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COMPUTATION OF OPTIMAL TRANSPORT WITH FINITE VOLUMES

ANDREA NATALE'® AND GABRIELE TODESCHI*>*

Abstract. We construct Two-Point Flux Approximation (TPFA) finite volume schemes to solve the
quadratic optimal transport problem in its dynamic form, namely the problem originally introduced
by Benamou and Brenier. We show numerically that these type of discretizations are prone to form in-
stabilities in their more natural implementation, and we propose a variation based on nested meshes in
order to overcome these issues. Despite the lack of strict convexity of the problem, we also derive quan-
titative estimates on the convergence of the method, at least for the discrete potential and the discrete
cost. Finally, we introduce a strategy based on the barrier method to solve the discrete optimization
problem.
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1. INTRODUCTION

The theory of optimal transport provides a robust way to define an interpolation between probability measures
which takes into account the geometry of the space where they are defined. This theory is built around the
problem of finding the optimal way of reallocating one given density into another, minimizing a total cost
of displacement in space. The fundamental nature of such a problem is responsible for the surprising links
between optimal transport (and its generalizations) and physical models, most notably in fluid dynamics or
via the theory of gradient flows, but also of its many applications in social sciences or biology (see, e.g., [28]
and references therein). Nowadays, several numerical methods are available to solve optimal transport problems
and in particular to compute the associated interpolations between measures. However, only few of these can
actually be generalized to more complex settings which are relevant for numerical modelling, and moreover their
numerical analysis is often neglected.

In this work we consider the numerical discretization of one of the most classical optimal transport problems
in which the cost of displacement per unit mass is given by the square of the Euclidean distance. In particular,
we consider finite volume discretizations of the so-called dynamical formulation of such a problem, following
the approach originally proposed by Benamou and Brenier [3]. This formulation has inspired some of the first
numerical methods for optimal transport, but it is still one of the most general, since it can be adapted easily to
very complex settings. We will focus on three main aspects. Firstly, we will expose some numerical issues related

Keywords and phrases. Dynamical optimal transport, finite volumes, barrier method.

1 TInria, Project team Rapsodi, Univ. Lille, CNRS, UMR 8524 — Laboratoire Paul Painlevé, F-59000 Lille, France.

2 Inria Paris, Project team Mokaplan, Université Paris-Dauphine, PSL Research University, UMR CNRS 7534-Ceremade, 75016
Paris, France.
*Corresponding author: gabriele.todeschi@inria.fr

© The authors. Published by EDP Sciences, SMAI 2021

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/m2an/2021041
https://www.esaim-m2an.org
https://orcid.org/0000-0002-8662-8960
mailto:gabriele.todeschi@inria.fr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0

1848 A. NATALE AND G. TODESCHI

to the stability of finite volumes methods that have been considered for this problem, and we propose a strategy
based on nested meshes to overcome these. Secondly, we provide quantitative estimates on the convergence of the
proposed methods to smooth solutions of the problem. Finally, we tackle the issue of the efficient computation
of numerical solutions by applying and analyzing a classical interior point strategy adapted to our setting.

1.1. Dynamical formulation

Consider a convex and compact domain €. Given two densities p™™, p/ : Q — [0, 4+00) with the same total
mass, we consider the problem of finding a time-dependent density p : [0, 1] xQ — [0, +00) and a time-dependent
momentum F : [0, 1] x  — R solving

inf B(p, F) (1.1)

p.F
where p and F satisfy the continuity equation

(1.2)

Op+V-F =0, in [0,1] x £,
F-ngq =0, on [0,1] x 09,

with the further initial and final conditions p(0,-) = p™, p(1,-) = p/. The functional B(p, F) is defined as
follows:

1
B(p. F) = / / Blp(t, ), F(t, ) dt, (1.3)
0
with B : R x R? — [0, +-00] defined by

(o]

B(p,Q):=30 ifp=0,Q=0, (1.4)
+o0o else.

Problem (1.1) selects the density interpolation between p and p/ which minimizes the total kinetic energy
among all the non-negative solutions of the continuity equation (1.2). Note that the problem is written in the
variables density-momentum rather than density-velocity, in order to obtain a convex formulation.

Problem (1.1) admits a dual formulation:

Sup/ ¢(17 ) pf - / ¢(07 ) pinv (15)
¢ JQ Q
where the potential ¢ : [0, 1] x 2 — R satisfies the Hamilton—-Jacobi equation
1
oo+ 5|ng>|2 <0, in[0,1] x . (1.6)

Note that ¢ can be seen as the Lagrange multiplier of the continuity equation constraint (1.2). Problems (1.1)—
(1.5) coincide and their solution can be explicitly characterized as the solution to the system of primal-dual
optimality conditions, namely:

{atpw - (pVe) = 0, )

8t¢ + %|v¢|2 < 07

where F' = pV¢ is the optimal momentum and with the additional boundary conditions pV¢ - ngg = 0 on 0%,
p(0,-) = pi", p(1,-) = p/. It is possible to show that the Hamilton—Jacobi equation can be saturated in problem
(1.5) (using, e.g., the Hopf formula to characterize the solutions to the Hamitlon—Jacobi equation [2]), i.e., the
inequality can be replaced by the equality, and consequently also in system (1.7) by strong duality.
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Adapting appropriately the definitions above, problem (1.1) provides a notion of interpolation between p*™ and
pf when these latter are arbitrary probability measures. In this case the solution p is itself a curve of probability
measures which is generally denoted as Wasserstein interpolation (or geodesic), see, e.g., [28]. Moreover the
minimum of the cost (1.3) coincides with half of the Wasserstein-2 distance squared between p™ and pf. More
precisely, for a primal-dual solution (¢, p) to system (1.7), this is given by:

W22(pln7pf) _ ! |v¢(t7)|2 . _ NAf ) Ain
mertd o [ e a= [ - [ 0.9

1.2. Discretization

In the original work of Benamou and Brenier [3], problem (1.1) was discretized on regular grids using centered
finite differences. Later in [26], Papadakis et al. introduced a finite difference discretization using staggered grids,
which are better suited for the discretization of the continuity equation. Similar finite differences approaches
have been used also in more recent works [9,23]. Note that the use of regular grids can be beneficial for the
efficient solution of the scheme, but is not adapted to complex domains. Several finite elements approaches have
been considered in order to construct schemes able to handle more general unstructured grids [4,5,22,24]. In
particular in [24] the authors proposed a H (div)-conforming finite element discretization that preserves at the
discrete level the conservative form of the problem, in the same spirit of [26].

Another approach to discretize problem (1.1) is to use finite volumes, which is a natural choice given the
conservative form of the constraint (1.2) and allows one to use unstructured grids. In [11], Erbar et al. con-
sidered a discretization of problem (1.1) on graphs, which can be written under the formalism of Two-Point
Flux Approximation (TPFA) finite volumes [19]. They proved the Gamma-convergence of the discrete problem
towards a semi-discrete version of (1.1), discrete in space and continuous in time. In [19], Gladbach et al. proved
a convergence result for this semi-discretization towards the continuous problem. Combining these two results,
it is possible to obtain a global convergence result, under conditions on the ratio between the temporal and
spatial step sizes. Carrillo et al. proved the Gamma-convergence without conditions on the step sizes but only for
sufficiently regular and strictly positive solutions [9]. They used a centered finite difference discretization, which
coincide with TPFA finite volumes on cartesian grids. Finally, in [21] Lavenant proved the weak convergence of
discrete solutions (reconstructed as space-time measures) of a large class of time-space discretizations of (1.1),
unconditionally with respect to time and space steps and without assuming any regularity, and applied this
result to the discretization studied in [11]. The same result has been applied for example to the discretizations
proposed in [22,24].

Our starting point in this work is the finite volume discretization presented in [11,21]. We observe numerically
that for this discretization the density interpolation can exhibit oscillations which prevent strong convergence of
the numerical solution, even when the exact interpolation is smooth. The same phenomenon has been observed
by Facca and coauthors in [15,16] when dealing with finite elements discretizations for the L' optimal transport
problem, which is closely related to (1.1). Our strategy to overcome this issue is inspired by these last works
and consists in enriching the space of discrete potentials. We will show numerically that such a modification
attenuates the oscillations and favors a stronger convergence.

Note that with this modification, the convergence result in [21] cannot be applied straightforwardly. However,
we will derive quantitative estimates for the convergence of the discrete Wasserstein distance and the discrete
potential, which hold both in the enriched and original non-enriched case, in the case of smooth and strictly
positive solutions. Even if such results are only partial as they do not apply to the density, they are still
surprising given that the problem is not strictly convex. Moreover, we are not aware of similar estimates for the
discretizations mentioned above. With these results at hand, it is possible to deduce again the weak convergence
of the discrete density and momentum.
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1.3. Numerical solution

A typical approach for solving discrete versions of the dynamical formulation (1.1) is to apply first order
primal dual methods. This goes back to the original paper of Benamou and Brenier [3], who proposed to use
an Alternating Direction Method of Multipliers (ADMM) approach applied to the augmented Lagrangian of
the discrete saddle point problem. Later [26] considered different proximal splitting methods and recasted the
previous algorithm into the same framework. Nowadays, these approaches are frequently used [4,5,9,22,24]. In
fact, they are robust and can take care automatically of the positivity of the density thanks to the definition of
the function B. Nevertheless, they are not easy to apply to arbitrary discretizations of the problem (especially
on unstructured grids). More importantly, they are efficient only as far as high accuracy is not mandatory and
uniform grids are used.

In the present work, we apply the so called barrier method, an instance of the wider class of interior point
methods [7,17,20,27]. The problem is perturbed by adding to the functional a strictly convex barrier function
which repulses the density away from zero. In this way it reduces to an equality-constrained minimization
problem, where the minimizer is automatically greater than zero and the objective functional is locally smooth
around it, and which can be effectively solved using a Newton scheme. The perturbation introduced by the
barrier function can be tuned by multiplying it by a positive coefficient p and the original solution is recovered
wva a continuation method for p going to zero. The final algorithm is robust and can be easily generalized to
similar problems (e.g., we have already applied it successfully in [25] for the solution of Wasserstein gradient
flows).

A similar strategy has been applied by Achdou and coauthors [1] (although in the context of mean field
games), perturbing the Lagrangian associated to the problem with the Dirichlet energies of the density and the
potential. Such a perturbation does not ensure the positivity of the solution and this forces the use of a monotone
discretization. Using a barrier function allows us to consider more general discretizations, with higher accuracy
in space. The idea of using a regularization term to deal directly with the positivity constraint has been also
explored in [23], where the authors used the Fischer information as penalization term, but without considering
a continuation method. In particular, the problem is solved for a fixed (small) value of the perturbation’s
parameter, leading to diffusive effects.

1.4. Structure of the paper

In Section 2, we present the finite volume discretization of (1.1): we set the notation for the partition of the
domain €2, introduce the discrete operators and then define the discrete optimal transport problem. In Section 3,
we derive quantitative estimates on the convergence of the discrete distance and the discrete potential towards
their continuous counterparts, under special hypotheses. In Section 4, we present the barrier method, the strategy
we employ to solve the discrete optimization problem as a sequence of simpler perturbed problems. We conclude
with the presentation of few numerical results in order to assess the reliability of the scheme and verify the
convergence results, in Section 5.

2. FINITE VOLUME DISCRETIZATION

2.1. The discretization of 2

We assume the domain Q C R¢ to be polygonal if d = 2 or polyhedral if d = 3, and we consider an
admissible discretization for TPFA finite volumes ([13], Def. 9.1). Cartesian grids, Delaunay triangulations or
Voronoi tessellations are typical examples of admissible meshes in this sense. We denote such a discretization as
(T.3, (xk) e ) namely the ensemble of the set of polyhedral control volumes K, the set of faces o and the set
of cell centers xx. The set ¥ is composed of boundary faces Yoy, = {0 C 00} and internal faces 0 € ¥ = X\ Seys.
We denote by ¥ = L N the internal faces belonging to K. The cell-centers (xK)Kker C Q are such that,
if K, L € T share a face 0 = K|L, then the vector x;, — xx is orthogonal to ¢ and has the same orientation as
the normal ng , to o outward with respect to K.
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FIGURE 1. Exemplification of the notation of a triangular cell (left) and its subdivision (right).

We denote the Lebesgue measure of K € 7 by my. For each internal face 0 = K|L € X, we denote m, its
(d — 1)-dimensional Lebesgue measure and we refer to the diamond cell as the polyhedron whose edges join xx
and xz, to the vertices of o. Denoting by d, = |xx — xr|, the measure of the diamond cell is then equal to
medy/d. We denote by di » the Euclidean distance between the cell center xx and the midpoint of the edge
o € Yk In Figure 1 the notation is exemplified for a triangular element.

We will need to distinguish between two different admissible discretizations of 2, where one is obtained as a
subdivision of the other. We denote by (T/,W, (XK’)K/GT/) the coarse mesh and by (T, 3, (XK)KGT) the fine
one, and we require that

VK € T, 3K’ € T' such that K C K .

In practice we will consider two specific instances of this construction. The first is the trivial case where the
two meshes coincide. The second holds at least in two dimensions and can be defined as follows. First, we take
as coarse mesh a Delaunay triangulation, with cell centers xg the circumcenters of each cell K’. We further
require that all the triangles are acute, so that all the cell centers x - lie in the interior of the corresponding cell
K'. Then, we define the fine mesh by dividing each triangular cell K’ into three quadrilaterals by joining xx- to
the three midpoints of the edges o’ € SIK,. We take again as cell centers xx of the fine mesh the circumcenters
of each cell K. This construction is illustrated in Figure 1. Note that the partition obtained in this way is indeed
admissible.

2.2. Discrete spaces and operators

We introduce two discrete spaces defined on the two meshes, Py = R7" and Py = R7, each one endowed
with its own weighted scalar product,

()75 (@b) € Pri2 o S axbime,
KeT
and similarly for (-,-)7/. Note that Pz C Pz, and we denote by Z the canonical injection operator, which is
given explicitly by
Z:Pr — Pr, (ZP)K:,OKH VK C K'.

In the case where the two discretizations of €2 coincide, Z is just the identity operator. We will denote by Z*
the adjoint of Z, i.e., (Z*-, Y7+ = (-, Z-)7. We further introduce two discrete spaces defined on the finer mesh:
the space Py, = R*, defined on the diamond cells, endowed with the scalar product

<'a '>Z : ('U/,’U) S [PZP = Z uavamada’a
ocy
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and the space of discrete conservative fluxes,
Br = {F = (Ficrs Flo) ey € B2 s o + FLg =0} (2.1)

endowed with the scalar product

Medy
<'a '>FT : (FaG) € [FT]z = Z(FK,JGK,J + FL,UGL,J)T'
cEX
We denote by || - ||z, || - |77, || - ||z and || - ||r, the norms associated with the inner products defined above. We

denote F, = |Fk ,| = |FL »| and we will use the convention |F| = (F,),ex € Py and (F)? = (F2)yex € Py, for
F € Fr. Moreover, we define the element-wise multiplication by ®. In particular, given F',G € F7r and u € Py,
we define F O G,u® F € Fr by

[FGG]K,U = FK,JGK,aa [UQF]K,U = ’UIUFK’J.

We now introduce the discrete differential operators. The discrete divergence divy : Fr — Pr is defined by
(divy F) g = divg (F') where

1
divgF = — Fr smg.
1IVK m Z K,cT

oEX K

The discrete gradient Vy, : Pr — Fr is defined by (Vsa, F)p, = —(a,divy F)p,. In particular we also have
(Vsa)k,o = Vi, o(a) where

Moreover, as for the discrete conservative fluxes, we define V,a = |V al.

We also need to introduce a reconstruction operator from cells to diamond cells Ry, : P+ — Py, which will be
required to construct the discrete energy. We require that the operator Ry, be a concave function (component-
wise), positively 1-homogeneous and positivity preserving. In practice, we will consider two weighted means, Ly,
and Hy, which correspond respectively to a linear and a harmonic mean, and are defined as follows:

dsarar

dr & dr &
(Lsa)y = 2Zap + —2%a;, (Hsa), =

= 2.2
da' dO‘ dK,n'aL + dL,a'aI(7 ( )

for any a € P7r. We denote by dRyx[a] : P7 — Py the differential of Ry with respect to a, evaluated at a given
a € Pr. Clearly, if Ry = Ly, we simply have dRyx[a] = Ls. Moreover, we denote by (dRx[a])* the adjoint of
dRyxla], with respect to the two different scalar products. For the two reconstructions we consider, this operator
is given by either £ or (dHx[a])*, which are defined by

* . MedK o * - (HE[C"])(Q; MedK o
(EEU)K_UEZE e =5, ((dHsla)) u)K_geZz e (2.3)

for any u € Pyx. Finally, for any fixed a € Pz/, we define the reconstruction operator on the coarse grid
RT/ [a] : ]PE — PT/ by
Rr[a] =I% o (dRs[Z(a)])*. (2.4)

Remark 2.1. The space of discrete conservative fluxes and the reconstruction operator introduced above take
only into account the interior edges. This is sufficient for our purposes due to the zero flux boundary conditions.
In particular, since the flux should be zero at the boundary the reconstruction of the density on the exterior
edges is not needed for the construction of the scheme.
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2.3. Discrete problem

Consider a discretization of the time interval [0, 1] in N + 1 subintervals of constant length 7 = ﬁ, and let

th .= kr for all k € {0,..., N + 1}. We denote the time evolution of a discrete density by p == (p*)N "', where
pkk = (pl))krerr. Similarly we denote by F = (F¥)N*! the time evolution of a discrete momentum, where
F* = (Flk(,a’FLk,a)UEE'

Given a couple (p,F) € [Pr/] x [F7]N¥+1, we define the discrete equivalent of the functional (1.3),
By : [Pr)N*2 x [F7]V+ — RT, as follows:

N+2

Byz(p, F) = { lcN;llTEUeEB ((('Rz o7) (%))U 7}75) med, if ph, >0,

400 else,

(2.5)

where B is defined in equation (1.4). Since Ry is assumed to be concave, the function (2.5) is convex and lower
semi-continuous.

Note that on each subinterval [7(k — 1), 7k], the time integral of the kinetic energy is discretized using the
midpoint rule. This implies that a given F¥ needs to vanish only if the reconstruction of (p* + p*~1)/2 on
the same edge vanishes. Approximating the integral with a left/right-endpoint approximation would be more
restrictive in this sense (see [21] for more details on this choice of time discretization). At each time step, the
kinetic energy is discretized on the diamond cells of the finer grid. The measure of each diamond cell is taken d
times. This is done in order to compensate the unidirectional discretization of the vector field F' and therefore
obtain a consistent discretization (see, e.g., Lem. 3.1). Indeed, each F,, is meant as an approximation of |F'- 1|
and encodes then the information of F' only along the direction n,. This choice is also linked to the definition
of inflated gradient (see [10,12] for more details on this construction).

Remark 2.2. Note that (2.5) is not simply the discretization of (1.3) on the diamond cells, in which case the
functional would take the value +0o whenever the time-space reconstruction of the density is negative on some
diamond cell. The functional in (2.5) takes the value 400 whenever the density is negative on some cell K’ € 77,
which is a stronger condition.

Given two discrete densities p™, p/ € PI,, with the same total discrete mass dYoKieT P mgr =
e pf ;mg, we consider the following discrete version of problem (1.1):
K'eT' PK

inf  Byr(p, F 2.6
o nT(p, F) (2.6)

where Cy 7 C [Pr/]VN 2 x [F7]V 1 is the convex subset whose elements (p, F) satisfy both the discrete continuity
equation

ok — ph-1
I<T> +divyFF =0, Vke{l,...,N+1}, (2.7)

and the initial and final conditions
pO — pzn7 pN+1 _ pf. (28)

The continuity equation is discretized in time using the midpoint rule (F is indeed staggered in time with
respect to p). Moreover, given the definition of the discrete space of conservative fluxes and the operator divy,
(2.7) is to be understood with zero flux boundary conditions in space. Hence equations (2.7) and (2.8) imply
that the total discrete mass is preserved. In the following, we explicitly enforce the constraint (2.8), i.e., we
identify p° and pN*! with p™® and p/, respectively.

We derive now the first order optimality conditions for problem (2.6), which are necessary and sufficient
conditions for a solution. We consider the minimization on p to be taken only among non-negative densities.
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The Lagrangian associated with the constrained optimization problem (2.6) is given by
N+1 pk _ pk71
[’NfT (¢apaF) :BN,T (paF)+ ZT<¢I€71(T> +diVTFk> 5 (29)
k=1 T

where the potential ¢ € [P7]V*! is the Lagrange multiplier for the continuity equation constraint. The station-
arity condition of Ly 7 with respect to F' gives

pk + pk—l

Fk:(REoI)( 5

)@qus’“, Vke{l,...,N +1}, (2.10)

so that the Lagrangian reduces to

N+1 k k—1 2 N+1 k k—1
T p tp k k P —p
—= E )| —— ), ( ) E I ——— . 2.11
2 <(REO ) < 2 ) Ve >z+ T<¢ < T )>T ( )
k=1 k=1
A stationary point of (2.11) must then satisfy the conditions:

E k-1 k k—1
A (p d > + divy <(RE OI) (p +2p > ® Vz(ﬁk) =0,
T

- (2.12)
k+1 o k k k—1 k+1 k
- <M> sl [Pﬂ’} (vmk)?ﬁ% {P*ﬂ’} (vo91)" <0,

T 2 2

where k € {1,..., N + 1} for the discrete continuity equation, k € {1,..., N} for the discrete Hamilton—Jacobi

[pkg’k_l} : Py, — P/ is defined by

ko k1 ko k-1 *
Ry [” +2” } — T (ng {I (” +2p )]) .

If Ry = Ly, then this operator does not depend on p and in particular we will drop such dependency in the
notation by setting R7» = Z*o L. We emphasize that the discrete no flux boundary conditions are automatically
enforced by the definition of the discrete fluxes (see also Rem. 2.1).

The inequality in the second condition derives from the fact that the minimization in p is taken over non-
negative values, and the equality holds where p¥ does not vanish. Hence, we can write the full system of
optimality conditions using a slack variable A € [PF,]V:

ko k-1 2 E—1
7 (” P ) + divy <(RE o7) (” +2p ) o) vqu’“) —0,
T

k+1 k k k—1 k+1 k
) — 1 + 2 + 2 2.13
. (M)MRT’ [PP} (v26)" + 17r {pp } (vogt) o x (219

equation, and where by equation (2.4), the linear operator Rz

2 2
phr >0, Ak, <0, ph Ak, =0,

where k € {1,..., N 4 1} for the discrete continuity equation and k € {1,..., N} for the other conditions. Note
that system (2.13) is a discrete version of the system of optimality conditions (1.7) holding at the continuous level.
In particular, the continuity equation is discretized on the fine grid whereas the Hamilton—Jacobi equation on
the coarse one. Using a discretization that preserves the monotonocity of the discrete Hamilton—Jacobi operator
it is possible to show that the value zero for A is optimal (see [8] for a problem closely related to (2.6)), i.e.,
the discrete Hamilton—Jacobi equation can be saturated. However this is not the case for the discretizations we
consider since they do not preserve the monotonicity.
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Remark 2.3. If the two discretizations of € coincide, Z becomes the identity and we recover the finite volumes
discretization already considered in [21], which is a fully discrete version of the continuous-time discrete optimal
transport problem studied in [19].

Remark 2.4. Existence of a (finite) solution (p, F') is not difficult to obtain, as the minimization in p is taken
over a compact set and one can show that |F'| is uniformly bounded for any minimizing sequence (by the same
arguments as in the proof of Thm. 4.1 below). The uniqueness of the solution, which is guaranteed for the
continuous problem (1.1) as soon as the initial (or final) density is absolutely continuous with respect to the
Lebesgue measure, is not evident. System (2.13) is not guaranteed in general to have a unique solution. In
particular, where the density vanishes, the potential and the positivity multiplier are clearly non unique. The
potential is however uniquely defined, up to a global constant, if the density solution is unique and everywhere
strictly positive.

Given a solution (p, ¢) to system (2.13), we can construct the associated momentum F' by equation (2.10) so
that (p, F') is a minimizer of problem (2.6). Then, we define the discrete Wasserstein distance Wy 7 (pi", pf )
by

W]%/',T (p17l7pf)
2

More precisely, replacing (2.10) in (2.14), the discrete Wasserstein distance can be computed using the following

expression:

WQT(pm,pf) b pk + ph=1 2

TNTE P TY <(7zE oT) (2> : (qubk) > . (2.15)
k=1 =

= By1(p, F). (2.14)

In the case of the linear reconstruction, i.e., taking Ry = Ly, one can also easily express the dual to problem
(2.6) in terms of the potential ¢, as in the continuous case, i.e., problem (1.5). In fact, in this case, replacing
the second condition of system (2.13) into the Lagrangian (2.11) we obtain the following problem:

* T 2 * T 2 in
sup <I N — ZRT’ (VZCﬁNH) P — (T ' + ZRT’ (Vso') ,p > (2.16)
dEXN, T T

where R» =Z% o L§ and K7 C []P’T]N+1 is the convex subset of potentials ¢ verifying

T <M> + iRT' <(Vg¢k)2 i (v2¢k+1>2> <0.

T

3. CONVERGENCE TO THE CONTINUOUS PROBLEM

In this section, we provide quantitative estimates for the convergence of the action and the discrete potential ¢
towards their continuous counterparts, in the case of solutions with smooth strictly positive densities. Note that
we restrict ourselves to the case of the linear reconstruction operator, i.e., we take Ry, = Ls. As a consequence
of Remark 2.3, these results are also valid for the finite volume discretization considered in [21].

First of all, we introduce some additional notation. Let F,G € [F7]V*! and p € [PF,]V*2. We define the
following weighted inner products:

N+1
(F.G), =7 <Fk Gk> s (3.1)
k=1 2
where d
mo’ (oa
(FFGY) =3 (FRoGloo + FE,GL,) (RuoT) pF), 25

ocED
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We will denote by || - ||, and || - || ;» the (semi-)norms associated with these (semi-)inner products.

We will consider two sampling operators: one for the density Iz : L'(Q) — Pz, which performs an average
on each cell, and one for the potential I : C°(Q2) — Pz, which evaluates the function at the cell center. More
precisely, given f € L(Q) and g € C°(Q), we define

M f)e = —— [ fde, (Trg)x = g(xx),
mgr Jir

for all K’ € 7/ and K € 7. For any time dependent functions p € C°([0,1], L(Q2)) and ¢ € C°([0,1] x ) we

define ﬁT/p = (HT/p(tk, ))kN:J’E)l and
— 1 tk
7o = (/ 7 (s, )ds)
T tk—1

We will denote by h the maximum cell diameter of the fine mesh, i.e., h == maxg 7 diam(K). We will assume
two regularity conditions on the fine mesh. Firstly, there exists a constant ¢, which does not depend on h, such
that

N+1

k=1

diam(K) < ¢d, < ¢*diam(K), Vo € Yk, VK € T; (3.2)
dist(xg, K) < ¢ diam(K), VK eT.

Secondly, there exists a constant 7, > 0 only depending on h, with n, — 0 for h — 0, such that

Z mo-dK’o-nKyo- Nk <MK (1 + 77h) Id, VKeT. (34)

cEXK

The latter condition is essentially a specific instance of the asymptotic isotropy condition in [19] (see Def. 1.3).
When the cell centers x g are chosen as the circumcenters of the associated cell (as in the particular examples of
meshes described in Sect. 2.1), a stronger property holds, which has been referred to as center of mass condition
[19] or superadmissibility [14], and which reads as follows:

Z mUdK,UnK,U QNEK,e = mgld. (3.5)

oEYX K

However, for generality of the discussion, in the following we will only require (3.4) and therefore we will keep
the dependence on 7, explicit.

The following lemma collects some consistency properties of the projection II7. In particular, point (3) below
shows that the asymptotic isotropy condition implies the consistency of the quadratic term in the discrete
Wasserstein distance (2.15), and justifies our discretization of the functional By 7.

Lemma 3.1. The following properties hold:

(1) for any ¢ € C°(Q), maxger |(Mry) k| < |9l co;
(2) for any ¢ € C%Y(Q), there exists a constant C > 0 only depending on 1 and ¢ such that

max | () e ~ Bl < O
(3) for any ¢ € CHY(Q), there exists a constant C > 0 only depending on 1 and ¢ such that

(L5 VIl l?) o < (7| VYP) o+ C (h+mn)

for all K € T, where Ly, is the linear reconstruction operator and ny, is defined as in (3.4).
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Proof. The first two points follow easily from the definition of II7 and the regularity condition (3.3). For (3),
observe that, by definition of the linear reconstruction operator,

. Medr o
(L5 VoI = ) |VGHT¢|2T]I:' (3.6)

oEX K

Then, using the definition of the operator Il and the regularity condition (3.2),

‘wxm —Yxp)|_ 1
da

1
d
VIl = = / &w«l — $)xi + sxp)ds| < |Vy(zk) - ngo| + Ch.
o |Jo

Replacing this into (3.6), neglecting higher order terms, and using the asymptotic isotropy assumption (3.4),
we obtain the desired bound. (]

Proposition 3.3 below is an adaptation to our setting of standard approximation results for elliptic problems.
It quantifies the consistency of the projection Iz in terms of the associated potential. As in [19], we will use it
to construct an admissible competitor for the discrete problem. Before proving the result, we state the following
classical finite-volume version of the Poincaré inequality.

Lemma 3.2 (Discrete mean Poincaré inequality, [13], Lem. 10.2). There exists a constant C > 0, only depending
on Q, such that for all admissible meshes T, and for all ¥ € P, the following inequality holds:

S C ||VZ¢||]FT N

1
H’¢ ] Z Yrmi

KeT T

Proposition 3.3. Suppose that p,d;p € L>([0,1],C%1(Q)), with p > & > 0, and let ¢ € L>([0,1],C+1(Q)) be
a solution of
—div (pV¢) = Op, V¢ -nsq = 0on IN. (3.7)

Let p=Tl7/p and let ¢ be a solution of
k E—1 E_ k-1
T

Then, there exists a constant C > 0 depending only on ¢, p, €, ¢ and 2, such that

1
V2|2 < / /Q PV dudt + C(h + 7+ ), (3.8)
0

with np, defined as in (3.4).

Proof. First, we integrate equation (3.7) over the time-space cell [t*~! ¢¥] x K and divide it by 7mg. This
yields
tk

1
—divgut = / Oypdt dz. (3.9)
MKT Ji Jik—1

where u € [F7]V*! is defined by

1 o
u’ka = / / (pVo) - nk - dtds.
o Jtk—1

TMs

We define e € [F7]V*+! and r € [Pr]VH! by

plc + pk—l

9 )ovo(ﬁ7¢)kv

e];(,a = UI;(,J - ((’CE OI)
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and denoting by K’ the cell in 7’ such that K C K’,

1 = 1 ¢
ko= / Oypdtdx — / Orpdt dx.
K ’

mgT th—1 mg:T th—1

Then N -
—divy ((z:E o) (p+2”> ® Vs (¢’€ - (HT¢)k)> = vk — divre.

Multiplying both sides by (qbk — (ﬁ7¢)k) we obtain
2

k — k k
|75 (¢ = (0r0)") [ oy = (r* —divre®, (64— (@70)"))
Using the discrete Poincaré inequality of Lemma 3.2 and the lower bound on p, this implies
— Kk
Vs (¢~ (Thre)")

where C' > 0 is a constant only depending on the lower bound ¢ and the domain. By the regularity of ¢ and p,
and the estimate (3.2), we then obtain

Vs (¢* - (Tir0)")

where now C depends also on p and ¢.
In order to get an estimate on the energy, we observe that ¢” minimizes the functional

E k=1
€ PrM s Vel pems —<z(" p )¢> ,
2 T

ok pk—1 <C (HTkHT + ||ek||FT) )
3

s SC(h+T), (3.10)

T

which implies the inequality

| shighor S < [[v= (o)) 2+ * <I (pk_fpk_l) (9" - (HT¢)k>>

Using again the discrete Poincaré inequality of Lemma 3.2 and the lower bound on p, as well as its regularity,
we get

T

2

s s (0 )

phphot HVE} (HT (¢) )

pk4pk—1 "
2
Hence, using (3.10), we obtain
— 2
IVl < [|[Vs (Tre) | + C(h+ 7).
Finally, using Jensen’s inequality and then Lemma 3.1, we find
N+1
|VsTiro| < > / 95 (M (t,) [ pecs
N+1 t* k—1
S| <z”+”7nf|v¢<t, OB de+Clntm)
h—1 tk—1 2 T
N+1 t* k k—1
th) 4 p (EF1,
= Z p () 2p( )|V¢(t,xK) 1> dadt + C (h + )
=1 JK
k=1 KeT

1
S/ /pIV¢I2dxdt+C(h+T+nh),
0 Q

which concludes the proof. O
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We are now ready to state the two main convergence results of this section, which provide quantitative
estimates for the convergence rates of the discrete action and the discrete potential.

Theorem 3.4 (Convergence of the action). Suppose that ¢ : [0,1] x Q — R is an optimal potential for the dual
Wasserstein problem from p'™ to pf and that p : [0,1] x Q — [0,+00) is the associated interpolation. Then,
denoting p™ = Iz p"™ and p' = I1pf, and taking ny, as in (3.4), the following holds:

(1) if p € CHL([0,1] % Q), there exists a constant C > 0 only dependent on ¢ and ¢ such that
Wz (P p") =2 W3 (0™, p7) = C(h+ 7 +mn);

(2) if p € L>=([0,1],CH1(Q)) and p,dp € L>([0,1],C%1(Q)), with p > & > 0, there exists a constant C > 0
depending only on p, ¢, €, C and 2 such that

War (P p7) < W3 (0" p7) +C(h+7+m).

Proof. For the first point, we first observe that by Lemma 3.1 and the regularity of ¢, II7¢ verifies

. <<nw>’““ -~ (fr9)!

— 2 — k412
SO T (s (95 Tr6)™)) < b,
Then, define ¢ by ¢" = (ﬁ7¢)k —C (th+ 51 (h+7+mp) /2, for k € {1,...,N + 1}. Then ¢ is admissible
for the dual problem (2.16), hence

Wi 7 (™, pT) ~ T 2 T Sy

s ) > * +1 , N+1 f _ x 41 ’ , 1 in )
s S <I ¢ 4RT (V2¢ ) P >T/ <I ¢ + 4RT (Vso') ,p >T,
Replacing back the definition of ¢ and using the fact that \VU¢)1| and |VJ¢N+1| are uniformly bounded by a

constant depending only on ¢, we get

2 in of
WN»T(;’p) > /Q o(1,)p _/ﬂag(o,.)pi” —C(h+7+ ).

For the second point it suffices to observe that the couple (p, ¢) satisfies (3.7). Then, defining p and ¢ as
in the statement of Proposition 3.3, we can construct an admissible competitor (p, F') for the discrete optimal
transport problem by defining the momentum F € [F7]N¥*! as in equation (2.10). Since, by definition,

Wi (™ p) <2By.r(p. F) = Vol
we obtain the desired estimate using (3.8). O

The issue of convergence of the discrete solution (p, F') towards its continuous counterpart has been treated
in detail in [21] for a general class of discretizations. These include the finite volume schemes considered here,
in the case where the two domain decompositions coincide so that Z is the identity operator (see Rem. 2.3). For
this case, one has that the discrete density p can be lifted to a measure on [0, 1] x  converging weakly to the
exact optimal transport interpolation with mesh refinement.

It is not difficult to show that the second point of Theorem 3.4 implies a similar convergence result, for
smooth positive solutions, also when the two discretizations of the domain do not coincide (e.g., this is a direct
consequence of Thm. 2.18 in [21]). Besides this weak convergence result, Theorem 3.4 also implies the following
quantitative estimate for the convergence of the potential, although in a norm dependent on the discrete solution
itself.
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Theorem 3.5 (Convergence of the potential). Suppose that ¢ : [0,1] x Q@ — R is an optimal potential for the
dual Wasserstein problem from p™™ to p/ and that p : [0,1] x Q — [0,+00) is the associated interpolation.
Let (p, 55) be the discrete solution associated with the boundary conditions p™ = Iz p™ and pf == Mg pf. If
¢ € CHL([0,1] x Q) and p,dyp € L>=([0,1],COH(Q)), with p > € > 0, there exists a constant C > 0 depending
only on p, ¢, €, ¢ and 2, such that

IVs¢ — VsIIre|; < C(h+ 1 +m),
for my, defined as in (3.4).

Proof. Consider the quantity
- 1 ~ =
EnT(p, |0) = §||V2¢> — Vsllz gl (3.11)

Expanding the square in (3.11) we obtain

En (P, l0) = By.r(p, F) + vameH — (Vs ¢, VsIIré)p, (3.12)

where F' is given by equation (2.10). The second term in (3.12) can be written as follows

N+1

~k | ~k—1
SIVsTirol2 = 5 2 2 / <cg|vzn7¢<s,->Z—Hﬂvas,-ﬂ,z(”*;’>>T ds

N+1 1
_i/ <nTat¢ )T (” +2”k >> ds (3.13)
T

N+1

—n-3 <HT¢ (#,) =Tro (1) 7 (ﬁkzﬁk_l> >7'

k=1

The third term in (3.12) can be written as follows

N+1 oF + 5 k—1
(V5. 9sllr) Z / <dw~[ ( (£507) (” 5 ) ®Vz¢k> ,HT¢<s,->> ds
th—1 T

N+1 ~k—1
_ —p W) g
3/ < ( ),w( )>Td -

— I - <sz+1 Mré(1,7))y +(Z8° 170, )).,

Flunr w125,

where N .
t thrl’ D tk7 .
I = Z/ II70,4(s, ) —H7¢( )~ o )712)’“’1”“(5) ds
1 th—1 T T
and pF—b k( ) is the linear interpolation between pF 1t and pF, e, f)k_l’k(s) = phl (tk — 8) /T +
P (s —tp1) /7. _
Adding and subtracting W2 (p™, p7)/2 = [, #(1,-)p! — [, #(0,)p" from the right-hand side of (3.12), sub-

stituting (3.13) and (3.14), and rearranging terms we obtain

WJ%[,T (pin7pf) B W22 (pznypf)

D) D) + I+ 1, + I, (315)

enr (p.dlo) =
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where
I3 ::/ ¢(17 )pf - / ¢(07 ')Pm - <I*HT¢(1a ')a pf> + <I*HT¢(07 ')7p1n> )
Q Q
since p® = Iz p™ and pN+! =17 pf. Finally, we estimate I; and I3 using Lemma 3.1, I5 using the regularity
of ¢, and the remaining term using the second point in Theorem 3.4. O

Remark 3.6. It is easy to construct solutions to the optimality conditions (1.7), and therefore to problem (1.1),
satisfying the assumptions of Theorem 3.4 or 3.5. In fact, given any smooth compactly-supported initial potential
¢o : Q@ — R, there exists § > 0 such that the map x — Ti(x) = & + tV¢o(x) is a differmorphism for ¢ € [0, ],
and ¢(t,-) = ¢go T;l is a smooth solution to the Hamilton—Jacobi equation. Moreover, given a strictly positive
and smooth initial density po, the density p(t,-) = (po/det(VT})) o T, " solves the continuity equation with
velocity V(t, ), and it is also smooth and strictly positive for ¢ € [0, d]. Then, the curve t — (p(6, ), do(td,-))
solves the optimality conditions (1.7) on the time interval [0,1]. On the other hand, even in the case where p
and p; are smooth and strictly positive the interpolation may not even be strictly positive as shown in [29].

Remark 3.7. The quantity En,7(p, (}|gz5) defined in equation (3.11) is the discrete H' semi-norm of the error
weighted by the discrete solution p. Note that this can also be seen as a discretization of the modulated energy
(or relative entropy) of the kinetic energy, interpreted as a convex function of (p, F). In Section 5 we will use a
similar quantity in order to evaluate numerically the convergence rate of the scheme.

4. PRIMAL-DUAL BARRIER METHOD

We introduce now the primal-dual barrier method, the discrete optimization technique we use to deal with
the uniqueness, smoothness and positivity issues and effectively solve problem (2.6). The method consists in
perturbing the discrete problem with a barrier function which forces the density to be positive. Here we show
that the solutions of such perturbed problem converge to the ones of the original problem, when the perturbation
vanishes, therefore justifying the use of a continuation method. Finally, we will detail the implementation of the
algorithm commenting on the choice of the parameters involved.

The most classical barrier function used when dealing with positivity constraints is the logarithmic barrier,
—log p. In order to write the perturbed problem, we first define precisely the barrier,

) —log(x) ifx >0,
J(z) = {—l—oo if z <0,

so that it is convex and lower semi-continuous. We define the barrier function as JIn7(p) =
Zi\;l 7Y ker J(ph)mi: and the perturbed version of problem (2.6) is therefore:

it Brr(p, )+ nInz(p) (1)
(p,F)eCn, T

Thanks to the strict convexity of the function Jy.7 on [PF, \ {0}V, the solution (p#, F*) is now unique.
Proceding as in Section 2.3, p* can be characterized as solution to the system of optimality conditions

E k-1 k k—1
7 (”:’) + divy ((RZ o) <p+2”> @vm’“) =0,
N A A pF+p ! 12 P+ p* \2 ok (4.2)
r (P8 e [ () [ (et}
p" ot =p,

where k € {1,...,N + 1} for the continuity equation and k € {1,..., N} for the other conditions, and where
(1) g+ = p. The variable s € [PV, (s¥) g = p%7 has been introduced in order to decouple the optimization
K/
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in p and s, and it highlights the connection with system (2.13). In particular, system (4.2) can be seen as a
perturbation of (2.13), where p%., and s%., = —\%., are automatically forced to be positive and the orthogonality
is relaxed. In this way, the solution (¢, p*, s**) is now unique, up to an additive constant for the potential, and
the problem is smooth.

As it is classical in interior point methods (see, e.g., [7]), if we regard (p*, F*) as an approximate solution
to problem (2.6), we can derive an explicit estimate on how far it is from optimality. Given a solution (p, F') of
the original problem, and defining A € [Pr ]V by (S\k)K, = —p%, we have

ke

By (p, F) = Szl)p plzr(l)f RLNT (8,0, F)

N
~k
> i # k
_pé%f;F‘cN,T((ﬁ 7’771;1)—1_162:17-<A ?p >T/ (43)
— Mol 1% > ik u\k _ m m N
= Ly (60" F*) + 3T (N (01") = Buor (0. F*) = g 19,
k=1

<k
where we used the fact that (p*, F"') is optimal for Ly 7 (¢", p, F) + Zgil T <)\ ,pk>T , which can be easily

verified by comparing the associated optimality conditions with (4.2). We have therefore

N
0< By (", F") = Bnr (P, F) < pr 10, (4.4)

As a consequence of (4.4), the smaller the parameter p, the closer the perturbed solution is to the original one.

Theorem 4.1. The solution (p*, F") of problem (4.1) converges up to extraction of a subsequence to (p, F)
solution of (2.6) for u— 0.

Proof. Consider a sequence (py,), C RY converging to zero and the corresponding sequence (pHn, F¥*) of
solutions to problem (4.1). We first derive a bound on (p#~, F*"), independent of x. The bound on p#» derives
easily from the conservation of mass. To obtain a bound for the momentum F*~, for any b € [F7]V+! with
|bE| <1forallo € B,k € {1,...,N + 1}, we observe that there exists a constant C' > 0 independent of z such

that
N41

(e, < BB E

k=1

o < C, (4.5)

where the weighted norm ||-||,» is defined via (3.1). Note that the first inequality derives from a simple rescaling
argument with the term p, € Pg +1. given by

O e 2 sl

and applying Cauchy—Schwarz. The second one is obtained using the inequality (4.4). Taking the sup with
respect to b in (4.5) we obtain the bound on F*".

The sequence (p*~, F*") is bounded hence we can extract a converging subsequence (still labeled with pu,
for simplicity) (p#, F¥") — (p*, F*). Consider (p, F) minimizer of the unperturbed problem (2.6). Using
inequality (4.4) and taking the liminf for n — 400, we obtain By 7(p*, F*) = By,7(p, F), hence (p*, F*) is a
minimizer for problem (2.6). O

Remark 4.2. If the solution (p, F) of the discrete problem (2.6) is unique, then the entire sequence (p#n, F*")
converges to it. In case it is not unique, for any solution (p, F)

0<Bnr (p", F"") =By (p, F) < pin (In7(P) — IN.T (PM))
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and therefore (p#~, F*") converges up to subsequence to a solution (p*, F*) with minimal Jy 7. In case the
solution p* is strictly positive everywhere, the whole sequence (p*~, F#") converges again.

The strict positivity derives automatically from the definition of the barrier function, which attains the value
+00 in zero. As a consequence, for every value of 1 > 0 the objective function By, 7(p, F') + uJn,7(p) is smooth
in a neighborhood of the solution (p*, F*), ensuring a good behavior of the Newton scheme for the solution of
the system of equations (4.2). It is possible to derive a quantitative bound for the positivity of p* as follows.

Proposition 4.3. There exists a constant C' > 0 independent of i such that the density p* solution to problem
(4.1) satisfies the following bound:

(P, >Cp, VK' €T, VEk. (4.6)

Proof. Consider the solution (p#,F") to (4.1). We define the constant density ¢ € []P’;C,]N,c}f(, =

(ZKeT mK/)_l. It can be easily checked that ¢ is solution to

min _Jn7(p) such that Z phemp = 1,Vk.
pG[PT’]N K'cT'

From now on, with a slight abuse of notation, we consider ¢ to be complemented with the boundary conditions
p'", pf. Thanks to the surjectivity of the divergence operator (to the space of discrete functions in [P7]V+!
with zero mean), we can find the momentum F°, with minimal || - || norm (defined via Eq. (3.1)), such that

(¢, F°) € Cn 7. Taking the admissible competitor (f), F) = (ec+ (1 —¢)p",eF°+ (1 —€)F"), e € [0,1], for
problem (4.1), it holds

#(Inr (") = Ing(0) < Byx (b F) = Bur (0, F"). (4.7)
The right hand side of (4.7) is bounded: indeed, by convexity of By, 7, it holds

Bur (b F) = Bur (0", F*) < B,z (o7, F°) + (1 Bx.x (0", F*) — Bu.x (p", F*)
< Ce.

(4.8)

The left hand side of (4.7) can be bounded from below thanks to the convexity of Jn 7, by the following quantity
N
W X ) (= e i = eSS 7 () (0 — ke
k=1K'eT’ k=1K'eT’

Hence, we obtain

Z Z J/ pK/ ) C]Ic(/)mK/TSCG. (49)

k=1K'eT’

Simplifying € in (4.9) and taking the limit for € — 0, we obtain

Z Z ( CK/ 1) mK/TS% = Hjl(i,ﬂ(mK’)TZ Z CK;iT S%—HQ‘T’

k=1K'eT’ (p*)

which implies the result. O
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By Theorem 4.1 the solution of problem (4.1) provides an approximation to a solution (¢, p) to problem
(2.13), although the smaller the parameter the more difficult it is to solve the problem using a Newton method.
The idea is then to use a continuation method, that is construct a sequence of solutions to problem (4.2) for a
sequence of coefficients p decreasing to zero, using each time the solution at the previous step as starting point
for the Newton scheme. The resulting algorithm in shown in Algorithm 1. We denote by 6 the rate of decay for
u; by €9 and €, the tolerances for the solution to (2.13) and (4.2), respectively; and by dp and 4, the error in
the convergence towards solutions of the original and perturbed problem. The parameter §,, can be taken to
be a norm of the residual of the system of equations (4.2) or of the Newton step d. Concerning dy, it is either
possible to choose a norm of the residual of the system of equations (2.13) or §y = ,uNLH|Q|, by virtue of (4.4),
whether the proximity to the minimizer or to the minimum is preferred.

Algorithm 1:

Given the starting point (¢, py, So) and the parameters po > 0,6 € (0,1),e0 > 0 ;
while §g > 9 do
p="0u;
while §,, > ¢, do

compute Newton direction d for (4.2);

compute « € (0, 1] such that p+ ad, > 0 and s + ads > 0;

update: (@, p,5) = (¢, 9, 5) +  (dg, dp, dy) ;

if n > Nmax Or a < amin then

‘ increase p and repeat ;
end

end
end

Since any intermediate solution for p # 0 is not of interest, a very common approach in interior point methods
is to set a relatively big tolerance €, or even to do just one Newton step per value of . Nonetheless, a small
tolerance €, avoids the density to get accidentally too close to the boundary of the feasibility domain, i.e., too
close to zero, which would imply a drop in the regularity of the specific problem at hand. For this reason we
consider €, = &g.

A line search technique is typically employed in order to ensure global convergence of the Newton scheme.
However, in many cases it leads to a non negligible cost by forcing the Newton scheme to do several steps
before reaching convergence. Instead of modifying the step size a, we adaptively control 8 in order to force the
convergence. The Newton scheme is repeated with an increased 6 (i.e., with an increased p) if it is not able to
converge in nmax steps. The step size « is chosen just to ensure that p and s do not become negative. Again, the
Newton scheme is repeated if « needs to be smaller than au,i,. In particular, taking ap,;, = 1 one only allows
full Newton steps.

There exist of course several optimization solvers that could tackle the solution of problem (2.6), most of
which are usually based on interior point strategies, especially for large scales. Nevertheless, the specificity of
the problem at hand, its non-linearity of course but more importantly its lack of smoothness, led us to develop
our own solver, in order to better handle it. Moreover, the solution of the sequence of linear systems requires
an ad-hoc strategy, as mentioned in Sections 5 and 6. Finally, we remark that in the particular case of the
linear reconstruction, the corresponding dual problem in (2.16) can be cast in the form of a second-order cone
program, which can be solved again using an interior point method in polynomial time. This does not apply
to the case of the harmonic reconstruction (or more general reconstructions) for which the dual problem has a
more complex structure.
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5. NUMERICAL RESULTS

In this section, we assess the performance of the scheme using several two-dimensional numerical tests. In
particular, we demonstrate the numerical implications of enriching the space of discrete potential, both from a
qualitative and quantitative point of view. As already noted in Remark 2.3, considering the two subdivisions
of the domain to be the same and taking Z to be the identity operator, we recover the discretization presented
in [21]. We will refer to this case as the non-enriched scheme. Needless to say, the greater is the richness of the
space of discrete potentials the higher is the computational complexity.

For the construction of the enriched scheme we use the nested meshes described in Section 2.1. In particular,
the coarse mesh is given by a regular triangulation of the domain with only acute angles. Here, we will use the
first family of grids provided in [18], which discretize the domain Q = [0, 1]%.

The code is implemented in MATLAB and is available online!. In particular, we exploit the built-in MATLAB
direct solver to solve the sequence of linear systems generated by Algorithm 1. For 4 — 0 the Jacobian matrix
becomes ill-conditioned and the computation time, along with the memory consumption, rapidly increases
for this solver. Using an iterative method could be extremely beneficial in this sense. However, the design of
effective preconditioners is a delicate issue and should take into account the structure of the problem at hand
(see, e.g., the general survey [6]). Therefore, we do not explore the use of such techniques in this article. We
calibrated Algorithm 1 with the following parameters: § = 0.2, amin = 0.1, ¢ = 1076 (¢¢ = 107® for the
convergence tests), up = 1,¢5 = 0,p, = ¢ (c defined as in Prop. 4.3) and sq satisfying p, ® so = . In
all the simulations performed in this section, but also more generally, the algorithm proved to be extremely
robust under this configuration. The Newton scheme rarely reaches a breakdown and, in case this happens, the
adaptive strategy on the parameter 6 overcomes the issue. Notice only that for complex simulations the value
1o may be increased to ease the start of the Newton scheme. Finally, we stress that all our results are presented
in their piecewise-constant form on the grid, without any kind of interpolation.

5.1. Oscillations

In this section, we show that the discrete density obtained by using the non-enriched scheme can be very
oscillatory. We observed numerically that the oscillations are more severe in cases where there is high compression
of mass, i.e., when the corresponding continuous velocity field is not divergence free, and also more persistent
with refinement (this is also confirmed by the convergence tests shown below in Sect. 5.2). On the other hand,
this type of instability can be prevented using the enriched scheme, which eliminates the oscillations almost
entirely.

In order to illustrate this phenomenon, we consider the interpolation between the two densities

, 3 3
o () = cos (2 x —xol) + 5, o (y) = —cos (2 x — xl) + 5

where x = (z,y) and x¢ = (%, %) For A/ = 0.0625 and #7' = 896, and for a number N +1 = 8 of time steps, we
compute the approximate Wasserstein interpolation between p™ = (p™(xx)) xrer and p! = (o (xk)) KreT)
by solving problem (2.6), in four different ways: with the enriched and the non-enriched schemes, both with
linear and harmonic reconstruction. The results are shown in Figure 2. The non-enriched scheme with linear
reconstruction exhibits severe oscillations which disappear using the enriched one. Oscillations are evident also
using the harmonic reconstruction. The enriched scheme with harmonic reconstruction provides the smoothest
solution.

It is worth mentioning that the non-enriched scheme does not exhibit oscillations for rectangular cartesian
grids. Indeed, oscillations do not appear either in other works based on finite differences [9,23,26], which coincide
with finite volumes on such simple grids.

Ihttps://github.com/gptod/0T-FV.
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FIGURE 2. Midpoint between two sinusoidal functions. Non-enriched scheme in the top row,
enriched scheme in the bottom one. Linear reconstruction on the left, harmonic reconstruction
on the right.

5.2. Convergence test

We now quantify numerically the convergence rate for the potential, the Wasserstein distance and the density,
by considering specific smooth solutions (¢, p) to (1.1) with compact support, and with smooth initial and final
densities p*™ and p/. Note, however, that the convergence results of Section 3 are less general, since they require
strictly positive densities, and only apply to the linear reconstruction.

We compute the solutions to problem (2.6), with p™ = (p™(xx/))kre1’, p’ = (p/ (X)) K7e1, On a sequence
of admissible meshes (’T’ , fl, (XK7) jer ET)’ and with an increasing number of time steps. We consider four type
of errors: the error on the distance, the L' error on the density curve, the weighted L? error on the potential

and on its gradient on the whole trajectory. We define a discrete potential ¢ € [P7]V¥+! by sampling the
continuous solution, i.e., (;b’lc( = o(tF1 + T.xk), for k € {1,...,N + 1}, and similarly for the density we

introduce p € [P7|N*1, with p = p(t*~' + I,xx), for k € {1,..., N + 1}. Given the discrete solution (¢, p),
the four errors are then computed as follows:

) ) N+1 ~ 9 i)k_’_i)k—l
s = W (7 0) = War (o). o= Y ( (S —ok) o (2
k=1 T
-~ P + P!

p
P —

eve = ||[Vsd — Vol s, €

»>
1 K'eT’

=~
Il
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TABLE 1. Convergence test on the translation.

1867

I N  ew, Rate €4 Rate  evy Rate ¢, Rate
Non-enriched scheme with linear reconstruction
0.250 1 3.109e-02  / 1.802e-02 / 2.153e-01 / 6.092¢-01 /
0.125 3 3.375e-03  3.204 4.857e-03 1.892 9.574e-02 1.169 2.779e-01 1.132
0.062 7 1.190e-03  1.504 1.442e-03 1.752 3.947e-02 1.278 1.431e-01 0.958
0.031 15 2.351e-04 2.339 4.105e-04 1.813 1.550e-02 1.348 7.115e-02 1.008
0.016 31 2.874e-05 3.032 1.086e-04 1.919 5.708¢-03 1.442 3.110e-02 1.194
Non-enriched scheme with harmonic reconstruction
0.250 1 4.897¢-02  / 2.382e-02 / 1.825e-01 / 5.870e-01 /
0.125 3 9.950e-03 2.299 5.635e-03 2.080 7.503e-02 1.282 2.535e-01 1.211
0.062 7 4.009e-03 1.311 1.751e-03 1.686 3.393e-02 1.145 1.172e-01 1.114
0.031 15 1.168e-03 1.780 5.055e-04 1.792 1.433e-02 1.243 4.907e-02 1.256
0.016 31 3.074e-04 1.925 1.409e-04 1.843 6.040e-03 1.247 2.057e-02 1.254
Enriched scheme with linear reconstruction
0.250 1 3.880e-02 / 2.084e-02 / 2.231e-01  / 5.774e-01 /
0.125 3 3.714e-03  3.385 5.129e-03 2.023 9.375e-02 1.251 2.343e-01 1.301
0.062 7 1.457e-03 1.350 1.568e-03 1.710 4.303e-02 1.124 9.481e-02 1.305
0.031 15 3.551e-04 2.037 4.391e-04 1.836 1.935e-02 1.153 3.233e-02 1.552
0.016 31 6.712¢-05 2.403 1.145e-04 1.939 8.719e-03 1.150 1.228e-02 1.397
Enriched scheme with harmonic reconstruction
0.250 1 4.512¢-02  / 2.240e-02 / 1.999e-01  / 5.740e-01 /
0.125 3 6.907e-03 2.708 5.187e-03 2.111 8.270e-02 1.273 2.370e-01 1.276
0.062 7 2.852e-03 1.276 1.597e-03 1.699 3.975e-02 1.057 1.036e-01 1.193
0.031 15 8.292e-04 1.782 4.521e-04 1.821 1.857e-02 1.098 4.014e-02 1.369
0.016 31 2.116e-04 1.970 1.221e-04 1.889 8.802e-03 1.077 1.668e-02 1.266

where the weighted (semi-)norm || -

|l is defined wvia (3.1).

We first consider the simple case of a pure translation. We consider the optimal transport problem between
the two following densities:

where x; = (

where x; = (1 — t)x1 + txo = (i

Pz, y) = (1 + cos (
ol (z,y) = (1 + cos (

_(17

10’ 10

p(t,z,y) = <1 + cos <

(t,

10

10271' 2
32 |x — X 1|x—X1\S%’

10271' 2
32 IX_X2| 1|x—x2|§%7

). The density interpolation and the potential are simply given by

2 2
Ty) =T+ Y-

5

2 3
+ 35t 16

5

275 ’

4
t

1027T 2
32 |X_Xt‘ 1\x7xt|§%’

+ %t% and the Wasserstein distance is Wy (pi", ,of) =
particular that the associated velocity field is constant in space. The errors defined above and the respective
rates of convergence are shown in Table 1. In this case, all the considered errors converge with a rate of at least
one for both the enriched and non-enriched scheme and both type of reconstructions.

%. Note in
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TABLE 2. Convergence test on the compression.

B N  ew, Rate € Rate  evy Rate ¢, Rate
Non-enriched scheme with linear reconstruction
0.250 1 1.653e-02 / 4.734e-03  / 6.903e-02 / 2.288¢-01 /
0.125 3 1.421e-03  3.540 1.471e-03 1.687 3.301e-02 1.064 1.285e-01 0.832
0.062 7 2.978e-04  2.255 4.651e-04 1.661 1.729e-02 0.933 1.859e-01 —0.532
0.031 15 4.850e-04 —0.704 1.466e-04 1.666 1.038e-02 0.736 2.193e-01 —0.238
0.016 31 2.030e-04 1.257 4.491e-05 1.706 6.351e-03 0.709 2.378e-01 —0.117
Non-enriched scheme with harmonic reconstruction
0.250 1 2.380e-03 / 2.785e-03 / 3.954e-02  / 2.666e-01  /
0.125 3 8.112e-03 —1.769 1.403e-03 0.989 2.384e-02 0.730 7.503e-02 1.829
0.062 7 2.805e-03  1.532 4.851e-04 1.532 1.162e-02 1.037 7.046e-02 0.091
0.031 15 6.207e-04 2.176 1.242e-04 1.966 5.419e-03 1.100 4.919e-02 0.518
0.016 31 1.652e-04 1.910 3.574e-05 1.797 2.690e-03 1.011 3.393e-02 0.536
Enriched scheme with linear reconstruction

0.250 1 1.746e-02 / 4.130e-03 / 6.212e-02  / 2.333e-01 /

0.125 3 2.093e-03  3.060 9.486e-04 2.122 2.725e-02 1.189 7.694e-02 1.600
0.062 7 2.436e-04  3.103 2.827e-04 1.747 1.274e-02 1.097 5.805e-02 0.406
0.031 15 1.538e-04 0.664 7.698e-05 1.876 5.834e-03 1.127 3.551e-02 0.709
0.016 31 5.447e-05 1.497 1.932e-05 1.994 2.751e-03 1.085 2.325e-02 0.611

Enriched scheme with harmonic reconstruction

0.250 1 7.281e-03 / 3.069¢-03 / 4.756e-02 / 2.606e-01 /

0.125 3 2.609e-03  1.480 7.574e-04 2.019 2.332e-02 1.028 5.786e-02 2.171
0.062 7 1.626e-03  0.682 2.984e-04 1.344 1.112e-02 1.069 4.280e-02 0.435
0.031 15 2.752e-04 2.563 7.551e-05 1.983 5.378e-03 1.048 2.409e-02 0.829
0.016 31 6.788e-05 2.020 2.166e-05 1.802 2.700e-03 0.994 1.537e-02 0.648

We now consider a more challenging test, the optimal transport problem between the two densities

o= (1o (1))
ol (z,y) = % (1 + cos (2: (a: - ;))) 1|z_%|§§,

where p/ is the compression of a factor ¢ of p™. The exact expression of the density interpolation is

(t,x )*; 1+ cos _m ;1371 1
p ) 7y - t(c—1)+1 t(c—1)+1 2 |$7%|St(c—2l)+l,

whereas the exact potential is

1 c—1 1\?
.09 = 577 (o 3)

The Wasserstein distance between the two densities is

W (o, o) = \/(W2 _g;g_ 1)?

The numerical results for ¢ = 0.3 are shown in Table 2. Again, in all the four cases, the Wasserstein distance
and the gradient of the potential converge, with the errors exhibiting at least a linear rate of convergence.
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FIGURE 3. Wasserstein interpolation between a cross distributed density and its rotation by
45°. Time increases from left to right, from top to bottom.

However, the density does not seem to converge in the non-enriched scheme with linear reconstruction, whereas
it converges in the other cases.

It is noticeable from the convergence tests we performed how in the case of a pure translation the instability
tends to disappear with refinement, whereas with compression this depends on the reconstruction used: the
harmonic reconstruction seems to prevent the issue, the linear one does not. Our strategy of enriching the
discrete space of potentials alleviates the problem and enables to recover the convergence of the density.

5.3. Geodesic

To conclude, we consider the transport problem between a cross distributed density and its rotation by
45°. We compute the discrete solution with the enriched scheme, using the harmonic reconstruction, with
h' = 0.0156, #7' = 14336 and N + 1 = 32 time steps. The approximate density interpolation is displayed in
Figure 3: as expected, each branch of the cross splits symmetrically in two parts which move towards the two
opposite branches of the rotated cross.
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6. PERSPECTIVES

In this article we considered TPFA discretizations of the dynamical formulation of the quadratic optimal
transport problem. In particular, we proposed a method based on nested meshes to deal with numerical insta-
bilities that occur when using this type of techniques. We also proved quantitative convergence estimates in the
case of smooth solutions and proposed the use of interior point techniques for the efficient numerical solutions
of the scheme. Several interesting questions remain open on all the three aspects of the problem we considered:

(1) As for the issue of the numerical instabilities, the origin of these remains unclear, although their appearance
is not surprising since the optimal transport interpolation does not imply any direct regularizing effect (e.g.,
the interpolation between two Dirac masses stays a Dirac). Our approach (together with previous works on
the L' optimal transport problem [15,16]) points towards the existence of a hidden inf-sup type of condition,
analogous to the well-known ones for linear saddle point problems, which guaranties some regularity in the
interpolation.

(2) The convergence results we proposed are only partial as they require that the density is strictly positive and
also they do not apply to the density itself. Note, however, that the positivity requirement is only needed
for the approximation result on the continuity equation in Proposition 3.3, and this could be avoided using
for example the regularization technique used by Lavenant in [21]. Note also that the same type of inf-sup
condition needed for stability could also be used to derive convergence rates for the density.

(3) The interior point technique we proposed for the solutions of the discrete system of optimality conditions can
be made even more effective by using iterative methods for the solution of the linearized system. However,
this is possible only once appropriate preconditioners are available. The challenging nature of the problem,
which is mostly due to the interplay of the time and space discretization, implies that the design of such
preconditioners requires a dedicated study and must be adapted to the discrete problem itself.
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