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—— Abstract

A linear constraint loop is specified by a system of linear inequalities that define the relation between

the values of the program variables before and after a single execution of the loop body. In this
paper we consider the problem of determining whether such a loop terminates, i.e., whether all
maximal executions are finite, regardless of how the loop is initialised and how the non-determinism
in the loop body is resolved. We focus on the variant of the termination problem in which the loop
variables range over R. Our main result is that the termination problem is decidable over the reals
in dimension 2. A more abstract formulation of our main result is that it is decidable whether a
binary relation on R? that is given as a conjunction of linear constraints is well-founded.
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1 Introduction

The problem of deciding loop termination is of fundamental importance in software verification.
Deciding termination is already challenging for very simple classes of programs. One such
class consists of linear constraint loops. These are single-path loops in which both the loop
guard and the loop update are given by conjunctions of linear inequalities over the program
variables. Such a loop can be written as follows, where A, B are matrices of rational numbers,
a, b are vectors of rational numbers, and «, x’ represent the respective values of the program
variables before and after the loop update:

P : while (Bx >b)do A(3/) > a,

Such loops are inherently non-deterministic, since the effect of the loop body is described
by a collection of constraints. Note in passing that the loop guard can be folded into the
constraints that describe the loop body and so, without loss of generality, the guard can
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be assumed to be trivial. Linear constraint loops naturally arise as abstractions of other
programs. For example, linear constraints can be used to model size changes in program
variables, data structures, or terms in a logic program (see, e.g. [9]).

A linear constraint loop is said to terminate if there is no initial value of the loop variables
from which the loop has an infinite execution. The Termination Problem asks to decide
whether a given loop terminates. As such, the Termination Problem depends on the numerical
domain that the program variables range over: typically one considers either Z, Q, or R.

One approach to proving termination of linear constraint loops involves synthesizing
linear ranking functions [2]. However, it is well-known that there are terminating loops that
admit no linear ranking function. In the special case of deterministic linear constraint loops
(i.e., where the loop body applies an affine function to the program variables) decidability
of termination over R was shown by Tiwari [10], decidability of termination over Q was
shown by Braverman [5], and decidability of termination over Z was established in [7].! All
three papers build on an analysis of the spectrum of the matrix that determines the update
function in the loop body. To the best of our knowledge, decidability of termination of linear
constraint loops over R, Q, and Z remains open. It is known however that termination for
multi-path constraint loops is undecidable (i.e., where disjunctions are allowed in the linear
constraints that define the update map). It is moreover known that termination of single-path
constraint loops is undecidable if irrational constants are allowed in the constraints [3]. One
of the few known positive results is the restricted case that all the constraints are octagonal,
in which case termination is decidable over integers [4]. (Recall that a constraint is said to
be octagonal if it is a conjunction of propositions of the form +x; + x; < a, for variables
x;,x; and constant a € Z.)

In this paper we study the termination of linear constraint loops over the reals in dimension
at most 2. We give a sufficient and necessary condition that such a loop be non-terminating
in the form of a witness of non-termination. This is given in Definition 1. Here one should
think of K as the transition relation of a linear constraint loop, while rec(K) is the recession
cone of K, i.e., the set of vectors v such that w+ Av € K for all w € K and A > 0. The
witness of non-termination is essentially a finite representation of an infinite execution of the
loop in the spirit of the geometric non-termination arguments of [8] and the recurrent sets

of [1].

» Definition 1. Let E be a Euclidean space. Let K C E? be a convez set. A witness W(K)
consists of a linear map M : E — E, a closed cone C C F, and v,w € F, such that

(Jul) MC CC

(Fu2) vz e C (x, Mx) € rec(K)

(Fu3) (v,w) e K

(3ud) w—-veC.

If F has dimension at most 2 and K is a polyhedron, then the existence of such a witness
can be expressed in the theory of real closed fields. (The restriction to dimension 2 entails
that every cone is generated by a most 3 vectors, whereas there is no such upper bound in
dimension 3.) Thus we obtain a polynomial-time reduction of the Termination Problem for
constraint loops to the decision problem for the theory of real closed fields with a bounded
number of quantifier, which is decidable in polynomial space.

! These works in fact consider loop guards that feature a mix of strict and non-strict inequalities, whereas
in the present paper we consider only non-strict inequalities.
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The following is our main result, which characterises non-termination in terms of the
above notion of witness. We refer to Section 2.3 for the notion of MW-convex set, suffice to
say here that this class includes all polyhedra and that the main property of MW-convex
sets used in the proof is that for every linear projection 7 and MW-convex set K we have
m(rec(K)) = rec(w(K)). Further background about convex sets is contained in Section 2.2.

» Theorem 2. Let E be a Euclidean space of dimension at most 2. Let K C E? be MW-
convex. There is a sequence (up),cy € BV such that (uy,uny1) € K for all n € N if and
only if there exists a witness W(K).

2 Preliminaries

2.1 Notation

A superscript * removes 0 from a set. Namely, R* =R\ {0}, N* = N\ {0} and so on. Ry
stands for all non-negative real numbers and R* for all the positive real numbers. Also, for
n,m € N such that n < m, we let [n ; m] be the set of integers between n and m inclusive,
namely [n; m]={n,n+1,...,m}.

Landau Notations. We use the Landau notations. Let d € N*. Let ||-|| be any norm over
R (recall that all norms on R? are equivalent). Let u: N — R% w:N - R and v: N = R
be sequences. We then have the following notations:

up = 0 (vy) when for all ¢ € R there is some N € N such that for all n > N, we

n—+oo
have [Juy,|| < elvg).

Uy, = O+ (vn) when there is some M € R% and some some N € N such that for all
n—+oo

n > N, we have |u,| < Mluvy,]|.

Uy = _}S}r (vn) when there is some M € R* and some some N € N such that for all

n > N, we have |u,|| > M|vy,|.

Up =wp+ 0o (vp)ifu,—w,= o (vyn).
Up=wp+ O (vp)ifu,—w,= 0O (vy).

We keep the same notations if the sequences are undefined at a finite number of points in N.

2.2 Convex Sets

Throughout this section E is an arbitrary Euclidean space.

These results are already known but for the sake of completeness, some proofs are written
here anyway.

140:3
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» Definition 3. Let S C E. The affine hull of S, denoted AffHull(S), the convex hull
of S, denoted ConvHull(S), and the vector space spanned by S, denoted Vect(S), are
defined by

k k
AHHUH(S) = {Zaixi |O¢Z'ER,$¢ES,ZOQ':1}
i=1 i=1
k k
ConvHull(S) = {Z oz | a; € 1051], 25 € S,Zai = 1}
i=1

i=1
k
Vect(S) = {Z ar; | a; € Rz € S}

=1

» Definition 4. Let K C E be a convex set. The relative interior of K, denoted ri(K), is
defined by:

ri(K)={z e K| U € O(F),(x € U)A(UNAffHull(K) C K)}
where O(E) stands for the set of open subsets of E.

In other words, the relative interior of a convex set C is its interior with respect to the
induced topology on the affine subspace spanned by C.
We have the following properties for the relative interior:

» Proposition 5. Let K C E be a non-empty convex set. Denoting as usual by K the
smallest closed subset of E containing K, we have:
(i) ri(K) is a non-empty convex set
(i) i(K) C K C K
(iii) AffHull(ri(K)) = AffHull(K)
(iv) ri(K) = ri(K)

(v) ri(K) =K

» Proposition 6. Let K be a non-empty convex set and x,y such that v € ri(K) and
y € K\ ri(K). Then for all X € (0;1] we have Az + (1 — Ny € ri(K).

» Definition 7. Let K C E be a non-empty convex set. The recession cone of K, denoted
rec(K), is the setrec(K)={z€ F | K+ Ryz C K}.

Note that we always have 0 € rec(K). Also, the recession cone is indeed a cone, as it is
stable under positive scalar multiplication by definition.

» Lemma 8. Let K C E be a convex set. Let m : E — FE be a linear projection. Then
m(rec(K)) C rec(n(K)).

Proof. Let x € 7 (rec(K)). There is y € Ker w such that x + y € rec(K). Let a € 7(K) and
b € Kerm such that a +b € K. Then,

VA eRL (a+b)+XNz+y) e K
Hence, VYA e Ry a+ X\ € m(K)
and  z € rec(n(K)). <

If K is closed, we even have an alternative characterization of the recession cone which
requires a seemingly weaker property but that turns out to be equivalent.
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» Proposition 9. Let K C E be a non-empty closed convex set. Then
rec(K)={z€E| JxreK z+RizCK}

Proof. We proceed by double inclusion.

(€) This direction is easy : if for all z € K, x + Rz C K, since K # &, there is at least
one z such that z + R4z C K.

(D) Let z € R? such that there is some 2 € K such that z + R,z C K. Let y € K. We have
to show that for any ¢ty € R, y + tpz € K. Note that, by convexity, for all A € [0;1],
for all t € Ry we have

I-=Ny+MNa+tz)e K
[to;+00) — [031]
to
t —
t
hence Yt > to (I=Xt)y+At)x+toz e K

We also have (1=X)y+ At)z +toz oY +toz

We then define the function A {

Since K is closed, we then deduce that for all y+t9z € K. Since this holds for any y € K
and any to € Ry we end up with z € rec(K). <

When considering a closed convex set, we can look at its relative interior to get the same
recession cone.

» Proposition 10. Let K C E be a non-empty closed convex set. Then rec(K) = rec(ri(K)).

Proof. We proceed by double inclusion.
(C€) Let v € rec(K). Let « € ri(K). In particular, x € K. By definition, for any A € Ry,
x4+ eK. Let S={AeR, | 2+ I € K \r1i(K)}. We just have to show that S = &.
Assume S # @ and consider y € S. Let A > pu. Note that
T+ po = (1—%)95—1—%(3:—&—)\1))

We have two cases:
A €S, in this case, using Proposition 6, since = € ri(K) and x + Av € K \ ri(K), we
have x 4+ pv € ri K, which is a contradiction.
A ¢ S, since, by Proposition 5, ri(K) is convex, x € ri(K) and = + \v € ri(K), we
again reach x 4+ pw € ri(K), a contradiction.

Both cases are impossible. Therefore, S = @.

(2) Let v € rec(ri(K)). By Proposition 5, there is some = € ri(K). Therefore, for all
A€eR,, z+ M eri(K) C K. By Proposition 9, we get that v € rec(K). <

» Remark 11. Note that if K is not closed we have, thanks to Proposition 5, rec(K) =
rec(ri(K)) but we may have rec(K) # rec(ri(K)).

» Lemma 12. Let C be a closed convex cone in E. Let u: E — E be linear. Then u(C) is
a closed convex cone.

Proof. By definition of a cone,

C={0}UR{zeC| [z =1}.

ICALP 2024
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Since C' is closed, {z € C'| ||z|| =1} is bounded and closed in a vector space of finite
dimension, hence it is compact. By linearity of u,

u(C) = {0} URyu({z € C | [la] = 1}).

Since wu is linear over a vector space of finite dimension, it is continuous. Thus, the set
u({z € C | ||z|| =1}) is also compact, hence closed. The continuity of the norm ensures
that u(C) is closed. By linearity of u, we also get that u(C) is a convex cone. <

» Lemma 13. Let C be a non-trivial convez cone in E. Let x € ri(C) \ {0} and u € Vect(C).
Then there is A > 0 such that u+ \x € C.

Proof. If = u then A = 0 works. We then assume z # u. Since u € Vect(C), there is
w€(0;1) pu+ (1 —p)z €ri(C). Therefore, for any A € Ry, A (pu+ (1 — p)z) € ri(C). In

particular, for A = — (which exists since u # 0),
I

— B
"

and we indeed have > 0. |

2.3 Minkowski-Weyl Convex Sets

» Definition 14. A closed convex set K is said to be M W-convex if there is a compact
conver set K' such that K = K' 4 rec(K).

This property comes from the Minkowski-Weyl Theorem for polyhedra :

» Theorem 15 (Minkowski-Weyl). Let K C R%. The following statements are equivalent:
(i) K ={z € R?| Az < b} for some matriz A € R"*¢ and b € R".
(ii) There are finitely many points x1,...xx, € P and finitely many directions v1,...,vp
such that

p
K = ConvHull({z1,...,zr}) + ZRJrvi.
i=1

Needing this property, we will assume that the sets K we consider are MW-convex. Note
that, among others, polyhedrons are MW-convex, and thus our results apply to a more
general class of sets.

One of the main benefits of MW-convex sets is that they behave very nicely with linear
projections. Unlike other convex sets, the projections “commute” with the operator rec,
giving a reciprocal to Lemma 8.

» Lemma 16. Let K C R? be MW-convex. Let 7 be a linear projection over R*. We have
rec(n(K)) C m(rec(K)).

Proof. Let z € rec(n(K)). If x = 0 then we immediately have z € m(rec(K)). Therefore, we
may assume x # 0. For a € 7(K), we have a + Ryz C 7(K). Thus,

YAeR: 3TN\ € Kern a+ Az +b(\) € K.
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Let K’ convex compact such that K = K’ + rec(K). Therefore, for all A € R, there are
a’(A) € m(K’) and 2/(A\) € w(rec(K)) such that

a+Ax=a(\)+2'(N).

Since a’(A) € w(K') and that 7(K’) is compact (as the continuous image of a compact),
there is o’ € 7(K') and an increasing sequence (\,),,cy that tends to infinity such that

a(\,) — d.

Thus

A — 2" () el a —a.

We then get that

(A, —ad 1 (A,
7 ):x—i—a a+ 0 () and 7'(An) — .

)\n )\n n—+0oo )\n )\n n—+oo

!
An
Also # € m(rec(K)). Moreover, using Lemma 12, m(rec(K)) is closed. Hence, we have

n

x € m(rec(K)) what concludes the proof. <

The converse inclusion is true for general convex sets (Lemma 8). Combining this to
Lemma 16, we have:

» Corollary 17. Let K C R? be MW-convex. Let w be a linear projection over R%. We have
rec(n(K)) = m(rec(K)).

» Corollary 18. Let K C RY be MW-convex. Let 7 : R? — R? be a linear projection. Then
w(K) is MW-convez.

Proof. We write K = K’ + rec(K) where K’ is a convex compact set. Hence, since 7
is continuous (linear in a finite dimensional space), m(K’) is also compact. Moreover, by
linearity of m, we get that

(K) = n(K') + m(rec(K)).

By Lemma 12, w(rec(K)) is a closed convex cone. Hence, 7(K) is closed convex as a sum of
closed convex sets. By Corollary 17, we get

7(K) = n(K') + rec(r(K)). <

2.4 Accumulation Expansions

We consider an arbitrary Euclidean space E of dimension d € N. We denote (-, -) its scalar
product and ||-|| the associated norm.

To study the sequences of the constraint loop problem, we need to identify the asymptotic
directions these sequences are going towards, building a form of asymptotic expansion of
those sequences. We thus introduce the concept of accumulation expansion. As sequences
may point in several directions, we consider the expansion of a subsequence that has a single
main direction.

140:7
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» Definition 19. Let (un), .y be a sequence of E. An accumulation expansion of
(tn), e consists in an increasing function ¥ : N — N, an integer p € [0 ; d], some vectors

21,5 Zpr1 € B and sequences (akn), oy for k € [1 5 p] such that
(AE1) VEe[1;p] |zl =1

1 ifk=F
(AE2) VE, k' €[1; p] (2ks 21r) = {0 if k£ K

(AE3) VE e [1;p]  (2k,2p41) =0
(AE4) VE€[1; p] VneN o >0
(AE5) VE€[1; p] Qky —> +00

n—r+oo
m—1
(AEG) Vm € [[]- 5 pﬂ Am,n ~ Huw(n) - Z Ak n Rk
n—+00 b1

(AE7) Vke[1; p—1] Qks1n= 0 (agn)

—+00

(AE8) VneN W <me][l; p] <Zg,uw(n) - Zak7nzk> =0
k=1

p
(AE9) Ugp(n) = > Qgn2k +2p+1+ O (1).
k=1

n—+oo
p
Abusing notations, we will say that uymy = Y pnzk +2p11 + 0 (1) is an accumu-

lation expansion of (un),cy-

» Definition 20. Let u = (uy,)
of u is defined by

nen be a sequence of E. The set D, of principal directions

P
U = Qg n2k + 2pe1+ 0 1) is an accumulation expansion
D,=_ z2€E P(n) /g2:31 k,n<k p+ nﬁ+oo( ) 4

p>1 and zZ=z

In other words, D, is the set of directions that are in the dominant position of some
accumulation expansion of uw such that p > 1. It also corresponds to the dominant directions
of an unbounded sequence.

For x € E\ {0} we denote = = ﬁ the associated normalized vector.

» Lemma 21. Let (uy),cy be an unbounded sequence of E. There exist z € E a unit vector,
an increasing function ¢ : N — N and a sequence (o), oy such that

Vn € N a, >0

a, —r +00
n—+oo

an o~ ol

o) =zt o (an)

vn € N Up(n) — AnZ € 2zt where z
Vect({z})

L means the vector subspace of E orthogonal to

Proof. Since (uy),y is unbounded, we can assume that we have an increasing function
¢ : N — N such that for all n € N, u,(,) # 0 and ||ug,(n) || — +00. Therefore the sequence
n—r+oo

(%)n en is well defined. Moreover, as it is bounded by definition, up to refining ¢, we can
assume that it converges to some z € E. Let m be the orthogonal projection onto Rz. We

define o, to be the unique real number such that m(ugy(n)) = anz. As % — z, we
n—+oo
have that o, ~ ||u¢,(n) || Therefore, up to refining ¢, we can assume that o, — +00

and a,, > 0. Moreover, we have u,(,) = anz + o (o). Finally, by definition of m, for all
n—+oo

nEN, uym) —anz € zt. <
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» Proposition 22. Any sequence u = (un),cy of E admits accumulation expansions.
Moreover, if u is unbounded, then D, is not empty.

Proof. If (uy), ¢y is bounded, then it has an accumulation point z;. Hence, taking p = 0,
all the points are trivially true except Point (AE9). Taking any 1 given by the definition of

accumulation point lead to uym) =21+ o (1).
n—+oo

Assume now that (uy), cy is unbounded. We proceed by induction on d = dim E.

If d =1, consider z; and (a1,,),, oy and 9 given by Lemma 21. By definition, [|z;]| = 1
and uyn) — 1n21 € 217 = {0}. Taking p = 1 and 2z = 0 satisfies all the required
properties. Moreover, z; € D,,.

Assume the proposition holds for any Euclidean space of dimension d — 1. Consider 2z,
(O/lxn)nEN and ¢ given by Lemma 21. By definition ||z | = 1 and uy(,) — o} 21 € 27
Since z; # 0, dim z{- = d— 1. We can thus apply the induction hypothesis on the sequence
(uw(n) — O/lmzl)neN in z{-. Let ¢’ be the function given by the induction hypothesis. Let
Pp=ypo¢ and ag , = all,w’(n)'

Every point is immediately satisfied either by the induction hypothesis or the fact that
21 is orthogonal to any point in 21", except for Point (AE7): It remains to prove that if

p > 2, then ag, = o (01,n). By induction hypothesis we know that
n—+oo

(%) ~ ||u — 1 nR1 H .
™ —too ¥(n) g

Moreover, by Lemma 21

’ ’
Hu — Z1H = O [0} .
w(n) Ln n—+00 ( l,n)

Since (a1n),, oy is @ subsequence of (O/lvn)nGN’ we have

Zn n—+oo ¥(n) L,n<1 n—>+oo( l,n)

as required. Moreover, z; € D,,. <

We now state a relation between the directions within the accumulation expansion and
the set rec(K).

» Proposition 23. Let E be an Euclidean space. Let K C E be MW-convex. Let u = (uy,)
P

be an unbounded sequence in K. Let uyn)y = Y apnzr+2pp1+ 0 (1) be an accumulation

expansion of (un),cy. Then, there are some positive real numbers (6k7€)1<5<k’<p+1 such that

neN

k—1

VEe[l; p] 2K+ Zﬁk,ﬂg € rec(K)
=1

p
and Zpt1 + Zﬁp+1,[25 € K.
(=1

Proof. For k € [1; p], we consider 7y, : E — E the orthogonal projection onto the vector
space Vect((z1,...,2,_1)"). Let us first show that zj, € mx(rec(K)). Let A € R, and define

140:9
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Note that for large enough n, Ay, € [0;1]. Without loss of generality, we assume Ay ,, €
[0;1]. Then, by convexity,

)\k,nu@(n) + (1 — )\k’n)uo eK.

Moreover,

p
T (A tipn) + (1= Xen)ug) = Az + Z Al nOt,n 2
t=ht+1

+ )\k)nzp+1 + (]. — /\k,n)wk(uo) + n (0] ()\kn)

—+00

— Az + 7Tk(’LL()).

n—+oo

Also, thanks to Corollary 18, we have 7, (K) = 7, (K). Using now Proposition 9, we then
conclude that zj, € rec(mi(K)). Finally, using Corollary 17,

2, € m(rec(K)).

We now prove the proposition by induction on k. For k£ = 1, our preliminary result gives
in particular that z; € rec(K).

Assume now that (8q,); </, have been defined for some k € [1; p]. Since z, €
7 (rec(K)) as proven earlier, there are some real numbers (’Yk’g)ée[[l . k—1] such that

k—1

2K+ 27k74z5 € rec(K).
(=1

If all the v, ¢ are positive then fixing B ¢ = i ¢ satisfies the proposition. Let £ € [1; k —1]
=1

maximum such that v, < 0. Then, as by hypothesis we have that zo + > 8¢ jz; € rec(K),
j=1

we can deduce that

k-1 1
2t Z%vjzﬂ' + (1 + [ymel) | ze + Zﬂz,jzj € rec(K).
j=1

j=1

Vg J>1

Considering ;, ; = 1 j=¢,
Vg + L+ [hel)Bey G <X

k—1
we end up with zx + > 7} p2¢ € rec(K) with one less non-positive coefficient. Repeating
=1 "

this procedure until every coefficient is positive lead to a sum of the desired shape, thus
establishing the induction hypothesis holds on k and therefore concluding the induction.
Let 7,41 : E — E the orthogonal projection on Vect((z1,...,2,)*). We have

i1 (Up(n) T, L
By Corollary 18,
Zp+1 € Tp1(K) = mpi1 (K).
Thus, there are some real numbers Wpﬂl)eeﬂl k] such that

p
Zp+1 + Z%H,ﬂe € K.
=1
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Doing the same work as above, we can add some elements of rec(K) so that we end up with
some positive (Bp+1,6)peqy ; 1) Such that

P
Zp+1 + Z'prer eK. |
=1

The two following corollaries specialise this result for some form of sequences.

» Corollary 24. Let E an Euclidean space. Let m: E — E be a linear projection. Let K C E

be MW-convex. Let u = (uy) be an unbounded sequence in K and x € Dy(y). Let

neN

f@d —W)(uw(n))HW(uw(n))H = Zakmzk +241+ o (1)

n—-+oo
k=1

i — .
be an accumulation expansion of <(17r)(u)> such that
”77(“71)“ neN

7T(u<p(n)) — X.

n—+oo
Then, there are some positive real numbers (ﬂk7g)1<£<k<p+1 such that
k—1 P
Vke[l; p+1] Zk+25k,g,2g € rec(K) and T+ Zpt1 +Zﬂp+17g2’g € rec(K)
(=1 (=1

Proof. We have

(id =) (tp(m) = X 17 (i) || ki + |7 (g 21+ 0 (|7 (ugm))]])

n—+o00
k=1

—_—

Also, provided u,,) — x, we have
n—+oo

7 (tpny) = |7 ()| 2+ o (|7 (upm)]) -

n—+oo

Therefore

P
Upm) = Y |7 (g ki + [T (upm)|| (@ +2041) + 0 ([|7(ugm)])) -

n—+oo
k=1
The result is obtained by applying Proposition 23 to this accumulation expansion of (uy),,cy-
Note that in this case we in fact have a truncated accumulation expansion so the case p + 1

is not the last element of an actual accumulation expansion. That is why we get rec(K)
instead of K even for p + 1. |

» Corollary 25. Let E an Euclidean space. Let K C E? be MW-convex. Let m: E — E be a

linear projection. Let u = (uy) be an unbounded sequence in E such that

neN

vn €N (Un,Unt1) € K

and x € D,. Let

p
u
M = Zak,nzk —+ Zp+1 —+ 0 (1)

leeemll = nortos

ICALP 2024
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U
be an accumulation expansion of ( n+1> such that

[[n |
Upmy — .
Then, there are some positive real numbers (ﬂk’e)l<€<k;<p+1 such that

k—1 p
Vke[1l; p] (O, ZE + Zﬂk,gzz> erec(K) and (x, Zpt1 + Zﬂp+17524> € rec(K)

=1 r=1
and such that for sufficiently large n,

p p
<7T <2p+1 + ZBerl,@ZZ) )T <2p+1 + Zak,n2k> > > 0.

=1 k=1
Moreover, there is some i € [1; p+ 1] such that w(z;) ¢ Ker(w), this inequality can be
taken to be strict.

Proof. We first apply Corollary 24 to the sequence ((tn,Un41)),cy and the projection on

the first component to get some positive real numbers (8 ¢) , such that

1<t<k<p+

k-1 p
Vke[1; p] (0,2;c + Zﬁk’524> €rec(K) and (CE,ZP+1 + ZﬁpJ’,l’[Ze) € rec(K).

=1 =1
Let ko € [1; p+ 1] minimum such that zj ¢ Kerm.
If there is no such kg, then

p p
<7T <Zp+1 + Zﬂp_‘_l,ng) , T <Zp+1 + Zakmzk>> =0
/=1 k=1

and the proof is complete.
If ko =p+1, then

p p
<7T <Zp+1 + Zﬂpﬂ,ﬂe) , T <Zp+1 + Zak,nzk>> = (7(2p+1), m(2p41)) > 0.

=1 k=1
Otherwise, kg € [1; p] and ||7(zk, )| # 0. Let

ko—1 P
= < Zpy1 T+ Zﬂpﬂ ezz> + A (Zkg + Z Bro z25> <Zak,nzk + Zp+1> > .

=1 k=1
We have

Zko kk()

< T(2p1) + Zﬁpﬂ em(z¢) + A (2k,) Zak T Zk)+7f(2p+1)>

T(2p41) + Zﬂp+l em(2e) + AT (2 (Zp+1)>

l=ko

+ Z akn< m(2zp+1) + ZBerl em(2¢) + AT (21, ) »W(Zk)>

kko [ko

p
= Qiyon <7T(Zp+1) + ) Bprrem(ze) + M (i) aﬂ(zko)> + o (akyn)

n—+oo
l=ko

= Qko,n <)‘ H7T(Z}€0)||2 + <7T(zp+1) + Zﬁp+1)£77(2@),77(2k0)>> + o (akom) :

n—-+oo
l=ko
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Therefore, taking any A > 0 such that

<7T(Zp+1) + é; Bpt1,em(20), 7T(Zko)>
17 (210 )|

we get S, () 7 o0 Thus, for sufficiently large n,

n—+oo

A>—

P ko—1 P
<7T (zp+1 + Zﬁp+1,e24> + Am (Zko + Z Bko,m> ,T (Zak,nzk + Zp+1> > > 0.

(=1 =1 k=1
Also,
P ko—1 P
T, Zpt1 + Zﬁpﬂ,ﬂe + Az + A Z Broeze | = | @, 2pt1 + ZBp+1,ZZ£
=1 =1 =1
€rec(K)
k‘o—l
+ A ,<O7Zko + Zﬂko,zze>
>0 =1
erec(K)
p ko—l
<x, Zpy1 + ZﬁpH,W + Aziy + A Z ﬂkmgq) € rec(K).
=1 =1
Thus, considering
Bpt1e €>ko
Bpr1e = Bpy1,e+ A L=ko
Bpt+1,6 + ABroe €< ko
instead of the Bi1 ¢s, we get the desired result. <

3 Deciding the Constraint Loop Problem

The goal of this section is to establish Theorem 2. This will be done by showing equivalence
between the existence of a witness of the form given by Definition 1 and the existence of
an infinite run of a constraint loop. The easy direction in this argument — constructing an
infinite execution from a witness — is the purpose of Proposition 27 in Subsection 3.2. In
fact, there is an even easier case, namely certifying the existence of bounded infinite run, is
dealt with in Section 3.1. It states that a bounded infinite run exists if an only if there is a
fixed point. This proof holds in any dimension and relies on a simpler certificate. We will
also reuse this result in the specific cases of dimension 1 and 2.

The main objective in this section is to construct a witness from an infinite execution.
We provide the proof of sufficient condition in Subsection 3.2. This will help motivate
the definition of witness. Subsection 3.3 deals with the simple 1-dimensional case, and
Subsection 3.4 handles the dimension-2 case, which is more challenging. Because of the
difficulty of this proof we only provide high level explanation here. For a complete proof, we
refer to the full-version of this article [6].

140:13
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3.1 Deciding the Existence of a Bounded Sequence

» Proposition 26. Let E be a vector space of dimension d € N. Let K C E? be closed convez.
Denoting Ap = {(z,z) | € E} C E?, we have that K N Ag # & if and only if there is a

bounded sequence u = (un), oy of E such that for alln € N, (un,upy1) € K.

Proof.
(=) Let (x,2) € K N Ag. The sequence constantly equal to x satisfy the proposition.
(<=) Assume now that there exists a bounded sequence (uy),,cy such that for all n € N,

1 1n=1
(Un,unt1) € K. Let n € N* and define z,, = — > (up,up) and y, = — > (Up, Upt1)-
7 p=0 N p=0
We have
1
|z — ynll = n [ (wn, uo)| -

Since the sequence (uy,),, oy is bounded, there is a positive real number M such that

M
neN loa -yl < T

In particular, both sequences (2,,),cy- and (yn),cy- must have the same accumulation
points. As these sequences are bounded (and since they are in a vector space of finite
dimension), such a point exists. Let us denote it 2. Notice that since K is closed and
convex, for all positive integer n, y, € K and thus x € K. Moreover, by definition, for

all positive integer n, z,, € Ag. This set is again closed, thus x € Ag. This proves that

r€ KNAg # 2. <

3.2 A Sufficient Condition for the Existence of a Sequence

» Proposition 27. Let E be an Euclidean space of dimension d. Let K C E? be MW-convez.
If there ezists a witness W(K), then, there is a sequence (up),cy € E" such that

Vn e N (Un,unt1) € K.

Proof. Assume we have a witness W(K). We then take M, v, w,C as given by the witness
and define the following sequence:

Uy =V and U = w

Vn €N Unt2 — Unt1 = M (Upt1 — Up)

Remark first that for all n € N, u,+1 — u, € C. This can be proven by induction, noting
that the initialisation is given by Point (Ju4) and the induction step comes from Point (Jul).

We now prove by induction that Vn € N (Up,Unt1) € K.

By Point (Ju3), (ug,u1) € K.

Assume that for some n € N, (up,, upt1) € K. As upy1 — u, € C as shown before, by

Point (Ju2)

(Unp41 — Up, Upto — Upy1) € rec(K).

Thus (tn11,Unt2) = (Un, Unt1) + (Unt1 — Un, Upto — Uny1) € K +1ec(K) = K.
By the induction principle we conclude that for all n € N, (up, up+1) € K. <
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3.3 Necessary Condition for the Existence of a 1-Dimensional Sequence

We establish the main result in the one dimensional case. Note that we prove a slightly
stronger certificate here, which is not necessary in itself, but which we need for the 2
dimensional case.

» Proposition 28. Let E be an Euclidean space of dimension 1. Let K C E? be MW-conver.
Let a sequence (up),cy € EY such that (un,unt1) € K for allm € N. Let v € cone (D)
such that (0,7) € rec(K) (note that at least v = 0 works). Then, there are a € R*, a closed
convex cone C C E and x,y € E such that

(i) aCCC

(ii) Vz e C (z,ax) € rec(K)

(iii) (z,y) € K

(iv) y—zeC

(v) veC

Proof. Without loss of generality, as F is an Euclidean space of dimension 1, we assume
E =R. If (uy), ¢ is bounded, then, by Proposition 26 there exists z € R such that (2, 2) € K.
Then v = 0 and we can select y = x = z, C = {0} and a € R* arbitrary (e.g. 1) to produce
the requested witness.

We now assume that (uy), oy is unbounded. By Proposition 22, it admits accumulation
expansions and D,, # @. The only two possible accumulation directions are 1 and —1. We
consider three cases:

If D, ={-1,1}. Take ¢1 and ¢_; such that m e 1 and u;:a) njw —1. Up

to extracting a subsequence, we have the accumulation expansions

P
Upy(n)+1
= pptk+ 21+ o (1)
Tominll 2 7 e

and oeimt Zak niktzpi+ o (1),
gl

Then, by Corollary 25, there are «, 8 € R such that

(1, @) € rec(K) and (=1, 5) € rec(K).

v ify#0
Let 0 = {a—i—ﬁ if y=0.
Therefore, either (0,d) = (0,7) € rec(K), or (0,6) = (1,a) + (=1, 8) and (0,9) € rec(K)
by conic combinations.
If § =0 then v =0 and a = —f.
If =0, then 5 =0, (ur,u1) = (ug,u1) + (u1 — up,0) € K.
—_—— ———
eEK €rec(K)
We then choose for instance a € R*, C'= {0} and z = y = u;.
If a # 0, then we just have to take a = a, C =R, © = ug, y = u;.-
Note that in both these cases we trivially have v € C.
If 6 > 0 then, for large enough n, nd + o > 0. Moreover, as rec(K) is a cone,

(I,nd + a) =n(0,0) + (1,a) € rec(K).
—— =
€rec(K) €rec(K)

ICALP 2024



140:16 The 2-Dimensional Constraint Loop Problem Is Decidable

We then take a = nd +a > 0, C = Ry, = ug, y = ugy1, for some k such that
Up+1 — up+ > 0. This exists since 1 € D,, and hence (u")neN is not bounded from
above. Note also that since 6 > 0 then v > 0. Thus v € C.

If 6 < 0 then, for large enough n, nd + 8 < 0. Moreover, as rec(K) is a cone,

(=1,n6 + B) = n(0,0) + (=1, 8) € rec(K).
—_—— ——
€rec(K)  €rec(K)
We then take a = —néd — 8 > 0, C = R_, © = uy, y = ug41 for some k such that
up41 — ux < 0. This exists since —1 € D,, and hence (uy),, oy is not bounded from
below. Note also that since 6 < 0 then v < 0. Thus v € C.
If D, = {1}, then, similarly to the first case, using Corollary 25, there is some a € R
such that (1, «) € rec(K). Note also that v > 0 and that (1, « + ) € rec(K). Let k such
that upq1 — up > 0. This exists since 1 € D, and hence (uy),,cy is not bounded from
above.
If a+~=0, then,a=~=0and

(ukt1,up+1) = (Ugs Up1) + (U1 — ug, 0) € K.
—_—— N—_—_———

€K €rec(K)

We then choose for instance a € R*, C'= {0} and z = y = up41.

If a4+ v > 0, then we just have to take a =a+v, C =R, 2 = u and y = upy1.
Note that in both cases, v € Ry = C.
The case D,, = {—1} can be made similarly to the previous point. <

We are now ready to prove the special case of Theorem 2 in which E has dimension 1
(see Section 1). Without loss of generality we just consider E = R. The necessary condition
is given by the application of Proposition 28 with v = 0. The sufficient condition is given by
Proposition 27.

3.4 Necessary Condition for the Existence of a 2-Dimensional Sequence

We now move to 2-dimensional Euclidean spaces and prove that the existence of a witness
as given by Definition 1 is implied by the existence of an infinite sequence. This, combined
with Proposition 27 will imply Theorem 2.

For the entire section, we thus fix £ to be an Euclidean space of dimension 2, K C E? to
be MW-convex and thus satisfying K = K’ + rec(K) where K’ is a compact convex set. We
assume that there exists a sequence (uy),,cy € E" such that for all n € N, (uy, un41) € K.

We start by two technical lemmas to lighten the proof of the proposition.

» Lemma 29. Assume that D, is not empty and for all x € coneD,, if (0,z) € rec(K),
then = 0. Denoting C,, = cone D,,, we have that for all x € C,, there is s(x) € C,, such that
(z,s(x)) € rec(K).

Proof. Let x € C,. By definition, we can consider z1,...,z, € D, and Aq,..., A\, € Ry

m
such that x = Y \;z;. By definition of D,, for i € [1 ; m] there is an increasing function ¢; :
i=1

N — Nsuch that u, () —— ;. Using Proposition 22, the sequence (g () Uy () 41) ) ey
admits an accumulation expansion

Pi
(uwow(n)a U%mpi(n)ﬂ) = I;Oéi,k,n(zi,k,l, szz) + (Zi,p+1,la Zi,p+1,2) + nﬁ0+oo (1) .
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In particular, for £ € [1; p; | minimum such that z; ;1 # 0, we have z; ;1 € R ;. Since
the first component is not bounded, such a k exists. Let p; > 0 such that z; ;1 = p;x;. Now,
applying Proposition 23, (z;1,1, 2i,1,2) € rec(K) and ||(z;1,1, 2i,1,2)|| = 1. Therefore, if k > 1,
then 2,11 =0 and ||z;1,2] = 1. Hence z; 12 € D,. This contradicts the hypothesis that for

1
all z € Cy, if (0,z) € rec(K), then = 0. Thus, k = 1. Considering s(x;) = —z; 1 2 satisfies
Hi

m

the claim for z;. Thus, defining s(z) = > \;s(z;) establishes the lemma. <
i=1

» Lemma 30. Assume that D, is not empty, that for all x € coneD,, if (0,x) € rec(K),

then x =0 and for all x € E, (z,2) ¢ K. Denoting C,, = coneD,,, for all x € D,,, there are

d(xz) € E and X\ € RY. such that (§(x), \x + 6(x)) € K Urec(K).

Proof. Let z € D, and the accumulation expansion

D
Up(n) = Zak,nzk +2Zpr1+ O (1)

n—+oo
k=1

with p > 0 and z; = z. By convexity, we have

¢(n)—1

1
vneN — Up, U e K.
o) 2 (uk, urg1)

Up to refining ¢, we can assume that we also have the accumulation expansion

(n)—1 q
1 ¥
ﬁ Z (UkyukJrl) = Zﬁk,n(wk,hwk,z) + (wq+1,17wq+1,2) + n_groo (1) :
P k=1
Therefore
q 1 @(n)—1
— - = — — 1
I;ﬁk,n(wm Wh1) + Wet1,2 — Wat1,1 o) kZ:O (g1 — uk) + THOMO( )
e(n) — Uo
— 1
gp(n) ’I‘L*)O#»OO )
o Ak n
( ) n~>0+oo (1)

@
If < (1")> has an accumulation point, say A, up to refining ¢, we assume that it
P\n)/ nen
converges to it. By definition of an accumulation expansion, we then have for all k € [1 ; ¢],
w1 = Wg,2 Therefore, wyi12 — Wey1,1 = AT.
By Proposition 23, there are some positive real numbers 71, ...,7, such that

q
D (w1, we ) + (wgi1,1,we11,2) € K.
k=1

The difference between the two coordinates of this vector is Az. Since A is the limit of

a positive sequence, A > 0. Also, provided that there is no a € E such that (a,a) € K
q

by hypothesis, we have A # 0. Therefore, considering §(z) =

(6(x), Az +d(x)) € K.

VeWk,1 + Wgt1,1 We get
k=1

140:17
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Q1n

o(n)

Now suppose that ( ) has no accumulation point. Since it is positive, we have
neN

a1 n

— +00Q.
SD(’I’L) n—+oo

Thus, there is k € [1; ¢] minimum such that wy, 1 # wg 2 and for this k, we have

a1 n

Bk,n(wk,z - U/k,l) n%r:-oo gp(n)
Therefore, there is A > 0 such that wy 2 — w1 = Az. By Proposition 23, there are some
positive real numbers 71, ...,vr—1 such that

k—1
> ve(wer,we2) + (g1, wr2) € rec(K).
=1

The difference between the two coordinates of this vector is Axz. Therefore, considering

k=1
d(x) = > yewe1 + w1 we have (§(x), Az + 6(z)) € rec(K). <
=1

» Proposition 31. There exists a witness W(K).

For the detailed proof we refer to the full version [6]. Here we just give an overview of
the proof.

Proof sketch. The proof is divided into several cases under the structure described in
Figure 1. Among all these cases, Case 6 is by far the most difficult, followed by Cases 2 and
5, then Case 4 (quite easy) and finally the almost trivial Cases 1 and 3. In this proof we
denote C,, = cone(D,,).

Case 1: There is a fixed point (z,z) in K. In this case we just need to take v = w = z,
M arbitrary and C' = {0} to get a Witness. This just leads to a constant sequence.
Case 2: No fixed point but there is « € C,, \ {0} such that (0,z) € rec(K). In this case
we are going to try to make use of Proposition 28. Let 7 : E — FE be the orthogonal
projection onto - and let 7 : E? — E? be such that

Ve, f € E,7(e, f) = (n(e), 7 (f)).

Assume that we have found some 2’ such that (z,2") € rec(K). We then can write
a' = yx + y for some y orthogonal to = and some v € R. Then we have 7(x,2’) = (0,y).
Also (0,y) € T(rec(K)) = rec(w(K)). Thus if we can build 2’ such that y € cone(Dy(y)),
we would be allowed to apply Proposition 28. This requires some work. The idea is to
write © = Y a;x; with z; € D, and a; > 0 then apply Corollary 25 for alli € [1; n]

=1
(see the full version [6] for details). Assume this is done. There are a € R*, a closed

convex cone C' C z1+ and v, w E 2+ such that
aC CC
Yee O (¢, ac) € rec(7(K))
(v,w) € T(K)
w—veC
yel
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Any fixed point (z,z) € K ?
Yes No
Case 1 Ve € E,(z,z) ¢ K

\

Any z € cone(D,) \ {0} such that (0,z) € rec(K)?
Yes No
For all z € cone(Dv)
(0,z) erec(K) = =0

/

Any a € E, x € Dy, pp € R such that (a,a + px) € K?
Yes No
Case 3 Impossible to have (a,a + pz) € K

-

Does cone(D,,) has full dimension ?

Yes No

Case 4
cone(D,,) = Rz for some z ?
Yes No
Case 5 | Case 6

Case 2

Figure 1 The case disjunction structure.

Again, since rec(7K) = 7(rec(K)), for all £ € C, there are be,ce € R such that
(bex + &, cex 4+ a&) € rec(K). For all £ € C, we fix be and c¢¢ such that (|bel, |ce]) is
minimal for the lexicographic order and among all these possibilities, such that (be, c¢) is
maximal for the lexicographic order. We denote

Y0(§) = max(1,v,b¢)  and  1(§) = max(|al, bae, ce)

and for n > 1,
a0 (€) = mavx (2", 4 b, a2 Ve
72n+1(£) = max(|a|2n+l’ a’2nba67 aanE)'
For n € N, let

aQ"bg n € 2N

Xn (&) = 1 (§)z + a"§ and n& = {aanag n € 2N+ 1.

We some algebraic manipulations and intensively using that (0,z) € rec(K) to add
missing weight on x in the second component, we get

VneN (Xn(£)7X7L+1(§) + (Vn(f) - b;z,f) X0 (y)) € rec(K).

ICALP 2024
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Recalling that w — v € C' we define C' =Rz + > (Ryxn(w —v)+Rixn(y)) This is
neN

the cone we want to use. It is finitely generated. We can also see that it cannot contain
line. Since all such two-dimensional cones are generated by at most two vectors we can
find such generating vectors. M will just be a matrix defined thanks to its behavior on
these vectors and C’ is defined to get stability. Finally, up to add some component on
2 again we can get our starting conditions thanks to v and w (See details in the full
version [6]).

Case 3: No fixed point or z € C,, \ {0} such that (0,z) € rec(K). However there are
a € E,x €D, and pu € R% such that (a,a+px) € K. This means that their is a principle
direction of u along which it is possible to take a first step. In this case, we select C' = C,,.
C is a non empty closed convex cone of R?, thus, there are two vectors x1, x5 € C'\ {0}
such that either C' = Rz +R a9 or C = Rizq +Rix0 or C = Ry +Ras. Let I C {1,2},
I # & the largest set such that (x;),.; is a free family. Using the function s defined by
Lemma 29, we define M such that Mx; = s(x;) for all i € I. Noting that since, for ¢ € I,
—x; € C, (0,s(x;) + s(—x;)) € rec(K), we have that s(—z;) = —s(x;), this choice of M
satisfies Points (Jul) and (Ju2). We now choose v = a and w = a + pz. By assumption,
(v,w) € K. Also, w—v = pz € C, = C. C,v and w thus satisfy Points (Ju3) and (Fud).
Case 4: No fixed point, z € C, \ {0} such that (0,2) € rec(K) or a € E, x € D,,
p € R such that (a,a + px) € K. However D, spans the entire space E. Given that,
take (a,b) € K. Using Lemma 13 there is A > 0 such that y :== b —a+ Az € C,. Let
v =a+ A(z) and w = b+ Az + §(x)) with ¢ given by Lemma 30. We then have
(u,v) € K. Let C = cone {s*(y) | k € N} with s being the function defined in Lemma 29.
C'is a closed convex cone in a 2-dimensional vector space, therefore there are vectors
C1,¢2 € C'\ {0} such that

Ce{RiG +RyG,RG +RiG, Ry (1 + R, RG + REa}-

Let (Cin), ey be a sequence in cone { s*(y) | k € N} such that

Ci,n — Ci~

n—+oo

If (s(Cin))pen is unbounded then Proposition 23 ensures that there is some (] €
D(s(¢ion)), en SUch that (0,¢}) € rec(K) and ¢/ € C,. This is impossible by assump-
tion on C,. Therefore, it is bounded and we have an accumulation point ¢/ € C. Since
rec(K) is closed, we also have ((;,(}) € rec(kK). Let I C {1,2} maximal such that (¢;),.;
is a free family. Let M be a matrix such that

Viel  MG=C(.

Case 5: No fixed point, z € C, \ {0} such that (0,2) € rec(K) or a € E, x € D,,
p € R% such that (a,a+ px) € K and C, is a line C, = Rz. This case uses the induction
hypothesis (Proposition 28) and similar techniques as in Case 2. The main change here is
that we use the function s defined by Lemma 29. Here s(z) will have to be collinear with
x. In stead of adding multiples of (0,x), we have access to some (x,vx) € rec K and are
allowed negative coefficients which makes the case relatively easy. See details in the full
version [6].

Case 6: No fixed point, z € C, \ {0} such that (0,z) € rec(K) ora € E, x € Dy, pp € R
such that (a,a + pz) € K and C, = R,z for some x. Let y € x* such that ||y|| = 1. The
main goal of this case is to find a,b > 0 and ¢, d € R such that

(z,az) € rec(K) and (dz +y,cx + by) € rec(K) and ¢ > db.



Q.

Guilmant, E. Lefaucheux, J. Ouaknine, and J. Worrell

This can be achieved by a very careful look at the asymptotic behavior of the (uy),,cx

and more precisely its components along x and y. Namely, the component along x must
blow up significantly faster than the one along y. This is where the difficulty of this case
lies. We refer to the full version [6] for the details. This naturally leads to choose C' and
M such that:

C=Riz+Ri(dr+y) and Mz = ax and M(dz +y) = cx + by

immediately satisfying (Jul) and (Ju2). With the same technics we can show that there
is some n € N such that

(Ung1 = Un, ) > d (Ups1 — Un,Y) .
Then considering v = u,, and w = Up41.

W=V =Ups1 — Up = (Upt1 — U, ) T+ (Upt1 — Un,Y) Y

= (<un+1 - 'U/n7x> - d<un+1 - un,y>) T+ <un+1 - un,y) (d.’L‘ + y) eC.

Hence, Points (Ju3) and (Jud) are satisfied by C, v, w. <
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