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Contraction Analysis of Monotone Systems via
Separable Functions

Yu Kawano, Member, Bart Besselink, Member, and Ming Cao, Senior Member

Abstract—In this paper, we study incremental stability of
monotone nonlinear systems through contraction analysis. We
provide sufficient conditions for incremental asymptotic stability
in terms of the Lie derivatives of differential one-forms or
Lie brackets of vector fields. These conditions can be viewed
as sum- or max-separable conditions, respectively. For incre-
mental exponential stability, we show that the existence of
such separable functions is both necessary and sufficient under
standard assumptions for the converse Lyapunov theorem of
exponential stability. As a by-product, we also provide necessary
and sufficient conditions for exponential stability of positive
linear time-varying systems. The results are illustrated through
examples.

Index Terms—Nonlinear systems; Contraction analysis; Mono-
tone systems; Separable functions

I. INTRODUCTION

A dynamical system is called monotone if its trajectory
preserves a partial order of the initial states [1], [2]. For
instance, biological systems [3], chemical reaction systems [4],
transportation networks [5], and social dynamics [6] are often
modeled as monotone systems. Moreover, monotonicity prop-
erties naturally arise in the analysis of interconnected large-
scale networks [7], [8]. In the linear time-invariant (LTI) case,
positive systems provide a typical example of monotone sys-
tems, and there are rich theoretical developments for stability
and gain analysis of positive LTI systems; see, e.g., [9], [10]
for basic results. These works are mostly motivated by the
fundamental observation that an asymptotically stable posi-
tive LTI system always admits linear (also called separable)
Lyapunov functions [9], [10], which is essentially related to
the Perron-Frobenius theorem on the dominant eigenvalue of
a positive matrix [11] and its variant on Metzler matrices [2].
Since almost all practical applications of monotone systems
mentioned above such as biological systems contain nonlin-
earity, stability analysis of monotone nonlinear systems using
separable functions has also been studied [12]-[16].

In this paper, we are also interested in stability analysis but
not in the standard Lyapunov framework. We pursue analysis
in the contraction framework [17]-[22]. Contraction theory is
a differential geometric framework for the analysis of a pair
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of trajectories of a given nonlinear system, which is applied
to, for instance, the tracking problem, observer design, and
synchronization. The main idea is to consider an infinitesimal
metric instead of a feasible distance function, and thus the so-
called variational system or prolonged system plays a key role.
In fact, this prolonged system naturally arises in monotonicity
analysis [1], [2]. A well known monotonicity condition, the
Kamke condition [1], [2], is described by using the prolonged
system, which motivates us to study monotone systems in this
contraction framework rooted in differential geometry.

In classical nonlinear systems and control theory, differen-
tial geometry is exploited for controllability and observability
analysis, and the Lie derivatives of differential one-forms and
the Lie brackets of vector fields play essential roles [23], [24].
Recently, the papers [25]-[27] provide concepts of eigenvalues
and eigenvectors for nonlinear systems via these Lie deriva-
tives and Lie brackets, and the papers [27], [28] apply these
nonlinear eigenvalues to contraction analysis. This suggests
the possibility of applying nonlinear eigenvalues to contraction
analysis of monotone systems. That is, the Perron-Frobenius
theorem on the dominant eigenvalues might be generalized to
monotone nonlinear systems as the Perron-Frobenius vector of
a positive LTI system has been successively extended in the
differential geometric framework [18], [29].

Partly motivated by the nonlinear eigenvalues and the
Perron-Frobenius theorem about dominant eigenvalues in lin-
ear algebra, we investigate incremental stability conditions of
monotone nonlinear systems in terms of the Lie derivatives
and Lie brackets. First, for incremental asymptotic stability,
we provide sufficient conditions, which can be viewed as
separable conditions. Next, for incremental exponential sta-
bility, we prove necessary and sufficient conditions under the
standard assumptions [30] for the converse Lyapunov stability
of exponential stability. Our incremental exponential stability
conditions can be viewed as a generalization of the well-
known separable conditions for positive LTI systems. In [16],
similar analysis can be found. However, our conditions are less
conservative as illustrated by a simple example, and we study
the converse for incremental exponential stability, which has
not been done in the literature. As a by-product of our results,
we also provide separable necessary and sufficient conditions
for exponential stability of linear time-varying (LTV) systems
based on the fact that variational systems can be viewed
as LTV systems along trajectories of the original nonlinear
systems.

The remainder of this paper is organized as follows. Sec-
tion II introduces monotone systems and incremental stabil-
ity. Section III provides sufficient conditions for incremental



asymptotic stability in terms of the Lie derivative of differ-
ential one-forms or the Lie bracket of vector fields. From
their structures, the proposed conditions are called sum- or
max-separable conditions, respectively. In Section IV, we
study incremental exponential stability by sum- and max-
separable functions. Based on our sum- and max-separable
results, we also provide an alternative proof for the existence
of a diagonal contraction Riemannian metric [15]. Next, the
application of our results to positive LTV systems yields
separable exponential stability conditions. In Section V, as
applications of our sufficient conditions, we mention exten-
sions of the stabilizing controller design for systems that are
not necessarily monotone [31], [32] to monotone systems; we
also perform partial stability or so-called partial contraction
analysis [33], [34]. The proof of each theorem is presented in
the Appendix.

Notation: Let Z,, :== {1,...,n}. The sets of real numbers
and non-negative real numbers are denoted by R and R,
respectively. The n-dimensional vector of which the i-th
element is 1 and the others are 0 is denoted by e;. The n-
dimensional vector of which all elements are 1 is denoted by
I,,. For z,y € R", a partial order < is defined by writing
r = y if and only if x; < y; for all ¢ € Z,,, where z;
denotes the i-th component of x. Similarly, x < y if and only
ife; <y;.Forx € R", |z| € R? is the vector consisting of the
absolute values of elements of z, i.e., |2| = [|21], ..., |7,]]T.
Also, vector norms are denoted as |z[1 := ) ;o7 |@i, [2]2 =
(Ciez, 22, and |z|o := maxiez, |z;|. A continuous
function a : [0,a) — Ry is said to be of class K if it
is strictly increasing and «(0) = 0. A continuous function
B : Ry xRy — Ry is said to be of class KL if for each
fixed s, the mapping S3(r, s) belongs to class K with respect to
r and, for each fixed r > 0, the mapping S3(r, s) is decreasing
with respect to s and B(r,s) — 0 as s — 0.

II. PRELIMINARIES
A. Nonlinear Monotone Systems

Consider the nonlinear system

Ya(t) = flx(t)), (1)

where f: R™ — R" is of class C2. The unique solution x(t)
to the system X at time ¢ € R starting from z(0) = g is
denoted by ¢(t, zo) if it exists. Let X C R™ be a convex sub-
set, e.g., X = R", and suppose that there exists a connected
and forward invariant subset S C X, i.e., ¢(t,zo) € S for any
xo€Sand t € Ry.

In contraction analysis, we use the so called prolongation
of the system X, which consists of the system X and its
variational system along the trajectory ¢(t,xq) given as

déx(t) _ 0f(9(t x0))
== = o ox(t). )
If S is forward invariant and xy € S, the variational system
(2) has a unique solution dz(t) for any dx(0) = dzg € R”,
which reads

0x(t) :

0p(t, )
or

dx(t) = ®(t,x0)0x0, (¢, 2) := 3)

The variational system can be viewed as a linear time-
varying (LTV) system along the trajectory ¢(t,xg) of the
original system X with the transition matrix ® (¢, z¢). Indeed,
one can confirm that ®(0, z¢) = I,, and
9¢(t2, o)

D (o, ==
( 2 xO) 8(E0
_ 0¢(ta — ty, ) 9¢(t1, xo)
Ox z=¢(t1,70) Ozo

= Oty — t1, ¢(t1,20))P(t1, 20), 4

for any £ > t1.
In this paper, we assume that the nonlinear system X is
monotone [1] on X, i.e., the implication

ot <2t = o(t,xt) < ¢(t,2?), Vt >0,

holds for any z!,z? € X. The monotonicity property of ¥ is
directly related to the properties of the variational system (2),
as stated next.
Proposition 2.1 (Kamke condition, [1], [2]): The system
> in (1) is monotone on a convex set X' C R" if and only if
i) 5 o iz 5)
633]-
for any x € X. <
Remark 2.2: Condition (5) implies that the variational sys-
tem (2) is a positive system when regarded as an LTV system
along ¢(t,z0) € S, i.e.,

a(bi(ta JJ)
3:17j

and for all x € S with being & C X forward invariant.
Therefore, S xIR?} is a forward invariant set of the prolongation
of 3. <

The objective of this paper is to derive incremental stability
conditions for monotone systems. In particular, by exploiting
the variational system (2), we aim to extend the following
conditions for positive (i.e., monotone) linear time-invariant
(LTI) systems to monotone nonlinear systems.

Proposition 2.3 ( [9]): Let £ = Ax with x € R" be a
positive system, i.e., A is Metzler (A;; > 0 for all i # 7).
Then, the following statements are equivalent:

1) A is Hurwitz;

2) there exists v € R’} such that v > 0 and vTA=<0;

3) there exists w € R’} such that w > 0 and Aw < 0;

4) there exists a diagonal positive definite matrix P €

R’ *™ such that PA + AT P is negative definite. N

Conditions 2), 3), and 4) correspond to Lyapunov functions
of the forms ;7 vg|w|, maxez, |2 /wi, and Y-, .7 pias,
respectively [9]. That is, stability is evaluated with respect to
different distances induced by 1-, co-, and 2-norms. From their
structures, the first two Lyapunov functions are referred to as
sum- and max-separable functions.

It is worth mentioning that even for linear time-varying
(LTV) systems, Conditions 2) and 3) have not been gener-
alized. As a byproduct of our results, similar connections as
in Proposition 2.3 are established for exponential stability of
positive LTV systems.

(I)i’j(th) = Z 07 Vla] € Inth € R+7 (6)




Remark 2.4: Conditions 2) and 3) have strong connections
with the Perron-Frobenius theorem [2], [11] in linear alge-
bra. Suppose that the Metzler matrix A has a negative real
eigenvalue A\ < 0 whose corresponding left eigenvector v has
strictly positive components, i.e., v = 0 then vTA = \vT < 0.
Then, Condition 2) holds. A similar conclusion holds for the
right eigenvector. Then, the question is when such a pair
of eigenvalue and eigenvector exists. The Perron-Frobenius
theorem gives a partial answer. Namely, this theorem shows
that a real square matrix with positive entries has a unique
largest eigenvalue, called the dominant eigenvalue, and that
the corresponding eigenvector can be chosen to have strictly
positive components. There is a variant of this theorem for a
Metzler matrix under the condition of irreducibility [2]. <

B. Incremental Stability and Induced Distances

In this paper, we study incremental stability with respect to
a distance! d : S x S — R, which leads to the following
definitions of incremental stability studied in this paper.
Definition 2.5 ( [17], [35]): The system X in (1) is said to
be
1) incrementally stable (IS) on S (with respect to distance
d) if there exists a class K function « defined on the
range of d such that

d(8(t,a"), 6(t,2%)) < ald(z’,2%), Vt € Ry

for any (z!,2%) € S x S;
2) incremental asymptotically stable (IAS) on S if it is IS
and
lim d(é(t,z"), ¢(t,2%)) = 0

t—o0
for any (z!,2%) € S x S;
3) incrementally exponentially stable (IES) on S if there
exist positive constants k and A such that

d(o(t,zh), o(t, x?)) < ke Md(x!, 2?), Vt € Ry

for any (z',2%) € S x S. <
If S contains an equilibrium point, IS, TAS and IES re-
spectively imply the Lyapunov, asymptotic, and exponential
stability of the equilibrium point. In contraction analysis, the
paper [17] has established a connection between incremental
stability and the prolongation of the system X via a Finsler-
Lyapunov function. On the other hand, as mentioned in the
previous subsection, for stability analysis of positive LTI
systems, separable functions are commonly used. In this paper,
the concepts of Finsler-Lyapunov functions and separable
functions will be combined.
Consider the vector-valued function v : § — R’} such that
v(z) > 0 on S. In our analysis, we use the following non-
negative functions defined on & x R™:

« the sum-separable function
M (z,dx) = Z vi(x)|0z;]; (7N
i€T,

'A non-negative function d : S x S — R is said to be a distance if
it satisfies 1) d(z!,22) = d(22,2') = 0 if and only if 2! = 22 for any
b 22 € S, and 2) d(x', 23) < d(x!, 2?) +d(x?, 23) for any 21, x2, 23 €
S. Note that symmetry is not required.

o the diagonal Riemannian metric

1/2
My (z, 6x) = <Z(Ui(x)5xi)2> ; ®)

i€y,

o and the max-separable function

Moo (z,0z) = zrel%i((vl(x)\éxz\) )

Ateach (z,0x) € SxR™, these functions can be viewed as the
1-, 2-and oo-norms of the vector [vy(z)dzy - - - v, (2)6x,]",
respectively, where we recall that v;(z) > 0 on S for any
1 €D,

Next, we show the definitions of the distances induced by
these functions. For any pair (z!,2%) € S x S, let I'(z!, 2?)
be the collection of piecewise C! paths v : [0,1] — S such
that v(0) = 2! and (1) = 22. Then, we define non-negative
functions d; : S xS - R4, i =1,2,00 as

1
. dv(s
di(z!, 2?) = fyerl({g m2)/0 M; (fy(s), ’Zli)) ds. (10)

As dy, do, and d, all satisfy the definition of distance, they
will be referred to as induced distances.

Note that Ms(x,dz) is a Riemannian metric, and thus a
Finsler metric. If S is connected, by applying the Hopf-Rinow
theorem [36], [37], it can be shown that for any (xl,x2) €
S x S there exists a geodesic v* € I'(z!,2%) on S x S, i.e.,

do(z!,22) = /01 M, (7*(5), d”;s(s)) ds.

Moreover, since v* is piecewise C', for any given € > 0 and
(x!,2%) € S x S, there exists a class C! path 5 € T'(x!, 2?2)
such that

/O1 M, (7(3), ‘F:if')) ds < (1+e)do(z',22).  (12)

Y

In our incremental stability analysis, we will use this class C'!
path ¥(s) as is done for systems that are not necessarily mono-
tone in [17]. In contrast to da(-, -), it is not clear whether the
Hopf-Rinow theorem, a sufficient condition for the existence
of a geodesic, is applicable for d; (-, -) or doo (-, -) because they
do not satisfy the definition of the Finsler metric [36], [37] (in
particular, strict convexity). The existence of the geodesic is
purely a mathematical question and is not the target of this
paper. Not to spend efforts on this question, we establish the
following equivalence for the induced distances, the proof of
which is given in Appendix A-A.

Proposition 2.6: Let S C R"™ be connected. Consider the
induced distances d;, i = 1,2,00 by v(z) > 0 on S. Then,
for any 4,7 € {1,2, 00}, there exist positive constants g, ; and
a; ; such that

a; jdi(z",2%) < dj(z',2%) <@ jdi(a', 2?)

for all (z',2%) € S x S.

This proposition implies that incremental stability properties
with respect to the three distances are equivalent. Exploiting
this equivalence, one can use the path (s) also for incremental
stability analysis with respect to dy(-,+) or doo (-, *).

13)



III. SUFFICIENT CONDITIONS FOR INCREMENTAL
ASYMPTOTIC STABILITY

A. Sum-Separable Conditions

In this section, we derive sufficient conditions for IAS of
monotone systems based on sum-and max-separable functions.
Then, in the next section, we focus on IES.

First, we extend the relation 1) = 2) in Proposition 2.3
to nonlinear monotone systems by using the sum-separable
function (without taking absolute values)

vl (z)ox = Z vi(x)0x;.
=
This is a differential one-form. In differential geometry, the
Lie derivative of a differential one-form along the vector field
f, defined as

T
Li(vT(x)dz) := (vT(x) 8”2(;) + (ag(;)f(x)> ) oz, (14)

plays an essential role for analyzing the system 3, especially
its observability [23], [24].

Now, we establish a connection between contraction anal-
ysis and the Lie derivatives of differential one-forms (14) for
monotone systems. The proof is given in Appendix A-B.

Theorem 3.1: Let S C X be a connected and forward
invariant set of the monotone system X in (1) on a convex
set X. Let v:S — R’} be a class C' vector-valued function
such that

1) v(z) > 0 for any = € S.

Then, the monotone system X is IAS on S with respect to
di(+,-) induced by the sum-separable function v (x)|5z| if

2) there exists a continuous positive definite function «
such that

Li(v"(x)dz) < —a(v™(x)02)

for any (z,0zx) € S x R7}.

Loosely speaking, the condition (15) implies that v (z)|dz|
can be regarded as a Lyapunov function for contraction anal-
ysis. In [17, Theorem 2], the LaSalle invariance principle (for
not-necessarily monotone systems), e.g., [30, Theorem 4.4],
has been extended to contraction analysis, which can also be
applied in our case. The proof of the following corollary is
omitted because it follows from [17, Theorem 2] and our
Theorem 3.1.

Corollary 3.2: Let S C X be a connected and forward
invariant set of the monotone system X in (1) on a convex
set X. Also, let v : § — R? be a class C1 vector-valued
function satisfying Condition 1) in Theorem 3.1. If there exists
a non-negative function & : S x R} — R, such that

Li(v"(x)dz) < —a(z, o)

15)

(16)

on & x RY, then the monotone system 3 is IS on S x S.
Suppose in addition that 3 has at least one bounded solution in
S. Then, any solution (¢(t, ), (¢, x¢)dxg) of its prolonged
system starting from (zo,dx9) € S x R’} converges to the
largest invariant set A in

II:= {(z,0r) € S xR} : a(z,0xr) = 0}. (17)

If A =8 x {0}, the system X is IAS on S with respect to
the distance dy (', 2?) induced by v (x)|dz|. N
Remark 3.3: We note that condition (15) in Theorem 3.1
as well as condition (16) in Corollary 3.2 only needs to be
verified for states dx (of the variational system) in the positive
orthant. Despite not considering the entire state space, the in-
cremental stability properties in Theorem 3.1 and Corollary 3.2
hold for any (pair of) trajectories of the system 3. <
Based on this invariance principle, it is possible to give
a sufficient condition for IAS in terms of local observabil-
ity [23], [24]. Suppose that f is of class C°°, and there exists
a class C* function h : R™ — R such that (16) holds for

Oh(x)
ox

where Oh(z)/0x = 0 on S. Then, the largest invariant set
contained in II defined in (17) is

a(z,dr) = ox,

A = {(z,dx) GSfo_:d(L}h(x)):Q i=0,1,...},

where d(Lh(z)) = (8L}h(x)/8m)5x and with L}h(z) :=
h(z), L}Hh(x) = (0L%h(z)/0z) f(x), i = 0,1,.... There-
fore, IT = S x {0} if and only if the system X with output

y = h(z)

satisfies the observability rank condition [23], [24] at each
x € S. This observation extends the well-known connection
between the Lyapunov equation and observability of linear
systems.

Remark 3.4: In [16], a condition similar to that in The-
orem 3.1 is obtained based on matrix measures. However, in
contrast to [16, Theorem 1], Theorem 3.1 does not require that
v(x) > cll,, on S for some constant ¢ > 0. In addition, our v;
is not restricted to depend on x; only. If v; depends on only z;,
the differential one-form v™T (x)dz is integrable. In this case, a
path integral does not depend on the path, i.e., every piecewise
C! path is a geodesic. This makes analysis simpler because
one can avoid the discussions preceding Proposition 2.6. At the
same time, our result Theorem 3.1 has a direct extension using
LaSalle’s invariance principle, which is difficult to obtain on
the basis of matrix measures as in [16]. Finally, the paper [16]
does not proceed with the converse analysis. In contrast, we
provide the converse proof for IES in the next section. <

The following simple example demonstrates the difference
between the results in [16] and ours.

Example 3.5: Consider the one-dimensional system

T =—x°.
It is monotone on R, and the origin is globally asymptotically
stable. Take S = R and compute
dv(x
L(v(z)dz) = — (121(3")333 + v(x)x2> Sz.
x

Regardless of the choice of v(-), Lf(v(z)dz) = 0 at z = 0.
As a result, the conditions in [16, Theorem 1] do not hold.
Instead, we apply Corollary 3.2. For v(z) = 1, we have

Li(v(z)dx) = —2?dx (18)



and II is
I = ({0} x Ry) U (S x {0}).

By the LaSalle invariance principle, the omega limit set of a
trajectory of the prolonged system, denoted by L¥, satisfies
L+ C 1. In addition, we have that lim;_, . v(z(t))dx(t) = ¢
for some ¢ € Ry and with v(xz) = 1, again by LaSalle’s
invariance principle.

According to Corollary 3.2, the system is IS, and the origin
is a unique equilibrium point, which means that all solutions
of the original system starting from S are bounded. We denote
the omega limit set of the original system by X+ C S.
Then, LT = XT x {¢} C IL From the structure of II,
if ¢ # 0 then X+ x {c} C {0} x Ry. Therefore, for any
trajectory of the prolonged system of which the omega limit
point is in X+ x {c}, ¢ # 0, the trajectory of the original
system converges to the origin. On the other hand, if ¢ = 0
then X+ x {0} C S x {0}. In this case, Corollary 3.2 (or the
argument of [17, the proof of Theorem 2]) is applicable. Since
the origin is an equilibrium point, any trajectory converges to
the origin. In summary, the origin is asymptotically stable. <

B. Max-Separable Conditions

In this section, we extend relation 3) = 1) in Proposi-
tion 2.3 by using the max-separable function (without taking
absolute values)

W (z,dz) := max 0 .
i€Z, w;(x)

19)

Since W is not differentiable, we use its upper-right Dini
derivative along trajectories of the prolonged system of 3,
defined as

DtW (z,éx)
. W(a:—khf(as),(;x—i-h%f)(;x) — W(x,dx)
:= lim sup .
h—0%+ h

Specifically, if each w;(z) (i € Z,,) is of class C*, this upper-
right Dini derivative satisfies (see [38])

DTW (x,éx)

_ L (ofi(x) _ Ow;(x) _
B jE?(E;;},%w) w?(x) ( or (z)ox Ox f(x)&vj) ’
(20)

with J(x,0z) ={j € Z,, : dxj/w;(x) = W(x,ox)}.

In the previous section, we have derived the incremental sta-
bility conditions in terms of the Lie derivatives of differential
one-forms. Its dual is given by the following Lie bracket [23],
[24] along a vector field f,

of (x) Ow(x)

[w, fl(x) = Ww(x) - Wf(x)

For ease of notation, we denote the j-th element of the
vector-valued function [w, f](x) by [w, f];(z). The above Lie
brackets are typically used for accessibility analysis [23], [24].

In the following theorem, we use the Lie bracket for IAS
analysis, similar to what was done through the Lie derivative of
the differential one-form. The proof is given in Appendix A-C.

21

Theorem 3.6: Let S C X be a connected and forward
invariant set of the monotone system X in (1) on a convex
set X'. Let w : § — R’} be a class C ! vector-valued function
such that

1) w(z) > 0 for any = € S.

Then, the monotone system Y is IAS on S with re-
spect to deo(+,-) induced by the max-separable function
max;ez, |0x;]/w;(x) if

2) there exists a continuous positive definite function «

such that
wiaé;) [w, fli(z) < —a(%) Yiel, (2

i

for any (z,0x) € S x R7}.
Remark 3.7: The LaSalle invariance principle is also appli-
cable in the max-separable case. If there exists a non-negative
function & : § x Rt — R such that

5131'

wi ()

[w, fli(z) < —a(z, i)

for all i € Z,, and (z,dz) € S x R”, then the monotone
system X is IS. Suppose that the monotone system 3 has
at least one bounded solution in S. Then, any solution to its
prolonged system starting from S xR’} converges to the largest
invariant A set in

II:= {(z,0x) € S xR} : a(z,dx) = 0}.

If A =S x {0}, the monotone system ¥ is IAS on S. <

Example 3.8: Inspired by a Lorenz chaotic system and an
example for incremental stability analysis in [35], consider the
system

i —Bz1 + w273
To | = —ox9 + ox3 ,
T3 -3

where B, 0 > 0. This system is monotone on the positive
orthant and we take S = ]Ri. It can be seen that the system
is in an upper triangular form, and the subsystem consisting
of the second and third elements,

. -0 0o
T23 = { 0 -1 ]5523,

is linear. In order to find w(x) and « satisfying Conditions 1)
and 2) in Theorem 3.6, we consider to use an eigenvalue and
eigenvector of the linear part. An eigenvalue is —1, and a
corresponding eigenvector is [o0/(c — 1) 1]T. Now, if there
exists wy (z) such that

- x3 T2 wl(x)

0 —0 o o/(oc—1)

0 0 -1 1

Tl fp R | [ han+ e
- 0 0 0 —ox2 +0T3
0 0 0 —T3
wy ()
=1 a/(c-1) |, (23)
1



then the conditions hold for a(z) = 2 and

w1 (x)
a/(oc—1)
1

w(z) =

It can be verified that such wq(x) is obtained as

(0 =B =2z +0(8 —20)z3
(c-1)(B-2)(-0-1)

In fact, wi(xz) — 1 is a solution to (23) with the equality.
In order to satisfy the requirement w(-) > 0, we use wi ()
instead of wy(z) — 1. For § > o0+ 1 and o > 1, all the
conditions are satisfied, and therefore, the system is IAS on
Ri (In fact, Proposition 4.6 in the next section concludes IES).
Note that w; depends on x5 and x3, which demonstrates the
utility of considering each w; as a function of z instead of
only x; as in [16]. <

1+

wy (z) =

IV. EXPONENTIAL STABILITY
A. Incremental Exponential Stability for Monotone Systems

In this section, we focus on IES of monotone systems.
To establish necessary conditions for IES in terms of sum-
or max-separable functions, we need the following technical
conditions on the set S C X.

Assumption 4.1: The set S is convex and both forward and
backward invariant for (1) , i.e., ¢(t,z9) € S for all ¢t € R for
any xg € S. In addition, for any zg € S, there exists a # 0
such that xg + ae; € S for all © € Z,,. <

Remark 4.2: We note that the latter assumption on the set
S is trivially satisfied when S is open. However, as the sign
of a can be chosen freely, this condition also holds when S
is a cone, e.g., the positive orthant R} <

In Appendix B, we prove the following necessary and
sufficient condition for IES as an extension of Proposition 2.3
towards nonlinear monotone systems. This result can also be
viewed as an extension of the Lyapunov converse theorem [30,
Theorem 4.14] for exponential stability to IES of monotone
systems.

Theorem 4.3: Let S satisfy Assumption 4.1 and consider
the monotone system ¥ in (1) on S. Suppose that 9f(x)/0x is
bounded on S. Then, the following statements are equivalent:

a) the monotone system X is IES on S with respect to one
of the distances dy(z!,2?) = |zt — 22|, da(at, 2?) =
|zt — 222, and doo (2!, 22) = |2} — 22|o0;

b) there exist a class C'' vector-valued function v : S —
R’ and positive constants ¢, ¢ and ¢, such that cll,, =
v(z) = ¢l,, and

Li(v"(2)dz) < —cov™ ()0 (24)

on & x R%;
¢) there exists a class C'! vector-valued function w : S —
R’ and positive constants ¢, ¢ and ¢,, such that cl,, =<
w(zx) < ¢l, and
[w, fl(z) X —cuw(x) (25)

on S;

d) there exist a class C' vector-valued function p : S —
R and positive constants ¢, ¢ and ¢, such that

cl, < p(z) 2 el, (26)
on S, and V(x,0x) := Y, .7 pi(x)dx] satisfies
oV (z,dx) oV (x,dx) Of (x)
g T a5 ar O
< —¢,V(z,dz) 27
on & x R}

Note that in Condition a), IES with respect to dy(-,-),
da(+,-), and doo (-, ) are equivalent owing to the equivalence
of norms on R™ (recall that S C R™).

Remark 4.4: For not-necessarily monotone systems and
not-necessarily diagonal Riemannian metrics, a similar relation
toa) <= d) is shown in a different way in [21, Proposition 4]
for a class C® vector field f. In Theorem 4.3 however,
owing to monotonicity, the existence of a diagonal Riemannian
metric is guaranteed for the class C? vector field f. In
fact, the paper [15] gives a different proof for d) = a)
based on results on positive LTV systems [39]. However, the
papers [15], [39] have not studied the sum- or max-separable
condition. In fact, we provide an alternative proof for d) —
a) based on these sum- and max-separable functions, which
is a natural extension of the proof for positive LTI system,
see [10, Theorem 15]. <

In Theorems 3.1 and 3.6, sufficient conditions for IAS
are provided without assuming backward invariance of S or
boundedness of 0 f (z)/0x, v(z), or w(x). In fact, it is possible
to derive sufficient conditions for IES without these assump-
tions, which are formally stated as the following propositions.
The proofs are given in Appendices A-B and A-C.

Proposition 4.5: Let S C X be a connected and forward
invariant set of the monotone system X in (1) on a convex
set X. Let v : & — R”% be a class C' vector-valued
function which satisfies Condition 1) in Theorem 3.1. Then,
the monotone system X is IES on S with respect to di (-, )
induced by the sum-separable function v™ (z)|dx| if (24) holds
for any (z,0x) € S x R7}.

Proposition 4.6: Let S C X be a connected and forward
invariant set of the monotone system X in (1) on a convex
set X. Let w : S — R% be a class C' vector-valued
function which satisfies Condition 1) in Theorem 3.6. Then,
the monotone system X is IES on S with respect to doo (-, -)
induced by the max-separable function max;cz, |dz;|/w;(z)
if (25) holds for any (z,dz) € S x R

Boundedness of df(z)/0x is the standard assumption for
the converse proof of exponential stability; see, for instance,
[30, Theorem 4.14]. As shown in Appendix B, under this
standard assumption, IES of monotone systems implies the
existence of the bounded functions v(z), w(x), and p(z).
Therefore, boundedness of 0f(z)/0x and v(x) are imposed
for establishing the converse statements.

B. Connection with Differentially Positive Systems

In [18], [29], an infinitesimal approach to monotonicity is
introduced leading to the notion of differential positivity as a



generalization of monotonicity. In this section, we discuss the
relation between the results in [18], [29] and our incremental
stability analysis.

Differential positivity relies on the introduction of a so-
called cone field, which associates a cone to every point in the
state space. A differentially positive system is then the one that
makes this cone field invariant. For the system ¥ in (1) and a
constant cone field R’}, this amounts to ®(t,z9)R"} C R’}
for any t > 0 and zy € S, i.e., condition (6) holds and
differential positivity and monotonicity are equivalent (see [18,
Theorem 1]).

Even though [18] does not explicitly analyze incremental
stability properties, the asymptotic behavior of trajectories
is studied under the stronger notion of strict differential
positivity. Again the constant cone field R”} as an example,
this property can be stated as (¢, z9)R’} C R for any ¢t > 0
and z¢ € S and with R a cone satisfying R C int(R’ ) U {0}
(for simplicity, R is taken to be constant here). Loosely
speaking, strict differential positivity calls for trajectories of
the variational system to converge to the interior of the cone; a
property that is made explicit in [18] as the contraction of the
so-called Hilbert metric. In fact, [18, Theorem 2] shows that
such trajectories satisfy (assuming backward invariance of S)

tlirglo ®(0,p(—t,2))0x € {Aw(z) : A > 0}, (28)

for any (z,dz) € S X R", where w is the Perron-Frobenius
vector field which satisfies w(z) € int(R"}) for all 2 € S. For
linear systems, the Perron-Frobenius vector field reduces to
the well-known Perron-Frobenius vector of the system matrix.
As the trajectories of the variational system converge to the
Perron-Frobenius vector field, this can be thought of as a type
of partial (or horizaontal) contraction.

In the current paper, however, we study incremental sta-
bility properties without requiring strict differential positivity.
Moreover, as shown in Appendices A-B and A-C, our IAS
conditions in Theorems 3.1 and 3.6 guarantee the convergence
property to the origin for the variational systems (rather than
to the Perron-Frobenius vector).

C. Nonlinear Eigenvalues

As mentioned in Remark 2.4, Proposition 2.3 for stability
analysis of positive LTI systems has a strong connection with
the Perron-Frobenius theorem and the dominant eigenvalue. In
this subsection, we establish a similar connection among non-
linear eigenvalues [25]-[27], Perron-Frobenius vector fields
(as in Section IV-B), and contraction analysis.

Eigenvalues and eigenvectors of the system matrix play an
important role in the analysis and control of LTI systems. In
order to generalize these results, the concept of eigenvalues
and eigenvectors are extended to nonlinear systems and used
for stability, controllability, and observability analysis, as
well as for solving a so called differential Riccati equation
which appears in controller design [25]-[27]. Extensions of
eigenvalues and eigenvectors are based on the interpretation
that an eigenvector of a matrix A is an element of a one-
dimensional A-invariant subspace. In differential geometry, the
concept of A-invariant subspace is extended as an invariant

codistribution or distribution [23], [24]. Therefore, one can
interpret an element of a one-dimensional invariant codistri-
bution or distribution as a nonlinear version of an eigenvector.
A vector-valued function v : R — R" corresponds to
the one-dimensional invariant codistribution if there exists a
function A\, : R™ — R such that
Li(v"(x)dz) = My (2)0™" (2)dz, (29)
where span{vT(x)dz} is a one-dimensional invariant codis-
tribution. We call the above A, (-) and v(-) a nonlinear left
eigenvalue and eigenvector, respectively [25]-[27]. Similarly,
a vector valued function w : R®™ — R"™ corresponds to a
one-dimensional invariant distribution if there exists a function
Aw : R™ — R such that

[w, f1(x) = A (2)w(z), (30)

where span{w(x)} is a one-dimensional invariant distribution.
We call the above A, (+) and w(-) a nonlinear right eigenvalue
and eigenvector, respectively [25]-[27]. In the linear case, the
definition (29) and (30) corresponds to the eigenvalue and left
and right eigenvector, respectively. As expected as a property
of eigenvalues, nonlinear eigenvalues are invariant under a
nonlinear change of coordinates [25]-[27].

Now, we are ready to investigate the connection among
nonlinear eigenvalues, Perron-Frobenius vector fields, and con-
traction analysis. First, as shown in [18], the Perron-Frobenius
vector field of a strictly differential positive system always
satisfies (30) for some A, (z). That is, the Perron-Frobenius
vector field is a nonlinear eigenvector. Recall that the Perron-
Frobenius vector field w(x) is in int(R%), ie., w(-) > 0.
Therefore, by comparing (30) and (25), it can be seen that if
Aw(z) is uniformly negative, then Proposition 4.6 concludes
IES. That is, one can evaluate IES of a strictly differentially
positive system by checking the nonlinear eigenvalue corre-
sponding to the Perron-Frobenius vector field.

Remark 4.7: Although there are various applications of
nonlinear eigenvalues, their computation remains challenging
as it requires solving a nonlinear partial differential equation.
However, it may be possible to use numerical computational
results of the Koopman operator [40]. A Koopman eigenvalue
and eigenfunction can be respectively viewed as a complex
number A € C and scalar valued function ¢ : S — C
satisfying

9¢(x)
ox

By computing partial derivatives with respect to =, we have

(5

f(x) = Ao(x).

f<x>) o (@) () = W),

where vT(z) := O¢(x)/0x. This is nothing but (29); re-
call (14). Therefore, A and O¢(x)/Ox are respectively a
nonlinear left eigenvalue and eigenvector, and it is possible
to apply numerical methods for Koopman eigenvalues and
eigenfunctions to a nonlinear eigenvalue and eigenvector. <



D. Remark on Positive Linear Time-Varying Systems

As mentioned in Remark 2.2, the variational system (2) of
the monotone system X in (1) can be viewed as a positive LTV
system. Therefore, Theorem 4.3 is applicable for exponential
stability analysis of positive LTV systems.

To make this explicit, consider the positive LTV system

i(t) = At)a(t), 31y

where A : R — R™" is continuous. Suppose that each off-
diagonal element of A(t) is non-negative for all ¢ € R. From
Theorem 4.3, we have the following extension of Proposi-
tion 2.3, where Conditions 2) and 3) are our contribution while
Condition 4) is established in a different way in [39]. The
proof is similar to that of Theorem 4.3; for more details, see
Appendix C.

Corollary 4.8: Suppose that A(t) is bounded on R. The
following statements are equivalent:

1) the positive LTV system (31) is exponentially stable;

2) there exist a class C' vector-valued function v : R —
R’ and positive constants ¢, ¢ and ¢, such that cll,, =
v(t) < ¢l,, and

for any t € R;

3) there exist a class C'' vector-valued function w : R —
R’ and positive constants ¢, ¢ and ¢,, such that cl,, =<
w(t) < ¢l,, and

~dw(?)

A(t)w(t) i

= —cuw(t)

for any t € R;
4) there exists a class C'' vector-valued function p : R —
R and positive constants ¢, ¢ and c,, such that

cl, = p(t) =cl,

for any ¢t € R, and V (t,x) := 3, . pi(t)z} satisfies

ov(t,z) OV(t x)
<
5 e A(t)r < —¢,V(t, )
for any t € R and =z € RY. <

V. EXAMPLES AND APPLICATIONS
A. Example

Consider a nonlinear single-integrator multi-agent system
on an undirected graph given by

1 =—Li(x1) + Z Lii(x; — 1),
JENT
i?i = Z ,Cl'_’j(fﬁj - IZ‘), ) 7é 1,
JEN;

where x; € R, with i € Z,,, N; is the set of neighbors of
agent 7, and ¢ ¢ N;. The first agent will be referred to as the
leader and dL;(z1)/dxzy > 0 for any 27 € Ry. The coupling
functions satisfy £; ;(0) = 0 and 9L, ;(z)/0z > 0 for all
1 € I, j € N;. In addition, they are taken to be pairwise odd,
meaning that £, ;(x) = —L;;(—x) forall z € R, i € Z,,, and

j € Nj; [41]. We note that these assumptions are automatically
satisfied for linear multi-agent systems on undirected graphs.

We study incremental stability under the assumption that
the system with output y = £4(x1) satisfies the observability
rank condition (see the discussion below Corollary 3.2) at each
x € R} \ D, where

D={zeS:xy=x0=-=2a,}. (32)

Denote the compact form of the system by
T =—L(x).

Then, from the assumption for the couplings and £;(-), the
system is monotone on R/ and satisfies

_q7 OL(x) _ [
" Ox
Therefore, (16) holds for v(z) = 1, and &(z,0z) =

(dL1(x1)/dx1)dx1. From Corollary 3.2, the system is IS.

Next, suppose that the system has a bounded solution in
R’ . For instance, this is true if the system has an equilibrium
point in R’}. From the observability assumption, the largest
invariant set contained in I of (17) is

A= (R} x{0})U(D x {6z € R} : dz1 =0}),

dLq(x1)
dlm) g

=<0.

given as the union of two sets. In a similar manner as Ex-
ample 3.5, stability analysis can be decomposed into analysis
of two different subset. For the first set, i.e., (R"} x {0}), we
have for any (z',2?) € Rt x R’} that

Jim dy (6(t, 27), (¢, 2%)) = 0.

For the second set, from the definition of D in (32), for any
(z',2%) € R? x R, we have

tliglo ¢1(taxl) = tllglo ¢2(t7$1) == lim (bn(tvxl)v

t—o0
tlggo di(t,a”) = tli)rgo da(t,a”) = -+ = t11>I£lo On(t,a?),
tlifgodl([ ¢1(t7.’£1) o - 0 }Ta
[ ¢1(t,2%) 0 015 =o.

In both cases, any pair of trajectories converge to each other,
i.e., the system is IAS on R?} x R’ but not necessarily IES.

B. Stabilizing Controller Design

In the contraction framework, the stabilization problem is
studied by using so-called control contraction metrics in [31],
[32], and these techniques have recently been applied to
distributed control of monotone systems with the diagonal
Riemannian metric [42]. The concept of control contraction
metrics can be extended to sum- or max-separable functions
of monotone systems using the results of Sections III and IV,
which also suggests the distributed controller design based on
separable functions as future work. To make this explicit, we
consider the closed-loop system

#(t) = f(z(t) + Bk(z(1)),

where f is the same function considered for the monotone
system ¥ on convex X, and B € R}*™. Our objective is

(33)



to characterize feedback control laws k& : R®™ — R™ that
guarantee IES of the closed-loop system. In a similar manner
to [31, Theorem 1], we have the following proposition for
stabilizability of monotone system.

Proposition 5.1: Consider a monotone system X in (1) on a
convex set X. Let S C X be connected. Also, letv : S — R7Y
be a class C'! vector-valued function such that

1) v(z) =0 for any z € S;

2) there exist a class C! matrix-valued function K : R™ —

R™*™ and positive constant ¢, such that each off-
diagonal element of BK(x) is non-negative for any

r € X, and
T
T () aJ;S”) + BK(z) + <ag(5) f(x)) <~ (@),
ov(z)
oz B=0,
for any x € S;

3) K(x) is integrable, i.e., there exists a vector-valued
function %k : R™ — R™ such that 0k(z)/0z = K(z).
If S is a forward invariant set of the closed-loop system (33)
then the closed loop system is monotone on X and is IES
on S.
Proof: First, we show that the closed-loop system (33) is
monotone. To this end, note that

O(f(z) + Bk(x)) _ 0f

ox 0
From monotonicity of ¥, f satisfies the Kamke condition (5).
Combining this with the requirement for BK(-) in Condi-
tion 2), it can be concluded that the closed-loop system (33)
satisfies the Kamke condition in Proposition 50. Thus, the
closed-loop system is monotone on X.

Next, Conditions 1) and 2) in the statement of this theorem
imply that the closed-loop system (33) satisfies all conditions
of Proposition 2.1. As a result, the closed-loop system is IES
on S. ]

As in [31], the integrability condition 0k(z)/0x = K(x)
can be relaxed by using a path integral. We also note that
non-negativity for each off-diagonal element of BK(z) is
only a sufficient condition to preserve monotonicity. In fact, as
long as the closed-loop system is monotone, Proposition 5.1
is valid. In other worlds, even if the original system is not
monotone, Proposition 5.1 may still apply.

One can extend Proposition 5.1 to IAS based on Theo-
rem 3.1. Also, the LaSalle invariance principle argument can
be extended as demonstrated by the following example.

Example 5.2 (Revisit the example in Section V-A):
Consider the controlled single-integrator multi-agent system

i’l = Z Elyj(a:j — .’El) + u,
JjENT
ifZE:ﬁm@U—m%i#l
JEN;
where each function and symbol are defined in the example in
Section V-A except for the input variable u € R. Its compact
form is denoted by

(;) + BK(x).

i=—L+ bu.

Now, we consider stabilizing controller design. For v(z) =
1, and K = —[1 0 --- 0], the conditions in Proposition 5.1
hold except for the first inequality of Condition 2). Instead of
this inequality, we have

ot (3£(x) +bK> ——[1 0

0]=0.

ox

By applying the LaSalle invariance principle argument, it is
possible to show that the closed-loop system with k(x) = —x4
is IAS on Rﬁ_ X ]Rf_. <
It is also possible to obtain a max-separable version of the
stabilizability condition based on Proposition 4.6. Since the
proof is similar, it is omitted.
Proposition 5.3: Consider the monotone system X in (1) on
a convex set X. Let S C X be connected. Also, let w : S —
R? be a class C ! vector-valued function such that
1) w(z) > 0 for any z € S;
2) there exist a class C'! matrix-valued function K : R™ —
R™*™ and positive constant ¢, such that each off-
diagonal elements of BK (x) is non-negative for any

r € X, and
(22 4 Brc)) wio) - 200 1(0) < e 0,

[w,b;] =0, i € Ty,

for any € S, where B = [by -+ by
3) K(x) is integrable, i.e., there exists a vector-valued
function & : R™ — R™ such that 9k(z)/0zx = K(z).

If S is a forward invariant set of the closed-loop system (33),
then the closed loop system is monotone on X and is IES
on S. <

C. Partial Incremental Stability

The concept of partial stability [43] has been extended
towards contraction analysis in the notions of partial contrac-
tion [33], [34] or horizontal contraction [17]. For instance,
partial contraction is applied to observer design [19], [21],
[44] and tracking control [45], [46]. Propositions 4.5 and 4.6
can be extended for partial contraction analysis.

Consider the following system with the state z and the
input x,

(t) = g(z(1), z(1)),

where g : R" x R® — R" is of class C2, and g(z,x) = f()
for all x € R™. The latter implies that, if the initial state is
29 = xo, then z(t) = x(t) for all ¢ € Ry. Therefore, if the
system (34) is IES with respect to z(t), then 2(t) — x(t) as
t — oo. For instance, if g(z,x) = f(2) + k(z,h(z)) with
k(x,h(x)) = 0, then the system (34) becomes an observer for
the system X with output y = h(z). The system (34) is called
a virtual system of X.. The unique solution z(¢) to the virtual
system (34) at time ¢ € R starting from z(0) = zo with input
z(t) = ¢(t, z0) is denoted by ¢(t, 2o, ¢).

Suppose that this system is monotone on convex X x X
with the state z and the input u(t) = ¢(t,zo) [1], i.e., the

(34)



implication

2! < 227 ut =< u?
= o(t, 2", u') < 9(t, 2%, u?), VE€ Ry (35)

holds for any z',2%2 € X and continuous u!(t),u?(t) € X
for all t € Ry. In (35), u! < u? means u'(t) < u?(t) for
all t € Ry. Note that since the system ¥ is monotone on
convex X, ' < 22 implies ¢(-, 2') < ¢(-, 2?). Consequently,
if 21 < 22 and 2! < 22 then &(-, 2, 1) =< @(-, 22, $?), where
¢t =g, xb), i =1,2.

Now, we formally define incremental stability of the virtual
system.

Definition 5.4: The virtual system (34) is said to be IES
on S with respect to z uniformly in z if there exist positive
constants k£ and A such that

d(d_)(ta Zla ¢1)7 Q_S(tv 227 ¢2)) < keiAtd(Zl, 2:2)7 Vvt € RJr

for any (z!,22), (z%,2%) € S x S. <

Definition 5.4 is an extension of partial stability [43] to IES,
and a similar property is called partial contraction [33], [34].
As simple applications of Propositions 4.5 and 4.6, we have
the following conditions for partial stability. Since the proofs
are similar to those propositions, they are omitted.

Proposition 5.5: Let S C X and S x S be connected and
forward invariant sets of the monotone system (1) on convex
X and the virtual monotone system (34) on convex X x X,
respectively. Let v : & — R” be a class C'' vector-valued
function such that

1) v(z) >0 for any z € S;
2) there exists a positive constant ¢, such that

T
,UT(Z)ag(Zax) + (av(z)g(z7x)) S 7CUUT(Z)

0z 0z

for any x,z € S.

Then, the monotone virtual system (34) is IES on S with
respect to z uniformly in x. <

Proposition 5.6: Let S C X and S X S be connected and
forward invariant sets of the monotone system (1) on convex
X and the virtual monotone system (34) on convex X x X,
respectively. Let w : & — R’} be a class C! vector-valued
function such that

1) w(z) >0 for any z € S;
2) there exists a positive constant c,, such that
0g(z,x) ow(z)
0z w(z) 0z
for any z,z € S.

9(z,x) X —cpw(z)

Then, the monotone virtual system (34) is IES on S with
respect to z uniformly in x. <
In a similar manner, one can define IS and IAS with respect
to z uniformly in x and extend Theorems 3.1 and 3.6, which
is demonstrated by the following example.
Example 5.7 (Revisit the example in Section V-A): We
consider the design of an observer for the single-integrator

multi-agent system in Example 5.2 with u =
Yy = a1, 1.€.,

0 and output

T; = Z ['i,j(xj — l‘i), 1€ In,,
JEN;

Yy=2x.

Then, from Corollary 3.2, the system is IS on R’} with v(z) =
1,,. Suppose that the system has a bounded solution. Then,
from IS, any solution to the system ¢(t,x¢) is bounded for
any t € Ry and zo € RY.

Here, we consider the following virtual system

=) Li(z—2)— (2 +y),
JEN:
2’7; = Z »Ci,j(zj — Zi), ) # 1.
JEN;
According to Example 5.2, this system with y = 0 is IAS on
R x R’. Note that dg(z,x)/0z does not depend on y and
thus . Therefore, for any bounded y, it is possible to conclude
that the virtual system is IAS on R’} x R’} with respect to
z uniformly in z. This implies that the virtual system is an
observer of the multi-agent system. <

VI. CONCLUSION

In this paper, we have presented sum- and max-separable
incremental stability conditions for monotone systems in terms
of Lie derivatives of differential one-forms and Lie brackets
of vector fields. In particular, for incremental asymptotic
stability, we have given sufficient conditions, and for incre-
mental exponential stability, we have provided necessary and
sufficient conditions under several assumptions. Moreover, we
have shown that a diagonal contraction Riemannian metric
can be constructed on the basis of those sum- and max-
separable functions. In other words, we have provided natural
extensions of separable conditions for stability of positive LTI
systems. Finally, based on the fact that variational systems
can be viewed as LTV systems, we have established separable
exponential stability conditions for positive LTV systems.
Future work includes the converse analysis of IAS, contraction
analysis on general cones, and the development of methods
for finding vector-valued functions that satisfy sum- or max-
separable conditions.

APPENDIX A
PROOFS FOR IAS

Here, our goal is proving Theorems 3.1 and 3.6. The proofs
are based on Proposition 2.6. Therefore, first we prove this
proposition and then each theorem.

A. Proof of Proposition 2.6

Proof: We only prove for the case : = 2, j = 1 as the
proofs for the other combinations are similar.

Recall that, for a given (z,0z) € S x R™, each sep-
arable function can be viewed as a norm of the vector
[v1(z)dx1 -+ vy (2)0,)T € R™ In fact, M;(z,dz) and
Ms(x, dz) correspond to its 1 and 2 vector norms, respectively.



From the equivalence of norms on R”, there exist positive

constants a, ; and @z, such that, for all (z,0z) € S x R",
ay 1 My (x,67) < My(x,0z) < @21 Ma(z,67). (36)

To show that these inequalities are preserved for the induced
distances d; and d», let

By (zt,2?) = {/OIM1 <7(s)7ClYii“g)> ds:vy € r(:&,;ﬁ)}.

Then, by the above definition, for any ¢ € E;(z!,z?), there
exists a piecewise C! path v € I'(z!, 2?) such that

! d
€= /0 M, <'y(s), ’ZZS)> ds. (37)
For this +, we obtain from (36) that
d d
a1 My (v(s), Zif)) < M, (v(s), f) NE)

for any s € [0, 1]. Integrating the above (for s ranging over
the interval [0, 1]) preserves the inequality. Moreover, we note
that the path + does not necessarily achieve the infimum in
the induced distance ds, see (10) for i = 2. As a result, (38)
and (37) lead to

gg’ldg(xl,xQ) <e.

Since ¢ is arbitrary, a,da(z',z?) is a lower bound for
Ei(z',2?). Therefore, ay da(x',2?) < di(z',2?). In a
similar manner, it is possible to show the second inequality
of (13) for i =2 and j = 1. [ |

B. Proofs of Theorem 3.1 and Proposition 4.5

Proof: As a preliminary step, we analyze stability of the
prolongation of Y. From (14) and (15), the time-derivative of
vT(x(t))éx(t) along solutions to the prolonged system of %
satisfies

d(vT (z(t))éx(t
WH) _y
< —a(vT

T (a(t))da(t))
((t))dx(t))

for any (x(t),dx(t)) € S x R} and t € R,. Then, the use of
the comparison principle (e.g., [30, Lemma 3.4]) leads to

v (w(t))dx(t) <

for any t € Ry and (z9,dz9) € S x R} In fact, as « is
positive definite, it follows from [30, Lemma 4.4] that (39)
implies the existence of a class L function /3 such that

v (z(t))dx(t) < BvT (z0)dx0,1)

for any ¢t € Ry and (xo,d29) € S x R’} Note that (40) and
(41) do not necessarily hold for any (x¢, dzg) € S x R™, i.e.,
dxg is required to be in R}.

We are ready to prove Theorem 3.1 for IAS. Take any
e > 0 in (12). Since v(xz) > 0 on &, there exists a
class Ct path 4(s) € T'(z!,2?) satisfying (12) (note that
the induced distance da(-,-) is considered here). We choose

(39)

vt (z0)dzo, (40)

(41)

(F(s),|d¥(s)/ds|) as the initial state (zq, dxg) of the prolon-
gation of Y. From (3), the corresponding solution is

oy 98(8,7(s)) | dy(s)
t),0x(t)) = t . 42
(a(0)00(0) = (0,365, 222 |
Note that (¥(s), |[d¥(s)/ds|) is in S x R for any (2',2?) €
S x S and s € [0,1]. According to Remark 2.2, the so-
lution (42) is in S x R’} for any ¢ € R, which implies
dx(t) = |dz(t)| and, consequently,
9¢(t,7(s)) _ |99t 7
ox

At this point, observe that ¢( ,f‘y( )) (when regarded as a
function of s) is a path in I'(¢ ( t,zl), ¢(t,2?)). Then, consider

ay 1 M> <¢(t 3(s)) d¢( >

dy(s)
ds

’ .43

§M1(¢< 3(s)), 2L ) (442)
=t (0(t.7(9), Wﬂfj) . @)
< 0 (9(t.3(6). | 2G| e

where (44a) follows from (36) and (44b) is the result of the
chain rule and the observation that M;(z, dz) = My (x, |0z])
for all (x, §x) € S xR™. Finally, (44c) is a consequence of (6).

Observing that the arguments in M in (44c) are x(t) and
dx(t), respectively (recall (42) and (43)), it follows from (40)
and (zg, 6xo) = (3(s), |dy(s)/ds|) that

e (0(t.7(9), 1)
=M (7(5)’ ‘dZiiS) ’ (45a)
=t (W(S)’ ‘leiS) > : (45b)

where (45a) again follows from (36). We recall that ¢(¢, 7(s))
is a path in T(¢(t,z'), d(t,22)), but not necessarily a
geodesic. Thus, by taking path integrals in (45), hereby using
(10) for ¢ = 2 and (12), we have

da(¢(t, x1), ¢(t,2%)) < (@2,1/a5,)(1 + €)da(z', 2?)

for any t € Ry and (z!,22) € S x S. Thus, the monotone
systems is IS.

Following a similar reasoning, but applying (41) (instead of
(40)) after (44), we obtain

1 _
fottat). o) < =[5 (v T 1) as
as1 Jo ds
after taking path integrals. Consequently, as 3 is of class KL,
limy o0 d2(A(t, 21), é(t,22)) = 0 and the monotone system
¥ is TAS with respect to da(+, -) on S. From the equivalence of
induced distances (recall Proposition 2.6), we also have IAS
with respect to dy (-, -).
Finally, we prove Proposition 4.5 for IES. From (24),

vl (z(t))dx(t) < e (20)dwo, (46)



such that the application of this result to (44c) gives

ay 1 My ((b(t, 3(s)), CW)
e <7(s)’ de) ) (@7a)
< Gae” "M, (7(8)7 d;—f) ) ., (47

where again (36) is used to obtain (47b). Then, taking path
integrals, using (10) for ¢ = 2 and (12) as in the proof of IS,
we obtain

d2(¢(t’ xl)’ ¢(t7 xQ)) <

Therefore, the monotone system X is IES with respect to
da(,-), and consequently d; (-, -) from Proposition 2.6. |

as(1+¢)

e~ ldy(zt, 2?).
ay

C. Proofs of Theorem 3.6 and Proposition 4.6

Proof: First, we consider Theorem 3.6 for IAS. From the
definition of J(z,dx) below (20) and w(z) > 0, we have

5(Ei
wi ()

(5.’1,']'
w; ()
on & x R for any j € J(x,dx) and i € Z,,. In addition, due
to the Kamke condition for monotonicity (5), (48) leads to

@i, < O D,

on S x R} for any j € J(x,dx) and i € Z,,. As a result, we
obtain

< = wj(r)dzr; < wi(z)dz; (48)

K3

8fj(x)wl(x)6x = Z afj(m)wj(m)éa:i

ox 7 ieT, Oz

(x

< Z %ﬁii)wi(x)dxj

1€L,,
_ Ofi(x)

Oz

on S x R for any j € J(x,0x).
In the evaluation of the Dini derivative of W(-,-), let
l € J(x,0z) be an index that achieves the maximum in (20).
Then, by recalling that w(x) > 0 by assumption and the use

of (49), we obtain

w(x)ox, (49)

(le

Py i),

where the definition of the Lie bracket in (21) is used. As a
result of (22), this leads to

DWW (x,6x) < (50)

5.’);‘l

wy ()

DTW (x,6x) < —a( ) = —a(W(z,0z)) (51
where the equality is a result of [ € J(x,0x). Then, by
applying applying the comparison principles [30, Lemma 3.4]
and [30, Lemma 4.4], respectively, we get

5$J‘(t 51‘01‘
< : 2
Jets wi((2)) ety wi(zo)’ (52)
1) j(t) ) 0,2
< b
iets wi () = f@(?é%ff ” xo)’t>’ (53)

for any t € Ry and (xo,d20) € S x R’. In the above, 3 is
a function of class L. In a similar manner to the proof of
Theorem 3.1, it is possible to show IS and IAS, respectively.
Next, we consider Proposition 4.6 for IES. By multiplying
dx;/w?(x) to each element of (25), we have
ox; ox; .
The use of this result in (50), together with the definition of
J(z,6x) and (19), yield

(54)

D W (x,6x) < —cy ﬂ

(@) = —c, W (x,dz)

for any (z,0x) € SxR . Thus, IES can be proven in a similar
manner to the proof of Theorem 3.1. [ ]

APPENDIX B
PROOEFS FOR IES

We provide the proof of Theorem 4.3 in the following order:
a) = bothb)and ¢) = d) = a).

A a) = b)

The proof of a) = b) is given below. Note that we do
not assume backward invariance of S.
Proof of @) = b): Let (s) = a! + s(2? — z1),
s € [0,1] be a line segment that connects x!, 2> € S.
For a given s € [0,1], consider the solution ¢(¢,4(s)) of
the monotone system X and note that, due to convexity and
forward invariance of S, ¢(¢,%(s)) € S for any t € R,.
Since ¢(t,4(s)) is a (not necessarily straight) path connecting
#(t, z?) and ¢(t, '), for any t € R, and 2!, 2% € S, we have

I AI0)
o(t.o?) — ott.ot) = [ ST,

0
_ [ tsena,
o Oz ds

:/0 B(t,4(s)) (22 — al)ds, (55

where (3) and the definition of the straight line 4(s) are used
to obtain the last equality. The positive invariance of S and
(6) imply ¢(t,2?) — ¢(t,z') = 0 for 22 — x! = 0. Then,
d1(¢(tv ml)v d)(t? .’EQ)) = |¢(t7 x2) - ¢(t7 $1)|1
= HE((b(ta :EQ) - ¢(t7 Il))

for any t € Ry and (2!,22) € S x S such that 22 = z'.
Therefore, the definition of IES, (56) and (55) yield

(56)

/0 1T0(1,5(5))(2? — at)ds = 12 (6(t,22) — o(t, 1)

< ke MUY (2% —2b).  (57)
Suppose that @ in Assumption 4.1 is positive for some
standard basis vector e;, i.e. x € S implies x + ae; € S;

the negative case will be discussed later. From convexity of



S, x+ he; € S for any 0 < h < a. Then, by substituting
2! =z and 22 = x + he; into (57), it follows that

1
/ ﬂ;{@(t, x + hse;)eds < ke”‘t]lzei = ke M.
0
After the change of variables 5 = hs, this yields

1 h
#(h) = E/ 1T ®(t, 2 + 3e;)e;ds < ke M. (58)
0
Notice that this holds for any 0 < h < a. Since llztI’(t,x +
Se;)e; is continuous at § = 0, it follows from the fundamental
theorem of calculus [47, Theorem 6.20] that

1 [k
#(0) = lim — 1T ®(t, x + 3e;)e;ds = 1 B(t, z)e;.
h—0 h 0

Moreover, as a result of (58) and continuity of ¢, we obtain
1T ®(t, 2)e; < ke ™,

Then, the monotonicity property (6) implies that we
have @, ;(t,z) < ke~ forany j € Z,,t € R, and z € S.
Next, even if a is negative, one has the same conclusion by
substituting ' = x4 he; for ¢ < h < 0 and 22 = x into (57)
and using the change of variables § = h(1 — s). In summary,
we obtain

@, (t,x) <ke M Vi,jeTI, (59)

Now, we are ready to construct a function v(-) satisfying
the conditions in this lemma. Inspired by the converse proof
for IES of positive LTI systems in [10, Theorem 15], define

¢
v(z) ::/ ®T(t — 7, x)1,dr,
=6

for some § > 0. The definition (60) does not depend on ¢ as,
by changing variables » =t — 7, we have

s
v(;v):/o ®T (r, x)1,,dr.

From (61), it can be observed that v(z) is of class C* (as a
function of x) for any § > 0, since ®T(r, ) is.
This v(z) is upper bounded. From (59), we obtain

§ é
/cb(r,m)drj/ ke 1, 1} dr
0 0

= §(1 — e 1,1} < énnng, Vr € S.

As a result, v(z) <¢l,,, ¢=kn/X on S for any § > 0.
Next, we show the lower boundedness of v(x) for suffi-
ciently large 6 > 0. From the boundedness of df(x)/dz and
the forward invariance of S, there exists a positive constant cy
such that —cy < Ofi(o(t,z))/0x; for any i,j € I,, x € S
and ¢t € Ry. From (3), (6) and this lower bound, we have

A=) sl —ra)
dr ox
< cfnllgfb(t —T,x), t >,

(60)

(61)

(t—rT,x)

where = is the element-wise inequality for matrices. Integra-
tion with respect to 7 from ¢ — § to ¢ yields

]1;'; — ]l;Ll—CI)(é7 x) < cfmj—r(;v)7 (62)

where the definition (60) of v(x) is used. From (59), the left
hand side satisfies

1) —nke®) <10 — 17 @5, 2). (63)

Therefore, for any c satisfying 0 < ¢ < 1, there exists a
sufficiently large 6 > 0 such that

el < 1) —nke 01 (64)

Thus, we have cl,, < v(z), c:=c/cyn on S.

It remains to show that v satisfies (24) for sufficiently
large 6 > 0. To do so, substitute z = ¢(r,Z) into (60) to
obtain

v(g(r,T)) = /f_(; O (t — 7, ¢(r, 7)) 1,,dT (65)

for r € Ry and z € S. From (4) and non-singularity of the
transition matrix, (65) can be written as

t
v(p(r,z)) = @~ " (r, 5:)/ T (t+r—7,2)1,dr. (66)
t—§
To simplify notation, fix Z € S and define
t
Gi(r) :== / O(t+r—7,%)dT. (67)
t—5

Then, taking derivatives with respect to  on both sides of (66)
yields

(O D) ¢4 7))
BE ’
_ WG?(T)LL +@ "(r, f)%“n' (68)

We will show that (68) implies (24) by rewriting the two terms
on the right-hand side. For the first term, we will use that (3)
leads to

8@7(;(]", z) — o) 8@2:, z) &1(r, 7)
_ —(I)_l(T, .f) af((g(;’ 'f)) (69)

For the second term, note that the use of (3) and (67) leads to

dGy(r) /t 5‘@(t+r7'r,:7:)dT
dr Ji_s or ’
t . _
_ _/ o0(t+r T,x)dq_,
t—o or

= —®(r,7) + O(r + 0, 7). (70)

Returning to (68), the substitution of the results (69) and (70),
as well as the use of the definitions (66) and (67), can be
shown to lead to

dv(g(r, 2)) N
Tf(ﬁb(ra T)) =

T r,T
- THOD) 4, 39) - 1,

+ & T(r,z)0 (r +6,2)1,. (71)

for any r € Ry and € S. Especially, when r = 0, this
simplifies (with ®(0,z) = I,,) to

31(;7?) %U(@ =1, + ®7(5,7)1,.

§@)+ =5



From (63) and (64), for any c satisfying 0 < ¢ < 1, there
exists a sufficiently large 6 > 0 such that
(@) ., 9Tf()
Yoz Tt T
Since v(z) = ¢l,, ie., —cl, < —(c¢/¢)v(x), the condi-
tion (24) holds for ¢, = ¢/c. [ ]

v(Z) <X —cl,. (72)

B. a) = ¢)

For the proof of a) —
invariance of S.

Proof of a) = c¢): From the equivalence of distances,
the monotone system X is IES with respect to the distance
di(zt,2%) = |o#' — 2?|1. According to the proof of a) =—>
b), we have (59), i.e., the system

SA(E) = W&(@

c), we require the backward

is exponentially stable with respect to . To construct a max-
separable function, we use its dual LTV system [48] given as

A" (é(—t,))
N ox
From the backward invariance assumption, this system is
defined for any = € S, and its solution reads

(1) = (%(‘”)) 50

p(t) p(t). (73)

ox

For LTV systems, it is known that exponential stability
of a system and its dual are equivalent [48]. Therefore, the
system (73) is exponentially stable, i.e., there exist positive
constants k£ and A such that

Op(—t,x)\ “xtq 7T
<8x ) < ke ™M1,1,. (74)
Now, define
k 8¢(_t+7—?$)>_1
= _ 1,dr, 75
wo)i= [ (25 a9

where § > 0. Note that Remark 2.2 is also applicable to system
(73), i.e., each element of (O¢(—t,xz0)/0x)~! is non-negative
for any ¢t € R,. Therefore, similar to the proof of a) —
b), by changing variables » =t — 7, one can show from (74)
that this w(-) satisfies cl,, < w(z) < ¢l,, for some 0 < ¢ < ¢
for sufficiently large § > 0. Moreover, w(z) is of class C'* for
any x € .S and 6 > 0.

Next, substitute © = ¢(—r,Z), r € R4, T € S into (75) to
obtain

w(o(-ra)) = [

t—o

1, dr.
z=¢(—r,Z)
By computing its derivative with respect to r, again following
a similar approach as in the proof of a) = b), we have

' («%(—gi mc))1

8w(¢(—7“7 ‘i‘)) =
- %f@()_)?“v 35))
¢ —’I",.'i' —
= S (e E) ~ 1,
0¢(—r,7) (dp(—r —8,2)\ "
* Oz ( Oz )

for any r € Ry and T € S. Especially, for » = 0, this can be
written as
9(—9, )

[w, fl(z) = —1,, + (5&;7)1’ Vz € S,

In a similar manner as the proof of a) = b), from
exponential stability, one can conclude that for any 0 < ¢ < 1,
there exists a sufficiently large 6 > 0 such that

[’LU, f](x) = _C]ln

where the definition (21) is used. The proof can then be
completed by again following the same ideas as in the proof
of a) — b). |

(76)

C. b)and c) = d)

Proof: Define p;(x) := v;(x)/w;(x) (i € Z,). Then, it
is clear that there exist positive constants ¢ and ¢ such that
cl,, =< p(z) < ¢l,. By using (72) and (76), it can be shown
that

OV (z,dx)

0

oV (z,0x) Of (x)
déx ox
ot )

F@)  wiz

fz) + ox

Z_Z<5)

i€y,

~

of;
=Y @) 52

o x; \w;(z)

s-e ) (;;((Z)) ! wi)) o

€T, v

where (5) and v(z), w(x) > 0 are used to obtain the inequality.
From boundedness and uniformly positive definiteness of v(x),
w(x), and p(x), it is clear that there exists a positive constant
cp such that (27) holds. |

D. d) = a)

Proof: For not-necessarily monotone systems, the pa-
per [17] shows that Condition d) implies IES with respect to
the distance in (11) with v(-) = p(-) in (8), which we denote
by do(x!, 2?). Next, from (26), it is possible to show that

g\xl — x2|2 < dy(zh, 2?) < ezt — 23|,

for any (z!,22) € SxS. The proof is similar to that of Propo-
sition 2.6 and thus is omitted. Therefore, IES with respect to
do (2!, 2?) and |z — 22|, are equivalent. In summary, we have
d) — a). n

APPENDIX C
PROOFS OF COROLLARY 4.8

The proof of Corollary 4.8 is similar to that of Theorem 4.3,
and we prove it in the following order: 1) == both 2)
and 3) =— 4) =— 1). Note that 4) — 1) is a
specific case of a Lyapunov theorem for LTV systems; see,
e.g. [30, Example 4.21], and thus the proof is omitted. Also,
the proof of both 2) and 3) = 4) is similar to the
proof in Appendix B-C. Namely, p(¢) in Condition 4) can
be constructed as p;(t) = v;(t)/w;(t) (i € Z,) from v(t)



and w(t) in Conditions 2) and 3), respectively. Therefore, we
also omit its proof. Then, it remains to show 1) = both 2)
and 3).

Proof of 1) = both 2) and 3): Let use U(t, 1)
to denote the transition matrix of the positive LTV system
(31). Since this system is exponentially stable, the following
functions are defined.

46
v(t) = / U (1, t)1,dr,
¢

w(t) = /t R

where 6 > 0. By taking their time derivatives, we have

d%) — —AT()u(t) = 1, + U (¢t +6,6)1,,,
d%(f) = A(yw(t) + 1, — W(t,t — O)1,.

Similar to the proof of a) = b) for IES, from the
exponential stability of the LTV system and the boundedness
of A(t), it is possible to show that for sufficiently large 6 > 0,
functions v(t) and w(t) satisfy all requirements in 2) and 3),
respectively. u
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