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Abstract

We consider the numerical solution of the optimal transport problem between densities
that are supported on sets of unequal dimension. Recent work by McCann and Pass
reformulates this problem into a non-local Monge-Ampere type equation. We provide
a new level-set framework for interpreting this nonlinear PDE. We also propose a
novel discretisation that combines carefully constructed monotone finite difference
schemes with a variable-support discrete version of the Dirac delta function. The
resulting method is consistent and monotone. These new techniques are described and
implemented in the setting of 1D to 2D transport, but they can easily be generalised to
higher dimensions. Several challenging computational tests validate the new numerical
method.

Keywords Optimal transport - Monge-Ampere type equation - Non-local equations -
Numerical analysis

1 Introduction

The problem of optimal transport [1] involves finding a mapping 7 : X — Y thatrear-

ranges a density f supported on X into a density g supported on Y while minimising
a given cost function

inf /c(x,T(x))f(x)dx. (1)
Q

T#f=g
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Here T# f denotes the pushforward of a density f, which satisfies

/ (T#F)(y) dy = / £ dx
E T-1(E)

for every measurable set E C Y.

This problem has been widely studied, both theoretically and numerically, in the
setting where the sets X and Y lie in same ambient space (e.g.: X, Y C R"). However,
in many important problems, this simplifying assumption is not valid. In this article,
we consider the problem of optimal transport between densities that are supported on
sets of different dimension (X C R", Y C R™, n < m). This setting is critical to
applications such as economics and game theory (m > n > 1) [2-4], simulation of
atmosphere and ocean dynamics (2 < n < 3 = m) [5], and Generalised Adversarial
Networks (m # n) [6].

Despite the importance of this problem, almost nothing is known about its numer-
ical solution except in a couple special cases. An algorithm exists that exploits the
simplified structure of a one-dimensional target (n = 1) combined with significant
extra structure on the problem data [2]. The problem can also be solved in the special
case of a quadratic cost (c(x, y) = ||lx — y||2) by making use of powerful techniques
developed for semi-discrete optimal transport [7]. Utilising the linear programming
structure of the optimal transport problem is theoretically possible but computationally
infeasible as it requires the discretisation of an (m + n)-dimensional domain.

In this article, we propose the first PDE-based approach to the problem of optimal
transportation between unequal dimensions. The new method we propose relies on a
reformulation in terms of a non-local Monge-Ampere type equation that was recently
proposed by McCann and Pass [8]:

Syt €L(D2u(x) + ACe, Y)W (x, Y) dHpn(y) = f(x), x € X CR"
D2u(x) + A(x, y) >0, x € X,y € dcu(x) 2)
dcu(x) CY Cc R™, x e X.

Here m > n > 1, H; denotes the k-dimensional Haussdorf measure, u is a scalar
potential, d.u is the c-subgradient of u that determines the desired (inverse) map-
ping 7', and the matrix-valued function A and scalar-valued function v encode
information about the cost and density functions.

While the numerical solution of the Monge-Ampere equation has received a great
deal of attention in recent years [9-20], nothing is known about non-local extensions.
We propose a novel numerical method for (2) that is inspired by recent developments
in the numerical analysis of fully nonlinear elliptic equations [12, 21, 22] but requires
significant new ideas in order to couple the unequal dimensions. Because the tech-
niques we utilise are motivated by existing convergence theory, there is a great reason
to hope that a proof of convergence of this method will soon be developed.

As a proof-of-concept, the new method is implemented in the 1D to 2D case.
However, we emphasise that this method employs techniques that are designed to easily
generalise to higher dimensions. A range of computational examples demonstrate that
this is an effective approach for solving a very challenging problem.
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2 Numerical Solution of Monge-Ampére Equations

While nothing is known about the numerical solution of general non-local Monge-
Ampere equations of the form (2), there has been a great deal of progress in the
simpler case resulting from optimal transport between equal dimensions (m = n)
with quadratic cost (c(x,y) = % [x — y|2). In this setting, the PDE reduces to the
second boundary value problem for the Monge-Ampere equation:

g(Vu(x)) det(D?u(x)) = f(x), xeX
u is convex 3)
Vu(X)CY.

The Monge-Ampere equation is an example of a second-order fully nonlinear
elliptic PDE. We use the convention that M > N indicates that M — N is positive
semi-definite and define degenerate ellipticity as follows.

Definition 1 (Degenerate elliptic) The operator F : X x R x R" x 8" — R is
degenerate elliptic if

F(x,u,p,M) < F(x,v,p,N)

wheneveru <vand M > N.

Much of the recent progress in the design of provably convergent methods for the
Monge-Ampere equation is inspired by the convergence framework of Barles and
Souganidis [21]. This foundational work demonstrated that a consistent, monotone,
stable numerical method will converge to the weak (viscosity) solution of the PDE,
provided that the underlying PDE satisfies a strong comparison principle (subsolutions
always lie below supersolutions) and that the approximation scheme admits a solution.

This framework analyses approximation schemes defined on a subset G" C X of
the original domain X and its boundary.

Definition 2 (Consistency) The scheme Fhe, u(x), u(x) — u(-)) = 0 is consistent
with the PDE

F(x,u(x), Vu(x), D’u(x)) =0, xeQ
if for any smooth function ¢ € C* and x € €,

lim sup F'z, 0 () + & ¢() —p()) < F*(x, $(x), Vo (x), D*p(x)),

h—0,y—>x,z26€G" > x>0

lim inf o F'(z, () + & ¢(0) — ¢()) = Fulx, ¢ (x), Vo(x), D’ (x)).

h—0,y—>x,z6G"—>x,E—

Definition 3 (Monotonicity) The operator F' hx, u(x), u(x) —u(-)) is monotone if F"
is a non-decreasing function of its final two arguments.
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Definition 4 (Stability) The operator F hx, u(x), u(x) — u(-)) is stable if there exists
a constant M € R, independent of 4, such that if 4" is any solution to the scheme
F'(x, u(x), u" (x) — u(-)) = 0 then ||u" | oo < M for all sufficiently small 4 > 0.

We cannot expect a general approximation scheme to admit a solution without some
continuity assumptions.

Definition 5 (Continuity) The operator F'(x, u(x), u(x) — u(-)) is continuous if it is
continuous with respect to its final two arguments.

A nice property of continuous, monotone schemes is that it is generally very easy to
ensure the existence of a (stable) solution by including, at most, a small perturbation
to make the scheme proper.

Definition 6 (Proper) The operator F e, u(x), u(x) — u(-)) is proper if there exists
some C > 0 such that if u > v then F"(x, u, p) — F"(x, v, p) = C(u — v).

Any monotone scheme F” can be perturbed to a proper scheme via
FM(x u@), u(x) = u()) + € (0ux)

where €/ (x) — 0as h — 0. A typical choice, which lends itself to nice stability
properties, is to let €’ scale like the truncation error of F”.

Theorem 1 (Existence and uniqueness [23, Theorem 8]) Let F" be a continuous,
proper, monotone scheme. Then Fhx,u(x),u(x) —u(-)) =0 has a unique solution.

The Barles-Souganidis convergence framework has inspired many different mono-
tone discretisations of the Monge-Ampere equation [9-13, 15, 20]. Typically, these
discretisations involve a PDE operator that incorporates the convexity constraint
(D?u(x) > 0) through the use of a modified determinant satisfying

det(M M
det* (m) = | 3. z0 @)
r(M) <0, otherwise

where (M) can be any function that is non-positive whenever the condition M > 0 is
violated. Monotone discretisations can then be constructed for the modified Monge-
Ampere equation

F(x,u(x), Vu(x), Dzu(x)) = —g(Vu(x))det+(D2u(x)) + f(x). (@)

The Barles-Souganidis convergence framework does not immediately apply to
the second boundary value problem for Monge-Ampere (3) since it not satisfies the
required comparison principle. However, this powerful framework has recently been
extended to include this important PDE [24, 25]. By adding mild additional structure
to the numerical methods, these works establish the convergence of consistent, mono-
tone methods. Moreover, these works demonstrate that as long as the interior problem
is set up carefully, there is a great deal of flexibility in the choice of numerical bound-
ary conditions. Indeed, even boundary conditions that are inconsistent with (3) can
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nevertheless yield a numerical solution that converges to the true solution in L*°(£2)
for any compact subset 2 C X.

A similar convergence result was recently established by one of the authors for a
class of more general Monge-Ampere type equations of the form

{W(x, Vu(x)) det(D2u(x) + A(x, Vux))) = f(x), x¢€ S? ©)

D2u(x) + A(x, Vu(x)) > 0

posed on the 2-sphere S? [22]. In particular, this work showed that consistent, mono-
tone methods converge with the addition of mild additional structure (which is easily
incorporated into the numerical method).

With these results in mind, a reasonable starting point for the numerical solution
of non-local Monge-Ampere type equations (2) is to design consistent, monotone
methods. Given recent progress in the numerical analysis of other Monge-Ampere
type equations, there is great reason to hope that it will soon be possible to produce a
proof of convergence for such methods.

3 PDE Formulation

The starting point of our numerical method for optimal transport between unequal
dimensions is the PDE formulation (2) proposed by McCann and Pass. We begin
this section with a formal overview of the derivation of the PDE, referring to [8] for
complete details. We then propose a local level-set formulation that highlights the
elliptic structure of the equation and will lead into the numerical method introduced
in section 4.

To formulate the optimal transport problem, we begin with a density function f
supportedon aset X C R", adensity g supportedonasetY C R™, and a cost function
c: X x Y — R. We require the data to satisfy the mass balance constraint

f fx)dx =/g(y)dy. @)
X Y

We assume here that n < m and seek a mapping 7* : ¥ — X that minimises the cost

T* = argmin/ c(T(y), y)g(y)dy. ®)
TH#e=f JY

We remark here that, under appropriate conditions on the data, we can hope for a
well-defined mapping from the higher-dimensional space Y to the lower-dimensional
space. However, we expect that any “mapping” from X to ¥ would have to be multi-
valued as points in the lower-dimensional space must “spread” to fill the higher-
dimensional space.
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3.1 Feasibility

In atraditional Optimal Transport problem (n = m), the pushforward condition T#g =
f can be expressed via the change of variables theorem as

F(T(y)det(VT (y)) = g(y)- ©))

We now seek a similar representation of the pushforward condition for the unequal
dimension setting (n < m).
We begin by expressing the condition T#g = f in the form

/X<I>(X)f(X)dx=/Y<I>(T(y))g(y)dy (10)

for every ® € Ll(X).
Now we recall the coarea formula:

/r()’)JT(y)dy=// r(y)dHpy_n(y)dx (11)
Y X JT-1(x)

for every r € L'(Y) where H; denotes the k-dimensional Hausdorff measure and

JT(y) = \/det (VT(y)VT(y)T). (12)
Given some ® < L! (X), we now make the particular choice of

D(T(y)g(y)

r(y) = )

to formally obtain

/X ®(x) f(x) dx = fy (T (y))g(y) dy

= / r(NJT(y)dy

/ / QTGN () dx
S JT(Q) ! '

We notice that if y € T~!(x) then T'(y) = x, which allows us to rewrite the final
integral as

s
@ dx= | @ dHpn(y)d
Jpmswar= |, (x)/r—lm 7Ty M
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for every @ € L! (X). From this,we conclude that almost everywhere,

8O
_ dHpy (5. 13
= [ Ao (13)

We note that in the special case of equal dimensions (m = n), this coincides with
the usual result of the change of variables formula (9).

3.2 Optimality

Having characterised the feasibility condition T#g = f, we now seek a representation
of the optimal mapping. In the simplest case of equal dimensions (m = n) and a
quadratic cost (c(x, y) = % |x — y|?), optimality is achieved by a mapping that can
be expressed as the gradient of a convex function.

Our starting point in the current setting is the usual dual formulation of the Optimal
Transport problem [1]. This leads us to seek a c-convex dual pair u(x), v(y) satisfying

ux) +v(y) +clx,y) =0
with equality when x = T'(y).
Equivalently, we require the inverse optimal mapping (which may be set-valued)
to be contained in the c-subgradient of the function u, which we write as

T~ (x) Coeu(x) ={y € ¥ | c(x,y) +u(x) = ig)f({C(Z, v +u@ly. (14

From here, we formally obtain the following first- and second-order optimality
conditions:

Vu(x) + Vic(x,y) =0, x=T(y), (15)
D%u(x) + D% c(x,y) =0, x=T(y). (16)

Differentiating the first-order optimality condition (16) leads to the expression
D*u(T(Y)VT(y) + Dy, (T (). VT (y) + D7 c(T (), y) = 0.

Under a slightly stronger version of the second-order optimality condition (16)
(assuming positive definiteness instead of merely semi-positive definiteness), we can
obtain the following expression for the Jacobian of the optimal mapping:

2 2 )
VT () = = (D@ ) + DLeT ), »)  DheTGLy) (D)

along with the equality 77! (x) = d.u(x).
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We can now combine this with the feasibility condition (13). We first compute the
relevant Jacobian determinant (12):

IT(y) = Jdet (VT ()VT ()

\/det (D2,e(T (). ) DT (), 1)T)
T det (D2u(T(y) + D2e(T (7). )

Finally, we substitute this into the pushforward condition (13) and simplify to obtain
the non-local Monge-Ampere type equation

det (D>u(T (y)) + D2,c(T(y), y))

det (D2,c(T (), y) D3,e(T (), )7

det (D%u(x) + D2,c(x, y))

fx) = g)dHy,_n(y)

b

(18)

g)dHy_n(y).

/Zicu(x) \/

det ( D3yc(x, y) D3 c(x, y)T)

We recall that this equation is coupled to the (strict) c-convexity constraint (16),
D%u(x) 4+ D? c(x,y) >0, yeT '(x), (19)

which plays the role of the convexity constraint (D%u(x) > 0) in the traditional
Monge-Ampere equation.

3.3 Local Formulation

As written, equations (18)-(19) are non-local since the domain of integration involves
the c-subgradient of u, which relies on global information (14). However, in many
settings, it is possible to replace this global definition with a local construction derived
from the first- and second-order optimality conditions [8].

To accomplish this, we first define sets on which the first- and second-order opti-
mality conditions (15)-(16) hold:

Yi(x,Vu(x)) ={y € Y | Vu(x) + Vyc(x, y) =0}, (20)
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Ya(x, Vu(x), D*u(x)) = {y € Y1 (x, Vu(x)) | D*u(x) + D2 c(x,y) > 0}.
1)

These are necessary conditions for optimality in (14), which leads to the contain-
ment

deu(x) C Yo(x, Vu(x), D*u(x)). (22)

However, when the problem has sufficient regularity (i.e. C? solutions), this contain-
ment becomes an equality up to H,,_,,-negligible sets [8]. In this setting, (18) simplifies
to

det (D?u(x) + D2,c(x, y))

F(x) :/ g dHy,_n(y),
Yz(x,Vu(x),Dzu(X))\/

det (D)%yc(x, y) D% c(x, )’)T)
(23)

subject to the c-convexity condition (19).

This simplification of the domain of integration reduces the problem to a local
PDE. However, given the dependence of the domain of integration on second-order
information, it is not at all obvious that this equation is actually elliptic and that the
arguments developed in section 2 are reasonable.

To re-express this in a way that elucidates the elliptic structure of this equation, we
recall that the c-convexity constraint (19) ensures that

det (Dzu(x) + D% c(x, y)) = det* (Dzu(x) + D2 c(x, y))
where det™ is the particular choice of modified determinant given by

det(M), M >0

dett (M) = .
0, otherwise.

This allows us to absorb the c-convexity constraint into the PDE and reformulate (19)
and (23) into the single equation

dett (D2u(x) + D% c(x,
f(x)zf (D) + Dielx. )
Yo (x, Vu(x), D?u(x))

8 dHpy—n(y).
\/det (D)%yc(x, y) D3,c(x, y)T)

(24)
Following the arguments of [24, Lemma 2.6], we emphasise that solutions of this

equation are automatically c-convex on the domain X since the density function f is
positive and f and g are required to satisfy the mass balance constraint (7).
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This observation makes a further simplification possible. We notice that for any
x € Xand y € Yi(x, Vu(x)), either y € Y»(x, Vu(x), D*u(x)) (if D?u(x) +
D2.c(x,y) = 0) or det™ (D?u(x) + D?,c(x,y)) = 0. Thus we can replace the
domain of integration in (24) with the set of points satisfying the first-order optimality
conditions to obtain

Fx) = / dett (Dzu(x) + D)%xc(x, y))
Y1(x,Vu(x))

\/det (D)%yc(x, y) D3, c(x, y)T)

g dHpu—n(y). (25

Importantly, equation (25) is now a degenerate elliptic Monge-Ampere type equa-
tion since the only second-order term is det™ (Dzu(x) + Df Lolx, y)), while all
coefficients of this term are non-negative.

3.4 Level-Set Formulation

While Monge-Ampere type equations (and their numerical solution) have received a
great deal of attention in recent years, it is less clear how to deal with their integration
over a manifold Y (x, Vu(x)) that itself depends on the solution of the equation.
Here,we propose a level-set formulation of (25) that transfers all of the u-dependence
into the integrand.

First, we note that we can easily enlarge the domain of integration by introducing
for each x € X a Dirac delta function § supported on the m — n dimensional mani-
fold Y1 (x, Vu(x)). To make this precise, we let dy, (x,vu(x))(y) denote the Euclidean
distance between y and the manifold Y7 (x, Vu(x)). This allows us to rewrite (25) as

g(é(dy,(x, vu)) () dy.

Fo) = / det™ (D%u(x) + D2,c(x, y))

\/det D2 yc(x, y) D2 yelx, y)T)
(26)
Next, we seek an easier representation of the delta function since the distance

function may not be easy to compute in practice. To facilitate this, for each x € X, we
define the n level-set functions

ac
¢ (y) = —(x)+—(x y), i=1,...,n. 27

We notice immediately that the domain of integration in (25) is equivalent to the
intersection of the zero level sets of the qb;‘. That is,

Yi(x, Vu(x)) ={yeY | ¢ (y)=0,i=1,...,n} (28)

Following [26], we can rewrite equation (26) in terms of these level-set functions,
though the specific form is dependent on the smaller dimension n. When n = 1, the
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equation is equivalent to

gN3(PT (M) | Ve )] dy.

Fory = f det™ (D?u(x) + D2 c(x, )

\/det D? yelx, y) D2 C(x,Y)T)

29)
When n = 2, the PDE becomes
det™ (D? + D? ,
F@x) = / et (D7) + Diel v) 2B (@)
\/det D? yelx, y) D)%yc(x, y)T)
V6 )] [ Pogy oy V83 00 dy (30)

where P,w denotes a projection of the vector w onto the subspace orthogonal to the
vector v.

For higher values of the dimension 7, this same procedure can be continued using
additional orthogonal projections.

Finally, we note that the gradients of these level-set functions are given by

X dc
Vi (y) = Vyg(x, »), (3D

which do not depend on the potential function u.

4 Numerical Method

In this section, we introduce a numerical method for solving the optimal transport
problem between unequal dimensions, starting from the level-set PDE formulation
introduced in section 3. For simplicity of the exposition, we will describe the method
in the low-dimensional setting (n = 1, m = 2). However, all of the techniques we
propose can be extended to higher dimensions.

Our goal here is to produce a consistent, monotone discretisation of the ODE
operator in (29), which now takes the form

Y 3¢ * , ac
—/ (u () + 8—2(x,y)) V(x, y)é (u (x) + —(x,y)) dy + f(x). (32)
Y X ox

Here we let

g [Vy 2 (x, y)|

\/<3x3y1 (x, y)) <6x6V2 (x, y))

Yx,y) = , (33)
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which is a known function with no dependence on the potential «.

Since to date little is known about this equation except in the classical setting, we
will focus our numerical analysis on the setting in which C? solutions exist. However,
we expect that with ongoing development of the theory of weak solutions, we will be
able to extend the numerical analysis to the non-smooth setting using the techniques
of [24].

In particular, we make the following assumptions.

Hypothesis 1 (Hypotheses on problem)
(H1) The cost function ¢ € C*(X x Y).

. 2 , 2
(H2) The mixed partial derivatives of the cost \/ (%(x, y)) + (%(x, y))
are bounded away from zero. ) )
(H3) The positive density functions f € C 0(X), g € C*(Y) are bounded away

from zero and infinity. B
(H4) The solution of (32) is u € C2(X) N CL(X).

4.1 Discretisation of Domains

We begin by discretising the sets X C Rand ¥ C R?. Since Y need only contain the
support of the density g, we may assume that Y is a square.

To discretise X = [x0, Xmax], We choose an integer N € N and introduce the
grid spacing hy = (Xpqx — X0)/N. Then grid points in the domain are given by
xi =xo9+ihxfori=0,...,N.

To discretise ¥ = [yo, ymax]z, we choose an integer M € N and introduce the
grid spacing hy = (Ymax — Yo)/M. Then grid points in the domain are given by
Vik = (yo + jhy,yo + khy) for j,k=0,..., M.

We will require that asymptotically, M < N. That is, the one-dimensional set X
needs to be more highly resolved than the two-dimensional set Y.

Throughout, we use the convention that the values of a function u defined on the
one-dimensional grid can be represented as u; = u(x;).

4.2 Discretisation of the ODE

We seek a finite difference discretisation of (32) of the form

hy b
F (g, up — iy, up — uiqp)
M M 32c +
=—hyy > (Di';gu(m + 5 i m)) W (xi, yjr)s"
j=0 k=0
(i — ui—1, ui — uis1) + ) + (b3 + hx /hy)u; 34
fori =1,...,N — 1. Here rShX*hY(u,- — uj_1,u; — uj+1) is chosen to generate a

consistent approximation of the Dirac delta function and the term (h%, 4+ hx/hy)u; is
introduced to make the scheme proper, with 7y < hy being a necessary condition for
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consistency. For Fx-"¥ to be monotone, it must be a non-decreasing function of all of
its arguments. This, in turn, is guaranteed if each term appearing in the summation is
non-negative and a non-increasing function of the differences u; —u; 1 and u; —u;41.

The first term in the summation is easily approximated using standard centred
differences via

_ (i —ui) + (Wigp — u;)

hx. ..
DiXu; e
X

(35)

This trivially has the required monotonicity properties, which are preserved in the
operations of addition with a given grid function and restriction to the positive part.
Discretisation of the delta function, which is supported on a curve in R2, is much
more delicate. Indeed, naive extensions of typical discretisations of one-dimensional
delta functions can lead to O(1) errors in the approximation [27].
We take as a starting point an approximate one-dimensional delta function defined
in terms of the linear hat function via

1 |z|
S¢(z) = —max i1 ——,0¢. (36)
€ €
Typically, the support of this discrete delta function is chosen to be proportional to the
underlying grid spacing, thatis € ~ hy.

It is tempting at this point to define the discrete delta function in (34) by

dc
SMOMY (uy — iy, ui — uis1) = Sy (Di'xui + a(xz‘, yjk))

where Dfx u; denotes some finite difference approximation of u’(x;) and m € N is
some fixed positive integer. However, there are two problems with this: (1) fixing the
value of € in relation to the grid parameter 4y can lead to O(1) errors when the zero
level sets of the level-set function are not well aligned with the Cartesian grid [27]
and (2) because of the nonlinearity, we cannot expect the overall approximation to be
monotone even if DQX u; 1s itself monotone.

Fortunately, the first problem can be resolved by allowing € to vary in space [28].
We begin by discretising the delta function in the y variable only, allowing x to be
continuous. Then we can introduce the approximate delta function

hy [,/ % ) — ’ % ,
3w (x) + o (X, k) | = Sehy, ver ) | # (x) + P o, i) | 5 37

where the support parameter in the linear hat approximation to the delta function is
given by

€(hy, Vo* () = hy max{||[V¢* (M1, 1}
26‘

9%c 9
dy20x

:hymax{ 3 (x, y)

(38)
(x,y)'+’ ,1}.

y10x
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We note that since the cost ¢ is a given function, this spatially varying parameter can
be computed a priori.

To achieve a monotone discretisation of this, we need to exploit the structure of the
linear hat function. To this end, we notice that

o) 4 0 (x v
LE (M/(x) + %(x, y/k)> L~ {1 LR i yjk)|,0}
0x X € €

1 1 , dc , ac
=-max {1 — —max {u'(x) + —(x, yjx), —u (x) — —(x, ¥jx),0¢,0¢ .
€ € ox dx

This is automatically non-negative. We can also produce a fully discrete approxi-
mation with the required monotonicity properties by utilising a careful combination
of forward and backward differences. This leads us to propose

hy h
UMY (U — w1, g — Ujy1)

—Uj—1

1 1 u; dc Ujy] — Ui
= -max| 1l — -max | —— + —(x;, yj), —————
€ € hx 0x ’

- 76 (X ) 0 0
ir» Vjk)s )
h P) y_]k

(39)
with € allowed to vary according to (38).

4.3 Boundary Conditions

While Optimal Transport PDEs such as (25) typically do not require traditional bound-
ary conditions [24], the corresponding finite difference approximation (34) will require
some additional conditions to be supplied at the boundary grid points x¢ and xy.

We have a great deal of freedom in the choice of condition to enforce at the remaining
boundary point. For the usual second boundary value problem for the Monge-Ampere
equation, it was shown in [24] that even enforcing a possibly inconsistent boundary
condition such as

ulx) =0, xeoX

would lead to a convergent numerical method. However, this type of artificial boundary
condition will result in a boundary layer in the computed solution.

To find a more natural boundary condition, we recall that the integrand in (29) is
supported on the set of points y for which

dc
u'(x) + —(x,y) =0.
0x
In, particular, at the boundary point x;, there must be some y; € Y such that
, ac
u'(x;) = ——(xi, yi)-
ax
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The cost function ¢ and its partial derivatives are all known functions. However, the
relevant values of y are not obvious.

We choose to proceed using a monotonicity assumption and enforce the Neumann
boundary conditions

(o) = inf =2 (xo, )
u' (xg) = ——(xp, ,
0 yeY 0x 0.

0
W (xy) = sup {—é(m, y)} .

yeY

These can easily be discretised in a consistent, monotone way by defining the
approximations

Uy —u . ac
FEOM (ug, ug — uy) = —= O 4 inf {——(xo, y)} + hxuo,
X yeY 0x
u u ac (40)
N —UN-]
F/@X’hY(MNy UN —UN—1) = ———— —sup { ———(xo, y) ¢ +hxun.
hx yey | 0x

4.4 Consistency and Monotonicity

We now verify the consistency and monotonicity of the approximation scheme
described by (34)-(40).
First, we note that monotonicity was built into the approximation scheme by design.

Lemma 1 (Monotonicity) Under the assumptions of Hypothesis 1, the approximation
scheme (34)-(40) is monotone.

Next, we verify consistency of the scheme. Because of the interplay between the
finite difference discretisations and the approximation of the Dirac measure, this is
a more delicate calculation that requires a careful balance between the discretisation
parameters hy and hy.

Lemma 2 (Consistency) Under the assumptions of Hypothesis 1, consider the approx-
imation scheme (34)-(40) where the grid parameters are chosen so that hx /hy — 0
as hy — 0. Then the scheme is consistent with the ODE (32). Moreover, the formal
truncation error is given by (’)(h%, + hx/hy).

Before proving this lemma, we introduce some notation designed to simplify the
representation of the semi- and fully discrete versions of the approximation.

Denote the coefficient of the delta distribution in (32) by

2

9 +
Glx,y) = (u”(x) + aTi(x, y)) ¥ (x,y) (41)

@ Springer



La Matematica

and let

9%c +
G (xi.y) = (Df:fgui + 550, y)) ¥ (xi, y)

=G (x;.y) + O(hy)

(42)

be the discretised version.
We recall that the level-set function used to locate the curve Y (x, u’(x)) is given
by

N , dc
' (y) =u(x)+ 8_(x’ y), (43)
X

while its discretised version satisfies

Ui — uj— dc Uit — U dc
9" (i, )| =max{lh—x’1 o (0 Y0, == —a(x,ym,O}
= |olx | + 0. (44)

Using this notation, the integral appearing in equation (32) takes the form

I(X)Z/YG(x,y)S(qﬁx(y))dy, (45)

while its semi- and fully discrete approximations are

Ihy(x):hizzlmax{l—m,o} G(x, yjk)s (46)
1 hx Y
1hehy () = h2 ZZ - max {1 - “”(xe—yf")’, 0} G (x;, yji).  (47)

Proof of Lemma 2 We begin by noting that the width of the support of the approximate
delta function can be bounded in terms of the spatial discretisation parameter hy. Let

Then e(hyx, V¢*(y)) < Khy for every x, y.
We also notice that many of the terms in the sum of (46) are zero. To identify the
non-zero terms, we define

9%c
K:max{
0

|+

ZM () = (.0 | " )| < €}

(48)
C{(. b | |¢* (K| < Khy}.
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Since ¢* (y) is uniformly continuous in both x and y and its zero level set defines a
curve in Y, the cardinality of this set will be

=

= O(1/hy).

We can also try to identify the terms that are non-zero in the fully discrete sums
in (47). To this end, we set

EMm (i) = (G k) |9 G| <€)
SHG KR [ [e" (ja) + Ohx)| < Khy}.

(49)

Any point (j, k) in this set will satisfy
|vik = y| < O(hx + hy)
for some y € Z" (x;). This means that for each such y, we need to consider

h h
O <%) = O(1) possible neighbouring grid points that satisfy the conditions
Y

in (49). Adding up all possible points y € I" (x;) leads to the bound
|20 ()| = 01 /).

Using the results of [28], we know that the discretisation of the Dirac delta function
satisfies

1" (x) = 1(x) + O(hy)
since the integrand G (x, y) is C? in the y-variable.

Finally, we can consider the approximation accuracy of the fully discrete version
of the integral (47).

M M h
1 X x., .
j=0k=0
M M ;
1 ¢ (yjx) + O(hx)|
2 / g
ZhYZZEmaX 1-— . 00 G™ (xi, yjk)
=0 k=0
M M ;
1 Xi .
:h%/Z — max I—M,O} G"* (xi. yjk)
E 6
=0 k=0
h% hx hx
+0 ? Z ?G (xi’ y]k)

(j e Zmy (x)UZhxY (x;)
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In the last step, we notice that the error term will only be non-zero at indices where the
summand is non-zero in either the semi- or fully discrete approximation of (46)-(47).
We can further simplify this to

IhX’hY(x):hz%%lmax 1—M 0¢ (G(xi, yjr) + O(h))
1 Y € € ’ l’y]k X

j=0 k=0
h2h
+0 <—22X |2 (U th’hy(x,-)D
h2h?
=1"(x)+0 (ﬂ \th(xo\)

€

h%’hX h hx,h
+0 (255 2 @y u i ()|

h3hy  hxh
:1(xi)+(9<h2y+ x7Y X2Y>.
€

Finally, we recall that hy < € = O(hy) so that

h
"0 (x) = 1(x) + O (h% +hy + h—") :
Y

By hypothesis, ix < hy so that the approximation of the integral is consistent with a
formal truncation error of (’)(h%, + hx/hy). Since the remaining terms in the approx-
imation (34) share the same consistency error, this completes the proof. O

We also make the remark here that the formal consistency error in the scheme can
achieve an optimal value of O(hiﬂ) if we make the scaling choice hy = O (h;(ﬂ). In
particular, this means that the two-dimensional set Y can (and should) have a much
lower resolution than the one-dimensional set X . We also note that typical convergence
analysis for Monge-Ampere equations in optimal transport involves compactness argu-
ments without error bounds; actual computational error need not coincide with the
formal truncation error.

4.5 Normalisation

Finally, we notice that solutions of the ODE (32) are only determined up to additive
constants. The particular constant is not typically important to applications, as the
information about the transport mapping is encoded in u/(x).

For the purposes of this article, we will seek to approximate the mean-zero solution
of (32). There is no particular reason that the approximate solution we obtain from (34)-
(40) should have mean zero, or even that the mean need be the same given different
values of the discretisation parameters hy, hy. This is typical of Monge-Ampere
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equations in optimal transport, and an easy solution is to simply shift the approximate
solution [22].
Thus we propose the following two-step procedure:

1. Let v"%"7 be the unique solution of

hy,h hy,h hy,h h h hy.,h hy,h
FX1Y(UX Y(X) v7X Y()C) Xl Y’ iX Y(x)_vifl Y):O
foralli =0,..., N.
2. Normalise to

uﬁx,hy — hx hy _ Z th hY

1

5 Computational Results

Finally, we validate our proposed numerical method on several computational exam-
ples.

In each example, we take as our domain X = [0, 1], which is discretised using N
grid points. The computational target set is taken to be the smallest possible square
that encloses the actual target Y.

Following the discussion about optimising formal consistency error at the2 /e;nd of

). To

this end, the grid spacing parameters are chosen to satisfy hy ~ h X/ , with slight
deviations from equality used to ensure that this leads to an integer M number of grid
points along each dimension of ¥. We note that this leads to the scaling M ~ N!/3.
Perhaps counter intuitively, the result is a two-dimensional set that is discretised with
only M? ~ N?/3 grid points, which is fewer than the number of grid points in the
one-dimensional domain.

Evaluating the approximation scheme (34) ateach of the N grid points in the domain
involves evaluating a double sum containing (M + 2% ~ N2/3 terms. In the current
implementation, this is computed using a brute force approach. The overall cost of
evaluating the discretisation scheme at all grid points then scales as O(N>/3).

The resulting systems of nonlinear equations were solved using Newton’s method.

subsection 4.4, we expect that the optimal formal consistency error is O(hy

5.1 Rectangular Target
The first example we consider involves a rectangular domain

Y={0O1,»I1<yi+y»=<e+2,yi—1=<y <y +1}L

Note that this domain is rotated, so it will not line up with the grid used to discretise
the y variables.
We solve (1) using the density functions

Fx) = (" +2)(e" +2x),
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Fig.1 The density functions (a) f and (b) g for the rectangular target

yit+y, O,y eyl
0, otherwise

gy, y2) ={

together with the quadratic cost function

1 2 1 2
c(x, y1,y2) = E(x -y~ + E(x — ).

See Fig. 1 for a visual of the problem data.
We can easily verify that the exact mean-zero solution of the resulting Monge-
Ampere equation is

ux)=e* —e+1.

The resulting error is displayed in Fig.2 and scales approximately as O(h;“).

We note that this convergence rate is worse than the formal rate of O(hi/ 3). This is
not unexpected since typical convergence analysis for Monge-Ampere type equations
(particularly with Optimal Transport type boundary conditions) does not guarantee
convergence rates.

We also notice that for this particular example, the error decreases, but not mono-
tonically. It is well known that monotone finite difference schemes do not have to yield
monotonic convergence. In this case, it appears to be the simplicity of the geometry
that leads to the oscillations in error. This is because for some choices of discretisation
parameters M, hy, the grid is by chance quite well aligned with the relevant curve
Y1 (x, u’(x)), the contours of g, and the boundaries of the target Y. This, in turn, can
lead to artificially low error for certain values of the discretisation parameters.
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5.2 Vanishing Densities

The next example involves another rectangular domain

Y={0L,y)I0=y1+y»2=<2,y1—2=<y <y1 +2}

and the quadratic cost

1 2 1 2
c(x,y1,y2) = E(x -y + E(x - )

as in the previous example. This time, we use density functions that are allowed to
vanish to zero at the boundaries of X and Y. This setting is known to lead to a loss
of uniform ellipticity in the Monge-Ampere equation, which is often a challenge for
numerical methods. We choose the particular density functions

128
fo) = —=x(1—x),

M +y2)C—=01+y) (2—y1)—2)2—02—y1),
gy, y2) = 01, €Y
0, otherwise.

See Fig. 3 for a visual of the problem data.
In this case, the exact solution is the constant function

u(x) =0.
Although the exact solution is constant, we cannot expect to recover this exactly

(which would occur with a typical finite difference discretisation of a standard
Monge-Ampere equation). This is because the approximation scheme will still involve

Fig.2 Maximum Error in u for @
the Rectangular Target 0.02 5<,
0.02¢}
E 0.015¢ Slope ~ -0.25
L
=< 0.01
O
=
0.005¢
* : —O
10° 10° 10*

N
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(approximate) integration of a spatially varying function over a non-trivial curve, which
will introduce numerical errors.

The error obtained for this example is displayed in Fig. 4. In this example, the error
appears to decrease monotonically, likely because the contours of g are no longer
straight lines that can align with the grid. Despite the degeneracy of this example,
there is no difficult in computing this solution. In fact, the observed convergence rate
of O(h;(/z) is actually better than that observed in the non-degenerate example. This
is likely due to the fact that the density function g is now continuous in the extended
computational domain.

5.3 Curved Target

The next example we consider involves the curved domain

T
Y:{(yls)’ZH_lf)’l51,—55)’2_\/1_}’%50}-

10
8 3
“~ 6 2w
4
1
2
0 0
0 0.5 1
T
(a) (b)
Fig.3 The density functions (a) f and (b) g for the rectangular target
Fig.4 Maximum error in u for (o} T
the vanishing densities
1072}
S
o Slope ~ -0.5
S
L
x
©
=
107 :
1 2 3 4
10 10 10 10
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2 <
0.5
1
0 : 0
0 0.5 1

(a)
Fig.5 The density functions (a) f and (b) g for the rectangular target

We solve (1) using the density functions

3
fx) = % sin(rx).

eOn yz):{ 1=y} =y, (y)eY

, otherwise

These densities are also allowed to vanish along part of the boundary. In this example,
we use the cost function

c(x, y1,y2) =x (yz—\/l —ylz)

See Fig. 5 for a visual of the problem data.
The exact mean-zero solution of the resulting Monge-Ampere equation is

2

T .

u(x) = —cos (ﬂTx) +

The resulting error is displayed in Fig.6 and scales approximately like O(hi/s).
Once again, we observe clear monotonic convergence. The more complicated geom-
etry does not pose any difficulty for the numerical method.

5.4 Disc Target

The final example we consider involves the disc

1\? 1\ 1
Y = (yl,y2)|<y1—§) +<Y2—5) SZ .
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Fig.6 Maximum error in u for 1 0-1
the curved target

Slope ~ -0.4

Max Error

We solve (1) using the constant density functions

fx) =

T
4’
gy, y2) =L

In this example, the cost function is taken to be the Euclidean distance

1 2, 1o
@, y1, y2) = 7 (x = yD)" + 53,
which assumes that the line segment X = [0, 1] is embedded in R2 with x; = 0.

To illustrate the resulting optimal transport map, we split the one-dimensional
domain into several line segments X1, ..., Xs, which are each assigned a colour. We
then use our numerical method to estimate which portion of the disc each line segment
is mapped onto. This is accomplished by looking at the support of the approximate
delta function and defining

Yi={yeY| th’hy(ui —uj_1,u; —ujt1) > 0 for some x; € Xi}.
Each Y lying in the disc Y is then assigned the same colour as the corresponding X.
We illustrate the results in Fig. 7. As expected given the relatively simple geometry
and cost function, we observe a certain level of monotonicity in the computed mapping,
with points farther to the left in the domain X being mapped into sections of the disc
Y that are also farther to the left.

6 Conclusions

In this article, we have proposed a numerical method for a Monge-Ampere type
equation arising in the problem of optimal transport between unequal dimensions.
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Fig. 7 The one-dimensional domain X and its image Y under the computed set-valued optimal transport
map. Colour coding indicates segments of X and their corresponding images in ¥

In addition to the strong nonlinearity of this problem, the equation involves an extra
layer of complexity because it requires integrating the equation over a manifold that
itself depends on the solution of the Monge-Ampere equation.

We have proposed a level-set formulation of this PDE, which allows the integral to
be posed over a much simpler domain. However, the resulting equation still involves (1)
a fully nonlinear elliptic operator of Monge-Ampere type and (2) integration against
a Dirac delta distribution whose support is dependent on the solution gradient.

We have proposed a very novel method for numerically approximating the resulting
equation. For simplicity, we focus on the setting of optimal transport from 1D to 2D.
However, all of the techniques we proposed can be easily extended to higher dimen-
sions. The numerical method utilises monotone finite difference approximations of
the Monge-Ampere type operator. These are combined with a very careful discrete
version of the Dirac delta function, which is allowed to have a spatially varying sup-
port width in order to preserve consistency. The level-set function that is input into
this discrete delta function is discretised using a careful combination of forward and
backward differences in order to preserve monotonicity.

The resulting numerical method is both consistent and monotone. For more well-
understood Monge-Ampere type equations in optimal transport, consistency and
monotonicity have proven to be the key ingredients in proofs of convergence [22, 24,
25]. With ongoing development of the theory for the non-standard Monge-Ampére
equation considered in this article, there is great reason to hope that a convergence
proof can be constructed for the method proposed here. A key ingredient that is cur-
rently missing is a robust theory of viscosity solutions for this form of generalised
Monge-Ampere type equations. This will be an avenue of continued research. Once
a robust theory is available for the development and analysis of monotone numeri-
cal methods, future implementations will also seek to improve accuracy through the
design of filtered numerical methods [29].

We have performed computational tests using several challenging examples, which
validate the performance of the new method.
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A natural avenue for future work is to extend this numerical method to higher
dimensions. A challenge here is that the level-set approach must be extended to a
more complicated setting that requires multiple level-set functions (28). A second
key issue that must be addressed in the move to higher dimensions is computational
cost. As discussed in section 5, the current implementation uses a simple brute force
approach to evaluate the double summation in the approximation scheme (34). This
is reasonable in the one-to-two dimensional setting, but quickly becomes infeasible
in higher dimensions. Future work will improve the computational cost by devising
better strategies to estimate the support of the discrete delta function, allowing for a
great reduction in the cost of the numerical quadrature. We expect the resulting method
to be easy to implement, while having a computational cost equivalent to integrating
over an (m — n)-dimensional manifold (instead of the full m-dimensional target set)
at each point in the lower-dimensional domain X.
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