FOUNDATIONS oF

Foundations of Computational Mathematics COMPUTATIONAL
https://doi.org/10.1007/510208-024-09686-3 MATHEMATICS
Check for

updates

Quantitative Convergence of a Discretization of Dynamic
Optimal Transport Using the Dual Formulation

Sadashige Ishida’ - Hugo Lavenant?

Received: 19 December 2023 / Revised: 26 July 2024 / Accepted: 26 August 2024
© The Author(s) 2024

Abstract

We present a discretization of the dynamic optimal transport problem for which we can
obtain the convergence rate for the value of the transport cost to its continuous value
when the temporal and spatial stepsize vanish. This convergence result does not require
any regularity assumption on the measures, though experiments suggest that the rate
is not sharp. Via an analysis of the duality gap we also obtain the convergence rates
for the gradient of the optimal potentials and the velocity field under mild regularity
assumptions. To obtain such rates, we discretize the dual formulation of the dynamic
optimal transport problem and use the mature literature related to the error due to
discretizing the Hamilton—Jacobi equation.
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1 Introduction
The dynamic optimal transport problem and its discretization

In this work, we are interested in the dynamic optimal transport problem. Given
two probability measures p, v over a spatial domain €2, it reads

1
inf f /L(v,)d,o,dt, (1.1)
(pesvr) Jo Q
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Foundations of Computational Mathematics

where L : RY — R is a given convex function and the infimum is taken over all
pairs (p;, vy) of a time-dependent probability distribution and velocity field which are
solutions of

001 + V- (prvy) =0,
po=H, p1=V,

(1.2)

that is of the continuity equation with temporal boundary conditions p and v. Here
pr, Uy are indexed by a temporal variable ¢ € [0, 1] and V- stands for the divergence
with respect to the spatial variable. The interpretation is that (p,) must join p and v
while being transported by the flow of (v;), at a minimal cost. Originally introduced
by Benamou and Brenier in [5] for numerical purposes as it is linked to the (static)
optimal transport problem with cost ¢(x, y) = L(y — x), this formulation turned out
to be very fruitful. From a theoretical point of view, it is a robust formulation which
enables to extend and generalize the optimal transport problem: it is used for optimal
transport on graphs [36], for unbalanced optimal transport [19, 30, 35], for optimal
transport of matrix-valued measures [16] to cite a few extensions. From the numerical
point of view, in addition to being one of the first methods proposed to solve the
optimal transport problem in dimension more than one, it can be adapted to a great
variety of related problems: Wasserstein gradient flow [7, 17], mean field games [6,
8], and trajectory inference [48] to mention a few.

The usual road to solve (1.1) with the constraints (1.2) is to first rewrite it as a
convex problem by using the momentum m; = p;v; as an unknown rather than v;.
In this case both m; and p; are measures, and v; is recovered as the Radon-Nikodym
derivative dm; /dp; of m; with respect to p;. This leads to

1
d b V-m; =0,
inf / / L (ﬂ) dp; dt, with constraints ot e (1.3)
(or.m) Jo  J@ dpy PO =MW, p1r=7v.

The constraint 9,0, + V - m; = 0 is now linear, and the functional to be minimized is
convex as (x, y) — L(x/y)y is a convex function both in x and y when extended to
o0 for y < 0, except at (0, 0) where it is 0. Then one proposes a finite dimensional
version of the problem (1.3) where both the time and space variables are discretized,
and solves the resulting finite dimensional convex problem with standard methods in
non-smooth convex optimization. We refer to [17, 32, 38, 39, 42] for instantiations of
this approach with plain optimal transport. This comes with two challenges from the
viewpoint of numerical analysis:

1. Guarantee (quantitatively) the convergence of the convex optimization solver used
to solve the discretized problem.

2. Guarantee (quantitatively) the convergence of the value and solutions to the dis-
cretized problem to the original one (1.3) when the temporal and spatial stepsizes
vanish.

The first point is a question of convex optimization which is quite well understood and

that we will not address referring to [29, 42]. Our main concern is rather the second
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question. The difficulty lies in the roughness of the functional to optimize: (x, y) —
L(x/y)y is only lower semi-continuous and discontinuous at (0, 0). Moreover a priori
the data u, v could be allowed to be arbitrary probability distributions (even Dirac
masses), and there is no regularizing effect, so that p; could be a Dirac mass for
every t € [0, 1]. Thus one really has to face the discontinuity of the functional to
optimize. Nevertheless, numerical examples in the aforementioned works suggest that
convergence holds even when the measures ., v are quite rough.

In[31] building on the previous works [17, 24, 28], the second author gave an answer
to the second question by providing sufficient conditions for any discretization of the
dynamic optimal transport problem to indeed converge to the original problem when
the temporal and spatial stepsizes vanish. This framework was later used in [39] and
extended to matrix-valued optimal transport in [33, 34]. However the arguments were
inspired by the theory of I'-convergence and were not quantitative, that is, they did
not come with a convergence rate.

The goal of this article is to provide quantitative convergence rates of a discretized
version of (1.3) to the original problem, as the temporal and spatial stepsize van-
ish. There are few results already available: the works [17] and [38] show that their
respective methods reach first order of convergence. Specifically, for 4 the (common)
temporal and spatial stepsize, the error in the value of problem (1.3), that is, the trans-
port cost, is of order /. The article [38] also extends this convergence to the solutions
of the problem via an analysis of the dual gap. However, in both cases this rate is
only available when the data u, v have smooth densities which are bounded from
below, and moreover the solution p to the optimal transport problem needs to have a
smooth density bounded from below. The latter assumption (positivity of the solution
p everywhere) is very strong, not directly implied by u, v smooth and bounded from
below [47]. Moreover, as we said above, in practice the discretizations behave well
even when ., v or p are not bounded from below.

In this work we propose a new discretization of the dynamic optimal transport
problem (see Sect. 3) for which we are able to quantify the convergence,
at least of the value of the transport cost. With A the (common) temporal
and spatial stepsize the error is of order /A but our result does not require
any assumption on the probability distributions w, v, besides that they have
bounded support (see Theorem 4.1).

Let us already emphasize that this result comes with two important limitations. First
we are not able to show that the rate improves if u, v have a smooth density, and the
numerical experiments we conducted suggest that our rate is not sharp. To prove better
convergence rates for more regular inputs, we would need a refinement of the previous
result [23], which we largely rely on (see Remark 5.6).

The second point is about the efficiency of numerical computation. Our discretiza-
tion is restricted to periodic boundary conditions although we can treat the transport
between p, v on a bounded domain without any theoretical limitations by taking the
entire periodic domain large enough. A full extension to bounded domains for more
numerical efficiency may be potentially done, but is out of the scope of the present
paper (see Remark 4.4).
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Intuition of our proposed discretization
Our strategy to get such rates is the following. Rather than solving (1.3), we look
at the dual problem which is known to be

sup/ o(1,)dv —/ ¢(0,-)du with constraint d;¢ + H(Ve) <0, (1.4)
¢ Ja Q

where ¢ = ¢(¢, x) fort € [0, 1] and x € € is a time-space dependent scalar function
which is subsolution of the Hamilton—Jacobi equation d;¢ + H (V) = 0, being H
the Legendre transform of L.

Discretizations of the Hamilton—Jacobi equation in a finite difference fashion have
been studied in the context of viscosity solutions starting with the seminal work of
Crandall and Lions [23] and the rate of convergence is proved +/% under fairly general
assumptions. This holds specifically for the initial value problem

o + H(Vp) =0,
(0, -) given,

for the Hamilton—Jacobi equation, importantly under an a priori Lipschitz bound on
©(0, -). In the context of optimal transport, an optimal solution ¢ to the dual prob-
lem (1.4) is actually known to be Lipschitz in space, with Lipschitz constant depending
on the diameter of €2 but independent of 1, v (see Proposition 2.2). In our analysis, we
also need to ensure that an optimal solution to the discretized version of (1.4) is also
Lipschitz. As it cannot be guaranteed a priori, we add Lipschitz continuity at ¢ = 0 as
an additional constraint in our discretized problem; see Definition 3.2 and in particular
the constraint (3.4).

In short we propose a discretization of the dual problem (1.4) where we use
a finite difference discretization of the Hamilton—Jacobi equation for which
convergence rates are already studied, adding a Lipschitz constraint to ¢ (0, -)
in the discrete dual problem.

A brief comment on rates for other numerical methods
Dynamic optimal transport is not the only way to solve the optimal transport prob-
lem, we refer to [43] and references therein for a comprehensive introduction. When
faced with the linear programming formulation and its entropic regularization, the
standard setting is to assume that measures are approximated via i.i.d. samples and
rates should be understood in a statistical setting (that is, written in probability or
in expectation as a function of the sample size) rather than a numerical analysis one
(that is, written as a deterministic function of the stepsizes). We refer to [40] and
[37] as well as references therein for results in this direction. In semi-discrete optimal
transport, that is, when only one of the two measures is discrete, rates have been inves-
tigated both in a statistical setting [2], but also in a more standard setting of numerical
analysis, related to the stability of the Monge-Ampere equation [12]. As far as PDEs
methods are concerned, in addition to dynamic optimal transport, one could also solve
the Monge-Ampere equation to compute a transport map [11]. The convergence when
Elol:;ﬂ
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the resolution of discretization is reduced has been established in the context of vis-
cosity solutions [10]; see also [9, 13]. Note that these convergence results concern a
different method, so comparison with the present work is hard to do. We only point
out that the results are not quantitative and typically need to assume some regularity
of the input measures w, v (like absolute continuity) in order to be able to write the
Monge-Ampere equation in the first place.

Organization

We first define properly the dynamic optimal transport problem, and we present
the Hamilton—Jacobi equation together with its finite difference discretization: this is
a well-understood theory that we summarize in Sect. 2. We move to our proposed
discretization in Sect. 3. Our main result, the quantitative convergence rate of the
optimal transport cost, is presented in Sect. 4. With a standard analysis of the duality
gap, we prove, under an additional regularity assumption, that we obtain quantitative
convergence of some variables (the velocity field v and V¢) from their discrete to
their continuous counterpart in Sect. 5. We numerically illustrate our results on simple
one-dimensional test cases in Sect. 6: this shows that our rates are likely not sharp.

2 Settings and Preliminaries

In this section, we present our setting and review the previous works that are going to
be ingredients of our discretization of dynamic optimal transport.

Assumptions We assume the following in the rest of the article.

e We restrict to Q := R?/(DZ%) to be a d-dimensional torus with diameter

diam(Q2) = \/TED.

e The measures i, v are Borel probability measures on €2 and we do not make any
assumption such as absolute continuity unless otherwise stated.

e We take L : RY — [0, +-00), the “Lagrangian” which is a non-negative, strictly
convex and superlinear function.

As for the first point about the domain, we could assume D = 1, or diam(2) = 1
without loss of generality. However we prefer to keep it that way to emphasize how
some constants depend on diam(€2). The last condition for the Lagrangian includes
the most common choice L(v) = |v|?/p for p € (1, +00).

2.1 Dynamic (and Static) Optimal Transport

We briefly recall some ingredients of the dynamic optimal transport problem. We refer
to the textbooks [43, 45, 49] for additional details.

We directly move to the convex formulation already mentioned in (1.3) where

we now define each term. The infimum will run over all the pairs (o, m;)¢f0,17 of
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probability distributions p;, € P(£2) and vector-valued measure m; € M(Q)4 such
that ¢ +— p; is continuous for the weak topology with p9 = @ and p; = v. The
continuity equation

0pr +V-my =0,
is meant in the sense of distributions over the space [0, 1] x €2. For the functional

to be optimized, we need a bit more of notations. The so-called Benamou-Brenier
functional is defined as a functional for measures p € M () and m € M4 () by,

B(p,m) := sup/adp—}—/b-dm
(a.b)Jo Q

where the pair (a, b) runs through Cp(€2; K) the space of continuous bounded
functions valued in the convex domain K given by

K = {(s,w) € R x R such that s + H (w) gO}.

Here the function H : R? — R s called the Hamiltonian, given as the Legendre trans-
form of L by H(w) = sup, (v, w) — L(v). With a slight variation of [45, Proposition
7.7], it can be proved that if B(p, m) < 400 then p is a non-negative measure and the
measure m is absolutely continuous with respect to p, and in this case

B(p, m) =/ L(v)dp,
Q

being v € L'($2, p)? the Radon-Nikodym density of m with respect to p. With these
notations the problem (1.3) now reads

orpr +V - my = 0 weakly,
po =M, pr="0.

2.1)
(pr,my)

1
K(u,v) = inf / B(pr, m;)dt such that :
0
The existence of a minimizer to the problem can be shown by the direct method of
calculus of variations (see e.g. [19, Sect. 2] for a proof in a more general context), or
alternatively by building it via an optimal solution for the static primal problem (2.4)
introduced below as in (2.5). We do not include the proof as it is not our main concern.

Theorem 2.1 (Existence of a solution in the primal problem) Under our assumptions
the infimum in (2.1) is attained.

The question of uniqueness is more subtle and one would go to the static problem
introduced below to analyze it. The outcome is that the minimum may not be unique,
but it is so if at least one of the two measures u, v is absolutely continuous with respect
to the Lebesgue measure [45, Theorem 1.25].

Elol:;ﬂ
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Being a convex optimization problem under constraint, the dynamic optimal
transport problem has a dual form. It reads

K, v)=sup/ w(l,‘)dv—/ ®(0,)dp suchthat 9,9 + H(Vp) <0
¢ JQ Q

(2.2)

where ¢ runs over Lipschitz functions defined over [0, 1]x €2, and the Hamilton—Jacobi
constraint 9, o+ H (V) < O means that ¢ is a viscosity subsolution of 3, + H (Vg) =
0 as we explain below in Sect. 2.2. Here ¢ should be interpreted as a Lagrange multiplier
for the continuity equation. The key result is that, not only a solution to the dual problem
exists, but it has some Lipschitz regularity.

As L is convex, it is Lipschitz on bounded domains and we denote by Lip(L, B;)
its Lipschitz constant on the ball B, centered at 0 and of radius r. On the other hand,
Lip(y) for a real-valued function v stands for its Lipschitz constant on its whole
domain of defintion.

Proposition 2.2 (Existence of a solution in the dual problem) Under our assumptions
there exists an optimal potential @ in the dual dynamic transport problem satisfying

Lip(@(z, -)) < Lip(L, Bdiam(e)), ¥t € [0, 1]. 2.3)

We delay the proof of this result until the next section as we need additional preliminary
results, including the static formulation.

The dynamic formulation of optimal transport is to be contrasted with its static one,
which we introduce for the sake of completeness, and with which the reader may be
more familiar. The cost function ¢ : 2 x 2 — [0, 4-00) associated to our Lagrangian
Lis

c(x,y) =inf{L(y —x k), k € DZ%

as we are on the torus. The transport cost (2.1) is actually equal to:

K, v) = inf ,y)dm(x, 24
(m,v) neAgR/[(M,u)/QXQC(x y)dm(x, y) 2.4

where ADM(t, v) is the set of the probability measures on 2 x 2 whose marginals are
w and v. Given a solution 7 to the static optimal transport problem, one can construct
a solution to the dynamic optimal transport problem as follows: for any ¢ € [0, 1],
being I'; : (x,y) € Q@ — (1 —1t)x+ty € Q (where the addition is understood modulo
DZ%), one sets for any Borel set A,

() = (I A, mi(A) = / S o-vdrEy. @29
T (A)
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The intuition is that, once its initial and final position are chosen via the coupling =,
each particle travels at constant speed on a straight line. Finally, we introduce the dual
formulation of the static optimal transport problem. It reads

K, v) = sup/ ¥edv —i—/ Ydu (2.6)
v Ja Q

where /¢ is the c—transform of ¥ given by ¥¢(y) := infy c(x, y) — ¥ (x) and ¢ runs
through functions on €2 such that ¥ = ¢¢ for some ¢ € C(2). When a function y
attains the maximum, it is called a Kantorovich potential. The link between the static
dual problem and the dynamic dual problem will be made clear in the next section.

2.2 Viscosity Solutions to the Hamilton-Jacobi Equation

We briefly review the notion of viscosity solutions as it plays a central role in this article
and highlights PDE aspects of optimal transport. The Hamilton—Jacobi equations often
do not admit a classical solution, but naive notions of weak solution such as continuous
functions differentiable almost Lebesgue everywhere can be too weak so that infinitely
many solutions may exist. To ensure both existence and weakness, Evans [25] and
Crandall and Lions [22] independently introduced so-called viscosity solutions. For a
Hamilton—Jacobi equation of the form

o+ H(NVgp) =0

on a domain [0, 1] x €2, a Lipschitz function ¢ is said to be a viscosity subsolution
(resp. supersolution) if, for any test function f € C'([0, 1] x ), any local maximum
xo of f — ¢ (resp. local minimum) satisfies

9 f (x0) + H (V f(x0)) <O (resp. 9, f(x0) + H (V f(x0)) = 0).

The inequality constraint of the dynamic dual optimal transport (2.2) means that a
competitor ¢ is required to be a viscosity subsolution.

When ¢ is both a viscosity subsolution and a viscosity supersolution, it is called a
viscosity solution. This definition indeed guarantees the existence of a unique solution.
We present here the statement of [21] summarizing the results of [22]: even though it
is phrased in R?, it can be adapted at no cost on 2 = R?/(DZ?) by simply identifying
a function on Q with a D-periodic function on R?.

Theorem 2.3 (Existence and uniqueness of viscosity solution) Let H : R¢ — R be
continuous and ¢y : Q — R be Lipschitz. Then there exists exactly one viscosity
solution to the initial value problem,

0r¢ + H(Vp) =0 in [0, c0) x £,
®(0, ) = o in €.
FolCT
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Moreover, the Lipschitz constant does not increase in time i.e.

Lip(p(t', -)) < Lip(g(t,-)) fort’ > t.

Actually, in this simple setting where the Hamiltonian is not dependent on the spatial
variable, the unique viscosity solution is characterized by the Hopf-Lax formula [26,
Theorem 3 in Chapter 10.3]: with the assumptions and notations of the theorem it is
equal to

p(t.x) = inf @o(y) +1L (Q) . 2.7

The Hopf-Lax formula is a key ingredient to bridge the dual formulations of optimal
transport in its static (2.6) and dynamic (2.2) form. This is also what enables us to
prove Proposition 2.2.

Proof of Proposition 2.2 We can choose an optimal Kantorovich potential E for
the static dual problem (2.6) so that it is Lipschitz continuous with Lip(yr) <
sup,, Lip(c(-, ¥)) < Lip(L, Bgiam(e)) [45, Sect. 1.2.]. Then we define @ as the unique

viscosity solution of the Hamilton—-Jacobi equation with initial data —. Observe
by (2.7) that @(1, -) = ¥ and hence

/aa,-)dv—/a(o, ~)du=/$“dv+/$du=/<(u, ).
Q Q Q Q

Therefore, @ is not merely an admissible competitor but is an optimal potential for
the dynamic dual pioblem (2.2). Finally Theorem 2.3 asserts that Lip(¢(t,-)) <
Lip(¢(0, -)) = Lip() for 7 € [0, 1]. o

2.3 Discretization of the Hamilton-Jacobi Equation

As we mentioned in the introduction, our key idea is to discretize not the primal
formulation (2.1) but rather the dual formulation (2.2). Indeed discretization of the
Hamilton—Jacobi equations is a widely studied topic, in particular since the seminal
work of Crandall and Lions [23].

We adapt Crandall and Lions’s original setting of the domain [0, o) x R¢ for Q =
[0, 1] x (R?/(DZ%)). Their results are still valid on Q without additional conditions
as we can simply extend functions on Q = R?/(DZ?) by copying it infinite times for
R

The time domain [0, 1] is discretized by uniformly sampling points: we define
Tp := {0, At, ..., (N7t — 1)At, 1} with some positive integer N7 and At = 1/Nr.
The space domain @ = RY/(DZ%) is discretized in the same way, that is we
write Qp := {(jiAx, ..., jsAx)} with indices (ji,..., ju) € (Z/NxZ)? :=
{0,1,..., Nx — l}d with some positive integer Ny and Ax = D/Nyx. In the sequel,
we write j := (j1,..., j¢) and jAx := (j1Ax, ..., jaAx) for simplicity. Hence the
discretization of Q is given by Qp :=Tp x Qp.

Elol:';”
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Each continuous function ¢ is approximated by a discrete function ® : OQp — R
given as the evaluation of ¢ at the grid points. For the value at (i Az, jAx), we write
d'. or @', e but we will occasionally omit subscripts i and j when we mean the
collection {@;}ij or we do not need to specify i or j. We denote by R the collection
of functions from a set Z C Qp to R, and define

W]l Loo(zy := max [¥(2)].
z€Z

for function ¥ € RZ.

Discretization of the Hamilton—Jacobi equation of the form d;¢ + H(V¢) = 0 is
given as follows. The initial state of the discrete function ®° is given on the grid points
{0} x Qp C QOp and it is time-updated as

it = S(@h),

by amap S : R®? — R®2 called a scheme. We will deal with a certain class of
schemes following a standard finite difference setting as in [23]. A scheme S is said
of difference form if there exists a function G: R*? — R such that
A_ iU A, ;W
SiW) =W, — Arg [ —L—, L2
i) I g ( Ax Ax >

for each j where A_ ; := (Al_ jree A‘f j) takes the spatially backward difference
k .
Af,jqj = Wikeda ™ Yt i
foreachk and A, ; := (Aﬂr, R Ai) takes the forward difference
k .
AL V= ea = Ytk as

for each k = {1, ..., d}. Of course the expression j; £ 1 is understood modulo Ny
as we have periodic boundary conditions. We will omit the subscript j for Ay when
there is no confusion. The two important properties that a scheme can have are the
following:

e Consistency. A scheme S of difference form is consistent with H if G satisfies
G(a,a) = H(a) for any a € R?. It is equivalent to say that S gives the exact
solution on grid points for any time-space affine function.

e Monotonicity. Let us define a subset of discrete space functions

<l

for a fixed R > 0. The space Cg can be interpreted as the discrete counterpart of

the functions which are R-Lipschitz in each coordinate. A scheme is monotone on
FoC'T
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[—R, R] if for each grid point j the restriction of S; to Cg is non-decreasing with
respect to any of its variables.

The striking result is that these two properties guarantee not only convergence of the
discrete solutions to the continuous ones, but also a quantitative rate of convergence.
Crandall and Lions showed a quantitative estimate for the approximation error of such
discrete solutions on a family of time-space discretizations of domain Q [23, Theorem
1]. In their work, the ratio ¢ := At¢/Ax within a family of discretizations is fixed.
Throughout this article, we follow their setting, and for each discretization Qp we
denote its resolution by & := At.

Theorem 2.4 (Convergence of discrete Hamilton-Jacobi equation) Let H : R — R
be continuous and ¢ be the unique viscosity solution to the initial value problem,

%+ H(Vg) =0 inQ=10,1]x Q,
(p(ov ) = @0,

with initial data ¢y Lipschitz in each coordinate with Lipschitz constant R > 0. Let
Op = Tp xQp be adiscretization of Q with resolution At = h andratio{ = At/Ax
fixed. Define a discrete solution ® € R2P by

ot =S@), ie{0,...,Nr—1},
@Y =g (jAx), Vj,

with a scheme S of difference form which is consistent with H and monotone on
[—R — 6§, R + 8] for some § > 0.
Then we have the estimate,

|® — @llLocop) < CVR

with a constant C depending only on the scheme S, |¢ollL=(0), R + 6, and H.

This theorem will be the main result we will use to get our quantitative convergence
rates for the optimal transport problem.

Remark 2.5 The theorem is usually stated with § = 1, that is, the scheme should be
monotone on [—R — 1, R + 1], but a close inspection of the proof in [23] reveals that
any 6 > 0 is possible.

Remark 2.6 (Lipschitz in each coordinate and why we restrict to a periodic setting) We
have done another modification compared to the classical statement of the theorem.
We assume that ¢q is R-Lipschitz in each coordinate instead of simply R-Lipschitz,
that is, for every k and (x1, ... Xk—1, Xk+1, ..., Xd) € Rd_l/(DZd_l) the function

X = @o(X1, .o Xk—1, X, Xkt1s - - -5 Xd)

is R-Lipschitz. A R-Lipschitz function is R-Lipschitz in each coordinate, and a func-
tion which is R-Lipschitz in each coordinate is ~/d R-Lipschitz in the classical sense.
Elol:';”
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Functions which are R-Lipschitz in each coordinate are the perfect analogue of the
space Cg of discrete functions, and this will be useful in the proof of our Theorem 4.1.

An important step in the proof of the theorem is the propagation of the regularity
for the discrete solution: one can prove that if ®° € Cg then

®' € Cgr, Vi. (2.8)

It is obtained by combining two simple arguments. The first one is that, as the
scheme commutes with the addition with constant functions and is monotone, it is
non-expansive in L*°:

IS(W) — S Loy < IV — VlLe@p)

for any pair of W and W' in Cg [23, Proposition 3.1]. The second one is to apply the
non-expansiveness to W', a shifted version of W. As a shift in space commutes with
the discrete differential operators Ak , A for fixed k, we obtain

IAE S(W) I 2o @p) < IAK W19y,

and from there an immediate induction gives (2.8). Note that the same argument at the
continuous level gives that, if ¢g is R-Lipschitz in each coordinate, then so is ¢(z, -)
for any ¢t > 0.

Importantly, this regularizing effect of the scheme does not work if the spatial
domain is no longer the torus nor the whole Euclidean space: the first estimate stays
valid but the second argument about the commutativity breaks down on the boundary.
For this reason, our work is phrased on a periodic domain rather than on a bounded
domain: we will not rely on the estimate (2.8) in itself, but this estimate is necessary
in order for Theorem 2.4 to be true.

2.3.1 Vanishing Viscosity Scheme

An example of monotone and consistent schemes presented in [23] is the so-called
vanishing viscosity scheme, which is a discrete analogue of the vanishing viscosity
method for the continuous Hamilton—Jacobi equation. For a discrete space function
U e R2, it is given by

S(V) =V — At {H(VpW) — eApV}, (2.9)

with some ¢ > 0. Here Vp, Ap are respectively the discrete centered gradient and
the discrete Laplacian given by,

AW+ Ay ;¥ W— AW

+ Y e A
A
2Ax ¥ Xk: (Ax)2

VD,‘I/'
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at each location j. With the (forward) discrete time derivative

q>i+l _ q)i

9l D=
At At

s

the scheme (2.9) reads
oA ®+ H(Vp®) —eApd =0,

for a discrete time-space function ® € RZ?, which is a discrete analogue of the
Hamilton—Jacobi equation with the viscosity term.

The consistency is immediate: for W € R? satisfying Ay W/Ax = A_W/Ax =
(ai,...,aq), we have H(VpWV) = H(ay, ..., a4) and ApW¥ = 0. The monotonicity
is not attained only with the Hamiltonian term, but can be ensured together with the
viscosity term. A simple computation reveals that the scheme is monotone on Cr when
¢ satisfies

2 S Ax  2dAt

Lip(H, Bg) < £ < Ax 2.10)

where Lip(H, Bg) is the Lipschitz constant of H on the centered ball of radius R.
Recalling that we assume that the ratio ¢ = Af/Ax is fixed among a family of
discretizations of Q, we need to choose ¢ > d Lip(H, Br), and in this case ¢ will go
to zero at rate h = Ar o< Ax: the viscosity ¢ vanishes together with the stepsize.
Several alternatives can be found in the literature, such as the upwind scheme also
in [23] (for d = 1), higher order finite difference schemes [41], and also discontinuous
Galerkin methods [18]. We, however, focus on the vanishing viscosity scheme in this
article because of the following reasons: it is simple; we are able to solve efficiently
the discrete dynamic optimal transport we build on it; and the function ¢ is a priori not
expected to be better than Lipschitz uniformly over the space-time domain so using
high order schemes seems less helpful as far as the theoretical analysis is concerned.

3 Discrete Dynamic Optimal Transport

In this section, we introduce a discrete formulation of dynamic optimal transport. We
first do so using a general monotone and consistent scheme, and then specifically with
the vanishing viscosity scheme explained in the previous section.

3.1 Discrete Problem for a General Scheme

We discretize the dynamic dual problem (2.2) on Q = [0, 1] x 2. For the discretization
of the domain, we use Qp = Tp x Qp defined in Sect.2.3.

Regarding the discretization of probability measures, we follow a standard
approach. For a given u € P(2), we define its discretization [Ty in a way that
I1 ,u—*\ nas Ax — 0. A simple choice is the projection onto the Dirac measures on

FoC
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grid points, given by

Mp =" u(Bjax)8jax: 3.1)
J

where Bjay is the d—dimensional half-open box centered at j Ax with edge length
Ax given by,

Bjax = [G1 = 1/ Ax, (i + 1/2)Ax) x -~ x [(ja — 1/2)Ax, (a + 1/2)Ax).

Remark 3.1 (Choice of discrete measure) In this article, we stick to this specific dis-
cretization of measures, but this is not the unique choice. For example, piecewise
uniform measures in the boxes {Bja.}; is also a reasonable option. All our results
easily extend to this discretization of measures as soon as Lemma 4.2 is valid.

Clamped discrete gradient With the above settings, we are almost ready to intro-
duce our discrete optimal transport problem. We finally impose a constraint on discrete
functions as follows. We will later guarantee the convergence of the discrete transport
cost to the continuous one. For this result, we will need Theorem 2.4 which requires a
monotone scheme on [—R — 8, R + 8] with § > 0 and an initial condition ®° € Ckg.
However, the boundedness of A ®°/Ax is not a priori guaranteed in our upcoming
formulation of discrete optimal transport, in contrast to that, the gradient of an optimal
potential can be chosen to be bounded by Lip(L, Bgiam(g)) in the continuous setting
stated as Proposition 2.2. To cope with this problem, we explicitly constrain

k 0
Ak

Vi, k,
J Ax

<R

for a parameter R > Lip(L, Bgiam(g))- Said differently we impose @0 e CLip(L,Bg)-

Definition 3.2 (Discrete dynamic optimal transport) Let u, v € P(€2) and choose a
parameter R > Lip(L, Bgiam(s)). Let us assume a time-space discretization as defined
so far, and S be a scheme of difference form that is monotone on [—R — §, R + §]
for some 6 > 0 and consistent with the Hamiltonian H of the continuous optimal
transport problem. We say that the discrete optimal transport cost between u and v is

Kp(w,v) = max/ oNT de—/ o0 dMpu (3.2)
e Jo Q

where ® € R2? runs over the discrete functions satisfying,

dit! — S(q)i) <0, Vie{0,..., Nt — 1}, (3.3)
AR @0 d
A,J <R Vjef0,...,Nx —1}¢, Vke{l,...,d}. (3.4)
X
FoCT
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If a discrete function ® attains Cp (i, v), we call ® an optimal potential for the
discrete problem.

This definition clearly mimics (2.2) which is the continuous dual problem. At this
level of generality, this is not necessarily a concave maximization problem. It would
depend on the precise choice of the scheme S. We emphasize that our convergence
result for the transport cost (Theorem 4.1) holds even in the absence of concavity.

Remark 3.3 (Break of the symmetry between p and v) This discrete optimal transport
is in general not symmetric between w and v, that is Kp(u, v) # Kp(v, i) as can be
seen both from the Hamilton—Jacobi constraint (3.3) and the constraint (3.4) on the
initial potential. This is in contrast with other discretizations like [32, 42] which are
symmetric in ¢ and v.

Remark 3.4 The threshold R for clamping in Definition 3.2 is allowed to be greather
than Lip(L, Bgiam(q)) as far as the scheme S is monotone. But choosing a larger
R makes room for the scheme to be monotone smaller (see (2.10)), and makes the
convergence a bit slower in the sense that the multiplicative constant in front of /A
in Theorem 4.1 increases with R. Thus choosing a larger R would make sense only if
one does not have an exact access to Lip(L, Bgjam(q))-

3.2 Discrete Problem with Vanishing Viscosity

We have introduced a discretization of dynamic optimal transport. Notice it is a dis-
crete counterpart of the dynamic dual formulation. In order to obtain quantities such
as optimal measures and optimal velocities, we need a primal formulation as well.
This will not be needed for our main convergence result about the transport cost (The-
orem 4.1), but will be necessary for the convergence of optimizers (Theorem 5.1) to
make sense.

We focus on the vanishing viscosity scheme explained in Sect. 2.9 as this is a simple
and practical example of schemes that make the discrete optimal transport a convex
problem. With this scheme the constraint (3.3) is written as

oA ®+ HVp®) —eApd < 0.

which is a convex constraint.

Remark 3.5 (Range of admissible parameters) Let’s focus on the case where L (and
thus H) are radial. Note that the scheme must be monotone on [—R — §, R + §] with
8 > 0 and R := Lip(L, Bdiam(@)). But as VL and VH are the inverse to each other,
the constraint (2.10) reads

diam(£2) £ Ax
_ <

< < .
2 Ax 2d At

Interestingly it does not depend on L.
FolCT
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To obtain the primal formulation, we begin with writing the dual problem (Defini-
tion 3.2) more concretely for the vanishing viscosity scheme. To make the exposition
simple, we introduce some notations. We fix u, v € P(2) in the rest of the section
and define a functional Fp : R¢» — R by

FD<I>=/ oNT dl'Iv—/ o dMp, (3.5)
Q Q

and set a constant R > Lip(L, Bgiam())- Next, we concatenate discrete differential
operators as follows. We define 7}, := {0, Ar,..., (N — 1)Ar} by dropping the
last time step N7 = 1 from Tp and define a subset of the entire discrete space Qp
by Q' = T}, x Qp. We then define an operator A = (A, Ay, Ag) : R9> —
ROp+dxQp+dxQp by

Ad = (3,0 —eApd’, ..., 0N o —eApdNTT!) e ROD,
Ay ® = (Vpd, ..., VpoNT~1) e R¥Ch,
Ar® = (AL D%/ Ax) € R¥*4p,

We rewrite the problem with these settings.

Definition 3.6 (Dual problem with vanishing viscosity) Let u, v € P(2), H be the
Hamiltonian of the continuous problem, and S be the vanishing viscosity scheme. The
dual formulation of discrete transport problem is defined as

sup Fp®, (3.6)
)
with constraints
A®+ H(A,®) <0, 3.7
|AR®| < R. (3.8)

To derive the expression of the dual of this problem, which we call the primal
problem, we use the method of Lagrange multipliers. We introduce a new variable ¥
in the dual which at optimality coincides with A®, and take a Lagrange multiplier A
to enforce the constraint AQ = X. Specifically the problem reads as the saddle point
problem

Kp(u,v) =supinf L(D, X, A), 3.9)
ox A

with the functional

L(P,E,A)=Fp®—Is4HEz)<0 — lizpi<r — A - (AD — 3.
Elol:;ﬂ
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The newly introduced symbols are defined as follows. We set the variable ¥ :=
(2, Iy, Tr) € R2pHdxQp+dx2p Each indicator function I takes O if the con-
straint is satisfied, and otherwise +oo. The variables A := (Ap, Ay, Ay) €
R2p+dxQp+dxQp gre the Lagrange multipliers. Finally by “” we denote the standard
Euclidean product between vectors in RY, with a dimension N which should be clear
from context. It should be interpreted as the integral of a discrete scalar or vector field
by a discrete scalar or vector-valued measure respectively, which is just the summation
of element-wise products.

Now let us consider the formal exchange of the infimum and the supremum. By a
direct computation, we have

inf sup £(®, X, A) = inf sup (Fp — ATA) D — Iy, gz)<0 — Isp<R A - X
A % A %

=inf sup (Fp—A"A)-® =I5, 4 H(z,)<0
A o3, %,

+ Ay S+ A S+ R-|A,

where in the last line we have performed the maximization over X by taking ¥z =
RA; /| Ayl elementwise. If A, is not element-wise non-negative, then the supremum
in ¥; — —oo would yield +o00. But once we know A, > 0, we see that the supremum
in X is attained in the boundary of the convex constraints, namely X; = —H (Zy).
When we take the supremum in X, we see that A, should be strictly positive if A,
is non-zero and that in this case

Am
SUp Ay Ty — A, H(Sy) =L <—) ‘A,
Zy Ap

Note that in this case we also have at optimality

% — VH(3,) = VH(Vp®) (3.10)

P

for element-wise non-zero A ,. Thus the problem boils down to

A
inf sup £(®, T, A) = inf L (-’”) “Ap+ R |Ay| + sup {(FD —ATA)- q>}
A o3 A Ap )
Writing R - |Ay| = R||Ayllp1q,) and interpreting @ as a Lagrange multiplier we
obtain the following minimization problem.

Definition 3.7 (Primal problem with vanishing viscosity) Let u, v € P(L2), L be the
Lagrangian of the continuous problem, and S be the vanishing viscosity scheme. The
primal formulation of discrete transport problem is defined as

. Am
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where A runs through discrete functions satisfying the discrete continuity equation,
ATA =Fp (3.12)

together with the element-wise constraints A, > 0 and A,, = 0 as soon as A, = 0.
When A = (A,, Ay, Ay) attains the minimum, we call A, an optimal measure and
A, an optimal momentum.

Remark 3.8 Note that (3.12) is a discrete version of the continuity equation with a
viscosity term. The temporal boundary conditions are encoded in the equation as
expanding (3.12) reads

d_athp — V) Au +eApA, =0,
A_A
-1 _ n Nr—1 _
A,O —HM—T, ApT = ITv.

Here Vg is the adjoint of the discrete gradient Vp with respect to the standard
Euclidean product, hence —Vg is a discrete analogue of divergence. The operator
d_ A is the backward discrete time derivative given as 9l ’ ahp = (Ai) — Afo_l) /At
fori € {0, 1, ..., Ny — 1} provided that A;l is defined as in the second line above.

Thus it is tempting to think of the primal problem (Definition 3.7) as the
discretization of

1
d ) V-m=—¢A
inf/ /L(—m> dpdr such that w0V m £8P
pm Jo Jo  \dp PO =, pP1=V.

Said differently: from the beginning the parameter € was interpreted in the dual problem
as a regularization parameter, as it introduces a diffusive term ¢ Ap in the Hamilton—
Jacobi equation. The computation we made shows that, in the primal problem, the
same parameter € also adds diffusion, but this time in the continuity equation which
becomes 8;p + V - m = —eAp. In particular, the case of L(v) = |v|?>/2 amounts to
the entropic regularized optimal transport [27].

However, this analogy is not perfect. First, because of the additional variable A,
used to constrain the discrete gradient in the dual formulation, but also because ¢
depends on Ax and vanishes as Ax goes to 0. Nevertheless, this analogy explains why
our discrete solutions would be slightly more smooth than the continuous solutions
(and less and less as the stepsize decreases), something that we observe numerically
in Sect.6.

We conclude this section by stating that our exchange between infimum and
supremum was formal, but can be made rigorous.

Proposition 3.9 (Strong duality of discrete optimal transport) There is no duality gap

between the dual problem (Definition 3.6) and the primal problem (Definition 3.7) i.e.
Elol:;ﬂ

@ Springer Lﬁjog



Foundations of Computational Mathematics

we have

— Km x A
FoF =1 (22) R IE Ly
p

for a maximizer ® of the dual problem and a minimizer A of the primal problem.

Proof Slater’s condition states that the strong duality holds if the feasible region
has non-empty interior [15, Sects. 5.2.3 & 5.3.2]. In our case, it suffices to show
the existence of a strictly admissible competitor of the dual problem i.e. ® € R2P
satisfying,

Ad+ H(A,®) <0, |Ar®| < R.

It is attained for instance by defining CD; := —iAtH(0) — € with some € > 0. O

4 Convergence of the Optimal Transport Cost

We now state and prove our main result on the quantitative convergence of the optimal
transport cost. This result is valid for a general monotone and consistent scheme.

Theorem 4.1 (Convergence of transport cost) Let u, v € P(2) and let IC(u, v) and
Kp(u, v) be the continuous and the discrete optimal transport cost; see respec-
tively (2.2) and Definition 3.2. Then there is a constant C depending only on <,
L and R such that

IK(1, 1) — Kp(, v)] < CVh.

To make the exposition of the proof simple, let us introduce the following notations:
for a function ¢ : Q@ — R we define the functionals F' and Fp via

Fo ::f go(l,-)dv—/ ©(0,-)du, Fpo ::f (p(1,~)dl'lv—/ @0, )dIu.
Q Q Q Q

Our goal is to control the gap between F@ and Fp® for the continuous and discrete
optimal potentials @ and ® respectively. However, the relation between @ and ® is
unclear as they are solutions to two different problems. To circumvent this issue, we
replace them with functions that can be easily compared with each other. For this
purpose, we exploit not only a solution to the discrete Hamilton—Jacobi equation,
but also a viscosity solution to the continuous Hamiltonian—Jacobi equation. Before
proving the theorem, we review elementary results about errors caused by discretizing
measures.

FolCT
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Lemma 4.2 (Gap between continuous and discrete measures) Let ¢ : Q — R be a
Lipschitz function. Then we have a control,

d
|Fo — Fpy| < %_Ax (Lip(¢(0, -)) + Lip(e(1, -))) .

Proof First note that the Wasserstein-1 distances Wi (ITu, u) and Wy (Iv, v) are
bounded by +/dAx/2 since each mass moves up to +/dAx/2 via discretization.
The claim follows from the fact that, for any Lipschitz function f : Q@ — R and
p1, p2 € P(2) we have,

/Q fd(er — p2) < Lip(f)Wi(p1, p2).

O

Lemma4.3 (Gap between discrete integral of functions) The functional Fp is
2-Lipschitz with respect to L°°(Q p) norm.

Proof The claim follows from the definition as T, [Tv are probability measures. O

Proof of Theorem 4.1 Let g and ® be respectively the solutions to the continuous and
discrete problem. Note that we can take ¢ to satisfy the Lipschitz bound (2.3) thanks
to Proposition 2.2. One the other hand ® satisfies a similar bound (3.4) by design.

We first show Fp® < Fg 4+ C+/h. Let us take the solution to the discrete initial
value problem,

! = 5@,
=3

Note that ® and & have the same initial data, and that ® < & due to the inequality
constraint (3.3) and the monotonicity of the scheme, hence F »® < Fp ®. To estimate
Fp® let us consider @ the unique viscosity solution to the the continuous initial value
problem

3¢+ H(Vp) =0,
700, =LI (50) ,

where LI gives the piecewise linear interpolation of a discrete function. Whend = 1,
it is given for a discrete space function W by

(+DAx —x x — jAx
LI(W)(x) = -2 = v+ ij

Yitr, x€[jAx, (j+ DAx].

For higher dimensions, it is given by bilinear interpolation, trilinear interpolation,
—0 ~ . . .. .
and so on. As ® € Cg we can check that ¢(0, -) is R-Lipschitz in each coordinate
FolCT
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and moreover Lip($(0, -)) < +/dR. Thus in particular Lip(@(z, -)) < ~/dR for any
t € [0, 1] (see Theorem 2.3). As ¢ is an admissible competitor, we have F¢g < Fo.
Thus we see

Fp® < Fp® < Fp® + F§ — F§ < Fg + (Fp® — Fpd) + (Fp§ — FJ).

For the term F 1)5 — Fp@ we use here Lemma 4.3 followed by Theorem 2.4, as our
constraint (3.4) guarantees that ¢(0, -) is R-Lipschitz in each coordinate:

Fp® — Fp@ < 2|1 — ooy < CV.

On the other hand, it follows from Lemma 4.2 and the regularization effect of the
continuous Hamilton—Jacobi equation (Theorem 2.3) that

Ax

Fpy — F§ < (Lip(@(1, -)) + Lip(§(0, -))) < v/dAx Lip(§(0, -)) < Ch,

hence we obtained the claimed inequality as C can be taken independent on u, v
thanks to (3.4).

For the other inequality Fg < Fp® + C~/h, we start from an optimal potential
@ to the continuous dual transport problem which satisfies the estimate (2.3) and is a
viscosity solution to the continuous Hamilton—Jacobi equation. To transform it into a
discrete competitor we consider the discrete system

5i+l — S(E)i),
®Y =9(0, jAx),

using the point sample of the continuous potential @ as initial data. Then its solution
® is an admissible competitor for the discrete transport problem: this is because
the discrete constraint (3.4) is automatically satisfied thanks to (2.3). Thus we have
FDED < Fp® that we use in

Fg=Fg— Fpg+ Fpg + Fp® — Fp® < Fp® + (Fg — Fpg) + (Fpg — Fp®).

In a similar way, we have F @N— Fpo < Ch thanks to Lemma 4.2 and the bound (2.3).
On the other hand Fpg — Fp® < C+/h: for this estimate we rely again on Lemma 4.3
followed by Theorem 2.4. O

Remark 4.4 (Optimal transport on a bounded domain) We built a discrete formulation
on the spatial domain Q = R?/(DZ?) to avoid boundary conditions, and we prove
our convergence results in this setting. At least from a theoretical point of view, given
measures t, v with compact support, it is possible to embed them in R? / (DZ¢) with D
large enough such that no mass crosses the “periodic boundary”, and thus the optimal
transport on the torus between 1 and v coincides with the optimal transport on RY.
However from a numerical point of view this is problematic, as most of the domain
Elol:';”
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2 would be empty, and thus most of the nodes of the discretized domain Qp do not
record any motion of mass. This leads to a lot of wasted computational resources.

One way to address this issue may be to use a discretization of the Hamilton—Jacobi
equation on a bounded domain. We should then impose normal boundary conditions
d¢/dn = 0, being n the outward normal to the domain. We refer to [44] and [1] for
discussions of possible discretization. However, at this point the challenge would be to
adapt the proof of Theorem 4.1. As we discussed in Remark 2.6, the main problem is
that the regularizing effect (2.8) is no longer available automatically in such schemes,
so that even clamping the value of the gradient at the initial time is not enough.

We leave for future work the proposal of a discretization of dynamic optimal trans-
port via its dual formulation which would also handle the case of convex domains of
R

Remark 4.5 By looking into the proof of Theorem 4.1, we see that a quantitative con-
vergence of the transport cost in our discrete problem is provable if, for the chosen
scheme S, a) solutions of the discrete Hamilton—Jacobi equation converge to contin-
uous viscosity solutions at a known rate, and b) the discrete solutions have controlled
Lipschitz constants at time t = 0 and ¢ = 1. This may leave the room for other scheme.
The challenge though would be to design an optimization method to solve the result-
ing discrete problem. Typically, certain types of upwind schemes define S piecewise,
making it challenging to optimize over constraints such as ®'*! — S(®') < 0. We
stick to the vanishing viscosity scheme because of the simplicity of its implementation.

5 Convergence of the Optimizers

We can also obtain a quantitative convergence of solutions to discrete problems using
the convergence of transport cost we showed in the previous section. Note that if the
functionals to optimize were uniformly strictly convex, then this would be a direct
consequence of the convergence of the value, that is, of the transport cost. This is not
possible here: the functional in the dual problem (2.2) is only linear in ¢! Actually
without further assumptions on u, v there is not necessarily a unique solution to
the continuous problem so it is very unlikely we can prove any convergence of the
optimizers.

Thus in this section we impose additional assumptions that are typically satisfied
when the measures , v have some smoothness. Then, by a (now classical) study of
the duality gap between the primal and dual problem, it is possible to recover some
convergence of the optimizers.

Assumption on the scheme We give our result specifically for the discrete problem
with the vanishing viscosity scheme we introduced in Sect. 3.2. At this point we are
not aware of the exact conditions for extending the results to a general scheme as it
requires also the primal formulation of the discrete problem.

Assumption on the Lagrangian and the Hamiltonian We suppose that the
Lagrangian L and the Hamiltonian H satisfy for any v, w € R¢,

L) +Hw) >v-w+|fr) — fa)? (5.1)
Elol:;ﬂ
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for some functions fz, fz : R? — R<. This is an improvement of Young’s inequality
L)+ H(w) > v-w and we refer to [46] for a discussion of this assumption, including
the link with Bregman divergences. We refer to two examples of such L and H from
[46, Lemma 3.3 and Lemma 3.2]. If L is uniformly convex i.e. D?L > I for some
A > 0, we have

L)+ Hw)>v-w+ %lv — VHw)|*.

On the other hand, for L(v) = |v|?/p and H (w) = |w|? /g with some p, g > 1 such
that 1/p + 1/g = 1, we have

1
L)+ Hw) >v w4+ ———P/? — /22,
2max{p, g}

where the power of a vector is defined as v” = v|v|?~!. Note in any case, as we
know that there is equality in Young’s inequality when v = V H (w), that we must
necessarily have for w € R?:

fu(w) = fL(VH(w)). (5.2)

Assumption on the optimal potential Finally, we assume that an optimal potential
of the continuous dual problem @ is of class C! on [0, 1] x . That is, @ is time-
space differentiable and its derivatives are time-space Lipschitz. If the measures u, v
are in R?, by Caffarelli’s regularity theory a sufficient condition for this is that they are
supported on a uniformly convex C> domains X 1> Xy and have Lebesgue densities
fu, fv that are Holder continuous and bounded from below by a strictly positive
constant on X_;u X, respectively [49, Theorem 4.14]. On the periodic domain €2, it is
still the case if X, X, are small enough and close to each other so that the situation
reduces to the case of 2 = R¢ and the optimal velocity of mass v = VH (V) has
no discontinuity on the support of the measures. Alternatively on the torus a sufficient
condition for @ of class C!-! is fu, fv being nowhere vanishing and Holder continuous
[20, Theorem 1], [3, Theorem 2.2 (iii)].

Such a condition on u, v is still weaker than the one required for similar results
in the recent work [38], which has to assume that the optimal density p solving the
continuous primal problem is uniformly bounded from below in the entire domain Q.

Statement of the result Now we state our convergence result for optimizers. We
quantify the result in terms of the discrete L2 norm || - || L2 (Q}) on Q', given by

P

2 _ 2%
1M (g, = > IM PR,

zeQ’p

for M € R4*2b: it is norm weighted by Kp which is solution to the discrete primal

problem (see Definition 3.7). Eventually, for a continuous function ¢ defined on our

domain Q, we denote by ITg the function defined on Q p which corresponds to the
pointwise evaluation of the function on grid points, that is, (H(p)j. = @(iAt, jAXx).
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Theorem 5.1 (Norm convergence of optimizers) Suppose that the Lagrangian L and
the Hamiltonian H of the continuous problem satisfy the inequality (5.1) with some
functions f; and fy. Let @ and ® be optimal potentials for the continuous and the
discrete dual problems, and let A = (Ap, Apy A ) be an optimizer for the discrete
primal problem. Assume that ¢ € C"'(Q). Then we have estimate,

| 1 (VDp®) — fu(VpITp) ”izx 0, < VI, (5.3)

where the constant C depends only on diam(S2), L and R. If fy is Lipschitz on bounded
sets we also have an estimate

- 2
| /D) = @2 (o) < CV (5.4)
Ap <D
wherev = V H (V@) is the optimal velocity for an optimal pair (p, V) of the continuous
problem and the optimal discrete velocity V := A, /A, defined on support(A ).

Corollary 5.2 The estimates in Theorem 5.1 hold for the Lagrangians L(v) = |v|?/p
with p < 2, and in this case they read, with 1/p + 1/q = 1,

N
Q
=

H (Vb c1>) —(Vp H(p)q/2’

SN L
L2 <Q,,)

L2 (Q/
In particular for p = 2, it simplifies to

[Vo® —Voig|}2 o, < VR V=33 (o < CVE.
P p

is not a discrete L? norm, it is a

Note that a quantity such as HVP/ — v/ 2‘ 2 X o))

discrete L norm between (vectorial) powers of quantities of interest.

Proof The map fy (w) = w?/2//2q forq = p/(p — 1) > 2 is Lipschitz on bounded
sets, while we can take f1 (v) = vp/z/«/ , and the factor 4/2¢g can be absorbed in
the constant C. The second claim follows from f; (v) = v/2 and fy(w) = w/2 for
p =2 O

To prove the theorem we follow an argument already present in the literature. It
consists in quantifying the duality gap between an optimal primal solution and a (non-
optimal) dual competitor: see [8, 46] and references therein for this argument applied
to get regularity estimates at the continuous level, and [38] where this method is used
to analyze discretization of dynamic optimal transport. We first prove some primal-
dual relationship at the continuous level, then estimate the duality gap at the discrete
level, and finally proceed with the proof.
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Proposition 5.3 (Primal-dual relation at optimality in the continuous problem) Let
L, H, fr, fu be assumedin Theorem 5.1. Let (p, V) be an optimizer for the continuous
primal problem and ¢ be an optimizer in the dual problem. Then at least p-a.e.

v=VH(9), (5.5)
and in particular combining with (5.2) we obtain
JL (@) = fu (Vo). (5.6)

When @ is C1-! the relation (5.5) is actually a way to define ¥ in an unambiguous
manner outside of the support of p. The analogue for the discrete problem would be
(3.10) that we derived formally when doing the inf-sup exchange. For the proof one
could use arguments in the style of [8, Lemma 4.1] and even quantify a duality gap
but we would have to be careful between the pairing of the continuity equation in a
weak sense and the Hamilton—Jacobi equation in a viscosity sense. Rather we exploit
the precise structure of the optimizers that come from the static problem, at the price
of more obscure proof for the non-expert reader.

Proof Recall that —@ (0, -) is an optimal Kantorovich potentials in the static dual
problem (2.6); see the proof of Proposition 2.2. Thus the optimal transport map 7T
between p and v is given by T(x) = x + VH(Vg(0, x)) at least u-a.e. (see e.g.
[45, Sect. 1.3]). Let us write 7; = (1 — ¢)Id + ¢T which is the optimal transport
between p and p, and is invertible [45, Lemma 5.29]. Proposition 5.30 in [45] yields
T =(T —1d)o T, 7",

On the other hand as @ is smooth and solves the Hamilton—Jacobi equation we
can use the method of characteristics [26, Sect. 3.3]. The characteristics are given
by t — T;(x), and we know that Vg is constant along characteristics. That gives
Vo(t, Ty (x)) = V(0, x). Composing with VH and using the definition of 7" we
indeed obtain VH(Vo)(t, T;(x)) = VH(V)(0,x) = T(x) — x = v,(T;(x)).
Eventually we compose on the left with Tfl to get the final result. O

In the next lemma, we show the key estimate: the quantification of the duality gap
for the discrete problem.

Lemma 5.4 ( Quantlﬁcatlon _of the duality gap in the discrete problem) Let L, H,

fr, fu, ® (Ap, ,,) V= Am/A be assumed to be as in Theorem 5.1.
Then for any admtssxble dlscrete competitor ®, we have,

| fr (Vo®) = fu(Vp®) H 2 < Fp® — Fp®. (5.7)
(@)
Proof We will actually prove

|12 (V) = fu(Vp®) HszK 0, < Fo® = Fpo, (5.8)

FoE'ﬂ
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and by setting ® = & we obtain fz (V) = fu (Vp®) on support (A,) (that we
already derived combining (3.10) and (5.2)), thus the stated inequality.

Thanks to the absence of duality gap at optimality (see Proposition 3.9), we obtain
with the discrete continuity equation Fp = AT A (3.12),

_ Am\ —+ A
Fpd —Fpd =L (K_m> “Ap+ R ||A'7”L1(S21J) — fp®

p

A _ _ _
) (K) Ryt RIBy gy~ (ATH)
o
A
A

L
=A, {L(V)=V- -A®— AP}
>Ry |~ — HA®) + |2 (V) = fu (A )]

| £ (V) = fu(Vo®) Hi%ﬂ(%) ,

WV

where we have used in the last inequality the constraint (3.7) coming from the
admissibility of . O

We next quantify the violation of the discrete constraint that occurs by discretiz-
ing a continuous admissible competitor. This is where we crucially rely on the C-!
regularity of ¢.

Lemma 5.5 (Violation of the Hamilton—Jacobi constraint due to discretization) Let
@ be an admissible potential for the continuous dual problem and Tlg be its dis-
cretization. Assume that ¢ € C L1(Q). Then the maximum violation of the discrete
Hamilton—Jacobi inequality by Tl is controlled as,

I 18a: Mg + H(VpIlp) — e ApTlgl™ [l o(gr) < Ch,

with a constant C depending only on H and ||D2(p||Lo<>(Q). Here [-1T denotes the
positive part and the parameter ¢ satisfies the monotonicity condition (2.10) for the
vanishing viscosity scheme.

Proof Using the admissibility of ¢ and a standard argument by the mean value theorem,
we have

1[0a: Ty + H(VpTlgp) — eApTig]™ |
< 19a:Tg = drgll + | H(VpTlp) — H(Ve)| + el ApTlg| + || (e + H(Ve)I™ |
< Atldel + (Ax Lip(H, Bg) + &) Y _ |19¢ll.
k,l
FolCT
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where we denoted || - || L(Q)y) by || - || for simplicity. Finally, the condition (2.10)

ensures that ¢ scales like Ax, so that together with the assumption ¢ € C11(Q), we
get the stated inequality. O

Proof of Theorem 5.1 Let &5 = ||[0aI1g + H(VpIlp) — eApTlg]T Lo 01,) be
the maximum violation of the discrete Hamilton—Jacobi inequality by ITgp. We define
a continuous potential ¢ by

@(t, x) :==9(t, x) — t6g

so that it is an admissible competitor for the continuous problem and I1¢ is an admis-
sible competitor for the discrete problem by construction. This allows us to apply
Lemma 5.4 to obtain

| £ (VD ®) — fu(VpIlp) ”i; ) = | f(Vp®) — fu(VpIE) ||i; ")
Ap <D Ap <D
< Fp® — Fpllg = Fp® — Fpp + 85.

As Fpp > Fgp — Ch by Lemma 4.2, and that Fp > Fp® — C+/h thanks to
Theorem 4.1, we obtain indeed

| 12 (VD®) = fu(VpIIg) HizX 0, S Ch+CVh+ 385,

Then we use Lemma 5.5 to bound §g and get (5.3).
The estimate (5.4) is a simple consequence. We have

IV® — VoIIg| g1y < AxIID*@ll10) < C'h,

with some constant C’ > 0 by a standard argument using the mean value theorem.
With Proposition 5.3 and the regularity assumption for fy we have the inequality,

[7(V) = @12 (g = 178 TD®) = [ (D2 (g,

< \V/ 6 _ Vpllo , C”h.
| £ (Vp®) = fu(Vp (p)”Lsz(QD)Jr

with some C” > 0 depending on the Lipschitz constant of fy on BLip(L,diam(%))-
Applying the estimate (5.3) concludes the proof. O

Remark 5.6 (Comments on the rate \/7!) We see from the proofs of Theorem 4.1 and
Theorem 5.1 that the lowest powers of convergence come from Theorem 2.4 (Theorem
1 in [23]). This means that the convergence rate +/h for the solutions of the discrete
Hamilton—Jacobi equations to the continuous one determines the convergence rate of
both the cost and the optimizer of the optimal transport problem. In our numerical
experiments in Sect 6, we found no examples where the convergence rate is exactly
Vh. This suggests that the convergence for any pair of (possibly very rough) input
Elol:;ﬂ
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measures is better than our theoretical result v/2. While the root +/ for a discrete
Hamilton—Jacobi equation (Theorem 2.4) is sharp because viscosity solutions may
develop shocks in finite time, it is known that solutions @ to the dual problem can only
have shocks exactly at time t = 0 or ¢ = 1 (see the proof of [49, Theorem 5.51]). It
is however still unclear to us if this property can be leveraged to improve the rate of
convergence. Some discretizations of Hamilton—Jacobi equation with higher order of
convergence for smooth inputs can be found e.g. in [18, 50] but the convergence is in
L2, and not in L as in Theorem 2.4. Note, however, that a different discretization of
the Hamilton—Jacobi equation with higher rates of convergence does not automatically
improve our result: one would have to make sure that the steps in the proof of Theorem
4.1 and Theorem 5.1 carry through, and also that the constraint (3.3) is easy to handle
numerically in case the scheme is different.

6 Numerical lllustrations

We numerically examine our discrete optimal transport problems and convergence
results.

6.1 Settings

We solve the discrete problem with the vanishing viscosity scheme introduced in
Sect. 3.2. For the cost function, we choose the quadratic Lagrangian L(v) = lv|?/2
following many works in the numerical computation of optimal transport although our
theory is not limited to this specific cost function.

As for the domain, we discretize the 1 + 1 dimensional time-space domain Q =
[0, 1] x [—%, %] with identification (¢, —%) ~ (t, %). We make a family of discrete
domains by subdividing Q into grid points with subdivisions Ny € {16 x 2" | n =
0,1,2,3,4,5} and Ny = Nr. Namely the resolution 47 = At = Ax of each discrete
domain is in {%, e, ﬁ}.

For each input probability measure, we compute its discretization given as (3.1)
that we evaluate with explicit expressions or via numerical integration.

Implementation of our discretization
For each test case, we fix a pair of probability measures © and v and numerically
solve the transport problem on each discrete domain. This can be performed by any
standard convex optimization framework. We can obtain an optimal potential ® by
solving the dual problem (Definition 3.6) and a minimizer A = (Kp, A, Kn) by
solving the primal problem (Definition 3.7). As an example implementation, we solved
the problems using the alternating direction method of multipliers (ADMM) [14]. As
this method directly finds a saddle point of (3.9) the output of the algorithm contains
both ® and A. We ran ADMM until the L2 norms of both the primal and dual residuals
became smaller than 10~>. Such stopping criteria are discussed in literature such as
[15]. Similarly to observations made in other discretizations of optimal transport such
as [32], when the mesh size h decreases in our discretization, the number of necessary
iterations for ADMM is unaffected while the time per iteration increases, thus the total
Elol:;ﬂ
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Test case 1 Test case 2 Test case 3
T T T
15| 4 10
/\ W |
< T2 1 =<
0.5
0 0
0 | | | |
04 -02 00 02 04 04 -02 00 02 04 04 -02 00 02 04
du av du av du av
da dz da dz da dz

Fig.1 Densities of x and v, the initial and final measures, with respect to the Lebesgue measure

computational times increases. For interested readers, we share the source code in
Jupyter (Python 3); see https://github.com/sdsgisd/DynamicOTwithDualFormulation.

Comparison with standard finite differences

As a point of comparison, we also solve the same test cases with the finite differ-
ence discretization proposed by Papadakis, Peyré, and Oudet [42] while it does not
guarantee any convergence result. For that end, we used the Julia code originally writ-
ten by the second author to handle regularized unbalanced optimal transport [4]. In
this code the resulting convex optimization problem is solved with proximal splitting
which makes hard an exact comparison with our ADMM implementation. The Julia
code is also shared in the same repository as above.

Monitoring of the errors
We consider the following gaps between continuous and discrete quantities:

ex == IK(w, v) = Kp(u, v)l,
=2
= ||Vpllp — Vpd /s
€ = | VpIg D HLZKP(QD)

L
€= v - VHLZK/)(Q/D)’
€ =115 = A, HLI(Q’D) :

Here p, v are the optimal measure, velocity, and potential for the continuous problem.
The error € is for the transport cost as in Theorem 4.1 and the error €, is for optimal
velocities in Corollary 5.2 (a special case of Theorem 5.1). While we do not have
a proven estimate between the continuous and discrete optimal measures, we also
compute the error €, for a reference purpose.
We plotted these errors in Fig.3, in which we also estimated the rates « such that
e ~ h“ by a standard routine with linear regression in the log domain. We omitted
the plots for the error €, since the explicit expression for ¢ is unavailable in Test case
1, and €, overlapped almost perfectly with €, in Test case 2 and 3 as V = Vp® and
the difference between €, and €, originates from the discrepancy between VpIlg and
v = Vg which is always zero except at a few exceptional grid points in these test
cases.
Elol:';”
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Test case 1

—0.4
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s 00 500
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t t
Test case 2
5
—04
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—0.2
3
2 0.0
2
0.2
1
0.4
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
t t t
Test case 3
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—0.4 —0.4
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6
s 00 s 00
4

0.2 0.2
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0.4 0.4

00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10
t t t

0.4

Fig.2 Discrete and continuous optimal measures. From left to right: the discrete optimal measures Xp for
h=1/16andh =1/16 x 25, and the continuous optimal measure p

6.2 Test Cases

We test three simple examples with different levels of regularity. In the second and
the third test cases, the measures w, v do not have full support, so they do not satisfy
the assumptions of the previous works finding quantitative rates.

Test case 1 Our first example is a pair of smooth densities bounded from below,
which is of the highest regularity among our test cases. We set

o1+ Leos@rwn, P =1
— () = — Twx), —x) =1,
dx 2 dx

with a parameter w € Z \ 0, which we set w = 1 (Fig. 1). The optimizers and the
transport cost are

FoC'T
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do 1+ L cosQuraT(x
91y = L2 eCWTl ) g L G rwr (),
dx 1+ % cosQun T, (x)) 4w
K, v) = ———.
(1, v) 64m2w?

where the inverse of the time-¢ optimal transport map 7;(y) = y + ¢ sinQrwy) /4w w
can be computed by the Newton-Raphson method, for instance. Note that the expres-
sion for p was obtained through the change of variable formula dp,/dx(T;(y), t) =
du/dx(y)(T/ (y)~L. The input measures have absolutely continuous densities
bounded from below, which is a condition required in the previous work for the quan-
titative convergence [38]. We observed that all the errors are decreasing linearly or
faster than the stepsize & as in Fig.3, thus faster than our upper bound.
Test case 2 We next test the transport between triangular densities. We set @ and v
by,
du 1 dv 1
a(x)—mmax(w—m,O), a(x)— mmax(Zw—lxl,O),
with a parameter 0 < w < 1/4, which we set w = 0.2 (Fig. 1). The optimizers and
the transport cost are

dp 2
—_— , = = 1 - 70 ) 7] ) = ’
o (t,x) 17 02?2 max ((I +Hw — |x],0), @(, x) TS
2
X w
vt x) = ——, Ku,v) = —.
v =0 Muew =13

The measure p is expanded and flattened in time as in Fig.2. Even though © and v
are not supported on the whole space, @ is of class C!-! thus both Theorem 4.1 and
Theorem 5.1 apply. All the errors are empirically decreasing linearly or faster as in
Fig.3.

Test case 3 Our last example is the breaking of a unimodal density toward another
one, where the potential is not of class C L1 We set e and v as characteristic functions,

dM( ) : 1 v( ) : 1
— (X)) = — s —(X) = — _ s
dx 2w helSw dx 2w 1/2=Ixlsw

with a parameter 0 < w < 1/2, which we set w = 0.05 (Fig.1). The optimizers and
the transport cost are

2

do 1 _ st _ .
_(ta -x) = _]10<|)C‘7[S<uh (p(ta X) = |.X|S - 75 U(t,.x) = SSlgn(-x)7
dx 2w 2
S2
K(u.v) = >
(. v) ==

where all the mass travel the same distance s = % — w. Note that the mass travels in
two directions as seen in Fig.2 and the velocity field v is discontinuous at x = 0. We
Elol:;ﬂ
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Test case 1

€K ’ €y
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/ H |
I 1 21070 R
3
L 1 w07 E 1
h h
—— PPO aj = 1.998 —— PPO ay, = 1.997
—e—  HJ ax =1.053 —— HJ ay =2.027
Test case 2
K Ev
I / N 1072 |- 7
L 1 4
21074 - B
3
1076 | B
h h
——PPO ax = 1.873 ——PPO a, = 2.015
—— HJag=1.128 —e— HJay,=1772
Test case 3
€K Ey
i 1 w02 E
§ 1 g 1073 ;* *
E ER E E
i 1wt E
- 1D - - 12 -

—«—PPO ay = 1.379
HJ ax = 0.887

——

—e—PPO a, =1.938
HIJ oy = 0.996

——

error

1076

10()

1071

€p

N

—e— PPO a, =2.254
HJ a, = 1.070

——

——PPO a, = 1.228
HJ o, = 0.878

—.—

—«—PPO a, = 0.418
HJ a, = 0.466

——

Fig.3 Plots of the grid resolutions and the errors in the log-log domain. PPO denotes the discretization by
[42] and HJ denotes our proposed one. The « values are the approximate rates of convergence

are in the situation where Theorem 4.1 applies, but the assumptions of Theorem 5.1
are not satisfied. Though our rates are again not sharp, the convergence of the transport
cost seems to be a bit worse than in the first case, between +/h and h as can be seen in
Fig.3.

Remark 6.1 As we discussed in Sect. 3.2, the viscosity coefficient ¢ vanishes as the
resolution 2z — 0. In the both examples, we see that for moderately small values of
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h (equivalently ¢) there is a numerical smoothing whose effect becomes weaker as &
decreases as in Fig. 2.

Remark 6.2 In both our test cases, we observed that our constraint (3.4), which here
reads |[AL®P°/Ax| < R = Lip(L, Bgiam(g)) = diam(2) = 1/2, was effective
Le. ||X,7|| L@y > 0. That is, the discrete dual optimal transport problem has no
regularizing effect on the potential and we really need to encode it as a constraint (3.4).
We can also run numerical computations with a larger R (including oo) for which the
constraint may become ineffective. As mentioned in Remark 3.4, the scheme may not
be monotone when R is too large. In that case, we lose the theoretical guarantee for
convergence as the control between a continuous solution and a discrete solution to
the Hamilton—Jacobi equation (Theorem 2.4) is missing. We, however, have observed
no cases so far without convergence of the cost or the optimizers while we lose control
of their Lipschitz constants which may be quite large though seems independent of
the stepsize. Said otherwise, the method behaves well even when the theory breaks,
which happens quite often in the numerical study of dynamic optimal transport.

Remark 6.3 The finite difference discretization by Papadakis, Peyré, and Oudet [42]
better performed in all the examples. We speculate that this is because a) this method
uses staggered grids i.e. vector values and scalar values are stored in different locations,
which more accurately discretizes vector quantities than the collocated grids that our
discretization relies on, b) the discretization in [42] is symmetric in both time and space
while ours is asymmetric in time as mentioned in Remark 3.1, and c) ours regularizes
the solution of the Hamilton—Jacobi equation with viscosity.

Note, however, that convergence of the cost or the optimizer in [42] is not guar-
anteed. Indeed, though it would be possible to write the dual problem to their
discretization and it looks like a discretization of the Hamilton—Jacobi equation, it
is one for which no convergence is guaranteed due to the lack of properties such as
monotonicity.
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