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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 instabilities 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 quantitative 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.

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. Such 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
usually 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 [2]. 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 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 den-

sities p, pf : Q — [0,+00) with the same total mass, we consider the problem of find-

ing a time-dependent density p : [0,1] x @ — [0,400) and a time-dependent momentum
1
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F:[0,1] x Q — R? solving
(1.1) 1nf B(p, F)

p7
where p and F' satisfy the continuity equation

{8tp+V~F—0, in [0,1] x Q,

1.2
(12) F-n=0, on [0,1] x 909,

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

1
(1.3) Bo.F) = [ [ Blote.). F)ar

with B : R x R? — [0, +00) defined by
(o]

5 if p >0,
(1.4) B(p,@):=40 ifp=0,Q=0,
400 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 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:

su )l — R
(1.5) ¢p/Q¢(1, ) /Q¢<0 )p

where the potential ¢ : [0, 1] x Q2 — R satisfies the Hamilton-Jacobi equation
1
(1.6) o + 5\w>|2 <0, in0,1] x Q.

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:

{atp +V - (pVe) =0,

1.7
(L.7) B + LIVl <0,

where F' = pV ¢ is the optimal momentum and with the additional boundary conditions pV¢-
f =0on 0%, p(-,0) = p™, p(-,1) = pf. Tt is possible to show that, thanks to the monotonicity
of the Hamilton-Jacobi operator, the Hamilton-Jacobi equation can be saturated, i.e. the
inequality can be replaced by the equality.

Adapting appropriately the definitions above, problem 1.1 provides a notion of interpolation
between p™ and p/ 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:

WQ(pm o) / / \Vdﬁ ) o(t, -)dtz/Q¢(17')pf_/Q¢(O
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1.2. Discretization. In the original work of Benamou and Brenier [2] problem (1.1) was
discretized on regular grids using centered finite differences. Later in [20] Papadakis, Peyré
and Oudet 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 [8, 23]. Note that the use of regular grids can be
beneficial for the efficient solution of the scheme, but is not adapated to complex domains.
Several finite elements approaches have been considered in order to construct schemes able
to handle more general unstructured grids [3, 4, 22, 24]. In particular in [24] the authors
proposed a H (div)—confoming finite element discretization that preserve at the discrete level
the conservative form of the problem, in the same spirit of [20].

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 [10] Erbar and coauthors considered a discretization of problem (1.1) on graphs,
which can be written under the formalism of Two-Point Flux Approximation (TPFA) finite
volumes [19]. In [19], in particular, Gladbach, Kopfer and Maas proved a convergence result
for this space discretization towards the continuous problem, keeping the problem continuous
in time. Furthermore, in [21] Lavenant presented a general convergence results for time-space
discretizations of (1.1), unconditionally with respect to time and space steps, and applied it to
a fully discretized version of the continuous in time discretization studied in [19], equivalent
to the discretization considered in [10].

Our starting point in this work is the finite volume discretization presented in [21, 10].
We observe numerically that for this discretization the density interpolation can exhibit os-
cillations 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 prob-
lem, 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 potential. We will show that such a
modification attenuates the oscillations and favors a stronger convergence.

Note that with this modification, the convergence results in [21, 19] 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 quantitative results
for the discretizations mentioned above.

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 the original
paper of Benamou and Brenier [2], who proposed to use an Alternating Direction Method of
Multipliers (ADMM) approach applied to the augmented Lagrangian of the discrete saddle
point problem. Later [20] considered different proximal splitting methods and recasted the
previous algorithm into the same framework. Nowadays, these approaches are frequently used
[3, 4, 22, 8, 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.
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In the present work, we apply the so called barrier method, an instance of the wider
class of interior point methods [0, 20, 27, 17]. 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 . and the original
solution is recovered via a continuation method for u going to zero. The final algorithm is
robust and can be easily generalized to similar problems (for example, 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 functional with Dirichlet energies instead of a barrier
function. These perturbations do not ensure the positivity of the solution and this forces
the use of a monotone discretization. Using a barrier function however allows us to consider
more general discretizations, with higher accuracy in space. A similar idea has been applied
in [23], where the same objective has been achieved regularizing (1.1) by adding the Fischer
information as penalization term. However, the possibility to exploit a continuation method
has not been considered and 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 our notation on 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 complex 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 Q. We assume the domain  C R? to be polygonal if d = 2 or
polyhedral if d = 3, and we consider an admissible discretization for TPFA finite volumes
[12, Definition 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, (xx) KeT)7 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 ey =
{o C 99} and internal faces 0 € X = ¥\ Xopy. We denote by Lx = Y N Y the internal
faces belonging to K. The cell-centers (xx)xer C Q are such that, if K, L € T share a face
o = K|L, then the vector x;, — xx is orthogonal to o and has the same orientation as the
normal n, g to o outward with respect to K.

We denote the Lebesgue measure of K € T by mg. For each internal face 0 = K|L € %,
we denote m,, its (d — 1)—dimensional Lebesgue measure and we refer to the diamond cell as
the polyhedron whose edges join xx and x, to the vertices of o. Denoting by d, = |xx —xz|,
the measure of the diamond cell is then equal to myd,/d. We denote by dg , the Euclidean
distance between the cell center x5 and the midpoint of the edge o € Y. 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’ 2 (xK7) K’E’T’) the coarse
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FIGURE 1. Exemplification of the notation of a triangular cell (left) and its
subdivision (right).

mesh and by (T, 3, (xx) KeT) 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
X the circumcenters of each cell K’. We further require that all the triangles are acute, so
that all the cell centers xg 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 xy to
the three midpoints of the edges o’ € flK/. 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 P = R7, each one endowed with its own weighted scalar product,

(,)7:(a,b) € []PT]Q — Z argbxmg ,
KeT

and similarly for (-,-)77. Note that P+ C Py, and we denote by Z the canonical injection
operator, which is given explicitly by

Z:Ppr — Pr, (Ip)K =pg, VK C K'.

In the case the two discretizations of ) coincide, Z is just the identity operator. We will
denote by Z* the adjoint of Z, i.e. (Z*-,-)7+ = (-,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

<'7 '>E : (ua'v) € [PE]Q = Z UgVoeMede,
oeEY

and the space of discrete conservative fluxes,

(2.1) Fr ={F = (Fxo, Fro)oes € R* : Fi, + Fp, = 0},
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endowed with the scalar product

Medy
(2 )er o (F.G) € [Fr)? = ) [ (FoGro + FLoGrLo) =5 -
ocEX
We denote by ||-||7, |||l77, |||l and ||-||r the norms associated with the inner products defined

above. We denote F, = |Fk | = |FL | and we will use the convention (F)? = (F2),ex € Py,

for F' € Fy. Moreover, we define the element-wise multiplication by ®. In particular, given
F,G € Fr and u € Py, we define F O G,u® F € Fr by

[FQG]K,U = FK,O'GK7O'7 [UQF]K,U = UUFK,U-

We now introduce the discrete differential operators. The discrete divergence divy : Fq —
P7 is defined by (divyF) i = divi (F') where

divgF = — Z Fr oM -

O'EEK

The discrete gradient Vy : Py — Fr is defined by (Vsa, F)r, = —(a,divyF)p.. In partic-
ular we also have (Vsa)k , = Vi s(a) where

Moreover, as for the discrete conservative fluxes, we define V,a := |Vg 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:
dyarar,

dio  dno
(2.2) (Cxa)y = —Tax + —Tar,  (Hza), =

disar, +dp 0K’

for any a € Py. We denote by dRyx[a] : Pr — Py the differential of Ry, with respect to a,
evaluated at a given a € Py. Clearly, if Ry, = Ly, we simply have dRx[a] = Lx. Moreover, we
denote by R7[a] the adjoint of dRx[a], with respect to the two different scalar products. For
the two reconstructions we consider, the operator R[a] is given by either L3, or (dHx[a])*,
which are defined by

Mg * Hxla g. o
(2.3) Sulic = Y dicouo, 7, (AHsla])'w)e = 3 H=lalo g w7
Sg TEX K aK mK

for any u € Py. Finally, for any fixed a € Py, we define the reconstruction operator on the
coarse grid Ry[a] : Py, — Py by

(2.4) Ry[a]l :=I% o Ry|al.

Remark 2.1. The space of discrete conservative fluzes and the reconstruction operator intro-
duced 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 bound-
ary 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 subin-
tervals of constant length 7 = ﬁ We denote the time evolution of a discrete density by
p = (pk)]k\fjol7 where p* = (p%,)kic7s. Similarly we denote by F = (Fk)klel the time
evolution of a discrete momentum, where F* := (Flk( o F}j o )oes-
Given a couple (p, F) € [Pr]V*2 x [Fr]V*!, we define the discrete equivalent of the
functional (1.3), By.7 : [PV T2 x [Fr]V+! — R*, as follows:
k—1

k .
@25)  Byr(pF) = | 2t T Xoen BURs o D(EE—))o Fy)mady i pl 0,
A 400 else,

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 [r7(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., lemma 3.2). Indeed, each
F, is meant as an approximation of |F'-n,| and encodes then the information of F only along
the direction n,. This choice is also linked to the definition of inflated gradient (see [9, 14]
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 +00 whenever the time-space reconstruction
of the density is negative on some diamond cell. The functional in (2.5) takes the value +o00
whenever the density is negative on some cell K' € T', which is a stronger condition.

Given two discrete densities p™, pf € IPLF, with the same total discrete mass > zo/ 7 plmy =
doKreT pém K, we consider the following discrete version of problem (1.1):

2.6 inf  Byr(p, F

(26) (p,F)ECN,T TP F)
where Cy7 C [P7/]V+2 x [F7]V*+! is the convex subset whose elements (p, F') satisfy both the
discrete continuity equation

pk _ pkfl
(2.7) I(f) +divyF* =0, Vke{l,.,N+1},

and the initial and final conditions
(2.8) P’ =p", pNTt=pl.

The continuity equation is discretized in time using the midpoint rule. 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)-(2.8) imply
that the total discrete mass is preserved. In the following, we will explicitly enforce the
constraint (2.8), i.e. we identify p® and pV*! 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 to problem (2.6). We consider the minimization on p to
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be taken only among non-negative densities. The Lagrangian associated with the constrained
optimization problem (2.6) is given by

N+1 k k—1

(29 Lug(d.pF)=Burp,F)+ Y 7o I(F—F) + divyFF)r,
k=1

where the potential ¢ € [P7]V*! is the Lagrange multiplier for the continuity equation con-
straint. The stationarity condition of £y 7 with respect to F' gives

pF + pk-1
(2.10) Fk = (Rzoz)(T)@vmk Vk e {1,..,N + 1},
so that the Lagrangian reduces to
N+1 k k—1 N+1 k k—1
T P +p p —p
1) =S ((Reo D)), (Vs + 3 righ TP,
k=1 k=1

A stationary point of (2.11) must then satisfy the conditions:

k k—1 pk + pk—l

. 2(F—F—) + divr(Rs o D(F—F—) 0 Vugh) =0,
2.12 k+1 1k k k—1 k+1 k
() R TPV 4 R (PPt <0,

where k € {1,..,N + 1} for the discrete continuity equation, k¥ € {1,.., N} for the discrete
Hamilton-Jacobi equation, and where we used the definition of the reconstruction operator on
the coarse mesh R in equation (2.4). 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 X € [P1,]V:

k—1

k k—1
P —p

p"+p
2

(Vo) + 1Rl

) + divr((Rg o I)( ) O Vo) =0,

. ¢k+1_¢)k 1 pk+pk—1
AT E A A SR - Y e
(LR Lt

pkj‘(/ Z 0, )\ki‘(/ S 0, pki‘(/)\lg(/ = O,

where k € {1,.., N + 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 [7] 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.

(2.13) prtl 4 p¥

5 ](v2¢k+1)2 — Ak,

Remark 2.3. If the two discretizations of 2 coincide, T 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. Ezxistence of a (finite) solution (p, F') is trivial, as the minimization in p is
taken over a compact set and the functional is coercive in F'. The uniqueness of the solution,
which is guaranteed for the continuous problem (1.1) as soon as the initial and final densities
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are 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(p™, p/) by

W3 r(p™, pf)
2

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

(2.14) = Bn7(p, F).

W2 in’ f TN+1 k k—1
(2.15) ML) TS (R o B (Vg
k=1

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:

(2.16) sup (T°¢N ™! — TR (Ve )2 pl) — (T°¢" + Ry (V') p™)
PN,

where Ry =Z% o L5, and Ky, 7 C [P7]V*1! is the convex subset of potentials ¢ verifying

k+1 ok
(T8 R () + (Vogh ) <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 ourself to the case of the linear
reconstruction operator, i.e. we take Ry, = Lx. 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]¥ ™! and p € [PF,]V 2.
We define the following weighted inner products:

N+1
(3.1) (F,G)p=1> (FFGF) 1,

k=1 ?
where

med,
(FF,GY) e = D (Ffe o Gl o+ FF 4 GF o) (R 0 T)pb)s 2
o€y

We will denote by [ - ||, and [ - || ,» the norms associated with these inner products.

We will consider two sampling operators: one for the density Il : L'(Q) — Py, which
performs an average on each cell, and one for the potential IT7 : C°(2) — P, which evaluates
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the function at the cell center. More precisely, given f € L'(Q) and g € C°(€2), we define

1
(7 fr = fdz, (rg)k = 9(xk)
mgr Jg
for all K’ € 7" and K € T. Moreover, for any given u € C°(Q, R%),
1
(IIsu) kg == — / u-ngqds.
Mo Jo

For any time dependent functions p € CY([0,1], L(2)) and ¢ € C°([0,1] x Q) we define
Irp = (Trp(th, )12 and

tk N+1

¢ = (i /tk1 HT¢(37')dS)

We will denote by h the maximum cell diameter of the fine mesh, i.e. h := maxgc7 diam(K).
We will assume that the following condition holds on the fine mesh: there exists a constant
np > 0 only depending on h, with i, — 0 for h — 0, such that

k=1

(32) Z madK,UnK,a @MKo < mK(l + 77h)1d

O'GEK
This is essentially a specific instance of the asymptotic isotropy condition in [19] (see Definition
1.3). For the example of meshes described in section 2.1, a stronger property holds, which has
been referred to as center of mass condition [19] or superadmissibility [ 1], and which reads
as follows:
(3.3) Z mgdK,J’nKJ QNEKs = mgld.

oEX K

As shown in [19], this is a direct consequence of choosing the cell centers xx as the circum-

centers of the associated cell. However, for generality of the discussion, in the following we
will only require (3.2) and therefore we will keep the dependence on 7, explicit.

Lemma 3.1 (Discrete mean Poincaré inequality, Lemma 10.2 in [13]). There ezists a constant
C > 0, only depending on 2, such that for all admissible meshes T, and for all ¢ € Py, the
following inequality holds:

1

H@lf—@

> vrmklr < C|Vetle,
KeT

Lemma 3.2. The following properties hold:

(1) for any ¢ € CO(Q), maxger |[(7¢) x| < [[9]lco;
(2) for any ¢ € CY1(Q), there exists a constant C > 0 only depending on 1) such that

max [|(Hr)x — Yllcox) < Chs
(3) for any ¢ € C%(Q), there exists a constant C > 0 only depending on v such that
(L |Vsllry ) g < (U7 V) + C(h + ),

for all K € T, where Ly, be the linear reconstruction operator.
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Proof. The first two points follow easily from the definition of IT7. For (3), observe that, by
definition of the linear reconstruction operator,

O'd ea
(3.4) (LEIVoTIr o) = 3 Vollpy e

O'EEK

Then, using the definition of the operator I,
‘1/) XK)

VellTy =

/ (1 —=s)xg + sxp)ds| < |VY(zk) -nke| + Ch.

Replacing this into (3.4), neglectlng higher order terms, and using the asymptotic isotropy
assumption (3.2), we obtain the desired bound. O

The following propostion is an adaptation to our setting of standard approximation results
for elliptic problems. As in [19], we will use it to construct an admissible competitor for the
discrete problem.

Proposition 3.3. Suppose that p € C1([0,1],C1(Q)) with p > & > 0, and let ¢ € C°([0,1],C*(N))
be a solution of

(3.5) —div(pVe) =p, Vo -nsa =0 on 0.
Let p =Il7p and let ¢ be a solution of

k k—1 k k—1
. + -
—divr((Ly OI)(%) © Veg*) = I(%)
Then, there exists a constant C' > 0 depending only on ¢, p, € and 2, such that
1
(36) IVsl3 < [ [ Vo dudt+ Clht 7+ )
0 Ja

Proof. First, we integrate equation (3.5) over the time-space cell [t*~1 t*] x K and divide it
by Tmpg. This yields
1 t*
/ / pditdx .
mgrgT K Jtk—1
where u € [F7]V+! is defined by

Ko = // (pVo) - ng , dtds.
’ TMe 1k

We define e € [F7]V*+! and r € [P7]VF! by

(3.7) — divgu® =

pk: + pk—l )

2
and denoting by K’ the cell in 7’ such that K C K’,

1 * 1 "
= / / pdtdx — / / pdtde .
MKT Ji Jik—1 mg'T 1 J k-1

k k—1
~divy (R o )P ) 0 V(@ — (Tra)) = v - divre®

Multiplying both sides by (¢* — (II7¢)*) we obtain
V(9" — (7o) )2 ppos = (rF —divre®, (" — (T7¢)")) 7
2

61;(,0 = u];(,o - ((EE OI) VU(ﬁTd))k >

Then
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Using the discrete Poincaré inequality of Lemma 3.1 and the lower bound on p, this implies
k T k k k
IVs(9® = (7)) prspi—r < C(I7"]l7 + [l€®[|r7)
2

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

(3.8) Vs (¢ — (TTre)")| prapimt < Ch+7),

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

N 2 pk — pkt
NS [IFDT] +1 — HVE’lp” pk4pk—1 <I(f)a ,(/)>Tv
2
which implies the inequality
2 i pF — ph1 Lo
IVed® |2k, 1 < [IVs(Ure)) [ r p1 + <I(f)a (@" — (Il79)")) .
2 2

Using again the discrete Poincaré inequality of Lemma 3.1 and the lower bound on p, as well
as its regularity, we get

||V2¢k||2pk+pk—1 < ||V2(ﬁ7’¢) )||2k+pk 1 +C||VE( (ﬁﬂf’)k)”pm;k*l :
2

Hence, using (3.8), we obtain
Vsl < [IVsIlr)| + C(h+ 7).
Finally, using Jensen’s inequality and then lemma 3.2, we find

N+1

VsTirolh < 3 / VT, ) i

> / @2 NV Pt + Ol )

N+1 k k—1
tk . t .
/ / AP 19054, x) 2 et + O + )
k 1 KeT/t*
< / / p|V|? dadt + C(h+ 7 +np),
0 JQ
which concludes the proof. U

We are now ready to state the two main convergence results of this section, which pro-
vide 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 pm to p! and that p : [0,1] x Q — [0, +00)

is the associated interpolation. Then, denoting p™ = Ip™ and p! = I pf, the following
holds:

(1) if ¢ € C2([0,1] x Q), there exists a constant C > 0 only dependent on ¢ such that
W™, ") = W3(p™, p') = C(h +7 + 1)
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(2) if ¢ € C°([0,1],C%(Q)), p € CL([0,1],CH(Q)) and p > ¢ > 0, there exists a constant
C > 0 depending only on p, ¢, € and ) such that

Wi (p™, p') < W3 (p™, p!) + C(h+ 7+ ).

)

Proof. For the first point, we first observe that by lemma 3.2, II7¢ verifies

(o) — (7o)

T

I )+ TR (V7)) + (Vs(Tre) )% < Clh+7+m).

Then, define ¢ by ¢F == (II7¢)* — C(t* +t*=1)(h+ 71+ nu)/2, for k € {1,...,N}. Then ¢ is
admissible for the dual problem (2.16), hence
W3R T(Pm: Pf) T T ;
T 2 @V = TR (Vg pf) — (! TRy (Vg P

Replacing back the definition of ¢ and using the fact that |V,¢!| and |V,¢™ 1| are uniformly
bounded by a constant depending only on ¢, we get

WNT R /¢ )p —/<z> Ch+7+mm).

For the second point it suffices to observe that the couple (p,¢) satisfies (3.5). Then,
defining p and ¢ as in the statement of proposition 3.3, we can construct an admissible
competitor for the discrete Wassertein problem by defining the momentum F € [F7]V*! as
in equation (2.10). Since, by definition,

Wir(e™.p") < 2By 7(p, F) = |[Vsol
we obtain the desired estimate using (3.6). U

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 pf and that p: [0,1] x Q — [0, 400) is
the assocmted mterpolatwn Let (p, ¢) be the discrete solution associated with the boundary
conditions p™ = Il p™ and p’ == T pf. If € C?([0,1] x Q)), p € C1([0,1],C(Q)) and
p=>¢e>0, there exists a constant C > 0 depending only on p, ¢, € and 2, such that

16 = Bll72(j0,11x) < C(A+T+7mm),

where ¢ is the piecewise constant function on [0,1] x Q, defined by gg(t, x) = (2)’;( if (t,x) €
(th=1,tF) x K.

Proof. Consider the quantity
L 1 ~ —
(3.9) EnT(P, Bl9) = 5IIVsd — Vallrg|5.
Note that given the regularity of ¢ and the discrete Poincaré inequality of lemma 3.1, it

suffices to prove the same estimate for (3.9).
Expanding the square in (3.9) we obtain

(3.10) EnT(p, @l0) = Bn1(p, F) + *||VEHT¢H — (Vs, VsIlTe)s
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where F' is given by equation (2.10). The second term in (3.10) can be written as follows

1 Nl ~k | =k—1

3IvsTirolly =5 3 [ Reiatrots, o~ riTe(s . T
N+1 k—1
(3.11) -3 / i, Ty s
N+1 “k | ok—1
_ pi+p
=1 - ; <HT¢(tka ) - H7—¢(tk la )7I(f)> .

The third term in (3.10) can be written as follows

N+1 P 4 ph
—(Vs¢, Vsllre), = Z / (divr((Ls OI)(#) ® Vs¢®), IIr¢(s,-))ds

N+1 k—1
= — II+¢(s,-)) ds
o1 > / PP ) Tygs, )
= Iy — <IpN+1 HT¢( ’)> <Ii)0’H7—¢(O’ )>
N ~k—1
_|_
Mot~ Tirot 1, ), 72
k=1
where
¢(tk+1a ) — ¢(tkv ) ~k—1,k
I = (IT —1I : d
) Z / 7d(s, ) — Ty AW 2O ot as
and pk~ 1k( ) is the linear interpolation between pF~! and pF, i.e. pF=1#(s) == pF=1(tk —

$)/7 + PM(s — ti1)/T. , .
Adding and subtracting W2(p™, p/)/2 = (p/,¢(1,-)) — (p™,¢(0,-)) from the right-hand
side of (3.10), substituting (3.11) and (3.12), and rearranging terms we obtain

W™ p") Wi, pf)

(3.13) EnT (P, Dl0) = 5 2

+ L+ 1+ 13

, Where

I3 2:<pf, ¢(1, ) — I*HT¢(17 )> - <pin’ ¢(O> ) - I*HTd)(O’ )> ’

since p® = I p™ and pN*t! = Il p/. Finally, we estimate I; and I3 using lemma 3.2, I

using the regularity of ¢, and the remaining term using the second point in theorem 3.4 . [

Remark 3.6. The estimate in theorem 3.5 also holds for the quantity SNVT(ﬁ,@gb) defined
in equation (3.9), which 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.
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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 jus-
tifying 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 positivity constraints is the logarith-
mic barrier, —logp. In order to write the perturbed problem, we first define precisely the
barrier,

J(z) = {—log(x) ?f x>0,
“+00 it z <0,
so that it is convex and lower semi-continuous. We define the barrier function as Jn7(p) =

ST xer J (P )mg: and the perturbed version of problem (2.6) is therefore:

(4.1) inf  Bn7(p, F)+ pnInT(p).
(p.F)ECN,T

Thanks to the strict convexity of the function Jy7 on [P7, \ {0}]", 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

k _ k-1 k k—1
I =P )+ divr(Ro o (22— ) © Vigh) =
k+1 k k k—1 k+1 k
(4.2) (¢ - —¢ )+ R [%szd)kﬁ n RT'[%](VEQ%H)Q -

pF o =p,
where k € {1,.., N+ 1} for the continuity equation and k E {1,.., N} for the other conditions,
and where (u) g = pu. The variable s € [P7/]V, (s%) g = p has been introduced in order to

decouple the optimization in p and s, and it highlights the connect10n Wlth system (2.13). In
particular, system (4.2) can be seen as a perturbation of (2.13), where pK, and sK, = -k,
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., [0]), 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 Ae [PV by
(M) gr = = we have

Pt

B, (p, F) = sup plZnOfF LnT(,p, F)

N
> f “op, F \F k)

N
= Ly (¢, 0" F*)+ > (A", (0" = By .r(p", F*) —
k=1

MN+1| |
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where we used the fact that (p*, F'**) is optimal for Ly 7(¢", p, F') + Z]kV:1 7(XF, p*), which
can be easily verified by comparing the associated optimality conditions with (4.2). We have
therefore

N
T N+1
As a consequence of (4.4), the smaller the parameter u, the closer the perturbed solution is
to the original one.

(4.4) 0< BN,T(p“aF“) - BN,T(p’ F) |€2].

Theorem 4.1. The solution (p*, F*) of problem (4.1) converges up to extraction of a subse-
quence to (p, F) solution of (2.6) for y — 0.

Proof. Consider a sequence (i), C RT converging to zero and the corresponding sequence
(ptn, FFm) of solutions to problem (4.1). We first derive a bound on (p*», F**), independent
of p. The bound on p#» derives easily from the conservation of mass. To obtain a bound
for the momentum F*#», for any b, ||b||oc < 1, we observe that there exists a constant C' > 0
independent of y such that

N+1

(4.5) S {(FE)F BRe, < /2By (pie, B [bll e < C,
k=1

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

n\k n\k—1
- fore e BT
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#n.

The sequence (p#n, F*") is bounded hence we can extract a converging subsequence (still
labeled with g, 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 — +oo, we
obtain By 7 (p*, F*) = Bn7(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 (ptm, F*") converges to it. In case it is not unique, due to

0 < Bng(p'  F') = Bn7(p, F) < pn(IN7(P) — INT(P'7)),

we know that (pHn, FF) converges up to subsequence to a solution (p*, F*) with minimal
IN.T- In case the solution p* is strictly positive everywhere, the whole sequence (ptn, F'*)
converges again.

The strict positivity derives automatically from the definition of the barrier function, which
attains the value 400 in zero. As a consequence, for every value of © > 0 the objective function
By 7(p, F)+ pJn,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 pu such that the density p*
solution to problem (4.1) satisfies the following bound:

(4.6) Pk, >Cu, VYK €T Vk.
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Proof. Consider the solution (p*, F*) to (4.1). We define the constant density ¢ € [PF,]", k=
(> jermir) "t It can be easily checked that ¢ is solution to

min _Jn7(p) such that Z phmp = 1,Vk.
pelPr Y K'eT’

From now on, with a slight abuse of notation, we consider ¢ to be complemented with the
boundary conditions p”, p/. 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 equation (3.1)), such that (¢, F°) € Cy7. Taking the

admissible competitor (p, F) = (ec+ (1 —¢€)p",eF°+ (1 —€)F*"), € € [0, 1], for problem (4.1),
it holds

(4.7) p(Inr(p") = InT(P)) < By7(p, F) — By (", F*).

The right hand side of (4.7) is bounded: indeed, by convexity of By, 7, it holds

By (. F) = By (p", F*) < By 7(p°, F) + (1 — €)By 7 (p", F*) — B 7(p", F*)
< Ce.

The left hand side of (4.7) can be bounded from below thanks to the convexity of Jn 7, by
the following quantity

N
MZ Z Jl(ﬁ’;«)( )K’ :OK’ meT—ueZ Z J'(p )K'—C];(/))WK’T-

k=1 K'eT’ k=1K'eT’

(4.8)

Hence, we obtain

(4.9) Z > T (0" — o))y < Ce.

k=1K'eT’
Simplifying € in (4.9) and taking the limit for € — 0, we obtain

ZZ < CK/ 1>mK/T<i:>nll(1an/ ZZ CK' <g—|—|Q]T,

lL lL
k=1 K'eT’ p K’ k=1 K'eT’ p K/ ,LL

which implies the result. Il

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 p; by €9 and €, the tolerances for the solution to (2.13) and (4.2), respectively; and by dy
and ¢, 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 dg, it is either possible to choose a norm of the residual
of the system of equations (2.13) or §y = ,uNL_H|Q|, by virtue of (4.4), whether the proximity
to the minimizer or to the minimum is preferred.

Since any intermediate solution for g # 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 . We prefer to use a small tolerance ¢, to avoid the density to get accidentally
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Algorithm 1:

Given the starting point (¢, pg, So) and the parameters pg > 0,6 € (0,1),e0 > 0 ;
while 6y > ¢¢ do
p="0u;
while 6, > ¢, do
compute Newton direction d for (4.2);
compute « € (0,1] such that p + ad, > 0 and s + adg > 0;
update: (¢, p, s) = (&, p, 8) + a(dg, dp,ds) ;
if n > nyee Or a < apmin then
‘ increase p and repeat ;
end

end
end

too close to the boundary of the feasibility domain, i.e. too close to zero, with a consequent
drop in the regularity of the problem. In particular we consider the value €, = &o.

A linesearch 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. For this reason, instead of
modifying the step size «, we adaptively control 6 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 nyq: steps. The step size « is chosen just to ensure that p and s do not become
negative. Again, the Newton scheme is repeated if a needs to be smaller than a;,;,. In
particular, taking ., = 1, one only allows full Newton steps.

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
7 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 no
obtuse angles. Here, we will use the first family of grids provided in [1%], which discretize the
domain Q = [0,1]%.

The code is implemented in MATLAB. In particular, we exploit the built-in MATLAB
direct solver to solve the sequence of linear systems generated by Algorithm 1. Note that using
an iterative method to solve such linear systems could improve significantly the efficiency of
the scheme. 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 []).
Therefore, we do not explore the use of such techniques in this article. Finally, we stress that
all our results are presented in their piecewise-constant form on the grid, without any kind of
interpolation.
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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 section 5.2). On the other hand,
this type of instability can be prevetented using the enriched scheme, which eliminates the
oscillations almost entirely.

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

densities
1 n 3
X —_— J—
2 2’

where x = (x,y). For h = 0.0625 and #7’ = 896, and for a number N + 1 = 8 of time
steps, we compute the approximate Wasserstein interpolation between p"* = (,om (XK)) KT

p"(x,y) = cos (277

1 3
x—2D +§, p! (x,y) = — cos (27r

and pf = (pf (x K)) ke Py 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 rect-
angular cartesian grids. Indeed, oscillations do not appear either in other works based on
finite differences [3, 26, 23], which coincide with finite volumes on such simple grids.

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 pf. 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)) k17, P! = (0! (X)) 7T
on a sequence of admissible meshes (’T’ ,fl, (xx7) K/eT>v and with an increasing number of

time steps. We consider four type of errors: the error on the distance, the L! error on the
midpoint density p (%, -), the weighted L? error on the potential and on its gradient on the
whole trajectory. We define a discrete potential ¢ € []P’T]N +1 by sampling the continuous

solution, i.e. qb]}{ =¢ <NL+1’ XK), and similarly for the density we introduce p € [P7]", with

P =0p (%, XK>. Given the discrete solution (¢, p), the four errors are then computed as

follows:
' ' N+l pF & ph1
Wy = \W(Pmaﬂf) —Wnr(p™, Pf)\v €p = Z T(((p’;{ - ¢%)271(f)>%
k=1
- N+l N+1
eve = Vs — Vs, mia = > b —piE Imxr,
K'eT’!

where the weighted norm || - ||, is defined via (3.1).
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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.

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

, 1
p" (2, y) = (1 + cos (%
1
ol (x,y) = (1 + cos (%

The density interpolation and the potential are simply given by

(t ) 1+ cos 10m 5 2t 1
x,y) = —x——= ==
P, T, Y 3 10 5 ’x—f’o—%t 2§1307

2 2 4

t =ZoZy— ¢
o(t,z,y) FET Y 50t

and the Wasserstein distance is Wa(p™?, pf) = %ﬁ Note in 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. Note that in this case all the considered error converge
with a rate of at least one for both the enriched and non-enriched scheme and both type of
reconstructions.
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TABLE 1. Convergence test on the translation.

h N EW, rate €4 rate €V rate € ymid rate

Non-enriched scheme with linear reconstruction

0.250 1 6.365¢-02 0.000 6.618e-02 0.000 2.655e-01 0.000 6.285e¢-01 0.000e-+00
0.125 3 1.104e-02 2.528 1.336e-02 2.308 1.074e-01 1.306 3.237e-01 9.574e-01
0.062 7 1.178e-03 3.228 2.467e-02 -0.885 3.733e-02 1.524 1.615e-01 1.003e-+00
0.031 15 1.646e-04 2.839 1.315e-02 0.908 1.313e-02 1.508 7.968e-02 1.019e-+00
0.016 31 1.764e-05 3.223 5.164e-04 4.670 4.470e-03 1.555 3.533e-02 1.173e-+00
Non-enriched scheme with harmonic reconstruction
0.250 1 8.457e¢-02 0.000 7.912e-02 0.000 2.430e-01 0.000 4.923e-01 0.000e+00
0.125 3 1.861le-02 2.184 1.799e-02 2.137 8.856e-02 1.456 2.264e-01 1.121e-+00
0.062 7 4.297e-03 2.115 2.298e-02 -0.353 3.231e-02 1.455 9.484e-02 1.256e-+00
0.031 15 1.127e-03 1.930 1.185e-02 0.956 1.228¢-02 1.396 4.333e-02 1.130e-+00
0.016 31 2.863e-04 1.978 1.633e-03 2.859 4.909¢-03 1.323 2.043e-02 1.084e-+00
Enriched scheme with linear reconstruction
0.250 1 6.656e-02 0.000 6.835e-02 0.000 2.657e-01 0.000 3.638e-01 0.000e-+00
0.125 3 1.071e-02 2.636 2.987e-02 1.194 1.046e-01 1.345 1.636e-01 1.153e-+00
0.062 7 1.498e-03 2.838 5.211e-03 2.519 4.186e-02 1.321 7.503e-02 1.125e-+00
0.031 15 2.901e-04 2.368 2.939¢-03 0.826 1.771e-02 1.241 2.960e-02 1.342e¢4+00
Enriched scheme with harmonic reconstruction
0.250 1 7.362¢-02 0.000 6.754e-02 0.000 2.443e-01 0.000 3.423e-01 0.000e-+00
0.125 3 1.437e-02 2.357 3.026e-02 1.158 9.439e-02 1.372 1.723e-01 9.900e-01
0.062 7 3.057e-03 2.233 3.481e-03 3.120 3.908¢-02 1.272 8.290e-02 1.056e-+00
0.031 15 7.837e-04 1.964 1.709e-03 1.026 1.730e-02 1.176 3.601e-02 1.203e+4+00

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

densities
. 1
P (z,y) = (1 + cos (271' (:L’ - 2))) ,
1 2T 1
f - (1 Tle—2)) )1
p(z,y) c( —i—cos(C (a: 2))) el

where pf is the compression of a factor ¢ of p™”. The exact expression of the density interpo-

lation is
2m (2 — 3)

1
t = |1 - E B . :
Pt ,y) t(c—l)—i—l( eos (t(c—l)+1>> - i te=DEl g

whereas the exact potential is

1 c—1 1\2

The Wasserstein distance between the two densities is

Wity o) = [ D= TF.

1272

<0’

Nlo
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TABLE 2. Convergence test on the compression.

h N EW, rate €4 rate €V rate € ymid rate

Non-enriched scheme with linear reconstruction

0.250 1 1.653e-02 0.000 1.109e-02 0.000 6.903e-02 0.000 1.742e¢-01 0.000e-+00
0.125 3 1.421e-03 3.540 1.842e-03 2.590 3.301e-02 1.064 1.963e-01 -1.723e-01
0.062 7 2.978e-04 2.255 4.886e-04 1.914 1.729e-02 0.933 2.644e-01 -4.293e-01
0.031 15 4.850e-04 -0.704 1.471e-04 1.732 1.038e-02 0.736 3.159e-01 -2.570e-01
0.016 31 2.030e-04 1.257 4.798¢-05 1.617 6.351e-03 0.709 3.362e-01 -8.993e-02
Non-enriched scheme with harmonic reconstruction
0.250 1 2.380e-03 0.000 1.086e-02 0.000 3.954e-02 0.000 2.621e-01 0.000e+00
0.125 3 8.112e-03 -1.769 1.469e-03 2.886 2.384e-02 0.730 8.123e-02 1.690e-+00
0.062 7 2.805e-03 1.532 6.237e-04 1.236 1.162e-02 1.037 8.626e-02 -8.667¢-02
0.031 15 6.207e-04 2.176 1.488e¢-04 2.068 5.421e-03 1.100 6.206e-02 4.750e-01
0.016 31 1.652e-04 1.910 3.719¢-05 2.000 2.690e-03 1.011 4.051e-02 6.153e-01
Enriched scheme with linear reconstruction
0.250 1 1.746e-02 0.000 7.093e-03 0.000 6.212¢-02 0.000 1.875e-01 0.000e-+00
0.125 3 2.093e-03 3.060 1.054e-03 2.751 2.725e-02 1.189 9.787e¢-02 9.383e-01
0.062 7 2.436e-04 3.103 2.837e-04 1.893 1.274e-02 1.097 7.201e-02 4.426e-01
0.031 15 1.538e-04 0.664 7.881e-05 1.848 5.834e-03 1.127 4.305e-02 7.422¢-01
Enriched scheme with harmonic reconstruction
0.250 7.281e-03 0.000 6.302¢-03 0.000 4.756e-02 0.000 2.529e-01 0.000e-+00

1
0.125 3 2.609e-03 1.480 7.575e-04 3.056 2.333e-02 1.028 5.438e-02 2.218e+-00
0.062 7 1.626e-03 0.682 3.172e-04 1.256 1.112e-02 1.069 4.705e-02 2.090e-01
0.031 15 2.752e-04 2.563 7.665e-05 2.049 5.378e-03 1.048 2.795e-02 7.512e-01

The numerical results for ¢ = 0.3 are shown in tables 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. 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 it 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 degrees. We compute the discrete solution with our scheme,
using the harmonic reconstruction, with A’ = 0.0312, #7’ = 3584 and N + 1 = 16 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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0.5

FI1GURE 3. Wasserstein interpolation between a cross distributed density and
its rotation by 45 degrees.

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 instabilities 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.
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(2) The converegence results we proposed are only partial as they do suppose 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 show the
convergence of the density.

(3) The interior point techniques 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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