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Regularized transport between
singular covariance matrices

Valentina Ciccone’, Yongxin Chen*, Tryphon T. Georgiou*, Michele Pavon*

Abstract—We consider the problem of steering a linear
stochastic system between two end-point degenerate Gaussian
distributions in finite time. This accounts for those situations
in which some but not all of the state entries are uncertain at
the initial, r = 0, and final time, r = 7. This problem entails non-
trivial technical challenges as the singularity of terminal state-
covariance causes the control to grow unbounded at the final
time 7. Consequently, the entropic interpolation (Schrodinger
Bridge) is provided by a diffusion process which is not finite-
energy, thereby placing this case outside of most of the current
theory. In this paper, we show that a feasible interpolation can be
derived as a limiting case of earlier results for non-degenerate
cases, and that it can be expressed in closed form. Moreover,
we show that such interpolation belongs to the same reciprocal
class of the uncontrolled evolution. By doing so we also highlight
a time-symmetry of the problem, contrasting dual formulations
in the forward and reverse time-directions, where in each the
control grows unbounded as time approaches the end-point (in
the forward and reverse time-direction, respectively).

Keywords: Linear quadratic control, covariance control,
singular covariances, stochastic bridges

I. INTRODUCTION

The problem of optimally steering a Markov process be-
tween two end-point marginal distributions has its roots in
the thought experiment of large deviations for independent
Brownian particles formulated by Schrodinger in the early
30’s [26] [27]. Since then, considerable literature has flour-
ished and important connections have been made bridging the
Schrodinger Problem with Stochastic Control Theory, [11],
[12], [5] and, more recently, with Optimal Mass Transport,
[22], [23], [24], [19], [20], [15].

A special instance of this problem, which is of great interest
from a control engineering perspective, is the one of steering
a linear stochastic system between two end-points Gaussian
distributions in finite time and with minimum energy [3], [7],
[8], [9], [2], [16]. In particular, such a problem can be recast as
a finite-horizon covariance control problem in the spirit of the
seminal works [17], [10]. In [6], this problem has been studied
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for the general case of possibly degenerate diffusions and the
solution for the optimal control problem has been explicitly
derived by solving two differential Lyapunov equations non
linearly coupled through their boundary conditions.

The purpose of the current paper is to study in detail the
case in which the desired marginals are Gaussian with singular
covariances and, consequently, have no density. This leads to
non trivial technical issues as the control becomes unbounded
at the terminal time 7. It follows that the bridge process
solving the problem is no more a finite-energy diffusion. But
this is the key assumption under which most of the theory
has been developed [14]. Our goal is to show that a feasible
interpolation can be derived as a limiting case of the results
in [6] and that it can be expressed in closed form. Moreover,
we aim to show that this interpolation belongs to the same
reciprocal class of the uncontrolled evolutions, namely, the
class of probability laws having the same three-point transition
densities, see [18], [21]; this is the case for nondegenerate
marginals [14]. As a by-product of our analysis, we also gain
interesting insight into the time-symmetry of the problem.

The paper is organized as follows. In Section II, as exem-
plification for our studies, we review some basic facts about
the Brownian Bridge. In Section III we recall some results
from [6]. Then, in Section IV, we formally state our problem
whereas in Section V we present our main results. In Section
VI a numerical example is worked out for illustrative purposes.
Finally, some open points and future directions are discussed
in Section VII. The less relevant proofs are deferred to the
Appendix.

II. THE BROWNIAN BRIDGE

To motivate our successive analysis and illustrate some of
the difficulties we are going to face, we briefly recall some
basic facts about a well-known example of infinite-energy
diffusion process, namely the Brownian Bridge. The Brownian
Bridge is defined as the continuous-time stochastic process
(X:)iefo,1) which is obtained from a standard n-dimensional
Wiener process (W;);cp,1] by conditioning on W; = 0, [25],
[4]. Hence both the initial and final marginals are Dirac delta
masses concentrated at 0 € R"”. The Brownian bridge satisfies
the following stochastic differential equation

X
dX,:—l—’tdt—&-dW,, 0<r<1,Xo=0. 1)

A straightforward calculation gives

r ]
X, =(1—t¢ dW..
= ( >/01_s s
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X; is clearly a zero-mean Gaussian process. Let P(¢) :=E[X, X/]
denote the variance of X;. By a standard computation, P(t) =
t(1 —1)I,. Then, since lim, ~; P(t) = 0, we conclude that X;
converges to zero in mean square. We compute now

s {75 (7))

1 1 Loy
=t P(t) ——dt = ——dt = oo,
race/o ()(l—t)z n/o = +

Thus, the Brownian bridge is not a finite-energy diffusion.

III. REVIEW OF PREVIOUS RESULTS

Let (& )iejo,r] be an R"-valued stochastic diffusion process
defined on (Q,.7,{.%;},IP) and satisfying the linear stochastic
differential equation

d& = A(t)&dt +B(t)dW,, &—o=&oas. )

where (W;);co,r] is a standard m-dimensional .%-Wiener
process, A(z) : [0,T] — R™" and B(t) : [0,T] — R™™ are
bounded and continuous matrix functions and & is an n-
dimensional random vector independent of (W;),c(0,7]> &o ~ Po
with pp a zero-mean Gaussian distribution with covariance Xg.

The problem of forcing the diffusion process (& );cjo,r) to
a desired end-point probability distribution pr, with pr zero-
mean Gaussian with covariance £7, has been considered in
[6]. To this end, the controlled diffusion process (&/);c(o,7)»

Elo=C6vas. (3)

is introduced, where u € Y , the class of admissible controls
specified as follows.
Definition 1. A control u(-) € % if u(t) is F-adapted and
if, in addition, the stochastic differential equation (3) admits
a strong solution in [0,T] and E{fOTu(t)/u(t)dt} < oo,

Our problem can be formally stated as follows:
Problem 1. Provided that the set % is non-empty, find an
admissible control u*(-) € % such that: 1) EX,, is distributed
according to po, and éth according to pr, and 2) among
all the admissible controls satisfying the previous point, u*
minimizes the cost function

Jw):=Ef /0 ! e u(o)dr .

d&/ =A(t)&/dt + B(t)u(t)dt + B(t)dW;,

A solution was given in [6] under the following assump-
tions.
Assumption 1. The covariances %o, £r are positive definite.
Assumption 2. The pair (A(¢),B(¢)) is controllable, in the
sense that the reachability Gramian

1
M(ti,t0) := [ @(t1,7)B(7)B(7)'®(t1,7) d7

fo
is non singular for all 7y < 71, fo,7; € [0,T], where ®(z,s)
denotes the system state-transition matrix of A(-).

The next two results, Propositions 1 and Theorem 1 (from
[6]), are the starting point of our analysis.

Proposition 1 ([6]). Under Assumptions 1 and 2, the following
system of differential Lyapunov equations

P(t) = A(t)P(t) + P(t)A(¢)' + B(t)B(t)’ (4a)
O(t) =A(t)Q(t) + Q(t)A(t)' — B(t)B(t)’ (4b)
coupled through the boundary conditions
£t =P0) ' +0(0)" (5a)
Sl=p(r) '+ o(T) " (5b)

admits a unique solution pair (P(-),Q(-)) such that Q(t) and
P(t) are both non-singular on [0,T]. The pair is determined
by (4) and the initial conditions'

- 1 - -
0(0) =5/ (21+23/ ‘o'm @5y

-1

1 «1/2 e a— ~121/2 «1/2

- (ZH-ZO/ M ErM 1<1>20/) 5/
P(0)=(£;" —0(0)"H)~".

Theorem 1 ([6]). Under Assumptions 1 and 2, Problem 1
admits a unique optimal solution

u'(1) = —B()' Q1) "'&

where Q(t), together with the corresponding P(t), solves the
system of Lyapunov differential equations in Proposition 1.

We state a dual to Proposition 1 that will be used later on;
the proof of Proposition 2 is deferred to the Appendix.

Proposition 2. The solution (P(-),Q(-)) in Proposition 1
can be equivalently specified by system (4) and the final
conditions:

- 1 - -
P(T) =51/ (21+21T/ Mgl

—1
1 . . . 1/2 .
- (11 + P o0 M EY 2) £1/2

o(r)=E;'—pP(r)"")".

IV. PROBLEM STATEMENT

Let (& )ieo,r) be a R"-valued stochastic diffusion process
defined on (Q,.7,{%;},IP) and satisfying the linear stochastic
differential equation

d& =A(t)Gdt +B(t)dW;, o= o as. (6)

where (W:)ie0,r)> A(-) and B(:) are as above and {p is
an n-dimensional, zero-mean random vector independent of
(Wi)iejo,r)- We suppose that {y is distributed according to a
degenerate multivariate normal gy with zero mean and singular
covariance Xy, with rank(Xg) = ko < n. We consider the
problem of steering system (6) to a desired final distribution
Ur. We assume that ur is also a degenerate multivariate
normal with zero mean and singular covariance matrix X7,
with rank(X7) = kr < n. Clearly, both py and pr are not
absolutely continuous with respect to the Lebesgue measure

'We use the short hand notation & = ®(T,0), M = M(T,0).
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in R" and therefore have no density with respect to such
measure. We now seek to formulate an atypical stochastic
control problem with a two-point boundary conditions. The
corresponding controlled evolution is (&/*),cjo,7], satisfying

dl!' =A(t){/dt +B(t)u(t)dt + B(t)dW;, {Ly = Goas. (7)

where u € 7%, the family of admissible control for the problem
at hand, defined below.
Definition 2. A control u(-) € % if u(t) is F;-adapted and if,
in addition, for any € € (0,T), equation (7) admits a strong
solution in [0,T — €] and u has finite energy on [0,T — €.
We stress that any admissible control steering the system
to the desired degenerate marginal Uy, necessarily needs
to have infinity energy, see’ [13]. Since there are several
such alternative admissible controls, and each requires infinite
energy, comparing these on the basis of the energy that is
required is meaningless. Thus, here, we limit ourselves to
a less ambitious goal: we aim to show that an admissible
control steering the systems to the desired final marginal
exists, that it can be expressed in closed form, and that the
resulting controlled evolution coincides with the version of
(6) conditioned at the initial and final time, thereby belonging
to the same reciprocal class as the prior induced by (6), cf.
[18], [14], [21].

Specifically, we address the following problem.
Problem 2. Provided that the set % is non-empty, find an
explicit construction for an admissible control u*(-) such that
i) ' is distributed according to o, ii) as t, /T, Ct,,
converges in distribution to a random variable distributed
according to Ur, and iii) the controlled and uncontrolled
evolutions belong to the same reciprocal class>.

We revisit and discuss issues of optimality in the final
section. Note that, while Assumption 1 has been removed,
Assumption 2 is always in effect.

V. MAIN RESULTS

Let Ay, Zo and A7, Zr denote the null and range spaces
of ¥ and X7, respectively, and IL 4, I1p, and IL 4., Tlg,
denote the corresponding projection operators. To handle the
singularity of the covariances we introduce small perturba-
tions, &, &r > 0, and define the perturbed covariances

Yo,6 := o+ &0IT 4, Yrep :=Xr+erll gy,

so that Xo ¢, X7.¢, > 0 for any &, &r > 0. Our goal is to derive
the optimal control for our problem as limiting case of the
standard results. Without loss of generality we assume that ¥
and X7 are partitioned as

o=y o == 0 ®)

2A Markov finite-energy diffusion has both forward b, and reverse-time
b_ drifts with finite energy [14]. The two are related via the density p as
inb_ =b, —BB'Vlogp. Thus, if p tends to become singular for t /T, the
energy of at least one of the drifts (here the forward) becomes unbounded on
[T —¢,T].

3As noted in the introduction, being in the same reciprocal class means
that their probability laws when conditioned on {—o = §o, §—r = {r, for any
fixed §y, r in R", are identical.

and, as a consequence,

A O Ar 0
20’80 - |: 0 8()]:| ’ ZT’gT - |: 0 8T1:|

where Ag € Rko<ko Ap e R¥T¥kT Ag A7 > 0 and 0 and
I denote the zero and the identity matrices of compatible
size, respectively. Indeed, if this were not the case, we can
find unitary matrices Uy, Ur and define a time dependent
transformation U;, which can always be chosen to be unitary,
as the set of unitary matrices is path-connected. In fact, one
possible choice is U, := exp[(T —t)/T logUp|exp|t/T log Ur).
Accordingly, changing coordinates in the state space, we return
to case (8).

We are now ready to state our first result.

Proposition 3. Let (Pe, ¢, (-), Qgyer (1)) represent the solution
in Proposition 1 for the system (4)-(5) with boundary condi-
tions Xo ¢y, XT,ep. Then

lim Qg ¢ (0) "1 = ®(T,0)M(T,0)"'&(T,0)
&,&r—0
+(Z('§)l/2(; (i1+21/2A 1/2)1/2)(28)1/2

1 R .
—HJVOETEI/Z(Z +(41+Z(1)/2ZTZ(1)/2)1/2)’1(26)1/2
(20)‘/2( 1+(5 1+z'/22 IR LR Rb s Va7

—TL 4871y

1
+H%2721/2(21+(4I+Z 128582122528

where L7 :=®(T,0)M(T,0)"'ZrM(T,0)"'®(T,0). Moreover,

0(0) ' := Qcyer (0) 7!

lim
&—0,e7—0

has the property that the Riccati differential equation
0" = -0 "A(r) — AW Q1) +0(1) ' B()B()'Q(1) " (9)
with initial condition Q(0)~! has a finite solution* on [0,T).

Proof. To derive the expression for the limit we first define
the partition

[Ee Fg] - 12—1 7271/2

1/2 & 1/2\1/29-1/2
Fl Ge) "= 2%0s  Toa (g T Toa Terog)

0,& 0,& 0,
where £7.¢, :=®(T,0)M(T,0)"'Zr ¢, M(T,0)'&(T,0), E¢ €

Rkoxko | F, € RFox(—k0) and G, € R("k0)*(n—ko) By rearrang-
ing terms we get:

2
12 |Ee Fel|atj2z 1 1 1/2 1/2
(el E]ma-3r) - prentimmant;

and by developing the square and simplifying:

Eg Fg Eg Fg Eg Fg o
|:F£ G£:| Z:O.,Eo |:Fé G5:| - |:Fé G£:| - z"T,ST' (10)
Let iT = limgT*)(] 2T78T, E = llmgog)()gTA)O Eg, F =

limg,0.¢, 0 Fe and G := limg, 0 ¢, 0 Ge. Then, taking the

“Note that r = T is a finite escape time for (9).
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limit for &g — 0, &7 — 0 of (10) and suitably partitioning 2T
we obtain the following system of equations in E, F and G:

E F|[Ao O|[E F| [E F|]_[£F £F
F' G||0 Of|F G| |F G| [gF 2§

or equivalently

EAJE —E =%k
EAoF —F =%F
F'AF —G=%§

Only the first equation is quadratic and has as solutions:

Ee= A" (% <4I+A1/22EA1/2> 2 ~1/2

+20A
To resolve the choice of the sign we observe that Eg is
continuous as & — 0, &r — 0 thus, by comparison, the minus
sign is the consistent one. Therefore, the solutions for F and
G are:

121 1266 ,1/2\/2 1N 1)20F
F=—ng" P (G100 E0A%) T+ 30) AEf

v e 12 1\-2 /e
G:—2?+>:¥A1/2((41+A1/27_EA1/2) +§1) AVPSE.

Then the expression for limg, 0 ¢;—0 Qg.er (0)~! in the state-
ment can be verified utilizing the definitions of Xo and IT 4;.

Next, to show that the Riccati differential equation (9) has
finite well defined solution in [0,T') we introduce the following
change of coordinates:

x(t) = N(T,0)""®(0,1)¢ (1)

where N(t1,10) := [;! @(10,7)B(7)B(1)'®(t9,7)'d7 is the con-
trollability Gramian which is non singular for all 7y < #,
to,t1 € [0,T]. In this new coordinates the dynamics simplify
to

dx(t) = N(T,0)”'/2®(0,)B(1) dW,

=:Bnew
for the newly defined diffusion matrix Byey. This ensures that
for the new reachability Gramian it holds that My (7,0) = 1.
Accordingly under the new coordinates (4a) becomes
Ohew(t) = —Brew(t)Bpew(t)' and the relation between Qpew(f)
and Q(¢) is given by

Orew (1) := N(T,0)~'/2®(0,1)Q(r)®(0,1)'N(T,0) /2.
It follows that
Qnew(l‘)i1 :(Qnew( )_Mnew(t O))il
= new(tao) 1_ new(t 0) (Qnew(o)_l
new(tao) 1) 1Mnew(t 0)

Therefore, showing that the Riccati differential equation (9)
admits finite solution in [0,7) reduces to showing that

det (Qnew(0)~ (11)

The expression (Qpew(0)™! — Mpew(£,0)™!) is maximal for
t = T; here “maximal” is to be interpreted in the sense of

' Mpew (1,001 £0 Ve €0,T).

the natural partial order on positive semi-definite matrices.
Moreover, the following relation holds:

M(T,0)"' =®(0,T)N(T,0)"'®(0,T).

Therefore, for all ¢+ < T, we have that

Onew(0) ™! — My (1,0)”!
— [+ N(T,0)? Lf, g] N(T,0)? — Mpey(1,0) !
< N(T,0)? Lf, g} N(T,0)?. (12)
We will now establish that the following holds
[ﬁ, g} 0. (13)

which in view of (12) implies (11).
To this end, we make the following observations:
a) the matrix E is negative definite as

1 1 1/2 1/2 12
I —( —I1+A) ZEA,
2 4

< 0;

b) by definition £7 > 0 therefore f? > 0 and by taking the
(generalized) Schur complement

255 (55)'5F = 0.

From a) (—
proving that

E) > 0, therefore proving (13) is equivalent to

(—G)— (—=F')(—=E)~ (-
As a consequence of b), this amounts to show that

F'AoF —F'E"'F < £ ($E) 8L

F) = 0.

(14)

1/2
We define O := 1I—l—Al/ZZEAl/Z) and we observe that
Aal/z(ﬁ )”Afl/2 (0 - ) . Then (14) reduces to

c] 1172 0] 117l L @7l 0] 1171< e’ 1171
*3 *(*5) 2'- (*5 =\ 73
which further reduces to
1 1
(o-21)<(0- 1.
Therefore (14) holds with equality, completing the proof. [
Remark 1. By Proposition 3, Q(t) is non-singular in [0,T).

Next, we state the analogous result for P(-).

Proposition 4. Let (Peye,(-), Qgper(-)) be as defined in
Proposition (3). Then, in view of Proposition 2

lim Py e (T) " = M(T,0)!

&—0,er—0

1 1 A
+EDGI- (G4 S0x ) P)(E) 2

1 .
—H/;/TZOZI/Z(ZI-‘F (41JFZIT/ZZOZ,}/Z)VZ)*I(zT )12

(z*)‘/2(21+( [+2)/ 802V 1228 0m

7H/VTZQH/1/T

1/2¢

1
+HM2021/2(21+(41+>: T e LR s s N s

0018-9286 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on February 10,2021 at 03:34:57 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAC.2020.3017714, IEEE

Transactions on Automatic Control

where £ := M(T,0)~'®(T,0)Zo®(T,0)M(T,0)~". More-
over, the limit

P(T) "=  lim Py (T)™!

0,870
has the property that the Riccati differential equation
P(t)™' = —P()"'A(t) ~A@)'P(1)"" — P(t) "' B()B(1)' P(1)”
with final condition P(T)~" has finite solution in (0,T].

The proof of Proposition 4 is completely symmetric to the
proof of Proposition 3.

Remark 2. By Proposition 4 P(t) is non-singular in (0,T)].

Proposition 5. Under the considered coordinate basis, P(0)
and Q(T) have the following block diagonal structure

P(0) = Tl PO)TLe, = |1 8] (15)
O(T) =Ty, Q(T )My, = [Q{;* 8] (16)

where Py € Rko*k0 and Qr . € Rk gre both non-singular.

The proof of Proposition 5 is deferred to the Appendix.

Theorem 2. Define i(t) := —B(t)'Q(t)~'¢; and consider the
controlled evolution (7) for the choice u(t) = i(t). Then, the
solution to the linear stochastic differential equation

dgl =A@)¢dt+B(t)aw,, 0<t<T (17)

with &% = & a.s. and A(t) := A(t) — B(t)B(t)'Q(t)~" is such
that its mean function is zero and, as t /' T, its variance
converges to Xr.

Proof. Tt can be checked that E{{} = 0, since E{{o} =0. To
verify the second-order statistics, we define £(¢) := E{{¢'}.
Then, X(¢) satisfies the Lyapunov differential equation

¥(t) = A()Z(r) + Z(t)A(t)' +B(t)B(t) (18)
with initial condition £(0) = E{{y{}} = Zo. It can be easily
verified that the candidate solution:

(1) = (P(t) '+ Q) )

satisfies the differential equation (18) in the open interval
(0,T), where Q(-)~! and P(-)~! are as defined in Propositions
3 and 4. We claim, in addition, that relation (19) holds at the
end points t =0 and r =T in the sense that

PO)(I+Q(0)~'P(0)) ! =2
Q(T)(P(T)'Q(T)+1)~" =%r.

Let us focus on (20a). By simple algebra, (Q(r)~! +
P(t)™ """ =P(t)(I1+Q(t)"'P(¢))"! for t #0. Then, the limit

lim P(1)(1-+0(0) ™ P(1) ™ = P(O)(1+Q(0) ™' P(0)

19)

(20a)
(20b)

is well-defined provided that det(I + Q(0)~!P(0)) # 0.

5

To show that (I +Q(0)~'P(0)) is indeed not singular we
recall that, in view of Proposition 5, P(0) has the block-
diagonal structure in (15). Then, conformally partitioning

E F
—1 _

the quantity (74 Q(0)~'P(0)) can be expressed as

10 [E F][R. 0] _[I+ER, 0

o 1|7 |F G|lo o | Fr, I
whose determinant is det(/ + EPy ). We want to show now
that this quantity is non zero.

We recall that, for & > 0, the results in Theorem 1 apply
and the following condition holds

Pey (0)(I+ Qgy (0) ' Py (0)) ™! = Zo g,

We observe that Qg (0), Qg,(0) ! and Py, (0) are well defined
as & — 0 and we introduce the representation ng1 (0) =

0(0)~" +0(e), P, (0) = P(0) +O(gp) so (21) gives
P+ O

(I row) (e ([f Erom) ([ row))

[Zos 0
B 0 &1’

21

which further reduces to
S04 O] ([I+ER, O (R O
{ 0 50} ({ iRy, 1 +0(g) | = 0 o0 +0(g).

The limit as & \, 0 is well defined and given by

Yo4+U+ER) O _ [P+ O
0 o | O 0

from which it follows that det(I +EP, 1) # 0.

Moreover, we observe that
. —1 —“1\=1 _ 1 —1 -1
}%(Q(l) +P(1)") —}%P(t)(HQ(t) P(t))

= P(0)(I+Q(0)"'P(0))~"
= lim, Pey (0)(7 + 0y (0)™' Py (0)) ™

= lim Xp ¢ =X,

801{10 0:E 0
and (20a) follows. Equation (20b) can be shown by using a
symmetric argument. O

Consider now Problem 2 in the case when A(r) = 0,
B(t) =1, and the two marginals are delta masses at 0. Then,
we readily get Q(¢) = (1 —1)I, and 4(z) := fl%lg. Thus, the
Brownian Bridge of Section II is indeed the solution of (the
generalized Schrodinger Bridge) Problem 2.

The following result basically amounts to the fact that the
uncontrolled evolution (prior) and the bridge evolution belong
to the same reciprocal class.

Proposition 6. The uncontrolled evolution (6) and the con-
trolled evolution (17) share the same bridge, that is, the prob-
ability law of (6) when conditioned on —o = o, G—r = Cr,
for any fixed 50, éT in R", is the same as the probability law
of (17) when conditioned on the same event.
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Proof. Let R| and R; be, respectively, the solutions of
Ri(t) =A(t)R (t) + Ry (1)A(t) — B(t)B(t)’
Ry (1) :A(t)Rz(t) +R2(t)A(t)’ —B(t)B(t)’

with terminal conditions R (T) = R2(T) = 0. Then a proof of
the statement follows by the same argument of [6, Theorem
11] observing that lim, 7 Ry (t)Q(t) 'Ry (¢) = 0. O

We have seen above that the forward drift field b ({,f) of
the bridge is obtained from the uncontrolled one by an additive
perturbation of the form —B(¢)B(t)'Q(¢)~'¢ which makes the
forward drift b, ({%(t),t) unbounded as ¢ / T. The bridge
process solving Problem 2 also admits a reverse time differ-
ential whose drift field b_({,t) is b, (&,¢) +B(t)B(t)'X(1)~'¢
[1, Lemma 2.3]. Here X(¢) is the covariance of the optimal
C%(t). Because of (19), we now get

b-(&t) = b (&) +BN)B1)Z(1) ¢,
= [A(t) = B(t)B(1)' Q1) ' +B(1)B(t)=(t) '] &
)

t
= [A(t)+B(@)B(1)'P(t) '] &. (22)

From (22), we see that, in a specular way, b,(C,’?,t) is
unbounded as ¢\, 0. For instance, in the case of the Brownian
bridge considered at the end of the previous section, we have
P(t) =tl, and the backward drift is b_({,1) = L1,

B
B(t

—~~

—-B
+B

~— —

VI. NUMERICAL EXAMPLE

To illustrate the results, we consider inertial particles subject
to random acceleration:

dx(t) 0 1] [x(2) 0 0

o] =lo o] ] 1) o [i v
where x(f) represents the position, v(¢) the velocity and u(r)
the control force. We address the problem of steering a
cloud of particles, obeying such a dynamics, from an initial
distribution with x(0) ~ .47(0,1),v(0) ~ &, to a final one
with x(T') ~ .47(0,0.2),v(T) ~ &, where T = 1. Position and
velocity are independent at the initial and final time. Figures
1 and 2 display the sample paths in the phase space (x,v) as a
function of time for the uncontrolled and controlled evolution,
respectively, whereas figures 3 and 4 display the uncontrolled
velocity and the controlled velocity, respectively. The shaded
regions in the phase plots represent the “30” confidence
region. The optimal feedback control u(r) has been derived

according to the results in Proposition 3. Figure 5 displays the
corresponding control inputs diverging, as expected, at t = 1.

VII. CONCLUDING REMARKS AND FUTURE DIRECTIONS

We have addressed the problem of steering a linear stochas-
tic system between two end-point degenerate Gaussian dis-
tributions. Specifically, we have shown that there exists an
admissible control steering the system to the desired final
configuration, and that this can be expressed in closed form.
Moreover, the resulting controlled evolution belongs to the
same reciprocal class of the uncontrolled one.

velocity
N
%}

0.4

osition - UL
P 40 time

Fig. 1: Sample paths for the uncontrolled evolution.

velocity

s
0 il
-1 % Eﬁ:ﬁ

0

0.4

position 4 9 0-2 time

Fig. 2: Sample paths for the controlled evolution.

The issue of “optimality” is rather subtle as, necessarily, any
control strategy steering the system to the desired degenerate
marginal grows unbounded at t = 7. This same issue arose
in the case of fixed boundary conditions in [13], i.e., Dirac
marginals, and was addressed by controlling {; over the
smaller time interval T — & while introducing a suitable penalty
term F(Cr—¢).

An alternative strategy, in the spirit of what has already been
presented in the present paper, is to define “optimality” of the
control indirectly by expressing it as the limit of a standard
(non-degenerate) case for a suitable vanishing perturbation
(brought in to remove the degeneracy) and requiring that the
limit is independent of the chosen perturbation.

Interestingly, in the special case where degeneracy appears
at one of the terminal points, a natural choice for the optimal
control is inherited by the time-symmetry of the problem.
Specifically, when the starting marginal at r = 0 is degenerate,
and therefore ¥y singular while X7 is not, one would not
perceive any issue when comparing controls. Indeed, in the
forward time-direction admissible controls only need to have
finite energy and thereby can be compared directly. When the
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Fig. 3: Sample paths for the uncontrolled velocity.
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Fig. 4: Sample paths for the controlled velocity.

degeneracy is reversed, with X7 being singular and ¥ not, then
the forward-in-time controls are unbounded but the backwards-
in-time are not and can be compared for deciding on the
optimal one and the corresponding probability law on paths.
The probability law on the paths does not give a preference to
a time-arrow and can be viewed either way. Thus, it induces
a unique choice for the corresponding infinite-energy control
in the forward-in-time direction. Optimality of the forward-in-
time control can then be claimed on this basis (optimality of
the law).

Comparing control strategies in general, when the energy
required is infinite, appears to require a deeper exploration
and it is hoped that it will be revisited in future work.

APPENDIX

A. Proof of Proposition 2

Proof. As in [6] we introduce the following change of vari-
ables:

x(t) - N(Tvo)_l/2¢(07t)§t

80 b

60 7

a0 1

20+

control
o

-20

40 F .

-60 [ 7

-80 [ 7

100 . . . .
0 0.2 0.4 0.6 0.8 1

time

Fig. 5: Control inputs.

where N(-,-) is the controllability Gramian of the system.
Under this new coordinates system we have that

Somew = N(T,0)"280N(T,0) 712,
57 new = N(T,0)/2®(0,T)E7®(0, T)'N(T,0) /2,

Paew () = N(T,0)~/2®(0,1)P(t)®(0,1)'N(T,0) /2.

Then, by the very same argument in [6], we obtain the follow-
ing two sets of final conditions for the system of Lyapunov
differential equations (4):

1/2

< ~ 1
PE(T) =®(T,0)N(T, 0)1/22T7new (ET + EHE

4
oH(T) = (&' —pPH(1) !

1/2 -1
«l1/2 & «1/2 1 «1/2
(ZT{newzoﬁneWZT{new + 71) ) z“T{newN(Tr O)I/zq)(Tv O)I

and again by mimicking [6] it can be shown that P~(¢) and
QO (¢) are non-singular on [0,T].

To recover the formula in the statement let us define
G = £/°®(0,T)N(T,0)""/? so that £rpew = G'G. Then,
there exists an orthogonal matrix U such that UG = G'U’,
UG - 0. Thus, UG is the unique symmetric positive definite
square root of iT,new. Substituting in the expression for P~ (T)
and rearranging terms we obtain

P(T) :(cp(OJ)’N—‘q:(OJ)
+ %z;l —®(0,TYN2(WG)! (UGN—1/220N—1/ZG’U’
l fry—1a—1/2
+41)(GU) N c1>(0,T)),
where N := N(T,0). Finally, to recover the formula in
the statement it is enough to observe that M(T,0) =
®(T,0)N(T,0)®(T,0) and that the following equality holds:
1/2
U’(UGN’I/ZEON’I/ZG’U’-%%I) "y
1/2
- (ZIT/ZM(T,O)_ICID(T,O)E()(ID(T7O)’M(T,0)_121/2+%I) 2

O
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B. Proof of Proposition 5
Proof. We show the result for P(0); the result for Q(T) is
completely symmetric.

For &y > 0 Theorem 1 applies and the following holds
To.¢0 (I + Qe (0) ™' Pey (0)) = Py (0)-

Moreover, we recall that in view of Proposition 3
limg, 0 Q¢ (0) ™" is well defined. We partition P (0) and
Q¢,(0)~! conformally to Xy as

_ |R+0(&) S+0(&) 1. |Eq Fy
P0= |50 Vo) 2O =[5 Gol.

and by substituting in (23) and taking the limit we obtain

ool (o 3ol 6l )5 )

where limg, 0 Egy = E, limg,_.0 Fgy = F and limg, 0 G¢, = G.
Then, by solving the associated system of equations in R, S
and V, we get that S =V =0 and that

(23)

Ao +AoER=R. (24)

Finally, from (24) it is immediate to see that R is non-singular

as Ag = (I — AoE)R is positive definite by definition. O
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