We introduce a family of bounded, multiscale distances on any space equipped with an
operator semigroup. In many examples, these distances are equivalent to a snowflake of an
intrinsic distance on the space. Under weak regularity assumptions on the kernels defining
the semigroup, we derive simple characterizations of the Lipschitz norm and its dual with
respect to these distances. As the dual norm between the difference of two probability
measures is the Earth Mover’s Distance (EMD) between these measures, our characteriza-
tions give simple formulas for a metric equivalent to EMD. We extend these results to the
mixed Lipschitz norm and its dual on the product of spaces, each of which is equipped with
its own semigroup. Additionally, we derive an approximation theorem for mixed Lipschitz
functions in this setting.
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1 Introduction

Operator semigroups are ubiquitous objects in pure and applied mathematics. It is
well-known that many basic function spaces, such as the Besov spaces on R”, can be
characterized using, for example, the heat kernel [2, 23]. Recent work has generalized
these results to Besov spaces in more general domains; see, for instance, the papers [1]
and [11]. Even more abstractly, a substantial amount of classical harmonic analysis in
R™ can be pushed through to the setting of a measure space equipped with a diffusion
semigroup, as found in Stein’s book [22]. A limiting aspect of the theory developed
in this book is the absence of an explicit geometry; though the statement of maximal
theorems, Littlewood-Paley theorems and interpolation theorems make sense in this
general setting, basic notions such as Lipschitz functions cannot be defined as there is
no distance on the space.

A natural way of overcoming this lack of geometry is to use the semigroup itself to
define a distance. This is the approach taken in the theory of diffusion maps [5]. If
the kernel of the semigroup at time ¢ is denoted by a;(x,y), then the diffusion distance
at time ¢ is defined as [|a;(z,-) — a¢(y, )|l This conceptually meaningful distance has
found wide application in machine learning, where the kernel a;(z,y) is a power of an
affinity matrix measuring the relationship between two points in a data set.

The idea of letting the semigroup itself define a distance on the data is the starting
point for the present work. However, the ground distances D,(z,y) we introduce in
Section 2 are not defined at a fixed scale, but incorporate all scales at once; the parameter
« controls the weight placed at each scale, but all scales are present. In a variety of
examples, we will show that this distance is equivalent to a “snowflake” of the the
intrinsic distance p(z,y) on the underlying space; that is, the distance p(z,y) raised to
a power less than 1 [12]. However, the distance we define makes sense even when there
is no externally given distance.

Next, we consider the space of functions on the measure space that are Lipschitz
with respect to the distance Dy (z,y). In the settings where D, (x,y) is a snowflake of an
intrinsic distance p(x,y), Lipschitz functions are Holder with respect to p(x,y). We will
give simple characterizations of the Lipschitz norm using the semigroup itself, analogous
to corresponding formulas from classical harmonic analysis. As in the classical setting,
the basic principle is that the size of a function’s variation across scales, as defined by
the semigroup, is equivalent to the size of its variation across space with respect to the
distance Dq(z,y).

Finally, we consider the space of measures that can be integrated against Lipschitz
functions — that is, the space dual to the Lipschitz space. We will give simple charac-
terizations of the norm on this space that generalize formulas from classical analysis.
This is of particular interest as the dual norm of the difference between two probability
measures is equal to the Farth Mover’s Distance (EMD) between the two probability
measures. We will recall the definition and some basic properties of EMD in Section 6;
we note here that it is a popular tool in machine learning applications that suffers from
high computational cost, and that the equivalent metrics we develop provide, in many
situations, a fast way of approximating it.

We will play close attention to the regularity conditions we impose on the semigroup



needed to make our theory hold. The conditions are highly non-restrictive, and we will
show that they hold for a very broad class of semigroups. Examples include heat kernels
on closed Riemannian manifolds, heat kernels on certain fractals, and subordinated heat
kernels in R™, as well as the non-symmetric example of shifted heat kernels on R™. In
addition, we will show that if the theory holds for some finite collection of semigroups
on different spaces, then it holds for their product on the cross-product of these spaces.
This subsumes the theory of mixed-homogeneity distances.

Another contribution of this paper is to generalize the aforementioned results to the
setting of tensor products of two or more measure spaces, each equipped with its own
semigroup. We derive characterizations of the norms on the space of mixed Lipschitz
functions and its dual. The application areas to which this topic applies is the comparison
of two databases that can be viewed as functions on a product of two spaces, each with its
own natural geometry defined by a semigroup. For example, we might wish to compare
the spectrograms of two signals. The time and frequency domains each have their own
natural geometry, independent of the other. The metric we derive provides a natural
way of comparing the spectrograms by the maximum difference in their response to a
class of sensors, the mixed Lipschitz functions.

1.1 Notation

By “A < B” or “B 2 A” we mean inequalities up to positive constants; that is, there
is a constant C' > 0 such that A < C' - B. Similarly, by “A ~ B” we mean there are
constants ¢, C' > 0 such that ¢c- A < B < C'- A. What is meant by C' being a “constant”
will be clear in each instance. The other notation used throughout is specific to each
section and will be defined as it is encountered.

2 Multiscale diffusion distance

Our setting throughout the paper will be an abstract measure space X', whose measure
we will denote dz. We suppose that X is equipped with a family of kernels a;(z,y),
t >0, in L'. Defining the operators

@) = [ ale.) )y
we assume the following conditions:

(S) (The semigroup property.) For all ¢,s > 0, A;As = Ays. This property can be
expressed in terms of the kernels a;(z,y) as

at+5(m,y):/Xat(x,w)as(w,y)dw.



(C) (The conservation property.) If 1 is the constant function 1 on X, then for all
t >0, A;1 = 1. This property can be expressed in terms of the kernels a;(x,y) as

/ at(z,y)dy = 1.
X

(I) (The integrability property.) There is a constant C' > 0 such that for all ¢ > 0 and
re X,

/ lau(z,y)ldy < C.
X

(R) (The regularity property.) There are constants C' > 0 and « > 0 such that for
every 1 > s>t >0 and every x € X,

[t o) = anty )y dy < c(t)

We will have more to say about the regularity condition (R) later in this section. In
particular, we will give an alternate characterization that reveals its geometric content.
In Section 3, we will show that condition (R) holds for a wide variety of examples. In
Section 4 we will show that this condition also implies convergence to the identity for a
class of suitably regular functions.

As noted in the Introduction, we do not assume any external geometry on the space
X. Rather, we will use the kernels a;(x,y) to define a geometry from scratch. This
approach is inspired by the paper [5]. In this work, each time ¢ defines a diffusion
distance: the time t diffusion distance between x and y is the L? distance between
at(z,-) and a;(y, -). These distances also have the feature that they can be approximately
embedded into a low-dimensional Euclidean space. Each distance captures the geometry
of the space at a particular scale.

In the present work, however, we consider a single distance that incorporates all
scales at once. Also, we use the L' distance between kernels at each scale, rather than
the L? distance. This avoids use of the spectral theory of the operators A; present in [5].
Furthermore, though there are not Euclidean embeddings of the distance we define as
with L? diffusion distance, for the application areas we have in mind there will usually
be no need to explicitly compute our distance for all pairs of points.

We will be concerned with dyadic scales ¢ € (0, 1]; that is, scales t = 27% k > 0. To
this end, define

P, = Ay

and
pr(T,y) = ag—r(,y).
Also, we define
Dy(z,y) = llpx(z, ) — p(y, )l -



Define the multiscale distance

Du(z,y) = ZQ*kaDk(x,y). (1)
k>0

Note that the condition [ |a;(z,y)|dy < C guarantees Dy (z,y) is uniformly bounded
for all x,y; in particular, it is finite.

In Section 3 we will compute the distance D, (z,y) for many examples of semigroups.
Before doing so, however, it will be convenient to turn our attention to the regularity
condition (R) we impose on the kernels a;(x,y). We reformulate condition (R) in ge-
ometric terms, where the geometry is defined by the distance D, (z,y). To that end,
define the geometric condition (G) by

(G) (The geometric property.) There are constants C' > 0 and « > 0 such that for all
k>0and x € X,

/X Ipk(z,y)| - Do(z,y)dy < C27F,

We show that conditions (R) and (G) are essentially equivalent. The following lemma
will be convenient.

Lemma 1. If there are constants C' > 0 and o > 0 such that for every k,l > 0 and
reX

k
[ e X It = pily, )l dy < 027
=0

then (G) holds, for the same choice of o and a possibly different constant C'.

Proof. By the integrability condition (I) the integrals [, |pr(z,y)|dy are uniformly
bounded. Therefore

> 27 Ipr(, ) = pely, )l 270
I>k+1

and so

/ e w)| 3 27 k(e ) — pey, )l dy S 274 / o) dy < 2%
x I>kt1 X

from which the result follows. O

Proposition 1. Suppose that (R) holds for some o > 0 and all dyadic times s = 27l t =
27% where 0 <1 < k. Then (G) holds for all k > 0 and for any 0 < o/ < a.

Proof. For all x, we have
/ (2, ) 127" Ipu(a, ) = puly, )l S 2Pl
x

4



Summing over [ =0, ...,k gives

k k
/ k()] D27 Ipi, ) = piy, o)l S 270 | 2emel) S grhaghama’) — gke’,
& 1=0 1=0

By Lemma 1, we are done. O

Proposition 2. Suppose condition (G) holds for some o > 0. Then (R) holds for all
dyadic times s = 27  t = 2% and for all 0 < o/ < a. In other words, for all 0 < o/ < a
there is a constant C' such that for all 0 <1 <k and x € X,

/X (. y)| - i, ) = puly, )y dy < €270
Proof. Since 27 ||py(x,-) — pi(y, ) |l; < Da(z,y) for all I > 0, we have

/X e, )| - llpi(, ) = puly, )y dy < 2 /X [k (2, y)| Do, y)dy < 27FD2

Since o/ < «, the result follows. O

We will find condition (G) to be a more useful statement of regularity than (R) going
forward. We note too that to recover (G) we need only assume (R) for dyadic times s
and ¢t between 0 and 1.

3 Examples of kernels satisfying our conditions

In this section, we show that the conditions we impose on the kernels a;(x,y) hold
for a great diversity of semigroups arising in different settings. In all the examples
we consider here, the analysis proceeds by obtaining an upper bound on the distance
D, (x,y). Although the metric D, (z,y) given by equation (1) is defined from the kernels
at(z,y) themselves — that is, it is not given externally — there are many examples of
spaces X' on which there is already defined a natural distance p(z,y) with respect to
which the kernels a;(z, y) exhibit certain regularity. We will show that if a;(z, y) satisfies
a certain Holder continuity condition and a decay condition, then the distance D, (x,y)
is bounded above by a power of p(z,y).

It will follow easily that condition (G) (and consequently (R) as well) is true for such
kernels, and thus that the general results in this paper apply in this setting. Further-
more, by imposing even stronger assumptions on a;(z,y) we will show that the distance
D, (x,y) is in fact equivalent to a power of p(z,y). We will follow up with a number of
specific examples that satisfy one or both sets of conditions.

Throughout this section, we will always assume 0 < o < 1.



3.1 Holder continuous kernels with decay

Suppose that there is a metric p(x,y) on X and a measure p such that u(B(z,r)) < ",
where n > 0 is fixed. In addition to the conservation property (C) and the uniform L'
bound (/) that we already assume, the kernel a;(z,y) is assumed to be symmetric, and
the following two regularity conditions are imposed:

1. An upper bound on the kernel: there is a non-negative, monotonic decreasing
function ® on [0,00) and a number § > 0 such that for any v < 3,

o0 d
/ T"+7<I>(7')—T < 00

T

and

1 o (py)
o)l < (A5,

2. The Holder continuity estimate: there is some constant © > 0 sufficiently small
for such that for all ¢ € (0,1] and for all z,y,u with p(x,y) < t'/5,

wi-wion (62 o 52)

These conditions are found in the paper [11]. As discussed there, examples of semi-
groups satisfying these estimates include the subordinated heat kernels in R™, the heat
kernel on certain Riemanninan manifolds, the heat kernel on a variety of fractals such as
the unbounded Sierpinksi Gasket, and the heat kernel of the semigroup et for certain
elliptic operators L on R".

We will show that if we assume conditions 1 and 2, then our geometric condition
(@) is satisfied for all @ < min{1,©/3}. The first step in showing this is to prove that
our distance D, (z,y) defined from the semigroup is bounded above by a power of the
distance p(z,y).

Lemma 2. For any 0 < n < 1, there is a finite constant C' > 0 such that for every
0<t<1 and every x € X,

1 (2, y)
B pP\T,Y
/Xp(w,y) "tn/5@< 11/ )dy<Ct’7.

Proof. Let Vi = B(z,2Ft1¢Y/#) \ B(x,2%t'/8). The upper bound on the kernel from




condition 1 yields the following inequality:

1 (w,y)) 1 { - p(z,y)
pn iiJ p dy = / / Png d
/Xp(x,y) /B ( a5 ) W= s B($7t1/ﬁ)+;§:0 " p(z,y) VR

< t”t"/ﬁ{@m)u(mx, /%))

+ i 2P0 @ (2%)u(B(x, 2’“”’51/6))}
k=0

< tntn/ﬁ{@(o)tn/ﬁ 'y @(zk)gk(nﬂﬁ)tn/ﬁ}
k=0

gt"{q>(0)+/ T"+775<1>(T)d7} <.
1

T

We used that n < 1 and condition 1 to conclude that the last integral is finite. This is
the desired result. O

Proposition 3. For every 0 < o < min{1,©/3}, there is a constant C' > 0 such that
Da(z,y) < Cp(x,)*".

Proof. First, condition 2 and Lemma 2 above with n = 0 imply that whenever p(x,y) <
/8

lan(z, ) — an(y )]s < (pif/’g/))@tnl/ﬁ/X(D<pif/’/§]))dy§ (pigf/’ﬁy))e.

Consequently, if we define K so that 275 < p(z,y)? < 275+ then

K oo
Da(x,y) < pla,y)® > 27he2k0/F 1 N " g7k < p(g,y)92K(O/F=e) 4 g=Ka

k=0 k=K+1
< pla,y)*.
We used that « < ©/f for the upper bound on the first sum. O

With this upper bound on D,(z,y), it is now straightforward to show that our
geometric condition (G) holds for a range of a.

Proposition 4. Under conditions 1 and 2, condition (G) holds for all 0 < «a <
min{1,©/5}.

Proof. From Proposition 3, we have the upper bound Dy(z,y) < p(z,y)*?. Conse-
quently, taking 7 = o in Lemma 2 yields

1 (z,y)
< af P\Z, < po

which is the desired result. O




3.2 The distance D,(z,y) for kernels with a matching lower bound

Having established conditions (G) and (R) from the upper bound Dy (z,y) < p(z,y)*?
for all @ < min{1, ©®/5} under the continuity and decay conditions 1 and 2 of the previous
section, we now formulate general conditions under which we can prove a corresponding
lower bound, Dy (z,y) = p(z,y)*®. We will then study several examples where both
conditions are satisfied. Note that the lower bound is not necessary for the general
results of our paper to hold; in particular, our primary concern is to establish condition
(G) (and hence condition (R) as well) for a large class of examples. We only prove the
lower bounds to show that the distance D, (z,y) is equivalent to the “natural” geometry
of the space under consideration in a plethora of cases.

Again, we suppose in this section that X' comes equipped with a metric p(z,y). We
assume, however, a stronger relation between the measure and the metric 1, namely the
two-sided estimate u(B(z,r)) ~ r".

We suppose that in addition to the conditions 1 and 2 of the previous section, we
also have the following condition:

3. A lower bound on the kernel: there is a monotonic decreasing function ¥ on [0, co)
and R > 0 such that for all ¢ € (0,1] and all p(z,y) < R

1 p(x,y)
’at(x7y)’ 2 tn/ﬂ\:[}< tl/ﬂ .

We will show
Proposition 5. Under the conditions 1,2 and 3, Du(z,y) 2 min{1, p(z,y)*"}.
We will deduce the result from the following lemmas.

Lemma 3. There is a constant A > 1 and a constant ¢ > 0 such that whenever At/? <
p(z,y) < R, we have
lai(z, ) —a(y,)ll; > e
Proof. Temporarily fix any A > 1 and suppose At!/# < p(z,y) < R. Then for any
u € B(x,t/8), the triangle inequality implies
py,u) > p(a,y) — px,u) > (A= 1)t"/7.

From the monotonicity of ® it follows that ®(p(y,u)/t'/#) < ®(A — 1). Consequently,
using the upper and lower bounds on |a;(x,y)| and the fact that u(B(z,7)) ~ r", we
have

lag(z, ) — arly, Iy > / lan(, )| du — / ar(y, )| du
B(x,t1/8) B(x,t1/F)

1 p(x,u) 1 / p(y,u)
> g du — d
= n/B /B(ac,tl/ﬂ) < t1/8 > T sy \ P

1 plz,u) 1 /
> ] du — —— d(A-1
~ /B /Bu,tlfﬂ) < t1/8 > C 7B s ey

> W(1) — d(A - 1).




Since @ is decreasing, by choosing A large enough we can guarantee e = U(1)—®(A—-1) >
0, yielding the desired result. O

Corollary 1. For all p(z,y) < R,

Do(z,y) 2 plz,y)*”

Proof. By the previous lemma, ||la;(z,-) — a;(y,-)||; > ¢ > 0 whenever At'/# < p(x,y).
Let L = [logy(p(x,y)?/AP)|. Then

oo o0
)=y 27 Ik, ) = prly, )l =€) 2R = 278 = p(a, )
k=L

O

Lemma 4. There are constants C > 0 and 0 > 0 such that whenever p(x,y) > R and
t1/8 < R,
Hat(iU, ) - at(y7 )Hl > C.

Proof. Since p(x,y) > R, the balls B(x, R/2) and B(y, R/2) are disjoint. Consequently

lar(a, ) — arly, Iy = / Jar(z, )| du — / lau(y, w)|du
B(z,R/2) B(z,R/2)

> / sz, ) — / las(y, w)ldu
B(z,R/2) B(y,R/2)¢

> 1/ at(x,u)du/ |at(y, u)|du.
B(z,R/2)¢ B(y,R/2)¢

The result follows from the next lemma. O

Lemma 5. Fiz anyr > 0 and ¢ > 0. Then there exists some § > 0 sufficiently small so
that whenever 0 < tY/F < §r,

/ lag(z,u)|du < e.
B(z,r)c

Proof. Temporarily fix § > 0 and suppose 0 < t'/# < ¢r. Then if we let V}, =
B(z, 281r) \ B(z,2"r), we have

1 plx,y)\, 1 p(z,y)
/B(x,r) lag(z, u)\du<t 73 /B(LT)C<D< 15 du—tn/ﬁZ;:/VkCID 11/ du

k

by < T[T g (1) 4T
tn/ﬁz (ﬂ/ﬂ) (25" tn/ﬁ/l T (I)<t1/ﬁ T

T g0 ® < [T as®
t"/ﬁ/ PP (s)— < : s"P(s)—.

rt—1/8 S -1 S

By taking § small enough, the integral can be made as small as desired, completing the
proof. O



Corollary 2. There is a constant B > 0 such that whenever p(x,y) > R, Dy(x,y) > B.

Proof. Take C' and § from Lemma 4. Let K = |logy(1/(6°RP))|. Then 275 < 65R5,

and so
o0

Da(z,y) > Y 27%*C ~ C5*PR* > 0
k=K

which completes the proof. ]

Corollary 1 and Corollary 2 easily imply Proposition 5. Furthermore, Proposition 5
and Proposition 3 yield the following theorem:

Theorem 1. If all the conditions 1, 2 and 3 on ai(z,y) apply, then for 0 < a <
min{1,0/8} the distance Dy (z,y) is equivalent to the thresholded distance min{1, p(z,y)*%}.

3.3 Heat kernel on a Riemannian manifold

We illustrate the results above on some selected examples. First, we consider the case
where X is a closed (compact, without boundary) Riemannian manifold of dimension
n, and a;(z,y) is its heat kernel. Since X is compact, it is true that pu(B(x,r)) =~
r™. Furthermore, the following two lemmas can be easily derived from the parametrix
construction of the heat kernel given in Chapter VI, Section 4 of [4]. Here, p(z,y) is
geodesic distance on the manifold.

Lemma 6. There are positive constants A, B such that

A —Bp(z,y)?/t
at(%wﬁwe p(x,y)?/

for all t sufficiently small.

Lemma 7. There are positive constants C, D

C — T
€ PO < ay(ay)

whenever t € (0,1] and p(x,y) are sufficiently small.

In other words, we have the upper and lower bounds on the kernel from conditions
1 and 3, with ®(7) ~ ¥(7) ~ e~ and 8 = 2. It remains to show condition 2. We will
deduce the continuity estimate from the following gradient bound:

Lemma 8. There are constants E, F > 0 such that for all t € (0,1] and for all z and y
m X,
E e Frlzy)/t
< - -
H - \/i tn/2

where V denotes the gradient with respect to the first variable.

IVaai(z,y)
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Proof. Using the asymptotic expansion of a;(z,y) in Chapter VI, Section 4 of [4], it is
easy to show a Gaussian upper bound on the time derivative of a;(x,y), namely

8at b e—cp(x,y)Q/t

_ - D —

for some positive constants b,c. Since the curvature of X is bounded (because X is
compact) we can apply Theorem 1.4 from [14], which states that there are constants
Al, Ag, Ag such that

8(1,5

A
Vel < (14 52 Jarlo ) + Avan(o) .0

For t € (0, 1], it follows from the Gaussian estimates on a;(x,y) and dra:(z,y) that

A e—2Boy)?/t b e—cr@y)?/t A

IVaar(z,9)|* < =

1 e~ Brlzy)*/t
t tn T Ter et

—Bp(z,y)?/t < =
~t tm

for sufficiently small B > 0, from which the result follows. O

Lemma 9. If x,y are sufficiently close, then for any smooth function h : X — R and
any two points x and y in X, there is a point T lying on the minimal geodesic from x to
y such that

[h(z) = h(y)| < IVA@)]| p(z, ).

Proof. Suppose r = p(z,y) is less than the injectivity radius of the manifold M (which
is positive, since M is compact). Let v(¢) be the unit speed geodesic connecting x to y.
Then 7(r) = y, and 7(0) = z. For details, see, for instance, Chapter 13, Section 2 of [8].

Consider the function h(t) = h(v(t)). Observe that h(0) = h(z) and h(r) = h(y).
By the mean value theorem, there is some point ¢; between 0 and r such that

pley) r = H(t) = %h(V(t)) — (Vh(y(t1)), 7 (t1))

Consequently, since v has unit speed, the Cauchy-Schwarz inequality gives

|h(y) — h(z)| = (VR(y(t1)),7 (1)) p(z,y) < [|[VA(v(01))] p(z,y).

Consequently, if we let & = y(¢1), then Z lies on the minimal geodesic connecting x and
y, and

[h(z) = h(y)| < IVA@)]| p(z, ).

11



Corollary 3. There are positive constants G, H such that whenever p(x,y) < /2,

pla,y) e~ o/t

\/i n/2

Proof. From the mean value theorem (Lemma 9) and the gradient estimate from Lemma
8, we have the bound

|(It(ﬂ§‘,u) - at(yvu)| < G

E ein(uvj)z/t
|a(z, u) — ar(y, u)| < P(iE,y)WT
where Z is some point on the minimal geodesic connecting x and y. Since p(z,y) < /2,
it is also true that p(z,#) < t'/2. Consequently, we have

plu, z)? < 2p(u, &) + 2p(%, 2)* < 2p(u, T)* 4 2t

and so

E epr(u,fc)Q/t —F(p(u,x)?—2t)/2t

Ee
|at(x,u) - at(y,u)| < p(xvy)%T < p(%’,y)ﬁ tn/Q

Ee ef(F/Q)p(uvx)z/t

< plz,y N 73

which is the desired result. O

We can therefore apply the results of the previous sections to the Gaussian upper
bound from Lemma 6 and the continuity estimate from Corollary 3 to conclude that
condition (G) is satisfied for all o < 1/2, and that Dy (x,y) < p(x,y)?®. Furthermore,
the Gaussian lower bound from Lemma 7 and the fact that the geodesic distance is
bounded (since X is compact) shows that D, (z,y) = p(z,y)?* as well. Consequently,
D, (,y) is equivalent to the distance p(z,y)?* when o < 1/2.

Of course we can derive a similar result, namely that condition (G) holds for o < 1/2
and that Dg(x,y) ~ min{l, p(z,y)?**}, for non-closed manifolds whose heat kernels
satisfy the same Gaussian bounds. We note again that we only need condition (G)
to hold for our theory to hold, and hence only need the Gaussian upper bound, the
continuity estimate, and the upper bound u(B(z,7)) < r™. For example, as discussed
n [11], the Gaussian upper bounds and continuity estimates hold for the heat kernel on
any geodesically complete Riemannian manifold with non-negative curvature. The lower
bounds are only used to prove the lower bound D, (z,y) = min{1, p(z,y)?*}.

We note too that this section may be of particular interest to those in the machine-
learning community, as approximations to the heat kernel on data sampled from sub-
manifolds of R™ are a widely-used model for many data sets, e.g. a collection of high-
dimensional images defined by a relatively small number of parameters. See, for instance,
[16, 17].

12



3.4 Subordinated heat kernels with shifts on R"

Next we consider the case in which a;(x,y) = K;(x —y), where K;(u) is a radial kernel,
ie. Ki(z) = Ky(y) if |z| = |y|, satisfying the following scaling property:

Ky(z) = t7/PK (47 Bg)

where 0 < 8 < 2. For details on the construction of such kernels in one dimension, the
reader can refer to the book [26]; also see the paper [10] for a useful summary. These
kernels are known as subordinated heat kernels on R", since they can be expressed as
an average of the heat kernel at different scales. Concretely, when 0 < 8 < 2 (that is,
B # 2), K¢(z) is of the form

Ki(x) = /0 " ne(s)ga()ds

where g5 is the Gaussian kernel at time s, and for each ¢ the function 7(s) is a probability
density on (0,00), known as the subordinator. In fact, n; satisfies the identity

exp(—t)\ﬁﬂ):/ ni(s)e M ds
0

for all A > 0, from which it easily follows that the Fourier transform of K is

Ky(€) = exp(—t[¢]?).

It is shown in [11] that any subordinated heat kernel satisfies conditions 1, 2 and 3. More
precisely,

1 z — y| —(n+8)
ay(z,y) ~ /B <1+ 178 )

and

|ae (2, w) — ary, w)| S

. . —(n+m)
lz—yl 1 (HIHC y\) _

t1/m  n/m tl/m

It follows immediately that the distance D (z,y) with respect to the kernel a;(z,y) is
equivalent to min{1, |z —y|**} whenever a < 1/8. Note that our use of the parameter 3
in the definition of the subordinated heat kernel coincides with its use in the conditions
1, 2 and 3.

This leads us immediately to a family of examples of non-symmmetric semigroup
for which condition (G) holds, namely the subordinated heat kernels with shifts. Take
B € [1,2] and define K;(u) as above. Then for a fixed parameter 6 € R, define

ar(z,y) = tTPK (VB (z — 0t — y)).

It is easy to check from the semigroup property for the non-shift case 6 = 0 that a;(x, y)
is also a semigroup. Furthermore, we still have D (z,y) ~ min{1, |z — y|*#}. Therefore,
we can verify condition (G) directly by writing
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/ at(2,9) Dalz,y)dy < / K (VP (@ — 0t — ) min{L, |z — y|°®}dy

n

_ / B (Y8 (2 — y)) mindL, |2 — y + 04 }dy
< / PRy (7P (w — y)) min{1, |z — y|**}dy

b [ R - ) oty
< g 4B,

The last line follows from condition (G) in the case # = 0. As long as 8 > 1, condition
(G) is satisfied. Note that this range of 5 includes both the heat kernel (8 = 2) and the
Poisson kernel (8 = 1).

3.5 Products of kernels and mixed homogeneity kernels

Suppose that a¢(z1,22) and bi(y1,y2) are two semigroups on spaces X and ), respec-
tively, for which the conditions (5), (C), (I) and (R) (and thus (G)) hold. We define
their product by ¢;((z1,y1), (z2,y2)) = ar(z1,22) - by(y1,y2). It is easy to check that the
kernel ¢; defines a semigroup on X x ), and that the three conditions (5), (C), and (1)
all hold. We will check that (G) holds as well. Since we have three semigroups, it will be
convenient to distinguish between the distances each one induces. Fixing the distance
parameter «, we will write D% (z1,z2) for the distance induced by a;, and similarly for
b and ¢;. We then have:

Proposition 6. The distance DS ((x1,y1), (x2,y2)) on X' XY is equivalent to D& (x1, x2)+
D5 (y1,12)-

Proof. This follows immediately from the following lemma. 0
Lemma 10. For every z1 = (x1,y1), 22 = (x2,y2) in X x Y, we have

llee(z1,) = eo(za, )y = Mlae(wr, ) — as(@a, )y + (1 (yr, ) = be(y2, )l -
Proof. First, we prove that

lee(z1, ) = ee(za, )y S llae(en, ) — an(@a, )y + 1166 (y1, ) = be(y2, )l -

To see this, observe that if 1 = x9 then

lee((@n ), ) — (e, ), )y = /X /y lar (a1, 2) ey, 1) — ey, ) dydc

S b (ya,-) — beye, o)y

14



where have used condition (1) on the kernels a;. Similarly,

[et((@1,y2), ) — ce((@2,92), )y S llae(za,-) — ar(z, )y -

We therefore have

let((1,91), ) = eel(@2,92), )y < Nlee(@, 1)) = ee((@1, 92), )l

+ Hct((xla yQ)? ) - Ct((w27y2)7 )”1
S llae(@r, ) — ae(za, )|y + 10e(yn, ) — be(ye, )y

as desired.
For the other direction, observe that

ooz ) — enlzan s = /X /y Jae (a1, 2)be(y1, ) — aa (22, 2)be a2, )|yl

> [ ] | faeer 1. 9) = o, . )y o

=/ at(xl,:c)/ bt(yl,y)dy—at(xz,x)/ be(y2, y)dy
X y Yy
— [ lartor.2) = arfan,2)ldz = la(ar. ) = an(aa. )
X
Similarly
lee(21, ) — celz2, )l > [1be(ya, ) — be(y2, )|y
from which it follows
1

llee(z1, ) — ce(z2,-)|l; > §(||at(9€17 ) = a(@a, )|y + [0e(y1, ) — be(y2,-)ll1)

completing the proof.

dx

O]

From Proposition 6 we can easily deduce that condition (G) holds for ¢ if it holds

for a; and b;.

Proposition 7. If condition (G) holds for a; and by, then it holds for their product ¢

as well.

Proof. We have, using condition (I) for both a; and b,
/ lee(z1, 22) | DE,(21, 22)dz2
XxY
§/ / |ae (21, 72) - be(y1, y2)[(DE(w1, 22) + D5 (y1, y2))dwadys
xJYy

< / lar(1, 22)| DA (1, 22)dva + / Ibe(y1, 2) | DB (1. 92) e
X y
<o

which is the desired result.

15



Of course, these results hold for the product of any number of kernels, not just two,
and the proofs are similar. A natural example is the product of subordinated heat kernels

on R™. Suppose that n = ni1+---+n; and that on each space R™ we have a subordinated

heat kernel agz)(xi,yy) with scaling ;. Then as long as « < min{1/f1,...,1/5}, for

x=(z1,...,21),y = (Y1,---, Y1), i, y; € R™_ the kernel

!
ar(z,y) = Hagl) (i, i)
i=1
generates the distance

Doz(xvy) = min{l) |[L‘ - y|MH}

where l
|z = Yluu = Z |i — yi|a6i
i=1

is a mixed-homogeneity distance on R".

4 Lipschitz functions

We now turn to characterizing functions that are Lipschitz with respect to the distance
Dy (x,y), for a fixed a € (0,1). We assume that « is chosen so that condition (G) holds;
in particular, by Proposition 1 if the kernel satisfies condition (R) for some o/, we take
any 0 < a < .

For a function f on X define the seminorm

o @ = fW)
V(f) - ac;élz Da(xay)

We then define the Lipschitz norm of a function f on X to be
1l = sup|f(2)] + V(])

and A, is the space of functions f for which this norm is finite.
Our goal in this section is to define two norms equivalent to this one on A,. We
define the difference operators

Ap=Pey1 — Py, O =1— P
We also define the seminorms

V() = sup sup 2% Ay f (2)
k>0 «

and
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V@(f) = sup sup 2|0 f ()]
k>0 =

The two norms can now be defined as
IS = sup| f(2)] + VO ()

and
I£115) = sup |f @) + V).

We immediately see the use of condition (R) and its equivalent condition (G) in the
following result:

Proposition 8. VP (f) < V(f).

Proof. Take any k > 0. Since pi(x,-) has integral 1 for every x, we have

(2) - Pof(@)] = ‘f(a:)— / m(m)f(y)dy\ _ \ [ e 5@ - )y
<V(f) /X P2, 9)| Da(r, )y < V()2

from which the desired inequality follows trivially. O
2
Corollary 4. ||f[§) < |I£1l,
Next, we make the following simple observation about uniform convergence:

Lemma 11. If HfHE\Q{z < 00, then Py f converges to f uniformly as k — oc.

Proof. This is clear from the definition of || f HE\Zi (more specifically, the definition of
vE). -

Since ||f||ga S flly, it follows that:
Lemma 12. For all f € Ay, Prf converges to f uniformly as k — oo.
We now prove:
Proposition 9. The seminorms VI (f) and VP (f) are equivalent for f € Aq.

Proof. First, write f as a telescopic series:

f=PRf=> [Pyrf—Pf)
=0

where the series converges uniformly by Lemma 12.
Similarly we can write Py f as a telescopic series
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k
Pof = Pof =) [Piaf — Bif]
=0

and subtracting the two series gives:

%) k
f = Pof| = )= > (Pyaf — Pif)
=0 =0
= > (Pyaf - sz)‘ < Z 1Py f — Pif]
I=k-+1 I=k+1
o) 9—a
< e8] —la (1) —ka
v Y 2t =V 2
I=k+1
and consequently
27y

Taking the supremum over all £ > 0 shows V(2)(f) S V().
For the other direction, we simply observe

|Pef = Prpr fl < (P = D f| + [(Pra = I).f] < 2V (270

implying
" sup [Apf ()] < 2VE(f).

Taking the supremum over all k£ > 0 gives the result. O

Corollary 5. The norms HfHE\li and Hinz are equivalent on A,.

Now we turn to proving the main result of this section, namely that || f ||5€2 and || f ”5\23
are equivalent to | f||_. The following simple observation will be useful:

Lemma 13. (PkJr]_ + Pk)Ak =Ap_1.
Proof. This is a simple algebraic computation:

(Prs1 + Pr)Ax = (Prg1 + Pu)(Pry1 — Pr) = Poy1Pigr — Pop1 Pr + Py Py — Pu Py
= Ag—e+1) Ag—ii1) — Agrk Agk = Ag— (i) 4 9-(ev1) — Aok ok
=Agk —Ay(o-1) = P — Pro1 = A1

Lemma 14. Suppose f is bounded. Then V(P f) < 2**sup, |f(z)|.
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Proof.

Pef (@) — Pof(y)] = ] [ et i@ = [ s

_ /X (o (2, w) — iy, w)]f ()
< sup £ Ipuda ) = (o)

< sup|f(2)|2"* Do, y).
CC/

O
Proposition 10. For f € Aq, |[fllx. S /15
Proof. Expand f in a telescopic series:
F=Pof =Y [Persf = Pef1 =) Arf(@) =D [(Pryr + Para) Dpia f]
k=0 k=0 k=0
where we have used Lemma 13. The series converges uniformly by Lemma 12.
For all z,y € X,
A @) - Pt )] = | [ e @uf)au = [ pa@upod
2
=| [ onte) = it )& @)
<VW(f)27*Dy(a,y).
Similarly,
|Prey1 Ak f () = PeprAef(y)] < VO(£)27*Dyya (2, y). (3)

For every z,y € X

f@) = f(y) = ) [(Pey1 + Per2) Dpp1 f1(x) = Y [(Pes1 + Prr2) Arv1fl(y)

M8
WE

i

0

il

0

+ Pof(z) — Pof(y)
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From the inequalities (2) and (3) we get

oo o0
> [(Pesr + Pry2) kg1 f(x) =D [(Perr + Pry2) Dei1 f1(y)
k=0 k=0

oo
<D (Per1Biia f(2) = Peyr Apyr f(y ’-F
k=0

Y (Perolpi1 f(2) = Peralii1 f(y))
k=0

Z 2=ty (2, +ZV 2~ HDODy o (3, y)
k=0

| A

YO+ 2)Daer0).
By Lemma 14, we also know | Py f(x)— Py f(y)| < sup, |f(2')|Da(x,y). Consequently,
for every z,y € X

f(z) = fy)l < (VO(F)(1+2%) + Sup £ (z")]) Da(z, y)
and so

U@ =) o) s o
p T S VO sl £,

Therefore

151, = sup 5@ + sup LELZLDN < )

o 1)
Sy =V D2+ 2suplf@)] < 31 flla

Putting together Corollary 4, Corollary 5 and Proposition 10, we have shown:

Theorem 2. The norms |||, HfHE\li and HfHE\Qi are equivalent on A,.

5 Norm dual to Lipschitz

We now turn to the space of L' measures defined on X. Since all Lipschitz functions are
in L*, any such distribution can be integrated against any Lipschitz function We will
denote the action of a distribution 7" on a Lipschitz function f by (f,T) = [, f

The dual norm to the Lipschitz space A, is defined as:

ITl,, = sup (£.T
1 £1la, <1

The space A is the space of all L! distributions T equipped with the norm ||T]|,.. In
Section 6, we will give a well-known interpretation of the dual norm of the difference of
two probability measures.
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Our goal in this section is to define two other norms on A}, and prove their equivalence
to || T]| o« . First, we define

W) =3 27k | AT

k>0
and
WE(T) =Y " 27k |ld; T
k>0
where
dp =P, — P.

Now we define the equivalent norms. The first is defined by

1 *
I8 = 1P T, + WO ()
and the second is defined by

17

2 *
& =BTl + W),

We show that all three norms ||7|

A ,||THE\1*) and ||T||$33 are equivalent on A}.
Proposition 11. The seminorms WI(T) and W3(T) are equivalent on A%

Proof. We first show W (T) < 2W@)(T).

W) =3 2k AT =) 27 ||(B — PE )T
k=0 k=0

<D 2B = POTIL + )27 [[(Pey — BT
k=0 k=0
< 2W(T).

For the other direction, we write dj, as the telescopic sum

k—1 k—1
T = BT = BT = Y (R T (@)~ BT = Y AT
=0 =0

Then [|d;T||, < Zf:_ol |A7T||,, and consequently Fubini’s theorem yields
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0o 00 k—1
WE(T) = 27k di T, <Y 2Ry AT,
k=0 k=0 =0

o
=D ATy, Y 2
1=0

k>1+1
o0
. 2—(l+1)a 9—a .
= Z HAITHI 1 -2« = 1— 2_aW( )(T)
=0
completing the proof. O

Corollary 6. The norms HT||§33 and ||T| 5\2) are equivalent.

Next we turn to the main result of this section, namely that ||T| le) and ||T| 53) are

equivalent to |||,

Proposition 12. ||T]|,. < HT||§\2*)

Proof. Suppose f is any function with ||f||, < 1. Making use of Lemma 13 and the
uniform convergence of P f to f as k — oo we can write

F=Rf= A=Y PN+ PiaAf

=0 j=1 j=1
=> (P = P)Af+ ) (P — Po)A; f +2Po(I — P1) f.
=1 i=1
Therefore,
(f,T) =D (T, (Pj = Po)Ajf) + Y (T, (Pjp1 — Po)A; f)

1

<
Il
—

<
Il

+ (T, (3P, — 2Py Py) f)

(Pf = Fo)T, Ag) + ) {(Pia = B)T A4 f)

o
o

1

<
Il
=

J
+ (BT, (31 —2P))f).

Consequently, we have
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AT < D[P = POT|| sup |Ag (@) + D |[(Pfey = BT, sup |A;f ()]
j=1 v j=1 z

+ 1T ||y sup [(31 — 2Py) f(x)]

[e.o] o0

S 2 T, + Y02 T, + BT supls )
i=1 j=1

where in the last inequality we have used the equivalence of | f||, and || f ||§\1(3 and the fact
that sup, |Pxf(x)| < sup, |f(z)| (a trivial consequence of condition (/) on the kernel).
Since sup, | f(z)| < [|f]l5, <1, it follows immediately that

o0
e || 2
(T < S 275 | aT |, + | ATl = TS -
j=1
Now take the supremum over all f with [|f[|, <1 to reach the desired conclusion. [J

Proposition 13. ||T| 5\2) ST s -

Proof. Define the function f by

fz) =Y 27*(Py — Ro)sgul(Py; — P5)T(x) + Polsgn(FyT))(2)
k=1

=) 2 " Pysgn|(P; — Fy)T|(x) + RoF(z)

k=1
where -
F(x) = sgn(P3T)(x) = Y 27" sgn[(Pf — P§)T](=).

k=1

Since - ya
sup | F(x)| < 1+;2"‘” <+
therefore, by Lemma 14
—a
(@) - BF )] < (14 125 ) Dalew)

for all x,y € X'. Furthermore, letting hy, = sgn[(P; — FPy)T|, Lemma 14 also implies that
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| Pphi(x) — Prhi(y)| < Di(x,y), and consequently

> 27" Pesgn[(Py — P)T)(x) = ) 27" Pysgn[(Py — Pg)T](y)
k=1 k=1

<> 2R Pehy () — Pehi(y))
k=1

2% Dy (x,y) < Du(z,y).

NE

<

i

1

We also have the estimate

0 k 9—a+l
—RKa
!f\oos;z IS4 o

It follows that [|f[|, < C(a), where C(a) is a constant depending only on a (in
particular, not on 7). By the definition of f, we see

(f,T) =D 27"((Pe — Po)sgul(F; — P§)T],T) + (Polsgn(Py 1)), T)

k=1
(e.¢]
=Y 27" sen(Py — BT, (B — P)T) + (seu(Py 1), PyT)
k=1
oo
=D 27" |(BL = P)T I, + 1B Tl -
k=1

So

I

ay = C@)HLT) = Y 27 ([(BE = BT + 155
k=1

which is the desired result.

Putting together Corollary 6, Proposition 12 and Proposition 13 we have shown:

2 ,
E\i are equivalent on A7,

1
pes TS and ||T|

Theorem 3. The norms ||T|

6 Application to Earth Mover’s Distance

The dual norm ||T'||,. has a natural interpretation when the distribution 7" is the differ-
ence of two probabili‘gy measures p and v. We will explain this in a more general setting.
Suppose (2 is any metric/measure space with metric p. A measure 7w on € x ) satisfies
the equality-of-marginals condition with respect to p and v if
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W(QaE) = M(E)
m(E, Q) =v(E)

for all measurable sets ¥ C 2. The Kantorovich-Rubinstein Theorem states that if €2 is
separable, and if the expected distance under p and v from any point is finite, we have
the dual relationship

sup {/gdﬂ—/ng} = inf / p(z,y)dr(z,y). (KR)
g:lg(x)—g(y)|<p(zy) L/Q Q m: (EM) holds Joxq

For a proof, see [9].

The quantity on the right of (KR) is known as the Earth Mover’s Distance between p
and v, denoted EMD(y, v). It has the following interpretation. We view each measure 7
satisfying the equality-of-marginals condition (EM) with respect to u and v as a transport
between the measures v and p; that is, for any two measurable sets A, B C Q, (A, B) is
interpreted as the amount of mass moved from set A to set B. The equality-of-marginals
condition (EM) guarantees that the transport rearranges the mass distribution described
by v to end up with the distribution described by u. If p(x,y) is the cost-per-mass of
moving mass from location x to location y, then EMD(u, v) is the minimal cost over all
transports; in other words, it is the cheapest way of rearranging mass distributed like v
to get mass distributed like pu.

The quantity on the left of (KR) is equal to the norm of T = p — v in the space
dual to Lipschitz functions, except we do not require that the functions 7' is integrated
against lie in L°°. However, when the diameter of the space is finite, as for the distances
D, we have defined, and [dp = [dv, then the two definitions are easily seen to be
equal, and the norm ||p — v||,. is equal to the left side of (KR).

Due to the way it exploitg the geometry of the metric space on which probability
distributions are defined, EMD has many desirable properties that make it a natural
choice of metric for many problems in machine learning [15, 18, 20, 21, 24]. We now
describe one such property, which helps explain its robustness.

Suppose p; is a probability distribution on a space € with metric p(z,y) and measure
w such that the Kantorovich-Rubinstein Theorem holds; for instance, {2 might be sepa-
rable. Let h: Q — Q be a 1-1, absolutely continuous (with respect to u) transformation
satisfying

(EM)

pla, h(z)) <€ (4)

for all x € Q. Let v be the measure induced by the change-of-variable h, that is,
v(S) = p(h(S)) for measurable subsets S C 2; and let Z—Z denote the Radon-Nikodym
derivative of v with respect to u. Then we define the distribution
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obtained from p; by the change-of-variable h. We think of ps as a perturbation of p;. In
L', for example, the distance between p; and ps could be quite large; however, we now
show that EMD(p1, p2) is no greater than the size of the perturbation itself.

Theorem 4. Under the assumptions described above, EMD(p1,p2) < €.
Proof. We use that

EMD (p1, p2) = sup { /Q f(@)(pi(x) = pa(a))du(x) : |f(z) = f(y)| < p(l’,y)}-

Take any f with |f(z) — f(y)| < p(x,y) for all z and y, and observe that

/f z)p2(x)dp(x /f z)p1(h ()dﬂ()

_ / F (@)1 () () = /Q F (@)1 (h(x))du(h(z))
/ f(h (w)dp(y)

and consequently

/f(f'f)(pl(ﬂf)—m(fﬁ))du(x) Z/pl(fv)(f(w)—f(hl(x)))du(fv)-
Q Q

Now by assumption (4) on h and the fact that h is 1-1, we have p(z,h~1(2)) < ¢
hence, since f has Lipschitz constant 1, we have

(@)~ (™ (@)] < pla, (@) < e

and consequently

/ F @)1 () — po(a))dpu(r) = / (@) (f(2) — F(h~}@)))dp() < e / pr(@)du(z) =
Q Q Q

since p; is a probability distribution; then taking the supremum over all Lipschitz f
gives

EMD(plaPZ) S €
as desired. ]

In order to apply this theory to the setting of this paper, we need to check that the
Kantorovich-Rubinstein Theorem applies when we equip our space X with the metric
Dy (x,y). As noted, a sufficient condition is to check that the resulting metric space is
separable. We can prove separability under the additional assumption that X’ is sigma-
finite.
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Lemma 15. Under the metric Dy(x,y), balls in X of positive radius have positive
measure.

Proof. We deduce this from condition (G) as follows. Suppose that there were some ball
B(z,r), r > 0, with measure zero. Then

1=/pk(w,y)dy§/ !pk(fcvy)ldyZ/ lpk (2, y)|dy
X X B(z,r)c

and consequently
r< / [P (,y)|Da (2, y)dy < C27F.
B(z,r)°

Since r > 0, taking k — oo yields a contradiction. O

Proposition 14. Suppose that the measure space X is sigma-finite. Then the metric
Dy (x,y) turns X into a separable metric space; in particular, the Kantorovich-Rubinstein
Theorem holds on X.

Proof. By sigma-finiteness, we can write X as a countable union of finite measure sets.
Without loss of generality, we can therefore assume that X itself has finite measure. Use
Zorn’s Lemma to find a maximal collection of points {z;}icz so that Dy (x4, 2;) > 1/n,
where 7 is some index set. By maximality, every point in X" is within 1/n of one of the
points x;; so we will be done if we can show that Z is necessarily countable. To see this,
observe that the balls B(x;,1/2n) are pairwise disjoint and have positive measure. Since
X has finite measure, there can only be finitely many balls whose measure lies in the
interval (27%~1,27%], for each k € Z. Since the measure of each ball must lie in one such
interval, and there are countably many intervals, there are only countably many balls,
and the proof is complete. O

In our setting of the space X with the semigroup a;(x,y), the formulas for the norm
|T||\« from Section 5 provides an approximation to Earth Mover’s Distance. From The-
orema3, and the Kantorovich-Rubinstein Theorem, the Earth Mover’s Distance between
two probability measures s and v is equivalent to the expressions

1 * —ka *
= vl = 1B (= )y + 3 27 1 Af (e — )]y
k>0

and
o= vl = 1B (= )+ Do 27 Nldi (e = )]y -
k>0

In machine learning applications, these formulas can often be computed fast, and
thus provide a fast approximation to Earth Mover’s Distance. We only give a sketch of
how this works, waving our hands regarding the issues that arise when using discrete
data. We take X to be a collection of n data points, and the operators Py to be dyadic
powers of a Markov matrix M on the data, as in the theory of diffusion maps [5].
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We assume that the one-step Markov matrix on the data is at scale t = 1/n. There-
fore, we need only take N = [logy(n)| dyadic powers of M before reaching scale 1. So
to approximate Earth Mover’s Distance (with respect to the ground distance D, (z,y))
between two probability vectors p and v on the data, we propose the heuristic formula

k

N
ny* —Na k+1 *
™) (1 = )|y + D 25N (™ — M) (= v) |y
k=0

or the formula

N
[y (o =)y + Y 20N (M — M) (i = v
k=0

If all dyadic powers of the matrix M can be applied rapidly, say in time O(n logk n),
then these formulas can be evaluated at the same cost. This is not an unreasonable
supposition; for instance, see the papers [6] and [7]. Note that a simplifying consideration
in the case of diffusion maps is that the Markov matrices M considered there are similar
to a symmetric positive definite matrix (with maximum eigenvalue equal to 1), and so
any algorithm that permits fast application of all powers of such matrices will enable a
fast approximation of EMD in our setting.

In more specialized cases similar formulas have been shown to approximate EMD as
well. The work that most closely resembles this one is wavelet EMD [19]. Here, wavelets
are used in place of the operators Ay and di. The applicability of this method limited
to R™, where the ground distance is a snowflake of the Euclidean metric.

The reader can also refer to the papers by Charikar [3] and Indyk and Thaper [13].
Though the particulars are quite different than those in the present work, the general
spirit is the same; EMD can be approximated by a weighted sum of L' norms of difference
operators at different scales, whatever the notion of “scale” might mean for the geometry
under consideration.

7 Mixed Lipschitz functions on product spaces

We now consider the setting where we have a product of spaces, each equipped with its
own semigroup satisfying (5), (C), (I) and (R) so that the theory developed so far can
be applied. For simplicity, we will consider only two spaces, which we will denote X and
Y, each with a semigroup Ay and B; with kernels a;(x, 2’) and b(y,y'), respectively. All
the results and their proofs can be extended to arbitrarily many semigroups. We define
the dyadic discretizations for times between 0 and 1

Py = AQ*’“: pk<$,$/) - G’Z*k(x?x,)? k>0

and
Q1 = By, q(y,y') =by-r(y,y), 1 >0
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and the distances
DX,k:(xa 33,) = Hpk(m7 ) - pk(xlv )Hl

and

Dy, ) = ||la(y,) —a(y, )], -

For 0 < «, B < 1, such that the geometric condition (G) holds for Py with respect to
a and (G) holds for Q; with respect to 3, we define metrics on X and ) by

Dxofw,2') = 2% Dy y(x,2")
k>0

and

Dys(y,y') =>_ 27Dy s(y,y).
1>0
For brevity, we will let Dy = Dy o and Dy = Dy 3.
We will define a regularity norm and its dual on the product space X x ). We first
define the following quantities:

_ f(x7y)_f(x/7y)
Vx(f) = yi};%' Dy@a)

o f(m,y)—f(a:,y’)
)= oty Dy

and
_ N / /o
M(f)=  sup f(z,y) f(fr,y)/ f(fv,y),+f(l',y).
£z YAy DX(:EVT )Dy(yay)
We then define the norm

I711,., = M)+ Valh) + Va(f) +sup | @)

and denote by A, s the space of all functions f where || f||, 5 < 0.

Lemma 16. Taking
y (Qof)(@,y) — (Quf)(z',y)

Vx(f) = e Dz, ') )
Tp(f) = sup (Pof)(@,y) — (Pof)(=,y')

z,y#y Dy(y,y')

in place of, respectively, the seminorms Vy and Vy in the definition of ||f||Aa 5 yields an
equivalent norm. 7
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Proof. From condition (), it is immediate that f/{((f) < Va(f) and Vy(f) < Vy(f).
For the other inequality, we can control Vx(f) by Vx(f) and M(f), and control Vy(f)
by Vy(f) and M(f). To see this, observe that

(Qof)(z,y) — (Qof) (@', y) — fz,y) + f(a',y))|
' [ s o)) = £6)) = ) + 1 )l

<CDx(z,z") diam(Y)M(f)
SM(f)Dx(x,2")

where we have used condition (/) in the second-to-last inequality. Consequently, Vx(f) <
Va(f) + M(f); similarly, Vy(f) < Vy(f) + M(f). It follows that replacing Vx(f) and
Vy(f) by, respectively, Vx (f) and Vy(f) in the definition of || f||, , vields an equivalent
norm. ’ U

Of course, other minor variations in the definition of ||f|| Ao Yielding equivalent
norms are also possible. However, as in the case of a single space our primary goal is to
give simpler characterizations of the norm || f|| A, , iInvolving the changes in the function’s
averages across scales. In Section 8, we will use these to give simple characterizations of
the norm on the space dual to A, g.

We define the difference operators

App = Pry1 — P, Agi= Qi1 — Q-

as well as

oppg=1— Py, og;=1-0Q.
‘We then define
Vi (f) = supsup 22 Apy f(z, )|, V() = supsup 28| Ag, f(2,y),
k>0 .y >0 .y
and
MWO(f)y = sup sup2* TP |Ap AG f(z,y)l.
k>0,0>0 xy
Similarly, define
VD (f) = supsup 2°°(8pf (2, )], VA (f) = supsup 2918, f (z, y),
k>0 z,y >0 zy
and

M (f)= sup sup2k*t? |deltapig, f(z,y)|.
£>0,0>0 2.y
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We can now define the equivalent regularity norms by

7180 = MO + V() + V37 () + sup £ (@)

and
712, = MO+ V() + (1) + sup F )

We first show that ||f]] A,y Controls Ilf Hfa)ﬁ It will follow that on A, g we have
uniform convergence of the semigroups and their products to the identity.

Proposition 15. For any function f, ||f||5\225 S ||f||Aaﬂ'

Proof. Showing that VA(?)( f) and VJ(,2)( f) are controlled by, respectively, Vy(f) and
Vy(f) is an immediate consequence of the one-dimensional result, Lemma 8. To show
M@ (f) < M(f), observe that Lemma 8 also gives

2185 — 2185 !
124852860, (2. y)]  sup 220t/ 0 1) 2 0l (7, 1)

wtz! Dx(z,x")
_ 2l65le[f(x7 ) _ f($/7 )](y)
e Da(e,a) |

Now apply Lemma 8 again to the function y — f(z,y) — f(2/,y) to obtain the bound

g . — £ su f(ﬂ?,y)—f(dfl,y)—f(ﬂf,y,)—l-f(.’ﬁl,y/)
2700 f () = f (=", ))(w)| 5#5 Dy, )

The result follows. O

It is easy to see that if HfHE\Qi ; < 00, then
lim  PQuf = f
k—o00,l—00

uniformly, where the limits can be taken in either order or simultaneously. Since
Hfo) S, e the same convergence applies for any f € A, 3.

o, ™

We will next show that HfHE\l: , and ||f||§iz , are equivalent, and then that 1 £1la, 5 <

||f|]§xli’6. To that end:
Lemma 17. The seminorms VQ((I)(f) and V)(f)(f) are equivalent, as are the seminorms
VSP(f) and VP (f).

Proof. This follows immediately from Proposition 9 for a single semigroup. O

Lemma 18. The seminorms MW (f) and MP)(f) are equivalent.
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Proof. From Proposition 9, we have

2" Apx2P Agif (2, y)| S sup sup 2M6p 2P Mg f (', y)l
I/ /_

= sup sup QI/B’AQ,ZQk/a(SP,k’f(xly )l
o k>0

< sup sup sup sup 21 (6 125 “3p s f (2, )]
' K'>0 y U

which proves M@ (f) < MM (f). The other direction is proved similarly. O
Combining Lemmas 17 and 18, we get:

Proposition 16. The norms HfHS\la)ﬁ and ||f||5\2a)ﬁ are equivalent.
To finish proving that all three norms are equivalent, we will show that || f|] Aas <

17115 -

Proposition 17. For all f € Ay g, HfHAa,ﬁ S Hf||5\13ﬂ

Proof. First, it is trivial to deduce Vx(f) < V/él)(f) + sup, , [f(2,y)] and Vy(f) <
ngl)(f) + sup, ,, |f(z,y)| from Proposition 10. Therefore, it remains to show M(f) <

(1)
1718,
Fix any y,y’ € Y and define
f(xay) — f(:l:ay/)

g9(x) =
= DyGy)
From Proposition 10 again, we have that for all x # 2/,

f(x’ y> — f(x’ y/) B f(xl7y) + f(xlay/) k " "
< supsup 2% A 2| + sup |g(z™)].
DX(xvx,)Dy(yvy,) kZIS x//p ’ P’kg( )| x”p |g( )|

The supremum of g is bounded by

sup [g(z")] < Vo(f) S VSV ()

fL'”

Furthermore, we have
a",y) — Aprf(@",y)

A
QkQ‘ApJCg(SU”” _ 2ka‘ P,kf(

Dy(y,y')
< 2" supsup 2P| A g Api f (2", ")
>0 vy
< MW(f).

It follows that M (f) < MM (f) + ngl)(f) < HfHﬁ\lcz ,» which completes the proof. O

Combining Proposition 15, Proposition 16, and Proposition 17, we have shown

Theorem 5. The norms HfHAag’ HfHE\liB and HfHEfiB are equivalent on Aq 3.
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7.1 Approximating mixed Lipschitz functions

The reader will recall Lemma 8, which states that for a Lipschitz function f on a single
space X,
sup|f(z) — PLf(x)] < CV ()2~
x

for some constant C' > 0 depending only on the semigroup. Another way of saying this
is that given any ¢ > 0, if we take L > log,(1/€) then sup, |f(z) — Prf(z)| < €. In
other words, Lipschitz functions f are well-approximated by their averages under the
semigroup. We will derive a similar result for mixed Lipschitz functions. For any integer
L, define the operator Py, by

Pof= Y Applqif +60.LPof +0pLQof + PoQof.
k:k+I<L

We then have the following result:
Proposition 18. Fiz any € and let L > logy(1/€). Then

e logy(1/e), if a=p

7) 9 - ’ S C i
SxL,l?E)’ rf(z,y) — f(z,9)] Hf”Am@ {emm(a’ﬁ), if o

where C' > 0 is some constant depending only on the semigroup in both cases.

Proof. We can write f as

f= Z AprAguf + ZAQ,zPof + ZAP,onf + PyQof

ki>0 1>0 k>0
=Y Aprlquf + Y AqiPof +0qrPof + Y ApxQof +6pLQof + PoQof.
k10 I>L K>L
Therefore,

F=Puf= > AppBguf +Y AgiPof+ > ApiQof.

El:k+I>L I>L E>L

We have

Z AgiPof

I>L

_ 1 _
<Y W2 < 52 S v (e
I>L

and similarly

< V)(fl) (f)2—L0c 5 V)((‘l)(f)ea‘

> AquiPof

I>L

1_ —Q
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Finally, we control the mixed difference term:

L+1 oo 0o 00
S ApkAuf| =0 D 1ApkAQfI+ D D [AprAQS]
klk+1> L k=0 l=L—k k=L+2 1=0
L+1
szaZQlﬁJrM Z 2’%2215
I=L—k k L+2
L+1
2 1-26 1 —281 -2«
Now, if o = 3, then ZL+12 B = L+2, and
Y AppAguf| S MO(f L2t < MW (f)e* logy(1/e)
e lk+1> L

from which the estimate sup, , |PLf(x,y) — f(z,y)| < HfHE\lgﬂ €“logy(1/€) follows im-
mediately.
If o < 3, then ZLH k(a=P) ~ 9L(B=a) and so

> AprAguf| S MI(F) (27 P2REme) g gmley < (27t < MU (f)e

El:k+I>L

from which the estimate sup, , [Prf(2,y) — f(z,9)| S HfHE\lZB e follows.
Finally, if a > (3, then ZLH 2-k(a=P) ~ 1. and so

S MO+ 278 S MO(N27H < MU (e

Z AprAq.uf

Elk+I>L

from which the estimate sup, , |PLf(z,y) — f(z,y)] < ||f||5x12ﬁ 8 also follows. Since
”fHAag < ||f||A by Theorem 5, we are done. O

8 Norm dual to mixed Lipschitz

We now consider the space A* .8 of L' distributions dual to the space A, 3 of mixed
Lipschitz functions. We will derlve two simpler norms that are equivalent to the canonical
dual norm on Aa7 5 @S we did for the case of a single semigroup.

We define the norm of a distribution 7" in A; 5 by

IT[[p = sup (f,T)

S Vi P!

34



Before defining the equivalent norms, we introduce some notation. Define

dpr =Py, — Py, dg; = Qr — Qo

and
W) = Y27 | ap Qi W (@) = Y27 (|ag, Fi o,
k>0 >0
and
Wi (1) = Y27 [ dpsQiT |, Wi (1) = > 27 ||dg, P,
k>0 >0
as well as

NO(Ty= Y 27k B AL AL T, NO(T) = Y 27hea P |ay,dn, T, -
k>0,1>0 k>0,1>0

With these definitions, we define the two norms we will show are equivalent to

|T|| o« - The first norm is defined by
a,p

17

1 1 1 * K
N = NO@) + W (@) + Wy (1) + | P Q5T
and the second is defined by
2 2 2 * )k
171 | = NO@) + W () + Wy (1) + | B Q3T

Lemma 19. The seminorms W/,(\})(T) and W/,(\?) (T') are equivalent, as are the seminorms
1 2

WAA(T) and W(T).

Proof. This follows immediately from Proposition 11. O

Lemma 20. The seminorms NW(T) and N®)(T) are equivalent.

Proof. We reduce the proof to the case of the single semigroup by applying Proposition
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11 repeatedly. We have

D) =2 2y 27| ARan, T,

1>0 k>0
= [y AR A T )y
Y >0 k>0
= [ Y 2 A ) 1
Y >0 k>0
/ S 27k S 9 A i T )1y e
X k>0 1>0
/ > 27 Y 27 ldgudpi T, )| oy do
X k>0 1>0
=> 2N "o 0\ dyy dp, T, = NO(T
k>0 1>0
O
Proposition 19. The norms and HTHE\Q*) , are equivalent.
Proof. This follows immediately from the preceding two lemmas. O

We will now prove that HT||A* and ||T|

all manipulations can be easily Just1ﬁed by the fact that P,Q;f converges uniformly to
fas k,l — oo, whenever f € A, 5. Take any function f with [|f||, , < 1. Write

A* are equivalent. We will work formally;

> AprAgif + ) ApkQof + > AqiPof + PoQuf. (5)

£>0,1>0 k>0 >0

We want to show that |(f,T)]| < HTHE\Q*) e We will deal with the inner product of f with

each of the four terms in the right side of (5) separately. First, we have

[(PoQuof, T)| = [{f, Fy@oT)| < 1P Qo Tl

since || fl|, < 1.
To control the inner product of T" with ), AprQof, first observe that

AprQo = Ap ki1 (Pit2 + Pry1)Qo
= Appt+1P2Q0 + Apit1Prt1Qo.

Now,

36



Api+1Pri1Qo = Ap i1 (Pit1 — Po)Qo + Apr+1FPoQo
= Appt1dpr+1Qo + Apr+1FQo,

and so

(Apkt1Per1Qof, T)| < {Apr1dpr1Qof, T)| + |[Apkr1PoQof, T)]
= (Apk+1f,dpp1Q0oT)| + [Apki1f, o Q0T

< 8;15 \AP,k+1f(33ay)|{ Hd},kHQSle + ||P(TQ8TH1 }
< 27 M|y QST |, + 27 1P QT -

Similarly,

[{(Apkt1Pry2Qof, T < 275 ||dp Q0T ||, + 275 | PFQ5T

Combining these inequalities yields, by equation (6),

(AraQof )| < 278 [[db s QET ), + Il @5, + 2 1P QST I }

Summing over k > 0 then yields

(X am@ur.T)| S W)+ 175QT,

k>0

A nearly identical proof shows that

'<ZAQ,lPof,T>\ <WOT) + 1B QT
>0

The only term left to control from (5) is the inner product of T" with

Z AprAguf.

£>0,1>0

Using the identity

Apr—1A0 -1 = Api(Pry1 + Pr)AQi(Qi+1 + Qr)
= AppPri180Qu1+1 + ApkPrAg Qi1
+ AppPri1Ag Q1 + AppPrAg,Q
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it follows that we must control the inner product of T' with each of the four terms on
the right side (applied to f). The argument is the same for each, so we will show it only
for AppPrAgiQif = AprAgPLQuif.
We have the easily-verified identity
PyQif = dprdquf +dprQof + dgiPof + PoQof
and consequently
AprAg i1 PLQif = AprAgidprdo.f + ApirAgidpiQof (8)
+ AprAqgudqiPof + AprAgiPoQof

We will bound the inner product of T" with the sum over & > 0 and [ > 0 of each of the
four terms in (8) separately. First, we have

{APrAQIPQof, T)| = [(AprAguf, PEQyT)| < 275278 | Pr Qi T,

and summing over k and [ gives the upper bound || PyQyT||,.
Next, observe that

[(AprAgudg.Pof T) = [(Aprlquf,dy, PiT)| < 27727 ||dgy Py T |

dy T = WD) Sim-

ilarly, the inner product of T with ApAg,dprQof can be bounded above by W (T).
Finally, we have the upper bound

(ApkAQudprdqif, T) = [(AprAquf, dpdh,T)| < 2727 ||dp wd) T

and summing over k and [ gives the upper bound > ;% 218 ’

and summing over k and [ gives the upper bound » 3 9 kag=lf ‘ d},kdz?,lTHl = NO(D).

Putting the four bounds together and applying equation (8) yields

‘< Z AprAgPLQuf, T>
k.l

and the same estimate applied to each of the four terms on the right side of equation

(7) gives
’< > AP,kAQ,lfaT>‘ < ||TH5\2£ﬂ

£>0,1>0

2
ST |

completing the proof that ||T7|| - , S HT||§\22 .

To prove the reverse inequalitif, as in the f)rOOf of Proposition 13 for a single semigroup
we define a function f such that || f[|,_ ; =~ 1 and whose inner product with 7" achieves

the norm ||T HE\Q*) 5 It is easy to check that the function f defined by

f= Z 27k dp dg sgn(dppd T) + Z 275 dp Qo sgn(dp Q5T
k>0 k>0

+Y " 27%dg Py sgn(dy Py T) + PoQosgn( Py QpT).
1>0
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satisfies the necessary conditions; in fact, each of the four terms defining f have mixed
Lipschitz norm bounded independently of T, and (f,T) = HTHEE*) 5 We have therefore

shown

Theorem 6. The norms HTHA;ﬁ, 7|

(0 (2) - *
" and ||THA:;ﬁ are equivalent on A7, 5.
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