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—— Abstract

The reachability problem for vector addition systems is one of the most difficult and central
problems in theoretical computer science. The problem is known to be decidable, but despite
intense investigation 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 methods
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 [13] 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 upper bound
of the corresponding algorithm is just known to be non-primitive recursive [11]. Nowadays,
up to some details, there are only two different known reachability algorithms for general
vector addition systems; one based on the Kosaraju-Lambert-Mayr (KLM) decomposition;
and a recent one based on Presburger inductive invariants [10]. Despite intense investigation
during the last four decades, it is still an open problem whether an elementary complexity
upper bound for the reachability problem exists.
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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
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 reachability
sets from any initial configuration is polynomial-space complete [17]. 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
algorithm 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 prove that a vector
addition system with states is not polynomial if, and only if, it contains a so-called iteration
scheme 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 vector addition 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[17]. Next, we introduce the vector addition systems with states (VASS)
and we show that the previous approach for VAS no longer apply to VASS. Finally, we
introduce the class of polynomial VASS, the main class of VASS studied in this paper.

Concerning notations used in this 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 |)|.

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[1],...,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 < ¢ < 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?:l 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 Q% is defined as || V|| = maxyev |[v]|. We introduce the sets
|v|t = {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 wvector 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 + a for some action a € A. The

reflexive and transitive closure of — is denoted as — and it is called the reachability relation.

If x 5 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 [14] but its complexity
remains elusive; the problem is known to be exponential-space hard [12], and the best known
upper bound is non-primitive recursive [11].

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 [18]. Since the size of reachable configurations are at most Ackermannian in
that case [15, 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 [12].

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 numbers: (Aa)aca:

Z Aaa >0
acA

The previous observation combined with the Farkas Lemma [19] shows that a VAS is
structurally bounded if, and only if, there exists a vector v in N¢, called a place invariant
such that v[i] > 0 for every ¢, 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
llyll < (Z?Zl 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 [17], 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 [17]). The reachability problem for
structurally 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, E) where @ is a non empty finite set of states, A is a VAS, and F C Q X A x Q
is a finite set of edges. A configuration is a pair (g,x) in Q 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) = ¢(y) if e = (p,y — x,q). We associate to a word 7 = e; ... e, of edges the binary
relation = over the configurations defined as the following composition:

ey L ey

Notice that = is the identity binary relation. The reachability relation of a VASS G is
the binary relation = defined as the union Urecr- %, 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 : E — Q and A : E — 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 m = ey ... ey of edges by A(w) = A(er) +
-+ 4+ A(er). Given a sequence 7y, ..., m of words of edges, the vector A(my) + -+ - + A(my)
is also called the displacement of the sequence. A word m = e; ... e, of edges is called a path
of G from a state p to a state ¢, if there exists a sequence qq, ..., qr of states with gg = p
and g = ¢ such that (src(e;),tgt(e;)) = (¢j—1,¢;) for every 1 < j < k. A path is said to be
simple if ¢; = ¢; implies i = j. A cycle on a state ¢ is a path from ¢ to ¢. A cycle is said to
be elementary if ¢; = ¢; and 7 < j implies ¢ = 0 and j = k.

Let T' C E be a subset of edges. An edge e of T is said to be recurrent for T if there
exists a path from tgt(e) to src(e) in T, otherwise, it is said to be transient for T. We denote
by rec(T) the set of edges of T that are recurrent for T. 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
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T. We associate to a subset T the equivalence relation ~ over rec(T') defined by e ~7 €’ if
there exists a path 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(Q) the set SCC(FE), 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) -a.a- (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),9)(¢,(2,—1,0),9)*™ (¢,(0,0,—1),p) o

p(m,0,n 4m,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 decidable
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(o) > 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 [15] 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 [12; 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.

» 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)
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We have p(n,0,0) = p(0,0,n? 4+ 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)(¢,(1,—1,2),9)" (¢,(—1,0,0),p) o

p(m707n m—l,O,n—|—2m)

We will prove in Example 13 that the VASS is polynomial.

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

We notice that since the Lipton’s construction [12, 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 Iteration Schemes

An iteration scheme of a VASS G is a finite sequence o1, ..., 0y of cycles such that:

\A (0™ CIA(o1) + -+ Alow)| "]

\|>zr

Observe that the displacement of an iteration scheme is necessarily a vector in N¢. An index
1€ {1,...,d} such that there exists an iteration scheme with a displacement strictly positive
on 7 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 (q,(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:

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

» Example 9. We cannot restrict iteration schemes to sequences of elementary cycles. In
fact, let us introduce the following VASS:

(_17 1, 1) C@Q (1’ _17 1)

Notice that the cycle (¢,(—1,1,1),q)(q, (1,—1,1),q) is an iteration scheme proving that the
third index is iterable. However notice that any non-empty sequence of elementary cycles is
not 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.
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» Lemma 10. For every strongly-connected VASS, there exists a rational number A > 1 such
that for every n € N there exists an execution pp(Xy) Iny qn(yn) such that:

%al| = .

ynli] > MIxell for every iterable index i.

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

Proof. The proof is given in a technical report. 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 occur at most a bounded polynomial number of
times.

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, E) 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 E and a multiset of edges ¢,
we denote by ¢ N'T the multiset of edges defined as follows:

o(t) ifteT

0 otherwise

¢mT<t>={

The Parikh image of a word 7 of edges is the multiset of edges ¢ such that ¢(e) is the number
of occurrences in 7w of e for every edge e € F.

The displacement function A is extended over the multiset of edges ¢ by A(¢) =
> 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).

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

S osa= Y e

ecE|tgt(e)=q e€Elsrc(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 [ 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(0j)|” S |A(o1) + -+ Aop) [T € 1

134:7
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We denote by I'(I, T) the pair (I’,7") where I’ is the set of indexes ¢ € 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}, E) 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,7T) into a pair
(I',T") such that T'(I,T) = T'(I',T") and such that I'(I,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. The pair (I’,T") is obtained by computing Q(7,T) defined as follows.

» Definition 11. 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;);er and (A):cr ranging over the
non-negative rational numbers:

D SRR S

qeQ teT |tgt(t)=¢q teT|src(t)=gq

A AD MA@ =0

SeSCC(T) g1l tesS

A S AAW =

icl teT

Then Q(1,T) is defined as the pair (I’,7") where:
I’ is the set of indexes i € I satisfying the previous linear system and u; > 0, and
T’ is the set of edges t € T satisfying the previous linear system and \; > 0.

» Example 12. Let us come back to Example 4. We observe that Q™ ({1, 2,3}, E) is equal
to ({1,2}, E) if n = 1, and it is equal to ({1, 2}, {(p, (—1,2,0),p),(q,(2,-1,0),q9)}) if n > 2.

» Example 13. 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 14. Let us come back to Example 8. We observe that Q" ({1,2}, E) is equal to
(0, E) for every n > 1.

Notice that (I, T) is computable in polynomial time and Q(I,T") reduces the pair (I,T).
The following lemma shows that this reduction let unchanged the value of I'(I,T').

» Lemma 15. We have T'(I,T) =T(Q(1,T)).

Proof. Let (I',T") = Q(I,T). Since (I',T") C (I,T) we get I'(I',T") C T'(I,T). For
the converse inclusion, we just have to prove that any (I, T')-constrained iteration scheme
01,...,0k is an (I',T")-constrained iteration scheme. Let ¢; be the Parikh image of ¢;, and
let ¢ = Zf:l ¢;. Notice that (;)ier and (A)ier defined as p; = A(¢)[i] and Ay = ¢(2) is a
solution of the linear system introduced in Definition 11. It follows that u; > 0 implies ¢ € I’
and A\; > 0 implies t € T’. Hence oy,...,0% is an (I',T’)-constrained iteration scheme. <«

Finally, the following lemma shows that I'(I,T) is equal to (I,T) if (I,T) cannot be
reduced anymore.

» Lemma 16. We have I'(I1,T) = (I,T) if, and only if, Q(I,T) = (I,T).
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Proof. Assume that T'(I,T) = (I,T). Lemma 15 shows that Q(I,T) = (I,T). Conversely,
assume that Q(I,7T) = (I,T). By adding many solutions of the linear system introduced
in Definition 11, we obtain a solution (u;);er and (A¢)ter such that p; > 0 for every i € T
and \; > 0 for every t € T. 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 € T and ¢(t) = 0 otherwise is a Kirchoff function satisfying
dom(¢) = T, |A(¢)|" = I, and such that 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. 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(os)|” = |A(¢N S)|~ C I. Moreover | g A(og)|™ = I. It follows that (0s5)sesce(r) is
an (I, T)-constrained iteration scheme. This scheme shows that (I,7) C I'(1,T). Therefore
I(1,T) = (I,T). <

Now, let us introduce Q>(I,T) = (), .y X" (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 Q>*(I,T) = Q*(I,T). We deduce that Q°°(I,T) is computable in polynomial time.

Moreover, from Lemma 15 and Lemma 16, we deduce that I'(1,T) = Q°°(I,T). We have
proved the following theorem.

» Theorem 17. [terable indexes and iterable edges are computable in polynomial time.

6 Non-iterable case

In this section we prove the following theorem.

» Theorem 18. Let G = (Q, A, E) be a strongly connected VASS. For every p(x) = q(y),
the values yli] where i is a non iterable index, and the number of occurrences of non iterable
edges in 7w are bounded by:

[(1+ [1xI)2d> 3] Al Q) >+

We are now ready for proving the following lemma.

» 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) = 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(n")[i] < m for every every prefix @’ of w and for every i & I.
Then m/,I', T defined as follows:

m' = m (1 [P (3p)
(I, T") = Q(I,T)
Where p = ||A|||Q| satisfies:

The number of occurrences in w of edges not in 1" is bounded by m', and
x[i] + A(x")[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(7")[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 7. It follows that 7 can be
decomposed into: m = wot 7y ... g Where 7w, ..., 7T are paths in T and tq,...,t; are not
in T. We introduce the sequences (p;(x;))1<;j<r and (g;(y;))o<;j<k of configurations such
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that p;(x;) LEN q;(y;) for every 0 < j <k, gj_1(yj-1) b, pj(x;) for every 1 < j <k, and
such that po(xo) = p(x) and gx(yx) = ¢(y). Notice that x;[i],y;[i] < m for every i ¢ I and
for every 0 < j < k since x; and y; can be obtained trivially as vectors of the form x + A(7’)
for some prefixes 7’ of 7.

Let us observe that since 7; is a path in 7" 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 7;
into a; = ¢; + ZZGL], ;¢ where ¢; is the Parikh image of a simple path in S, and v, 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|| < p. We
associate to each § € SCC(T') and each z € Z the cardinal ng,z of the set ;5. _s{(4,¢) |
le L NA(je) = z}. Observe that for every S, we have:

S onsaz= Y > A

z2€Z §1S; =S LeL;
= Y Alay) - Aey)
jlS;=s
= > (vi—x—A))
jls;=s

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

| > nsazlill < (k+ 1)(m+ |QIA]]) < 2m(2mp) < 4m®u(1 +|[x]))
z€Z

Moreover, we have:

k
oD nsaz =) (y; —x — A¢;))
SeSCC(T) zeZ j=0
k k k k
=Y i —x) + YA =D AG) - D Al)
=0 j=1 =0 j=1
k k
=y —x—> Alg;) =Y At
=0 =1

If follows that for every i, we have:

Yo D nsazlil = —(IIxl| + (k + D(QI — DAl + kl|A[])

SeScC(T) zeZ
> —3mu(l +||x|]) > —4m?u(1 + |x[])

Let us introduce & = [SCC(T)|(4m2u(1 + [|x||)d)%(3)%¢" . Notice that
§ < m*(1 + [|x|))2d2(311)'24". Lemma 20 shows that there exists a sequence of natural
numbers (mg ,)g,, such that:
> zcz Ms,z2[i] = 0 for every S, and every i ¢ I.
2252 nezMSa% > 0
ngz > 0 implies mg, > 0,
2.5 D ncz NS,22[1]) > 6 implies Y ¢ > o ms 4z[i] > 0.
It follows that:
if ng, > ¢ then every simple cycle of S with a displacement equal to z is a simple cycle
of T, and
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if yli] > ||x||+0+m+ (k+1)(|Q| — 1)||A[| + k||A[| then i € I'.

It follows that y[i] < ||x|| 4+ ¢ + 3mu < 36 < m/’ for every i ¢ I'. Moreover, it follows that
for every S, the number of occurrences of cycles v; , with j such that S; = S, and £ € L; such
that dom(v;) Z T” is bounded by |Z|6 < m?*(1+||x| 1)2d2(311)134" . Tt follows that the number
of occurrences of edges not in T in 7 is bounded by k+|SCC(T)|.|Q|.-m*(1+||x|[)2d?(3p) 34" <
m(1+ ||x|[)2d (3p) 50" = m'. <

The proof of the previous lemma was based on the following one, a kind of “small solution”
theorem [16].

» Lemma 20. Let (ns.,)sz be a sequence of natural numbers indezes by s in a non-empty
finite set S, and by z in a finite subset Z C {—pu, ..., u}e for some u > 1. Let I C {1,...,d}
and m > 1 such that:

| > sez Ns,228[i]| < m for every s € S and for every i € I, and

The vector v defined as ) g ,cq 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 pez Msz2[i) = 0 for every s € S and for every i ¢ I, and

The vector w defined as ) .o ,c7 Ms 22 satisfies w > 0
and such that § = |S|(md)2(3p)°%" satisfies:

If ng, > 0 then mg, >0, and

If v[i] > § then w[i] > 0.

Proof. The proof is based on an application of a “small solution” theorem of Pottier [16] on
each s € S, and then, on the resulting solutions we apply again the “small solution” theorem
for extracting solutions satisfying w > 0. <

Let us consider p(x) = ¢(y) and let (I,,,Ty,) = 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 7}, is bounded by m,,, and x[i] + A(x)[i] < m,, for every i € I,, and for every prefix
7' of m. Notice that mg = 1, and Lemma 19 shows that for every n > 0:

M1 < mi (14 [x]])?d? (3) "
Let us introduce the sequence (sy)n>0 defined by so = 1, and the induction for every n € N:
ser = i (L4 ||| (310)'*"
Observe that m,, < s, for every n. Moreover, we have:
s = (1 [ 2 (3a) P
Since T({1,...,d},E) = Q*°({1,...,d},E) = QUFI({1,...,d}, E), we have proved The-
orem 18.

7 Applications

Theorem 18 shows that a strongly connected VASS without iterable indexe is polynomial.
Combined with Lemma 10, we deduce the following characterization.

» Theorem 21. A strongly connected VASS is polynomial if, and only if, its set of iterable
indezxes is empty.
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As a direct consequence of Theorems 21 and 17 and the following Lemma 22, we get the
following Theorem 23. Note that the restriction of a VASS G = (Q, A, F) to a subset T C E
of edges is defined as the VASS G|r = (Q, A, T).

» Lemma 22. A VASS is polynomial if, and only if, its restriction to every SCC'is polynomial.
Proof. The proof is given in a technical report. <
» Theorem 23. We can decide in polynomial-time if a VASS is polynomial.

Moreover, since Theorem 18 shows that reachable configurations are bounded exponentially
in space, we derive the following result.

» Theorem 24. The reachability problem for polynomial VASS is exponential-space complete.

Proof. Theorem 18 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 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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