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Abstract—We consider a class of continuous-time hybrid
dynamical systems that correspond to subgradient flows of a
piecewise linear and convex potential function with finitely many
pieces, and which include the fluid-level dynamics of the Max-
Weight scheduling policy as a special case. We study the effect
of an external disturbance/perturbation on the state trajectory,
and establish that the magnitude of this effect can be bounded
by a constant multiple of the infegral of the perturbation.

I. Introduction

We consider a class of continuous-time, non-expansive,
hybrid systems that are subject to an external distur-
bance/perturbation, and develop a bound on the effect of the
perturbation on the state trajectory, in terms of the integral of
the perturbation.

In order to appreciate the issues that arise, and the useful-
ness of such a result, let us consider a discrete-time system of
the form z(t + 1) = f(x(t)), t = 0,1,..., and its perturbed
counterpart

F(t+1) = f(3() +u(t),

Here, x(t) and u(t) take values in R™ and we assume that the
mapping f : R™ — R™ is non-expansive, in the sense that

1f(@) = fWl <llz—yll, VayeR

for a given norm || - ||. A straightforward induction yields a
bound on the distance of the perturbed trajectory from the

t=0,1,... (1)

original one: if Z(0) = x(0), then
[70) ~ 2] < 3 Jutt)] @
=0

However, our goal is to derive stronger bounds, of the form

7(t) — (1) <cmaXHZ

k<t

)| 3

for some constant C' > 0 independent of w(-). Note that a
bound which is linear in the cumulative perturbation is clearly
the tightest possible, even for the trivial system f(x) = z.
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A bound of the form (3 is not valid in general, even for
non-expansive systems, or gradient fields of convex functions
[1]]. Nevertheless, we show that such a bound is valid for
continuous-time hybrid systems driven by a piecewise con-
stant drift, determined by the subdifferential of a piecewise
linear and convex function with finitely many pieces. Within
this class of systems, the dynamics are automatically non-
expansive with respect to the Euclidean norm. Furthermore,
this class is fairly broad, in the sense that it actually contains a
seemingly larger class of non-expansive finite-partition hybrid
systemsﬂ [2]. Finite-partition systems often arise in the context
of systems that are controlled through the selection of a
particular action at each time among the elements of a finite
set. They have attracted broad interest, due to numerous
applications to communication networks [3]], [4], processing
systems [5], manufacturing systems, and inventory manage-
ment [6], [7], etc.

A prominent example to which our results apply are the
fluid-level dynamics of the celebrated Max-Weight policy for
real-time job scheduling [3]]. This policy is used for scheduling
in queueing systems: at each time, it chooses a service vector
(from a finite set) that maximizes a weighted sum of the
current queue lengths (see Fig. [I] for a simple example). This
policy and its properties, e.g., stability [8], [9], [10], [11]] and
state space collapse [12], [13]], have been studied extensively
over the past three decades.

When the Max-Weight policy is applied to a discrete-
time stochastic setting, the perturbation u(-) in (1) is the
sample path of a stochastic process, and captures the
fluctuations in job arrivals. Under usual probabilistic as-
sumptions, ZT ollu(7)|| grows at the rate of t, whereas
maxy .y || ZT _ou(t )H only grows as (roughly) v/¢, with high
probability. This fact, in combination with the main result of
this paper, leads to tighter than earlier available probabilistic
bounds on the fluctuations of the Max-Weight trajectories from
their deterministic (fluid) counterparts, and opens the way for
new results [14], such as strengthening the state-space collapse
results in [13l]. More specifically, in [14], we study in detail
the discrete-time Max-Weight dynamics: we use the results of
this paper to prove a bound similar to (3, and also address
a state-space collapse conjecture posed in [13]]. Furthermore,
our approach also enables us to settle another open problem

In a finite-partition hybrid system, the domain is partitioned into a finite
number of regions, and system trajectories have a constant drift in the interior
of each region.



that was posed in [15], on delay-stability in the presence of
heavy-tailed traffic, as will be reported in a forthcoming paper.

As is apparent from our discussion of the Max-Weight
policy, one may be ultimately interested in a discrete-time
system, as opposed to the continuous-time systems considered
in this paper. However, we found it more natural to start with
the development of the core concepts and results within the
more elegant continuous-time framework in this paper, and
then translate them back to the discrete-time framework. For
instance, [1] shows that if a continuous-time system admits a
bound of the form (@), then its discrete-time counterpart obeys
a similar bound.

Regarding related literature, we are not aware of any work
that resembles the main result of this paper. Some seemingly
related research threads deal with input-to-state stabilityE] [elj,
[L7], [18], [19], [20], integral input-to-state stability [21],
incremental input-to-state stability [22], incrementally integral
input-to-state stability [23]], and robust input-to-state stability
[24]. However, we note that integral input-to-state stability
[21] and incrementally integral input-to-state stability [23]
are concerned only with generalizations of the weak bound
in @). Furthermore, incremental input-to-state stability [22]
involves generalizations of a sensitivity bound in terms of
b = maxj< ||u(k)||. A bound of the form Cb, for some
constant C' that does not depend on ¢, would typically be
stronger than ours; however, such a bound does not hold in
our setting, even for the simplest system where f(z) = .

It is worth pointing out that for systems with additive
disturbances, z(t+1) = f(z(t)) +u(t), input-to-state stability
and the bound do not imply one anothe

Another key difference is that input-to-state stability results
usually rely on Lyapunov-type arguments [25]]. However, Lya-
punov functions seem to be inadequate for our purposes. This
is because our bounds (as can be seen in the proof given in
Section[[V)) rely in a delicate manner on the relative orientation
of the two trajectories z(-) and Z(-), in conjunction with the
local “landscape” of the potential function. Furthermore, as
shown in [1], the desired sensitivity bound fails to carry
over if the number of constant-drift regions is not finite. This
means that a Lyapunov-based argument would have to make
essential use of our finiteness assumption, something for which
we are not aware of having any precedents in the literature.

The rest of this paper is organized as follows. In the next
section we discuss some preliminaries and our notational
conventions. In Section [l we state our main theorem. In

2A discrete time dynamical system z(t+1) = f(z(t), u(t)) with state z(-)
and external disturbance (or control) u(-) is said to be input-to-state stable
if there exists a continuous and strictly increasing function v : Ry — Ry
with 4(0) = 0 and a function 8 : R™ x Ry — Ry, strictly increasing in
the first argument and decreasing in the second argument with 3(0,:) = 0
and lim¢ 00 B(s,t) = 0, for all s > 0; such that [|z(¢)|| < B([|lz(0)]],t) +
maxy<t ¥ (|[u(k)|), for all trajectories @(-), all disturbances u(-), and all
times t [16].

3For example, the discrete-time system x(t + 1) = x(t) satisfies (3),
but is not input-to-state stable. Conversely, the two-dimensional and two-
region discrete-time system with f(z,y) = (x/2,y/2) for £ > 0 and
flz,y) = (x/4,y/4) for x < 0, is input-to-state stable but fails to
hold. This is because, for a trajectory initialized at (x(0),y(0)) = (0,4), a
small perturbation of the initial condition (Z(0),7(0)) = (—¢, 4), will result
in a distance larger than 1 at the next time step.

Section [IV| we provide the core of the proof, while relegating
some of the details to the Appendix. Finally, in Section [V] we
discuss possible extensions, open problems and challenges,
and directions for future research.

II. Preliminaries
A. Notation

We denote by R, the set of non-negative real numbers.
For a column vector v € R", we denote its transpose and
Euclidean norm by v? and ’v }, respectively. For any set
S C R", span(S) stands for the span of the vectors in S.
Furthermore, if p is a point in R™, then p + S stands for the
set {p+x |z € S}, and d(p, S) for the Euclidean distance
between p and S, with the convention that d (p, S ) =0 if S
is empty. Similarly, we let d(p, {z}) = ||p—z|| for p,z € R".
We finally let A\B = A[() B¢, for any two sets A and B,
where B¢ is the complement of B.

B. Perturbed Dynamical Systems

As in [26], we identify a dynamical system with a set-
valued function F' : R™ — 28" and the associated differential
inclusion #(t) € F(x(t)). We start with a formal definition,
which allows for the presence of perturbations.

Definition 1 (Perturbed Trajectories). Consider a dynamical
system F' : R™ — 28" and let U : R — R™ be a right-
continuous function, which we refer to as the perturbation.
Suppose that there exist measurable and integrable functions
Z(-) and ((-) of time that satisfy

I(t) = /tg(T) dr + Ut), VYt>0,
0
((t) € F(x(t)),

We then call U the perturbation. Any such z and ( is called
a perturbed trajectory and a perturbed drift, respectively. In
the special case where U is identically zero, we also refer to
T as an unperturbed trajectory.

4)
Vit>0.

Note that a perturbed trajectory is automatically right-
continuous. In the absence of the perturbation U(-), Eq. @)
becomes the differential inclusion & € F'(z(t)) (almost every-
where). When perturbations are present, U is often absolutely
continuous, of the form foT u(7r)dr, for some measurable
function w(-). In this case, we are essentially dealing with
the differential inclusion Z(t) € F(Z(t)) + u(t). However, the
integral formulation in Definition [I| is more useful because it
also applies to cases where U is not absolutely continuous,
e.g., if U is a sample path of a Wiener or a jump process.

C. Classes of Systems

We now introduce some classes of systems of interest. A
dynamical system F' is called non-expansive if for any pair
of unperturbed trajectories x(-) and y(-), and if 0 < ¢; < to,
then

le(t2) = (t2)]| < () = w(tr)]| ©)
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Fig. 1. Consider a simple discrete-time network of two parallel queues with
no arrivals and a unit-rate server. The Max-Weight policy always serves a
longest queue. Part (a) illustrates the corresponding continuous-time (the so
called fluid-level) dynamics of this system. The state vector (z1, x2) describes
the workload at each queue. (To avoid dealing with differential inclusions
involving boundary constraints, we extend the naturally nonnegative state of
the system to all of R2.) We have three regions indicated in the figure. The
set F'(x) is a singleton in the interior of each region and it is the convex
hull of multiple vectors on the boundaries of the regions. This dynamical
system is the subgradient field of the piecewise linear convex function ®(z) =
max(—pf'z, —pd'z, 0) = max{z1,z2,0}, and hence is an FPCS system.
Part (b) depicts an unperturbed (dashed line) and a perturbed (solid line)
trajectory. Our main result argues that the perturbed trajectory stays within a
distance of the unperturbed trajectory bounded by a constant multiple of the
size of the integral of the perturbation; cf. (3).

For a convex function & R™ — R, we denote its
subdifferential by 0®(x). We say that F' is a subgradient
dynamical system if there exists a convex function ®(-), such
that for any z € R", F(z) = —9®(z). Furthermore, if ® is
of the form

®(x) = max (— ulx+ bi),
7
for some u; € R”, b; € R, and with ¢ ranging over a finite set,
we say that F' is a Finitely Piecewise Constant Subgradient
(FPCS, for short) system; cf. Fig.

Subgradient systems are known to have several useful
properties: they are automatically non-expansive (cf. Part 5 of
Theorem 4.4 in [26]), a fact that we will be using in the sequel.
Existence and uniqueness results are also available [26].

Lemma 1 (Existence and Uniqueness of Solutions). For any
subgradient dynamical system F and any xo € R", there exists
a unique trajectory of F initialized at x.

Proof. 1t follows from Lemma 2.30 of [26] that any subgra-

dient dynamical system is a maximal monotone mapﬂ The
lemma then follows from Corollary 4.6 of [26]. L]

III. Main Result

We now state the main result of the paper. Its proof is given
in Section [V

Theorem 1 (Input Sensitivity of FPCS Systems). Consider
an FPCS system F. Then, there exists a constant C' such that
for any unperturbed trajectory x(-), and for any perturbed
trajectory T(-) with corresponding perturbation U (-) and the
same initial conditions 7(0) = x(0),

||§(t)—x(t)“ < C’sli}zHU(T)H, VteRL. (6)
Moreover, for any A € R", the bound (6) applies to the

(necessarily FPCS) system F(-)+ X\ with the same constant C.

Theorem || is limited to FPCS systems: if any of the
assumptions in the definition of FPCS systems is removed,
then a similar result is no longer possible. In [[1]] we discuss
several examples of dynamical systems for which no constant
C satisfies (6); cf. Section

We finally note that the vector \ in the dynamical system
F(-)4 X can be viewed as a constant external field. Thus, the
second part of the theorem asserts that the same bound holds
uniformly for all constant external fields.

The proof of Theorem 1, presented in the next section, is
fairly involved and so it is useful to provide some perspective
on the challenges that are involved. For a constant-drift system,
of the form &(¢) = pu + wu(¢), the result is immediate, because
the state is fully determined by the integral fg u(7) dr. More
generally, the unperturbed system goes through successive
constant-drift regions, and one might expect that the result
can be obtained by deriving and patching together bounds
for each region encountered. There is however a difficulty,
because the unperturbed trajectory often lies at the intersection
of the boundaries of two or more constant drift regions. When
that happens, the perturbed trajectory may chatter between
different regions. As a consequence, the number of pieces and
bounds that would have to be patched together can become
arbitrarily large, and a bound of the desired form does not
follow. For this reason, we need a much more refined analysis
of the trajectories in the vicinity of the intersection of different
regions, as will be seen in the next section.

IV. Proof

In this section we present the proof of Theorem [I} orga-
nized in a sequence of three subsections. In Subsection
we present some notation, definitions, and lemmas, mostly
concerning the geometric properties of FPCS systems and

4A set valued function F : R™ — 28" is a monotone map if for any
z1,2z2 € R™ and any v1 € F(x1) and v2 € F(z2), we have (Ul —
vg)T (zl - xg) < 0. It is called a maximal monotone map if it is monotone,

and for any monotone map F, that satisfies F'(z) C F(z) for all z, we have
F=F.



unperturbed trajectories. In particular, we define critical points
(Definition [2)) as the extreme points of constant-drift regions.

In Subsection we consider a time interval during
which the perturbed trajectory is far from the set of critical
points. Such an interval can be divided into subintervals with
an important property: the set of drifts encountered is low-
dimensional, in a sense to be defined below. Within each such
subinterval, we show in Lemma E] that the local dynamics
are equivalent to the dynamics of a lower-dimensional FPCS
system, and employ a suitable induction on the system dimen-
sion to obtain a certain upper bound. Then, in Proposition [I]
we piece together the bounds for the different subintervals to
obtain an upper bound that applies as long as the perturbed
trajectory remains far from the set of critical points.

In Subsection we consider the case where the per-
turbed trajectory comes close to a critical point: we show, in
Proposition 2} that the unperturbed trajectory stays close to the
perturbed trajectory, as long as the perturbed trajectory remains
sufficiently close to that critical point. Finally, in Subsection
we combine the two cases and bound the distance of the
trajectories at all times.

From now on, we assume that z(0) = z(0) and that

sup |[U(0)]| < 6. (7)

We will show that for any ¢ > 0, we have | Z(t)—x(t) || < (0,
for some constant C' independent of U, 6, and z(0). It is not
hard to see that this implies the theorem in its original form.

The proof proceeds by induction on the system dimension
n. In particular, we make the following induction hypothesis,
which we assume to be in effect throughout the rest of this
section.

Theorem [1] holds for all
(n — 1)-dimensional FPCS systems.

Induction

hypothesis : ®)

We then rely on the induction hypothesis to prove the
theorem for n-dimensional systems. For the basis of the
induction we consider the case of zero-dimensional systems.
In this case, the state space consists of a single point (the zero
vector), we have z(t) = Z(t) = 0 at all times, and the result
in Theorem [I] holds trivially.

A. Properties of Unperturbed Dynamics

In this subsection we present some notation and definitions,
and prove some properties of unperturbed trajectories. We then
define and study critical points. Throughout the proof, we
assume that F' is an FPCS system on R™, with F' = —09,
where ®(z) = max;—1,.._n (— pf @ + b;). We assume that
the vectors p; in the definition of ® are distinct. This entails
no loss of generality, because if y; = p; and b; > b;, then
_ NJT:U + b; is always dominated by —u! 2 + b; and has no
effect on ®(-).

Each vector pu; is called a drift and we define M to be
the set { m}zl of all drifts. For each drift © € M, we use
the notation b, to refer to the corresponding constant in the
expression for ®. With these conventions, we have

O(x) = BéaMX (—p"z+0b,). )

For every x € R™, we define the set of active drifts at x as
M(z) & {pe M|®(x)=—p"2+b,}. (10)

If at some «x the corresponding set M (z) consists of a single
element u, we have £ = u. However, the dynamics become
more interesting when M (x) contains multiple elements. For
that case, it follows from the definition of the subdifferential
that for any = € R", F(z) is the convex hull of M(x).

For each 11 € M, we define its effective region R,, by

R, &£ {zeR"|peM()}. (11)

Equivalently,
R, = {ac| —,uTac—i—bH > vTr+b,, VVEM}7

which establishes that each region R, is a polyhedron and, in
particular, closed and convex. We will be using R to denote
the collection of all effective regions: R £ {R# ’ e /\/l}

From now on, and with some abuse of traditional notation,
we will use #(¢) to denote the right-derivative of xz(t),
whenever it exists. The lemma that follows shows that for
unperturbed trajectories this right derivative always exists and
has some remarkable properties.

Lemma 2 (Properties of Unperturbed Trajectories). Let x(-)

be an unperturbed trajectory of an FPCS system F. Then,

(a) (Minimum Norm) For every t > 0, the right derivative
of x(t) exists and is given by

Z(t) = argmin

| (12)
vEF (z(t))

o]l
with the minimizer being unique.

(b) (Decreasing Drift Size) Ift > s, then Hx(t)H < || (s) ],
and the inequality is strict if ©(t) # @(s). Furthermore,
an unperturbed trajectory traverses a connected sequence
of at most 2™ — 2 line segments, possibly followed by a
half-line.

Proof. The first part of the lemma is an immediate conse-
quence of Part 3 of Theorem 4.4 in [26]. For Part (b), we
invoke Part 4 of Theorem 4.4 in [26] which states that ||&(t)||
is a non-increasing function of time. Since for any z, F'(z)
is the convex hull of M(z), it follows from that &(t) is
uniquely determined by M (z(t)). There are at most 2™ — 1
non-empty subsets M (z) of M. Hence, 4(t) can take at most
2™ — 1 different values.

Fix a time s > 0 and let ¢ be the infimum of the times 7 > s
for which &(7) # Z(s). The time function Z(-) is piecewise
constant and right-continuous (Part 4 of Theorem 4.4 in [26]).
This implies that ¢ > s and #(¢) # #(s). Furthermore, from
the strict convexity of the Euclidean norm we obtain

(i (s) + (1)) /2] < max (|[(s)]], [#@)]).

Since every region R, is closed, there exists a sufficiently
small neighbourhood B of z(t) such that if z(t) € R,,
then B does not intersect R,. Equivalently, for any y € B,
we have M(y) € M(z(t)), and F(y) C F(z(t)). In
particular, consider a 7 € [s,t) such that z(7) € B. Then,
i(s) = #(r) € F(z(r)) C F(x(t)). Since F(x(t)) is
convex, (&(s) + @(t))/2 € F(z(t)). Therefore, implies

13)



that ||l&(t)|| < ||(#(s) + @(t))/2||. Together with , this
shows that || ()| < ||&(s)||-

For the last statement in Part (b) of the lemma, note that
there are at most 2™ — 1 number of different possible sets
M(z), and therefore as many choices for F'(z). Using (12),
there are at most 2™ — 1 possible values for z(¢). As we have
already shown that Hm(t) H decreases strictly each time that it
changes, an unperturbed trajectory consists of at most 2™ — 1
pieces, with a constant derivative on each piece. This implies
that the trajectory traverses a connected sequence of at most
2™ — 2 line segments, possibly followed by a half-line. [

For any 2 € R", consider the unperturbed trajectory z(-)
initialized with z(0) = z. We define the actual drift at = as
¢(x) £ 2(0), where we continue using the convention that #
stands for the right derivative. According to Lemma the
actual drift always exists and is uniquely determined by =x.

We now proceed to define critical points, which will play
a central role in the sequel.

Definition 2 (Critical Points). A point p € R" is called a
critical point if span({u — 1/ ‘ w1’ € M(p)}) = R™. The
set of critical points is denoted by C.

An equivalent condition is that for a critical point p, the
affine span of M(p), i.e., the smallest affine space that
contains M (p), is equal to the entire set R™. For this to
happen, M (p) must have at least n+1 elements, and therefore
p must lie at the intersection of at least n+-1 regions (although
the converse is not always true). For the example in Fig. [I]
p = 0 is the only candidate and is in fact a critical point
because the affine span condition is satisfied. Furthermore, it
will be shown in Lemma that the critical points are the
extreme points of the regions 7,,.

Definition 3 (Basin of a Critical Point). Consider some p €
R, U{oo} and a critical point p, with actual drift £(p) equal
to £. The closed ball B of radius p centered at p is called a
basin of p (and p is called a basin radius for p) if for every
x € B and every y € F(x), we have ¢y > || €%

Note that the inequality £Ty > [|£]|? implies that ||£|| <
lyll. As a result, {(p) has the minimum norm among all
possible drifts within the basin of a critical point p. Also note
that basins of a critical point p are not necessarily unique: if
the radius p is positive, another basin is obtained by reducing
the radius. Figure [2] shows an example of a two-dimensional
system with three critical points and some associated basins.
Basins of critical points will appear frequently in the sequel.

Before moving to study the properties of critical points, we
introduce one last definition.

Definition 4 (Conic Neighbourhood Constant). We define the
Conic Neighbourhood Constant (CNC), denoted by pmin , as

Prmin 2 %min{d(p,R) lpec, ReRpE R}, (14)

i.e., Pmin 1S half of the minimum over all critical points, of the
distance of a critical point from the regions that do not contain
it. We use the convention that the minimum of an empty set
is infinite.

Fig. 2. A two-dimensional FPCS system with four regions and three critical
points. The balls around the critical points show examples of associated basins.
Here, the basin of the rightmost critical point can be taken equal to R™, thus
containing the basins of all other critical points; cf. Lemma [3|c). The CNC
Pmin (cf. Definition @) is also shown.

Note that py,in 1s always positive (and possibly infinite). We
say that a dynamical system F' is conic if F' = —0®, where ®
is of the form ®(z) = max; { —u7 (z—p)}, for some p € R™.
It is not hard to see that for such a conic system, either p is the
only critical point or no critical points exist. It turns out that
the “local” dynamics in the CNC-neighbourhood of a critical
point of a general system are conic, hence the name CNC.

The lemma that follows lists a number of useful properties
of critical points.

Lemma 3 (Properties of Critical Points). Consider an FPCS

system F, with an associated set of critical points C.

(a) A point in a region R, is a critical point if and only if it
is an extreme point of R,,. In particular, there are finitely
many critical points.

(b) Consider a critical point p € C and a basin radius p for
p. Let z(+) be the unperturbed trajectory with initial point
z(0) = p, and let £ = (0) be the actual drift at p. Then,
before the time that z(-) exits the basin, 2(t) is constant,
and z(t) = p+t&, for all t € [0, p/||£]]].

(c) If C is non-empty, then there exists a critical point p € C
such that the entire set R™ is a basin of p. In the special
case where F' is conic with a unique critical point p, the
entire set R™ is a basin of p.

(d) The CNC, pmin, defined in (I4), is a basin radius for
every critical point.

(e) Consider a basin radius p of a critical point p € C, an
unperturbed trajectory x(-), and times t1 < to. Suppose
that ||z(t1) — p|| < p/3 and ||x(t2) — p|| > p. Then, for
any t > ta, ||z(t) — p|| > p/3.

(f) Fix some A\ € R"™ and consider F'(-) £ F(-) + )\, which
is also an FPCS system. Then, F and F' have the same
set of regions R, the same set of critical points C, and
the same CNC pumin, .

In words, part (e) states that an unperturbed trajectory that
starts near a critical point p and later goes sufficiently far from
p, will never come back close to p. The proof of Lemma [3] is
given in Appendix



B. Bounding the Deviation when the Trajectories are Far from
the Set of Critical Points

In this subsection we bound the distance between perturbed
and unperturbed trajectories, for the case where the perturbed
trajectory stays far from the set of critical points. To do this,
we will show that when far from the set of critical points, the
local dynamics are similar to those of a lower-dimensional
system, and then use the induction hypothesis (8.

We start with some definitions. For any x € R™ and r > 0,

let
U Mw),

y: ly—zll2<r

Uy (x) = (15)

which is the set of possible drifts in the r-neighbourhood of z.

Definition 5 (Low-Dimensional Sets). We call a subset &/ C
R™ low-dimensional if span {33 -y ’ z,y € L{} # R™.

Equivalently, a set is low-dimensional if its affine span is
not the entire space. If x is a critical point, then, by definition,
the vectors in {u; — pj | s, ptj € M(x)} span R™ and the
set U-(z) is not low-dimensional, for any » > 0. On the
other hand, as asserted by the next lemma, which is proved in
Appendix Bl U,.(z) is low-dimensional when z is sufficiently
far from critical points.

Lemma 4. Consider an FPCS system with an associated set
of critical points C. There exists v > 1 such that if r > 0 and
d(x,C) > ~r, then Uy (z) is low-dimensional.

In the sequel, it will be convenient to compare the perturbed
trajectory with an unperturbed trajectory that starts at the same
state at some intermediate time. This motivates the following
terminology.

Definition 6 (Coupled Trajectories). Let §, T > 0 be some
constants. Let 2(-) be an unperturbed trajectory. Let Z(-) be a
perturbed trajectory with a perturbation U(+) that satisfies .
If in addition we have Z(T') = x(T), we then say that z(-)
and Z(-) are O-coupled at time T.

The proof will now continue along the following lines.
When far enough from the set of critical points, the set U, (x)
is low-dimensional (Lemma [). This yields a description of
the dynamics as the superposition of an essentially (n — 1)-
dimensional FPCS system and a constant drift.

Lemma 5. Consider an FPCS system. There exists a constant
o > 1 such that the following statement holds for all T,0 >
0. Let z(-) and Z(-) be a pair of 0-coupled trajectories at
time 0. Suppose that U C M is low-dimensional, and that
Uso(z(t)) CU, for all t € [0,T). Then,

|Z(t) — ()| < o, vV telo,T). (16)

Moreover, for any A € R", the same constant o also applies

to the FPCS system F(-) + A

Proof. Let us fix some y € U. Let U be the affine span of U:
UE p+span{v—pu|veu. (17)

Note that any choice of p € U leads to the same set . Let w
be the projection of 0 onto U, i.e., the smallest norm element

of U; cf. Fig. a). Since w € U, we have

w — p € span{v — pu|v e U}. (18)

Furthermore, by the orthogonality of projections, w is orthog-
onal to the difference of any two elements of /. In particular,

wT(ufy):O, Yvel,

19)

w’ (u — w) =0. (

Since U is low-dimensional, span{yf I ! veld } is a proper

subset of R™. Let Y be a subspace of dimension n — 1 that

contains span{v — | v € U} and is orthogonal to wE] Note
that by the definition of U,

U—w=p—w+span{v —p|veu}
zspan{y—,u|1/62/{} (20)

ey,

where the second equality is due to (I8).

Any vector has an orthogonal decomposition as the sum
of its projections on Y (the orthogonal complement of
Y) and Y; we use the subscripts w and Y to indicate the
corresponding components, e.g.,

T =Ty + 2Ty,
T =Ty + Ty,
U=U,+Uy.

2y

We will now show that the w and Y components of a trajectory
evolve without interacting, according to a one-dimensional
system with drift w, and an (n — 1)-dimensional system Fy,
respectively; see Fig. [3[(c) for an illustration.

Claim 1. Consider some x € R", and suppose that M(x) C
U. Then, F(z) = w + Fy(zy), where Fy : Y — 2Y is an
FPCS system on the (n — 1)-dimensional subspace Y.

Proof of Claim. Let Fy(x) = F(r) — w. Since F(z) is
contained in the convex hull of U, it is also in the affine span
of U, i.e., F(x) CU. Then, (20) implies that

Fy(z)=F(x)—wCU—-wCY. (22)
On the other hand, Fy (z), being equal to F(x) — w, is the
negative of the subdifferential of

By (2) 2 max (= =)z +1,]: (23)

we used here the assumption M(x) C Y. For any € R™,
63/(‘%) = Ey(;vw + .I'y)

= r:leaz/}l( [— (,u — w)T(il'w -l-.’Ey) + bﬂ}
(24)
=gy [ e ey o]

£ (I)Y((Ey)7

SIf w # 0, then Y must be the orthogonal complement of the one-
dimensional space spanned by w. If w = 0, then any (n — 1)-dimensional
subspace that contains span{v — u|v € U} will do, and the choice of ¥’
need not be unique.
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(a)

(n-1)-dimensional
system FY

One-dimensional
system with drift w

(©

n-dimensional system F  (with n=2)

Fig. 3. (a) Illustration of the affine space I/ and its minimum norm element w, when I/ consists of two elements 1 and po. (b) Consider the intersection
S={z]| —u{x—&-bm = —u%x—f—bw} of the two regions R, and R, , and note that S is orthogonal to the span of p1 — p2. In this case, w is a direction
of motion along S. (c) The dynamics can be decomposed as the superposition of a movement along .S, in the direction of w, together with lower-dimensional

hybrid dynamics in directions orthogonal to S.

where the third equality is due to . Let Fy : Y — 2Y be
equal to —®y-(+). Then, Fy is an FPCS system on the (n—1)-
dimensional subspace Y. It follows from that ®y () only
depends on zy . Therefore, its negative subdifferential F'y ()
also only depends on zy, and Fy(r) = Fy(zy). Hence,
the definition Fy () = F(x) — w implies that F(z) = w +
Fy(x) = w+ Fy(xy), which establishes the claim. O

We now appeal to the induction hypothesis (§)), and let Cy,
be equal to the constant Cy of Theorem [I| for the (n — 1)-
dimensional FPCS system Fy . Let ¢ be the maximum of all
such constants Cj; plus 4, over all low-dimensional subsets

L?gM:

o £ max {C’g | u C M and U is low—dimensional} + 4.
(25)
Suppose now that we add a constant drift A to F'. We observe
that for any given low-dimensional I/, the resulting set-valued
mapping Fy only changes through the addition of a constant
drift A\y; its structure remains otherwise the same. Hence,
according to the induction hypothesis (§), Cy; is not affected
when we add a constant drift A € R™ to the dynamics. As
a consequence, the value of o associated with a system F'(-)
remains the same when we consider the system F'(-) 4+ .
We now return to the main part of the proof of the lemma.
We argue by contradiction, and assume that (I6) fails to hold.
Then, from the right-continuity of x(¢) and Z(t), there exists

a time T < T such that

() ~ #(7)| 2 o

|Z(t) —z(t)|| <08, VE<T.
It follows from and the assumption U, (x(t)) C U that,
for any ¢ < T, M(z(t)) = Uo(z(t)) C Usp(x(t)) C U.
Furthermore, M (Z(t)) C Uyg(z(t)) CU.

Consider some ¢ < T and let ((t) € F(Z(t)) be a
perturbed drift _associated with the perturbed trajectory z(-)
(cf. Definition . It follows from Claim [1| that {(¢) — w €
F(z(t)) — w = Fy(z(t)) C Y. Thus, the orthogonal
decomposition of ¢(t) yields ¢y (¢) = ¢(¢) —w. This allows us
to develop an orthogonal decomposition of Z(t), as follows:

Z(t) = z(0) + /O C(r)dr + U(t)

(26)

= 7(0) +/0 (w + gY(T)) dr +U(t)

- [gzw(o) +wt + Uw(t)}

+ {%y(o) + /0 t Sy (r)dr + Uy(t)}

=T,(t) + Zy (1),
where the last equality follows because the two terms inside

brackets belong to Y+ and Y, respectively, and therefore
provide the orthogonal decomposition of Z(t).

27



Similarly, using also the assumption z(0) =

/cy

z(0),

x(t)z[ (O)+wt [
= xw(t) +$Y( )’

with ¢y (t) € Fy (z(t)).

Note that zy is an unperturbed trajectory of the FPCS
systemNFy, on the (n—1)-dimensional subspace Y. Moreover,
since Cy (t) € Fy (Z(t)), Ty is a perturbed trajectory of the
same system, associated with the perturbation Uy (t). Since,
||Uy(7')H < H < @, for all 7 > 0, it follows from the
induction hypothesis that ||Zy (t) — zy (t)|| < Cy8 for ¢t < T.
Then, for t < f

] (28)

1Z2@t) — 2@®)]| < [|Fw () — zu@)|| + [|Tv (¢
< ||Uw(@)|| + Cub
<O+ (c—4)0
= (U — 3)9.

The proof at this point would have been complete, except

that in order to bound ||5(7~“) — #(T)||, we need to account
for the possibility that U(t) has a jump at time 7. We have

()|
Bl + =) - (D))

) —zy (1)

(29)

|5(T) - 2(T)| < timsup (|[7(T) -
“T

+ ||z(t) -

< limsup ||5(T) - 5(”“
T
+ lim sup Hf(t) - :v(t)H
T
+ limsupHx x(T)H

< limsu ((r)dr +U(T) - U()
tTTp<‘/ )

+ (6 —-3)0 + 0
< 29+(0—3)9
= o6 — 0,

(30)

where the third inequality is due to (29) and the continuity of
x(t), and the last inequality is due to and the integrability
of (7). Equation contradicts , and the lemma follows.

O

Suppose now that the perturbed trajectory stays far from
the set of critical points throughout the time interval [0, 7).
In light of Lemma we can divide [0,77] into a finite
number of subintervals during which the unperturbed system
has a constant drift, use Lemma [3] to obtain bounds on the
distance of the perturbed and unperturbed trajectories during
each subinterval, and then combine them to obtain a bound
over the entire interval [0, T'.

Proposition 1. Fix an FPCS system F. Consider the con-
stant vy in Lemma W) the constant o in Lemma 5} and let
n = m2™ o, where m is the number of elements of the
set M of drifts. Let x(-) and Z(-) be a pair of 6-coupled

trajectories at time 0. If d(Z(t),C) > ynb for all t € [0,T),
then ||Z(t) — x(t)|| < nf for all t € [0,T).

Proof. As already mentioned, we will divide the interval [0, T']
into at most m2™ subintervals. We will then use Lemma [3] to
show that the distance between the two trajectories can only
increase by an additive factor of o in each subinterval.

We define a sequence of times 7 by letting 7, = 0 and

Th+1 £ inf {t S (Tk, T] ’ Uroo (.%‘(t)) Z Ukoo (l‘(Tk))} ,
(31)
for k > 1, with the convention that 754; = T if the set on the
right-hand side of is empty. In words, 7411 is the time
that the (ko6)-neighbourhood of the unperturbed trajectory
touches a new region, which does not intersect with the (kof)-
neighbourhood of z(7y). Let Knax be the maximum & such
that 7, < T, sothat 7, 41 =7T.For k < Kpax, we refer to
the interval [y, 7;+1] as phase k; see Fig. d|for an illustration.
First, we show that the number of phases, K, .x , is less than
m2™. According to Lemma [2[b)] the time interval [0, 7] can
be partitioned into at most 2™ — 1 subintervals [z}, zj4+1), 1 <
7 < 2™ — 1, during each of which the unperturbed trajectory
z(t) is a line segment; that is, there exists a sequence of vectors
&, 1 <7 <2™ —1 such that

)85
We argue that at most m phase changes are possible during a
subinterval [z;, z;41], i.e., at most m of the times 74s lie in
the interval [z}, z;11]. Suppose that there are [ phase changes
(for some [ > 0), at times 7, 1,..., Tk, +1 € (2}, zj41]. For

each k € {k; +1,...,k; + 1}, let up € M be a drift that
caused the phase change at time 7y, i.e.,

z(t) = x(z;) + (t - Vitez, 2] (32)

e € Ug—1y00 (2(T6)) \ U—1y00 (#(Te-1)).  (33)
Equivalently,
d(l‘(Tk_l), Rk) > d(CE(Tk), Rk) = (k—1)o0, (34)

where RkéR“k is the effective region of ui. We will now
show that these regions Ry, for k &€ {kj +1,... 0k + l},
are distinct for different k. In order to draw a contradiction,
suppose that there are ki,ky € {k; + 1,...,k; + [} with
k1 < kg such that pg, = p,, or equivalently R e Ry, = Ry,
Let f : [2j, zj41] — Ry be the distance between z(¢) and the
region R:

f(t) £ d(x(t), R),

The region R is a convex set. Therefore f(-) is the composition
of a convex function (the distance from R) and an affine
function z(t) : [z, zj41] — R™ (see (32)). Hence, f is also
convex. Moreover, it follows from @]) and the assumption
k1 < ko that

f(Tszl) > f(Tk2) =

Vit e [Zj,Zj+1]. (35)

(k2 — 1)o@ > (k1 —1)ob = f(7x,).

(36)
However, since f is convex and 7y, < Tp,—1 < Tg,, W€ must
have f(7k,—1) < max (f(7k,), f(7k,)), which contradicts
(36). Hence, each distinct k; € {k; + 1,....k; + [} is
associated with a disticnt region Ry,. On the other hand, since



Fig. 4. An illustration of the different phases and variables used in the proof of Proposition [I] (not all regions are shown). A new phase begins at time
Tr+1 When the (ko6)-neighbourhood of the unperturbed trajectory, x(-), touches a new region, Ry 1. At the beginning of a phase, an auxiliary unperturbed
trajectory y(-) is coupled with the perturbed trajectory Z(-). The dotted circle is a translation of a solid circle, centered at x(¢). As soon as the dotted circle
touches a new region boundary, a new solid circle, with larger radius is created.

the number of different regions is at most m, there are at
most m phase changes during each of the at most 2™ — 1
line segments in the trajectory of x(-), and the total number
of phases, K,ax, is smaller than m2™.

In our next step, we use induction on the phases to show
that if k¥ < K,,.x, then

|Z(t) — a(t)|| < kob, Vit € [th, Ths1]. 37)
For any k£ > 1, we consider the induction hypothesis
H%(T;g) — .’L‘(Tk)H < (k—-1)06. (38)

Note that @ is automatically true for k = 1, because 7, = 0
and z(0) — z(0) has been assumed to be zero. This provides
the basis of the induction. Using the triangle inequality and
the inequalities v > 1 and n = m2™ o > 2K . 0 > 2ko,
we obtain

d(x(Tk),C) Z d(z(Tk),C) — H(E(Tk) - 5(7%)”
> ynd — (k —1)o0
> 2vko0 — (k —1)o0 %9)
> ~vkod.

Let U = Upoo(x(1x)). It follows from and Lemma {4}
with r = ko0, that U/ is low-dimensional. Furthermore, the
definition of 7511 in implies that

Uroo (m(t)) cu,

Let y(-) be an unperturbed trajectory with initial condition

Vite [Tk,TkJrl). 40)

y(7) = (7). Since the unperturbed dynamics are non-
expansive, for any ¢ > 7, we have
2(t) =y < [Jo(m) = y(m)|
= ||z(n) = Z(m) | (41)
< (k—1)ob.
It is not hard to see that and imply that
Uso(y(t)) CU, Vt € [T, Tht1), (42)

Hence, the conditions of Lemma [3] hold, with the initial time
being 7 instead of zero. Therefore, ||Z(t) — y(t)” < o0, for
all t € 1y, Tky1]. As a result, for ¢ € [, Thi1],

[Z(t) — 2@ < [[2(t) —y@)| + lu(t) — z(@)]]
< o0+ (k—-1)db

= ko0,

where the second inequality is due to (#I). This establishes
and, in particular, that (38)) holds with k replaced by k+1

(the induction step). Finally, the proposition follows from (37))
and the fact that £ < K, < m2™. O

A

(43)

C. Proof of the Bound when Close to a Critical Point

In Proposition |1} we presented a bound on the distance
between the trajectories when there are no nearby critical
points. The next proposition deals with the other extreme,
where the trajectories are in a basin of a critical point.

Proposition 2. Consider two constants 6,T > 0, a critical
point p € C and a basin B, of radius p for p. Let z(-) and Z(-)
be a pair of 0-coupled trajectories at time 0, with Z(t) € B,,
for all t € [0,T). Suppose that 0 < r < p, with p possibly
infinite, and that for the ball B, of radius r centered at p,

d(B,\B,, C) > (v+1)nd, (44)

where n = m2™ Vg and v are the constants defined in Propo-
sition || and Lemma W4} respectively. Then, }E(t) —x(t) H < 4r,
forall t € [0,T).

Proof. Since the balls B, and B, are centered at p, we have
d(l?)’p\li’r7 C) < d(Bp\Br , p) = r and, from @4), r > n#.
Let

9 £ r1 + 30,

r 2r—nb, (45)

and consider two balls 3,, and B,, centered at p, with radii
ry1 and ro, respectively. Since p is a critical point, it is in the



intersection of at least two regions. Therefore, the number m
of elements of the set M of drifts is at least two, and

n=m2" e >m2mt > 16. (46)

As aresult, 7o < r and B,, C B,,,C B, C B,; see Fig. E}
Consider the region 5,\,, between B,, and B,. It follows
from (@4) that

d(B,\B,, ,C) > d(B,\B,,C) — (r—r1)
(v+1)no —no

nh.

v v

(47)

The high level idea is that for any ¢ € [0, T, the perturbed
solution is either in B,, or in B,\B,, (or possibly in both).
When z(t) € B,, we will show that the unperturbed trajectory
is also close to the critical point p. But the more interesting
case is when z(t) € B,\B,,. The idea here is to look at
the perturbed solution, and at certain times that it hits the
boundary of B,.,, consider an auxiliary unperturbed trajectory
that is coupled with Z(¢) at that time. Using Proposition
we can then show that these coupled trajectories stay close to
each other, as long as the perturbed trajectory stays in B,\B,,.
As a result, and using also the fact that the dynamics are
non-expansive, the auxiliary trajectory Z(¢) will remain close
to #(t), and the distance ||Z(¢) — 2(t)| stays bounded. The
various parameters and trajectories are illustrated in Fig. [5]

Let 79** = 0, and for any i > 1 let

Tin 2 inf {t € (T, T) ] #(t) € By, } 48)

T 2 inf {t e (17,7 ‘ W) ¢BL) @9
If either set is empty, we let the left hand side be equal to
T. We consider a number of rounds. Round i starts at time
TPt and ends at time 777;. Note that the union of these
rounds does not necessarily cover [0, T']. Also, note that since
there is a gap of size 360 > 26 between the boundaries of B,,
and B,,, it takes some lower-bounded positive time for the
perturbed trajectory to travel from one boundary to the other,
and hence the length of each round is lower bounded by a
positive constant. So, the number of rounds during [0, 7] is
finite.

To each round ¢ we associate an unperturbed trajectory, de-
noted by z'(t), t € [T, T{%,], with initial point z*(T?"") =
Z(TPv), ie., 2°(+) is coupled with the perturbed trajectory at
time T°"*. For any ¢ € [T, T/ ], since Z(t) € B,\B,,,
asserts that d(Z(t), C) > ynf. Therefore, it follows from
Proposition || that for any ¢ € [T, T/ ],

[2() — 2" (B)]| < ne. (50)

Note that 2°(t) = x(t), for all t > 0. Thus, if T{" = T,
the inequality (50) together with the fact n6 < r < 4r imply
that H%(t) - a:(t)H < 4r, for all t € [0, T, as desired. So, in
the following we assume that 77" < T'. Note that the right-
continuity of Z(-) implies that ||Z(7{™) — p|| < r1. Let 2(:)
be an unperturbed trajectory that starts at the critical point p

at time 77", i.e., z(T{") = p. It follows from and the
non-expansive property of the dynamics that for any ¢ > T%",

() = 2(0)]| < ||l=(T1") = 2(Ti) ||
= |l=(1i") - p||
< lp = &(Ty)|| + [|#(T") — 2(T{™)|| D
< ri+nd

where in the last inequality we used (30) with ¢ = 0 and
t = T{™. We now proceed to derive a bound on ||Z(t) — z(t)||,
for ¢ > T{", by developing a bound on ||Z(t) — 2(t)||. Let
& = &(p) be the actual drift at p. We consider two cases.

Case 1. (p is an equilibrium point, i.e., £ = 0). In this case,
2(t) = p, for all t > T{". Comparing with the unperturbed
trajectory x*(-) and using the non-expansive property and the
definition of 7°“*, it follows that for any round i > 1 and any
t € [T, T,

Hl‘l(t) — Z(t)H < ||:Ci(T;out) - Z(Tz‘OM)H
= ) -
= T2 S 37’2.

Combining this with (50) and (51), we get the following bound
for all ¢ > 1 and for all ¢ € [T?"*, T/ ],

[7(t) — =@ < [|[7#) = 2" O + ||+ (t) - ()]
+ ||2(t) — 2(1)]|
< nf+3ra+r
=nl + 3(r—n9+39) +r
= 4r + 2(4.5 — 7})9
< 4r,

(53)

where the second inequality is due to (50), (52), and (51)), and
the last inequality is due to (@6).

Furthermore, for any ¢ € [17", T°""), our definitions imply
that ||Z(t) — 2(t)|| = ||Z(t) — p|| < re. Hence, for such ¢,

|Z(t) —z(t)|| < ||T(t) — 2(8) ||+ ||2(t) = x(t) || < r2+7 < 4r,

where the second inequality is due to (5I). Thus, the propo-
sition holds in this case.

Case 2. (p is not an equilibrium point, i.e., & # 0). The
dynamics in this case are illustrated in Fig. E} Here, we need
to find an alternative derivation of , and also derive a new
bound for ||Z(t) — z(t)|| when t € [T/™, T2").

Let ¢(-) be a perturbed drift associated with the perturbed
trajectory Z(-). Since B, is a basin and ((t) € F(Z(t)), it
follows from the definition of basins that for any ¢ € [0, T],

Tty > |le))*. (54)



Fig. 5. An illustration of the balls, the different rounds, and the variables used in the proof of Proposition Here, p and q are two critical points, and Tf"
and T{’“t are defined in l@h and l@i respectively. There are four balls By, Br,, By, and B, all centered at p, with radii r1, r2, , and p, respectively.
Also, z(-) is an unperturbed trajectory that is coupled with the perturbed trajectory Z(-) at time 0, z(-) is an unperturbed trajectory that starts at p at time
Tin, and each z?(-) is an unperturbed trajectory that is coupled with Z(-) at time TPt

Hence, for any t € [T{",T],

- 1 7.
z(t) — > — x(t) —

t

h¢(r)dr

in
Tl

1

= T (gT (F(rim) - p) +

+ &MU - U(Tf”)))

v

~ in 1 ¢
)l + g el ar 20
—ry + (t—T{)||€]] — 26.

v

(55)

The first inequality above is the Cauchy-Schwarz inequality;
the equality follows from the definition of perturbed trajecto-
ries (cf. Definition [I); the next inequality uses the Cauchy-
Schwarz inequality for the first term, (IS_ZI) for the second, and
the bounds on U(+) for the third; the last inequality uses the
defining property HE(T{”) — pH =ry of Tj".

We define an escape time T°% = T+ (r1 +72+36) /||£]|.
The following claim suggests that if Z(t) ever escapes B,.,, it
happens before time 7°°°°.

Claim 2. Ifo” < T for some i > 1, then Ti‘)”t < ese,

Suppose now that 7°°¢ < T It follows from (33) and the
definition of T7°* that ||Z(T°*) — p| > 2+ 6 > ro.
Hence Z(t) is outside of B,, at time T°¢, and by definition,
Tiout S Tesc. O

Since z(T{") = p, we have [|2(0)|| = &. According to
20} |

Proof of Claim. If T®*¢ > T, then T/" < T < Te°

Lemma ‘z(t){ is a non-increasing function of time,

and therefore ||2(¢)|| < ||¢
[len’ Tesc} , then

12(8) = 2|

|, for ¢t > Ti". Hence, if t €

(-7 el
(T =) €]
ro + 11 + 30

= 27“2.

VANRIVAN

(56)

We now proceed by considering two cases: ¢ € [Ti"“t, Tf_ﬁl)
and ¢t € [T/", T?"'). We first suppose that T2*! < T, and
consider a t € [T?*, T/%,). Since T/ < T?** < T, Claim
implies that 7°“" < T¢¢. Tt then follows from (56) that
Hz(T{’“t) —pH < 2r5. Then,

l*(8) == (@] < [|l2"(T7) = (T
< Hxl(Tiout) _pH + Hp_Z(Tiout)H -
< r2+ 27"2
== 37‘2.

where the first inequality is due to the non-expansive property,
and the last inequality is due to the definition of 7.°“*. Thus,
the bound (52) and the subsequent derivation of (33) remain
valid for this case as well, so that for every round ¢,
|Z(t) — ()| < 4r, Vite [T/, Ti).  (58)
We now discuss the case where ¢ does not belong to a round,
ie.,te [Tj", TP, for some i such that T;™ < T. It follows
from Claim [2| that ¢t < Ti"“t < T¢%¢, Therefore, li implies
that if ¢ € [T}, "), then ||p — z(t)|| < 2r2. Therefore,

J#6) — (0]l < [0 — ol + o — =€) + [166) (0]
<ro+ 2ry +1r
< 4r,



where the second inequality is due to ¢ € [Tf”, T{’"t)and .
Together with (58), this completes the argument for Case 2,
and the proof of the proposition. O

D. Completing the Proof of the Theorem

We now use the machinery developed in this section and
combine the results for the various cases to complete the proof
of Theorem [

If there are no critical points, then the perturbed trajectory
never gets close to a critical point, and the theorem follows
from Proposition[I] In the following, we assume that the set of
critical points is non-empty. Let M be the number of critical
points, let pyin be the CNC, and let D€ be the diameter of
the set of critical points:

D¢ 2 max [|p - q]| (59)

According to Lemma there are finitely many critical
points, so that D€ is well-defined and finite. We define a
threshold parameter 6* as follows:

* A pmin

TGV T ey

where v and 7 are the constants defined in Lemma [] and
Proposition [T} respectively. In what follows, we use Proposi-
tion [2]to prove that the following constant satisfies Theorem

_J4D/6* + 5(M 4 2) (v + 1)y, if 6% #£0,
4y +)n+1, if 9* = 0.

(60)

(61)

As an example, for the system illustrated in Fig. [I] it can be
checked that the above constants are as follows: D€ = 6* = 0,
M=1,v=1,0=25,n=240, and C = 1921.

We consider two cases, depending on whether the perturba-
tion bound 6 is larger or smaller than the threshold 6*.

Case 1 (6 > 6*). According to Lemma [3[c)] there exists a
critical point p*, for which the entire set R" is a basin. We let
r=DC+ (fy + 1)770 and p = co. This choice of p*, r, and p
observes the conditions of Proposition [2| Note that if 6* = 0,
then pmin = 0, in which case there is at most one critical
point. Then, #* = 0 implies D¢ = 0. Therefore, 41 < C#, for
all values of 6*. It then follows from Proposition [2] that

|Z(t) —=(t)|| <4r < COH, Vvt >0, (62)

which establishes the desired result.

Case 2 (# < 6*). Once again, we rely on Proposition
2l but in a local manner. We consider a “small” basin of
size pmin /2 for each critical point, and define a number of
phases [T7",T?“!| so that throughout any particular phase,
the perturbed trajectory lies in one of these basins. We then
use Proposition [2] to bound the distance between the two
trajectories in each phase, and use Proposition [I]to bound their
distance while outside the basins. In the end, we use Lemma
[3[(e)] to show that each basin is visited at most once, in a certain
sense, and finally put everything together to prove the desired
bound on the distance of the two trajectories. Figure [6] shows
an illustration of the different trajectories and variables that
we use in the argument that follows.

Let
r=(vy+1)n0, P = Pmin /2. (63)

It follows from and the assumption 6§ < 6* that r < p.
Moreover, based on Lemma p is a basin radius for each
one of the critical points. For any critical point p € C, let
B-(p) and B,(p) be the balls of radii » and p, respectively,
centered at p. We define two sequences of times T7™ and 77"
as follows. Let To"“t =0, and for any ¢ > 1, let

fﬁ"éiﬁ{t>Tﬁﬁ‘3p€C:%@)GBAM}. (64)
We denote by p’ the critical point p in the right-hand side of
(©4), so that (T/") € B,.(p'). Note that the different balls
B,.(p) do not intersect and therefore p’ is uniquely defined;
we refer to it as the effective critical point at phase i. We then

define 4
#(t) ¢ B,(p')}-

In the above, we let T/™ or T°“! be infinite in case the set on
the right-hand side of (64) or (63) is empty.

Fix an i > 1. We first derive a bound on ||Z(t) — x(t)|| for
t € [T, Ti"]. Let y*(-) be an unperturbed trajectory with
y (T2*) = z(T2 ). By definition, for any ¢ € [T, Ti],
d(f(t),C) > r = (’y + 1)7)9. Therefore, it follows from
Proposition [I] that

1Z(t) — v’ ()| <mb <7, Vie [T, T,

Tout & inf {t > Tin (65)

(66)
Hence, from the non-expansive property of the unperturbed
dynamics, for any ¢ € [T2",T/"], we obtain
[2@&) == @] < [l=() =y’ @] + [0 —y' @]

|l (T21) =y (T25) | +
|z(T7) — 2(T) || +

On the other hand, if t € [TZ", Ti"“t], for some 7 > 1, we
have for any critical point p € C other than p?,

d(pa Bp(pi))

IN A

(67)

lp = '] = p
Pmin — P
Pmin

2
(v + 1)no*

T,

2
>

(63)

VoIV

where the second and third inequalities follow from the
definitions of pyin and 6* in and (60), respectively. Using
also the fact that d(p’, B,(p")\B,(p*)) > r, we obtain

d(B,(W)\B-(p"),C) > r = (y+1)nd. (69

Moreover, for any ¢ € [T7",T?"], Z(t) € B,(p'). Hence,
the conditions of Proposition [2| are observed. Let 2%(t) be an
unperturbed trajectory with z* (77") = Z(T;™). Proposition
implies that, for any ¢ € [T;", T, [|z(t) — ='(t)|| < 47
Hence, from the non-expansiveness of the dynamics, we have
for any ¢ € [T;", TP,

|Z(t) — z()|| < [J=(t) - xi(t)“ + |Z(t) — 2* (1)
(i) -t (7| +4r
(i) = (Ti) || + 4r.

IAIA

(70)



Fig. 6. Illustration of the different trajectories and variables in Case 2 of the proof of Theorem [I} The figure shows a two-dimensional FPCS system with
h

four regions and two critical points, p! and p2. There are two balls of radii = and p, defined in (

), centered at each critical point. The solid curved line

Z(-) is a perturbed trajectory, coupled with an unperturbed trajectory x(-) at time 0. Times 7™ ‘and Ti"“t, defined in and , are the first times

that the perturbed trajectory hits the ball of radius 7 or leaves the larger ball of radius p around p*,

respectively. In this example, 79%¢ = oo, because the

perturbed trajectory never leaves the p-neighbourhood of p2. For each 4, x'(-) and y*(-) are unperturbed trajectories coupled with Z(-) at times 7;™ and

Tfff, respectively. These unperturbed trajectories are shown by dashed lines.

Combining (70) and (67) and a straightforward inductive
argument, it follows that for any ¢ > 0, and for any ¢ €
[0, T°“] (where T?"* can be infinite), we have

|Z(t) — ()| < 5ir. (71)

Let ¢* be the maximum i such that 7" < oo, with the
convention that i* = 0 if T} = co. Equivalently, when i* is
non-zero, it is the maximum ¢ such that the set on the right
hand side of (64) is non-empty. We show that i* is finite and
in fact upper bounded by the number of critical points, M. In
order to draw a contradiction, suppose that :* > M +1. In this
case, there is a repeated critical point p € C that is effective
in at least two phases; that is, there exist ¢, j, and p, such that
1<i<i<M+1, Tm<oo and p’ = p/ = p. Then,

lo(@) = ol < () = 3T || + [2(7)
< Bir+r
< 5(M—|—2)7"

A

-7l

(72)

where the second inequality is due to and the definition
of T{™. The same bound also holds for ||z (Ti") —p||. On the
other hand,

(T7) = pl| = [|p = F(T7) || = o (T) = F (17|
> p— bir
> ”“;“ 5(M + 1)r
20(M + 2)(y + 1)n0* — 5(M + 1)r
> 20(M +2)(y + 1)n — 5(M + 1)r
= 20(M +2)r — 5(M + 1)r
> 15(M + 2)r,

(73)

where the second and third inequalities are due to (7I) and
the definition of p, respectively. Let a = 15(M + 2)r. Using

the Definitions of 6* and r, and the assumption 6 < 6*, we
see that @ < ppin. From Lemma « is a basin radius
for every critical point. It follows from (72)), (73), and again

that HxﬁTf") —p|| < af3, (Ti"“t) —pH > o, and
| x Jm) — p| < a/3, respectively. Since T/ < TP%t < ij
this contradicts Lemma [3{e)} Therefore, the initial hypothesis
* > M + 1 cannot be true, and we conclude that * < M.

Hence, T | = co. It follows from and the definition of
C in (6I) that for any ¢ > 0,

|Z(t) — (t)]| < 5(M +1)r < C8, (74)

which shows that the Theorem also holds for Case 2.

We now prove the last statement in Theorem [I] namely,
that the bound (6) applies to the system & € F'(z) + A, with
the same constant C. Let F'(-) = F(-) + A. According to
Lemma the systems F' and F’ have identical effective
regions and critical points. It follows that the constants puyip, ,
D€, M (number of critical points), and m (number of regions)
are also the same. As a consequence, the constants v and o,
defined in Lemmas [4 and [5] respectively, are also identical for
the two systems, and the same is true for the constant n =
m2™+ g, defined in Proposition [I| the constant #* defined in
@), and finally for the constant C' in @) In other words,
the same constant C' also works for the dynamical system F"’.
This completes the proof of Theorem [I] O

V. Discussion

In this section we review our main results and their implica-
tions, and also discuss the extent to which they can or cannot
be generalized to broader classes of systems.

We have established a bounded input sensitivity property of
FPCS (finitely piecewise constant subgradient) systems, in a
strong sense. In particular, we have shown that the increase in



the distance between perturbed and unperturbed trajectories
is upper-bounded by a constant multiple of the magnitude
of the integral of the instantaneous perturbations; cf. (€). As
discussed in the introduction, this is much stronger than the
elementary upper bounds which involve the integral of the
magnitude of the instantaneous perturbations. As an example,
for the system illustrated in Fig. |1} and with i.i.d. Bernoulli
perturbations, the naive bound in (3) grows at the rate of
t/2, whereas the bound in (@) only grows as (C/2)v/tlogt,
for some C' < 2000, with high probability. Thus, over short
time scales, the naive bound is stronger, but in the regime of
large ¢ (which is the relevant one for heavy-traffic asymptotic
analysis) our bound is tighter. Furthermore, the best constant
C for that example is likely to be much smallerﬁ In any case,
our work carries out the important first step, that of showing
that C is in fact finite. We finally note that our definitions are
broad enough to include as possible perturbations the sample
paths of jump or Brownian motion processes.

A. Implications

FPCS systems arise in many contexts. As discussed in
Section [I} a prominent example is the celebrated Max-Weight
policy for scheduling in queueing networks. Having made this
connection, we can (cf. [[14]) apply a variant of our result
to the Max-Weight policy, establish bounds on the distance
between the actual discrete-time stochastic system and its fluid
approximation, and also obtain state space collapse results that
are stronger than available ones [13], [27].

More broadly, flows or algorithms that evolve along the
subgradient of a potential function are a fairly natural model,
likely to arise in many other contexts. Recall also that, as
mentioned in Section [ the FPCS class has been shown [2]
to contain all non-expansive finite-partition hybrid systems
that obey some minimal well-formedness and uniqueness
properties.

B. Generalizations

Broad generalizations that assume only a subset of the
properties of FPCS systems are not possible. In [1] we provide
(counter)examples that show that a sensitivity bound of the
form (6) does not hold for various classes of systems. Our
counterexamples include:

1) A non-expansive system; hence the non-expansiveness

property is not sufficient by itself.

2) A system that moves along the gradient of a twice contin-
uously differentiable strictly convex function; hence the
subgradient property is not sufficient by itself.

3) A system that moves along the subgradient of a piecewise
linear convex function with infinitely many number of
pieces; hence the finiteness of the number of pieces is
essential.

Even though our main result cannot be extended by weak-
ening its assumptions, it may still be possible to derive similar
sensitivity bounds for other classes of systems. For example,

6Using a variant of our proof, tailored to that example, it can be shown
that C' can be set to 6.5.

[1] provides necessary and sufficient conditions for linear
systems & = Az, in terms of the spectrum of A. It will be
interesting to explore whether there are some other natural
classes of systems that do not have the non-expansiveness
property but for which the conclusions in Theorem [I] are valid.

C. Some open problems

Besides attempts to obtain bounded sensitivity results for
other types of systems, there are some interesting open prob-
lems for FPCS systems specifically.

1) The bound in Theorem [I] involves a constant C' which

grows exponentially with the number of regions. It is not
known whether this is unavoidable or whether a smaller
(polynomial) constant is possible.
Theorem [I] studies the distance between a perturbed and
an unperturbed trajectory, but this does not necessarily
provide a strong bound on the distance between two
perturbed trajectories. Consider an FPCS system and two
different perturbations Uy () and Us(+) that are close at all
times. Whether the perturbed trajectories are guaranteed
to stay close is an open problem.

2

~

REFERENCES

[11 A. Sharifnassab and J. Golestani, “When do trajectories have
bounded sensitivity to cumulative perturbations?,” arXiv preprint
arXiv:1905.11746, 2019.

[2] A. Sharifnassab, J. N. Tsitsiklis, and J. Golestani, “Nonexpansive
piecewise constant hybrid systems are conservative,” arXiv preprint
arXiv:1905.12361, 2019.

[3] L. Tassiulas and A. Ephremides, “Stability properties of constrained
queueing systems and scheduling policies for maximum throughput in
multihop radio networks,” IEEE Transactions on Automatic Control,
vol. 37, no. 12, pp. 1936-1948, 1992.

[4] M. J. Neely, “Stochastic network optimization with application to
communication and queueing systems,” Synthesis Lectures on Commu-
nication Networks, vol. 3, no. 1, pp. 1-211, 2010.

[5] K. Ross, N. Bambos, and G. Michailidis, “Cone schedules for processing
systems in fluctuating environments,” IEEE Transactions on Automatic
Control, vol. 60, no. 10, pp. 2710-2715, 2015.

[6] J. R. Perkins and R. Srikant, “Hedging policies for failure-prone manu-
facturing systems: Optimality of JIT and bounds on buffer levels,” IEEE
Transactions on Automatic Control, vol. 43, no. 7, pp. 953-957, 1998.

[71 S. Meyn, Control Techniques for Complex Networks. Cambridge
University Press, 2008.

[8] S. T. Maguluri, B. Hajek, and R. Srikant, “The stability of longest-
queue-first scheduling with variable packet sizes,” IEEE Transactions
on Automatic Control, vol. 59, no. 8, pp. 2295-2300, 2014.

[9] H. Halabian, I. Lambadaris, and C.-H. Lung, “Explicit characterization

of stability region for stationary multi-queue multi-server systems,” IEEE

Transactions on Automatic Control, vol. 59, no. 2, pp. 355-370, 2014.

J. G. Dai, “On positive harris recurrence of multiclass queueing net-

works: a unified approach via fluid limit models,” The Annals of Applied

Probability, pp. 49-77, 1995.

L. Tassiulas, “Adaptive back-pressure congestion control based on local

information,” IEEE Transactions on Automatic Control, vol. 40, no. 2,

pp. 236-250, 1995.

A. L. Stolyar, “Maxweight scheduling in a generalized switch: State

space collapse and workload minimization in heavy traffic,” Ann. Appl.

Probab., vol. 14, no. 1, pp. 1-53, 2004.

D. Shah and D. Wischik, “Switched networks with maximum weight

policies: Fluid approximation and multiplicative state space collapse,”

The Annals of Applied Probability, vol. 22, no. 1, pp. 70-127, 2012.

A. Sharifnassab, J. N. Tsitsiklis, and J. Golestani, “Fluctuation bounds

for the Max-Weight policy with applications to state space collapse,”

Stochastic Systems, to appear, 2019.

M. G. Markakis, E. Modiano, and J. N. Tsitsiklis, “Delay analysis of the

max-weight policy under heavy-tailed traffic via fluid approximations,”

Mathematics of Operations Research, vol. 43, no. 2, pp. 460—493, 2018.

[10]

(1]

[12]

[13]

[14]

[15]



[16] Z.-P. Jiang and Y. Wang, “Input-to-state stability for discrete-time
nonlinear systems,” Automatica, vol. 37, no. 6, pp. 857-869, 2001.

D. L. Marruedo, T. Alamo, and E. Camacho, “Input-to-state stable MPC
for constrained discrete-time nonlinear systems with bounded additive
uncertainties,” in Proceedings of the 41st IEEE Conference on Decision
and Control, vol. 4, pp. 4619-4624, IEEE, 2002.

D. Angeli, “An almost global notion of input-to-state stability,” IEEE
Transactions on Automatic Control, vol. 49, no. 6, pp. 866874, 2004.
E. D. Sontag, “Input to state stability: Basic concepts and results,” in
Nonlinear and Optimal Control Theory, pp. 163-220, Springer, 2008.
E. D. Sontag and Y. Wang, “New characterizations of input-to-state
stability,” IEEE Transactions on Automatic Control, vol. 41, no. 9,
pp. 1283-1294, 1996.

D. Angeli, E. D. Sontag, and Y. Wang, “A characterization of inte-
gral input-to-state stability,” IEEE Transactions on Automatic Control,
vol. 45, no. 6, pp. 1082-1097, 2000.

D. Angeli et al., “A lyapunov approach to incremental stability proper-
ties,” IEEE Transactions on Automatic Control, vol. 47, no. 3, pp. 410-
421, 2002.

D. Angeli, “Further results on incremental input-to-state stability,” IEEE
Transactions on Automatic Control, vol. 54, no. 6, pp. 1386—-1391, 2009.
C. Cai and A. R. Teel, “Robust input-to-state stability for hybrid
systems,” SIAM Journal on Control and Optimization, vol. 51, no. 2,
pp. 1651-1678, 2013.

A. M. Lyapunov, “The general problem of the stability of motion,”
International Journal of Control, vol. 55, no. 3, pp. 531-534, 1992.

D. E. Stewart, Dynamics with Inequalities: Impacts and Hard Con-
straints. SIAM, 2011.

D. Shah, J. N. Tsitsiklis, and Y. Zhong, “Qualitative properties of
a-weighted scheduling policies,” in ACM SIGMETRICS Performance
Evaluation Review, vol. 38, pp. 239-250, 2010.

D. Bertsimas and J. N. Tsitsiklis, Introduction to Linear Optimization.
Athena Scientific, Belmont, MA, 1997.

S. Mannor and J. N. Tsitsiklis, “On the empirical state-action frequencies
in Markov decision processes under general policies,” Mathematics of
Operations Research, vol. 30, no. 3, pp. 545-561, 2005.

(17]

(18]
[19]

[20]
[21]
[22]

[23]

[24]

[25]
[26]

[27]

(28]

[29]

Arsalan Sharifnassab received a B.Sc. degree in
Mathematics and also in Electrical Engineering, and
an M.Sc. degree in Electrical Engineering, in 2011,
2011, and 2013 respectively, from the Sharif Univer-
sity of Technology, Iran, where he is currently a PhD
student, again in EE. He has been a visiting student
in the Laboratory for Information and Decision Sys-
tems at MIT, over the academic year 2016-2017. His
e research interests include network scheduling and
i routing, optimization, distributed algorithms, high-
dimensional statistics, dynamic programming, and
computational complexity.

John N. Tsitsiklis (S80M81SM97F99) received the
B.S. degree in mathematics and the B.S., M.S.,
and Ph.D. degrees in electrical engineering from
the Massachusetts Institute of Technology (MIT),
Cambridge, MA, USA, in 1980, 1980, 1981, and
1984, respectively. His research interests are in
systems, optimization, communications, control, and
operations research. He has coauthored four books
and several journal papers in these areas.

He is currently a Clarence J. Lebel Professor
with the Department of Electrical Engineering and
Computer Science, MIT, where he serves as the director of the Laboratory
for Information and Decision Systems. Among other distinctions, he is a
member of the National Academy of Engineering, a recipient of the ACM
SIGMETRICS Achievement Award (2016) and the IEEE Control Systems
Award (2018), and a co-recipient of the INFORMS von Neumann Theory
Prize (2018).

S. Jamaloddin Golestani (M’85-SM’95-F’00) S.
Jamaloddin Golestani (M85-SM95-F00) was born in
Iran in 1955. He completed his BSc in Electrical
Engineering at the Sharif University of Technology
in 1973, and his MS and PhD in Electrical Engi-
neering and Computer Science at the Massachusetts
Institute of Technology (MIT) in 1976 and 1979,
respectively.

Besides 21 years of academic work in Iran (1980
to 1988, and 2005 to present), he has spent 17 years
(1988 to 2005) at Bell Communications Research,
Morristown, NJ, and Bell Laboratories, Murray Hill, NJ. Since 2009, he
has been with the Department of Electrical Engineering, Sharif University
of Technology, Tehran, Iran.

Dr. Golestani is the originator of the optimization approach to network flow
control (1979) and the inventor of the self-clocked fair queueing (1994). He
served on the editorial board of the IEEE/ACM Transactions on Networking
from 1999 to 2001. He is the recipient of the IEEE Fellow award in
2000 with the citation “for contributions to the theory of congestion control
and provision of fairness and guaranteed services in packet networks”. His
current research interests are network control and optimization, distributed
computations, scheduling algorithms, and wireless networks.

APPENDIX A
Proof of Lemma

Proof of Lemma [3[a)] We fix some v and p € R, = {z |
—vTx+b, > —pTx +b,, V u}. Suppose that p is a critical
point. By the definition of M(p), we have —vTz + b, =
—uTz +b, for every 1 € M(p), i.e., these constraints are all
active at p. Furthermore, by the definition of critical points, the
vectors {p—p’ | pw, 1’ € M(p)} span R™. It is not hard to see
that this implies that the vectors {u—v | p € M(p)} also span
R™, so that n of them are linearly independent. Using linear
programming terminology, out of the constraints that define
R,, there are n linearly independent active constraints at p,
and p is a “basic feasible solution” in . This is equivalent
to p being an extreme point of R, ; cf. Theorem 2.3 in [28].

For the converse implication, suppose that p is an extreme
point of R, . Using again Theorem 2.3 in [28]], n of the vectors
u — v, associated with active constraints at p (i.e., with p €
M(p)) are linearly independent. It follows that the vectors
w— ', for u, ' € M(p) span R", and (by the definition), p
is a critical point. [

Proof of Lemma In order to draw a contradiction, con-
sider a time ¢t > 0 where z(t) is in the basin and Z(t) # &.
It follows from Lemma that ||2(t)|| < |[|¢]|. Hence,
ETx(t) < [|€||-|2(®)|| < ||€]|” which contradicts the definition
of a basin. O

Proof of Lemma [3[c)] We assume that the set C of critical
points is non-empty. We will first show that there exists a
critical point p such that Hg(p)H < H{(m) , for all z € R™.
We will then show that R" is a basin for this particular p.

Since there exists a critical point, Part (a) implies that some
R, has an extreme point. Using linear programming theory
(cf. Theorem 2.6 in [28])) it follows that all of the non-empty
regions R, also have extreme point

"This is because the regions are defined in terms of constraints a”'z < b or
aTx > b, where each a is of the form a = pu — p/, for some p, p/; different
regions correspond to different choices in the direction of the inequalities, but
the vectors a are the same or every region.



Consider some z in some region R,. Let =’ be an extreme
point of that region, chosen so that all constraints that were
active at x are also active at x’. (This can be done by moving
inside R, while respecting active constraints, until additional
constraints are made active, exactly as in the proof of Theorem
2.6 in [28].) The resulting extreme point x’ satisfies M (z') D
M(z). Since F(z) is the convex hull of M(x), it follows
that F(z') 2 F(z). From Lemma 2fa)} £(z) is the minimum
norm element of F'(x), which implies that H{ )| < |1€@)]-
We conclude that when we minimize the function Hf H over
all z € R™, it suffices to restrict to the (finite) set of extreme
points of the different regions, or equivalently the set of critical
points (cf. Part (a)). This concludes the proof that there exists
a critical point, p, such that ||£(p)|| < ||¢(2)
Let £ = £(p).

We now proceed to show that R™ is a basin of p. Let z(t) be
an unperturbed trajectory with initial point z(0) = p. Similar
to the proof of Part (b), if for some ¢t > 0, Z(t) # &*, then
it follows from Lemma [2b)| that [|£(2(2))|| = |[2( H
|2(0) ||€*]|, which contradicts the definition of ¢
Hence, for any ¢ > 0, 2(t) = p + t£*, which implies that
—£* € 0P (p+t§*), where @ is the convex function for which
F is the subdifferential.

For any = € R", let O(z) = ®(x) + t&*T (x — p), so that
0®(x) = 0®(x) + £*. Since —&* € P (p+&*), we have 0 €
0P (p—|— tf*), which implies that p +¢t£* is a minimizer of ®.
Consider an = € R™ and a y € F(z). Then, y—&* € —0®(x).
It follows from the supporting hyperplane theorem that, for any
t >0, (& —yTp+te —a) < p+15*) — ¢(x) <0,
where the last inequality is because p + t£* is a minimizer of
®. Then, by letting ¢ go to infinity, we obtain

GERS —tlggog(f —y) (p+1" —x) <0. (75)
Hence, | & |2 < §*Ty, which shows that R™ is a basin of p.

In the special case where F' is conic and has a critical point,
then this is the only critical point and therefore has R"™ for a
basin. O

Proof of Lemma Consider a critical point p € C, and let

®(x) = max { 1 (x—p)}, VeeR" (76)

HEM(p)

Hence, the dynamical system & € F(z) £ —9®(x) is conic.
Since the vectors {y — 1/ | p € M(p)} span R™, it follows
that p is also a critical point of the system & € F(x). Lemma
then implies that the entire set R™ is a basin for p, for
the system & € F'(z).

Let B be the ball of radius pni, centred at p, where ppin
is the CNC. By the definition of the CNC, if B R,, is non-
empty for some u € M, then p € R,,. Hence, for any x € B,

we must have M(z) C M(p). Therefore, for any z € B,
d(z) = T +b
(2) = max (—p" @ +b)

= —pTz+b
s (—pte+by)

_ _ T — — T

— Mgg}({p) ( 1 (a: p) W+ b,,,) ()
— — T —

= () + max (~u"(x-p))

= ®(p) + D(z).

where the second equality is because the set M(x) of max-
imizers of —u”x + b, is a subset of M(p). Hence, for
any x € B, F(x) = F(z). As a result, for z € B, £{(z)
for the system & € [F(x) is equal to £(x) for the system
& € F(x). Since R™ is a basin of p for the system & € F/(z),
it follows that for any x € B and any y € F(z) = F(x), we
have y7¢(p) H§ H Hence, B is a basin for the system
i € F(z). O

Proof of Lemma [3[e)] The result will be derived by com-
paring the trajectory x(¢) of interest to another unperturbed
trajectory, z(t), initialized with z(¢1) = p. According to the
non expansive property of the dynamics, we have Hx —
)| < ||l=(t1) = 2(t1)|| < p/3, for every t > t1. Hence,
|| = [l (t2) -

|2(t2)—pl| = ||(t2) 2(t2)| > p—g = 2p/3.

In order to draw a contradiction, suppose that there is a time
t3 > to such that Hx(tg) —pH < p/3. In this case,
2

§+§ 3/

Hence, z(tg) is in the basin of p, which implies that

£(p)"¢(2(t3)) > [|€(p)]| and
1€(=(2)) | = [[€@)]-

The trajectory z(t) starts inside the 2p/3-neighbourhood of
p at time t;, leaves this neighbourhood before time ¢35, and
returns back to it by time ¢3. Since the 2p/3-neighbourhood is
convex, z(t) must have changed its direction in the meanwhile,
and there exists a time ¢’ € (¢1,t3) such that 2(¢') # 2(¢1) =
&(p). Then, using Lemma

) < (2@ < lzeo] = lewl. a9
This contradicts and concludes the proof. O

l=(t) =l < [|=(ts) —e(ta)| +[|(ts) —pl| <

(78)

Proof of Lemma [3[f) For every drift u € M of F, pn+ ) is
a drift of F’. The assomated effective region R/ uta Of F "is
givenby R\ = {reR"| - (u—t—)\) z+b, > —(v+ )Tz

by,VVE./\/l} {mER"| — i 5r—|—bMZ—1/ .Z‘-I—bl,,VVE
/\/l} R,,. Hence, the regions associated with F' and F’ are
the same. Consider a point p € R™ and let M'(p) = M(p)+ A
be the set of active drifts of p in system F’. The affine span
of M’(p) is R™ if and only if the affine span of M (p) is R™.
Hence, p is a critical point for the system F” if and only if it is
a critical point for the system F'. Finally, by the definition of
the CNC, since F' and F' have the same set of regions and the
same set of critical points, they also have the same CNC. [J



APPENDIX B
Proof of Lemma [

We provide here the proof of Lemma [d] We will make use
of an auxiliary result, proved in [29], which states that if a
point is close to each of several half-spaces, then that point is
also close to the intersection of those half-spaces.

Lemma 6 ([29], Lemma 5.1). Given a finite collection of half-
spaces W; C R", with non-empty intersection, there exists a
finite constant ¢ > 0 such that

d(z, ﬂWZ) < c-m?xd(m, Wi), VzeR" (80)

Proof of Lemma [ For any z € R", let r(z) = sup{r :
U, is low-dimensional}. By definition, if = is not a critical
point, then r(z) > 0, and if » > r(x), then U, is not low-
dimensional. We will show that

A r(z)

inf

e dwey 7

81

]

In order to draw a contradiction, suppose that there exists a
sequence of points y, € R™\C such that

(yr)
7d(yk, C) —>k_>oo 0. (82)

Since U,.(,,)(yx) is not low-dimensional, there exist n + 1
drifts pi1,..., tiny1 € Up(y,)(yx) such that

span{ui—/ij“,jgn—i—l}:R". (83)

Because the set M of all drifts is finite, there exists an infinite
subsequence {zy,} of {y;} for which holds for the same
set of drifts. We fix this set of drifts { pi}zrll. Then, for any

k, {ui}?:ll C Uy (2 (k). Tt follows from the definition of
r(x) that for any k,

r(zy) = max d(zy, R;), (84)

i<n+1

where R; = R,,, is the effective region of 1;. We define n(n+
1) half-spaces W; ; as follows. For any ¢, j < n+1 with ¢ # j,
let

Wi’j e {SL’ e R"

(i = )T + b= by = 0f, (85)
where b; is a shorthand for b,,,. Then, for any ¢ <n +1,

R; C (Wi,
j#i

(86)

Hence, for any i < n + 1 and any = € R", d(z,R;) >
max;j<n4+1 d(z, W; ;). Then, it follows from that for any
k>1,

> max d(x, W;.;
= ij<ntl ( ’ Z’J)
i#]

r(xy) = ilgllffld(ﬁﬂk, R;) (87)

It follows from (83) that the following system of n linear
equations is non-degenerate:

- (Mz _ljf'rH»l)Tx + bz - bn+1 = 07 1= ]-7"'377" (88)

Hence, it has a unique solution, which we denote by p. Note
that W;; and W;; are different, and their intersection is
{o| = (ui — p;)T2 + b; — b; = 0}. Therefore,

{p} = ﬂ Wi ;.
i,j<n+1
i#£j
It follows from Lemma @ with § = 1/c, that there exists a
constant § > 0 such that for any x € R™,

(89)

i,jngl%)ild(x’wi’j) > 5d(x, m W”> = (5d(aj,p).

iotg i j<n+1
7 =
(90)
Combining and (90), we have for any F,
r(xzg) > max d(xk,Wi,j) > 5d(mk,p). 91

i,j<n+1
i#£]

Back to the hypothesis (82)), there are two possible cases:
(a) {xy} has a subsequence {z; } with d(zx,C) — oo, or (b)
xy, has a subsequence zj, with 7(z;) — 0.

In the first case, where d(zj,C) — oo, it follows from (91)
that

lim 7""(2’]@) >4 lim 7d(zk,p)
k—o0 d(zk,C) T k—oo d(zk,C)
. d(zk,C) —d(p,C) (92)
=6 > 0,

which contradicts (82).
In the second case, where 7(z) — 0, it follows from
and (84) that for any ¢ <n+1,

riz) +7r(z,) —— 0.
1) k—o00

93)

Then, since each R; is a closed set, we must have p € R;.

Hence, p € (<, [t which together with (83) implies that
p is a critical point. Using this fact, and then (91), we obtain

A G B C))
k=00 d(2,C) ~ k=00 d(zk,p)

>6>0, (94)
which again contradicts @) Hence, @) is contradicted in
both cases, and (8I)) follows.

Let v = max{1, 1/7}. It follows from (81) that yr(z) >
d(x,C), for all z ¢ C. Hence, if vr < d(x,C’then r <r(z),
and by the definition of r(x), U,-(x) is low-dimensional. [J
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