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1 Introduction

1.1 Reminders on Measure Theory

Reference: Ambrosio, Fusco, Pallara: Functions of Bounded Variation and Free Discontinuity
Problems, Chapters 1 & 2, [Ambrosio et al., 2000].

Definition 1.1 (o-algebra). A collection £ of subsets of a set X is called o-algebra if
) De&Aell=[X\Aecg]

(ii) for a sequence A, € &€ = |J,~,An € £.

Comment: Closed under finite unions, intersections and countable intersections. AN B = X \

(X\A)UX\B)).

Comment: Elements of £: ‘measurable sets’. Pair (X,£): ‘measure space’.

Example 1.2. Borel algebra: smallest ¢ algebra containing all open sets of a topological space.

Comment: Intersection of two g-algebras is again o-algebra. ‘smallest’ is well-defined.

Definition 1.3 (Positive measure and vector measure). For measure space (X,€) a function
p: €+ [0, +00] is called ‘positive measure’ if

(i) p(®) =0
(ii) for pairwise disjoint sequence A, € & = u(Up2y An) = D peo 1(AR)

For measure space (X, €) and R™, m > 1, a function p : £ — R™ is called ‘measure’ if 1 satisfies
(i) and (ii) with absolute convergence.

Comment: Measures are vector space, measures are finite, positive measures may be infinite.

Example 1.4. Examples for measures:
1. counting measure: #(A) = |A| if A finite, +oo else.
2. Dirac measure: §,(A) =1if z € A, 0 else.

3. Lebesgue measure L([a,b]) =b—a for b > a.

4. Scaled measures: positive measure p, function f € L'(u), new measure v = f - . v(A) =

L4 f(x) dp(z).



5. Weak gradient of discontinuous function f, u =D f.
[ ota)-dnte) = = [ div o(@) f(o) da

for p € C1(Q).

Definition 1.5 (Total variation). For measure p on (X, ) the total variation |u| of A € £ is

|ul(A) = sup {Z |1(An)]
n=0

o
A, € &, pairwise disjoint, U A, = A} .

n=0

|pe| is finite, positive measure on (X, &).

Comment: Careful with nomenclature in image analysis.

Definition 1.6. A set N C X is p-negligible if 3 A € £ with N € A and pu(A) = 0. Two
functions f, g : X — Y are identical ‘u-almost everywhere’ when {z € X|f(z) # g(x)} is
p-negligible.

Example 1.7. Null sets are Lebesgue-negligible sets.

Definition 1.8 (Measurable functions, push-forward). Let (X, &), (Y, F) be measurable spaces.
A function f: X — Y is ‘measurable’ if f71(A) € € for A € F.
For measure p on (X, &) the ‘push-forward’ of p under f to (Y, F), we write fyu, is defined by

fu(A) = p(F1(4)) for A € F.
Change of variables formula:

/g(f(w))du(w)Z/g(y)dfw(y)
X Y

Sketch: Varying densities.

Example 1.9 (Marginal). Let proj; : X x X — X, proj,;(xo,x1) = z;. Marginals of measure ~y
on X x X:

PTOJOW(A) =7(Ax X), PTOhW(A) =7(X x 4).

Sketch: Discuss pre-images of proj;.

Definition 1.10 (Absolute continuity, singularity). Let u be positive measure, v measure on
measurable space (X, &). v is ‘absolutely continuous’ w.r.t. p, we write v < p, if [u(A) = 0] =
[v(A) = 0].

Sketch: Density <« Lebesgue, density 4« density when support different, Dirac measures <«
Lebesgue, mixed measures « density, mixed measures < mixed measures when Diracs coincide.

Positive measures p, v are ‘mutually singular’, we write p L v, if 3 A € £ such that u(A) = 0,
(X \ A) = 0. For general measures replace p, v by |ul, [v|.

Definition 1.11 (o-finite). A positive measure y is called o-finite if X = J72 ; A, for sequence
A, € € with p(4,) < +oo.

Example 1.12. Lebesgue measure is not finite but o-finite.



Theorem 1.13 (Radon—Nikodym, Lebesgue decomposition [Ambrosio et al., 2000, Theorem
1.28]). Let p be o-finite positive measure. v general measure.

Radon-Nikodym: For v < pu there is a function f € L'(u) such that v = f - u. f is unique
p-almost everywhere. It is called ‘density of v with respect to i’ and usually denoted by f = g—/’:.
Lebesgue decomposition: there exist unique measures v,, v such that

V=V, + Vs, Vg <K Wy vs L p.
Note: v, = f - p for some f € L(p).

Corollary 1.14. A real-valued measure v can be decomposed into v = vy — v_ with vy, v_
mutually singular positive measures.

Proof. Since v < |v| there exists f € LY(Jv]) with v = f - |v|. Set Ay = f~1((0,+00)),
A_ = f71((~00,0)) and set v+ (B) = [v(B N AL)|. O

Comment: f is only unique |v|-almost everywhere.

1.2 Duality

References: Kurdila, Zabarankin: Convex functional analysis [Kurdila and Zabarankin, 2005].
For Hilbert spaces: Bauschke, Combettes: Convex Analysis and Monotone Operator Theory in
Hilbert Spaces |Bauschke and Combettes, 2011]

Definition 1.15 (Dual space). For normed vector space (X, || - || x) its topological dual space is
given by

X* ={y: X — R|ylinear, continous, i.e. 3C < oo, ly(z)| < C||z||x Yz € X}.
Norm on X*:

[yl x- = sup{ly(x)llz € X, |[z[|x <1}

(X*, |l - l[x+) is Banach space. For y(x) one often writes (y,z) or (y,z) x« x-

Comment: Linear not necessarily continuous in infinite dimensions. Dual norm is operator norm.

Definition 1.16 (Weak convergence). A sequence x,, in X converges weakly to x € X if y(z,,) —
y(z) for all y € X*. We write z,, — z.

Definition 1.17 (Weak* convergence). A sequence y, in X* converges weakly to y € X* if
Yn(x) — y(z) for all z € X. We write y,, — v.

Application to measures:

Definition 1.18 (Radon measures). Let (X,d) be compact metric space, let £ be Borel-o-
algebra. A finite measure (positive or vector valued) is called a ‘Radon measure’. Write:

e M, (X): positive Radon measures,
e P(X)C M4(X): Radon probability measures (total mass = 1),

e M(X)™: (vector valued) Radon measures.



Theorem 1.19 (Regularity [Ambrosio et al., 2000, Proposition 1.43]). For positive Radon mea-
sures on (X, &) one has for A € £

w(A) =sup{u(B)|B €&, BCA, Bcompact} =inf{u(B)|Bec&, AC B, B open} .

Theorem 1.20 (Duality [Ambrosio et al., 2000, Theorem 1.54]). Let (£2,d) be compact metric
space. Let C(Q)™ be space of continuous functions from Q to R™, equipped with sup-norm.
The topological dual of C(2)™ can be identified with the space M(£2)™ equipped with the total

def.

variation norm ||ul|p = |p|(©2). Duality pairing for p € M(Q)™, f € C(Q)™:

u(F) = (i F) e = /Q f(z) du(z)

Corollary 1.21. Two measures pu, v € M(Q)™ with p(f) = v(f) for all f € C(Q2)™ coincide.

Theorem 1.22 (Banach-Alaoglu [Kurdila and Zabarankin, 2005, Theorem 2.4.4]). Let X be a
separable normed space. Any bounded sequence in X* has a weak* convergent subsequence.

Comment: Since C(Q) is separable, any bounded sequence in M(Q) has a weak* convergent
subsequence.

1.3 Monge formulation of optimal transport

8th

Comment: Gaspard Monge: French mathematician and engineer, 18" century. Studied problem

of optimal allocation of resources to minimize transport cost.

Sketch: Bakeries and cafes

Example 1.23 (According to Villani). Every morning in Paris bread must be transported from
bakeries to cafes for consumption. Every bakery produces prescribed amount of bread, every
cafe orders prescribed amount. Assume: total amounts identical. Look for most economical way
to distribute bread.

Mathematical model:

e O C R2: area of Paris

u € P(Q): distribution of bakeries and produced amount of bread,

v € P(Q): distribution of cafes and consumed amount of bread

e Cost function ¢ : Q x Q@ — Ry. ¢(z,y) gives cost of transporting 1 unit of bread from
bakery at x to cafe at y.

e Describe transport by map T : @ — Q. Bakery at x will deliver bread to cafe at T'(z).
Consistency condition: Ty = v.

Comment: Each cafe receives precisely ordered amount of bread.

e Total cost of transport map

Cur(T) = /Q e(ar, T(x)) du(x)

Comment: For bakery at location x pay c¢(z,T(x)) - u(x). Sum (i.e. integrate) over all
bakeries.




Definition 1.24. Monge optimal transport problem: find 7T that minimizes Cj;.
Problems:

e Do maps T with Ty = v exist? Can not split mass.

Sketch: Splitting of mass.

e Does minimal T exist? Non-linear, non-convex constraint and objective.

Comment: = problem remained unsolved for long time.

1.4 Kantorovich formulation of optimal transport

Comment: Leonid Kantorovich: Russian mathematician, 20" century. Founding father of linear
programming, proposed modern formulation of optimal transport. (Nobel prize in economics

1975.)
Do not describe transport by map 7', but by positive measure m € M (2 x ).

Definition 1.25 (Coupling / Transport Plan). Let u, v € P(£2). Set of ‘couplings’ or ‘transport
plans’ II(u, v) is given by

M(p,v) = {m e P(Ax Q) ‘projoﬂw = W, Projyym = v} .

Example 1.26. II(u, v) # (), contains at least product measure p®@v € I(p, v). (u@v)(AXB) =
w(A) - v(B) for measurable A, B C Q.

Definition 1.27. For compact metric space (€2,d), u, v € P(Q2), ¢ € C(2 x ) the Kantorovich
optimal transport problem is given by

Clu,v) = inf{/gxﬂc(x,y) dr(z,y)

re ()} 1)

Comment: Linear (continuous) objective, affine constraint set.

Comment: Language of measures covers finite dimensional and infinite dimensional case.

Theorem 1.28. Minimizers of (1) exist.

Proof. e Let 7, be minimizing sequence. Since m, € P(2x Q) have |7,[|m = 1. By Banach-
Alaoglu (Theorem 1.22) 3 converging subsequence. After extraction of subsequence have
convergent minimizing sequence 7, Ao

e Positivity: 7 is a positive measure. Otherwise find function ¢ € C(2x Q) with foQ odmr <
0 (use Corollary 1.14 and Theorem 1.19 for construction) which contradicts weakx conver-
gence.

e Unit mass: 7(Q2x Q) = [, o 1dm =lim, oo [, 0 1dm =T (2 x Q) =1

e Marginal constraint: For every ¢ € C(2)

/gbdprojoﬁﬂ':/ ¢ o projgdm
Q QxQ

= lim ¢oproj0dﬂn:7}i>lgo/qﬁdprojoﬂwn:/qzﬁdu
Q Q

n—oo QOx0

So projoym = p. Analogous: projym = v.



e So: me Il(p,v).
e Since c € C( x Q) and 7, — 7 have

/ cdm = lim cdm, .
axQ n=o0 JOxQ

Therefore, 7 is minimizer.

O

Comment: For proof under more general conditions see for instance [Villani, 2009, Chapter 4|

Proof two additional useful results to get some practice and intuition.

Proposition 1.29 (Restriction |Villani, 2009, Theorem 4.6]). Let p, v € P(Q2), c € C(2xQ), let
7 be optimizer for C(u,v). Let 7 € M4 (2 x Q), 7(2 x Q) >0, 7(A) < w(A) for all measurable
ACOQxQ. Setn = m, 7 € P(Q x Q). Let ' = projgyn’, v/ = projyyn’. Then 7’ is
minimal for C(y/,1").

def.

Example 1.30. 7(A) = 7(AN (Qo x Q1)) for O, Q1 C Q.
Sketch: Restriction to subset. More general restriction.

Proof. e Assume 7 is not optimal. Then there is a measure 7’ € II(y/,v') with strictly
better cost.

e Consider the measure # = 7 — 7 + 7(Q x Q) - 7”. 7 is a positive measure since T < 7.

7€ P(Q x Q) since 7’ € P(N x Q).
Projo 4T = Projoym — projou7 + (2 x Q) - projg;w”
=p=—7Qx Q) (1 —p) =n
So 7 € II(p,v).

e 7 has lower transport cost than m:

/ cdfr:/ cd7r—7~r(Q><Q)/ cd7r’—|—7~r(Q><Q)/ cd7r”</ cdm
195°39 QxQ OxQ QxQ QxQ

e So 7 is not optimal which is a contradiction. Therefore 7/ must be optimal.
O

Proposition 1.31 (Convexity [Villani, 2009, Theorem 4.8]). The function P()? — R, (u,v)
C(u,v) is convex.

Proof. e Let pg, p1, vo, 1 € P(Q). Let m; be corresponding minimizers in C(u;, v;), @ € {0, 1}.
e For A € (0,1) set
a=1=Xpo+ Apr, v=(1-Nw+Av, T=1—-A)m+ Am.
o 7 € II(f1, ) since
projosm = (1 — A) projogmo + Aprojosm = (1 — A) po + A1 = fa.

e Convexity:

C(ﬂ,ﬁ)g/ cdﬁ:(l—)\)/ cdw0+)\/ cdm = (1= \) Cluo, o) + AClus, 1)
QxQ QAxQ OQxQ

O



2 Kantorovich duality

2.1 More duality

Definition 2.1 (Topologically paired spaces). Two vector spaces X, X* with locally convex
Hausdorff topology are called topologically paired spaces if all continuous linear functionals on
one space can be identified with all elements of the other.

Example 2.2. Let (£2,d) be a compact metric space. C(£2) and M() with the sup-norm
topology and the weak-* topology are topologically paired spaces.

Any continuous linear functional on C(€2) can be identified with an element in M(Q) by con-
struction. If ® is a weak-* continuous linear functional on M(£2) it can be identified with the
continuous function ¢ : z — ®(d;).

Definition 2.3 (Fenchel-Legendre conjugates). Let X, X* be topologically paired spaces. Let
f: X — RU{oc}. Its Fenchel-Legendre conjugate f*: X* — R U {oo} is given by

f*(y) = sup{(y,z) — f(z)|lz € X}.

f* is convex, lsc on X*. Likewise, for g : X* — R U {oo} define conjugate g*. If f, g convex, lsc
then f = f**, g = g**.

Comment: Lsc: lower semicontinuous, [z, — x| = [f(z) < liminf, o f(xy)]

Theorem 2.4 (Fenchel-Rockafellar [Rockafellar, 1967]). Let (X, X™*), (Y,Y™) be two pairs of
topologically paired spaces. Let f: X — RU{o0}, g: Y = RU{o0}, f, g convex, A: X — Y
linear, continuous. Assume 3 z € X such that f finite at x, g finite and continuous at A x. Then

inf {f(z) + g(Ax)|r € X} = max{—f"(—A%2) —g"(2)|z € Y*} .

In particular a maximizer of the problem on the right exists. A* : Y* — X* is adjoint of A
defined by (2, Az)y.y = (A%2,7) x+ x-

Comment: Can sometimes be used ‘in both directions’ to establish existence of both primal and
dual problem.

2.2 Dual Kantorovich problem
Theorem 2.5. Given the setting of Definition 1.27 one finds

C(u,l/):sup{/ﬂad,u—k/gﬁdy

Proof. e Problem (2) can be written as

Cp,v) = —inf { f(a, B) + g(A(ev, B)) (a, B) € C(Q)?}

a, € C(Q),a(z)+ Bly) < c(x,y) for all (x,y) € 92} (2)

with
:C(Q)? =R — du — d
[ C@? R, (0, B) /Qau/Qﬁu
g:C(Q%) > RU {oo}, Y {0 i y(a,y) < e(z,) for all (@,y) €
+oo else.

A:CQ2 O, Al B))(@,y) = alz) + B).



e f, g are convex, Isc. A is bounded, linear.

e Let (a, 3) be two constant, finite functions with a(z) + 3(y) < min{e(z’,y')|(2, ') € Q?}.
Then f(a, 8) < 0o, g(A(a, §)) < oo and g is continuous at A(c, 3). Thus, with Theorem 2.4
(and Example 2.2)

C(yv) = min { f*(— A7) + g*(m)|r € M)}
e One obtains:

f*(—p,—a):sup{—/gadp—/gﬂda%—/ﬂad,u—i—/gﬁdu

_J0 ifp=p,o=v,
| 400 else.

(0, 8) € c<m2}

(Reasoning similar than for positivity of limit 7 in proof of Theorem 1.28.)

g*(m) = sup {/QQ Ydr|p € C(Q%),p(x,y) < c(x,y) for all (z,y) € QQ}

_ {fm cdr if 1 € M (Q?),

+00 else.

O

So far we have not yet proven existence of dual maximizers. For this we need some additional
arguments. We follow the presentation in [Santambrogio, 2015, Section 1.2].

Definition 2.6 (c-transform). For ¢ € C(2) define its c-transform ¢¢ € C(Q) by
¥°(y) = inf {c(z,y) — P(z)|z € Q}
and its c-transform ¢° € C(Q2) by

¢°(x) = inf {c(x,y) — P(y)ly € O}

A function v is called ¢-concave if it can be written as ¢ = ¢¢ for some ¢ € C(£2). Analogously,
1 is c-concave if it can be written as 1) = ¢°.

Comment: Setting 8 = a¢ (or @ = 8°) in (2) corresponds to optimization over 3 for fixed «
(and vice versa). In general alternating optimization of (2) in @ and  does not yield an optimal
solution.

Lemma 2.7. The set of c-concave and ¢-concave functions are equicontinuous.

Proof. e Since ¢ € C(Q2 x Q) and (2, d) compact there is a continuous function w : Ry — Ry
with w(0) = 0 such that |c¢(z,y) — ¢(z,v)| < w(d(y,y")).

o Let 1) = 67, Set 6, : y > clz, y)— d(x). For every o € Q have |6, (y)— g (y)] < w(d(y, y')).
One finds

YY) < d2(y) < da(y') +w(d(y,y))

for all z,y,y" € Q. Taking the infimum over = one gets ¥(y) < ¥(y') + w(d(y,y’)) and by
symmetry [¢(y) — ¥(y')| < w(d(y,y’)). This implies equicontinuity of ¢-concave functions.



e Argument for ¢¢ analogous.

O

Theorem 2.8 (Arzela-Ascoli [Rudin, 1986, Thm. 11.28|). If (£2,d) is a compact metric space
and (fp)n is a sequence of uniformly bounded, equicontinuous functions in C(2) then (fy,), has
a uniformly converging subsequence.

Theorem 2.9 (|Santambrogio, 2015, Prop. 1.11]). Maximizers of (2) exist. For an optimal pair
(a, B) one finds B = af, a = °.

Proof. e For feasible («,3) with finite score in (2) one can always replace 8 by a¢ and
subsequently « by (a¢)® which are still feasible and do not decrease the functional value.
Hence, we may impose the additional constraint that («, ) in (2) are (c,¢)-concave and
their respective (¢, ¢)-transforms.

e Replacing feasible («, ) in (2) by

(x—alx)—Cy— By) +0C) with C' = 115161?2 a(z))

does not change the functional value or affect the constraints.

e Arguing as in Lemma 2.7 one finds for c-concave o with min, a(z) = 0 that a(z) €
[0, w(diam §2)] and for the corresponding S = a¢ that 5(y) € [min ¢ — w(diam §2), max c|.

e Hence, we may consider maximizing sequences of (2) that are uniformly bounded and
equicontinuous. By the Arzelad-Ascoli Theorem there exists a uniformly converging sub-
sequence. Since the objective (and the constraints) of (2) are upper semicontinuous (see
proof of Theorem 2.5), the limit must be a maximizer.

O

Corollary 2.10 (Primal-dual optimality condition). 7 solves (1) and (a, 3) solve (2) if and only
if a(z) + B(y) = c(z,y) m-almost everywhere.

Proof. e =: Assume 7, (o, 3) are primal and dual optimal then:

/ngc(x’y) d(z.9) :/Qo‘dwr/ﬂﬁd”:/QXQ[OC(»”C)JrB(y)]dW(x’y)

And a(z) + B(y) < e(z,y) for all (z,y) € Q2. Therefore a(z) + B(y) = c(z,y) ma.e..

o <: Assume a(z) + B(y) = ¢(z,y) m-ae..

[adus [ sar= [ fa@)+sldntea) = [ cw)dntoy

QxQ

O

Remark 2.11 (Economic Interpretation of Kantorovich Duality). Bakeries and cafes hire a
third-party company to do the transportation and agree to split the transport cost. When
picking up bread at bakery x in the morning, the company charges an advance payment «(x)
per unit of bread for the transport. Upon delivery at a cafe at y it charges a final payment ((y)
per unit of bread from the cafe.



The total payment to the company will be fQ adp + fQ Bdv. It is left to the company to decide
which bread to deliver where. And they will want to minimize the total transport cost, i.e. to
find the global minimum of foQ cdm.

But it can never charge more than ¢(z,y) — a(x) when dropping of bread from x at y, otherwise
the cafe y may complain and try to hire another company to get bread from bakery x at a lower
price. When every cafe receives bread from its ‘subjectively cheapest’ bakery (and similarly each
bakery delivers to its ‘subjectively cheapest’ cafe), the transport plan is said to be at equilibrium:
no party will attempt to change its partner in a local attempt to reduce its costs.

Kantorovich duality states that for the optimal transport model the global minimum and equi-
librium coincide.

A useful application of duality is the following result which is also the foundation for the numerical
approximation of the Kantorovich problem.

Proposition 2.12 (Stability of optimal plans). Let (gt )n, (vn)n be sequences in P(£2) converging
weak* to p and v respectively. Let (), be a corresponding sequence of optimal plans. Then
any cluster point of (7,), is an optimal coupling for C(u, v).

Comment: (7,), will always have cluster points due to Theorem 1.22.

Proof. e Let 7 be a cluster point of (7,),. Without changing notation let (m,), be a subse-
quence converging weakx to m. Then m € II(u, v) as for any ¢ € C(Q):

/Cf)d(PYOjoﬁW):/ ¢ oprojpdm = lim ¢ o projydm, = lim /cbd,un:/qﬁd,u
Q QOxQ n— n—oo [ Q

S JaxQ

e Since 7 is feasible for C(u,v), for this converging subsequence:

C(u,v) S/ cdm = lim cdm, = lim C(pn, vy)
QxQ

n—o0 Ox0 n—oo

e Since this is true for any converging sub-sequence, get:

C(u,v) < liminf C(uy, vp)

n—o0

o Lete > 0.

e Let (ay, Bn)n be a sequence of dual optimizers for C(p,, ). Arguing as in the proof of
Theorem 2.9 we can extract a converging subsequence (ay, O )n, converging uniformly to
some (a, ). Note that a(x) + (y) < c(z,y) for all (z,y) € Q x Q.

e There is some N € N such that |a — a,| <¢€/2, |8 — Bn] < e/2 for all n > N. So:

/Oéd:un“‘/ﬁanZ/andﬂn‘i'/Bnan_g
Q Q Q Q

e This is true for all converging subsequences (&, By)n. Taking the supremum over the limit
superior for all such subsequences, we get

C(u,y)Z/oad,u—l— Bdv > limsupC(u,v) — e
Q Q

n—oo

10



e Since this is true for any € > 0 we find

C(p,v) > limsupC(u,v)

n—o0

and thus 7 is optimal for C(u,v). (And C(un,v,) converges.)
O

Comment: The proof can be extended to cover a sequence of changing cost functions (¢y), in
C(Q2 x Q), where ¢, is used for C(pn, vy) if (¢n)n converges uniformly to a limit ¢ € C(Q x Q).

Comment: For treatment of duality in more general regularity setting see for instance [Villani,
2009, Chapter 5]. A preview of the required concepts is given in subsection below.

2.3 c-cyclical monotonicity and duality

The proof for Proposition 2.12 relies on the uniform convergence of the dual potentials (o, 8y).
This is not available in less regular settings and a fundamentally different argument has to be
used relying on the following property:

Definition 2.13 (c-cyclical monotonicity [Santambrogio, 2015, Def. 1.36]). Let ¢ € C(2 x ).
A set T' C Q x Q is c-cyclical monotone (short: ¢-CM) if for every n € N and every tuple of
points ((z1,91),- -, (Tn,yn)) € '™ one has

n

> elwiy) < clwi,yio1)
i=1

=1

with convention yg := .

Comment: Intuition behind this: assume bakery x; delivers to cafe y;, (x;,y;) € T' C Q x Q and
I' is ¢-CM. Now assume bakery x; decides to deliver to cafe 1, instead, which then rejects bread
from bakery x,,. This bakery has now reroute its bread to cafe ¥, _1 and so forth, until eventually
a cycle occurs and bakery xo reroutes its bread to cafe y;. The fact that I" is ¢-CM implies that
such a cyclic rerouting can never improve the transport cost.

Definition 2.14 (Support of measure). Let (€2,d) be a compact metric space with its Borel
o-algebra and p € M (Q). The support of i, denoted spt i is the smallest closed set A C Q
such that p(A) = (). For x € spt u one has pu(By(z)) > 0 for any r > 0.

From the above comment we deduce intuitively: if 7 is optimal transport plan one must have
spt ™ is ¢-CM. Otherwise a cyclic rerouting of mass, as above, could yield an improved plan.
Formal statement:

Proposition 2.15 ([Santambrogio, 2015, Thm. 1.38]). If 7 is an optimal transport plan for
C(u,v) then sptm is c-CM.

Proof. e Assume spt 7 is not ¢-CM. Then there is n € N, and a tuple ((z1,41), .-, (Tn, yn)) €
(spt )™ with

n n

Zc(xi,yi) - Zc(ﬂfi,%—O —e>0.

i=1 i=1

(and all z;, y; different).

11



Select small open environments U; C §2 of x;, and V; C Q of y; such that
le(z,y) —c(@',y)| < 5 forall za' €U y,y €V

for all 4,5 € {1,...,n}. (and U;, V; pairwise disjoint).

e Set § = min; 7(U; x V;) > 0 since (x;,y;) € spt.
e Set:
o 7TL(UZ' X ‘/z) _ . - . L
= Uik PPl m=Projym, W= @i
o Let:

n n
ﬁzﬂ—ézﬂl—{—éZﬁ'l
i=1 i=1
Note: # >0, 7 € II(u, v).

New cost:

/cdfr:/cder(sZ /cdfri — /cdm

=1 N—— N——
SC(Izvyz'—l)-Fﬁ 20(171:7%)—&

n

g/cdﬂ'-i-é Z(C(xi,yi—l)_c($i,yi))+

=1

b
—/cdﬂ—;.

I}

=—€

So m cannot be optimal.
O

The converse implication is much less clear: if spt7 is ¢<CM, is m an optimal transport plan?
While there are no cyclical rearrangements, possibly there is a more complicated way to improve
the plan. With duality we can show that ¢-CM is indeed sufficient for optimality.

Proposition 2.16 ([Santambrogio, 2015, Thm. 1.37]). Let c€ C(Q2 x Q), T Cc Q2 T # 0, ' is
c-CM. Then there exists a c-concave function a € C(£2) such that

a(xz) +a(y) = c(x,y) forall (z,y)el.
For proof use small auxiliary Lemma.

Lemma 2.17. Let c € C(Q x Q), 8: Q — RU{—00}, § bounded from above, 5 not identical
—00. Set

a(x) = inf{c(z, y) — By) [y € Q}.

Then a € C(R), (a)® = a which also implies that « is c-concave.

12



Proof of Proposition 2.16. e [ is bounded from above, and finite at least at one point: fam-
ily of functions (x = c(x,y) — B(Y))yen:3(y)>—oco i non-empty and uniformly bounded
from below. = « is pointwise infimum over non-empty family of equicontinuous functions
uniformly bounded from below. = a € C().

e Now:
o(z) = nf{c(z,y) — 6(y)}
a“(y’) = inf sup{e(, y) —clz,y) + By)}

(a®)°(2') = inf supinf{c(a’,y) — c(z,y') + c(z,y) — B(y)}

!

Yy x Y

e By setting z = 2/ in supremum get: (a)¢(z") > a(z’).

e By setting y = ¢/ in inner infimum get: (a€)%(z’) < a(z’).
Proof. e Pick (z1,y1) € I'. For y € Q set

/B(y) = sup {Zc(xzayl) - Zc(xi7yi+1) ne N7 (371:3/1) € r fOI‘ 1= 17 sy Ny Y = y}

i=1 =2
e For y ¢ proj; (') find S(y) = —oo (supremum over empty set).

e For y € proj; (') use ¢-CM of I':

n

n
B(y) = sup Zc(fi,yi) =) (@i yiy1)|n €N, (zy) €T fori=1,....n,yp =y
i=1 =2

<c(x1,yn)

So B is bounded from above.
e For y = y; get by setting n = 1:
By1) = (1, 41)
So  is not identical to —oo.
e Now for x € () set
a(z) = inf {c(z,y) — By)ly € 2} .
By Lemma 2.17: a € C(), (a%)° = a.

e Now let (z,y) € I'. We need: a(x)
¢(x,y) a sufficient condition is «(x)



e For every € > 0 there is some g such that
a(z) > c(z,9) — () —¢.
And since a(x) € R have ¢ € proj, ().

e For 3 get recursive formula:
By) = sup {c(z,y) — c(z,9) + BG)|(z,y) € [',§ € proj; (I')}
So:
Bly) = c(x,y) —c(x,9) + B(9) -

e Combining lower bounds for a(z) and 5(y) we get:

a(z) + By) = e, §) = B(g) — &+ cla,y) — c(z, 9) + B(g) = c(x,y) — €.

Since this is true for any € > 0 it is true for ¢ = 0.

Application: sufficient condition for optimality of transport plans:
Corollary 2.18. If 7 € II(u, v) and spt 7 is ¢-CM, then 7 is an optimal coupling for C(u, v).

Proof. Use (a, f = «af) for function a provided by Proposition 2.16 as dual feasible candidates.
O

Another application: alternative proof for stability result Proposition 2.12. Need a few ingredi-
ents.

Definition 2.19. For metric space (€2, d) define Hausdorff distance for subsets A, B of
dp (A, B) = max{max{d(x, B) |x € A}, max{d(A,y) |y € B}}

Theorem 2.20 (Blaschke [Ambrosio and Tilli, 2004, Thm. 4.4.15]). For a compact metric space
(2, d) the set of compact subsets of Q with the distance dy is a compact metric space.

Lemma 2.21. Let A, be a sequence of compact subsets of 2, A C Q compact, let 4,, — A
in the Hausdorff distance. Then for every z € A there is a sequence (z,)n, T, € A, such that
Ty — T.

Proof. e Let x € A. For any € > 0 there is some N such that dg(A, A,) < e for n > N.
Then:

d(l‘,An) < dH(AaAn) <e

So there is some x,, € A, such that d(z,z,) < e.
O]

Lemma 2.22. Compact metric space (§2,d). Hausdorff convergent sequence of compact subsets
A, to A. Weaks convergent sequence of measures (i), in P(Q) to p. spt pu, C A,.
Then spt u C A.
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Proof. e Consider sequence of functions f, € C(Q), fn, : * — d(z,A,) and set f : z —
d(xz,A). Then f, — f uniformly (with Lemma 2.21).

e So for every € > 0 there is some N < oo such that |f, — f| < e for n > N.

e Then:
JEX
/fdu: lim /fd,u,n < lim /fndun—i—a:a
n—oo n—o0o
O
Alternative proof for Proposition 2.12. e As in first proof: let (m,), be sequence of optimiz-

ers. For any converging subsequence the limit 7 is in II(u, v).

e With Theorem 2.20 the sequence (spt 7, ), has a convergent subsequence in the Hausdorff
metric. Denote limit set by T

e By Lemma 2.22 have spt  C T" for any cluster point 7 of (7, )y,

e Every sptm, is ¢-CM by Proposition 2.15. Therefore, so is I'. Indeed: let n € N,
((1,y1), .-, (@n,yn)) € IT™. Fori=1,...,nlet ((z; %, yir))r be sequence with (z; i, yi k) €
spt g, with (2%, i k) — (4, y:). For every k find by ¢-CM of spt 7y

n

n
Z ik, Yik) < Z (Ti ks Yi-1,k)

i=1 i=1
Hence this is also true in limit.

e Sosptm C I'is ¢-CM. With Corollary 2.18 7 is optimal for C(u, v).

2.4 Solution to the Monge problem

We now consider a special case for which the Monge problem has a solution. Duality will be an
important ingredient in the proof.

First we briefly discuss that the Kantorovich formulation of optimal transport, Definition 1.27,
can be interpreted as a relaxation of the Monge formulation, Definition 1.24.

Proposition 2.23 (Kantorovich is a relaxation of the Monge problem). Assume 7' : Q — Q is
a feasible transport map for the Monge problem between p and v, Definition 1.24. In particular
Typ = v.
Let

(id, T): Q2 = Q x Q, = (x,T(x)).

Then m = (id, T')4p € II(p, v) and

| e = [ (w7 duta).
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Proof.

e Clearly m € P(Q x Q).

e projyo 1 =id. Hence

projosm = projos Ty = p.
Similarly proj; o7 = T. Hence
projyym = projy Iy = Tipn = v.

Equality of cost follows from change of variables under (id,T’).
O

This implies in particular that C(u,v) < Cu(p,v) since every feasible Monge map induces a
Kantorovich coupling of equal cost.

The ¢

Theo

onverse inequality is in general not true but we will now prove it for a special case.

rem 2.24 (Solution to the Monge problem). Let  C R? be compact, let the cost function

¢ be given by c(z,y) = h(x — y) for a strictly convex function h : R? — R. Let p be Lebesgue-
absolutely continuous and let 92 be p-negligible.

Then

the optimal transport plan 7 is supported on the graph of a transport map T : Q — Q.

Proof. e h is convex and finite. Hence it is continuous and locally Lipschitz. Therefore, c is

continuous and Lipschitz (since € is compact).

Therefore Theorem 1.28 and Theorem 2.9 apply and provide existence of primal and dual
optimizers 7 and («, ).

From the proof of Theorem 2.9 know: 3 = of, a = 3°. Analogous to Lemma 2.7 this
implies that o and (8 are Lipschitz.

By Rademacher’s theorem (see e.g. [Ziemer, 1989, Theorem 2.2.1]) « is Lebesgue-almost
everywhere differentiable in int 2. And consequently p-almost everywhere on € (since 902
is p-negligible).

From Corollary 2.10: a(x)+ 8(y) = ¢(x,y) m-almost everywhere. For (z¢,yo) with a(xo)+
B(yo) = c(xo,y0) we find

x = c(z,yo) — a(z)

is minimal at xg (since B(yo) = inf,{c(z,y0) — a(z)} = c(xo,y0) — a(z0)). If « is differen-
tiable at xo (which it is p-a.e., i.e. for (z,y) m-a.e.), then Va(zg) € Oh(zg — yo).

For a strictly convex function dh is ‘invertible’. That is, for every v € R¢ there is a unique
w € R such that v € Oh(w). We denote this map by dh~! and find

zo — yo = Oh™H(Va(zg)).

This relation is still true m-almost everywhere. Set T(x) = x — Oh~'(Va(z)). Then
y = T'(x) m-almost everywhere.
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e Equality of cost:

| cewminen = [ caT@)any) = [ daT@)dut)

Q

e Push-forward condition:

/ o(y) dTyu(y) = / HT(@) du(x) = [ S(T(x)) dn(z,y)
Q Q

QxQ

— [ b dn(a.y) = /Q b(y) dv(y)

QxQ

Example 2.25 (Quadratic case: c(z,y) = 3|lz — y||?). This corresponds to h(z) = 3|z
Consequently, Oh(z) = {z} and Oh~!(x) = 2. Moreover since o = 3%

a(z) = inf {1z — yl|* — B(y)|y € Q} = 3ll=|* +inf {— (z,y) + 3]ylI> — B(y)|y € 2}

} =
3l = sup {(a.1) — o)y € B}

:=¢(z): convex

Therefore,
T(x) =2 —Va(r) =z — (z — Vo¢(x)) = Vo(z) .

So T is almost everywhere the gradient of a convex function. This is part of the famous polar
factorization theorem by [Brenier, 1991].

3 Wasserstein spaces

3.1 Definition and basic properties

Definition 3.1 (Wasserstein distance). Let (€2,d) be a compact metric space. For p € [1,00)
let W, : P(2) x P(Q?) — R,
1/p
weMu) |

Comment: On non-compact spaces one usually restricts the Wasserstein space to measures with
finite moment of order p, i.e., [, d(z,z0)? du < 400 for some arbitrary reference point xg € .
This is a sufficient condition to keep W), finite.

Wytn) = (wt{ [ dtayranton)

Example 3.2. Dirac measures are isometric embedding of €2 into P(2): W, (04,9,) = d(x,y),
since I(0z, 6y) = {0(z)}-

To prove that W), is indeed a distance we will rely on the following powerful theorem which is
often useful to dissect and reassemble measures with certain sought-after properties.
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Theorem 3.3 (Disintegration [Ambrosio et al., 2005, Theorem 5.3.1]). Let Q, Q be compact
metric spaces, let f : 0 — Q be measurable and 7 € P(Q). Set u = fym € P(Q2). Then there is
a family (m,)yeq in P(Q), unique p-a.e., such that m,(f~'({y})) = 1 and for ¢ € C(Q) one has

/Siqbdw:/,(/ﬁasdwy) dpuly)

Comment: Disintegration formalizes the notion of conditional probability. It is easiest to visualize
in a discrete case when Q = Q x Q and f = projy. Then 7 can be interpreted as table and any
7y will be the restriction of 7 to row y, renormalized to mass 1 (if the row is non-empty). =,
gives the probabilities of picking a given column under the condition that row y has already been
selected.

Sketch: Table, disintegration.

Example 3.4 (Disintegration of transport plan). Let = € II(u,v). Let (7z)zeq be the disinte-
gration of 7 with respect to proj,. That is, for any ¢ € C(€Q x ) have

ax9 (b(gc"y)dw(g”’w:/Q(/Q ¢(ﬂf,y)d%(y)) du() .

v, can be interpreted as describing where mass particles starting in x are going. Note that it is
only uniquely defined p-a.e..

Comment: By the disintegration theorem 7, would be in P(Q x Q). But since v, (proj, ' ({z})) =
vz({x} x Q) =1 we can interpret -y, as element of P().

Theorem 3.5. W), is a metric on P((2).

Proof. e W, is non-negative (since d(x,y)? > 0), symmetric (since d(z, y)? is symmetric) and
finite (since € is compact, i.e., d is bounded).

o Let T:Q — QO xQ, T(x) = (x,z) be the ‘diagonal’ embedding of Q into Q x Q. Wy,(u, u) =
0, since m = Typ € I(p,p) and [dPdr = 0: Note that (proj; o T')(z) = z and that
fi(gsp) = (f 0 g)yp. Hence, proj;; Ty = pu. Further,

/ dpdﬂz/ dpd(Tﬁu):/dponu:().
QxQ QxQ Q

o Let W,(ut,v) = 0. Then there must be some 7 € II(p,v) with [, ¢, d(z,y)? dn(z,y) = 0,
which implies d(z,y) = 0 7-a.e., i.e., x = y m-a.e.. So for ¢ € C(N)

() dm(z,y) = ¢(y) dm(z, y)
QxQ QxQ
and thus projoym = proj;ym which implies p = v.
e Towards triangle inequality: Let p,v,p € P(Q), let m1, m2 be optimal couplings for

Wy(p,v) and Wy(v, p). Let (yo1,y)yen be the disintegration of mp; with respect to proj;.
That is, for any ¢ € C(2 x Q) have

o) dmon () = [ ( [ st dm,ym) av(y).

QxQ

Similarly, let (y12,y)yeq be the disintegration of w2 with respect to projj.
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e Define a new measure m € P(Q2 x Q) via

¢z, z)dr(x, z) = /

Q

( d(x, 2) dyo1,y() dm,y(Z)) dv(y).
Qx0

QxQ

Sketch: Some intuition for .

e Claim: m € II(u, p). For ¢ € C(Q) get

(«)dn(ez) = [ < » <x>dm,y<x>dm,y<z>) avly)

— [ ([ o0 tons@) vt = [ ow)amnten = [ odn

QxQ

e Triangle inequality:

Wilkr) < (/ng d(w, 2} dn(z, Z))l/p - (/Q </Qx9 d(z, 2)" dyory(2) dwz,y(z)) du(y))l/p

< (/Q </ng (d(z,y) + d(y, 2))" dyo14(2) dm,y(Z)) dV(y)>1/p

Minkowgki ineq. (/Q </Q><Qd(l'7y)p dyo1.y(2) dy12,( Z)> » (y)>1/p
+ </Q < /de(y, 2)P dyor 4 () d%27y(z)> . (y)>1/p

= ([ awramien) ([ g orinan)”
=Wy, v) + Wy(v, p).

O

Theorem 3.6 (W, metrizes weak* convergence). Let (€,d) be a compact metric space. W),
metrizes the weak+ convergence on P(£2). That is, for a sequence (py, ), and some p in P(2) one
has:

(W (s 1) — 0] & 1 = 1]

Proof. e =: assume Wj(un,p) — 0. Let (m,), be a corresponding sequence of optimal
transport plans. Let i be a cluster point of (), and let # € II(j1, u) a corresponding
cluster point of (m,),. As before, denote the converging subsequence also by (m,),. One
has:

n—o0 Ox0

Wy (it, p) < lim dP dm, = le Wy (ttn, pp) =0

Since W), is a metric, ft = p. Hence, py, N
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e &: assume [, A p. Let m, be optimal plans for Wp(pp, ). Extract a converging sub-
sequence, again denoted by (7,),. By Proposition 2.12 (stability of optimal plans) any
cluster point 7 of (), is an optimal coupling for W,(u, p1). So:

0= Wy(p,p) = / d?drm = lim dP dm, = lim Wp(n, 1)
Ox0 n—o0 Ox0 n—o0

O

In the following example we illustrate the qualitatively different behaviour of Wasserstein dis-
tances for p > 1 and p = 1.

Example 3.7 (‘Shifting a bookshelf’). Let n € N,

n—1
1 1 E
n = " 51-’ VvV = n 5i+1-
] =0

Sketch: p and v and the optimal couplings.

What are the optimal couplings for W), (p, )7 For p > 1 the unique optimal coupling is given by

|
—

n

1
T =0 2 0+ -
[

I
o

For p = 1 any 7w € II(u, v) with y > = w(z,y)-a.e. is optimal. Two extreme examples: same as
for p > 1, or only move first mass from ¢ = 0 to ¢ = n — 1. Any coupling that does not move
mass to the left is optimal.

For p € (0,1) W, does not define a distance, but the behaviour is still interesting. The unique
optimal is given by

n—1
=% (Z O(is) + 5<o,n>> :
=1

That is, it is preferred to leave most masses in place and only move the first one from the
beginning to the end.

This different behaviour is linked to the convexity / concavity of the function x — |x|P depending
on p: for p > 1, many small transports are cheaper than one large one. For p € (0,1) one larger
transport is cheaper. For p = 1 any combination of ‘monotonous’ transports has equal cost.

Comment: How to proof that these couplings are optimal? By guessing corresponding dual
variables.

3.2 Displacement interpolation

An intriguing property of the Wasserstein space (P(£2), W),) is that it is a length space if (€, d)
is a length space.

Definition 3.8 (Length space). A metric space (€2, d) is a length space if for every pair (z,y) € Q
there is a continuous map v, € C([0, 1],€) with

Vay(0) =, Yy (1) = ¥, d(Yey(9) Y2y (t) = d(2,y) - s — 1]

for s, t € [0, 1].
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Theorem 3.9. If (€2, d) is a length space and the map (x,y) — 7., that takes start and endpoint
to a shortest path between them is measurable then (P(2),W)) is a length space.

Comment: Sufficient conditions for the measurability of (x,y) — 7., can be found for instance
in |Villani, 2009, Proposition 7.16].

Proof. o Let (Yzy)(a,y)en2 be the family of maps for (€2,d) as given by Definition 3.8. For
fixed s,t € [0, 1] let

Iy:Qx0—Q, (,y) = Yay(s),
Pet : Q2 xQ—QxQ, (z,9) = (Ya,y (), Yay (1))

Comment: Between v and I' the roles of ‘index’ and ‘arguments’ of the functions are
exchanged. This is formally helpful to use the push-forward of I'.

e For given p,v € P(Q) let m be an optimal coupling for W),(u1,v). Denote pg = T'gy.

Sketch: Interpretation of p;.

e Claim: s — ps is a geodesic in (P(£2),W),) between p and v. A ‘length space map’ for
(P(2), W) between g and v, v, : [0,1] — P() is given by v,.(s) = ps. We will now
show this.

e Measurability of I';: By assumption S : (x,y) + 7.,y is measurable. For fixed ¢ € [0,1] the
map e; : C([0,1],Q2) — Q, v — ~(t) is continuous and thus measurable. We find I's = e;0S.
Similarly, I's; = (I's, I't) = (es, e¢) 0 S is measurable.

e Claim: I'y ;4w € I1(ps, pr)-
projosl's ¢ 4m = (projg o I'sy)ym = Lsym = ps

o Claim: Wy(ps, pt) = |s —t| - Wp(p, v).

Wp(PS, Pt)p S /

d(z, y)? d(Ls 4m) (2, y) =/ ((doTsy)(w,y))’ dm(z,y)
QxQ

QxQ
— [ 5y () ) =15 =P [ () dna)
QxQ QxQ
Wp(ps, pt) < |s —t| - Wy(p,v)
Sofor 0 < s <t <1 have
Wplps ps) < s Wylp,v), Wplps, pr) < (E—s) - Wplp,v), Wylp,v) < (1—t) - Wp(p,v)
So
Wi (s ps) + Wi(ps, pt) + Wi(pt,v) < Wy(u,v)

and by the triangle inequality

Wi(ks ps) + Wy(ps, pt) + Wy(pe, v) = Wy(p,v) -

Hence we must have equality and in particular Wy(ps, pr) = |s — t| - Wp(p, v).
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4 Wasserstein-1 space

In this section we study in more detail the structure of the Wasserstein distance for p = 1. Short
summary: the dual problem allows a particular simplification, only possible for p = 1, which
then can be reformulated as min cost flow problem (also known as Beckmann’s problem). This
is particularly suitable for numerical optimization.

4.1 Duality: Kantorovich—Rubinstein formula

Definition 4.1 (1-Lipschitz functions). A function «a : @ — R is called 1-Lipschitz if for any
pair x,y €  one finds

() — aly)] < d(z,y).
The set of 1-Lipschitz functions on €2 is denoted by Lip(€2) and evidently Lip(2) C C(Q).

Theorem 4.2 (Kantorovich-Rubinstein formula).

W, ) :sup{/gadm—u)

o€ Lip(Q)}

Proof. e By Theorem 2.5 (dual Kantorovich problem) we find

Wl(u,u):sup{/gadu—i-/gﬁdu

and with Theorem 2.9 (existence of dual optimizers) we can restrict the optimization in
the dual problem to pairs (o, 5) with a = 8¢, = a° (note that by symmetry of ¢ we need
not distinguish between ¢- and ¢-transform).

a, B €C(Q),a(r)+ B(y) <d(x,y) for all (x,y) € QQ}

e For any potentially optimal pair («, 5) we know:
a(z) = inf {d(z,y) — B(y)|y € Q} (3)

Since d, 8 continuous, €} compact: inf is min. For fixed = let y be minimizer. For different

x':

a(2') <d(a',y) — By) < d(2',z) +d(z,y) — B(y) = d(2', ) + a(z)

where we have used the triangle inequality d(2/,y) < d(2/,z) + d(z,y). This holds for all
pairs (z,2") € Q2. So a € Lip(Q) and likewise 3 € Lip(Q2).

o Set y =z in (3) to get a(z) < —fF(z). Use that § is 1-Lipschitz to get B(y) < B(x)+d(z,y)
to get

a(z) = inf{d(z,y) — B(y)ly € @} = inf {d(z,y) — B(z) — d(z,y)ly € Q} = —B(=).
So for optimal pair have o = —f.

e So in dual Kantorovich problem can restrict optimization to 1-Lipschitz a and S where

8 =—a.
O]
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Sketch: Interpretation with u, v being Dirac measures.

Remark 4.3. From the proof we learn: For ¢(z,y) = d(z,y) the set of (¢,¢)-concave functions
are 1-Lipschitz functions and if a € Lip(Q2) then a® = —a.

An advantage of the Kantorovich-Rubinstein formula is that o € Lip(£2) can often be turned into
a local constraint (pointwise, or on small neighbourhoods) and thus, the large set of constraints
of the original dual Kantorovich problem (a(x) + B(y) < d(z,y) for all (z,y) € Q%) can be
replaced by a smaller number of constraints.

4.2 Beckmann’s problem

Throughout this subsection 2 is compact and the closure of an open set of R%. d is the metric
induced by shortest paths in €2, according to the Euclidean length of paths.

Then the Lipschitz constraint can be approximated by a local constraint on the gradient of the
Kantorovich potential . Going then back to a primal formulation one finds a transport problem
where movement of mass is described by a vector field w € M(2)? that describes how mass flows
from p to v.

Definition 4.4 (Weak divergence). A measure w € M(2)? is said to have weak divergence
p € M(Q), we write divw = p, if for every ¢ € C'(Q) one has

/Q(ng)-dw—i-/gqﬁdpzo.

Comment: If w is a smooth vector field can apply integration by parts on first term to get
standard definition of divergence.

Theorem 4.5 (Beckmann’s problem).

Wi(p,v) = min {HWHM(Q)Q‘UJ € M(Q)?, divw =v — u}

Comment: Interpretation: w is flow field that takes p to v. At each point, w gives orientation
and amount of flow.

Comment: After discretization with |2 = N discrete points, the standard Kantorovich dual
problem needs O(N) variables and O(N?) constraints. Beckmann’s problem only requires O(N)
variables and constraints.

Proof. e Start with Kantorovich—Rubinstein formula, Theorem 4.2:

Wi(p, v) = sup {/Q ad(p—v)la e Lip(Q)}

e C1(Q) NLip(Q) is dense in Lip(f2) for the sup-norm.

Comment: The proof is intuitive but somewhat lengthy. It can be found, e.g., in [Schmitzer
and Wirth, 2017].

e Since a — [, ad(p—v) is continuous, by density can restrict optimization of e to C*(€2)N
Lip(Q).
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e Find
CH) NLip(Q) = {a c CHQ) | ||[Va(z)|| <1 forall z € Q} = {a € C}(Q) | [Vallo@y2 < 1}
o Get:

Wi(p,v) = sup {—f(a) — g(Va)|a € C1(Q)}

/ad
Q

{O if vl <1

else.

with

e Now apply Fenchel-Rockafellar. f, g are convex, lower semi-continuous (f is linear, g is
indicator of unit ball of sup-norm). X = CY(Q), Y = C(Q)?, A=V. At a : z + 0 have
fla) < 0 and g(Va) < 0o and g is continuous at Va.

e Dual problem:
Wi, v) = min { f*(=V'w) + g"(w)|w € M(Q)?}
e Compute conjugates:
F4(=V*w) = sup { (0, ~V*w) (g (0 — F(0)]a € CH(R)}
= sup {(—Va,w)C(Q)Q7M(Q)2 + /Q ad(p—v)|a e Cl(Q)}

0 if divw=v—pu
+o0o  else.

6" () = sup { (v, @) oz paqee |0 € COV2, Iolleay <1}

So g* is operator-norm of w (interpreted as linear map on C()?). By duality:

9" (W) = [wllm)
O

Remark 4.6 (Min-cost flow on discrete graph). Assume (2 is a finite, discrete vertex set of a
graph with edge set E C Q x Q and edge lengths ¢ : E — (0,00]. Let d be metric induced by
shortest paths in (2, E,¢). Then

[a € Lip(Q)] < [|a(z) — aly)] < l(z,y) for all (z,y) € E].

In many applications |E| < || and thus the right condition is easier to check than the left.
Can define discrete gradient operator G : C'(2) — C(FE), (Ga)(z,y) = (a(z) — a(y))/l(z,y)
and replace Lipschitz constraint by local constraint on gradient, as above. This leads to discrete
min-cost flow problem on metric graph. See for instance [Bertsekas and Eckstein, 1988].
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5 The Benamou—Brenier formula for W,

Similar as in Section 4.2: throughout this section €2 is convex, compact and the closure of an
open set of R?. d is the metric induced by shortest paths in €, according to the Euclidean length
of paths. Due to convexity of 2, shortest paths are given by straight lines.

5.1 Intuition

In Section 3.2 we have discussed the displacement interpolation: for a given optimal coupling 7,
mass can be thought of as traveling along geodesics with constant speed. In In Section 4.2 we
have given Beckmann’s problem as equivalent formulation for Wj: mass transport is described
by a (time-independent) flow field w. Now we study the Benamou-Brenier formulation for Wy
on RY. Intuitively it is the analogy of Beckmann’s formulation for W5. But here we need a
time-dependent flow field.

We start with an intuitive and informal discussion. In the Benamou—Brenier formulation, mass
transport between p and v € P(Q) is described as directly in the displacement interpolation: we
are looking for a function [0,1] 5 ¢ — p; € P(2) such that p; is the displacement interpolation
between 1 and v. So we want in particular:

po = H; p1L=v (4a)

The temporal change of p; will be described by a time dependent vector field v; : @ — R?% where
ve(x) gives the velocity of a mass particle at time ¢ and position z. p; and v; are connected by
the ‘continuity equation’

Opr + div(pivy) =0 (4b)

Remark 5.1 (Interpretation of continuity equation). Assume p; is Lebesgue-absolutely contin-
uous at all times. By abuse of notation write p; for its Lebesgue density. Let A C € be an open
set with a smooth surface 0A. Then formally from the continuity equation we obtain with the

divergence theorem:
d .
— (/ Pt dx) = —/ div(p; vy) do —/ pr vy - n(s)ds
dt \Ja A 0A

where n is the outward pointing unit-normal at s € 9A and ds is the surface volume measure of
0A.

That is, the change of mass in the volume A is related to the flow of p; v; across the surface 9 A.

It will turn out that a pair (ps,v;) describes the displacement interpolation between p and v
if it solves the continuity equation with temporal boundary conditions, (4), and minimizes the
following functional:

2
/[0 . /Q oy () 2 dpy () dt (5)

It is often called the ‘action’ functional. This can be interpreted as (twice) the integral of the
kinetic energy of all particles over the time-interval [0, 1] (recall the iconic formula Ejyinetic =
%m v?). So the displacement interpolation is the trajectory between p and v with the least

average kinetic energy of the particles.
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This formulation has several problems: when p; is not Lebesgue-absolutely continuous, but
contains concentrated Dirac masses, it is difficult to define the divergence condition (4b) as
above. Moreover, the functional (5) is not jointly convex in p; and vy.

In the next sections we will provide a rigorous definition of the Benamou—Brenier formulation
and sketch the proof for equivalence with the Kantorovich definition of Ws.

5.2 Rigorous definition

Now we give a rigorous definition of the Benamou-Brenier formulation. p will be defined as a
measure on [0, 1] x 2. The velocity field v will be replaced by a momentum field w € M ([0, 1] x
Q)% where intuitively w(t, z) represents p; () v¢(z). The decomposition of p and w into time-slices
will be discussed in Proposition 5.7.

Definition 5.2 (Weak continuity equation). Let p, v € P(2). A pair (p,w) € M([0,1] x Q) x
M([0,1] x )% is said to solve the weak continuity equation with temporal boundary conditions
p and v if

/[O’l]xﬂ(({)t(ﬁ)d/)-l-/[OJ]XQVQS-dw:/Qgﬁ(lj.)dy—/ﬂgﬁ(()7 Ddp

for all ¢ € C1([0,1] x ©). We denote the set of solutions by CE(j, v).

Remark 5.3. CE(u,v) is an affine set. When (p1,w1), (p2,w2) are two solutions, all points on
the entire line spanned by them are solutions as well. This is, due to the left hand side being
linear in (p,w). In particular CE(u, v) is convex.

Moreover, since 0;¢ € C([0,1] x Q) and V¢ € C([0,1] x )%, CE(pu, v) is weaks-closed.

Remark 5.4 (1-homogeneous functions and integration). A function f : R™ — R is 1-homo-
geneous if

O 2) =X [ ()

for all A > 0, z € R™ (with the convention 0- 0o = 0). Let p € M(Q)" and let o € M (Q2) such
that © < o. Then can define following integral:

/ f (g—g‘) do
Q
It is important to note that due to 1-homogeneity of f the integral does not depend on the choice

of o as long as u < 0. Let 7 € M1 () be another measure such that 1 < 7 and let v € M, (Q)
be such that o, 7 < v. One finds for any ¢ € C(Q)"

/¢‘d“:/¢'3§d0=/¢-jﬁjggdy.
Q Q Q

Therefore,

and consequently:

[ (i) ao= [ ()t = [ () o= [ () oo [ ()



Definition 5.5 (Action functional). Let

> if p> 0,
d:RxRY— RU{o0}, (pyw) =<0 if (p,w) = (0,0),
+o0o  else.

Comment: If (p,w) = (p,pv), p > 0 then ®(p,w) = ||v||?p. So this coincides with informal
definition of action.

® is jointly convex and lower semi-continuous since sub-level sets where ®(p,w) < C are given
by p > C~!|wl||?>. Moreover, ® is jointly 1-homogeneous.

Sketch: ® and its sub-level sets.

The action is then given by

Alp,w) = / @ (4 do(t, )
[0,1]x©2
where o is any measure in M ([0, 1] X ©) such that (p,w) < . Due to Remark 5.4 the definition
does not depend on the choice of o.

Now we have gathered the ingredients for the rigorous definition of the Benamou—Brenier for-
mulation.

Definition 5.6 (Benamou—Brenier formulation).
Wi (11, )2 := inf {A(p,w)|(p,w) € CE(p, v)} (6)

In the following we use the ‘time projection’ map:
T:[0,1] x Q@ —[0,1], (t,z)—t. (7)

So far, p and w were only defined as joint measures in time and space. For potential minimizers
of the Benamou—Brenier formulation we show that they can be decomposed into ‘time-slices’
such that for Lebesgue-almost every time ¢ the spatial arrangement of mass is fixed.

Proposition 5.7 (Time-disintegration of p). Let (p,w) € CE(u,v), A(p,w) < co. Then
o pe Mi([0,1] x Q), [[pllm(o,1yx0) = 1,

e Tip = Ljp,;) where the latter is the Lebesgue measure on [0,1]. There is a Lebesgue-
a.e. unique family of measures (p;)icp,1) With p; € P(£2) such that for any ¢ € C([0,1] x Q)

/[0,1]X9¢(t’ x) dp(t, ) :/[071] [/Q o(t, z) dpt(aj)] dt .

e w < p. (This implies that w can also be decomposed into time-slices.)

Proof. o If p ¢ M4(]0,1] x ) then g—ﬁ < 0 for a set that is not o-negligible, for every

o€ M4([0,1] x Q) with p < ¢ and thus A(p,w) = .

e Use the test function ¢(¢,z) =t in the definition of CE(u, v) to get

/[0,1]x9dp(t’x) - /Qd’/(ﬂﬁ) =1.

This is the Radon-norm of p since p is non-negative.
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e Let f € C([0,1]) and let

F(t) ::/0 f(s)ds.

By construction &;F = f and FoT € C'([0,1] x Q). So from the continuity equation we
know that

/[0,1] f d{Tye) /n),l]xﬂ(atF) oTdp= /Q(F oT)(1,)dv — / (FoT)(0,:)du= F(1) — F(0).

Q

So the integral against T}p coincides with the Lebesgue measure for all test functions, hence
Typ = L)

e Let o be some reference measure with (p,w) < o. If w €« p then there must be a set
A C [0,1] x Q with o(A) > 0 where g—g = 0 but g—‘; # 0 and consequently @(g—g, ‘j—‘;’) =00
and thus A(p,w) = oo.

O

Next, we establish that minimizers exist.

Proposition 5.8. If Wgp(u,v) < co then minimizers of the Benamou—Brenier formulation (6)
exist.

Finiteness of Wpp(u, v) will follow from the equivalence results of the next section.

Proof. e Let (pn,wn)n be a minimizing sequence. We may assume (pp,,wy,) € CE(u,v) for all
n and that A(pn,w,) < C for some C < oo.

as reference measure in the definition of the action A(py,wn):

Anawn:/ q)dpn’dwndn:/
(ncon) 0,1]x2 <dp" dp"> P [0,1]><Q’

With this can bound Radon-norm of w,:

e By Proposition 5.7 py, > 0, [|pn || pm(o,11x0) = 1 and wy, < py,. Therefore we can pick o = pj,

Cauchy—Schwarz

dpn

dwy,
dpn

[0,1]x2 H

([l

e Therefore, the sequence is uniformly bounded in norm and thus, by Banach—Alaoglu (The-
orem 1.22) must have a convergent subsequence with limit (p,w).

lomlLpo.ticys = /

1/2
2
dpy, - / 12dpn> = A(wn, pn)/? < CY2.
0,1]xQ

e Since CE(u,v) is weakx-closed, one has (p,w) € CE(u,v). Moreover, since ¢ is convex,
lower semi-continuous and 1-homogeneous, the functional A is lower semi-continuous (see
for instance [Ambrosio et al., 2000, Theorem 2.38|). Therefore, (p,w) must be a minimizer
of WBB~

O
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5.3 Equivalence with Kantorovich formulation

So far, we have given a rigorous definition of the Benamou-Brenier formulation and established
that minimizers exist. Now we will sketch how to show that it is actually equivalent to the
Kantorovich formulation for W5. We will proof that Wgg < W5. The converse inequality
requires several tedious smoothing arguments. We only sketch the idea of the proof and refer to
the literature for the details (e.g. [Villani, 2003, Theorem 8.1]).

Proposition 5.9.
Was (1, v) < Wa(p,v)
Sketch of proof. e For fixed z, y € Q1 let
Yoyt 10,1] = Q, t— (1—-t)x+ty

parametrize the constant-speed geodesic between x and y along the straight line between
them. Define measures p,, € M ([0,1] x ) and w,, € M([0,1] x Q)¢ by

/ ¢dpm,y = / ¢<t>'7z,y(t)> dt, / (O dwz,y = ¢(t7 ’Yz,y(t» : (y - x) dt
0,1]xQ [0,1] 0,1]xQ (0,1]

for ¢ € C([0,1] x ), ¥ € C([0,1] x Q)%. Note that w, , < ps, and that 3%5 =y—uz.

Comment: (py,y,wsy) describe Dirac particle moving at constant speed from z to y.

® (pry:way) € CE(0r, 8y): For ¢ € C([0,1] x Q) have
/ 0 dpry +/ V¢ dws,y
[0,1]x Q2 0,1]x
- /[O : [(8:0) (£, Yy (1)) + (V) (£, 2y (1)) - (y — )] dt

— /[071] [iw,%,y(t))] dt = ¢(1,y) — ¢(0,z).

e Compute A(pyy,wy,y). Use that wyy < pry.

A(P:c,ya Wﬂc,y) = /

dwy
© (L) dpny = [ oyl dpay = o~ P = d(o.p)?
[0,1]x Q2 b [0,1]x Q2

e For u, v let ™ be optimal coupling. Define p, w by

p:/ Pw,y dﬂ(%y)’ w :/ wl‘,y dﬂ'(.’E,y)
QxQ QxQ

Comment: The above is called a ‘Pettis integral’. Think of it as superposition of p, , with
weights 7(z,y).
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e One can quickly verify that (p,w) € CE(u, ). By using that A is convex and 1-homogeneous
and a generalization of Jensen’s inequality to topological vector spaces and Pettis integrals,
[Perlman, 1974], one finds:

Wes(u, v)* < Alp,w) = A (/Q Pay dﬂ(%y),/ Wi,y dﬂ(x,y)>

xQ QxQ

< [ Alpuyswny) dria,y) = / d(e,y)? dr(z,y) = Walu, v)?
QxQ QAxQ

e One can avoid Pettis integrals and the generalization of Jensen’s inequality as follows:
approximate p and v by sequences of superpositions of finite numbers of Dirac measures.
For each step, the optimal coupling will be a finite number of Dirac measures for which
standard finite sub-additivity can be used. Then go to the limit and use that W5 is weaksx
continuous since it metrizes the weak* topology.

O

Now we sketch how to proof the converse inequality.

e Let v € C1([0,1] x Q)7 be a differentiable vector field, let ¢ : [0,1] x Q — Q be its flow,
i.e. @ is defined by

atgo(twr) = ’U(t, (p(t,x)), 90(07 '7:) = .

e Set p; = @yyu. Note that pg = p. Assume that v is a flow field that takes the mass u to v.
That means p; = v.

e Define measures p and w by

/[()71]X9¢dp= /[0’1} [/Q P(t, x) dpt(a:)} dt, /[Oﬂmgb.dw = /[071] [/§2¢(t,x)-v(t,x) dpy()] dt.

for ¢ € C(]0,1] x Q) and ¢ € C([0, 1] x Q).

e Note that (p,w) € CE(u,v): For ¢ € C*([0,1] x Q) have

| avde= [ @)t oplt ) duds

[0,1]x2 [0,1]xQ2
= [ o)~ (T 0 60 ot 0 60,0 ana
[0,1]x2

_ / [6(t, ) 0 (t, ] dya — / (V(t,) - v(t, ) o o(t, ) dpdt
Q [0,1]x©2

= [ oty [ o0 du- /mwvso-dw-
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e For the action get:
Apw)= [ e(Lg)dp= [ el dpte)
[0,1]xQ [0,1]xQ

= /[OM||v<t,so<t,w>>||2du<x>dt= /| [ /[0’1
>,

This is the Monge-cost associated with the transport map ¢(1,-). And thus this is larger
than Wa(u, v)2.

||(8t90(t7$)||2dt] dp(z)

2
up(t,) | dua) = [ Jlp(1,2) —alPdu(a)

[0,1]

=lle(1,2)—¢(0,2)]

e To extend this to a full proof for the inequality Wgg > W5 one needs to apply a sequence of
sn)loothing arguments to approximate any (p,w) in such a way that v = ‘é—‘; is in C1([0,1] x
Q).

6 Entropy regularization and Sinkhorn algorithm

Solving the optimal transport problem numerically is a considerable challenge. The Monge
formulation entails a non-convex optimization problem with non-linear constraints. While the
Kantorovich formulation yields convex primal and dual problems, their naive dimensionality
grows quadratically with the discretization resolution of the base domain 2. There is a diverse
zoo of fundamentally very different numerical approaches that

e apply to different types of base spaces and cost functions,
e have different requirements on the structure and regularity of the marginals,
e and scale differently in terms of run-time and memory.

A decent compromise between flexibility, accuracy, run-time and implementation complexity is
the entropy regularization approach.

6.1 Discretization

For the sake of simplicity and with numerical optimization in mind we will now turn to discretized
problems. The Kantorovich formulation allows elegant discretization via discretization of the
marginals. Let

Qoz{l‘o,...,IM71}, 951 :{yow-‘nyfl}

be discrete, finite subsets of 2 with cardinalities M = #(), N = #(1). Assume p and v are
given by superpositions of Dirac measures located on €2y and €1:

M—-1 N-1
H= 3 bt T
i=0 =0
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with coefficient vectors u € RM, v € RN, Then any feasible coupling 7 € II(u,v) must be
concentrated on g x €1 and can be written as

M-1N-1

T= ) Wij Oy,

i=0 j=0

for a nonnegative matrix w € RTXN. The marginal constraints projoym = p and projym = v
then become

N-1 M-1
pi= Y mj, vj= Y ;.
j=0 1=0
These can be written compactly as
_ T
p=mly, v=m 1y

where 15 denotes the vector of RY with all entries being 1 and 7 1 denotes standard matrix-
vector multiplication.
For a cost function ¢ € C(Q x ) denote by ¢ € RM*N,

cij = c(xi,y5)
the discrete cost coefficient matrix. The linear transport cost is then given by

M—-1N-1

/ cdr = (¢, w) with (e, m):= Z Z Cij T j -
0x€ i=0 j=0
Finally, the discretized transport problem reads
min{(c,w)‘ﬂeRfXN,ﬂ']lN:u, ﬂTﬂM:V}. (8)

The corresponding dual problem is
ai—l—ﬂj < ¢ for alli:0,...,M—1,j:O,...,N—1} . (9)

Remark 6.1. A nice property of the Kantorovich formulation is that after discretization of the
marginals, the exact transport problem becomes finite-dimensional and no further discretization
is required. The stability result, Proposition 2.12, guarantees that the discrete optimal cou-
plings 7 converge to a continuous optimal coupling as p and v are approximated with increasing
resolution and accuracy.

6.2 Entropy regularization of the Kantorovich problem

Definition 6.2 (Kullback—Leibler divergence). Let ) be a measure space and let v € M (Q).
The Kullback—Leibler divergence (or relative entropy) with respect to v is defined as

KL(-[1) : M(Q) = R U {oo},
Jolog (g—’lj) dp —p(Q)+v(Q) if pe Mi(Q), p< v,

+00 else.

KL(u|v) = {
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The entropy regularized variant of the Kantorovich transport problem is defined as

inf {/ cdrm + ¢ KL(7|p)
QxQ

m e (y, V)} (10)

where € > 0 is the regularization weight and p € M (2 x Q) is a reference measure on € x .
Now let u and v be discrete measures, as in the previous section, supported on €2y and €2;. For
7 to be feasible its support must be contained in €2y x €2;. At the same time, for KL(7|p) < oo
it is necessary that m < p. Thus, for a reasonable discretization of (10) we must pick a suitable
discrete reference measure p of the form

M-1

2

p 6 xzvy])
=0

o,
I
=)

with non-negative coefficients p € RM*N_ For simplicity we assume that p is strictly positive,
pij > 0 for all (4, 7).
The Kullback—Leibler divergence KL(7|p) can then be expressed directly in terms of 7 and p:

M—1<N-1 o .
. . 1 < 17J> . Lo + > f >07 << 7

KL(rlp) = KL(x|p) —{§ St (los (52) g —mis 4 piy) imz0m<p
0@

else.

with the convention that 0log0 = 0. Here w < p means that [p; ; = 0] = [m; ; = 0] which is the
natural discrete analogue of absolute continuity. Note that for fixed p or p, KL(-|p) and KL(:|p)
are convex, lower-semicontinuous functions.

So after discretization of u, v and p, (10) becomes the regularized equivalent of (8):

inf{(c,ﬂ'>+EKL(7r|p) m e RMN miy = p, WT]IM:V} (11)

Note that the non-negativity constraint for 7 in (8) is already implied by the discrete Kullback—
Leibler divergence in (11).
Now we introduce the kernel matrix k € ]Ri/[ XN

ki j =exp(—cij/e) - pij- (12)

We find

cij i+ elog (Z;) = clog (Tj)
and thus

(e, ) + e KL(w|p) = e KL(w|k) — k(¢ x 1) + p(20 x Q1) .
Therefore, up to a constant, (11) is equivalent to

inf {5 KL(ﬂ"k))ﬂ' eRMN miy=p, w1y = u} (13)

As usual, we also study a corresponding dual problem. For this we need the Fenchel-Legendre
conjugate of KL(-|k) for fixed k.
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Lemma 6.3.
KL*(-[k) : RM*N 5 RU {00}, ¢ — Z Z exp(¢ij) — 1]k

Proposition 6.4. Minimizers of (13) exist and a dual problem is given by

sup { (o, p) + (B,v) — e KL*(a & B/e|k)|(ax, B) € RM x RV} (14)
where a @ 3 € RM*N ig defined by (o @ B);; = i + 3;.
Proof. e We write (14) as

—inf { (e, B) + 9(A(a, 8))|(ax, B) € R x RN}

with
f:RMXRN%RU{OO}) (a’ﬂ)H_<a7u>_</37u>7
g :RMN L RU {0}, ¢ — e KL*(¢/c|k),
A:RM x RN 5 RMXN, (a,8)—» a® .

e f and g are convex and lower continuous, A is linear and bounded, hence we can apply the
Fenchel-Rockafellar theorem, Theorem 2.4, to find that this is equivalent to solving

—max {— f*(—=A* ) — g*(m)|mw € RM*N1 = min { f*(—A* ) + g*(m)|mw € RM*N1 -

e We obtain:
FRM < RY 5 RU {00}, (0,7) = t—wy(a) + 1y (T),
g RN R U {00}, 7 — ¢ KL(7|k),
A% RMXN L RM o RN s (i, ly).

e In particular:

f*(*A* 71') = L{_M}(*ﬂ' ]lM) + L{_V}(*WT]lN) = L{u}(ﬁ ]lM) + L{,/}(TFT]IN)
which enforces the marginal constraints.

e Existence of a minimizer of (13) follows again from the Fenchel-Rockafellar theorem.

O

Note that the minimal value may be +oo if there is no coupling 7 such that # <« k. However,
since we assumed that p > 0, we excluded this case. Similarly to the standard transport case we
now establish existence of dual optimizers.

Proposition 6.5. If u; > 0, v; > 0 and k; ; > 0 for all (4,5) then optimizers of the dual
regularized problem (14) exist.

Proof. e In this proof we use intrinsically finite-dimensional arguments.
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o Let p® v € RM*N be the product measure of p and v:

(L®V)ij = pi- v,

Then

<0lall«>+ <B7V> - <a@ﬁaﬂ®">
Thus, (14) can be rewritten as

M-1N-1

Z Z fijla;+B;) where f;i(2) =z (- vj) —clexp(z/e) — 1] - ki ;

i=0 j=0

e Each f;; has compact super-level sets (this is where the assumption of strict positivity is
used) and since there are only a finite number of terms and each component of a @ 3 is
used by one term, for any minimizing sequence of (14) we can extract a subsequence such
that o ® B converges.

e Note that shifting a by adding a constant to each component and simultaneously shifting 3
by subtracting the same constant from each component does not change the objective value
of (14). Hence, we may renormalize the minimizing sequence such that always ay = 0.
Then convergence of & & 3 implies convergence of 3 and thus eventually also convergence
of a.

O

The regularized dual problem, (14) is an unconstrained, smooth, convex optimization problem.
This will allow simple optimization (see next section) and a simple relation between primal and
dual optimizers which we establish now.

The following Lemma for convex, lower semi-continuous functions is often useful.

Lemma 6.6. Let X be a Hilbert space and let f be a proper, convex, lower-semicontinuous
function f: X — RU {oco}. Then the Fenchel-Young inequality holds:

f(@)+ f(y) = (z,9)

Moreover, one has

ly e df ()] & [f(z)+ f(y) = (,y)] < [r € 0f(y)]

Proof. See, for instance, [Bauschke and Combettes, 2011, Proposition 13.13 and Theorem 16.23|.
O

This leads to the following result on the relation between primal and dual optimizers.

Proposition 6.7. Let X and Y be Hilbert spaces, let f: X - RU{o0}, g: Y — RU{oco} be
proper, convex, lower semi-continuous functions, let A : X — Y be linear and bounded. Assume,
that there is duality between the primal and dual problem

inf {f(z) + g(Ax)|z € X} =sup{—f*(=A"y) —g"(y)ly € Y}

and that the optimal value is finite. Then the following are equivalent:
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(i) = and y are primal and dual optimizers,
(i) —A*y € Of(x) and y € Og(Ax).
Proof. e The proof follows |[Bauschke and Combettes, 2011, Theorem 19.1].

(i) & f(z) +g9(Ax) = —f(=A"y) — g"(y)
& flx) + (=A%) +g9(Az) + 9" (y) = 0= (z, -A"y) x + (Az,y)y

with Fenchel-Young inequality:

& (@) + (=A%) = (2, -A"y) x| A 9(Ax) + 97 (y) = (Az,y)y]
& [FAy € 0f (@) Ay € 09(Ax)] < (ii)

Corollary 6.8. We can apply this to the entropy regularized transport problem. Then
o X =RM xR" Y = RMXV,
o fi(a,B) = —(a,p) = (Bv), 0f(e, B) ={V[(e,8)}, Vf(e, 8) = (—p, —V),
o g=cKL(-/ek), 9g(¢) = {Vy(@)} with [Vg(@)]i; = exp(ij/e) - Kij,
e Ala,B)=a® B, A'm = (mly, 7 1y),
and therefore, w and (a, 3) are primal and dual optimizers if and only if
o (mly,m'1y) = (u,v) and

& T = eXp((ai + :Bj)/g) : ki»j‘

Comment: Discuss relation / limit to unregularized problem.

6.3 Sinkhorn algorithm

Now we devise an algorithm to solve the regularized dual problem (14). For convenience, we
introduce a name for the objective:

J:RM xRN S5 R, (e, B) = (a, p) + (B, v) — e KL*(a @ B/e|k)

Since J is smooth, concave and the maximization problem is unconstrained, a necessary and
sufficient optimality condition is a vanishing gradient. We obtain for the gradient of J:

a7 N-1 97 M—1
Dex, = p; —exp(ay/e) jzz:o exp(Bj/e) ki j, 87,@] =v; —exp(B;/e) ; exp(a;/e) ki j.

We need to find a pair (e, 3) such that VJ = 0. We propose to do this in an alternating
fashion. Assume some B € RV is given. For fixed B(¢) the optimal a1 can be found by
solving 8‘% = 0. Then, for fixed a**) the optimal dual variable 3¢+1) can be found by solving

B%Jj = 0. One obtains:

v
k' exp(at+1) /e)

explod V) /2) = s exp(81) /<) =

= K ep(d0/0)° 19)

36



Here the exponential function and the fraction are understood to act component-wise. The
algorithm becomes particularly simple when one substitutes the variables

u® = exp(a? /e), v = exp(B1Y /). (16)
One obtains:
(e+1) _ M e+ _ ¥V
u = v Tae D (17)

These are the famous Sinkhorn iterations [Sinkhorn, 1964]. With Corollary 6.8 the primal dual
optimality condition then becomes 7 = diag(u) k diag(v) where diag(u) and diag(v) are the
diagonal matrices with diagonal entries given by u and v respectively.

Proposition 6.9. If k is strictly positive, iterations (15) converge to a solution of the regularized
dual problem (14), up to constant shifts of a and 3.

Sketch of proof. e As long as the iterates change, the dual objective is strictly increasing. If
the iterates do not change, by virtue of the first order optimality conditions an optimal
solution is found.

e Since k is strictly positive, the dual objective is bounded from above, and hence, arguing
with compact super-level sets as above, up to constant shifts, one must find a convergent
subsequence.

e Since the map that takes a given iterate (a(®), 3)) to the subsequent iterate (a¢*1, g(+1)
is continuous, any cluster point of the iterates must be a fixed point of the iteration and
thus be an optimal dual solution.

O
Remark 6.10 (Discussion of Sinkhorn algorithm). e Iterations (17) only consist of matrix-
vector multiplications and pointwise division and are thus trivial to implement and paral-

lelize.

e The algorithm works on any cost function ¢ and does not depend on additional theoretical
properties. Some caution is required if ¢ may be infinite.

e As e — 0 one approaches the original unregularized transport problem but numerically two
important issues arise: 1) convergence becomes increasingly slow, 2) numerical values in k,
u and v become increasingly small / large and will eventually exceed the computational
numerical range.

e In summary: if one can tolerate (or even wishes) a moderate regularization strength e > 0
the Sinkhorn algorithm is a good starting point to get numerical results.
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