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1. Introduction

The non-linear fourth order parabolic equation
. Ay/p

-+ aiv(p922) —o |

-+ div (52 (1)

appears in the description of interface fluctuations in spin systems [22,23], as quan-
tum correction to semi-conductor models [2], and in the diffusive limit of a quantum
mechanical Boltzmann equation [21]. The mathematical analysis of (1) has been
initiated in [8]. By now, well-posedness and long-time asymptotics are fairly well
understood.

In the course of the analysis, a remarkable number of structural properties for (1)
has been discovered. There exists a whole zoo of integral-type Lyapunov functionals
[8,34], these have been the basis for proving global existence of non-negative weak
solutions [28,35,36]. Further, the flow induced by (1) is contractive in the Hellinger
distance [36], leading to uniqueness of weak solutions [26]. Significant for the paper
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at hand is the observation by Gianazza, Savaré and Toscani that (1) is the (non-
convex) gradient flow of the Fisher information in the L?*-Wasserstein distance [28].
Exploiting that gradient flow representation and in particular the intimate relation
to the contractive heat flow [17], self-similar long-time asymptotics towards the
Gaussian could be proven [42]. Most importantly, the gradient flow formulation of
(1) paves the way to the construction of weak solutions by means of the variational
JKO scheme [32], see (3) below, both analytically , and, after an additional spatial
discretization, also numerically.

In the paper at hand, we derive a novel discrete-in-time variational formulation
of (1), prove its unique solvability, and obtain a practical numerical scheme. We
thus complement the existing literature both on semi-discretizations [9, 10, 37, 38]
and on full discretizations [15,24,31,39,41,44] of (1). In comparison to the very
sophisticated numerical methods that have been proposed before, our scheme sticks
out by simplicity yet robustness. In a nutshell, a time step for (1) is obtained by
iterating the following two simple operations: first, the solution of the linear elliptic
equation (D, and —Dj denote discrete gradient and divergence, respectively),

6+ 8D} (po Dud) = |

with data pg, an input f from the previous iterate, and a parameter § > 0; and
second, the projection — pointwise at each vertex of the spatial grid — of a certain
pair («, 8) of functions defined from the previous iterate to the convex set

K:{(a,b)eRde:a+%|b|2§0}. 2)

The parabola K plays a pivotal role in our considerations, since both the Fisher
information and the action integral in the dynamical formulation of the Wasserstein
metric can be written with the help of K’s support function; see Section 2 for further
details.

We obtain our time-discrete variational formulation of (1) as dual to the JKO time
stepping. We recall the latter: given a time step 7 > 0 and an initial datum pg, the
semi-discrete approximation py of the solution to (1) at time ¢ = k7 is obtained by
inductive solution of

o€ aguin { L W3 o)+ F@ ) Fo) = [[Vyil'ae @)

peES

where W, is the L?-Wasserstein distance. The latter involves the solution of an inner
minimization problem, see Section 2 below. The novel dual formulation amounts to
choosing p, € & such that Vlog pp = P, where

(o, Br) € argmax/ (% (divs — a))cpk—l‘ (4)

(a,B)EK

[

Also this problem involves an inner minimization via the c-transform (-)¢, recalled

in Section 2.

Our results concern solutions py, € Z(T¢) on the flat d-dimensional torus T¢:=R%/Z<.
We show that the minimization problem (3) possesses a unique solution pg, and that
this solution is positive and classical.
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Then we prove that
1
ay =—3|Viegpe[* and B = Vlogpy (5)

form the unique solution pair for the maximization problem (4). Finally, we perform
a spatial discretization of (4), apply the Chambolle-Pock algorithm [19] for numerical
solution, and use the resulting scheme for approximation of solutions to (1).

Convex minimization algorithms have been used extensively for practical imple-
mentation of the JKO time stepping for (non-)linear Fokker-Planck and similar
second order parabolic equations. The most common algorithm is the augmented
Lagrangian method, also known as ADMM for Alternating Direction Method of
Multipliers. The first application of ADMM to an optimal transport problem has
been proposed in [4] for numerical solution of the dynamic Benamou-Brenier formu-
lation. This approach has then been extended to transport problems with congestion
by Buttazzo, Jimenez and Oudet [12], see also [5,47]. By now, there are plenty of
applications of ADMM to JKO discretizations of gradient flows [6]. For gradient
flows of functionals involving derivatives of the density, ADMM is unpractical since
it involves the solution of auxiliary nonlinear PDEs at each time step. In the spe-
cific case of the Fisher information F' from above, the Chambolle-Pock algorithm
provides a much better alternative: it is easy to implement and requires no regu-
larization of the datum pi_;. In particular, densities that vanish on sets of positive
measure are admissible data. The price of robustness, however, is a relatively slow
speed of convergence.

We briefly review some of the various alternatives to the aforementioned augmented
Lagrangian methods for numerical solution of the JKO stepping for Wasserstein
gradient flows. On the one hand, there are fully Lagrangian methods for sec-
ond [7,16,24,27,30,33,43] and also fourth order [18,46] parabolic equations, that
take advantage of the geometry behind mass transport by approximating the Wasser-
stein distance directly from mass displacement. Specifically for discretization of (1)
in one space dimension, a convergent Lagrangian scheme is given in [44], which also
preserves several structural properties like the long-time asymptotics. Concerning
variational methods for (1) using finite differences, we mention [39], where mini-
mization in the original JKO formulation (3) is carried out by means of Newton’s
method. The spatial discretization of the Fisher information is performed such that
it blows up for vanishing densities, which keeps the Newton iterates in the region
where densities are positive and the functional is strictly convex.

A spatial discretization of the JKO scheme by finite elements has been performed
in [11,13], based on an approximation of the Wasserstein metric by an H ~!-distance
with explicitly [11] or implicitly [13] defined weight. The resulting method is conver-
gent and numerically robust for Fokker-Planck equations, but is apparently difficult
to adapt to fourth order equations.

The paper is organized as follows. Preliminaries from the theory of optimal mass
transport are gathered in Section 2 below. In Section 3, we prove existence, unique-
ness, positivity and smoothness of the minimizer to the JKO scheme (3). Then,
in Section 4, the correspondence (5) between (3) and the dual formulation (4) is
established. Finally, in Section 5, the dual problem (4) is spatially discretized and
numerically solved.
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2. Setting and preliminaries

Spaces. Throughout the paper, we will work in the periodic setting, i.e., on the
flat d-dimensional torus T? := R¢/Z¢, equipped with the distance

dist(x,y) = dist(x — y,0) := mig |z —y + k.
keZ

We denote by Z(T9) and . (T¢), respectively, the sets of Borel probability measures
and of Borel measures on T¢. By abuse of notation, we shall not distinguish between
an absolutely continuous measure ;4 € Z(T9) and its probability density p € L'(T?).

Wasserstein metric: primal formulation. The L2-Wasserstein distance Wa(u, )
between probability measures u, v € Z(T9) is given by

yell(p,v)

Winw)i= it [ diste)dr(e), Vi) € 2T
Td x T4
where II(u,v) denotes the set of transport plans between p and v, i.e. the set of
probability measures on T¢ x T¢ having 4 and v as marginals.

Wasserstein metric: dual formulation. The well-known Kantorovich duality
formula, c.f. [49], [50], expresses the Wasserstein distance as a maximization problem,

%Wg(,u,v) ::sup{/qrdd)d,u—i-/wiﬁdV : ¢@¢§di;t27 }

where ¢ @ 1 denotes the separable function (x,y) — ¢(z) + ¥(y). It is well-known
that this dual formulation admits optimal potentials which can be chosen to be
c-conjugates of each other, i.e.

¢(x) = v°(x) == inf {dlsi(f”y) . ¢(y)}, Vo e T¢,

yeTd

0() = ') = it {EED )} vy e

zeTd

In particular ¢ and ¢ are v/d-Lipschitz and 1 /2-semi-concave, i.e., the (non-periodic)
map = € R? — 1|z[> — ¢(z) is convex.

If the pair (¢, 1) = (¢, ¢¢) solves the Kantorovich dual above, one says that ¢ is a
Kantorovich potential between p and v. This notion is useful when one wants to
differentiate W3 with respect to one of its marginals. The following result is well-
known in the euclidean case, for the sake of completeness, we give a proof in the
periodic case (which is covered by the analysis of McCann for the general Riemannian
case [45], see also Cordero-Erausquin [20] for more on the periodic case):

Lemma 2.1. Let o and v be in P(T%) with u absolutely continuous with respect to
the Lebesgue measure and with an a.e. positive density. Then there exists a unique
(up to an additive constant) Kantorovich potential ¢ between p and v and

1d
sqWVa et tla—p)v)l—or = | dd(a—p).
Td
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Proof. Let v € II(i,v) and ¢ be respectively an optimal plan, and a Kantorovich
potential between p and v, then we have:

o(z) + ¢°(y) < , V(z,y) € T x T?  with equality on spt(y)

dist?(z, y)
2
since ¢ is Lipschitz it is differentiable a.e. hence p a.e. and dist® is superdifferentiable
everywhere. Now if (x,y) € spt(y) is such that ¢ is differentiable at x, and that ¢

is in the superdifferential of %distg(., y) at x, then

ola +h) < BLEXRD) ey

< B ge(y) g+ olh) = dle) +q- b+ olh)
Hence ¢ = V¢(z), so the superdlfferentlal of 1dist?(.,y) is reduced to the single-
ton V¢(z). This means that 1dist®(.,y) is in fact differentiable at x and satisfies
Vo(z) = 1V, dist*(z, y). Slnce this holds at any y such that (x,y) € spt~, disinte-

grating ~y w1th respect to pas v = pu® ", we get
Vo) = [ IV, dista )i (o) (6)
T

for p-a.e. x € T But since the right-hand side of (6) only depends on 7, any
other Kantorovich potential should satisfy (6) as well, and then should have p-a.e.
and thus also Lebesgue a.e. the same gradient as ¢. This shows uniqueness of the
Kantorovich potential ¢ up to a constant. Now the differentiability claim is easy to
deduce, since denoting by ¢; (¢t € (0, 1]) a Kantorovich potential between p+t(o— p)
and v, one has

[ ol =) < WEut tla = ). 0) = WEm )] < | odla—p)

we can normalize ¢; and ¢ to have zero mean and then, since cluster points as
t — 07 of the (uniformly Lipschitz and bounded) family ¢; should be Kantorovich
potentials between p and v, by the uniqueness shown previously, we deduce that ¢,
in fact converges uniformly to ¢ which shows the desired result. [

Wasserstein metric: dynamic formulation. For later use in the numerical
scheme, we also need the dynamical formulation from [4] of optimal transport. For
po, p1 € P(T?), we have

7W2 (po, p1) = inf {/ / Jm, " drds : Jsps + divmg = 0}, (7)
Td 4Ps

where the infimum runs over all pairs (ps, ms)sep,1) of weakly continuous curves
pey ¢ 10,1] = 2 (T4) with prescribed end points py and p; and R%valued Radon
measures m on (0,1) x T such that the continuity equation d,p, + divm, = 0 holds
in the sense of distribution. The quotient

BB(r,m) := % (8)
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inside the integral in (7) is understood as the convex and lower semi-continuous
envelope of the respective expression for » > 0, which is zero where r > 0 and
m = 0, and infinity where either r < 0, or r = 0 but m # 0. This ensures in
particular non-negativity of the curve ps. For the fully rigorous formulation of (7),
we refer to [1, Chapter 8].

Of particular relevance to us is the fact that the quotient BB is the support function
of the convex set K from (2) that is to say that

BB(r,m) = sup {ar+b-m} forall (r,m)c R x R% 9)
(a,b)eK

This confirms the claimed convexity and lower semi-continuity of BB. The Legendre
transform of BB is thus the indicator function

0 if (a,b) € K
+00 otherwise.

BB*(a,b) = xic(a, ) = {

Fisher information. In (3), we have (informally) introduced the Fisher informa-
tion functional F': .#(T?%) — R U {+o0} as

JpaIV/pI? if p>0and \/p € H(T?)

F(p) = _ (10)
+o00 otherwise.

This functional is convex and lower semi-continuous. Note that if we have p > 0

and /p € H*(T?), then Vp = 2,/pV/p € L', and we may write

1 [ Vol
F(P):i w p

The integrand above is to be understood as zero for Vp = 0 and p = 0, and as 400
for p =0 but Vp # 0. In other words, the quotient is again of the type (8), that is,
the support function of the parabola K from (2).

This gives rise to the following alternative representation (which can be obtained by
similar arguments as in Proposition 5.18 in [49]):

F(p) =sup {/’]I‘d m}ﬂdp . (a, B) €C(T?) x CH(T?,RY), (a,ﬂ)GK} . (11)

JKO functional. Finally, let 7 > 0 and py € Z(T?) be given. We are interested
in the (convex) minimization

. 1o
f = —W, F(p). 12
ub )= 5 Waleo, p) + Flp) (12)

Existence of a minimizer for (12) is easily shown by the direct method. Uniqueness
requires more work, see next section, since neither W?(py,.) (which is linear if py is
a Dirac mass) nor F' (which is positively homogeneous) is strictly convex.
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3. Uniqueness, positivity and regularity of the minimizer

In this section, we prove:

Theorem 3.1. The minimization problem (12) admits a unique solution p. More-
over, p € W3P(T%) for every p € [1,+00) p is strictly positive, and p solves the
Euler-Lagrange PDE

6 1 1 s AYP
;—iAlogp—i—i]Vlogp] =5 (13)

where ¢ is a Kantorovich potential between p and py.

Notice that p € W3P(T?) for all p > 1 implies that p € C%%(T?) for every a € [0, 1].
Hence all derivatives in (13) are actually classical.
3.1. Approximation

To enforce positivity, given § > 0 we consider (as in [14] in the context of the
TV-JKO scheme) the entropic approximation of (12):

112
f J —W. F ) log p. 14
ot Ja(p) = 5 Wa (o, p) + Flp) + /po g p (14)
Lemma 3.2. Given § > 0, (14) admits a unique solution ps, and ps satisfies

1 oo (Mrd
p5+p—5€L (T )

Proof. Existence follows from weak % compactness and lower semicontinuity of Js
and uniqueness by strict convexity. If ps is constant, there is nothing to prove,
setting m := essinfps and M := essupps we may therefore assume that m < M and
our aim is to show m > 0 and M < +oo. To do so, consider the two functions G
and G defined by

G(o) = [ (a=p)e. Gle)i= [ (ps—a)e Va R,

Both G and G are 1-Lipschitz, G is nondecreasing with = G(m) = 0, G(a) > 0
for & > m, G is nonincreasing with G(M) = 0 and G(a) > 0 for « < M. We can
therefore choose sequences (m,,),, and (M,), such that

m<m, <M, <M, M, /M, m, \,m, G(m,) =G(M,), ¥n. (15)
With this choice we define the sequence of competitors to ps by suitably truncating ps:
iy := min(M,,, max(my,, ps))
by construction u, is a probability measure and
i — psllzr = G(my,) + G(M,) =: 2e,, — 0 as n — oo.

Since by construction /7, is obtained by truncating /ps, we have F(u,) < F(ps),
the fact that ps minimizes Js thus gives

1
0 < o (W5 (s po) — Wz?(p(s,po)]+6/dunlogun—5/dpalogpa
T T
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By Kantorovich duality formula, denoting by ¢, a Kantorovich potential (\/E—
Lipschitz and with zero mean, say) between p,, and pg, the first term in the right-
hand side can be bounded from above by

! ., ¢n(,un - PJ) S 7—71H¢nHL°°H,un - p6HL1 S CdTilgn
T

where Cy is a just a dimensional constant, using this with the convexity of ¢t — tlogt
and the construction of ", we arrive at

0< eyt 5/ (M, log(mn) — pslog(ps)) + 5/ (M, log(My) — pslog(ps))

5 <Mn ps>Mp

< S, 5((1+ doglrmn)) [ (ma = po)s = (1+1o8(0) [ (ps = M)

Td
. Cd mpy

which since ¢, = G(m,) = G(M,) > 0 implies that 2= > e~ -3 preventing m,, to
approach 0 and M, to approach +oco and thus enabhng us to conclude that m > 0

and M < 400 (with 2 > ¢~ +4). O

Since /ps € H 1(T9), the fact that p; is bounded and bounded away from 0 implies
that ps, \/Lﬁ and log p; belong to H'(T?) N L>(T9) as well. More importantly, it
enables us to justify the Euler-Lagrange satisfied by ps as follows. Thanks to Lemma
2.1, there exists a unique (up to an additive constant) Kantorovich potential ¢s
between ps and py. Let 8 € C'(T%) such that [,0 = 0, for ¢ € R with |¢| small
enough ps + t6 is admissible for (14) so that Js(ps + t#) is minimal at ¢ = 0. Using
Lemma 2.1, we first have

2dtW2( 5+t0 £o |t 0—/ (;559 (16)

Moreover, thanks to Lemma 3.2, we can write

t
V/ps + :V@ﬁ/ V<p69+89>d3
=V + 5V (=

) + te; with &, — 0 as t — 0 in L?(T9).

N
h Cpps +t0)0= | ¥ -v( i ) (17)
whence i \ps t=0 = - VPs ﬁ
and since jt[/ (ps + t0) log(ps + t0)]|1=0 = / log(ps)0 (18)
T4 Td
b5 0
ded 01 0 \Y V{—] =0 19
we deduce /w( + ogp(;) —l—/Td VPs <¢P7> (19)

for all § € C*(T?) such that [, = 0.
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In other words there is some constant C§ such that ,/ps is a weak solution of

b5 A\/ps
24651 - VP _C
T 08 Ps \//75 J

up to absorbing this constant in the Kantorovich potential ¢5 we thus have

(2 + 5108 p5) 5 = Ay (20)

By standard elliptic regularity, the fact that ¢s € W1°°(T9) implies that \V/Ps belongs
to W3#(T?) for every p € [1,+00) hence /ps (and p;) belong to C**(T¢) for every
a € [0,1), in particular /p; is a classical solution of (20).

3.2. Proof of Theorem 3.1
We are now in position to prove Theorem 3.1.

Step 1. § — 0. Note that if p € 2(T?) and /p € H'(T?) then by the Sobolev
imbedding p € L@ for some q(d) > 1 (for d = 1,2 one can take any exponent
in (1,400) and for d > 3 one can take ¢(d) = d/(d — 2)) and in particular u has
finite entropy. From the inequality J(ps) + 8 [1a pslog ps < J(1) + 0 [ra prlog p and
the fact that de pslog ps is bounded from below, one readily deduces that ,/ps is
bounded in H'(T?) and therefore (up to extracting a vanishing sequence) converges
weakly in H'(T9) as § — 0% (hence strongly in LP@ for some p(d) > 2) to some
/P, and then ps converges strongly to p in LPD/2 and p obviously solves (12). Note
also that both pslog ps and /ps log ps are bounded in L' so that

A~ —

dpslog ps and d./pslog ps tend to 0 strongly in L. (21)

As for the family of Kantorovich potentials ¢;, we already know that || V5|~ < vd
and integrating (20) and using the periodicity of ps, we get

/]I‘d (% +(5logp5)\/p_5:0

-
which, with (21), the fact that \/ps converges strongly in L? to V/p with de p=1and

maxpg qj¢ 5 — Ming 3¢ P5 < Vddiam([0,1]%) = d yields a uniform L bound on ¢.
Thanks to the Arzela-Ascoli’s Theorem, we may assume (after an extraction again)
that ¢s converges uniformly to some ¢ which is a Kantorovich potential between p
and po. Since A,/ps converges to A\/p in H~1, ¢5,/ps converges to ¢/p in H' and
recalling (21), we may pass to the limit in (20) and get

NN (22)

Step 2. Positivity and regularity of p. The announced W3? regularity of p then
follows from equation (22) and elliptic regularity. Setting u = /p € C**(T%),
f =719 € Wt we have Lu := Au — fyu = —f_u < 0, hence it follows from
the strong maximum principle (Theorem 3.5 in [29]) that if u takes the (global
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minimum) value 0 one should have u = 0 contradicting [;, u* = 1. We thus have
found a smooth and everywhere strictly positive solution p of (12) and shown that
it is a classical solution of (13).

Step 3. Uniqueness. If p solves (12), so does ’%3 by convexity of F' and W?(py,.)
yielding that F(p + u) = F(p) + F(p) which in particular implies that a.e. on
{p > 0}, one has

(Va5 + Vol = 2Vp-Vp
so that VeV =N /p (23)

and since \/u € H', V /i = 0 a.e. on {y = 0} hence (23) actually holds a.e.; taking
the divergence of (23), we get

AVE=YEAVp = 2V

and arguing exactly as in step 2, we deduce that p is W3P for every p € [1, +00)
and everywhere strictly positive. Getting back, to (23) we deduce that the smooth
functions log 1 and log p differ by an additive constant which should be 0 since pu
and p are probability measures. This proves that © = p and so that the minimizer
of (12) is unique.

Remark 3.3. Note that the full sequence ps in fact converges to the solution p of
(12). Let us also remark that the Kantorovich potential ¢ in (13) is defined uniquely
(not only up to an additive constant) by the condition

N
Td

obtained by multiplying (13) by \/p and integrating.
4. Duality

For ¢ € C(T%), set ¢ (y) := inf {2i dist*(z,y) — o(y)}, z € T¢

yeTd ~ aT

and V(p) = —/ @ dpy
Td

note that V' is convex and everywhere finite and continuous on C'(T¢). Moreover, the
Kantorovich duality formula can be conveniently expressed in terms of the Legendre
transform of V, V*: . (T?) — R U {+0o0}:

1 2 . d
V) = {QT% (.po) it pe 2(TY),

400 otherwise.

Consider now the concave maximization problem

sup { /Td (divi_a)Cpoo, (o, B)€C(TY) x CHTRY) : o+ %|ﬁ|2 < O} (24)
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which can also be written as

_ inf {U(a,ﬁ) +v<divﬁ2‘°‘>}

(o, 3)EC(T?)x C1(T?,R4)

0 if « + 1|82 <0 on T¢
where U, B) = { :|AF <

+o00  otherwise

whose dual in the sense of Fenchel-Rockafellar see [25] reads:

1
: f * - *
ok U (508 V) + V)

and since, by (11), we have

> _ {F<u) if >0 and /i € H'(TY)

et
U (—(u, Vi) ,
+00 otherwise

2

it follows from the Fenchel-Rockafellar theorem (Theorem 4.1 in [25]) that:
min(12) = sup(24).

Therefore we can say that (12) is the dual of (24). Note that (24) is a slightly
unusual optimization problem and it is a priori unclear whether it admits a solution
(o, B) € C(T?) x C(T4 RY). But thanks to Theorem 3.1, we can easily find a
(smooth) solution of (24):

Proposition 4.1. Let p be the solution of (12) then the pair (of CY* functions)
= —%|Vlogp|2, B :=Vlogp (25)
is the only solution of (24).

Proof. Note that by construction («, ) is admissible for (24) and from (13), we
have o 1 1 2 divB -«
;—iAlogp+i|Vlogp| =

where ¢ is a Kantorovich potential between p and pg so that, on the one hand

L2 _ [ S\ _ ¢ divg — a\
%WQ(p’pO)_/WTp+/W<T> dpo /WTer/W( 5 ) dpo.
On the other hand

L[ VP [ a-divs [ ¢
F(p)_‘le =) P

Summing the two equalities above, duality and the fact that p solves (12) thus imply

<divﬁ2— a)CTdPO

sup(24) = inf(12) = W3

T2

(pspo) + F(p) =/

Td

so that (o, 3) solves (24).
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Now if (a, b) is another solution of (24), one should have

+b-V
F(p):/ AR
Td

implying that a(z) and b(z) maximize ap(z) + b- Vp(z) subject to the constraint
a + %]bP < 0, but since p(z) > 0, this constraint should be binding and there is a
unique such maximizer which is (a(x), 8(x)) defined in (25). O

5. Numerical solutions by a primal-dual method

The core idea of our numerical scheme is to discretize both the primal (3) and
the dual (4) JKO step in space, and then apply the Chambolle-Pock algorithm to
optimize in both problems alternatively. It suffices to describe the discretization of
the first JKO step, from the datum pg to the minimizer p;.

5.1. The discretized primal problem

Key to this method is the dual interpretation of the BB(r,m) functional, see (8)—
(9) which is local in space. This local property may be lost after discretisation on
a grid because the constraint on (r,m) involves differential operators. In general,
special care must be taken to ensure consistency and accuracy, see [47] and [40]
for details. In our case, we deal with smooth solutions and positive densities as
explained in Theorem 3.1. This, at least heuristically, should enable us to use the
same discretisation grid for fluxes and densities and plain centered finite differences,
as detailed below.

The torus T? is modelled by a box B = [0, 1]¢, functions on B extend periodically.
For simplicity, we explain the discretization in d = 1 space dimensions, the transla-
tion to d > 1 is straight-forward but notationally cumbersome. We use a cartesian
grid with N vertices x; := (j + 0.5) h, for j = 1,..., N, and uniform grid step
h = 1/N. The centering of the grid points in the cells simplifies the implementation
of the periodic boundary conditions. Functions f : T¢ — R are discretized by finite
sequences (f;)j=1...n with f; ~ f(z;). Introduce the L? inner product of functions

on the grid by 1
(f,9) = N ijgj-
J

The central finite difference quotient is denoted by Dy, i.e.,

(Dnf), = %

Note that Dy, is anti self-adjoint with respect to the inner product, i.e., —D; = D),
is also the divergence.

The primal JKO problem (3) is now discretized as follows:
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In (26) above, the Fisher information F' is simply discretized by finite differences in
the second term. The relation between the first term in (26) and the constraint (27)
to the dynamical representation (7) of Wi (po, p1) deserves some comment: recall
that that in (7), curves (ps,ms)sep1] depending on a fictitious time s € [0,1] -
unrelated to the physical time ¢ — have been considered to relax the problem. For
small 7 > 0, we expect the initial and terminal densities py and p; to be close, and
the momentum m, ~ m to be almost s-independent. Accordingly, the continuity
equation dyps + divm, = 0 should be well-approximated by the stationary equation

For approximation of the s-integral in (7), the denominator ps should be replaced
by some average of py and p;. The two canonical choices are explicit (ps = po as
in [11]) and implicit (ps & p; as in [13]). Either choice leads to a linearization of the
Wasserstein distance in the form (i = 0 or 1)

m?

: —divim = p; — po} : (29)

1.9 .
§W2 (po: p1) = 1{?{ it 2

The minimizer is explicitly given by m = p;V¢, where ¢ solves the linear elliptic
equation —div(p;V¢) = p; — po with periodic boundary conditions. In summary,
this leads to the explicit (¢ = 0) or implicit (¢ = 1) approximation

W3 (po, 1) = || 1 — POHZ;;

by a pi-weighted H~'-norm. We refer to Peyre [48] for a detailed comparison between
the Wasserstein distance and its weighted H ! linearization. The approximation in
(26)-(27) above has been built on the representation (29), in which we have chosen
the numerically cheaper explicit form (7 = 0).

Since replacing W2(-, po) by (the more convenient quadratic) functional || - — '00”?{;01

introduces an extra source of error in our scheme, we wish to briefly discuss this
error at the continuous level i.e. the minimization problem (12). More precisely,
given py with a smooth and positive density, setting

LPO = H ’ _pOH?q;Ol?
consider

pr = argmin {TF + %W;(, po)}, o, = argmin {TF + %LPO}.

Arguing slightly heuristically as in the end of Chapter 7 from [50] (see also [48] for
more details), when p is close to py and has a positive and smooth density, there

holds )
W5 (1, po) = Lo (1) + 0(Lpo (1)) (30)
Since «, is smooth and positive, this entails:

%Wf(m,po) = %Lpo(m) +0(Lyy(pr)) < 7(F(po) = Flp-)) = O(7),  (31)

and by the very definition of o, we also have

S L () < 7(F(po) = F(ar)) = O(7). (32)
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Using the fact that «; is a critical point of the functional 7/ + %LPO which is more

convex than the quadratic term %Lpo, we get

1 1 1
o = arlBs < SLl07) + TF(pr) — SLy(ar) — 7F(a)
1 1
< W2 (prp0) + TF(pr) = S W@, po) = TF(0r) + 0Ly (1) + Ly (7))
< ofr)

where we used (31)—(32) in the second line and the construction of p, in the last

line. We thus have an error bound of the form ||p, — aTHHp_Ol = o(72).

5.2. The discretized dual problem

Somehow mimicking the continuous duality formulation, using the fact that the
(discretized) linearized Wasserstein term can be written in dual form via the support
function of the parabola K as in (9), we can reformulate (26)—(27) in inf-sup form

N 2
. mj . _ * Z z
inf ;21 Sy T, {<¢>,p po = Dj(m)) + 5 {a, p) + 3 <5,Dh(p)>} (33)

by standard arguments (see chapter VI in [25]) the above Lagrangian has a saddle
point and the dual is obtained by switching the inf and the sup. Doing so, we obtain
that the saddle point satisfies

m = poDno, &+ 2 (a+ D;B) =0

from which we can eliminate the variable o = —% — D; B so that (¢, 5) solves the
dual of (26)-(27) which can be written as

N
. 1 2 ) 2¢ *
inf {55 ;po,j(Dhas)j +{0.p0) ¢ (-2~ DB, B) € K} (34)

where of course, we have changed the sign in the dual to have a convex minimization
problem instead of a concave maximization one.

As we shall see in the next paragraph, problem (34) is amenable to the Chambolle-
Pock algorithm, and finding the optimal ¢ we can of course recover the optimal p
(nonnegative by construction since ok (p, m) = +oo if not) by

p = po+ Dy (poDro).

5.3. Solution by the Chambolle-Pock algorithm

Given two lsc convex functions ®: R? — RU {400}, ¥ : R" - RU {+o0} and A
an n X p matrix, consider the convex minimization

inf {®(2) + U(Az)} = inf {P(2) + sup{q- Az —¥*(¢)} ;.

z€RP z€RP { gERn } (35)
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Recalling that for a convex lsc function G: R? — R U {+o0}, the proximal operator
of GG is defined by

proxg(z) = (id +0G) ! (x) := argmin{%pc —y*+G(y)}, Vz € R?
yERP

and that G is called simple whenever prox (or prox,.) can be computed in closed
form. By Moreau’s identity (see [3]):

proxg. = id — proxg

we see that G* is simple as soon as GG is. Note also that if G is the characteristic
function of a closed convex set C', prox, is the projection onto C', hence, if projecting
onto C' is closed form, both G and its Legendre transform G* = o¢ (the support
function of C') are simple.

The Chambolle-Pock primal-dual algorithm consists in iterating the proximal steps:

£+ = prox,ge(q' + oAa) (36)
2 = proxge (2 — SA* ") (37)
and the extrapolation step ot =2 At (38)

Chambolle and Pock proved in [19], that, provided:
o there exists a saddle point for (35) (i.e. a pair (z,¢q) such that ¢ € O¥(Az) and
—A*q € 09(2)),

« the (positive) steps o and ¢ are chosen such that
ad||Alls, < 1, (39)

then, the Chambolle-Pock iterates (z*, ¢*) converge to a saddle point (so that the first
component solves (35) and the second solves its dual). Chambolle-Pock certainly
is a good choice for solving (35) if & and ¥ are nonsmooth but simple (note that
contrarily to ADMM we never have to project on the range of A but just to compute
Az' and A*¢').

Let us now consider (34) and write it in the standard form (35), setting

2= (¢,6), and Az= (=22 - D;3,0). (40)

Remark that ||A|op ~ max(77*, h~!) which depends directly on the time and space
discretization steps, how these steps and o and 0 are chosen in practice will be
discussed in paragraph 5.4. Then (34) corresponds to

N
P(z) = % > oy (Dh¢)j + (&, po)
j=1

0 if (aj,B;,) e Kforj=1,...,N
and \P(a,ﬁ):{ (]5]) J

+00  otherwise.

Observe first that ¥ is simple since the projection onto K which can be performed
on each grid point is almost explicit (see [4] and [47] for details).
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As for the weighted discretized Dirichlet energy @, it is also simple since computing
its proximal operator amounts to solve a linear system discretizing a linear elliptic
equation. More precisely prox;e (oo, 5o) = (¢, Bo) where ¢ solves

¢ + 0D;, (po Dnd) = ¢o — dpo.

This shows the feasibility of the Chambolle-Pock algorithm for (34) which is illus-
trated in the next paragraph. Note that the convergence is ensured but can be quite
slow, see Figure 1 for convergence curves and a discussion associated with the test
cases of Section 5.4.

Linf Convergences Linf Convergences

Log10(Linf)
Log10(Linf)

_,|—Function (F) increment ! —Function (F) increment
--—- Primal Gradient \ "‘EL 4 7*|--~-Primal Gradient
-16|— — Dual Gradient 3 — — Dual Gradient
0 0.5 1 1.5 2 25 3 3.5 4 4.5 7160 0.5 1 1.5 2 25 3 35 4 4.5 5
Log10(lteration) Log10(lteration)
Linf Convergences Linf Convergences

Log10(Linf)
Log10(Linf)

’ —Function (F) increment 4 ¢ —Function (F) increment
+41--=- Primal Gradient ! <14| == Primal Gradient
I Dual Gradient o B Dual Gradient
0.5 1 15 2 25 3 35 4 45 5 0 0.5 1 15 2 25 3 3.5 4 45 5
Log10(lteration) Log10(lteration)

Figure 1: Convergence for the first KO step starting with (41). Test 1 to 4, left
to right and top to bottom. In ||.||cc norm we show the iteration increment on
F, and also the primal and dual gradient error respectively ||[A*q 4+ 0®(2)|l and
1Az — 097 (q) |-

5.4. Simulations
The method described above is used to perform simulations in d = 1 and periodic
boundary conditions. We use the following set of test cases :

Test 1: po(x) = cos?(mx).

(41)

()

Test 2: po(z) =

Test 3: po(z)
()

Test 4: po(x
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Test cases 1 and 2 were treated in [8] providing reference results, the proposed test
cases 3 and 4 are similar. Simulations show (Figure 2) a fast diffusion towards a
constant equilibrium (there is no forcing potential). The results are consistent with
Figure 1 on page 15 in [8].

DLSS Densities DLSS Densities

Log10(Density)
Log10(Density)

t=10"°

DLSS Densities DLSS Densities

—1=0
N —1=10° ,
t=10° /

—t=10"*
=103

Log10(Density)
Log10(Density)

L L L L L L L L L E L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1

Figur 2: DLSS with initialisation (41), Test 1 to 4, left to right and top to bottom.

Choice of numerical parameters: We have been using N = 128 grid points in space
(i.e. 1/h = N = 128). The DLSS Finite Difference discretisation approach in [8]
uses a time discretization 7 of the order of A* (the authors of [8] take 1/h = N = 100
and 7 = 1078). We observed exzperimentally that our method gives consistent results
using exponentially increasing time steps. We take hy = 10~ and hy, = 10* hy. This
choice a a strong impact on the convergence (at each time step) of the Chambolle
Pock Algorithm. It depends on the norm of the operator A which is of the order
[Allop ~ max(77 h™') (see (40) in section 5.3). We therefore expect that the
convergence will be slow at the begining and improving as the the time step increases.
This is what we observe in practice, the first iteration generally needs 10° iterations
to converge to machine precision, see Figure 2 and as time ¢ increases, the last JKO
steps are computed with “only” 10 Chambolle-Pock iterations (not represented).
Finally, for the Chambolle-Pock steps, we have used o = 1/2 and 6 = 0.99/(c [|A[|2,)
to comply with the convergence condition (39).
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