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Abstract—1In this paper, we consider the optimal transport
problem for general nonlinear control systems that are of
control-affine form. When the system is driftless, this corre-
sponds to the sub-Riemannian optimal transport problem. We
consider the Benamou-Brenier formulation of this problem.
We first establish a controllability result that controllability
of the underlying control system implies controllability of the
continuity equation using Borel measurable feedback controls
from a given initial measure to a terminal measure. Then we
consider the problem of numerically computing the feedback
control laws that generate optimal transport. We propose
fast algorithms to calculate the sub-Riemannian Wasserstein-p
distance (W), p = 1,2 on the discretized domain with the rate
of convergence independent of grid size, which is important
for large scale problems. For sub-Riemannian W; cost, we
formalize the optimization problem to be independent of time-
variable which reduces the dimensionality of the problem
significantly. We validate our numerical approach on a 2-
dimensional system and a 3-dimensional system, the Grushin
plane system, and the unicycle model, respectively.

[. INTRODUCTION

The optimal transport problem [25] of transporting one
probability distribution to another using transport maps, in
some optimal manner, has found a large number of applica-
tions in a wide range of fields such as the theory of nonlinear
PDEs [3], machine learning [23] and image processing [24].
One promising direction of investigation is the application of
the Benamou-Brenier fluid dynamical formulation [5] of op-
timal transport, which frames the optimal transport problem
as an optimal control problem for a continuity equation, to
multi-agent control problems [12]. The several applications
of optimal transport have also lead to many works on
developing fast algorithms to compute optimal transport costs
and their extensions. The constrained optimization problem
arising from an optimal transport problem can be turned into
an unconstrained saddle point problem that can be solved
with the first-order primal-dual method of Chambolle and
Pock [10] or the alternating direction method of multipliers
(ADMM) [6]. Various types of optimal transport costs and
its generalizations have been solved using these approaches
[22], [20].

There has been an increasing interest in considering op-
timal transport problems associated with costs arising from
optimal control problems. There has been some recent effort
to extend the existing theory to costs arising from optimal
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control of general linear systems with some success, e.g.,
[19], [11]. However, a large number of models, such as those
arising in robotics [21], are nonlinear. This motivates our
investigation of optimal transport problems associated with
optimal control of nonlinear systems.

There has been some work on the Monge formulation
[25] of the optimal transport problem for costs arising from
optimal control of nonlinear control-affine systems in the
setting of sub-Riemannian optimal transport [1], [17]. For
driftless control-affine systems when the corresponding sub-
Riemannian distance is semi-concave [17], it has been shown
that the results are very close to the Riemannian case [18]. In
[13], the authors considered the fluid-dynamical formulation
of optimal transport formulation of the optimal transport
problem by discretizing the space and hence, reducing the
sub-Riemannian optimal transport problem to an optimal
transport problem on a graph [13]. More recently, in [9]
the authors considered the Benamou-Brenier formulation
of optimal for feedback-linearizable systems. In addition,
the geometry calculations for sub-Riemannian structure in
density space have been considered in [16].

Contributions: In this paper, we make theoretical and
numerical contributions towards optimal transport of control-
affine systems. First, we consider the issue of controlla-
bility of the resulting continuity equation arising from the
Benamou-Brenier formulation of the optimal transport prob-
lem for control-affine systems. The second main contribution
is on developing efficient numerical methods for the optimal
transport control affine systems. We first formally derive the
optimality conditions for the case of Ly cost and demonstrate
that the Benamou-Brenier version of the problem has a
very similar structure as in the linear case, and can be
similarly posed as a convex optimization problem using
a suitable change of variables. The optimality conditions
can be framed as a convex-concave problem involving the
continuity equation and a Hamilton-Jacobi-Bellman (HJB)
equation. Then we consider the case of homogeneous of
degree one cost, in which case the optimal transport problem
can be transformed into a static, time-independent version of
the problem . We also apply the primal-dual hybrid gradient
(PDHG) method to implement these formulations and obtain
a very fast method whose rate of convergence is independent
of grid size.

We organize this paper as follows. In section we
formulate the variational problem for optimal transport of
nonlinear control-affine systems. We discuss the controllabil-
ity problems in section [} In section [V} we design primal-
dual hybrid algorithms to solve the proposed variational
formulations. Numerical examples, including the Grushin



plane and the unicycle model, are presented.

II. PROBLEM FORMULATION

Suppose g; : R? — R¢ are smooth vector fields for i =
1,...,m. Consider the following finite-dimensional control
system on R4,

B(t) = go(w(t)) + > vit)gi(a(t)) (IL1)
=1

where x(t) represents the state and v;(t) are the control
inputs of the system. Control systems of this type are said
to be in control-affine form and are well-studied in control
theory literature [2]. Such systems commonly arise in models
in robotics [21].

Let T > 0. Given zo,zp € R% a standard instance of
the optimal control problem for this system is to solve the
following optimization problem,

T n
1
inf / =3 fvit) [Pt (I1.2)
Vi, L 0 p P
subject to (II.1)) and the constraints
z(0) =29 z(T)==xr (1.3)

The optimal transport problem that we are interested in is
a variation of the above problem where the initial and final
condition of the state x(t) are represented by probability
densities pp : R? — R and pr : R? — R. These densities,
for example, could either represent the uncertainty in the
initial and final condition of the control system (IL.I}), or they
could also represent a density of agents such as animals,
crowds, robots. etc, each of which can be modeled using
(L. 1)).

Suppose that the controls v;(¢) are given in feedback
form, using functions w;(x,t), as v;(t) = u;(x(t),t). The
probability density p(¢,x) of the variable x(¢) is then given
by the following system of equations,

0ip+V - (90p) + 271 V- (uigip) =0, in R? x [0,T]

p(0,) = po, p(T,") = pr in RY.

(Ir.4)
Subject to these constraints, the optimal transport problem
that we wish is to solve is the following optimization
problem,

T n
1

inf/ / - t, x)|u;(t, x)|Pdadt

o A WD LG C)

From a probabilistic point of view, the cost functional in
can be interpreted as the expectation (with respect to
density p(t,x)) of the control cost considered in the original
optimal control problem ((I.2]).

(IL5)

Remark II.1. When go =0, m = d and g; are coordinate
vector fields for each ¢ = 1,...,m, and p=2, this problem is
the Benamou-Brenier fluid dynamical formulation of optimal

transport [5] for the squared-Euclidean distance. In this case,
the continuity equation simplifies to,

dip+ V- (up) =0, in R? x [0, 7] (IL.6)

and the optimization problem can be alternatively expressed
as,

T
inf/ / 1p(t7gc)||u(t7:r)||§d:ndt (1.7)
0o JraP

Ui, P

where ||ul|, denotes is the usual p-norm. For the case of
p = 2, and when the underlying control system is linear, i.e.,
there exists a time-varying matrix A(t) € R?*¢ and vectors
bi(t) € R? are such that go(t,z) = A(t)r and g;(z) =
bi(t), this problem has been addressed in [11]. For n = d
and span{g;(z);i € {1,...,n}} = RY, this problem can be
shown to coincide with the Riemannian optimal transport
problem.

Remark II.2. It is worth mentioning that in the classical
Riemannian setting, the optimal transport problem also
exhibits a mapping and linear programming based formula-
tions, known as Monge problem and Kantorovich problem
[25], respectively. One can also consider these formulations
for the transport problem corresponding to costs arising from
optimal control of control-affine systems. See [19], [1], [17]
for these formulations of the optimal transport problem for
such costs.

In this paper, we are particularly interested in the case
when it is possible that n < d. In this case, span{g;(z);i €
{1,..,n}} # RY and hence it might be possible that
the constraints are not feasible. The feasibility of
constraints ([I.4), and hence the finiteness of the cost ([L.3)),
is closely related to properties of the control system (LI 1J).
For linear systems, it has been shown than the Kalman
rank condition for controllability of implies well-
posedness of the optimal transport problem [11]. Our goal
will be to consider theoretical and numerical aspects of this
optimization problem for the general class of vector fields

{gi}'
III. CONTROLLABILITY

In this section, we will consider the issue of feasibility of
the constraints ([L4). Particularly, before attempting to solve
the optimization problem, we are interested in establishing if,
given probability densities pg and pr, there exist feedback
control laws u(t,z) = [u1(t,x)...un (t,x)]T such that the
solution of the continuity equation in satisfies the
initial and terminal constraints. In the linear case, this for the
continuity equation follows from existing results on optimal
transport using a suitable coordinate transformation [11].
Since such a technique does not seem feasible in the general
nonlinear case, we will address this issue of feasibility by a
different approach using results from [7].

To address this controllability problem, instead of densities
p(t,x), we will work with measures that are not necessarily
absolutely continuous with respect to the Lebesgue measure.
Moreover, to avoid issues regarding compactness, we will



frame the problem on a compact smooth manifold M without
a boundary. Let TM = U,cp T M be the tangent bundle,
where T, M is the tangent space of M at x. Accordingly,
the vector-fields g; : M — T'M will be smooth vector fields
defined on M, such that g;(x) € T, M for each x € M.
Moreover, we will also assume that the control set U is a
compact subset of R%. For notational convenience we also
define the control-dependent vector-field f : M xU — T M,
given by,

F@,v) = go@) + 3 vigi(a) .1y
=1

for each (z,v) = (z, [v1..v,]T) € M x U.

We will need an appropriate notion of the solution of
the continuity equation ([L.4). Towards this end, given a
topological space X, we will denote by P(X) the set of
Borel probability measures on X. The solutions of the PDE
will be considered in the following sense. Let 7" > 0. We
will say that a narrowly (or weakly) continuous [8] curve
w:[0,T) = P(M) solves the PDE

O+ V- (f(,u))p) =0, in M x [0,T] (I11.2)

in a weak sense, with initial and terminal conditions, o €
P(M) and pp € P(M) respectively, if the following holds,

/I/M[atg+8$g~f(-,u(t,-))]dut(x)dt
- / o(T, z)dpur(z) — / 9(0, 2)dpio(x)
M M

for all smooth functions g € C*°([0,T] x M), where, 0,.g
denotes the differential of g.

In order to address the controllability problem, we will first
consider a relaxed version of the problem, where instead of
looking for control laws that assign to each (¢,z) a fixed
control in U, we search instead for Young measure that
assigns to each ¢ € [0,7] a Borel probability measure on
M x U. Towards this end, let X be a topological space.
We denote by Y(I; X) the set of measurable maps [ :=
[0,T] > t — K(-) € P(X). By measurable, we mean that
the function ¢ — K;(A) is measurable for each Borel set
A C X. We will first establish that, for given pog € P(X)
and pr € P(X), there exists a K € Y(I; M x U) such that

/ / 0rg + ug - £, VK (2, v)

I JMxU

- / o(T, 2)dpr(z) - / 9(0, ) dpo ()
M M

for all smooth functions g € C*°([0,T] x M).

(II1.3)

(IIL4)

Definition IIL1. We will say that a point xo € M is
reachable from v € M within time T € (0,00) if there

exists a measurable function, or control, v : [0,T] — U
such that solution of the following equation
it) = f(a(t), v(t)) (IIL5)

satisfies x(0) = xg and x(T) = x.

Given a measurable control v : [0,7] — U, and trajectory
x :[0,T] — M that is a solution of the differential equation
(IIL3), d,(4) satisfies equation for u(t,-) = v(t), with
Ho = 5$(0) and HT = (;w(T)- Similarly, Kt = 6z(t),v(t)
satisfies equation ([IL4). From this observation, the following
result follows.

Theorem IIL.2. Suppose that x7 € M is reachable from
xo € M. Suppose iy = 0y, and pr = Oy,., for some points
o, 7 € M such that xr is reachable from xy within time
T > 0. Then there exists a Young measure K € Y(I; M xU)

such that is satisfied.

The above result, that relates the reachability properties
of the system to the reachability properties of the
continuity equation for the special case of Dirac
measures will be fundamental to the controllability result
established in this section. The idea behind the proof is
quite straightforward and is the following. To generalize the
controllability result in Theorem [[Il.2] to the controllability
of the continuity equation for general initial and target
measures, we approximate the measures using sums of Dirac
measures and then take the limit. A similar approach was
used in [14] to establish controllability for nonlinear discrete-
time systems using stochastic or measure-valued feedback
laws. In contrast, for the continuous-time control-affine case
considered in this paper, using results from [7], we will be
able to prove a more computationally practical result that
there exists a deterministic, albeit possibly very irregular,
feedback control law u(¢,x) and a narrowly continuous
curve py such that holds.

Theorem IIL3. For each i € {1,..,N} and each j €
{1,..,L}, let z}, ) € M be such that and x7 is reachable
from xfy € M within time T > 0. Then there exists a
K € Y(I; M x U) such that is satisfied with o =
AN s and wr = LS°E 5
N 2i=1 0ay and i = 73501 0,

Proof. The proof follows from a superposition principle. We
know from Theorem that, For each i € {1,.., N} and
each j € {1,.., L}, there exists K € Y(I; M x U) such that
the equation holds for pip = 6,; and pr = dij . Then

setting K = - 37 | + 57V K!, we have our result. ]

In the following theorem and henceforth, let supp p denote
the support of a measure p. The statement of the theorem is
a natural generalization of the previous Theorem to general
initial and target measures.

Proposition IIL.4. Let pig, ur € P(M) be such that each
point in supp pr is reachable by each point in supp po.
Then there exists K € Y(I; M x U) such that is
satisfied.

Proof. There exist sequences of measures of the form
N N

MoN = % Zi:l 5%, urN = % Zi:l 6I1T such that

th_mo HoN = Mo and th—>oo UTN = UT in the narrow

topology [8]. From Proposition |[lI.4] there exists a sequence



K" such that is satisfied with initial and terminal
conditions, pon and pr N, respectively, for each N € Z.
Since M x U is compact, we can extract a sub-sequence,
again denoted by K7, that narrowly converges to an element
K € Y(I; M x U) [15][Theorem 12.5.9]. The function
h:[0,T] x M x U — R, defined by h(t,z,u) = d,9(t, ) -
f(z,u), is continuous, for each g € C>([0,T] x M).
This implies that holds with K, initial and terminal
conditions, po and w7, respectively. O

In the next result, we establish that we can use the last
proposition on controllability for the relaxed problem using
Young measures to conclude that the solution can, in fact,
be realized using a vector-field that takes values in the set
of admissible velocities.

Theorem IILS. Let po,pur € P(M) be such that each
point in supp pur is reachable by each point in supp L.
Suppose, additionally that f(z,U) = {f(z,r);r € U} is
convex for each x € M. Then there exists a Borel vector-
field V : [0, T) x M — TM such that (IIL4) is satisfied and
V(t,x) € f(x,U) for u; almost every x € M

/ [Org + Oxg(t, ) - V (¢, x)]dps (x)dt
M

— [ o a)dur@) - [ g0.)do() o
M M

Proof. Given g, ur € P(M), let K € Y(I; M x U) be
such that holds. Let n € Y(I[;TM) be the Young
measure obtained by pushing forward the Young measure K
using the vector-field f. That is, for almost every ¢ € [0, T,
nt(A) = Ki(f~1(A)) for each Borel measurable set A C
T M. Since K satisfies the equation (III.4), we can infer that
7 satisfies

/ [0rg + Org - v]dn: (v)dt
™

= [ o)dunte) = [ o0.2)du0e)

for all smooth functions g € C*°([0, T|xM).Letw : TM —
M be the projection defined by 7(v) = x for each v € TM
whenever v € T, M. From [7][Lemma 4.5], there exists a
Borel vector-field V' : I x M — T M such that the following
holds,

(I1L.7)

/I/M Owg + 0zg(t, ) - V(¢, x)dp (z)dt
— [ o )dur@) - [ g(0.2)dpo(z)
M M

where 1i:(A) = n:(m~1(A)) for each Borel measurable set
A C M, and V(t,x) = fTZM vdny . (v) is the barycenter
of 7 ., a measurable family of of probability measures on
T, M, obtained by disintegration of 7 such that n,(A) =
J 4 1,2 (A)dp(x). Moreover, for each ¢ € [0,T], we have
that supp 7¢, € supp n:N7T,; M for p; almost every x € M.
This implies for each ¢ € [0,T], we have that supp 7, C
f(M x U)NT,M for pu; almost every z € M, since 7,

(111.8)

is the measure pushforward of K; under the action of the
map f. From this it follows that for each ¢ € [0, 7], we have
that supp 1., C f(z,U). for p, almost every z € M. By
assumption U is compact and f(x,U) is convex for every
x € M. This implies that, for each ¢ € [0,T], V(¢t,z) =
Jr 0 vz (v) € f(2,U) for iy almost every x € M. [

From the above result we can conclude that, in fact, there
exist measurable controls that transport the system from a
given measure to a terminal measure, provided that points in
the support of the terminal measure and reachable by points
in the support of the target measure. This is summarized in
the next theorem.

Theorem IIL6. Let pg,ur € P(M) be such that each
point in supp pr is reachable by each point in supp po.
Let U be convex and compact. Then there exists a Borel
measurable control u : [0,T] x M — U such that p :

[0,T] — P(M) satisfies (IL3).

Proof. From Theorem there exists a Borel measurable
vector-field V' : [0,T] = TM and p : [0,7] — P(M) such
that

/1 /M 09 + Dag (b, 2) - V(t, 2))dpe ()t

~ [ a@)dnr(@) ~ [ an(oydua(o)

and V(t,x) € f(z,U), for p; almost every x € M,
since convexity of U implies convexity of f(z,U). Then, it
follows from [4][Theorem 8.2.10], that there exists a Borel
measurable (feedback) control u : [0, 7] x M — U such that
f(z,u(t,z)) = V(t,x) for each ¢ € [0,T] and each z € M.
This concludes the proof. O

(I11.9)

IV. PRIMAL DUAL FORMULATIONS AND NUMERICAL
ALGORITHMS

In this section, we study the primal dual formulation
of problem and provide fast numerical algorithms to
calculate the control u;(¢, ) and its sub-Riemannian optimal
transport cost W, (po, pr) for p = 1,2, where

. T n
Wolpo pr) = inf { [} Jo § 32 plt,)ui(t, ) Pt

s.t. holds.}

Henceforth, for computational purposes, we will consider the
optimization problem over control laws u that are uncon-
strained and can take values in RY.

A. Sub-Riemannian Wasserstein-2 Distance (W)

For p = 2, we introduce Lagrange multiplier ¢(t,z)
to handle the transport equation constraint and define a
Hamiltonian as

H(z,p) = sup f(z,v) - p—L(v)



Since L(v) = %|v||?, we can explicitly compute H as
follows:

H(z.p) = 2p- (go(t.) + G(@)TG(2)p)

2
where G(x) = [g1(7),g2(2), ..., gn(x)]T is the vector
formation of g¢;(z). Using Lagrange multipliers, and via
integration by parts, we get the following:

W (po, pr)” = inf St;p{fo Joa —p

+ Jo po(2)8(0,2) — pr()¢(T, m)dx}.

Hence, solving the original problem (IL3) is equivalent as
solving the following dual problem:

W (po, pr)° = sup {/ pr(x)o(T, )

Rd

IV.1)

— po(2)9(0, z)dx

st. ¢i(t,x) + H(x, Vo(t,x)) <0¢.
(Iv.2)
To turn the previous problem into a convex-concave opti-
mization problem, we introduce

m;(t,z) = p(t,x)u;(t,z) i=1,..,n
my]7t.

g eeny I,

m=[my,..,
Furthermore, we denote by

£l p.6) = [ pr(@o(T,) = po(a)o0,)ds

T
+/ / (e + V- goltz)
—V(b.(X:mztxgz >—|—z:|mZ

Thus, the unconstrained min-max problem can be written
as

ddt

inf sup L(m, p, ¢). Iv.3)

mp g
From the KKT conditions, the minimizer satisfies
op+ V- (g0p) + >y V- (migi) =0,
t
MY _ GVt a)

p(t,z)
be(t,x) + H(z,Vo(t,x)) <0

Note that when p(¢,z) > 0, the last inequality becomes
equality, which is a HIB equation of ¢.

B. G-prox PDHG for sub-Riemannian Wy

We apply G-prox[20] version of Primal-Dual Hybrid Gra-
dient Algorithm (PDHG) to solve the saddle point problem
(TV3). Specifically, when we solve for proximal step of the
dual variable, we use || - Hzgm instead of || - ||, where

lw(t, 2)I; | = 10w, )| + [ Garw(t, 2)| 72

This is the crucial step that makes the convergence rate of
our numerical algorithm to be independent of grid size. If
Lfvz-type of proximal step is implemented, the convergence

(e + H (x,V¢)) dadt

rate scales linearly with the number of grid points, which
will slow down the convergence as refining the mesh gird.
In fact, H},, type of proximal step gives an insight of the
regularity of primal variables [20].

With 74,7,, T, are our choice of stepsizes, at the k-th
iteration, the PDHG update reads as follows

L(¢*, p,
topllm —m*|Z,

(p"*h, mFHY) = argmin m) + 5-llp = PFlI72

k41 — argmax L (¢, pFt1, mFt1) — - k
g @ P 2'1'4>
L = 2pk+T _ gk
Step 1. Equation for p:
Tk Tk [m|*  p—p*
Vo© - go(t — - — =0.
¢t+ d) gO(vx)—’_ 202 7,
Equation for m:
ok
GVt + S+ T
P Tm

Step 2. Equation for ¢:

pi !+ div(pF L go(t, 2) + G(z)Tm
L Pu—dn Az<ff¢’“> -0,

k+1)

To
x)—¢F(0,x
pk+1(0,(£) — po(z) + #il0: )Tq:bt o) = 0,
&
PHUT,2) = pr(e) + LEZTn) g,

To

Note here, the updates for ¢(z) corresponds to solving a
Poisson equation with Neumann boundary (in time), which
has infinite many solutions that are different by a constant.
To get a unique solution, we impose another boundary
condition:

$(T,z) de = 0.
Rd

We will implement this algorithm in numerical examples
presented in section

C. sub-Riemannian Wasserstein-1 Distance (W)

When p = 1, we are solving for sub-Riemannian optimal
transport cost for the so-called Manhattan distance metric.

1% f (t,)|u(t, )|y dedt
(o0, 1) = n{/ /Rdzp o) ult, )y da
s.t.holds}

(IV.4)
where ||ull; =), |u;|. We introduce flux m

T
m(x) :/o p(t, x)u(t,x) dt.

According to Jensen’s inequality,

/OT L pteluta)ly dsde> [ i)l de



By Integrating with respect ¢ on [0,7] for (IL4), we have
the following:

pr(z) — po(z) + V- (G(z)"m(x)) =0, for all x € R

(Iv.s)
It is easy to verify that solving (IV.4) is equivalent to
solving the following

inf {/ [m(z)|; dz s.t. V3) holds}
m ]Rd

via adapting the proof in [22]. However, (IV.6) can have
multiple minimizers as the objective function is not strictly
convex. To remedy this issue, we add quadratic regularization
with a small e.

inf{/ lm(z)|l1 + €||m(z)|3dz s.t. ((V3) holds}
m Rd
V.7)

Now as our objective function is strictly convex, we introduce
Lagrangian multiplier ¢(z) and define £(m, ¢) as follows:

L(m, ) = /Rd Im(@) 11 + ellm(a)||3dx

+ [ ota) (o)

Hence, we can solve (IV.4) by solving the min-max problem

(IV.6)

—po(x)+ V- (G(x)Tm(x))) dz,

inf sup L(m, ¢). (IV.8)
mo$

D. G-prox PDHG for sub-Riemannian W1

To solve ([V:8), we adapted both G-prox version of PDHG
and shrink operator techniques from [22], [20], with 74, T,
are our choice of stepsizes. At the k-th iteration,

mF*l = argmin,, £(¢*,m) +
L(p,mFH1) —
2¢k+1 _ ¢k,

where ||w(t, :E)HH1 = ||Opw(z )||i2 The detail of updates

are as follows:
Step 1. Equation for m:

m;(z)F ™! = shrink, (mi(z ¥ + T (G(2)V(2)), Tm) -

The shrink operator shrink; is defined as

el — m¥ |2,
6 — 62,

@M1 = argmax
G+l —

I >
shrinky (v, 1) = {(1 \vl) v for |v] > p
0 for |v| < p.
Step 2. Equation for ¢:
Al — bF
o1 () — pola) + div(G(a)Tmi+1) £ 2200 _
To

Similar to the sub-Riemannian W5 case, to get a unique
solution, we impose another condition:

o(x) do =

Rd

E. Reconstruct control u from m for Wy
Given an m(z) feasible for (IV.6), denote
T—1t

plt.2) = 11(2) + — - pola)
_ mlo)
D= )

Then u(t, x) is feasible for (IV.4) and has the same objective
value as m(x) does for (IV.6).

In the case that p(¢, z) vanishes while m(z) # 0 at some
x € RY, for instance, the support of pg, pr do not overlap,
we modify the initial-terminal density with

ﬁO = pPo + 6punif($)a
AT = pr + 6punit ()

where puyif is the uniform distribution in 2 with some small
6 > 0. To recover the control, we calculate the following:

a(tz) = m(x) m(x)

a(t, - — = = .
7hr(x) + Ltpo(x)  Fpr() + TFtpo(e) +6

Note that if (po, pr,m) solves (IV:3), (po, pr,m) also sat-

isfies (IV23).
V. NUMERICAL EXAMPLES

In this section, we demonstrate two sub-Riemannian opti-
mal transport examples solved using finite difference method
for p = 1,2 on a bounded domain Q C R

A. Discretization and Optimization Parameters

To illustrate the sub-Riemannian W5 model on graph, we
first consider the discretization in one spatial dimension [0, 1]
with uniform spatial mesh size Az and temporal mesh size
At. For z; = jAx,t; = IAt, define

o =p(tr,z;) 1<j <M, 1<I<N,
m§+%:m(tl,xj+%) 1<j< My, 1<1I<N;
oh = oty x;) 1<j< M, 1<I<N,
gli=gi(z;) 1<j<M,1<i<d
For simplicity, we consider the case that g9 = 0 and

d = 1. The Fokker-Planck equation discretized with forward
difference in time as follows:

1
1+1 l l m! _
At (o™ = p5) + Az (91,j+%mj+1 91j-5Mj— %) =0,
The coupling HIB equation is discretized with backward
difference in time as follows:
1 1
x

1 l -1
~; (45— 95 )+H< Tjy A

The extension to multi-spatial dimension is straight forward.
As for W1, we choose € = 1073. We have the discretized
variables pg_;, pr.;,m; defined on spatial domain:
1
mjfé) =0.

(po.j = pr,j) + Ax (gl,j+%mj+% —91,5-

N[



As for the choice of optimization step sizes, in order to
guarantee the convergence, we usually have to refine the
optimization stepsize as we refine the mesh grid on the graph.
This leads to deceleration of the convergence. Thanks to [20],
we only need 7., 7y < Amax (G(2)), TpTp < Amax (G(2)) to
guarantee convergence of PDHG. A\« () denotes the largest
eigenvalues of the operator in the discrete setting.

In the following numerical experiments, we have
Amaz (G(z)) < 1. Thus, we set 7, = 7, = T4 = 0.99.
As for stopping criteria, we track the residuals for the HIB
equation and the Fokker-Planck equation:

Rug = || (¢t + H(x, Vo)), |lL2(j0,77x)
Rep = [|0:p +V - (gop) + _;V - (migi) |2 (jo,11x0)

We run the algorithm for total number of iterations nj, = 10*
or stop when Ryg, Rpp < 1073

B. Grushin Plane Model

Grushin plane is a 2-D driftless system with control vector
T
fields go = [0,0]", gi(x1,2) = [1,0]", go(x1,22) =
[0,sin(2721)]T on [0,T] x Q = [0,1] x [0, 1]?, with non-
flux boundary condition:

(tl = uy,
ig = U2X7.
We have d = n = 2, specifically, the dimension of control

is the same as the dimension of system, except there exists
a ‘singularity’ at x; = 0.5 along za-direction.

1 1

0.8 0.8
0.6 0.6
Xv_ Xv_
0.4 0.4
0.2 0.2
02 04 06 08 1 02 04 06 08 1
X5 X2
Fig. 1. Initial (green) and terminal (yellow) measure of the optimal

transport on Grushin plane for case 1 (left) and case 2 (right)

We solve the discretized system with mesh grid 642 x 64
in space-time for two sets of initial and terminal densities
shown in FigurdT}

o For case 1, pg is uniformly supported in the disk dy =
{(l‘l, I2)|(£C1 — 075)2 + (1'2 - 075)2 S 0.12, while P1
is uniformly supported in the disk dq = {(z1, z2)|(z1 —
0.25)% + (22 — 0.25)2 < 0.12.

o For case 2, pg p; are uniformly supported in a disk with
radius r = 0.1, centered at (0.5,0.75) and (0.5, 0.25)
respectively.

For sub-Riemannian W5, see Figure 2] 3] for change of p
with respect to time.

For sub-Riemannian Wi, we plot (GTm) (z) as red
arrows in Figure [ The densities travels along different
trajectories as to avoid the ‘singularity’ at x; = 0.5 along
To-direction.

p(t=0.2) | olt=0.9)
30 20
20 x< 0.5
10
10
0 0 0
0 0.5 1
) Xa
| __p(t=08)
10 X 0.5 20
10
0 0 0
0 0.5 1 0 0.5 1
) )
Fig. 2. Grushin plane W» case 1
p(t=0.2) p(t=0.4)
1 1 60
40
40
< 0.5 < 0.5
20 20
0 0 0 0
0 0.5 1 0 0.5 1
) )
t=0.6 t=0.8
1 o( ) 60 1 p( )
40
40
%< 0.5 < 0.5
0 0 0 0
0 0.5 1 0 0.5 1
) Xa
Fig. 3. Grushin plane W5 case 2
1 1
- . -
0 0
0 0.5 1 0 0.5 1
) )

Fig. 4. Grushin plane W7 case 1 (left) and case 2 (right)



C. Unicycle Model

We consider the sub-Riemannian optimal transport in
a three-dimensional unicycle model, which is the classic
dubins car that describes vehicle kinematics. The states
are cartesian coordinates (z1,z2) € [0, 1], and orientation
6 € S'. The system equations on {2 = S! x [0, 1]? are given
by

0= ui,
T1 = ug cos b,
.73'2 = U2 sin9,

where the change of x;, x5 depends on the translation speed
ug and angular of the car #, while the angle 6 depends on
the steering speed u;. The above system is a driftless system
with control vector fields

g1(0, 21, 22) = [1,0,0]T
92(0,21,22) = [0, cos 9,sin9]T.

We discretize the domain with mesh grid 323 x 32 in
space-time and compute optimal transport solutions for two
scenarios for [0,7] = [0, 1] as shown in Figure

o In the first case, pg is supported in a ball centering at
(0,21, 22) = (0,0.1,0.5) with radius » = 0.1, and p; is
uniformly supported in balls centering at (0, x1,22) =
(0,0.9,0.1) and (0, 21,22) = (0,0.9,0.9) with radius
r=0.1.

« In the second case, pg is supported in a ball centering at
(0,1, 22) = (0,0.1,0.5) with radius » = 0.1, and p; is
uniformly supported in balls centering at (0, x1,22) =
(32,0.9,0.1) and (6,21, 22) = (%,0.9,0.9) with radius
r=0.1.

1 1

0.8 0.8
0.6 0.6
x -
0.4 0.4
0.2 0.2
0 0
0 0.5 1 0 0.5 1
Xy X5

Fig. 5. The initial and terminal distributions of unicycle model for two
scenarios: case 1(left) and case 2 (right). The red arrows indicate the first
coordinate 6

Different final density orientations lead to two qualitatively
different controls. For case 1 in W5 solution shown in [6]
the densities steer and then split to their final positions. The
optimal transport solution for the second case in W5 is shown
in Fig[7] They reach z;-direction position first, and then split
to move horizontally towards final positions.

We see that in W73, the flux (red arrows) recovered by
(GTm) () in Figure [8| follows similar trajectories as the
Wy type.

VI. CONCLUSION

In this paper, we studied the fluid dynamic formulation
for optimal transport of nonlinear control-affine systems.

| =04
o - H
0
0 0.5 1
X5 X5
| _p(t=08)
6
4 05
2
0 0
0 0.5 1
X5 X5

Fig. 6. Unicycle model Wy case 1

| __pt=02) | _t=04)
20
< 0.5 10 < 0.5
0 0 0
0 0.5 1 0 0.5 1
X5 X5
| p(t=06) | _plt=08)
30
< 0.5 20 < 0.5
10
0 0 0
0 0.5 1 0 0.5 1
X5 X5

e VB =)
0 0
0 0.5 1 0 0.5 1
X X

Fig. 8.

Fig. 7. Unicycle model Ws case 2

2 2
Unicycle W1 case 1 (left) and case 2 (right)
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We establish controllability of the continuity equation for
control-affine systems. We also implemented fast algorithms
for computing the control laws for the corresponding optimal
transport problems, with convergence rate independent of
grid size.

There are many natural directions in future work. One
possible direction is to formulate mean-field game problems
for control-affine systems. Another possibility is to use this
formulation to study degenerate partial differential equations
as gradient flows on metric spaces corresponding to control
affine systems. We expect that it would be useful in under-
standing the convergence property of gradient flows studied
in [16].
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