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—— Abstract

We study the Escape Problem for discrete-time linear dynamical systems over compact semialgebraic

sets. We establish a uniform upper bound on the number of iterations it takes for every orbit of
a rational matrix to escape a compact semialgebraic set defined over rational data. Our bound is
doubly exponential in the ambient dimension, singly exponential in the degrees of the polynomials
used to define the semialgebraic set, and singly exponential in the bitsize of the coefficients of these
polynomials and the bitsize of the matrix entries. We show that our bound is tight by providing a
matching lower bound.
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1 Introduction

An invariant set of a dynamical system is a set K such that every trajectory that starts in
K remains in K. Dually, an escape set K is one such that every trajectory that starts in K
eventually leaves K (either temporarily or permanently). While it is usually straightforward
to establish that a given set K is invariant, it can be challenging to decide whether it is an
escape set. Indeed, while the former problem amounts to showing that K is closed under the
transition function, the latter potentially involves considering entire orbits. In particular,
even in case K has a finite escape time (the maximum number of steps for an orbit to escape
the set), it can be highly non-trivial to establish an explicit upper bound on the escape time.

In this paper we focus on escape sets for (discrete-time) linear dynamical systems. Given
a rational matrix A € Q""" we say that K C R" is an escape set for A if for all points
x € K, there exists t € N such that Az ¢ K. The compact escape problem (CEP) asks to
decide whether a given compact semialgebraic set K is an escape set for a given matrix A.
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Decidability of CEP was shown in [16] and its computational complexity was characterised
in [8] as being interreducible with the decision problem for a certain fragment of the theory
of real closed fields.

The present paper focusses exclusively on positive instances (A4, K) of CEP, that is, we
assume that we are given a compact semialgebraic escape set for a linear dynamical system.
In this situation it turns out, due to compactness of K, that there exists a finite time T such
that for all x € K there exists ¢t < T with Atz ¢ K. The least such T is called the escape
time of (A, K). Our main result (Theorem 1, shown below) gives an explicit upper bound
on the escape time of (A, K) as a function of the length of the description of the matrix A
and semialgebraic set K. In general, it is recognised that bounded liveness is a more useful
property than mere liveness. Theorem 1 can be used to establish bounded liveness of several
kinds of systems. For example, the result gives an upper bound on the termination time
of a single-path linear loop with compact guard (cf. [21, 4]); it also gives a bound on the
number of steps to remain in a particular control location of a hybrid system before a given
(compact) state invariant becomes false, forcing a transition.

We next introduce some terminology to formalise our main contribution. We say that
a semialgebraic set S has complexity at most (n,d, ) if it can be expressed by a boolean
combination of polynomial equations and inequalities P(x1,...,z,) < 0 with e {<, =},
involving polynomials P € Z[x1, ..., 2, in at most n variables of total degree at most d with
integer coefficients bounded in bitsize by 7. Our main result is as follows:

» Theorem 1. There exists an integer function CompactEscape(n,d, ) € 2(‘”)"0(1) with the
following property. If K CR™ is a compact semialgebraic set of complexity at most (n,d, T)
that is an escape set for a matriz A € Q"*™ with entries of bitsize at most T, then the escape
time of K is bounded by CompactEscape(n,d, 7).

As explained in the proof sketch below, Theorem 1 relies on the availability of certain
quantitative bounds within semialgebraic geometry and number theory, particularly concern-
ing quantifier elimination and Diophantine approximation. The latter results are crucial to
handling the case in which the matrix A has complex eigenvalues of absolute value one.

Note that the upper bound on the escape time in Theorem 1 is singly exponential in the
degrees and the bitsize of the coefficients of the polynomials used to define K and the bitsize
of the coefficients of A. It is doubly exponential in the dimension. In Section 8 we provide
two examples, one where A is an isometry and another in which all eigenvalues of A have
absolute value strictly greater than one, that yield a corresponding lower bound of this form.
It is moreover straightforward to give examples of non-compact escape sets for which the
escape time is infinite.

Proof Overview. Let us now give a high-level overview of the proof of Theorem 1. As
in the statement of the theorem, let K C R™ be a compact semialgebraic set of complexity
at most (n,d,7) and let A € Q™*" be a matrix with entries of bitsize bounded by 7, and
such that for all z € K there exists ¢t € N such that A'z ¢ K.

To facilitate the analysis of the dynamical behaviour of A we first transform our system
into real Jordan normal form. A theorem of Cai [5] ensures that this step does not significantly
increase the complexity of the system.

The dynamics of A naturally decomposes into a rotational part, corresponding to eigen-
values of modulus one, and an expansive or contractive part, corresponding to eigenvalues of
absolute value different from 1 and to generalised eigenvalues of arbitrary moduli. Accord-
ingly, the ambient space R™ decomposes into two subspaces Viec and Vion-rec, such that A
exhibits rotational behaviour on V;. and expansive or contractive behaviour on Vyon_rec. We
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start by considering the special cases where either Viec = 0 or Vyonrec = 0, so that only one
of the two types of behaviours occurs.

First, assume that A has no complex eigenvalues of modulus 1. Since every trajectory
under A escapes K we have in particular that 0 ¢ K. A theorem due to Jeronimo, Perrucci
and Tsigaridas [13] shows that K is bounded away from zero by a function of the form

2O(D)
2~ (d7) and a theorem due to Vorobjov [22] establishes an upper bound on the absolute

2O
value of every coordinate of every point in K of the form 2(47) . Furthermore, thanks to
a result of Mignotte [15], we can bound the eigenvalues of A away from 1 by a function of

the form QTHO(U . This yields a doubly exponential bound on how long it takes for A to leave
the set K (either by converging to 0 or by converging to infinity in some eigenspace).

Now assume that all eigenvalues of A have modulus 1. This case is handled through a
combination of two bounds. For the first bound we start by noting that for every = € K

the closure of the orbit O4(x) is a compact semialgebraic set that is not entirely contained

within K. In fact we show that for all x € K there exists a point y € O 4(z) whose distance

to K is at least 2*(””)”0(1). This bound is achieved by applying [13, Theorem 1] to a
suitable polynomial on an auxiliary semialgebraic set, which is constructed using quantifier
elimination. The singly exponential bounds obtained in [12, 18] are crucial for this step
to work. The second step of the argument combines Baker’s theorem on linear forms in
logarithms with a quantitative version of Kronecker’s theorem on simultaneous Diophantine

2O(D)
approximation to obtain a bound of the form Np € 2(7F) such that for all positive

integers P every point z € O4(x) is within 277 of a point of the form Az with 0 <t < Np.

Combining the two bounds described above, we obtain a doubly exponential bound on the
escape time.

In the presence of both types of behaviour, the analysis of each case becomes more
involved. We select a parameter ¢ > 0 and partition K into three sets: Kyoc = K N Viee, K>¢,
and K .. The matrix A exhibits purely rotational behaviour on Kec. Intuitively, on K>,
the expansive or contractive behaviour of A dominates the overall dynamics, while on K_.
the rotational behaviour dominates the overall dynamics. We establish in Lemma 14 a bound
Niec such that for each initial point x € Viec, one of its first N, iterates is bounded away
from K. In Lemma 15 we establish a bound N>. such that every € K>, either escapes or
enters K. U K, within at most N>, iterations. Finally, in Section 7, we establish a bound
on how often the system can switch from a state where rotational behaviour dominates to
one where expansive or non-expansive behaviour does and vice versa. We use this to combine
the two bounds to an overall bound on the escape time, proving Theorem 1.

Main Contributions. While decidability of CEP was already established in [16], the
proof given there was non-effective, combining two unbounded searches. To obtain a uniform
quantitative bound on the escape time, the argument given in [16] needs to be refined and
extended in two significant ways:

Firstly, one needs to establish non-trivial quantitative refinements of the techniques used
in the decidability proof: to bound the escape time for purely expanding or retracting systems,
we need to combine the sharp effective bounds on compact semialgebraic sets from real
algebraic geometry established in [22, 13] with Mignotte’s root separation bound [15]. The
case of purely rotational systems requires an original combination of a quantitative version
of Kronecker’s theorem on simultaneous Diophantine approximation [10] and a quantitative
version of Baker’s theorem on linear forms in logarithms [23]. All of these techniques were
completely absent from the decidability proof.

Secondly, to establish mere decidability of the problem, it was possible to study the
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possible behaviours of the system — rotating, expanding, or retracting — in isolation. For
example, if the set K contains a point which has a non-zero component in an eigenspace
of A for an eigenvalue whose modulus is strictly greater than one, then the system must
eventually escape. However, no uniform bound on the escape time may be derived in this
situation, for the component is allowed to be arbitrarily close to zero. Therefore, as outlined
above, it is necessary in our proof to subdivide K into pieces where rotational, retractive, and
expansive behaviour can be present simultaneously. The interaction of the three behaviours
significantly increases the difficulty of the analysis and requires completely new ideas.

2 Mathematical Tools

We use the following singly exponential quantifier elimination result given in [1]. For a
historical overview on this type of result see [1, Chapter 14, Bibliographical Notes].

» Theorem 2 ([1, Theorem 14.16]). Let S C REtmat+ne pe q semialgebraic set of complexity
at most (k+mny +na+---+mng,d, 7). Let Qq,...,Q¢ € {3,V} be a sequence of alternating
quantifiers. Consider the set S' C R¥ of all (x1,...,71) € R¥ satisfying the first-order
formula

(Qi(z1,15 - 1)) (Qe(Ten, -y Tem,)) -

((l‘l,...,.’L‘k,l‘Ll,...,xlml,...,xg,l,...,l‘gmé) S S)
Then S’ is a semialgebraic set of complexity at most (k, dOmane) 7 qOna- "f'k)).

The next theorem is due to Vorobjov [22]. See also [11, Lemma 9] and [2, Theorem 4].

» Theorem 3. There exists an integer function Bound(n,d, 1) € 2(rad)7™

property:
Let K be a compact semialgebraic set of complexity at most (n,d, ). Then K is contained
in a ball centred at the origin of radius at most Bound(n,d, 7).

with the following

A closely related result, due to [13], yields a lower bound on the minimum of a polynomial
over a compact semialgebraic set, provided the minimum is non-zero. The result in [13]
mentions explicit constants, which is more than we need.

» Theorem 4 ([13, Theorem 1]). There exists an integer function LowerBound(n,d, ) €

Q(Td)n()(l) such that the following holds true:

Let P € Q[z1,...,2,] be a polynomial of degree at most d, whose coefficients have
bitsize at most 7. Let K be a compact semialgebraic set of complezity at most (n,d, 7). If
mingeg P(x) > 0 then mingex P(z) > 1/ LowerBound.

With the help of Theorem 2, Theorem 4 can be generalised to yield a lower bound on the
distance of two disjoint compact semialgebraic sets. A very similar result is proved in [19]
under more general assumptions. Unfortunately, the complexity bound stated there is not
sufficiently fine-grained for our purpose, since the author do not distinguish the dimension of
a set from the other complexity parameters.

20
» Lemma 5. There exists an integer function Sep(n,d, ) € 2074 with the following

property:
Let K and L be compact semialgebraic sets of complexity at most (n,d, ). Assume that
every x € K has positive euclidean distance to L. Then inf ¢ d(x, L) > 1/ Sep(n,d, 7).
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Proof. See Appendix E. <

We require a version of Kronecker’s theorem on simultaneous Diophantine approximation.

See [17, Corollary 3.1] for a proof.

» Theorem 6. Let (A\1,...,A\y) be complex algebraic numbers of modulus 1. Consider the
free Abelian group

L={(n1,...,nm) €Z™ | X" ... A = 1)

Let (B1,...,0Bs) be a basis of L. Let T™ = {(z1,...,2m) € C™ | |z;| = 1} denote the complex
unit m-torus. Then the closure of the set {(A},...,\5) e T™ | k €N} is the set S =
{1, vzm) €T™ | Vj < s.(z1,...,2m)% =1}

Moreover, for alle > 0 and all (z1,...,2zm) € S there exist infinitely many indexes k
such that |\5 — zj| < e for j=1,...,m.

Moreover, the integer multiplicative relations between given complex algebraic numbers
in the unit circle can be elicited in polynomial time. For a proof see [6, 14]. We assume the
standard encoding of algebraic numbers, see [7] for details.

» Theorem 7. Let (A1, ..., A\n) be complex algebraic numbers of modulus 1. Consider the
free Abelian group

L={(ny,...,nm) €Z™ | )\;Ll ..... Am
Then one can compute in polynomial time a basis (51,...,Bs) € (Z™)* for L. Moreover, the

integer entries of the basis elements 3; are bounded polynomially in the size of the encodings

0f My A

We need to be able to bound away the modulus of eigenvalues that fall outside the unit
circle away from 1. This is achieved by combining a classic result due to Mignotte [15] on
the separation of algebraic numbers with a bound on the height of the resultant of two
polynomials, proved in [3, Theorem 10].

» Lemma 8. Let A be a complex algebraic number whose minimal polynomial has degree

at most d and coefficients bounded in bitsize by 7. Assume that || # 1. Then we have
o(1)

[IA| = 1] > 2=,

Proof. See Appendix C. |

3 Preliminaries

3.1 Converting the matrix to real Jordan normal form

To obtain a bound on the escape time it will be important to work with instances of the
Escape Problem in real Jordan normal form. We establish the following reduction to this
case:

» Lemma 9. Let (K, A) be an instance of the Compact Escape Problem. Assume that
K is given by a formula involving s polynomial equations and equalities P 1 0 where
P € Zlxy,...,xy,) is a polynomial in n variables of degree at most d whose coefficients are
bounded in bitsize by T.

Let v1,...,vm € R denote the real and imaginary parts of the eigenvalues of A. Let § be
a bound on the degrees of v1,..., Ym-

XX:5
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Then there exists an equivalent instance (J, K') of the Compact Escape Problem where
J € Atrtm)x(ntm) g in real Jordan normal form and K’ is given by a formula involving
at most s + 3m polynomial equations and equalities P <10 where P € Z[x1,...,Tnim] 1S @
polynomial in n + m variables of degree at most 6 - d whose coefficients are bounded in bitsize
by T+ d(log(2n) + log(d + 1) 4+ o), where o depends polynomially on n and the bitsize of the
entries of A.

Proof. See Appendix B. <

3.2 Decomposing K

Let K C R™ be a compact semialgebraic set. Let A € R™ "™ be a matrix in real Jordan
normal form,

Ji
A =
Im
Here, each J; is a real Jordan block of the form
A I
Ji = - )
Ai Ii
A;

R
where A;; is either a real number or a 2 x 2 real matrix of the form (Zz Z) and,
i Qy

accordingly, I; is either the real number 1 or the 2 x 2 identity matrix. The elements A;
correspond to real or complex eigenvalues A; € C of A. By slight abuse of language we call
|Ai| the modulus of A;. By further slight abuse of language we define the “eigenspace” of
A; as the one- or two-dimensional space spanned by the vectors that correspond to the first
entry of the Jordan block J;. The “generalised eigenspaces” for A; are defined analogously.

Write R™ as the direct sum of two spaces R"” = Viec @ Vion-rec Where Viec is the direct
sum of the eigenspaces for eigenvalues of modulus 1, and Vion_rec is the direct sum of the
eigenspaces and generalised eigenspaces for eigenvalues of modulus # 1 and the generalised
eigenspaces for eigenvalues of modulus 1. By convention, if A has no eigenvalues of modulus
1 we let Voo = 0. Similarly, if A has only eigenvalues of modulus 1 and no generalised
eigenvalues we let Vionree = 0. Thus, we decompose the state space R™ into a part Ve on
which A exhibits purely rotational behaviour, and a part Vyon.rec Wwhere A is additionally
expansive or contractive.

We will work with several different norms throughout this paper. In addition to the
familiar ¢2 and > norms we introduce a third norm, depending on the matrix A, that
combines features of the two. It facilitates block-wise arguments while ensuring that the
restriction of A to Viec is an isometry.

Write R™ as a direct sum R* = V1 ®--- @V, W1 G- - - S Wy, where Vi, ..., V; correspond
to the Jordan blocks of A associated with real eigenvalues and Wi, ..., W; correspond to
the Jordan blocks of A associated with non-real eigenvalues. Let mw,: R"™ — W; and
7y, : R™ — V; denote the orthogonal projections onto W) and V; respectively.

For a vector x € V;, let ||z ‘J/ = ||lz||, . For a vector = (z1,y1,..., Tk, Yx) € Wi, let

Wi
el = max (/a2 +2).

.....
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For a vector x € R", let

. =1,...,t

Call ||z||; the Jordan norm of z. The Jordan norm compares to the ¢2- and ¢>°- norms as
follows:

n= 2zl < 072 lally < alle < lally < llolly <0t ol < nt/2 el

Let € > 0. Consider the ball B;(0,e) C R™ about 0 with respect to the distance induced
by the ||| ,-norm. We partition K into three sets:

Kree = KN Viee

Koo = KN (Viee © (Vaon-ree N B1(0,€)) \ {0}))

Kza =K N (‘/rec ® (Vnon—rec \ BJ(Oa <C'\)))

4 A quantitative version of Kronecker’s theorem for complex
algebraic numbers

Our central tool for bounding the escape time in the recurrent case is a quantitative version
of Kronecker’s theorem for complex algebraic numbers.

Let (A1,...,Am) be complex algebraic numbers of modulus 1. Our goal is to find for
all e > 0 a bound N such that for all (aq,...,a.,) € T™ contained in the closure of the
sequence (A, ..., AL )ien there exists ¢ < N such that [\ — ] <eforall j=1,...,m.

We first consider the case where the A;’s do not admit any integer multiplicative relations.
In this case we can employ the following quantitative version of the continuous formulation
of Kronecker’s theorem, proved in [10]:

» Theorem 10 ([10, Theorem 4.1]). Let ¢1,...,on and (1,...,(N be real numbers. Let
€1,...,en be positive real numbers with €; < 1/2 for all j. Let M; = [Eijlog g—‘ . Let
o= (¢1,...,¢n). Let 6 =min{|p-m| | m € ZN |m;| < M;,m # 0} . Assume that § > 0.
Then in any interval I of length T > 4/§ there is a real number t such that ||t — (|| < €5,
where ||-|| denotes distance to the nearest integer.

Intuitively, the number ¢ in Theorem 10 is a quantitative measure of the linear inde-
pendence of the ¢;’s, as it bounds away from zero all integer linear combinations of the
©;’s with suitably bounded coefficients. In our case we consider the numbers ¢; = log A;.
For our purpose we need to obtain a bound on ¢, and thus a bound on §, in terms of the
algebraic complexity of the numbers Ay, ..., A,. This is achieved by invoking the following
quantitative version of Baker’s theorem on linear forms in logarithms due to Baker and
Wiistholz [23]:

» Theorem 11. Let py, ..., un be algebraic numbers, none of which is equal to 0 or 1. Let
L(Zl,...,ZN) =biz1+---+byzy

be a linear form with rational integer coefficients by, ..., bn. Let B be an upper bound on the
absolute values of the b;’s. For j=1,...,N, let A; > exp(1) be a bound on the height of p;.
Let d be the degree of the field extension generated by 1, ..., un over Q. Fix a determination
of the complex logarithm log. Let A = L(log p1,...,logun). If A # 0 then

log |A] > —(16Nd)*M+2 log Ay - - - - - log Ay log B.
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Finally, in the case where the A;’s admit integer multiplicative relations, we employ
Theorem 7 to bound their complexity. We arrive at the following result:

» Theorem 12. Let (\y,..., \y,) be complex algebraic numbers of modulus 1. Assume that the
numbers 2mi,log A1, ...,log As are linearly independent over the rationals, where 0 < s < m.
Let d be the degree of the field extension Q(A1,...,Xs). Let Ay,..., As > exp(1l) be upper
bounds on the heights of A\1,...,As. Let £ € N, and €541,...,6m € Z° be such that

A= (A1, A%

forall j =s+1,...,m. By convention, if s = 0 the right-hand side of the above equation is
to be taken equal to 1.

Let
S S
L = max {e, > lestrkl Y |€m7k|} :
k=1 k=1
Let aq,...,q € T™ be such that any rational linear relation between the numbers

2mi,log A1, ..., log Ay, is also satisfied by the numbers 2mi,logay, ..., loga,,. Let e > 0.
Then there exists a positive integer

s s 2(s4+3) 1og Ayeeeee o ,
£ < 8rt (35L)" (2a25E [42E log d22L]) 10D s drtes sy
such that |\ — a;| < e for j=1,...,m.
Proof. An outline of the proof is sketched above. See Appendix D for a full proof. <

For the purpose of bounding the escape time, the following coarse bound suffices:

» Corollary 13. There exists an integer function Kron(n, T, P) € 2(TP)HO(1>, such that the
following holds true:

Let A1,..., A, be algebraic numbers of modulus 1. Assume that the degree of each X; is
bounded by n. Let T be a bound on the bitsize of the coefficients of the minimal polynomials of
the A\;’s. Let P be a positive integer. Let aq,..., o, be complex numbers which are contained
in the closure of the sequence (A}, ..., \)ien. Then there exists a t < Kron(n, 7, P) such
that oy — Xo| < 27F forall j € {1,...,n}.

Proof. By Kronecker’s theorem, any integer multiplicative relation between the \;’s is also
satisfied by the a;’s. Theorem 12 hence yields a bound on ¢ such that |o; — )\§| < 27F holds
for all j € {1,...,n}.

This bound is given in terms of quantities s, d, ¢, €541,...,6m € Z°, Ay,...,As, and L.
It remains to show that these quantities can be chosen to be suitably bounded in terms of n
and 7.

Proposition 26 in Appendix D, which is mainly based on Theorem 7, shows that numbers
f and €1, ...,&, can be computed in polynomial time. In particular, the absolute size of L
and £ is of the form 2(»77"
have s < m < n by definition. Finally, we have assumed that each A; has degree at most n.
It follows that the degree d of the field extension Q(Aq, ..., As) is bounded by n™. The result
follows from Theorem 12. <

. The numbers log A; are bounded by 7 by assumption. We



J. D’Costa, E. Lefaucheux, E. Neumann, J. Ouaknine, and J. Worrell

5 The recurrent eigenspace

The next lemma establishes as a special case an escape bound for all initial values z € K.
In order to combine the recurrent and the non-recurrent case we need a stronger result,
however. Thus, we establish not only a bound on the escape time for all initial values
T € Kiec, but a bound NV such that every x € Vo — not just in K. — has distance at least
1/N — not just positive distance — from K. Further, note that Lemma 14 is still applicable
in the special cases where Ko = 0 or Viec = 0.

nO)
» Lemma 14. There exists an integer function Rec(n,d, ) € 20749

property:
Let A € A™™ be a matriz in real Jordan mormal form. Assume that the minimal

with the following

polynomial of A has rational coefficients whose bitsize is bounded by 7. Let K C R"™ be a
compact semialgebraic set of complexity at most (n,d, 7). If every point x € Kye. escapes K
under iterations of A then for all x € Viee there exists t < Rec(n,d, ) such that

n
distyz (Atz, K) > _m
istez (A’ K) Rec(n,d, T)
Proof. The full proof is given in Appendix F. We only sketch an outline here.
We first prove the result for initial points & € K,o.. For these points, the closure of the

orbit O4(x) of x under A is a compact semialgebraic set. We employ Corollary 13 to obtain
for all € > 0 a doubly exponential bound N such that for all z € Ko and all y € O4(x)
there exists t < N such that ||A'z — y||, < e. We then use Theorem 4 to obtain a uniform

at most doubly exponentially small lower bound on the quantity

inf  sup inf Hy—z||§
€ Krec yeO (@)

In order to apply this theorem we construct an auxiliary semialgebraic set, whose complexity
is controlled by Theorem 2. Combining these two steps, we obtain a function Recy that
satisfies the statement of the lemma for all initial points z € Kyec-

Finally, we extend the result to all initial points x € V,¢.. The special case where K. = )
is treated using Theorem 4.

In the case where K¢ is non-empty we obtain from Lemma 5 that every x € Vie. which
is doubly exponentially close to K with a sufficiently large constant in the third exponent
is already doubly exponentially close to K¢, with a slightly smaller constant in the third
exponent. Now, any point that is sufficiently far away from K trivially satisfies the claim.
By the preceding discussion, points x € Vi that are sufficiently close to K are already
sufficiently close to Kyec, so that there exists an escaping orbit Q4 (a’) with ' € Ko which
is close to the orbit of x since A is an isometry on V.. This allows us to reduce the result
to the already established result for initial values in K. <

6 The non-recurrent eigenspace

The next lemma concerns the subset K>, of K containing the points in K that are bounded
away from Vie. by some € > 0.

For any such point, there exist coordinates (or pairs of coordinates if the corresponding
eigenvalues are not real) whose contribution to the Jordan norm is greater than €. Moreover,
the contribution to the Jordan norm of these coordinates does not stay constant under
applications of A. If the contribution to the norm of at least one such coordinate is increasing

XX:9
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under applications of A, the orbit will eventually leave K, since K is compact. Moreover,
Theorem 3 yields an upper bound on the escape time.

Coordinates whose contribution to the norm is decreasing under applications of A will,
after sufficiently many iterations, contribute less than €. We establish a uniform upper bound
on the number of iterations required to ensure this for all such coordinates. Combining this
with the previous bound, we obtain a number N such that after at most IV applications of
A, every x € K>, has either escaped K, entered K. U K, or it remains in K>, because
it has a component whose contribution to the norm was initially smaller than e, but grew
beyond ¢ under iteration of A. In the last case, the point will grow in norm beyond the
bound established in Theorem 3 and thus escape K after a further N applications of A. This
yields a uniform bound on the number of iterations that are required for any point = € K>,
to either leave K entirely or move into K. U K.

The overall structure of this proof closely follows the one given in [9], where the assump-
tions allow the authors to restrict the discussion to real eigenvalues.

nO1)
» Lemma 15. There exists an integer function NonRec(n,d,, P) € 2(d7P) with the

following property:

Let K be a compact semialgebraic set of complexity at most (n,d, 7). Let A € A"*" be
a matriz in real Jordan normal form. Assume that the characteristic polynomial of A has
rational coefficients whose bitsize is bounded by 7. Let P be a positive integer.

Then for all x € Kso-r there exists t < NonRec(n,d, 7, P) such that A'z ¢ Kso-r.

Proof. See Appendix G for details. <

7 Proof of Theorem 1

In the previous two sections, we successively showed how to establish a bound on the escape
time for an instance (A, K) when the orbit remains in the recurrent eigenspace and how the
orbit behaves when it starts away from the recurrent eigenspace. In this section, we show
how to combine both results in order to establish an escape bound for any starting point in
K. This will thus prove Theorem 1.

Let (Ap, Ko) be an instance of the compact escape problem, where Ky C R™ is a compact
semialgebraic set of complexity at most (ng, do, ) and Ag € Q™*"™ is a square matrix with
rational entries whose bitsize is bounded by 7y. Assume that every point x € K escapes Kq
under iterations of Ag.

Apply Lemma 9 to convert the instance (Ag, Kp) into an equivalent instance (A, K) such
that A € A™*"™ is in real Jordan normal form. Then the set K has complexity at most
(n,d,7), were n = 2ng, d = ndy, and 7 = (n19d)¢" for some absolute constant C,.. By
construction, the characteristic polynomial of A has rational coefficients of bitsize at most 7.

Let Rec be the function from Lemma 14. Let € = m and Nye. = Rec(n,d, 7). Let
x € K. If x € Ko then = escapes within N, steps. Suppose that x € K_..

Then there are two possibilities:

1. We have A'z ¢ K>, for all t < Nyec.

2. We have A’z € K>, for at least one ¢ < Nyec.

In the first case, the orbit of x remains close to Vie. for long enough that we can rely on
Lemma 14. Indeed, let zo denote the orthogonal projection of x onto Viec. Let t < Nyec
be such that disty2(A'z, K) > \/ne. Since Az ¢ K., we have ||A'z — A'zgl|; < €, so that
|Atz — Atzo||, < /ne. Let y € K. Then

4t~ yll, > [ A'zo — y]l, ~ A%z — A'zo], > vz~ Ve = 0.
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Thus, = escapes K under iterations of A.

In the second case, let ¢; be such that A"z € K>.. Let NonRec be the function from
Lemma 15. Let N>. = NonRec(n, d, 7, [log(1/¢)]). By Lemma 15 there exists to < N>, such
that A2 Az is contained either in K. U K, or in the complement of K. In the latter case
we are done. In the former case we apply the initial case distinction: either for all t < N,ec
we have A'A*2 Az ¢ K> or we have A A2 Atz € K. for at least one t3 < Nye.. Once
again, in the first case, the point has escaped. By repeating this reasoning, we construct a
(finite or infinite) sequence ¢1,t2, ... such that ¢; < Nyec if ¢ is odd and ¢; < N>, if 7 is even
and

Ats ... .. Atrp c K<8 U Koo if sis even,
K> if 5 is odd.
We claim that the sequence t1,to,... is finite and contains at most n3 elements.

Consider a real Jordan block of A of size m < n associated to the eigenvalue A. Denote
by x; the orthogonal projection of x onto the dimensions associated with this block.

Assume first that A is a real eigenvalue (as opposed to a 2 x 2 block representing a
complex eigenvalue). If A = 0, then clearly ||kaJ|
assume in the sequel that A # 0.

| ; 1s monotonically decreasing. Thus,

Let j € {1,...,m}. The m — j + 1’th component of the vector J*z ;, viewed as a function
of ¢, is an exponential polynomial E;(t) = A'P(t), where P € R[z] is a real polynomial of
degree j — 1. Consider the real function

(B ()% R =R, (E;(t)* = [A]*|P().
This function is differentiable in ¢ with derivative
F(E; (1)) = A" (log(A?)(P(t)?) + 2P(t) P'(t)) -

This derivative vanishes if and only if the factor (log(A%)(P(t)?) + 2P(t)P'(t)) vanishes. This
factor is a polynomial of degree 2j — 2, so that it has at most 2j — 2 real zeroes. It follows
that there exist numbers t; 1,..., ¢}, with m; < 2j —2 such that the function (E;(t))* — &2
does not change its sign in any of the open intervals

(07 tj,1)7 (tj}l? t]}2)> EER (tj,mj*h t.j7mj)7 (tj’mw +OO)'

Thus, the norm ||J*z ;|| ; changes from smaller than ¢ to bigger than ¢ at most

m m
j=1 j=1
times.

The case where A represents a complex eigenvalue A is similar. However, we now consider
the evolution of the two coordinates corresponding to one A-block simultaneously.

For j € {1,...,m}, write E;(t) for the m — j +1’th component of the vector J'z s, viewed
as a function of ¢. We have for all j € {1,...,m/2} that the function

Fj(t) = (B ()? + (Eaj_1(t))?

is an exponential polynomial Fj(t) = |A|[*P;(t), where P; € R[z] is a real polynomial of
degree j — 1. Therefore, exactly as in case where A is a real eigenvalue, the derivative of Fj
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vanishes at most 2j — 2 times. From which we can deduce that the norm ||J*z | ; crosses
the e-threshold at most m? — m times.

Estimating generously, we have at most n Jordan blocks of size at most n, each of which
crosses the e-threshold at most n? —n times. In total, we cross the threshold at most n? —n?
times. The total escape bound is hence n3 max{Nyec, N<c }. By the same argument, the same
escape bound holds true when the initial point z lies in K>..

Substituting the constants Nyec, N<e, 1, d, and 7 with their definitions, we obtain the
upper bound

CompactEscape(ng, dg, 70) =

(2n0)3 max { Rec <2n0, nodo, (nodoro)c*> ,

NonRec (Qno, nodo, (nodoTo)C’ ,log {Rec (2n07 nodo, (nodOTO)CT)—D }

(dryn°™

One easily verifies that CompactEscape(n,d, ) € 2 as claimed.

8 A matching lower bound on escape time

In Theorem 1 we established a uniform upper bound on the escape time for all positive
instances of the Compact Escape Problem. Our bound is doubly exponential in the ambient
dimension and singly exponential in the rest of the data. We will now show that this bound
cannot be significantly improved by showing that a doubly exponential bound cannot be
avoided even for purely rotational systems. A second example displaying a doubly exponential
lower bound is presented in Appendix H.

» Example 16. For (n,d,7) € N3, let K C R™*2 be the set of all points (z, y, u1, ..., up)
satisfying the (in)equalities: 22 + 4% = 1,u; = 277, (# — 1)2 + 4?> > u,, and for 1 < i <
n — 1, Uij41 = (ui)d.

Hence, K(,4,r) = (51 \ B ((170), 2_7‘1”)) X {(2_7, o-Td 2_“1”)}7 where S1 C R? is
the unit circle. Let a = %, b= %. Let

a —b 0
A(n,d,‘r) =15b a 0
0 0 I,

where I, is the n X n- identity matrix. It is easy to see that the complex number % + i% has
modulus 1 and is not a root of unity. It follows from Dirichlet’s theorem on simultaneous
Diophantine approximation that the orbit of A is equal to ST x {(2_7, 2-Td 2_”1”) }, )
that every initial point escapes under A.

We claim that there exists a point x € K(;, 4, that requires 274" steps to escape.
Indeed, let xg € K(y 4,7y be an arbitrary initial point. Consider the orbit z; = Alzg. Let
N < 274" By the pigeonhole principle, the finite set of points o, ...,z contains at least
one consecutive pair of points x;, £; on the circle such that the distance of z; and x; is strictly
greater than 1/N. Tt follows that we can ensure that none of the points x1, ...,z is outside
of K(y,q4,7) by applying a suitable planar rotation to all points. Since all planar rotations
commute, there exists for each angle # an initial point x4 € S x {(2_7, 2-Td 2_”1") },
such that the orbit of xg under A is equal to the orbit of xy under A rotated by 6. This
proves the claim.
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A  Computing real JNF in polynomial time

Given a matrix A with rational entries, we discuss how to compute the real Jordan normal
form J of A and the associated change of basis matrix @) in polynomial time. First compute,
in polynomial time, the (complex) Jordan normal form J’ and change of basis matrix T such
that A = TJ'T~! using the algorithm from [5].

Computing J: Suppose, without loss of generality, that
J/ = diag(J{, Jé, ceey Jék*17 Jék" Jék:+1’ ceey JékJrZ)

where for 1 < j <k, the Jordan blocks Jo;_1 and Jy; have the same dimension and have

conjugate eigenvalues \; = a;+b;i and X = a;—b;i, respectively. The blocks Toprtr s Jopsas

on the other hand, have real eigenvalues. J is obtained by replacing, for each 1 < j < k,

diag(J3,_1,J3;) with a real Jordan block of the same dimension with A = {Z _b} and
a

keeping the blocks J3, 1, .., Jy;, . unchanged.

Computing ): Let x(j) denote the multiplicity of the Jordan block J/ for 1 <i < 2k + z,

1 1 2k 2k 2k+2z 2k+z
and ULy Uy e VT s e e Upagys oo s U1 see s Upopy o) € C™ be the columns of T. It
2j—1

will be the case that for all 1 < j < k and [, vlzj_l = vl2j in the sense that v, = x{ + yljz
and 7)12‘7 = a] —yji for vectors x],y; € R™. Moreover, for j > 2k, vlzj € R™. Finally, columns

of ) are obtained from columns of 7" as follows. For 1 < j < k and all [, replace vl2j ~! with
x] and UZQJ with 3/ and keep v2*" for all [ and m > 0 unchanged, in the same way the proof

of existence of real Jordan normal form proceeds.

B Proof of Lemma 9

» Lemma 9. Let (K, A) be an instance of the Compact Escape Problem. Assume that
K is given by a formula involving s polynomial equations and equalities P 1 0 where
P € Zxy,...,x,] is a polynomial in n variables of degree at most d whose coefficients are
bounded in bitsize by T.

Let v1,...,7vm € R denote the real and imaginary parts of the eigenvalues of A. Let § be
a bound on the degrees of v1,...,Ym-

Then there exists an equivalent instance (J, K') of the Compact Escape Problem where
J € Alntm)x(ntm) s in real Jordan normal form and K' is given by a formula involving
at most s + 3m polynomial equations and equalities P <10 where P € Z[x1,...,Tntm] is a
polynomial in n + m variables of degree at most § - d whose coefficients are bounded in bitsize
by 7+ d(log(2n) +log(d + 1) + o), where o depends polynomially on n and the bitsize of the
entries of A.

By Appendix A we can compute in polynomial time real algebraic numbers 71, ..., ¥m
and a matrix Q € Q(71, ..., Vm)"*" such that A = QJQ ™!, where J is in real Jordan normal
form.

More precisely, we can compute in polynomial time:

1. Univariate polynomials with integer coefficients fi,..., fn, such that f;(vy;) = 0 for all
j=1...,m.
2. Rational numbers a1, b1, ..., @m, by, such that «; is the unique root of f; in the interval

[aj7 bj] -
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3. Fori=1,...,nand j =1,...,n polynomials of degree at most 0 @Q; ; € Q[z] and indexes
¢; ; such that the matrix @ at row ¢ and column j is given by the algebraic number

Qi (Ve ;)

Let 0 € N be a common bound on the following quantities:

1. The bitsize of the coefficients of f1,..., fm.
. The bitsize of the endpoints of the isolating intervals [a;, b;].
3. The bitsize of the coefficients of the polynomials Q; k.

N

Then o is computable in polynomial time from A, so that it depends polynomially on n
and the bitsize of the entries of A.
We fix K = (Q7'K) x {v1,...,7m}" and note that A*z € K if and only if

(J X Im)k(Q_lx’ (’Ylv s 7’Ym)) € (Q_lK) X {(’Ylv s a’Ym)}'

Thus, it remains to show that there exists a description of the set K’ with the claimed
complexity.

Let ®(x1,...,x,) be the formula that describes K. We introduce fresh variables z1, ..., 2y,
and consider the formula

o~

U(z1, .oy 2m) NP(T1, .., Ty 215+ Zm)
where U(zy, ..., 2y) is the conjunction of the terms
fi(z)) = 0Nz = a; Nz < b,

which ensures z; = v; for j = 1,...,m, and ® is obtained from ® by replacing each atom
P(z1,...,2,) >0 in ® by the atom

(ZQlk 2 )Tk oo Zan Z%,J?Ck,) > 0.

k=1

It is not hard to see that this new formula describes the set K’. Evidently, the number of
variables in this description is n + m. The formula ¥ involves 3m polynomials of degree at
most & whose coefficients are bounded in bitsize by o.

It remains to determine the complexity of the formula ®. We claim that the degrees of
the polynomials in ® are bounded by d - d and that the bitsize of their coefficients is bounded
by 7 + d(log(n) + log(d + 1) + o). This is established by a straightforward but cumbersome
calculation. We recall the multinomial theorem:

» Lemma 17 (Multinomial theorem). Let R be a ring. Let N be a positive integer. Let
21,...,2N € R. Then

(é”ﬂ)z 2 (jl,...,yN>Hm

Jite+in=e

where

( e >_ el
Jis-+-5JN gile e gnl

! The last m coordinates are added to allow us to manipulate these constants within the description of
K’ through a formula.
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It will be convenient to make use of the following straightforward application of the
distributivity law of multiplication over addition:

» Lemma 18. Let I be a finite set. Let J be a set-valued function that sends each i € I to a
finite set J(i). Let R be a ring. For all (i,5) € I x [[;c; J(i), let a; j be an element of R.
Then we have

I > e —ZH‘M()
i€l jeJ(i) i€l
where [ ranges over all functions
f 1170
iel
satisfying f(i) € J(i) for alli € I.

Now, let P(x1,...,%,) >0 be an atom in ®. This atom is a sum of monomials

€1 e
C.xl .....J;n"

with log|C| < 7 and e; + -+ - + ¢, < d. It suffices to bound the degrees and the bitsize of the
coefficients of the polynomials that are obtained by applying our substitution of variables to
monomials of this form.

Under our substitution such a monomial becomes:

ey en ek
n

ZQLJ‘(%LJ)% """ ZQn,j(Zen,j)xj =C H ZQk,j(Zek,j)zj
j=1 k=1

, ek
Apply the multinomial theorem to the expressions (Z;L:1 Qk,j(zek,j)xa to obtain:

¢ Jk,t
H Z (]k 1,...,]kn> P th Zékt)xt)

k=1 \Jr,1++jrx,n=er ’ =

Write

Qr.t(ze,,) E Ot pZp, ,-

Applying the multinomial theorem to the terms

s Tkt
(Qk,t(sz,t )xt)]k,t = (Z akvttngk,txt>
p=0

we obtain
Jet Z STy Ts
(Qkat(sz,t)xt) - ( ) Hakts fkf '
ro++rs=JK,t
The full expression is hence:

I % G S () ek e

k=1 \Jjka1+-+jk,n=¢€k o+ TS =gkt
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Write this as:
n
<51 NED SR R | (D D
k=1jrk 1+ +Jjk,n=€k A Jkn/ o Lro+4rs=jr¢

Apply Lemma 18 to move out the innermost sum, thus obtaining an equal expression:

2 (D SR 51 PR ) | Com—re

Jk1t o tien=er f =

where the sum ), ranges over all functions f: {1,...,n} — NO with f(t) = (ro,...,7s)
satisfying ro + -+ - 4+ 15 = jis-
Write the result as:

c- H Z devjk,h“wjk,nyf'

k=1jk,1++jk,n=r f

Apply Lemma 18 again to obtain that this is equal to:
> C I g
g k=1

where g ranges over all functions g: {1,...,n} — N*x(N®){bm} with g(k) = (i1, -+ Jrms f)
satisfying ji 1 + -+ + jk,n = € and f as above.
Thus, the final result is a sum of monomials of the form

C- | | dk,g(k) I | ( ) H Chyfike 15 diem ot F (1)
k=1
= I | | I ars(t)zsr £) st
k=1 (]k17~"7.7kn)t_ < 5(t)>s—0 kit,s “ly,t,s 't

Where jg 1+ +Jkn = ex and ro(t), . .., r5(t) are functions of ¢ satisfying ro(t)+- - -+75(t) =
Jkt-

The degrees of these monomials are bounded by ¢ - d.

Let us compute a bound on the bitsize of the coefficients. We have:

8 <|C | zﬁ <jk,1, e ,]kn) ﬁ ( (t b 5(15)) ﬁ |k 1,5 TS(t))

Jkds- s Jkn

t=1 s=0

o n) +iil®g( (t ,.-..t,r(;(t)> +kn iirs(t)o-

k=1t=1
rs(t)>

Use the estimate (k1 f km) < mf to obtain:

n n . é
€k Tkt
1 C|- . . ’ Akt s
- (' | E[(ak,l,-.-,ak,n)H(r[)(t),...,ra(t))H b

= s=0

n n n n 0
<7’+Zeklog +ZZ]ktIOg (64+1) —i—ZZer(t)o
k=1 k=1 t=1 k=1 t=1 s=0

< 7+ dlog(n) + dlog(d + 1) + do.

=7+ d(log(n) +log(d + 1) + o).

Thus, everything is shown.
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C Proof of Lemma 8

Recall the following classic theorem due to Mignotte [15].

» Theorem 19 (Mignotte). Let P € Z[z] be a univariate polynomial of degree at most d,
whose coefficients have absolute value bounded by H. Let o # 8 be distinct roots of P. Then

V6
o =Bl > —g—
d 2 Hd-1
We obtain the following more explicit version of Lemma 8:

» Lemma 20. Let )\ be a complex algebraic number of degree d and height H. Assume that
|A| # 1. Then

V3

1Al =1 > ST _
V2(2d) "2 (d!)2d=1(d + 1)2d°—3d+1 f2d>—d

Proof. The numbers A and X are roots of the same minimal polynomial P of degree d
and height H. It follows that the number |A|? = AX is a root of the polynomial Q(z) =
res, (P(z),2*P(z/z)), where res.(A, B) denotes the resultant of the polynomials A, B €
Ql[z][z] with coefficients in the integral domain Qlz], cf. e.g. [7, p. 159].

The degree of @Q(x) is at most 2d. By [3, Theorem 10] the height of Q(z) is bounded by

H =d\(d+ 1) H

The polynomial Q(z)(x — 1) has degree at most 2d + 1 and height at most 2H".
It follows from Theorem 19 that

V6
||/\‘2_1| > 2d+1 )
d)" 2 (H')2-1
Note that [|A|> = 1| = [[A| = 1| - |[A] + 1]. If [A| > 2 then the claim is trivial, so we may
assume that ||A] + 1] < 3, yielding
V6 V2
||)‘| - 1| > 2d+1 = 2d+1

3(2d) 2 (H')24-1  \/3(2d) 2 (d!)2d—1(d + 1)2d°—3d+1 j2d*~d

D Proof of Theorem 12

Recall Dirichlet’s theorem on simultaneous Diophantine approximation:

» Theorem 21 (Dirichlet). Let ¢1,...,on € R be arbitrary real numbers. Let M € R with
M > 1. Then there exist integers q,p1,-..,py with 1 < q < M such that

|q@] _p]| < q]\/jll/N'

Throughout this section, let ||| denote the distance to the closest integer. We recall that
Kronecker’s theorem has two equivalent formulations: a discrete one and a continuous one.
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» Theorem 22 (Kronecker's Theorem - Discrete Formulation). Let 1, ..., N be real numbers,
linearly independent over Q. Let (1,...,(n be arbitrary real numbers. Let € > 0. Then there
exists a real number t such that for all j:

[t = Gl <e.
» Theorem 23 (Kronecker's Theorem - Continuous Formulation). Let 1,¢1,...,on be real
numbers, linearly independent over Q. Let (1,...,(n be arbitrary real numbers. Let € > 0.

Then there exists an integer t such that for all j:

ot — Gl <e.

The standard proof of equivalence of the two formulations in particular allows us to
translate a quantitative version of the continuous formulation into a Quantitative version of
the discrete formulation:

» Corollary 24. Let p1,...,on and (1,...,(N be arbitrary real numbers. Let € > 0. Let
¢,P1,--.,PN be integers such that |qp; — pj| < €. If there exists a real number 0 <t <T
such that for all j we have

(g — pi)t — Gll <e/2,
then there exists an integer k < |q|T such that for all j we have
lpjk — Gl <e.
Proof. By assumption there exist integers rq,...,ry such that we have
[(ap; —pj)t — G —rjl <e/2.
Write ¢t = £ + ¢ with £ € Z and |§] < 5. We obtain:
lgbo; + qdp; — tp; — dp; — (; — 14| < e/2.
It follows that

llabe; — Gl < lgbp; —Lp; — (5 —7;] < |gloj+qdp; —Ep; —opj — G — 15| +1qdp; — op;| < e.

Thus, we may let k = g/. <
» Theorem 25. Let A\q,..., Ay and ay,...,any be complex numbers of modulus 1. Let
1/2 > & > 0 be a positive real number. Assume that \1,...,A\n are algebraic numbers such

that the numbers log A1, ..., log Ay, 2wt are linearly independent over Q. Let d be the degree
of the field extension Q(\1,...,An) over Q . Let Aq,..., Ax > exp(1l) be upper bounds on
the heights of A1,...,An. Then there exists a positive integer

)N \N ran ) (IBVHDDX N+ log A, -log Ay
v<n ()" (2N ()" [ log 24T

such that |\t — aj| < e forall j € {1,...,N}.

Proof. Let log denote the determination of the logarithm where the imaginary part of log z
is in the interval [0, 27). Write log \; = 2miY; and log a; = 2mif;. Let B = (%)N Using
Theorem 21, choose integers ¢q,p1,...,pny with 1 < ¢ < B such that

g

lq¥; — pj| < ﬁ = 9.
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Let
M = "4# log 47rN"‘ .

Let m € ZN \ {0} with |m| < M. Then

Imi(gdy —p1) + -+ my(gdn — pn)|
3= |m1(q2mivy — p12mi) + - - + my(q2mid N — pn2mi)|
= ok [gmi2midy + -+ + gmpy2midy — (mapy + - - + mypy)2mi|
= 5 |gmilog Ay + - + gmy log Ay — 2(mapy + - + mupy) log(~1))].

By assumption the above quantity is non-zero, so Theorem 11 yields a uniform lower bound

2(N+3)
+ 1
5 1 B (16(N+1)d) log Ay log An
27

where B is a bound on the size of the coefficients ¢gm; and 2(mipy + - -- + mypy). We have
by construction |¢| < B and |m;| < M. Since §; < 1 we may choose p; < ¢ < B. It follows
that we may choose B=2NMB.

We have hence established an estimate

Imi(qd1 —p1)+ -+ mn(gIn —pN)| > >0

for all m € ZN \ {0} with |m| < M. Now, Theorem 10 asserts the existence of a real number
to € [0,4/6] and integers s1,...,sy € Z such that

[(q9; —pj)to — By — 5] < =

Corollary 24 yields the existence of a positive integer t < % (?”)N and rq,...,ry € Z such
that

195t = B — il < 5%
By the mean value inequality it follows that

|)\t —Oéj| < €.

D.1 Admitting integer multiplicative relations

» Proposition 26. Given complex algebraic numbers Ay, ..., Ay of modulus 1 we can compute
in polynomial time positive integers 1 < s <m, 1 < j; <--- < js <m, £ € N, and multi-
indexes €; € Z° for j =1,...,m such that \;,,..., \;, do not admit any integer multiplicative
relations and >\§ = ()\jﬂ..., A ) forj=1,....m

Proof. By Theorem 7 we can compute in polynomial time a finite sequence of multi-indexes
B1,- -+, Bm—s such that the free Abelian group

L=AacZ™ | (AM,...;An)* =1}

is generated by f1, ..., Bm. Further, the size of the /3;’s is bounded polynomially in the sum
of the heights and degrees of Ay,..., Ap,.
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Bring the matrix with rows Sq,...,8m_s into upper triangular form. This can be
done in polynomial time. This yields indexes ji,...,js, positive numbers {1, ..., ¢,,, and
multi-indexes 71, ..., Ny, such that

£ i
A= Njryees A"
Letﬁzlcm(él,...,ém) and é’j:f/gjnj. <4

Note that the bitsize of £ and &1, ..., &, are bounded polynomially in the input data, but
their total size may be exponential.

» Proposition 27. Let 1 < s < m be positive integers. Let £ € Z. Let €s41,...,6m € Z° be
multi-indexes. Let

f:T2=T™ f(z1,...,25) = (zf,...,zﬁ,(zl,...,25)5”1,...,(21,...,zs)e’”).

Then, with respect to the £>°-norm, f is Lipschitz-continuous with Lipschitz constant

s S
max {E, Z lest1kls s Z |Em,k|} .
k=1 k=1

Proof. Observe that f extends to a differentiable function of type C* — C™. Let (21,...,2s) €
D* be a point in the unit polydisk. Let D f(z1,..., zs) denote the Jacobian of f at (z1,..., zs).
By the mean value inequality it suffices to compute a bound on the operator norm of

Df(z1,...,2s). An elementary calculation shows
S S
IDf(z1,. .., 25|, = max {e, > lesrnln > |sm,,€|} .
k=1 k=1
<

» Proposition 28. Let 1 < s < m be positive integers. Let £ € Z. Let €s41,...,6m € Z° be
multi-indexes. Let A1, ..., \s be complex algebraic numbers of modulus 1 which do not admit
any integer multiplicative relations. Let

[T =T™ f(z1,...,20) = (zf,...,zﬁ,(zl,...,25)55“,...,(21,...,25)5”) .
Then the closure of the sequence (f(AL,...,AL))en is equal to the range of f over T®.
Proof. By Kronecker’s theorem 6 the sequence ((A},...,\.));en is dense in the torus T*.

Let A = {(A},...,\!) | t € N}. Since f is continuous we have f(A) 2O f(A). Since T*

is compact, the range f(T®) is closed, so that we have f(T*%) D f(A). It follows that

f(A) = [(T*) = f(A). <
» Theorem 29. Let (A1,..., \p) be complex algebraic numbers of modulus 1. Assume that the
numbers 2mi,log A1, ..., log Ay are linearly independent over the rationals, where 0 < s < m.

Let d be the degree of the field extension Q(A1,...,As). Let Ay,..., As > exp(1l) be upper
bounds on the heights of A\1,...,As. Let £ € N, and €541,...,6m € Z° be such that

A= (A1, .., M)

forall j=s+1,...,m. By convention, if s = 0 the right-hand side of the above equation is
to be taken equal to 1.
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Let
S S
L = max {e, D lesrln Y |am7k|} :
k=1 k=1
Let aq,...,a, € T™ be such that any rational linear relation between the numbers

2mi,log A1, ..., log A, is also satisfied by the numbers 2mi,logay,...,logay,. Let € > 0.
Then there exists a positive integer

(16(s+1)d)2C+3) log A; -----log A

¢t (22)" (2625 [S2E b sk b
such that |\: —a;| < for j=1,...,m.
Proof. Divide the sequence (A, ..., Al );cy into £ disjoint subsequences

NN ey = S NN O ) A (e ) ) e

s7's )

for j=0,...,¢0—1.
By Proposition 27, the closure of the sequence (/\?J”7 oo, ABHTY, s the set

C; = {(A{zf,...,/\gzg,)\g+l(zl,...,2‘9)55“,...,)\%(21,...,zs)t’sm) | (z1,...,25) € TS}.

Hence, the closure of the sequence (A\i,..., A% ); is the union of the sets C.

Let (21,...,2m) be contained in the closure of the sequence (\;,... Af ). Let j be such
that (z1,...,2m) € Cj.

Since the numbers A; have modulus 1, the function

filza, .0 25) = (A{zf, .. .,/\ng,)\g+1(21, ceny 2e) S LA (2, .,zs)E’">

is Lipschitz-continuous with Lipschitz constant L. Let ¢(¢) denote the bound from Theorem
25, as a function of e. By definition there exists ¢ < t(¢/L) such that

|fj()\§7..‘,)\’;)—(21,...7zm)\ <e.

We have f;(A\5,...,AL) = (X7 .. M4+7). The sequence index £t + j is smaller than
l(t(e/L) +1). <

E Proof of Lemma 5

d n()(l) . .
(rd) with the following

» Lemma 30. There exists an integer function Sep(n,d,T) € 2
property:
Let K and L be compact semialgebraic sets of complexity at most (n,d, 7). Assume that

every x € K has positive euclidean distance to L. Then inf ¢ distpz(x, L) > 1/Sep(n,d, ).

Proof. If either K or L are empty then the result is trivial. Thus, let us assume that both
sets are non-empty.
Consider the semialgebraic set

sS={@wekxL|vaeL (o232 z—yl)}.

o(1) o(1)

By Theorem 2 the set S has complexity (2n, (d7)" ,(d,7)" ). By compactness, the
distance distyz (z, L) is attained in a point y € L for all x € K, so that for all z € K there
exists y € L such that (z,y) € S.
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We clearly have

. . . 2
;gf(dlsteQ(x7L)—(z}5f€S||$ yllz - (1)

The right-hand side of (1) is a polynomial, so that the result follows from Theorem 4. <«

F Proof of Lemma 14

We will first prove the following weaker version of Lemma 14, where we only establish an
escape bound and a lower bound on the distance to K for initial points in K.

» Lemma 31. There exists an integer function Reco(n, s,d, ) € 2(”‘1)"0(1) with the following
property:

Let A € A™™ be a matriz in real Jordan mormal form. Assume that the minimal
polynomial of A has rational coefficients whose bitsize is bounded by 7. Let K C R"™ be a
semialgebraic set of complexity at most (n,s,d, 7). If every point x € Ko escapes K under
iterations of A then for all x € Ko there exists t < Reco(n, s,d, ) such that

distye (Atz, K L
iste (A2, )>Rec0(n,s,d,7')

For x € Viec, let

Oa(z) ={A'z | te N}

denote the orbit of z under A. Let O4(x) denote its closure. By Kronecker’s theorem 6, the

set O4(x) is semialgebraic.

The sequence (A'z);ey is dense in O4(z) by definition. A combination of Theorem 12
and Theorem 3 yields a quantitative refinement of this qualitative statement:

» Lemma 32. There exists an integer function D(n, s, d, 7, P) € 2(7'Pd)no(1) with the following
property:

Let A be a matriz in real Jordan normal form. Assume that the characteristic polynomial
of A has rational coefficients whose bitsize is bounded by 7. Let K be a compact semialgebraic
set of complexity at most (n,s,d, 7). Let P be a positive integer. Then for all x € Kye. and
all y € Oa(x) there exists t < D(n,s,d, T, P) such that

HAtx — y”2 <27 P,

Lo

e
be the function from Corollary 13. Let Bound(n,d, 1) =
, where f3 is the constant from Theorem 3.

Proof. Let Kron(n, T, P) € 2(7")

2.,.dﬂ(n+1)

Put

D(n,s,d, r, P) = Kron (n, 7, P + [log(n) + log (Bound(n,d, 7))]) .

20(1)
It is easy to see that D(n, s, d, , P) € 20774 as claimed.
To prove that D has the desired properties, let A and K be a matrix and a compact
semialgebraic set as above. Let P be a positive integer. For a matrix @ = (qi,j)?’j:l € R»x»
Let

RIr= > 4

i=1 j=1

1/2
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denote the Frobenius norm of Q. The Frobenius norm is sub-multiplicative and hence satisfies

1Q-=ll, < Qllp - I, 2)lp = 1Qllp - V-l

for all z € R™.
Let C = Bound(n,d, 7). Let & € Kyee. Let y € O4(x). Then, by Corollary 13, there exist
t < Kron(n, T, P + [log(n) + log (Bound(n,d, 7))]) and @ € R™*™ such that y = Qx and

—P—[log(n)+lo 27P
|4t — Q|| < 2~ P~ Tlostm)+os(ON < e

Hence:
s = ], = (4" = Qe < 14" = Q| v-la] <277
The last inequality uses that by 3 we have |z| < C. <

Let A € A™ "™ be a matrix in real Jordan normal form. Assume that the characteristic
polynomial of A has rational coefficients of bitsize at most 7. Let K C R™ be a compact
semialgebraic set of complexity at most (n, s,d, 7). Assume that every point € K. escapes
K under iterations of A.

By definition, a point x € K. escapes K under iterations of A if and only if there exists
y € Oa(z) such that diste2(y, K) > 0. Our next goal is to sharpen this to a uniform lower
bound on inf,cx SUP, 51 diste2 (y, K). The main idea is to employ Theorem 4. Since

the function g(z) = SUD, 57y dists2(y, K) is not a polynomial, we construct an auxiliary

compact semialgebraic set in higher dimension that allows us to reduce the problem of
finding a uniform lower bound on g(z) to the problem of finding a uniform lower bound on a
polynomial. The idea is essentially the same as that of the proof of Lemma 5.

Let

Ox = {(@y) € B | ¢ € Kreery € Oa(@)}
Let

S:{(Jc,y,z)eR?’" \ xeKreC,yem,zEK}:@xK.
By compactness of K, the number

7= min max minlly— Z||§ (2)
T€K ee ye 0, (2) €K

is strictly positive. Letting D(n, s, d, 7, P) denote the function from Lemma 32, observe that
every point x € K. escapes K under at most

D (n,s,d,, [log (1/n)])

iterations of A. To obtain a bound on the escape time it hence suffices to obtain a bound of
(2) away from zero. This is achieved by expressing (2) as the minimum of a polynomial over
a compact semialgebraic set. To this end, we consider the set

S = {(:zr,y,z) ER® | 2 € Kyeo,y € Oa(a), 2 € K,Yw € O4(x). diste(y, K) > distgz(w,K)} .
Observe that

min - max minlly -z = min |y —z|3. (3)
€ Kree ycO 4 (z) 2€K 2 (z,y,z)€S’ 2

This leads to two problems:
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1. Bound the complexity of O4 (and thus of S) in terms of the complexity of A and K.
2. Bound the complexity of S’ in terms of the complexity of S.

Let us first bound the complexity of @4 in terms of that of A and K.

Up to suitably permuting the dimensions, which does not affect the complexity, we may
assume that A takes the following form:

Im1 Xmiq

_Img X Mmoo

Ay

A,

3

B

where L, xm is the m x m identity matrix, Aj,..., A, are 2 x 2 matrices corresponding
to the genuinely complex eigenvalues of A of modulus 1, and B is some matrix. With this
convention, K. is the set of all x € K with z; = 0 for j > m; + ma + ms.

Let

Iml Xmq

_Imz Xmao

Ay

A,

3

0

where 0 is the zero matrix of the same dimensions as B in (4). Clearly, the orbits O4(z)
and O4,(z) coincide for all z € Kec.
Let

L= {(ah...,amg) ez | A?l """ AS{;J :I2><2} .

By Theorem 7 the abelian group L has a basis (i, ..., 8¢ with the magnitudes of 51, ..., B¢
bounded polynomially in the data that is used to describe the algebraic entries of the
matrices Aj,...,Ap,. Thus, by our assumption on the characteristic polynomial of A, we
_ o)
have Zi,j 1Bi;| = (Tn) .
By Kronecker’s theorem (Theorem 6), the closure of the set (Af)ien in R™*™ is given by
the set of all matrices of the form

Iml Xmq

g Img)(mg

Z

Zm

3

0
where 0 € {—1,1} and Z3,..., Z,, are 2 x 2 matrices satisfying
20 g Ly (5)

foralli=1,... ¢

The size of the polynomials required to describe the relation (5) can be bounded by the
following straightforward lemma:
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» Lemma 33. Let My, ..., My be 2x2 matrices with entries in a polynomial ring Z]x1, . . . , x).
Let d be a bound on the total degree of all matriz entries. Let T be a bound on the bitsize of
the coefficients of all matriz entries. Then the entries of the product My - -- - - My have total
degree at most Nd and coefficients bounded in bitsize by N7+ k(N — 1)log (d+1).

Thus, the closure M of (Af);en is an algebraic set that can be described using at most
n? polynomials in n? variables, each of which has its degree bounded by a polynomial in n
and 7, and coeflicients bounded in bitsize by a polynomial in n and 7.
We can hence describe @4 by the following formula:
3&1,1, ey a17n7 e ,aml, e ,anm.
n

(1,...,2n) € KA ( /\ (x; = 0)) A(aij)ij=1,.n € MA /\ Yi = Zaz}jxj

t=mi+mo+msz+1 =1 j=1

This formula involves s + n? + 2n 4 1 polynomials in n? 4 n variables. Their degrees are
bounded by an expression in (dn7)®™M) and their coefficients are bounded in bitsize by an
expression in (n7)°("). By applying singly-exponential quantifier elimination (Theorem 2)
we obtain that O 4 can be defined by a quantifier free formula involving at most (sd)"o(l)
polynomials of degree at most (dr)”o(l) whose coefficients have bitsize at most (dr)”om.
The same bounds hold true for the complexity of the set S = 04 x K.

Let us now bound the complexity of the set S’. For w,y € O(x) the predicate
distez (y, K) > disty2 (w, K) is expressed by the following first-order formula:

Im,n,v.(veE KAn € KAve KA (de(y,v) <dpe(y,m)Vde(w,v) < de(w,n)Vde(y,m) > de(w,n))).

Let us write this as 3m, n, v.®(y, w, m,n,v). Hence, the predicate Vw € O4(x). distez (y, K) >
distez (w, K) can be written as

U(z,y) = Vw.Im,n,v. (w ¢ O(z) VvV O(y,w,m,n, v)) .
Thus,

S ={(z,y,2) ER* | (z,y,2) € SAT(z,9)}.
The formula ¥(z, y) involves polynomials of degree at most (dr)"o(l) and coefficients bounded
in bitsize by (dT)”O<1).

(3n, (dr)"* ", (dr)"™").
By Theorem 4 we obtain the existence of a function

Now, Theorem 2 yields a complexity bound for S’ of at most

RO)
LowerBound'(n, d, 7) € 2(47)

such that the minimum of the polynomial (3) over the set S” is bounded from below by

2v/n . This means that for all x € K. there exists y € O 4(x) such that

LowerBound’ (n,d,T)

2v/n
dist ,K) > .
istea (y, K) LowerBound’ (n, d, 7)

Now, consider the function

)nou)

Reco(n, d, 7) = max{LowerBound'(n, d, 7), D(n, d, 7, [log (LowerBound'(n,d, 7)) |)} € o(dr
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We claim that the function Recy has the property stated in Lemma 31. Let © € Kyec. Let

y € Oa(r) with diste(y, K) > W\ﬁ,(ndﬂ. Then there exists ¢ < Reco(n,d, 7) such
that

1 § NG

LowerBound'(n,d,7) — LowerBound'(n,d,7)’

l4% =y, <

For all z € K we then have

vn L Vn
LowerBound’(n,d,7) = Rec(n,d,7)

4% 2], > ly = 2l — A% — y],, >=

This concludes the proof of Lemma 31. It remains to extend the result to all initial points
T € Viec. We first treat the special case where K. is empty.

)nou)

» Lemma 34. There exists an integer function EmptyBound(n,d, ) € 2(47 with the

following property:
Assume that Ke. is empty. Let x € Viec. Then disty2(z, K) > 1/ EmptyBound(n, d, 7).

Proof. The function distyz (-, Viec) is linear, and thus in particular a polynomial. By assump-
tion,

Ilg( distgz (z, Viee) > 0.
Now, Theorem 4 yields a lower bound of the desired shape. |

We begin with a technical lemma, which combines quantifier elimination with Lemma 5.

» Lemma 35. Assume that Ko is non-empty. Let C' be a positive integer. Further assume
W,C TI,C
that Kyee is contained in a ball of radius 297" . Let & € Vieo. If disty2 (z, Krec) > 2~ (d7)
PCH+O(1)
then dist (z, K) > 2747

Proof. Consider the function dist2(z, K) on the set
d TLC d ’Vlc
L= {x € Viee | |zl < 200" A distye (2, Kyee) > 2707 } .

This set can be defined by the following first-order formula:

Y(y1,...,yn) € R"¥(bo, ..., bn) € R".

(((yla s ayn) S Krec A bO =2A bi-i-l = bEdT)) — ”ng S bfn A ||-r - y”; Z (1/bm)2>

Applying quantifier elimination (Theorem 2), we find that the set L can be be defined by
a quantifier-free formula involving polynomials of degree (dT)O(”C) whose coefficients are
bounded in bitsize by (dr)0").

It follows from Lemma 5 that every point in L has distance from K at least

nO1)

c c (*(d‘f)o(nq) n
1/Sep(n, (dr)°") (dr)°™)) =2 =2~ (dn)

c4+0(1)
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Let us now turn to the proof of Lemma 5.

nR
The function Rec(n,d,7) is majorised by 2(¢7)" " for some constant R. Let C > R + 1

(dr)"

be such that K is contained in a ball of radius 2 . Such a constant exists by Theorem

77’C’
3. Let D be a constant such that all x € Vie. with distez(x, Krec) > 2-(d)" gatisfy
nC+D

distye (x, K) > 27(7) . The constant D exists thanks to Lemma 35.
Let

nC+D
Rec(n,d,7) = max {EmptyBound(n,d, T), {\/52(””) ’ —‘ , ’V vnReco(n,d, 7) -‘ }

Vi —2-@1)" Recg(n, d, )

nO 1)

Then, since we have chosen C' > R + 1, we have Rec(n, d, ) € 2(47)

Let us now show that Rec has the desired property. If K,oc is empty, then Rec has the
desired property by construction. Let us hence assume for the rest of the proof that Kyec is
non-empty.

Let & € Viee. If distypz(z, K) > 2= then distye (z, K) > v/n/Rec(n,d, 1)

Assume that diste (z, K) < 2=@0°"” . Then by 35 we have disty2 (2, Kyec) < 9- ()"

nC

Choose y € Kyee such that ||z —yll, < 27" | Then, by Lemma 31 there exists ¢ <
Reco(n, d, T) such that

distg2 (A'y, K) > v/n/ Reco(n, d, 7).
Since A is an isometry on V.., we have
’ILC
HAtx - Aty||2 =z —yll, < 2~
It follows that

T‘LC
disty2 (A'z, K) > v/n/ Reco(n, d, 7) — 279" > /n/Rec(n, d, 7).

G Proof of Lemma 15

Let Jj be a real Jordan block of multiplicity k corresponding to either a real eigenvalue A or
a complex pair A = a +ib. We use t to denote positive integer time-steps.

At tAt—1 (;) At—1 . (kil)At7k+1

0 Al tAt—1 . (kzg)At_]H_Q
Je=1: : : - :

0 0 0 e tAt!

0 0 0 e Al

a
b
Thus we see that z(t) := Jja can be written component-wise as

—b
where A can be considered [ ] or a scalar quantity depending on the type of eigenvalue.

k

zi(t) =) ( ' ) A=,

i—
i=j J

where the ‘components’ x ...z refer to scalars (if the eigenvalue is real) or vectors (x jT ST
if the eigenvalue is complex.



J. D’Costa, E. Lefaucheux, E. Neumann, J. Ouaknine, and J. Worrell

We will use absolute value signs to denote the Jordan norm ||-|| ; of a component x;. Note
this is the same as the £ norm since we consider only one component.

Then we have the following three lemmas, where we case split on the modulus of the
eigenvalue A, which we notate as -y, to obtain block-wise bounds on escape times for non-
recurrent eigenspaces:

These lemmas have the same structure as those in [9], however for convenience we present
the discrete case in full here, as [9] formulates them in the continuous case.

» Lemma 36 (Polynomially expanding Jordan block - v = 1). Let C' be a positive number
such that K is contained in the ¢2-ball centred at 0 with radius C. Lkg; z € K. Assume there

2
exists j > 2 with |x;| > € in the Jordan block. Let N = + (k C) . Then there exists j
and t < N with |z;(t)| > C.

Proof. Given the set of equations
N
(1) = At=G=9)
0=3(.5,)

we want an N such that there exists j such that |z; (V)| > C.
Let j1 > 2 be the smallest j such that |z, | > ¢ (we are given that such a component
exists). Consider the component

k

t i

i=j1—1

We set N;, = kC/e. Observe that (note v = 1)

k
N, s
o3| )] = boacal = 3 (5 e,
i=j1

Since the first term is larger than kC' and the second term is smaller than C, the only way
|zj,—1(Nj,)| could be less than C' (and thus not escape K) is if one of the later terms is

larger than C. Let js be the highest index such that ’sz( ‘ > C. Note that jo > 7.
) > C. We

—ji+1
We now have a lower bound on a higher index coefficient, namely |z, | (
now repeat the process with the component

2j,-1(t) = A'wj,_1 + < )At e Z ( i —j2 + 1>At_(i_j2+l)xi

i=j2+1

J2— J+1

We have |z, | ( i, +1) > C thus setting N;, > k(]2 leH) ensures that |Nj,x;,| > kC.
Continuing thls process, we will either ﬁnd a component that escapes the set or move on

to a component with higher index, which can happen at most £ — 1 times, because we have

the constraints j; > 2,Vm, j,, <k, and j,,, > jm—1. This gives us a recursive definition for

the bound, which is

N
ij>k< Jm—1 )
Jm — Jm-1+1

We wish to find an upper bound on N = Ny, the time by which we are guaranteed that
at least one component escapes, subject to the constraints j; > 2,jy < k, and jp > Jm—1-
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We can solve the recursive inequality by weakening it (since we only need an upper bound
on N) to

ij > (kN

Im—1

)jm —Jm-1+1
Note that pulling the constant k into the exponentiated part is valid because j,;, — jm—1+1 > 2

always. Setting S, = kIV; , we get S, > S;:;jm*”'l, Sj, = k?C/e, which reduces to

k2C Hff:z(jm_jm—l-‘rl)
SjM > <>

€

The term H%:z (Jm — Jm—1 + 1) is maximised when for all m, j,, = jm—1 + 1, thus in the
worst case we have

o\
SjM > ()
e

Thus we have a bound for a modulus-1-eigenvalue component to escape, which is

1 /e
N=z <5)

<

» Lemma 37 (Exponentially expanding Jordan block - v > 1). Let C be a positive number
such that K is contained in the (?-ball centred at 0 with radius C. Let x € K. Assume there
exists j > 2 with |x;| > € in the Jordan block. Let N = 2’“‘1%. Then there exists j
and t < N with |z;(t)] > C.

Proof. The proof is very similar in structure to the modulus-1-eigenvalue case, though the
presence of an exponential factor gives us a much better bound.
By construction of €, there exists j1 > 2 such that |zj,| > . Consider the component

k
0= (1 )

— \i—j
=J1 J1

Set Nj, = Logk¢/2) and observe that

log
log(kC/e) k N; Noo (i
g, (Nj )| > ATy, [ = D0 (0 AN =g
.= 11—
1=j1+1

Since the first term is larger than kC, the only way |z}, (N;,)| can be less than C' (and thus
not escape the set) is if one of the later terms is larger than C. Let jo be the highest index

such that (,Nfl. )ANil’(jrjl)m > C. Note that j > j;. We now have a lower bound on
J2—Jj1 J2
a higher index coefficient, namely (ji\gjl)’yml_(h_jl) |z;,] > C. Now we repeat the process

with the component

k
t .
i (t) = Majy + 3 ( )A””%

P
i=jat1 J2
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We want [A'z;,| > kC, so it is enough to set
e > k( N )ijl(ijl)-
J2 —
Similarly to the previous lemma, this gives us a recursive definition for the bound, which is

log ( N ) log k

Jm —Jm—1

log ~y log ~y

For N sufficiently larger than k (which we may easily assume), we can weaken this
inequality to
log k
logy’

Nj, >2N;,, +

which is easily solved to get

log k&

Ny > 2M7IN;, — oz

As M <k and Ny, = % we have a bound for a positive-eigenvalue component to

escape, which is

J1108(kC/2)

N <
- log v

<

» Lemma 38 (Exponentially shrinking Jordan block: v < 1). Let C > n be a positive number
such that K is contained in the (>-ball centred at 0 with radius C. Let x € K. Let € be a

positive real number. Let N = 10%?{6/7) log (10g(2{“/7)) + 21o8kC/e)  Then there exists t <N

log(1/7)
with |z;(t)| < e for all j in the block.

Proof. If v = 0 then we have x;(n) = 0 for all j in the block, so that we may assume v > 0
for the rest of the proof.
We have the equations

;(t) = i( ! )At—ﬁ_ﬂwi,

17—
i=j J

For any j, we have the result
N
()] < AT gy < RO (et /k)Ry
mm_;gﬁ)| i < Kot k),

where the second inequality is obtained via standard bounds on binomial coefficients
In order to have |z;(t)| < ¢, it is enough to have kC(et/k)*y!=* < &, which is equivalent
(after weakening slightly by dropping irrelevant terms )to ¢t > W logt + %.

Here we need a small technical lemma.

» Lemma 39 ([20, Lemma A.1, Lemma A.2]). Suppose a > 1 and b > 0, then t > alogt + b
if t > 4alog(2a) + 2.
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Applying this lemma we get a bound on N such that for all j <k, 2;(IN) < ¢, namely

4k 2k 2log(kC/e)
N = gy 8 (log(l/v)) log(1/7)

<

We now show that the time to leave K. is doubly exponential in the ambient dimension,
singly exponential in the rest of the input data, and inverse polynomial in €.

» Lemma 40 (Non-recurrent overall bound). There exists a positive integer constant L with
the following property:

Let K be a semialgebraic set of complexity at most (n,d, 7). Let A € A"*" be a matriz
in real Jordan normal form. Assume that the characteristic polynomial of A has rational
coefficients, bounded in bitsize by 7. Let € be a positive real number. Define a partition of K
into Krec, K< and K>, as described in Section 3. Let

1\*" L
N> = <) )
- S

Then for all x € K>, there exists t < N> such that A'z ¢ K., which is to say, we have
either escaped the set K completely or moved into K. U Kiec.

Proof. Since z € K., we start with at least one component greater than € in Jordan norm.
This allows us to leverage the block-wise bounds.

Let N>. = 2max,{N,}, where N, ranges over the possible bounds depending on the
size of the eigenvalues of A. Within a time N>./2 = max,{N,}, thanks to the analysis of
the block-wise bounds, there are three possibilities:

the orbit has increased in size beyond C' and has thus left K. This occurs if there was a

component associated to an expanding eigenvalue that was larger than ¢ in Jordan norm;

all components are now smaller than e, thus leaving K>. (by entering K., );

some component corresponding to an expanding eigenvalue which was originally less than

¢ has become greater than e. In this case, waiting another N>./2 amount of time puts

the trajectory in the first case, ensuring it escapes.
Thus in all cases the trajectory has escaped by time N>..

We now explicitly compute N>, by using the complexity of K and A to bound the three

possibilities, namely

4k 2k 2log(kC/e)
N= gt/ 08 (log(l/V)) log(1/7)

(shrinking eigenvalue 7),

log(kC'/e)

N — 2](:71
log

(exponentially expanding eigenvalue ) and

1 /2o
N=1(EC .
()

(modulus 1 eigenvalue), where k is the multiplicity of the Jordan block and thus k < n, the

dimension.
We now compute bounds on log~y and C in terms of K and A.
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Bounding log~: Let 7 be a bound on the bitsize of the coeflicients of the minimal polynomial
of the eigenvalues of A as well as a bound on the total bitsize of K.

Using the fact that /2 < log(1 + z) < z for |z| << 1, Lemma 8 yields a constant R
satisfying % < 20"
Bounding C: Let d bound the degree of the polynomials defining K. Then from Theorem
3 we have the existence of a constant .S satisfying C' < (r )t

Plugging these bounds into the iteration bounds from the previous lemmas, and overap-
proximating for simplicity, we finally get the following bound: With a new constant @) based
on R and S, we have

1 Qn n n+1
Ns. < <a> E N EDIE) Lo ) | Jog(1/e) 20,

We can simplify this still further by amalgamating terms. Letting L be a new constant,
we set

1 2" L
N>, = () Llrd) ™|
- g

Thus the time to leave K>, is doubly exponential in the dimension, singly exponential in the
rest of the input data, and inverse polynomial in €. |

H Example of matching lower bound

In Section 8, we matched the bound using a rotational system which needed a doubly
exponential time to escape by the small hole in the circle. Here, we present another example
where the doubly exponential bound comes from the size of the set we define.

» Example 41. The construction of our first family of instances (K, a7y, A(n,d 7)) (n,d,7)ens
relies on the fact that one can define a compact semialgebraic set whose size is doubly-
exponential in the ambient dimension.

For (n,d,7) € N3, define Km,ar) € R"™*1 as the set of all points (21, . . ., Ty, 2,,) satisfying
the (in)equalities:

Ty =1,
£E1=2T,
For1<i<n-2, xm:x?,

0<e, < xi_l.

. n—1
Thus, a point 2 € R™ ! belongs to K(,, 4 -) if and only if it is of the form (27, ord .. 227" 4 1)

where y € [0,274"].
We now define A, 4.y to be the matrix which only adds 1 (through the coefficient )
to the penultimate coordinate:

10
0 1

A(n,dn’) =
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Therefore, given an initial point xg € K, we have that z; = Afn 4,r)T0 = To + 0,...,0,t,0).
. . . n—1 .
This sequence obviously escapes. The point (27,27¢,...,27¢" " 0,1) € K(p,4,7) requires
274" +1 jterations to escape. This is doubly exponential in the ambient dimension and singly

exponential in the rest of the data.
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