50 x)

H(Y(~a) — =b)

not-co-existence(a, b) O(a) — —~O(b) F(a) — —F(b)
not-succession(a, b) H(b — =O(a)) G(a — —F(b))
not-chain-succession(a, b) H(b — =Y(a)) G(a = =X(b))

¢1Shy = ¢y V() AY(P Shy)).

Exploiting this equivalence, the formula decomposition can be computed by recursively applying the following transformation func-
tion pnf(-):

* pnf(a) =g;

* pnf(Y) =Yd;

* pnf(¢; S,) = pnf(dy) v (pnf(d)) AY () S hy));
* pnf(¢; A ¢,) =pnf(¢)) Apnf(eh,);

* pnf(=¢) = -pnf(eh).

A formula resulting from applying pnf(-) is in Previous Normal Form (PNF). Note that formulas in PNF have proper temporal subfor-
mulas (i.e., subformulas whose main construct is a temporal operator) appearing only in the scope of the Y operator.

Example 2. As a running example, we use the formula ¢ =t A =S m, which models a situation in which we have an agent that must
finish the task # without using the resource r since activating the machine m. For example, consider the two traces 7, and 7, defined
as follows:

{r} {m} 8 {1}
{m} {r} Y {t}

As usual, we compactly represent a propositional interpretation as the set of atoms that are true in it. We have that 7 F ¢, while
7’ ¥ . The PNF of ¢ is:

pnf(t A =rSm) = pnf(t) A pnf(-rSm)
=t A (pnf(m) Vv (pnf(=r) A Y(=rS m)))
=tA(mV (=r AY(=rSm))).
Note that all (proper) temporal subformulas of ¢ are enclosed within the Y operator.

Also, observe that the formulas of the form Y¢ in pnf(¢@) are such that ¢ € sub(). It is easy to see that the following holds.

Proposition 1. Every PPLTL formula ¢ can be converted to its PNF form pnf(¢) in linear-time in |sub(g)|. Moreover, pnf(¢) is equivalent
to @.
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Proof. Immediate from the definition of pnf(-) and the semantics of PPLTL formulas. []

Notably, the PNF transformation allows us to determine the truth value of a PPLTL formula by knowing the truth of some atomic
propositions at the current instant and the truth of some key subformulas at the previous instant. In particular, the key subformulas
that we need to monitor are those appearing within the Y-scope in the PNF. Therefore, we keep track of the truth of these specific
subformulas using a set %, of new atomic propositions of the form “Y¢”. These propositions are:

1. “Y¢” for each subformula of ¢ of the form Y¢;
2. “Y(¢, S ¢,)” for each subformula of ¢ of the form ¢; S ¢,.

Example 3. For ¢ =t A -rSm we have z,= {“Y(=rSm)”}. Therefore, to evaluate ¢, we only need to keep track of the subformula
Y(—rS m) using the propositional variable “Y(—rS m)”.

To evaluate the truth value of propositions in X ,, we introduce the interpretation:

61X, {T,1}.

Moreover, we denote with o; an interpretation over X, at an instant i. Intuitively, we can use the interpretation s; of the original
propositional symbols and the current interpretation o; of the “Y(¢)” atoms to determine the truth of ¢ by evaluating the (proposi-
tional) formula obtained by swapping every Y(¢) with “Y(¢)” in pnf(@). The next definition formalizes how to do so a la dynamic
programming by introducing a predicate denoted with val.

Definition 1. Let s; be a propositional interpretation over P, o; a propositional interpretation over X ,, and ¢ a PPLTL subformula in
sub(g), we define the predicate val(¢, o;, 5;), recursively as follows:

val(a, 0;,s;) iff s; Fa;

val(Y@' ,6,.5;) iff o, F“Y'™;

val(g; S ¢y, 0y, 5p) iff val(dy,0;,5) vV (val($y, 05, 5) Aoy E“Y (P S $r));
val(p; A ¢y, 0;,5,) iff val(gy,0;,5;) Aval($,,0;,5,);

val(~¢/, 6;,s;) iff —wval(¢',6;,s;).

Note that the ‘iff’ in Definition 1 states when the predicate val(¢, o;, s;) is true or false, for a formula ¢, depending on o; and
s;. Moreover, val(¢,c;,s;) basically follows the pnf(-) transformation rules, where the Y(¢) subformulas are swapped with their
propositional “Y(¢)” counterparts.

Example 4. We have that val(t A =rSm, ¢;, 5;) is defined as:

val(t A=rSm,o;,s;) iff val(t,6;,s;) Aval(=rSm,o;,s;)
val(-rSm,o;,s;) iff val(m,oc;,s;)V (val(=r,c;,s;) A o; E“Y(=rSm)”)
val(-r,0;,s;) iff —wval(r,0;,s;)

val(r,0;,s;) iff s; Fr

val(m,o;,s;) iff s;Em

val(t,0;,s;) iff s;Ft.

By analyzing the above rules, it is easy to see that val(t A =+ Sm, ¢;, s;) holds iff (5;,5;) Et A (m V (=r A “Y(=rSm)”)). Observe that
the formula t A (m Vv (-r A “Y(—rSm)”)) can be obtained by swapping Y(—rS m) with “Y(=rSm)” in pnf(¢).

It is important to note that we can conveniently use val(¢, o;,s;) to determine the truth of any subformula ¢ & sub(g). Clearly,
evaluating val(¢, 0;, s;) requires the interpretation o;. Luckily, we can exploit the semantics of PPLTL to recursively determine o; at
every step i of a trace. In particular, we exploit the two following observations:

+ Every formula of the form Y¢ is false at the beginning of the trace (i.e., when i = 0), meaning that all “Y¢” propositions must
also be false. In other words, ¢ is known a priori;

+ Every formula of the form Y¢ is true at step i iff ¢ is true at step i — 1. Therefore, “Y¢” must hold in o; iff ¢ was true at i — 1.
Since val(¢, 0;_1,s;_) captures the truth of ¢ at i — 1, we have that “Y¢” must hold in o; iff val(¢,6,_;, s;_;) holds.

Following these observations, we have that o; can be recursively computed as follows:

00(“Y$”) = L for each “Y¢p” € 5, &)
0,(“Y”) = val(¢h,0,_y.,5;_) for each “Y¢” €% . 2
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Given a trace 7 = s, 5, ..., 5,, we denote by 7[?! =6, 5,,...,0, the corresponding trace of interpretations over z,.

Example 5. Consider the formula ¢ =t A (-rSm) and the trace:

{r} {m} [ 1}

We can compute the interpretation o; of the variables X, = {“Y(-rSm)”} at every instant i by using the following assignments:

. op(“Y(=rSm)”) = 1;

. 01(“Y(=rSm)”) = val(-rSm, oy, s);
. 0,(“Y(=rSm)”) =val(=rSm,oy,s;);
. 03(“Y(=rSm)”) = val(-rSm, oy, s;).

HwWN -

Recall that val(=rSm,oc;,s;) iff (o;,5;) Ft A(mV (=r A“Y(=rSm)”)). Hence, we have that:

1. val(=rSm, oy, s() is false, therefore o1 (“Y(=rSm)”) = L;
2. val(-rSm,oy,s;) is true, therefore o, (“Y(=rSm)”) =T;
3. val(-rSm,o,,s,) is true, therefore o3(“Y(-rSm)”) =T.

Now, we formally prove that for every ¢ & sub(g), val(¢, 5;, s;) holds iff so does ¢ at instant i of a trace.

Theorem 1. Let ¢ be a PPLTL formula over P, ¢ € sub(¢) a subformula of ¢, T a trace over P, and !?! the corresponding trace over Z,.
Then,

TE@ iff val(g,last(z'?)), last(z)).
Proof. We prove the thesis by double induction on the length of the trace = and on the structure of the formula ¢.

+ Base case: 7 = 5. We show that s, F ¢ iff val(¢, 6, sg) by structural induction on the formula ¢.

- ¢ = p. By definition of val(-), val(p, oy, 5) iff sy F p.

- ¢ =Y¢'. By definition of 6, 64(“Y¢'”) = L, and by the semantics, s, ¥ Y¢'. Therefore, the thesis holds.

- ¢p=¢,S,. val(p, Sy, 0y, s;) iff val(p,,0;,5,) V (val(py,0;,5;) Ao; E“Y(d; S¢h,)”). By definition of oy, 6¢(“Y(¢h; Sh,”)) =1,
hence the formula above simplifies to val(¢,,o;,s;). On the other hand, by the semantics, sy F ¢; S¢, iff s, F ¢,. Hence, by
induction the thesis holds.

- ¢=¢; A, or ¢ =~¢'. The thesis holds by structural induction.

+ Inductive step: Let r = 7,_, -s,,. By inductive hypothesis, the thesis holds for the trace 7,_; of length n — 1:

7,1 F ¢ iff val(, last(z') ) last(z,,_,))

Now, we prove that the thesis holds also for z,_;-s,:

T,_1°S, E @ iff val(g,last((z,_;-s,)), last(z,_;5,)).

To prove the claim, we now proceed by structural induction on the formula, knowing that last((z,,_, -s,,)["’J) =0, and last(z,_;*s,) =

S,

- ¢ =p. We have that 7,_;-s, F p iff 5, F p. For the val(:) predicate we have that s, F p iff val(p,s,,s,). Therefore, the thesis
holds.

- ¢ =Y¢'. We have that last(z,_;-s,) F Y¢' iff last(z,_;) F ¢'. By inductive hypothesis, z,_; E ¢’ iff val(¢’, Iast(r’E‘f]l), last(,,_,)).
For the val(-) predicate val(Y¢',0,,s,) iff ¢, F “Y¢'”, which in turn is defined as val(¢’, Iast(f}E(f]1 ). last(z,_;)). Hence the thesis
holds.

- ¢ = ¢;S¢,. In this case it suffices to remember that s, F ¢;S¢, iff 5, F ¢, V (¢ A Y(¢;S¢,)). On the other hand,
val(¢; S¢,,0,,s,) iff val($,, 0,,s,) V(val(¢;,0,,s,) Ao, E“Y(p; S¢,)”). By structural induction we have that s, F ¢, iff val(¢,,
0,,8,), and s, E ¢, iff val(¢,,0,,s,). Moreover s, E Y(¢; S ¢,) iff last(r,_) E ¢; S¢h,, and o, E “Y(¢; S ¢,)” iff val(¢; S ;.
Iast(‘r'[l(fll),last(r,,_l)). Finally, last(z,_;) F ¢; S ¢, iff val(¢, S¢2,Iast(r'[ff]l), last(z,_;)) holds by induction on the length of the
trace.

- ¢ = Ap, or ¢ =¢ . The thesis holds by structural induction. []

Theorem 1 gives us the basis of our technique. Specifically, it guarantees that by keeping a suitably updated interpretation o of
%, variables, we can evaluate our PPLTL goal at any instant without reasoning over traces.
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3.1. Automata-theoretic perspective

We now show how the theoretical approach presented in this section can be used to construct a symbolic DFA whose size is linear
in || and that accepts a trace 7 iff 7 F ¢. We start by defining a symbolic DFA.

Definition 2. A symbolic DFA is a tuple A = (P, 0, q;,6, F), where:

« P, known as the alphabet, is a set of boolean propositions;

+ Q is a set of boolean propositions representing the set of possible automaton’s states;

* g7 is an interpretation over Q representing the initial state;

« 5 : 22 x 2P =29 is a transition function mapping an interpretation s over P and an interpretation g over Q into a successor
state ¢’ = 5(q, s) such that ¢’ is an interpretation of Q;

« F:22 (T, 1} is a function mapping a state ¢ into T or L representing the acceptance condition.

Essentially, a symbolic DFA can be seen as a generalization of an Alternating Automaton [29] with a deterministic transition
function. Moreover, a symbolic DFA A can have up to 2!9! different states, and a run of A is a sequence of interpretations over Q.

Definition 3. Let A = (P, 0, q;,6, F) be a symbolic automaton, and let = s, ..., s, be a sequence of interpretations over the alphabet
P. A run of A on trace 7 is a sequence of states 7y = qy,q;, ---, 4,41, Such that gy = g, and ¢; = 6(g;_y,s;_) forevery i=1,...,n+ 1.
A accepts 7 iff the run on 7 is accepting. The run on 7 is accepting iff F(q,,)=T.

Instead, a standard (explicit) DFA A is defined as a symbolic DFA, with the exception that each of its states is a single element of
0.

We now show how to build a symbolic DFA for a PPLTL formula ¢, denoted by A,,. Intuitively, the states g of A, are symbols
in Zq,, and the initial state is g, as defined in Equation (1). Then, the transition function of Aq, takes as input a state g and an
interpretation s over the alphabet 2” and returns a successor state g’, which, analogously to Equation (2), is defined according to
val(-). In addition, the automaton states contain an additional atomic proposition, called final, which keeps track of whether ¢ has
been satisfied, and is used as the accepting condition of the automaton.

Definition 4. Let ¢ be a PPLTL formula defined over a set of propositions P. The symbolic DFA associated with ¢ is A, =
(P,0Q.4q;,6, F), where:

* 0=%,U({final};
* g is defined as ¢, (“Y¢”) = L for each “Y¢” € X, and ¢, (final) = L;
+ & is a function defined as 6(q, s) = ¢/, where:

q'(“Y¢”) = val(, g, 5) for each “Y¢p” €%,

q (final) = val(@, g, s).
 F is a function defined as F(q) =T iff g(final) = T.

It is easy to see that, for any trace  and for any PPLTL formula ¢, 7 F ¢ iff A, accepts 7.
Theorem 2. Let ¢ be a PPLTL formula over P, and t a trace of length n over P. Then, t F ¢ iff A, accepts 7.

Proof. We show that the claim holds by proving that the run of A, on 7 is a sequence of states 7y = qg.qj., .-, 4, 4,41 Such that,
for every “Y¢” € %, and for every i =1,...,n, ¢o(“Y¢”) = 0y(“Y¢”) and ¢;(“Y¢”) = 6,(“Y¢$”) where o, satisfies Equation (1) and o;
satisfies Equation (2). By induction on the length » of the trace.

* Base case: n = 0. By Definition 4, g5(“Y¢”) = 6((“Y¢”) for every “Y¢” € %, and the thesis holds;

+ Inductive step: by inductive hypothesis, g,_; (“Y¢”) = 0,_; (“Y¢”) for every “Y¢” € % ,. By Equation (2), every “Y¢” €X, holds in
o, iff val(¢, s,_;,0,_1). By Definition 4, every “Y¢” € Q also holds in g, iff val(¢, s,,_;,0,_1). Therefore, by induction hypothesis,
we have q,(“Y@”) = 0,(“Y¢”) for every “Y¢" €Z .

By Theorem 1, we have r F ¢ iff val(p,0,,s,). Hence, as g, (final) holds iff val(g,q,,s,), and q,(“Y¢”) = ,(“Y¢”) for every
“Y$"€Z,, we have F(q,,;) =T iff val(p,s,,s,) and therefore 7 F ¢ iff A, accepts . [

Example 6 provides an example of a symbolic DFA obtained following Definition 4 along with a graphical representation of the
associated explicit DFA.
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Example 6. Consider the formula ¢ =t A (- S m). The symbolic DFA Aw is Aq, =(P,0.q;,6, F), where:

s P={t,r,m};
* QO ={“Y(=rSm)”,final};
+ gy is defined as ¢;(“Y(-rSm)”) = L and g;(final) = L;
* 6(q, s) = q’ where:
- ¢ (“Y(=rSm)”) = val(=rSm,q, s);
- ¢'(final) = val(t A (-rSm),q, s).
Recall from Example 5 that:

val(-rSm,q, s) iff (q,s) Em Vv (=r A“Y(=rSm)”)

val(t A (-rSm),q,s)iff (q,s) Et A(mV (=r A“Y(=rSm))”).
. F(q) =T iff g(final) = T.

We can build the explicit DFA A(p for t A (-rSm) by enumerating all possible states (that is, interpretations over Zq,) and all
possible transitions from every state and for each propositional interpretation over P. Clearly, in general, the explicit DFA can be
exponentially larger than the symbolic DFA. The possible states are §§, {“Y(—~rSm)”}, and {“Y(—rS m)”,final}. This is because, according
to the definition of A, the state where only final holds cannot be reached. The resulting DFA is as follows.

(mV-ryAt

“Y(=rSm)”,
{ final }

(mvV-r)yA-t

Note that we write each transition from ¢ to ¢’ as a propositional formula representing the set of interpretations over P that enable
the transition from ¢ to ¢’. The accepting state, that is, {“Y(-rSm)”,final}, is marked with a double circle.
Consider the input trace 7 of Example 5:

{r} {m} g {t}

The run of the automaton .Aq, on 7 is:
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« » « » {(YCrs i
o @ {“Y(=rsm)”) {“YGrsm)) final

The run is accepting, as F(g4) holds true since g,(final) = T.

Before concluding this section we want to make a remark that is relevant for the following. In Definition 4, we use the atomic
proposition final to keep track of the accepting state of the symbolic automaton. Although this provides a standard acceptance
condition, it is important to note that we can also check the acceptance of the automaton without the additional final proposition.
For any trace 7 = s, ..., s, over the alphabet P, we can simply check whether the second-last state g, = 6(q,_.5,-) and s, satisfy
val(p,0,,s,). It is easy to see that, when val(@, 5,, s,,) holds, then by Definition 4 the DFA A, will always transition to an accepting
state. This approach checks the acceptance condition on the last transition, while the automaton in Definition 4 accepts based on
the last state. This distinction is analogous to the difference between Mealy and Moore machines [57]. In the next sections, we will
implicitly use this accepting condition on the transitions to conveniently handle PPLTL goals in planning.

4. Classical planning for pure-past linear temporal logic goals

Automated Planning represents the model-based approach to producing autonomous behavior where the agent behavior is au-
tomatically derived from a model of the world state, actions, sensors, and goals [50,48]. Several configurations of planning have
been studied over the years. In this section, we study the problem of deterministic (also known as classical) planning for temporally
extended goals expressed in PPLTL. Specifically, by leveraging the theoretical results shown in Theorem 1, we demonstrate that PPLTL
goals can be compiled away with minimal additional complexity. This can be done by introducing a set of new fluents that is at most
linear in the size of the PPLTL goal and without adding any spurious action to the model.

This section is structured as follows; we first provide the preliminary notions of classical planning, that is, planning with deter-
ministic actions and a reachability goal. We then extend the classical planning model with the notion of PPLTL goals. Finally, we show
how to encode classical planning for PPLTL goals into classical planning, we formally prove the correctness of the approach, and we
show that the resulting encoded problem is polynomial in the size of the original domain and the size of the PPLTL goal formula.

4.1. Classical planning

A planning domain model is a tuple D = (F,F,,, X, A, pre, eff) where F is a set of fluents, 7, is a set of derived predicates, X
is a set of axioms, A is a set of action labels, pre and eff are two functions that define the preconditions and effects of each action
a€A’

A planning state s is a subset of 7, and a positive literal f holds true in s if f € s; otherwise, f is false in s. Axioms have the
form d < y where d € F,,, and y is a propositional formula over 7 U F,,,. An axiom d « y specifies that d is derived to be true
from a state s if and only if we can prove that s F y, possibly using other axioms from X. We assume that the set of axioms X is
stratified [55] - this guarantees that given a state s and a derived predicate d, it is possible to uniquely determine whether d holds
true in s. Thus, it is always possible to determine whether a formula y over F U F,,, is satisfied by a state s. Both functions pre and
eff take an action label a € A as input and return a propositional formula over 7 U F,,, and a set of conditional effects, respectively.
A conditional effect is a pair ¢ > e, where ¢ is a propositional formula over F UF,,. and e CF U {—f | f € F} is a set of literals from
F. With ¢~ and e*, we indicate the partition of e that features only negative and positive literals, respectively.

An action a can be applied in a state s if pre(a) holds true in s, formally, if s F pre(a). A conditional effect ¢ > e is triggered in a
state s if ¢ is true in s. Applying a in s yields a successor state s’ where Vf € F, f holds true in s’ if and only if either:

1. f was true in s and no conditional effect c > e triggered in s deletes it (- f € 7).
2. there is a conditional effect ¢ 1> e triggered in s that adds it (f € e™).

More formally, the new state s is defined as follows:

s =(s\ U e )u U et.
c>eceff(a) c>e€eff(a)
with skc with skc

Note that, in case of conflicting effects, we define the successor state s’ using the delete-before-adding semantics [70]. That is, s
is obtained by deleting all literals in e~ before adding all positive literals in e*. We denote with 7r(a, s) the successor state resulting
from applying a in s.

A classical planning problem combines a domain with an initial state and a goal, and consists of looking for a sequence of actions
that transforms the initial state into a desired goal state. Formally, a planning problem is a tuple I' = (D, sy, G), where D is the domain
model, s is the initial state, i.e., an initial assignment to fluents in 7, and G is a formula over F called the reachability goal.

3 Derived predicates and axioms are a standard extension of the original classical STRIPS-like planning [55].
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Table 3
Components of the compiled classical planning problem I = ((F',F), X', A, pre,eff’),s;,G')
for a given planning problem I' = ((F, F,,, X, A, pre, eff ), 54, G).

Components Encoding
Fluents F’ F':=Fuz,
Derived Predicates 7 Flor i=Faer U {valy | ¢ € sub(g)}

X' 1=X U {x4 | ¢ €sub(gp)} where x4 is

val, < p (@=p
| | L(Y /9 - Y /
Axioms X’ Valvy Y « ” @=Y)
valy, 54, < (valy, V (valy A“Y(@ S ") ($=b) Sy
vald)m),2 <—(va|d,I /\val%) (d=¢, Ady)
val g < —valy (p=-¢)
Effects eff’ off'(a) := eff(a) U {val, > {“Y¢”},~val, > {~“Y¢"} | “Y¢” € 5}
Initial State s;, s 1= 0y U g
Goal G’ G :=val,

A solution to planning problem I' is a sequence of actions a € A called plan = = ay, ... ,a,_; such that, when executed, induces a
finite state-trace T = sy, ..., s,, where s; F pre(a;) and s, ; =tr(s;,a;) for 0 <i <n-1, and s, F G. This definition of a classical planning
problem can be naturally extended to the case of temporally extended goals expressed in PPLTL.

Definition 5. A classical planning problem with PPLTL goals is a tuple I' = (D, s, @), where D = (F,F,,, X, A, pre,eff) is a domain
model, s is the initial state, and ¢ is a PPLTL formula over F.

In the case of temporally extended goals, the objective becomes to synthesize a sequence of states that satisfies the goal formula.
Formally, a plan 7 = ay, ..., a,_; is a solution for the planning problem I = (D, s, @) if 7 induces a sequence of states 7 = s, ..., s,
such that 7 F ¢. To solve I" for PPLTL goals, we can build the deterministic automaton (DFA) for the domain and the nondeterministic
automaton (NFA) for the goal formula,* compute their product, and check non-emptiness on the resulting automaton returning a plan
if any [37,35]. The major drawback of this approach is that we need to compute the entire DFA (which can be exponentially larger
than the goal formula) upfront. Instead, our approach completely bypasses the explicit DFA construction.

4.2. Encoding PPLTL goals in classical planning

This section presents a novel encoding for planning for PPLTL goals that exploits the technique presented in Section 3 to evaluate
a PPLTL formula state-by-state. Intuitively, the encoding works as follows. Given a goal formula ¢, we introduce a set of fresh fluents
%, to monitor the truth of some specific subformulas of ¢. Then, using the rules in Definition 1, we properly combine a state ¢ made
of these new fluents with a state s from F to determine the truth of ¢ at every step of a generated trace. Moreover, we extend the
model of the actions with new effects to iteratively compute ¢ as new states are generated. For the remainder of the paper, for the
sake of clarity, we use s and o to denote the partition of a planning state featuring the original domain fluents and the new fluents
“Y$"EZ,, respectively. Moreover, we use (o, s) to denote the state o U s.

Given a classical planning problem I' = (D, 5, ¢), where D = (F, F,,., X, A, pre, eff) is a domain model, s, is the initial state,
and ¢ a PPLTL goal, the encoded classical planning problem is I' = (D, s{), G'), where D' = (F/, 7";”, X', A,pre,eff') is the encoded
domain model, s{) is the new initial state and G’ is the new reachability goal. The full encoding is reported in Table 3.

In this encoding, the new axioms determine which subformula ¢ of the goal ¢ is true in a planning state s. In particular, the new
classical planning problem includes an axiom val bV for every subformula ¢ € sub(g). Given a sequence of states (6, s), ..., (6. 5,,)»
these axioms mimic the rules in Definition 1 and are intended to be such that the current state (o;, s;) F valy, iff val(¢, 0;, 5;). Axioms
not only elegantly model the mathematics behind Theorem 1 (that is, val(¢, 0;,s;)), but also simplify the action schema and goal
descriptions.

From Table 3, it is easy to see that no new action is added to the encoded problem, and that the precondition function pre
remains unchanged. In fact, every problem’s action a € A is only modified on its effects ¢ff(a) by adding a way to update the
assignments of propositions in . Specifically, o, is encoded in the initial state, and for every subsequent step, we model the
assignment o;(“Y¢”) = val(¢, 0;_;, s;_) for each “Y¢” € X, using two conditional effects of the form:

valy > “Y¢p”

“waly > 2“Y e
4 In fact, for PPLTL, the automaton is directly a DFA [33].
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These effects specify that the fluent “Y¢” is set to true (false, resp.) in the state s; iff val¢ is true (false, resp.) in s;_;. These
additional effects are exactly the same for every action in A. Moreover, since o; maintains values of “Y¢” in X, they are independent
from the effect of the action on the original fluents, which, instead, is maintained in the propositional interpretation s;. This means
that we can compute the next value of o without knowing which action has been executed or which effect such action has had on
the original fluents. Observe that the auxiliary part eff,, in eff’(a) updates the subformula values in %, without affecting any fluent
f €F of the original problem. This is crucial for the encoding’s correctness.

Example 7 (Compilation Example). We describe in detail the compilation of the formula ¢ =7 A (-rSm). Given a planning problem
T'=((F,Fyer. X, A, pre,eff), so, @), the compiled classical planning problem I = ((F’, Pl;er, X', A,pre,eff’), sy, G) is defined as follows:

« (F"). The new set of fluents is the union of the original set of fluents 7 with 2, ={“Y(-rSm)”}. Therefore, F' =Ful{“Y(=rSm)’};
. (F‘;er). The new set of derived predicates is obtained by adding one fluent of the form val,, for each ¢ € sub(¢). Since sub(p) = {r,
m, t, =r, =rSm, t A(-rSm)}, we have Fﬂ’m =Fer U {val,, val,, val, val_,, val_.g,,, val\(orsm b

(X"). Following the rules illustrated in Table 3, we have that X’ is X plus the following new axioms:

= Valrrsmy < (val, Aval,,g,,);

- val,,.g,, < (val,, vV (val,, A“Y(=rSm)”));

- val_, < —wal,;

- val, «r;

- val, < m;

- val, < 1.

* (eff’). We extend the effects of each action act € A as follows:

eff' (act) = eff (act) U {val_,.g,, > “Y(=rSm)”,~wval,.g,, > =“Y(-rSm)”};

* (s)- The new initial state is s = s U o, where 6, =, meaning that “Y(-=rSm)” is false in s

* (G"). The new reachability goal is G’ = val;x(5 m)-

/.
0’

Consider the plan 7 = (ay,a;,a,) for I that induces the following state trajectory.

{r} {m} ] {1}
ag a a
OO ()

It is easy to see that 7 F ¢ A (-rSm). By analyzing the structure of the compiled problem I, and in particular the new effect
function eff’, we can see that, for the encoded problem I, r induces the state trajectory:

{r} {m} {“Y(=rSm)”} {.“Y(=rSm)”}

“ = O, &)

In particular, the conditional effect val_,g,, > “Y(=rSm)” of actions a; makes “Y(—=rSm)” true in state s, because m is true in s;.
The same conditional effect of the next action a, maintains “Y(=rSm)” true in s; because =r A “Y(=rSm)” holds in s,. Since ¢, -r,
and “Y(=rSm)” hold the last state 55, we have that val,,,g,, (the goal of ) also holds in the last state.

It is easy to see that our encoding is polynomially related to the original problem.

Theorem 3. The size of the encoded planning problem T" is polynomial in the size of the original problem T. In particular, the additional
fluents introduced are linear in |sub(¢)|.

Proof. Immediate, by analyzing the construction. []

Next, we turn to correctness. Let I' = (D, s, ) be a planning problem, where D is a domain, s, is the initial state, and ¢ is a PPLTL

goal formula, and let I = (D', 5, G') be the corresponding compiled planning problem as previously defined. Any trace 7’ = s, ..., 5/,

on D' can be seen as v’ = zip(z19), 7), with 71?! = ¢, ..., 0, € 2%¢)* and 7 = s, ..., s, € (27)*, where each element of 7’ is of the
form s,’, =(0;,s;) for all i > 0. Here, we use the zip(-, -) function to represent the aggregation of the two traces 719! and 7. Given a trace
7/ =5, ..., s, on the encoded planning domain 7, there exists a single trace 7’ |p=7 =5, ..., s, on the original planning domain
D. Conversely, given a trace 7 = s, ...,s, on the original planning domain D, there exists a unique corresponding trace 7!#!, and
hence a single 7/ = zip(z[?], 7) on the encoded domain D’. Finally, we observe that every executable action sequence ay, ...,a,_; in
the planning problem I" with PPLTL goal ¢ is also executable in the encoded planning problem I" (and vice versa) since the encoding

does not have auxiliary actions and preconditions do not change.

11
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Theorem 4 (Correctness). Let I" be a planning problem with a PPLTL goal ¢, and I be the corresponding encoded planning problem with a
reachability goal. Then, every action sequence z = a, ... ,a,_, is a plan for T iff # = ay, ..., a,_, is a plan for T".

Proof. Every executable action sequence qy, ..., a,_; in the planning problem I" with PPLTL goal ¢ is also executable in the encoded
planning problem I (and vice versa) since, by definition, the encoding does not have auxiliary actions, actions preconditions do not
change, and additional conditional effects on the original actions are deterministic.

The action sequence z is a plan if its induced state trace = is such that = F ¢. By Theorem 1, we have that 7 F ¢ iff
val(g, last(z!?)), last()). However, by construction of the encoding for I, we have that val(g, last(!?)), last(z)) holds iff val,, holds
in the last state of the induced state trace for I, i.e., in 7’ = zip(z!%], 7). In other words, val(p,last(z[#!), last(r)) iff last(z’) F val,,.
Hence, the thesis holds. []

A direct consequence of Theorem 4 is that every sound and complete planner returns a plan z for the encoded planning problem
I if a plan # for the original planning problem I with PPLTL goal exists. If no solution exists for I, then no solution exists for I'.

We conclude by discussing how the approach presented in this section can be interpreted with an automata-theoretic perspective,
cf. [35]. Essentially, our encoding synchronizes the symbolic representation of the planning problem I' and the symbolic DFA A,
(Definition 4) of the PPLTL goal formula ¢ by computing their cross-product. This process is very similar to the schema for handling
PPLTL goals outlined in Section 4.1, except that we do not have to compute the explicit DFAs for the problem and PPLTL goal. In our
case, each planning state (o, s) of the resulting problem I'"’ keeps the current state g of the automaton .A » in 0. Moreover, as discussed
in Section 3.1, we do not use the auxiliary proposition final. Instead, we check whether the automaton is accepting by evaluating the
condition val(g, g,,, s,,) with the derived predicate val,,. Finally, it is worth considering whether information about dead-end states in
the symbolic DFA can be leveraged to extend the preconditions of actions. Although a similar optimization has been applied to PPLTL
formulas with a specific structure [25], extending this approach to arbitrary PPLTL goals would require, in general, enumerating all
states of the symbolic DFA, thus undermining the advantages of our polynomial encoding.

5. FOND planning for pure-past linear temporal logic goals

In the previous section, we provided a compact, sound, and complete encoding of classical planning for PPLTL goals into classical
planning for reachability goals. Most notably, by inspecting the encoding, we observe that the new effects added by the compilation
are designed to update the key fluents representing the subformulas of the PPLTL goal by only considering the current state. This
observation suggests that the same encoding, with minor modifications, can also be employed by FOND domain models, that is, in
planning domains where action effects are non-deterministic, but we operate under full observability. Indeed, in this section, we
formally prove that we can use the schema presented in Section 4 to encode FOND planning for PPLTL goals into FOND planning with
reachability goals.

This section is organized as follows. We provide the necessary background notions of FOND planning for reachability goals and
then introduce FOND planning for temporally extended goals in PPLTL. Finally, we formally prove that we can polynomially encode
a FOND problem for PPLTL goals into an equivalent FOND problem for reachability goals using the encoding presented in Section 4.

5.1. FOND planning

A Fully Observable Non-Deterministic (FOND) domain model can be formalized as a tuple D = (F, F,,, X, A, pre, eff ) where F, F,,,
X, A, and pre are defined as in the classical planning case, while ¢ff is a function that takes an action label a € A as input and returns
a set {eff,...,eff,} of effects, where each effect eff; € ¢ff(a) is a set of conditional effects. Analogously to classical planning, an
action a can be applied in a state s if s F pre(a). Differently, applying a in s yields a successor state s’ determined by one of the sets
of conditional effects eff; € eff(a) nondeterministically drawn from eff(a). The new state s’ is then obtained according to the set of
conditional effects eff; € ¢ff (a) as defined in Section 4.1 for classical planning. In the context of FOND planning, tr(s,a) denotes the
set of possible successor states {s’l, ,s; } obtained by executing a in s. We also assume that if s i pre(a) then tr(s,a) = @.

A FOND planning problem is a tuple I' = (D, 5, G), where D is a FOND domain model, s, C F is the initial state, and G is a
formula over F U F,,, representing the reachability goal. In FOND planning, solutions to I" are strategies (aka policies). A strategy
is defined as a partial function z : (2©)* — A mapping a sequence of non-goal states into an applicable action. A strategy z for T,
starting from the initial state s, induces a set of (possibly infinite) state trajectories (or executions) A of the form 7 = s, 5|, ..., where
sy is the initial state, s, € tr(s;, a;), and a; = n(s, ..., s;) for i > 0. Moreover, a state trajectory 7 = s, ..., s, induced by = is a finite
trace if z(7) is undefined, that is, no further action is prescribed by =.

As usual, we consider two kinds of solutions to FOND planning problems: strong solutions and strong-cyclic solutions [32]. A
strategy x is a strong solution to I if every generated execution is a finite trace 7 such that the last state s, of 7 entails G, while 7 is
strong-cyclic if every generated execution that is a stochastic-fair trace [3] is also a finite trace such that s, F G. Intuitively, stochastic
fairness assumes that every outcome of an action can occur with a non-zero probability. So, assuming stochastic fairness, a strategy =
is a strong-cyclic solution if every trace induced by z terminates satisfying the goal with probability 1. When a strategy  is a solution
(either strong or strong-cyclic, depending on the kind of solution we are interested in), we say that z is winning.

As done in the classical planning setting, we consider the case where the goal to achieve is a temporally extended goal expressed
in PPLTL.

12
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Definition 6. A FOND planning problem for temporally extended goals is a tuple I' = (D, s, ), where D = (F,F,,, X, A, pre, eff ) is
a FOND domain model, s is the initial state, and ¢ is a PPLTL formula over F.

In the case of a temporally extended goal @, a strategy z : (27)* — A is a solution to I' if every state trace induced by 7 is finite
and satisfies . When the strategy needs finite memory, then it can be represented as a finite-state transducer [35].

5.2. Encoding PPLTL goals in FOND planning

We now show that the schema presented in Section 4 can be extended to encode FOND planning for PPLTL goals into FOND
planning for reachability goals.

Definition 7 (FOND encoding). Let I = (D, sy, ¢) be a FOND planning problem, where D = (F, F,,,., X, A, pre, eff) is a non-
deterministic domain, s, the initial state and ¢ a PPLTL goal. The encoded FOND planning problem is I" = (D', s;,G’'), with

D = (F’,Ft’ler,x’,A,pre,eﬁ”) where F’, Ft’m, X/, 56 and G’ are defined as in Table 3, while for every a € A, eff’(a) is defined
as:

eff’ (a) :={eff, Ueff,, | eff; € eff (a)}, where
eff, = {vald, > {“Y¢”},ﬂval¢ > {“Y¢”} | “Y¢” € Z(p}.

Definition 7 extends the encoding schema in Table 3 to FOND problems by simply adding the set eff, . of new conditional effects
to every outcome of actions.

It is easy to see that Theorem 3 also holds in the case of a FOND problem I'. That is, the size of I is polynomial in the size of ',
and the additional fluents are linear in the size of the PPLTL goal ¢.

We now turn to correctness, that is, we show that the encoding is sound and complete. Unlike in classical planning, where it is
sufficient to show that there is a one-to-one correspondence between plans for the original and encoded problem, the correctness
proof for FOND problems requires proving that it is always possible to construct a solution strategy to I" given the solution strategy
to I/, and vice versa. We do so using the correspondence between the traces of the encoded domain D’ and the original domain D.
Note that in the encoded domain D’ it is sufficient to consider policies mapping a state to an action, similar to classical planning.
However, for consistency, we keep the definition of policies in the FOND setting as functions mapping traces to actions.

Given a trace 7 = sg,...,s, € 27)* on D and trace 719! = 5, ..., 6, € (2%¢)*, we again use ‘zip(r,z?])’ to indicate the trace
7' = (s9,0¢), --- »(S,,6,) on D' obtained by aggregating = with z[?]. Moreover, given a trace 7' = s/, ... ,s' on D', we use 7’ | to
denote the trace ¢’ |=17 = s, ..., s, on the original planning domain D.

Recall that every trace 7/ = s{), ...,s) on D' can be uniquely mapped to the trace 7’ |[p=7 = 5(,...,s, on D, and vice versa.
Therefore, for every strategy z : (27)* — A for the FOND planning problem I'" with PPLTL goal ¢, we can build the strategy z’ :
%'y > A for I as follows:

() =a iff a(x'|p)=a
#'(¢') is undefined iff x(7' |) is undefined.

Lemma 1. For every z : (27)" — A that is a (strong or strong-cyclic) winning strategy for the FOND planning problem T with PPLTL goal
@, the r' : 2F)* > 4, defined as above, is a (strong or strong-cyclic, resp.) winning strategy for the encoded planning problem I"'.

Proof. Strategy = is winning if every generated execution 7 (that is stochastic-fair, for strong-cyclic solutions) is finite, i.e., 7 ()
is undefined, and such that 7 k . Correspondingly, the strategy z’ induces the finite generated execution 7’ = zip(z!?!, 7). Then,
val(g, last(z!?)), last(z)) holds by Theorem 1, so we have that last(z’) F val,,.

On the other hand, if a generated execution 7’ is finite, i.e., such that z’(z’) is undefined, then = induces a corresponding finite
generated execution 7 = 7’ |. Being = winning, it must be the case that 7 F . Hence, by Theorem 1, last(z’) F val,. Thus, if 7 is
winning for I, then 7’ is winning for I'. [

Now we consider the converse. Again, the correspondence between traces of D and D’ imply that for every strategy z’ : @7y > A
for the encoded planning problem I, we can build the strategy z : (2”)* — A for the original problem I" with PPLTL goal ¢ as follows
(where 7’ = zip(zl?), 7)):

n(t)=a iff #'(c))=a

() is undefined iff z’(z’) is undefined.

Lemma 2. For every n’ : @7t > A that is a (strong or strong-cyclic) winning strategy for the encoded planning problem T", the r :
(27)* = A, defined as above, is a (strong or strong-cyclic, resp.) winning strategy for the FOND planning problem I with PPLTL goal .

Proof. Strategy ' is winning if every generated execution 7’ (that is stochastic fair, for strong-cyclic solutions) is finite, i.e., such

that 7' (¢') is undefined, and such that last(z’) k val ,. Correspondingly, the strategy # induces the finite execution 7 = 7’ |.. Then, by
Theorem 1, considering that val(g, last(z[?1), last(z)) holds, we have that 7 k ¢.
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On the other hand, if a generated execution 7 is finite, i.e., such that z(z) is undefined then =’ induces a corresponding finite
generated execution 7/ = zi p(rlel 7). Being #’ winning, we have that last(z’) k val - Hence, by Theorem 1, 7 k ¢. Thus, if z’ is winning
for I/, then 7 is winning for I". [

Theorem 5 (Correctness). Let I be a FOND planning problem with a PPLTL goal ¢, and T be the corresponding encoded FOND planning
problem with reachability goal G’. Then, T has a (strong or strong-cyclic) winning strategy iff I has a (strong or strong-cyclic, resp.) winning
strategy.

Proof. Direct consequences of Lemma 1 and Lemma 2. []

Also in this case, as discussed in Section 4.2, the result of our encoding can be seen as the cross-product between the symbolic
DFA of the FOND problem I" [35] and the symbolic DFA .A(p of the PPLTL goal formula ¢.

6. Encoding variant: elimination of axioms

We describe a variant of the encoding presented in the previous sections that does not add derived predicates. We present this
encoding in the context of FOND problems only, as any classical planning domain can be seen as a FOND domain where |eff(a)| =1
for every action a of the domain.

Like the previous encoding, this variant introduces a fresh fluent of the form “Y¢” for each temporal component of ¢. However,
instead of using the val(-) predicates, it explicitly represents the PNF of a PPLTL formula as a propositional formula. We, therefore,
introduce the ppnf(-) transformation.

Definition 8. Let ¢ be a PPLTL formula. ppnf(¢) is a propositional formula obtained by substituting every Y(¢) with “Y(¢)” in pnf(¢).

For example, if ¢ =aS b then ppnf(¢) =bV (a A “Y(aSb)”). For any formula ¢, the ppnf(¢) captures the truth of pnf(¢p) without
using temporal operators, provided that every “Y¢” € T, reflects the truth of Y¢. Most importantly, ppnf(¢) is linear in the size of
Q.

Lemma 3. Let ¢ be a PPLTL formula. Then |ppnf ()| is linear in |¢|.
Proof. The formula ppnf(g) can be computed by recursively exploring the structure of ¢ using the following rules:

* ppnf(p) = p;

* ppnf(Yo) =“Yo7;

* ppnf(e; S ¢y) = ppnf(ehy) V (ppnf(dh) A “Y(d; S hy));
* ppnf(d; A @) = ppnf(d;) A ppnf(d,);

* ppnf(=¢) = ~ppnf(e).

As we can see, the ppnf computation makes @ grow by a constant factor only when evaluating the S operator. Furthermore, for
any element of the formula, ppnf(-) is applied at most once. This implies that the size of ppnf(¢) is linear in the size of . []

Definition 9 (Axiom-free encoding). Let I" = (D, s, ¢) be either a FOND or a classical planning problem, where D = (F, F,,, X,
A, pre, ¢ff) is a domain model, s, the initial state, and ¢ a PPLTL goal. The encoded planning problem is ['" = (D", sy, G") with
D" =(F',Fy,,, X, A,pre,eff’ ), where F’, s(’), G’ are defined as in Table 3, while, for every a € A, eff’’(a) is defined as follows:

eff"'(a) := (eff; Ueff ¢ | eff; € ¢ff (a)}, where
eff pons = {PPnf(P) > {“Y 7}, ~ppnf(d) > (=Y} | “Y@~ € X, }.

Intuitively, this encoding is defined exactly as the encodings reported in Table 3 and Definition 7, where the only difference is
that val,, is changed with the ppnf(¢) in the condition of conditional effects. The correctness of this approach comes from the fact
that every state (s;, 0;) satisfies va|¢ iff (s;,0,) satisfies ppnf(¢).

Theorem 6 (Correctness of axiom-free encoding). Let I be a FOND planning problem and let T"' be the problem encoded following Definition 9.
Then I has a winning strategy = iff so does I'".

Proof. Let I be the problem obtained by I' following the encoding of Definition 7. By Theorem 5 we know that I” has a winning
strategy iff so does I'. So in order to prove our thesis, we can show that a strategy r is winning for I’ iff so does for I'”’. By definition,
I and I'"” share the same fluents, initial state, actions, and precondition function. Therefore, if an action a is applicable in a state s
for I, so is for I, and vice versa. In addition, it is easy to see that, by the definition of ppnf and the derived predicates of I/, for
any state s, V¢p € sub(e) - s F ppnf(¢) iff s F valy. This has two implications:
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1. A conditional effect val, > “Y(¢h)” (-val, >—*Y(¢)”, resp.) is triggered by a state s iff so does ppnf (¢)>“Y(¢)” (=ppnf (¢)>—“Y ()",
resp.). By analyzing the construction, this implies that, for every state s and for every action a applicable in s, the effects eff’(a)
and eff’’(a) will induce the same set of possible successor states (recall that the effects added by the two encodings only affect
“Y(¢)” fluents, and do not modify any fluent of the original problem). Therefore, since I’ and I'" have the same initial state, the
strategy 7 will induce the same set of traces for both I” and I'”'.

2. For any state s, s F G’ iff sk G"'.

The above points imply that a strategy 7 is winning for I'"” iff is winning for I'””. This plus Theorem 5 imply that I" admits a winning
strategy = iff so does . [

Although this second encoding removes additional axioms that the first encoding generates, it remains polynomially related to
the original problem.

Theorem 7. Let I be either a FOND or a classical planing. The size of T"' obtained following the encoding of Definition 9 is polynomial in
the size of I. In particular, it is linear in the size of the domain specification and quadratic in the size of the goal.

Proof. By analyzing the construction, we can observe that |F"”| = |F| + [{“Y¢” | “Y¢” € 2,}l and |Z,| < [sub(e)|. Furthermore,
sy | = 1Iso| and the goal G is linear in the size of ¢ by Lemma 3. We proceed by analyzing eff"’. The encoding adds the set eff ¢ to
the effects of actions a € A. For a conditional effect ¢ > e € eff ¢, we have that |e| = 1, while c is a formula of size |ppnf(¢)| where
¢ € sub(). In the worst case, since |¢| < || (as ¢ is a subformula of @) we have that |¢| = || and therefore, by Lemma 3, |ppnf(¢)|
is O(|@|). This implies that the size of ¢ff (a) grows as O(||?) since ef f ppnf CONtains at most two effects for each subformula of ¢ (that

is, |eff ppns | is O(|@])), and each element of eff ¢ can be as large as || itself. []

ppn

We conclude this section by remarking that if the original domain D does not include derived predicates, that is, D =
(F.8,8, A,pre, eff), then also the encoded domain D" will not include derived predicates, enabling the use of any state-of-the-art
planner not supporting this feature.

7. Experimental analysis

The goal of our experimental evaluation is to understand the effectiveness of the proposed encoding over large and non-trivial
PPLTL goals in comparison to the state-of-the-art systems supporting semantically equivalent LTL ; goals. To do so, we implemented
the approach of the previous sections in a tool called Plan4Past (P4P),> which can be run with the intensive conditional effects
compilation (P4P,y for short) or with derived predicates (P4P, for short). Preliminary experiments revealed how current planners
struggle to preprocess most of the problems compiled by P4P,y. This behavior is caused by the complexity of conditional effects
introduced by the compilation. Since all actions have the same set eff ¢ of effects, we can overcome this issue by aggregating these
effects into a dummy action check. Then, we force the encoding to execute one occurrence of check before any domain actions.
Such a modification does not undermine our theoretical results and instead proves to be much more convenient with the current
planners. Thus, we will hereinafter refer to P4P, as the compilation with this modification.

Comparing P4P with compilations for LTL, goals requires a set of semantically equivalent LTL, and PPLTL formulas. Although
LTL, and PPLTL have the same expressiveness, no tool to translate one into the other exists yet. Therefore, in our experiments, this
translation was performed manually. Then, for each LTL, and PPLTL goal, we formally and automatically proved their semantic
equivalence by verifying that the two formulations yield the same minimal DFA (modulo state renaming). In addition, to have a fair
comparison, we considered PPLTL and LTL ; formulas that are polynomially related in terms of size.

For temporally extended goals in PPLTL, P4P supports both FOND and classical planning problems. On the other hand, the state-of-
the-art approaches for handling LTL ; goals in classical planning are practically and methodologically different from those designed for
FOND domains. For this reason, we address these two settings separately. Specifically, our analysis first compares P4P with the state-
of-the-art compilations for LTL ; goals in classical domains, and then we focus this comparison over FOND domains. For both settings,
we briefly describe the considered LTL ; approaches, the planners we employed, benchmark domains, and temporally extended goals
we used for the comparison.

7.1. Deterministic setting

To our knowledge, in the deterministic setting, the state-of-the-art approaches for handling LTL ; goals are the encodings by Baier
and Mcllraith [13] (LTLExp) and [74] (LTLPoly). In particular, [13] builds an NFA for the LTL 5 formula and computes the Cartesian
product with the planning domain (cf. [35]), incurring in a worst-case exponential increase in the number of states of the NFA. On

the other hand, Torres and Baier [74] constructs a symbolic NFA for the goal formula and encodes it in the planning problem. In
principle, this approach is similar to Plan4Past’s encoding: the (factorized) state of the symbolic NFA tracks the progression of the

5 Source code and benchmarks are publicly available at https://github.com/whitemech/Plan4Past.
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LTL, formula and evolves as actions are executed. Similar to our encoding, Torres and Baier (2015)’s [74] construction remains
polynomial in the size of the goal. However, a crucial difference lies in how the state is updated. Specifically, evolving the state of the
symbolic NFA during planning requires introducing additional dummy (synchronization) actions into the plan, which significantly
increases the length of solutions and makes the overall search harder for the planner. Dealing with spurious actions has already been
studied in [64] theoretically and practically from a heuristic perspective in, e.g., [52]. Instead, Plan4Past exploits the semantics of
PPLTL to track and incrementally update the satisfaction of the goal subformulas without introducing any spurious action. Therefore,
compared to LTLExp and LTLPoly, the theoretical advantage of P4P is clear: under an automata-theoretic view, P4P exploits the
fact that goals are expressed in PPLTL to implicitly and incrementally build a DFA (vs. an NFA) for the temporal formula while doing
planning, keeping optimality with respect to computational complexity and preserving the plan length.

To determine whether this theoretical advantage manifests itself in actual planning performance, we tested P4P, P4P,y, LTLExp
and LTLPoly over a set of benchmarks and analyzed the number of problems solved (Coverage), the time spent to find a solution
(compilation plus search time), the number of expanded nodes, and the plan length. As a classical planner, we considered LAMA [68],
a planner built on top of FastDownward [54], and FF, [73]. LAMA is a satisficing planner based on a sophisticated search mechanism
that runs (in the first iteration) Lazy Greedy Best-First Search driven by the & [56] and the landmarks counting heuristics. LAMA
yields solution plans of decreasing plan cost incrementally; for our analysis, we take the first generated plan that corresponds to
running LAMA with the “lama-first” alias. FF is yet another satisficing planner based on enforced hill climbing and is the one
originally used with LTLPoly and LTLExp. Both systems handle the compiled problems, but in the rest of this section, we will focus
on LAMA as it was the system with the highest overall coverage for all compilations.

7.1.1. Benchmark domains

Our benchmark suite includes domains BLOCKSWORLD (abbreviated with BLOCKS), ELEVATOR, ROVERS, and OPENSTACKS. These
domains were introduced in past International Planning Competitions, and all but ELEVATOR have also been used by Torres and
Baier [74]. For BLOCKS, ROVERS, and OPENSTACKS, we have a set of instances with the same temporally extended goals defined
by Torres and Baier [74] (hereinafter referred to as TB15), and a second set of instances with temporally extended goals defined by
us (hereinafter referred to as BF23). For ELEVATOR, we only have BF23.

TB15 were originally specified in LTL , and are based on predefined families of formulas specified in [74]. For P4P, we manually
translated such patterns into PPLTL, as reported in the Appendix (Table 10). We did so for all but one type of temporally extended
goals used in [74], namely those of type ‘h : @ U’ where a or f have n nested U operators, for which we did not find an easy
translation into PPLTL.°

BF23 were designed in PPLTL directly and, analogously to what was done for TB15, we got an equivalent formulation in LTL;.
Differently from TB15, BF23 are specific for each domain; they were designed to stress all compilations and understand the planner’s
scalability over non-trivial and large instances. Indeed, all instances with TB15 proved trivial for Plan4Past. For TB15, we have 15
instances for BLOCKS, 7 for ROVERS, and 10 for OPENSTACKS. Their definition is provided by Torres and Baier [74]. We briefly
describe the PPLTL goals employed in BF23 below, while we provide the LTL ; formulation of BF23 in the Appendix (Table 9).

BLocks In this domain, we want to arrange blocks in a particular configuration. An arm can pick up and move blocks on top of
other blocks or the table. BF23 were formulated to study the reach of all compilations with complex temporally extended goals. Here,
BF23 specifies a goal ¢ = ¢, A @, that intertwines two formulas, both requiring the existence of a particular sequence of states in
the trace of the plan. In particular, ¢, consists of the pattern O(p; A Y(O(p, A Y(O(p3 AY(O(... AY(O())))))), with py, py, p3, ..., Py
propositions, which requires the existence of a state that satisfies p;, preceded by a state that satisfies p,, and so on. On the other
hand, ¢, consists of the slightly different pattern O(p; AY(w) AO(py AY(W)) AO(p3s AY(W))A ... AO(p AY(y)) where py, py, p3. ..., Dk
are propositions and y is a PPLTL formula defined following the pattern of ¢,. Intuitively, this formula specifies that the sub-goals
P1> P2, P3» ---» Dy Mmust be achieved, with no particular order between them, after achieving the PPLTL formula y. In BF23, these
patterns are designed to grow incrementally with the number of blocks to obtain challenging temporally extended goals. Specifically,
consider a problem with n blocks, and let on; ; be the predicate modeling block i being on block j. For an even number of blocks, ¢,
and ¢, are formulated in PPLTL as follows:

@, =0(on; 5 AY(O(ony 3 AY(O(... AY(O(on,_; ,))))))

@y = /\ O(on; ;_; AY(O(ony 3 AY(O(onz 5 AY(O(ony 1 )))))-
JE(6,8.....n)

The formulation for an odd number of blocks is analogous. We generate a temporally extended goal for each instance of the
domain, starting from that with 10 up to 30 blocks.

OPENSTACKS In this domain, the objective is to ship a set of orders, each containing a specific set of products that must be completed.

Here, BF23 requires that a valid plan completes all products following a specific production order. In PPLTL, we can easily specify
the property “p, can become true only if p; was true in the past” with the formula H(p, — Y(O(p,))). Therefore, PPLTL formula

H(madep3 - Y(O(madep2 N A H(madep2 - Y(O(madep1 )

6 Similarly, it is not easy to translate to LTL, the pattern “h”: a S §, where & or § has n nested S operators”.
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Table 4

Coverage, average runtime, average expanded nodes, and average plan length achieved by P4P, and P4P,. For P4P,y, we
report in parentheses the average plan length considering the check actions added by the compilation. Averages are only
among instances solved by both systems. Column I is the number of instances in a domain. Bold fonts are used for the best

performers.
Domain Coverage Runtime Expanded Nodes Plan length
I PAP,  PAP,  P4P, PAP, PAP, PAP,4 PAP, PAP,
«n  ROVERS 7 7 7 1.45 5.25 15.57 26.71 6.43 13.86
E BLOCKS 15 15 15 1.40 5.87 29.80 38.47 10.53 21.80
OPENSTACKS 10 10 8 5.52 60.08 51.00 58.00 22.00 45.50
ROVERS 40 33 6 2.06 74.11 131.33 4369.67 13.50 27.00
5 BLOCKS 21 21 20 1592  155.87 5998.95  14061.60 285.20  543.00
M  OPENSTACKS 30 7 5 11.88  75.81 99.80 2025.60 24.00 49.00
ELEVATOR 29 29 9 1.63 101.30 1358.44 741117.00 27.33 48.78
Total 152 122 70

encodes that p; is made strictly before p,, which in turn must be made before p;. In addition, we require every order to be shipped
with O(shipped,, o)

RoOVERS The goal in this domain is to gather and communicate data about soil, rock, and images to the Earth using a set of rovers.
BF23 enforces a total order over the communications of the data with PPLTL formula

O(data,,; AWY(H(~data,,.;))) A O(data,,,;, AWY(H(~dataj,,))) A O(data

img img)'
This goal uses the pattern O(p A WY(H(—q))) to specify that p eventually becomes true while ¢ has always been false in the past.
In addition, when the rover reaches the lander, that rover must re-calibrate all cameras. For example, if the lander is at waypoint w,

and the rover r has 2 cameras, ¢; and ¢,, we have PPLTL formula

((mat,, Scalibrated, ) A (-at, ,, Scalibrated,))V H(=at, ).

In this case, we exploit the pattern (—¢ S p) V H(—q) to specify that either ¢ never becomes true or ¢ remains false since p became true
in the past.

ELEVATOR This domain models the problem of scheduling passengers in the use of an elevator. In BF23, half of the passengers have
priority over the other half of regular passengers. We enforce that a priority passenger must be served before every regular one in
PPLTL with

O(serl)edp2 A seruedpz) A O(servedpo A seruedp1 A WY(H(ﬂservedpz A ﬂservedm))).

Also, we model that no passenger may share the elevator with another passenger, and do so with formula

H(boardedpo — (-|b0ardedp1 A ﬂboardedpz)).

7.1.2. Comparison between P4P 5 and P4P,y

Our first analysis compares P4P, and P4P,y, our two variants of P4P. Table 4 compares them in terms of coverage, runtime,
number of nodes expanded during the search, and the length of the resulting plans. Overall, we observe a clear dominance of P4P,
over P4P,y; the former encoding solves more instances, spending less time and expanding fewer nodes on average. This is expected,
as LAMA natively handles axioms, and P4P, introduces only conditional effects with atomic conditions. On the other hand, P4P,
uses complex formulas in the definition of conditional effects, and this makes LAMA fail during the preprocessing of many instances.
Moreover, the spurious check action introduces some noise in the planning process, as reflected by a higher number of expanded
nodes. Regarding the length of solutions, if we consider the actual plan (obtained by removing the check actions), we observe that
the two systems perform similarly.

7.1.3. Comparison between PAP, and LTL ; encodings

Given that PAP, dominates P4P,, we report the comparison between P4P, and the two compilations for LTL, goals. Table 5
reports the number of instances solved and compiled by all systems across all domains, while Table 6 shows a pairwise comparison
in terms of average runtime, average compilation time, average number of expanded nodes, and average plan length. In terms of
coverage, P4P, performs equally to or better than LTLPoly and LTLExp in most cases.

Regarding the TB15 instances, P4P, achieves the same coverage as LTLPoly (the best LTL-based compilation) but it is much
faster in terms of average runtime: P4P, is roughly one order of magnitude faster than LTLPoly; this seems to be justified by a
great reduction in the number of expanded nodes, up to two orders of magnitude in OPENSTACKS and BLOCKS, which is somehow
expected. Indeed, for each planning action taken, LTLPoly interleaves quite a complex automaton synchronization phase, from the
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Table 5
Number of solved instances and number of compiled instances by P4P,, LTLExp, and LTLPoly
across all domains.

. Coverage Number of compiled instances
Domain
I P4P,  LTLExp LTLPoly P4P, LTLExp LTLPoly
n ROVERS 7 7 6 7 7 7 7
E BLOCKS 15 15 8 15 15 14 15
OPENSTACKS 10 10 6 10 10 10 10
ROVERS 40 33 22 6 40 40 40
Q  BLOCKS 21 21 1 1 21 7 21
&  opEnSTACKS 30 7 8 5 30 22 22
ELEVATOR 29 29 29 4 29 29 29
Total 122 80 48 152 129 144
Table 6

Comparison of P4P, vs. LTLExp and P4P, vs. LTLPoly, over the intersection of instances solved
by each pair of systems, in terms of average runtime, average expanded nodes, average plan
length, and average compilation time. For LTLPoly, we report in parentheses the average plan
length considering the spurious actions added by the compilation. Bold fonts are used for the best

performers.
Domain P4P,, LTLExp P4P,, LTLPoly
0 ROVERS 1.43 1.98 1.45 20.97
E BLOCKS 1.41 13.13 1.40 20.12
OPENSTACKS 6.11 8.75 5.74 29.62 E
E
ROVERS 35.36 24.24 2.02 325.32 2
&Q  BLOCKS 2.36 2.63 2.36 650.15
= OPENSTACKS 14.98 21.66 11.88 68.86
ELEVATOR 231.83 228.09 1.42 212.55
1»  ROVERS 12.67 12.67 15.57 725.00 .
E BLOCKS 22.12 21.75 29.80 1042.93 -ig
OPENSTACKS 52.67 52.83 52.20 4390.40 —S
L7
ROVERS 7665.36 7826.32 124.33 6438549.00 E
&Q  BLOCKS 950.00 950.00 950.00  8407916.00 &
= OPENSTACKS 1905.00 845.14 99.80 1207764.80 =
ELEVATOR 1712076.48 1712090.79 84.00 4468320.75
»  ROVERS 5.33 5.33 6.43 6.71 (95.00)
E BLOCKS 7.50 7.25 10.53 10.33 (193.40) =
OPENSTACKS 22.00 22.00 22.20 22.20 (380.80) =
L
ROVERS 43.68 43.50 13.67 13.33 (451.33) g
&Q  BLOCKS 118.00 118.00 118.00 104.00 (6402.00) A
= OPENSTACKS 31.43 31.43 24.00 24.00 (841.00)
ELEVATOR 75.48 75.48 16.00 14.00 (448.50)
0 ROVERS 0.41 1.01 0.41 1.67 o
B BLocks 0.40 8.43 0.41 4.22 £
OPENSTACKS ~ 0.46 2.20 0.46 2.55 g
ROVERS 0.63 5.62 063 1751 2
& BLocks 0.46 46.05 0.47 6.23 E
B OPENSTACKS  2.97 31.98 2.97 166.57 ©
ELEVATOR 0.50 3.47 0.50 46.96

initial state to the goal. On average, in TB15 instances, 94.3% of actions in plans obtained with LTLPoly come from the automaton’s
synchronization phases.

The situation is different if we look at the BF23 instances. Here, the best performing LTL; compilation is LTLExp, which is
superior to LTLPoly over all instances. The BF23 instances are of increasing sizes and have been constructed to be computationally
more challenging. For example, in BLOCKS, the hardest instance in TB15 requires a 22-action plan, while the BF23 instances require up
to 652 actions. This increase in plan length is particularly challenging for LTLPoly, as LAMA has to deal with many synchronization
phases and has to do much more search to find a solution. This behavior is reflected in the average number of nodes expanded during
the search: on average, LTLPoly expands up to five orders of magnitude more nodes than P4P,.

If we compare P4P, and LTLExp, we observe that P4P, is again the system that generally performs better. The only exception
is for one instance of OPENSTACKS. LTLExp solves this instance in roughly 739s while P4P, times out. By looking at the average
number of expanded nodes, LAMA’s search turned out to be slightly less informed with P4P, in this domain, which leads to timing
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Fig. 1. Pairwise comparison between P4P, and LTLExp (left plots) and between P4P, and LTLPoly (right plots) in terms of runtime (above).

out in that particular instance. For BLOCKS, P4P, is instead much more effective than LTLExp, which manages to compile only 7
instances. This is because LTLExp uses automata-decomposition techniques to avoid the exponential blow-up for those formulas that
can be decomposed. Intuitively, given a LTL; goal ¢ = ¢; Ay A ... A, LTLExp first computes a single (smaller) automaton for
each formula ¢; of @, and then forces the planner to meet the accepting condition of each sub-automaton. Although this technique
works well in many cases, some formulas cannot be easily decomposed, and this is the case for the goals in BLOCKS. For example,
the goal formula ¢, = F(on, ; A X(F(ons, A X(F(ony 3 A /\jE{G,S,m,n) X(F(on; ;_1))))))) cannot be easily decomposed into smaller sub-
automatons, making LTLExp fail during compilation. The same behavior also manifests in some of the TB15 instances, as pointed out
by Torres and Baier [74]. The compilation stage is not an issue for P4P, as the encoding time remains stable and consistent (Table 6)
across all domains, and the compilation terminates successfully for every instance (Table 9). Instead, for some instances, compilation
time seems to be an issue for the LTL ; approaches. On average, both LTLExp and LTLPoly are up to two orders of magnitude slower
than P4P, during compilation.

Fig. 1 reports on a pairwise comparison P4Py vs LTLExp and P4P, vs LTLPoly over the number of expanded nodes and runtime,
instance by instance. P4P, is generally faster than LTLExp, except for 15 instances. Looking at our raw data, we observe that, for
most of the instances, LTLExp spends much more time than P4P, in compilation and slightly more time in evaluating a node of
the search. Fig. 1 confirms that P4P, allows for a lower runtime and leads to fewer expanded nodes than LTLPoly in every solved
instance. Moreover, our data shows that P4P, expands nodes more slowly than LTLPoly, and therefore the runtime advantage of
P4P is related to the fact that P4P, leads LAMA to do much less search than LTLPoly. We advocate this behavior to a heavier use
of axioms, whose evaluation is needed at every node expansion in LAMA.

Regarding plan quality, we observed that all compilations yield solution plans to the original problems of similar length, making
their overall performance the same in these terms.

7.2. FOND setting
In the FOND setting, to our knowledge, the state-of-the-art approach for handling LTL, goals is the compilation by Camacho
et al. [27] called Itifond2fond (ItIf 2f). Similarly to what was done by Baier and Mcllraith [13], Itif 2f explicitly computes an automaton

representing the LTL ; temporal goal. Also, in this case, the advantage of P4P seems clear: Itif 2f is exponential, while the compilation
performed by Plan4Past is polynomial in the size of the PPLTL goals. Yet, from a practical standpoint, the impact of this advantage
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in FOND planning is unclear. To this end, we tested P4P,, P4P,, and Itif2f on a set of benchmarks and measured the number
of problems solved (Coverage), the time taken to get a solution (compilation plus search), and the size of the policies (number of
state-action pairs).

To evaluate the three encodings, we used two state-of-the-art FOND planners: PRP [63] and Paladinus [42]. Paladinus fully supports
axioms, but not disjunctive conditional effects. Conversely, PRP supports conditional effects with disjunctive conditions but does
not support axioms. Hence, since P4P,y requires disjunctive conditional effects and no axioms, while P4P, requires conjunctive
conditional effects and axioms, we use P4P,y with PRP (P4P:§P for short), and Paladinus with P4P; (P4P§j' for short). Moreover,
the problems encoded by ItIf 2f are supported by FOND planners with conditional effects, but our findings show that Itif2f performs
significantly better with PRP. Hence, we only present the results of Itlf 2f with PRP.

7.2.1. Benchmark domains

Our benchmark suite features the FOND domains ROVERS, BLOCKS, and COFFEE used in [27]. We tested all compilations on the
same instances by Camacho et al. [27] (C17 for short). The temporally extended goals included in the C17 instances were originally
specified in LTL ;, and therefore, for comparison reasons, we manually translated them to PPLTL. We observed that all C17 instances
were trivially solved by the three systems. Therefore, to study the scalability of the compilations, we generated a new set of instances
of increasing dimensions for each domain (BF23 for short). The C17 instances are publicly available, while our newly generated
instances are described below, along with other information about the domain and the intuition behind some translations from LTL
to PPLTL. We report a comprehensive translation between the two formalisms in the Appendix (Table 11).

BLocks In the FOND version of the BLOCKS domain, a block may slip from the arm, falling on the table. Starting from the 24 C17
instances, we generated bigger problems considering four types of formula employed by Camacho et al. [27]:

F(a)U (F(by) AF(by) A ... AF(D,)) @
(F(by) VF(by) V ... VF(b,)) UF(a) 2
F(F(b)) AF(by) A ... AF(b,) A @) 3
(@UF(b)) A(@UF(by)) A ... A(@UF(b,)) )

where atoms a and b; represent whether a block is on the table or on top of another block. Formulas (1) and (4) require each atom b;
to eventually be true in some state, while (2) expresses that a eventually becomes true. In all three formulas, the “Until” (U) does not
add any semantic meaning (i.e., requirements to be satisfied by the trace) to the formula. For this case, we can obtain the equivalent
PPLTL formulation by simply swapping the future temporal operators with the past ones. For instance, in PPLTL, we write formula (4)
as (aSO(by)) A(aSO(by)) A ... A(aSO(b,)). Formula (3) expresses that “there exists a state where a is true, and each atom b, is true
in the same state or future states”. In this case, the translation in PPLTL is not straightforward: we used the semantically equivalent
formula O(b; AO(a)) AO(by AO(a)) A ... AO(b, A O(a)). Each temporal goal is used over 10 instances obtained by adding more blocks
to the table, resulting in 40 new instances.

To challenge the different compilations, for this domain, we also designed a new type of formula, i.e., seq; ; where i is the number
of blocks, and j is the number of towers to build in a specific order. For example, formula seq; , requires building two towers made
of three blocks. In the end, such blocks must be on the table (t). In PPLTL this is expressed as:

O(ong; Aony, Aon,, AYO(on, , Aony , AYO(on, . Aonp))).

We generated a new instance with a goal seq; j for i =3,4 and with j =1, ...,i!, for a total of 30 “seq” problems. Therefore, the total
number of instances for BLOCKS sums up to 94 instances, 24 original instances from [27], 40 instances that we generated by scaling
the temporal goals from [27], and 30 “seq” instances.

ROVERS Similarly to the deterministic version of this domain, the goal is to gather data about soil, rocks, and images of a planet by
planning the activities of one or more rovers. In the FOND variant of ROVERS, some actions may cause a loss of information or errors
during sampling operations. For example, gathering soil data may lead to acquiring rock data instead, or communicating an image to
the lander may result in the rover losing the photograph. We used the 9 instances in C17 and generated other larger instances with
4 types of formulas:

F(g) AF(g) A ... AF(g,) @
F(F(g) AF(g) A .. AF(g,) (2)
F(F(g1) VF(g) V... VF(g,) 3
G(F(G(g)) VG(gr) v ... VG(gn))) @

where every g; is an atom representing the completion of a task, i.e., the communication of data about soil, rock, or image. The first
two formulas require that each task is accomplished in some state of the trace induced by the execution of the policy. Formula (3)
requires that at least one task is eventually completed, while the last formula requires that all tasks are satisfied in the last state. The
translation for formulas (1), (2), and (3) is straightforward; we can simply swap future operators with their past counterparts. For
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Table 7
Coverage achieved by all systems across all domains. Bold
fonts are for the best performers.

Domain I P4PRal P4PPRPiff
BLOCKS-1 10 10 10
BLOCKS-2 10 10 10 10
BLOCKS-3 10 10 6 2
BLOCKS-4 10 10 6 4
BLOCKS-seq 30 8 30 20
Q  COFFEE-1 15 5 12 4
= COFFEE-2 15 5 11 2
COFFEE-3 15 0 2 1
COFFEE-4 15 15 15 15
ROVERS-1 40 3 24 10
ROVERS-2 40 4 23 7
ROVERS-3 40 19 37 40
ROVERS-4 40 16 23 7
~ BLOCKS 24 24 24 24
S COFFEE 10 10 10 10
ROVERS 9 9 9 9
Total 158 252 166

instance, we write formula (2) in PPLTL as O(O(g;) A O(g;) A ... AO(g,)). The last formula requires one of the goals to be achieved in
the last state; this could be represented in PPLTL without using any temporal operator. However, for the sake of a fair comparison,
we translated such LTL, formula into a PPLTL formula with the same number of nested temporal operators, i.e.,

H(H(H(g;) VH(g) V... VH(g)) V(g1 V& V ... V &)

These constraints are used over 40 propositional problems of ROVERS from the 5th IPC, giving us 160 instances, which, added to the
9 C17 instances, gives a total of 169 instances.

COFFEE A robot has to prepare coffee in a kitchen and deliver it to different offices. The robot can move between adjacent offices, and
delivering the coffee could non-deterministically result in the mug being accidentally spilled, forcing the robot to prepare another
coffee. We considered the 10 problems from C17 and generated further larger instances with the following types of temporally
extended goals:

F(C, ) A ... AF(C, ) m
F(F(C, ) A ... AF(C, ) @
F(Cop) Ao AF(C, ) AG(R,, = X(7R, D) A .. )
XX(o- X(Rpirchen)))- (C)]

The first two formulas are satisfied by delivering the coffee to all offices. Formula (3) is as formula (1) but with the requirement
that if the robot is in the office o;, then in the next state, it cannot be in office o;. This in PPLTL can be easily expressed with
H(Y(Roi) => —|(Ro/_)) AR, The last temporally extended goal requires the robot to be in the kitchen in the k+1-th state, where k is
equal to the number of nested X operators. In PPLTL, this can be captured by O(Ry;,cpen A Y(Y(... Y(start)))), where the number of
Y is equal to k. We generated a new set of instances, 15 for each type of formula, increasing the number of offices. Formulas (1),
(2), and (3) scale with the number of offices, while the formula of type (4) scales with k ranging from 7 to 21. In total, we have 70

instances; 60 generated by us and 10 from C17.

7.2.2. Results

Table 7 reports the overall coverage for all systems, while Table 8 compares P4P§j' with Itif2f and P4P3P<'}IP with Itif2f in terms of
average runtime, and average size of solution policies. The BF23 instances are indicated with the pattern “domain-formula” (e.g.,
BLOCKs-1 refers to blocksworld with goals of type (1)). P4P8P§|P achieves the highest coverage, followed by Itif2f and P4P§f'. The C17
instances are small and, as we can see from Table 8, trivially solved by all systems in less than 11 seconds on average. Conversely,
the BF23 instances are larger and designed to challenge the compilations. Indeed, in BF23, we observe that P4P:§|P solves 81.7%
more instances than P4Pf\f' and 69.9% more instances than [tlf 2f, yet the three systems compared show complementary behaviors.
For example, [tif2f outperforms both P4P compilation in ROVERS-3. Such results reflect the weaknesses of each system. P4P,, and
P4P, build a factorized version of the DFA either introducing possibly complex conditional effects or using axioms, while Itif2f uses
an explicit representation of the DFA. Comparing the factorized version of the DFA to an explicit representation of the DFA is key to
understanding the different behaviors. For example, all C17 instances feature a compact DFA due to the limited size of goal formulas.
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Table 8
Comparison between P4P? and Itif2f and between PAP™ and Itif2f in terms of average runtime and the
average size of solution policies. The policy size is reported without counting spurious actions added by

compilations. Bold fonts are for the best performers.

. Runtime Policy size
Domain
P4Pf\f' Itif 2f P4P:§P Itif 2f P4P§f' ItIf 2f P4P;’(’;P Itif 2f
BLOCKS-1 4.53 15.39 4.71 15.39 3.00 3.00 4.00 3.00
BLOCKS-2 19.77 6.33 24.13 6.33 1.00 2.00 2.00 2.00
BLOCKS-3 3.35 12.22 7.57 12.22 2.00 3.00 5.00 3.00
BLOCKS-4 6.57 32.85 36.04 32.85 3.00 3.00 3.00 3.00
BLOCKS-seq 54.94 4.14 6.16 12.72 14.00 13.75 42.60 38.40
R{ CoFFEE-1 75.91 126.17  7.01 126.17 50.50  56.00 56.00 56.00
& COFFEE2 4.46 19.27 5.52 19.27 43.50  48.00 48.00 48.00
COFFEE-4 2.62 2.97 21.30 2.97 14.47 15.00 15.00 15.00
ROVERS-1 28.93 5.23 11.61 50.43 21.33 16.67 28.40 30.50
ROVERS-2 389.45  3.79 7.93 9.94 25.00 15.75  21.00 24.29
ROVERS-3 108.75  3.63 161.81 26.74 5.89 5.32 6.76 5.84
ROVERS-4 8.87 4.01 19.33 4.01 5.29 5.29 5.29 5.29
~  BLOCKS 2.31 2.39 5.37 2.39 5.21 6.75 7.71 6.75
o COFFEE 10.86 2.75 4.72 2.75 12.33  13.44 14.22 13.44
ROVERS 8.54 2.53 6.28 2.53 12.56 9.11 9.11 9.11
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Fig. 2. Survival plot in linear (lhs) and logarithmic (rhs) scale.

Other examples are BLOCKS-2 and ROVERS-3, where the LTL, goal can be represented by a 2-state minimal DFA. Indeed, in all of
these domains Itif2f performs remarkably well, solving all instances within seconds. On the contrary, both versions of P4P exploit
the syntactic structure of the input goal formula. When the DFA size increases (in the worst case becoming exponentially larger
with respect to the syntactic size of the formula), P4P outperforms Itlf 2f. This is the case, for example, of formulas from BLOCKS-3,
BLOCKS-4, ROVERS-1, ROVERS-2, COFFEE-1 and COFFEE-2.

Looking at other domains, we observe that in ROVERS-4, PAPPRP and P4P%?! perform well, while in many instances Itif 2f crashes
during the automaton computation. COFFEE-4 is easily solved by all systems, while COFFEE-3 proved to be challenging for every
compilation. Lastly, in BLOCKS-seq P4PPRP and Itif 2f both perform better than P4Pf\f".

adl

Table 8 compares P4P, with Itif2f and P4PPR® with Itif2f in terms of average runtime and average policy size. On average, both

P4PF! and PAPPRP are faster than Itif2f in 7 domains. To shed some light on this aspect, Fig. 2 displays coverage over time for all
systems. Itlf 2f dominates the other compilations at the start (visible in the logarithmic scale plot on the right). Instead, P4P:§|P solves
more instances than Itif2f after 36.4 seconds. In an instance-by-instance comparison (Fig. 3, left), we observe that Itlf2f solves many
problems (112) before P4P:5P does. P4P:§IP introduces complex formulas in conditional effects and goals, and we observed that the
preprocessing of PRP often exceeds by orders of magnitude the compilation time. Overcoming this issue without introducing axioms
is an open question for future work. The pairwise comparison of Itif 2f with P4P§§" in terms of runtime (Fig. 3, right), shows that ItIf 2f
is faster than P4Pf\f' in most instances, and this behavior can be attributed to Paladinus being slower than PRP for those instances.

Finally, all systems computed policies of comparable dimensions.
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Fig. 3. Run-Time comparison of Itif2f vs P4PP2" and P4P72'.

8. Related work

Planning for temporally extended goals has a long tradition in AI Planning, including pioneering work in the late 90s [5,7,6,9],
work on planning via Model Checking [31,36,51], and work on declarative and procedural constraints [13,12,19]. Also, recent works
focus on handling the set of temporally extended goals defined by PDDL3 [49], interpreting them as preferences [38,58,18,28,671,
state-trajectory constraints [22,24], or over action sequences [23].

PPLTL has been used in the past to express non-Markovian rewards in Markov decision processes (MDPs). In this context, Bacchus
et al. [5] proposed an encoding that has exponential complexity in the input size, while Bacchus et al. [6] proposed an encoding
that uses a linear amount of propositional variables; such variables are meant to map a non-Markovian MDP into a standard MDP.
As in our case, Bacchus et al. (1997)’s [6] construction uses the fixpoint equivalence of the since operator to identify the set of PPLTL
subformulas to be monitored, and introduces one propositional “yesterday” variable for each of them. These variables are used to
evaluate the truth of the PPLTL specification and are updated only considering the current and the previous step. We extended Bacchus
et al. (1997)’s [6] work specifically along two dimensions. Firstly, we provide full spelled proofs for the theoretical construction in
Section 3. Secondly, we specialize the formulation in the context of classical and FOND planning. This operationalisation is not direct
and there are many ways to do so. In our work, we propose two encodings that exploit new specific features of modern planning
formalisms, namely conditional effects and PDDL axioms. Then, differently from Bacchus et al. [6] whose work remains at a more
conceptual level of abstraction, we provide empirical evidence on the practical benefits of our approaches. Specifically, we conduct
an experimental analysis over a variety of deterministic and non-deterministic domains, studying the upside and the downside of the
two encoding variants among each other, and against existing state-of-the-art approaches for handling temporally extended goals.

Beyond these works, past temporal logic has also been advocated for non-Markovian models in reasoning about actions [45], for
preferred explanations in the context of dynamical diagnosis [71], for normative properties in multi-agent systems [40,59,2], for
synthesis [30], and in the context of plan/goal recognition [41].

The most closely related line of research concerns handling LTL, temporally extended goals via encoding to classical or FOND
planning. In the deterministic setting, handling LTL, goals is PSPACE-complete, as is the case for PPLTL goals. This is because it is
sufficient to compute the cross-product between the DFA for the planning domain and the non-deterministic automaton (NFA) for the
goal formula, and then check non-emptiness on the resulting automaton returning a plan if any [13,14,37]. The works by Baier and
Mecllraith [13,14] adopt this approach for encoding LTL, goals into classical planning domains. Since the NFA representing a LTL
formula can be exponential in the size of the formula, the overall approach can yield a planning problem with an exponential amount
of fluents. Our approach, instead, uses a linear number of fluents in the size of the PPLTL formula. Similarly to our approach, Baier
and Mcllraith [13] also uses derived predicates and axioms to simplify the action schema. On the other hand, Baier and Mcllraith’s
schema supports first-order LTL ; formulas while our encoding only works with PPLTL formulas over propositional atoms.

In the context of FOND domains, where actions have nondeterministic outcomes, the standard approach for handling LTL; goals
consists of computing the cross product between the DFA representing the LTL, formula and the DFA representing the planning
domain [35]. In this case, LTL, goals must be (implicitly or explicitly) translated into a DFA, which is double exponential in the
worst case.” This makes FOND planning for LTL + goals 2EXPTIME-complete [35], while FOND planning for standard reachability is
EXPTIME-complete [69]. Practically, this approach has been presented in [27] and [26]. Hence, the only existing encoding for LTL ’
goals in FOND is worst-case exponential in the size of the goal formula. Instead, our approach remains polynomial in the size of the
PPLTL goal.

Given our encoding, it is important to consider under which conditions PPLTL is preferable to LTL, or vice versa, for expressing
temporally extended goals. As shown in [33], every PPLTL formula can, in principle, be translated into an equivalent LTL, formula,
and vice versa. However, this operation is worst-case triply exponential in the size of the input formula, and to our knowledge, no
existing tool implements this transformation. Furthermore, recent work indicates that even translating a fragment of LTL, into PPLTL

7 Note that the same operation for PPLTL formulas can be performed in single exponential time.
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can incur in a worst-case exponential blowup [4]. It is therefore reasonable to conclude that if a goal can be easily expressed in,
for example, LTL ; but not in PPLTL (or vice versa), then we should adopt that formulation and employ the corresponding planning
tools. More interesting is the case where a temporally extended goal can be easily and compactly expressed in both PPLTL and LTL .
In this situation, we argue that the PPLTL formulation is preferable, as it enables the use of our polynomial and plan-size preserving
encoding. Nonetheless, we believe that the PPLTL and LTL ; encodings effectively complement each other, since our experiments did
not reveal a clear dominance of one approach over the other.

Related are the works that exploit the fixpoint characterization of LTL. In the area of Al planning, this characterization, referred
to as “formula progression”, has been used as an alternative to automata construction in the TLPlan planner [7,8] for handling
temporally extended goals. This is perhaps one of the most influential works in this area. A similar approach has been adopted
for handling control knowledge expressed in LTL [9]. Formula progression has also been used to develop LTL-aware heuristics in the
context of planning with probabilistic LTL constraints [17,61], and planning with temporally extended goals and preferences expressed
using other variants of LTL [11,19]. The notion of progression has also been employed in the context of MDPs with rewards in LTL
and PPLTL [5,6,72]. The fixpoint characterization has also been used in the MetateM approach [16] for programming in temporal
logic and in the context of LTL ’ synthesis [34].

Other works focus on classical planning with LTL goals interpreted over infinite traces [65,66]. These approaches resort to non-
deterministic automata construction and the notion of lasso plans to deal with the temporal specifications. PPLTL expresses properties
over finite traces only, and understanding how to extend our encoding to infinite executions is a direction for future work.

Our findings related to an efficient handling and evaluation of PPLTL in [20] have led to new ongoing research. For instance, our
work on automated planning for PPLTL goals inspired [47] to develop an effective technique to solve the problem of reactive synthesis
for DECLARE patterns via symbolic automata. Moreover, our encoding has been used for converting natural language instructions to
LTL formulas [44]. Finally, our encoding technique could definitely inspire new approaches in the area of synthesis for temporal logic
formulas [53,15].

9. Conclusions

We have studied the problem of planning for PPLTL goals in both deterministic and FOND domains. Specifically, we have shown
that planning for PPLTL goals can be encoded into planning for reachability goals with minimal overhead and without additional
spurious actions. Handling PPLTL goals is remarkably simple and elegant, given the direct mapping between the theoretical formula-
tion and the compilation schema without sacrificing efficiency. Moreover, we practically show that Plan4Past can solve a wider range
of problems compared to the state-of-the-art encodings for LTL, goals in classical and FOND domains. The general theoretical and
practical advantages of PPLTL observed so far suggest that PPLTL may definitely become a promising candidate to be the mainstream
language to express temporal goals in planning. Future work concerns developing planners that can natively handle PPLTL goals,
exploring PPLTL-aware heuristics, and handling more expressive formalisms such as Pure-Past Linear Dynamic Logic [33].
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This appendix provides all temporal goals, formulated in PPLTL and LTL ;, used in our experimental analysis.

Table 9

Formulas employed in deterministic benchmarks.

Formula Logic
w»  Olon 5 AY(O(ony 3 AY(O(... A Y(O(on,_1 ,)))))) PPLTL
§ F(0m,_y  AX(F(0r,_ 5 AXF(.. AX(F(on; ) LTL,
]
a /\je(ﬁAS.v..,n) O(on; ;_y AY(O(on, 3 AY(O(ons, AY(O(on, 1)) PPLTL
F(ony ) A X(F(onsy A X(F(ony 3 A /\je(év&“_m X(F(on; ;_)))))) LTL,
% H(madep} — Y(O(made,,2 M A H(made, — Y(O(madep‘ ) PPLTL
E (madepz)R(—vmadePI)/\(madepl)R(—umadepz) LTL,
E OC(shipped,q.,) PPLTL
O F(shi pped,,4..) LTL,
» Oldatay, AWY(H(~data,,))) AO(data,,, AWY(H(=data,,,,.))) A O(data;,,,.) PPLTL
B (0data,) U (data,,) A(2datay,,) U(data,, ) AFdata,,,,) LTL,
Q
& ((nat,, Scalibrated, ) A(-at,,, Scalibrated,))V H(-at, ) PPLTL
G(atw/ - (F(calibratedq A F(caIibraledCz))) LTL,
g O(servedp: A serued,,3 YA O(seruedpo A seruedp‘ A WY(H(-merued,,2 A ﬂseruedh ) PPLTL
E F(seruea'l,2 A servedpx) A (—meruealp2 A —meruea’l,x »u (servedﬂ” A servedp‘ ) LTL,
E H(boardedp" — (ﬂboardedp] A —|boardedl,2 ) PPLTL
G(bnardedp“ — (nboard edp] A —|b(mrdea!pz ) LTL,

Table 10
TB15 Classes of formulas.
Formula class PPLTL LTL,
a aS AL, O(5) aU AL F(B)
b (V2 O(p,))SOg) Vi, F(p)) UF(g)
c AL, O(B; AO(a)) Fa A AL, F(B))
d Nizy OB; AWY(H(@)) Al @UB)
e O(ALL; OB FAL FB)
f A O A Fp)
g AL O AO AWY(H@)) AL Fio) AN g, Ur,)
i OV, OB FOVIZ FB)
J Vi, B AV, OB)) F(ViL, G
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Table 11
Formulas employed in non-deterministic benchmarks.
Formula Logic
O(a)S(O(b;) AO(by) A ... AO(b,)) PPLTL
e F(a)U(F(b,) AF(by) A ... AF(B,)) LTL,
& (O®)VO®by)V ... vO(b,)UO(a) PPLTL
:: (F(b)) VF(by) V... VF(b,)) UF(a) LTL
= O(b, AO@) AO(b, AO@) A ... AO(b, AO(a)) PPLTL
g F(F(b)) AF(by) A ... AF(b,) Aa) LTL,
§ (@SOb,)) A@SOb,)) A ... A(aSO(b,)) PPLTL
(@SO(b) A@SOby)) A ... A(aUO(b,)) LTL,
O(on,, Aony, Aon,, AYO(on,, Aon,, ANYO(on,, Aon.,)))  PPLTL
Flon, . Aon,, AXF(on,, Aon, , AXF(on,, Aony, Aon,,))) LTL,
O(g) AO(g) A ... AO(g,) PPLTL
i F(g) AF(g) A ... AF(g,) LTL,
N O(O(g) AO(g) A .. AO(g,) PPLTL
5 F(F(g) AF(g) A ... AF(g,)) LTL,
g O0()VOEg)V .. vOlg,) PPLTL
=  F(F(g)VF(g)V...VF(g,) LTL,
H(H(H(g) VH(g) V... VH(E)) V(g Ve V... vg,) PPLTL
G(F(G(g)) VG(gy) V... vG(g,)) LTL,
O(Cﬂl YA LA O(Cﬂ") PPLTL
< FC,)A...AF(C,) LTL,
O.S‘ 1 'n
":‘: O(O(C,) A ... AO(C,)) PPLTL
E F(F(C,) A ... AF(C, ) LTL,
£ O(C,)A... AOC,) AH(Y(R,) = ~(R, ) A=R, A... PPLTL
© f—‘(C,,1 YA LA F(Con) A G(Ra’ => X(“Ro, DA ... LTL,
X(X(.. X(Reitenen))) PPLTL
O(Ryicnen N Y(Y(... Y(start)))) LTL,

Data availability
All code and benchmarks are publicly available.
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