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Abstract— Time-state control form (TSCF) provides and al-
ternative way to stabilization of symmetrical affine systems.
These systems usually arise as nonholonomic driftless systems.
It is, however, not precisely determined which systems can be
transformed into this form. Conversion of a general driftless
system to the TSCF is a subject of this paper. For control
purposes, it is desired that the state variable part of TSCF has
a controllable approximate linearization. We give a procedure
for conversion once a special vector field called the time axis
vector field is known. Since this vector field is hard to find, we
turn for help to the machinery of exterior differential systems.
It turns out that any flat system can be transformed to TSCF
with controllable linearization of state variable part. We show
an example of a system of dimension 5. As a side product, we
obtain a result on linearization by time scaling.

I. INTRODUCTION

An interesting and important class of nonlinear systems is
formed by systems with uncontrollable linearization. They are
challenging as they can not be stabilized by a smooth (not even
continuous) feedback and they are important as they contain
systems subject to nonintegrable velocity constraints referred
to as nonholonomic systems. These are often encountered
among mechanical systems and in some sense are the most
generically nonlinear systems. For symmetrical affine systems,
i.e., nonholonomic systems without drift, transformation into
chained form [1] greatly simplifies the control problem and
leads to a number of control designs based on discontinuous,
time varying or hybrid feedback, see, e.g., [2] and the refer-
ences within.

A different approach to tackle the problem was taken in
[3]. The proposed time-state control form (TSCF) is based on
the fact that driftless systems are time scalable and decouples
the original system into a state part and a time part. If the
linear approximation of the state part is controllable, one can
stabilize the system using traditional linear control methods.
Time flow of the state part is directly controlled by the time
part. This approach is appealing for its simplicity and also for
the fact that the class of systems that can be transformed into
the TSCEF is obviously larger than the class of systems that can
be transformed into the one generator chained form. To which
extent is the class larger remains, however, an open problem.

We are interested in converting a driftless controllable non-
holonomic system to the TSCF. In this paper, we first review
the structure of the TSCF and then show the possibilities of
conversion in a vector field setting. We give a methodology
of transformation for the case a special vector field called the
time axis vector field is known and also propose a complete
transformation algorithm for systems that admit the time axis

vector field as a constant vector field. After introducing a
dual approach of treating nonholonomic systems based on
Pfaffian systems, we briefly review the basic facts on dynamic
feedback linearization. Then, search for systems that can be
transformed into TSCF with controllable linearization of the
state part. Connection to flat systems is investigated. We also
obtain a new result on linearization by time scaling which
directly generalizes the known facts on exact linearization of
single input system on plane. An example of a flat system of
dimension 5 with 3 inputs is given.

Notation. The following notation will be used through the
paper: R denotes the field over the reals, d;; the Kronecker
product. The exterior derivative of a k-form « is denoted by
da. A differential of a smooth function A is denoted by dh
and for a one-form « and vector field g, the interior product is
written as a(g). Wedge product is represented by A. £, is the
Lie derivative of a function & along the vector field g and £,
denotes the Lie derivative of a covector field « along g defined
by [4] L,a = g7 (%) +ad2 Foramap¢: M — N, .
denotes the push forward ¢, : T,M — T,,)N.

Il. TIME-STATE CONTROL FORM
Consider a driftless system given by

z=g1(x)ur + - + gm(T)um, z€e€R"u; eR, (1)

where m < n, g;(x) are smooth, mutually independent vector
fields on R™. The control problem is to stabilize (1) to o € R™
using a feedback controller. We also assume the controllability
Lie algebra ¢(z) of (1) [4] spans R™ around ¢ which implies
local controllability at zg.

We are looking for a (static) feedback transformation

u = o1(x)v, 2

where u = (ug, - .., un),v € R™, and a diffeomorphic change

of coordinates

such that (1) is transformed into the first control form (1st CF)

5= [C] = £1(Ov + AQvr+ -+ fnQvmy (@)

n

where ¢ = (21,...,2,-1) and it holds that all f; are free of
zn. Moreover, we require that
filz0) = f1(G) = (0,...,0,1)7. )

Once the system (1) is in the 1st CF, there always exists
another input transformation v = o2({)u, 4 € R™ such



that after scaling by p; we obtain the time-state control form
(TSCF
d¢
g = B1(¢) + B2(Qpa/p1 + -+ - + B (O pm /1 ©)

Zn = M1

and (5) renders 31 (o) = 0. The z,, part of (6) is referred to
as the time state (TS) and the subsystem having ( as the state
variable is called the state part (SP) and has an equilibrium
at C().

If the linear approximation of SP is controllable, the system
(1) can be stabilized by means of standard tools from linear
control theory. The TS is increasing/decreasing at a constant
rate and linear state feedback stabilizing SP is easily designed
for both modes.

I1l. TRANSFORMATION USING VECTOR FIELDS

The requirement that the vector fields f;(¢) do not con-
tain the last coordinate 2, suggests existence of a vec-
tor field e(x), such that the Lie bracket [e(z), fi(z)] =
07 Me€), filOlle=pwy = 0, i = 1,...,m. Indeed, the
existence of a time axis vector field satisfying one more
property to ensure the TSCF will have an equilibrium at
(Co,2n0) = @(x0) is the key idea of a necessary and sufficient
condition stated below.

Theorem 1 (Sampei et al. [3]): The following conditions
are equivalent:

A. (1) can be transformed to (6).

B. There exists a vector field e(z) such that
le(z),gi(z)] € Ay(z), i=1,...,m
e(z0) € Ay(wo),

where Ay (z) = span(gi (), ..., gm()) is a distribution
and the span is over all smooth real functions.
C. There exists a vector field e(z) such that for

(fl(-'L'), N 7fTTL(m)) = (gl(m)a N ,gm(.'L'))O'l(.fU),
where o1 (x) of dimension m x m is nonsingular for all
z, holds that

[e(x)afl(m) =0, i=1,...,m

Proof: See [3]. ]
These conditions, although necessary and sufficient, are
based on existence of another object, the vector field e(z).
We will call this vector field the time axis vector field. It
not clear whether for a given system such vector field exists,
neither is it clear how to find it besides solving a set of
partial differential equations (PDE) given in item B. or C.
of Theorem 1. Moreover, even assuming we have the vector
field e(x) available, there is no method to find the feedback
transformation (2). Note that the coordinate transformation (3)
can be found from Frobenius’ theorem.

In order to remedy these shortages, we find the feedback (2)
in case e(z) is known and then note the problem is greatly
simplified for systems for which e(z) is constant.

We will need covector fields of certain properties. Let o,
j=1,....,n—m, and ng, k = 1,...,m, denote linearly
independent covector fields (one-forms) such that for ¢ =
1,...,m holds that a;(g;) = 0 and nx(g;) = dr;. Now, we
can proceed to the following lemma.

Lemma 1: Let f(z) be a smooth vector field on R" that
can be written as a linear combination of smooth vector fields

gl($)7 s 7gm(x):
=, amy, y=W-.ym)". ©)

Then, for any given smooth vector field e(x), there always
exists a solution y(z) which satisfies

Le(mi(f)) = (Lemi)(F),

The coefficient vector y(z) is given by one of the m linearly
independent fundamental solutions of the partial differential
equation

i=1,...,m. (8)

WD) (a) = Ay(), ©
where
o - (oo
A(.’E) = . .
(Lettm)(@1) *++ (Lottm) (gm)

Proof: By definition, 7;(g;) = d;; and thus

Zyk enz gk

Th(f)('r) = yi(x)a e'r’z

Therefore, (8) becomes

Oy

—6 = Zyk e'rh gk

and putting the equations together foralli=1,...
(9).

Now, we show that the PDE (9) can be solved in time
domain. First, note that the solutions y(xz(t)) to a set of
differential equations

,m Yyields

t=e(z), y=Al)y (10)
provide the solution y(z) to (9), since
_%y,_ 9,
N %:c 6:1; =4y

We will solve (10) using a coordinate change z := ¢(z) such
that

Z= (C,zn) = p.e(z) = (0,...,1).
Then, we have %, = 1 and ( = ¢ = const, and from =z =
¢~ 1(z), the second equation in (10) becomes

y = Alc, zn)y- (11)



Scaling(11) by 2,, yields

dy

E = A(CJ zn)ya
and y can be solved as a function of z, and there are
m fundamental solutions y, . ..,y,, for linearly independent

initial conditions y1(0),...,ym,(0). After deriving y(z,), 2zn
is replaced by a function of = which can be calculated from
z = ¢(z). |

Remark 1: If e(z) is such that the distribution generated by
the vector fields g;(z) is invariant under e(z), then Lemma 1
is equivalent to the case when y(z), defined in (7), is to be
found such that [e, f] = 0 holds.

Hence we have obtained an algorithm for calculating the
feedback transformation (2), provided the time axis vector field
is known. Although there is another PDE to be solved, it was
shown that the solution can be obtained in time domain setting.

Investigation of existence of e(z) starts with a review of a
well-known lemma:

Lemma 2: If a smooth distribution A is invariant under the
vector field £, then the codistribution © = A+ is also invariant
under f. If a smooth codistribution € is invariant under the
vector field f, then the distribution A = Q-+ is also invariant
under f.

Proof: See [4]. [ ]
From Theorem 1 and Lemma 2 directly follows the next
observation.

Corollary 1: When e is a constant vector, checking the
invariance of A, under e reduces to checking either of the

9g;

following two equivalent conditions
T
daT
%e c Ag or (6—;; ) S A;,

wherei=1,...,m, j=1,...,n—m and the covector fields
a;; were defined above.

Remark 2: If, moreover, e can be found such that e €
A, (0), we have the time axis vector field satisfying Theorem
1. For constant e, the matrix A(x) in (9) becomes a zero
matrix and hence the input transformation (2) becomes a linear
combination with real constant coefficients.

The resulting algorithm for transformation of (1) to the 1st
CF (4) is then given as follows:

Step 1. Check whether there exists a constant vector field e
satisfying any of the conditions in (12). Then check if the
candidate satisfies e € Agy(zo). If so, proceed to Step 2.

Step 2. Solve fl(.’Eo) = (gl(.CL'()),...,gm(.’lj'o))dl(mo) for
dy(zo). Then, complete da(xg),...,dm(zo) to have a set
of m independent vectors. It follows from Lemma 1 and
Remark 2 that the feedback transformation (2) is given as

(12)

u = 61 (z)v = [di(z),...,dn(z)]v. Use Frobenius’ theorem
to the find coordinate transformation (3) and transform (1) to
(4). q

The algorithm above is based on the assumption that the
system (1) admits a constant time axis vector field e. While this
holds for some simple systems, the condition is not satisfied
for all of practically interesting systems. For this reason, we

turn to a different setup to find more about systems for which
a general e(x) exists.

IV. DIFFERENTIAL FORM SETTING

Different point of view can bring more insight into the
problem. We note that control systems can also be modeled by
the use of one-forms instead of vector fields. This framework
proved itself useful in nonholonomic motion planning and
control or in (dynamic) exact linearization. We refer to [5]
for monograph on exterior systems and to [6] for their use in
control theory.

Let M be a smooth manifold of dimension n and let
QF (M) denote the set of smooth exterior p-forms on M.
Then, we define Q(M) = ®QF (M) to be the set of smooth
exterior forms of all orders on M. An exterior differential
system is given by an ideal I C Q(M) that is closed under
differentiation.

An exterior differential system of the form

al=a’=---=0a° =0,

(13)

where of are independent one-forms on manifold M is called
a Pfaffian system of codimension n — s.
If {af,...,a"} is a basis for Q'(M), then the set

{a®t1,...,a"} is called the complement to the Pfaffian sys-
tem (13). The one-forms a®+1,... o™ generate the algebraic
ideal

I:{UGQ(M):UAalA'--AaS:O}_

An important role is played by the independence condition
for the Pfaffian system, which is a one form = which does
not vanish on integral curves c(t) of the system, that is
T(c(t))(c'(t)) # 0. If 7 is integrable, the Pfaffian system
corresponds to a system of first order ordinary differential
equations.

The first derived system of I is defined as

IV ={weTl:dw= mod I}.

When proceeding iteratively, one can construct the derived flag
of I as a filtration

I=19 5710 5 1M 5 ... 5 (V)

which stops decreasing for some finite N, as dimension of
I is finite. If ™) = 0, the system is called completely
nonholonomic.

Control system & = f(x,u) on R” x R™ can be regarded
as a Pfaffian system on R x R™ x R™

I; = {dz* — fi(z,u)dt, i =1,...,n}. (14)

Clearly a completely nonholonomic system corresponds to a
strongly accessible control system.
To a driftless control system (1) is naturally associated a

Pfaffian system
I = {gQ7 .- 7gm}J_

of dimensional s = n —m and it holds that 7¢" = I. Recall
that Chow’s theorem asserts that a completely nonholonomic
system is equivalent to a controllable driftless system.

(15)



On the other hand, for a Pfaffian system to correspond
to a control system & = f(z,u), the ideal {I;,7} must be
integrable. As expected, this is usually satisfied for = dt.

By replacing a system of differential equations by a Pfaf-
fian systems, one gains the tools and methods of coordinate
independent differential geometry. But something is also lost:
the sense of an independent variable. We are actually going
to use this fact to our advantage. Indeed, when dealing with
driftless systems in Pfaffian setting, one does not have to carry
around neither input variables, nor the time, which simplifies
the analysis.

a) Canonical forms.: First, we introduce a special struc-
ture of Pfaffian systems. If for a Pfaffian system I on Rx R™ x
R™ of codimension m + 1 there exist coordinates z such that

I={dze] —2,d° i=1,....8;,5=1,...,m} (16)

we say that I is in extended Goursat normal form. This form is
closely related to Brunovsky canonical form [7] known from
linear systems theory, which is formed by m chains of s;
integrators

wf::dy{—yf_,_ldt,i:l,...,sj,j=1,...,m. @an

Note that the two forms differ only by the independence
condition.

b) Associated system.: Having two vector fields f and g
on M that describe an affine control system & = f(z)+g(z)u,
one may construct an associated system on R x R” x R as

<[}] ol

Obviously, if the original affine system is feedback lineariz-
able, i.e., it can be transformed to the Brunovsky canonical
form (17) by a static feedback and coordinate change, then
(18) can be transformed to the Goursat form. It can be
shown that the converse is not true. For, by creating the
associated system we gain the possibility to choose different
independence condition 7.

c) Generator.. Having a collection of vector fields
Jg1,---,9m ON M such that its controllability Lie algebra
&(q) = ad’g“jg,-, k = 0,1,... spans the tangent space T,M
around the equilibrium for some j, we call the vector field g,
a generator for a driftless system (1). Here ad’}“g = [f,ad}yg]
and ad(}g = g. The generator may be a pointwise combina-
tion of the original vector fields. One proceeds similarly for
multiple generators.

(18)

V. TSCF IN PFAFFIAN SYSTEMS

After introducing a new framework, we need a definition of
the TSCF dual to (6). Since (6) can always be obtained from
the 1st CF (4), we will give an alternative definition of the 1st
CF:

Lemma 3 (1st CF in codistribution): The Pfaffian system
I = {a',...,a*} on M, dim(M) = n corresponds to a
driftless control system in the 1st CF (4) defined on M xR™ %,
if (and only if)

1) I maximally nonholonomic, and

2) the one-forms af = >"}_, ai(z)dz* are such that a’ (z)
are smooth functions and there exists 7, 1 < j < n such
that dai /0x? = 0,i=1,...,n—m, k = 1,...,n.

Moreover,
3) ai(xo),i=1,...,n—mand a}(z) #0,Vz € M\{zo}
for at leastone i =1,...,n —m.

Proof: The first condition is equivalent to controllability
of the system (1). The next conditions directly follow from
construction of an associated Pfaffian system as shown in (14)
and (15). The second one requires that there exists a state
27 such that all vector fields dual to the Pfaffian system are
independent of this state. The last condition is to ensure that
the drift vector obtained by selecting «; as the time state has
an equilibrium at z¢ and is not identically zero. ]

It is clear that any system in (extended) Goursat form
satisfies the conditions of Lemma 3. Moreover, the TSCF then
has an exactly linearized state part (hence it is controllable).
Also note that the dz? is the independence condition = and
thus belongs to the complement of I.

We also note that as well as the 1st CF (4) does not ensure
that the linear approximation of the state part is controllable,
the same statement holds for Lemma 3. This is clear from the
following example.

Example 1: Consider a symmetrical affine system in the
form

' q* @ —q¢" 0
| =Eu, |¢@|=|d 0 —¢'|u,
¢ ¢° 0 ¢ —¢

where E is an identical matrix. This is an example of a system
in two-generator chained form and it is easy to show that its
Pfaffian system I given by
I ={dg" - ¢’dg' +q'dg’,dq® — ¢*dq" + ¢"dg’,
dg® — ¢*dg® + ¢*dg’}

is completely nonholonomic. Applying the coordinate change
7= (¢",¢* ¢ d'¢ — ¢*,¢'® — ¢°,¢*°¢® — ¢©) we obtain
I = {dz* — 2'dz?,d2° — 21dz3, d2® — 22d23} which satisfies
conditions of Lemma 3 for 7 = daz? = dz®. The linear
approximation of the state part is, however, uncontrollable.
<

The system in the above example is not controllable using
the usual control method developed for TSCF. It can be
stabilized by switching between the generators, but that is out
of scope of this paper. Since the simplicity of the original sta-
bilization methods [3] is the main merit of the TSCF, we focus
on systems that yield TSCF with controllable approximation of
the state part. Then, we can look at relations with the structure
of Goursat forms, which is of one generator, that is equal to
a vector field associated to the independence condition. We
conclude that the existence of a vector field g; whose iterated
Lie brackets generate the controllability distribution becomes
the necessary condition for such TSCF.

When looking for a sufficient condition, we may start by
analysis of systems according to dimension of their Pfaffian
systems. The simplest case is covered in the following propo-
sition.



Proposition 1: Any controllable driftless system underactu-
ated by one control can be put into TSCF with controllable
linear approximation of the state part.

Proof: Pfaffian system associated to a system underac-
tuated by one control is given by I = a, a € Q'(M). The
rank r of « is defined by

(da)" Aa #0, and (da)" ™ Aa = 0.

By Pfaff’s theorem [6], there exists a coordinate chart on M
such that in these coordinates

a=dzt +2%d2? + -+ 22rdP T

where dz27*1 is such that (da)” AaAdz?>"t! = 0. This ideal
satisfies the conditions of Lemma 3 for any of dz?i*!, i =
1,...,r as a generator and hence corresponds to the 1st CF.
If we interpret that ideal I back in terms of vector fields, we
get )

2 =wu;y t=2r+1,2r,...,2

2t = 22uz + 2tus + - + 2% U9y

Using any of the coordinates z2+1,§ = 1,...,r for the time
state (TS), the system is in the TSCF. It is easy to check that
the linear approximation of state part is controllable for any
such choice. Moreover, as Gy = span(fy, ..., B2-_1) iS not
involutive for » > 1, the state part is not exactly linearizable
[4] and the system can not be transformed into the chained
form for n > 3. ]

This transformation requires solving one PDE at each step
of generating new coordinate z%. For r > 1 the system
can not be transformed into extended Goursat form (i.e.
the chained form) by static feedback and coordinate change.
This is, however, not true if one considers a wider class of
transformations. Indeed, it was shown by Charlet et. al. [8] that
a system with n states and n — 1 inputs is dynamic feedback
linearizable.

d) Dynamic feedback.: Linearization of a smooth control
system

&= f(z,u) (19)
defined on X x U C R™ x R™ consists of finding a feedback

2 = a(z,z,v)

u = o(zx,z,v) (20)

defined on a subset X x Z x V C X x R” x R? such that the
closed loop system

T = f(.Z',(T(.Z’,Z,U))

z = a(z,z,v) (21)

is diffeomorphic to a controllable linear system on X x Z.

Note that in Pfaffian systems, static linearization can be
written as a simple diffeomorphism ¢ (recall that we have
lost the notion of independent variables, inputs, etc.), which is
amap X x U — X x U. This is no longer true for dynamic
feedback, where dim(X) > dim(X) and one has to use the
term of dynamic immersion. The Pfaffian system I is then
prolonged into a system .J and the systems are equivalent if
their trajectories are equal [9].

e) Differential flatness.: A control system (19) is called
differentially flat if there exists a (dynamic) feedback (20),
such that the system is diffeomorphic to Brunovsky canonical
form (17). For driftless system, this condition is relaxed to dif-
feomorphism to extended Goursat form (16). The linearizing
outputs are then referred to as flat outputs.

Proposition 2: Any symmetrical affine system (1) that is
differentially flat can be transformed into TSCF with control-
lable state part.

Proof: For space reason, we only give a sketch here.
By assumption, the system (1) can be transformed to an
extended Goursat form by dynamic feedback (prolongation in
Pfaffian systems). That implies existence of a single generator
associated to the independence condition 7 = dz™. This
implies that the coordinate 2™ is never prolonged and also
that 2™ does not appear in the extended Goursat form (only
in a form of dz™).

Now, we need to show that the coordinate 2™ does not
appear in the system after application of a coordinate trans-
formation and static feedback transforming it to the 1st CF, so
that all conditions of Lemma 3 are satisfied. This is shown by
contradiction. Construct the state part of TSCF by choosing
the time state as state corresponding to generator of the
extended Goursat form and applying a construction inverse
to that we showed when designing an associated system (18).
Appearance of 2™ in any of the vector fields £ and g¢ implies
that we have obtained a time-variant system. Removing the
time variance by a dynamic feedback, however, yields an
uncontrollable system. This contradicts the assumption that
the state part can be converted to Brunovsky canonical form
(controllable linear system) in a time scale 2™.

To prove the controllability of the linear approximation
of the state part, assume an affine system (state part of
TSCF). By assumption, this system can be linearized in the
2™ time scale by (possibly dynamic) feedback. Recall that
the necessary condition for static feedback linearizability is
controllability of the linear approximation around the origin.
This was generalized in [8]: if a system 2 = f(z)+2f;1 9iV;
is dynamic feedback linearizable, then its linear approximation
at the origin z = sz(O)erZ?;l 9:(0)v; is controllable. m

Example 2: Consider a controllable system (1), where = €
RS and v € R3. It was shown in [10] that its Pfaffian system
I = {w',w?} can always be written as

w' = dz' — a(zx)de® — 2Pdxt, W? =da® — 21d2?,
which can be converted to the Goursat form by prolongation
J = I + {dz® — z8dz*} and coordinate change z :=
(2!, 2!, 2%, 2%, 2% + a(z)2%, 28). Hence it is a flat system.

Obviously, the system satisfies Lemma 3 if a4 = da/0z* =
0. This may not be always the case and so we write the
structure equations

dw! = a1dz® AW!
+azdz® Aw? + (a12° + az2® + aq)dz® A dzt
+asdz® Adz® + dzt Adad

dw? = de* Ad2x® mod W', w2



For as; = 0 around the equilibrium, we have {I,dz*} in-
tegrable and, by Engel’s theorem, I can be transformed to
I = {dz' — 22d2°,dz® — 2*dz"}, that is, a Goursat form with
2 towers.

Finally, assume for example a(z) = z*z® which means
there exists no static feedback to transform the system to
the Goursat form and the system is not in the 1st CF. The
coordinate change z := (z',2? — 23z*, —2*, 23, 2°%) yields
I = {dz' — z°da® — 232°dz*, dz? — x3dz*} which is that of
the 1st CF. <

From the above arguments follows an interesting corollary,
which is a generalization of the well known fact that a locally
accessible affine system on a plane with a single input is
always linearizable.

Corollary 2: Any locally accessible affine system & =
f(x) + g(x)u with single input and z € R3 is exactly
linearizable by time scaling.

Proof: First, construct the associated driftless system
(18). It is easy to see that we can apply Engel’s theorem to
obtain Goursat form with one tower in four dimensions. Now,
we only need to show that the independence condition of the
Goursat form is not independent of time ¢. This can be shown
by contradiction and it goes along the same lines as the proof
of Proposition 2. ]

VI. SUMMARY AND FUTURE WORK

Time-state control form is an interesting approach to control
of nonholonomic driftless systems. We were interested in
conversion of given systems into the TSCF. This is not a
simple task as in its full generality it requires solving a set
of partial differential equations. This, even if some existence
criteria were available is barely tractable for general systems.

By showing how to proceed if the time axis vector field is
known we have given and algorithm to design a static feedback
transformation for converting the system (1) to 1st control
form. The time axis vector field is easy to find if there exists
a constant one for system (1).

Using the machinery of Pfaffian systems we have shown
that any differentially flat system can be transformed to TSCF
with a controllable approximation of its state part, by static
feedback and coordinate change. TSCF satisfying the control-
lability condition are of special interest as their stabilization
is very intuitive and easy.

Last, we note that the condition in Proposition 2 is only
sufficient. For, if it was a necessary one, it would imply that
every system with controllable linear approximation can be
converted to a linear systems by a (possibly dynamic)feedback
and time scaling.
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