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STOCHASTIC PERTURBATION AND CONNECTIVITY
BASED ON GRUSHIN DISTRIBUTION

Teodor Turcanu!, Constantin Udriste?

The present work proves a stochastic connectivity property for
a controlled stochastic perturbation of a step k + 1 Grushin distribution.
More precisely, we prove that, given the controlled stochastic perturbation
and two points P, @Q in the plane, it is possible, using suitable controls,
to steer any admissible stochastic process, starting at the point P, into an
arbitrarily small disk centered at the point Q, with the probability arbitrarily
close to one.
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1. Introduction

Let M be an n-dimensional, connected smooth manifold. A distribution
on M is a sub-bundle D C T'M. The elements of D are called horizontal vector
fields. The rank of D, at a point p € M is the dimension of D, C T,M as a
real vector sub-space.

Suppose the distribution D is not integrable. A triplet (M, D, gp), where
gp is a positive definite and non-degenerate metric tensor defined on D x D,
is called sub-Riemannian manifold. Some authors refer to sub-Riemannian
geometry under the name non-holonomic geometry (see Vranceanu [20]-[22])
or Carnot-Carathéodory geometry [14].

Locally, the distribution D is given by a set of linearly independent
smooth vector fields {X;, Xo, -+, X}, < non M. When r = n, we have
a local frame. If r < n, then it is possible, locally, to add the "missing” di-
rections ([1], [20]-[22]) to create a local frame. Due a technique of Vranceanu
([20]-[22]), to each local frame, one can attach a positive definite metric such
that the frame becomes orthonormal.

If the vector fields {X7, Xs, -+, X}, together with their iterated Lie
brackets span the entire tangent space T,M at each point p € M, then we
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say that the distribution D is bracket generating. The number s of iterated
Lie brackets defines the step of the distribution, which is s + 1. A famous
Theorem due to Chow and Rashevskii ([11], [18]) states that any two points
of a connected manifold M can be joined by a piecewise C* curve tangent to
the distribution D, provided that D is bracket generating at any point p € M.

The bracket generating condition might be seen as a link between sub-
Riemannian geometry and the theory of non-elliptic differential operators (see
for example [2], [3], [15]). More precisely, the theorem of Chow and Rashevskii
provides a geometry which plays an important role in understanding the heat
kernels of operators which satisfy the bracket generating condition. Let us
remark that this condition is only a sufficient one.

Recently, a stochastic version of the Chow-Rashevskii Theorem was for-
mulated and motivated for a controlled stochastic perturbation associated to
step 2 Grushin operators (a particular sub-Riemannian manifold) by Calin,
Udrigte and Tevy (see [8], [9]). It states that, for any two points P, Q, we can
find suitable control functions such that the corresponding admissible stochastic
process, which starts at the point P, will reach, after a certain time, any ball
centered at ), with probability closely enough to 1.

The main contribution of the present paper is the extension of the sto-
chastic connectivity property for a controlled stochastic perturbation associ-
ated to step k + 1 Grushin operators, where k € N*. We use a general setting
in order to suggest that our theory can be extended to any distribution.

2. Stochastic admissibility associated to Grushin operators

Let us consider the Grushin vector fields (first order partial derivative
operators) X = 0,, Y = 2%9,, k € N*, defined on R?, with coordinates (x,y).
Let D¢ be the Grushin distribution generated by { X, Y'}. The sub-Riemannian
geometry on Dy has been in the focus throughout many works, especially for
the sub-Riemannian geodesics (see for example [6],[5],[4],[10]).

The rank of the distribution D¢ drops to 1 on the vertical axis. Con-
sequently, the Grushin distribution D¢ := {X, Y} is a non-holonomic frame
only on R?\ Oy. By taking the first k iterated Lie brackets

X,Y] = ka*19,,

X, [X, Y]] = k(k — )220,

[*:Xv [Xv 7[X7Y]]] :]{Z!ay,

we see that the distribution Dy is bracket generating and it is of step k£ + 1.
Thus the condition of the Chow-Rashevskii Theorem is satisfied.
A controlled vector field in the Grushin distribution { X, Y} is of the form

o(r,y) X (2, y) + ¢z, )Y (2,9).
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Its controlled field lines ¢ : [0,¢] — R?, ¢(s) = (z(s),y(s)), are described by
the Pfaff system

dx(s
( dy(s; ) = (u1(s) X (x(s),y(s)) + uz(s)Y (z(s),y(s)))ds, (1)

or explicitly

dx(s) = uy(s)ds
{ dy(s) = us(s)z*(s)ds, (2)

where the controls u(s), us(s) are piecewise smooth and take values in a
bounded and closed set U € R. The set of such controls, denoted by U, is
called the set of admissible controls. The solutions of the Pfaff system (1) are
called admissible horizontal curves.

To the Pfaff system (1), we attach a controlled stochastic differential
equations system (SDE), called stochastic perturbation (see [8], [9]), in the
sense,

(6] ) = (Xl 9 + sy ol wlsyas + (22t ) 9
Generally, a stochastic controlled dynamics is described by an It6 process
cs = (x'(s), 2%(s), -+ ,2"(s)),
satisfying (see for example [17], [12])
des = b(s, cs,us)ds + o (s, ¢, us)dWs, (4)

where b : RXxR" x U — R", 0 : Rx R" x U — R™™ are given functions,
and W is an m-dimensional Wiener process (Brownian motion). The control
us € U C R¥, which takes values in a given Borel set U, at any instant s, is
a stochastic process us = u(s,w) measurable w. r. t. the o-algebra generated
by {Wsn-, 7 > 0}. Different problems use different types of controls (see for
instance [17], Chapter 11). The controls u(s,w) = u(s), not depending on w,
are called deterministic or open loop controls. Denote the set of deterministic
controls by U;. Functions of the form u(s,w) = ug(s, cs(w)), for some function
up : R™ — U c RF, are called Markov controls. It is assumed that the
function u does not depend on the starting point but only on the state of the
system. Denote the set of Markov controls by Us,.

3. The stochastic connectivity property

In the present section we shall state and prove our main result concerning
the stochastic connectivity associated to a stochastic perturbation of step k+1
Grushin distribution.

Consider a 2-dimensional Brownian motion (W} W2) together with a
pair of non-negative constants (o1, 02), which control the amplitude of the
error.
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Definition 3.1. A stochastic process ¢s = (x(s),y(s)), which satisfies the SDE
system
dz(s) = uy(s)ds + o1 dW}
{ dy(s) = ua(s)2*(s)ds + oodW?2, (5)

with uy,us € Uy U Us, 18 called admissible stochastic process.

Theorem 3.1. Let P = (zp,yp), Q = (zq,yq) be two points in {R* Dg} and
denote by D(Q,r) the Euclidean disk of radius r, centered at Q). Then, for
any €,7 > 0, there exists a striking time t < oo and an admissible stochastic
process ¢, satisfying the boundary conditions

((0),9(0)) = (zp,yp), (Elz@®)],Ey(0)]) = (zq.yq)
such that
P(¢, € D(Q,r)) > 1—e. (6)

Proof. Since the Grushin distribution is translation invariant along the Oy
axis, the general starting point (xp,yp) can be reduced to the point (zp,0).

As |le; — Q||? is a nonnegative random variable, from Markov’s inequality,
we have

P([le. — Q|* > r?) < %E [llee = QU]

which is equivalent to

P (e~ QI < 1) > 1~ 5E [lec — QI @

Since the distance between two arbitrary points on the Oy axis is infinite, due
to the rank variation of the Grushin distribution, we shall consider two cases.
Case 1. Suppose zp # zg, yp = 0. In this case, we can select the

controls
ui(s) € i, ui(s) =a, a €R,

sgn(yo) (8)
us(s) € Uy, us(s) = )
A9) €1, ) = s

where 6 > 0. The integral variant of the stochastic system (5), with initial
conditions ¢y = P, has the form

z(t) = at + oW} + xp,
t
y(t) = / uy(s)z"(s)ds + o W7
0
The properties of the Wiener processes

E[Wi =0, E [(W;)z} —t,i=1,2,

(9)

and the boundary conditions

Elz(t)] =29 = att+ Tp = q,
Elyt)] =y = /0 us(s)E [mk(s)] ds = yo,
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together with the independence of W} and W2, respectively, give
E(lles = QP = E [(x(t) — 20)*] + E [(y(t) — yo)*]

¢ 2
=E[(at+xp — 29+ W})?|+E (/ uy(s)2" (s)ds — yg + @Wf) ]
0

(/Ot u2(8)xk(3)d8>2 + 4 + o5t — 2yg /Ot uy(5)E [25(5)] ds

( /O t uz(s)xk(s)d5>2] |

Let us find now some estimates for the last term of the above equality. By the
Cauchy-Schwartz inequality, we get

(/Ot u2(8)$k(8)d8>2 < /Ot (ua(s)a(s))" ds /Ot s,

which implies
(/Ot uz(S)xk(S)d8>2] < t/ot W2(s)E [2%(s)] ds. (10)

Recall that (see for example [17])

=oit+E

=(of+o3)t—yy+E

E

!
= )] - { 270

0, i € ON 4+ 1.

/2 i e 2N,

Consequently, E [(th)l} < (tl/Z)i, Vi € N.

Taking into account the expression for x(t), we find

2%k
E [(at + oW}l + Z'P)Qk] = Z Ciy (at 4+ zp)* oI R [(I/th)z}
2% A =0 . N (11)
< Z Ciy (at +2p)* ot (£72)" = (at + xp + 01t"/?)7
=0
where we have used the fact that the odd terms E |(W})'| are zero.

Substituting the inequality (11) in (10), together with the control func-
tion uy(t), yields

(/Ot uQ(S)xk(s)ds) 2] < t/ot ( (as + 015" + xP)2k)2k ds< £ (12)

la|s + 0182+ + ap

E

Thus,
E[[le: — QII] < (o7 +03)t —yp + . (13)
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Finally, for any ¢, > 0, the equation,
+ (of+03)t — (yé +er?) =0 (14)

has a strictly positive solution

— (03 +03) + /(03 + ) +4 (4 + e72)

t= ,
2

for which
1 )
Elle:—QI°] <er® <= 1- ﬁE llee = QIP] > 1=, e, (16)

P(¢; € D(Q,r)) > 1—e.

T —1x
From the boundary conditions we also have a = > e

Case 2. Suppose xp = xg,yp = 0. Let us consider the following control
functions uy(s), us(s) € Uy

u1(s) € Uy, ui(s) =sin(as), a # 0,
sgn(yg) (17)

(5 + [sin(as)| + Jlsé)k’

us(s) € Uy, ua(s) =

for some § > 0. It is easy to see that the above computations hold also in this
Vs
case. Notice also that a = T where ¢ is given in (15).

_ b _
For Markov controls, take u;(s) = M, us(s) = Yo—ir g
t xk(s)

4. Extended stochastic connectivity

As it can be seen in Theorem 3.1, one boundary condition is deterministic
whereas the other is expressed in probabilistic terms. It is possible to express
both conditions probabilistically such that the roles of the endpoints become
interchangeable.

Corollary 4.1. Let P,Q be two arbitrary points in {R*, D}. Then, for any
ri,mo >0, 0 < ey,e9 < 1, there exist ty and ty, respectively, and an admissible
stochastic process cs, satisfying the boundary conditions

(E[z(t)] Ely(t)]) = (xp,yp), (Elz(t2)], Ey(t2)]) = (20, 9q)
such that
P(e,, € D(Pyry)) > 1—e1, P(ey, € D(Q,12)) > 1 — e. (18)

Proof. Since at least one endpoint is not the origin, suppose P is that point.
We implicitly consider that the controls have precisely the same form as above,
and that the constants are determined similarly.
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Let ¢ = min{ey, 2} and r = min{ry,r}. By Theorem 3.1, there exist a
striking time ¢; and an admissible stochastic process c,, starting at the origin
O € R?, such that E[||c;, — P|*!] < ¢ (5)2, hence

P(ctleD(P,g>CD(P,r1)>21—521—51. (19)
Integrating (5), one obtains
to
(ts) = / w(s)ds + W, ) + a(t)

t1
to (20)
y(ts) = / un(s)2*(s)ds + o W2, )+ y(ty),

t1

whereas the boundary conditions imply

/t2 wi(s)ds + xp = 2, E Ut uz(s)xk(s)ds] tup =10

t1 t1

, , 2
Noticing that E [W(ZtQ_tl)} =0,E |:<W(Zt2—t1)) } =ty —1t1,12=1,2, we evaluate

E [(2(t2) — 13@)2] = E [(«(t1) — xp)j} + 07 (ty — t1),
E[(y(t2) —20)°] =E[(y(tr) —zp)*| + 03 (t2 — t1)

—(2g—2p)* +E ( /t 52 u2(3)xk(s)ds) 2] |

The inequality (12) becomes, in this case,

([ uQ(S)xk(S)ds>2] ot

Similarly with (14), the equation

E

3
(0'% -+ O'g) (tQ — t1> — (Q?Q — 33'13)2 -+ (tQ — t1)2 = 157’2,

with (ty — t1) as the unknown, has a strictly positive solution, for which
3
£ [”Ctz - QHQ} < E [Hctl - PHQ] + Z€T2 < 5T27

and hence P (¢;, € D(Q,13)) > 1 — &5. This completes the proof. O

5. Acknowledgement

We take the opportunity to kindly thank Prof. Dr. Ovidiu Calin (East-
ern Michigan University) for bringing our attention to the problem we have
discussed. The work was partially supported by University Politehnica of
Bucharest, and by the Academy of Romanian Scientists.



10

Teodor Turcanu, Constantin Udrigte

1]

[21]
22]

REFERENCES

V. Balan, C. Udriste, I. Tevy, Sub-Riemannian geometry and optimal control on
Lorenz-induced distributions, U.P.B. Sci. Bull., Series A, 77(2015), No. 2, 29-42.

R. Beals, B. Gaveau, P. C. Greiner, On a geometric formula for the fundamental
solutions of subelliptic Laplacians, Math. Nachr., 181(1996), 81-163.

R. Beals, B. Gaveau, P. C. Greiner, Hamilton-Jacobi theory and the heat kernel on
the Heisenberg groups, J. Math. Pures. Appl., 79(2000), No. 7, 633-689.

0. Calin, D. C. Chang, P. C. Greiner, Y. Kannai, On the geometry induced by a
Grushin operator, Comp. Anal. and Dyn. Syst. IT, 382(2005), 89-111.

0. Calin, D. C. Chang, The geometry on a step 3 Grushin operator, Appl. Anal.,
84(2005), No. 2, 111-129.

0. Calin, D. C. Chang, Sub-Riemannian Geometry: General Theory and Exemples,
EMIA 126, Cambridge University Press, Cambridge, 2009.

0. Calin, C. Udriste, Geometric Modeling in Probability and Statistics, Springer, 2014.
O. Calin, C. Udriste, I. Tevy, A stochastic variant of Chow-Rashevski Theorem on the
Grushin distribution, Balkan J. Geom. Appl., 19(2014), No. 1, 1-12.

0. Calin, C. Udriste, I. Tevy, Stochastic Sub-Riemannian geodesics on Grushin distri-
bution, Balkan J. Geom. Appl., 19(2014), No. 2, 37-49.

D. C. Chang, Y. Li, SubRiemannian geodesics in the Grushin plane, J. Geom. Anal.,
22(2012), 800-826.

W. L. Chow, Uber Systeme von linearen partiellen Differentialgleichungen erster Ord-
nung, Math. Ann., 177(1939), 98-105.

L. C. Evans, An Introduction to Stochastic Differential Equations V 1.2. Internet, 2015.
V. Grushin, On a class of hypoelliptic operators, Math. USSR Sb., 125(1970), 458-476.
M. Gromow, Carnot-Carathéodory Spaces Seen from Within, Prog. Math., 144,
Birkhauser, Basel, 1996.

L. Hérmander, Hypoelliptic second order differential operators, Acta. Math., 119
(1967), 147-171.

R. Montgomery, A Tour of Subriemannian Geometries, Their Geodesics and Applica-
tions, Mathematical Surveys and Monographs, vol. 91, American Mathematical Society,
Providence, RI, 2002.

B. Oksendal, Stochastic Differential Equations, 6-th ed., Springer, 2003.

P. K. Rashevskii, About connecting two points of complete nonholonomic space by
admissible curve, Uch. Zapiski Ped. Instit. K. Liebknechta, 2(1938), 83-94.

C. Udriste, V. Damian, Simplified single-time stochastic maximum principle, Balkan
J. Geom. Appl., 16(2011), No. 2, 155-173.

G. Vranceanu, Sur les spaces non holonomes, C. R. Acad. Sci. Paris, 183(1926), No. 1,
852-854.

G. Vranceanu, Legons de Géométrie Différentielle, Rotativa, Bucharest, 1947.

G. Vranceanu, Lectures of Differential Geometry (in Romanian), EDP, Bucharest, vol.
(1962), vol. IT (1964).



