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S. K. Ko?, R. Niskanen®*, I. Potapov®:!

% Department of Computer Science & Engineering, Kangwon Natinonal University, 1,
Kangwondaehak-gil, Chuncheon-si, Gangwon-do, 24341, Republic of Korea
b Department of Computer Science, University of Liverpool, Ashton Building, Liverpool, L69
3BX, United Kingdom

Abstract

We study reachability problems for various nondeterministic polynomial maps in Z". We
prove that the reachability problem for very simple three-dimensional affine maps (with
independent variables) is undecidable and is PSPACE-hard for both two-dimensional affine
maps and one-dimensional quadratic maps. Then we show that the complexity of the
reachability problem for maps without functions of the form +x + aq is lower. In this
case the reachability problem is PSPACE for any dimension and if the dimension is not
fixed, then the problem is PSPACE-complete. Finally we extend the model by considering
maps as language acceptors and prove that the universality problem is undecidable for
two-dimensional affine maps.

1. Introduction

Many iterative maps can exhibit complex and unpredictable dynamics. They appear
in various parts of mathematics and in particular they have been extensively studied
in the context of chaos theory [I1, [I7] and control theory [6] 5] where these maps have
been defined over rational, real or complex numbers. On the other hand iterative maps
over integers are also important in computer science as they can be seen as the simplest
form of computer programs describing updates on integer counters or variables. The
classical reachability problems (i.e., whether a given set of values in the counters/variables
can be reached via iterations in loops) are in the core of verification procedures and the
complexity of their solutions could vary depending on several factors such as the type of
iterative functions (affine, linear, polynomial, elementary, etc.), the form of maps (i.e.,
deterministic, nondeterministic), the number of variables (i.e., dimension of a system)
and even history dependence (i.e., when the next value depends on several previous values
of counters/variables) [36], [37].
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In this paper we study the decidability of the reachability problem for simple stateless
systems of nondeterministic iterative polynomial maps defined on integer valued vectors.
The simplest form of a map with polynomial updates, i.e., where the updates are of the
form ¥ = Z + agp, can be seen as a vector addition system (VAS) on Z". In this case
the reachability problem in one-dimensional system (i.e., with one variable/counter) for
additive updates of the form x + a¢ can be reduced to solving a single linear Diophantine
equation with solutions over natural numbers and the generalisation to the multidimen-
sional case, which is in the form of the n-dimensional vector addition system on Z", is
known to be NP-complete [10, 19].

A simple generalisation to two-dimensional system of affine updates instead of additive
maps makes the reachability problem undecidable over rational numbers Q?; see [2]. The
affine transformations, that can encode the Post correspondence problem, are of a very
restricted form p(z,y) = (1 + g2y + g3, quy).

Taking it into account we are focusing on a natural generalisation by defining multidi-
mensional system with n-variables over Z™, where each coordinate dependent only on one
variable and then we study the complexity of the reachability problem for different types
of the polynomial updates of the form

p(x1, ... xn) = (pr(x1), ...y pn(Tn))

for some univariate polynomials p;(z).

Our research is revealing many surprising complexity results. For example even a
simple increase from additive to affine updates where each variable is only self-dependent
leads to undecidability of the reachability problem in Z3. The core element of the proof
is in the construction of affine functions that simulate a state structure and can be used
to control in which order affine updates have to be applied. Then by generalising the
construction to encode any graph structure in one of the dimension we show that in
two-dimensional systems with affine functions the reachability is at least PSPACE-hard
while we do not know whether in this case the problem is decidable or not. Using a
different encoding technique we prove that in one-dimensional maps, the reachability
problem is PSPACE-complete. In the encoding a configuration of a machine (in this case
LBA) is stored as a residue class and updated accordingly using quartic polynomials. The
same encoding idea was used in [I6]. See Table [I| for the summary of the results.

1 2 3 4
degree | the leading coefficient
dim. ap = *1 a1 €L
1 NP-h. [19]/PSPACE [16] | PSPACE-c.
NP-c. [19] PSPACE-h./?
3 undecid.

Table 1: Complexity of reachability problems in nondeterministic polynomial maps according to the
degrees. Our results are on grey background.

Then we investigate the restrictions on the functions further by considering maps
without functions of the form +x + ag. Surprisingly, already for affine maps, this leads
to NP-hardness for any fixed dimension as well as PSPACE-hardness if the dimension is
not fixed. As for the upper bound, even for maps with polynomial updates — as long as
updates of the form +x + ag are not present — the reachability problem is in PSPACE, and
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thus PSPACE-complete if the dimension is not fixed. This heavily contrasts our knowledge
on general maps, where most notably, dimension two has no known upper bounds; see
Table 2

affine polynomial
type a; #+1 ay €7 not including including

dim. +x + ag +x 4+ ag

1 NP-h. [19]/PSPACE [10] PSPACE-c.

PSPACE-hL./? PSPACE-L./?

3 NP-h./PSPACE NP-h./PSPACE

: undecid. undecid.

n PSPACE-c. PSPACE-c.

Table 2: Complexity of reachability problems in affine and polynomial maps with respect to inclusion of
polynomials of the form +x + ag. Our results are on grey background.

Finally, we take a more language-theoretic approach and consider maps as language
acceptors. To this end, we fix the initial and target values, Zy and 2y, in the reachability
problem for polynomial maps. Then, we attach a letter over a finite alphabet ¥ to each
function. Now, a word w € ¥* is accepted if there is a computation path from Zzy to zy
reading w in the map. From this point of view, the reachability problem is the language
emptiness problem. We study another natural language-theoretic question known as the
universality problem, where we are asked whether all finite words are accepted by the map.
We show that for two-dimensional affine maps the universality problem is undecidable by
simulating an integer weighted automaton [20].

The research work on such systems with polynomial updates attracted visible attention
in verification community indicating the lack of understanding of even such simple systems.
In contrast to stateless systems (iterative maps) a model of polynomial register machines
which have additional state structure has been studied in [I6] B5]. The authors showed
that the reachability problem is PSPACE-complete for one-dimensional polynomials and
undecidable for two-dimensional polynomials, respectively.

Multidimensional linear polynomial iteration has also been considered from a different
aspect. The vector reachability problem for n-dimensional matrices over F, where
F=27,Q,C,..., studies whether for given two vectors Zo, 2y € F" and a set of matrices
{M,..., My} CF"*"™ there exists a finite sequence of matrices such that M;, - -- M;, To =
Zy. Since transforming a vector by a matrix can be expressed as a system of linear
equations, the multidimensional linear polynomial iteration can be seen as a vector
reachability problem. The main difference from our consideration is that we consider

only polynomials of the form p(x1,...,2,) = (p1(x1),...,pn(zy)) for some univariate
polynomials p;(z), while the polynomials in the vector reachability problem are of the form
p(x1,...,xy) = (@121 + - + QG1nTny . -+, Ap1Z1 + -+ + Qpnxy). The vector reachability

problem has been proven to be undecidable for 6 three-dimensional integer matrices in
[22] and for two 11-dimensional integer matrices in [21].

Recently, in [7], the authors studied a different variant of polynomial register machines.
They restricted the considerations to affine updates and moreover, that the matrix
monoid generated by the transformations is finite. In this variant, the reachability
problem is reducible to the reachability problem for integer VASS [10, 19] and thus
decidable. Additionally, the authors considered different restrictions on the affine updates
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and showed that some variants are PSPACE-complete while others are NP-complete.

The next level of complexity of iterative systems is to consider iterative maps over
rationals, where even for one-dimensional affine maps the reachability problem is still
open and can be seen as a special case of vector reachability for 2 x 2 matrix semigroups
over Q. However, for nondeterministic iterative polynomials maps of degree at least
two, the reachability problem is decidable by an analysis of p-adic weights instead of
Euclidean distances [9]. The solution of reachability for iterative one-dimensional maps
over Q can particularly answer another long standing open problem — the reachability
for piecewise affine maps (PAM). Iteration of deterministic one-dimensional piecewise
affine map f : Q — Q is often used as a reference model to show hardness of reachability
problems for various types of hybrid systems, where

flz)=a;-xz+0b;, forzel;, i=1,... k.

Here, I; = (l;,r;] is a finite set of disjoint intervals and all coefficients a;, b; and the
extremities of I; are from Q. The reachability problem for PAMs is “Given a PAM f(x)
and two points zg, y € Q. Decide whether exist n € N such that f"(zg) = y?” For the
special case of “complete maps” where each subinterval of the unit circle I; is mapped
to the unit circle the reachability can be reduced to the reachability of nondeterministic
affine maps, i.e, tracing back non-deterministic trajectories with inverse functions (also
affine) starting from y [9]. Piecewise maps and related reachability problems have been
studied extensively in [28] [3, 29 0] and can be generalised to non-deterministic maps if
the intervals are not disjoint or, in more general settings, when more than one function is
assigned to the same interval, that is, should be applied nondeterministically. Thus our
iterative maps can be seen as trivial piecewise nondeterministic maps where all functions
have been assigned only to one interval (—o0, c0).

Already starting from dimension two, the reachability problem is undecidable for
deterministic two-dimensional piecewise affine maps over Q. The reachability problem
for one-dimensional piecewise affine maps is an open problem even when there are only
two intervals. On the other hand, for more general updates the problem for deterministic
maps is undecidable. For example, if the updates are based on the elementary functions
{22 23, /2, ¥x,2x,2 + 1,2 — 1} or on rational functions of the form p(z) = %7
where the coefficients are rational numbers [30], then the problem is undecidable.

The present paper analyses polynomial maps over integers focusing on the core power
of iterative maps in minimalistic settings of integer numbers. A natural extension in
the future is to consider maps over rationals or reals. All our lower bounds can be
lifted to the more general settings. Moving to rationals or reals introduces on one hand
new challenges. On the other hand it can quickly enrich the model leading to simpler
undecidability constructions due to extra information that can be stores and used in
case of rational numbers or leading to unpredictability due to the nature of reals. In
particular, in Theorem we show the undecidability of the reachability problem for
specific three-dimensional rational maps over rationals while the corresponding maps over
integers have a decidable reachability problem. When considering maps over rationals,
the questions can become harder having connections to group theory [14] and number
theory [8]. Changing the question from point reachability to staying within a set [I5] or
set reachability [I], can be made more amenable to analysis.

Also our approach to look at the reachability from language-theoretic point of view is
in line with a recent paper [4] on the complexity of the zeroness problem for deterministic
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polynomial automata over rationals (i.e., a problem whether a given automaton outputs
zero on all words). Authors of [4] showed that while this problem is non-primitive recursive
in general, there is a subclass of polynomial automata for which the zeroness problem is
primitive recursive.

This paper is the full version of conference papers [33] and [27]. Unlike the conference
versions, we give full proofs of the results and provide additional comments on the
constructions.

This paper is organised as follows. In the next section, we introduce basic definitions
and models used in the paper. In Section [3| we prove that the reachability problem
for one-dimensional quartic maps is PSPACE-hard. Then, in Section [, we consider the
reachability problem for multidimensional maps. Namely we show that the problem
is undecidable for three-dimensional affine maps and PSPACE-hard for two-dimensional
affine maps. In Section [5] we study maps without functions of the form +x + a¢ and show
that the reachability problem is PSPACE for any dimension and that if the dimension
is not fixed, then the problem is PSPACE-complete. Finally in Section [6] we extend the
model by considering maps as language acceptors and prove that the universality problem
is undecidable for two-dimensional affine maps.

2. Preliminaries

We denote the set of natural numbers, integers and rational numbers by N, Z and
Q, respectively. The integers are assumed to be encoded in binary. For z; < 29 € Z, we
denote the closed interval by [z1,22) = {2z €Z | 21 < 2z < 29}.

We denote the ring of polynomials with integer coefficients over a variable = by Z[z].
A polynomial p(x) € Z[x] is p(z) = apz™ + -+ - + a1x + ap, where a; € Z and n > 0. We
represent polynomials in sparse encoding by a sequence of pairs (i, a;);cr, where I = {i €
{0,...,n} | a; # 0}. Deciding whether for a given y € Z, the polynomial p(y) evaluates to a
positive number can be done in polynomial time [I2]. The multidimensional polynomials
Z[Z]™ with independent variables & = (z1,...,z,) are of the form p(zy,...,2,) =
(p1(x1),...,pn(xy,)) for some univariate polynomials py(x),...,pn(x) € Z[x]. That is,
dimensions are independent and do not affect the values in other dimensions.

Throughout the paper, we investigate the reachability problem for different classes of
polynomials and in order to simplify the terminology, we give names to the commonly
used classes:

Additive polynomials: Addz = {*x + a0 | a0 € Z},
Affine polynomials: Affz]z] = {a1x + ao | a1, a0 € Z},
Quadratic polynomials: Quadz[z] = {a2x2 + a1z + ag | az,a1,a0 € 2},

Quartic polynomials: Quartz[z] = {asz” + azz® + a2x® + a1z + ao | a4, as, a2, a1, a0 € Z}.

We also define the classes of polynomials without additive polynomialsﬂ i.e., updates

2In [16], additive polynomials were called counter-like as they are similar to updates in counter
machines and VASSs. They could also be called (generalised) monic linear polynomials but the authors
find the name cumbersome.



of form +x + ag:

Affz[z] \ Addz = {a12 + ap € Affz[z] | a1 # £1},
Z[z] \ Addz = {p(z) € Z[z] | p(z) # L£x + ag, where ag € Z}.

The multidimensional variants Aff;[Z]™, Quadz[Z]™ and Quartz[Z]™ are defined in the
natural way, while Affz[Z]"™ \ Addyz, is defined as ((Affz[z] \ Addz) U {z}) x --- x ((Affz[z] \
Addz) U {z})) and Z[Z]™ \ Addyz is defined analogously. The class Z[z] \ Addz seems
artificial at first but, as we prove later, polynomials of the form +x + ag play a vital
role in whether the reachability problem is decidable or undecidable. Indeed, we will
show that for Z[Z]™ \ Addyz, the reachability problem is in PSPACE, while the problem
is undecidable already for Affz[Z]2. Note that the multidimensional variant allows a
particular additive polynomial in each component. Namely, the identity polynomial
p(x) = x. This polynomial is essential as it allows the map to either apply a polynomial
of Affz[z] \ Addy or Z[z] \ Addy or keep the value the same in each component. This is a
crucial property for the lower bounds proven in Lemma [18| and subsequent results relying
on the lemma. The different classes of polynomials are depicted below:
€ Quadz[z]

/—/%
an®™ + -+ + agzt + azxd + a2 + a1 + ag € Zlw) +2 + ag € Addy,
H/_/

€ Affz[z]

€ Quarty[z]

In the encoding of Section [3] we use the Chinese remainder theorem to find the unique
solution to a system of linear congruences. That is, for given pairwise co-prime positive
integers ni,...,n, and by, ...,bx € Z, the system of linear congruences z = b; mod n;
for : = 1,...,k has the unique solution modulo n; ---ng. Recall that a residue class b
modulo n is the set of integers {...,b—n,b,b+n,...}.

An n-dimensional polynomial register machine (n-PRM) is a tuple R = (@, A), where
Q is a finite set of states and A C @Q x Z[Z]™ x Q is the set of transitions labelled by
polynomials with variable & € Z". A configuration of R is a tuple [¢,Z] € Q x Z". A
configuration [¢',¢’] is reachable from a configuration [¢, §] by a transition (g, f(Z),q’) if
f(%) = ¢. This is denoted by [q,7] == [¢/,¥']- The reflexive and transitive closure of
—x is denoted by —%. The reachability problem is, given two configurations ¢ and ¢’ of
R, to decide whether ¢ —% ¢’ holds. If an n-PRM R has only one state, then R is called
a nondeterministic polynomial map or a map over Z[Z]™ for short.

An n-PRM is called an n-dimensional affine register machine (n-ARM) if every
transition is labelled by an affine polynomial. A nondeterministic affine map (a map over
Affz[Z]™) is defined analogously.

A linear-bounded automaton (LBA) is a Turing machine with a tape bounded by a
linear function of the length of the input. In other words, an LBA can be viewed as a
Turing machine with a finite tape. We denote an LBA A by a tuple (Q,T',6), where
@ is a finite set of states, I' = {i>, <1,0,1} is a finite tape alphabet, which includes two
special symbols > and < serving as left and right endmarkers of the tape. The transition
function is a relation § C Q X I' x @ X I' x {L, R} such that a transition (q,v,q¢’,v',d) € ¢
implies that if the LBA A is in state ¢ and reads y at the current head position on the
tape then A moves to the state ¢’ while writing 4/ onto the tape and moving the head
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position according to the direction d. Note that the head moves to the right if d = R and
to the left if d = L. Since the tape of A is delimited by endmarkers, we have conditions
that if the head is at the left endmarker t>, then d is always R and 4 = 1>, analogously if
v =<, then d=L and v = <. A configuration of A is a tuple (¢, >w<,14), where ¢ € Q
is the currents state, w € (I'\ {r>,<})* is the tape content and ¢ € [0, |w| + 1] is the
current head position. We define the successor relation — 4 between two configurations in
the standard way and —7 is the reflexive and transitive closure of — 4. See for example
[23] for more details on LBA.

The reachability problem of a given LBA A is to decide whether for given length of
the tape s, states ¢ and ¢, (¢,>0°<,0) =% (¢’,>0°<,0) holds and is well-known to be
PSPACE-complete. We often enumerate the states of A such that ¢’ = ¢ and further
assume that A enters state g only in configuration (g|q|, >0°<,0).

Given an alphabet ¥ = {ay,aq,...,an}, a finite word u is an element of semigroup >*.
That is u = ujug - - - uy, where u; € 3. The empty word is denoted by €. The length of a
finite word w is denoted by |u| and |e| = 0. We denote w € ¥* with |w| = s by w € X*.

Lemma 1. Let ¥ = {a,b} and w € ¥*. Let 7 : ¥ — N be defined as 7(a) = 1 and
7(b) = 2. The function o : ¥* — N defined by

o(wwy - wg) = ZT(wZ) . gk—e
i=1

and o(g) = 0 is an injective function.

The function o of the previous lemma, outputs a number in ternary representation
of the input word over the binary alphabet . Since each natural number has a unique
ternary representation, o is clearly an injective function.

We use the Post’s correspondence problem (PCP) [34] to show undecidability in
nondeterministic affine maps. Let ¥ = {a, b} be a binary alphabet and

P= {(ul,vl), (UQ,UQ), ey (un,vn)} g ¥ ox X

be a set of pairs of words where n > 2. Then, the PCP is to determine if there exists a
finite sequence of indices ¢1, {o, ..., {, with each 1 < ¢; < n such that

Ug, Ugy * Uy, = Vg, Vg, *** Vg,

The PCP was shown to be undecidable for n = 7 in [3I]. Recently the undecidability
bound has been improved to n = 5 [32]. We denote the minimal number of pairs for
which the PCP is undecidable by n, and use it to describe other undecidability bounds
presented in the paper.

3. Reachability in maps over Quartz[z]

In this section, we prove that the reachability problem in one-dimensional polynomial
maps with quartic polynomials is PSPACE-hard and PSPACE in general. The proof of the
lower bound is similar to the proof of PSPACE-hardness of the reachability problem for
polynomial register machines as found in [16]. Both proofs reduce from the reachability
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problem for LBA. Let us fix an LBA A with a tape of s letters for the remainder of the
section. The main difference of the proofs is that in [I6], the states of PRM contain partial
information from a configuration of A: the state of A, the position of the read/write
head and the letter that the head is currently reading, while the tape content is encoded
as an integer and modified by the transitions according to the instructions of A. In our
proof, the whole configuration of A is encoded as an integer and updated according to
the instructions of A.

First, let us recall some definitions from [16]. Let p; denote the (i+3)-th prime number,
that is, py = 7,p2 = 11,... and let P be the product of m such primes, P = []" | p;,
where m = s + s -|Q).

The main idea of the encoding is to consider the integer line Z modulo P and integers
as the corresponding residue classes. We are interested in the residue classes that satisfy
linear congruences modulo p; for different p;. The first s primes will correspond to
each cell of the tape and the next s - |@Q| primes will correspond to the head being in a
particular state in a particular cell. Note, that for the sake of simplicity, we omit the
behaviour of the head on the border letters. In fact, it is quite easy to deal with these
transitions as, among other information, we also encode the position of the head into
our integer. Then it is easy to hard-code the behaviour of A on the border letters into
corresponding polynomials. Indeed, consider a configuration [g, 1, >aw<] such that the
next configuration is [¢’,0,>bw<], where a,b € {0,1} and w € {0,1}*~. As the head
respects the border letters, the next configuration is [¢”, 1,>bw<]. That is, all we need to
simulate is a transition from state g to ¢ and possible rewriting of a to b.

We are not interested in all residue classes modulo P and only a tiny fraction of the
residue classes is used to store information. A residue class r is of interest to us, if for every
1 < i < m, there is some b; € {0,1,2} such that » = b; mod p;. We call such residue
class sane and denote the set of all sane residue classes by S. A configuration [g;, 7, bw<],
where i = {1,...,s} and w € {0,1}*, corresponds to a residue class r satisfying the
system of congruence equations

r=w; mod pi,

7 =wy mod ps, r=1 modppifl=s+j+ (i—1)|Q|,
r=0 modp,iff¢>sand l#s+j+ (i—1)Q|

(1)
r=w, mod ps,

Intuitively, the first s congruence equations encode the tape content and the next s|Q)|
equations encode the state and position of the head. We illustrate how a configuration
[g5,2,>1001 - - - 1<] of an LBA corresponds to the residue class r satisfying the system of
linear congruences in Figure

Since the head of an LBA modifies the tape locally, to simulate a transition, for
example, §(g;,a) = (qr,a’, L), it is enough to check that the residue class r satisfies
congruence equations

r=1 mod pyyji(i-1)Q| and r=a mod p;

for some i € {1,...,s}. Then, the transition is simulated by moving from r to a residue



mod p;
mod ps
tape
. : content

B mod 5.
_ . mod psq1 mod pey|Q|+1 mod pey(s—1)|Q|+1 <— state q1
[>T [ [T DE] mod psao mod py4|q|+2 mod pey(s—1)|Q|+2 «— state g2
S mod ps3 mod psy|Q|+3 mod p,sy(s—1)|Q|+3 +— state g3

D mod p,q|q| D mod psi2)q| D mod pes Q| «— state q|q|
Position of the head: 1st cell 2nd cell sth cell

Figure 1: An illustration how configuration [g3,2,>1001- - - 1<] of an LBA (left) is encoded as residue
class r satisfying a system of linear congruences. Here, letters 0 and 1 are represented by white and grey
squares, respectively. A grey square in the ith cell column and the jth state row represents the head
being in the ith cell in state g;.

class r’ satisfying congruence equations

=0 mod Ps+j+(i—1)|Q]»

r'=1 mod psiri(i-2)Ql
’r'/ = Cl/ mod Di,
" =r mod p, for all

te{l,....,s+s-|Q}\{i,s+i+ (G —D|Ql,s+k+ (: —2)|Q|}.

That is, to simulate a transition of the LBA, first we need to check that the current
residue class r corresponds to a configuration [g;, 7, >w<], where w; = a, for some ¢ and the
other letters of w are irrelevant. Then we move to the residue class r’ corresponding to
the configuration [gy,7 — 1,>w’<], where w} = o’ and wj, = wy, for all £ = {1,...,s}\ {i}.
Analogously, to simulate a transition where the head moves to the right, similar checks
need to be performed.

To this end, we need to locally modify the residue classes. That is, we need to have a
polynomial p(x) such that p(r) = r’. There are three mappings that are defined for each
index ¢ € {1,...,m}, FLIP;, EQZERO;, EQONE; : S — S. The mapping FLIP; is used to
change the residue class of » modulo p; in a particular way. The mappings EQZERO,; and
EQONE; are used to check that the residue class of » modulo p; is zero or one, respectively.

Let us describe the mappings in more details. For the mapping FLIP;(r) there are
three cases depending on whether » = 0,1,2 mod p;:

ifr=0 mod p; : ifr=1 mod p;: ifr=2 mod p;:
FLIP;(r) = mocp FLIP;(r) = 0 modp FLIP,(r) = mocp
r  mod p; r  mod p; r  mod pj,
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where j # i.
Similarly, for the remaining two mappings, there are three cases depending on whether
r=0,1,2 mod p;:

ifr=0 mod p; : ifr=1,2 mod p; :

0 mod p; 2 mod p;

EQZERO; (r) = { EQZERO; (1) = {

r mod p; r mod p;

ifr=1 mod p;: ifr=0,2 mod p; :

1 mod p; 2 mod p;

r mod p; 7 mod py,

EQONE; (1) = { EQONE; (1) = {

where j # i.
The move 6(g;,0) = (gx,0, L) of LBA M when the head is in ith position is now
realised by a composition of the functions

FLIPs+k+(i72)|Q| ¢} FLIPs+j+(i71)\Q\ 0 EQZERO; o EQONES—&-j-&-(i—l)\Q\-

In Figure [2J] we illustrate how moves §(q;,0) = (qx,0, L) and 6(g;,1) = (qx,0, R) of LBA
A are realised for the configuration [g,,>w<]. Note, that we do not assume that ¢ = g;
or that w; = 0 for the first move or w; = 1 for the second move. Mappings EQZERO, and
EQONE, verify that the bit encoded in the residue class modulo py is 0 or 1, respectively.

EQZERO;

[ I
5(Q]7 O) = (an 07 L)

| L FLIPs ki -9)l@l © FLIPs 1 G-1)]@| © BQONEs 1 (i-1)iQ|

FLIP; o EQONE;

[ I
5(Qj7 ]-) = (qk707 R)

| Ll FLIPg 1@ © FLIP 11 (-1)|Q| © BQONEs 1 (i-1)[q|

Figure 2: An illustration of mappings corresponding to moves of LBA.

The crucial ingredient for the simulation is that the functions FLIP;, EQZERO; and
EQONE; can be realised by polynomials with coefficients in {0,..., P — 1}. We present
the lemma of [I6].

Lemma 2. For any 1 < ¢ < m and any of FLIP;, EQZERO,;, EQONE; : S — S, there is
a quadratic polynomial with coefficients from {0,..., P — 1} that realises the respective
Sfunction.

Proof. First, we show the polynomials corresponding to the mappings FLIP;, EQZERO;
and EQONE; that map the values correctly when considering only Z/p;Z. Then we explain
how to modify them to also map the values correctly for all Z/p;Z, where j # i.
It is easy to verify that the polynomials
peqzero(x) = —5172 + 3$7
Pegone(T) = 2% — 2z + 2 and
phip(z) =3-2712% = 5. 27 + 1
10



realise the respective mappings. Note that since p; > 7, 2 has a multiplicative inverse. For
example, let p; = 11, then 27! = % = 6 and the evaluations of polynomials pegzero(2),
Degone(®) and ppsp(x) are presented in Table

x ‘ peqzero<x) ‘ peqone(x) ‘ pﬂzp(x)

0] -02+3-0=0[02-2-0+2=2[3-6-02-5-6-0+1=1
1

2

-1243-1=21]12-2:-14+2=1136-12-5.6-1+1=-11=0
—92243.29=2122-2.242=23-6-22-5-6-2+1=13=2

Table 3: Evaluations of polynomials pegzero(), Pegone(®) and ppp(x) in Z/11Z.

Although these polynomials realise the conditions of FLIP;, EQZERO; and EQONE; for 4,
they (generally) do not realise the conditions when j # 4. That is, pegsero(®) # = when
considering the polynomials in Z/p;Z. To illustrate this, consider peg.ero(1) as above, but
now with respect to p; = 7. By the definition of EQZERO;, it should remain unchanged,
that iS pegzero(1) = 1 with respect to p;. This is not the case, as 1 and 2 are different
residue classes. To obtain polynomials corresponding to FLIP;, EQZERO; and EQONE;, we
consider polynomials pegzero(Z), Pegone() and paip(x) as asxa + a1 + ap and construct a
system of congruences for each ¢ = {0, 1,2}:

r=ay mod p;

x=by mod p; for each j € {1,...,m}\ {i},

where b; = 1 and by = by = 0. By applying the Chinese remainder theorem, we obtain
the unique solution for each coefficient and obtain the polynomials pegzero,i (), Pegone,i(Z)
and pasp,i(z) by replacing the original coefficients with these unique solutions. O

Now, for each i € {1,...,m} and each transition §(g;,a) = (qx,a’, D), where a,a’ €
{0,1} and D = {L, R}, there exists a polynomial of at most degree 32 realising this
transition by Lemma [2l These polynomials are included in our map in order to simulate
A. Note, that our simulation is slightly different from [I6] as there, in each step, the
PRM guessed (and verified) the content of the cell where the head moves in the successive
configuration and only correct moves are available due to the state structure. In our
model, as there is no state structure, each time a move is simulated, we have to verify
that indeed both the state and current cell are correct. The initial value zo satisfies

g =1 mod psyq and 29 =0 mod pyif f# s+ 1.

The main idea is still the same, if A is simulated incorrectly, the value x becomes 2
modulo some prime p, and will remain 2 forever.

It should be also pointed out that simulating behaviour on the border of the tape
is easy and results in polynomials of at most degree 32. Moreover, the sequence of
configurations [g;, 1,>aw<] — [gx,0,>bw<] — [g;, 1,>bw<] does not require any special
considerations as each polynomial contains EQONE.; ensuring that this sort of loop
cannot be used to unfaithfully modify the first letter on the tape.

By induction on the length of the run of LBA A, it is easy to see that [g1,0,>0%<] —*
lgf,0,>0°q] in A if and only if a residue class 7, such that

r=1 mod psyg and r=0 mod pgif ¢ #s+|Q|,
11



is reachable from x(y by applying polynomials from the constructed map. To reach 0, we
need three additional polynomials: one polynomial to move to a residue class r’ such that
" =0 mod p, for all 1 < ¢ < m, and two polynomials to move from the integer v’ to
0. The first polynomial is paip s+|Q| (Pegone,s+|@|(*)) as we assumed that the final state
appears only in the configuration [g|q|,0,>0°<]. The latter polynomials are p, (v) = x+ P
and p_(z) =x — P.

We have proved the following lemma:

Lemma 3. The reachability problem is PSPACE-hard for polynomial maps over Z[z].
We illustrate the simulation of an LBA with polynomials.

Example 4. Let A be an LBA with a single state, a tape with two cells and a move
0(q1,0) = (¢1,1, R). We need two primes for the tape and another two for the head. That
is, we use primes 7,11,13 and 17. For the sake of readability, we present all the integers
modulo P = 7-11-13-17 = 17017. The integers r and s representing configurations
[q1,1,>00<] and [g1,2,>10<] can be solved from the system of congruences

r=0 mod 7, s=1 mod?7

r=0 mod 11, s=0 mod 11,
r=1 mod 13, s=0 mod 13,
r=0 mod 17, s=1 mod 17

using the Chinese remainder theorem. That is, r = 3927 and s = 715. The move
5(q1,0) = (q1,1, R) is realised by FLIP; 0o EQZERO; o FLIP, 0 FLIP3 0 EQONE3. By Lemma
EQONE; is realised by a quadratic polynomial abx? + a}x + af) with coefficients satisfying
the congruences

ay =0 mod 7, a) =1 mod 7, ap =0 mod 7,

ay =0 mod 11, a) =1 mod 11, ap =0 mod 11,
ay =1 mod 13, a) = -2 mod 13, ap =2 mod 13,
ay =0 mod 17, ay =1 mod 17, ap =0 mod 17.

Solving these systems using the Chinese remainder theorem, we see that Pegone,s(z) =
392722 + 5237z + 7854. The other polynomials are solved from similar systems of
congruences and are

Dip.s = 1439927 + 11782z + 3927, Pfiip.a = 1201222 + 60072 + 8008,
Degreron = 729327 + 2432z, Pip1 = 1458622 + x + 9724.

Finally, the composition of the polynomials is p(r) = 11968z* + 804122 + 920722 +
110562 + 8569. It can be easily verified that p(x) simulates the move §(q1,0) = (¢1,1, R)
from the configuration [g1, 1,>00<] correctly, i.e., p(r) = s.

Note, that in the previous example, the polynomial composed of five quadratic
polynomials is not of degree 32 but only of degree four. This is the case in general
due to the coefficients of the polynomials satisfying the particular congruences. For
example, consider the composition of two quadratic polynomials p, () and p, (),

12



where u,v € {flip, eqone, eqzero}, k,£ € {1,...,m} and moreover, they have different
index, k # £. Let a, f be the coefficients of the highest power. They can be expressed as
integers

m m
a=z-[[p; and  B=y- []p;
Jj=1, Jj=1,
ik L
where z,y € Z and k,¢ € {1,...,m} and k # ¢. Now, in the composition of p, x(z) and
Pv.e(), the coefficient of 24 is o - 8, which is

m m m m
a-B=z-[[pj-v-[Ipi==2y- I »i-[[ps-

Jj=1, Jj=1, Jj=1, Jj=1

J#k J#L J#k L
The coefficient is divisible by P and, thus, can be replaced by 0 in our considerations.
Moreover, a similar calculation shows that the coefficient of 22 is also divisible by P while
the coefficient of z2 is divisible by ﬁ. In order to show that this holds in general, that is,
when composing four or five polynomials, let us denote p,, ;, where u € {flip, eqone, eqzero}
and i € {1,...,m}. Note that that for each polynomial, the coefficient of quadratic and
constant terms are divisible by %, where y is the respective index. Let us also fix the order
of compositions. We write compbsitions in the form (pfip,k ©Pu,k OPfiip, j OPflip,i ©Pegone,i) (L),
where u € {eqone, eqzero}, indexes i,j,k € {1,...,m}. The order can be interpreted
as first verifying that the automaton is in the correct state and position on the tape,
Degone,i then updating the state and position on the tape using the next two polynomials,
Dfiip.j, Pfip,i- Finally, verifying that the content of the tape was correct using pgip i
and rewriting it using ppip k. Note that, the outermost polynomial is not present if the
simulated move does not rewrite the content of the tape. Also note that as described
before, the indexes i, j, k are not arbitrary but here we omit the details for the sake of
readability.

Since composition of polynomials is associative, we consider the composition (paip, i ©
(Pu,k © (Pfiip,j © Pfiip,i)) © Pegone,i)(x). By the previous observation, the polynomial resulting
from the composition (py.k © (Pfiip,;j © Pfip,i))(x) is quadratic with the coefficient of the
quadratic term being divisible by P Let us denote it by boz? + by + bg. Let us then

COMPOSE Pegone,i (L) = asx? + a1z + ap with the above polynomial. That is, we compute

bo(azx® + a1 + ag)? + by (agx® 4+ arx + ag) + by = cax® + c32® + cox? + c1x + co.

The resulting polynomial is quartic and the coefficients ¢4 and c3 are divisible by pﬂ
Indeed, ¢4 = byas and c3 = 2bsasa; and hence both are divisible by 5. Let us denote

Dftip.k = dox? + dix + dy, where d» is divisible by p%. The final composition is

do(cax® + c32® 4 cox® + c1w + c)? + dy (cax® + c32® + cox® + c1x + ¢o) + do.

Observe now that the coefficients of terms z®, 27, 2% and 2® are cidg, 2c3cqds, (C%dg +

2cocy4dy) and (2¢acs3da + 2¢1¢4ds), respectively. All four coefficients are divisible by P as
both c4ds and c3ds are divisible by P.
Hence for the polynomial p(z) simulating a transition of A, all the coefficients of
degrees higher than four are divisible by P. Thus we have our claimed lower bound.
13



Lemma 5. The reachability problem is PSPACE-hard for polynomial maps over Quartz|z].

To prove that the reachability problem is PSPACE-complete for general one-dimensional
maps, it remains to prove that the problem can be solved in PSPACE.

Lemma 6. The reachability problem for polynomial maps over Zx] is in PSPACE.

Proof. Consider the map as a PRM with a single state and where the transitions are
labelled by the polynomials of the map. The reachability problem for PRM can be solved
in PSPACE and thus also the reachability problem for polynomial maps is in PSPACE. [

Combining lemmas [f] and [6] we have our main result of the section.
Theorem 7. The reachability problem for polynomial maps is PSPACE-complete.

Next, we extend the previous results by considering polynomials over the field Q.
Additionally, we modify the polynomials to ensure that the image is always in (0, 1].

Let p(x) be a polynomial from our map. Then the corresponding map of rational
functions Q has a function p'(z) = #%). It is easy to see that in fact p’ is of the form

28; for some 7(z), ¢(x) € Z[z]. We can inherit the lower bound for the reachability for

rational functions from Lemma Bl

Corollary 8. The reachability problem for rational function iteration is PSPACE-hard,

when the rational functions are of form Zgg :[0,1] — [0, 1] over polynomial ring Q[z].

4. Reachability in maps over Aff;[Z]3 and Aff;[Z]?

In this section, we consider the reachability problem in multidimensional maps. We will
show undecidability for Affz[Z]> and PSPACE-hardness for Affz[7]? when the coefficients of
the functions are integers. That is, in the three-dimensional variant, we are investigating
functions of the form

1= a121 + ag
. ! !
T2 = a1x2 + ay s

x3 = ajz3 + ay

where a;,a},a) € Z, and show that the reachability problem is undecidable by encoding
the PCP in the first two dimensions and using the third dimension to make sure that only
one word is constructed. It is important to note that the reachability problem in maps
over Affz[#]3 is undecidable only in the case where affine functions can be of the form
+x 4 ag. As we will prove in the following section, the reachability problem is decidable
even for polynomials of any degree, as long as none is of the form +x + ay, i.e., for maps
over Z[Z]™ \ Addz for any n. Finally, we will consider two-dimensional maps, where the
polynomials are affine and show that the reachability problem is PSPACE-hard.

Note, that the undecidability of the reachability problem for three-dimensional poly-
nomial maps holds as it is straightforward to simulate a two-dimensional PRM with
affine updates with undecidable reachability problem [35] and use the third dimension to
simulate state transitions using the construction of the previous section.

14



2x 2r—1

2z,2x 4+ 1,2z — 1

Figure 3: An illustration of the behaviour of the register. State L corresponds to register value being
other than 0 or 1.

Lemma 9. The reachability problem for multidimensional polynomial iteration is unde-
cidable for three-dimensional polynomials.

However, we prove a stronger result using a different reduction. Namely, that the
reachability problem is undecidable already for Aff[Z]3.

Theorem 10. The reachability problem for maps over Affy[Z]* is undecidable with at
least ny, + 2 affine functions over Z. (Currently, n, =5.)

Proof. Let ¥ = {a, b} be a binary alphabet and let P = {(uy,v1), (u2,v2), ..., (Un,vn)} C
3* x ¥* be an instance of the PCP. We define a set of three-dimensional affine functions
to simulate the PCP. We show that (0,0, 1) is reachable from (0,0, 0) if and only if the
PCP has a solution. We define sets consisting of three-dimensional affine functions for
every pair (u;,v;) € P, where 1 <i < n.

By = {3z 4+ o(u;), 32y + o(vi), 203) | 1 < i < n},
Fy = {(3"lzy 4+ o(u;), 31y + o (v;), 205 +1) |1 <i < n},
F3 = {(5131 — 1,1)2 — 172£E3 — 1)}7

where o is the embedding of Lemma [I] i.e., ternary representation of a binary word.

Consider the two configurations (0, 0, 0) and (0,0, 1). We prove the undecidability of the
reachability problem in affine maps by showing that the configuration (0,0, 1) is reachable
from the initial configuration (0,0, 0) by applying affine functions in F' = Fy U Fy U F3 if
and only if the PCP instance P has a solution.

First, we prove that a configuration (x,y,1), for some z,y € Z, is reachable from
(0,0,0) if and only if first functions from Fj are applied, then a function from Fs, and
finally functions from Fj are applied. Observe first that affine functions in the third
components in the functions from Fj, F5 and F3 have fixed points 0, —1 and 1, respectively.
Additionally, if x is not a fixed point of a function p(x) from some F;, then |[p(x)| > |z|.
Now it is easy to see that applying the functions in the claimed order results in third
component being 1. Indeed, first 0 is fixed by applying functions from Fj, then it is
mapped to 2-0+ 1 = 1 by a function from F5, and finally is again fixed by functions
from F3. If the functions are applied in a different order, then, as the absolute value does
not decrease, value 1 cannot be reached. This is illustrated in Figure [3]

Now we are ready to prove that we can reach both zeros in the first and second
dimensions if and only if the PCP has a solution. It is possible to construct an identical
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pair of words by concatenating the pairs in the PCP instance P if and only if the PCP
has a solution. In other words, we can reach a configuration (y,y,1) for some y € N
by applying the functions in F; and F if and only if we have a solution for the PCP
instance P. Then, it is easy to see that the target configuration (0,0, 1) is reachable by
applying the only affine function in Fj if and only if the PCP has a solution. Recall that
the PCP is undecidable for n, = 5 pairs [32]. Note that |F| = 2n, + 1. To achieve the
claimed size of n, + 2, we observe that since a function from F, is applied only once, we
can consider a set

Fy= {3 2+ o(u), 3V 2o+ 0(v),2 23 + 1)},

for some 1 < ¢ < n. Indeed, this intuitively corresponds to assuming without loss of
generality that the final pair in a potential solution is (u;,v;). It is easy to see that the
reachability problem is undecidable for Fy U Fj U F3 and there are n, + 2 functions in the
set. O

In the previous proof, a state structure was simulated by affine functions. It is possible
to generalise the construction of the affine polynomials enforcing a richer state structure.
A construction for arbitrary state structure is proven next. We use this result in upcoming
results of the paper to embed a state structure of an automaton into affine functions. It
will allow us to prove PSPACE-hardness of the reachability problem and undecidability of
the universality problem for maps over Aff[#]%.

Lemma 11. Let G = (V, E) be a directed graph with vertices vo, ...,Vm,—1. There exists
a set of affine functions F such that for an edge (v;,v;) € E, where 0 <4,j <m —1,
there exists a unique f;; € F such that f;;(i) = j and fi;(x) ¢ [0,m — 1] for all x # i.

Proof. Let G = (V, E) be a graph with V' = {vg,...,vy_1}. For each edge of G, we add
an affine polynomial of the form m - x + b, for some b € Z, to the map. The idea is for
integers in [0, m — 1] to represent each vertex and with the correct affine function, the
value of the register changes according to the graph. In the event of wrong affine function
being chosen, the coefficient m ensures that the resulting value of the register will be
either larger than m or less than zero. Further, in both cases, none of the subsequent
functions result in a value in [0,m — 1].

Let us formally define the affine polynomials. Let (v;,v;) € E be an edge from v; to
v; (possibly i = j), the corresponding affine function f;;(x) is such that f;;(i) = j, that
is, fij(x) =m-x+b=j, where b=j —m-i € [-m? +m,m — 1]. It is easy to see that
fi;(i") € Z\ [0,m — 1] for ¢ # 4. Indeed, f;;(¢') =m-i' +j—m-i=m(i' —i)+j and if
i’ >4, then m(i’ — i) 4+ j > m, or if ¢’ < ¢, then m(i’ —4) + j < 0. Note that the previous
observation implies that there is no sequence of affine functions f;, ;,,..., fi.;. € F, where
i1 # 4, such that fi,j, (fir_1jes (- (firjn(0)) ) = 7. O

Example 12. We illustrate Lemma Let G = (V,E), where V = {vg,v1,v2} and
E = {(vo,v0), (vo,v1), (v1,v1), (v1,v2), (va,v2), (v2,v9)}. The corresponding set of affine
functions is {3z — 6,3z — 4,3z — 2,32 — 1,3z, 3z + 1} and the state structure they define
is depicted in Figure [

Observe that Lemma [11] gives us a correspondence between an edge in a graph and an
affine function. It is easy to see that there is a one-to-one correspondence between a path
16
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Vo \1/ V2 3z

3z —2,3x—1,
3z,3x+1

3z —6,3x — 4,3z — 2,
3z —1,3z,3x + 1

Figure 4: Graph G (left) and an illustration of the behaviour of the register in the corresponding affine
map (right). State L corresponds to register value being other than 0, 1, 2.

from vertex v; to vertex v; in the graph and a sequence of affine functions transforming 7
into j. We can use Lemma[T1]to embed a state structure into a one-dimensional affine map.
In the next theorem, we embed a one-dimensional ARM of [24] into a two-dimensional
map, where the functions are affine.

Theorem 13. The reachability problem for maps over Affz[Z]? is PSPACE-hard.

Proof. Let R = (Q, A) be a one-dimensional ARM with PSPACE-hard reachability problem
constructed in [24]. Denote @ = {qo,...,¢m—1}. For each transition (¢;, p(x),q;) of R,
we add two-dimensional function (p(x),m -2+ j —m-i) to the map. It is clear that (0, k)
is reachable from (0, ¢) if and only if [g,, 0] =% [gk,0]. That is, the reachability problem
for maps over Affz[Z]? is PSPACE-hard. O

There are two main open problems for dimension two. Namely, are the reachability
problems for maps over Affz[Z]? or Z[Z]? decidable?

5. Reachability in maps without additive updates

In this section, we consider a restricted class of maps over Affz[z], in the sense that
every affine function in the map is not of the form +xz + ag. It is easy to see that the
reachability problem for maps over Affz[x] is NP-hard as we can easily reduce the subset
sum problem (SSP) [26] to the reachability problem in maps. The NP-hardness proof relies
on the use of polynomials of the form x + ay that correspond to integers in the SSP. Then,
we can easily reduce the SSP with a target integer s to the reachability problem for maps
over Affz[x] with a target s. If we further restrict ourselves to maps where all polynomials
are of the form +x + ag, then the reachability problem is NP-complete [10, 19]. However,
we do not have a tight complexity bound for the reachability problem for maps over
Affz[z] to the best of our knowledge. The best upper bound we know of is the PSPACE
upper bound given by Finkel et al. [16] following from the PSPACE-completeness of the
reachability problem for one-dimensional PRMs.

We consider a dual setting, where all polynomials of the form 4z 4 ag are excluded,
i.e., maps over Z[Z]" \ Addz. We will prove that the reachability problem for maps
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over Z[Z]™ \ Addyz is in PSPACE for any dimension n. Then, we establish the PSPACE-
completeness for maps over Affz[Z]™ \ Addz, when n is not fixed, by proving the hardness
via a reduction of the reachability problem for LBA. Note that Theorem [13| does not yield
a lower bound for maps over Affz[Z]" \ Addz as the ARM of [24] relies on affine updates
of the form +x + ag.

Let us first prove that the reachability problem for maps over Affz[z] \ Addz remains
NP-hard. That is, we give an alternative proof for NP-hardness of the reachability problem
for maps over Affz[z] that does not rely on additive updates.

Lemma 14. The reachability problem for maps over Affz[x] \ Addy is NP-hard.

Proof. We shall reduce the SSP to the reachability problem for maps over Affz[z] \ Addz.
Let (5, s) be an instance of the SSP, where S = {s1, 89, ..., S} is a set of positive integers
and s is a target integer. Recall that the SSP is a well-known NP-hard problem, where
the task is to decide whether there exists any subset of S whose elements sum up to the
target integer s [26].

Let n > max(S) - k be an integer with representation of size polynomial in the input.
We define the set of affine functions as follows:

F={n-z+n"' s |1<i<k}ui{n-z}.

Now we prove that the map reaches n*~! . s from 0 if and only if the instance (S, s) has a
solution. Assume first that there exists a subset S’ C S such that erS/ x = s. Let us
go through S element by element, starting with s;. We apply n-x +n'"!-s; orn-z
depending on whether s; € S’ or not. Indeed, let {i1,...,im} C {1,...,k} be the set of

indexes in S’ in increasing order. Now the composition of functions is

nF it T e (2T (" 0+ 0T s ) T ) ) it T s )
— pk—im (ni771.7i'rrt,71 ( . (nizfl . (Sil + sig)) . ) + ni”L*tlsim)
== i sy )

_ nk—l(si1 4+ .- +5im) — nk_ls.

Assume then that (S, s) has no solution and assume towards a contradiction that
the map reaches the integer n*~! - s. Let fi(x), f2(x),..., fm(x) be a sequence of affine
functions applied to 0 that results in n*~! - s. We can assume that fi(x) # n - x. Indeed,
otherwise f1(0) =n -0 = 0 and we can consider the sequence f3(z),..., fm(x) instead.
Observe that m < k, since f1(0) = n’~!- s, for some i, and each subsequent function
multiplies this value by n. Hence, after k applications of the functions, the value is at
least n* - s;. Further notice that at every intermediate step, the value is of the form n’ -y
for some ¢ € {0,...,k — 1} and 0 < y < n. Indeed, if after applying f;(x), the result is
n’ -y +n’ - yy, where f5 < 1 and 0 < y < n, then after applying the next function
fi+1(x), the result is 1+ gy + 2Tl yy 4 ni~1 .5, for some i, or n1+1 gy +nf2Fl.yo.
In both cases the coefficients of the terms n“1+1 and n2*! are non-zero. Following this
reasoning, after applying the functions fjia(z),. .., fm(z), the integer reached will have
non-zero coefficients for terms n1*™=3=1 and nf>*™~7~1  This is a contradiction as
we assumed that after applying the sequence of affine functions, the reached integer is
nF=1.s. It follows that a function n -  +n*~! - s; appears in the sequence at most once.
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Now we can extract s;’s from the sequence and see that they form a solution for the
instance (5, s) of the SSP which is a contradiction.

Since the integer n*~1 . s is reachable in maps over Affz[z] \ Addz if and only if the
SSP instance (9, s) has a solution, we can conclude that the reachability problem for
Affz[z] \ Addyz is also NP-hard. O

Like the case of maps over Affz[z], we know that the reachability problem for maps
over Affz[x] \ Addz is decidable in PSPACE and is NP-hard. However, unlike the general
case of affine maps where the problem becomes undecidable in higher dimensions, the
reachability problem for maps over Affz[Z]™ \ Addy stays in PSPACE for any dimension.
The reachability problem remains in PSPACE even if we do not impose a limit on the
degree of polynomials, that is, for Z[Z]™ \ Addz.

Theorem 15. The reachability problem for maps over Z[Z]™\ Addy, is decidable in PSPACE
for anyn > 1.

Proof. Consider first n = 1. We follow the reasoning of [16]. In Lemma 3 of [16], it was
proven that there exists a bound b € N such that every polynomial p(z) € Z[z] \ Addz
is monotonically increasing or decreasing in Z \ [—b,b] and, moreover, |p(y)| > 2|y| for
all y € Z\ [-b,b]. Note that the size of the representation of b is polynomial in size of
the representation of the input. Namely, b = d(a + 2), where d is the maximal degree of
polynomials in the map and a the largest absolute value of the coefficients of polynomials
in the map. The monotonicity follows from the fact that the first derivative of p(x) has
no roots outside [—b,b]. The inequality |p(y)| > 2|y| holds for all y € Z \ [—b, b] because
p(y) is monotonic and does not intersect lines +2y when y is outside [—b, b]. The details
can be found in the Appendix of [16].

Let z be the target integer. If |z| < b, we can decide whether the integer z is reachable
in PSPACE by applying the given functions since we can store the current value and the
computation path in space polynomial in b which again has representation of polynomial
size in the size of the input. If z is outside the interval [—b,b], due to the properties
of polynomials in Z[x] \ Addz, do not need to consider the integers outside the interval
[z, z]. Namely, because for every p(z) € Z[z] \ Addz, |p(y)| > |y| for all y € Z\ [-b, b],
once the map reaches an integer outside [—z, z], it can never reach an integer in [—z, z].
That is, still only polynomial space in size of the input is required.

The PSPACE upper bound holds even if we consider n-dimensional case since we
can maintain the information of the current computation for each dimension in space
polynomial in the input. O

Corollary 16. The reachability problem for maps over Affz[Z]™ \ Addy is decidable in
PSPACE for anyn > 1.

Next we show that by considering a larger domain, the undecidability for three-
dimensional maps remains, even without additive updates. That is, we prove that the
reachability problem is undecidable for maps over Affg[Z]®\ Addg, i.e., when the functions
are of the form a;z + ag, where a1, a9 € Q and a; # +1.

Theorem 17. The reachability problem for rational maps over Affg|Z]> \ Addy is unde-
cidable with at least 2n, + 1 affine functions over Q. (Currently, n, =5.)
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PO | Affs[a] \ Addy Affz[z] Affglz] \ Addg
1 NP-L.. [10]/PSPACE [10] ,
2 NP-L. [19]/7 NP-h./?
3 NP-h./PSPACE
: undecid. undecid.
n PSPACE-c.

Table 4: The differences of complexity results for affine polynomials depending on the underlying ring
with and without additive updates. The results of this section are highlighted in grey.

Proof. Again, we reduce the PCP to show the undecidability of the problem but in a
slightly different way.

Let P be an instance of the PCP with n elements over a binary alphabet. Let us
define sets consisting of three-dimensional affine functions for every pair (u;,v;) € P,
where 1 < ¢ <mn:

13wl 2y 4 o(us),(n+1) - 29 +i,2-23) € Fy forall 1 <i <n,

2. (3wl 2y +o(uy),(n+1) 29 +i,2 23 +1) € F, for some 1 <4 < n, and

3. (3I1I (1 —U(Ui)),%ﬂ'(l‘g —1),2 23— 1) € Fyforalll <:<mn,
where o is the embedding of Lemma Observe, that Fy consists of a single affine
function. We implicitly use the same approach as in Theorem to assume without loss
of generality that the pair (u;,v;) is used last in a solution of the PCP.

Observe that none of the affine functions is of the form +x + ag, in contrast to
the functions in the proof of Theorem The main idea is that we first construct a
word u' = w;, g, -+ Uj,_,, Where 1 < i <nforalll <j<k—1,in the first dimension by
applying affine functions from Fj, corresponding to the words from wu; to u,. Then, as in
the proof of Theorem we apply a function from F5 once, resulting in u = u'u;, in the
first component. Next, we cancel out the constructed word by applying affine functions
that are multiplicative inverses of affine functions corresponding to the words from v,
to vy,. Note that w; u;, - - - us, = 4, Vi, - - - v;,, should hold due to the second dimension
where we force the sequences of indices of words to be matched. Hence, we see that the
configuration (0,0, 1) can be reached from the initial configuration (0,0, 0) if and only if
the PCP instance P has a solution. O

Now we prove the PSPACE-hardness of the reachability problem for maps over Affz[Z]™\
Addyz by reducing the reachability problem of LBA to it. Note that the dimension n is
not fixed.

Lemma 18. The reachability problem for maps over Affz[Z]™ \ Addy is PSPACE-hard.

Proof. Let A = (Q,T,6), where @ = {qo,-.-,¢m—1}, be an LBA with PSPACE-hard
reachability problem. Recall that in the reachability problem for LBAs, we are asked
whether (go,>0°<1,0) =% (¢m—1,>0°<,0) holds. We reduce this reachability problem
to the reachability problem for maps over Affz[7]**!\ Addz. Let us define the set F 4 of
affine functions that simulate the computation of A.
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The main idea is that we store the tape content of the LBA A in the first s dimensions
of the affine map. Then, we maintain the information of the current state and the head
position in the final dimension using the construction of Lemma

Let (qj7 >w<, 1) be the current configuration of A, where 0 < j <m—1land1 < i < |w|.
Denote w = wyws - - - ws € {0,1}*. The corresponding register value in the affine map is
as follows:

(wy,wa, ..., ws,2),
—— —
S

where z corresponds to the head being in state g; in position ¢ of the tape.

First, let us construct a state structure incorporating information on both state and
position of the head of A. That is, we construct a graph G4 with vertices (¢q,%) €
Q x [1,s] and with edges ((q,17),(¢’,% — 1)) if there is a transition (q,a,q’,b, L) € §, and
((g,1),(q',i + 1)) if there is a transition (q,a,q’,b, R) € §, for any a,b € I". Note that
G 4 does not take the tape content into account. By Lemma the graph G4 can be
simulated by affine functions. We omit details on the behaviour of A on the endmarkers
> and <I. These transitions can be easily hardcoded into the graph.

Then, to simulate rewriting of the tape, we consider a graph Gr with two vertices,
0 and 1, and edges are (0,0), (0,1), (1,0) and (1,1). Intuitively, vertex 0 corresponds
to the symbol being 0 and edge (0,0) corresponds to the head not rewriting the symbol,
while (0,1) means that the symbol was rewritten as 1. By Lemma there exists a set
of affine functions simulating this behaviour.

We are now ready to combine the two sets of affine functions in order to simulate A.
Let us consider transition (g;,,0,¢j,,1, L) € 6 and the current head position is ¢ where
1 <4 < s. This transition switches the state from g¢;, to g, if the tape has 0 in the
current head position while writing 1 and moving the head position to the left. This
implies that in G 4 constructed previously, we need to take the edge ((g;,,%), (¢j,,7 — 1))
to successfully perform the transition. Further, in the ith dimension, we apply edge (0, 1)
of Gpr. Note that we apply the identity function in the other dimensions unless explicitly
mentioned. The affine function corresponding to (g;,,0,¢;,,1,L) is

(z,...,z,2x+ 1,x,...,z,a-x+D),

where a - x + b corresponds to the edge ((¢;,,%),(¢j,,% — 1)) in G 4, and 2z + 1 is in the
ith dimension. The transitions moving the head to right are defined analogously.

Since we have proved that every transition of A can be simulated by an affine
function, it is clear that if (go,>0°<,0) =% (¢m—1,>0°<,0) holds in A, then we can
reach the register in the affine map corresponding to (g,,—1,>0°<),0) from the register
corresponding to the initial configuration (gg, >0°<1,0) of A. Therefore, we have proved
that the reachability problem for maps over Affz[Z]™\ Addy is PSPACE-hard for unbounded
n. O

Based on Corollary [16| and Lemma we have the following main result:

Theorem 19. If the dimension n is not fized, the reachability problem for maps over
Affz[Z]™ \ Addy, is PSPACE-complete.

It is not difficult to see that the PSPACE-completeness holds for multidimensional
ARMs and PRMs without additive updates as well.
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Corollary 20. If the dimension n is not fized, the reachability problem for n-ARMs and
n-PRMs, where the update polynomials are not of the form +x + ag, is PSPACE-complete.

Corollary 21. If the dimension n is not fixed, the reachability problem for maps over
Z[Z]™ \ Addy is PSPACE-complete.

We consider a sort of dual of Lemma by investigating PRMs, where the state
structure is induced by affine functions. Let F' C (Affz[z] \ Addz) x Z[z] and & be
the target value of the register respectively. We first consider the first component and
proceed as in the proof of Theorem That is, we find the interval [—b, ] where the
affine polynomials have non-trivial behaviour. Recall that the representation of b is of
polynomial size. It is defined as b = max(a + 2, |z¢|), where a is the largest absolute
value of the coefficients of polynomials and ¢ is the first component of the target. We
construct a PRM with 2b + 2 states where the transitions are defined by the affine
functions. More precisely, the 2b + 1 states correspond to integers in the interval [—b, ]
and one vertex | corresponds to integers outside the interval. As the integers are encoded
in binary, there are exponentially many integers in the interval. Let (f1, f2) be a function
in the map. For each x € [—b,b], we add a transition (z, fo, f1(x)) if fi(z) € [-b,b] and
(z, fa, L) otherwise. We also add transition (L, fo, 1). There are exponentially many
states in the size of the input and hence the PRM requires exponential space. Since the
reachability problem for PRMs is in PSPACE, the reachability problem for maps over
(Affz[z] \ Addz) x Z[x] is in EXPSPACE.

Theorem 22. The reachability problem for maps over (Affzlx] \ Addy) x Z[x] is in
EXPSPACE.

We can present a stronger result. Namely, if we consider maps in higher dimensions
with the same restrictions that only one component is Z[z] and the other components do
not have polynomials in Addz, then the reachability problem is in EXPSPACE. That is, for
maps (Z[Z]™ \ Addz) x Z[z]. Indeed, using the same approach, we construct a PRM with
states consisting of n components each corresponding to [—b;, b;], where i € {1,...,n}
and each bound b; is defined as the before. Let us denote this set by B. Note that
the number of states is still exponential in the size of the input. Let fi,..., fn,p be
a function in the map. For every (z1,...,z,) € B, then the PRM has a transition
((x1,--szn),p, (f1(z1), ..., fulzn))) if (fi(z1),..., fu(zn)) € B and ((z1,...,2n),p, L)
otherwise. Finally, by considering the reachability for PRMs, we obtain the following
theorem.

Theorem 23. The reachability problem for maps over (Z[Z]™ \ Addz) x Z[z] is in
EXPSPACE.

While this result seems rather artificial, it is the only decidability result, that we know
of, for multidimensional maps where all components are not restricted to Z[z] \ Addz.

6. Maps over Aff;[Z]? as language acceptors

In this section, we extend our models to operate on words. Then it is natural to
consider the languages accepted by the maps. In this context, the reachability problems of
the previous sections can be seen as language emptiness problems. Indeed, the language
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accepted by a map is empty if and only if the final configuration is not reachable from
the initial configuration. The complementary problem to the emptiness problem is
the universality problem, where we are asked whether every word is accepted by the
computational model. We show that for maps over Affz[#]? the universality problem is
undecidable. This contrasts the known results on the emptiness problem as we showed
that the emptiness problem is undecidable for maps over Affz[%]® and NP-hard for maps
over Affz[Z]2. The model is connected to blind counter automata and VAS languages that
have been extensively studied in the past [I8], 25| [13].

In [4] the authors study the zeroness problem, which is essentially the universality
problem we consider in this section. The main difference is that our model is nondeter-
ministic, while in [4] the automaton is deterministic. The authors show that the zeroness
problem is ACKERMAN N—completeﬂ

Let us define the language acceptors more precisely. Let G C (¥ U {e}) x F, where
F C Z[Z]™ is an n-dimensional polynomial map, Zy and Z the initial and target vectors,
respectively, and X is an alphabet. A word a;, a;, - - - a;,,, where a;; € ¥ U {e}, is accepted
by G, i.e., is in L(G), if there exists m = ((asy, fiy)s (@in, fis), -, (@i, fi,)) such that
fir (- fis(fi, (@0)) - - - ) = &f. In the universality problem, given G C ¥ x F', we are asked
to decide whether L(G) = £* or not.

Before proving that the universality problem for maps over Affz[#]? is undecidable, we
recall the definition of integer weighted automata of [20]. An integer weighted automaton
A7 is an NFA with integer weights on the transitions. The automaton accepts word w if
on the accepting path reading w, the sum of weights encountered is zero. Note that the
automata of [20] were defined without final states, i.e., F' = Q). The transitions of A7 are
of the form (g;, a, g, z), with which the automaton reads letter a € ¥ in state g;, changes
its state to ¢; and adds z to the weight, i.e., applies function f(z) =z + 2. In [20] it was
proven that it is undecidable whether L(AY) = £* for integer weighted automata with at
least four states.

Theorem 24. The universality problem for maps over Aff[Z]? is undecidable.

Proof. Let A be an integer weighted automaton over alphabet 3 for which the universality
problem is undecidable. Let m — 1 be the number of states of AY and let us enumerate
them as qg,...,¢n_2 such that gg is the initial state. To accept words in a unique
state, we introduce a new state ¢,,—; and transition (g;, a,gm-1, 2) for each transition
(gi,a,q;,%) of AY. The idea is to encode A7 into maps in such way that the second
dimension is used to simulate the state transitions of the automaton using Lemma
Let (¢s,a, qj, ) be a transition of AY. The corresponding two-dimensional affine function
is (a, (x1 +2z,m-x2+j—m-1i)). Now, a word w € X* is accepted by the map if and only
if the register values (0,m — 1) are reachable from (0, 0) while reading word w. It is clear
that the map accepts w if and only if the automaton accepts w. That is, it is undecidable
whether the map accepts every finite word. O

In [20], the constructed integer weighted automaton has alphabet of size || 4+ |§] + 3,
where I' is the tape alphabet and § is the transition function of a Turing machine with
one-way infinite tape.

3 ACKERMANN is a complexity class containing decision problems solvable in time bounded by Ackermann
function, which is computable but not primitive-recursive.

23



We further investigate the properties of the reachability sets of different maps. Let us
first define a reachability set. Let F' C Z[Z]™ be a map over Z[Z]™ and let &y € Z™ be the
initial value. The reachability set of I is defined iteratively:

Reacho(F) = {Zv},
Reach;(F') = {f(Z) | © € Reach;,_1(F), f € F},

Reach(F') = U Reach; (F").
i=0

Next we show that the intersection non-emptiness problem is undecidable for Affz[z]?
using the PCP. That is, for F,G C Affz[Z]?> whether Reach(F) N Reach(G) # 0. The
idea is for F' (resp. G) to construct ternary representation of words u; (resp. v;) in the
first dimension and the corresponding indices in the second. Then the intersection is
non-empty if and only if it possible to construct the same word, i.e., the PCP has a
solution.

Lemma 25. Let F and G be two-dimensional affine maps. It is undecidable whether the
intersection of the respective reachability sets is empty or not.

Proof. Let ¥ = {a,b} and let P = {(uy,v1), (uz,v2),...,(un,v,)} C E* X T* be an

instance of the PCP. We construct two sets consisting of affine maps using the embedding
of Lemma [Ik

F= {(3"”| cx1+o(u),(n+1)-290+14) |1 <i<n},

G={@"l 2, +o),(n+1) -20+1i)|1<i<n}.
It is clear that Reach(F) (resp. Reach(G)) consists of ternary representation of words w;
(resp. v;) in the first dimension and the corresponding indices in the second. Now the

intersection of Reach(F') and Reach(G) is non-empty if and only if there exists a solution
to the PCP instance. O

By modifying the proof idea of the previous lemma, we show that the language
intersection problem is also undecidable. The idea is to construct two maps each accepting
indices of one of the components of the PCP instance. Then the intersection of the
languages is non-empty if and only if there exists a sequence of indices such that both
maps store the same ternary representations.

Theorem 26. Let F,G C ¥ x Aflz[7)? and %o, To,, and Ty, T1, be the respective initial
and target values. It is undecidable whether the intersection of the respective languages is
empty, that is, whether L(F) N L(G) = 0 holds or not.

Proof. Let T' = {a,b} and let P = {(uy,v1), (u2,v2),...,(tun,v,)} C I'* x I'* be an
instance of the PCP and let ¥ = {1,...,n,#}, where # is a fresh symbol. We construct
the affine maps using the embedding of Lemma
F={(i, 3" 2y 4+ o(uy),220)) | 1 <i < n}
U{#, (21 — 1,220 + D} U{#, (21 — 1,222 — 1)},
G={(i, 3" 2y +0(v;),222)) | 1 <i<n}
@] {#, (.’)31 — 1,229 + 1)} @] {#, ($1 — 1,229 — 1)}
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Again, the second dimension is used to enforce the correct order of functions. Let
Zo, = Zo, = (0,0) be the initial value and &y, = &5, = (0,1) be the target value. It is
clear that L(F) (resp. L(G)) consists of ternary representation of words u; (resp. v;) in
the first dimension followed by #*. Now the intersection of L(F') and L(G) is non-empty
if and only if there exists a word w € ¥* such that w = w'#™, where w’' € (X \ {#})* is
a sequence of indices of a solution to the PCP instance. O

7. Conclusions

In this paper we studied the reachability problem for polynomial maps. We showed
differences in the complexities under various restrictions. Namely, we showed that if the
functions in the maps are restricted to affine polynomials, the problem is undecidable
already in dimension three. On the other hand, two-dimensional affine maps are PSPACE-
hard and no upper bound is known, while one-dimensional maps with quartic functions are
PSPACE-complete. Another limitation to the maps leads to decidability in any dimension.
If the maps do not contain functions of the form 4z + ag, then the reachability problem
is NP-hard for a fixed dimension and if the dimension is not fixed, the problem is PSPACE-
hard. The reachability problem is in PSPACE regardless of the dimension. This does
not extend to larger rings as the reachability problem remains undecidable for three-
dimensional maps where the coefficients are rational numbers even when functions of the
form £z + ag are excluded.

Furthermore, we extended the model to language acceptors and showed that, on top of
the above mentioned language emptiness results, the language universality is undecidable
starting from dimension two even for affine maps.

There remain several open questions regarding the maps we have considered. Most
notably, two-dimensional maps do not have upper bounds and there is a complexity gap
for one-dimensional maps with functions of degree at most three. We showed two ways to
encode state structure — one based on encoding the finite state space into residue classes
and using quartic polynomials to move between residue classes and another based on
encoding the finite state space as integers and moving between them using affine functions.
It would be interesting to apply the techniques to other computational models. There
is also a plethora of language-theoretic questions related to the model such as closure
properties of the languages, coverability and separability, as well as characterisations of
the languages.
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