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Thesis Summary

This thesis contains two main contributions. The first builds on our previous
translation from lifted classical planning to colored Petri nets (CPN) with set-
based semantics by extending the range of lifted planning tasks that can be
translated. This was done through reworking the color types, and the order col-
ors were added from the planning task. Thus allowing type inheritance to be
modeled using guard expressions. The experiments show that it can solve sub-
stantially more planning tasks than before, however, it is still slower when com-
pared to state-of-the-art planners and a competing translation from a grounded
planning problem.

The second contribution is a novel translation from a general CPN to lifted nu-
meric planning. In this translation, places are represented as numeric variables,
the partial order of colors is maintained through classical predicates and numeric
variables. An issue was found for the translation of transitions to action schemas,
but a concrete solution is proposed as future work. A theorem is presented along
with an argument for the correctness of the method. The entire translation is
implemented within the Java frontend of TAPAAL. The MCC2023 colored Petri
net benchmarks are used to test the implementation. The benchmarks are trans-
lated to planning problems, after which the planning system ENHSP is used to
detect satisfiability vs unsolvability of each query, which is then compared to
the answer from TAPAAL. ENHSP with our translation managed to answer 246
queries correctly, though 9 of the resulting plans have been flagged as potentially
affected by the discussed issue. ENHSP and TAPAAL disagreed once, but it is
in a flagged case, so it is outside the restrictions of the theorem.
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Abstract. We present a novel method for translating general colored
Petri nets to lifted numerical planning tasks, along with arguments for
its correctness. Additionally, the paper also presents an improvement
to a previous translation of classical lifted planning to a CPN. Both
translations are implemented, have their output validated, and are run
against other tools. The first translation is run with the numeric plan-
ner ENHSP and is compared to the Petri net verification tool TAPAAL.
The second translation is run in TAPAAL and compared to a translation
made from a grounded planning task and the powerful Fast Downward
configuration, lama-first. The first translation is generally outperformed
by TAPAAL, but more importantly, it correctly categorizes reachability
queries within the limitation of the theorem as satisfiable or unsolvable,
with a proposed solution for removing the limitation. The second trans-
lation is an improvement to the former, but is still substantially slower
than the Fast Downward configuration and the grounded translation.
However, its outputs are correct and it can now translate a much larger
subset of lifted planning tasks.

Keywords: Lifted planning - Colored Petri nets - Lifted numerical plan-
ning - Translation - Model checking

1 Introduction

This paper explores the connection between colored Petri nets and lifted planning
tasks. Colored Petri nets (CPN)[I5] are an extension to the modeling formalism
known as P/T nets[18], which are typically used to model distributed systems
s.t. different properties of these can be verified. Translating a system to a Petri
net is particularly useful as many powerful techniques are developed for checking
their properties [I7]. One such property is whether it is possible to go from one
state in the modeled system to another, known as a reachability query. This con-
cept has a lot in common with planning, where the objective is to find a sequence
of actions which will lead from a starting state to a desired goal state [19]. We
previously explored these connections in Ginnerup H., Lassen S. [7], culminating
in an implementation of a translation from a reduced subset of classical lifted
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planning to CPN with set-based semantics. The restrictions placed on this ini-
tial translation and the strong results showcased by the planning system Fast
Downward (FD)[I0] in the experiments were the initial motivation for this paper.

There is not much related work in the area of translating planning tasks to
Petri nets and vice versa but Hickmott et al. [I3] remains an important mile-
stone, as they created a translation from a planning task grounded by FD[II] to
a l-safe P/T net. However, the translated net was not used with a general Petri
net modelling and verification tool such as CPN Tools[20] or TAPAALI[I], but
instead with a heuristic-directed unfolder. This implementation was later modi-
fied by Daniel Gnad as part of his PhD thesis [8], even more recently modified by
Peter Gjol and us [7] to output correct PNML s.t. it can be used in conjunction
with modern tools like TAPAAL.

This paper & our previous work[T7]

Lifted Planning Task CPN
Fast Downward [11] TAPAAL [
Grounded Planning Task P/T Net

Pre-existing translation [13][8]

Fig.1: An overview of the difference between the first translation proposed in
this paper, and the pre-existing methods for translating planning tasks to Petri
nets [7].

This paper has two main contributions. The first is shown in Figure [l| and is a
less restricted translation from a classical lifted planning task to a CPN. The
biggest restriction on the previous translation was the lack of support for type
inheritance, which is the major new feature of the improved translation. However,
the largest contribution of this paper is a translation from a general colored Petri
net to a lifted numeric planning task. Additionally, this new translation has been
implemented and is used to solve Model Checking Competition (MCC)[16], CPN
benchmarks by searching for a plan with the numeric planner ENHSP[22]. This
translation is shown in relation to other existing tools in Figure[2] An additional,
smaller contribution stemming from this and the previous paper, is that we have
contributed 2 new models to the MCC 2024 call-for-models. The first was made
using the initial translation from lifted planning task to CPN, whereas the second
was made using the enhanced translation from this paper.
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This paper

Lifted Numeric Planning Task CPN
ENHSP [22] TAPAAL []
Grounded Numeric Planning Task P/T Net

Fig.2: An overview of the new translation proposed in this paper, and how it
fits in with pre-existing tools.

Section [2] presents the syntax of a colored Petri net along with two sets of seman-
tics, one for each translation. Section [3| presents the enhanced translation from
classical lifted planning task to a CPN with set-based semantics, and Section
[43] presents the novel translation from muliset-based CPN to a lifted numeric
planning task. Each of the two former sections will also present the implemen-
tations and experimental results for their respective translation. Finally, Section
presents a joined conclusion and proposes future work.

1.1 Bibliographical Remarks

This paper builds on our previous work in Ginnerup H., Lassen S.[7]. In Sec-
tion |2} most of the CPN syntax is reused, but the multiset-based semantics
and several examples are new additions. Section [3| reuses both of the classical
lifted planning definitions and their semantics, with some minor tweaks, but the
translation has been changed substantially, and new, more relevant examples
have been added. The definitions of grounded- and lifted numeric planning in
Section [£:3] are new, but are defined as extensions to the existing definitions clas-
sical definitions. Additionally, the entirety of the translation from lifted numeric
planning to CPN and the accompanying arguments of correctness are entirely
new. All of the experiment setups, results, and discussions surrounding them are
new.

Section [2.3] is new, but the rules and figures displaying their applications are
borrowed from multiple sources[d] [2][3].

1.2 Preliminaries

Let Z denote all integers, and let ZZ° denote all positive integers including 0. A
multiset is an unordered collection where each element occurs finite many times.
Given a set A, then a multiset over A is defined as A along with any function
Multiplicity : A — ZZ2°. Let 2'a + 1’c denote a multiset where a has a multi-
plicity of 2, ¢ has a multiplicity of 1, and anything else has a multiplicity of 0.

Let the function toSet : (U — Z=°) — U map any multiset to the set of elements
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with a multiplicity greater than 0, s.t. toSet(2’'a 4+ 0'b+ 1'c) = {a, c}.

AUB

The operator W denotes the union of disjoint sets. Therefore, A W B
where ANB =0

Let f = {21 = y1, ..., Ln, = Yn} denote a function f where f(x1) = y1, ..., f(z,) =
Yn-
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2 Syntax and Semantics of Colored Petri Nets

This section defines the syntax, and then two different semantics for colored Petri
nets. First, a set-based semantic, which will be used in the translation from a
planning task to a CPN, and then a more common multiset-based semantic,
which will be used for translating a multiset-based CPN to a lifted numeric
planning task.

2.0.1 Color Let Cutom and Cr,,, . be the disjoint sets of all atomic colors
and atomic color types respectively. Atomic colors and atomic color types are
associated many-to-one where each atomic color is associated to a distinct type.
The function typeOf : Cutom — Cr,,,,, returns the type of a color, and in-
versely typeValues : Cr,,  ~— 2Catom returns all colors of a given type, s.t. given

c € Catom and t € Cr,, then typeOf (¢) = 7 iff ¢ € type Values(T).

tom
Let C and Cr be the disjoint sets of all colors and color types respectively,
where a color is a non-empty tuple s.t. C = Cyzom ™ and likewise for types where
Cr = Cr,,,, 7. The atomic colors and types can be considered 1-tuples which
implies Cytom € C and Cr,,,,, € Cp. Similar to the atomic version, colors
are each associated to a distinct color type. To get the type of a given color
(c1,...,¢;) € C, the function typeOf : C — Cr is defined as:

typeOf ((c1, ..., ¢i)) = (typeOf (c1), ..., typeOf (c;))

To obtain all possible values of a color type (cty,...,ct;) € Crp the function
type Values : Cp — 2C is defined as:

type Values((cty, ..., ct;)) = typeValues(cty) X ... X type Values(ct;)

2.0.2 Color Predecessor and Successor Atomic colors are assumed to be
totally ordered within their type, s.t. given a type 7 € Cr,,,, and type Values(r) =
{c1,¢9,¢5,...;cn}, then ¢4 < ¢3 < ¢35 < ... < ¢,. The predecessor function
pred : Catom — Catom returns largest smaller value, e.g. pred(ca) = c1, but is
cyclic s.t. pred(ci) = ¢, Similarly the successor function suce : Catom — Catom
is the smallest larger color, e.g. succ(ce) = c3 and succ(c,) = ¢;1.

2.0.3 Variables Given a finite set of atomic color types Cr,,.. , let V be a
finite set of wariables disjoint from C,y0.m, Where each variable is associated to a
type through the function typeOf : V — Cr,

tom *



Translating Colored Petri Nets to Lifted Numeric Planning Tasks 7

2.0.4 Atoms An atom is either an atomic color or a variable, s.t. given finite
sets of atomic colors C,¢0.m, and variables V, then:

A =Cuom UV
Atoms can be a reference to the prede- or successor, and is represented through:
atom” ::= variable” | atomicColor™ | pred(atom™) | succ(atom™)

where 7 is some atomic color type.

2.0.5 Arc Expression Let AE be the set of all arc expressions, and let AE™
be the subset of all arc expressions of type color type 7. An arc expression ae”
of type 7 is represented with the following syntax:

ae” =€ | (atom™,...,atom™) | ae] + ael

where 7 = 71 X ... X 7, and € is the empty string.

2.0.6 Guard Expression Let GE be a set of guard expressions for expressing
boolean logic on atoms. Guard expressions are represented through the syntax:

ge == atom] > atomy | true | false | ~ge | gex A ges | ge1 V gea

where < € {<, <, =,>, >}

In guard expressions only atom pairs, such as in atom] = atom3 must match in
type, where a different pair may match on a different type, unlike arc expressions
where all subexpressions must to be of a single type.

2.1 Colored Petri Net

Definition 1. A colored Petri net, or CPN, is a 5-tuple (P, T,V, Arcs, Guards)
where

1. P is a finite set of places, where each place is associated to a distinct color
type through the function typeOf : P — Cr,

2. T is a finite set of transitions, s.t. PNT = (),

V is a finite set of variables,

4. Ares : (P x T) U (T x P) — AE connects any place and transition with an
arc expression. Given p € P and t € T, then Arcs is type-restricted s.t.
Ares(p,t) € ARWPeOI®) g g Ares(t,p) € AEWPOr®) The arc expression of
any disconnected pair is €.

5. Guards : T — GE is a function to get the guard expression of a transition.

o
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2.1.1 Set Based Marking The configuration of a Petri net is called a mark-
ing. For colored Petri nets with set based semantics, let a marking be any function
M : P — 2C that for each place returns a set of colors of the same color type as
the place, s.t. given a place p € P then M (p) C typeValues(typeOf (p)).

2.1.2 Multiset Based Marking In a multiset based Petri Net, each place
contains finite many colors of a given type. A multiset based marking is defined
as any function M : P — (C — Z29), with the limitation that each place can
only contain colors of its own type, s.t. given place p, color ¢, and typeOf (c) #

typeOf (p) then M (p)(c) = 0.

2.2 Petri Net Semantics

This section goes through how a colored Petri net transitions from one marking to
another, for both set- and multiset based semantics. Let N' = (P, T, V, Arcs, Guards)
be a constant CPN for the rest of this section.

2.2.1 Binding Let a binding be any function b : V — Cg,p, that takes
a variable and returns a concrete, atomic color of the same type, s.t. given a
variable v € V then typeOf (b(v)) = typeOf (v).

For notation given a binding b and an atom a, then

a a € Catom
alb] = b(a) aeV
| pred(a’[p]) @ is in the form pred(a’)
suce(a'[b])  a is in the form succ(a’)
This further extends to sequences of atoms, s.t. (a1, ag, ..., a;)[b] = (a1[b], az[b], ..., a;[b]).

2.2.2 Evaluating Arc Expressions Given an arc expression ae, let ae[] de-
note the multiset where each value in ae is counted, and given a binding b then
let ae[b] denote the count after applying the binding.

Example: Given colors Cuiom = {A, B,C} and variables V = {z,y}, all of the
same type, and b = {z = B,y = C}.

Let aeg = A+ A+ C +z+ pred(z) +y , then

aer]] =2A+1C+1Vz+ VUpred(z)+ 1y

ae1[b] =3'A+1B+2'C

Let aes = (A, B) + (A, succ(x)) + (C, suce(suce(y))) , then

aes]] =1'(A, B) 4+ 1'(A, suce(zx)) + 1'(C, succ(suce(y)))
aes[b] = 2'(A,B) + 1/(C, A)
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2.2.3 Guard Expression Evaluation Guard expressions compare the order
of colors through boolean expressions. Given a guard expression ge and binding
b, let ge[b] denote b being applied to every atom in ge, which is then evaluated
to true or false.

Example: Given the atomic types A and B with the colors {ai,as,as3} and
{b1,b2} respectively, the variables {va1,va2, vB1,vB2}, a1 < az < ag, by < b
and the binding b = {va1 = a1,v42 = a2,vp1 = b1,vp2 = by}, then:

The guard expression ge = succ(vpy) < vpa V —(va1 = va2) is evaluated as
ge = succ(vpy) < B V= wvas = VA2 )
ge[b] = (succ(vp1) [b] ) < (w2 [b] ) V =( (var [b] ) = (vaz [0] ))
=( b )<( b2 J)Va((a )=(a ))
=by < by V _‘(al = (12)
= true

Additionally, the comparison is transitive, so a; < as and as < agz, implies
a1 < ag [b] = true.
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2.2.4 Set based Transition Firing A transition ¢t under binding b is enabled
for marking M, if

1. Guards(t)[b] = true and
2. toSet(Ares(p,t)[b]) € M(p) for all p € P.

An enabled transition can be fired, written M LN YL , producing a marking
M’ defined as M'(p) = (M (p) \ toSet(Ares(p,t)[b])) UtoSet(Ares(t,p)[b]) for all
pel.

Additionally, a sequence of transition firings is called a trace, which is defined

as M (t.b)w M if M (—>t’b) M" and M" 2 M’ where w € (T x B)*, (¢,b) € w,

and M S M.

2.2.5 Example: Firing a Transition with Set Based Semantics

Given Cr = {letter,letter?} and Cgiom = typeValues(letter) = {A,B,C}. A
CPN can be seen in Figure along with the effect of firing its transition ¢
under binding b = {z = A,y = B}.

p2 p2
[letter] [letter]

p4

p
[letter?] t [l

(y,v) etter?]

(a) Shows M before firing ¢. (b) Shows M’ from M L M

Fig.3: Transition t fired under binding b = {x = A,y = B} using set based
semantics.

M’ is computed as follows:

M'(p) =( M(p) \ toSet(Arcs(p,t)[b])) U toSet(Ares(t,p,)[d])

M'(p1) =( {4} \ {A} ) U {} = {}
M'(p2) = ( {A,B} \ {4, B} ) U {B} = {B}
M'p3)=( {} \ {} ) U {A,C} = {A,C}
M'(p4) = ({(B,B)} \ {} ) U {(B,B)} ={(B,B)}
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2.2.6 Multiset based Transition Firing A transition ¢ under binding b is
enabled for multiset marking M, if

1. Guards(t)[b] = true and
2. Ares(p,t)[b](c) < M(p)(c) for all p € P,c € C.

An enabled transition can be fired, written M LN Ve , producing a marking
M’ defined as M'(p)(c) = M(p)(c) — Ares(p,t)[b](c) + Ares(t,p)[b](c) for all
peP,ceC.

Additionally, a sequence of transition firings is called a trace, which is defined
as M S0 ie M B0 M and M7 MY, where w € (T x B), (4,b) € w,

and M S M.

2.2.7 Multiset Transition Firing - Example Reusing the example from
the set based firing of a transition, Figure [ shows the same CPN as Figure
but with a similar multiset based marking.

p2 p2
[letter] [letter]

p3
[letter]

p4

[letter?]
(v, v)
1'(B, B)
(a) Shows M before firing t. (b) Shows M’ from M L M

Fig.4: Transition ¢ fired under binding b = {z = A,y = B} using multiset
based semantics.

M’ is computed as follows:

M'(p) = M(p) — Arcs(p,t)[b] + Ares(t,p,)[b]
M'(p1)=(1'4) - (1’4 + 0 = 0
M'(p2) = ('A+1B) - (I’A+1'B)+ (2B) = 2B
M’ (p3) = 0 - 0 + (VA+10) =VA+1C
M'(p4) = (1'(B,B)) — 0 + (1(B,B)) = 2(B,B)
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2.2.8 Set- vs Multiset based semantics - Example A set-trace is not
necessarily a multiset-trace, and oppositely, a multiset-trace is not necessarily a
set-trace. To demonstrate this, A CPN is given in Figure [5] after which some
traces are shown.

Fig.5: A CPN with a single color c. It is shown with a multiset marking, but it
can also be considered with the set based marking {p; = {c},p2 = {c}}.

Using set-semantics, it is possible to apply ¢; and then ¢3. This is not possible
using the multiset-semantics as Arcs(ps, t3)[c] consumes too many tokens.

Valid set-trace Invalid multiset-trace

t
{p1 = {c},p2 = {c}} ST {p1 = lUe,pa=1ct
{1 = {chps = {c}} & (= Veps = Vel

{pr = {c},pa = {c}}

Using multiset semantics, it is possible to fire ¢; and to, storing two tokens in
p3, and then firing ¢4 twice. This is not possible in the set semantics, as they
cannot store multiple tokens of a single color in a single place.

Invalid set-trace Valid multiset-trace

t

{p1 = {c},p2 = {c}} — {p1=1c,p2=1c} b,
t

{p1 = {c},ps = {c}} = {p1 = 1'ce,ps = 1'c} 12y

{ps = {c}} (ps = 2'c}

t ’ ’ tq

{ps = {5 {pa = Ve,ps = 1'c} %

{ps = 2’0}
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2.3 Examining Petri Net Techniques

Let a P/T net be defined as a CPN with only a single color, and where all guards
are considered as true . Any CPN can be unfolded to a bisimilar P/T net[I].

Since the definition of a colored Petri net with set-based semantics that is
used in Section [3]is non-standard, the soundness of various Petri net unfolding
techniques and reductions is not guaranteed. In this section, the soundness of
techniques we utilize with our set-based CPNs will be examined and argued.
Additionally, an example of why certain techniques are not safe when sets are
used instead of multisets will be showcased. We with an illegal reduction, as it
builds upon Figure [5| above.

2.3.1 Illegal Reduction: A Structural Reduction rule A, shown in Figure
Bl is an example of an illegal reduction.

N

pPo

m - wy

Fig.8: Structural Reduction rule A.[2]

Intuitively, rule A says that that only ¢y can consume tokens from pg, so the
P/T net can be reduced by firing ¢o until po has no tokens remaining, and then
any arcs feeding into pg is instead connected to every place that came after tg.
Both py and tg can then be removed.

Figure [f] from the previous Section is a counter example to rule A being safe.
Rule A can immediately be applied to (pi,t1), moving the token from p; into
ps3. Next it can be applied on (pa, t2), moving the token of ps into ps. By apply-
ing structural reductions, we have now moved two tokens into the same place,
and one of them disappeared. Before structural reductions, it would have been
possible to reach a marking {ps = {c},p5 = {c}}, but it is no longer possible,
because a token disappeared in the set semantics.
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2.3.2 Unfolding techniques We have utilized the following techniques when
unfolding CPNs with set-based semantics in TAPAAL:

Color fix point is safe and used, as the method itself is set-based. It uses set
semantics to over approximate which places can ever contain each color.

We have not used not used partial order reductions, as they rely on the
assumption that the order of firing two transitions does not matter. The order
does however matter for set-based.

2.3.3 Structural reductions of colored Petri nets We have used the
following structural colored reductions in conjunction with our CPNs with set-
based semantics:

Parallel transitions, dead transitions, dead places, irrelevant places and transitions

All the colored reductions and figures in this section are from van Diepen et al.
[4] where these are first introduced.

Parallel transitions This rule concerns removing parallel colored transitions.
These are transitions where firing one is equivalent to firing the other k times.
Since every arc in the nets produced by our translation always have a weight W
of 1, this rule removes transitions that behave exactly the same as other existing
transitions. Therefore, it is safe to use.

/ N /

P1 P2 P1 P2
Wi -k Wy
where
k>1 = ta
W - Wi

N
D3 Pa pp Q4

Fig.9: An application of the parallel transition reduction[d].

The same reasoning of how the set-based semantics does not interfere with the
rules as the arc expressions are also set-based applies to the other utilized colored
structural reductions.
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2.3.4 Structural reductions of P/T nets In conjunction with our CPNs
with set-based semantics, we have utilized the following structural reduction

rules:
C,D,E, G, ILL,M

Rules A to I and the figures showing them are from Bgnneland et al. [2]. Rules
L and M along with related figures are likewise from van Diepen et al. [3].

As an example of a safe reduction, see reduction C in Figure[I0] For set semantics,
the weights can be assumed to be 1. Then p; and ps will always have the same
marking, and it is safe to remove one of them.

Fig. 10: Structural Reduction rule C.[2]

As another example of a safe reduction, see reduction E in Figure It states
that a single firing of ¢y requires more tokens than can ever be in pg. There is
no way for tg to ever be fired, so it can safely be removed.

= ‘ﬁ

Fig. 11: Structural Reduction rule E.[2]
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3 Lifted Planning Tasks to Colored Petri Nets

The section contains an explanation of how a given planning state is translated
to a CPN marking and vice versa, culminating in an argument of correctness in
the form of a proof sketch.

3.1 Grounded planning

The objective of a planning task is finding a sequence of actions which transform
the environment from a given initial state to a so-called goal state. An example
of a planning task could be how to move containers onto a freight ship one at
a time such that they end up stacked in a particular way. Here, a definition for
grounded planning is given along with the semantics of how actions are applied to
states and what constitutes a valid plan. The definition chosen for the grounded
planning task is based on STRIPS [5]. In this definition, states are comprised of
propositions typically referred to as facts or atoms, denoting whether a fact is
true in that state.

Hand Hand
C
C B
B A A

Fig.12: A possible initial and goal state of a container stacking task.

Definition 2. A grounded planning task is a 4-tuple I = (F, A, so, G) where:

1. F is a finite set of facts,

2. A C2F x 2F x 2F is a set of actions,
8. sg C F is a set of initial facts, and
4. G C F is a set of required goal facts.

The semantics of a grounded planning task is defined as a transition system
that is traversed by applying actions. A state s is a subset of facts s C F. The
elements of an action 3-tuple are called preconditions, delete effects, and add
effects, respectively. We write s = ' if 3a = (pre,del,add) € A s.t. pre C s
and s’ = (s del) U add. By this, a sequence of action applications are defined
as s — ¢ if s 5 s and " <> s’ where w € A*,a € A, and s = s.

By these semantics, a valid plan 7 for a planning task is a sequence of actions
we A* st sg—= s and G C s.
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3.2 Lifted planning

Since the amount of facts and actions needed to describe a planning task in a
grounded representation increases rapidly wrt. the arity of these and the num-
ber of objects, it is useful to have another format for describing planning tasks,
which is both more readable and writable. For the lifted planning definition, we
have split the concept of a planning task into a domain and a task part. The do-
main describes the general part of a task in terms of constant objects, predicates,
and action schemas. The task then specifies the instance of the domain that is
to be solved by stating the initial state, the goal facts, and any additional objects.

First, we define the syntax of a lifted planning domain, promptly followed by
a description of how a grounded planning task can be constructed by binding
the predicates and action schemas to specific objects, thereby creating facts and
actions. This is done because the semantics needed to solve a planning task are
given in grounded form as defined in Section [3.1

Definition 3. A lifted planning domain is a 6-tuple [ = {((T,<),0, X, P, Px, As)
where:

(T, <) is a finite, partially ordered set defining a type hierarchy,

O is a finite set of objects, each with a type indicated by typeOf : O — T,

X is a finite set of parameters, each with a type indicated by typeOf : X — T,

P is a finite set of first-order predicates, each with an n-tuple of types indi-

cated by the signature sig : P — T*,

5. Px is the set of all parameterized predicates p(x1,...,x,) s.t. p € P, x; €
XUO, and Vi € (1..n).typeOf (z;) < 7; where sig(p) = (T4, ..., Tn), and

6. A, C 2Px x 2Px x 2Px s q finite set of action schema.

T Lo o~

Now we construct the grounded planning 4-tuple IT = (F, A, so, G) from the
lifted planning domain. Since the initial state s and the goal facts G are always
given in grounded form, all we need to do is ground the predicates and action
schema to produce the set of facts F' and actions A. Here, grounding means
replacing each parameter by a concrete object. Let B be a set of bindings from
parameters to objects, written as b : X — O. A binding is valid if the type of
each parameter is compatible with the type of the object being bound to it. The
set of valid bindings is By < {b|be B,z e X, typeOf (b(z)) < typeOf(x)}.

Furthermore, we define the notation p[b] to denote that the parameters of a

predicate p are bound p[b] ef p(b(x1),...,b(x,)). The set of facts can be con-

structed by replacing each parameter of every predicate by valid objects F' =
{p[b] | p € Px,b € Byy}. Similarly, the set of actions can be constructed by
replacing each parameter of every predicate in each of its elements by a valid
object A = {(pre[b], del[b], add[b]) | (pre,del,add) € As,b € Byai}-



18 Henrik Ginnerup and Sebastian Lassen

3.2.1 Lifted planning example - Shapes World Since the improved trans-
lation can handle type hierarchies, the main example in this section will be
Shapes World, which is a version of the container stacking task with objects of
different shapes. A task in this domain is illustrated in Figures [13| and

| | shape
Hand Hand / \
B
rectangle triangle
B A
c A c
square

Fig. 13: The initial state. Fig.14: The goal state. ~ Fig.15: Type hierarchy.

To represent the domain, we construct the 6-tuple IT = (T, <), 0, X, P, Px, As).

The partially ordered set of types (7,<) is illustrated in Figure Here,
square < rectangle < shape and triangle < shape. As can be seen in Fig-

ures [13] and [14] the types of each object in O = {A, B, C} are typeOf(A) =
square, typeOf (B) = triangle, and typeOf (C) = rectangle. The set of param-
eters is X = {x,y} with types typeOf (z) = shape and typeOf (y) = rectangle.
Shapes World has five predicates P = {Clear, OnTable, Holding, On, HandEmpty}
with the first 3 having the signatures sig(Clear), sig(OnTable), sig(Holding) =
shape, sig(0n) = (shape, rectangle), and sig(HandEmpty) = .
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Px = Description

{Clear z}U |Is the top of block x clear?
{On z y}U Is z on y?

{OnTable z}U|Is = on the table?
{HandEmpty}U|Is the hand empty?
{Holding z} |Is the hand holding x?

(a) The parameterized predicates in the lifted Shapes World planning domain

As = Description

PickUp z:  {(pre, del, add)} where

pre = {Clear z,0nTable x,HandEmpty},

del = {Clear z,0nTable z,HandEmpty},

add = {Holding x}
PutDown z: {(pre,del,add)} where

pre = {Holding z},

del = {Holding z},

add = {Clear x,0nTable x,HandEmpty}
Stack z y:  {(pre, del,add)} where

pre = {Holding z,Clear y},

del = {Holding z,Clear y},

add = {Clear z,HandEmpty,On z y}
Unstack = y: {(pre, del,add)} where

pre = {0n z y,Clear z,HandEmpty},

del = {0n z y,Clear x,HandEmpty},

add = {Holding x,Clear y}

Pick x up from the table.

Put x on the table.

Stack = on y.

Pick up z from y.

(b) The action schemas in the lifted Shapes World domain.

Fig. 16: The parameterized predicates Py and A of the lifted Shapes World
domain displayed across two tables.

An example of how the types are used, is that the predicate On has the signature
sig (On) = (shape, rectangle), as we can not stack anything on top of a triangle,
but a triangle can be placed on top of rectangles and squares. Following the
semantics described under Definition [3] the set of facts constructed by replacing
each parameter in On = y is {On A A,On A B,0n B A,On B B,0n C A,On C B}.
The set of actions created during grounding will also be impacted by the type
restrictions as no actions for stacking something on top of, or picking up, a shape
from a triangle would be created.

3.3 Translating Lifted Planning Tasks to Colored Petri Nets

This section presents the translation from a subset of lifted planning tasks to a
colored Petri net with set-based semantics as defined in Section 2l The subset is
lifted planning as defined in but without action schemas containing a specific
relationship defined in Section This section also contains two examples,
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each showcasing parts of the translation on an excerpt of the Shapes World do-
main from Section [3.2.11

We formally define the syntactic translation from a lifted planning domain to a
colored Petri net with set-based semantics. For this purpose, we define a constant
lifted planning domain for the translation:

I = <(T,S),O,X,P,Px,./4$>

As a CPN does not contain the explicit notion of a type hierarchy as exists in
a planning domain, this translation places all objects of all types into a single
color type called object s.t.

Cr,,,,. = {object,dot} and C,iom = type Values(object) = O

tom

This color type is an ordered set, and its elements are added according to the
method showcased in Algorithm [I] The imposed order is later used in guard
expressions to enforce the type hierarchy. A second, singleton color type referred
to as dot = {dot} is used for facts; predicates with sig(p) = e.

The translated CPN N = (P, T,V, Arcs, Guards) is constructed as follows:

1. P =P, where typeOf (p) = (object, ..., object) for every p € P,

arity(sig(p)) times
T = A,
V =X, and typeOf (v) = object for v € V,
Ares is constructed as explained in Section [3.3.2]
and Guards is constructed as explained in Section

GU N

Algorithm 1 : Creating the ordered set of colors
Input: ((7,<),0)

Output: Ordered set of colors C-

1: procedure CoNSTRUCTCOLORS((T, <), O, T)

2: Cr+0

3: Append all 0 € O where typeOf (o) = 7 to C- > Add objects of type T

> Recursively add objects of immediate subtypes
4: for 7, € T where 7, # 7,7 <7,and -31; € T.7; < 7; <7 do

5: Append CoNsTRUCTCOLORS((T, <), 0, ;) to C
6: end for
7: return C,

8: end procedure

9: Trmaz < maximal element of T
10: return CoNSTRUCTCOLORS((T, <), O, Tmaz)
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3.3.1 Constructing the color type object, example - Shapes World

Let (T, <) be the type hierarchy in Figureand O = {shapel, trianglel, recl, rec2, squarel}.
The ordered set of colors being constructed by Algorithm [I] is shown in Figure

K|

shape

RN

rectangle triangle

square

Fig. 17: Type hierarchy

1: {shapel}

/ \

2: {shapel,recl,rec2} 4: {shapel,recl,rec2, squarel, trianglel}
3: {shapel,recl,rec2, squarel}

Fig.18: The ordered set of colors being built by Algorithm [l The numbers
indicate the order it traverses the type hierarchy.
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3.3.2 Arc Expressions The function Arcs is initialized to € for each p € P
and t € T, s.t. Ares(p,t) = € and Ares(t,p) = €. Arcs is then updated as
described by the following procedure. For each as = (pre, del,add) € As, every
pe = p(1, ..., ) € pre U del U add belongs to one of the following cases:

1. The require-relationship. If (p, € pre) A ((ps ¢ del) V (p, € del Nadd)), then
update Arcs to:

Arcs' (p,t) = Ares(p,t) + (1, .., Tn)

Ares' (t,p) = Ares(t,p) + (z1, ..., p)

Arcs(p,t) + (1, .., n)
O— —
Arcs(t,p) + (1, .-, n)

Fig. 19: The require-relationship

2. The consume-relationship. If (p, € pre) A (p, € del) A (p, ¢ add), then
update Arcs to:

Arcs'(p,t) = Arcs(p,t) + (21, o T1)

Arcs(p,t) + (T1, ..., Tn)

Fig. 20: The consume-relationship

3. The add-relationship. If (p, ¢ pre) A (p, ¢ del) A (px € add), then update
Ares to:

Arcs' (t,p) = Ares(t,p) + (21, ..., Tn)
o
Arcs(t,p) + (X1, ..., Tn)

Fig. 21: The add-relationship
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4. The delete-relationship occurs if (p, ¢ pre) A (p, € del) A (p, ¢ add). This
relationship is not currently supported by the translation.

3.3.3 Guard Expressions As described in Section[3.2] there are type restric-
tions regarding which objects, o € O, a parameter, x € X, can be bound to s.t.
typeOf (0) < typeOf (z). The valid atomic colors of a variable are the same as the
valid objects of the corresponding parameter as defined by the type hierarchy
(T, <). Thereby, the function validColors : X — 2Catem returns an ordered set
of colors corresponding to the objects that are valid for the parameter, using the
fact that Cuiom = O:

validColors(x) = {o | 0 € Catom, typeOf (0) < typeOf (z)}

Let parametersIn : AE — 2% return all parameters corresponding to the vari-
ables that occur inside a given arc expression. Let allAE : T — 2*E be defined
as:

allAE(t) = | J{Arcs(p, 1)} U {Ares(t,p)}

peP

For every t € T, construct the following guard:

/\ /\ r>ciNx<cy,

aecall AE(t) x€parametersIn(ae)

where ¢; = min(validColors(z)) and ¢, = maz(validColors(z))

3.3.4 Partial Translation Example - Shapes World In this example, the
part of a Shapes World translation corresponding to the action schema Stack = y
from the example in Section [3.2.1]is showcased. The action schema to be trans-
lated can also be seen in Figure 22| and the CPN being constructed is shown in
Figure Let the type hierarchy and objects be the same as the example in
Section [3.3.1]

The action schema contains 4 predicates which are turned into places, and the
action schema itself is modeled as a transition. The types of the 2 parameters are
typeOf (x) = shape and typeOf (y) = rectangle. These are turned into variables
with types typeOf (z), typeOf (y) = object. The types of their original parameter
counterparts are used when the guard expression is created.

Stack z y: {(pre, del,add)} where
pre = {Holding x,Clear y},
del = {Holding z,Clear y},
add = {Clear z,HandEmpty,0On z y}

Stack x on y.

Fig. 22: The action schema for Stack z y.



24 Henrik Ginnerup and Sebastian Lassen

Using the method from Section [3.3.2] to create the arc expressions, we note that
Holding = and Clear y exhibit a consume-relationship with the transition. The
parameterized predicates Clear z, On = y, and HandEmpty all fall into the cate-
gory called add-relationships. Since Algorithm[I] was already used in the prior ex-
ample to create the color type object = {shapel,recl,rec2, squarel,trianglel},
use this and the types of the parameters corresponding to variables z and y to
determine the minimum and maximum color of each type:

shapel = min(validColors(x)), trianglel = max(validColors(z)),

recl = min(validColors(y)), squarel = max(validColors(y))

Following the method from Section [3.3.3| results in the guard expression seen
below in Figure

((xz > shapel A z < trianglel) A (y > recl Ay < squarel))

HandEmpty
[dot]

Holding
[object]

Clear
[(obgect, obje [object]

Fig. 23: The Shapes World excerpt corresponding to the action schema Stack = y
and connected predicates as a CPN.

3.4 Planning State to CPN Marking

Let s C F be a state of the planning task. Each individual fact f € s consists
of a predicate and objects, f = pred(o1,...,0n). As P =P and Cutom = O, then
a fact can also be represented as a place and atomic colors. This leads to the
function translate : 28 — (P — 2°).

translate(s)(p) = {(c1,...,cn) | p(c1, ..y cn) € s}

3.5 Correctness

3.5.1 Finding a Plan with CPNs The function translate : (T x (V x
Catom))™ = (As x (X x O))* takes a CPN trace and returns a plan. It does this
by taking each transition in the trace and mapping it to the corresponding action
schema, and each CPN binding (v, ¢) is mapped to the corresponding planning
binding (z,0). By the CPN translation, T = As, V= X and Cutom = O, so the
translation from a trace to a plan is the identity function.
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Lemma 1. Ifs LN ', then translate(s) Lol translate(s’) if a does not have
the delete-relationship.
Lemma 2. Let M = translate(s). If M L0 M then Jdas € A, € Byy st

s 2 o and M = translate(s’).
Transitions are constructed exactly such that Lemma [l and [2| hold.

Theorem 1. Given a lifted planning task II with no delete-relationships with
initial state so, then there exists a sequence of actions so — s iff. for the trans-
lated CPN there exists a sequence of transition firings translate(sg) — M'.

Proof. sketch

To prove Theorem[1], we first show that the existence of a plan implies the exis-
tence of a trace, and next that the existence of a plan implies the existence of a
trace.

1. The empty sequence is trivially both a plan and trace,

5,0 s:0)n
2. Lemma implies that given a plan sg S 81 (a2,) Sn, and no ag
b
has the delete-relationship, then there erists a trace translate(sg) (t—)l>

b)n
translate(sy)... AGLLN translate(sy,)

, ) t,b
3. Lemma |9 implies that given some state so and trace translate(so) Q

b)n . s,b 5:0)n
M... & M,,, then there exists a plan sg (as:5)1 S1... (as:5)
translate(sy) = My, ..., translate(s1) = M,

Sn, where

3.6 Implementation

This section showcases key implementation details. The most significant of these
is the implementation of the translation itself, but the tool for validating Petri
net traces as plans, and the test suite used for running experiments are also
noteworthy.

3.6.1 Translations The translation from Section [3.3]is a proposed improve-
ment to the one from our earlier work [7]. Therefore, the new implementation
is also based on the that of the earlier translation. It is written in Python 3.9.2
and can be found on GithuHH The added support for type inheritance required
significant rewriting of the original code and additional implementations of par-
ticularly the type hierarchy data structure, Algorithm I]for structuring the colors
correctly, and the code generation of guard expressions.

In addition to the new translation, multiple implementation issues plaguing the
old translation have been solved. These improvements alone have increased the
number of domains the old translation could translate from 8 to 14.

! https://github.com/petrinet-planning/colored-lifted-planning /tree/ TypeHierarchy V2


https://github.com/petrinet-planning/colored-lifted-planning/tree/TypeHierarchyV2
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3.6.2 Plan validation To ensure that the implementation of the translation
from Section [3.3] and the earlier implementation from our first work on the sub-
ject [7] is correct, we systematically ensure the found traces are solutions to the
original planning problem with the plan validation system called VAIﬂ This
tool takes a plan in a format called sasplan as input, while TAPAAL produces
traces that are structured quite differently and refer to the unfolded transitions
instead of their colored counterparts. To combat this, a parser was written for
the traces, and an algorithm that goes through each step in the trace to re-
structure the bindings of each variable s.t. they are in the same order as in the
original planning task was implemented.

With this validation tool setup, 30 randomly selected tasks from each viable do-
main were run, the traces translated to plans, and these plans were validated by
VAL. The results were 550 valid plans across both translations and 0 invalid
plans, which is valuable evidence that the translations and their implementa-
tions work as intended.

3.6.3 Test Suite The experiments were run and parsed through a testing
suite initially developed in our first work on this subject [7]. The test suite has
been enhanced greatly during the writing of this report to facilitate better ease
of use and support for a wider range of configurations. The current version of
the test suite is available on GithutP]

3.7 Experiments setup

To test the performance of the method, the implemented translation has been
run on several benchmarks using different configurations. The experiments were
run on Aalborg University’s "naples” computer cluster, which consists of AMD
EPYC 7551 CPUs. Each experiment was run with a timeout of 4 hours and 16
GiB of RAM.

The 4 configurations that translate a subset of lifted planning to CPNs used
for the experiments are:

— Color, the implementation of the translation from Section [3.3]

— Coloryr, Color with the VerifyPN option disabling timeouts when calculat-
ing color fix-points (NT),

— OldColor, the implementation of the translation from Ginnerup H., Lassen
S. 7).

— OldColoryr, OldColor with the NT option.

As OldColor does not support planning domains that use type hierarchies with
inheritance, it will naturally solve fewer tasks than Color but is included as it

2 lhttps://github.com/KCL-Planning/ VAL
3 lhttps://github.com/petrinet-planning/benchmarking
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is the only other implementation of a translation from lifted planning task to
CPN. Additionally, it can also be used to highlight the larger set of domains
translatable by the new translation and potentially signal if parts of the newer
translation are significantly slower on domains supported by both. All of these
configurations were run using a version of VerifyPNEL the verification tool of
TAPAAL, modified to use set-based semantics. All of the configurations were
only run with options deemed sound when used with set-based CPNs in Section
and with the search strategy Random Potency First Search (RPFS)[12].

The other methods that the translations are compared against are:

— Grounded, a translation of a grounded planning task to P/T net,
— FD, the planning system Fast Downward.

The configuration of Grounded also utilizes the search strategy RPFS but is
run using VerifyPN with multiset-based semantics. Therefore, it can also utilize
all the structural reductions available. The FD configuration is lama-first[21],
which is a powerful non-optimal planning strategy[6].

3.7.1 Benchmarks To measure the performance of the different methods
and configurations, the Autoscale benchmark suite from Torralba et al. [23]
designed for agile and satisficing planning has been used. The suite contains 42
planning domains, each containing 30 planning tasks of, generally, increasing
difficulty. Some domains were not run for various reasons, which can be seen in
the breakdown below:

— 19 domains included, with 5 using type-inheritance,

— 14 domains excluded for using the delete-relationship from Section [3.3.2]
— 7 domains excluded as Unified PlanningEI fails to parse the domain,

— 2 domain excluded for using negative preconditions.

Note that the method used to assess the domains starts by attempting to parse
these with the Unified Planning library, then looks for the unsupported relation-
ship, before finally reporting any other issues. Therefore, even if an issue that
excludes n domains is fixed, these may still fall into other issues.

3.8 Experiments

In this section, the results of running experiments using the configurations from
Section are showcased and discussed. Each configuration is run with a sample
size of 10 on each task, and the median times are reported, as the RPFS search
strategy used for every Petri net-based approach contains significant random
behavior[I2]. The reported median times are always with everything included,
from the initial call of the translation until the search concludes. If this is not
the case, it is always explicitly stated at the top of the plot.

* |https: //github.com/TAPAAL /verifypn /tree/53b047edca7a880135c29fd1659fc6ddccebe057
% https://github.com /aiplandeu/unified-planning


https://github.com/TAPAAL/verifypn/tree/53b047edca7a880135c29fd1659fc6ddccebe057
https://github.com/aiplan4eu/unified-planning
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Color Coloryr OldColor OldColoryr Grounded FD

Plans Found 221 268 154 159 360 469
Unique Plans 0 0 0 0 12 130
Fastest Response 0 0 1 2 137 356

Table 1: Overall comparison between all configurations. The total number of
tasks is 570. As OldColor does not support type inheritance, it can only compete
on 420 of these.

As showcased in Table[I] the dedicated planning system FD significantly outper-
forms all of the Petri net-based methods. The Grounded method which utilizes
the grounding process of Fast-Downward[I1] on the lifted planning task also
solves nearly a hundred more tasks compared to the best performing CPN-based
configuration, Colory7. As there are six configurations in the same table, there
is hard competition for the number of unique and fastest plans. However, when
comparing just the overall performance of Coloryr and Grounded in Table @ it
is clear that Grounded still significantly outperforms wrt. speed and the number
of plans found.

Coloryr Grounded

Plans Found 268 360
Unique Plans 3 95
Fastest Response 36 327

Table 2: Overall comparison between our best-performing configuration and
Grounded. The total number of tasks is 570.
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Fig. 24: Typical median times shown across 4 domains.

When examining the results for the individual domains, the trend indicated by
the overall results is generally confirmed, with most of the results being similar
to those shown in Figure 24] However, there is also a large part of the domains
where the Color configurations perform almost identically to the Grounded con-
figuration.

Examples of these can be seen in Figure which also includes the domain ged
where especially Coloryr consistently performs better than Grounded. When
solving planning problems with CPNs, it is generally an advantage for the con-
figurations to have the NT option, with it only performing worse in a few cases
such as driverlog in Figure As can be seen in Figure it is particularly
effective in domains such as nomystery where the translated CPN contains a
huge amount of colors.
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Fig.25: The most competitive median times between Grounded and the Color
configurations
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Another noticeable trend in the domains with very low median times, is that
the translation time of every CPN-based configuration is an order of magnitude
slower than both FD and Grounded’s translation times. This can be observed
in Figure and is likely a side-effect of the implementation being in Python
whereas Fast Downward and Grounded are written in C++. Intuitively, it should
be computationally cheaper to translate a high-level representation such as that
of a lifted planning task to a CPN, which is also high-level, than ground the
lifted task and then translate it to a P/T net, which is what Grounded does. In
Figures and the translation time of Color remains almost constant with
minor fluctuations which also hints at the increasing complexity of the tasks in
the domain not being the deciding factor in the translation speed as it is for
Grounded and FD.

Median Translate Time (sec) Median Time (sec)

10* 1

10!

OldColor

—- —&— OldColor
—#— OldColor_NT

-

-

—#— OldColor_NT
Color

Color
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N Grounded —¥— Grounded
10° 4 —e FD — D
10° 4
(._._.,»r' o °
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— T T T T T T T T T T T T T T T T T T T T T T T T
01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29
Task index Task index

Fig.26: The CPN-based configurations’ translation times take up a substantial
part of the overall time.
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Fig. 27: The translation time and overall time of the depots domain.

Besides the translation time, other deciding factors when comparing the results
of the different configurations are:

— Color vs OldColor: Color uses guard expressions to uphold type restric-
tions whereas OldColor uses arc expressions with variables of different color
types. When examining the domains where both appear, it does not appear
that Color is substantially slower, and since it supports a larger subset of
lifted planning domains, it is, therefore, clearly preferred.

— Color vs Grounded: As both use the same search strategy, a major differ-
ence in approach is the translated CPN being unfolded whereas Grounded
takes advantage of Fast Downward’s grounding algorithm. For some domains
it is close, but since Grounded solves substantially more tasks than Color, it
seems FD’s grounding is better at reducing planning tasks than the unfolding
techniques and colored reductions utilized by Color.

— Grounded vs FD: As both use the same grounding algorithm, the ma-
jor differences are search-related. Here, FD generally outperforms with its
lama-first configuration, though Grounded does solve about a third of its
solves tasks faster than FD.

The full collected data along with plots for every domain are available onlineﬂ

5 |https://drive.google.com/drive/folders/16Jyjid UK_O2r7ulyFS1mNJ6Dngha0f5M
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4 Colored Petri Nets to Lifted Numeric Planning Tasks

This section defines lifted numeric planning, shows how it is translated to a
multiset based CPN, argues for the correctness of the translation, and then
discusses the implementation of the translation.

4.1 Grounded numeric planning

Numeric planning extends the definition of classical grounded planning from Sec-
tion [3.1f with a finite set of numeric variables V [I4][9], along with conditions on
these, and effects that increase or decrease their assigned value. For many plan-
ning tasks, it is convenient to represent parts as numeric variables. An example
is a variation of the Traveling Salesman Problem displayed in Figure where
driving between locations costs fuel, which is best represented as a numerical
variable that is continually decreased by performing drive-actions.

Fuel =100 Location 1 Location 3

V
oo

Location 2

Fig. 28: A Traveling Salesman Problem with fuel modeled as a numeric variable.

In this section, we define the syntax and semantics of numeric planning as an
extension to Definition [2] Therefore, when the numeric extension is combined
with the definition of a grounded planning task, the syntax and semantics of the
original elements are exactly as previously defined in Section [3.1

Numeric states A numeric state Sy, is defined as a function that assigns an
integer to each numeric variable v € V. Let Sy, be the infinite set of every
such function S,um : V — Z.
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Numeric conditions The set C denotes all numeric conditions of the form:
c¢::=LHS >x RHS

where 1 = {<,<,=,#,>,>}, and LHS and RHS are arithmetic expressions
over numeric variables v € V or constants n € Z.

We write Snpum | c if the state satisfies the numeric condition. This is de-
termined by replacing each variable v in the condition with its value in the state
Snum(v) and evaluating ¢ as a boolean expression.

Definition 4. A numeric extension to a grounded planning task is a 4-tuple
Hum = VY, Snumos Grums Anum) where:

1. V is a finite set of numeric variables,

2. Snumo € Snum 15 an initial numeric state,

3. Gnum C C is a finite set of required, numeric goal conditions, and

4. Apum C 26 x 2BFFnum s o finite set of numeric actions where
EFF,.m is the set of all numeric effects of the form:

effpum =0 + 1

where v €V and n € Z. There is exactly one effect for each variable. Effects
with n = 0 are not explicitly noted.

The semantics of the numeric extension is, like its classical counterpart in Sec-
tion defined as a transition system that is traversed by applying actions.

To apply a numeric action, the numeric preconditions must be satisfied in the
. . . Anum .

given numeric state. We write Spum —— Spum’ if anum = (Prenum, effnum) €

Apum s.t. Ve € prepum-Snum = ¢ The numeric effects of an action are syq," =

Yo € V.spum’ (V) = Spum (v) + n where v +n € effy .

Enhancing the grounded planning definition from Section with a numeric
extension yields a grounded numeric planning task, defined as a 7-tuple I =
(F,V, 805 Snumo, Gs Gnums A = Actassic X Anum). A valid plan 7 for a numerical
planning task is a sequence of actions w € A* s.t. (S0, Snumo) SN (Sclassics Snum)s
G C Sclassics and Spum = Grum.
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4.1.1 Grounded numeric planning example - Driving In this small nu-
meric planning task, the goal is to drive a truck to a desired location. The
numeric components of the task are the fuel level of the truck, which is modeled
as a numeric variable, and the numeric precondition and effect of the Drive
actions.

/] /I
=N =N

Fig. 29: The initial state. Fig. 30: A goal state.

The facts and numeric variables are shown in Figure the actions in Figure
and the initial facts, initial numeric state, goal facts, and numeric goal
conditions in Figure
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Facts F' = Description

{At 11 t1, At 12 t1, The position of truck t1
Connected 11 12, Connected 12 11}|The connections of locations
Numeric variables V =
{fuel t1} The fuel level of truck t1

(a) The facts and numeric variables in the grounded numeric planning task

Actions A =

Description

Drive ¢ locl loc2 : {(pre, del, add, pre,, .., effnum) | t € {t1} Alocl,loc2 € {I1,12} where

pre = {At locl t,Connection locl loc2},
del = {At locl t},
add = {At loc2 t}

pre, .. = {fuel t > 50}

effpum = {fuel ¢ + (—50)}

Drive truck ¢
from location
locl to loc2

(b) The actions in the grounded numeric planning task.

Initial facts so = Description
{At 11 t1, .
Connected 11 12, Connected 12 11} See Flgure

Initial numeric state s,umg =

Snumo(fuel t1) =100 See Figure@'
Goal facts G =

{At 12 t1} See Figure [30|
Numeric goal conditions Gnyum =

0 None

(c) The start facts, initial numeric state, goal facts, and numeric goal conditions in the
grounded numeric planning task.

Fig.31: The full grounded numeric planning task IT =
(F,V, 80y Snumo, Gs Gnum, A) displayed across three tables.

The solution to this planning task is the action sequence:
m =Drive 11 12 t1

The plan traverses the following states:

({At 11 t1, Connected 11 12, Connected 12 11}, (Spum (fuel t1) = 100)) 2Zire 1t 12 1,

({At 12 t1, Connected 11 12, Connected 12 11}, (Spum (fuel t1) = 50)) where

{At 12 t1, Connected 11 12, Connected 12 11} D {At 12 t1},and
(Snum (fuel t1) = 50) =0
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4.2 Lifted numeric planning

As in the previous Section ?7, the numeric part of a lifted numeric planning
domain is an extension to the lifted domain in Definition [3| Here, the combined
tuple of a lifted numeric planning domain is defined along with the semantics of
how the numeric part is grounded, as the classical part is exactly the same as in

Section [3.21

Definition 5. A lifted numeric planning domain is a 6-tuple

I = <(T’S)707X;,P7PX,AS> where:

(T, <) is a finite, partially ordered set defining a type hierarchy,

O is a finite set of objects, each with a type indicated by typeOf : O — T,

X is a finite set of parameters, each with a type indicated by typeOf : X — T,

P = Peassic W Prum 18 a finite set of classical and numeric first-order

predicates, each with an n-tuple of types indicated by the signature sig : P —

T,

5. Px = Peassicx W Pnumax is the set of all parameterized classical and nu-
meric predicates p(xy,...,x,) s.t.p € P,x € X; U O, and Vi € (L...n).typeOf (z;) <
7; where sig(p) = (11, ...,Tn), and

6. A, C 9Pclassicx w QPelassicx w QPelassicx w QPREnum y QEF Frum 46 o finite set

of action schema where:

PRE,m 1s the set of all numeric preconditions of the form:

o~

DTy um = Pnumy D4 1

where Prumx € Pruma,> = {<7 <=2, >}; and n € Z,

and EFF, ., is the set of all numeric effects of the form:

eﬁnum S= Pnumy +n
where pnumx € Prumx ond n € Z

To construct a grounded numeric planning task IT = (F, V, so, Snumo, G5 Grum, A)
from the lifted numeric planning domain, we start by noting that both the initial
numeric state Spumo and the numeric goal conditions Gy, are always given in
grounded form. To construct the remaining numeric elements of the tuple, as
was done in Section with the classical elements, we use the valid bindings
to ground each numeric element. The set of numeric variables is constructed
by replacing each parameter of every parameterized numeric predicate by valid
objects V = {p[b] | p € Pnumax,b € Bya}. Similarly, the set of actions can be
constructed by replacing each parameter of every parameterized, numeric pred-
icate in each of its elements by a valid object Anyum = {pre,umlb]; effnum[b]) |
(Pre,,ums effnum) € As,b € Byar}.
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4.2.1 Preconditions as boolean expressions To consider preconditions as
boolean expressions, note that they are defined as sets of bound parameterized
predicates that must all evaluate to true, by being in state s, for an action to be
applicable. Therefore, a precondition can intuitively be written in the form:

pre:=px € Px | prex A pres

This can then be extended to allow or (V) in the form:

pre’’ = pre | prej” V pre§”
An action schema with the precondition ¢ V...V ¢,, is then equivalent to having
n action schemas ay; ...as, where the precondition of ag,, is ¢,,. This way, a lifted
precondition can be expressed in disjunctive normal form without negation.
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4.3 Translating a Colored Petri Net to a Lifted Numeric Planning
Task

This section shows the general translation from a multiset-based colored Petri
net to a lifted numeric planning task. For this, let N be some fixed CPN with
colors C, types Cr and initial marking M.

CPN N = (P, T,V, Arcs, Guards)

The translated, numeric lifted planning domain IT = {(7,<),0, X, P, Px, As)
is constructed as follows:

— Let T =Cr,,,, U{objects}, where every t € Cr,,,  is an immediate subtype
of objects,
— O = Cautom and (typeOf : O — T) = (typeOf : Cutom — Cr,,... )5

— X =V initially, and then more parameters are generated and added during
the construction of Action Schemas in Section 4.4
— P and Py are constructed below, followed by the construction of Aj.

The translation is shown on the concrete CPN N, in Figure but using the
general method for any CPN.

1/b1 t1
vy > ba D2

O (1'v1 + 1"v2) I (1 (v1, succ(va)) + 1'(by, b2)) O

Fig.32: A CPN where typeOf(p1) = C and typeOf(p2) = (C,C), and
type Values(C') = {by,ba}.
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4.3.1 Predicates Predicates are used for two purposes in the translated plan-
ning task:

1. Maintaining the partial order of colors, after they are mapped to unordered
planning objects, and

2. A numeric lifted predicate is constructed for each place to represent the
marking.

First, to maintain the partial order of colors, let isPredecessor and isSuccessor
be classical lifted predicates with signatures of (objectsobjects), and getIndex
be a numerical lifted predicate with a signature of (objects). These predicates
will be in any translated CPN.

Secondly, to represent the marking, a numeric predicates is constructed for each

place. For the example P contains {(is Predecessor objects objects), (isSuccessor objects objects),
(getindex objects)} as it will for any translation, but then to represent any mark-

ing, it also has the numeric predicates (pl C) and (p2 C C)} to represent the

marking of p; and ps respectively.

For the general case, construct a unique, numeric, lifted predicate with a signa-
ture of typeOf (p) for every place p € P. Let the constructed predicate be referred
to through the function:

getPred : P — Ppuma

P = {getIndex,isPredecessor,isSuccessor} U {getPred(p) | p € P}

Parameterized predicates Py is constructed as defined in Definition |§| of lifted
numerical planning.
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4.3.2 Translating a Marking to a State In this translation a state rep-
resents a marking as well as the partial order of the colors that have become
objects.

To translate the order of colors, let indez : Cgrom — ZZ° be the index of a
color within its type, s.t. given typeValues(t) = {c1,...cp}, then index(c;) =

1,...,index(cp,) = n.

Then the initial state of the example is so = (Sciassicos Snumo) Where:

Snumo((getIndex bl)) =1
Sclassico = 1{ Snumo((getIndex b2)) = 2
(isPredecessor bl b2), Snumo((pl b1)) =1
(isPredecessor b2 bl), Snumo((pl b2)) =1
(isSuccessor b2 bl), Snumo((p2 b1 b1)) =0
(isSuccessor bl b2) Snumo((p2 b1 b2)) =0
} Snumo((p2 b2 b1)) =0
Snumo((p2 b2 12)) =0

For the general case, as the order of colors never changes, let (scigssic[®], Snum[®])
be any reachable state of the translated problem, then:

Sclassic|®] = { (isPredecessor cyreq ¢) | ¢ € C, cpreqa = pred(c) } U
{ (isSuccessor csyce €) | ¢ € C, Csyee = succ(c) }

And for every atomic color ¢ € Cguiom:
Snum|[®]((getIndex c)) = index(c)

Given some marking M, let S,,m[M] be the translated marking, s.t. for every
place p € P and every color thereof (ci,...,c,) € typeValues(typeOf(p)), let
pred = getPred(p) then:

Snum|[M]((pred c1 ... ¢n)) = M(p)((c1y ...y cn))

The function Spum[M] :V — Z is well-defined because v € V can either be the
predicate getIndex with an atomic color, which is defined for any state spum[e],
or v can be a place-predicate with a color, which is defined explicitly for $,m[M].

The function translate : (P — (C — Z=2°)) — (Sciassic X Snum) translates any
marking of the CPN to a state, defined as:

t?"anszate(M) = (Sclassic[.}y Snum[M])

Finally, the initial state sqg is the translation of the initial marking My:

so = translate(Mp)
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4.4 Action Schemas

Each transition ¢ € T is translated to an individual action schema a, € A,
through Algorithm [2] which is split into multiple blocks with the stepwise trans-
lation of ¢; from Figure

We start with a new, empty action schema ag;, = (
preconditions =0
add =0
del =0,
numericPrecondition = ()
numericE f fects =0

Algorithm 2 : Construct Action Schemas
Input: CPN (P, T,V, Arcs, Guards)
Output: A set of Action Schemas As C 2Px » 9Px x 9Px x 9PREnum o 9EFFnum

1 A =10

2: for t € T do

3: preconditions + @ > No add- or del effects, as they are unaffected
4: numericPreconditions < ()

5 numericE f fects —0

Variables do not have an order without a binding, so to translate succ(vs) , we

replace succ(vz) with a new variable v24,.. and insert a precondition in as;,
to enforce that v24,.. is the successor of vs.
Ast, = (

preconditions = {(isSuccessor v24ycc V2)},
add =0
del =0,
numericPrecondition = ()
numericE f fects =0

)

The transition will then be considered as shown in Figure with replaced
variables for the rest of the translation.

D1
]./bl t1
1"by va > ba P2

O (1'01 + 1'v2) I (1" (v1,v25uce)) + 1/(b1, b2)) O

Fig.34: CPN from Figure but vy has been replaced with v2gcc
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To do the general translation of an atom a in the form pred(a) or succ(a), then

construct a new variable v and add it to Py,

Add a predicate to the precondition of ay, that enforces the original rela-
tionship between a and v,

Replace every instance of @ with v in the transition, both in arc- and guard
expression and

Atoms can be nested to a finite depth, pred(pred(...)), so repeat from step
1 until all remaining atoms are either a color or variable.

11:
12:
13:
14:
15:
16:

for Atom a € A do
if a is in the form pred(a’) then
Create some unique symbol apred
Add (isPredecessor apreq a') to preconditions
Substitute every pred(a’) to apred
else if a is in the form succ(a’) then
Create some unique symbol asyce
Add (isSuccessor asucc a') to preconditions
Substitute every pred(a’) to asucc
end if
end for
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Let translate : GE — 2P~ translate a guard expression to a precondition ex-
pressions from Section [£.2.1]

As guard expressions compare the order of colors, each atom a is replaced with
(getIndex a), so translate( vy > bs ) = ((getIndex v2) > (getIndex b2)) and

o (preconditions = {(isSuccessor V24 vV2)},
add =0,
del =,
numericPrecondition = ((getIndex v2) > (getIndex b2)),
numericE f fects =0

To translate any guard expression ge to a precondition expression, the first step
is to transform ge to be in DNF (disjunctive normal form) without negation,
which can be done by the following steps:

1. Transform ge to DNF - this is possible for any logical expression by applying
De Morgan’s laws.

2. Remove any negations, this is trivial aside from —(a = b) , which becomes

a<bVa>b.

3. The flip of equality in step 2 potentially breaks DNF, so repeat from step 1
until valid DNF.

For a more extensive example, let ge = (=(vl = v2) V (v3 > v4)) A =(v5 > v6) ,
then the normalization is done over 6 steps:
Operation Effect of operation
1. Normalize to DNF  (=(vl = v2) A =(v5 > v6)) V ((v3 > v4) A =(v5 > v6))
2. Remove negations  (((v1 < v2) V (vl > v2)) A (v5 < v6)) V ((v3 > v4) A (v5 < v6))
3. Valdiate DNF Repeat
1. Normalize to DNF  ((v1 < v2) A (v5 < v6)) V ((v1 > v2) A (v5 < v6)) V ((v3 > vd) A (v5 < v6))
2
3

. Remove Negations No change
. Validate DNF Done

The precondition expression is then constructed by replacing every atom a in
the normalized guard expression with the corresponding parameterized predi-
cate (getIndex a).

17: Add translate(Guards(t)) to preconditions
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There are two conditions to fire a multiset transition, which are repeated here
from Section 2l

1. Guards(t)[b] = true and

2. Ares(p,t)[b](c) < M(p)(c) for all p € P,c € C.

The first condition has been translated by adding the guard to the precondition.
For the example, the second condition is translated by adding a numeric precon-
ditions for Arcs(pl,t;) and Arcs(pl,ty).

Additionally, the effects of applying ¢; is translated as numeric effects, and we
have the translated a,;,:

o (preconditions = {(isSuccessor v2ycc vV2)}
add =0
del =0
numericPrecondition = ((getIndex v2) > (getIndex b2)) A
((p1 v1) =2 1) A((pl v2) 2 1)
numericE f fects =1

((pl Ul) - 1)7

((p1 v2) = 1),

((p2 v1 V244ec) + 1),
((p2 b1 b2) + 1)

)

Note that an issue occurs if the action schema is applied with the binding
b = {v1 = by,v1 = bo,v24ucc = b1}. This issue is explained in Section
along with a workaround. This issue is prevalent for the rest of this section and
the implementation.

Lastly, the general translation of arcs is as follows:
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18: for (p, (a1,...,as)) €P x A" do
> Implied typeOf (p) = typeOf ((a1, ..., an)), as nothing in the loop has an effect

otherwise
19: multRequired < Arcs(p,t)[|((a1, ..., an))
20: multChange < Arcs(t,p)[]((a1,...,an)) — Ares(p, t)[]((a1, ..., an))
21: pPlacePred <+ getPred(p)
22: pred < (pPlacePred a1 ... an)
23: if mult Required > 0 then
24: Add (pred >= multRequired) to numericPreconditions
25: end if
26: Add (increase pred multChange) to numericE f fects
27: end for
28: Add (preconditions, D, 0, numericPreconditions, numericE f fects) to As
29: end for

30: return A,
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4.5 Translation Issue

There is an issue in the translation of arcs from a place to a transition, which is
best illustrated with an example. Let Cytom = {c}, then Figure [35| shows CPN
N = ({p}{t}, {v}, {(p,t) = c+v },{t = true}) with marking M = {p =
1c}.

o~

Fig. 35: CPN \.

In CPN semantics, it is impossible to fire ¢ from M with v bound to ¢, as this
would consume 2’c from p. It is however possible in the translation, as the pre-
condition constructed from Ares(p,t) becomes ((p ¢) > 1) A((p v) > 1). If
the action is then applied with v bound to ¢, then precondition is reduced to
((p ¢) > 1) and it becomes possible to apply an illegal action and reach what is
equivalent to a negative multiplicity in the marking.

A solution is proposed in Future Work, Section [5.1.1
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4.6 Correctness

as,b’

Lemma 3. If M b, M’ then Jas € As,b € Bya, s.t. translate(M) ———
translate(M').

Proof. To prove Lemma [3] we first show that a planning binding can be used as
a CPN binding, implying b € By, then we show that if ¢ can be fired, then as
can be applied. Then we show that applying a, results in the same s’ as firing ¢
and then translating M'.

The planning binding b can be constructed from the CPN binding b, as every
mapping of b’ is either from a CPN variable where ' (v) = b(v), or a pred or
succ placeholder that was constructed from the translation.

Let as; = translate(t), then by construction of the precondition of as;, as; can
be applied with binding ¥’ if ¢ can be fired with binding b.

asy,b

Therefore if M —“— M’, then s RELL

Let M be a marking and translate(M) = (Sciassic, Snum ). For every place p € PP,
pred = getPred(p) and (c1, ..., ¢,) € C then:

M(p)((c1y..oyn)) = Snum((pred c1 ... ¢,)) by construction.

Let x be the change in marking, = M'(p)((c1,...,¢n)) — M (p)((c1, ..., cn)), then
by the construction of numeric effects, spum’((pred ci ... ¢n)) = Snum((pred ey ... cn))+
x.

Snum((pred c1 ... ¢,)) + @ = translate(M’)((pred c1 ... ¢,)),
or simply s’ = translate(M')

. st,b L.
Lemma 4. Let s = translate(marking M). If s Loty ¢ and the precondition
of (as¢,b) does not contain the same fact more than once, then 3binding b’ s.t.

MY M and 8 = translate(M’)

Proof. Following the same idea as the proof for Lemma[3] a planning binding is
already a CPN binding, and by construction there is always a transition t, s.t.
translation(t) = as, where they change the marking or state for a given place
and color by the same amount as the associated or predicate and objects.

So if s = translate(marking M), s ool o and ML M’, then s =
translate(M’) is already established.

There is a semantic difference in the evaluation of the guard expression vs the
precondition, so sometimes an action can be fired despite a transition cannot be
fired. If however every proposition in the precondition of as; with binding b is
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unique, then the precondition is constructed s.t. if a; can be applied, then ¢t can
be fired.

Theorem 2. For every trace in a CPN N = (P, T,V, Arcs, Guards), there is a
plan in the lifted, numeric planning task translate(N') = ((T,<),0, X, P, Px, As),
and for every plan in translate(N), there is a trace, if the plan contains no ap-
plication of an action schema with a binding that causes the same fact to appear
more than once in the precondition.

Proof. sketch To prove Theorem [2] we use Lemma [3] and [4] show that for any
trace there is a plan, and then we show that for any plan that satisfies the
restriction, then there is a trace.

1. The empty plan is the empty trace and opposite.

(t,b)w (t,b)

2. Lemma |3| means that given any trace, M M, M M" and
M" 2 M’, where w € (T x B)* and (¢,b) € w,

Then there is a plan: translate(M) by, translate(M"), translate(M) &b,

translate(M") and translate(M") % translate(M’), where w € (A, X
Bya)* and (¢,b) € w

3. Lemma [f] means that given a translated CPN with a marking My, then for

550 5:0)n c - .
any plan translate(Mp) Q) §1..-8Sp—1 % Sn, where the restriction is

satisfied,

,b 1b n
Then there exists some trace M Q Mi.. M,_1 %7 where s; =
translate(My), ... s, = translate(M,).
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4.7 Implementation

The full implementation of the translation from Section can be found on
Github.comﬂ It is implemented within the Java frontend of TAPAAL, with
2260 additions and 43 files changed according to GitHub.

When the TAPAAL frontend is run with the parameters -pddi-test model.pnml
queries.xml, the implementation will output whether the model can be translated
and which queries are supported, as the queries.xml can contain many queries
in a single file.

The implementation covers the entire CPN syntax defined in Section [2] as well
as some more constructs in PNML, such as all colors and scalars. The implemen-
tation uses the PNML parser of TAPAAL and most subexpressions are handled,
with the exceptions of subtraction in arc expressions, ”PlaceHolderExpression”
which seems to be some internal implementation class of TAPAAL and anything
that is specifically for ”timed” CPNs.

For a query to be supported, it must be a reachability query, which is in the
following syntax:
value:peP|i € Z

expr : expry A expry | expry V exprs | value; X valuey
query : EF expr

Where < € <, <, =,%#,>,> and an "EF expr” query asks if there exists a trace,
s.t. the expr is satisfied. The query EF 6 < p asks whether it is possible to reach
a marking M s.t.

6< 3 Mp)(o)

ceC

When the implementation is called with the parameters -pddi-out outDir model.pnml
query.zml, then the translated domain as well as a separate task is output as
separate PDDL files in outDir.

Let model.pnml contain the CPN shown in Figure and let query.zml be
the query 6 < ps .

P1
l/bl t1
1"bs D2

v > bo
O (1'v1 + 1"v2) i (1" (v1, suce(vz)) + 1/ (b1, ba) + 17 (b2, b2)) O

Fig.36: The CPN in model.pnml where typeOf(p;) = C and typeOf(p2) =
(C,C), and type Values(C) = {b1, b2}.

" https://github.com/petrinet-planning/tapaal-gui/tree/f73554efad 7456883d780ac2b4ba97dd3dd38799


https://github.com/petrinet-planning/tapaal-gui/tree/f73554efad7456883d780ae2b4ba97dd3dd38799
https://github.com/petrinet-planning/tapaal-gui/tree/f73554efad7456883d780ae2b4ba97dd3dd38799
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Listingandshow the content of outDir/model.pddl and outDir/query.pddl
respectively. The content is the exact output, aside from a few automatic line-
breaks where the linenumbers skip. Note that dot only exists here as an unused

0O Ui Wi

DO = = = e e e e e
O © 00 IO UL W —=O©

21
22

23
24
25
26
27
28
29

30
31
32
33

color added by Tapaal.

Listing 2.1: outDir/model.pddl

(define (domain ComposedModel)
(:requirements :typing :fluents)

(
C
dot
)
(:constants
bl b2 — C
dot_obj — dot
)
(:predicates

(isPredecessor ?x ?xPred)
(isSuccessor ?x ?xSucc)

)
(:functions
(P1 ?7x — C)
(P2 ?7x1 — C ?x2 — Q)
)
(raction T1

:parameters ( ?v2_CpnColorSuccessor — C ?

vl — C ?7v2 — Q)
:precondition (and
(isSuccessor ?v2 7
v2_CpnColorSuccessor)
(>= (toInt ?v2) (tolnt b2))
(>= (P1 ?v1) 1)
(>= (P1 ?7v2) 1))
ceffect (
(increase (P2 b2 b2) 1)
(increase (P2 bl b2) 1)
(increase (P2 ?7vl ?
v2_CpnColorSuccessor) 1)
(decrease (P1 ?vl) 1)
(decrease (P1 ?v2) 1))




0O Ui Wi+

I I G R N R R e e e e e T T
W NN = O OO0 Utk WNFHOO

DN DN
S Ot

52 Henrik Ginnerup and Sebastian Lassen

Listing 2.2: outDir/query.pddl

(define (problem ComposedModel_problem)
:domain ComposedModel)

(
(
(:objects
)
(

:init

(= (tolnt dot-obj) 0)
(= (tolnt bl) 0)

(= (tolnt b2) 1)
(isPredecessor dot_obj dot_obj)
(isSuccessor dot_obj dot_obj)
(isPredecessor bl b2)
(isSuccessor b2 bl)
(isPredecessor b2 bl)
(

(

(

(

(

(

(

isSuccessor bl b2)

(P2 bl bl

)
(P2 )
(P2 )
(P2 bl b2)
(P1 )
(P1 )

(:goal (
and
(< 6 (+ (P2 b2 b2) (+ (P2 b2 bl)
(+ (P2 bl b2) (P2 bl bl))))))

4.8 Experiments Setup

To test the implementation, the colored nets of the Model Checking Competition [16]
2023 has been used, and the exact models can be found on their websitd]

Experiments were run on Aalborg Univeristy’s "naples” cluster computer with
an AMD EPYC 7551 CPU, each experiment with a timeout of 4 hours and
16 GiB RAM. The Python script generate,experimentjcripts,dp.pyEI generates
the scripts run on the cluster.

VerifyPN, the verification tool of TAPAAL with the exact version found GitHub.conﬂ
was used to test the satisfiability of supported queries on CPNs. T'wo special pa-
rameters were used with VerifyPN. It is set to use the search strategy ”"Random

& lhttps://mcc.lip6.fr /2023 /models.php
9 |https://github.com/petrinet-planning /benchmarking /blob /b9d61673ce2cb579f5ed228975479368377391dc/generate e
10 https://github.com/TAPAAL /verifypn/tree/53b047edca7a880135c29fd1659fc6ddccebe057


https://mcc.lip6.fr/2023/models.php
https://github.com/petrinet-planning/benchmarking/blob/b9d61673ce2cb579f5ed228975479368377391dc/generate_experiment_scripts_c2p.py
https://github.com/TAPAAL/verifypn/tree/53b047edca7a880135c29fd1659fc6ddccebe057
https://mcc.lip6.fr/2023/models.php
https://github.com/petrinet-planning/benchmarking/blob/b9d61673ce2cb579f5ed228975479368377391dc/generate_experiment_scripts_c2p.py
https://github.com/TAPAAL/verifypn/tree/53b047edca7a880135c29fd1659fc6ddccebe057
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Potency First Search”[12], and to validate only the one exact query that was
tested at each run.

ENHSP or Expressive Numeric Heuristic Search Planner[22] with the exact ver-
sion found on GitLab.conﬂ is a planning system that supports numeric tasks.
It has been used to run the translated CPNs as numeric lifted planning tasks.

Experiments have been timed using the unix #ime command, where ”search
time” is the seconds taken for VerifyPN or ENHSP, and ”"total time” is either
the time of VerifyPN or our the time of our translation + ENHSP. The time is
the median of running VerifyPN or ENHSP 3 times, or our translation once.

4.9 Experiments

In the MCC2023-Color benchmarks used, there are 465 queries over 207 CPNs,
that are of the supported format. Of these, we set the threshold for including
them in the results further down, that the translation succeeded, and the verifier
and planner must understand the problem. 323 queries pass this test, and 142
queries were skipped for the following reasons:

— 71 queries were skipped because ENHSP reported syntax errors when a color
name was an invalid object name, such as when a color name was just an
integer,

— 71 were skipped because the translation failed, of which

e (65 times the translator had a stack overflow due to expressions being
nested too deeply, and
e 6 times the translator ran out of memory.

20 queries caused issues, but are included in the results because they passed
the threshold. These are included in the results and considered the same as the
system running out of time or memory.

— 15 stack overflows by ENHSP during the search,
— 5 null pointer exceptions from ENHSP during the search

To test the implementation, we translate the 323 queries and pass them through
TAPAAL and ENSHP, where they are categorized into satisfiable, unsolvable or
undecided.

To estimate whether a plan was affected by the issue from Section a plan
gets flagged if any application in the plan contains two parameters assigned to
the same object.

There is 1 query where TAPAAL and ENHSP disagree. TAPAAL returns un-
solvable, but ENHSP states satisfiable. This is however a flagged instance with

" https: //gitlab.com/enricos83/ENHSP-Public/-/tree/92053ac811ea8c76b8fe9d994e7f8ebc78a2427¢


https://gitlab.com/enricos83/ENHSP-Public/-/tree/92053ac811ea8c76b8fe9d994e7f8ebc78a2427c
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the same object assigned to two variables in the plan, and is therefore not a
counterexample to the theorem nor correctness of the implementation. It would
however be beneficial to implement the workaround in Section [5.1.1

Aside from the 1 instance where they disagree, the results are shown in Table

TAPAAL ENHSP
Satisfiable Queries Answered 92 70(+9 flagged)
Satisfiable Uniquely Answered 15 2
Satisfiable Total Faster 51 18
Satisfiable Search Faster 51 18
Unsolvable Queries Answered 219 86
Unsolvable Queries Uniquely Answered 133 0
Unsolvable Total Faster 76 10
Unsolvable Search Faster 75 11
Undecided 12 158
Undecided (Timed out) 0 5
Undecided (Out of Memory) 12 133
Undecided (Stack Overflow) 0 15
Undecided (Null Pointer) 0 5

Table 3: The numeric comparisons after calling TAPAAL and ENHSP on 323
queries. The bold numbers in each column sum to 323, and the rest are further
categorization.

TAPAAL generally outperforms ENHSP, and especially for unsolvable queries. It
is somewhat expected for TAPAAL to outperform ENSHP in unsolvable queries,
as it is a verification tool vs a planning tool. In verification, there is a stronger
focus on detecting satisfiability vs unsolvability than there is in planning. Plan-
ning is typically more focused on finding a plan for satisfiable problems. An
example of this is that IPC2023 (International Planning Competition 2023) for
numeric tracks, which ENHSP would more typically compete in, has no unsolv-
able benchmarks[6].

Another observation is that ENHSP generally ran out of memory rather than
timing out. Part of it may be that there is a long timeout of 4 hours, but it would
seem that ENHSP may be using its memory inefficiently for unsolvable queries,
compared to TAPAAL. Alternatively the lifted planning domain could be more
complex to represent than a CPN, but it seems unlikely that TAPAAL does
something that is not possible to do for a numeric planner, as it seems possible
to translate a lifted numeric planning problem back to CPN, as reasoned about
in Section

The time spent by each system is shown in Figure 37
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Fig. 37: Logscale for seconds taken for ENHSP vs TAPAAL. Warning means the
plan of ENHSP had the same object assigned to different parameters twice in
a single action application. The further a point is to the right, the more time
TAPAAL spent to answer the query. Likewise the further up a point is, the
longer time ENHSP spent. If a point is above the line, it means ENHSP was
slower than TAPAAL. 11 points were omitted, as they were undecided by both
systems, and would just be a single point in the top right corner.

Some tendencies appear in the data:

1.

2.

TAPAAL seems to have some results spread out over most of the timespan,
though most of the results are shown in the top where ENHSP didn’t answer.
There appear to be some clusters, treating the graph as a coordinate system
to refer to positions, there is a cluster at (1072,107!) and one at (10%,10%).
By manual inspection, a lot of the queries are trivially solved from the initial
marking, so this is likely to cause the first cluster. Some of the queries also
seem to be very unsolvable, meaning that one of them requires multiplicity
of 86 in a place that at most ever have a multiplicity of 1. TAPAAL can
analyse and answer some of these queries without running the search, the
second cluster could be caused by ENHSP doing something similar.

It takes much longer for the fastest answer of ENHSP than the faster answer
of TAPAAL. Part of it may be preprocessing, but there may also be some
overhead in ENHSP’s Java implementation and loading the JVM, compared
to the C++ implementation of TAPAAL’s verification engine.
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5 Conclusion

The improved translation from classical lifted planning to a set-based CPN is
a step in the right direction, however, it is still slower in almost every domain
when compared to both the Grounded implementation and especially Fast Down-
ward. However, the ability to translate planning tasks may also be useful for other
things than solving benchmarks the fastest, as both the old and new translations
have been used to generate novel colored Petri nets for the MCC2024. Addition-
ally, a novel translation from multiset-based CPNs to lifted numerical planning
has been defined, implemented, and had its correctness argued. One issue has
been identified but a proposed solution is offered in Future Work. The implemen-
tation of the translation has been tested with the MCC2023 benchmarks. The
results show that the combination of our translation and the ENHSP planning
system is generally slower than TAPAAL for solving queries on CPNs, and does
poorly on unsolvable queries, but when they both answer a query, they always
agree on unsolvability. There is just 1 case where the identified issue caused a
wrong answer, but otherwise, it is promising that they agree on the reachability
of markings.
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5.1 Future Work

5.1.1 Workaround Semantic Issue A workaround for the issue in Sec-
tion [L.5] is to translate transition ¢ into two action schemas @sgeeremen: and
Usinerement, Which must be applied in sequence.

Let the precondition of asgecrement D€ translate( Guards(t)), and the effect be
every multiplicity decrement from arcs going towards t.

The precondition of ag;perement 18 that no place has a negative multiplicity and
the effect is the union of increments from arcs going out of .

With this construction, any illegal plan will deadlock after applying asgecrement-

The sequence can be enforced by having some lock predicate that is initially
true and a predicate (isNext t;) per transition t; € T. asgecrement then requires
lock and makes (isNext t) true for its own transition. @s;peremen: then requires
(isNext t), makes it false again and sets lock to true.

5.1.2 Translate Lifted Numeric Planning to Colored Petri Net It
seems reasonable that a lifted numeric planning task could be translated to a
multiset-based CPN. Taking inspiration from our previous translations:

1. Objects can be represented as colors. Types work the same in classical and
numerical planning, so the type structure and algorithm for ordering colors
from our set-based translation may be useful here,

2. Numeric predicates can be represented as places, and

3. Action schemas can be represented as transitions. Action schema precondi-
tions can be translated to guard expressions.

The biggest challenge here is that numeric planning is a superset to classical,
so the constructed CPN will have to work with both multiset and set-based
semantics.
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