MASS TRANSPORT PROBLEMS FOR THE EUCLIDEAN DISTANCE
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OBSTACLES

J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

ABSTRACT. In this paper we analyze a mass transportation problem that consists in
moving optimally (paying a transport cost given by the Euclidean distance) an amount
of a commodity larger or equal than a fixed one to fulfil a demand also larger or
equal than a fixed one, with the obligation of paying an extra cost of —g;(z) for extra
production of one unit at location = and an extra cost of gs(y) for creating one unit
of demand at y. The extra amounts of mass (commodity/demand) are unknowns of
the problem. Our approach to this problem is by taking the limit as p — oo to a
double obstacle problem (with obstacles g1, g2) for the p—Laplacian. In fact, under
a certain natural constraint on the extra costs (that is equivalent to impose that the
total optimal cost is bounded) we prove that this limit gives the extra material and
extra demand needed for optimality and a Kantorovich potential for the mass transport
problem involved. We also show that this problem can be interpreted as an optimal
mass transport problem in which one can make the transport directly (paying a cost
given by the Euclidean distance) or may hire a courier that cost g2(y) — g1(x) to pick
up a unit of mass at y and deliver it to x. For this different interpretation we provide
examples and a decomposition of the optimal transport plan that shows when we have
to use the courier.

1. INTRODUCTION.

Our main goal in this paper is to show that the limit as p — oo for the double obstacle
problem for the p—Laplacian gives a complete answer to an optimal mass transport
problem with the Euclidean distance.

Consider the following variational problem where a double obstacle is considered,

(1.1) inf /'v“ /f
u € Whr(Q): [9)

g1 <u<gz inQ

We show that, provided that the restriction set is not empty, the obstacle problem has a
solution for every fixed p > N and, in addition, under a natural Lipschitz-type constraint
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on the obstacles, we prove that there is a uniform limit (along subsequences) as p — oo,
U, that is a solution of the variational problem

(1.2) max /w(:c)f(a:) dz .
w € WhHe(Q): Q
[Vwllpoo (o) < 1,
g1 <w< g2 in

As we have mentioned, our main aim is to relate this optimization problem with an
adequate optimal transport problem.

Limits as p — oo of similar type problems are related to optimal mass transport
problems for the Euclidean distance. In fact, this relation was the key to the first
complete proof of the existence of an optimal transport map for the classical Monge
problem given by Evans and Gangbo in [7]. See also [9] (in fact this work contains and
extends some of the results proved there), where a problem with import/export taxes
was studied, and [10], where an optimal matching problem is analyzed. Note that the
usual Euclidean distance is not a strictly convex cost. This makes this optimal mass
transport different from the strictly convex cost case in which there is existence of a
convex function (solution to a Monge Ampere type problem) whose gradient provides
an optimal transport map, see [13]. For notation and general results on Mass Transport
Theory we refer to [1, 3, 6, 7, 13] and [14].

We are going to show that the limit variational problem (1.2) is related with the
following optimal transport problem (see the next section for a precise mathematical
formulation):

An optimal mass transport problem with taxes. Assume that we have some production in
a domain €2 encoded in f, and some consumption encoded in f_. We have the right to
enlarge our previous production f,, overall the domain included the boundary, paying
an extra cost given by —g;(z) for each extra unit that we can produce at x, and we can
create new demand paying an extra cost given by go(y) for each extra unit of demand
created at y (for example, this can come from advertising). Our main goal is to move
the whole production and satisfy the whole demand minimizing the total cost of the
operation. To transport one unit of material from x to y we pay as transport cost the
Euclidean distance |z —y|. We will prove that solutions to the p—Laplacian type problem
associated with (1.1) give an approximation to the extra production/demand necessary
in the process and to a Kantorovich potential for the corresponding transport problem.

Let us now introduce a different interpretation (for precise details see Section 3).

An optimal mass transport problem with courier. Assume that we want to transport
an amount of material f, to a location f_ (now, for simplicity, we can suppose with
[ f+ = [ - for a better understanding of the interpretation). To do this task we have
to possibilities: we can use our own vehicle and pay the distance |z — y| for every unit of
mass that we move from x to y or we can hire a courier from some location 2z to w, this
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courier charges us with go(2) for taking a unit of mass at z and —g;(w) for delivering it
at w, in this case, to send one unit of mass from x to y, we pay |z — z| (the transport
cost from the position x to the location z where we hire the courier), plus g2(z) — g1(w)
(the cost of the courier), plus |w — y| (the transport cost from the delivery place w
to the final destination y). Our goal is to transport the total amount of f, and cover
the total amount to f_ minimizing the total cost. This problem is equivalent to the
previously described. Note that for locations z and w with go(2) — g1(w) small respect
to the distance |z — w| it will be convenient to use the courier instead of taking the mass
ourselves. On the other hand, when g(z) — g1 (w) is large it will be better to do the task
by ourselves. Of course, the total amount of mass that is carried by the courier and the
locations at which/from it is delivered are unknown relevant quantities. In particular we
want to know when we can find an optimal solution to this problem without using the
courier and when we need to use it. As we will see here the p—Laplacian approximation
provides an approximation to the whole set of unknowns.

The organization of the paper is the following: In Section 2 we state and prove our
main results concerning the limit in the obstacle problem for the p—Laplacian and the
solution to the optimal mass transport problem with taxes; in Section 3 we deal with the
courier interpretation of the limit and finally we gather in the Appendix some max-min
duality arguments that are not needed when we perform the p—Laplacian approach but
are related to the optimal mass transport problems studied here.

2. MAIN RESULTS.

Let f., f— be two bounded non-negative functions in RY with compact disjoint sup-
ports. We set f := f, —f_. Let Q C RV be an open bounded set with smooth boundary
such that supp(fy) CC Q. Given g; € C(Q), with g1 < g2 in Q and N < p < 400, we
set

Wyl () ={u e WH(Q) : g1 <u<yg, in Q}
and consider the functional

p
U,(u) == / de—/f(x)u(ac) dx.
Q p Q
Assuming that WP (Q) # (), since W2 (Q) is a closed convex subset of W!?(Q) and

91,92 91,92
the functional W, is convex, lower semi-continuous and coercive, the variational problem
(2.1) min U, (u)
u€Wg ;g (€2)

. . . . 17p
has a minimizer u, in W7 ().

Note that, in general, this minimizer is not unique. However, it can be unique in some
cases, a simple example is the following: if min g, = maxg; = k and f; = f_ = 0 then
u, = k is the unique minimizer.
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Also it is well known that w, is a solution of the variational inequality
(2.2) /|Vup|p *Vu, - V(w — uy) /f w — uy) Vwe W,r (Q).

Let us assume that g¢;, go satisfy the following condition:

(2.3) 91(z) — g2(y) < |z —y| Vi,y e

We use this condition in the next result to obtain that nglpg2( ) # 0.

Theorem 2.1. Assume that g1, g» verifies (2.3). Then, the minimizer u, of problem
(2.1) exists and, there exists a sequence p; — 400 such that u, — us uniformly as
i — 00, being us a mazimizer of the variational problem (1.2), that is,

20 [ o)) de = max{ [ wlo)fo)dos 0 e Wiz @), [Vuilime <1},

where W (Q) ={ue Wh>(Q) : g1 <u<gy in Q}.

91,92
Proof. Let us see that there exists w € W% (Q) with [|Vw||peq) < 1. In fact, let us
consider

w(z) == max {gi(y) — [z — y[}.
yeN

We have that |w(z) — w(y)| < |z —y| and
w(z) > g1(x) for x € Q.

Moreover, as (2.3) holds, we have

a(y) —le—yl < glz)  Va,ye,
and hence we obtain

w(z) = max {o0(y) —lz—yl} < g2(x) Ve

Therefore, w € W% (Q) with [|[Vw||peq) < 1. Consequently, W, (Q) # 0 and a

minimizer u, exists. Moreover, for any functions w € W,;% (Q) with [|[Vw||pe@) < 1,
we have

23 = [ [1vur- [ o< [wor- [ o< [

The following Morrey’s inequality holds
(2.6) lullLee ) < C1||Vu||roy for any u € WyP(Q), p> N,
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holds with constant C} not depending on p (this follows, for example, from [11, Theo-
rem 2.E]). Since the functions (u, — maxaq go)*, (u, — mingg g1)~ € Wy (Q), applying
inequality (2.6), we get

[ud | 2o ) < Crll V| o) + | max g,
and
[y 2o (@) < Chl[Vp|| ooy + [1min gi].
Hence, we have
[upll o) < 2C1|Vup|l o) + 1911l @y + [192]] Lo @) -
From where it follows that
(2.7) [upllzrie) < Col[Vupllzr) + Cs,

where the constants C; are independent of p. Moreover, from (2.5), using Holder’s
inequality and having in mind (2.7), we get

1
];/Q [V, [P < Cu(l|upl|r) + 1) < Cs([|Vup| o) + 1),

from where we get
(2.8) ”VUPHZ;(19) <pCs Vp > N,

with C; independent of p. From (2.7) and (2.8), we obtain that {u,},>n is bounded in
WhP(Q). We have in fact (see [4]) that,

() — up(y)| < Crlw — gy~

with C; not depending on p. Then, by the Morrey-Sobolev’s embedding and Arzela-
Ascoli compactness criterion we can extract a sequence p; — +oco such that

Uy, = Us uniformly in Q.
Moreover, by (2.8), we obtain that
| Vtso |loo < 1.

Finally, passing to the limit in (2.5), we get

[ nt@)st0) e = max{ [ wio)flo)dos w e Wiz @), [Vuilie <1},

as we wanted to prove. [
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2.1. An optimal mass transport problem with taxes.

Let
A(fe f2) i ={p e MT(Qx Q) :+ m#pu > fr and m#p > f_}

be the set of transport plans between masses larger or equal than f, and than f_. m; and
7o are the first and second projection on RY x RY. By commodity, and for simplicity
in the notation, we will write in all the paper fi instead of fi£" when we use such
identification.

The first mass transport problem described in the introduction can be stated as the
following minimization problem:

2.9 min  F(u),
(29) HEA(f+.f-) (W

where

F(M):/ﬂ |x—y|du—/led(m#u—f+)+/s2g2d(7r2#p—f_).

xQ

Remark 2.2. Observe that this problem makes sense if we impose condition (2.3),
otherwise the above minimum can be —oc.

We have the following result, in which we give the relation between the limit variational
problem (1.2) and the above mass transport problem.

Theorem 2.3. If g; and g, satisfy (2.3), then

2.10 dr:w e Wi (Q), [Vwlpe@ <1p = min  F(p).
( ) max{/gw(m)f(x) T w gth( ), IVl L) < } ME./‘{?flﬁff) ()

Before proving this result let us pay attention to the following remark.

Remark 2.4. Fix u € A(fy, f-) a measure where the minimum in (2.10) is taken. If
Wi == mi#u, i = 1,2, by the Kantorovich-Rubinstein Theorem (see [13]), we have

(2.11) min{/ |r—yldv: ve H(ul,ug)} = max{/ud(ul —l2): u€ Kl(ﬁ)} ,
ax0 Q
where TI(p1, 19) denotes the set of transport plans between uy and pus, that is,
I pq, po) = {V EMT QX Q) : m#v =y and m#Hv = ,ug} ,
and K;(Q) is the set of 1-Lipschitz continuous functions in Q.

Let us see that p is an optimal transport plan for (2.11), that is, a minimizer for
Problem (2.11). Indeed, if v, € II(u1, p2) is an optimal transport plan for (2.11), then,

as p € H(u, po),
/Iﬂf—y|dvu§/ |z —yldp.
QxQ QxQ
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Now, since

/Q grd(midtv, — F) — / godd(modtv, — f) = / g — f1) — / gadd(jiz — £.).
we have

/QXQ |z — yldv, — /led(ﬁl#% —fy)+ /ngd(@#% - f-)

g/ \x—y\du—/ggld(ul—f+)+/992d(/$2—f)~

QxQ

On the other hand, since v, € A(f+, f-),

/Qm |z — yldp — /led(ﬂl —fo)+ /ngd(MQ - f-)
< /QXQ |z — yldv, — /led(ﬁl#% —fo)+ /Qg2d(7T2#Vu - f2).

Therefore, the above inequality is an equality and then

/|x—y|du=/|$—y|dvu,
QxQ QxQ

and consequently g is an optimal transport plan for (2.11).

Let u* be a Kantorovich potential in (2.11), then

/ e —yldp= /u*dwl ).
QxN Q

Hence, for uy, the maximizer in (2.4),

Justti== [ fo=sldn= [ s =10+ [ witn 1)

- /Qu*d(m — 1i3) —/le d(py — fy) +/ng d(pe — f-),

and, then, since uy, > g1 and p; — f1+ > 0, and vy < go and ps — f- > 0, we have
/Quood(m—uz) :/Quood(f++/v01—f+—(f—+ﬁb2—f—))
Z/uoo(f+—f)+/gld(u1—f+)—/gzd(uz—f)—/u*d(m—uz),
Q Q Q

)
that is, us is also a Kantorovich potential for (2.11). From this last expression we also
deduce that

(2.12) Uo = g1 (1 — fy) —ace., and Uso = g2 (2 — f-) —ae.
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We will prove Theorem 2.3 by using the following key result. The importance of this
result not only resides on the above question but on the fact that, as we will inter-
pret afterwards, it gives a direct approximation to the unknowns of the mass transport
problem.

Theorem 2.5. Assume that g1, go verifies
(2.13) gi(@) = g2(y) <o —y| Va,ye.
For p > N, let u, be minimizers to Problem (2.1), and set X, := |Du,|[P~>Du,. Then,

1. There exist Radon measures n, supported on Q such that
(2.14) /pr -V = /thp + /ngdnp Vo € WHP(Q).

2. There exists a sequence p; — 400, converging uniformly to us, stated in Theo-
rem 2.1, such that

X,, = X weakly™ in the sense of measures,

with —div(X) = f in the sense of distributions in {x € Q : ¢1(x) < ux(z) < g2(x)},
and
Ny, =V weakly™® in the sense of measures,

with
(2.15) /Vgde:/fgo—l—/godV Ve Whe(Q).
Q Q Q

3. Us 18 a Kantorovich potential for the classical transport problem for the measures
A LYLQ+ VT and f_LYLQ+ V.

Proof. Since g; and u,, are continuous functions and having in mind (2.13), we have the
set, which depends on p, O = {z € Q@ : ¢1(z) < uy(z) < g2(x)} is a nonempty open
set. We claim that

(2.16) —div(X,) = f in the sense of distributions in O.

To see this, fix any test function ¢ € C§°(0). Then if |t] is sufficiently small, w :=
u, +tp € JyLec (£2). Thus (2.2) implies

91,92
/ ]Vup]p 2vu;ﬂ Vi > t/ fo.

This inequality is valid for all sufficiently small ¢, both positive and negative, and so in

fact
/ Vi P2V, - Vip = / fo.
O (0]

and consequently (2.16) holds.
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By (2.16), the distribution 7, defined defined in RY as

(2.17) {Np, ) iz/ﬂ?fp-vso—/ﬂfso Vi € Cg°(RY),
vanishes in O, consequently
(218)  supp(n,) € {o € D: uy(a) = g1()} U{e € Dt uy(a) = gulo)}.

On the other hand, if ¢ is a positive smooth function whose support does not touch
{r € Q : uy(z) = g2(x)} (which is separated from {z € Q : u,(x) = gi(x)} by the
continuity of u, and the strict inequality in (2.13)) then there exists 6 > 0 such that
u, +tp € WP (Q) for all 0 < ¢ < . Thus (2.2) implies

91,92
t/ |Vup|p_2Vup -V > t/ fo,
Q Q

and consequently
(mp; 0) = 0.
Similarly, if ¢ is a positive smooth function whose support does not touch {z € Q :
up(z) = g1(x)},
(1p, p) < 0.
Fix two functions ¢; € C5°(RY) such that

@ { L up(z) = gi(2),
p1lx) =
0, up(z) = g2(x),
and
L, up<$> = 92(x)7
p2(z) =
0, uy(x)=gi(z).

By (2.18), we can write n, = 11 + Ty with (T}, ¢) = (n,, pw;). Now, the above ar-
guments show that 77 and —75, are nonnegative distributions and so Radon measures.
Consequently, 7, is a Radon measure. Moreover,

(2.19) supp((n,) ") C { € Q1 uy(2) = g1 (2)},
and
(2.20) supp((n,)7) C {z € Q : uy(x) = go(2)}.

In addition, by density ([4, Corollary 9.8]) and Rellich-Kondrachov’s Theorem ([4, Corol-
lary 9.16]), we obtain (2.14).

Using (2.13), there is 0 < L < 1 such that
g1(@) = g2(y) < Llz —y| Va,ye
Therefore, if we define

w(a) = inf (92) + LIz ~ ).



10 J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

we have w is a L-Lipschitz function in Q satisfying
gi1(7) <w(z) < gao(x) VaeQ.

By (2.14), since u, —w € W'?(Q), and having in mind (2.19) and (2.20), we get

[ - /X V(e —w) =~ [ (= w)in

/X Y (up — w) — / <gl—w>dn;+/ (g2 — w) dn.
{g1=up} {g2=up}

Then, since gy —w < —¢, with ¢ > 0, and go —w > 0, by Holder’s and Young inequalities,
it follows that

/|Vup|p—|—c/dn;S/(up—w)f+/Xp-Vw
Q [9) Q Q

ﬁ 1 L 1
<C+ (/ |Vup|p) LIQ»" <C+ —// |V, [P + =92
Q P Ja p

1
(1——)/|Vup|p+c/dn;§0+z—?|9|.

Therefore, since 0 < L < 1 and ¢ > 0, we obtain that there exist positive constants A,
A, not depending on p, such that

Hence,

(2.21) / V| < Ay, Vp>N+1,
0
and
(2.22) /dnp < Ay, Vp>N+1.
0

Moreover, working similarly, changing the function w by the function

w(x) = sup(g1(y) — Lz — yl),
yeQ

we get
(2.23) /dnp < Az, Vp>N+1,
Q

with A3 a constant not depending on p.

As consequence of (2.21), we have that
(2.24) the measures X,LY Q) are equi-bounded in €,
and from (2.22) and (2.23), we have that

(2.25) the measures 7, are equi-bounded in Q.
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Moreover, by Theorem 2.1, there exists a sequence p; — +o00 such that

Up, = Uy uniformly in Q,  with ||[Vie|lee < 1,
From (2.24) and(2.25), there exists a subsequence of p;, denoted equal, such that
(2.26) X,, = X weakly” as measures in (2,
and
(2.27) ny, — Vi weakly® as measures on Q.

Let us write V =V, — V_. Since the sets {us = ¢1} and {us = g2} are separated, we
have, V* =V,

(2.28) supp(V") C {2 € Q : uo(z) = 91(7)}
and
(2.29) supp(V7) C {z € Q : uso(2) = go(x)}.

From (2.16) , (2.14), (2.26) and (2.27), we obtain that —div(X’) = f in the sense of
distributions in {x € Q : ¢1(z) < us(x) < g2(x)}, and (2.15).

Set ¢ = Uy in (2.14) for p = p;. Then taking limit as ¢ — oo and having in mind
(2.27), we get

(2.30) lim X Ve = /fuoo /uoodV

1—00

Let v. € C3°(RY) uniformly converging to us as € \, 0, with ||Vv ]| < 1. By (2.14),

we have
/ . Vg :/f(uoo—ve)+/(uoo—ve)dnpi+/Xpi - V..
0 0 Q

Then, by (2.26), (2.27) and (2.30), taking limit in the above equality as i — oo, we
obtain

(2.31) /fuoo /uoo dy = /f Uso — Ve) +/Q(u°° —v) dV—ir/QVve dXx.

Now we are going to show that, as € 0,

(2.32) Vv, converges in L?(|X|) to the Radon-Nikodym derivative ——- 5k

To do that we use the technique used in [1, Theorem 5.2]. We first notice that the
functional ¥ : [C(Q, RY)]* — R defined by
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is lower semicontinuous with respect to the the weak convergence of measures for any
w € C(Q,RY). Next, we observe that
2

— Vo,

(2.33) lim lim sup/ =0,

=0t 00

] X

where v, € C5°(RY) are functions uniformly converging to s, with |[|[Voc|loc < 1. Indeed,

/ 4 2/ [V, [ (1 = —We'v“”i)
Q |Vupz

Pi _V'Ue
2/ |V, pi—2 (|Vupi|2 — Vo, - Vupi) + wy,
Q

|,
= Q/Qf(upi —Ve) + /Q(upi - UE)dnpi + Wy,

where w,, 1= sup,s( t? "' — t* tends to 0 as ¢ — +oo. Then, having in mind (2.27) and
the uniform convergence of u,, and v, to u.,, we obtain (2.33). Now, from (2.33), taking
into account the lower semicontinuity of W, passing to the limit as ¢ — 400, we obtain
2

d|X| = 0.

— Vo,

Consequently, (2.32) holds true.
Now, having in mind (2.32), if we take the limit in (2 31) as € \, 0, we get

(2.34) /fuoo /ude—hm/V”U6 Ed d|lX| = /d|X\.

Giving a function ¢ € C5°(RY) with ||Vl < 1, by (2.15) and (2.34), we have

/S)uoof+/52uoodV:/d|X|>/ 5 VpdlX| = /Vgodé\? /tpf+/g0dv

Then, by approximation, given a Lipschitz continuous function w with ||Vw|. < 1,

we obtain
/uoof—i—/uoodV>/wf—i—/de

On the other hand, taking ¢ = Xq in (2.15), it follows that the total masses of the
measures f, LV I_QjLVJr and f_LYLQ+V™ are the same. Therefore u,, is a Kantorovich
potential for the classical transport problem associated to the measures f, LV L Q + V+

and f_ LNLQ+ V. O

To prove Theorem 2.3 we will also use the following result, which, in addition, will be
relevant in the next section.

Theorem 2.6. Given an optimal measure p for Problem (2.9), there exist non-negative
Radon measures p;, © = I,11,111,1V, satisfying:
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o= pr + forr + prrr + v,
A (e + par) = fy,

m# (e + prv) = m#m — fi,
T (s + prrr) = f-,

T (pr + prv) = moFtp — f-,

2. ppy is supported in the set {(z,y) : ¢1(x) — g2(y) = | — y|}.
3. s+ prr + prrr s also an optimal measure for Problem (2.9).

4. uso(z) = g1(x) for m#urr — a.e. x and us () = go(x) for moHu — a.e. x.

Proof. To construct measures u; satisfying the above properties, we first disintegrate pu
as

(e, y)dp(z, ) = ‘/(/wwydm )dmﬁd% Vi e C@x D),

axQ
being y, probability measures in Q such that = ~— y, is 7 #u-measurable (see [5] or [2]).
Now, we define the non-negative Radon measure p® in Q x Q as:
(e, y) (2, y) /(/wxydw )@M),vweC@xﬁy
axQ

Since [ dpl(y) =1 for m#pu-a.e. x, and, so, for fi-a.e. z, for any ¢ € C(Q), we have

[ e@mtew = [ pmmacta) = [ ([ o) .o

— /Q o(z) ( /Q dug(y)) dfy () = /Q p(z)df+ ().
Thus,

(2.35) T = .

Let us also define p® := p— pu®, which is also non-negative. Disintegrating the auxiliary
measures p¢ and p® with respect the second projection we have, for all ¥ € C(Q x Q),

axQ v )@, 9) / (/ (@, y)dpy (v )d@#,ﬂ(y)

and

()i (. ) = /(/wxw% )mﬁMM-

axQ



14 J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

Then, we define, for ¢» € C(Q x Q), the non-negative Radon measures j; as:
(2.36)

QxQ

U(,y)dur(z,y) / (/ U(,y)dpy(z ) d(f- N ma#u)(y),

QxQ

Sy = [ ( Rz )dm#w—fﬁ(y),

QxQ

Uz, y)dprr(z,y) / (/ () dpy (x ) d(f- — f- Nma#tu®)(y),

(@, y)dprv (z,y) / </ U(x,y)du (z ) ) | d(mo#n’ — (f= — f- Ama#u®)) ().

Since, 0 < f_ — f_ Am#u® < m#u®, we have that all the measures p; are non-negative
Radon measures in 2.

aQxQ

Since mo#Hu® = f_ Amo#u® + (me#u® — f-)T, we have u* = py + puy; and consequently
by (2.35), we get

m#(pr + prr) = [y
On the other hand, u® = prrr + prv, then
T # (o + prv) = AU = T — mHALS = mp — [y
Moreover, for any ¢ € C(Q), we have

/Q o) dmott (s + prnr)(y) = / plmala, ) + ) a.)

Qx

_ / (1) ( / du;@)) A A o) ()
n /Q o(y) ( /Q dug(:p)) d(f- — f- Amagtu®)(y)
= /Q e(y)df-(y).

Hence,
moft (1 + prrr) = f-.
Finally,
Toft(prr + prv) = mott(u — (1 + parr)) = ma#tp — f-.

Therefore the whole contents of Item 1 are proved.

Having in mind the decomposition of x obtained in the previous step, we can then
write the total cost functional as
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(237)  Flu) = / & — gl dus(z, )

QxQ
(2.38) —i—/Q ﬁ\x—z|d,u11(:c,z)
(2.39) +/ng(2)d7f2#ﬂn(2)
(2.40) —/991(@0)%1##111(@”)
(2.41)

+/Q ﬁ\w—y!duln(w,y)
(2.42)
"‘/ |w_Z’dMIV(w>2>_/le(w)dﬂ'l#ﬂlv(w) +/Qg2(2)d7ﬁ#ﬂlv(2)-

QxQ

Now, it is clear that p; + prr + prr € A(fy, f-) and that

(2.42) = / (o= 91— 0(0) + 0a(0)) iy >0

Therefore

and the assertions of Item 2 and 3 the proved.

Finally, as consequence of (2.12) and Item 1, we get Item 4. O
S

Remark 2.7. Observe that Item 1 in the above theorem is also true for any p
A(fy, f-), and that for any such pu, the transport cost F(u) is also given by (2.38)-
(2.42).

Proof of Theorem 2.3. Given p € A(f+, f-) and us as in Theorem 2.1,
[ uta)feo) = (@) da
— [udmit— [ usdmittn = 1)~ [ wdratt [ wd(matt— £)

Q Q Q Q

S/Q |x_y|dﬁb—/ﬂg1d(7ﬁ#ﬂ—f+)+/Qg2d(7r2#,u—f_)

xQ
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Then,

de:w € Wi, (Q @ <1t < mi .
max{/Qw(ZE)f(ZE) ziw € W (Q), [|Vwl| gy < }_ueﬁ?ﬁf)]:(“)

Let us prove now the reverse inequality. Let us first assume that we are under as-
sumption (2.13). Take f; :== fL LYLQ+ VYVt and fo := f LYLQ + V~. We have that

Juwdtii= = win [ oeylar= [ o=yl
Q vell(f1,f2) JOxQ Ox0

for some vy € II(fy, f2). Since m#uy = fLLYLQ + VT, m#y = fLLYLQ+ V", we
have vy € A(fy, f-). Then, having in mind (2.28) and (2.29), we get

/uoo<f+—f_>=/ |:c—y|duo—/gldv++/gzdv—
9] QxN Q Q

_ / o=l - /Q g1 d(mtivy — f) + /Q oo d(mativy — ),

9)
and consequently

/Q oo (@) (fo () — fo(@))dz > min F(u).

- /'LEA(f+7f—)

The result under condition (2.3) now follows by approximation. Indeed, let g1, go.n €

C(Q), satisfying

Gin(x) — gnly) <|lz—y| Vaz,ye,
and

gim = gi uniformly on Q, i=1,2.

By the previous argument, there exist uy,,, € W (Q), with ||Vuesenlleo <1 and gy, <
Uson < G2, o0 €, and there exist measures u, € A(fy, f-) satisfying

[ toen@)(fla) = 1)) do
(2.43) “
:/ e —yldun — /le,nd<771#,un —f )—i—/ﬂgmd(m#un - f7).

QOxQ

By the Morrey-Sobolev’s embedding and Arzela-Ascoli compactness criterion we can
suppose that, for a subsequence if necessary,

Uson = Use uniformly in Q.

Moreover,
[Visolloo <1, and g1 < s < go on Q.
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On the other hand, since g1 ,(x) — g2n(y) < |z — y|, by Theorem 2.6 p, = (un)s +
(,Un)H + (,un)][[, and we have

Nn<ﬁ X ﬁ) < ((pn)r + (ﬂn)ll)(ﬁ X ﬁ) + ((pn)1r + (Un)III)(Q X Q

= ()1 + () 1) (@) + ot ()1 + () 111) / o+ / I

for every n € N. Therefore, we can assume that j, — 1o weakly* as measures in Q x ),
with g € A(fy, f-). Then, passing to the limit in (2.43) we finish the proof. O

3. AN OPTIMAL MASS TRANSPORT PROBLEM WITH COURIER.

Let us see that Theorem 2.6 is decomposing a minimizer of Problem (2.9) (which is
not unique in general) in the sum of measures that describe the mass transport problem
with courier stated in the introduction.

1. Since m#(ur + prr) = fo and mo# (ur + prrr) = f-, pr is the part of the plan p that
takes a part of f, to f_ using our own vehicle; and for this part of the transport plan
we are paying (2.37).

2. Since m#(pur+prr) = f+ and mo#(prr+ prv) = meFu— f—, pyr is the part of the plan
that takes (with our vehicle) what is left of f, to places where we will use the courier;
the costs of this transport are represented in (2.38).

3. Now the courier takes mo# 1177, Wwe pay go for each unit of mass that we deliver, and
leave it at mi#urrr where we pick it up, paying —g; for each unit of mass; these costs
are the sum of (2.39)+(2.40). Note that mo#ur; and m#pur; have the same total mass
if it is so for f, and f_.

4. Since m#(prrr + prv) = m#Fp — fo and mo#(ur + prrr) = f-, prr is the measure
that tells us how to transport what is in 7w #u;;; to what is needed to complete f_; the
cost of this operation is given by (2.41).

5. Finally, p7y is a not a relevant part of the plan p since (2.42)= 0. The fact that pujy
is supported in the set {(x,y) : g1(x) — g2(y) = |z — y|} does not exclude the possibility
that part of the other measures that appear in the decomposition can be also supported
there.

Remark 3.1. We want to remark that the variational approach to the problem gives an
approximation to the extra masses involved in the process, which are unknowns of the
problem, besides the approximation to the Kantorovich potential .

We want also observe that this potential u., is a Kantorovich potential, not only for the
transport of m#u to w1, but also for each transport detailed in the above description.
Indeed, since mi#uy, m#urr and moFpyr are absolutely continuous with respect to the
Lebesgue measure, by the Sudakov Theorem (see Theorem 6.2 in [1]), there exist
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t1 : supp(m#ur) — Q2 an optimal transport map pushing m#p; forward mo#pr;

ty : supp(mi#urr) — Q an optimal transport map pushing m#u;; forward mo#p;r; and
ts : supp(me# i) — € an optimal map transport pushing me# s forward mi# ;.

Consider now the measure p* defined, for ¢ € C(2 x Q), as

/<P(=’7U7y)d,u*($,y)Z/go(m,tl(x))dm#,u[(x)
QX Q
+ /Q o, to(x))dmi#pr(x) + /Q o(ts(y), y)dmatturr(y),

that we write formally as (we will use this formal notation afterwards)

ILL* (1’, y) = 7T17%#[(37} ® 5y=t1(a:) + 7-‘—1#,“[[(3:) X 5y:t2(a:) + 7T2#MHI(CU) ® 5x:t3(y)-

Let us see that u* is an optimal transport plan of our problem with courier. In fact, u* €
A(f+, f-) and, according to Theorem 2.6 and Remark 2.7, pj(x,y) = m#ur(2) @0y—t, (2

M?](xa y) = Wl#ﬂ]l(x) & 5y:t2(z)a M?H(% y) = 7T2#MIII(?J) ® 5x:t3(y) and
Flu) = / & — t1(a)|dmtius () + / & — toa)|dm teprs (2)
Q Q

+/Q|y—t3(y)’d7T2#MH(y)—/le(if)dﬂl#ﬂnl+/ng($)d7T2#HH

< / e —yld(pur + prr + prrr) — /gl(ﬂf)dﬂl#ﬂln + /92(95)d7T2#MH
axQ a a

= F(pr + porr + forr),

by the optimality of the transport maps ;. Then, by Theorem 2.6, F(u*) = F(ur +
prr + ) which gives the optimality of p*. Therefore, by Theorems 2.1 and 2.3,

/Q oo () (f () — [ (2))da = F(u").

Now, from the above expression, using Item 4 of Theorem 2.6, we have that

/Uood(ﬂl#/il — ToFir) + /uood(ﬂ-l#,uff — To#pirr) + / Uood(T1# 11T — ToFF0111)
)

Q Q

:/ ]a:—tl(x)|d7r1#u1(a:)+/ o —to(x)|dmi#F s ()
QxQ QxQ

+/ ta(y) — yldma#ur(y).
QxQ

Taking into account that |Vus| < 1, we obtain that u., is a Kantorovich potential for
the transport of mi#ur to mo#fur, of mi#Furr to me#pyr, and of mi#urr to moFfursr
Also it is easy to see that u., is a Kantorovich potential for the transport of m#un, to

ToFF LTV -
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By Theorem 2.6, we know that ue(x) = g¢1(x) for m#pur — ae. x and uy(z) =
g2(x) for mo#purr — a.e. x. Then, by the Dual Criteria for Optimality, we have

Uoo (T) = Uoo (t1(2)) + |2 — t1(2)| for a.e. x € supp(m#pur),
Uoo () = ga(ta(x)) + |z — to(x)| for a.e. x € supp(mi#urr),

U (y) = g1(t3(y)) — ly — ta(y)| for a.e. y € supp(mattpirir).
Moreover,

Uso() = min(ga(z) + |z — 2z|)  for a.e. x € supp(mi#urr),
2€Q

Uso(Y) = maﬁx(gl(z) — |y —z|) for a.e. y € supp(maF#itrrr),

zE

and therefore, u,, is only determined by ¢g; and ¢ in such domains. Indeed, for each
x € supp(m#ur) there exist to(x) such that

min(ga(2) + |z — 2) = g2(t2(2)) + |2 — t2(2)| < ga(ta(2)) + |2 — ta(a)],

and £, is Borel measurable. Also, for each y € supp(mo#/ur7) there exists #5(y) such that
max(gy(2) — [y — 2[) = a1(ts(v)) = ly — t3(y)] = aults(y)) — ly — ts(y)].

t5 Borel measurable. Now,

iz, y) = m#ur(T) @ Oyt () + MFUII(T) @ Oy, () + TeF 1T (Y) @ 0piy(y)

is also an optimal transport plan, and consequently, the above inequalities are equalities
a.e.

Observe also that the supports of m#u and m#u could be not disjoint, even if we
start (as we do) with the supports of f, and f_ disjoints.

Example 3.2. Consider 2 = (0,2), f* = X(o1), f~ = X(1,2) and
—x + %, O<z< %,
gi(z) =golz)=q v—35 3<z<3,
—x + %, % <z <2
Then, u,, = g1 = g2 and we have
2 1
[t ==
0

Now, let us describe different optimal measures for this problem.

1. Let p(z,y) = Xo1)(%) ® dy—s + Xa,2)(y) ® 6,—y. This is an optimal measure for
which p; =0, prr = X0,1)(%) ® 6y—a, prrr = X1,2)(y) ® 62—y and and ppy = 0; so we are
not moving any part of the masses, and the courier will do all the work.
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Observe that, since go(x) —g1(y) < |x—y| for z € (0,1) and y € (1, 2), taking a courier
is always a better solution, but this can also be done in a different way:

2. pu(z,y) = Xo1)(2) ®0,-1+Xq,2) (v) ®0,_3 is an optimal measure for which i; = 0,
but now gy = X(,1)(z) ® (5y:% takes f. to (5%, leaving that mass there to the courier,
the courier takes what we have at z = % to x = % and with g7 = X(1,2) (y) ® fiv:g we
distribute it to cover f_. Here again pp, = 0.

3. u(z,y) = Xon(r) ® 5y:% + X1,2)(y) ® (5ng + 0o ® (5y:% + 5:(::% ® Oy—2 is also an
optimal measure. It is the same courier-plan given above except that this measure has
non-negative pry = d,—g ® 0 —1+ 6223 ® Oy=2.

An small modification of the tax-functions g; shows how a u; not null appears: take
Jgin = 01 and 92.n = g2 + %, then we have that

((—z+ 3, 0<z <3,
1 1 1
ZL'—§7 §<Z‘<1—R,
— _ 34 1 1_ L 14 L
Un,oo = T+ 5+ 5, m <r<l+g,
1 1 1 3
l‘—i—i-g, 1—|—R<SL‘<§,
5 1 3
\—I—f‘i‘i‘g, §<l’<2,
for which
2
1 1 1
+
U -/ )=+ ——.

Now p, = X(o,1-ﬁ)(£) ® Oy— + XL 1) @ Oppy 1+ X(p 1 o) (y) ® dy—y is an optimal
measure for the problem and (p,); = Xa-L1)® 5y:x+4i- Observe that, as n — +oo0,
this measure p,, weakly converges to the one described in the above point 1.

Example 3.3. As a different example, with u., not fixed a priori, let us consider 2 =
(0,2), f+ = X(0,1), J- = X(@1,2) and the obstacles

0, 0<z<3,
91(7) = ?
2x — 3, $<r<2,
and
g2\y) =
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In this example we have that a Kantorovich potential is given by

—z+ 1, 0<z<g,

1 1 7

() x_§7 §§.T§§,
Uu xTr) =

) —eth §sesy

r—1, §§x§2,

and an optimal measure by

n= X(O’%)(.’L') &® 51,/:% + X( %) ® 6y=% + X(gl)(fﬁ) & 5y=x+% + X(%yg)(@/) & 5122.

1
2
We leave to the reader the description of the different transport plans that appear here.

If we modify ¢; by taking

0, 0<z<7,
gl(x):{Qx_%’ %§x§2,

we obtain
(—x+1, 0<z<g,
-3 bsesi
Uso(T) = —x+%, %Sxﬁ%,
0, t<x <3,
\ T~ gv % <r<2,

and
W= X(oé)(@ ®5y:% + X1 5 ®5y:% —G—X(%J)(:B) ®5y_x+%

as optimal measure.

3.1. Some properties of the optimal transport.

3.1.1. Continuity of the total cost with respect to the obstacles.

Theorem 3.4. The total cost depends continuously on the obstacles. In fact, if g1, and
g2 are two sequences that converge uniformly as n — 0o to g1 and gs respectively, then
the total cost with g1, and ga2, as obstacles converge to the total cost with g1 and gs.

Proof. Let p, € A(fy, f-) optimal measures for the functionals

Ful) = /Q oyl du /Q grnd(mitti — )+ /Q gand(mstti — ),

x€)
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and let F be the corresponding functional associated with ¢, go. By Theorem 2.6, if
G = ()1 + (tn) 11 + (pon) 111, we have F, (1) = Fn(fin). Moreover, as in the proof of
Theorem 2.3, we obtain

[Ln(ﬁXQ)S/Qf++/Qf_ Vn e N.

Therefore, we can assume that [, — pu weakly as measures.

Then, given v € A(fy, f-), since F,(fin) < Fn(v), fin, — 1 weakly as measures and
gin, converges uniformly to g;, i = 1,2, we have

Fp) = lim Fo(fin) < lim F,(v) = F(v).
Consequently, © is an optimal measure for the functional F and
F(p) = lim F ().
n—o0
O

Remark 3.5. We can provide a more precise estimate. Let us call ¢(g1, g2) to the optimal
total cost of the courier problem for the obstacles g; and go, then we have

(3.1) lc(g1, 92) — c(Gims g2n)| < K<||91 — Jinlloo + llg2 — 92,n||oo>

with K a constant that only depends on ||fi|l;. The proof of such a bound runs as
follows: for p,, an optimal transport plan for g;,, with (u,)ry = 0, and g an optimal
transport plan for g;, with (u); = 0, we have that

(3.2) Fu) = Falp) < F(p) = Falpn) < Fpin) = Flpn).
Observe that c(g1, g2) — ¢(g1.n, g2.n) = F (1) — Fnlitn). Now,

7 ) = Foli)] = |- [ (01 = avaddtatin = £+ [ (02 = danddtratn — £

s(éﬁ+[j)ﬂ@—ﬁmm+mrmmmx

and similarly,

F0 = 7] < ([ £+ [ 1) Qon = guall + oz = sl

From this estimates combined with (3.2) we obtain (3.1).

Moreover, with the same ideas we can get the following estimate, depending also on
the masses,

’C(gla 92, f+7 f*) - C(gl,m 92,n; er,m fﬁn)
< K (llg1 = gralloe + 192 = ganlloo + 1+ = Franllt + If= = F-allt )
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where K is a uniform bound for ||g; e, ||fxnll1, ||gillec and ||f+|li. We conclude the
continuity of the total cost with respect to the obstacles (in uniform topology) and the
involved masses (in L! topology).

3.1.2. When do we need to add extra mass ¢

Let us begin with an example to determine in terms of a parameter that controls the
size of the upper obstacle when extra masses appear or not.

Example 3.6. Let us consider Q = (0,3), fi = X1 f- = X3 and g(z) = k,
g1(x) = 0 as obstacles.

First, let us compute the total cost without obstacles. A Kantorovich potential is
given by u(x) = 3 — x and the total cost is 2 with transport map 7'(z) = = + 2.

Case 1: k > 3. In this case we do not want to use the courier, since to move a unit
of mass from x to y we will be charged by ¢a2(x) — ¢1(y) = k > 3 (note that 3 is the
maximum distance between points in supp(fy) and points in supp(f_)). In this case we
have that the total cost is still 2 (like in the unconstrained situation) and a Kantorovich
potential is u(x) = 3 — x. Note that it is exactly for £ > 3 that we have room for a
Kantorovich potential without obstacles to belong to the set {u: g1 < u < go}.

In this case we do not use any extra mass.

Case 2: k < 1. In this case we will always use the courier, since the cost to move
a unit of mass from x to y we will be charged by g2(x) — ¢g1(y) = k < 1 (note that 1
is the minimum distance between supp(fy) and supp(f_)). In this case a Kantorovich
potential is given by

k, x € [0,1],
ulr) =< k(2—12), z€(1,2),
0, x € [2,3].

The total cost is then k.

Note that the same wu is the solution obtained with the p—Laplacian approximation.
This follows since uo = lim, , u, maximizes [u(fy — f-) and then u(z) = k for
0 <z <1andux(x)=0for 2 <z <3. Moreover u, is a strait line in the interval (1, 2)
and hence its uniform limit u, is also a strait line there.

For u, we have

| @@ @de = [ @de =17 0@ - (1)

1

:/ng(ﬂ—f)+/03%0d77$—/0390d%’



24 J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

where (using the notation of Theorem 2.5)
nt = f LY + k710, >0

and
n, = f+LY + kP16 > 0.

Also u, is a minimizer of ¥,. In fact, we have,

1 ’ I |p 1 ° /p ’ Hp=2,,1(,/ /
];/0 ) —];/0 ¥ s/o P2 (i, — &)
3 3 3
:/0 f(up—¢)+/0(up—s0)dnp§/o fluy — )

for every g1 < ¢ < g9, since for such a ¢ it holds that
/ (up — p)dn, = / (91 — @)dn, — / (92 — @w)dn, <0.

Now, for k& < 1, we can pass to the limit in 777 and 7, as p — oo and obtain as limits
f-LY and f LY respectively.

Remark that in the case 0 < k < 1 there are infinitely many Kantorovich potentials.
In fact, for any a € (1,2 — k),

k, 0<zx<a,
ulz)=<¢ (k+a)—z, a<z<k+a,
0, k+a<x<3,
is also a Kantorovich potential.
In this case two extra masses appear: V= = x[o1 and VT = xp 3.

Case 3: 3 > k > 1. This is the intermediate case. For some points it is convenient to
use the courier while for others it is more convenient to carry the mass by ourselves. The
cost of using the courier to move a unit of mass from z to y is exactly gs(x) — g1(y) = k
hence we want to use it for points that are at a distance larger than k. We have the
following Kantorovich potential

k, 0 <z <3
_ 3+k 3—k 3+k
uwz) =4 S —w,  F<w<EE
0, HE < <3

We have that
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In this case we use the courier to take the mass in [0, u] o the mass in [3%, 3] and

2
we pay k(g ") and we move with our vehicle the mass in (3% 1) to the mass in (2, 2£%)
=1

F[\D

(note that both intervals have the same length), with cost

Note that also in this case this Kantorovich potential is the limit of the p—Laplacian
approximation (this follows as in the previous example, using the fact that u, is invariant
under symmetry around = = 3/2). In addition, this is the unique possible Kantorovich
potential.

In this case two extra masses appear: V~ = X(o,32k] and VT = X(atk 5-
25 L,

Let us now characterize, in general, when some extra mass appears. First, let us

observe that when
/f#/h

then necessarily an extra mass is needed (since it is not possible to perform a usual mass
transport without obstacles between f, and f_). Therefore, let us assume that

|~

In this case, let us consider the total transport cost without obstacles, that is given by
(we use the Kantorovich-Rubinstein Theorem here)

A= uemr?l?o}f(g) {/QIU(ZE)(f_,_(l’) — f-(x))dx: ||Vw||LOO(Q) < 1} ,

and compare it with the optimal cost with obstacles,

By = max {/ w(@) f(z) dz: |V @) < 1},
Q

{ueWteo(Q) : g1<u<ge in Q}
Note that we always have that
A> By, g,
Now we can state the following result.

Theorem 3.7. Assume that [ f— = [ f+. No extra mass is needed if and only if
A=BRB

or equivalently, if and only if there exists a Kantorovich potential for the usual transport
of f+ to f_ (without obstacles) that belongs to the set

{ue Wh=(Q) : g <u<g, inQ}.

g91,92>

Proof. 1t is clear that if no extra mass appears then the optimal transport cost is the
same as the one without obstacles. Viceversa, if the costs are the same then an optimal
transport plan for the cost of transporting f. to f_ with obstacles is an optimal transport
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plan for the problem without obstacles (since we have equality of optimal costs) and for
this plan no extra masses appear (the marginals of this plan are fi). Finally, we just
have to observe that there exists such a Kantorovich potential if and only if the two
maxima A and B,, ,, are equal. O

As a consequence, we get that no extra mass is needed when the distance between the
obstacles, compared with the distance at which fi are located, is large.

Corollary 3.8. Assume that [ f_ = [ fi. If

inf g, — su > max T —
Q 92 Qp L= xesupp(f1)yEsupp(f-) | vl

no extra mass 1s needed.

Proof. This follows from the fact that a Kantorovich potential for the usual transport
without obstacles verifies |[Du| < 1 and therefore

|u(z) = u(y)] < o =yl
for x € supp(fy) and y € supp(f-). Then

(3.3) [u(z) —u(y)| <inf g, — SUp )

for € supp(fy) and y € supp(f_). Now we observe that the maximum of u is located
in supp(f;) and the minimum in supp(f_) (this can be deduced from the fact that this
property holds for the p—Laplacian approximation problems without obstacles, that is,
the maximum of w, is located in supp(f;) and the minimum in supp(f_)).

Take xy a point in supp(f,) where the maximum of u is attained and a point y, in
supp(f-) where the minimum is attained. From (3.3), we have

max u — minu = u(xg) — u(yo) < inf go —sup ¢
Q Q Q Q

and hence there is room for a Kantorovich potential to belong to the set
{fue Wh=(Q) : g1 <u<gy inQ}.
Indeed, there is a constant [ such that u 4 [ is between the obstacles. [
Conversely, some extra mass appears when the distance between the obstacles is small
(again compared with the distance at which fi are located).
Corollary 3.9. Assume that [ f— = [ fi. If
g2(z) — 91(y) < |z —y|

for every x € supp(fy) and every y € supp(f-), then some extra mass appears.
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Proof. 1t follows from the fact that a Kantorovich potential for the usual transport
without obstacles verifies that

u(z) —u(y) = |z —y|

for any two points x € supp(fy) and y € supp(f_) joined by a transport ray. Hence our
hypothesis excludes the possibility of u to belong to the set

{fue Wh>(Q) : gt <u<gy inQ}.
In fact, assume that u belong to the set
{fueWh>(Q) : g1 <u<gy inQ}

then for two points x € supp(f,) and y € supp(f_) that are joined by a transport ray
we have

92(x) — g1(y) > u(z) —uly) = |z —y|
a contradiction with our hypothesis. [

3.2. Effective obstacles.

Let us define the effective obstacles as follows: first, for g, let us consider the set where
we will never use the courier:

By :={x € Q : 32 € Q with go(2) — g2(2) > |2 — 2|}

In fact, if € By it is better to transport the mass to a z such that go(z) —g2(2) > |z — 2|
and then use the courier from z. Therefore, the effective obstacle of g can be defined as

~ g2(x) x e \ By,
Ga(z) =
+00 T € Bs.
Observe that
3 g2(z) if ga(x) = min{ga(2) + |z — 2]},
Ga(z) = z€02

+00 else.

Note that if we relax the strict inequality in the definition of the set By and consider
By :={z € Q : 3z # x with gyo(x) — go(2) > |z — 2|}

we do not need to use the courier from a point = € By to absorb mass since we are not
paying more if we transport the mass to a z such that go(x) — g2(2) > |z — 2| and then
use the courier from z compared with the cost that we pay if we use the courier directly
from x. At points in BQ \ By if we decide to use the courier from = we can also make the
choice of transport to z and then use the courier from there with the same cost.

Analogously, for ¢; let us consider

By :={z : 3z # x with ¢1(2) — 1 (x) > |z — 2|}
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By the same arguments used before we never use the courier in B; to create mass, so we
have the effective obstacle
~ q (.Z') S ﬁ \ Bla
gi(z) =
—00 T € B;.
Observe also that

N gi(z) if gi(z) = max{gi(2) — [z — 2]},
fw) = —00 else. o

These obstacles g; and g, are called effective obstacles since for the limit problem they
define the same set of 1—Lipschitz functions. In fact, we have

{u : |Dul<land ¢y <u<g}={u : |Dul] <1land g <u < g}
Indeed, since §; < ¢ and g5 < g9 we get
{u : |Dul<land s <u<g} C{u : |Dul<land 1 <u<go}.

Now assume that there exists a function with |Du| < 1 such that §; < u < go but there
is a point x¢ with u(zg) > go(zo) (the case in which the lower obstacle restriction is not
satisfied is analogous). As gy = g in ﬁ\ By we must have xy € Bs, then there exists z
such that

g2(x) — g2(2) > |z — 2.
Therefore

92(0) > ga(2) + w0 — 2 = min{gy(w) + o — w[} = ga(Wweo) + [0 — Weol.
we

Therefore if wy, ¢ By we have u(wy) < ¢g2(ws) and then
u(o) — u(wee) > ga(wo) — g2(weo) > |70 — Weel,
a contradiction with |Du| < 1. But if w., € Bs, there exists z,, such that
92(Woo) = g2(Ze0) > [Woo — 2oo|
and then
92(Woo) + |70 — Wao| > g2(200) + [Woo — Zoo| + 70 — Woeo| = g2(200) + [0 — 2o

a contradiction with the choice of ws as the minimum in min,cg{g2(w) + |zo — w]}.

Example 3.10. Now, as an example, take 0 = [0,1] and assume that we only have
positive mass, that is, assume that f_ = 0. Take as the upper obstacle (the lower

obstacle does not enters into play since we want to maximize fol ufy so we want u as big
as possible everywhere),
g2(x) = k.
Case 1. k£ < 1. In this case we have

u() = ke = gol2)
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everywhere in [0, 1] and we will use the courier from every point in supp(fy) in (0, 1).

In this case the total cost with the potential is fol kx f.(z)dr and an optimal measure is
given by p(z,y) = fi(z) ® dy—,. The effective obstacle coincides with the obstacle and
the effective set [0, 1] \ By is the whole [0, 1].

Case 2. k > 1. In this case we have
u(r) =z < go(x)

everywhere in [0, 1] and we will use the usual transport in our vehicle to send everything
to x = 0 and then use the courier from the point x = 0. The effective obstacle coincides
with the obstacle only at # = 0 and the effective set [0, 1] \ By is the set {0}. Now an
optimal measure is given by pu(z,y) = fi(z) ® dy=o.

This case is related to Example 3.13 given in the next section.

3.2.1. Localizing the courier.

In this subsection we consider the case in which we want to restrict the possibility of
using the courier to a subset K C ().

Let K a compact subset of  and let us consider §;, §» the costs of using the courier
there. As before, these costs have to satisfy the following compatibility condition:

91(2) — G2(y) < |z — vyl Va,y€ K.

Now, let us consider

(3.4) gi(x) = max(gu(2) —cle —2)),  zeQ,
and
(3.5) 92(y) = wmei}}(ﬁz(w) + cly — w)), y € Q,

with ¢ > 1, and consider the transport problem with courier studied above for this
pair g1, go. One can see that the effective obstacles (the ones obtained in the previous
subsection 3.2) are equal to ¢ () for x € Q\ By, with Q\ B, C K, and to g.(z) for
x € Q\ By, with Q\ By, C K (see details afterwards). Then, from our previous results,
see Subsection 3.2, we have that there is a transport plan that does not use the courier
in Q\ K.

We can even localize the possible action of the courier in two different sets (one in
which we are allowed to leave mass and a different one where we can pick up mass). Let
us assume that, given two compact sets K7 and K, (that can be disjoint or not), we have
two functions ¢y (z) and g2(y) that verify the compatibility condition,

a(z) = g2(y) < |z =y Vo e K, Vy e K.
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Then we consider

g1(z) = max(g1(z) — c|z — z|), x € Q,
zeKy

and -
g2(y) = min (go(w) +cly —wl),  ye,
with ¢ > 1, as obstacles in the whole Q. Note that these obstacles also verify
gi(2) —ge(y) < lw—yl,  zyel,
hence we may use our previous general results. But we have that the effective obstacles
that corresponds to these extensions ¢;, gs, are the same as the effective obstacles of §;

and ¢, inside K; and K5 respectively. In this way we can deal with a transport problem
in which the possibility of using the courier is restricted to two different sets.

Let us now give some details on how to prove the above observations. We can see, in
fact, that the way we define go in (3.5) (a similar discussion also holds for g; given in
(3.4)), localizes exactly the effective domain for a transport involving only the obstacles
in the compact K: Define the effective obstacle defined in K (relative to K) as

_ g2(x) if Go(x) = min{ga(z) + |z — 21},
g2(x) == sei
+00 else.

Proposition 3.11. Given g, defined in (3.5), for the effective obstacle G, defined in Q
we have that

~ Bo(s) iz e K and o(x) = min{gs(2) + |z — 21},
go(z) = ek
+00 else.

Proof. The thesis holds if we prove that
{r € Qs gole) = minfou(=) + o — 2} | = {w € K : gule) = mip{gu(=) + |o — 2[} |

z€ Z

and in this set go(7) = §o(x). So, let us begin by taking x € Q such that
g2(w) = miniga(2) + |z — 2[}.
zE€
Then
g2(x) = min{gs(2) + ¢z — z[} = min{gs(2) + & — z[}
zEK 2€Q

< min{ga(2) + |z — 2[} < min{ga(z) + lx — 21}

Therefore, for a minimizer z, € K in the first minimum of the above expression we have,
92(x) = dolz2) + el — ] < minfda(=) + 7 — 2} < dalze) + o — =l

This implies z, = x (since ¢ > 1), and hence € K, go(z) = min,ex{g2(2) + |z — 2|}
and ga(x) = go(x).
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Let us now take z € K such that go(x) = min,cx{g2(2) + | — 2z|}. Then
92() < ga(x) < Go(2),
that is, ga(x) = g2(x). Suppose that go(x) # min, g{g2(2) + |x — 2|}, that is,
min{gy(2) + |z — 2[} < ga(2),
ze

then there exists z, € ) such that
92(z2) + | — 22| < g2(x) = Go(x).
Now, there exists w, € K such that go(2,) = §2(w.) + ¢|2z, — w,|, hence
92(we) + |z — wa| < ga(wa) + ¢z — wa| + |7 = 20| = g2(22) + 2 — 2] < (),
a contradiction with the choice of x. [

Remark 3.12. In particular, if we choose K = 0f) we are recovering and extending
some of the results given in [9].

Example 3.13. If K = {x¢} with §2(x¢) = by, we take a cone of the form
go(z) = clx — x| + b
with ¢ > 1 then the effective obstacle is just
R b, x = xg,
go(z) = { 100 v+ 2o,

That is, we can only create negative extra mass at the single point xy (with a cost given
by b). Analogously, if K = {x1,xs, ..., zx} with go(z;) = b; we take

g2(x) = min{ele — ] + )

with ¢ > 1, then we can obtain a transport plan that only creates negative extra mass
at the points z; (with costs given by b;).

Assume now that f_ = 0 (we only have positive mass) and that the lower obstacle is
g1 = —m with m > 0 large enough. In this case a Kantorovich potential is given by

Uso () = min{|z — z;| + b;}.

This situation can be used to describe the use of localized resources. Assume that we
only have positive mass (that is, f- = 0) that we want to store at a finite number of
prescribed locations, x1, ..., xy, with a cost given by b; to store a unit of mass at x;, then
the amount of mass that each location receives (and from where it comes) is exactly the
solution to our mass transport problem with obstacle gs(x) = min;{c|z — x;| + b;} and
g1 = —m, m > 0 large enough. In fact, the point x; will receive all the mass of f
located in the set

S; = {:z: : miin{|x—xi\ + b} = |z — +bj}'
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This fact is rather intuitive since if we want to store a unit of mass located at = we
will choose the location z; that minimizes the cost. Then the optimal measure for the
transport problem is given by u(z,y) = >, Xs; (2) f+(7) ® 6=y

4. APPENDIX

In this appendix we include a duality argument for our optimal mass transport prob-
lem. We remark that this argument was not needed in the previous sections, since the
p—Laplacian approximation gives a complete approximation of all the relevant quantities.

Let J : C(Q) x C(Q2) — R be defined by

(o, ) = / (@) f+(z) do + / $(4)f-(v) dy,

and set

(p,1) € C(Q) x C(Q) : p(z) +¥(y) < |z —yl,
3(91;92) = { } .

G1<¢, —g2<vonQ
Given (p, ) € B(g1,92) and p € A(fy, f-) we have

J(ort) = / (@) 4 () de + / $()f-(y) dy
- /Q o(@)dm e — /Q od(mii — 1) + / (y)dmaten — /Q bd(motty — 1)

Q

S/ﬂ |$_y|dﬂ_/ﬂg1d(ﬂ1#ﬂ_f+)+/Qggd(7rg#,u—f_),

xQ

Then,
sup {J(¢,¥) : (¢, ) € Blgr,92)}

Moreover, if w € W'(Q), with g1 < w < go in Q and ||[Vw||p~@) < 1, we have
(w, —w) € B(gi, g2), and hence

max{/ w(x)f(z)de: we ngl’f’g‘;(Q), |Vwl| oo @) < 1}
Q0

< sup {J(p, ) : (o.%) € Blgr, o) .
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Therefore, by Theorem 2.3 we have that
(4.1)

mac [ p@fi@) ot [ G-y
v, € C(Q): Q Q
® 2> g1,% > —g2,
w(z) +¥(y) <z —yl

_ win [ o= ylda= [ gdlmitu = £+ [ udlratn - ),
pEMTQXxQ): Ox0 Q Q
m1#p > fi and mo#p > fo

Now, (4.1) can be written as

max_ / (@) — gu(@)) fo () da + / () + 92(2)) f-(v) dy
gwlefﬁﬂz :2 Q Q
o) + 9) < 1o 3]

= min /\I—y\dﬂ—/gldﬂl#u+/g2dﬂ2#/i7
PEMTOAXQ): Ox0 Q Q

mi#u > f1 and mo#u > f-

that is,

max_ / (p(2) — gr () o () da + / ((y) + gal)) - (y) dy
e, eC(Q): Q
p—g12>20,9%+g2 >0,
p(x) — g1(z) + P(y) + g2(v)
<lz -yl —g1(x) + g2(y)

= min /(|$_y|_91($)+92(y))dﬂ~
weEMTHQxQ): QxQ

mi#p > f+ and mo#p > f-

So, we can rewrite (4.1) as follows

ma [ @@t [ o)) d

= min / c(z,y)dp,
pEMFTQXQ): axQ

mi#p > f+ and mo#p > f-

where c(z,y) = |x — y| — g1 (x) + g2(y).

We want to remark that the above min-max result can be proven using Fenchel-
Rockafellar’s Theorem under the condition ¢(z,y) > 0, V,y € Q. In fact, we can follow
the same steps of the proof of [13, Theorem 1.3|, the main change appearing in the
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definition of the functional =, that we define as
[ e det [ vty
_ — Q Q
Zru€ G x Q) e if u(z,y) = () + (), ¢ < 0,9 <0,
0 else,
and for which, the calculus of the Legendre-Fenchel transform gives
0, if m#m —p >0 and m#HFT —v >0,
400, in any other case,

for m € M(Q2 x Q).

Nevertheless, as we pointed out before, our approach using the p—Laplacian approxi-
mation gives also a Kantorovich potential for this problem, and, in addition, provides a
method to approximate that potential and the extra masses needed in the mass transport

process.
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