N

N
N

HAL

open science

Polynomial Vector Addition Systems With States

Jérome Leroux

» To cite this version:

Jérome Leroux. Polynomial Vector Addition Systems With States. 45th International Colloquium on
Automata, Languages, and Programming, ICALP 2018, July 9-13, 2018, Prague, Czech Republic, Jul
2018, Prague, Czech Republic. pp.134:1-134:13. hal-01711089

HAL Id: hal-01711089
https://hal.science/hal-01711089v1
Submitted on 16 Feb 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01711089v1
https://hal.archives-ouvertes.fr

Polynomial Vector Addition Systems With States

Jérome Leroux!

1 LaBRI, UMR CNRS 5800, University of Bordeaux, Talence, France

—— Abstract

The reachability problem for vector addition systems is one of the most difficult and central
problem in theoretical computer science. The problem is known to be decidable, but despite
instance investigations during the last four decades, the exact complexity is still open. For some
sub-classes, the complexity of the reachability problem is known. Structurally bounded vector
addition systems, the class of vector addition systems with finite reachability sets from any
initial configuration, is one of those classes. In fact, the reachability problem was shown to be
polynomial-space complete for that class by Praveen and Lodaya in 2008. Surprisingly, extending
this property to vector addition systems with states is open. In fact, there exist vector addition
systems with states that are structurally bounded but with Ackermannian large sets of reachable
configurations. It follows that the reachability problem for that class is between exponential space
and Ackermannian. In this paper we introduce the class of polynomial vector addition systems
with states, defined as the class of vector addition systems with states with size of reachable
configurations bounded polynomially in the size of the initial ones. We prove that the reachability
problem for polynomial vector addition systems is exponential-space complete. Additionally, we
show that we can decide in polynomial time if a vector addition system with states is polynomial.
This characterization introduces the notion of iteration scheme with potential applications to the
reachability problem for general vector addition systems.
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1 Introduction

Vector addition systems or equivalently Petri nets are one of the most popular formal meth-
ods for the representation and the analysis of parallel processes [4]. The reachability problem
is central since many computational problems (even outside the parallel processes) reduce
to the reachability problem. In 1981, Mayr [12] provided the first decidability proof of the
reachability problem. Later, that proof was first simplified by Kosaraju [7], and then ten
years later by Lambert [9]. This last proof still remains difficult and the complexity up-
per bound of the corresponding algorithm is just known to be non-primitive recursive [10].
Nowadays, it is an open problem whether an elementary complexity upper bound for this
problem exists. In fact, the known general reachability algorithms are exclusively based on
the Kosaraju-Lambert-Mayr (KLM) decomposition. Despite instance investigations during
the last four decades, the exact complexity is still open.

When the reachability set of a vector addition system is finite, the KLM decomposition
degenerates and it just corresponds to the regular language of all possible executions of the
vector addition system from an initial configuration to a final one. Even in that case, the
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complexity of the KLM algorithm is Ackermannian and no better complexity upper bound
are known.

In 2008, Praveen and Lodaya proved that the reachability problem for structurally
bounded vector addition systems, the class of vector addition systems with finite reach-
ability sets from any initial configuration is polynomial-space complete [16]. Surprisingly,
extending this property to vector addition systems with states is open. In fact, there exist
vector addition systems with states that are structurally bounded but with Ackermannian
large sets of reachable configurations. It follows that the reachability problem for that class
is between exponential space and Ackermannian.

Intuitively, for structurally bounded vector addition systems with states, the KLM al-
gorithm fails to avoid enumerating all the possible reachable configurations since it tries to
detect cycles of edges that can be iterated to obtain arbitrarily large components (such a
cycle cannot exists due to the structurally bounded condition). Characterizing indexes that
can be very large but not necessarily arbitrarily large should provide new insights on how
to overcome the Ackermannian complexity of the KLM algorithm.

Our contributions

In this paper we introduce the class of polynomial vector addition systems with states defined
as the vector addition systems with states such that reachable configurations have sizes
polynomially bounded with respect to sizes of initial configurations. We proved that a
vector addition systems with states is not polynomial if, and only if, it contains a so-called
iteration scheme that that can increase some components. We prove that we can decide in
polynomial time if a vector addition system with states is polynomial, and we show that
the reachability problem for polynomial vector addition systems with states is exponential-
space complete. Up to our knowledge, our notion of iteration scheme is new and provide a
potential application to patch the KLM algorithm.

Outline

In Section 2 we introduce the vector additions systems with states (VASS for short), and
the subclass of polynomial VASS. Iteration schemes are defined in Section 3. Intuitively
iteration schemes are sequences of cycles that can be iterated many times (at least an
exponential number of times). Indexes that can be increased by an iteration scheme are
called iterable indexes, and edges that occur in iteration schemes are called iterable edges.
We show that reachable configurations cannot be polynomially bounded with respect to the
size of the initial configurations on any iterable index. It follows that VASS with iterable
indexes cannot be polynomial. In Section 4, we recall some general properties about the
Kirchoff’s functions and the Euler’s lemma. Those definitions are used in Section 5 to prove
the correctness of a polynomial-time algorithm inspired by the Kosaraju-Sullivan algorithm
for computing the set of iterable indexes and the set of iterable edges. In Section 6 we
show that reachable configurations are polynomially bounded on the non-iterable indexes
with respect to the size of the initial configurations. Finally in Section 7 we show that we
can decide in polynomial time if a VASS is polynomial and we prove that the reachability
problem for polynomial VASS is exponential-space complete.
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2  Polynomial Vector Addition Systems With States

In this section we first introduce the vector addition systems, and the structurally bounded
ones. Then, we recall how the reachability problem for that subclass can be solved in
polynomial space[16]. Next, we introduce the vector addition systems with states (VASS)
and we show that the previous approach for VAS no longer apply on VASS. Finally, we
introduce the class of polynomial VASS, the main class of VASS studied in that paper.

Concerning notations used in that paper, we denote by Z, N, Q the set of integers, natural
numbers, and rational numbers. The absolute value of a rational A € Q is denoted by |A|.
Let d € N be a natural number. Vectors in Q% are denoted in bold face, and we denote by
v[1],...,v[d] the components of v, i.e. v = (v[l],...,v[d]). Every operations are performed
component-wise on the vectors; for instance the sum x+y of two vectors in Q¢ is the vector
z in Q7 satisfying z[i] = x[i] + y[i] for every i € {1,...,d}. We write x >y if x(i) > y(i)
for every 1 < i < d, and we write x > y if x > y and x # y. We denote by u; the ith
unit vector of Q% defined by w;[j] = 0 if j # i and w;[i] = 1. Notice that x = Z?Zl x[i]u;
with our notations. The norm of a vector v € Q¢ is the rational number ||v|| = max; [v][i]].
The norm of a finite set V.C Q7 is defined as || V|| = maxyecv ||v||. We introduce the sets
[[v]|* = {i | v[i] >0} and ||v||~ = {i | v[i] < 0}. The dot product of two vectors x,y € Q¢
is the rational number ), x[i] - y[i] denoted as x - y.

2.1 Vector Addition Systems

A wector addition system (VAS for short) is a non-empty finite set A C Z? of actions. A
vector in N is called a configuration of the VAS A. The semantics is defined thanks to the
binary relation — over the configurations by x — y if y = x 4+ a for some action a € A.
The reflexive and transitive closure of — is denoted as — and it is called the reachability
relation. If x = y, we say that y is reachable from x.

The reachability problem consists in deciding for a triple (x, A,y) where x,y are two
configurations of a VAS A, if x = y. The problem is decidable [13] but its complexity
remains elusive; the problem is known to be exponential-space hard [11], and the best
known upper bound is non-primitive recursive [10].

A VAS A is said to be bounded from an initial configuration x if the set of configurations
reachable from x is finite. The boundedness problem is known to be exponential-space
complete [17]. Since the size of reachable configurations are at most Ackermannian in
that case [14, 5], it follows that the reachability problem can be decided in Ackermannian
complexity (space and time are equivalent for that class of complexity). This is the best
known upper bound, far from the exponential-space lower bound [11].

When enforcing the VAS to be bounded for any initial configuration, we obtain the so-
called structurally bounded VAS. More formally, a VAS is said to be structurally bounded if
it is bounded from any initial configuration. In polynomial time, one can decide if a VAS
is structurally bounded. In fact, a VAS A is not structurally bounded if, and only if, the
following linear system is satisfiable over the non negative rational number: (Aa)aca:

Z Aaa >0
acA

The previous observation combined with the Farkas Lemma [18] shows that a VAS is struc-
turally bounded if, and only if, there exists a vector v in N¢, called a place invariant such
that v[i] > 0 for every 4, and such that v-a < 0 for every action a in A.
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» Example 1. The VAS A = {2u;;; — u; | 1 < i < d} admits the place invariant v € N¢
defined by v[i] = 297 for every i.

Notice that if x = y then v -y < v-x for any place invariant v. We deduce that
llyl] < (Zle v[i])||x||. The norm of reachable configurations is therefore bounded linearly
in the norm of the initial one. As observed by Praveen and Lodaya [16], the norm of the
vector v can be bounded thanks to a small solution theorem of Borosh and Treybig [1] in
such a way the reachability problem for structurally bounded VAS is decidable in polynomial
space. Based on the reduction of QBF to the reachability problem of structurally bounded
VAS, Praveen and Lodaya deduced the following result.

» Theorem 2 (Theorem 3.10 and Theorem 3.11 of [16]). The reachability problem for struc-
turally bounded VAS is polynomial-space complete.

2.2 Vector Addition Systems With States

The previous approach no longer apply for structurally bounded vector addition systems
with states. Formally, a vector addition systems with states (VASS for short) is a graph
G = (Q, A, F) where @ is a non empty finite set of states, A isa VAS,and E C Q x A x Q
is a finite set of edges. A configuration is a pair (¢,x) in @ x N¢ denoted as ¢(x) in the
sequel. The semantics of an edge e is defined thanks to the binary relation — over the
configurations by p(x) = q(y) if e = (p,y — x,q). We associate to a word 7 = e; ...ey of
edges the binary relations — over the configurations defined as the following composition:

en .. ek,
Notice that — is the identity binary relation. The reachability relation of a VASS G is
the binary relation —» defined as the union Urer- 5. A configuration ¢(y) is said to be

reachable from a configuration p(x) if p(x) = q(y).

The following lemma states the so-called VASS monotony property. We refer to that
lemma when we mention a monotony property in the sequel.

» Lemma 3. We have p(x +¢) = q(y + c) for every p(x) = q(y) and for every ¢ € N,

Proof. By induction on the length of 7. <

We associate to a VASS G = (Q, A, E) the functions src,tgt : B — Q and A : F —
A satisfying e = (src(e), A(e), tgt(e)) for every e € E. The states src(e) and tgt(e) are
respectively called the source and target states. The vector A(e) is called the displacement
of e. We extend the displacement function to words = = ey...e; of edges by A(w) =
Aer) +---+ Aleg). A word m = ey ...ex of edges is called a path of G from a state p to
a state ¢, if there exists a sequence qq, ..., qs of states with g9 = p and ¢ = ¢ such that
(src(ej), tgt(e;)) = (gj—1,q;) for every 1 < j < k. A path is said to be simple if ¢; = g;
implies i = j. A cycle on a state ¢ is a path from ¢ to ¢. A cycle is said to be elementary if
¢; = q; and ¢ < j implies 1 = 0 and j = k.

Let T C FE be a subset of edges. An edge e of T is said to be recurrent if there exists a
path from tgt(e) to src(e) in T, otherwise, it is said to be transient. We denote by rec(T)
the set of edges that are recurrent. The set T is said to be reccurent if every edge in T is
recurrent, i.e. rec(T) = T. We observe rec(T') is recurrent for any set 7. We associate to a
subset T' the equivalence relation ~7 over rec(T) defined by e ~7 €’ if there exists a path
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from tgt(e) to src(e’) and a path from tgt(e’) to sre(e). The equivalence classes of ~p are
called the strongly connected components of T, and they are denoted as SCC(T). The set
T is said to be strongly connected if SCC(T) = {T'}. We also denote by SCC(G) the set
SCC(E), and we say that G is strongly connected if E' is strongly connected.

» Example 4. We adapt the VASS introduced in [6] by introducing the following VASS:

(0,0,0)

(—1,2,0) -@.e- (2,-1,0)

(0,0,—1)

Notice that p(1,0,n) = p(4™,0,0) for every natural number n since for every n,m € N with
n > 1, we have:

) (p,(—1,2,0),p)™(p,(0,0,0),q)(q,(2,—1,0),q)*™ (¢,(0,0,—1),p) o

p(m,0,n dm,0,n — 1)

A VASS G is said to be bounded from an initial configuration p(x) if the reachability
set from that configuration is finite. Let us recall that the boundedness problem is decid-
able in exponential space since the boundedness problem for VASS is logspace reducible
to the boundedness for VAS using for instance the encoding of control states as additional
counters [6]. A VASS is said to be structurally bounded if it is bounded from any initial
configuration. Let us recall that a VASS G is not structurally bounded if, and only if, there
exists a cycle o such that A(c) > 0. Moreover, this property is decidable in polynomial
time using the Kosaraju-Sullivan algorithm [8].

Example 4 shows that reachable configurations of structurally bounded VASS can be
exponentially larger than the initial configuration. Unfortunately, it can even be larger by
observing that the Ackermannian VASS introduced in [14] are structurally bounded. It
follows that the best complexity upper bound for the reachability problem for structurally
bounded VASS is Ackermannian. Concerning the lower bound, by observing that Lipton’s
construction [11, 3] also produces structurally bounded VASS, it follows that the reachability
problem is exponential-space hard.

2.3 Polynomial VASS

In this paper we consider a subclass of the structurally bounded VASS, called the polynomial
VASS. More formally, a polynomial function is a function f : Q — Q such that there exists
a sequence co, . .., ¢ of coefficients in Q satisfying f(x) = Z?:o cj.x? for every x € Q.

» Definition 5. A VASS is said to be polynomial if there exists a polynomial function f
such that [ly|| < f(|[x||) for every p(x) = q(y).

» Example 6. We introduce the following VASS:

(0,0,0)

(—1,1,0) (1,-1,2)
(

~1,0,0)

XX:5
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We have p(n,0,0) = p(0,0,n% + n)) for every n € N since for every n,m € N with m > 1,
we have:

) (p,(—1,1,0),p)™ (p,(0,0,0),9)(q,(1,—1,2),9)"* (¢,(—1,0,0),p) (

p(mvovn pm—l,O,n+2m)

We will prove in Example 15 that the VASS is polynomial.

» Remark. The VASS given in Example 4 is not polynomial.

We notice that since the Lipton’s construction [11, 3] produces polynomial VASS, it
follows that the reachability problem is exponential-space hard for polynomial VASS. In
this paper we show that (1) we can decide in polynomial time if a VASS is polynomial, (2)
the reachability problem is exponential-space complete for polynomial VASS.

3 lteration Schemes

An iteration scheme of a VASS @ is a finite sequence o1, ..., 0 of cycles such that:
k
A NA@)I™ S |A(r) + -+ Aow)|[
j=1

Observe that the displacement of an iteration scheme is necessarily a vector in N¢. An
index i € {1,...,d} such that there exists an iteration scheme with a displacement strictly
positive on ¢ is called an iterable index. An edge t that occurs in an iteration scheme is called
an iterable edge. By concatenating iteration schemes, notice that there exists an iteration
scheme with a displacement strictly positive on every iterable index, and such that every
iterable edge occurs in the scheme.

» Example 7. Let us come back to the VASS introduced in Example 4. Notice that the
cycles (p,(—1,2,0),p) and (g, (2,—1,0),q) forms an iteration scheme with a displacement
equal to (1,1,0). It follows that the two first indexes are iterable.

» Example 8. We introduce the following VASS:
(0,0)

Notice that the cycles (p, (—1,1),p) and (g, (1,—1),¢) do not form an iteration scheme.

The following lemma shows that if a strongly connected VASS admits an iteration scheme
with a non-zero displacement, then the VASS is not polynomial.

» Lemma 9. For every strongly-connected VASS, there exists a rational number A > 1 such
that for every n € N there exists an ezecution pp(Xp) —= qn(yn) such that:

[l = .

ynli] > NXell for every iterable index i.

Every iterable edge occurs in m, at least N0l times.

Proof. The proof is given in appendix. Intuitively, iteration schemes can be iterated an
exponential number of times. <

In section 6, we prove that conversely, indexes that are not iterable can be bounded with
a polynomial, as well as non iterable edges occurs at most a bounded polynomial number of
times.
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4  Kirchoff’s Functions and Euler’s Lemma

We recall some classical results about Kirchoff’s functions and Euler’s lemma. We assume
that G = (Q, A, F) is a VASS.

A multiset of edges is a function ¢ : E — N. The set {e € E | ¢(e) # 0} is called the
domain of ¢ and it is denoted by dom(¢). Given a subset T' C F and a multiset of edges ¢,
we denote by ¢ NT the multiset of edges defined as follows:

t ifteT
0 otherwise
The Parikh image of a word 7 of edges is the multiset of edges ¢ such that ¢(e) is the
number of occurrences in 7 of e for every edge e € E.

The displacement function A is extended over the multiset of edges ¢ by A(¢p) =
Y ecr ®(e).A(e). The vector A(¢) are called the displacement of ¢. Notice that if ¢ is
the Parikh image of a word 7 of edges then A(¢) = A(w). Given a sequence 71, ..., T of
words of edges, the vector A(my)+---+A(mg) is also called the displacement of the sequence.

A Kirchoff function ¢ is a multiset of edges such that for every ¢ € Q:

Y o= Y k@

ecE|tgt(e)=q e€E|src(e)=q

Let us recall that a finite sum of Parikh images of cycles is a Kirchoff function and every
Kirchoff function is a finite sum of Parikh images of elementary cycles. It follows that
the domain of a Kirchoff function is recurrent. The Fuler’s Lemma claims that a Kirchoff
function is the Parikh image of a cycle if, and only if, its domain is strongly connected.

5 Computing the Set of Iterable Indexes and Edges

In this section, we show that the set of iterable indexes and the set of iterable edges of a
VASS G = (Q, A, E) are computable in polynomial time. Given a pair (I,T) where I is a
subset of {1,...,d} and T is a subset of edges, a sequence o1, ..., 0y of cycles of T is called
an (I, T)-constrained iteration scheme if

k
A NA@HIT ClIA(01) + -+ Aot € 1
=1

We denote by I'(I,T') the pair (I',T') where I’ is the set of indexes i € I such that there
exists an (I, T)-constrained iteration scheme with a displacement strictly positive on i, and
where T is the set of edges that occurs in an (I, T)-constrained iteration scheme. Observe
that T'({1,...,d}, F) is the pair (I’,T’) where I’ is the set of iterable indexes and T” is the
set, of iterable edges.

We are going to compute I'(I,T) inductively by reducing the pair (I,7) into a pair
(I',T") in such a way I'(I,T) = I'(I’,T") and such that I'(1,T) = (I,T) if it is not possible
to reduce (I,T) anymore. Such an approach is similar to the one used by the Kosaraju-
Sullivan algorithm [8, 2] for computing from a VASS the set of edges occurring in cycles
with zero displacements.

XX:7
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Our reduction is defined by introducing the pair Q(I,T) obtained as the union of the
pairs (||A(¢)||",dom(¢)) indexed over the Kirchoff’s functions ¢ such that dom(¢) C T,
A(p N S)[i] = 0 for every S € SCC(T) and for every i ¢ I, and such that A(¢)[i] > 0 for
every i € I. The following lemma shows that Q(I,T) is computable in polynomial time.

» Lemma 10. Let (I,T) be a pair such that I C{1,...,d} and T C E, and let us consider
the following linear system over the variables (u;)icr and (\t)ieT ranging over the non-
negative rational numbers:

D SRR D S

q€Q teT |tgt(t)=¢q teT|src(t)=gq

A ADrA@] =0

sesce(T) igl tes

/\ Z AeA)[i] = pi

icl teT

Then Q(I,T) = (I',T") where:
I is the set of indexes i € I satisfying the previous linear system and p; > 0, and
T’ is the set of edges t € T satisfying the previous linear system and \; > 0.

Proof. Let us consider a Kirchoff function ¢ such that dom(¢) C T, A(¢p N S)[i] = 0 for
every S € SCC(T) and for every i ¢ I, and such that A(¢)[i]] > 0 for every i € I. By
introducing the sequences (At)ter and (u;)i;er defined by Ar = ¢(¢) and p; = A(P)[i] we
obtain a solution of the linear system. It follows that Q(I,T) C (I',T"). Conversely, let us
consider a solution of the linear system given by two sequences (u;)icr and (At):er of non
negative rational numbers. By multiplying that solution by a large natural number, we can
assume that the solution is over the natural numbers. Now, just notice that the multiset
of edges ¢ defined by ¢(t) = A if ¢ € T and ¢(t) = 0 otherwise is a Kirchoff function
proving that (||¢||T,dom(¢)) € Q(I,T). Notice moreover that pu; > 0 implies i € ||p||T
and A; > 0 implies ¢ € dom(¢). It follows that (I',T") C Q(I,T). We have proved that
QU,T)=I',T1". <

Notice that Q(I,T) C (I,T). Intuitively, Q(I,T) reduces the pair (I,T). The following
lemma shows that this reduction let unchanged the value of T'(1,T).

» Lemma 11. We have I'(I,T) =T(Q(1,T)).

Proof. Since Q(I,T) C (I,T) we get T'(Q2(I,T)) C T'(I,T). For the converse inclusion, let
us consider an (I, T')-constrained iteration scheme o1,...,0%. Let ¢; be the Parikh image
of o, and let ¢ = Z?Zl ¢;. Notice that ¢ is a Kirchoff function proving the inclusion
(Jl¢|| T, dom(¢)) C Q(I,T). It follows that o1,..., 0 is in fact an Q(I,T)-constrained itera-
tion scheme. Therefore T'(I,T) C T(Q(I,T)). <

Finally, the following lemma shows that I'(Z,T") is equal to (I,T) if (I,T) cannot be
reduced anymore.
» Lemma 12. We have I'(I,T) = (I,T) if, and only if, Q(I,T) = (I,T).

Proof. Assume that I'(I,T) = (I,T). Lemma 11 shows that Q(I,7) = (I,T). Conversely,
assume that Q(I,T) = (I,T). By adding Kirchoff functions, notice that there exists a
Kirchoff function ¢ such that dom(¢) = T, ||¢||" = I, and such that A(¢ N S)[i] = 0 for
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every S € SCC(T) and for every ¢ ¢ I, and such that A(¢)[i] > 0 for every i € I. Euler’s
Lemma shows that for every S € SCC(T), there exists a cycle og with a Parikh image equal

to ¢ N S. Notice that [|A(og)||” = [[A(¢ N S)||~ C I. Moreover ||> ¢ A(og)||t =1. Tt
follows that (0s)sescc(r) is an (I, T')-constrained iteration scheme. This scheme shows that
(I,T) CT(I,T). Therefore I'(I,T) = (I,T). <

Now, let us introduce Q°°(I,T) = (,,cn 2" (I, T). Since (2" (I, T))nen is a non-increasing
sequence, there exists n < |I|.|T'| such that Q"+1(I,T) = Q*(I,T) and for such an n, we have
0 (I, T) =Q™(I,T). From Lemma 10, we deduce that Q°°(I,T) is computable in polyno-
mial time. Moreover, from Lemma 11 and Lemma 12, we deduce that I'(I,T) = Q> (I, T).
We have proved the following theorem.

» Theorem 13. Iterable indexes and iterable edges are computable in polynomial time.

» Example 14. Let us come back to Example 4. We observe that Q"({1,2,3}, E) is equal
to ({1,2}, F) if n = 1, and it is equal to ({1, 2}, {(p, (—1,2,0),p), (¢, (2,—1,0),¢)}) if n > 2.

» Example 15. Let us come back to Example 6. We observe that Q"({1,2,3}, E) is equal
to ({3}, E)ifn=1, ({3}, {(p,(—1,1,0),p), (q,(1,—1,2),q)}) if n = 2, and (0, 0) if n > 3.

» Example 16. Let us come back to Example 8. We observe that Q"({1,2}, E) is equal to
(0, E) for every n > 1.

6 Non-iterable case

In this section we prove the following theorem.

» Theorem 17. Let G = (Q, A, E) be a strongly connected VASS. For every p(x) = q(y),
the values y[i] where i is a non iterable index, and the number of occurrences of non iterable
edges in 7 are bounded by:

1+ [P d Bl AL |Q ™+
We first prove the following lemma that is based on a “small solution” theorem of Pot-
tier [15].

» Lemma 18. Let (ns,)s . be a sequence of natural numbers indexes by s in a non-empty
finite set S, and by z in a finite subset Z C {—pu, ..., u}¢ for some u > 1. Let I C {1,...,d}
and m > 1 such that:

| > sez Ns,22[i]| < m for every s € S and for every i € I, and

The vector v defined as Y g ,c7 Ns,z% satisfies v[i] > —m for every i € {1,...,d}.
There exists a sequence (Ms z)zcz.scs Of natural numbers such that:

Y nez Msz2[i] = 0 for every s € S and for every i & I, and

The vector w defined as Y g ,c7 Ms 22 Satisfies w > 0
and such that 6 = |S|(77”Ld)2(f’),u)9d4 satisfies:

Ifng 5 > 0 then ms 5 >0, and

If v[i] > ¢ then w[i] > 0.

Proof. The proof is given in appendix. It is based on an application of a “small solution”
theorem of Pottier [15] on each s € S, and then, on the resulting solutions we apply again
the “small solution” theorem for extracting solutions satisfying w > 0. |

We are now ready for proving the following lemma.
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» Lemma 19. Let G = (Q, A, E) be a VASS such that ||A]| > 1,1 C{1,...,d}, and T be a
recurrent set of edges. We consider a path m such that p(x) 5 q(y). Let m > 1 satisfying:

The number of occurrences in w of edges not in T is bounded by m, and

x[i] + A(7")[i] < m for every every prefiz ' of ™ and for every i & I.
Then m/,I',T" defined as follows:

4
m' = m*(L+ [[x]])?d?(30)'
(', 7"y =Q(I,7)

Where u = ||A]].|Q] satisfies:
The number of occurrences in w of edges not in T' is bounded by m’, and

x[i] + A(n")[i] < m/ for every every prefix @' of m and for everyi & I'.

Proof. Notice that it is sufficient to prove that the number of occurrences in 7 of edges not
in 7" is bounded by m/, and y[i] < m’ for every i ¢ I'. In fact, the more general bound
x[i]+A(x")[i] < m/ for every prefix 7’ of m and for every i ¢ I’ can be obtained as a corollary.

Let k& be the number of occurrences in 7 of edges not in T. It follows that 7 can be
decomposed into: m = mot1my ... txTE Where 7, ..., T are paths in T and %4, ..., ¢ are not
in T. We introduce the sequences (p;j(x;))i<j<x and (g;(y;))o<j<r of configurations such
that p;(x;) SEN q;(y;) for every 0 < j <k, ¢j—1(yj-1) b, pj(x;) for every 1 < j <k, and
such that po(x¢) = p(x) and qr(yx) = ¢(y). Notice that x;[i],y;[i]] < m for every ¢ & I
and for every 0 < j < k since x; and y; can be obtained trivially as vectors of the form
x + A(n’) for some prefixes 7’ of 7.

Let us observe that since 7; is a path in 1" and since 7' is recurrent, it follows that there
exists S; € SCC(T') such that 7; is a path in S;. We decompose the Parikh image «; of =;
into a; = ¢; + ZZGLJ_ ¢ where ¢; is the Parikh image of a simple path in S, and ;4 is
a Parikh image of an elementary cycle in S; for every £ in a finite set L.

We introduce the set Z of displacements of elementary cycles. Notice that ||Z|| < u. We

associate to each S € SCC(T) and each z € Z the cardinal ngsz of the set ;5. _s{(j,?) |
e Lj NA(t;) =2z}. Observe that for every S, we have:

Y nsaz= Y > A()

2€Z §1S;=8 teL;
= > Aley) - Aey)
Jjls;=S8
= Y i —x —A)
JjlS;=S8

It follows that for every ¢ & I, we have:

1> nsezlil] < (k+1)(m +[QIA]) < 2m(2mpu) < 4m®u(1 + ||x]])
zE€Z
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Moreover, we have:

k
S Y nsaz=> (y; —x; — Al¢;))
SeSCC(T) zEZ =0
k k k k
= Z(YJ —x;) + ZA(tj) - ZA(¢3) - ZA(tj)
=0 j=1 7=0 Jj=1
k
Cy x-S A - AW
7=0 Jj=1

If follows that for every i, we have:

oY nsazlil > —(x|1+ (kD) (QI-DIA[+EIA]) > =3mu(1+[[x|[) > —4m?u(1+[[x||)
sesce(T) zeZ

Let us introduce § = |SCC(T)|(4m2u(14|x||)d)2(312)°?". Notice that § < m4(1+]|x|[)2d2(3)*24".
Lemma 18 shows that there exists a sequence of natural numbers (mg ,)s, 5 such that:

Y scz Ms,z2[i] = 0 for every S, and every i ¢ I.

ZS ZZEZ ms,z2 Z 0

ngz > 0 implies mg, > 0,

>.5 D mez MS,22[1] > 6 implies Y ¢ > 5 ms zzi] > 0.
It follows that:

if ng, > 0 then every simple cycle of S with a displacement equal to z is a simple cycle
of T', and

if y[i] > ||x|| +d+m+ (E+1)(|Q] — 1)||A|| + k||A|| then i € I'.

It follows that y[i] < ||x||+d+3mu < 36 < m/ for every i & I'. Moreover, it follows that
for every S, the number of occurrences of cycles 1; , with j such that S; =S, and £ € L;
such that dom(v;,) € T" is bounded by |Z|6 < m*(1 + ||x|\)2d2(3,u)13d4. It follows that
the number of occurrences of edges not in 7 in 7 is bounded by k + |SCC(T)|.|Q|.m*(1 +
[1x1)2d2(3u) 138" < mA(1 + [x|[)2d?(3p) 150" = . <

Let us consider p(x) = ¢(y) and let (I,,T5,) = Q"({1,...,d}, E). We introduce for
every n the minimal number m,,, > 1 such that the number of occurrences of edges in 7 that
are not in 7T}, is bounded by m,,, and x[i| + A(7")[i] < m,, for every i ¢ I,, and for every
prefix 7’ of . Notice that mg = 1, and Lemma 19 shows that for every n > 0:

4
M1 < mp (14 [1x]])?d?(3p) >
Let us introduce the sequence (s, )n>0 defined by so = 1, and the induction for every n € N:
4
sny1 = sp-(1+ |[x])?d?(3p) ">
Observe that m,, < s, for every n. Moreover, we have:
sn = [(1+ [[x|1).d? (3p) )"

Since I'({1,...,d},E) = Q*({1,...,d},E) = QUFI({1,...,d}, E), we have proved The-
orem 17.
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7 Applications

Theorem 17 shows that a strongly connected VASS without iterable indexes is polynomial.
Combined with Lemma 9, we deduce the following characterization.

» Theorem 20. A strongly connected VASS is polynomial if, and only if, its set of iterable
indexes is empty.

As a direct consequence of Theorems 20 and 13 and the following Lemma 21, we get
the following Theorem 22. Note that the restriction of a VASS G = (Q, A, E) to a subset
T C E of edges is defined as the VASS G|r = (Q, A, T).

» Lemma 21. A VASS is polynomial if, and only if, its restriction to every SCC is polyno-
mial.

Proof. The proof is given in appendix. <
» Theorem 22. We can decide in polynomial-time if a VASS is polynomial.

Moreover, since Theorem 17 shows that reachable configurations are bounded exponen-
tially in space, we derive the following result.

» Theorem 23. The reachability problem for polynomial VASS is exponential-space com-
plete.

Proof. Theorem 17 shows that reachable configurations are bounded exponentially in space.
It follows that the reachability problem is decidable in exponential space. We have already
observed the lower bound in Section 2.2. |

8 Conclusion

In this paper we introduced the class of polynomial VASS and showed that the membership
problem of a VASS in that class is decidable in polynomial time. Moreover, we proved
that the reachability problem for polynomial VASS is exponential-space complete. Our
characterization of polynomial VASS is based on the notion of iteration schemes. Intuitively,
whereas a cycle of a VASS with a non-negative displacement can be iterated an arbitrarily
number of times to obtain arbitrarily large values on indexes that are strictly increased by
the cycle, iteration schemes can be iterated an exponential number of times and provide
a way to increase by an exponential number every index that is increased by the iteration
scheme. As a future work, we are interested in by using iteration schemes rather than
iterable cycles in the KLM algorithm to hopefully obtain better complexity upper bound for
the reachability problem for general vector addition systems.
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Jérome Leroux

A Proof of Lemma 9

Let us fix a strongly connected VASS G, and let oq,...,0, be an iteration scheme such
that its displacement v is strictly positive on every iteration index and such that every
iterable edge occurs in the scheme. We let v; be the vector A(oy) + --- 4+ A(o;) for each
j €{0,...,k}. Observe that vy = 0 and v; = v. Notice that v;[i] < 0 implies that that
there exists £ < j such that i € ||A(c¢)||”, and in particular i € ||v||*. It follows that there
exists a natural number @ > 0 such that a.v 4 v; > 0 for every 0 < j < k.

We denote by ¢; the state such that m; is a cycle on ¢;. We also denote by qg the
state g,. Since the VASS is strongly connected, there exists a path 7; from ¢;_; to ¢; for
every 1 < j < k. Notice that there exists a sequence (c;)o<j<k of vectors in N? such that

q;(cj) REN ¢;(c; + A(oj)) for every 1 < j < k, and such that:

qo(co) = qi(er) -+ = gr(ck)

We first prove the following two lemmas:

» Lemma 24. For every 1 < j <k and for every h € N, we have:

h

gj(c; + ho(av +v;-1)) 5 gi(c; + h.(av +v;))

Proof. We introduce for each n € {0,...,h}, the vector x, = ¢; + (h —n).(a.v +v;_1) +
n(a.v + vj). By monotony, since a.v 4+ v;j_; > 0 and a.v + v; > 0, we derive from

q;(cy) REN g;(c; + A(o;)) the relation (g;,%x,—1) Z, qj(Xpn—1 + A(0;)) for every 1 <n < h.
ol
Since x,,—1 + A(0;) = Xy, it follows that ¢;(x¢) — ¢;(x5). Since xg = ¢; + h.(a.v+v;_1)
and x5, = ¢; + h.(a.v + v;), we are done. <
» Lemma 25. For every 1 < j <k and for every h € N, we have:
ijl(cjfl =+ h.(a.v =+ ijl)) W—J> q]' (Cj + h.(a.v + ijl))
Proof. Since ¢;_1(c;j—1) N g;(c;), the proof is obtained by monotony. <
We deduce the following corollaries.

» Corollary 26. For cvery h € N, we have:

Tl'lo'{"...ﬂ'ko',’s

qo(co + h.a.v) qr(cg + h.(a+1).v)

Proof. For every j € {1,...,k} and for every h € N, Lemma 24 and Lemma 25 shows that:

h
;0
q_j—l(cj—l + h.(a.v + Vj—l)) # q]' (Cj + h.(a.v + Vj))
We have proved the corollary since vog = 0 and v = v. <

» Corollary 27. For ecvery h € N, we have:

(mioh. mpoty®

qo(a.co + h.a.v) qr(a.ci + 2.h.a.v)
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Proof. Let us introduce the sequence (x,,)o<n<q defined by x,, = (a —n).co +n.cy + h.(n+

a).v. Since x, > co + h.a.v for every 0 < n < a, Corollary 26 shows that go(x,) Z

qr(Xn — €o + ¢ + h.v) where o = ﬂlof . ..7Tk0'2. Since x, — ¢g + ¢ + h.v = X, 41 and

qo = gk, we have proved that go(xo) <, qr(Xa). We have proved the corollary. <
» Corollary 28. For every m € N, we have:

go(m.a.co + a.v) 2 qr(m.a.cp +2™.a.v)

where wy, is defined as follows:

h hya
Wm = nghgm(ﬂlo'l ...7Tk0'k)

Proof. Let us introduce the vector x,, = (m —n).a.co+n.a.cy +2".a.v for every 0 < n < m.
Let n < m. By monotony, applying Corollary 27 with = 2", we get qo(Xn) —= qr(yn)
where y, = X,, — a.co + a.c;, + 2".a.v and o}, = (m00 ... Wkaﬁ)a. Notice that y, = x,11.
Since qo = qi, by transitivity, we deduce that go(x¢) —= qr(X,,) and the corollary is
proved. |

We have proved Lemma 9.

B Proof of Lemma 18

We first recall a “small solution” theorem from Pottier [15].

» Lemma 29 (Weaker statement of Theorem 1 in [15]). Solutions x in N¥ of the following
linear system:

d
/\ m; -x=0
i=1
where my, ..., my of vectors in Z* are finite sums of solutions s in N¥ of the same system
satisfying additionally:
k
1< 1D
lem <(1+ 112%21 Jm; []])
j= j=

Now, let us prove Lemma 18. Let s € S. We introduce for each i ¢ I the sign €;; €
{—1,0,1} and the absolute value t,; of > mns,z[i]. Observe that (nsz)zcz and (ts;)igr
forms a solution of the following linear system:

A naazli] — toens =0

i¢l z€Z

Lemma 29 shows that this solution can be decomposed into a finite sum of solutions (n?z)zez
and (tﬁ,i)“y indexed by ¢ in a finite set Ly such that for every £ € L:

Doneat )t < CHIZIZINY < 2+ pl+20)7)7 < (3p)*
z€Z il

Let K = J,cq{s} x Ls. We associate to cach k = (s, /) in K the vector vp =Y, ., nf ,z.

Notice that |[vi|| < u(3p)2@. Let K° be the set of (s,¢) € K such that t§; = 0 for every
i & I. Observe that vi[i] = 0 for every k € K" and for every i ¢ I. Since t5; < m for every
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i1 and Yoo igrtsi = Do (s ek \KO Digr th; > |K\K°| we deduce that the cardinal
of K\K" i i

Yoo nl, S IK\K|(3p)** < [S|md(3)*"
(s,0)eK\KO

Moreover, we have:

1Y vl < [SImdp(3p)™

ke K\KO
Therefore, we deduce that for every i € {1,...,d}:

Z vi[i] > ZZns 2Z[i |S|md,u(3u)

keEKDO sES z€Z

In particular ), o Vi [i] > —2|S|m2dpu(31)24 for every i.

Now, let us introduce V.= {vy | k € K°}. We associate to each v € V the set

={k € K| v = v} and ¢y = |KJ|. Observe that >, po Vi = > cycvv. We
introduce for each i € {1,...,d} the sign ¢; and the absolute value ¢; of that vector. Observe
that (cy)y and (t;); is a solution of the following linear system:

d
/\ Z eVl —eit; =0

i=1veVv

Lemma 29 shows that this solution can be decomposed into finite sum of solutions (¢}, )vev
and (t])1<i<q indexed by 7 in a finite set R such that for every r € R:

S +Zf @+ ([VIIVD)? < (24 u(30)%F (1 + 20(3p)2 )1 < (3p)5T"
vev

Let RT be the set of r € R such that t/ = 0 for every i such that ¢; = —1. Notice
that t; < 2zm|5\du(3u)2d2 for every ¢ such that ¢; = —1. We deduce that Eilqulti <

2(md)2\S|u(3u)2d2. Moreover, we have >, . _ 1 1i = 3 cp\r+ Dijei=—1ti = |[R\R™|. We
have proved that:
[R\R| < 2(md)?|S|pu(3p)*

Since ¢y = Y., cp ¢ and ¢y = |KY|, there exists a partition (K}),cgr of K such that
= |K7|. Let us introduce the sequence (ms 5)s 5 defined as follows:

M=) D DL M

reRT veEV (|(s,0)EK]

For every s € S and for every i & I, we have:

D maarlil =3 > D D mi]

zE€Z veEVreRt U|(s)eK] zE€EZ

=2, > vai

veV L|(s,l)eK

=0
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Notice that we have:
Vi
= Z ns,z
¢
0 Vi
= D M.t D n

L] (s,£)EKO £|(s,0) K\ KO
< Y 0k, +S|md(3u)*”
L|(s,£)eKO

= > D nintISImd(3u)*

reERVEV (|(s,0)EKT,

Meat D Y Y i, +|SImd(3p)*

r€ER\RT VEV £|(s,0)EKT
Mz + [R\RY|(310)°7 + |S|md(310)*¢
< M+ 3(md)?| S| pu(31)°%

< Mg+ 8] (md)?(3u)™"

IN

A

It follows that if ns , > S| (md)?(3p)™" then M5 > 0.

Finally, let ¢ € {1,...d} such that >~ > ns zz[ ] > |S|mdp(3)2% +2|S|(md)2u(3)8¢" .
It follows that €; = 1 and t; > 2|S|(md)?p(3p)8" . We have t; =3 pi t7 + Yrer\p+ b <
Srens B+ R\RY(30)°8 < 37 ¢ i 7 +2/8|(md)?u(310)54" . Since t; > 2| S| (md)2pu(3p)3¢
we deduce that there exists r € RT such that ¢t > 0. Notice that for such an r, we have
Y rert 2vev CuVli] > 0. Observe that the following relations

P DIDIDIEDDED DL

s€SzeZ reRtT veV seS (|(sl)EK] zEZ

22 2w

reR+ vEV keKT
‘s

> D av

reR+t veVvV

>0

shows that ZSGS ZzEZ M 2z[i] > 0if Y S n, ,z[i] is strictly larger than |S|mdu(3u) ‘4
2|S|(md)?u(3p)8¢", in particular if it is strictly larger than |S|(md)? (3;L)9d4.

C Proof of Lemma 21

Proof. Naturally, if a VASS is polynomial then its restriction to every SCC is polynomial.
For the converse, assume that G = (Q, A, E) is a VASS such that its restriction to every
SCC is polynomial and let us prove that G is polynomial. A polynomial function with
non-negative coefficients is a function f such that there exists a sequence cg,...,c; > 0 of
coefficients such that f(z) = Z?:o cj.x? for every x € Q. Notice that for every polynomial
function f there exists a polynomial function with non-negative coefficients g such that
f(x) < g(z) for every z > 0 by replacing the coefficients by their absolute values. For
every SCC S in SCC(G), since the restriction G|g is polynomial, there exists a polynomial
function with non-negative coefficients gg such that ||y|| < gs(||x||) for every p(x) = ¢(y)
where 7 is a path in S. Let us consider the polynomial function g satisfying g(x) = = +
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Al + X sesce(q) 9s(@). Observe that gs(n) + [|Al] < g(n), and n < g(n) < g(m) for
every 0 < n < m and for every S € SCC(G). Assume that p(x) = ¢(y) for some path 7,
and notice that 7 can be decomposed as mge 7 ... e, where k+1 < |Q)|, e1,...,ex € E,
and 7; is a path in a strongly connected component S; of G. We deduce that there exists
a sequence (p;(x;),q;(y;))o<j<k of pairs of configurations such that p;(x;) — ¢;(y,) for
every 0 < j < k, po(%0) = p(x), gk (yx) = q(y), and such that g;_1(y;_1) —> p;(x;) for every
1< j < k. We derive that |[x;]| < ||y, 1[I~ [|Al| for every 1 < j < k, and [y, < gs, (|%;1])
for every 0 < j < k. It follows that [|x;|| < gs,_, (|[x;-1[]) + [|A]] < g(]|x;-1]|) for every
1 < j < k. Tt follows that ||y|| + [|A]| < ¢* *(||x||) < ¢!?!(||x||) where g* means composing
g with itself £ times. The polynomial f = g!@l shows that the VASS is polynomial. |

XX:19

ICALP 2018



	Introduction
	Polynomial Vector Addition Systems With States
	Vector Addition Systems
	Vector Addition Systems With States
	Polynomial VASS

	Iteration Schemes
	Kirchoff's Functions and Euler's Lemma
	Computing the Set of Iterable Indexes and Edges
	Non-iterable case
	Applications
	Conclusion
	Proof of Lemma 9
	Proof of Lemma 18
	Proof of Lemma 21

