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i
Abstract

Classical computational problems for Petri nets, like the reachability problem, exhibit in general high
computational complexities. For many classes of ordinary Petri nets, not only better upper bounds
can be shown but also completeness-results have been found. The arguments used to obtain such tight
upper bounds usually exploit the restrictions imposed on the Petri nets of the class in combination
with their property of being ordinary. Since it is often not obvious how to adapt these arguments for
Petri nets with arbitrary edge multiplicities, some classes consisting of such Petri nets are still not
very well understood even if the corresponding classes of ordinary Petri nets are.

The main goal of this thesis is to gain a better understanding of such generalized classes. Recurring
motives in our investigation are permutation techniques and canonical firing sequences. We provide
a framework for approaching classical computational problems like the reachability, liveness, bound-
edness, covering, equivalence and containment problems, given the Petri nets of the considered class
allow for canonical firing sequences that lead to reachable markings and have the following proper-
ties: almost all transitions are contained in short loops (i. e., sequences with nonnegative effect on
the marking), and the backbone sequence resulting from removing all loops is still a firing sequence.
Depending on the length of the backbone and the loops, space bounds for our problems of interest
can be given.

We apply this framework to four generalized classes: conservative Petri nets, generalized commu-
nication-free Petri nets (gcf-PNs), inverse generalized communication-free Petri nets, and general-
ized S-systems. These classes are the natural generalizations of ordinary 1-conservative Petri nets,
communication-free Petri nets, inverse communication-free Petri nets, and S-systems/state machines,
respectively. Here, the difficult task is to show that the prerequisites of the framework are satisfied.
By additionally providing lower bounds, we obtain PSPACE-completeness for almost all classical
problems of these classes. Exceptions are the equivalence and containment problems, for which we
find upper bounds that depend on the concrete form of the respective canonical firing sequences. We
also investigate several problems involving the concept of home spaces, for which we give upper
bounds, using the semilinear set representations provided by the framework.

In addition to the classes named above, we also take a closer look at communication-free Petri nets
(cf-PNs). In contrast to gcf-PNs, for which the problems mentioned earlier are at least PSPACE-hard,
we discover very efficient (linear or quadratic time) algorithms for a number of distinct problems
of cf-PNs. Other classes we investigate in this thesis are generalized conflict-free Petri nets, and
ring Petri nets with arbitrary edge multiplicities. For the first class, we show that the reachability
problem is in X%, For ring Petri nets, we show that this problem is in coNP, and even decidable in
polynomial time if all edge multiplicities are powers of the same number. Furthermore, we consider
two new classes of grammars and commutative grammars. We show that the uniform word problem of
exponent-sensitive commutative grammars, which are the natural counterpart of gcf-PNs, is PSPACE-
complete. In contrast to this, we find that the uniform word problem of exponent-sensitive grammars,
which are their non-commutative equivalent, is undecidable.
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1 Introduction

1.1 Motivation

Petri nets are an important tool for modeling discrete transition systems that are for instance charac-
terized by parallel, concurrent, nondeterministic behavior or shared resources. The reasons for their
importance are manifold. Petri nets are intuitive. It is not difficult to understand the transitional se-
mantics and the meaning of places and transitions within this semantics. Petri nets have a transitional
semantics that is defined in terms of discrete steps and discrete states of the system. This makes them
suited for many applications which cannot easily be modeled or approximated by, e. g., continuous
models. Petri nets are powerful but not too powerful. They are powerful enough to be the model of
choice for many applications. However, they are not Turing-complete, and therefore, many decision
problems are decidable whose counterparts of Turing complete formalisms are not. Moreover, many
subclasses of Petri nets allow for low upper bounds for the complexity of these problems. This often
makes Petri nets of such subclasses suited as over- or under-approximations of the modeled system
since the properties of these Petri nets can easily be analyzed.

The theory concerning how Petri nets can be applied as a modeling tool is often called applied Petri
net theory [Pet81]. Its counterpart is often called pure Petri net theory, and concentrates on providing
the concepts, tools, and techniques for the application of Petri nets. On a basic level, this involves
gaining fundamental insight into the behavior of Petri nets as a device of computation. The focus
of this thesis lies on pure Petri net theory. Of particular interest are some of the most classical and
arguably most important computational problems involving Petri nets:

e The reachability problem asks if a given marking is reachable in a given Petri net.

e The liveness problem asks if each reachable marking of a given Petri net enables, for each
transition ¢, a transition sequence containing ¢.

e The boundedness problem asks if there are finitely many markings reachable in a given Petri
net.

e The covering problem asks if there is a marking reachable in a given Petri net that is compo-
nent wise at least a given marking.

e The equivalence problem asks if the sets of reachable markings of two given Petri nets are the
same.

e The containment problem asks if, given two Petri nets, the set of reachable marking of the
first net is a subset of the set of reachable markings of the second net.

These problems have been studied for many years. It turned out that, in general, most of them
have a very high computational complexity. The reachability, boundedness, and liveness problems
require at least 2°V* space infinitely often, where s is the encoding size of the corresponding vector
addition system and end vector [Hac74b; Lip76]. The equivalence and containment problems are
even undecidable [Bak73; Hac73; Hac74a; Hac76]. The high complexities of these problems result
from the high computational power of Petri nets combined with their property of being infinite state
systems, exhibiting the state explosion problem as a symptom. For many restricted subclasses of Petri
nets, the complexities of these problems turned out to be much better. This, and the desire for more
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insight into the behavior of Petri nets in general led researchers to not only investigate Petri nets in
general but also restricted subclasses.

In [May84], Mayr proposed a non-primitive recursive algorithm for the general Petri net reachabil-
ity problem, thus proving its decidability. However, the nets of many Petri net classes for which the
complexity of the reachability problem could be refined are forward-ordinary, i. e., they are subject to
the restriction that all edges from places to transitions have multiplicity one. Well-known examples
of forward-ordinary Petri nets with NP-complete reachability problems are communication-free Petri
nets, [Esp97; Yen97], conflict-free Petri nets [HR88; How+89], normal Petri nets, and sinkless Petri
nets [How+89] (for the latter two, the promise problem variation of the reachability problem was
considered). Other forward-ordinary Petri nets for which completeness-results were obtained include
I-save nets [Che+95] (PSPACE-complete), and many subclasses of free-choice Petri nets (see, e. g.,
[Che+95; Esp98] as well as [DE9S5] for an introduction to the extensive theory on free-choice Petri
nets).

Notable examples for Petri net classes with arbitrary edge multiplicities and matching lower and
upper bounds for the reachability problem are single-path Petri nets [How+93] (PSPACE-complete),
reversible Petri nets [Car+76; MMS82] (EXPSPACE-complete), cycle-free Petri nets [HI88; Mur89;
Ste91]" (NP-complete). For more comprehensive overviews we refer to [EN94; Mur89].

It is well known that the reachability problem of Petri nets with arbitrary edge multiplicities can
be reduced in polynomial time to the reachability problem of ordinary Petri nets. However, this
does not automatically imply that such a reduction can be performed for a class of general Petri nets
that are, for instance, topologically restricted to the problem involving the corresponding class of
ordinary Petri nets. In general, it cannot be ruled out (in particular as long as common assumptions
like NP ; PSPACE are not proven to be false) that such a reduction is either impossible to begin
with or needs superpolynomial time. (An example for this observation is the case of communication-
free Petri nets and generalized communication-free Petri nets, as we will see later). Another problem
in the context of Petri nets with arbitrary edge multiplicities is that nice characterizations for, e. g.,
markings to be reachable or Parikh vectors to be enabled, are hard to find. In some cases, even if such
characterizations exist, they are algorithmically hard to check. While topological structures like traps,
siphons, or strongly connected components can often be used for such characterizations in the case
of forward-ordinary Petri nets, it is most often not obvious how to apply them in case of general Petri
nets.

One reason is the relationship between places and transitions. The places of forward-ordinary Petri
nets have a “binary” relationship with the transitions: If a transition increases the number of tokens
at some place, then we can say for certain that this place has enough tokens for any transition. That
is, each place that has at least one token is not responsible if some transition is not enabled. This
intrinsic property of ordinary Petri nets is lost in case of Petri nets with arbitrary edge multiplicities.
If a transition ¢ of such a net puts tokens onto a place p, then the answer to the question whether the
place prevents some transition ¢’ depends on many different aspects: the number of tokens p contained
before ¢ took place, the number of tokens ¢ removed from p and put onto p, and the number of tokens
' needs from p in order to be enabled. These mutual dependencies often make it difficult or even
impossible to characterize enabled firing sequences, enabled Parikh vectors, or reachable markings in
terms of elegant and easily checkable structural and behavioral properties.

As a consequence, results for many classes of Petri nets that are not restricted w.r.t. edge multi-

'Only cycle-free Petri nets with edge multiplicity one for all edges were considered but NP-membership also holds in
the general case.
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plicities have been obtained, e. g., for properties that only depend on structural features of the net and
are independent of the initial marking, like structural unboundedness or liveness, or for classical prob-
lems (like reachability) subjected to strict conditions (e. g., the Petri net is assumed to be bounded or
live). Similar observations apply to the other problems named earlier.

The main goal of this work is to obtain a better understanding of classes of generalized Petri nets
and complexity results for problems involving such classes. Our most important contributions for this
purpose are the following. We develop a framework, based on canonical permutations and canonical
firing sequences, that can be used to determine upper bounds for our problems of interest. The core of
this framework is built around the concept of (simple structurally) f-g-canonical classes of Petri nets.
Petri nets of classes that are simple structurally f-g-canonical have the property that each reachable
marking can be reached by a canonical firing sequence with nice properties. The most important
properties are that almost all transitions are contained in short loops (i. e., self-covering sequences),
and that the backbone of the sequence which results from removing all loops from the sequence is
short and fireable. The lengths of the loops and the backbone are bounded by the function f, while
the number of parts of the backbone that are separated by the loops is bounded by g. For such
classes, space bounds in terms of f and g for the problems named before and for the construction
of semilinear set representations of reachability sets can be given. Another important part of the
framework is a sufficient condition for a class to be f-f-canonical. This condition is satisfied if it
can be shown that each firing sequence leading to the empty marking in an extension of the Petri
net can be permuted in such a way that each marking obtained when firing the permutation is small.
Based on the canonical firing sequences, the framework also provides time bounded constructions for
semilinear set representations (SLSRs) for the reachability sets of the Petri nets under consideration.
These SLSRs are used to provide space bounds for the equivalence and containment problems, which
is a standard approach in Petri net theory.

We apply this framework to conservative Petri nets, generalized communication-free Petri nets
(characterized by the property that each transition has at most one incoming edge), their inverse Petri
nets, and generalized S-system Petri nets. This yields, among other things, PSPACE-membership
for the reachability, the liveness, the boundedness, and the covering problems. By additionally show-
ing how to simulate PSPACE-Turing machines with these nets, we obtain PSPACE-completeness.
Exceptions are the equivalence and containment problems, for which we find upper bounds that are
between polynomial space and doubly exponential space, depending on the concrete functions f
and g. We also investigate several problems involving the concept of home spaces, for which we give
upper bounds, using the semilinear set representations provided by the framework. The difficult part
in applying the framework is to show that its prerequisites are satisfied. Our main tool is a permu-
tation technique. Starting with a given firing sequence, we iteratively permute it until we obtain the
canonical permutation, which is then used to argue that the class under consideration is f-g-canonical.
Important recurring motives for this and similar approaches are the extraction of loops from long se-
quences, the decomposition of long loops into short loops, and using sufficient conditions for the
property of being enabled for transition sequences and Parikh vectors.

These results emphasize the power of permutation techniques and canonical firing sequences. Even
though one could argue that such techniques and sequences have implicitly been applied or obtained
in many instances where complexity results for various classical problems of Petri nets have been
shown, there are classes (other than those investigated in this work) for which the application of
permutation techniques or canonical firing sequences is most apparent. These include (among other
classes) single-path Petri nets [How+93], communication-free Petri nets [ Yen97], as well as conflict-
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free and persistent Petri nets [HR88; LR78].

Another generalization of a well-known class consists of generalized conflict-free Petri nets, char-
acterized by the property that the displacement of each transition is nonnegative for each place that
has more than one outgoing edge. We show that the reachability problem of this class is contained in
3P, the second level of the polynomial hierarchy.

Originally, Petri nets were introduced as nets without edge multiplicities (i. e., what we call ordi-
nary Petri nets today). Petri nets with edge multiplicities have been called generalized Petri nets or
sometimes general Petri nets. The term generalized in the title of this work is meant to emphasize
two things: we mainly investigate classes of Petri nets with arbitrary edge multiplicities, as well as
classes of Petri nets that generalize well-known classes of (forward-)ordinary Petri nets.

In the next section, we give an outline of the thesis, including a more comprehensive (although not
complete) overview of our results.

1.2 Outline

In Chapter 2, we introduce the notation, formalisms, and basic facts, and present first results, which
are used in the following chapters. We formally define classical computational problems of Petri
nets that are of major importance in general and in particular in the context of this work, namely
the reachability, zero-reachability, liveness, boundedness, covering, equivalence, and containment
problems, as well as the RecLFS problem. We state basic results and literature revolving around
these problems. These problems are investigated for almost all classes of Petri nets we consider in
later chapters.

In Chapter 3, we investigate several computational problems of communication-free Petri nets (cf-
PNs). We first revisit the equivalence problem of cf-PNs. Yen [Yen97] proposed a construction for
a semilinear set representation of the reachability set of cf-PNs which he used to propose a doubly
exponential time algorithm for this problem. We address a gap in this construction and give a so-
lution, retaining a large portion of his construction and proof, as well as preserving the size of the
representation. Furthermore, we obtain a cONEXPTIME upper bound for this problem by applying
known results of context-free commutative grammars. The following sections are dedicated to the
development of very efficient polynomial time or even linear time algorithms for several variations of
the boundedness and liveness problems of cf-PNs. For several more complex notions of boundedness,
as well as for the covering problem, we show NP-completeness. In the last section, we use our results
for cf-PNs to give linear time algorithms for related problems of context-free (commutative) gram-
mars. The proofs in this chapter showcase the power of topological characterizations for properties
of restricted classes of forward-ordinary Petri nets.

In Chapter 4, we develop our framework for obtaining upper bounds for our problems of interest.
We define a characterization of Petri net classes in terms of canonical firing sequences leading to
reachable markings. We show that for classes that can be characterized in this way, our problems
of interest are decidable within certain space or time bounds, depending on the concrete parameters
characterizing the class. Furthermore, we present a sufficient condition for a class to be characteriz-
able in this way. This condition is based on the existence of certain permutations of firing sequences
leading to the empty marking in the wipe-extensions of the nets of the class. For the equivalence
and containment problems, we use semilinear set representations (SLSRs) for the reachability sets of
Petri nets of such classes as an intermediate structure, and apply known results for SLSRs.

In Chapter 5, we apply our framework to the class of conservative Petri nets. This yields PSPACE-
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membership for the reachability, liveness, and covering problems. For the equivalence and con-
tainment problems, we show PSPACE-membership without the framework. Furthermore, we show
PSPACE-hardness for these problems, even if restricted to ordinary 1-conservative Petri nets. The
lower bounds are obtained by simulating polynomial space Turing machines deciding languages by
problem specific ordinary 1-conservative Petri nets. Similar approaches are used in the next chapter
in much more involved forms.

In Chapter 6, we investigate several classes of Petri nets with arbitrary edge multiplicities, and
related grammars: Generalized communication-free Petri nets (gcf-PNs) are characterized by a single
topological constraint, namely, that each transition has at most one input place, connected by an
edge with arbitrary multiplicity. Inverse gcf-PNs (igcf-PNs) are exactly those Petri nets that can
be obtained from gcf-PNs by inverting the direction of all edges. Generalized S-system Petri nets
(gss-PNs) are those Petri nets that are gcf-PNs and igcf-PNs at the same time. Exponent-sensitive
grammars (ESGs) and exponent-sensitive commutative grammars (ESCGs) are structurally the natu-
ral counterparts of gcf-PNs. In the first section, we show how polynomial space Turing machines
deciding languages can be simulated by gcf-PNs and igcf-PNs with edge multiplicities {1,2} and
by gss-PNs with edge multiplicities {1,2,3}. This yields PSPACE-hardness for our problems of
interest (with the exception of the liveness problem for which we obtain this result only for gcf-
PNs). In the second section, we lay the foundation for applying our framework to gcf-PNs by using a
permutation technique to obtain canonical permutations. In the third section, we apply our framework
to obtain canonical firing sequences for gcf-PNs which we use to obtain canonical firing sequences
also for igcf-PNs. Applying our framework in combination with these canonical firing sequences
yields PSPACE-membership, and thus PSPACE-completeness, for the reachability, covering, and
boundedness problems of gcf-PNs, igcf-PNs, and gss-PNs, as well as for the liveness problem of gcf-
PNs. Furthermore, we find that the equivalence and containment problems are decidable for gcf-PNs
in doubly exponential space, and for igcf-PNs in exponential space. The SLSRs for the reachability
sets of gcf-PNs and igcf-PNs provided by our framework are then used to solve several problems for
gcf-PNs and igcf-PNs involving home spaces in doubly exponential time. In the last section, we show
that the uniform word problem of ESCGs is PSPACE-complete, and that the uniform word problem
of ESGs is undecidable.

In Chapter 7, we investigate generalized conflict-free Petri nets (genf-PNs). We show that the
RecLFS and the reachability problems are in coNP and 3%, respectively.

In Chapter 8, we investigate ring Petri nets which consist of single directed cycles. We show that
the reachability problem for ring-PNs is in coNP. Furthermore, we show that the RecLFS and the
reachability problems are decidable in polynomial time if all edge multiplicities are powers of the
same natural number.

In Chapter 9, we conclude the thesis, and briefly discuss some open problems and potential ap-
proaches based on the results of this work.






2 Preliminaries

2.1 Basic notation

Throughout this thesis, we use the following notation to avoid confusion between elements of vectors
or sequences and indexed elements of a set. We use vy; in the few occasions we need to refer to
the i-th element of a vector, sequence, or word v. The notation v; is reserved for indexed elements
of a set (e.g., p1, p2, --.). Z, Ny, and N denote the set of all integers, nonnegative integers, and
positive integers, respectively. Q, Q-(, Q~(, Q( denote the set of all rational numbers, nonnegative
rational numbers, positive rational numbers, and negative rational numbers, respectively. R denotes
the set of real numbers. The binary logarithm is denoted by ld. For a,b € Z, we define the intervals
la,b] :=={a,a+ 1, ...,b} ; Z, and [a] :=[1, q] ; N. For two vectors u,v € R¥, we write v > v if
up) > vy for all ¢ € [k], and we write v > v if u > v and uf; > vy, for some ¢ € [k]. When £ is
understood, @ denotes, for a number a¢ € R, the k-dimensional vector with c‘i[i] = aforall i € [k]. For
a vector v € R, ||v]|; := i vl and [[v]|  :=max{[vp| | i € [n]} denote the 1-norm and the oco-
norm of v, resp., while max(v) :=max{vy; | 7 € [n]} and min(v) :=min{vy; | i € [n]} are the largest
and smallest component of v, resp. For convenience, we declare that the maximum and minimum of
the empty set is 0. For a matrix A € R™™, we define [|A[], _ :=max{}_ .\ lai;||i € [n]}, where
a;,; is the 7, j-th entry of A.

For two sequences or words o and ¢, o - ¢ denotes the concatenation of o and ¢, oy, j; denotes the
subsequence o) - Ofi41] * - O], O[..i] := 0[1..4) the prefix of length i of o, and o; | := 07} - OJi41) - - - the
suffix of o starting at position ¢ (if o is infinitely long, then oy; ; is also infinitely long).

If o is finite, then |o| denotes the length of . Both the empty sequence and the empty word (in the
context of grammars) are denoted by e. For two sequences o, ¢, we write o <— ¢ if o is assigned the
value of ¢, and ¢ has the characteristics of a variable whose value can (and will) change during an
argumentation, proof, or algorithm. If we define a sequence whose value cannot change, we usually
use “:=". In this sense, “o < ...” can be thought of a suggestion for the reader to be attentive w.r. t.
the value of o.

For a fixed n, ¢, € {0,1}" denotes the k-th standard unit vector, i.e., the vector whose k-th
component is 1 and whose other components are 0. For two functions f,g : X — R, we write

P P
f(.) <g(.) if there is a polynomial p such that f(xz) < p(g(z)) for all z € X. Note that < is
transitive.

2.2 Complexity theory and the model of computation

In this section, we introduce the model of computation, and some complexity-theoretic definitions and
important results. We will agree on one specific definition for each of the concepts Turing machine,
configuration, and time/space complexity of Turing machines which accept languages. There exist
indeed many different definitions of these concepts, which are largely equivalent but can, under very
special circumstances, exhibit different properties. Our definitions are inspired by those given by
Hopcroft and Ullman [HU79] and Arora and Barak [AB09], and are specifically formulated in such
a way that they are most convenient in the context of this thesis.

Turing machines and time/space-bounded computation. A nondeterministic Turing ma-
chine (NDTM) is a 7-tuple (Q,I', %, §, qo, 1, gacc ), Where @ is a set of states, I is the tape alphabet,
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¥ G T (with @MY = () is the input alphabet, 6 C (Q \ {quee} X T') X (@ x I’ x {—1,0,1}) is the
transition relation, gy € (@ is the initial state, (J € I" \ ¥ is the blank symbol, and ¢, is the unique
accepting state. All its tapes are one-way infinite, it may have multiple work tapes, and may have a
read-only input tape as well as a write-once write-only output tape. An NDTM is a (deterministic)
Turing machine (TM) if 0 is a partial function of @ \ {q..} X I". The computational semantics is
defined as usual. A configuration of a Turing machine consists of the contents of the already visited
positions of the tapes, the respective positions of the heads, and the state of the machine.

A (formal) language is, for some alphabet 3., a subset L C >* of strings consisting of symbols
of .. The complement of a language L C ¥* is defined as L:={x € ¥* | x ¢ L}. An oracle NDTM
with oracle access to a language L C I is an NDTM with three special states qquery, Gyess Gno» and a
work tape that is designated as its oracle tape. When it enters gquery, it moves into the state gy if the
content of the oracle tape is in L, and to g, otherwise.

Through the remainder of this section, let R denote a class of functions f : Ny — R. ATM M
computes a function f : ¥* — X*if, on input x € ¥*, M halts with f(x) written on its first work tape
(or on its designated output tape if such a tape exists). M computes f in R-time if thereisalT € R
such that, for each input = € >*, it halts after at most T'(|x|) steps. M computes f in R-space if there
is an S € R such that, for each input z € ¥*, it visits at most S(|z|) positions of each work tape,
while it is allowed to visit any number of positions of some designated read-only input tape, and write
a string of any length onto some designated write-once write-only output-tape (if these designated
tapes exist).

For an input = € >* and a Turing machine M, we write M (z) = 1 if there is a computation path
ending in the accepting state g,.., and M (z) = 0 otherwise. An (oracle) NDTM M accepts a language
L if, for each input x € ¥*, z € L < M(x) = 1. M decides L in R-time if there isa T' € R such
that each computation path of M on z has length at most 7'(|z|). M decides L in R-space if there is
an S € R such that each computation path of A on x visits at most S(|z|) positions on each work
tape. In the context of time or space bounded computations, the terms log/logarithmic, polynomial,
exponential, and doubly exponential refer to the families of functions {c - log(n) | ¢ € R,c¢ > 0},
{p(n) | pis polynomial}, {2 | p is polynomial}, and {22 | p is polynomial}, respectively. For
instance, an NDTM deciding a language in time p(n), where p is a polynomial, is called polynomial
time NDTM.

We remark that the literature distinguishes between a Turing machine accepting a language and a
Turing machine deciding a language (in R-time/R-space). In case of time- and space-constructible
functions (that are at least logarithmic), this distinction is without significance when defining some
well-known complexity classes. Since we exclusively use such functions, we will only use NDTMs
deciding languages for our definitions and constructions. When giving upper bounds for the running
time of an algorithm, the random access machine (RAM) with logarithmic word size is assumed to
be our model of computation.

Reductions. We can now define the concept of reduction and the complexity classes of interest.
A language L, C Y7 is R-time ([R-space, resp.) many-one reducible to a language Lo C 35 if there
isa TM M computing a function f : X7 — ¥ in R-time (R-space, resp.) such that, for each z € X7,
x € Ly < f(x) € Ly. There exist other kinds of reductions like Turing-reductions. However, in
the context of this thesis, the term reduction will usually be used as an abbreviation for many-one
reduction.

Let C denote a class of languages. A language L is C-hard under R-time (R-space) many-one
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reductions if each L’ € C'is R-time (R-space) many-one reducible to L. A language L is complete
for C' under R-time (R-space) many-one reductions if L € C'and L is C-hard under R-time (R-space)
many-one reductions. coC' denotes the class of languages consisting of the respective complements
of the languages of C,i.e.,coC = {L | L€ C} ={L|L € C},where L = {x |z € ¥*,x ¢ L} for
the alphabet > of L.

Complexity classes. We now define the complexity classes that are of relevance in context of this
thesis. For each of these classes C', C-hardness is defined using a specific class R¢ of functions serv-
ing as the time or space bound for the reduction. For the definition of coC-hardness, the same class
R¢ of functions is used. Hence, we will only define C'-hardness explicitly. P (2EXPTIME) is the
class of all languages decidable by some polynomial time TM (doubly exponential time TM, resp.).
PSPACE (NPSPACE) is the class of all languages decidable by some polynomial space TM (NDTM,
resp.). A language is called PSPACE-hard if it is PSPACE-hard under polynomial-time many-one
reductions. The well-known theorem of Savitch [Sav70] implies that PSPACE = NPSPACE. Fur-
thermore, by Immerman [Imm8&8] and Szelepcsényi [Sze88], we have PSPACE = coPSPACE. In
the following chapters, we will make use of these identities without explicitly referring to them. For
languages L € PSPACE, we define a Turing machine in standard form deciding L.

Definition 2.1 (TM in standard form). Let L € PSPACE be a language decided by a TM M =
(Q.T,%,6,q0,0, gaee ). Then, M is in standard form if it is a single-tape polynomial space TM,
and if, on input x € X%, it exhibits the following behavior:

e at the beginning, the tape contains the word x in the first |z| positions, and all other
positions contain [,

e )M only uses the first s :=[(|z| 4+ 2)°'] tape positions at each step of the computation for
some constant ¢; € N,

e M halts after at most {7 :=[2(7+27 steps for some constant ¢, € N, and

e if M enters the state g,., then it immediately halts, all tape positions contain [, and the
head is over the first tape position.

A transition d € § of M is called M -transition.

It’s not hard to see that every language L € PSPACE has a TM in standard form deciding L. We will
use Turing machines in standard form in Chapters 5 and 6, where we simulate such machines by Petri
nets to obtain lower bounds for a number of computational problems.

NP is the class of all languages L for which a polynomial p and a polynomial time TM M exist
such that, for each input z € ¥*, v € L < Jw € {0,1}*0#) : M(2,w) = 1. The string w is
called certificate or witness for x+ € L. Alternatively, NP is the class of all languages accepted by a
polynomial time NDTM.

For the definition of the polynomial hierarchy, we use the recursive oracle-based approach. We
first define X7 :=NP. Fori € N\ {1}, ¥ denotes the class of all languages decided by a polynomial
time NDTM with oracle access to some language in II? ;, where ITY denotes the complement E_f
of ¥¥. For i € N, a language is called 3?-hard if it is X”-hard under polynomial time many-one
reductions. In particular, 3% is the class of all languages decidable by a polynomial time NDTM with
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oracle access to a language in coNP. (We remark that hardness for these classes is often defined in
terms of logspace-reductions instead.)

The following complexity classes are the exponential time analogues of NP and 3¥. NEXPTIME
is the class of all languages decided by an exponential time NDTM. We define 3¢ := NEXPTIME.
For i € N\ {1}, 3¢ denotes the class of all languages decided by an exponential time NDTM with
oracle access to some language in IT$_,, where TT¢ denotes the complement 3¢ of 3¢. Fori € N, a
language is called X¢-hard if it is 33¢-hard under polynomial time many-one reductions.

Decision problems. The term decision problem or simply problem is used as a synonym of
formal language. We often define a decision problem intensionally as a set of strings satisfying a
certain property. Such a definition is usually given in form of a question with the possible answers
“yes” or “no”, asking if a string x € X* satisfies the property. Then, the decision problem consists of
all strings for which the answer is “yes”.

Such questions can also be asked for mathematical objects that are not strings, and therefore defin-
ing sets of object for which the answer is “yes”. For example, we could ask: “Given an object X € X,
does X have property Y?” In such a case, we assume a fixed encoding of the objects of X" as strings
of {0, 1}*. Hence, the question above translates to “Given a string € {0, 1}*, does = encode some
object of X € X (under our fixed encoding) and does X have property Y?” Let XY denote this
decision problem.

Formally, the complement XY of XY consists of all strings z € {0, 1}* that don’t encode an object
X € X (under our fixed encoding) or whose encoded object X does not have property Y. However,
usually one would call the following decision problem the complement of XY: “Given an object
X € X, does X not have property Y'?” This language consists of all strings x € {0, 1}* such that
encodes an object X € X (under our fixed encoding) and X does not have property Y. Obviously,
this problem is not the same as XY. This difference is without significance in the context of this work
since the following assumptions are satisfied:

e all complexity classes used in this work are defined in terms of NDTMs which are allowed to
run for at least polynomial time, and

e for all problems considered in this work, it can be checked in polynomial time if the input
encodes one of the corresponding objects of interest.

Therefore, we can always add a test with polynomial running time, which checks if the input encodes
an object of the class of interest, to a given Turing machine deciding a problem of one of these
complexity classes, without leaving the complexity class.

Promise problems. The concept of promise problems was introduced by Even et al. [Eve+84],
and can be interpreted as a generalization of the concept of decision problems. We use a slight
variation of the definition given by Goldreich [Gol06]. A promise problem is a pair (Ilye, IL,,) such
that Il IT,, € X* with Iy, N 11, = () for some alphabet Y. Ilyes U Il 1s called the promise.

The concepts introduced for decision problems (like language recognition, acceptance, and deci-
sion, reductions, complexity classes, etc.) can naturally be generalized for promise problems. For
instance, the class P is the set of all promise problems (Ily, II,,) for which there is a polynomial
time Turing machine M such that M (z) = 1 for each input 2 € Il, and M (x) = 0 for each input
x € II,,. Note that there are no restrictions on the behavior of M for inputs that are not in the promise.
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If the promise equals %, then the promise is called trivial promise, and the promise problem can be
identified with the decision problem Il,., with respect to the concepts named above. In the following,
we use the term promise problem only for promise problems with nontrivial promise, and the term
decision problem for promise problems with trivial promise.

Promise problems are usually formulated in the same way as decision problems, but the interpreta-
tion of this formulation is different. Consider again the following defining question: “Given an object
X € X, does X have property Y77 Again, we assume a fixed encoding of the objects of X as strings
of {0, 1}*. However, if this question is supposed to define a promise problem, then it translates to the
following computational problem: “Given a string x € {0, 1}* such that = encodes some object of
X € X (under our fixed encoding), does X have property Y ?” In contrast to a decision problem, we
can assume that the input encodes an object of X (i. e., satisfies the nontrivial promise).

In many cases, it doesn’t make a difference whether an intensional definition of a problem is sup-
posed to define a promise problem or a decision problem. Indeed, if, for instance, it can be checked
in polynomial time whether the input 2 € X* for a promise problem (Ily, II,,) € P is in the promise,
then Il,., € P. In some cases, the correct interpretation of an intensional definition is crucial. For in-
stance, the promise problem defined by the question “Given a bounded Petri net P, is P connected?”
is decidable in logarithmic space, while the decision problem defined by the same question requires
at least exponential space in the number of places and transitions [Lip76].

In this work, we will occasionally refer to promise problems, namely, when citing certain known
results which are relevant in the context of this work, or when pointing out differences regarding the
computational complexity of certain promise problems compared to that of their decision problem
counterpart. In such cases, we will explicitly state that we are considering a promise problem. Usually,
however, each intensional definition is supposed to define a decision problem. For a comprehensive
introduction to promise problems, we refer to [Gol06].

Encoding schemes and hardness in the strong sense. We define a succinct encoding
scheme for mathematical objects and problem instances. Every number is encoded in binary repre-
sentation. A vector of QF is encoded as a k-tuple of numbers. If we regard a tuple as an input, then it
is encoded as a tuple of the encodings of the particular components. The encoding size of an object
x under this encoding scheme is denoted by size(z). The input size of a problem instance consists
of the total size of the encodings of all entities that are declared as being “given” in the respective
problem statement. For (weighted) graphs, we assume a representation as an enumeration of nodes
and edges together with their respective weights. Throughout this work, we usually use this succinct
encoding scheme.

We remark that complexity bounds for intensionally defined problems depend on the encoding
scheme. (More precisely, different encoding schemes formally imply different underlying languages.)
Since, for many intensionally defined problems, the encoding scheme differs between different pub-
lications, care must be taken when using known complexity results. Our encoding scheme is equiv-
alent to the usual standard binary encoding schemes with respect to the complexity classes defined
above. The concept of hardness in the strong sense addresses an aspect between standard binary
encoding schemes and unary encoding schemes. An intensionally defined decision problem is NP-
hard (PSPACE-hard) in the strong sense if it is still NP-hard (PSPACE-hard, resp.) under a unary
encoding scheme for all numbers encoded in the inputs.
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2.3 Petri nets

Historically, Petri nets were invented 1962 by Petri [Pet62] in his PhD thesis. Since then, the concept
of Petri nets underwent a sizable evolution such that the modern concept of Petri nets vastly differs
from its original definition. Furthermore, even nowadays, the terminology for Petri nets is not unified.
Many concepts involving Petri nets are referred to by respectively many different terms, while, on
top of that, different authors use the same term for different concepts. We will use the modern
terminology, and will choose those definitions and presentations that are most suitable in the context
of this thesis.

The model. A Petrinet N is a 3-tuple (P, T, F') where P is a finite set of n places, T is a finite set
of m transitions with PN'T = (),and F': (P x T) U (T x P) — Ny is a flow function. Throughout
this work, n and m will always refer to the number of places resp. transitions of the Petri net under
consideration, and W = max{F(p,t), F(t,p) | p € P,t € T} to the largest value of its flow
function. Usually, we assume an arbitrary but fixed order on P and 7T, respectively. With respect
to this ordering of P, we can consider an n-dimensional vector v as a function of P, and, abusing
notation, write v(p) for the entry of v corresponding to place p. Analogously, we write v(¢) in the
context of an m-dimensional vector and a transition .

A marking . of a Petri net is an assignment of a nonnegative number of tokens to each of its places,
and is represented by a vector of NjJ. A pair (IV, uo) such that p is a marking of N is called a
marked Petri net, where p is the initial marking of (N, 119), emphasizing the role of 1 as the initial
state of the Petri net under a transitional semantics, which is explained later. Usually, we omit the
term “marked” if the presence of a certain initial marking is clear from the context since we almost
exclusively consider marked Petri nets. A place p (set S C P of places, resp.) is called marked at
a marking p if p(p) > 0 (u(p) > 0 for some place p € S, resp.), and unmarked or empty otherwise.
A Petri net is encoded as an enumeration of its places and transitions followed by an enumeration of
the edges with their respective edge multiplicities.

The Petri net graph of a Petri net P = (P, T, F, j19) is a directed bipartite graph (P, T, A, w4, wp)
with sets P and 7" of nodes consisting of the places and transitions of P,aset A C (P xT)U (T x P)
of directed edges, and weight functions w4 : A — N and wp : P — Ny such that

e A={(z,y) € (PxT)U(T x P)| F(zx,y) > 0},
o wy(z,y) = F(z,y) for all (z,y) € A, and

e wp(p) = po(p) forall p € P.

The weight of an edge is called its multiplicity. If a Petri net graph is drawn, places usually have the
shape of circles, and transitions have the shape of bars. The wp(p) tokens of place p are drawn as dots
within the circle representing p. The respective edge multiplicity is written as a label near its edge,
where we omit the label if the multiplicity equals 1. Usually, we identify a Petri net with its Petri net
graph. A Petri net is illustrated in (a) of Figure 2.1.

The transitional semantics. A sequence o € T* is called transition sequence. An infinite long
sequence 0 € TY is called w-transition sequence. A Parikh vector ®, also known as firing count
vector, is simply an element of N§*. The Parikh map W : T™ — N{* maps each transition sequence o
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to its Parikh image V(o) where V(0 )(t) = k for a transition ¢ if ¢ appears exactly k times in 0. Note
that each Parikh vector @ is the Parikh image of some transition sequence.

The displacement A : R™UT* — R" is, for x € R™, defined by A(z)(p) = >, cp z(t) - (F(t,p) —
F(p,t)) for all places p, and, for 0 € T*, defined by A(c) := A(¥(0)). ForaPetrinet N = (P, T, F)
and a marking p of IV, a transition sequence o € 1™ can be applied at ;i in N, producing a vector
o€ Z" with i/ = o+ A(t). A transition ¢ is enabled at . or enabled in (N, p) if pu(p) > F(p,t)
for all p € P. We say that t is fired at u (fired in (N, p)) if t is enabled and applied at x (in (N, ),
resp.). If t is fired at yu, then the resulting vector p’ is a marking. Intuitively, if a transition is fired, it
first removes F'(p, t) tokens from p and then adds F'(¢, p) tokens to p. The displacement of ¢ at some
place p equals the change of tokens observed when applying .

Additional notation. We write, abusing notation, t € ¢ if &(¢) > 0,andt € o ift € V(o). We
write %) 11/ (or just o = 11/ if F is understood) if ¢ is enabled at zz and produces 1/ when fired at .

For the empty transition sequence ¢, we define 1+ — p. For a nonempty transition sequence o, we

. e O 2., . o . o, . .
write ;1 2 g/ if g =2 1 2L ) for some marking 4. Similarly, we write ¢ — 4/’ if there is a

transition sequence o with U(o) = ® and 1 = 1/. We also say that o (the Parikh vector ®, resp.)
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Figure 2.1: (a) illustrates a Petri net P = (N, ). The sequence o := t3t4t2 is not a firing sequence
of P since pu(p3) = 1 < 2 = F(ps, t4) for the marking ;1 reached by t3. However, the permutation
T :=t3t5l4ts of o is a firing sequence. It has displacement A(7) £ py + 2p4 + p5 and leads to the
marking illustrated in (b). Since its displacement is component wise nonnegative, 7 is a loop. The
Parikh vector ® :2 t5 +t, + 215 is enabled at /i since there is a transition sequence with Parikh image
® that is enabled at 1y (namely 7). The w-transition sequence ¢; - ¢* is an w-firing sequence.
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is enabled at y and leads from p to i/. Analogously, an w-transition sequence is enabled at p if each
finite prefix is enabled at ;.. We write 1 = (i g, resp.) if u = p' (1 2, i, resp.) and we are not
particularly interested in the marking 4/, or if ¢ is an w-transition sequence enabled at . A transition
sequence or Parikh vector is enabled in (/V, y) if it is enabled at po. Such a transition sequence is
also called firing sequence. Analogously, an w-transition sequence enabled at p is called w-firing
sequence.

A marking i is called reachable if 1o = p1 for some o. The reachability set R(N, i0) of (N, jio)
consists of all reachable markings. For a Petri net P = (P, T, F, uy), let o be a transition sequence,
1t a marking, and S C P a subset of places. The markings obtained when applying/firing o refer to
the set {4 | 3i € [0, |o|] - po + A(o) = p}. We write max(p, 0,.5) :=max{(u+ Alop.4))(p) | 7 €
[0,|c|],p € S} for the maximum number of tokens observed at any place p € S of any marking
obtained when applying 0. We define max(u, o) :=max(u, o, P), and max(u, S) :=max(u, €, S).
By substituting each occurrence of max by min in these definitions, we obtain analogous definitions
for the minimal number of tokens.

We define the displacement matrix D € Z"*™ of a Petri net (with a fixed ordering of its places
and transitions) as follows: the ¢-th column of D equals the displacement of the ¢-th transition. We
remark that the transpose D7 is also known as incidence matrix of the Petri net, emphasizing that a
Petri net is a bipartite graph.

A Parikh vector or a transition sequence with nonnegative displacement at all places is called loop
(also known as self-covering sequence) since, if it is fired at some marking, the loop can immediately
be fired again at the resulting marking. A loop with positive displacement at some place p is a positive
loop (for p). A Parikh vector or transition sequence with nonpositive displacement at all places is a
nonpositive loop. A nonpositive loop with negative displacement at some place p is a negative loop
(for p). A loop that is not a positive loop is called zero-loop. A T-invariant is an integral vector x
(sometimes also defined as nonnegative integral vector) satisfying the equality Dx = 0 [Mur89]. 7'-
invariants are a useful tool in Petri net analysis. Note that zero-loops are T-invariants. For a node
re PUT,xv:={y| F(y,x) > 0} (z*:={y | F(x,y) > 0}) is the preset (postset, resp.) of x. For
a transition sequence o, we define *o := Uie{\au *oy;. For transition sequences o and ¢, the sequence
that is obtained from o by deleting the first min{W(c)(¢), ¥(v)(t)} occurrences of every transition
t, 1s denoted by o = ¢. Figure 2.1 illustrates the transitional semantics and some of the terms of this
paragraph, using the special notation presented in the following paragraph.

Specifying Petri nets, markings, displacements, and Parikh vectors. Specifying a Petri
net P = (P, T, F, ug) by declaring, for each place p € P and transition ¢t € T, the value of F'(p,t),
F(t,p), and po(p) can be tedious. Instead, we use in several instances the following approach based
on [Jon+77]. A vector v € Z" of P (which can be a marking of P or the displacement of a Parikh
vector or firing sequence) is identified with 3 a,p where v(p) = a,, for all p € P. If we want to
define v in terms of its associated sum, we write v := > ,c pa,p. Furthermore, we write v = > ,c pa,p
if v equals a marking associated by the sum on the right-hand side. Similarly, we identify a Parikh
vector ® with »°, . a,t where ®(t) = a, for all ¢ € P. In order to specify transitions, we write
> pep pP % > pep bpp Where a, = F(p,t) and b, = F(t,p) for all p € P. (Instead of a sum
on the left or right-hand side, we occasionally use its associated marking.) Sometimes, it’s more
convenient to describe a marking less formally by naming those places that are marked together with
their respective number of tokens. In such cases, all places whose token numbers are not in some way
specified are empty. We say that a place p contains k tokens at marking p if pu(p) = k.
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Topological and graph-theoretic properties and other concepts. We define some terms
that are mostly used in defining certain classes of Petri nets. Let P = (P, T, I, 1) be a Petri net. P is
forward-ordinary (backward-ordinary, resp.) if all edges from places to transitions (from transitions
to places, resp.) have multiplicity 1. P is ordinary if it is both forward-ordinary and backward-
ordinary. We borrow the following four terms from Teruel et al. [Ter+92]. A place p is a decision
(attribution, resp.) if it has at least two outgoing (incoming, resp.) edges. A transition ¢ is a fork (join,
resp.) if it has at least two outgoing (incoming, resp.) edges.

We remark that, even though these terms are less well known, we use them to reduce confusion.
For instance, the term forward-conflict (as in [Lie76b]) could possibly be used instead of decision.
However, conflict-free Petri nets (see Chapter 7) are not necessarily forward-conflict-free. Further-
more, the class of forward-conflict-free Petri nets is, in addition to decision-freeness, subject to the
constraint that each place has exactly one outgoing edge, and would therefore not be completely char-
acterized by the term forward-conflict-free used in this manner. Unfortunately, also the term decision
can be the source of confusion since Petri nets without decisions are usually called choice-free Petri
nets [Ter+97].

We now define some graph-theoretic concepts that are of major importance for the analysis of Petri
nets in general and of those investigated in this thesis in particular. A walk is a sequence (v1, ..., vy)
of nodes such that, for all ¢ € [¢ — 1], (v;, v;41) is an edge of the Petri net. A path is a walk whose
nodes are pairwise different. A cycle is a walk whose first and last node are the same. A circuit is a
cycle (vy, ...,v, = vq) such that v; # v, for all ¢, j € [¢] with {3, j} # {1,¢}.

Sometimes it is convenient to only consider those places that are relevant w.r.t. a given set of
transitions. For a Petri net P = (P, T, F, 119), and a subset 7" C T of transitions, the induced Petri
net P[1"] consists of all transitions ¢t € 77, all places p € J,;.;(*t U t*), and the flow function F
and initial marking i, restricted to these subsets of transitions and places. Furthermore, we define the
induced Petri net P[Q]:=P[{t € d}].

On several occasions, we need the so called wipe-extension 73 = (P, T , F , lip) of a Petri net P =
(P, T, F, o). T is a superset of 7" and additionally contains, for each place p € P, a transition

tAp S T \ T defined by p lt—p> 0. In other words, the additional transitions can remove tokens from the
wipe-extension. We will use the notation 73, f, 13, tAp exclusively for the wipe-extension of a Petri net
‘P with transitions 7" and flow function F'.

Two concepts of Petri nets that are investigated on several occasions are home states and home
spaces. A set HS is a home space of P if, for each marking p reachable in P, there is a marking
i’ € HS such that 11/ is reachable from . A marking y is a home state if {41} is a home space. When
modeling a system, home states and (non-trivial) home spaces represent states of the system that can

be reached from every other state of the system (for instance the main menu).

Extensions of the Petri net model. The Petri net model has been extended in many different
directions. Common extensions are states, inhibitor edges, priorities, timing constraints and token
colors. In this thesis, we don’t consider extended Petri net models.

2.4 Vector addition and replacement systems

Vector addition systems are a tool for the analysis of models of parallel computation introduced by
Karp and Miller [KM69]. Formally, a vector addition system (VAS) is a pair V' = (s, B) with
B = {by, ...,by}, where s € Nj and b; € Z" for all i € [m]. The vector s is the start vector of V/,
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while the vectors b € B are the displacement or basis vectors of V. A vector z € N} is reachable in
V if there are displacement vectors b;,, ..., b;, € B such that

e r=s5+ Z?:l b;,, and
o s+ i by > 0 for all € [0, k].

The reachability set R(1/) is the set of all vectors reachable in V.

Many results for Petri nets were originally shown for vector addition systems. The importance of
this formalism in the context of Petri net analysis is based on the observation that VAS are equivalent
to Petri nets in the following sense. A VAS V' = (s, B) corresponds to the self-loop-free Petri net
P = (P,T,F,up) with n places pi, ..., p, and m transitions ¢y, ..., t,,, such that gy = s and
A(t;) = b; for all i € [m]. For V and P, we observe R(V) = R(P). Furthermore, it can be
shown that general Petri nets are equivalent to ordinary self-loop-free Petri nets in the following
sense. For each general Petri net P = (P, T, F, ) there is an (ordinary) self-loop-free Petri net
P = (P.,T', F', u,) with P C P’ such that

R(P)={p |3 € R(P'): ulp) =/ (p) forall p € Pand p(p) =0forallp ¢ P'}.

Moreover, P’ can be computed in exponential time from P. Using these relationships, many prob-
lems of general Petri nets, (ordinary) self-loop-free Petri nets, and vector addition systems are easily
reducible to each other.

Later, Keller [Kel72] (and independently Lien [Lie72; Lie76a] in form of a different but equivalent
formalism) introduced vector replacement systems, a formalism similar to vector addition systems
and Petri nets. A vector replacement system (VRS) is a triple V' = (s, B,U) with U = {uy, ..., up}
andV = {by, ...,by,}, where s,u; € Ny, b; € Z", and u; + b; > 0 foralli € [m]. Again, s is the start
vector of 1/, and the vectors b € B are the displacement vectors. In contrast to VASs, we additionally
have test vectors v € U. A vector z € Nj is reachable in V' if there are displacement vectors b;,, . . .,
b;, € B such that

e r =5+ 2?21 bi;» and
o s+ by, > u forallr € [k].

The reachability set R(V) is the set of all vectors reachable in V. It’s not hard to see that VRSs
are equivalent to general Petri nets with respect to their reachability sets in a more direct way than
VASs. A VRS V = (s, B,U) corresponds to the Petri net P = (P, T, F, uuo) with n places py, ...,
pn and m transitions tq, ..., t,,, such that uy = s is the initial marking, and A(¢;) = b; as well as
F(pj,t;) = (u;)y forall j € [n| and i € [m]. As in the case of VASs, many results for Petri nets
were originally shown using VRSs as the formalism of choice. The equivalence of general Petri nets,
ordinary self-loop-free Petri nets, vector addition systems, and vector replacement systems is due to
Hack [Hac74a; Hac74b]. For a compact and comprehensive overview of the different formalisms
equivalent (in the sense above) to Petri nets, we refer to Peterson [Pet81].

2.5 Commutative grammars

We assume that the reader is familiar with the basic concepts of (formal) grammars, thus we only state
some basic definitions. For a comprehensive introduction, we refer to Hopcroft and Ullman [HU79].
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A grammar is a quadruple (Vy, Vr, P, s), where Vyy is a finite set of variables (i.e., nonterminal
symbols), Vr with V2NV = () is a finite set of terminal symbols, s € Vyy is the start symbol (i. €., the
axiom), and P C Vi x (Viy UV7)* is a finite set of productions. For two words wy, wq € (Vy UVr)*,
we write w; = ws if there is a production (a,b) € P such that w; = zay and ws = xby for two
words z, y € (Vi U Vp)*. The language L(G) of a grammar G is {w € Vi | s = w}, where = is
the transitive closure of =-. Of particular interest in the context of this thesis is the class of context-
free grammars (CFGs). A grammar is context-free if all productions are of the form A — u where
AeVyandu € (VN U VT)*

Definition 2.2 (Uniform word problem of a class C of grammars). Given a grammar G € C, and
aword w, isw € L(G)?

In the following, we will occasionally refer to a grammar by the term non-commutative grammar to
avoid confusion with commutative grammars.

Commutative grammars were introduced by Crespi-Reghizzi and Mandrioli [CRM76] as a formal-
ism which is, in many aspects, equivalent to Petri nets. Intuitively, a commutative grammar is obtained
by enriching a grammar with productions that can switch the order of any two adjacent symbols. In
this sense, the order of the symbols within a string is without significance, and only the respective
number of occurrences of each symbol is of relevance.

For a formal definition, we use that given by Huynh [Huy83]. A commutative grammar is a
quadruple (Vy, Vr, P, s), where Vyy is a finite set of variables (i. e., nonterminal symbols), V7 with
Vr N Vy = () is a finite set of terminal symbols, s € Vy is the start symbol (i. e., the axiom), and
P C V¥ x (VyUVr)® is a finite set of productions. Here, M® and M® denote the free commutative
monoid and the free commutative semigroup on a set M, respectively. Some classes of commuta-
tive grammars, like regular, context-free, context-sensitive, and type 0 commutative grammars (corre-
sponding to well-known classes of non-commutative grammars) were investigated by Huynh [Huy83;
Huy84; Huy85]. Another type of commutative grammars, namely commutative semi-groups, were in-
vestigated by Mayr and Meyer [MMS82]. The class of context-free commutative grammars (CFCGs)
is the commutative equivalent of the class of context-free grammars. A commutative grammar is
context-free if all productions are of the form A — u where A € Vyy and u € (Vy U V)®. We make
use of known results for this class in Section 3.2 when we discuss the equivalence problem of cf-PNs.
In Section 6.4, we present a new class of commutative grammars, namely exponent-sensitive com-
mutative grammars (ESCGs), corresponding to generalized communication-free Petri nets, and show
results for computational problems involving these grammars. A commutative grammar is exponent-
sensitive if P C {{z}? |z € Vy} x (Vi U V7)®. The class of ESCGs properly contains the class of
CFCGs.

For Viy = {v1, ...,v,} and Vo = {w, ..., u,}, a commutative word w € (V U T)® is usually
written in the form v? e vé”u{l e uff‘, where ix, 7, € Ny are the number of times v, and u, occur
in w. As always, a succinct encoding scheme is assumed for w. By fixing an order on the symbols,
we can identify commutative words with vectors of N€+q, and express productions in terms of such
vectors. For two words w1, wo € NJ77, we write w; = w; if there is a production (a, b) € N?)(p +a)
with w; —a > 0 and wy —a + b = w,. The language L(G) of a commutative grammar G is
{w € V| s = w}, where = is the transitive closure of =-. In the context of the fixed order
of terminal symbols, L(G) can be recognized as a subset of N{. In contrast to non-commutative
grammars, this allows for succinct encoding schemes of commutative grammars and words, where
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we represent a commutative word w by its corresponding vector, and encode this vector, e. g., using
a binary alphabet. For known complexity results of problems involving commutative grammars, and
new complexity results presented in this thesis, always such succinct encoding schemes are assumed.

We remark that, originally, Crespi-Reghizzi and Mandrioli [CRM76] defined commutative gram-
mars as triples (Vy, Vo, P), i. e., the starting symbol was not part of the grammar. As input instances
for a variety of decision problems, pairs ((Vi, Vr, P), s) were considered where s € (Vy U V7). In
other words, under the original definition, s is not a start symbol rather than an initial commutative
word, which emphasizes the close relationship between commutative grammars and Petri nets, where
the initial word corresponds to the initial marking.

In the context of ESCGs and our applications, the two definitions can be regarded as equivalent
since ESCGs can have a production producing an “initial” word from the initial symbol. (This is not
the case for every nontrivial class of commutative grammars).

Given aPN P = (5,71, F, up), where w.1.o.g. S = {p1, ...,p,} and T = {t4, ...,t,,}, one can
define a commutative grammar G = (Vy, Vr, P, s) such that R(P) = L(G). Such a construction can
be used as part of a reduction from a problem involving Petri nets to a related problem involving com-
mutative grammars. The main problem lies in the fact that transitions of Petri nets don’t necessarily
have incoming edges while productions of commutative grammars always must substitute at least one
symbol. Unfortunately, this problem was not addressed in [CRM76] or [Huy83]. In the following we
fill this gap.

We first define a new Petri net P’ = (S’, T, F', i) which is obtained from P in the following way.
We add a new place p,, 1 with u(p,41) to the net and set F'(p,11,t) = F'(t,pnt1) = 1 for each
t € T with *¢t = (). Furthermore, we add a transition that removes one token from p,,, ;. The place
Pna1 represents the “void” where tokens are created and vanish. Now, we can define the commutative
grammar G of interest. The symbols are Vi :={v; | p; € S’} U {s} and Vr:={u; | p; € S}. We
associate each place p; with the variable v;, ¢ € [n + 1], and each variable v; with the terminal symbol
ui, i € [n]. For each transition ¢ € T" there is a production that, for each i € [n + 1], replaces
F'(p;,t) occurrences of variable v; with F”(t, p;) occurrences of the same variable. In addition, there
is, for each ¢ € [n], a production that replaces v; by u;. Last but not least, we have a production
that replaces the initial symbol s with the word that consists of variables only and corresponds to the
initial marking y’ of P’. (When using the definition of Crespi-Reghizzi and Mandrioli [CRM76], this
production can be replaced by fixing the initial word s appropriately.) This construction is illustrated
in Figure 2.2.

Note that R(P) equals the projection of R(P’) onto the original places P. This projection, on
the other hand, equals L(G). Using this relationship of R(P) and L(G), we can, in many cases,
use results for problems involving certain classes of Petri nets to reason about related problems of
corresponding classes of commutative grammars, and vice versa. We call this commutative grammar
the canonical commutative grammar for the Petri net.

We also want to define a canonical Petri net for a commutative grammar. For each variable v; and
terminal symbol u;, there are corresponding places p; and ¢;. We write Sy, (Sy;,.) for the set of places
corresponding to nonterminal (terminal, resp.) symbols. A production replacing a commutative word
with k; occurrences of variable v;, ¢ € [|Vy|], by a commutative word with ¢; occurrences of variable

v; and ¢ occurrences of the terminal symbol w;, j € [|Vr|], is represented by a transition ¢ with
Zie[\VNH kip; — ZiE[IVNI] lipi + Zie[lVTH (.q;. The initial marking s is the marking corresponding
to s. We use an analogue construction for canonical Petri nets of non-commutative grammars. Note
that the reachable markings of the canonical Petri net correspond to all commutative words produced
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Figure 2.2: A Petri net P (non-dashed places, transitions and edges), its extension P’ (P together
with the dashed place pg, transition and edges), and the canonical context-free commutative grammar
of P.

by the grammar, and not only those consisting only of terminal symbols.

We remark that, while a suitable construction of canonical commutative grammars from Petri nets
is not hard to find, it is not obvious how to define a Petri net P from a commutative grammar G
such that R(P) = L(G) under a suitable association of places with a subset of the terminal symbols
and variables. Commutative grammars carry out computations using variables. Furthermore, the very
definition of L(G) promises that none of its words contains variables. In contrast, Petri nets carry out
computations using all their places. However, markings of R(P) don’t distinguish between places
that contain the result of a computation and places that were used for the computation itself.

For some computational problems, like the uniform word problem, this is not an issue at all.

Definition 2.3 (Uniform word problem of a class C of commutative grammars). Given a commu-
tative grammar GG € C, and a commutative word w, is w € L(G)?

This problem can easily be reduced to the reachability problem of Petri nets, which asks, given a PN
P and a marking p, if © € R(P). (For CFCGs and cf-PNs, this was done by Esparza [Esp97].) We
merely ask if the marking corresponding to the input word is in R(P). This reduction works for the
uniform word problem because it works for a more general problem, namely, if a given commutative
word consisting of terminal symbols and variables can be produced by the grammar. In other cases,
however, the fundamental intrinsic difference between L(G) and R(P) can be a problem, as we will
see in Section 3.2 when discussing the equivalence problem of cf-PNs.

We note that, acknowledging these differences, there are concepts that, in this sense, are more
closely related to Petri nets than to commutative grammars, for instance VASs and VRSs.
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2.6 Semilinear sets and their representations

For ¢, my, ..., 7 € N, the linear set representation (LSR) £(¢, {m, ..., m,}) is the encoding of the
tuple (¢, 7y, ..., m), and represents the set {¢ + Zie[a a;m; | ay, ...,a; € Ng}. A setis linear if it is
represented by some LSR. The vector ( is the constant vector of the LSR, while the vectors ;, i € [],
are its periods. L£(¢, {my, ..., m}) (L, resp.) denotes the linear set represented by L£((, {m1, ..., m})
(L, resp.). A semilinear set representation (SLSR) S£ = OF_| £(¢;, {mi.1, ..., mi.s,}) is the concate-
nation of LSRs, and represents (J;c(y) £(Gi, {1, ... Ti¢;}). Here, © is a concatenation operator
used to concatenate two SLSRs. A set is semilinear if it is represented by some SLSR. S L denotes
the semilinear set represented by an SLSR S£. We remark that each (infinite) semilinear set has an
infinite number of representations.

Semilinear sets were introduced by Parikh [Par61], and shown by Ginsburg and Spanier [GS66] to
be exactly the sets describable by Presburger arithmetic, a decidable theory invented by Presburger
[Pre30].

Many problems of Petri nets and related models can be approached by formulating certain struc-
tures that are essential for the problem under consideration in terms of SLSs and SLSRs, and then
applying known results for semilinear sets. For instance, if the reachability sets of the Petri nets of
a class is semilinear and representations can effectively be constructed, then the reachability, bound-
edness, equivalence, containment, and other problems are decidable for the class. Furthermore, tight
complexity results for problems involving SLSRs were discovered by Huynh [Huy80]. Bounds for
the size of the vectors encoded in SLSRs representing such a structure can be used to reason about the
size of certain vectors of interest (e. g., small witnesses for non-liveness of Petri nets as in Chapter 4).
The theory of semilinear sets has been successfully applied to many classes of Petri nets and VASs, in-
cluding persistent Petri nets [Gra80; May81b; Miil80], VASs up to dimension 5 [HP79], conflict-free
Petri nets [HR88], normal and sinkless Petri nets [How+89]. We will use SLSRs for the problems
named earlier as well as for other problems. Many results about SLSRs and their applications to
different problems of Petri nets and commutative grammars, that are important in the context of this
thesis, have been presented by Huynh [Huy80; Huy83; Huy84; Huy85; Huy86] in a series of papers.

Theorem 2.4 ([Huy80], Corollary 4.5; also refer to [Huy86]). The equivalence problem of SLSRs,
i. e., the following problem, is 115 -complete: Given SLSRs SLi and SL,, is SL, = SLo?

The following corollary is a direct consequence of this theorem.

Corollary 2.5. The containment problem of SLSRs, i. e., the following problem, is 115 -complete:
Given SLSRs SL, and SL,, is SL, C SLy?

Proof. The containment problem can be reduced in polynomial time to the equivalence problem as
follows. We combine the SLSRs S£; and SL, to a SLSR SL) of the set SL; U SL,. Then,
SL; C 8L, holds if and only if SL] = SL, holds.

For the other direction also a simple polynomial time reduction exists. Let k& be the dimension of
the vectors of two SLSRs S£/ and S£J, and let 0, denote the k-dimensional all-0-vector. We obtain
the SLSR SL£; of the set (SL! x 0x)U (0 xS L) by combining the SLSRs resulting from extending
the vectors of the SLSRs SL£ and SL), at the beginning and end by 0%, respectively. In the same way,
we obtain the SLSR SL, of the set (SL), x 0z) U (0, x SL). Then, SL, = SL!, holds if and only
if SL; C SL, and SL:, C SL holds if and only if SL; C SL, holds. O
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We remark that, even though the theory on SLSRs is very useful, when the reachability set of a
Petri net is effectively constructible as an SLSR, it cannot be applied for every Petri net in this manner
since, as shown by Hopcroft and Pansiot [HP79], there are Petri nets whose reachability sets are not
semilinear.

2.7 Classical computational problems and general related work

In this section, we define some classical computational problems involving Petri nets that are of
major interest in the context of this thesis. We investigate these problems for different classes of
(forward-)ordinary or generalized Petri nets in the following chapters. Related work involving results
for classes of Petri nets that are related to those investigated in these later chapters is discussed at the
beginning of the respective chapter. However, classical general results for these problems and basic
related work are discussed here. Each definition involves a class C of Petri nets. For the related work
discussed in this section, we assume C to be the class of all Petri nets. Sometimes, we cite results for
the corresponding problem of VASs. In such cases, s denotes the encoding size of the input. We start
with one of the most important problems for Petri nets.

Definition 2.6 (Reachability problem of a class C of Petri nets). Given a Petri net P € C and a
marking i, is p reachable in P?

The importance of the reachability problems is mainly based on two reasons: A Petri net can be
considered as a model of computation or a computational device. This problem asks if the device can
enter a certain state. It is in line with various important decision problems involving different kinds
of computational devices, like the halting problem of Turing machines. The second reason is that the
reachability problem is recursively equivalent to many other Petri net problems (see [Hac74b]), some
of which we will discuss later.

The reachability problem has been a problem that withstood each attempt to show its decidability
for a considerable amount of time. Before Mayr [May81a; May84] finally presented an algorithm
solving this problem, the difficulty of finding a solution led researchers to try gaining insight into the
behavior of Petri nets by studying subclasses of Petri nets. Prominent examples include S-systems,
marked graphs, conflict-free Petri nets, and persistent Petri nets, which are briefly discussed in Chap-
ters 3 and 7. The algorithm of Mayr [May84] was later simplified by Kosaraju [Kos82] and Lambert
[Lam92]. Another two algorithms were presented by Leroux [Ler09] and Leroux [Lerl1]. However,
even nowadays, researchers investigate subclasses for several reasons: Lipton [Lip76] showed that
the reachability problem for VASs requires at least 2°V* space (infinitely often) for some constant c.
Furthermore, the algorithms named before are not primitive recursive or no satisfying upper bound
has been found, yet. On the contrary, subclasses often allow for better complexities, and still po-
tentially provide further insight into the behavior of Petri nets in general. The following restriction
of the reachability problem has been shown by Hack [Hac74b] to be recursively equivalent to the
reachability problem in general.

Definition 2.7 (Zero-reachability problem of a class C of Petri nets). Given a Petri net P € C, is
the empty marking 0 reachable in P?

The reason why we also consider the zero-reachability problem is that, depending on the class of
Petri nets under consideration, its complexity can vastly differ from the complexity of the reachability
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problem (e. g., for communication-free Petri nets, see Chapter 3) or be largely the same (e. g., for gen-
eralized communication-free Petri nets, see Chapter 6). A problem closely related to the reachability
problem is the liveness problem which involves the notion of liveness. A Petrinet P = (P, T, F, o)
is live if, for each transition ¢ € T and each marking p reachable in P, there is a marking 4 that is
reachable from y and enables ¢.

Definition 2.8 (Liveness problem of a class C of Petri nets). Given a Petri net P € C, is P live?

Hack [Hac74b] also showed that this problem is recursively equivalent to the reachability problem.
Aside from this equivalence, the liveness problem is important for another reason. When modeling
a system or a device in terms of Petri nets, the liveness property corresponds to the property of the
device to be able to eventually perform any action again, starting from any reachable state of the
device. The liveness property is related to many other notions of liveness, some of which we consider
in Chapter 3. We remark that both the zero-reachability problem and the liveness problem for VASs
require at least 2°V* space (infinitely often) for some constant ¢ as well since the (Turing-)reductions
given by Hack [Hac74b] can be performed in linear time.

We continue with two problems for which better upper bounds are known. A marking x of P can
be covered (in P) if there is a marking i/ > p that is reachable in P.

Definition 2.9 (Covering problem of a class C of Petri nets). Given a Petri net P € C and a
marking p, can p be covered in P?

A Petri net P is bounded if there is a £ € N such that max(p) < k for every marking p that is
reachable in P. Equivalently, P is bounded if R(P) is finite.

Definition 2.10 (Boundedness problem of a class C of Petri nets). Given a Petri net P € C, is P
bounded?

Using a graph, which later became known under the term “coverability tree”, Karp and Miller [KM69]
showed relatively early that the covering and the boundedness problems are decidable. The algorithm
proposed in the paper uses the observation that a Petri net P = (NN, p) is unbounded if and only
if o = p11 = po for markings s, 19, a sequence o and a positive loop 7. However, there is an
infinite sequence of Petri nets for which the sizes of their coverability trees cannot be bounded by any
primitive recursive function, implying a corresponding lower bound for this algorithm (see [Rac78]).
A better algorithm, which solves the boundedness problem for VASs and requires at most 2¢151ds
space for some constant c;, was discovered by Rackoff [Rac78]. He showed that if P is unbounded,
then there are ¢ and 7 as above whose lengths are at most doubly exponential. Hence, the encoding
sizes of the markings obtained when nondeterministically guessing o and 7 are at most exponential.
This is almost optimal since Lipton [Lip76] had shown earlier that, similar to the reachability problem,
also the boundedness problem requires at least 2°2V* space (infinitely often) for some constant c,.
Later, Rosier and Yen [RY86] obtained the slightly improved and refined upper bound 2¢™147(d +
ld m) for some constant c3 via a multiparameter analysis, where d denotes the maximum over all out-
and indegrees of all transitions.
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Definition 2.11 (Containment problem of a class C of Petri nets). Given two Petri nets Py, P, € C,
is R(P1) C R(P2)?

Definition 2.12 (Equivalence problem of a class C of Petri nets). Given two Petri nets Py, Py € C,

By reducing the undecidable Hilbert’s tenth problem to the containment problem of VASs, Rabin
showed that the latter is undecidable. Rabin’s proof was published by Baker [Bak73]. Hack [Hac73;
Hac74a] adapted this proof for Petri nets to show the undecidability of the containment problem of
general Petri nets. Later, Hack [Hac76] showed that also the equivalence problem of general Petri
nets is undecidable via a reduction from the containment problem. Restricted variations of these
problems were investigated by Mayr and Meyer [MMS81]. They showed that, albeit the containment
and equivalence problems of bounded Petri nets are decidable, neither of them can be solved by an
algorithm with primitive recursive complexity. Some comprehensive resources surveying classical
results for these problems are [EN94; Hac79; Pet81].

Definition 2.13 (RecLFS problem of a class C of Petri nets). Given a Petri net P € C and a Parikh
vector @, is ® enabled in P?

The term RecLFS is an abbreviation for “Recognize legal firing sequence” and is borrowed from
Taoka et al. [Tao+03]. The RecLFS problem often occurs as a “subproblem” of the reachability
problem. Algorithms solving the reachability problem for classes of Petri nets can often be partitioned
into two steps. First, a candidate Parikh vector is determined for which one wants to know if it indeed
leads to the end marking of interest. Then, an algorithm solving the RecLFS problem for the Parikh
vector is applied.

For many subclasses of Petri nets for which witnessing Parikh vectors have small encoding size,
and the RecLFS problem has low complexity, this approach is particularly useful. Examples for
such subclasses are communication-free Petri nets and conflict-free Petri nets for which witnessing
Parikh vectors have polynomial encoding size and the RecLFS problem is decidable in linear time
(for references, see Chapters 3 and 7).

We remark that the RecLFS problem is somewhat excluded from the problems mentioned earlier
for two reasons: In literature investigating such subclasses, the RecLFS problem is often not explic-
itly mentioned but only implicitly investigated and used. Furthermore, the RecLFS problem is in
PSPACE for general Petri nets (see Lemma 2.19), which means that its complexity is much better
than that of the other classical problems of our interest.

This comparatively low complexity makes the approach mentioned earlier also particularly useful
for classes for which no improved bound on the RecLFS problem can be shown if it can be shown
that the respective reachability problem needs at least polynomial space and the class allows for
witnessing Parikh vectors whose encoding sizes are at most polynomial in the size of the input. The
search problem variation of the RecLFS problem is the LFS problem, which is, given a Petri net and
a Parikh vector @, to generate a firing sequence with Parikh image ® or to state that ® is not enabled
if this is the case. Papers in which the RecLFS or the LFS problem for certain classes of Petri nets
are explicitly investigated include [HTO1; MW96; TW99; TWO06; Tao+03; Wat+89a; Wat+89b].
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These are the main problems that are investigated in (almost) every of the following chapters. Be-
sides them, we also investigate other problems for Petri nets or for related formalisms. The definitions
and relevant related literature for those can be found in the respective chapter where they are investi-
gated.

2.8 Fundamental facts, observations, and first results

In this section, we collect basic facts and present first complexity results for Petri nets in general,
which we frequently use in the following chapters. The following equation is called state equation
[Mur77; Mur89]:

to + A(®) = p.
Since A(®) = D - ® it can also be written as
o+ D D= p.

It is well known that a marking p is only reachable if the state equation is satisfied by some Parikh
vector, i.e., by the Parikh image of some transition sequence. However, this is just a necessary
condition and, in general, not a sufficient one, which is one of the reasons why the reachability
problem is difficult to analyze and has a high complexity.

The following two observations are concerned about the size of minimal solutions of systems of
linear Diophantine inequalities.

Theorem 2.14 ([Pot91], Theorem 1). Let A € Z"*™, and C:={x € N | Ax = 0}. Then, for
all v € H(C), ||zll; < (1 + ||All; )"> where 1 is the rank of A.

Here, the set H(C') denotes the Hilbert basis of C, which is the set of all minimal elements w.r.t. < of
C'. All elements of C' can be expressed as a linear combination of vectors in #(C') with nonnegative
integral coefficients.

Corollary 2.15 ([Pot91], Corollary 1). Let A € "™, b € Z", and C :={x € 7™ | Az < b}.
Then, there are two finite subsets C7, Cs ; Z™ such that, for every v € Z™

erxcCex=x1+x3+...+x1 withz; € Cy, and xo, . .., z;, € Cy, and
o Vo e CLUC, : [lzf, < 2+ [|Ally, o + [1bllc)™
Using these observations, we find in the following corollary that the set of solutions of the state

equation can be represented by a SLSR whose constant vectors are small. This implies that minimal
solutions of the state equation are small as well.

Corollary 2.16. Let A € Z"*™, b € 7", and C:={x € N | Az = b}. Then, C is an SLS
represented by an SLSR SL = @le L(CG, {m1, ..., me}) with ||(;] mill; < 2+ [[Ally o +
16l )2 ™ for all i € [k] and j € [(].

1)
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Proof. Let A’ € Z2"+™)*™ denote the matrix such that its first n rows are the rows of A, its next n
rows are the rows of —A, and its next m rows are the rows of —1,,,, where /,,, is the m x m identity
matrix. Furthermore, let i’ € Z?"t™ be obtained from b such that its first n components together are b,
its next n components together are —b, and its next m components are 0. Let C" :={z € Z™ | Az <
b'} denote the set of integral solutions of the system of linear Diophantine inequalities A’z < b'. Then,
it’s not hard to see that C/ = C'. If A is the all-O-matrix, then the corollary is obvious. Otherwise,
1Al o = 1411y o and ], = V]

Consider the sets C; and C resulting from applying Corollary 2.15 to A’ and . Note that all
vectors of C'; and (5 must be nonnegative since otherwise there would be a solution with a negative
component. Now, we define SL by letting (; denote the i-th vector of ', and =; the i-th vector
of C5. (In particular, all linear set representations of the semilinear set representation SL have the
same periods.) Then, C' is represented by SL. Furthermore, each vector of this representation has a
component sum of at most (2 + || A’ IV [ o)? ™ = (24 |All o + 0]l )> O

||1,oo

Lemma 2.17. Let N = (P, T, F, ) be a Petri net with n places and m transitions, and let W
be the largest edge multiplicity of N. Further, let . be a marking such that there is a Parikh
vector ®' with py + A(P') = w. Then, there is a Parikh vector ® < " with jig + A(®) = pu and
component sum at most (2 + mW + max(ug) + max(p))> ™.

Proof. The Parikh vectors ® with iy + A(P) = p are exactly those that are solutions of the system
o + Dz = p. Hence, by applying Corollary 2.16 to D and p — pu, the lemma follows. [

The next lemma shows that each loop of a Petri net can be decomposed into short loops.

Lemma 2.18. Let N = (P, T, F') be a Petri net with n places and m transitions, and let W be
the largest edge multiplicity of N. Then, there is a finite set H(N) = {®y, ..., &} & Ni* of
loops of N such that each loop of H(N) consists of at most (14 (n +m)W)"*™ transitions, and
such that, for each loop ® of N, there are ay, ..., ar € Ngwith ® = a; P + ... + a;Dy.

Proof. Let,w.l.o.g., P ={p1,...,pp} and T = {t, ...,t,,}. Furthermore, let D € Z"*™ be the
displacement matrix of P, i.e., the i-th column of D equals A(t;), and L:={z € N}’ | Dz > 6}.
Note that L is the set of all loops of N. Let L' :={x € N™"*" | D’z = 0}, where D' € Z"<(m+n)
is the matrix whose first m columns are the columns of DD and the next n columns are the columns
of —I,. By Theorem 2.14, we observe ||z||, < (1 + (m + n)W)™™ for all x € H(L'). Let
£ : NJ'™ — N1 denote the projection of m + n-dimensional vectors onto their first m components,
and define H(N):=&(H(L')). Since L = £(L’), the lemma follows. O

We further make several observations about the RecLFS problem of Petri nets in general. In com-
parison with many other classical problems, the complexity of the RecLFS problem is small.

Lemma 2.19. The RecLFS problem of general Petri nets is in PSPACE.

Proof. Let P = (P, T, F, ) be a Petri net with largest edge multiplicity W, and ¢ a Parikh vector.
Assume, @ is enabled, and let o be a firing sequence with ¥ (o) = ®. Then, we have max(g, o) <
max(p)+|o|- W, i. e., each marking obtained when firing o has polynomial encoding size. Therefore,
the RecLFS problem can be decided in polynomial space by some nondeterministic Turing machine
guessing o step by step. [
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Lemma 2.20. The RecLFS problem of general Petri nets using an (appropriate) unary encoding
scheme is NP-complete in the strong sense.

Proof. NP-hardness in the strong sense has been shown in Watanabe et al. [Wat+89a]. Membership
in NP is implied by the fact that a nondeterministic Turing machine can guess the order in which the
transitions of ® can be fired. Each step also takes only polynomial time since each marking obtained
when firing ® has polynomial encoding size. [

We note that Watanabe et al. [Wat+89a] also claimed that the RecLFS problem is in NP. However, as
we will show later in Theorem 5.11, this problem is PSPACE-complete even if restricted to ordinary
Petri nets, which implies that it cannot be in NP if PSPACE ;Cé NP. More precisely, assuming
PSPACE ; NP, it cannot be in NP if all numbers of the input are encoded using an alphabet > with
|¥| > 2 and if the numbers are not bounded by a polynomial of the input size. (Thus, it is possible
that Watanabe et al. [Wat+89a] considered RecLFS with a unary encoding scheme as in Lemma 2.20
or only some restricted variation of the problem, which, however, isn’t obvious from the text.) An
immediate consequence is the following corollary.

Corollary 2.21. If NP ; PSPACE, then the RecLFS problem of general Petri nets is not

PSPACE-hard in the strong sense.



27

3 Communication-free Petri nets

In this chapter, we investigate communication-free Petri nets (cf-PNs, also known as BPP-PNs).
A Petri net P = (P, T, F, 1) is communication-free if it is forward-ordinary and |*¢| = 1 holds
forall ¢ € T'. For the sake of improved readability, we will occasionally abuse notation by identifying
*t with its unique element. The term communication-free Petri net was coined by Hirshfeld [Hir94]
(who originally considered only cf-PNs that are also backward-ordinary). Communication-free Petri
nets are closely related to Basic Parallel Processes [Chr92; Chr+93], a subclass of Milner’s process
algebra (PA, which is also called Calculus of Communicating Systems, CCS, see [Mil95]). Further-
more, they are closely related to context-free commutative grammars (CFCGs, see [CRM76; Esp97;
Huy83] and Section 2.5). For each cf-PN, the corresponding canonical commutative grammar is a
CFCG. We will make use of this relationship on several occasions later in this chapter.

There is a large amount of literature involving cf-PNs. However, in most publications (including
[Chr92; Chr+93; Hir94]), cf-PNs are used as a tool providing a net semantics for Basic Parallel
Processes. The problems considered in these papers usually address model checking, (bi-)simulation,
and similar concepts, which are not of major relevance in the context of this thesis. In the following,
we focus on literature addressing the classical problems of our interest.

The strong constraints on topology and edge multiplicities limits the computational power of cf-
PN in the sense that they are unable to model synchronizing actions since the fireability of a transition
only depends on exactly one place, at which only a single token is required. Esparza [Esp97] showed
that the reachability problem of cf-PNs is, nevertheless, NP-complete. The NP-hardness is based on
the fact that, even though no synchronization is possible, cf-PNs can contain decisions and attributions.
This allows for a large number of possible firing sequences and enabled Parikh vectors, which can,
for instance, be used to carry the different assignments of truth values to the variables of formulas
in 3-CNF. (We remark that even in the absence of decisions, the reachability problem is NP-hard.
In other words, the reachability problem of the subclass of cf-PNs that are also decision-free is NP-
complete as we will show later.) The result of Esparza [Esp97] yields an alternative proof for the NP-
completeness of the uniform word problem for CFCGs, a result that was obtained earlier by Huynh
[Huy83]. Another proof for membership of the reachability problem in NP, based on canonical firing
sequences, was given by Yen [Yen97]. Both proofs (implicitly) rely on the fact that the RecLFS
problem for cf-PNs is decidable in polynomial time due to a very easily checkable criterion. A
general approach for classes of Petri nets with simple circuits, including conflict-free Petri nets, was
given by Yen and Yu [YYO03], yielding an alternative proof for NP-completeness of the respective
reachability (promise) problems. Yen [Yen97] also proposed an exponential time construction for
SLs of the reachability sets of cf-PNs. He then used this SL to argue that the equivalence problem
for cf-PNs has a doubly exponential time bound.

Natural subclasses of cf-PNs are S-systems and state-machines. An S-system is an ordinary cf-PNs
in which every transition has exactly one incoming and one outgoing edge. Intuitively, tokens in S-
systems are only moved between places one by one but never destroyed or created. A state machine
is an S-system with exactly one token at the initial marking (sometimes, state machines are defined in
the same way as we defined S-systems). State machines are equivalent to finite automata of language
theory. The reachability problem of S-systems is decidable in polynomial time [Ha+12; Mur89]. A
superclass for ordinary cf-PNss is the class of free-choice Petri nets and well-known extensions of this
class (like extended free-choice Petri nets). An ordinary Petri net (P, T, F, ) is a free-choice Petri
net if, for each edge (p,t) € P x T of the net, either p* = {t} or *t = {p}. This class was introduced
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by Hack [Hac72]. In general, the reachability problem of free-choice Petri nets is as hard as that of
general Petri nets. However, many restricted subclasses enjoy much better complexities for this and
other problems. We refer to Desel and Esparza [DE95] for an introduction on free-choice Petri nets.
Other superclasses of cf-PNs are briefly introduced introduced in Chapter 6, also refer to Figure 6.1
in that chapter.

This chapter is organized as follows. In Section 3.1, we provide useful concepts and observations
about cf-PNs to establish the foundations for later sections. This section also contains the first com-
plexity results, namely, that the zero-reachability problem of cf-PNs is decidable in linear time, and
that the reachability problem of cf-PNs remains NP-hard if restricted to cycle-free and decision-free
cf-PNs.

In Section 3.2, we address a gap in Yen’s [ Yen97] construction for a SLSR of the reachability set.
We show that, in general, the construction actually computes a proper superset of the reachability set
instead. We proceed by fixing the construction in such a way that most parts of his argumentation can
be retained while maintaining the bounds for the size and running time of the original construction (in
the sense that all specified constants stay the same). Additionally, we apply results of Huynh [Huy85],
using the close relationship of cf-PNs and CFCGs, to obtain a cONEXPTIME upper bound for the
equivalence problem of cf-PNs.

For some notions of boundedness and liveness of BPPs ([Kuc96; May97; May98; May(00]), poly-
nomial time algorithms are already known. In addition to these, we investigate a number of other
variations of the boundedness problem, and the covering problem for cf-PNs in Section 3.3, and vari-
ations of the liveness problem for cf-PNs in section 3.4. For two new variants of the boundedness
problem, and for the covering problem, we show NP-completeness. The remaining problems can be
solved very efficiently in polynomial time, most of them even in linear time. Some algorithms are
also applicable to related well-known problems of BPPs, yielding linear time algorithms for BPPs
in standard form. Additionally, our results imply illustrative linear time algorithms for important
problems of context-free (commutative) grammars These results can be found in Section 3.5.

Linear time algorithms not only make these problems tractable in practice but also show that cf-
PN are too restricted if we are searching for classes of Petri nets where these problems are hard. We
remark that, in this respect, an interesting parallel can be drawn between cf-PNs and conflict-free
Petri nets (see Chapter 7). Both are structurally defined in a similar way, both have NP-complete
reachability problems ([Esp97; HR88; Jon+77]), polynomial time algorithms for the boundedness
problem (see Section 3.3 and [Ali+92]), the RecLFS problem (see [Esp97; HR88]), the liveness
problem (see Section 3.4 and [Ali+92]), and IT5-hard equivalence problems (even IT5-complete for
conflict-free PNs, see [HR88], [Yen13]). A number of forward-ordinary variations of cf-PNs, which
are extended by states, timing or priority constraints, or inhibitor arcs, were investigated by Chen et al.
[Che+09]. For some of these extensions, the reachability problem remains NP-complete, while for
others it turns out to be not decidable at all.

In Chapter 6, we investigate a generalization of cf-PNs, called gcf-PNs, characterized by the sole
topological constraint that each transition has at most one incoming edge. In particular, gcf-PNs are
not necessarily forward-ordinary. It turns out that almost all problems considered (e. g., RecLFS,
(zero-)reachability, liveness, boundedness, covering, RecLFS) are PSPACE-complete. The large gap
regarding the complexity between many problems for cf-PNs and corresponding problems for gcf-
PNs motivates further research of how generalizing classes of Petri nets w. r. t. their edge multiplicities
influences the complexity of different problems.
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3.1 Fundamental concepts and observations

Some concepts and observations about cf-PNs are needed at several occasions. We collect and prove
them in this section. As already mentioned in Chapter 1, useful topological characterizations for
properties of Petri nets are often possible if the class under consideration is topologically restricted
and forward-ordinary. This also applies to cf-PNs.

Of major interest in the analysis of cf-PNs are the strongly connected components (SCCs). The
directed acyclic graph obtained by shrinking all SCCs to super nodes while maintaining the edges
between distinct SCC as edges between the corresponding super nodes is called the condensation (of
the Petri net). An SCC is a top component if it has no incoming edges in the condensation. For
two not necessarily distinct SCCs C', C5, we write C'; > () if there is a path from C} to C5 in the
condensation (i. e., if for all v; € C', vy € (s, there is a path from v; to v, in the Petri net).

Also important is the concept of traps. A subset () C P of places is a trap if, for all ¢ € T,
*t N Q # () implies t* N Q # (). In other words, every transition that removes a token from @ also
adds a token to (). Once a trap is marked, it cannot become unmarked by firing a transition. Given a
subset R C P of places, the maximum trap of R is the largest trap () C R. Note that the maximum
trap of R is unique since the union of two traps of R is again a trap of R.

On several occasions, we use the Parikh extension of the Petri net under consideration.

Definition 3.1 (Parikh extension). Let P = (P, T, F, o) be a Petri net. The Parikh extension
PY = (PY,T,FY, ) of P is obtained from P by adding, for each transition ¢ € 7, an un-
marked place p} with F'Y(¢,p}) = 1.

Figure 3.1 illustrates a Petri net and its Parikh extension. If we fire a firing sequence o in the Parikh
extension P¥ leading to marking y, then the new place py’ counts how often the transition ¢ € 7T is
fired, i.e., u(py) = ¥(o)(t). In other words, the projection of i onto the new places equals ¥ (o). We
remark that the concept of the Parikh extension is closely related to the concept of extended Parikh
maps used in [LR78] and [HR88] for persistent and conflict-free Petri nets.

We continue with a number of observations.

Theorem 3.2 ([Esp97], Theorem 3.1). Let P = (N, ) be a cf-PN. A Parikh vector ® is enabled
in P if and only if

(@) pio+ A(®) >0, and

(b) each top component of P|®| has a marked place.

Proof. This theorem is equivalent to Theorem 3.1 of [Esp97]. However, our formulation is better
suited for our purposes. The original theorem states that ¢ is enabled if and only if (a) holds and if,
within P[®], each place is the end node of some path starting at a marked place. [

Lemma 3.3. Let P = (P, T, F, 1) be a Petri net, o a firing sequence in P, and let p;, i € [|o]],

k]

be defined by 1y SUN i SICNUN pg- Then, for each place p of P|V(c)|, there is an
i €0,

o] such that p is marked at .
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Proof. Each place p of P[¥(o)] is in the pre- or postset of some transition op;). If p € *oy;), then p
must be marked at ;1. If p € oy;)°, then p is marked at ;. L]

The next lemma demonstrates an alternative way of decomposing loops into subloops with nice
properties. In contrast to Lemma 2.18, this lemma is not valid in general.

Lemma 3.4. Let & € NJ' be a loop of acf-PNP = (P, T, F), and let C\, ..., Cy, k > 1, denote
the top components of P|®|. Then ® can be decomposed into loops @1, . .., Py, k < n, such that

(a) ® = Zle ®,, and

(b) the only top component of P[®;] is C;.

Proof. Let ¥4, ..., Ux < ® be the minimal (w.r.t. “<”) Parikh vectors such that C; C P[J,], and
V;(t) = ®(t) for all t € C;. Let ¥ be some Parikh vector such that < & — 9 — ... — 0y, ¥y + I is
a loop, (' is the only top component of P[}; + 9], and ¥ is maximal (i. e., there is no Parikh vector
¥ > 1) with these properties. Note that each ¢); is a loop since P is a loop. Hence, 1) always exists
and &, :=1; + 9 is a loop, too. We will show that the remaining Parikh vector ® — ®, is also a loop,

and that the top components of P[® — ®4] are exactly Cy, . . ., C. Then, the lemma follows from the
fact that we can iteratively apply this construction to the respective remaining Parikh vector to obtain
®q, ..., Py as given in the lemma.

(a) y4
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Figure 3.1: (a) illustrates a Petri net, and (b) its Parikh extension. The net of (a) also serves as a
counter example for the construction proposed in Proposition 3.12.
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Assume for the sake of contradiction that & — ®; is not a loop. Then, there is a place p such
that A(® — ®,)(p) < 0. This implies that there is a transition ¢ € & — &; with p = °t. Since ¢
is a loop, A(®) = A(® — &;) + A(P;) > 0, and therefore A(P;)(p) > 0. But then, we observe
A(Py)(p) + A(t)(p) > 0,1i.e., a contradiction to ) being maximal.

Next we show that the top components of P[® — ;] are exactly Cy, . . ., Cy. Obviously, Cs, .. ., Cj
are top components. Assume for the sake of contradiction that P[® — ®4] has another top component
C. Let 9o < & — &4 be a 0-1-vector such that C'is the only SCC of P[d¢]. ¥¢ must be a loop since
otherwise & — ®; wouldn’t be a loop. Since C'is not a top component of P[®], there is a place p € C'
and a transition ¢ with ¢t € *p, t € ®,and t ¢ ® — ®;. (Note that each top component of any (Parikh
vector induced) cf-PN contains a place because each transition has an incoming edge.) Since also
t ¢ U1 (otherwise C; and C' would be part of the same SCC), we find ¢ € ¢J. But then, ¢ isn’t chosen
maximally since ¢ 4 ¥« is larger with respect to the above properties, a contradiction. U

An example for this decomposition is illustrated in Figure 3.2.

_________________________
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Figure 3.2: This figure illustrates the loop decomposition of Lemma 3.4 applied to a Petri net P and
a loop ®. Places and transitions that are not part of P[®] are gray. The top components of P[®] are
surrounded by dashed rectangles. The labels of the transitions ¢ are triples ®(t), ®1(t), Po(), where
®,, @, are the subloops of the decomposition of ®. Note that the loop decomposition is in general
not unique. In this example, ¢ is enabled since all top components of P[] are marked.

Using these observations, we can show the following lemma.

Lemma 3.5. Let P = (P, T, F, j19) be a cf-PN, and ®, ¥ Parikh vectors such that 9 is a loop,
and both ® and ® + 1 are enabled at j1y. Then, for each firing sequence o such that P[®] is a
subnet of P[V(0)|, there are transition sequences o, . . ., 0y and loops V1, . .., O, k < n, such
that
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(@) 0 =01 Ok41,
b)) I=1+...+7,

(¢) P[], © € [k], has exactly one top component, and this top component is the i-th top
component of P[] using a properly chosen numbering of the top components, and

(d) 9, i € [k|, is enabled at marking p; where jig =—"% ;.

Proof. Consider the decomposition of ¥ by Lemma 3.4 into loops ¥4, ..., ¥4, kK < n, such that
V= Zle ;, and the i-th top component C; of P[vJ] is the unique top component of P[v;].

Let i € [k]. Assume that C; and P[] are disjoint. Then, C; is a top component of P[P + 1], and
C; is marked at po by Theorem 3.2 since ¢ + 9 is enabled at yiy. Therefore, by the same lemma, ¥J; is
enabled at yi.

Now, assume that C; and P[®] are not disjoint, i. e., they share a place p. Since P[®] is a subnet
of P[¥(c)], Lemma 3.3 implies that, for each place p of P[®], there is a marking i reached by some
prefix of o such that p is marked at p. Therefore, by Theorem 3.2, 1J; is enabled at 1 .

We conclude that, by splitting the sequence o at appropriate positions, we obtain transition se-
quences o; and markings y;, i € [k+1], suchthato = y-09 - - - 0441, o RAN JAREE ELN ke SLEEN AR
and 1; is enabled at y; where we assume w. 1. 0. g. that the top components of P[] are appropriately
numbered. []

We will later use this lemma to enrich certain “backbone” firing sequences with loops, which will
serve as witnesses for unboundedness.

The next few lemmata, which all involve traps of cf-PNs in some way, lay the foundation for many
linear time algorithms for various problems presented in later sections.

Lemma 3.6. Let P = (P, T, F, o) be a cf-PN and R C P be a set of places. The maximum trap
Q) of R can be determined in linear time.

Proof. We apply the following procedure. We initialize () by R. As long as there is a transition t € T'
such that *¢ € @ and t* N Q = (), we remove *t from (). At the end of the procedure, ) must be a
trap since otherwise the procedure wouldn’t have stopped. Furthermore, () is a maximum trap of R
since the procedure cannot remove a place p from () if p is part of the maximum trap of R.

We can implement the procedure in linear time as follows. We use two arrays A and N, and a list
L, as well as a collection ). The collection @ is initialized with the set R. Array A has length |T'|
and A[¢] is initialized with |¢;* N R|. Array N has length | P| and N[i] is initialized with an empty list
if p; ¢ R, and otherwise with a list of all transitions ¢; such that ¢; € *p,. The list L is initialized with
all transitions ¢; for which *¢; € @ and A[i] = 0 hold. It’s not hard to see that these data structures
can be initialized in linear time.

Now, as long as L is not empty, we do the following. First, we pop some transition ¢; from the list.
Assume p; = *t;. Then, if p; € @), we remove p; from (), and, for each ¢; contained in the list N[j],
we decrease Alk] by 1, and add ¢, to L if A[k] = 0 after the decreasing step. When L is empty, () is
the maximum trap of R. The running time of this procedure is linear. [
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Lemma 3.7. Let P = (P, T, F, po) be a cf-PN, and R C P be a subset of places such that no
subset Q C R is a trap. Then, there is a firing sequence o with A(o)(p) > 0 forall p ¢ R,
leading to a marking at which R is empty.

Proof. By definition, if a set ) C P is not a trap, then there is a transition ¢ with *¢ € () and
t* N Q = (. Define the transitions ¢, ..., tir) and the sets Ry, ..., Rjg recursively as follows. We
start with R, := R. Given R; for i € [|R|], we choose t; as a transition with *¢; € R; and ¢;* N R; = 0,
and set R; ;1 := R; \ *°t;. This means that Ry ; o ; Ry, and we can successively empty Rig|, .. .,

R, by firing each of the transitions ¢|g|, . . ., {; an appropriate number of times. Since these transitions
don’t remove tokens from places outside of R, the displacement of the firing sequence at these places
1S nonnegative. 0

Lemma 3.8. Letr P = (P, T, F, 1) be a ¢f-PN, and () C R C P be the maximum trap of R.
Then, the following are equivalent:

(a) R is empty at some reachable marking 11 with j1(p) > po(p) forallp ¢ R,

(b) R is empty at some reachable marking,

(c) Q is empty at L.

Proof. “(a) = (b)”: There is nothing to show.

“(b) = (c)”: If Q is marked, then R DO () will always be marked, regardless of the transitions fired.

“(c) = (a)”: Notice that R \ ) doesn’t contain a trap by the maximality of ). Consider the cf-PN
P’ which emerges from P by removing () and all transitions incident to Q. If R\ () would contain
a trap w.r.t. P’, then at least one transition ¢ with *¢ € R\ @ and t* N Q # () was removed, a
contradiction to () being the maximum trap of R. Therefore, R \ () contains no trap w.r.t. P’, and, by
Lemma 3.7, there is a firing sequence o of P’ removing all tokens from R \ ) such that A(o)(p) > 0
forall p ¢ R\ Q. Firing o in P removes all tokens from R \ () without putting any tokens to a place
of () since such transitions don’t exist in P’. Hence, the marking y reached by o in P satisfies the
properties of (a). [

Lemma 3.9. Givena ¢cf-PNP = (P, T, F, 1p) and a set R C P, we can decide in linear time if
there is a reachable marking at which R is empty.

Proof. Using Lemma 3.6, we find in linear time the maximum trap () of R and check if it is empty.
By Lemma 3.8, this is the case if and only if 2 can be emptied. [

These observations are already sufficient to show that the zero-reachability problem which, in
general, is as hard as the reachability problem (see [Hac74b]), is decidable in linear time for cf-
PNs.

Theorem 3.10. The zero-reachability problem for cf-PNs is decidable in linear time.

Proof. We simply apply Lemma 3.9 to P and P. 0
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Another immediate minor result can be obtained by observing that attributions provide sufficient
computational power to make the reachability problem of cf-PNs NP-hard.

Theorem 3.11. The reachability problem of cf-PNs is NP-complete, even if restricted to end
marking 1 and ordinary cf-PNs without cycles and decisions.

Proof. Since the reachability problem of cf-PNs is NP-complete [Esp97], we only have to show NP-
hardness for cf-PNs without cycles and decisions. We adapt the proof of Esparza [Esp97] who showed
that the reachability problem of cf-PNs is NP-complete. Given a formula in 3-CNF over the variables
x1, ..., Ty and clauses (', ..., Cyp, we construct a cf-PN without cycles and decisions in which the
all-1-marking I is reachable if and only if the formula can be satisfied. An example is illustrated in

“Q IQQ m3© D
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Figure 3.3.

Figure 3.3: The formula C; A Cy:=(x1 V 2 V z3) A (T1 V 2 V T3) can be satisfied if and only if the
marking 1 is reachable in this ordinary cycle-free and decision-free cf-PN.

3.2 The equivalence problem

In this section we consider the equivalence problem of cf-PNs. In [Yen97], Yen proposed a construc-
tion for an SLSR of the reachability set of cf-PNs. The encoding size of the representation obtained
by this construction is at most exponential in the size of the cf-PN. The author used the already men-
tioned result that the equivalence problem of SLSR is in IT, (see Theorem 2.4) to claim a doubly
exponential time bound for this problem. The construction of the SLSR is contained in the proof

proposed by Yen [Yen97] for the following proposition.

Proposition 3.12 ([Yen97], Theorem 5). Let P = (P, T, F, o) be a cf-PN. For some fixed con-
stants ¢y, ¢y, dy, da, ds, we can construct in DTIME(2725%(P)*) qn SLSR SL = O e L1 pu)

of R(P) whose size is bounded by O(2¢157¢(P)°) where
1. B is the set of reachable markings with components at most 9d1size(P)? " gpd
2. p, is the set of all A(T) such that

(a) T isaloop,
(b) A(7) has no component larger than 225P)*  and

(¢) o, B € T*, 4 marking v,
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. a B
(D) po = v — p,
(ii) T is enabled at v,
(iii) |7, || < 2ds5ize(P),

’

We show that there are cf-PNs such that SL£ contains markings that are not reachable. Consider
the cf-PN P with initial marking sy = p,, illustrated in (a) of Figure 3.1. The marking s :2 p, is
reachable.

In particular we have i NS Do L2, w as well as g By oy = 1N u. Notice that we can
safely and w.1.0.g. assume 1 € B since we can blow up the size of the net by adding unrelated
places. We observe that the loop t5 is enabled at v while g is enabled at v/. As before, we can safely
assume [tto], [tsta|, [ts], [ts] < 29857%¢(P). Therefore, we find A(t;), A(tg) € p,. But then, the
unreachable marking py + p3 + ps = p1 + A(ts) + A(tg) is in £(u, p,). Hence, the constructed SLSR
of U,,c 5 £(# py.) cannot represent R(7P).

The inclusion R(P) C SL is proven correctly in [Yen97]. Our goal is to repair the construction
in such a way that we can almost completely reuse the proof given for this direction. Our first step is
to show that there is a certain subclass of cf-PNs for which the other direction SL C R(P) is also
true. To this end, we observe that the crucial property that makes P a counter example is that y is
reachable by the two firing sequences t1¢, and ¢3¢, which have different Parikh images. Indeed, for
cf-PNs having the nice property that any two firing sequences leading to the same marking have the
same Parikh image, the theorem holds.

Theorem 3.13. Let P = (P, T, F, 1) be a cf-PN such that, for all firing sequences o, o’ leading
to the same marking, V(o) = W(o') holds. For some fixed constants ¢y, cs, dy, do, d3, we can
construct in DTIME(2%5%(P)*) gn SLSR SL = ) wen L1, p) of R(P) whose size is bounded
by O(205%(P)*) \yhere

P)

1. B is the set of reachable markings with components at most 27157¢( * and

2. py is the set of all A(T) such that

(a) T isaloop,

(b) A(7) has no component larger than 2%5%(P)°  and

(¢) da, B € T*, 3 marking v,
@) po S v
(ii) T is enabled at v,

(iii) |7, || < 2dssize(P)*,

>

Proof. Assume B # (), and let u € B and i/ € L(u, p,) be arbitrarily chosen. Our goal is to show
that 1/’ is reachable. Let p,, :={A(7y), ..., A7)}, where 7;, i € [¢], are loops satisfying the properties
(a)—(c) of the lemma. By definition, there are a4, ..., ay € Ng such that u/ = u + Zle a;A(T;). For
A(T;), @ € [{], let o; denote the sequence « as defined in the theorem. Since all firing sequences
leading to i have the same Parikh image ®,,, P[¥(«;)] is a subnet of P[®,,].

Let o be some firing sequence with Parikh image ®,,, and let 115, j € [|o|], be defined by 110 AN 1.
By applying Lemma 3.5 to ¥(«;), W(7;), and o for all 7 € [¢], we find that for any subloop of any
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U(7;) there is a j € [0, |c|] such that the subloop under consideration is enabled at j1;. Therefore, the
Parikh vector ¥(o) + Zle a; ¥ (7;) leading to y’ is enabled at j. O

We can use this theorem and the corresponding construction in a mediate way to construct an SLSR
of R(P) in exponential time for every cf-PN P.

Theorem 3.14. Let P = (P, T, F, i) be a cf-PN. For some fixed constants cy, 3, dy, da, we
can construct in DTIME (2‘32“2"‘(7))3) an SLSR of the reachability set R(P) whose size is bounded
by O(ZClSize(P)3) where no component of any constant vector is larger than 2d15i2e(P)* gnd no

component of any period is larger than 9dasize(P)?

Proof. We compute the Parikh extension P¥ of P (see Definition 3.1). First notice that PY is a cf-PN.
Since all firing sequences of PY¥ leading to the same marking have the same Parikh image, we can
apply the construction given in [Yen97], which is correct for P¥ by Theorem 3.13, in order to obtain
a SLSR SL of R(PY). Now notice that a marking j is reachable in P if and only if there is a marking
(' that is reachable in PY¥ such that the projection of 1/ onto the places of P equals p (to see this,
simply apply the same firing sequence). Therefore, the projection of SL onto the places of P yields
an SLSR of R(P).

The running time of this projection is linear in the size of S£. In turn, the size of PY is linear in
the size of P. Hence, the constants ¢y, co, dy, d> may be larger for this theorem than for Theorem 3.13
but all specified constants (like the cube of “size(P)3”) are not increased. []

As already mentioned, using the SLSRs of R(P;) and R(P) constructed in this way, one can use the
fact that equivalence of SLSRs is in IT} to decide the equivalence problem of cf-PNs in deterministic
doubly exponential time. Obviously, this is not the strongest result which can be obtained by this
argument since it follows that this problem is also in 115, the complement of the second level of the
exponential hierarchy.

However, following Huynh [Huy85], an even stronger result can be given. There, the inequivalence
problem of CFCGs is shown to be contained in NEXPTIME. The canonical commutative grammar
(see Section 2.5) of a cf-PN is a CFCG. Therefore, since the equivalence problem of cf-PNs can be
reduced in polynomial time to the equivalence problem of CFCGs, using the canonical commutative
grammars of the input cf-PNs, the equivalence problem of cf-PNs is in coONEXPTIME, too. One
could also translate the arguments given by Huynh [Huy85] for CFCGs into the world of cf-PNs to
give the coONEXPTIME-bound: The general idea is that one can construct an SLSR of the reachability
set consisting of an exponential number of only polynomially sized LSRs. By that, the membership
of an exponentially sized marking can be checked in deterministic exponential time instead of using
an II$-algorithm. Since, in the case of inequivalence, an exponentially sized marking witnessing the
inequivalence can be guessed in NEXPTIME, it follows that the equivalence problem of cf-PNs is in
coNEXPTIME.

For an analogue lower bound of the equivalence problem of cf-PNs, it is not obvious how to adapt
the proof of IT5-hardness for the equivalence problem of CFGs or CFCGs with one terminal sym-
bol, given by Huynh [Huy84]. He presented a reduction from the IT5-hard inequivalence problem of
integer expressions, using variables (whose number depend on the input) for carrying out computa-
tions. However, Yen [Yen13] gave an alternative proof for IT5-hardness of the equivalence problem
of ¢f-PNs, by reducing the IT5-complete problem ©2'-SAT to it. (X2-SAT denotes the complement of
YI'-SAT, and consists of all Boolean expressions of the form Vz 3y : ¢(x, y) that are not true, where
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x and y are vectors of Boolean variables, and ¢ is a Boolean formula in 3-DNF with variables of x
and y.) These are the strongest bounds known so far in terms of levels of the polynomial hierarchy.

Theorem 3.15. The equivalence problem of cf-PNs is I15-hard and contained in coONEXPTIME.

We observe that the gap between the lower and the upper bound is still very large. Improving or even
closing this gap is an open problem. The same holds for the equivalence problem of CFCGs.

3.3 Boundedness problems and the covering problem

In this section we investigate several variations of the boundedness problem, and show that the cover-
ing problem of cf-PNs is NP-complete. We first define the concepts of boundedness we are interested
in.

Definition 3.16. Let P = (P, T, F, o) be a Petri net, and R C P. A place p € P is

e unbounded (with unmarked R) if, for all k£ € N, there is a reachable marking 1 € R(P)
such that p(p) > k (and p(r) = 0 for all r € R, resp.),

e unbounded on an w-firing sequence o if, for all k& € N, there is a finite prefix of o leading
to a marking p such that p(p) > k (such a place is also called w-unbounded),

e persistently unbounded if, for all reachable markings 1 € R(P), p is unbounded in the
Petri net (P, T, F, ),

e universally unbounded if p is persistently unbounded and unbounded on each w-firing
sequence.

A set S C P of places is

e simultaneously unbounded if, for all £ € N, there is a reachable marking i € R(P) such
that u(p) > kforall p € S.

e simultaneously w-unbounded if there is an w-firing sequence o such that, for all £ € N,
there is a finite prefix of o leading to a marking p satisfying p(p) > k forallp € S.

We remark that, for a place, “universally unbounded” implies “persistently unbounded” which in
turn implies “unbounded on an w-firing sequence” which implies “unbounded”. Furthermore, by
Lemma 3.2 of [LR78] a set S C P of places is simultaneously w-unbounded if and only if there is
an w-firing sequence o such that all places p € S are unbounded on (the same sequence) o. Hence,
this on first sight weaker characterization yields another definition for the same concept. The notion
of universally unboundedness is, to our knowledge, new. The motivation behind this concept is that
an universally unbounded place in a certain sense measures the progress of the computation of a Petri
net. The concept of a place being unbounded with unmarked R is also new. It is mainly motivated by
the fact that theorems using this concept can be used to decide a variety of problems for CFCGs in a
very illustrative way.
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3.3.1 Concepts of non-simultaneously unboundedness

In this subsection we investigate concepts of unboundedness where the places under consideration
are not required to be simultaneously (w-)unbounded, and provide efficient algorithms for the corre-
sponding problems. We first derive a characterization of unbounded and w-unbounded places in terms
of strongly connected components.

Lemma 3.17. Let P = (P, T, F, uy) be a cf-PN, and p € P a place. Then, the following are
equivalent:

1. pis unbounded,

2. there is a loop T with A(T)(p) > 0 enabled at some reachable marking,
3. pis unbounded on some w-firing sequence,

4. there are strongly connected components Cy, Cy, Cs, Cy of P such that

(@) pe Cy

(b) C1 > Cy > C3 > Oy,

(¢c) C4 has a marked place, and

(d) Oy has a transition t with *t € Cy and qut’ﬂ(C2UC3) F(t,q) > 2.

Proof. “1. = 2.”: By definition, we can find an infinite sequence of enabled Parikh vectors ®;, ®,,

. such that A(®;)(p) < A(Pi11)(p), i € N. Consider the induced infinite sequence of vectors
such that the i-th vector is (®;, 1o + A(®;)) € NJ'™™. Tt is easy to see that this sequence contains an
infinite non-decreasing subsequence (®;;, 1o + A(Py,)), i < ij11, 5 € N, ice, (P, o + A(P;;)) <
(@i, 1o+ A(Py,,,)) (see, e. g., Lemma 4.1. of [KM69]). Let & := ®;, and ¥ := ®;, — ®;,. Then, ¢
and ¢ + ¢ are enabled at 1, and ¢ is a positive loop for p. Therefore, we can apply Lemma 3.5 to
®, ¥ and some firing sequence o having Parikh image ®. Let o4, ..., 0541 and ¥4, .. ., ¥4 be defined
as in the lemma. Then we have A(?J;)(p) > 0 for some i € [k|, and ¥; is enabled at the marking 1
reached by oy - - - 05, concluding the proof.

“l. = 4.”: We continue where the proof for “/. = 2.” ended. Let 7 be a transition sequence with
U(7) = 0, enabled at u. Further, let CJ be the unique top component of P[¥(7)], and C] the SCC of
P[¥(7)] containing p. Since 7 is enabled at i, by Theorem 3.2 there are places p; and p, such that p,
is marked at j19, P contains a path from p; to py, ps is contained in C7, and p(p2) > 0. Define C| as
the SCC of P containing p;.

Since 7 is a positive loop, C] contains a transition. If there is a transition ¢ of CJ such that
ZP’Gt-mCQT F(t,p’) > 2, then simply define C :=CJ. Now, assume that such a transition doesn’t
exist. Then, we have C] # C7 since the total number of tokens in ('] cannot increase by firing 7. In
particular, there is a path (p}, ¢, ps, ..., p) from some place p, € CJ to p € C] where p; ¢ CJ. Let
C7 be the SCC of P[¥(7)] containing ps.

In any case, if t* N CJ = (), then 7 decreases the number of tokens at CJ, a contradiction to 7 being
a loop. Therefore, t* N C] # (), and we obtain Zp'et-m(cgucg) F(t,p') > 2. Now, let C; for i € [2,4]
be the SCC of P containing C7, and observe that (', . . ., Cj satisfy the properties (a)—(d).

“2. = 3.”: Let o be a firing sequence leading to a marking at which 7 is enabled. Then, p is
unbounded on the w-firing sequence o - 7.
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“3. = 1.”: This follows immediately from the definitions.

“4. = 1.”: To mark °¢, we first fire along a path starting at a marked place of C'; and ending at
*t € (5. Then we fire k£ € N times along a cycle containing ¢. This increases the total number of
tokens within Cj5 by at least k. These tokens can then be transferred to p. [

The most simple cf-PN, where, for some unbounded place, C', Cs, C3, and C} are different compo-
nents, is illustrated in (a) of Figure 3.4. As already mentioned, a Petri net is unbounded if and only if
there are a reachable marking ;4 and a positive loop 7 enabled at 1 (see [KM69]). By Lemma 3.17, an
analogue observation can be made for single places of a cf-PN. In general, however, the latter is not
true. In Petri net (b) of Figure 3.4, place p is unbounded but there is no positive loop 7 for p which
is enabled at some reachable marking. We further note that (in contrast to, e. g., persistent Petri nets,
see [LR78]) this concept doesn’t hold for sets of places of cf-PNs, i.e., a set S C P of places of a
cf-PN is not necessarily simultaneously w-unbounded if it is simultaneously unbounded. An example
is given in Petri net (c¢) of Figure 3.4.

O
1
5 b 5575 A8

Figure 3.4: The cf-PN (a) illustrates Lemma 3.17, where p, is unbounded since C;:={p;},
Cy:={pa,t}, C3:={p3}, and C,:={p,} satisty the properties of the lemma. In Petri net (b), place
p is unbounded but not w-unbounded. In cf-PN (¢), {pi1,p2} is simultaneously unbounded but not

Pa p P2

simultaneously w-unbounded.

We can use the characterization provided by Lemma 3.17 to give efficient algorithms for certain
boundedness problems.

Theorem 3.18. Given a cf-PNP = (P, T, F, py) and a set R C P, we can find in linear time all
places that are (w-)unbounded.

Proof. Using Tarjan’s modified depth-first search [Tar72], we find the strongly connected components
of P. Then, we use three modified DFSs in the condensation of P in the following way to find all (w-)
unbounded places. The first DFS finds all C';-candidates, i. e., SCCs containing a marked place. The
second DFS determines all C>-candidates, i.e., SCCs reachable from a C';-candidate and containing
a transition ¢ with qu " F(t,q) > 2. For each such transition ¢ contained in a Cy-candidate C, we
consider the places p € t*. If ) gctonC F(t,q) > 2, then C' is not only a Cs-candidate but also a C'3-
candidate. Furthermore, each SCC C” # (' containing a place of ¢* is a C'3-candidate. The last DFS
finds all C'y-components, i. e., all SCCs reachable from C'3-candidates. The Cy-components found by
this scheme are all components for which appropriates components C'y, C5, C exists such that they
together satisfy the properties of Lemma 3.17. (However, not for every C';-candidate exists a suitable
Cj-component.) By the same lemma, exactly the places of C;-components are (w-)unbounded. Note
that all these steps can be performed in linear time. 0
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As a corollary, we can decide the boundedness problem for cf-PNs in linear time.

Corollary 3.19. The boundedness problem for cf-PNs is decidable in linear time.

Proof. We use Theorem 3.18 to check if there is no unbounded place. ]

Note that it can be checked in linear time if the input encodes a cf-PN. Hence, the above corollary
indeed holds for the decision problem variation of the boundedness problem and not only for the
promise problem variation. A similar theorem can be shown, if we demand that a certain set R should
be unmarked.

Theorem 3.20. Given a cf-PN'P = (P, T, F, p) and a set R C P, we can find in linear time all
places that are unbounded with unmarked R.

Proof. If the maximum trap () of R is marked, then no place is unbounded with unmarked R. Hence,
assume that () is empty. Let P’ result from P by removing from P all transitions incident to the
maximum trap () of R. Let U (U’, resp.) denote the set of all places that are unbounded with empty
R in P (that are unbounded in P’, resp.). We will show that U = U".

Let p € U. Then, there is, for each £ € N, a firing sequence o of P leading to a marking p such
that p1(p) > k and p(r) = 0 for all » € R. The sequence o cannot contain a transition incident to
@ since otherwise () would be marked at p. Therefore, o is a firing sequence in P’, which implies
pel.

Now, let p € U’. Then, there is, for each k € N, a firing sequence o of P’ leading to a marking p
such that y(p) > k. Furthermore, we observe () is empty at x4 since () is empty at po and o doesn’t
contain transitions incident to (). u is also reachable in P by 0. By Lemma 3.8, there is a marking
i/ > p reachable from g in P such that R is empty at i/, which implies p € U.

Using Lemma 3.6 and Theorem 3.18, finding (), checking if () is empty, and computing P’ and U’
can be done in linear time. [

We remark that it was shown in [Kuc96] that boundedness of BPPs can be decided in polynomial
time. Our results imply a linear time algorithm for all BPPs in standard form (see [Chr+93]).

Theorem 3.21. Given a ¢f-PN P = (P, T, F, y) and a place p € P, we can decide in linear
time if p is persistently unbounded.

Proof. We use the terminology of Lemma 3.17 and Theorem 3.18. Let Cy denote the SCC contain-
ing p. For the c¢f-PN (P, T, F, T) whose initial marking has one token at each place, we determine
the set R C P of all places contained in SCCs ('} for which SCCs C'; and ('3 exist such that C'y, C,
(5, and () satisfy the properties mentioned in Lemma 3.17. To find these SCCs in linear time, we
use a similar scheme as in the proof of Theorem 3.18. The only difference is that we filter out all C}-
candidates for which no suitable C'y-component exists. This can easily be done by first filtering out all
C5-candidates from which no C;-component can be reached, then filtering out all Cs-candidates for
which no suitable remaining C's-candidate exists, and then filtering out all C'-candidates from which
no remaining Cs-candidate can be reached.

By Lemma 3.17, p is unbounded at each marking 1 such that there is a place r € R with pu(r) > 0.
Therefore, p is not persistently unbounded if and only if there is a marking reachable from j,, where
no place of R is marked. By Lemma 3.8, we only have to determine if the maximum trap of R is
marked. By Lemma 3.6, this can be done in linear time. L
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A simple characterization of universally unbounded places is also possible.

Lemma 3.22. Let P = (P, T, F, 1) be a ¢f-PN. A place p € P is universally unbounded if and
only if

(a) p is persistently unbounded,
(b) F(t,p) > 2 holds for each transition t € p°®, and

(c) each cycle of ‘P that can be marked by some firing sequence contains a transition t € *p.

Proof. “=": We prove the contraposition, i.e., we show that p is not universally unbounded if (a),
(b) or (c) doesn’t hold. If p is not persistently unbounded, then, by definition, p is not universally
unbounded. Hence, assume that (a) holds. Now assume that (b) doesn’t hold for P, i.e., there is
a transition ¢ such that p = °t and F'(¢,p) < 1. First consider the case F'(t,p) = 1. Since p is
persistently unbounded, there is a firing sequence o leading to x4 such that ;(p) > 1. We observe that
p is not unbounded on ot*. Next consider the case F'(f,p) = 0. Then we can immediately remove
all tokens from p as soon as some other transition deposits tokens at p. Hence, there is an w-firing
sequence on which p is not unbounded. (Note that, by (a), at least one w-firing sequence must exist.)
If (¢) does not hold, then we can mark that cycle and fire along this cycle infinitely often without
increasing the number of tokens at p.

“<": Since, by (a), p is persistently unbounded, we only have to show that p is unbounded on
each w-firing sequence o. Let 1 be a marking reached by some finite prefix oy ; of o. Then, there is
a subsequence oy; 1. ;) such that the induced net P[¥ (07,41, 5)] contains a cycle. (The length of this
subsequence can depend on the number of tokens at ;. Also note that such a subsequence containing
transitions of a cycle must exist since each transition has an incoming edge.) By (b), no transition
can decrease the number of tokens at p. Furthermore, by (b) and (¢), the cycle, and therefore 07,11 j,
contains a transition that increases the number of tokens at p. Since this argument holds for any
such p, we can partition any w-firing sequence into infinitely many segments such that each segment
increases the number of tokens at p. Therefore, p is unbounded on each w-firing sequence. 0

Using this characterization, we can show the following theorem.

Theorem 3.23. Given a ¢f-PN P = (P, T, F, uy) and a place p € P, we can decide in linear
time if p is universally unbounded.

Proof. Consider the characterization of the universally unboundedness property given at Lemma 3.22.
(a) can be checked in linear time using the algorithm described at Theorem 3.21. () can trivially be
checked in linear time. Now we show, how we can test for (¢). Let P’ be the c¢f-PN resulting from P
by removing all transitions ¢ € *p. A cycle of P doesn’t contain a transition ¢ € *p if and only if it is
also a cycle of P’. These are the potentially problematic cycles. Property (c) is satisfied if and only
if no such cycle can be marked. The set S of places contained in these cycles can be determined in
linear time by computing the SCCs of P’. Next, we must check if one of these places can be marked
in P. To this end, we find all SCCs of P and color all SCCs (5, red for which a marked SCC C; with
C} > (5 exists. This can be done in linear time, e. g., by computing all SCCs and then using a DFS
in the condensation. Now, (c) holds if and only if no place of S is contained in a red SCC. [l
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We remark that universally unboundedness can easily be checked in cf-PNs because only one place
determines if a transition is enabled. Furthermore, this leads to an even stronger property of univer-
sally unbounded places of cf-PNs: Their token numbers can never decrease. This doesn’t hold in
general. Figure 3.5 illustrates such an example. A natural and open question in this context is: Given
a Petri net with a universally unbounded place p, which lower bounds for the displacements of firing
sequences at p can be given?

iE

Figure 3.5: p is universally unbounded but A(¢)(p) < 0.

3.3.2 Simultaneously unboundedness and the covering problem

In this subsection, we consider the covering problem as well as boundedness problems where we
ask if many places are simultaneously (w-)unbounded. First, we formally define the simultaneously-
unboundedness problem (SU), and the simultaneously-w-unboundedness problem (SIU).

Definition 3.24.

e Problem SU of a class C of Petri nets: Given a Petri net P = (P,T, F, o) € C and a
subset S C P of places, is .S simultaneously unbounded?

e Problem SIU of a class C' of Petri nets: Given a Petri net P = (P, T, F, ji9) € C and a
subset S C P of places, is .S simultaneously w-unbounded?

Next, we describe some form of canonical firing sequences for markings reachable in cf-PNs. This
sequence is reminiscent of that described by Yen in Lemma 2 of [Yen97]. However, we need a small
bound on the length of the “backbone” £. Later in that paper, a suitable sequence is constructed but its
properties are not explicitly stated in form of a Lemma such that we provide an alternative canonical
sequence together with a short proof for the sake of completeness. We also note that that, whenever
this lemma is used, one could also use the similarly strong but somewhat more general statement of
Corollary 6.17.

Lemma 3.25. There is a constant ¢ € N such that, for each cf-PN P = (P, T, F, 1) and each

reachable marking 1 of P, there are { € N and transition sequences &, &, o, ..., Qpi1, T1, - -+ Ty
with the following properties:

(@) E=ay T g Ty Ty -y IS a firing sequence leading from g to L,

(b) €= ay-ay---ayuy is afiring sequence of length at most |||, - n(nW)" +m - (1 + (n+
m)w)ner < Csize(’P)’
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(¢) each T;, i € [{], is a positive loop of length at most (1 + (n + m)W)"*™, and
(d) at most min{n, m} + 1 of the sequences «;, i € [{ + 1], are nonempty.

Proof. Let 9 < U(o) be a loop with the maximum number of transitions such that the Parikh vector
®:=V(0) — 0 satisfies 19 + A(®) > 0. We show that P[P] is cycle-free. Assume for the sake of
contradiction that P[®] contains a cycle. Let ¢ be the loop that contains each transition of this cycle
exactly once, and let & := & —1'. If 1o+ A(®') > 0, then we have found a contradiction since ) 41’
is a larger loop than ¢. Otherwise, there must be a place p with (1o + A(®’))(p) < 0. Hence, there
is a transition ¢ € &’ with p = *t. Since (o + A(P) + A(Y))(p) = (o + A(P))(p) > 0, we find
A(Y)(p) > 0. We decrease the entry of ¢ in ¢’ by 1 and increase it in ¥ by 1. Now, we can do the
same case analysis as before. Eventually, however, this process must stop with a contradiction since,
with each iteration, ¢’ gets smaller.

How many tokens can be produced by a firing sequence of 7P[®] when the initial marking contains
only one token? Every time a transition is fired, a token is consumed from some SCC C' and in total
at most nWV tokens are produced within SCCs C" < C, C" # (. Since there are at most n SCCs
containing places, such a firing sequence can produce at most (n}V)" tokens at each place. Hence,
the total number of occurrences of transitions that consume tokens from a specific place is at most
(nW)™. Therefore, the length of such a firing sequence is bounded by n(nIV)". Since the initial
marking contains ||/1||, tokens, this implies ||®||, < [|uo]|; - n(nW)™.

We now apply Lemma 2.18 to (P, T', F') and 1, and obtain, for some % (and an appropriate indexing
of the elements of H (P, T, F')), coefficients a; € N and loops ¥; € H(P,T,F), i € [k], such that
Y = a1y + ...+ axV, and, for all i € [k], ¥; satisfies ||9;]|, < (1 + (n +m)W)""™ and cannot be
decomposed into nontrivial loops any further. Note that, by this and Lemma 3.4, P[¢;], i € [k], has
exactly one top component.

We choose r < m loops ¥;,, . .., ¥;, such that ®*:= & +¢; + ...+, satisfies P[®*] = P[¥(0)].
By this and since jio + A(®*) > 0 is implied by A(®*) > A(®) and jo + A(®) > 0, Theorem 3.2
implies that ®* is enabled at 1. Let £ be some firing sequence with ¥ (£) = ®*. From the discussion
above, we find €] < [|®||, + m - max;ep) |9, ]|, < lwolly - n(nW)™ +m - (1+ (n +m)W)m+m.

By Theorem 3.2 and by the facts that ©J; has exactly one top component and P[], i € [k], is a
subnet of P[W(£)], we can find, for each i € [k], transition sequences a, (3, and 7 such that £ = a - 3,
U(r) = ¥4, and o - 7 - 3 is a firing sequence in P. Hence, by splitting £ at appropriate positions
(and by appropriately numbering the loops), we obtain the lemma. Note that we must indeed split at
no more than min{n, m} positions since we can find a set of at most min{n, m} places of P[¥(¢)]
such that each top component of the loops contains a place of this set. Furthermore, we can discard
zero-loops. 0

It turns out that the introduction of some kind of implicit “communication” in form of the concept
of simultaneousness is enough to make the problems SU and SIU NP-complete. Furthermore, we
find that, like the reachability problem, the covering problem is also NP-complete.

Theorem 3.26. The problems SU and SIU of cf-PNs, and the reachability and covering problems
of ¢f-PNs are NP-complete, even if restricted to cf-PNs P = (P, T, F, p) with |t*| = 1 and
F(t,t*) <2forallt €T.

Proof. We first show the NP-hardness of SU and SIU by giving a polynomial time reduction from
3-SAT to both SU and SIU. Given a formula in 3-CNF over the variables x4, ..., x; and clauses C},
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., Cy, we construct a cf-PN such that a certain subset S = {¢; | i € [¢]} of places is simultaneously
(w-)unbounded if and only if the formula can be satisfied. An example is illustrated in Figure 3.6.
Note that the cf-PN produced by this reduction satisfies the additional constraints (“even if...”) of the
lemma.

Since the reachability problem of cf-PNs is NP-complete [Esp97], we only need to show NP-
hardness of this problem under the additional constraints. To this end, note that the marking Zze[e
is reachable in the wipe-extension of the above Petri net if and only if the formula can be satisfied.

IXTx T S S g R S g
G
Cq Cy

Figure 3.6: The formula C; A Cy:=(z1 V x5 V x3) A (T1 V 22 V T3) can be satisfied if and only if
{C1, Cs} is simultaneously (w-)unbounded.

Next, we show that the covering problem is in NP by reducing it to the reachability problem. To
this end, we observe that the following are equivalent:

e /i can be covered in P,
e ;. can be covered in the wipe-extension P, and
e i is reachable in the wipe-extension P.

Now, we show that SU is in NP and that the covering problem is NP-hard, even under the additional
restrictions of the lemma, by providing an appropriate polynomial time reduction from SU to the
covering problem. Let P be part of the input for SU, and IV be the largest edge multiplicity of P’s
wipe-extension P = (P, T,F, to). Let pu:= > pes(to(p) + Py 4 1) - p, where c is the constant
of Lemma 3.25. Note that ;2 has polynomial encoding size (in particular, size(ﬁ) is polynomial in
size(P)).

Assume that S is snnultaneously unbounded in P. Then p can be covered in P. Now, assume
that 1 can be covered in P, and is therefore reachable in P. In accordance with Lemma 3.25, let
E =1 T Qg Ty --Tp- s be a firing sequence of P leading from i to p. Then, |§ | < 5ize(P)
which implies that each prefix of £ can increase the number of tokens at a place by at most P,
Hence, each place p € S has some i such that A(7;)(p) > 0. Therefore, for each k& € N, the marking U
of P reached by the firing sequence av - 75 - iy - 78 - - - 7F - g satisfies D(p) > (po+AE)(p)+k > k
for all p € S (since 1o + A(€) > 0). By removing all occurrences of the new transitions (which can
only remove tokens from the net, and are part of P but not part of P) from this firing sequence, we
obtain a firing sequence of P leading to a marking v of P with v(p) > k for all p € S. Therefore,

S is simultaneously unbounded in P. Note that the covering problem is NP-hard even if we only
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allow inputs satisfying the additional constraints of this lemma. The reason is that the reduction from
3-SAT to SU given above produces cf-PNs P that satisfy these constraints, implying that also the
corresponding wipe-extensions P satisfy them.

It remains to be shown that SIU is in NP. Unfortunately, a reduction in the same fashion as shown
above fails. Therefore, we use another approach. Our goal is to give a nondeterministic procedure
accepting if and only if the given set S C P is simultaneously w-unbounded. Suppose the latter
is the case. We use a similar reasoning as in the proof of Lemma 3.17. From the definition, we
conclude that there are infinitely many firing sequences oy, £ € N, such that o}, is a prefix of o4
and A(oy)(p) > k forall p € S and k € N. Consider the induced infinite sequence of vectors
to + A(og), k € N. As before, we can pick an infinite subsequence with indices i; < i2 < ... such
that 119 + A(oy,) < po + A(oy,,,) for all k € N. However, we can pick these indices in such a way
that additionally (p0 + A(03,))(p) < (po + A(oy,,,))(p) forall p € S and k € N holds. Therefore,
¢ :=V(0;,) — ¥Y(0oy,) is a positive loop for all p € S, enabled at the marking ;. reached by o, i.e.,
Ho E H =9

Consider the decomposition & = a;P; + ... + a,P, obtained by applying Lemma 2.18 to . For
each p € S, there must be some ®; with A(®;)(p) > 0. Hence, the Parikh vector ®* :=®; + ...+ &,
is a positive loop for all p € S. Note that ®* has polynomial encoding size.

Since P[®] = P[®*], Theorem 3.2 implies that ®* is enabled at exactly those markings at which
® is enabled. In particular, a loop is enabled at y if and only if it is enabled at u* € {0,1}" where
w*(p) = 1if and only if (p) > 1. Note that 1* has polynomial encoding size and satisfies p* < p.

Now, we can describe the nondeterministic procedure which accepts if and only if S is simulta-
neously unbounded on some w-firing sequence: We guess p* and ®* in polynomial time and check
nondeterministically and in polynomial time if ©* can be covered and if ®* is enabled at p*. This
completes the proof. O

Note that a further restriction to F'(¢,¢°) = 1 leads to S-systems, a subclass of cf-PNs, which are
always bounded. Furthermore, we can decide in linear time if the set P of all places of a cf-PN is
simultaneously (w-)unbounded. This is the case if and only if all top components C' contain a marked
place and a transition ¢ with ZpEt’ﬂC’ F(t,p) > 2. Hence, the problems SU and SIU for cf-PNs
are hard only if the input set S satisfies 1 < |S| < |P|. We remark that using the existence of 0-1-
markings which enable loops is reminiscent of a similar argument used by Howell and Rosier [HR88]
for conflict-free Petri nets.

3.4 Liveness problems

Many different notions of liveness can be found in literature. We are mainly interested in the follow-
ing.

Definition 3.27. Let P = (P, T, F, uo) be a Petri net. A transition ¢ € T is
e [-live (dead) if there is no firing sequence containing ¢,
e [ -live (potentially fireable) if it isn’t dead,

e [o-live (arbitrarily often fireable) if, for each k € N, there is a firing sequence containing
t at least k times,
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e [3-live (infinitely often fireable) if there is an w-firing sequence containing ¢ infinitely
often,

o [,-live (live) if t is L;-live at each reachable marking,

e [5-live (infinitely often fired) if each firing sequence is prefix of an w-firing sequence and
each w-firing sequence contains ¢ infinitely often.

For sets of places and the whole Petri net, we have the following definitions.
e A subset 77 C T of transitions is L;-live, i € [0, 5], if all transitions of S are L;-live, and
e Pis L;-live,i € [0,5],if T is L;-live.

The notions of Ly, ..., Ls-liveness are referred to in [Mur89]. Ls-liveness is to our knowledge a new
concept, corresponding to our new notion of universally unboundedness. Notice, that L;-liveness
implies L;-liveness, where 5 > 7 > j > 1. Using the results of Section 3.3, we can efficiently solve
many decision problems involving these notions of liveness.

Theorem 3.28. Given a ¢f-PN P = (P, T, F, 1), and i € [0, 3], we can find in linear time all
transitions that are L;-live and decide if P is L;-live.

Proof. Consider the Parikh extension P¥ = (PY, T, FY, ') of P (see Definition 3.1). A transition
t is not Ly-live iff ¢ is L;-live iff for the SCC C containing p;’ there is a marked SCC C” such that
C" > C (see Theorem 3.2). Hence, to find all L;-live transitions for ¢ € {0, 1} in linear time, we
compute PY_ determine the SCCs of PY, and investigate them in a similar fashion as in Theorem 3.18.
For i € [2,3], notice that a transition ¢ is Ly-live iff p is unbounded iff p;’ is w-unbounded (see
Lemma 3.17) iff ¢, is Ls-live. Hence, we simply apply the algorithm of Theorem 3.18 to PY to
determine all unbounded places p;’ corresponding to L/ Ls-live transitions . This all can be done in
linear time. []

Theorem 3.29. Given a ¢f-PN P = (P, T, F, u), a transition t € T, and i € [4,5], we can
decide in linear time if t is L;-live, and in quadratic time if P is L;-live.

Proof. As before, consider the Parikh extension P¥ = (PY, T, F¥, ud) of P. It is easy to see that a

transition ¢ is L,-live iff p}’ is persistently unbounded. Furthermore, t is Ls-live iff py is universally

unbounded. Hence, we simply apply the algorithms of Theorem 3.21 and Theorem 3.23 to P¥ and
o

Dy - O

Note that, for ¢ = 4, this theorem makes a statement about the liveness problem of cf-PNs, which asks
if a given cf-PN is live. Mayr [May97] showed that (the BPP-analogon of) L,-liveness is decidable in
polynomial time for BPPs. Our results imply a quadratic time algorithm for all BPPs in standard form
(see [Chr+93]). In the same paper, other interesting notions of liveness were investigated, namely the
partial deadlock reachability problem and the partial livelock reachability problem. For both problems
polynomial time algorithms were proposed for cf-PNs and PA-processes in general. Using our results,
linear time algorithms can be given for cf-PNs. These imply linear time algorithms also for BPPs that
are in standard form.
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Theorem 3.30 (partial deadlock reachability). Givena cf-PNP = (P, T, F, po) anda setT' C' T
of transitions, we can decide in linear time if there is a reachable marking . at which no transition
of T is enabled.

Proof. By Lemma 3.9, we can check in linear time if there is a marking at which R:=J,., °t is
empty. 0

Theorem 3.31 (partial livelock reachability). Givena ¢f-PNP = (P, T, F, ji9) and a set T' C'T
of transitions, we can decide in linear time if there is a reachable marking i such that no marking
reachable from y enables a transitiont € T".

Proof. We introduce a counting place p and an edge from each transition ¢t € 7" to p. A marking . as
defined in the lemma exists if and only if p is not persistently unbounded. By Theorem 3.21, this can
be decided in linear time. ]

3.5 Related problems for CFGs and CFCGs

In this section, we apply our results to cf-PNs corresponding to context-free (commutative) gram-
mars. This allows us to efficiently solve many problems involving these kind of grammars. Esparza
et al. [Esp+00] provided a generic algorithm deciding in quadratic time if the language of a given
context-free grammar is finite. In the same paper, they mentioned that a careful implementation of
the algorithm in [HU79] could possibly achieve linear time. Using our results, we can decide a gen-
eralization of the finiteness problem of commutative and non-commutative context-free grammars in
linear time.

Theorem 3.32. Given a CFG (CFCG, resp.) G = (Vy, Vp, P, s) and a set U C Vi, we can
decide in linear time if L(G)[U] is finite, where L(G)[U| denotes the set of all words x € U*
(x € U®, resp.) for which a word y € L(G) exists such that x is obtained from y by deleting all
symbols which are not in U.

Proof. Let P = (Sy, U Sy,.,T, F, 1) be the canonical cf-PN of G, obtained by the construction
given in Section 2.5, and let Sy C Sy, denote the set of places corresponding to U. Then, L(G)[U]
contains infinitely many (commutative) words if and only if S;; contains a place that is unbounded
with unmarked Sy,,. By Theorem 3.20, this can be checked in linear time. O

Clearly, for U = (), this algorithm solves the well-known finiteness problem of CFGs and CFCGs. An
advantage of our algorithm compared to the one given in [HU79] for this problem is that it does not
require the grammar being in Chomsky normal form. In [Esp+00], the authors also provided linear
time algorithms for the emptiness problem and the problem of finding nullable variables of context-
free grammars. Our results provide alternative linear time algorithms for these problems as well as
for corresponding problems of context-free commutative grammars.

Theorem 3.33. Given a context-free (commutative) grammar G = (V, Vi, P, s), we can decide
in linear time if L(G) is empty.
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Proof. Let P = (Sy, U Sy,.,T, F, 1) be the canonical cf-PN of G, obtained by the construction
given in Section 2.5. Then, the following are equivalent:

o L(G) =10,
e cach (commutative) word produced by the grammar contains a variable, and
e Sy, cannot be emptied.

By Lemma 3.9, the last condition can be checked in linear time. ]

Theorem 3.34. Given a context-free (commutative) grammar G = (Vn, Vi, P, s), we can find

in linear time all nullable variables, i. e., all variables v € Vi for which the empty word € is in
L(VN, VT, P, U).

Proof. Let P = (Sy,,USy,., T, F, no) be the canonical cf-PN of GG, obtained by the construction given
in Section 2.5. Further, let () be the maximum trap of Sy, USy,., and let z, £ p, forv € Vy denote the
marking that contains one token at place p, and is empty at all other places. Then, € € L(Vy, Vr, P,v)
if and only if the empty marking is reachable in (Sy,, USy,., T, F, ii,,). By Lemma 3.8, this is the case
if and only if p, ¢ ). By Lemma 3.6, we can compute () in linear time. After that, we simply collect
all variables that correspond to places of Sy, \ Q. U
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4 A framework for classes of general Petri nets

In this chapter, we develop our framework for classes of Petri nets with arbitrary edge multiplicities.
We remark that, in principle, this framework is also applicable for some classes of ordinary Petri nets.
However, the complexity bounds provided by the framework are usually at least polynomial space.
Since many problems of classes of ordinary Petri nets have better complexities, the framework is not
helpful in obtaining completeness-results for such classes.

We first define the property of being (simple structurally) f-g-canonical. A class of Petri nets that
satisfies this property, enjoys upper bounds for various problems and constructions, where these upper
bounds depend on the concrete functions f and g.

Definition 4.1 ( f-g-canonical class of Petri nets). A class C of Petri nets is f-g-canonical for two
monotonically increasing functions f, g : Né‘ — Nif, for each P = (P, T, F, j19) € C and each
marking y reachable in P, there are some k € [0, n(max(u) + «W)| and transition sequences &,

& 1y . Qgr1, T1, - - - T With the following properties, where v = f(n, m, W, max(uyo)):

(@) E=a1-T1-ag Ty Q- Tk - apq is a firing sequence of length at most (k + 1)u leading
from p to p,

(b) € =ay - ay- -y is a firing sequence of length at most u,
(¢) at most g(n, m, W, max(uo)) elements of {c, ..., ax 1} are nonempty sequences, and

(d) each 7;, i € [k], is a positive loop with |7;| < w enabled at some marking u* with
max(p*) < wand p* < pg+ Aoy - ag - y).

An f-g-canonical class is

e structurally f-g-canonical if, for each (N, ) € C and each marking p of N, the Petri
net (N, u) is also in C', and

e simple if it can be determined in polynomial space if a given Petri net P belongs to C, and
if f and g are computable functions.

For a reachable marking 1, we call the corresponding firing sequence £ the canonical firing sequence
of y, and & the backbone of &. Note that the upper bound n(max () + uWW) for the number & of
positive loops is just for convenience since this bound is implied by the bounds on the length of the
backbone, the lengths of the loops, and by the number of tokens at the end marking .

The following theorem provides a sufficient condition for a class to be f- f-canonical.

Theorem 4.2. Let C be a class of Petri nets for which there is a monotonically increasing function
f: Ng — Ny such that, for each P € C with n > 0 and each firing sequence o of P’s wipe-
extension P leading to the empty marking 0, there is a permutation p of o enabled in P with
max (g, ¢) < f(n, m, W, max(y)), where n, m, W refer to P. Then, C is f-f-canonical,

where f is defined by f(n,m, W, K) = (f(n,m, W, K) + 1)?".

Proof. The proof is sketched in Figure 4.1.
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Figure 4.1: A solid curve is an upper bound for the number of tokens, where a dashed curve implies
that the number of tokens can become arbitrarily large. (a): o is extended by transitions of f yielding
a firing sequence leading to 0 in the wipe-extension. The number of tokens when firing o can become
arbitrarily large. (b): The firing sequence is permuted to . The number of tokens at the markings
obtained when firing ¢ is bounded. (c): ¢ is split into appropriately chosen subsequences 1, .. .,
e, each of them witnessing one of these markings. Since these markings are small, the number ¢
of subsequences is small, too. (d): For the same reason, long subsequences ¢; contain short zero-
loops. These are iteratively cut from the subsequences, resulting in short sequences 7, ..., ;.
Those at most k& zero-loops containing transitions of T are stored in a multiset L*. Each zero-loop

of L* is enabled at some marking /. (e): All occurrences of transitions of T are removed from the

sequences and the loops, resulting in subsequences o7, ..., a; and k positive loops 71, . . ., 7, where
§:=aj - --qj is the backbone, and 74, . . ., 7, are the loops of interest, constituting the canonical firing
sequence.

LetP = (P, T, F, 1) € C. If one of the values n, m, W is 0, then py is the only reachable marking,
which means that P can be added to any f-g-canonical class such that the resulting class is still f-g-
canonical. Hence, we assume in the following that n, m, W > 0. Let b:= f(n, m, W, max(s)), and
let 1« be a reachable marking of P. Then, there is a firing sequence o leading to p. Consider the wipe-
extension P = (P, T,F, o) of P with n places, m + n transitions, and largest edge multiplicity WW.
The sequence o is also a firing sequence in P leading to pu, and can be extended by transitions of
T \ T to a firing sequence ¢’ leading to the empty marking 0. By the assumption of the lemma, there

is a permutation ¢ of o’ enabled in P with max(po, p) < b.
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Let M :={v | uo = [0, |¢]]} be the set of all markings obtained when firing . We
partition ¢ into contiguous non-overlapping subsequences 1, ..., @, with ¢ = @7 - - - @, such that
the markings 1 := po+ A(e1 - - i), @ € [0, ], satisfy the following property: for each v € M, there
is exactly one i € [0,¢] with ;i = v. In particular, this means p; # p for all distinct i, j € [0, /]
and M = [U,cj q{pi}. Note that £ < (b+ 1)" since there are at most (b + 1)" markings v with
max(v) < b. In the following, we will iteratively cut out short zero-loops from these subsequences
and collect them in a multiset L*.

Consider the following condition: for all zero-loops 7* € L*, we have |7*| < (b+ 1)", and there
1s a marking p* € M such that 7* is enabled at p* in P. At the beginning, L* is empty, implying that
the above condition is satisfied. Now, assume that, for some sequence p:=y;, i € [¢], we observe
lp| > (b+ 1)™. Then, with the same argument as before, there are indices i1, i5 with i; < iy and
is — 11 < (b4 1)" such that both firing sequences o1 - - - ;1 - pp.;;] and 1 - - - ;1 - p[..i,] lead to the
same marking ;* € M. Let ¢} :=; for all j € [{] \ {i}, and ¢} := p[.i,) - Plip+1.)- If the zero-loop
Plir+1..i,] CONtains some transition of T \ T, then we add it to L*, and discard it otherwise. Then,

i SANNIN wh, i € [¢], since we merely removed a zero-loop (which has no effect on the markings). In
particular, the zero-loop pj;, +1..4,], Which is enabled at * € M, as well as all zero-loops which were
contained in L* before, (still) satisfy the condition given above.
Iterating this argument yields sequences ¢, ..., ¢; and multisets L}, i € [0, /], consisting of
zero-loops, where L* := Uf:o L7, such that
o i = pp iy 5 pp = 0in P,
) <

e 7" € L is enabled at »7 in P and max(y;) < b for all i € [0, /],

|| < (b+ 1)"forall i € [¢], and

|7*| < (b+ 1) forall 7" € L*.

All these sequences potentially contain transitions of T \ T since they are sequences of P. Further-
more, each 7* € L* certainly contains such transitions which implies & :=|L*| < n - max(u). We
obtain the sequences «, i € [(], from ¢}, and the multisets L;, i € [¢], from the sets L} by removing
all transitions T \ T" from the respective sequences. Let L := Uf:o L;, and p; :=po + A(af -+ - af),
i€l

The following properties are satisfied:

e { =q} --qj is afiring sequence of P with |£| < (b+ 1)*" =: f(n,m, W, max(u)),
e 7€ L;1€0,0,isenabled in P at uf < p1;, where max(uf) < b, and

o |7| < (b+1)"forall T € L.

Now, we obtain 7, ..., 7, by numbering the sequences of L, where we number the sequences of L;
before the sequences of L;, . Furthermore, we obtain the sequences oy, i € [k + 1], by splitting £ at
appropriate positions (where at most f(n, m, W, max(ug)) of the sequences «; are nonempty). Note
that £ :==qy - 71 - g - To- -~y - T - ayy1 1S indeed a firing sequence. In total, all properties of the
lemma are satisfied. O

The Petri net P and its wipe-extension P of Figure 4.2 illustrate the limits of Theorem 4.2:
The next theorem provides upper bounds for the reachability, covering, and boundedness problems
in terms of f and g.
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Figure 4.2: The Petri net of (b) is the wipe-extension of Petri net P of (a). No class C containing
P can satisfy the prerequisites of Theorem 4.2 since, for each £ € N, the only firing sequence with
Parikh image k - t1 +to + k - t3 + tAp3 (which leads to the empty marking) is ¢§ - to - 5 - tApS, and the
marking reached by ¥ contains % tokens at place p,. This means there is no permutation of o such
that it’s possible to bound the number of tokens in terms of n, m, W, and max(y) for all markings
obtained when firing the permutation.

Theorem 4.3. Let C be a simple f-g-canonical class of Petri nets. Then, the reachability, and the
covering problems are decidable in space polynomial in

size(P) + size(u) + nld f(n, m, W, max(po)) + r,
and the boundedness problem is decidable in space polynomial in
size(P) + nld f(n, m, W, max(ug)) + r,

where 1 is the space needed to compute f(n, m, W, max(uy)).

Proof. Letu:= f(n,m,W, max(uy)). In the following, we assume n, m, W, u > 0 since otherwise
4o 18 the only reachable marking and the problems of the lemma can trivially be decided in polynomial
space. We first consider the reachability problem. Let 1 be a reachable marking, and let &, £, a;, and
7; be as in Definition 4.1. Observe that max(uo + Ay ;) < max(p) + ulW for each
i € [k+ 1], as well as max(po + Ao -1 - g+ -+ 7)) < max( ) + uW for each i € [k] since all
7; are loops, and min(A (&, 1)) > —uW for all ¢, r € [|€|]. Together with max(0,7;) < uW for all
i € [k], and max(0, o) < uW for all i € [k + 1], we find max (o, &) < max(u) + 2uW. Hence, we
can decide the reachability problem (nondeterministically) in space polynomial in

P
size(P) + nld(max(u) + 2uW) + r <size(P) + size(u) + nld(u) +r

by guessing these markings one after another, while only storing the last two markings, and checking
if, for any two consecutive markings v and v/, v 1y o/ for some transition ¢ € 7.

Next, we consider the boundedness problem. Let 0 :=max(po) + uWW + 1. Assume that P is
unbounded. Then, there is a reachable marking ; with max(u) > 4. Let &, &, oy, and 7; be the
sequences corresponding to x as of Definition 4.1. Let p be a place with u(p) = max(u). Since
€| < wand |7;| < u, i € [k], we can find coefficients a; € {0,1}, i € [k], such that the reachable
marking g := 19 + A(E) + > ey @A(7;) satisties max(p') € [6,6 + uW]. On the other hand, if
a marking p with max(u) € [9, 5 + uW] exists, then k£ > 1, which implies that P is unbounded
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since oy - 7 is a firing sequence for any ¢ € N. Hence, we can decide the boundedness problem
(nondeterministically) in space polynomial in

size(P) + nld(d + uW) + nld(u) +r
= size(P) + nld(max(uo) + 2uW + 1) + nld(u) +r

P
<size(P) +nld(u) +r

by guessing a marking p with max(u) € [0, + uWW] and checking if y is reachable.

Last, we consider the covering problem. Let p* be the marking for which we want to know if it
can be covered. Assume that ;* can be covered, and let © > p* be a reachable marking with its
corresponding sequences &, &, 7; as of Definition 4.1. Let M :={A(7;) | i € [k]}, and p':= o +
A(E) + X jepy max(p) - d. Marking 4/ is reachable because we can construct a firing sequence
leading to ' by appropriately inserting, for each i € [k], a number of copies of 7; into £&. Furthermore,
if (110 + A(€))(p) < p*(p) for some place p, then d(p) > 0 for some d € M. Therefore, pi covers y*.
Note that max(d) € [0, uW] for each d € M and thus |M| < (uWW + 1)". By the simple observation

>ic < [liew @i if ar, -, ax € No and a; > max{a;, 2} for all i € [k], this implies
max(p') < max(jg) + max(A(£)) + Z max(*) - max(d)

max (o) + uW + | M| - max(p*) - max{max(d) | d € M}
max(po) + uW + (uW +1)" - max(p*) - ulW
(max(pg) + 2) - 2uW - (2uW)" - max(u*) - uW =: d'.

VAR VAN VAN

Hence, we can decide the covering problem (nondeterministically) in space polynomial in

size(P) + nld(d) + nld(u) +r
= size(P) + nld((max(po) + 2) - 2uW - (2uWW)"-
~max(p*) - uW) +nld(u) +r
P
<size(P) + nld(max(u*)) + nld(u) +r
P
<size(P) + size(u*) + nld(u) +r
by guessing a marking p > p* with max(p) < d' and checking if p is reachable. O

For each Petri net P of a simple structurally f-g-canonical class of Petri nets, we can use the
canonical firing sequences to compute semilinear set representations of the reachability set R(P). To
this end, we use the following strategy. We consider all possible relevant tuples of markings iteratively
reached by parts of the backbones of the canonical sequences. Each tuple constitutes its own linear
set, where the constant vector is the marking reached by the backbone, and the set of periods is the
set of the displacements of all short positive loops enabled at some marking of the tuple.

Theorem 4.4. Let C be a simple structurally f-g-canonical class of Petri nets, and P € C. Then,

the SLSR
sc= O L U D)

(11, oer pug JEM 1€[0, uz]
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represents R(P) and can be constructed in time
p((max(ug) + 2ulw)u2n . 2p(size(73))+nld(U3) + T)
for some polynomial p, where

(@) up = f(n, m, W, max(uo)), uz = g(n, m, W, max(uq)),
ug = f(n, m, W, max(po) + 2us W), and r is the time needed to calculate u,, us, and us,

by M ={(p1, -, fuy) | pic1 = p; and max(p;) < max(pg) +w W for all i € [us]}, and
(¢) D, ={A(7) | 7 is a loop enabled at ;s with max(A(7)) < u W}.

Proof. As before, we assume n, m, W, uy, us, ug > 0 since otherwise py is the only reachable
marking. Consider a reachable marking 1, and let &, £, a;, 7; be its corresponding sequences as of
Definition 4.1. Let o}, . . ., a;é with u}, < us be the nonempty sequences of {a;, ..., axs 1} such that

af e o/u,2 = . Let yu;, i € [0, uh), be defined by 1ig ol i, and pu; = ;1 for all i € [ul + 1, us).
Now, it’s not hard to see that the properties of these sequences imply (p1, . .., ty,) € M and, for all
i € [k], thereis a j € [0, us] with A(7;) € Dy, i€ i € L(ftuys Uicpo up) Piruy) © SL. Therefore,
R(P) C SL. The other direction, namely SL C R(P), is obvious.

In the following, we show the upper bound for the time needed to construct SL. We first compute a
reachability matrix A € {0, 1}%*? where d :=(max (1) + 2u; W + 1)™ such that the entry correspond-
ing to two markings i, ¢/ with max(u), max(u') < max(ug) + 2uy W is 1 if and only if 4 — p’. By
Theorem 4.3 and the monotonicity of f, each entry can be determined in space polynomial in

size(P) + size(u) + size(p') + nld(us)

P
<size(P) + nld(max(uo) + 2us W) + nld(max (o) + 2us W) + nld(us)

P
<size(P) + nld(us).

The whole matrix can be determined in time p(d? - 2P(17e(P)+n1d(us))) for some polynomial p.

Next, we construct all relevant sets D,,-. Since || < uy, we only have to consider the (max(i) +
u W + 1)" different markings p* with max(u*) < max(uo) + u1W. Because |7;| < uy, we now
check, for each such p* and all at most (u; W + 1)™ different markings p satisfying ;1 > p* and
max(pu— p*) < uy W, if o can be reached from p*. If this is the case for p* and i, then we add p — p*
to D,,-. Using A, the total time to construct all sets is polynomial in the size of the matrix A, and thus
is at most p(d? - 2pGize(P)+n1d(us))) for some polynomial p.

Last, we construct, for each (1, ..., pu,) € M, the LSR L(ttuy, Ujcpg,uy) Dpi)- We consider all
((max(po) + us W + 1)™)" possible tuples (i1, - . . , fu,) With max(p;) < max(pg) +ur W, i € [ug],
and check, using A, if p; 1 — p; for all ¢ € [uy]. If this is the case, then we construct the LSR
mentioned above. The total time to compute u;, us, us, to generate A, all sets D,,-, and all these
LSRs is polynomial in

(max(po) + W + 1)%2" - uy - op1(size(P)+nld(uz)) . j29pi(size(P)+nld(us)) 4 .
g(max(,uo) + Quy W )u2n . gpa(size(P)+nld(us) 4 .

for two polynomials p1, po. ]
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We will use this theorem in Chapter 6. We note that the Petri net of Figure 4.2 additionally demon-
strates that (not very surprisingly) there are also Petri nets with semilinear reachability sets for which
our permutation technique cannot be applied.

Using this SLSR as a tool (which is not explicitly computed), we can also give an upper bound for
the liveness problem in terms of f and g. The core of the proof is the observation that if the Petri net
is not live, then there are a transition and a small marking serving as witnesses.

Theorem 4.5. Let C be a simple structurally f-g-canonical class of Petri nets. Then, the liveness
problem of C'is decidable in space polynomial in

size(P) + nld(f(n, m, W, max(uo) + f(n, m, W, max(ug))W)) + r,
where 1 is the space needed to compute

f(n, m, W, max(uo) + f(n, m, W, max(uo))W).

Proof. As before, we assume n, m, W, u > 0 since otherwise i is the only reachable marking,
and the liveness property can be checked in polynomial time. Assume that P = (N, o) € C is not
live. Then, there is a transition ¢ and a reachable marking ;. such that & and ¢ are its corresponding
sequences as of Definition 4.1, and no marking p’ reachable from p enables ¢. If max(u) > max(po)+
uW, then € # &, and the marking v reached by ¢ satisfies v < j. Furthermore, for each marking v/
reachable from v, there is a marking y reachable from p such that v/ < p’. Hence, v is a smaller
marking than p that also witnesses that P is not live. Thus, if P is not live, then there is a small
marking that witnesses that some transition ¢ is not live.

We now show how we can check for a marking ;2 with max(p) < max(po)+«W and a transition ¢
if no marking ' reachable from p enables t. Let v’ := f(n,m, W, max(u)) < f(n,m, W, max(ug)+
ul), and let SL = (D, £(, 11;) be the SLSR for R(N, u) given in Theorem 4.4. If there is a
marking p’ reachable from p and enabling ¢, then there is a LSR £(¢, IT) := £((;, I1;) for some i € [/]
such that i/ € L((, 1), max(¢) < max(u) + o'W, and max(7) < «'W for all 7 € II. Since
e L(¢I0),if ((p) < F(p,t) for some place p € °t, there is a period = € II with w(p) € [1,w'W].
Hence, by appropriately combining the periods (for each place of *t at most W periods), we find a
marking p” € L£(¢, 1) such that i enables ¢, and

"

max(p”) < max(¢) +nW - o'W < max(p) +u'W + nu'W?
< (max (o) + uW) + 2nf(n,m, W, max(po) + ulW)W?
<

max (o) + 3nf(n, m, W, max(po) +uW)W?=:u".

That means, we only need to check if no marking y” reachable from p with max(u”) < u” enables ¢
in order to ensure that no marking reachable from ;. enables ¢.

Using these bounds, we can now show how to decide the liveness problem. We iterate over all
t € T and all markings p with max(p) < max(po) + uW and check if 4 is reachable. For each such
reachable marking p, we test, by iterating over all 1 with max(p”) < u”, if at least one of these
markings is reachable from p and enables ¢. P is live if and only if all tests succeed. By Theorem 4.3,
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the amount of space needed by this algorithm is at most polynomial in

size(P) + nld(max(uo) + uW) + nld(max(po)
+ 3nf(n,m, W, max(uo) + uW)W?) +nld(f(n,m, W, max(uo) + uW)) +r

(
gsize(P) + nld(f(n,m, W, max(uo))) + nld(f(n, m, W, max(pg) + uWW))
+ nld(f(n,m, W, max(uo) + ulW)) +
; size(P) + nld(f(n,m, W, max(ug) + uW)) +r
[

The SLSRs of Theorem 4.4 can also be used to decide the equivalence and containment problems.
As already mentioned in Section 2.6, using algorithms for problems of SLSRs to solve problems of
Petri nets is a standard approach that has been used for many classes of Petri nets before.

Theorem 4.6. Let C be a simple structurally f-g-canonical class of Petri nets. Then, for some
polynomial p, the equivalence and containment problems of C are decidable in space

p((K + 2u1K)u2n . 2p(s+nld(u3)) + ’I"),

where

s is the encoding size of the input,

n is the total number of places of both nets,

m is the total number of transitions,

W is the maximum of all edge multiplicities of both nets,

K is the largest number of tokens appearing at some place at the initial markings,

o uy = f(n,m W, K), us = gln,m, W, K), ug = f(n,m, W, K + 2uyW), and

r is the time needed to calculate uq, us, and us.

Proof. For the input Petri nets P; and P, we use Theorem 4.4 to compute the SLSRs S£; and SL,
with SL; = R(P;) and SL; = R(P;). By Theorem 2.4 and Corollary 2.5, we can decide the
containment and equivalence problems of SLSRs in space polynomial in the size of the SLSRs. Thus,
the theorem follows. O
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5 Conservative Petri nets

An S-invariant is a vector x € Z" (sometimes also defined as a vector z € Nj) satisfying the equation
DTx = 0. A Petri net is called x-conservative for some x > 1if z is an S-invariant, and is called
conservative if it is x-conservative for some =z > 1. Furthermore, a Petri net is 1-conservative if
it is 1-conservative. The defining property of an x-conservative Petri nets is that, for all reachable
markings, the weighted (by x) sum of tokens is the same. This immediately implies that conservative
Petri nets are bounded. Conservative Petri nets were introduced by Lien [Lie76a]. Later, Jones et al.
[Jon+77] showed (among other things) that the reachability and the containment problems of ordinary
1-conservative Petri nets are PSPACE-complete. Furthermore, they showed that the liveness problem
of 1-conservative Petri nets is contained in PSPACE, but no lower bound was given.

In this chapter, we strengthen these results. Our results hold for all conservative Petri nets, in-
cluding those with arbitrary edge multiplicities. The arguments used for the upper bounds are in
essence the arguments used in [Jon+77], which are appropriately extended for dealing with nets that
are not ordinary or 1-conservative. In addition to these generalized upper bounds, we also prove
PSPACE-hardness (and thus PSPACE-completeness) of the liveness problem, as well as PSPACE-
completeness of the RecLFS problem. As we will see, the property of being conservative leads to
straightforward arguments. This gives us an opportunity to demonstrate a number of constructions
(e. g., simulating PSPACE-machines with Petri nets) that reappear, in much more involved forms, in
Chapter 6, where we discuss generalized communication-free Petri nets.

Obviously, a Petri net P is conservative if there is an x € Q" with x > 1 and DTz = 0 since
we can scale such a rational valued vector to an integer valued one. Using, for instance, Karmarkar’s
algorithm [Kar84], we can find in polynomial time such a rational valued vector x (if it exists) which
additionally satisfies max(x) < 2P0#(P) for some polynomial p. Hence, the recognition problem,
which asks if a given Petri net P is conservative, can be decided in polynomial time. We remark that,
for this reason, the boundedness problem of conservative Petri nets is decidable in polynomial time
(and not only its promise problem variation, for which trivially always the answer “yes” can be given).
The same applies to the zero-reachability problem, which can trivially be decided in polynomial time,
since the empty marking is reachable in a conservative Petri net if and only if the initial marking is
empty.

We remark that, instead of using Theorem 4.2, we could easily show directly that the class of
conservative Petri nets is f-f-canonical for some appropriate function f, or show the complexity
results without using our framework at all. For the same reason, however, it lends itself as a good
example.

Since we want to demonstrate our framework, we first show that the prerequisites of Theorem 4.2
are satisfied.

Lemma 5.1. There is a constant d such that, for each reachable marking | of a conservative
Petrinet P = (P, T, F, yo) with n > 0, max(p) < 2P holds.

Proof. Since P is conservative and n > 0, there is a constant ¢ such that there is an x € Q" satisfying
x>1,DTy =0, and max(z) < 297¢(P)° Let ® be a Parikh vector leading to .. We observe

max(p) < p'x = (po + A(®)) 'z = (ug + " D)z = pgx + (D)
= pulr < n-max(u) - max(z) < 9size(P)*
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for some constant d, where e;, denotes the k-th standard unit vector (as defined in Section 2.1). O

Lemma 5.2. There is a polynomial p such that, for each conservative Petri net P with n > 0
and each firing sequence o of its wipe-extension P leading to the empty marking 0, there is a

permutation ¢ of o enabled in P with max (i, @) < 2p(n+m+ldWldmax(uo))

Proof. Let P = (P, T,F, fto) be the wipe-extension of a conservative Petri net P = (P, T, F, y).
Let i/ be some marking reached in P by some Parikh vector ®’, ® be the projection of &’ onto the
transitions of the original Petri net P, and p be the marking reached by ® in P. (Note that ® is indeed
enabled since all transitions we discarded only remove tokens from the net.) Then, by Lemma 5.1,
we observe max(y/) < max(u) < 292(P)* for some constant d. O

Lemma 5.3. There is a polynomial p such that the class C of conservative Petri nets is simple
structurally f- f-canonical, where f(n, m, W, K) = 2r(nm+ld WA K),

Proof. By Theorem 4.2 and Lemma 5.2, there is a polynomial p such that C is f-f-canonical for
the function f defined by f(n,m, W, K) = 2p(nm1dW.1dK) = Ag argued before, we can check in
polynomial time if a Petri net is conservative. Hence, C is simple. Since the conservation property
doesn’t depend on the initial marking, C is structurally f- f-canonical. O]

We can apply our framework to obtain upper bounds for a number of problems.

Lemma 5.4. The reachability, the covering, and the liveness problems of conservative Petri nets
are in PSPACE.

Proof. By Theorem 4.3, Lemma 5.3, and by the fact that r is polynomial in size(P), the reachability
and the covering problems are decidable in space polynomial in

size(P) + size(u) + nld f(n,m, W, max(ug)) + r

= size(P) + size(u) +n - p(n +m +1dW + ldmax(pg)) +

P
<size(P) + size(pu),

where p is the polynomial of Lemma 5.3. Similarly, Theorem 4.5 and Lemma 5.3 imply that the
liveness problem is decidable in space polynomial in

size(P) + nld(f(n,m, W, max(uo) + f(n,m, W, max(uo))W)) +r
— Size(P) + n 1d (2P AW Hd(max(ug) - 20(r 4 W a1y )

P
<size(P) + np'(n+m +1d W + ld(max(u)))
P

<size(P),

where p is the polynomial of Lemma 5.3, and p’ is some polynomial. ]
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We now show that the liveness problem is PSPACE-hard in the strong sense. A straightforward
adaption of Hack’s reduction [Hac74b] from the reachability problem to the liveness problem is not
possible since it uses the zero-reachability problem as an intermediate step and, more importantly, it
yields Petri nets that are not necessarily conservative. Our approach is, however, similar to that used
in [Jon+77] for the reachability and covering problems of ordinary 1-conservative Petri nets.

Let L € PSPACE, and M be a Turing machine in standard form deciding L. Using M, we will
define a polynomial time reduction from L to the liveness problem. We will use similar, yet more
involved, reductions for problems of generalized communication-free Petri nets and related classes in
Chapter 6. Hence, we define the Petri nets used for such reductions in a relatively generic fashion.

Definition 5.5 (Transition gadget). A Petri net G = (Pg,Tq, F) is a transition gadget if there
are four distinct places p., pfﬁ, Pl pgn € Pg. For a specific instance H of G, and a place p € Py
(transition t € Tg), p(H) (t(H), resp.) denotes place p (transition ¢, resp.) of H. pl (H) and
pL (H) as well as p&(H) and pS,(H) may not necessarily denote distinct places.

Definition 5.6 (Petri net P]\G[ - Let M = (Q,T', %, 0, qo, T, gace) be a Turing machine in standard
form, z € ¥*, and G = (Pg, Tg, F) be a transition gadget. Then, the Petri net PJ\GMC is defined
in the following way:

e for each position ¢ € [(s], symbol s € I', and state ¢ € () there are places p£s and pgq,

e for each position i € [(g] and M -transition d = ((q, s), (¢, ¢',y)) € J, there is an instance
Gi.a = (Pi.a. Ty, 4, Fi q) of gadget G, where pl,(Gi q) = pL,. p2(Gi.a) = 2 Phu(Gia) =
sz':s” and pg]t(Gi,d) — pgy’q/’ and

o HoE D0+ Vicieg) Prayy-

The place pgqm is also denoted by py.

Semantically, the places pES encode the contents of the tape, while the places pf?q encode the position
of the head and the state of M. The transitions of the gadgets are used to simulate the transitions
of M. Obviously, the gadget G must be appropriately defined for Pﬁm to be able to simulate M on
input z. We use the gadget G illustrated in Figure 5.1. The corresponding Petri net Pﬁ’z illustrated
in Figure 5.2 is an ordinary 1-conservative Petri net. We remark that, by these definitions, different
gadgets are not necessarily place disjoint, and a place can be an input place of some gadget and an
output place of the same gadget.

Definition 5.7 (Configuration marking). Let M = (Q,I', %, d, qo, [, ¢acc) be a Turing machine in
standard form, x € ¥*, and G = (Pg, T, F;) be a transition gadget. The configuration marking
= qu AL Zj €lts) pjr’y[j] corresponds to the configuration of M at which only the first /g positions
may be different from [J, these positions contain the string y € I'%s, M is in state g, and the head
is over position ¢. The configuration corresponding to a configuration marking x is denoted by
conf(p), and fraec = ZZ €lts] pED is the configuration marking corresponding to the unique
accepting configuration of M.
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r
Pin pi?l

Figure 5.1: Transition gadget GG for ordinary 1-conservative Petri nets

Subnet corresponding to the head at position ¢ moving left

Figure 5.2: This figure illustrates a subnet of Pﬁw where the marking is a configuration marking. In
this example, M has tape alphabet I' = {0,1,}. Since pgqs is marked, M is in state g5 and M’s
head is at position 7 with respect to the configuration of M corresponding to the marking. The dotted
curve encompasses the gadget G; 4 where d = (g¢5,1,q4,0, — 1) € 0 is an M-transition. In order
for d to be executed, it requires that M is in state g;, and that the tape contains the symbol 1 at the
current position of the head. When d is executed, M switches into state ¢4, writes 0 onto the tape, and
moves left. For the corresponding configuration of M, this behavior is simulated by the gadget (see
Lemma 5.8).

Note that, for each configuration C' reachable by A on input x, there is a unique configuration mark-
ing corresponding to C'. Moreover, the initial marking po of PJ\GMC is a configuration marking corre-
sponding to the initial configuration of M.
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Next, we show how firing sequences of P]Gw,z leading to configuration markings and computation
paths of M on input x correspond to each other.

Lemma 5.8. The following properties hold:

(a) if a marking ' is reachable from a configuration marking ju in PAC}’ . then ' is a configu-

ration marking,

(b) if a transition sequence o = t°(Gy, a,) - - - t°(Giy, a,) Of PS; , leads from a configuration
marking | to a configuration marking |1/, then the sequence of M -transitions d - - - dy, is
a computation path of M and leads from conf( 1) to conf(y'), and

(¢) if a computation path dy - - - dy, of M leads from conf(y) to conf(1), then there are iy, . . .,
i, € [ls] such that t°(G, 4,) - - - t°(Gyy, a,,) leads from puto pi in P§) .

Proof. Property (a) follows from the observation that if a transition of Pﬁx is fired at some config-
uration marking, then the marking we obtain is also a configuration marking. Properties (b) and (c)
are also shown easily: Assume that t°(G; 4) of gadget G; 4 leads from a configuration marking p to a
configuration marking p’. Then, we observe that executing d at conf(x) leads to conf(y'). Consider
an M -transition d € § that is executed at configuration conf(y), where the head of M is at position 4,
yielding a configuration C'. Then, firing ¢ of gadget G; 4 at i yields a marking p/ with C' = conf(y').
We apply these arguments to all transitions of o respectively all M -transitions of the computation
path. 0

The correspondence of computation paths and firing sequences has a number of useful implications,
which are collected in the next lemma.

Lemma 5.9. There is a unique longest firing sequence o of Pﬁ, . This firing sequence o satisfies
|o| < lr. Each firing sequence is a prefix of o. Furthermore, the following are equivalent:

o M accepts z,
® [l IS reachable in 73]\%’ -
o some marking pu with ((pae.) > 1 is reachable, and

e o leads to [igcc-

Proof. Since M 1is deterministic and always terminates (in particular, it terminates in the unique
accepting configuration if M accepts x), Lemma 5.8 implies that there is a unique longest firing
sequence o, and each firing sequence is a prefix of o (i.e., Pﬁ’x is a single-path Petri net). By this,
by Lemma 5.8, and by the fact that M is in standard form, the rest of the lemma follows. 0

We can use the equivalences shown in the last lemma to finally obtain the desired lower bound for
the liveness problem of conservative Petri nets.

Lemma 5.10. The liveness problem of conservative Petri nets is PSPACE-hard in the strong
sense, even if restricted to ordinary 1-conservative Petri nets.
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Proof. By Lemma 5.9, we can use p,.. as a control place, which can be marked if and only if it
is eventually marked if and only if M accepts x. We obtain the ordinary 1-conservative Petri net
P = (P, T, F', ) by modifying P, , = (P, T, F, j1) in the following way. We add a new place
Pl and two new transitions ¢, ¢’ with p/_. 'I% Pace and Pacc »;—I,> Ple.- These transitions can transfer

tokens freely between p,.. and p!... Note that, once p,.. is marked for the first time, at least one of
these new places remains marked. For each two places p, ' € P \ {pace. Dl }» We add a transition ¢
with paec+p 'ﬁ Pace +P’. These transitions can be used to transfer tokens freely between the (original)

places of P once p, is marked for the first time. (If necessary, we can transfer a token from p/, back
to Pacc to enable these transitions.) Last, we add a transition ¢* with puec + pl.. % Dacc + plfﬂ. The

transition ¢* can be used to decrease the total number of tokens at p,.. and p/ . to 1 if they together
contain at least two tokens. (If the latter is the case, we can use the new transitions to evenly spread
the tokens between these two places in order to enable ¢*.)

If M doesn’t accept x, then none of the new transitions can ever fire. If M accepts x, then o marks
Dace- As long as p,.. is marked, we can use the new transitions to freely transfer at least 2 tokens
within the net. (Note that the net always contains at least 3 tokens since M is in standard form.) Since
{Pace> Pl } 18 @ trap, and therefore cannot be unmarked once it is marked, we observe that, for each
transition ¢ € 7" and each marking p reachable from ji,. in P, there is a marking p’ reachable from
w1 in P which enables ¢. Therefore, M accepts z if and only if P is live. Given M and x, P can be
constructed in time polynomial in |z|. Furthermore, the numerical values of all numbers occurring in
the encoding of P are polynomial in size(P). Thus, the lemma follows. []

We remark that the proofs for PSPACE-hardness of the reachability and the covering problems of
ordinary 1-conservative Petri nets given in [Jon+77] actually yield PSPACE-hardness in the strong
sense. In total, we obtain the following result.

Theorem 5.11. The reachability, the covering, and the liveness problems of conservative Petri
nets are PSPACE-complete in the strong sense, even if restricted to ordinary 1-conservative Petri
nets.

Proof. The theorem follows from (the proofs of) Theorem 3.1 and Corollary 3.2 of [Jon+77], and
Lemmata 5.4 and 5.10. 0

We now consider the RecLFS problem. Even though Corollary 2.21 implies that the RecLFS
problem is probably not PSPACE-hard in the strong sense, we can, however, show that it is PSPACE-
hard (in the weak sense) and subsequently PSPACE-complete.

Theorem 5.12. The RecLFS problem is PSPACE-complete, even if restricted to ordinary 1-
conservative Petri nets.

Proof. By Theorem 2.19, the RecLFS problem is in PSPACE. We now show the lower bound. We
obtain the ordinary 1-conservative Petri net P = (P, T", F’, j19) by modifying P§; , = (P, T, F, o)
in the following way. First, we add a new place p* and a new transition 7; with p,e. % p*. Next, we

add n = | P| new places p}, ..., p,, each marked with {7 - || tokens, where /7 is the bound on the
running time of M on input z (see Definition 2.1). Last, we add a transition r with p*+3 7, p; %

p*+>_,cp p- Consider the Parikh vector ® 21+ (- |0]) o+ Y ,op br-t. Assume that M accepts .
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By Lemma 5.9, P has a firing sequence o of length at most ¢ leading to a marking at which p,. is
marked. Then, p:=0 -7} - TST'W Oy t'77OW s a firing sequence of P with ¥U(p) = ®. If, on
the other hand, M doesn’t accept z, then, by Lemma 5.9, p,.. cannot be marked. Consequently, r;
can never be fired which implies that ® is not enabled. Note that ¢ has polynomial encoding size. As
before, this reduction can be performed in polynomial time. [

Last, we investigate the containment and equivalence problems. For conservative Petri nets, using
Theorem 4.6 wouldn’t yield a good upper bound. Instead, we use a direct approach.

Theorem 5.13. The containment problem and equivalence problem of conservative Petri nets are
PSPACE-complete in the strong sense, even if restricted to ordinary 1-conservative Petri nets.

Proof. Consider the Petri net Pﬁ’m = (P, T, F, ). We construct the Petri net P; = (P, Ty, F1, i11)
from Pﬁ’x in the following way: We add {s + 1 places p7, ..., p; ;. The initial marking of P; is

1 = Zie[esﬂ} p;. Then we add a transition ¢} with f; »;—11> to. Now, we obtain Py = (P, T} U

{t5}, F5, pu1) from P; by adding a transition ¢5 with j, %2—> lacc- Either 5 or ¢5 can be used to mark
2

the original places of P with pp or i, respectively. Both P; and P, are ordinary 1-conservative
Petri nets that can be constructed in polynomial time in |x|. The following are equivalent:

e M accepts z,

® /i, is reachable in P]Gw,x,
e R(P2) C R(P1), and

* R(P2) = R(Py).

Hence, the lower bound of the theorem follows. For PSPACE-membership, observe that if R(P;) £
R(Ps) respectively R(P1) # R(P2) holds, then, by Lemma 5.1, there is a polynomially sized reach-
able marking serving as a witness. Using Lemma 5.4, we can check in polynomial space if such a
marking exists. L

We conclude the chapter with an observation about a number of home space problems.

Theorem 5.14. The following problems for conservative Petri nets are PSPACE-complete in the
strong sense, even if restricted to ordinary 1-conservative Petri nets:

e home state recognition: Given a conservative Petri net P and a marking i, is |1 a home
state?

e home space recognition: Given a conservative Petri net P and a set HS of markings
(given as an enumeration of markings), is HS a home space?

e home state existence: Given a conservative Petri net, does it have a home state?
Proof. Consider again the ordinary 1-conservative Petri net P§; ,. By Lemma 5.9, M accepts x if

and only if p,. 1s reachable from each reachable marking. Hence, the home state recognition and the
home space recognition problems are PSPACE-hard in the strong sense for ordinary 1-conservative
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Petri nets. Both problems for conservative Petri nets are in PSPACE as the following procedure
shows: Given a set HS of places, we enumerate all markings p with max(u) < 2si2e(P)* where d is
the constant of Lemma 5.1, and check, for each p that is reachable, if there is a /' € HS with y — p/.
This is the case if and only if S is a home space. By Theorem 5.11, this procedure only needs space
polynomial in size(P) + size(HS).

Next, we show that the complement of the home state existence problem of conservative Petri
nets is PSPACE-complete in the strong sense, even if restricted to ordinary 1-conservative Petri nets.
To this end, we construct a Petri net P’ = (P',T", F', i) from Pﬂcj,x = (P,T,F, jp) by adding

.. . t t .
to places p}, p, and two transitions ¢}, t, with p,c = p)| and p,ec +> ph. We define the marking

= > pep Mace(p) - p of P'. Let pij, iy defined by p a, wh and g4 N (5. By Lemma 5.9, the
following are equivalent:

e M accepts x, and
e 1/} and y, are reachable in P’.

Furthermore, since M is in standard form, no transition is enabled at p or u,. Hence, if M accepts x,
then P’ has no home state. If M doesn’t accept x, then, by Lemma 5.9, neither of the markings 1),
(5 is reachable, and the marking reached by the unique longest firing sequence is a home state. This
proves the lower bound PSPACE-hardness in the strong sense, even for the restricted problem. To
decide the problem in polynomial space, we use a similar algorithm as before, with the extension
that we iterate over all candidates HS = {yu} for home states, where max(y) < 292(P)*_ Since
coPSPACE = PSPACE, the home state existence problem of conservative Petri nets is PSPACE-
complete in the strong sense, even if restricted to ordinary 1-conservative Petri nets. L
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6 Generalized communication-free Petri nets

In this chapter, we investigate generalized communication-free Petri nets (gcf-PNs, also known as
join-free Petri nets), inverse generalized communication-free Petri nets (igcf-PNs, also known as
fork-free Petri nets), and generalized S-system Petri nets (gss-PNs, also known as weighted state
machines). The relationship of the classes defined in the following is illustrated in Figure 6.1. A Petri

( 7

inverse generalized
communication-free PNs /
fork-free PNs

backward-concurrent-
free PNs

' [state machmes} o
free-choice PNs communication-free PNs
S-systems

forward-concurrent-

free PNs
equal conflict L J
systems . .
weighted state generalized
machines / generalized communication-free PNs /
S-system PNs join-free PNs
. - - J
. J
. J

Figure 6.1: This class diagram illustrates illustrates the relationships between classes of Petri nets that
are closely related to generalized communication-free Petri nets, their inverse nets, and generalized
S-system Petri nets. Classes written in italics consist of (forward-)ordinary Petri nets.

net is a gcf-PN (igcf-PN, resp.) if each transition has at most one incoming (outgoing, resp.) edge. A
Petri net is a gss-PN if it is a gcf-PNs and igcf-PNs at the same time. To improve the readability, we
will, in the context of a transition ¢ of a gcf-PN (of a igcf-PN, resp.), occasionally abuse notation by
identifying *¢ (¢°, resp.) with its unique element if this set is nonempty. The classes of gcf-PNs and
gss-PNs are generalizations of the classes of cf-PNs and state machines/S-Systems with respect to
edge multiplicities. Very close relatives of the class of gcf-PNs (igcf-PNs) is the subclass of forward-
concurrent-free Petri nets (backward-concurrent-free, resp.) which are gcf-PNs (igcf-PNs, resp.) with
the additional property that each transition has exactly one incoming (outgoing, resp.) edge.

The classes of gcf-PN and igcf-PNs were first considered by Holt and Commoner [HC70]. Lien
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[Lie76b] investigated termination properties of forward- and backward-concurrent-free Petri nets, re-
lating properties like the property of being conservative or the existence of component-wise positive
zero-loops with each other. Teruel and Silva [TS93; TS94; TS96] published a series of papers on
equal conflict systems, a natural generalization of free-choice Petri nets, containing the classes of
gcf-PNs and igcf-PNs. Amer-Yahia et al. [AY+99] presented approaches based on techniques of lin-
ear algebra to reason about properties of gcf-PNs and igcf-PNs. Recently, Delosme et al. [Del+13]
provided a sufficient condition for gcf-PNs to be well-behaved (i. e., bounded and live) which can
be checked in polynomial time. Morita and Watanabe [MW96] showed that the RecLFS problem
of gss-PNs is NP-hard, even if restricted to gss-PNs with exactly two different edge multiplicities.
Taoka and Watanabe [TW99] investigated RecLFS for a subclass of gss-PNs with cactus structure.
It is noticeable that no completeness-results for the classical problems of our interest for the classes
investigated in this chapter have been found so far. Here, we fill this gap.

This chapter is organized as follows. In Section 6.1, we show that the (zero-)reachability, bound-
edness, covering, equivalence, and containment problems are PSPACE-hard for gss-PNs with edge
multiplicities {1, 2, 3}, or for gcf-PNs or igcf-PNs with edge multiplicities {1,2}. Additionally, we
show PSPACE-hardness for the liveness problem of gcf-PNs. In particular the strong lower bounds
of these problems for gss-PNs can be surprising since almost all of these problems have very low
complexity for (unweighted) S-systems (e. g., they are always bounded since they are conservative,
and the reachability problem is decidable in polynomial time [Ha+12; Mur89]). To obtain these lower
bounds, we use a similar approach to the one we used in Chapter 5 for conservative Petri nets, based
on the simulation of polynomial space Turing machines. However, compared to that of Chapter 5, this
approach is technically more involved in order to deal with the topological constraints on the nets.

In Section 6.2, we lay the foundation for applying our framework of Chapter 4 to gcf-PNs by using
a permutation technique to obtain canonical permutations. Applying our framework to these canon-
ical permutations yields canonical firing sequences for gcf-PNs. We use them to obtain canonical
firing sequences for igcf-PNs which have even stronger properties compared to those for gcf-PNs.
Applying our framework to the canonical firing sequences of gcf-PNs and igcf-PNs yields SLSRs of
the reachability sets of gcf-PNs and igcf-PNs. The SLSRs for gcf-PNs (for igcf-PNs, resp.) have at
most doubly (single, resp.) exponential encoding size in the size of the net.

In Section 6.3, we present the complexity results obtained by combining the lower bounds of Sec-
tion 6.1 with the results from applying our framework to the canonical firing sequences of gcf-PNs
and igcf-PNs. We show that the (zero-)reachability, boundedness, covering, and RecLLFS problems of
gcf-PNs, igcf-PNs and gss-PNs are PSPACE-complete, even under the restrictions on the edge mul-
tiplicities mentioned above. Additionally, we show that the liveness problem of gcf-PNs is PSPACE-
complete. For the equivalence and containment problems, we obtain as upper bounds doubly expo-
nential space for gcf-PNs and exponential space for igcf-PNs. In the last part of this section, we
consider several computational problems involving home spaces. We use canonical firing sequences
in gcf-PNs and igcf-PNs, as well as the SLSRs of their reachability sets, to check if a gcf-PN has a
finite home space, to construct a minimal finite home space of such a net, provided it exists, and to
decide if a given SLSR represents a home space of a given igcf-PN, all in doubly exponential space.

In Section 6.4, we consider a new class of commutative grammars called exponent-sensitive com-
mutative grammars (ESCGs) which is closely related to gcf-PNs. Productions of such grammars
are allowed to substitute a commutative word whose symbols are all the same by an arbitrary com-
mutative word. In this sense, they are sensitive to context to a certain extent. However, since the
substituted word can be longer than its replacement, the class of ESCGs is not contained in the class
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of context-sensitive commutative grammars (CSCGs) which has been studied by Huynh [Huy83]. On
the other hand, not every CSCG is an ESCG since a single production of a CSCGcan substitute dif-
ferent symbols. We use our results for gcf-PNs to show that the uniform word problem of ESCGs
is PSPACE-complete. In all cases we know of, the complexity of the uniform word problem of a
class of commutative grammars is at least the complexity of the uniform word problem of the corre-
sponding class of non-commutative grammars. In order to check if this pattern also holds for CSCGs,
we additionally consider the corresponding class of (non-commutative) grammars, called exponent-
sensitive grammars (ESG). The productions of these grammars can substitute a word whose symbols
are all the same by an arbitrary word. Analogously to before, ESGs and context-sensitive grammars
are incomparable. However, contrary to previous observations, we observe that any grammar has a
normal form that is an ESG, which implies that the uniform word problem of ESGs is undecidable,
and therefore has a higher complexity than the uniform word problem of ESCGs.

6.1 Lower bounds

We say that a gss-PN is almost ordinary, abbreviated by a. o., if each edge multiplicity is in {1, 2, 3}.
Furthermore, we call a gcf-PN or an igcf-PN almost ordinary if each edge multiplicity is in {1, 2}. In
this section, we show how almost ordinary gss-PNs, gcf-PNs, and igcf-PNs can simulate polynomial
space Turing machines. As a result we obtain PSPACE-hardness for many problems of interest, in
most cases even PSPACE-hardness in the strong sense.

The reductions are similar to that used in [Jon+77] and in Chapter 5. However, since we cannot
make use of out-communication and/or in-communication, our approach must be more sophisticated.

We first describe four transition gadgets G&%, G, Gt et which are used to simulate TM-
transitions (see Definition 5.5). These gadgets are building blocks for the Petri nets used to simulate
polynomial space TMs. For each problem under consideration, the resulting Petri net is further en-
hanced with problem specific places and transitions. Each gadget has exactly two input places p.., pg,
two output places p p?u[, and a number of control places pS, ps, p§, p°. In our application, an output
place of one instance of a gadget can potentially be an input place of the same or some other instance
of the gadget. Figure 6.2 illustrates these transition gadgets.

For the following constructions, we fix an arbitrary language L. € PSPACE over some alphabet X,
and a Turing machine M = (Q,T",[0, %, 0, qo, Gacc) in standard form deciding L (see Definition 2.1).

Let # € ¥* be an input string for M. Let Pys := P}, Poss 1= ]ngx, Pct := ]\ij;, and Piger 1= Pﬁz
(see Definition 5.6). By P = (P, T, F, j49) we unspecifically refer to one of the nets Py, Passs Pects
and Pigct.

Let the sets P; 4 fori € [(s] and d € § be defined as in Definition 5.6. Furthermore, we define the
following sets of places for all i € [(g]:

rl=Utl po= U P PR\ P

q€Q J€[¢s] des

The membership of the places of the gadgets constituting P is illustrated in Figure 6.3. Note that P2,
e Pg, PQisa partition of P. By this construction, Py and 75gss are gss-PNs, Pq is a gcf-PN, and
Piger 18 an igcf-PN.

Similar to the ordinary 1-conservative Petri nets used in Chapter 5, we use P to simulate M on
input x. A subnet of 75gSS is illustrated in Figure 6.4 (also compare Figure 5.2). Intuitively, it’s
probably not difficult to accept that P can indeed simulate M. However, to formally show that P is,
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Figure 6.3: For each gadget G; 4 of P, the places p& (G, 4) and p2,(G;.4) belong to P, while all
other places of GG; 4 belong to PZQ.

with respect to reachability, not an over-approximation of M on z, we must discuss some technical
issues. When reading the proofs of the lemmata in this section, the reader may find it helpful to
repeatedly take Figure 6.4 into consideration.

In the following, we make extensive use the terminology and the marking ft,.. as defined in Defini-
tion 5.7. For a simpler description of the markings reachable in 75gss, we characterize them by certain
types. Let T? :={t (G g“) th (G29),t°(GS%) | d € 5} denote the set of transitions adjacent only to

out

places of R . Note that R is exactly the set of places of the induced Petri net Pgss[ i ]
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Figure 6.4: This figure illustrates a subnet of 75gss where the marking is a configuration marking. In
this example, M has tape alphabet I' = {0,1,0}. Since p,f?qs is marked, M is in state g5 and M’s
head is at position 7 with respect to the configuration of M corresponding to the marking. The dotted
curve encompasses the gadget C?fj where d = (¢5,1,q4,0, — 1) € 0 is an M-transition. In order
for d to be executed, it requires that M is in state g5, and that the tape contains the symbol 1 at the
current position of the head. When d is executed, M switches into state g4, writes 0 onto the tape, and
moves left. For the corresponding configuration of M, this behavior is simulated by the gadget (see
Lemma 6.3).

Definition 6.1.
Let 1 be a marking reachable in Pi.

(a) pis of type A if it satisfies the following properties: P? contains one token, and, for each
i € [0s], P contains one token.

(b) 1 is of type B if it satisfies the following properties: P% is unmarked, and there are
i* € [ls] and d* € ¢ such that,
e foreachi € [(s]\ {i*}, P? contains one token, and
e there are an initial marking v of 75gSS [TZ@] and a transition sequence ¢/ such that
- 23 -pﬁ(éff?d*) + p for some p € P2\ {pﬁ(éfffd*)},
- Y€ (TZQY, and
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-~ (1[P?), where [ P?] is the marking y restricted to the places of PZ.

Intuitively, markings of type A correspond to a situation where the decision which M -transition
should be simulated next is not made, yet. Markings of type B correspond to a situation where the
Petri net is has not finished simulating an M -transition (and possibly isn’t even able to do so, e. g., if
a “wrong” transition is fired which leads to a marking from which no configuration marking can be
reached anymore). The marking of the subnet corresponding to the position ¢* at which currently the
M -transition d* is simulated can be obtained by starting with 3 tokens at p§ (éfffd*) and with 1 token
at some other place of PZQ, and then firing transitions that transfer tokens within PZ@

Lemma 6.2. Let (T be a firing sequence of 75gss with an initial marking 1 of type A, let ;, i € [|o]],
be defined by po — 1, let Ty —{tQ(Gg“) t?u,(Gg”) | i € [ls], d € 6}, let k be the number of
occurrences of transitions of T5 in o, and let 1; denote position of the j-th such occurrence in o.
Furthermore, let ig :=0 and i) 1 :=|o| + 1. Then, the following properties hold:

(a) for each odd j € [k],

o there are i* € [ls], d* € & such that o};;) = tQ(Gfssd*) and if j + 1 € [k], then
Oliyn) = oG,
e foralli € [ij, 41 — 1], w; is of type B,
(b) for each even j € [0, k],

o foralli € [ij, ij41 — 1], p; is of type A,
[} for allv € [ZJ I 1, Z'j+1 ], | ¢ TQ U {tc( gss ) | iV € [ES] de 5} and

(c) for each i* € [lg], d* € 6, i € [|o|] with o) = tc(Gl* 4+ ), we observe i > i, and
O] = tQ(Gl * ) for the largest j € [k] with i; < i.

Proof. This lemma can be proven by induction on the length ¢ of ¢: For ¢ = 0, all properties are
satisfied. Assume the lemma holds for all firing sequences of length at most ¢ — 1.

First, assume that pi,_; is of type A. If o = tfg(Gi,d) for some i € [(s] and d € ¢, then p, is
of type B. Moreover, all properties hold. Otherwise, we observe oy € {th(G¥)), 15, (GE) | i €
[ls],d € 0} which implies that y, is of type A again. As before, all properties hold.

In the following, we assume that 1,1 is of type B, and let, for p,_1, ¥, ¢* and d* be as in Defini-
tion 6.1.

Suppose o} ¢ {t8.(Gi.q) | i € [¢s],d € 6}. Then, we observe oy € {t°(Gq) | d € 0} U
{th(Gi.0), L (Gia) | i € [ls],d € 6}. (Note that this observation concludes the proof of (c).) This
means that ojg does neither mark P nor transfers tokens from P? to B,@ for any two different 1,
i' € [ls]. Therefore, 07 transfers tokens within P2 for some i € [(g]. If i # i* for this i, then
o € {th(G¥)), 15, (G) | d € 6} which implies that 11, is of type B again. Moreover, all properties
hold. If = = 7*, then, by Definition 6.1, we obtain a marking of type B again, and all properties hold.

Now, suppose oy € {t&(Gia) | i € [(s],d € &}. Then, oy = to(Gi- 4-). Furthermore,
tL (G 4+) can appear in ¢ at most once: if ¢ would contain t. (G 4-) at least twice, then di-
rectly after the second occurrence there is at most one token at pom(Gz*, a4+ ), and there are in total three
tokens within P? Since a transition t°(G;« 4) for some d € ¢ must be fired in order to increase the
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number of tokens within B@ but all these transitions are prevented by insufficient number of tokens,
t2 (Gy+.4+) wouldn’t occur in 1, a contradiction. Therefore, f1y_; (p%(Gy.a+)) > 2 and there are in
total three tokens at 1,1 within P? Consequently, 1, is of type A. Moreover, all properties hold. [

We now show how firing sequences of Py leading to configuration markings and computation
paths of M on input x correspond to each other.

Lemma 6.3. Let p, ;i be configuration markings of Py

(a) Let dy---d; be a computation path of M leading from conf(y) to conf(y'). Then, there
is a transition sequence o leading from i to 1’ such that |o| = 64, and, for all j € [{],
there is a gadget G := G, for some i € [(s] such that (7.7 = (@) - t2(G) - £5(G) -
t5(G) - 15(G) - thu(G) - tu(G).

out

(b) Let o be a transition sequence leading from i to 1i'. Furthermore, let { denote the number
of occurrences of a transition of {t5(G5) | i € [(s], d € 8} within o, and let d;, j € [(],
be defined in such a way that the j-th occurrence is t5(G¢ q.) for some i € [(s]. Then, the
following properties hold:

e there is a permutation y of o enabled at p such that || = 6 and, for all j € [{|, there
is a gadget G := G} for some i € [(s] such that .7y = t;,(G) - HUEY) - () -
t5(G) - t5(G) - th,(G) - teau(G), and

out
e dy - -dyis a computation path of M leading from conf(p) to conf(i).

Proof. We prove the lemma for Py and the set {t(G%*) | j € [(s].d € 0} instead since this proof is
shorter than the proof for the original lemma. Then, however, the original lemma immediately follows
because of the following two observations: for each i € [(5] and d € J, two occurrences of tﬁ(GiS;)
and one occurrence of tg(Gfﬁ;) can always be bundled (by permuting the sequence appropriately),
and can simulate one occurrence of tc(éffl), and vice versa. Furthermore, the number of occurrences
of t5(G?,) must be exactly twice the number of occurrences of t§(G?,) in order to reach a configura-
tion marking again (otherwise, the transition sequence would have a non-zero displacement at some
control place).

Proof for (a): Consider an M -transition d € ¢ that is executed at configuration conf(u), where
the head of M is at position 7, yielding a configuration C. Let G := G, 4. Firing 8 (G) - t2(G) -
(@) - £ (G) - t&(G) at p yields a marking p” with C' = conf(y”). We use this argument for the all
M -transitions of the computation path.

Proof for (b): In the following, we will often make use of Lemma 6.12 without explicitly referring
to it. For |o| = 0, the claim holds. Now, let |o| > 0, and assume that the claim holds for all transition
sequences of length less than |o| that lead from a configuration marking to a configuration marking.

Let k and ¢;, j € [0,k + 1] be defined as of Lemma 6.2. For an odd j € [k — 1], we call the
sequence o;, ;,,,] @ 6-block. Sequence ¢ must contain a transition (G 4) for some i € [(g], d € 9,
since |o| > 0, and otherwise 1/ wouldn’t be a configuration marking. Let oy, be the first occurrence
t°(G) of such a transition where G := G- 4, for some i* € [(g]. By Lemma 6.2, oy, is contained
in some J-block. We observe that it’s actually the first 6-block oy;, 4, since the each J-block must
contain a transition t°(G; 4) for some i € [(s] and d € ¢ in order to enable the last transition of the

o-block.
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All transitions of o7, belonging to gadgets other than G cannot increase the number of tokens at
pL(G) or p&(@). Therefore, they are not useful in order to enable t°(G), and can be pushed behind
o, (preserving their relative order).

Let o be the resulting firing sequence. Then, either aj 5 = t2(Q) - tL(G) - 1(G) or Qg =
th(G) - t2(G) - (@) holds. W. 1. 0. g., assume that the latter is the case (we simply permute the first
two transitions if necessary). Note that o ;,) is a 6-block. With the same argument as in the proof of
Lemma 6.2, we find that ¢. ,(G) occurs at most once in this §-block.

Assume that .

out

(G) occurs once in this -block. Then we can push this occurrence and oy, =

tf;gm(G) to the 4th and 5Sth position, resulting in a transition sequence 3 enabled at p, where 3] 5 =

t(G) - 15(G) - £4(G) - 8

out

. . B.. Bs.. . .
(@) - t2,(G). The marking pp with N U B is a configuration
marking. We observe that the M/ -transition d; leads from conf( ) to conf(ps). Applying the induction
hypothesis to ji3, 1, and B} ) proves the lemma.

Next, assume that ¢},
a

TN T tow(G) occurs within oy ;,), then 11, (p°(G)) > 4, and p, is neither of type A nor of
type B, a contradiction to Lemma 6.2. Therefore, torut(G ) does not occur within Q4..4,], and we observe
1ia(p¢(G)) = 1. This token must be removed by either t© (G) or t<,(G) to reach the configuration

out
(G), then

() does not occur in the d-block a; ;1. Let u, denote the marking with
[.12]

marking /1. Let oy, ¢ € [i + 1, £g], be the first occurrence of such a transition. If ajg = ¢l
the same argument as in the last paragraph proves the lemma.

Hence, assume o, = tgn(G). In order to provide the tokens for this transition, ay;,;1.4-—1) must
contain the transition ¢°(G) at least once. However, the marking v which we obtain after the first
occurrence of ¢°(G) within aj;,41. 1] satisfies v(p°(G)) = 4. Hence, v is neither of type A nor of

type B, a contradiction to Lemma 6.2. In total, we find that ¢,

ouc(G) must occur once in the d-block

[..4,)» Which, as shown before, proves the lemma. ]

We can use Lemma 6.3 to show analogue lemmata for Py and Pig.; very easily.

Lemma 6.4. Let yi, 1t be configuration markings of Py

(a) Let dy - - - dy be a computation path of M leading from conf() to conf(y'). Then, there is
a transition sequence o leading from i to 1’ such that |o| = 3¢, and, for all j € [{], there
is a gadget G := G‘zcgj for some i € [s] such that g o 3 = th(G) - t2(G) - t°(G).

(b) Let o be a transition sequence leading from yi to /. Furthermore, let { denote the number
of occurrences of a transition of {tC(Gf’C{i) | i € [lg], d € 6} within o, and let d;, j € [{],
be defined in such a way that the j-th occurrence is tC(G%j ) for some i € [{s]. Then, the
following properties hold:

e there is a permutation @ of o enabled at . such that || = 3¢ and, for all j € [{], there
is a gadget G := Gf"f;j for some i € [(s] such that ;o 51 = th(G) - t2(G) - t(G),
and

e dy - --dy is a computation path of M leading from conf(y) to conf(p).

Proof. Proof for (a): The argument is the same as in the proof of Lemma 6.3 except that we consider
the firing sequence t- (G) - t2(@) - t<(G).
Proof for (b): The important observation is that t$(G) - t5(G) - £},

out

(G) - t2.(Q) of Py can simulate
t°(G") of Pyt and vice versa, where G’ and G’ are the corresponding gadgets. We construct the



6.1. Lower bounds 73

transition sequence o’ of P, Where o’ corresponds to o and leads from v to v’ which are the markings
of Py corresponding to 1 and /. We apply Lemma 6.3 to ¢’ to obtain both the permutation ¢’ of ¢
as well as the computation path d; - - - dy. Last, we construct the transition sequence ¢ of Pys which
corresponds to ¢’ and is a permutation of o. The sequence ¢ and the computation path d; - - - d, satisfy
(b). [

Lemma 6.5. Let p, 1t be configuration markings of Pig.y.

(a) Let dy - --dy be a computation path of M leading from conf(1) to conf(1). Then, there is
a transition sequence o leading from i to 1’ such that |o| = 3¢, and, for all j € [{], there
is a gadget G := G;‘f’g for some i € [£g] such that ppz; s 37 = t(G) - t5,(G) - t5.(G).

out

(b) Let o be a transition sequence leading from ji to /. Furthermore, let { denote the number
of occurrences of a transition of {tc(Gfg) | i € [ls], d € §} within o, and let d;, j € [{),
be defined in such a way that the j-th occurrence is tC(Gfg) for some i € [lg]. Then, the
following properties hold:

e there is a permutation p of o enabled at . such that || = 3¢ and, for all j € [{], there
is a gadget G := Gfg; for some i € [(g] such that pz;_s 37 = t°(G) - t,,,(G) - t2.(G),
and

e dy - -dyis a computation path of M leading from conf(p) to conf(i).

Proof. Proof for (a): The argument is the same as in the proof of Lemma 6.3 except that we consider
the firing sequence t°(G) - 15 (G) - t2.(@).

Proof for (b): We can use the same strategy as in Lemma 6.4. The only significant difference is
that, in this case, th(G) - t2(Q) - t5(G) - t5(G) of Py can simulate t°(G") of Pigr and vice versa,
where GG and G’ are the corresponding gadgets. The rest of the argumentation is analogous. 0

In the following, we stepwise extend P to Petri nets Py, P, and P3. The final Petri net Ps is then
used to perform the reductions to our problems of interest. Each net is obtained from the previous one
by adding a new gadget, or a number of transitions. The relationship between these nets is illustrated
in Figure 6.5. This illustration can be helpful to understand the constructions and observations, which
follow now.

Let P; denote the Petri net obtained in the following way from Py, Pecr, OF Pycr. We add an
instance (&, of gadget Gé? .1 illustrated in Figure 6.6 to the net such that, for each i € [(s], pj5 =
pgl)(Gl), and pyec = pé? +1(G1). The initial marking of P; at all old places equals the initial marking
Of Pgss, Poct, OF Pyct, Tespectively. Furthermore, all new places of the gadget G with the exception
of p(G,) are marked by one token. For the following lemma, we use the observation that firing
sequences and computation paths correspond to each other in the sense shown above.

Lemma 6.6. Let j1:2({s + 1) - pV(G) be a marking of P.. Then, the following are equivalent:
(a) p is reachable in P,

(b) p is reachable in P, by some firing sequence that contains every transition t of every
gadget G, 4, 1 € [lg], d € 6, at most 2 times,
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( A

Ps

P

P

Figure 6.5: Solid borders encompass P, Py, P2, Ps, dotted borders encompass the gadgets, and dotted
lines indicate paths. P; emerges from P by adding gadget ;. This gadget consists of paths starting
at certain places of P and ending at a place p'"). These paths are used to transfer all tokens from jic
to p(). P, emerges from P; by adding gadget G'». This gadget consists of a single path from p(!) to
a place péZ), and is used to convert all tokens at p(") into a single token at pé2). P3; emerges from P,
by adding a number of transitions which are used to increase the number of tokens at péQ), distribute

them over the whole net Ps, or empty p((f) and subsequently the whole net.

(c) some marking ' with 1/ (p™)(G1)) > s + 1 is reachable in Py,
(d) M accepts x.

Proof. Let o be a firing sequence of P; leading to some marking 1. W.l.o0.g., we assume that
o = « - 3, where all occurrences of transitions of (z; constitute the suffix S of ¢ since otherwise,
we can permute o by pushing these transitions to the end of the sequence (while maintaining their
relative order), and obtain again a firing sequence. Let 1, be the marking reached by a. We observe

)
the upper bound z/(p™M (G,)) < Zie[ég—H] {w . The reason is that after firing tgl)(Gl)

once, we can increase the number of tokens at p(")(G) by 1. After that, we need four additional
occurrences of tgl) (G1) to do the same.

If P; were constructed from 75gss, then, by Lemma 6.2, y,, could not have more than 3 tokens at
any place pgl)(Gl), i € [ls + 1]. We want to argue that this also holds if P; is constructed from Pgg.
To this end, note that for every marking v reachable in Py there is a marking v’ reachable in 75gSS
such that the projection of v/ onto all input and output places covers the corresponding projection of
v. This can be shown in a similar fashion as the Lemma 6.3 but we won’t go into detail here.
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(1)

Figure 6.6: Instance G of gadget G,

Assume that P; was constructed from Pg. As argued above, ji, cannot have more than 3 tokens at
any place pgl)(Gl), i € [¢s+ 1]. Hence, there is at most one occurrence of each tgl)(Gl), i€ [ls+1],
in 8 which implies z/(p" (G1)) < 5 + 1. By this observation, the following are equivalent.

o (/(pV(Gh)) = s + 1,

o (/(pV(Gr)) = ls+1,

[ contains each transition of gadget (G; exactly once,

o i =y,

[to Testricted to the places of Py equals fieng, and
e M accepts .

Furthermore, if M accepts x, then, by the fact that M is in standard form, and by Lemmata 6.3, 6.4,
and 6.5, there is a firing sequence of length at most 2/ leading to ji,... This proves the lemma for
this case.

Now, assume that P; was constructed from Pg; or Pigr. The total number of tokens cannot change
by firing a transition of Pycr or Piger. This means that the total number of tokens at i, is £g + 1. This
together with the upper bound for z/(p™")) implies an analogous equivalence like before which proves
the lemma. L]

We now modify the net P; even further to obtain the Petri net P5. Let k denote the smallest power of
2 which is at least /g + 1. We add an instance (G5 of gadget GZ) 1 to the net which consists of a single
path (p)(G,) = pl(j)k, tl(j)k, pl(i)kq e t?), p(()Q)) such that all edges to transitions have multiplicity 2,
52), i € [ld k], contains one token
at the initial marking if the i-th least digit of the binary representation of k — (¢+ 1) is 1, and no token

the edges emanating from transitions have multiplicity 1, and place p
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otherwise. We remind the reader that /5 > 3 such that we do not need to consider the special case
where /g + 1 = 1. An example is illustrated in Figure 6.7.

p[(l2) péZ) ng) p§2) péZ)
2 2 2 2

O nOnnOn O n®
) ¢ t R

(2)
2

Figure 6.7: Example of gadget GG for the case /g + 1 = 10, where k — ({5 + 1) = 6 = 110,

Lemma 6.7. Let ji:= péQ) be a marking of ‘Ps. The following are equivalent:

e L is reachable in Ps,

e 4 is reachable in Py by some firing sequence that contains every transition t of every
gadget G, 4,1 € [lg], d € 6, at most 2 times,

e some marking ' with ,u(p((f)) > 1 is reachable in P, and

o M accepts x.

Proof. p((]Q) can be marked if and only if at least /5 + 1 tokens can be transferred to p*(G;). By
Lemma 6.6, the claim follows. O

Let P3 = (P,T, F, ) be the Petri net that is obtained from P, by adding, for each place p of
(3)
Ps, a distinguished transition t](g?’) with p(()2) AN 2p, as well as a distinguished transition ¢ with
(3)
p((]Q) “— 0, which can be used to remove tokens from p((f). This is the final Petri net we use to show

PSPACE-hardness for the problems of interest.

Lemma 6.8. The following problems are PSPACE-hard in the strong sense, even if restricted to
either a. o. gss-PNs, a. o. gcf-PNs, or a. o. igcf-PNs:

e zero-reachability,

reachability,

boundedness,

o SU,

SIU, and

® covering.
Proof. We first observe that P; satisfies the restrictions of the lemma. Furthermore, P3; can be con-

structed in time polynomial in the size |x| of the input for the decision problem L. We consider the
problems one after another.
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zero-reachability/reachability: The tokens of P can only be completely removed by transition ¢(3).
By Lemma 6.7, ¢® can only fire if the marking s:2 p\” is reachable. On the other hand, if 1 is
reachable, then firing ¢©® once at 4 yields the empty marking. Therefore, by the same lemma, the
empty marking is reachable if and only if M accepts z.

boundedness/SU/SIU: First note that, by Lemma 6.2 and by the fact that Py and Pigr are conser-

vative, Ps is bounded if p((f) cannot be marked. On the other hand, each place of P; is unbounded if

p(()z) can be marked. By Lemma 6.7, péQ) can be marked if and only if M accepts .

covering: By Lemma 6.7, the marking which has one token at péQ) and is empty at all other places

can be covered if and only if M accepts z. [

By Lemma 2.20, the RecLFS problem cannot be PSPACE-hard in the strong sense if NP #
PSPACE. Similarly to Theorem 5.12 for conservative Petri nets, we can, however, show that it’s
PSPACE-hard (in the weak sense) and subsequently PSPACE-complete.

Theorem 6.9. The RecLFS problem is PSPACE-complete, even if restricted to either a. o. gss-
PNs, a. o. gcf-PNs, or a. o. igcf-PNs.

Proof. By Lemma 2.19, the RecLFS problem is in PSPACE. To prove PSPACE-hardness, we use
the same strategy as in Theorem 5.12 for ordinary 1-conservative Petri nets. Let ® be a Parikh vector
of P5 defined as follows:

e O(t) = 2(7 for all transitions ¢ of the gadgets G, 4, 1 € [(s], d € 6,
e O(t) = 1 for each transition ¢ of the gadget GG (see Figure 6.6),

e O(t) for a transition ¢ of the path (see Figure 6.7) is chosen in such a way that firing these
transitions according to ® transfers all /s + 1 tokens at the input place of the path as well as
all remaining tokens on the path to the output place péQ) of the path,

o <I>(t,(33)) = 207 - 9] for all places p of the gadgets G; 4, ¢ € [{s], d € §, and

o ot =tg-10|- by -10].

2
P

(‘2) can never be fired, and ® is not
Po

enabled. If M accepts x, then, by the same lemma, there is a Parikh vector &’ < & with ¢’ (t](g?’)) =0
for all p € P, leading to a marking p at which pég) is marked. Now, CD(t;,‘g)) is, for each p € P, large

enough to flood the places of the gadgets G; 4, @ € [(s], d € §, with enough tokens to enable the

If M does not accept z, then, by Lemma 6.7, the transition ¢

remaining Parikh vector ® — @’ at ;1. Besides P, also ® can be constructed in polynomial time in |z
from the fixed Turing machine M and the input x. ]

As the last problem of this section, we consider the liveness problem. The difficulty is that the Petri
nets P, 75gss, Pect, and Pg.r exhibit the possibility to make “mistakes”, to fire “wrong” transitions
leading to deadlocks (i. e., markings at which no transition is enabled), even if M accepts z. In the
case of gcf-PNs, we can address this problem relatively easily.

Lemma 6.10. M accepts x if and only if some marking (1 with (1(pacc) > 1 is reachable in Pyy.
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Proof. By Lemma 6.4, the implication “=-"" immediately follows. The proof for the implication “<”
is similar to that of Lemma 6.4. Assume that some marking at which p,.. is marked is reachable in
Pect. Let o be some shortest firing sequence leading to such a marking . o must contain a transition
t"(fo’;) for some i € [(s], d € ¢ since we know that the last transition of ¢ is such a transition which
additionally marks p,... Similarly to the proof of Lemma 6.4 (induced by the proof of Lemma 6.3), we
can permute o to a firing sequence « such that 3 leads to a configuration marking: We pick the first
occurrence of a transition t°(G%%), i € [(s], d € J, and shift it together with ¢5,(G%)) and ¢ (G¥7),
which must precede tC(Gf,C;) in o to enable it, to the front of the sequence. By repeatedly applying
this argument, we find a permutation 3 of ¢ that leads to ji,... By Lemma 6.4, M accepts z. L

We remark that we could show an analogue lemma also for gss-PNs, whose proof would be similar
to that of Lemma 6.3. This would simplify the proofs for almost all propositions of Lemma 6.8 since
we could skip the constructions involving the gadgets G; and G, and only use a construction similar
to that used to obtain P3 from P,. However, using this by itself is insufficient to show PSPACE-
hardness for the zero-reachability problem. Recall that the asset of Ps is not only that we have the

place pé2) which is an indicator place for acceptance of x by M, but also that there is a marking at

which all places except p(()z) are unmarked which is reachable if and only if M accepts x. The same

cannot be said about P and p,... Therefore, p(()2) has stronger properties than p,.. which we need for

the zero-reachability problem. We continue with the discussion of the liveness problem of gcf-PNs.

Lemma 6.11. The liveness problem of gcf-PNs is PSPACE-hard in the strong sense, even if
restricted to a. o. gcf-PNs.

Proof. Let Py = (P, T", F', j1) denote the Petri net obtained in the following way from Py =
(P, T, F, o). Let k denote the smallest power of two that is at least /g + 1. As in the construction of

Ps, we add a path (pl(j)k, tl(j)k, pl(j)k_l o ,t§2), p((f)) whose initial marking is defined in such a way that

the path can reach the marking at which péQ) contains one token and all other places of the path are
unmarked if and only if at least £ + 1 tokens from outside of the path are transferred to pl(j)k (under the
premise that no tokens from outside of the path are transferred to some other place of the path). See

again Figure 6.7 for an example. Now, we add the following transitions:

e for each place p € P, a transition ¢ with p i pl(i)k,

o, . . 2 trese
® a transition t,.s; With p(() ) sty fg, and

L. . t
e for each place p € P’, a transition ¢, with p,c. — p.

If M does not accept x, then, by Lemma 6.10 and by the observation that even the new transitions
can only remove tokens from the original places or mark them with y again, p,. can never be
marked. (We remark that the original net Py is 1-conservative, and we can therefore not use the
original transitions to “cheat” by increasing the number of tokens and then using the path to obtain
a marking that properly covers the initial marking.) This means that the transition ¢, can never be
fired, and Pécf is not live. On the other hand, if M accepts x, then, by the same lemma, p,.. can
be marked. Consequently, for each reachable marking , there is a transition sequence containing
only the new transitions that leads from p to some marking p/ > pg. This implies that, for each
reachable marking 1, there is a transition sequence leading to some marking p’ at which p,.. is marked.
Furthermore, we can use the new transitions at y’ to increase the number of tokens at any place of the
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net. Hence, for each reachable marking ; and each transition ¢, there is a reachable marking x4’ such
that ¢ is enabled at 4/, i.e., Py is live. Note that Py can be constructed in time polynomial in ||
from the fixed Turing machine M and the input x. ]

6.2 Canonical firing sequences and SLSRs of reachability sets

This section is dedicated to derive enabled canonical permutations for firing sequences of gcf-PNs
such that each marking obtained when firing the permutation has polynomial encoding size in the
size of the Petri net and the end marking. This allows us to apply our framework of Section 4 to
obtain canonical firing sequences, and SLSRs of reachability sets. The canonical firing sequences of
gcf-PNs can also be used to obtain canonical firing sequences for igcf-PNs. This allows an application
of our framework also for the class of igcf-PNs. In the next section, we use the results of this section
to obtain complexity results for our problems of interest.

In the context of gcf-PNs, we use the following variation of the Parikh map: For a transition se-
quence o of a gcf-PN, W, (o) € {0, 1}™ is the 0-1-vector such that, for all transitions ¢, Vg (o) (1) =
lif and only if ¢t € o and *t' # *t for all transitions ¢’ € ¢ in front of the first occurrence of ¢ in o.

As our first step, we collect a number of fundamental observations. The implication of the first
one is that we can push certain transitions of a firing sequence to the front, obtaining again a firing
sequence.

Lemma 6.12. Let 0 be a firing sequence of a gcf-PN (N, po). If a transition t € Wgy(0pi41.]) is
enabled at j1g + A(07.4), then 07 4 - t - (041, = t) is a firing sequence.

Proof. Assume °t # (). Let o, J = ©+ 1, be the first occurrence of ¢ in o};41.], and assume
that ¢ is enabled at o + A(oy.q)). Then, ¢ is enabled at o + A(oy ;1)) since, by the choice of ¢,
A(oy.j—11)(*t) > A(oy.q7)(°t). Furthermore, since *oy;_y) # °t, oj_1) is enabled at 1 + A0 ;9 - ).
If *¢ = (), a similar argumentation can be applied. By iteratively performing pairwise switches, we
obtain the lemma. [

We will use this observation mainly in situations where we want to generate a firing sequence that
contains only transitions that consume tokens from places with a large number of tokens. The follow-
ing second observation is that a Parikh vector is enabled at some initial marking if this marking and
the end marking is large enough at all places contained in the preset of the transitions used by the
Parikh vector. We show it by using a permutation procedure nested within an induction.

Lemma 6.13. Let (P, T, F) be a gcf-PN, o a transition sequence, and p, i’ markings with
-+ A(o) = ' and p(p), (' (p) > W for all p € *o. Then, there is a permutation of o enabled at
w (and leading to 1).

Proof. For the empty sequence € and all markings ¢ = g/, the claim holds. Let o be a transition
sequence of length k£ > 0 and y, 1/ be markings satisfying the requirements.

Assume, the claim holds for all transition sequences of length less than k£ and for all markings
satisfying the requirements. If *c = (), then o is enabled at p, thus assume *c # (). We initialize
G < ¢ as the empty sequence, and ¢ < o. As long as |6| < k and there is a place p € *G with
A()(p) > 0, we choose a transition ¢ € & with *t = p, and set & <— ¢ -t as well as ¢ <— 7 =t. At the
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end of this procedure & is a nonempty transition sequence (since *c # ()), and enabled at . If & has
length £, then we are finished.

Otherwise, we have 0 < || < k. Then, & satisfies A(5)(p) € [-W, — 1] for all p € *. Consider
the sequence 7, and let u; == + A(7). Since |6| < k, and us(p) = (u+ A(G-0) — A(6))(p) =
(' — A())(p) > i/ (p) > W for all p € *a, we can apply the induction hypothesis to &, 1 and 5.
Hence, we find p 7, 5 for some permutation 6" of 7. In addition to 5 (p) > W forall p € *a, we
have 5 (p) = u(p) > W forall p € ®c \ *a, and thus p5(p) > W for all p € *G. By applying the
induction hypothesis to 7, i and p’, we obtain p5 L 1/ for some permutation ¢’ of 6. Therefore,
the permutation ¢’ - 3’ of ¢ is enabled at i and leads from p to p/'. O

This observation is very useful in situations where we have a firing sequence ¢ and a large marking /i,
and want to argue that some permutation of o is enabled at ;. We remark that this sufficient condition
is a crucial tool for obtaining permutations which only touch space-bounded markings when being
fired, and which are needed to satisfy the prerequisites of the framework. The reason is that, when the
marking is small, then, on one hand, we have no much choice in choosing the next transition from a
given sequence, and, on the other hand, we have no problem regarding the number of tokens anyway.
However, when the marking is already large, we don’t want to increase the number of tokens further
by firing transitions. Instead, we can use this sufficient condition, which ensures that the sequence of
interest is enabled.

The next observation is that a large enough increase of the number of tokens at some place by a
firing sequence with certain properties implies that the sequence contains a positive loop.

Lemma 6.14. Let P = (P, T, F, j19) be a gcf-PN, and B C P a subset of places. Further,
let 0 be a nonempty firing sequence of length k > 0 such that, for markings ; defined by
o ﬂ) M1 f—1 ﬂﬂ—> L, the following properties hold:

(a) *0c C B, and |*oy)| = 1 forall i € [k,

(b) pi—1(®op)) = max(p;—1, B) for all i € [k] (i. e., each transition removes tokens from a
place of B with the maximum number of tokens), and

(¢) max(ug, B) > max(uo, B) + 2|B|W.

Then, for some i € [k], the suffix oy; ) is a positive loop for some place of B.

Proof. Consider the disjoint intervals [max(ug, B) + 20W — 2W + 1, max(uo, B) + 2(W], £ €
[|B|]. Since max(j, B) is outside of all of these intervals, at least one of these intervals, denoted
by [a, b], must satisfy ux(p) ¢ [a,b] for all p € B. Leti € [0,k — 1] be the smallest index such
that max(u;, B) > a + W for all j € [i,k]. (Note that this index exists since max(pu_1, B) >
max(ug, B) =W >b—W +1 = a+ W.) We observe max(y;, B) < b since, by the choice of 1,
max(u;—1, B) <a+W —1=0b—W.Now, forall p € Bhavinga j € [i,k — 1] with z4;(p) € [a, b],
we observe p(p) > b, and therefore 1;(p) < ux(p), since, by the choice of 4, the token numbers of
these places can leave the interval [a, b] only by crossing the border b. This occurs for at least one
place of B. For all places which do not have such a j, we observe u;(p) < px(p) since the remaining
sequence leading from y; to y, does not remove tokens from them. Therefore, of;,1.) is a positive
loop for some place of B. O]



6.2. Canonical firing sequences and SLSRs of reachability sets 81

We will use this observation in a situation, where we actually know that a certain sequence does not
contain a positive loop for a subset B C P, and want to argue that the sequence does not increase the
number of tokens at places of B too much.

As our next step, we show how a given firing sequence of a gcf-PN can be permuted in such a way
that each prefix of the permutation leads to a marking that has polynomial encoding size. This is the
most important construction of this section, ensuring that we can apply our framework to gcf-PNs.
Our goal is to show that we can permute a given firing sequence o into a firing sequence ¢ such
that max(p, ) is small. However, a possibly surprising idea in the construction is the following:
We not only aim to keep the number of tokens at all places small but we also aim to ensure that a
place with a large number of tokens does not lose too many tokens, when other big places continue
to be big. That is, we want to trap the number of tokens of big places within an interval whose
smaller boundary is considerably larger than the maximum number of tokens at the initial and the end
marking (and whose size depends on the number of big places) to keep these places simultaneously
big. At first sight, it may seem counter-intuitive that we also need this lower bound for the number
of tokens at such places. The reason behind this idea is to prevent that the number of tokens get out
of control during long sequences that push tokens back and forth between two big places such that
these places alternate between being small and being big, while the total number of tokens continually
increases. Such a behavior would prevent us from being able to appropriately use the observations
made above.

Lemma 6.15. There is a constant ¢ such that, for each gcf-PNP = (P, T, F, 1) withn > 0 and
each firing sequence o, leading from g to some marking i, there is an enabled permutation
of o with max(jo, ) < (nmW + max(ug) + max(p) + 1)cC+m),

Proof. Let P = (P,T,F, 1) be a gcf-PN, and o a firing sequence leading to some marking .
We first observe that for m = 0 or W = 0, p is the only reachable marking, and max (g, ) =
max (o) < (nmW + max(pg) + max(p) + 1)¢"*™) holds for any ¢ > 1. Hence, in addition to the
prerequisite n > 0, we assume m > 0 and W > 0.

We define two special levels (i, := max{W, max(uo), max(iu,) + 1} and e 1= lpig + W. Addi-
tionally, for ¢ € [0, n], we define the levels ¢; := lge + W +i - (max{(1+ (n+m)W)"*" 2n} +1)W.
A place p is big at a marking i’ if 1/(p) > lyig, and firing if 1/ (p) > Chie.

Consider the following invariants for two transition sequences « and [3:

(i) a- s apermutation of o with p N L i w for some marking (i,
(i) max(po, ) < ¢,,, and

(iii) if there are b > 1 big places at p,, then max(pq) < lp_1.

For the empty sequence o = € and 3 = o, these invariants are obviously satisfied. Assume |a| < |0/,
and that « and f satisfy the invariants. We show how to extend « at the end by a sequence .y to a
longer transition sequUence (e, = (¢ - Qex, and how to obtain a corresponding sequence ey such that
Onew and [y again satisfy the invariants.

First, we consider the case that there are no places which are firing at 1. Then, we set ey 1= -
Bpys and Buew = B2.]. Onew and Sy, obviously satisfy property (7). For each place p that is big at
ta + A(Bpy), we have (o + A(Bp))) () < ta(p) + W < lire + W = {y. Hence, the properties (ii)
and (iii) are also satisfied.
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Next, we consider the case that there are places which are firing at 1. The following procedure is
divided into several steps, which are illustrated on a high level in Figure 6.8.

to —E— fa p [
B-sequence extraction
Mo a Mo v Ly Brest m
loop extraction
Ko a Mo N L Tk s ) Ly ﬁrest m
loopless sequence
fo Oy Ty ey Ty Py Oy Brest extraction
recombination
Lo [0 e ext ﬁext :U”Y ﬁrest L
merge
Ofl'lf!W new
Ho p m

Figure 6.8: The markings obtained when firing o are small. B-sequence extraction: Specific transi-
tions removing tokens from big places are cut out of S and pasted as a sequence 7. Loop extraction:
A maximal set of short loops 7, . .., 7, maximizing their total length is extracted from . Loopless
sequence extraction: A specific loopless sequence p is extracted from 0. Recombination: Specific
SeqUeNnCes (ext, Pext With Qext * Bext = T1*** The * P+ Opese AN |Qexe| € [1, |71 - - - T - pl] are defined. Merge:
We set ey = ¢ + Qlexy AN Spew := Pext * Prest- The markings obtained when firing o, are small. We
made progress.

B-sequence extraction. Let B be the set of places which are big at i, and b:=|B| > 1 their
number. Upper and lower bounds for the number of tokens of a big place p* € B as functions of time
are illustrated in (a) of Figure 6.9.

We initialize an empty transition sequence 7y < ¢, as well as [ <— 5. As long as there is a place
p € B which is firing at p, + A(y), we select the transition ¢t € W (frest) With p = °t, and set
vy 4 7y - t, as well as Presy ¢ Srest = t. Notice that ¢ must exist since, by (o + A(7))(p) > 1(p)s Prest
contains a transition that reduces the number of tokens at p.

Since each transition of v removes tokens only from a place with at least (g, = fpiz + W tokens,
at least (y;, tokens remain at this place after having fired the transition. Therefore, we observe f;, <
min(fiq, v, B).

Furthermore, -y is nonempty since 1, has a firing place. Let p., := p1, +A(7). Part (b) of Figure 6.9
illustrates the current situation. By Lemma 6.12, 7y - S is enabled at j1,. In total, we observe

Lo =5 fhe > Ly LN p, and  lyg < min(pug, v, B).

Loop extraction. In the following, we will continue to work only with the sequence . The
important property of -y is that every place of *y C B is big at u,. The sequence .y, Which we want
to construct, will be created from transitions of .
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Figure 6.9: (a) and (b) illustrate the development of the number of tokens at a place p* which is
big at u,, before and after the B-sequence extraction-step of the permutation procedure described in
Lemma 6.15. The number of tokens at p* is bounded from above and below by the respective curves.
The number of big places at j, is b. Dashed lines symbolize that the number of tokens can become
arbitrarily big.

Consider a loop ® < ¥(y) with maximal component sum, i. ., there is no loop ¢’ < W(~) with
Yorer @ (t) > > ,cr ®(t). Using Lemma 2.18, we decompose @ into small loops @1, ..., ®;, each
with component sum at most (1 4 (n + m)W)™*™. Since pu,(p) > W forall p € B, and *t € B for
all j € [k] and ¢t € ®; (by the construction of 7), we can use Lemma 6.13 to find transition sequences
1, ..., T, With ¥(7;) = ®,, j € [k], such that 7:=17y - - - 7}, is enabled at y,,. Let the markings vy, vy,
..., UV, be defined by p, Ty i € [0, k]. (In particular, this means vy = ji, and vy, = i)

Now, we show the important observation A(7)(p) < W for each p € B. Assume for the sake
of contradiction that A(7)(p) > W for some place p € B. Then, by the maximality of & = ¥(7),
() — W¥(7) does not contain a transition ¢ with p = *¢. Therefore, A(7)(p) = A(7)(p) + A(¥(y) —
U(7))(p) > W. But then, po(p) + A(y)(p) > lyig + W = U4, a contradiction to the fact that no
place of B is firing at ji.

Since all 7;, j € [k], are loops, we obtain A(ry---7;)(p) < W forallp € B and j € [k].
Furthermore, |7;| < (1 + (n 4 m)W)™*™ implies that max(0, 7;), the maximum displacement over
all places and prefixes of 7;, is at most (1 + (n + m)W)"™™W. We obtain max(v;_1,7;, B) <
Uy + W + (14 (n+ m)W)"™W < {, for all j € [k]. Our observations imply the first important
intermediate result of the proof:

max(fo, 7, B) < €, and min(v;, B) > by, forall j € [k].

We now consider = 7. Since min(y,, B) > min(fa, B) > by > W, min(p,, B) > lyg > W
and *(y~7) C B, we can apply Lemma 6.13 to v~ 7. This yields a permutation § of ~ =7 that is
enabled at .. The current situation is illustrated in Figure 6.10.

Loopless sequence extraction. We initialize another empty transition sequence p < ¢, as well
as Orest < 0. As long as there is a place of B which is firing at u, + A(p), we select a place p € B
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Figure 6.10: The development of the number of tokens at a place p* which is big at p,, after the loop
extraction-step

with max(p, + A(p), B) = (- + A(p))(p) and the transition ¢ € W (dresr) With p = °¢, and set
p < p-t,as well as dpeg < Orese =t It is important to note the difference of this selection procedure
compared to the one before. Here, we select a place of B with the largest number of tokens. Also
note that p is nonempty since some place of B is firing at 1, and therefore also firing at p, > piq.
Let 11, := it + A(p). By construction of p, we have min(su,, B) > fy,. By Lemma 6.12, we find

rest

Ho > 1z L 1y 2 o,

We observe max(ji,, B) = max(pa + A(7), B) < max(fq, B) + W < 6,1 + W. To see this,
assume for the sake of contradiction that max(f,, p, B) > (. Then, there is an ¢ € [|p|] such that
max(i, + A(pr.a), B) > by, > by + W + 2nW > max(u,, B) + 2nW. But then, Lemma 6.14
implies that p contains a positive loop, a contradiction to the maximality of & = W(7). Therefore,
max(p,, p, B) < l.

Our observations can now be summarized as our second important intermediate result:

61’65[

fo ~2 1y =%y, |7 pl >0, max(pia, v, B) <4, and
lrig < min(p,, B) < max(,, B) < .

The current situation is illustrated in Figure 6.11.

Recombination and merge. In the last step, we consider three cases. In the first case, there is
a smallest i € [k] such that some place p € P\ B is big at v;. Since v;(p') < lpy and max(0,7;) <
(1+ (n+m)W)"™W forall p’ € [P\ B] and j € [i — 1], we find max(pa, 71 -+ 75, P\ B) <
Uhig + (14 (n +m)W)" W < £,. We define qiex :="71 - * Ty, Bext :=Tit1 " ** Tk - P * Orest» and accord-
INgly Qpew := ¢ - Qiexy @S Well @S Brew := Pext - Prest- BY the observations made above, and by the fact
that there are at least b + 1 places that are big at v;, Qe and (e, satisfy (i)—(iii).

In the second case, the first case doesn’t apply, and there is a smallest i € [|p|] such that some
place p € P\ B is big at u. + A(pp4). An analogue argument as in the first case shows that
max(jiq, 7, P\ B) < {,. Moreover, by the choice of i, max(fir, pp..q, P \ B) < lig + W < £y, We
define Qex; := 17 * P[.i]» Bext = Pli+1.] * Orest» AN Qpew, Brew as before. Again, our observations and the
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Figure 6.11: The development of the number of tokens at a place p* which is big at p, after the
loopless sequence extraction-step

fact that there are at least b + 1 places that are big at p, + A(p[,_ﬂ) imply that ey and Spey satisfy
(1)—(iii).

In the third case, neither the first nor the second case applies. Then, analogue arguments as before
imply max(fiq, 7 - p, P\ B) < {;. Furthermore, by the observations made above, we find max(y,) <
lire < Lo. We define ey :=17 * p, Pext = Orest> AN Opeyys Fnew as before. Then, apey and Bye, satisfy
(1)—(iii).

Since |apnew| > || holds in each of these cases, we made progress. By iteratively applying this
procedure, we obtain a permutation ¢ of o such that sy — p and max(pg, ) < £y, i. e., all markings
obtained when firing ¢ contain at most ¢,, tokens at each place. Since n, m, W > 0, we observe that
each summand of

l, = max{W, max (o), max(p) + 1} + 2W + n - (max{(1 + nW +mW )" 2n} + HW

is at most (nmW +max (o) +max(p) +1)%™+™ for some constant d. Hence, we can find a constant
c € Nwith £, < (nmW + max (o) + max(p) + 1)c+m), -

The existence of canonical permutations as of Lemma 6.15 is the focal point for the application of
our framework developed in Chapter 4.

Lemma 6.16. There is a constant c such that the class of gcf-PNs is simple structurally f-f-
canonical, where f(n, m, W, K) = (nmW + K + 1)n(n+m),

Proof. Let P = (P, T, F, p) be a gcf-PN with n > 0 places. First note that the wipe-extension of
P is a gcf-PN itself, which has n’ :=n places, m’:=m + n transitions, maximal edge multiplicity
W’ :=max{W,1}, and initial marking g, := uo. Assume first that m, W > 0. Let o be a firing
sequence of the wipe-extension, leading to 0. By Lemma 6.15, there is a permutation ¢ of o satisfying

max(pg, ) < (n'm'W’ 4+ max(ug) + 1)0(”'+m')
= (n(m +n) max{W, 1} + max(uo) + 1) < (nmW + max(po) + 1),
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where c is the constant of Lemma 6.15, and d > 1 is some appropriately chosen larger constant. Note
that if one of the values m, W is 0, then max(y) < max(po) < (nmW + max(ug) + 1)4n+m)
for each marking u reachable in the wipe-extension. Hence, we can apply Theorem 4.2 for the
function f satisfying f (n,m,W,K) = (nmW + K + 1)4"+m™)_ By this theorem, the class of gcf-
PNs is f-f-canonical for some function f satisfying f(n,m, W, K) = (nmW + K + 1)d/”(”+m) >
((an + K + 1)d(”+m) + 1)2n, where d’ is some constant. Furthermore, the class of gcf-PNs is
closed under a change of initial markings, and we can check in polynomial space if a Petri net is a
gcf-PN. Hence, the lemma follows. [

The definition of simple structurally f-g-canonical classes is given in Definition 4.1. For convenience,
we specify (a slight simplification of) the corresponding canonical firing sequences in the following
corollary.

Corollary 6.17. There is a constant ¢ € N such that, for each gcf-PN P = (P, T, F, 1) and
each reachable marking 11 of P, there are k € [0, max(p) + u] and transition sequences &, &, oy,
e Qg 1, T1s - - - Ti, With the following properties, where u = (nmW + max(pg) + 1))

(@ &=ay T Qg Ty Tk - Qieq IS a firing sequence of length at most (k + 1)u leading
from pg to p,

(b) € =0y - gy is a firing sequence of length at most u, and

(¢) each T, i € [k, is a positive loop of length at most u enabled at some marking p* with
max(p*) < wand p* < pg+ Aoy - ag -+ - ).

Proof. This follows immediately from Lemma 6.16 and Definition 4.1. Note that the constant ¢ of
this corollary is chosen to be larger than the constant ¢ of Lemma 6.16 in order to simplify some terms
(e. g., the upper bound of the interval for k). L

As mentioned in Chapter 4, we call the sequence ¢ the backbone of the canonical sequence under
consideration. Furthermore, we call £ positive canonical sequence since it incorporates positive loops.

For some problems, we need another form of canonical firing sequence, which we construct in
the following. In contrast to those of Corollary 6.17, they will not incorporate positive loops but
negative loops instead. The stepping stone for the construction is a procedure that, given a firing
sequence (satisfying some conditions), permutes it in such a way that we obtain a firing sequence
which, among other things, has a suffix that is a negative loop.

Lemma 6.18. Let (P, T, F, 1) be a gcf-PN, and o a firing sequence leading to some marking
o such that p,(p) > W for all p € *o, and 1o(p*) > po(p*) + (0 + 3) - W for some place
p* € *0, where § = (max(p,) + W + 1)L, Then, there are transition sequences o, T and a
marking p* € {0, W}" such that

(@) o - T is a permutation of o With (g — li,,
®) (1o + A7) = pio,

(¢) T is a negative loop with A(7)(p*) € [—(nmW + 1)"*™, — 1] and A(7)(p) = 0 for all
PFD,
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) || < (nmW + 1)"*™, and
(e) (u* — A(1)) = p*, where u*(p) = W if us(p) > W, and p*(p) = 0 otherwise.

Proof. In the following, we will construct transition sequences o/, 7’ satisfying (a) and (b) (replace
a and 7 by o/ and 7’ there) as well as the property

) A(T)(p*) € [-6-W, —1] and A(7)(p) =0 forallp € P\ {p*}.

Property (c’) is weaker than (c) in the sense that (¢) implies (c¢’) but not the other way round.
Our first step to this end consists of finding transition sequences o, ¥y, - - ., ©s and markings v,
., Vg such that, for appropriately defined integral levels ¢y > ... > (5,1, the following properties
are satisfied for all i € [0, d]:

(i) vo 225 v,

(ii) v;(p) € [0, max(u,) + W] forallp € P\ {p*}, and

Moreover, these transition sequences shall be defined in such a way that we can use them later to
construct o and 7/. The general idea how we find these markings and sequences is illustrated in
Figure 6.12.

We first show how to construct . We initialize oy <— € as the empty sequence and ¢ <— 0. As long
as there is a t € W (1)) such that *t # p* and (o + A(ap))(*t) > ue(*t) + W, we set ag < oy - ¢
and ¢ < 1 =t. (Note that this means that we extend « by firing ¢ at marking po + A(ag).) We
stop, when no such ¢ exists (any more). After that, we define v := o + A(ap) and @q:=e€. (The
sequence g is a dummy sequence to avoid a special case when constructing the remaining sequences
©;, 1 > 0.) By Lemma 6.12, we observe 1o — 14 “, Ho-

Next, we define the levels (, .. ., {511 by {; :==1(p*) — i - W, i € [0,d + 1]. Note that properties
()—(ii7) are satisfied for ¢ = 0.

We proceed by recursively defining the remaining transition sequences and markings. For all 7 €
0], let ; and v; be recursively defined by ¢, := getSubSeq(i) and v; ;=1 + A(pg - - - ;). Further-

Funktion getSubSeq(iteration 7)

(p < empty sequence
¢rest — ¢'—(S00 T Qpi—l)
while 3t € Wy, (Vyes) = [(p* = *t and (v;_1 + A(p))(p*) > ;) or
(Fp e P\{p*}:p="tand (v,_1 + A(p))(p) > po(p) + W)] do
Pt
Yrest ¢ Yrest 2T

return ¢

more, we define oy :=0 L(p - ¢p - - - ¥s). Lemma 6.12 immediately implies that o - @ - -+ Qs * Trest
is a firing sequence which ensures property (i) for all ¢ € [§]. Using induction on ¢ € [0, 4], it is
not hard to show properties (ii)—(iii) for the remaining sequences and markings: Let ¢ € [§], and
assume that (ii)—(iif) hold for step ¢ — 1. Property (ii) and v;(p*) < ¢; of (iii) directly follow from the
definition of Function getSubSeq. Furthermore, v;_1(p*) > ¢; + 1 holds by the induction hypothesis.
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Figure 6.12: The sequences generated in the following consist of transitions of the original sequence o such that each occurrence of a transition of o
is used at most once in these sequences. Starting from /iy, we generate o which leads to a marking v such that vy(p) < max(u,)(p) + W for all
p € P\ {p*}, and A(ap)(p*) > 0. From there, we define levels ¢;, i € [0,0 + 1], and generate sequences ¢;, i € [], such that, when encountering the
respective corresponding markings v;, the respective number of tokens at each place p € P\ {p*} is still trapped within the interval [0, max(u,) + W],
and such that the number of tokens at p* is strictly decreasing, where v;(p*) € [¢;11 + 1,¢;]. By constructing a sufficient number of these sequences
and markings, we find i; < iy such that v;, (p) = v;,(p) forall p € P\ {p*}. The sequence ¢;, 1 - - - v;, =: 7" is then a negative loop for p*. Permuting
7" in an appropriate way yields the negative loop 7'.
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Subsequently, one iteration of the while-loop of Function getSubSeq cannot decrease the number of
tokens at p* below ¢; 1 + 1, which implies v; 1 (p*) > ¢;11 + 1. Thus, (iii) holds.

We continue the proof by defining o and 7’. By (ii), there are at most ¢ different projections of
the § + 1 markings v;, i € [0, 4], onto the places p € P \ {p*}. Hence, there are iy, iy € [0, 7],
iy < 19, such that v;, (p) = v,(p) forall p € P\ {p*}. Let cy:=w0- - ¥i;» 7" =Qi\41" " Pigs
9 1= Viyt1 " 5 * Tresty Qp,1 7= Q * 1, O 2 1= Q7 - g, and o/ =y - a1 - (g, see (a) of Figure 6.13.
(In this illustration, certain sequences are indicated to be enabled at certain markings. This follows
from the definition of the sequences and from our observations made above, in particular property (i).)

(@)
e PRI . " — . o o . . PR
Lo Q) Yo a1 = Qo Piy Vi, T Pir+1 Pio Vi, Piz+1 ©s Vs O'rest Lo
Vi, A2 = Qig+1 """ P65 ° Orest "
()
/ — . . /
Lo Q= Qg - 1o + A(e) T Lo
()
/ p— . .
1o + A() @ =% Ho
(d)
. Ti
Vielq: po— A1) =5 Ho
po — Ale) = o + A7) R Ho
a:aa 'OC'T"'T‘f . Ts e T T = T,
o 0°Q1 Qg T j=1"Tj+1 q 1o + Ala) Iy g

Figure 6.13: Observations for different steps during the construction of negative canonical firing
sequences of gcf-PNs

Property (iii) ensures A(7")(p*) € [—(i2 — 41 + 1)W, — 1], and therefore that 7" satisfies (c”)
(where 7 of (¢’) is identified with 7”).. This together with the assumption of this lemma implies
(vo + Aaq,2))(p) > pe(p) > W for all p € *7”. Therefore, we can apply Lemma 6.13 to the
markings vy + A(aq,2) (which is none other than iy + A(o)), p,, and the sequence 7” to obtain a
permutation 7" of 7”7 which is enabled at 1y + A(a/). Note that also 7’ satisfies (¢”) (where 7 of (¢”)
is identified with 7"). Next we observe that «, is enabled at v;, since «s is enabled at v;, and v;, > 15
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holds. Consequently, o - 7" is a permutation of o enabled at 11, and (a) follows, see (b) of Figure 6.13.

To show (b) for ', it’s only necessary to consider « ; since we already know that v, 22, . More-
over, it’s sufficient to verify that, forall j € [0, |ao1|—1]andp € P, (io+A(7")+A((co,1)1.57)) () =
min{W, (po+A((ao,1)1.5))(p) } holds since this implies that the marking (110+A(7")+A((0,1)1.5))
enables the next transition (v, 1)j11]. Since, by (¢’), 7" does not change the number of tokens at some
place other than p*, this sufficient condition remains to be shown for p*, which we do now.

We first consider «y. Since po(p*) + A(7)(p*) > W and p* ¢ °ap, we find (o + A(7') +
A(().51)) (p*) = W forall j € [0, || — 1].

Next, we consider oi; = @1 - - - ;,. By (iii), we find

vilp") > lipa+1 >0, =l + W =v5(p") — (i1 + 1) - WHW > puo(p*) — (i1 +1) - W+ W
> e (P)+(04+3) W = (i1 +1) WH+W =p,(p*)+ (0 —iy +1)- W+ 2W
> (0 —ip+1)- W +3W

for all i € [0,4; — 1] (remember for this sequence of inequalities the prerequisite i, (p*) > W). By
property (iii) and the definition of Function getSubSeq, we observe A((y;);.;7)(p*) > —2W for all
i €[0,0], 7 € [0, [wil]. Thus, (v; + A((@ir1)(.1)) (") = (6 — i1 +1) - W + W foralli € [0,i; — 1]
and j € [0, |¢;41|]. Adding the displacement of 7" yields (v; + A(7') + A((@it1)1.5)) (P*) = —(t2 —
W+ 1W+ (6 —ip+1)-W+W > Wforall i € [0,i; — 1] and j € [0, |p;11]]. This implies
(o + A(T) + A((a1).5))(p*) > W for all j € [0, |ay| — 1]. In total, (b) follows for o, see (c) of
Figure 6.13.

So far, we have shown that o’ and 7’ satisfy (a), (b), and (¢’), but not necessarily (c). We now define
sequences « and T satisfying (a)—(c). The following observations are illustrated in (d) of Figure 6.13.

We apply Lemma 2.18 to the inverse net of P and W(7’), and obtain nonpositive loops @, ..., @,
with min(®;) > —(1+ (n+m)W)"*™ > —(nmW +1)°"*™ for all i € £ and some constant ¢ € N,
and U(7') = Y7 | ®,. By property (c’) and by the fact that (u, — A(®;))(p) > po(p) > W holds
forall p € *c D *7; and i € [¢], we can apply Lemma 6.13 to find nonpositive loops 7, ..., 7, with
U(r;) = ®; and p, — A(r;) = p, for all i € [g] such that, for some j € [q], 7; =: T is a negative
loop satisfying (c¢) and (d). Correspondingly, we define o :=a' -7y - -~ 7j_y - Tj11 - - - 7,. Note that - 7
is a firing sequence since ' is enabled at y, — A(’) (i.e., property (b)) and each 7, i € [g], is a
nonpositive loop enabled at p, — A(7;). Hence, v and 7 satisfy (a)—(e). ]

We obtain the following canonical firing sequence by first permuting a given firing sequence ap-
propriately, and then iteratively applying Lemma 6.18 as well as Corollary 6.17. Since the most
characteristic property of this canonical sequence is that almost all transitions are contained in short
negative loops, we call it negative canonical sequence.

Lemma 6.19. There is a constant ¢ € N such that, for each gcf-PN P = (N, po) and each
marking (1 reachable in P, there are k € [0, n - max(ug)], transition sequences «, 3, i, . .., Tk,
and a marking p* € {0, W}" such that

(@) a- 7117 - B is a firing sequence leading from g to [,
(b) a - B is enabled at (u — A(a - B)) with o - B| < (nmW + max(p) + 1) (v+m),

(¢) po+ A1+ 71) > p*, and
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(d) each T, i € [k], is a negative loop with

(i) A()(p*) € [=(nmW + 1)*+™) 1] for some place p* and A(7;)(p) = 0 for all
p# P
(ii) |7 < (nmW + 1)"+™) and
(iid) (p* = A(m)) = p.

Proof. As usual, we assume n, m, W > 0 since the lemma holds otherwise. Let i be a reachable
marking, and p be a firing sequence leading to p.

We want to show the lemma by repeatedly applying Lemma 6.18. However, this lemma requires
that the sequence o which we are applying the lemma to satisfies y,(p) > W forall p € *o. Therefore,
we extract such a sequence from p as follows.

First, we initialize 0 < € and pey < p. As long as there is a transition ¢ € Weg(pres) With
(o + A(0))(°t) > 2W, we set 0 < 0 - t and pregt <— prest = t. At the end of this procedure, we define
o = o + A(0). Tt is easy to see that o has the desired property.

Now, we iteratively apply Lemma 6.18 as long as possible, using (P, T, F', o + A(71 -+ 7_1)),
a;_1, and p, in the ¢-th iteration, where 7; and «; (with oy = o) denote the sequences resulting
from the i-th application of the lemma. Let ¢ < n - max(xg) denote the number of applications
of Lemma 6.18, and p* the marking defined in Lemma 6.18. We remark that oy is the “residual”
sequence which remains of o after we have extracted the negative loops 74, ..., 7,. We first observe
that, by Lemma 6.18, the negative loops 7;, i € [¢], satisfy property (d).

Next, we find (11, — A(ay)) 25 pe > p*. Furthermore, max(p,) < max(u) 4+ 21 holds. To
see this, assume max(y,) > max(u) 4+ 2W for the sake of contradiction. Then, there is a transition
t € Wt (prest) With (o + A(0))(°t) > 2WW which, by the construction of o, cannot be the case. By
this, we find

max (i, — Alay)) < max(p,) + (0 4+ 3) - W
< max(pty) + ((max(pe) + W+1)""14+3)- W
< (max(p) 4+ 2W)*"

for some constant a € N. We apply Corollary 6.17 to the markings (1, — A(ay)) and i, and obtain
a transition sequence « (i. e., sequence & of Corollary 6.17) with (p1, — A(y)) = (e — Aa)) = pi.
The sequence « is not necessarily a permutation of ay, but has the same displacement. In particular,
we have p1g = (1o + Ala)) =% p, > p*, meaning that (c) is satisfied. Let ¢ denote the constant
of Corollary 6.17 (the constant ¢ of the Lemma we are proving at the moment is somewhat larger
than the constant ¢ of Corollary 6.17). Furthermore, let  and k be the numbers of this particular

application of Corollary 6.17. Using the bounds given above, we find

laf < (k+ Du < (max(u,) + (nmW + max(p, — Alay)) + 1))
< ((max(u) +2W) + (nmW + (max(u) + 2W)*" + 1>cn(n+m))2
< (nmW + max(p) + 1) (+m)

for some constant d. Last, we apply Corollary 6.17 to the markings y, and p, yielding a transition

sequence [ (i. e., sequence & of Corollary 6.17) with p,, LN w. Let u, k the numbers of this particular
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application of Corollary 6.17. Then, we observe

1Bl < (k+1)u < (max(u) + (nmW + max(p,) + 1)cn(n+m))2

(max(p) + (nmW + max(p) 4+ 2W + 1)0"(n+m))2

<
< (nmW + max(p) 4 1)dnnm)

for some constant d € N. The observations above imply (y, — A(@)) = 1o LN i as well as

fo = (ko + A(a)) — py LN . This together with the bounds on || and | 3| ensures properties
(a) and (D). ]

By reversing negative canonical firing sequences of gcf-PNs, we obtain positive canonical firing
sequences of igcf-PNs.

Corollary 6.20. There is a constant ¢ € N such that, for each igcf-PN P = (N, uo) and each
marking v reachable in P, there are k € [0, n - max(u)|, transition sequences «, (3, 11, ..., Tk,
and a marking p* € {0, W}" such that

(@) a- 11T - B is a firing sequence leading from g to L,

(b) « - B is enabled at g with |o - 8] < (nmW + max(pg) + 1) (vtm),
(©) po+ Ae) > 1, and

(d) each T, i € [k], is a positive loop with

(i) A1) (p*) € [1, (nmW +1)+™)] for some place p* and A(1;)(p) = 0 for all p # p*,
(i) 7] < (nmW + 1)e+™) | and

(iit) T; is enabled at *.

Proof. Lemma 6.19 implies the corollary by considering the inverse net of P, as well as . as the
initial marking and p as the end marking. [

Corollary 6.21. There is a constant ¢ € N such that the class of igcf-PNs is simple structurally
f-g-canonical, where f(n,m, W, K) = (nmW + K + 1) 0+m) and g(n, m, W, K) = 2.

Using our framework of Chapter 4 and the canonical firing sequences given here, we obtain con-
structions for SLSRs of the reachability sets of gcf-PNs and igcf-PNs.

Lemma 6.22. Given a (generalized) communication-free Petri net P = (P, T, F, ), we can
construct an SLSR of R(P) in (doubly, resp.) exponential time.

Proof. For ct-PNs, the claim follows from Theorem 3.14. We now consider the class of gcf-PNs. By
Lemma 6.16, this class is f-f-canonical, where f(n,m, W, K) = (nmW + K + 1)™+™ for some
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constant c. Obviously, it is also simple structurally f-f-canonical. Hence, by Theorem 4.4, there is a
polynomial p such that we can construct, for a gcf-PN P, a SLSR of R(P) in time polynomial in

(max (o) + 2 (n,m, W, max (o) )W)/ (- W, max(uo)n.,
. 2P(size(7’))+n 1d(f(n, m, W, max(po)+2f(n,m, W, max(po))W)) g

2 22p(size(73)) . 2p(SiZC(P))+n 1d(2p(size(73))) 2 22p(size(P))

O

This construction is reminiscent of that given in Section 3.2 for SLSRs of reachability sets of cf-
PNs which uses results of Yen [Yen97], and yields SLSRs of single exponential encoding size. The
difference in the encoding sizes between these SLSRs for cf-PNs and the SLSRs of Lemma 6.22
for gcf-PNs does not result from the slight differences between the canonical firing sequences of cf-
PNs (given in [Yen97]) and gcf-PNs themselves (in fact, our canonical sequence can also be used to
generate the semilinear representations for cf-PNs in single exponential time). Rather, it results from
the following.

For cf-PNs, we used that each loop that is intermediately enabled by some backbone can be parti-
tioned into suitable loops which are intermediately enabled by every other backbone with the same
Parikh image. Therefore, it is sufficient to only consider one of these backbones. This results in a
single exponential number of relevant backbones, and therefore in a single exponential number of
linear sets, each of single exponential size. However, the same strategy fails in the case of gcf-PNs
since the order of the transitions is much more relevant for gcf-PNs than for cf-PNs: firing transitions
in a certain order can intermediately enable loops that cannot be partitioned further and that are not
intermediately enabled by firing the same transitions in some other order. This is illustrated in Fig-
ure 6.14. Hence, to improve the upper bound on the size of the SLSRs for the reachability sets of
gcf-PNs, some other or a refined approach will have to be found.

Figure 6.14: The firing sequences t,t1t5to and t1t5t1t5 have the same Parikh image but only the first
sequence intermediately enables the positive loop 5.

Lemma 6.23. Given a igcf-PN P = (P, T, F, ug), we can construct an SLSR of R(P) in expo-
nential time.

Proof. By Corollary 6.20, the class of igcf-PNs is simple structurally f-g-canonical for functions f
and g with f(n,m,W,K) = (nmW + K + 1)(**™) for some constant ¢ and g(n,m, W, K) = 2.
Hence, by Theorem 4.4, there is a polynomial p such that we can construct, for an igcf-PN P, a SLSR
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of R(P) in time polynomial in

(max(go) + 2 (n, m, W, max(yzg)) W90 m: W, max(uo)n,
. 2p(size(7’))+n 1d(f(n,m, W, max(po)+2f(n,m, W, max(uo))W)) TS

2 oplsize(P)) | op(size(P))+n1d(27C=P)) T op(size(P))

6.3 Complexity results

In this section, we bring together the lower bounds discovered in Section 6.1 and the upper bounds
provided by applying our framework of Chapter 4. For most of our problems of interest this yields
PSPACE-completeness. We remark that PSPACE-completeness of the RecLFS-problem has already
been shown in Theorem 6.9.

Theorem 6.24. The following problems for gcf-PNs and igcf-PNs are PSPACE-complete in the
strong sense, even if restricted to either a. o. gss-PNs, or a. o. gcf-PNs, or a. o. igcf-PNs:

e zero-reachability,
e reachability,

e boundedness, and
® covering.

The liveness problem of gcf-PNs is PSPACE-complete in the strong sense, even if restricted to
a. o. gcf-PNs. The liveness problem of igcf-PNs is in PSPACE.

Proof. The lower bound for the zero-reachability, the boundedness, and the covering problems are
shown in Lemma 6.8. Let f be a function defined by f(n,m,W,K) = (nmW + K + 1)0”2(”“”).
Then, by Lemma 6.16 and Corollary 6.21, the class consisting of all gcf-PNs and igcf-PNs is simple
structurally f-f-canonical. By Theorem 4.3, the reachability, and the covering problems of gcf-PNs
and igcf-PNs are decidable in space polynomial in

P
size(P) + size(u) + nld f(n,m, W, max(ug)) + r < size(P) + size(u).

Similarly, the boundedness problem is decidable in space polynomial in

P
size(P) +nld f(n,m, W, max(uo)) + r <size(P).

By Theorem 4.5, the liveness problem of gcf-PNs and igcf-PNs is decidable in space polynomial in

size(P) + nld(f(n,m, W, max(uo) + f(n,m, W, max(uo))W)) +r ; size(P).

The lower bound for the liveness problem of gcf-PNs is shown in Lemma 6.11. ]



6.3. Complexity results 95

Theorem 6.25. The containment and the equivalence problems of gcf-PNs and igcf-PNs are
PSPACE-hard in the strong sense, even if restricted to either a. o. gss-PNs, a. o. gcf-PNs, or a. o.
igcf-PNs. Furthermore, these problems are decidable in doubly exponential space for gcf-PNs,
and in exponential space for igcf-PNs.

Proof. We first show PSPACE-hardness for these problems. Consider the wipe-extension 733 of the
Petri net P3 = (P T, F, o) constructed in Section 6.1. Observe that M accepts x if and only if
every markmg of 733 is reachable in 773 We construct a gss-PN P = (P, T, F, uo) with the same
places as 773 and, for each place p € P, two transitions ¢, and ¢, for each place p € P such that

0 2 p and p nt—p> 0. Note that every marking of 733 is reachable in P. Hence, M accepts x if and
only if R(P) C R(Ps) if and only if R(P) = R(Ps). Now, we prove the upper bounds for these
problems. As before, let f be a function defined by f(n,m,W,K) = (nmW + K + 1)0”2(”+m).
Then, by Lemma 6.16 and Corollary 6.21, the class consisting of all gcf-PNs and igcf-PNs is simple
structurally f-f-canonical. By Theorem 4.6 and Lemma 6.16, there are polynomials p, p" such that
the equivalence and containment problems of gcf-PNs are decidable in space polynomial in

(K + QUIK)UQ?’L . 2p(s+nld(u3)) 4

g (K +2f(n,m, W, K)K)f(n, m, W, K)n | op(st+nld f(n,m, W, K+2f (n,m, W, K)W)) ; 22p'(s>.

In case of igcf-PNs, Theorem 4.6 and Corollary 6.21 imply the existence of polynomials p, p’ such
that the equivalence and containment problems are decidable in space polynomial in

(K + 2u K )ven . gpletnld(us)) 4.
% (K + 2f<?7,, m, W, K)K)Qn . 2p(s+n1df(n,m,W,K—i—Qf(n,m,W,K)W)) ; 2}7'(5)'
]

We now consider home spaces of gcf-PNs and igcf-PNs. Using the SLSRs of their reachability sets
provided by our framework, we can show the following results.

Theorem 6.26. Given a (generalized) communication-free Petri net P, we can
(a) determine if P has a finite home space,
(D) determine a minimal finite home space if a finite home space exists, and
(c) determine an SLSR of a home space,
all in (doubly, resp.) exponential space.
Proof. We first prove that a gcf-PN P = (P, T, F', 119) has a finite home space consisting of markings
whose components are at most exponential in the size of P, provided P has a finite home space at all.
To this end, assume that P has a minimal finite home space ‘HS.
The general idea is: If there is a large marking in the home space, then the positive loops contained

in the canonical firing sequence leading to this marking imply the existence of an even larger reachable
marking. Then, the existence of negative loops in the canonical firing sequence leading from such a
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very large reachable marking to a marking of the home space implies that, by using these negative
loops, also the large marking in the home space can appropriately be decreased, yielding another
home space with some smaller marking than the original home space.

Let x := max{max(u) | 4 € HS} be the maximum component over all markings of HS. Assume
that there is a marking p* € HS such that, for some place p*, u*(p*) > po(p*) + (nmW +max (o) +
1)er(n+m) ., where c is the constant of Corollary 6.17. Since, by the minimality of HS, u* is

reachable, the same lemma implies that there are sequences «, (3, 7 such that 7 is a positive loop for

p* and g *Th, w*. Therefore, p* is unbounded, ensuring the existence of a reachable marking x

with (p*) > z+ (nmW +x + 1)’ (") where ¢ is the constant of Lemma 6.19. Then, by the same

lemma, there is a marking p/ € HS (with max(p') < ) such that p RN i/, where T is a negative
loop for p*. For the following argumentation, ;. and y’ aren’t needed anymore. Important is only the
existence of some negative loop (i. e., 7) that decreases the number of tokens at p*.

We shift our attention back to p*. Let p be a transition sequence enabled at p* that is obtained
by greedily firing as many transitions of 7 as possible. Let v* be the marking reached by firing p
at p*. Then, we observe v*(p*) < p*(p*) and v*(p) < max{u*(p), W} for all p # p*. To see
this, assume for the sake of contradiction that v*(p*) > u* or v*(p) > max{u*(p), W} for some
p # p*. If v*(p*) > p*, then T = p contains a transition ¢ with *t = p* since 7 is a negative loop for p*.
Obviously, ¢ can be fired at v*, contradicting the maximality of p. If v*(p) > max{u*(p), W}, then
an analogous argument holds.

Therefore, we can replace p©* by v* to obtain another home space. Iteratively applying this argu-
ment yields a home space HS* such that max(p) < pio(p*) + (nmW + max(pg) 4 1)) .1 for
all 4 € HS™. In other words, if P has a finite home space, then it has a finite home space which con-
sists of at most exponentially many markings (more precisely, at most (yo(p*) + (nmW + max(ug) +
1)enn+m) 17 4 1)™), each of polynomial encoding size.

All such sets of markings that are candidates for minimal finite home spaces can be enumerated in
exponential space. We now show how to decide for such a candidate set M if it is a minimal home
space. To determine whether M is minimal, we simply test for all u, ' € M if u — /. If this is the
case for such a pair of markings, then we discard p since M \ {y} is also a home space and therefore
M is not minimal. By Theorem 6.24 and the bounds on the encoding sizes of ;1 and p/, this test
can be performed in polynomial space in size(P) (not including the space needed to store M, which
is (at most) exponential in size(P)). Now, assume that A/ is minimal in this sense, and we want to
determine if it is a home space. Let (NN, 11o) denote the inverse net of P, and let S L x, mr) be the SLSR
which is obtained by combining the SLSRs of all reachability sets R(N, i), u € M. By Lemma 6.23,
SL(x, ury can be constructed in exponential time. The set SL ) contains all markings p for which
a marking p € M with ¢/ — p exists, i. e., all markings from which we can reach a marking of M in
P. Let SLz(p) be the SLSR of R(P) as of Lemma 6.22. SLz(p) can be constructed in exponential
time if P is a cf-PN, and in doubly exponential time if P is a gcf-PN.

Our candidate M is a home space if and only if SLgp) € SL(y ar) (We remark that an analogue
observation regarding Petri nets and their inverse nets in the special case of home states was made
by Melinte et al. [Mel+02]). By Corollary 2.5, this condition can be checked in polynomial space in
size(SLr(p)) + size(SLy ar)), i.€., in exponential space respectively doubly exponential space in
size(P). Moreover, if no candidate ) is a finite home space, then P doesn’t have one. In this case,
SLypy is an SLSR of the trivial home space R(P). O
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It was shown by Frutos Escrig and Johnen [FEJ89] that the following problem is decidable: Given a
Petri net P, and an SLSR S £ consisting of LSRs having the same periods, is S £ a home space of P?
Note that this problem generalizes the home space recognition problem as defined in Theorem 5.14.
The following theorem improves on this bound in case of igcf-PNs. In particular, it does not require
any restrictions on the given SLSR.

Theorem 6.27. Given an inverse (generalized) communication-free Petri net P = (P, T, F, )
and an SLSR SL = @le L(¢;, 11;), we can determine in (doubly, resp.) exponential space if SL
is a home space of P.

Proof. The proof idea is straightforward. Given the inverse (generalized) communication-free Petri
net P, we first show that we can construct, in (doubly, resp.) exponential time, a SLSR S, of the set
M which consists of all markings from which we can reach some marking of SL. Given SL,;, we ask
if SLrp)y € SLy, where SLr(py denotes the SLSR of R(P) given in Lemma 6.23. This is the case
if and only if SL is a home space. Since, by Lemma 6.23, SLz(p) can be constructed in exponential
time, and the containment problem of SLSRs is, by Corollary 2.5, decidable in polynomial space, the
theorem then follows.

We now present the construction for SLy;. Let N :=(P, T, F’) be the unmarked (generalized) cf-
PN that is the inverse Petri net of P. The important observation is that M = |J ., R(IV, p1). Hence,
we extend NV to a (generalized) cf-PN P’ = (P',T", F’, i) by adding control places and transitions
such that the original places of P’ can be marked with each marking ; € S L by some firing sequence.
Starting from such a marking, the original transitions can be applied to reach any marking of M for
the original places P. In particular, our construction will ensure that only these markings can be
reached.

The following construction is illustrated in Figure 6.15. We introduce a new place ¢,;, as well as,
for each LSR L((;, I1;),

e aplace ¢,
e a transition 7; with ginie — ¢; + Zpe »Ci(p) - p, and

e for each period 7 € II;, a transition r, with ¢; — ¢; + Zpe pT(p) - p.
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p1 b2 /‘I T s , P4

(D)
SL = L(¢,{m.1,m1.2}) © L( 2, {m2.1}), where
Cl = (]_,2, 3,4),7’(’171 = (7, 1,3, 0),7’(’172 = (3, 1, 1,2)
CQ = (3, 2, 5, 6),7’(’2,1 = (2,8, 2, 3)

(c)
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Figure 6.15: (a) illustrates an igcf-PN P, (b) an SLSR SL, (c¢) the inverse net N of P (which is a
gcf-PN), and (d) the gcf-PN P’ as defined in the proof of Theorem 6.27, where, for the sake of clarity,
the original transitions of /V are gray and the new transitions are black.
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The initial marking is s, = ginit- Note that, even though a transition 7, could add more tokens to the
original places after some original transitions of 7" have already been fired, we can w.1. 0. g. assume
all occurrences of r, took place before all occurrences of original transitions. We conclude that the
projection of all reachable markings of P’ to the set P of original places equals /. Thus, we compute
a SLSR of R(P’) and project it to the original places of P (i.e., to the first n components), yielding
a SLSR of M. If P is an inverse (generalized) cf-PN, then P’ is a (generalized, resp.) cf-PN, and, by
Lemma 6.22, S£,; can be computed in (doubly, resp.) exponential time. [

Even though both theorems refer to (seemingly) very similar problems, it is an open problem how to
prove an analogon of Theorem 6.26 for igcf-PNs or an analogon of Theorem 6.27 for gcf-PNs.

6.4 Exponent-sensitive grammars

We refer to Section 2.5 for the definition of commutative grammars. Based on our results for gcf-PNs,
we can give complexity results for the uniform word problem of a new class of commutative grammars
we call exponent-sensitive commutative grammars (ESCGs). An ESCG is commutative grammar
(Vw, Vi, P, s) such that P C V¢ x (VyUVr)®. In other words, productions of an ESCG can substitute
many occurrences of a single variable x € Vy at once by variables and terminal symbols. Hence, in
a certain sense, ESCGs are not entirely context-free. Note, though, that the families of ESCGs and
of context-sensitive commutative grammars (CSCGs) are incomparable: ESCGs allow productions
substituting a commutative word by some shorter commutative word, which is not allowed for CSCGs,
whereas productions of CSCGs can substitute a word consisting of different variables, which is not
allowed for ESCGs. We can show that the uniform word problem of ESCGs (see Definition 2.3) has
the same complexity as the reachability problem of gcf-PNs.

Theorem 6.28. The uniform word problem of ESCGs is PSPACE-complete in the strong sense.

Proof. Using canonical Petri nets of ESCGs and canonical commutative grammars of gcf-PNs (see
Section 2.5), we observe that the uniform word problem of ESCGs and the reachability problem of
gcf-PNs are reducible to each other in polynomial time. Thus, Theorem 6.24 implies that the uniform
word problem of ESCGs is PSPACE-complete in the strong sense. O

We now introduce the corresponding non-commutative analogon of ESCGs called exponent-sensitive
grammars (ESGs). A grammar G = (Vy, Vi, P, s) is exponent-sensitive if P C {1 | 2 € Vy} x
(Vy U Vp)*. We say that G is in ESG normal form if, for each production p € P, there are A € Vi
and B, C' € Vp U Vy such that p is one of the productions A — BC, AA — B, or A — e.
Note that similarly to ESCGs and CSCGs, the classes of ESGs and context-sensitive grammars are
incomparable. In the following, L(G) = {w € V} | s —=* w} denotes the language generated by G.

Theorem 6.29. For each grammar G, we can, in polynomial time, compute a grammar G’ in
ESG normal form such that L(G) = L(G').

Proof. Let G = (Vy, Vr, P, s) be an unrestricted grammar such that, w. 1. 0. g., each production has at
most two symbols on each side, and the symbols on the left-hand side are only variables. In addition,
we assume w. 1. 0. g. that we have no productions of the forms AB — C, AB — ¢ and A — (' since
these can appropriately be substituted by a set of new productions of the form AB — C'D and A — ¢
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using additional variables. Therefore, we only have to show how to replace productions of the form
AB — CD by productions allowed for grammars in ESG normal form.

Assume that there is a production p = AB — C'D € P. In the following we show how to obtain a
grammar G = (V, %, P\ {p} UP,, s) (i.e., we obtain G from G by replacing p by a set of productions
P,) generating the same language as G such that V' C V, and each production of P, is either allowed
for grammars in ESG normal form or has the form A’A" — B'C'D’'E’ or A’A’ — €. Productions of
the additional forms are used for convenience only and can easily be replaced by productions having
the desired form.

Let P, consist of the productions A — LX, B —+ XR, XX — LCDR, LL — ¢, and RR — &,
where L, R, X are new variables not contained in V. We first show that two nonempty maximal
subsequences of the form L*X*R* (i.e., not properly contained in some subsequence of this form)
cannot overlap. To this end, assume that there is a substring a7y with |3| > 0 such that both o and
[ are of this form. Then || > 0 or |y| > 0. Assume |a| > 0. If 8; = L, then « is of the form L*
and [~ of the form L*X* R, a contradiction to 3 being maximal. If 8;; = X, then « is of the form
L*X* and B of the form X*R*, again a contradiction. If 3;;) = R, then « is of the form L*X*R*
and [~ of the form R*, a contradiction. The case |y| > 0 is analogous.

In the following, we write X (Xg, resp.) for a symbol X produced by a production A — LX
(B — X R, resp.). We now prove by induction the structural invariant that, for each word w generated
by a sequence of productions of GG, each of its nonempty maximal subsequences L” X * R? has the form

(i) LPR? where p and q are even,

(if) L X R? where p is odd and ¢ is even,
(iti) L? XrR? where p is even and q is odd, or
(iv) LP X XrR? where both p and ¢ are odd.

This is obviously true for the word consisting only of the start symbol s. Assume it for all words
obtained by a sequence of k — 1 productions of G. If the k-th production p doesn’t change the
structure of nonempty maximal subsequences of the form L*X*R*, then the invariant holds for the
word resulting from this k-th production. Therefore, we assume that p changes this structure. We first
consider the case p ¢ F,. Keep in mind that p cannot operate on the symbols L, R or X. Therefore, p
can change the structure only by gluing two nonempty maximal subsequences to a longer subsequence
by deleting symbols between them. One could think of a structural change by first making two such
subsequences neighbors resulting in again two nonempty maximal subsequences, where one sequence
is longer than the sequence it stems from, and the other one is shorter. However, this is prevented by
the maximality condition and the fact that two maximal subsequences cannot overlap. By carefully
investigating all 16 possibilities of merging two such sequences of the form (i)—(iv), we find that the
invariant holds after the merge.

We list the different possibilities how two such subsequences can merge in Table 6.1. The proper-
ties given in the fourth column holds under the premise that the invariant holds before the application
of the production and both subsequences are merged resulting in a structural change. These properties
imply that the invariant holds again after the merge. The case (iii)&(iii) is symmetrical to (ii)&(ii),
(iv)&(i) 1s symmetrical to (7)&(iv), and all other cases involving (iv)-sequences are impossible since
the resulting sequence would contain two X separated by a nonempty string of the form L or R*
which is incompatible with the form L* X* R*.
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Left sequence Right sequence Resulting sequence Propertics
Type Form Type Form Type Form P
) ) b (@) LPR1H or p,q, P, q even,
LP q LP q , ,
@ 1 @ h () LMY RI (g=0orp =0)
/
() LPRT | Gi) LPX,RT | Gi) LMY X RY P VR,
podd,qg=0
/
() LPRT | (Gii) LPXpRY | (i) LP*P XpRY PP eV,
q odd,q=0
() LR | (v LYX XpRY | v X XpRY | PEVEMI=0
P, q odd
/
i) IPX,R7|()  L¥RY (i)  LPX,Ri € 4 EVER,
podd,p’ =0
(i) LPX R | (ii) LV X, RY impossible since p’ odd
, , , , ¢ odd,
Gi) LPXpRe | Gii) LYXgR? | (v) LPX XpRe P )
g=p =
/
Gii) L’XRpRe|G)  LYRY (i) LPXpRi Pr 4 EVen,
godd,p’ =0
(i) LPXrR? | (i) L”X.R? impossible since q, p' odd

Table 6.1: The possibilities in which two nonempty maximal subsequences of the form L*X*R* can
merge by a production that deletes all symbols between the two subsequences.

Next, consider the case p € F,. The production A — LX either glues two (possibly empty) (i)-
sequences by substituting the separating A, resulting in a (if)-sequence, or glues a (possibly empty)
(i)-sequence and a (iii)-sequence, resulting in a (iv)-sequence. This conserves the structural invari-
ant. Equivalently, the production B — X R conserves the structural invariant. The production
XX — LCDR splits a (iv)-sequence into two (i)-sequences which then are separated by C'D. The
productions L, — € and RR — ¢ transform, for some j, a (j)-sequence into some other (possibly
empty) (7)-sequence. Altogether, we find that the structural invariant is satisfied for every sequence
of productions of G.

Consider a sequence of words 1y, . . ., Wy € (VUYX)* where w, = s and ; is produced by applying
a production of G to w;_;. For each word w; we obtain the word w; by deleting all occurrences of L
and R, and substituting each X, (i.e., X resulting from a production A — LX) by A and each Xp
by B.

In the following, we show that, for each i, either w; = w;_1, or w; can be obtained by applying a
production of G to w;_;. If we obtain w; from w;_; by applying a production of P \ {p}, then we
can simply apply the same production to w;_; to obtain w;. If w; results from applying A — LX,
B — XR, LL — ¢, or RR — ¢, then w; = w;_,. The crucial case is, when XX — LCDR is
applied to w;_;. Then, we can apply AB — C'D to w;_ to obtain w;. The reason is that our structural
invariant implies that the first X must be an X, and the second must be an X g, corresponding to AB
n w;_1.

This means, not only can productions of G be simulated by productions of G but also a sequence
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of productions of G leading to a word consisting only of terminal symbols can be simulated by a
sequence of productions of G. In other words, G and G generate the same language. Therefore, we
can replace each production of the form AB — C'D by a set of productions as defined above without
changing the language of the grammar. To finally obtain a grammar with the desired form, we replace,
in the obvious way, the productions of the form AA — BCDFE and AA — ¢ by a set of productions
which are allowed for grammars in ESG normal form. It is not hard to see that we can, in polynomial
time, transform a grammar into a grammar in ESG normal form as described in this proof. U

Theorem 6.30. The uniform word problem of exponent-sensitive grammars is undecidable.
Proof. By Theorem 6.29, the word problem of general grammars, which is undecidable, and the word
problem of exponent-sensitive grammars are recursively equivalent. ]

Table 6.2 summarizes the complexities for the (uniform) word problem of different classes of
grammars that are of particular interest in the context of ESGs and ESCGs.

Class (Uniform) word problem | References

non-commutative | P-complete [Coc69: JL70: Kas63;
context-free Sip97; You67]

commutative NP-complete [Esp97; Huy83]

.. non-commutative | PSPACE-complete [Kur64]

context-sensitive :

commutative PSPACE-complete [Huy83]
exponent-sensitive non-commutative | undecidable this thesis

commutative PSPACE-complete
semi-groups commutative EXPSPACE-complete [MM82]

Table 6.2: The complexities of some (uniform) word problems
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7 Generalized conflict-free Petri nets

In this chapter, we investigate generalized conflict-free Petri nets (gcnf-PNs). The relationship of
the classes defined in the following is illustrated in Figure 7.1. A Petri net P = (P, T, F, ) is a

sinkless PNs
normal PNs
free-choice PNs [marked graphs} conflict-free PNs
equal conflict § weighted T-systems ) generalized
t . ict-
Systems forward-conflict-free PNs conflict-free PNs
choice-free PNs
persistent PNs

Figure 7.1: This class diagram illustrates the relationships between classes of Petri nets that are
closely related to generalized conflict-free Petri nets. Classes written in italics consist of (forward-)
ordinary Petri nets.

generalized conflict-free Petri net (genf-PN) if A(¢)(p) > 0 for all places p € P with [p®| > 1 and
transitions ¢ € p°®. In other words, a transition cannot decrease the number at a place p if p has more
than one outgoing edge. The class of gcnf-PNs contains the very closely related class of choice-free
Petri nets (not to be confused with free-choice Petri nets) which are those Petri nets without decisions.
A subclass of choice-free Petri nets is the class of forward-conflict-free Petri nets which are those
gcnf-PNs, where each place has exactly one outgoing edge. At the end of this chapter, we will argue
that the reachability problem for genf-PNs can be reduced in polynomial time to the reachability
problem of backward-ordinary forward-conflict-free Petri nets with edge multiplicities of [2]. Thus,
results of this restricted class can also be of relevance for genf-PNs.

The class of genf-PNs is the natural generalization of the class of conflict-free Petri nets (cnf-PNs)
which are exactly the ordinary genf-PNs. We remark that the results for cnf-PNs presented in the
following still hold if we allow arbitrary edge multiplicities for edges from transitions to places. This
is either clear from the proofs of these results, or is immediately implied by the fact that most proofs
were presented for conflict-free VRSs, whose Petri net counterparts are actually forward-ordinary
genf-PNs.
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The theory on conflict-free Petri nets is rich. They were first defined by Crespi-Reghizzi and Man-
drioli [CRM75]" (in the formalism of VASs) who showed that the reachability problem of cnf-PNs
is decidable. In the same paper, the authors showed that zero-loops contained in a firing sequence
of cnf-PNs can be shifted to the end of the sequence, a result that we will use later in this chapter.
A subclass of cnf-PNs, called marked graphs® (also known as T-systems), was introduced by Gen-
rich [Gen71] and Holt and Commoner [HC70] (see also [Com+71]), and has been the focus of much
research. Marked graphs are cnf-PNs, with |[*p| = [p®| = 1 for all of their places p (sometimes
they are defined by the less restrictive constraints |*p|, [p®| < 1). A comprehensive survey about
marked graphs can be found in [Mur89], Chapter VII. Jones et al. [Jon+77] showed that the reacha-
bility problem of cnf-PNs is NP-hard. Later, Howell and Rosier [HR88] (implicitly) showed that the
RecLFS problem of cnf-PNs is decidable in polynomial time. By using this in combination with the
observation that reachable markings are reachable by Parikh vectors of polynomial encoding size, the
authors obtained NP-completeness for the reachability problem. Howell et al. [How+89] used similar
techniques to prove NP-membership for the promise problem variation of the reachability problem
for normal and sinkless Petri nets, which are both superclasses of cnf-PNs, first defined by Yamasaki
[Yam84]. A general approach for classes of Petri nets with simple circuits, including conflict-free
Petri nets, was given by Yen and Yu [YYO03], yielding an alternative proof for NP-completeness of
the respective reachability (promise) problems.

Landweber and Robertson [[LR78] showed that the boundedness problem of cnf-PNs is decidable
in exponential time. This bound was improved by Howell et al. [How+87] to quadratic time®, and
finally by Alimonti et al. [Ali+92] to linear time. Similarly, Howell and Rosier [HR89] showed that
the liveness problem of cnf-PNs is decidable in quadratic time, and obtained P-completeness for this
problem. Alimonti et al. [Ali+92] improved this bound to linear time. For the equivalence problem of
cnf-PNs, Howell and Rosier [HR88] showed IT5-completeness. Some more results on cnf-PNs can
be found in [Bes+07; Yen98; Yen99; Yen02; Yen+93]

Even though the property of being forward-ordinary is (for obvious reasons) almost never explicitly
mentioned in the proofs of these results, it is apparent that the arguments break down very quickly
when this property is not implicitly assumed. Moreover, it’s not obvious how to adapt these arguments
for gcnf-PNs. Some results for choice-free or forward-conflict-free Petri nets were presented by Amer-
Yahia et al. [AY+99], Amer-Yahia and Zerhouni [AYZ99], and Teruel et al. [Ter+97]. The class of
weighted T-systems, a subclass of genf-PNs consisting of Petri nets with the topology of marked
graphs and arbitrary edge multiplicities, was investigated by Teruel et al. [Ter+92]. Teruel and Silva
[TS93; TS94; TS96] also obtained results for equal conflict systems, a natural generalization of free-
choice Petri nets*. Another very well-known superclass of gcnf-PNs is the class of persistent Petri
nets. A Petri net is persistent if, for all reachable markings y and two different transitions ¢, ', iR
and p LN implies p . In other words, the firing of a transition does not disable other enabled
transitions. It’s not hard to see that genf-PNs (cnf-PNs, resp.) are exactly those Petri net that are
persistent Petri nets (ordinary persistent Petri nets, resp.) for every initial marking. We remark that
in early literature, every Petri net was assumed to be ordinary. Therefore, persistent Petri nets were
introduced as a class of ordinary Petri nets. However, most results for ordinary persistent Petri nets

!'They originally used the more restrictive constraint that each place has exactly one outgoing edge.

2Curiously enough, marked graphs were also called conflict-free Petri nets at the beginning.

31t was shown that the boundedness problem of conflict-free VRS V is decidable in time O(size(V)!-?). The larger
exponent for cnf-PNs is due to the different encoding schemes for the problem instances [Ali+92].

“We refer to the introductions of Chapters 3 and 6 for more information about equal conflict systems and free-choice
Petri nets, and their relationship to our classes of interest.
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also hold in the non-ordinary case since arguments involving persistent Petri nets usually don’t use any
(implicit or explicit) assumptions about edge multiplicities. Furthermore, a little bit later, results were
usually formulated for persistent VASs or VRSs who correspond to persistent Petri nets with arbitrary
edge multiplicities. Hence, we assume that persistent Petri nets are defined as a class of Petri nets
with arbitrary edge multiplicities. Some of the most important results on persistent Petri nets can be
found in [Gra80; LR78; May81b; Miil80]. Unfortunately, from an analytical point of view, persistent
Petri nets provide almost as hard obstacles than Petri nets in general. Via SLSRs of the reachability
sets of persistent Petri nets, which can be constructed as shown by [Gra80; May81b; Miil80], most
classical problems are decidable. However, no primitive recursive upper bound for the size of these
SLSRs is known. Consequently, the known bounds for the reachability and other problems don’t
substantially improve on the bounds for the respective problems of Petri nets in general.

Similarly, the complexities of many classical problems of genf-PNs, in particular those problems
investigated in this work, are still unknown. In particular, the best bounds we know for the reachability
problem of genf-PNs are that the problem is NP-hard (due to the NP-hardness of this problem for cnf-
PN5s) and decidable (due to the fact that the reachability problem of persistent or, alternatively, general
Petri nets is decidable).

In the following, we try to narrow this gap and provide a starting point for future research. We
show that the RecLLFS problem is in coNP. Using this result, it’s not hard to show that the reachability
problem is in 3.

Lemma 7.1 ([LR78], Lemma 3.1). Let o and p be firing sequences in a persistent Petri net. Then
there is a firing sequence [3 such that V() = max(V(c), U(p)). Moreover, 3 may be constructed
sothat f =0 - (p~o).

Lemma 7.2. Let P = (P, T, F, uo) be a generalized conflict-free Petri net, ® be an enabled

Parikh vector, and ® < ® be a nonpositive loop. Then it holds g LN 41 2, Lo for some
markings jiy, fto.

Proof. This follows from the proof of a similar lemma of Crespi-Reghizzi and Mandrioli [CRM75]
for conflict-free Petri nets and zero-loops ®’. Note that the proof doesn’t make use of the property
that cnf-PNs are forward-ordinary. The proof also doesn’t fully use that &’ is a zero-loop, but only
that &’ is a nonpositive loop. We remark that the paper contains a small mistake. This was fixed by
Theil [The06] in her diploma thesis. In her proof, also gcnf-PNs were considered. [

Lemma 7.3. Let ® be a Parikh vector of a persistent Petri net. Then, ® is not enabled if and
only if there is an enabled Parikh vector ® < ® leading to a marking at which no transition
t € & — P is enabled.

Proof. “=": If each enabled Parikh vector &’ < & leads to a marking at which some transition
t € ® — @’ is enabled, then we iteratively construct a sequence 0= ®g, @4, ..., Pjp|, = ¢ of enabled
Parikh vectors, where t € &; — ®,_; is some transition enabled at the marking reached by &;.

“«<": Assume for the sake of contradiction that @ is enabled. Then, there are firing sequences o,
p with U(o) = ®" and ¥(p) = ®. Hence, by Lemma 7.1, the sequence p = o (respective its Parikh
image & — ¢’ > 0) is enabled at the marking reached by o (respective ®’), a contradiction. 0
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In contrast to persistent Petri nets, the condition that &’ must be enabled to serve as a “stopper”
isn’t necessary in case of gcnf-PNs.

Lemma 7.4. Let ® be a Parikh vector of a genf-PN P = (N, ug). Then, ® is not enabled if and
only if there is a Parikh vector ®' < ® (regardless whether enabled or not) such that no transition
t € & — ' is enabled at py + A(P').

Proof. “=-": This follows directly from Lemma 7.3.

“=”: Let 1/ := po + A(P'). If ¢’ is enabled, then Lemma 7.3 implies that ¢ is not enabled. Thus,
assume that @’ is not enabled. Then, again by Lemma 7.3, there is an enabled Parikh vector ®” < ¢’
such that no transition of & — ®” is enabled at the marking p” reached by ®”. Consider a transition
ted—9".

Case 1: 9"(t) = ®'(t) < P(¢). Since ¢” < &’ and no transition other than ¢ can decrease the
number of tokens at a place p € °t, we find A(®”)(p) < A(P')(p), and therefore 1/(p) > u"(p).
Taking into consideration that ¢ is not enabled at ;//, ¢ is also not enabled at p”.

Case 2: ¢”(t) < ®'(t) < ®(t). By assumption, ¢ is not enabled at .

In total, no transition t € & — ®” is enabled at the marking " reached by ®” < ®. Therefore, by
Lemma 7.3, ® is not enabled. ]

Using this characterization of enabled Parikh vectors, we obtain the following bound for the Rec-
LFS problem.

Theorem 7.5. The RecLFS problem of generalized conflict-free Petri nets is in cONP.

Proof. We show that the complement of the RecLFS problem is in NP. Assume, a Parikh vector ® is
not enabled. Then we can guess the Parikh vector &’ < & as defined at Lemma 7.4 and check if no
transition ¢ € & — @’ is enabled at ;10 + A(P’), both in polynomial time. O

To use this theorem for the reachability problem, we show the following lemma which provides a
bound on the size of minimal Parikh vectors leading to reachable markings.

Lemma 7.6. Each reachable marking 1 of any genf-PN P = (P, T, F, uo) is reachable by a

Parikh vector with component sum at most (2 +mW + max(pg) + max(p))" ™.

Proof. W.1.0.g., we assume n, m, W > 0 and py # p. Let u be reachable by some Parikh vector
®’. Let & < &’ be the Parikh vector of Lemma 2.17. Since ' — & is a zero-loop (and therefore a
nonpositive loop), Lemma 7.2 implies that ¢ is enabled. [

By combining the result on RecLFS for genf-PNs and the bound provided in the last lemma, we
obtain the following result for the reachability problem of gcnf-PNs.

Theorem 7.7. The reachability problem of gcnf-PNs is NP-hard and in 325,

Proof. Let P = (P, T, F, o) be a generalized conflict-free Petri net and i a marking of P. Assume
that u is reachable in P. By Lemma 7.6, there is a Parikh vector ® with polynomial encoding size,
leading from f to p. A polynomial time NDTM M can guess ®, check if pg + A(P) = p, and
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use an oracle to determine if ® is enabled. If this is the case, then M accepts, and rejects otherwise.
Since RecLFS is in coNP, the reachability problem of generalized conflict-free Petri nets is in 335.
The NP-hardness follows from the fact that the reachability problem of conflict-free vector addition
systems is NP-complete [HR88]. [

We remark that, by Theorem 3.11, the reachability problem is NP-hard, even if restricted to Petri
nets that are ordinary, cycle-free, conflict-free, and communication-free at the same time, and re-
stricted to the end marking 1.

As promised at the beginning of the chapter, we conclude the chapter by showing that it’s sufficient
to investigate a restricted subclass of genf-PNs to obtain insight into genf-PNs in general. Possible
implications of this observation are discussed in Chapter 9.

Lemma 7.8. The reachability problem of gcnf-PNs can be reduced in polynomial time to the
reachability problem of backward-ordinary forward-conflict-free Petri nets with edge multiplici-

ties of [2].

Proof. Consider the reduction rules illustrated in Figure 7.2. It’s not hard to see that a reduction as
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Figure 7.2: (a)—(c) illustrate reduction rules for transforming a generalized communication-free Petri
net into a choice-free Petri net with edge multiplicities out of [2]. Dashed edges only exist if w is odd.
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proposed in the lemma can be performed by using these rules and introducing artificial input places
for transitions without incoming edges. For the sake of completeness, we formally prove it in the
following. If we have a place p with £ > 1 outgoing edges, leading to transitions t1, . . ., tx, then we
apply rule (a) which splits p into k copies p, ..., py of it, such that, for each i € [k], place p; has
an outgoing edge to ¢;. Each p; behaves exactly the same as place p in the original net. In particular,
a transition sequence is a firing sequence of the old net if and only if it’s a firing sequence of the
new net. Hence, we can reduce the reachability problem for gcnf-PNs to the reachability problem of
choice-free Petri nets by applying this rule at most nm times.

Next, consider a choice-free Petri net P = (P, T, F, uo) with a place p, a transition ¢, and an edge
with multiplicity w > 2 from p to t. We assume that w is odd since, in case of an even w, we can
apply an analogue but simpler argument. Both p and ¢ can have more incident edges but they are not
relevant for the following. Consider the reduction rule illustrated in (b). This rule replaces edge (p, t)
by a small subnet consisting of places p’, p” and transitions t’, t”, where p” is initially marked by one
token. Let P’ be the resulting choice-free Petri net. Let 1 be the end marking of interest for P and
W = 11 + p” be the corresponding end marking for P’. If y is reachable in P, then 1/ is reachable
in P’ since each application of ¢ in P can be simulated by the transition sequence ¢’ - t” - ¢’ - t in P’.
Now, assume 4 is reachable in P’ by a firing sequence o. If o doesn’t contain ¢/, then it induces
a firing sequence of P leading to ;. Hence, assume that ¢’ is contained in o. Then, we observe
0 = A(o)(p') = A(o)(p") which is equivalent to V(o)(t) = ¥(o)(t") = 2 - ¥(o)(t'). We now
permute o in the following way. We shift the first occurrence of ¢, which must be preceded by at
least two occurrences of ¢/, to the position right after the second occurrence of ¢. Then, we shift the
first occurrence of ¢’ to the position right in front of the second occurrence of ¢'. Last, we shift the
first occurrence of ¢’ to the position right in front of the first occurrence of ¢”. Note that each step of
this procedure results in a firing sequence. Let ¢ be the firing sequence resulting from the last step.
The sequence ¢ contains a subsequence t' - t” - t' - t which is not preceded by any of the transitions
t,t', or t”. In particular, the marking reached by the prefix ending with this subsequence corresponds
(in the sense above) to a marking of P. By iterating this argument for the corresponding suffix, we
find that p is reachable in P. We can use this rule to reduce the reachability problem of choice-free
Petri nets to the reachability problem of choice-free Petri nets whose edges from places to transitions
have multiplicity 1 or 2. The number of applications of the rule is bounded by m - 1d(21V) which is
polynomial in the size of P.

Next, consider a choice-free Petri net P = (P, T, F, uo) with a transition ¢, a place p, and an edge
with multiplicity w > 2 from ¢ to p. Consider the reduction rule illustrated in (c). This rule replaces
edge (¢,p) by a small subnet consisting of a place p/, and transitions t’. Let P’ be the resulting
choice-free Petri net. Let 1 be the end marking of interest for P and ;1 :2 1 be the corresponding
end marking for P’. If 4 is reachable in P, then 1/ is reachable in P’ since each application of ¢ in P
can be simulated by the transition sequence ¢ - ¢’ in P’. Now, assume ;" is reachable in P’ by a firing
sequence o. If 0 doesn’t contain ¢, then it is firing sequence of P leading to u. If it does contain ¢, then
the sequence after the first occurrence of ¢ must contain two occurrences of t'. Both can be shifted to
the position behind ¢’s first occurrence. The resulting sequence is a firing sequence, whose shortest
prefix containing ¢-t'-t' leads to a marking that corresponds to a marking of P. Iterating this argument
shows that p is reachable in P. We can use this rule to reduce the reachability problem of choice-free
Petri nets whose edges from places to transitions have multiplicity 1 or 2 to the reachability problem
of choice-free Petri nets for which all edges have multiplicity 1 or 2. The number of applications of
the rule is bounded by m - 1d(2W) which is polynomial in the size of P.
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The nets resulting from the last reduction can be transformed into forward-conflict-free Petri nets
by introducing, for each transition ¢ without incoming edge, a marked place p and a cycle (p,t, p)
whose edges have multiplicity 1. [
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8 Ring Petri nets

In this chapter, we investigate ring Petri nets. A Petri net is a ring Petri net (ring-PN) if it consists
of exactly one circuit. Ring-PNs are not only gcf-PNs but also gcnf-PNs. A ring-PN whose edge
multiplicities are powers of the same number k£ € N is called k-multiplicity-regular.

Our two main motivations to investigate ring-PNs are as follows. Insight into this class could help to
close the gap between the respective lower and upper bounds of the RecLFS and reachability problems
of genf-PNs. Due to Lemma 7.8, we only need to consider genf-PNs with edge multiplicities 1 or
2 for the reachability problem. Furthermore, PSPACE-completeness of various problems has been
obtained for almost ordinary gss-PNs in Chapter 6. However, we have been unable to adapt the
proofs for PSPACE-hardness for gss-PNs with edge multiplicities 1 or 2. Results for Ring-PNs could
help to narrow the gap between the lower bound (NP-hard, see Theorem 3.26) and the upper bound
(PSPACE, see Theorem 6.24) for these restricted gss-PNs.

The main result of this chapter is that, in k-multiplicity-regular ring-PNs, many problems are de-
cidable in polynomial time, while they are in NP or coNP for ring-PNs in general. Note that ring-PNs
with edge multiplicities 1 or 2 are 2-multiplicity-regular, and all circuits within the Petri nets of the
classes mentioned above are such ring-PNs. Whether this result can be applied for the purpose men-
tioned earlier is subject to further research.

Ring-PNs were previously investigated by Lien [Lie76b] and Teruel et al. [Ter+92]. Chrzastowski-
Wachtel and Raczunas [CWR93] considered liveness properties of conservative ring-PNs.

To avoid unnecessarily confusing modulo expressions, we assume that throughout this subsection
the index n + 1 denotes the index 1. Furthermore, we assume w. 1. 0. g. that a ring-PN contains, for
all i € [n], the edges (p;,t;) and (t;, p;+1) with multiplicities w; and w;", respectively. Figure 8.1
illustrates an example.

Figure 8.1: A ring-PN with four places and transitions

We first collect a number of observations.

Corollary 8.1. Let P = (P, T, F, uo) be a ring-PN, ® be an enabled Parikh vector, and ' < ®
: o/ >3/ .
be a loop. Then it holds (1o — |11 — jio for some markings (i1, [is.

Proof. We simply apply Lemma 7.2 to ®, ¢’, and the inverse Petri net of P, using o + Ap(P) as its
initial marking. [

Through the remainder of this chapter, let D denote the displacement matrix of the ring-PN under
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consideration, and let L. :={x € Q%; | Dz > 0}, L_o:={z € Q7 | Dz = 0}, and L_o:={z €
Q% | Dz < 5} Note that 0 is not contained in any of these sets.

Lemma 8.2. If L (L., resp.) is nonempty, then, for each i € [n|, there is a vector x € L+
(x € L., resp.) such that Dx = e; (Dx = —e;, resp.).

Proof. Let xg € L~o. We construct the vectors zy, € L~g, k € [m — 1], recursively by z; :=x,_1 +

Dy 1) ik .
(@;,w - €;+x. Then, there is a ¢ € Q- such that cx,, 1 € L~y and Dcx,, 1 = e;. Analogously,
i+k
we can prove the lemma for L. O]

Lemma 8.3. Exactly one of the sets L~q, L_y, L~ is nonempty. Furthermore, if L_ is nonempty,
then Lo = {cx | c € Qs¢} for each x € L_,.

Proof. 1f there are x € L, and y € L_g, then there is a vector z = x — cy € L> 0 for some
¢ € Q- such that z; = 0 and z;41) > 0 for some index i. However, then (Dz)j 4y < 0, a
contradiction. Similarly, L. and y € L_( cannot simultaneously be nonempty. Now, assume for the
sake of contradiction that |L~¢| > 0 and |L.o| > 0. By Lemma 8.2, there are © € L-pand y € L
such that Dz = e; and Dy = —e;. Therefore, D(x + y) = 0 which is impossible as shown before.
Furthermore, it follows immediately from Theorems 3.1 and 3.2 of [Ter+92] that at least one of the
sets L~q, L—p, L~ is nonempty. (This can also easily be shown in a similar fashion as the statement
of Lemma 8.2.) O

Lemma 84. Let P = (P, T, F, 1) be a ring-PN, and . be a marking. Then, we can determine
in polynomial time if there is a Parikh vector ® with py + A(®) = p. Furthermore, if such a
Parikh vector exists, then we can compute in polynomial time a Parikh vector ® such that |1 is
reachable if and only if ® is enabled and leads to ju.

Proof. Consider the system Dx = y1 — o with the set L :={z € Q¥ | Dz = ;1 — po} of nonnegative
rational valued solutions. Using linear programming, we can find in polynomial time a solution of L,
provided L is nonempty. If L is empty, then p is not reachable.

Assume that there is exactly one such solution ® € L. If & ¢ N, then there is no Parikh vector
satisfying o + A(®) = pu, and we are finished. If & € N, then it is a Parikh vector with the
properties of the lemma.

Assume now that there are infinitely many solutions. Let x, y € L be different solutions. Then, for
zi=x —y # 6 we have Dz = 0. Furthermore, either 2 € QT or 2 € Q7 holds since otherwise
there would be an index 4 such that (Dz);; > 0 or (Dz)y < 0. Hence, L is nonempty, and, by
Lemma 8.3, L_y = {cm | ¢ € Qs¢} for some vector 1 € L_q. Therefore, there is a unique vector
(€ Lsuchthat { <zforallx € L,and L = {{ +c7 | ¢ € Qx}.

The vectors ¢ and 7 can be determined in polynomial time with linear programming (we choose 7
as the vector minimizing the 1-norm over all vectors of the set {x € QY | Dz = 0, |lz|l, > 1}). Let
® ¢ L with be the unique Parikh vector (i.e., ® € N™) such that & > ® for all other Parikh vectors
®’ € L. Using ¢ and 7, ® can be found in polynomial time.

We now show that ¢ satisfies the properties of the lemma. If i is not reachable, then ® certainly
is not enabled. Assume that 1 is reachable by a Parikh vector &’ € L. Then, ®' — & is a zero-loop
(which is a multiple of 7). By Lemma 7.2, ® is also enabled (and leads to p). L]
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These observations enable us to show the following bound for the reachability problem of ring-
PNs.

Theorem 8.5. The reachability problem of ring-PNs is in coNP.

Proof. We deterministically compute in polynomial time the Parikh vector ¢ of Lemma 8.4, and then
ask an oracle if @ is enabled. The end marking of interest is reachable if and only if ® exists and the
answer of the oracle is positive. Since, by Theorem 7.5, RecLFS of conflict-free Petri nets is in coNP,
the theorem follows. [

We remark that, as was shown in the proof of the last theorem, the complexity of the reachability
problem of ring-PNs is the same as the complexity of the RecLFS problem of ring-PNs.

For k-multiplicity-regular ring-PNs, however, we can solve the RecLLFS problem in polynomial
time. The basis for this observation is provided in the next two lemmata.

Lemma 8.6. Let P be a k-multiplicity-regular ring-PN with a loop ®'. Then, there are a transi-
tion t and a loop ® with ®(t) = 1 which can be computed in polynomial time.

Proof. Let, w.l.o.g., t; = argminger{®'(t')}, ®":= g5 - ' (i.e., we scale ), and O, :=¢;.
Further, let &, for ¢ € [2, m| be recursively defined by ®,:=d, | + W - e4. By construction,
A(®P) = cey, where, by Lemma 8.3, ¢ > 0. é

We first show by induction that ®(¢) > ®”(¢) forall ¢t € T For t,, we observe ®(¢;) = ®”(¢;). Let
¢ € [2,m], and let D(t,—1) > (P"(t;—1). Then, @Etg_l) cA(t—1) (1) = D" (1) - A(te—1)(te—1°),
and therefore ®(t;) > ®”(t,). This implies ® > 1.

We now show that, for each ¢, ®(t) is a power of k. For t;, we have ®(¢;) = 1 = k" by definition.

Now, assume that, for some ¢ € [2,m], ®(t,_,) = k® for some a € Z. Then, ®(t,) = 22 =) —
We
a.ij a
Mo kk‘fb for some b, ¢ € N,,.
Wite

Since each component of ® is a power of £k and is at least 1, we find € N. Therefore, ® is a loop.
The transition ¢ and the loop ® can be found by considering all £ and computing the corresponding
Parikh vector ® as shown above. Since max(®) is exponentially bounded, ¢ can be computed in
polynomial time. 0

Lemma 8.7 ([HI88; Mur89]). Let ® be a Parikh vector of a cycle-free Petrinet P = (P, T, F, o).
Then, ® is enabled if and only if o + A(P) > 0.

A consequence of this lemma is that RecLFS for cycle-free Petri nets is decidable in polynomial time.
We can now show a polynomial time upper bound for the RecLFS problem of k-multiplicity-regular
ring-PNs.

Theorem 8.8. The RecLFS problem of k-multiplicity-regular ring-PNs is decidable in polynomial
time.

Proof. Let P = (P,T,F, ) be a k-multiplicity-regular ring-PN, and ® be a Parikh vector. If
®(t) = 0 for some transition ¢, then we find, by applying Lemma 8.7 to ¢ and the net induced by P,
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that we can decide in polynomial time (in the encoding size of the net and the vector ®) if ® is enabled.
Hence, assume ®(¢) > 0 for all t € T', and let ¢ and ¥ be the transition and the loop of Lemma 8.6,
which can be found in polynomial time. Assume w.l.0.g. ¢ = t;. We compute in polynomial time
the unique maximal (w.r.t. >) enabled Parikh vector &’ with &’ < ® and ¢; ¢ ®’. Let p; be the
marking reached by ¢, and let &, := & — ®’. By Lemma 7.1, 2, if and only if 11y 2,

If ¢ is not enabled at y;, then ® is not enabled at p. If, on the other hand, ¢ is enabled, then o
is also enabled (which can easily be seen, for instance by applying Lemma 8.7 to P[J — e;] and
¥ — e1). Consider the largest ¢ € Ny such that ¢ - ¥ < &4, let uo be the marking reached by firing
c- v at py, and let $o:=Py — ¢ - . By Lemma 7.1, pg 2, if and only if o 22 Leti € [m] be the
smallest index such that ¥(¢;) > ®y(¢;). Since ¢ and therefore ¥ is enabled at ps, the Parikh vector
Q= (23;11 V(t;) - ej) + max{9(t;), P2(t;)} - €; is enabled at pp. Let g be the marking reached

by firing ®” at ps, and let ®5:= P, — ”. By Lemma 7.1, u 2, holds if and only if s 23, Note
that we can determine ®3 in polynomial time. Now, observe that P[®3] is cycle-free. Therefore, by
Lemma 8.7, we can determine in polynomial time if @3 is enabled at 5. L

As already mentioned, for ring-PNs, the reachability problem has the same complexity as the
RecLFS problem. The same holds for £-multiplicity-regular ring-PNs as is shown in the last theorem
of this thesis.

Theorem 8.9. The reachability problem of k-multiplicity-regular ring-PNs is decidable in poly-
nomial time.

Proof. Let P = (P,T,F, o) be a k-multiplicity-regular ring-PN, and p be the end marking of
interest. If P has no loop, then we consider the inverse net of P with initial marking ;2 and end
marking 1o which, by Lemma 8.3, must have a loop. Hence, assume w. 1. 0. g. that P has a loop.

We first determine if there is a Parikh vector ® with py + A(®). If this is not the case, then y is
not reachable. Otherwise, let ® denote the Parikh vector of Lemma 8.4. By this Lemma, these steps
can be performed in polynomial time. By Theorem 8.8, we can determine in polynomial time if ® is
enabled, where, by Lemma 8.4, ® is enabled if and only if x is reachable. ]
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9 Conclusion and outlook

Summary. In this thesis, we investigated several computational problems of different classes of
Petri nets. We showed that many problems of cf-PNs can be solved in polynomial time, whose coun-
terparts of gcf-PNs are PSPACE-complete. We presented a framework that, under the right circum-
stances, can be used to obtain upper bounds for many classical computational problems of restricted
classes of Petri nets with arbitrary edge multiplicities. The core of the framework and its application is
built on canonical permutations and firing sequences. Using permutation techniques, we showed that
conservative Petri nets, gcf-PNs, igcf-PNs, and gss-PNs satisfy the requirements of the framework.
For most of the problems under consideration the upper bounds found by applying the framework
match the lower bounds, which were obtained by simulating PSPACE-Turing machines. Conse-
quently, we obtained PSPACE-completeness for these problems. Furthermore, we discovered results
for several problems involving home spaces, and for commutative and non-commutative grammars
that are related to (generalized) communication-free Petri nets. In addition to the classes mentioned
earlier, we investigated genf-PNs and ring-PNs.

Open problems. Some questions which are of relevance in the context of this thesis are still left
open. A few have already been mentioned in the previous chapters. Here, we briefly discuss the more
important or interesting ones.

Even though communication-free Petri nets are very well understood, no completeness-result has
been found for the equivalence problem. Results of Yen [Yenl3] and for CFCGs show that this
problem is IT5-hard and in coONEXPTIME. The equivalence problem of CFCGs exhibits the same
gap between lower and upper bound. It’s possible that we need stronger canonical firing sequences
or stronger results about the semilinear set representation for the reachability set before we can close
the gap.

On a similar note, the equivalence and containment problems of gcf-PNs and igcf-PNs are problems
for which we didn’t discover completeness-results. The upper bound of doubly exponential space for
these problems in case of gcf-PNs is particularly large. Alternative canonical firing sequences with
stronger properties (if they exist) could be useful to decrease the upper bound. For the liveness
problem of igcf-PNs and gss-PNs, we showed membership in PSPACE but didn’t find a matching
lower bound. A straightforward adaption of our approach used for gcf-PNs is not possible since
igcf-PNs are unable to use a single transition to mark the net with the initial marking again. For
for many problems of gcf-PNs and igcf-PNs, we discovered completeness-results. Another open
question is whether the upper bounds also hold for the corresponding classes in extended Petri net
models. Furthermore, finding bounds for other problems (like those discussed by Hack [Hac79]) in
case of gcf-PNs and igcf-PNs or for the home space problems mentioned in Section 6.3 is another
open problem.

For the reachability problem of genf-PNs, we found the upper bound of 3%-membership which
almost fits the lower bound of NP-hardness. The upper bound is larger than the upper bound for
the reachability problem of cnf-PNs, which is NP-membership. This difference is a result of the
difference in the upper bound of the respective RecLFS problems, which are membership in coNP
and membership in P, respectively. While it is unclear whether arbitrary edge multiplicities actu-
ally increase the computational complexities of these problems, we have to deal with the fact that
the established theory of cnf-PNs doesn’t apply to gcnf-PNs anymore, if we want to close the gaps
between lower and upper bounds. Our investigation of ring-PNs, a very restricted subclass of genf-
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PNs, and the results of this investigation seem to imply that this is not a trivial matter. However,
our observation that the reachability and the RecLFS problems of 2-multiplicity-regular ring-PNs are
decidable in polynomial time could be useful for approaching these problems of gcnf-PNs since we
only need to consider genf-PNs with edge multiplicities of [2], and all circuits within such a genf-PN
are 2-multiplicity-regular ring-PNs.

The low complexity for the reachability and RecLFS problems of 2-multiplicity-regular ring-PNs
could be useful for another open problem. We were able to obtain PSPACE-hardness of a number
of problems for gss-PNs with edge multiplicities of [3]. However, the situation is unclear if we only
consider gss-PNs with edge multiplicities of [2]. As before, all circuits within such a gss-PN are
2-multiplicity-regular ring-PNs. Assuming that problems of such gss-PNs have a lower complexity
than PSPACE, an approach that decomposes firing sequences into fragments corresponding to such
circuits and then applying bounds for 2-multiplicity-regular ring-PNs could possibly be fruitful.

A more general open problem is that of finding an improved upper bound for the reachability prob-
lem of persistent Petri nets. Howell et al. [How+93] showed that reachable markings in single-path
Petri nets, which are persistent by nature, are reachable by canonical firing sequences with certain nice
properties. Consequently, the reachability problem (and other problems) of this class are decidable in
polynomial space. This result and the results of this thesis emphasize the power of permutation tech-
niques and canonical firing sequences. It may be possible to apply similar approaches for persistent
Petri nets.
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Uniform word problem, 17, 19

Vector addition system, 15
Vector replacement system, 16

Wipe-extension, 15

Zero-reachability problem, 21






List of Symbols

List of Symbols

Y[i]
(%

ted
teo
o p
®
=y
R(N, o)
max(u, o, S)

1-th component of vector/sequence/word v
1-th vector/sequence of an indexed set of vectors/sequences
integers

nonnegative integers

positive integers

rational numbers

nonnegative rational numbers

positive rational numbers

negative rational numbers

real numbers

binary logarithm

interval {a,a + 1, ...,b} ; 4

interval {1,2, ...,a} ; N

up) = vy for all 7

uf) > vy for all i and u # v

vector with @; = a for all 4

1-norm of v

oo-norm of v

largest component of v

smallest component of v

maximum of all 1-norms of the columns of A
concatenation of o and ¢
subsequence/subword oy;) - o(i11) - - 0y
preﬁx On - 0[2 " 04

suffix O[] * Oi41] "

length of sequence/word o

empty sequence/word

assignment of the value of sequence ¢ to o
k-th standard unit vector

f is polynomially bounded by ¢

encoding size of object =

component of v corresponding to place or transition p
Parikh image of o

displacement of (Parikh) vector of transition sequence x
®(t) > 0 for transition ¢ and (Parikh) vector @
transition ¢ is contained in sequence o

o is firing sequence, leading from p to 1/

3o with U(o) = ® and pp = 1/

reachability set of Petri net (N, 1)

max{(+ Alo.)(p) | i € [0.]o]],p € S}
displacement matrix

preset of transition, transition sequence or place x
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12
13
13
13
13
13

13
14
14
14
14
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2

List of Symbols

postset of transition, transition sequence or place x

the sequence obtained by deleting the transitions of ¢ greedily from
the front of o

definition of a marking or (Parikh) vector v in terms of a sum of
places or transitions

association of a vector v with a sum of places or transitions

compact description of F'(p,t) and F'(t,p) for all places p

the Petri net induced by Petri net P and a subset 7/ C T of transitions
the Petri net induced by Petri net P and Parikh vector ®

wipe extension of Petri net P

linear set representation

semilinear set representation

concatenation operator for semilinear set representations

m X m identity matrix

Parikh extension of Petri net P

Petri net for gadget G, PSPACE-TM M, and input string =
0-1-vector with Vg (0)(t) = 1 iff the first transition ¢’ in o with
t' =°tist

14
14

14

14
14

15
15
15
20
20
20
24
29
59
79



Acronyms

Acronyms

BPP
cf-PN
CFCG
CFG
cnf-PN
DFS

ESCG
ESG

gcf-PN
genf-PN
gss-PN
igcf-PN
LSR
NDTM
PN
RecLFS
SCC
SIU
SLSR
SU

™

VAS
VRS

almost ordinary
basic parallel processes

communication-free Petri net
context-free commutative grammar
context-free grammar

conflict-free Petri net

depth first search

exponent-sensitive commutative grammar
exponent-sensitive grammar

generalized communication-free Petri net
generalized conflict-free Petri net
generalized S-system Petri net

inverse generalized communication-free Petri net

linear set representation

nondeterministic Turing machine

Petri net

recognize legal firing sequence

strongly connected component
simultaneously-w-unboundedness problem
semilinear set representation
simultaneously-unboundedness problem

Turing machine

vector addition system
vector replacement system
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