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Abstract: The goal of this article is to show that the class of homogeneous systems
can be made very general if one considers generalized dilations (which are a class
of group actions) and defines homogeneity with respect to them. It turns out that
uniqueness of solutions (in both directions of time) is indeed a sufficient condition
for a system to be homogeneous with respect to some generalized dilation. The
relation between homogeneity and monotonicity is also studied and it is shown
that if a system is monotone with respect to some V' (a positive function) then
there exists a generalized dilation with respect to which both the system and V/
are homogeneous. Another result presented in the paper is the equivalence of local
monotonicity and global monotonicity under homogeneity. Copyright (©2005 IFAC
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1. INTRODUCTION

An autonomous system defined by the differential
equation & = g(x), with g : R — R”, is said to
be homogeneous with respect to dilation A if for
all z € R™ and A > 0 the righthand side satisfies
g(Azz) = MA,g(x) for some fixed d € R (so
called the degree of homogeneity), where Ay :=
diag(A™, A", ..., A\™) with r; > 0 fixed. One can
encounter the above definition in articles appeared
as far back as (Kawski, 1988) or even earlier. This
concept of dilations and homogeneity seems to
have originated from the studies on nilpotent Lie
groups. See, for instance, (Goodman, 1976). The
concept was also extended to systems with a deci-
sion variable (i.e. = g(z, u)) and over the years
homogeneity has proven itself useful in stability
analysis and feedback design. In (Rosier, 1992)
it was shown that local asymptotic stability (of
the origin) is equivalent to global asymptotic sta-
bility for a homogeneous system and that for
such a system a homogeneous Lyapunov func-
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tion exists (a homogeneous Lyapunov function
V :R™ — [0, co) satisfies, aside from the generic
properties that a Lyapunov function satisfies, that
V(Axz) = XV (z) for all z € R™ and A > 0,
where £ > 0 is fixed). Conditions that imply
homogeneous feedback (a feedback law is homoge-
neous if the resulting closed-loop system preserves
homogeneity) stabilizability were among the prob-
lems tackled. See, for instance, (Hermes, 1995)
and (Griine, 2000). Another interesting result ap-
peared in (Bhat and Bernstein, 1997) where it was
shown that if a system is homogeneous with a
negative degree then the asymptotic stability of
the origin implies that all solutions of the system
converge to the origin in finite time. A brief sum-
mary of the results on homogeneous systems can
be found in (Bacciotti and Rosier, 2001, §5.3).

In (Tuna and Teel, 20045) an introduction of gen-
eralized dilations and a definition of homogeneity
with respect to this broader class of operators
than that of dilations were given for discrete-time
systems. In a parallel work (Tuna and Teel, 2004 a)
authors studied homogeneous Lyapunov functions



for difference inclusions that are homogeneous
with respect to some generalized dilation. In this
paper homogeneity of autonomous systems in con-
tinuous time is studied in this new sense. After
generalized dilations are defined, homogeneity in
terms of the solution to the system is introduced
and a necessary and sufficient condition on the
righthand side of the differential equation (de-
scribing the system) that implies homogeneity for
a differentiable generalized dilation is given. In
Theorem 9 it is shown that uniqueness of the
solutions is enough in order for a system to be
homogeneous with respect to some generalized
dilation. Monotonicity of a system with respect to
a positive function V' (which is sort of a Lyapunov
function) is also defined and in Theorem 11 it is
shown that for a system that is monotone with
respect to some V' there exists a generalized dila-
tion with respect to which both the system and
V' are homogeneous. Finally, in Theorem 12 local
monotonicity is shown to be equivalent to global
monotonicity under homogeneity.

2. NOTATION AND DEFINITIONS

Consider the system

&= f(x) (1)

where x € D is the state and f is a map from
D to R™. A solution of the system at time t,
passing through (the initial condition) x at ¢t =0
is denoted ¢(t, z) for t € (v, 74), where —oco <
v, <0< 7, < oo for all x € D. Whenever 7, is
finite it is the smallest positive number beyond
which the solution ¢(-, ) cannot be extended
on D. Likewise, whenever v, is finite it is the
largest negative number beyond which an exten-
sion to the solution on D does not exist. Note
that ¢(0, z) = = by definition and the backward-
in-time part of the solution is the forward-in-time
solution to the differential equation & = — f(x).

The following assumption will prevail throughout
the paper: for each initial condition = € D the
solution of the system (1) is unique and remains
in D for all t € (v, 7).

The notation Rsq stands for {z € R: z > 0}.

Definition 1. An operator G : Ryg x D — D
is said to be a generalized dilation (or gilation
in short) if the following conditions hold for all
zeD.

(1) Giz ==.
(2) G)\IG)\2.T = G,\l)\2(E for all A1, Ag € R>0.

Remark 2. Note that a gilation G is an action of
the group Rs¢ on set D.

Two obvious gilation examples in one dimension
are Gaxz = Az on D = R and Gz = z* on
D = Rsp. One not so obvious gilation example

is

0.5
1—22\? 1— 2?2
Gz = sgn(z) (H( Y ) ) T 2

on D = (-1, 1) \ {0}. Last example tells us that
gilations are not always as easily recognizable as
dilations (which are nothing but diagonal matri-
ces) even in one dimension.

Remark 8. Let H : D — DH be a transformation
with an inverse H~' : DH — D. Then GH
is a gilation on DH if it is defined as sz =
HG\H~ 'z provided that G is a gilation on D.

A gilation on D will be denoted trivial if Gyx = x
for all A > 0 and =z € D. A gilation is nontrivial if
it is not trivial.

Definition 4. Let V : D — Rs( be continuous.
System (1) is said to be monotone with respect to
V on D if for each x € D and t1, ts € (v, Tz)

(1) i <t 1mphes V(¢(t2a fE)) < V((b(tla .T)),
(2) limy—,, V(¢(¢, )) =0, and
(3) lim;—,,, V(o(¢, x)) = 0.

To give an example consider & = x with D =R\
{0}. This system is monotone with respect to
V(x) = |z|~! on D since ¢(t, z) = wexp(t) for
t € (—o0, 0).

Definition 5. Function V' : D — R is said to be
homogeneous with respect to gilation G on D if

V(Gxzx) = XV (x) (2)
with fixed k > 0 for all z € D and A > 0.

Definition 6. System (1) is said to be homoge-
neous with respect to gilation G on D if for each
x € D the solution is unique and satisfies for all
A>0and t € (Vg u, TGyz)

o(t, Gaz) = GAg(0x,2(1), @) (3)

where 8y 5 : (Vaau, Tare) — Vg, T2) Is & zero at
zero, continuous, and strictly increasing function
for each fixed pair of (A, z) and will be called
correlator.

Sometimes correlator 0y , is written as 6 when-
ever it does not depend on .



3. RESULTS

When one does not have to worry about differen-
tiability (3) is equivalent to, thanks to chain rule
and (1),

$)f(¢(9>\7m(t), x))'é)\,z(t)
= [(Grd(0x,2(t), 2))  (4)

where G 7 is shorthand for G \n/9dn. Moreover,
if 0, is independent of x then (4) boils down to

0G\P(0), 2 (1),

0GAz-f(2)-0x(t) = f(Gax) (5)

which implies that 0(¢) must be independent of
time ¢.

For instance, consider the system & = xIn(z) on
D = R+. The solution to this system is ¢ (¢, z) =
() which can be shown to be homogeneous
with respect to Gy = 2 with 6, (t) = t. Observe
that

OGxz-f(2)-0x(t) = Az Lz In(z)1
=2 In(2?)
= f(Grz) .
That is one has (5).

Remark 7. Let system (1) be homogeneous with
respect to some dilation A with degree d. Then
the solutions satisfy (3) with Gaz = Ajz and
Or () = At Since then G z = A, and
Ox »(t) = A% one has from (5) that A\¢Ayf(z) =
f(Axx). Hence the standard definition of homo-
geneity with respect to a dilation is recovered.

Lemma 8. Given x € D and t € (v, 7,) one has
To(t,z) = Tw — t and V(t,z) = Vo — t.

PROOF. Evident. |

Theorem 9. Consider system (1). Suppose there
exists € D and t € (v, 7,) such that ¢(t, x) #
2. Then there exists a nontrivial gilation G with
respect to which the system is homogeneous on D.

PROOF. One can reach the result by construc-
tion. Given some x € D there are four possibilities
regarding v, and 7,. Each case is studied below.

Case 1, v, = —o0 and 17, = o0: Let Ghx =
d(In(A), ) Observe that Giz = x and

G, Gr,w =Gy p(In(N2), 7)
=¢(In(A1), ¢(In(A2), x))
=¢(In(A1) + In(A2), x)
= ¢(In(A1 A2), x)

== G,\l,\2$

Therefore G is a gilation. Also observe that

o(t, Ghz) =9

Thus one has ¢(t, Gaz) = Grp(0x, 2(t), ) with
0y, (t) = t. Note that 0, , is a strictly increasing,
continuous map from (—oo, 00) to (—oo, 0o) and
0y .(0) = 0.

Case 2, v, = —o0 and 17, < oo: Let Ghx =

#(1x(1 — A71), ). Observe that Gz = z and
G/\1G>\2‘r = G)\1¢(TCE(1 - Agl)a .’t)
=(ry(1 = A1), ) (6)
where 7 = ¢(1.(1 — A1), ). Now since, by
Lemma 8,

Ty =Ty — Tz(1 */\2_1)

=T Ayt

one can proceed from (6) as
G G0 = (7—17( - Al l)a n)
(oA (1= A7)
(TaAs 1 - AL Y
( )

;1)
(

(1 =271, @)
Tz 1(1—)\11 7'93(1—)\2 ), x)

= o(1a(1 = (MA2) ™), @)

=G 2\T

¢
¢ , ¢
o} +

Therefore G is a gilation. Also observe that

o(t, Gaz) = o(t, d(1o(1 — A_l)a z))
= ot +m(l-A7"), 2)
Z(ﬁ((ng—)\t)( —ATH 4+ )
=o((m = M) (1 = A71), p(N, )

Grd(\t, )

since Ty(a,z) = Tz — At by Lemma 8. Hence
o(t, Ghz) = Grd(0x,2(1), ©) with 05 .(t) = AL
Note that 6 is a strictly increasing, continuous
map from (—o0, 7¢,) to (—oo, 72), and one has
0, .(0) = 0.

Case 8, v, > —o0 and 7, = oo: Let Ghx =
¢(vz(1 — A), z). Observe that Gix = x and
G, G = G>\1¢(V1(1 - >‘2)a Z)
= ¢(wy(1 = A1), 1) (7)
where n = ¢(vz(1 — A2), ). Now since, by

Lemma 8§,



Uy =g — Vz(1 — A2)

= Vx)\Q

one can proceed from (7) as

G, G,z =0(vy(1 = A1), n)
= ¢(vzAa(l = A1), 1)
=Wz A2(1 = A1), @(va(l — A2), @)
= p(vzra(l = A1) +v2(1 = A2), 2)
=(vz(1 = A1 A2), @)
=Gxx,

Therefore G is a gilation. Also observe that

A); x))
=o(t+va(l=A), x)

A((Ve — A1 = N) + A7, o)
P((ve = ATH)(1 = N), 9(A7'E, @)
Grop(\7't, 2)

o(t, Gaz) = o(t, p(va(1 -
+ v

since vg(-1¢,4) = Vo — A~ 't by Lemma 8. Hence
d(t, Gaz) = Gap(0x, 2(t), ) with 0 ,(t) = ALt
Note that 0y , is a strictly increasing map from
(VG am, 00) 10 (Vg, 00), and 6y, ,(0) = 0.

Case 4, v, > —00 and T, < oo: Let

G,\gc::¢<7'$ (1—M>,x> .
Tm*AVac

Observe that Gix = x and

Gy, G,z =G b (n (1 - %) , x)
~o(m (-5 ) )
ool )

7 (1 - T_}’;;) : x) (8)

where 7 := Gy,x. Note that

Tx Vg
T =Tz — Tz | 1
— Aoty
Tx(Tz - V:n)
- )\21/1:

and 7, — vy, =T,
T:=71, —

— Uy, by Lemma 8. Let us define
V.. Then one can write

Ty — U,
1= Vn
Tn( 7'17_/\1”17>

T 1 T
Ty — >\2VZE TT*)\QV (]. — )\1) + )\1

Tl 7. T2
2T(1— X))+ T (7
_ To(Te — Vg) Tw(T:E — V)

Tz — Aalg a Tz — M A2l .

Te — )\21/1:

- )\21/1)

Therefore one can write

Ty — Uy Ty — Vg
1— =% )y (1o 2T
( /\lyn> T < Tw_)\21/w)
Te — Vx
= 1 —_——
Te ( Ty — )\1)\2Vz) (9)
Combining (8) and (9) one obtains

Tx Vy

Ty — )\1)\21/1) ’ ‘T>

Therefore G is a gilation. Also, although the
intermediate steps of the calculation are not given,
it can be shown that

G Gr,x=0¢ (Tz <1 —

ZG)\I,\T’L‘

o(t, Grx)

with correlator

= GA¢(6A, x(t)7 x)

(1o — Avg )%t
M7e —v2)2 + (1= A) (72 — Mgt

It is not hard to check that 0y ,(t) has a positive
time derivative, hence strictly increasing, and it
continuously maps (Vg,z, TGyz) 10 (Vz, 7). Also
0x,(0) = 0.

Since in each case the solution to the system is
used to construct G, the assumption that there
exists x € D and ¢ € (v, 7,) such that ¢(¢, z) # =
rescues G from being trivial. Hence the result. W

9)\, w(t) =

Remark 10. Consider the proof of Theorem 9.
Observe that

lim T<1— T‘”):m—xl)

V——00

and

T—V

TILIEOT(I—T_/\V):u(l—)\).

Moreover

oy N2
lim (T — )%t

BN VP LY (R y ey W VA

and



_ 2
lim (1 — )%t

Ji N i =

That is, the constructed gilations and correlators
in Case 2 and Case 3 are the limiting cases of their
counterparts in Case 4.

Theorem 9 is an existence result. The construction
method in the proof uses the solution which is
almost never explicitly known for an arbitrary
system. Although it seems a little technical at
first sight the proof is simply based on the idea of
finding a continuous map between the domain of
gilation coefficient A which is (0, co) and domain
of time ¢ which is (v,, 7,;) and using the solution
itself as the gilation. Hence it is required that
the solution is unique for each initial condition
x € D both in forward and backward time. This
uniqueness assumption which also is embedded in
Definition 1 might seem to degrade the generality
of the result since even a very simple system such
as @ = |z|2 with D = R does not satisfy the
uniqueness assumption. The fix is simple though:
just remove (disregard) the stationary point(s) for
the analysis. Note that the solution to & = |z|2 is
unique on D = R\ {0}.

Theorem 11. Given V' : D — Ry, let system
(1) be monotone with respect to V on D and
its solutions be continuous. Then there exists a
continuous nontrivial gilation G with respect to
which both the system and V are homogeneous
on D.

PROOF. Let C:={z € D:V(z) =1}. Then let
function w : C x Ryg — R satisfy

V(¢(W(Zv )‘)7 Z)) =A

and let ¢ : D — C be such that, for all z € D,
V(ez) =1 and @, = ¢(t, ) for some t € (vy, 7).
Both w and ¢ are well defined and continuous
since the solution and V are continuous and V'
satisfies the conditions of Definition 4. Let us
define gilation G as follows

Gz := ¢(w(<p$7 )\V(.T)), 9096) :

Note that V(G xz) = AV (z) by definition. Due to
monotonicity, V(¢(t1, )) = V(¢(te, x)) implies
t1 = t9. Therefore

Giz==x

due to that V(Giz) = V(z) and that Giz =
o(t, x) for some t € (v, 7). Moreover,

G, G v =G 0(W(Pz, A2V (7)), ¢u)
= d(wley, MV (1)), o)

where n = G, z. Note that ¢, = ¢, and V() =
A2V (x). Therefore one can continue as

Gx Gyt = O(w(z, MAV(2)), ¢2)
= G,\1A2x .
Hence G is a gilation. Gilation G is continuous
due to the continuity of its constituent functions.

Given z and X let 0y 4 : (Voo Tarye) — (Va, Ta)
be a function satisfying

w(‘Pm» )\V((b(e/\,:v(t)’ x)))
=t + w(ps, AV(2)) (10)

Note that (10) implies, by the way w is defined,

V((rb(e)\,z(t)v x))

= ATV (gt + wlps, AV (@), ¢2))

= A"V (8(t, Gaz)) (11)
which in turn implies 6 . is continuous since V'
and ¢ are continuous. Equation (11) also implies
that 6 , is strictly increasing since V(¢(¢, x)) is
strictly decreasing in ¢. Also 6y, ,(0) = 0. Using
(10) and the definition of G one can show that

o(t, Grz) = ¢(t, p(w(pz, AV (2)), ¢z))
(t + w(@z, AV (2)), )

(@as AV(9(0x, (1), 7)), ©z)
=Gp(Ox, (1), )

since ¥z = Qg(0, . (1), x)- Hence the result. ]

=¢
=¢

(w

Theorem 11 points out that a system and a
positive function V' with respect to which the
system is monotone can be tied with a common
gilation with respect to which both the system and
V' are homogeneous. Function V' can be thought
as a generalized Lyapunov function, except the
fact that its range excludes zero. That exclusion
is due to the fact that monotonicity and hence
homogeneity break down when V(z) = 0, likewise
when V(z) = oo. Note that if V' : D — Rxg
is a Lyapunov function for some system, then it
is an immediate observation that the system is
monotone with respect to V.on D\ {z € D :
V(z) =0}.

Theorem 12. Let system (1) be homogeneous
with respect to some gilation G and V' : D — R+
be a continuous function that is homogeneous
with respect to G on D. Suppose for each x € D
satisfying V(z) = 1 there exist 7 € Ry and
v € R such that, for all ¢y, ta € [v, 7]

o t1 <ty implies V(¢(t2, x)) < V(¢(t1, x)),
o V(o(r, 2)) =271, and
o V(6(v. 7)) = 2.



Then the system is monotone with respect to V'
on D.

PROOF. Since V is homogeneous it satisfies
(2). Without loss of generality, let k in (2) be
unity. Since system (1) is homogeneous its so-
lutions satisfy (3). Let « € D be given. De-
fine A := V(x)~!. Observe that V(G,z) = 1.
Let 6 , be the function in (3) and let 65, be
its inverse which exists since 8, , is continuous
and strictly increasing. Hence there exist v < 0
and 7 > 0 such that v < t; < to < 7 im-
plies V(4(t2, Gaz)) < V(¢(t1, Gax)). In addition
V(g(r, Gax)) = 27 and V(¢(v, Gax)) = 2. Then
for each t € [0y, 4(v), O, (7)] one can write

V(¢(t7 :L')) = )\_1V(G)\(;5(t, l’))
— V(@)V (965, (1), Ga)) -

Thence one can infer, since 9;’11 is a continuous
and strictly increasing function, that 1y < ¢ <
to < 11 implies V(p(t2, x)) < V(é(t1, z)). Also,
V(p(1, 2)) = 27V (z) and V(é(v1, x)) = 2V (z),
where v = 0y ,(v) and 71 = 0 (7). One
can generalize this to, for &k € {1,2,...} and
t1, ta € [k, Tk]

o 11 < to implies V(¢(ta, x)) < V(o(t1, x)),
o V(¢(my, ) = 27*V (), and
o V(p(w, x)) =28V (=),

where v, < V41 < v, and 7 < Tp41 < To. The
result hence follows as k — oo. |

Theorem 12 is, in some sense, the generalization
of the result that the local asymptotic stability
(of the origin) for a homogeneous (with respect
to a dilation) system is equivalent to the global
asymptotic stability. The generality comes from
that monotonicity is a more general concept than
asymptotic stability is and that homogeneity with
respect to a generalized dilation is considered.

4. CONCLUSION

Using generalized dilations, a more general defi-
nition for continuous-time homogeneous systems
was introduced. It was shown that uniqueness of
solutions is enough for a system to be homoge-
neous with respect to some generalized dilation.
The relation between monotonicity and homo-
geneity was also studied and two basic results
were presented. The first one is that if a system is
monotone with respect to some positive function
V' then there exists a generalized dilation with
respect to which both the system and V' are ho-
mogeneous. The second result is that if a system
is locally monotone with respect to some V and
there exists a generalized dilation with respect to

which both the system and V are homogeneous
then the system is monotone with respect to V.
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