Many databases can be described using a tensor product of metric spaces. The mixed
Lipschitz condition is a natural notion of function regularity in this context, and the norm
dual to the mixed Lipschitz space is a natural distance between measures. In this paper, we
consider the tensor product of spaces equipped with tree metrics and give effective formulas
for the mixed Lipschitz norm and its dual. We also show that these norms behave well
when approximating an arbitrary metric by tree metrics.
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1 Introduction

The space of Lipschitz functions defined on a metric space arises naturally in many areas
of machine learning and statistics. For example, standard models in non-parametric
statistics posit that unknown signals lie in a Holder space or a more general regularity
class [5, 16]. Extrapolating a function value to new points, or inferring its values from
noisy samples, can only be achieved if some kind of regularity on the function is assumed,
the Lipschitz condition being a natural kind of regularity.

Also of interest is the space dual to Lipschitz. The dual norm of the difference
between two probability measures is equal to their Earth Mover’s Distance (EMD) [17],
a popular metric in areas such as image processing [15]. The dual distance provides a
robust way of comparing two measures on a dataset that is insensitive to perturbations,
a desirable property for many tasks.

The Lipschitz space and its dual are defined with respect to a single metric space.
Many datasets, however, are not modeled well by one metric space, but rather the tensor
product of several metric spaces. Consider, for example, a word-document matrix, with
rows indexed by documents and columns indexed by words. The documents and words
are best described by two separate geometries, each with its own metric. The natural
notion of regularity for a function on the product of metric spaces is the mixed Lipschitz
condition, which requires f to have bounded mixed difference quotients. We define the
mixed Lipschitz space in Section 4.

The space dual to mixed Lipschitz functions is also of interest, as its norm provides
a robust distance between measures on the product of metric spaces. In this paper,
we study the mixed Lipschitz space and its dual when the underlying metrics are tree
metrics, defined in Section 2. In particular, in Sections 4 and 5 we develop norms
equivalent to the mixed Lipschitz norm and its dual that can be computed in linear
time. In Section 6, we relate the space of mixed Lipschitz functions and its dual for
tree metrics to the corresponding spaces for metrics approximated by dominating tree
metrics [1].

2 Tree metrics, martingales, and martingale differences

In this section we introduce the basic notation and definitions that we will be using
throughout this paper. X will denote a finite set that is equipped with a partition tree
T; that is, T is a collection of subsets of X such that for any two such subsets I and J,
either I C J, J C I, or I and J are disjoint. We will assume that the entire set X is
one of the folders in 7, as are all the singletons {z} for z € X.

We can view each folder in the tree, including the singletons, as a point in a graph,
where an edge is placed between folders I and J if I is a child of J (we will also say
J is I’s parent); that is, I C J and there are no folders in between I and J. In this
sense, we can view the set X as being the leaves of a graph-theoretic rooted tree, the
folder X being the root. Of course, given any set of leaves X of any rooted tree, we can
build a partition tree by assigning to each node of the tree the folder of all leaves that
branch off from that node; so graph-theoretic trees with X as the leaves and partition
trees describe the same structure on X.



These two different ways of viewing trees give rise to two different notions of a tree
metric, one of which is a special case of the other. In Subsection 2.1 we define these tree
metrics. In Subsection 2.2, we introduce the the martingale and martingale difference
operators on trees, and prove some of their basic properties. In Subsection 2.3, we
generalize these operators to the product of trees.

2.1 Tree metrics

Throughout the paper, we will be considering two kinds of tree metrics, one of which is
a special case of the other. The first metric arises by viewing the points X as the leaves
of a graph-theoretic tree, where each edge of the tree has some positive weight attached
to it. If I is a point in the tree, we will denote by e; the weight on the edge connecting
I to its parent. The distance between any two points in the graph is then the geodesic
distance, which in the simple case of the tree is just the sum of the edge weights on the
unique path connecting the two points. In particular, this gives rise to a distance on X.
Given two points x and y, let S, denote the set of all folders that contain exactly
one of z or y. The following expression for d(z,y) is immediate from the definitions:

Lemma 1. For any two points x,y in X,

d(z,y) = Z er.

1eSz,y

Another kind of tree metric arises by taking weights not on the edges of the tree but
rather on the nodes of the trees themselves - that is, on the folders in 7. We will denote
by w(I) the weight on the folder I. We think of w(I) as being the diameter of the set
I, and in the metric we define this will be the case. We therefore require that if I C J,
then w(l) < w(J). With this, we define the distance between any two points x and y to
be w(l; ), where I, denotes the smallest folder containing both = and y.

The following lemma is also trivial:

Lemma 2. Let T be a partition tree on X, and w(I) be any collection of folders weights
satisfying w(I) < w(J) for I C J, and w({x}) = 0. Then the collection of edge weights
er = s(w(I') —w(I)), where I' denotes the parent folder of I, gives rise to the same

metric on X as the folder weights w(I).

In this paper, we will not discuss the important question of how to construct a
partition tree T with edge weights e;. The choice of tree will depend on the task
at hand. For instance, much work has been done in constructing tree distances that
approximate a given metric on X [1, 6, 11]; we will have more to say about this subject
in Section 6. Other methods include clustering the data at different scales using a family
of diffusion operators and taking the weight on a folder to be a power of its measure
[7, 8]. For the remainder of this paper, we will view all trees as given and not concern
ourselves with where they come from.



2.2 Martingales and martingale differences

In this section, we suppose that X is also equipped with a measure, and that every
singleton {z} has positive measure. We define the martingale and martingale difference
operators and prove some of their basic properties. Given a function f and a folder I,
we let myf denote the function whose value on [ is the mean value of f, and is zero

outside I; that is,
maf@) = (i [ £ )ato)

b= 7 S0

the unique value that the function m;yf achieves on the folder I.
Also define the martingale difference operator Ay f by

Arfz)= > myf(x)—mpf(z).
J child of T
Note that Ay f is constant on the child folders of I. If J is a child of I, we will denote
by Arf(J) the unique value that Ay f takes on J.
We prove some basic properties of the operators m; and Aj that will be useful in
Section 5.

We denote by

Lemma 3. For any function f and any (non-singleton) folder I € T,

AAJ@M—Z&ﬂWM—

Proof. By definition, we have

/Aff d:z:—/X

myf(x)dx — /X myf(x)dx

J child of T
= > msf() = [T f(T)
J child of T
= Y [ r@in- [
J child of T

:/If(x)da;—/lf(x)dx:

Corollary 1. For folders I # J and any functions f,g, we have (Arf,A;g) = 0.

Proof. Clearly, if INJ = (0, the supports of A;f and A ;g are disjoint, and consequently
their inner product is 0. Otherwise, suppose without loss of generality that I C J. Then
I is contained in (or perhaps equal to) a proper subfolder of J, and so A ;g is constant
on the support of Arf. Since [y Arf(x)dz =0, the result follows. O



Lemma 4. The operators my are self-adjoint; that is,

(mif,g) = {f,mig).
Proof. We have

mifo) = | (ﬁ,‘ / f(y)dy>xf(w)g(w)dw—‘}‘ | [ otz

Since the expression on the right is symmetric in f and g, the result follows. O

Corollary 2. The operators Ay are self-adjoint; that is,
<A1fvg> = <f’ AI.Q)

It is also easy to see the following:
Lemma 5. For every folder I € T, m2f = myf.

Proof. By definition,

m3 f () (I’/mff dy)xf( <’I|/m1f dy)xf( ) =muf(I)xi(x)

(I’/]f(y)dy>XI($) = mpf(z).

2.3 Product of trees

The primary concern of this paper is the product of spaces, each of which is equipped
with its own partition tree. For simplicity, we will consider the case of two spaces, X
and Y, with trees Tx and Ty and edge weights e; and €Y, respectively.

We define the operators

mx.1f(z,y) (I]/fx ydw)XI( )
and

my, f(2,y) (\J!/fx y dy)XJ( ).

We will denote mx x and myy by mx and my, respectively. Note that mx f is a
function of the y variable alone, and my f is a function of the x variable alone; we will
therefore also write mx f(y) = mx f(x,y) and my f(z) = my f(x,y).

We also define

Axrf(z,y) = Z mx,p f(x,y) —mx 1 f(z,y)

I’ child of I



and

Ay, f(x,y) = Z my,y f(z,y) —my, s f(z,y).
J' child of J
As for a single tree, these martingale and martingale difference operators are self-adjoint.
The functions Ax rf and Ay, f are also mean-zero. Furthermore, we have the identities
m%u = mx, and m%w = my,j, and

(Ax1f,Axrg) = (Av,f, Ay yg) =0

whenever I # I’ and J # J'. The proofs of these statements are nearly identical to the
corresponding results for a single tree.

3 The Lipschitz class and its dual

In this section we develop characterizations for the Lipschitz norm and its dual with
respect to an arbitrary tree metric on X. Let d(z,y) be a tree metric on X, with edge
weights ey. Define the L* variation of a function f on X with respect to the metric

by @)~ 1)
r)—J\y
[flla = sup :
TF£y d(x7 y)
We define the Lipschitz norm of f to be

£ lla = max{|[ ], [lmx flloo}-

We also define the norm on the space dual to mean-zero functions of bounded L*°
variation by

1Tz = sup  (f,T),
Iflla<l,mx f=0

and we define the dual norm to the space of Lipschitz functions as

IT][ax = sup (f,T).
[flla<1

We have the following simple lemma:

Lemma 6. For every T,
IT(ax = IT1g + llmxTls-

Proof. Define f1 = f —mxf and fo = mxf. Then f = f1 + f2, and
[ flla = [ f1lla + llmx faloo-

We then have

|T|[ax = sup (f,T)= sup {{(f1,T) +(f2, 1)}
Iflla< If1lla<1,lmx f2]<1

= sup (f,T)+ sup (f,T)
I flla<1,mx f=0 |mx f|<1,f constant

= 1Tl + llmxTlx

as claimed. O



Our goal in this section is to develop simple formulas for the dual norms ||7'||4+ and
||T||a=. We will do this by use of the following formula for the Lipschitz norm || f||4.

Theorem 1. For any function f on X, let Ay denote the set of all sequences of coeffi-
cients {ar}reT such that
= Z arxr ()
I

We then have the following expression for || f|a:

: |az|
flla= inf sup —.
171 {ar}e Ay 1£x €1

Proof. Let Cy = infy, 14, SUDx |e 1] Suppose first that we have written f = >, arx;.
Take any two points z and y in X, and denote by I, the smallest folder containing both
points. Then x(z) = x1(y) if either I D I, ,, or I is disjoint from I, ,; consequently,

f@) =)= >, a- Y, a

ICI, yxel ICIL ysyel
gcf{ > et D e[} = Cyd(z,y)
ICT, yxel IC L ysyel

which shows that [|f|la < Cp.

For the other direction, let f denote any extension of f to all nodes of the tree (that
is, f is a function on the set of all folders in T) that has the same variation as f; in
other words, || f{|¢ = [|f[|4, where

- () -7
£l = sup LD =D
27 A, J)
the supremum being over all distinct folders I and J in the tree. A simple formula for
one choice of f is given in the paper [12].

Then if we let I’ denote the parent of the folder I, we can write f as the telescopic

sum

F=> () = FI)xi+ F(X) =) arxs + f(X
I#£X T#£X
Since || flla = || flla, lar| = |f(I) — f(I')| < er for all I # X, which shows Cy < || f|4 and
completes the proof. O

Corollary 3. We have the following upper and lower bounds for || f||4:

[A1fllo _ [Arf)]
er

> p diam([])

< | flla < sup
I#£X

The supremum on the left is over all non-singleton folders I.



Proof. Take any folder I and let I’ denote its parent; then for any x,y € I, we have
|f(x) — f(y)| < || f|ladiam(I"). Therefore

=91 = o = | sl
1 1 Ll

N A dedy — — | dyd
!I/‘ . y]|/f(:v) vy =7 |7 I/f(y) ydax

= ))dzd
rm 1 1) = ety
< i [, 1m0y = o (1),

Dividing each side by diam(I’) and taking the supremum over all I gives the leftmost
inequality.

For the other side, we make use of Theorem 1. For each folder I # X, let I’ denote
its parent, and define ay = Ap f(I). It is easy to see that, up to an additive constant,

F=>Y"anu

I£X
and consequently Theorem 1 yields

losl _ o 1A FOD)

[flla < sup
I£X €I I;éX er
completing the proof. O

We can use the expression for || f||4 from Theorem 1 to derive a very simple formula
for |IT[5.

Theorem 2. For any L' measure T, we have

1T = erl(xr, 7). (1)

I#X
Note that [(x1,T)| = |I|(miT)(I).

Proof. Take any function f with || f|lq < 1. By the previous theorem, we can write
F=> amu
I

where 1 > | f|l4 = sup;.x |ar|/e;. Since f has mean zero, we can assume without loss
of generality that T has total measure zero when taking the inner product. Therefore,
we have

[(f,T) =

> a1<X1,T>’ <> |:j|€1| o, T <> erlxr, T

I#£X I#£X I#X

7



and taking the supremum over all f yields || T3 < >°/.x er|(xs, T)|.
For the other inequality, define the function f by

F=>ersen((xr,T))xs + K
14X

where K ensures that f has mean zero. The previous theorem shows that ||f]s = 1.
Again, since f has mean zero, we can assume 1" also has total measure zero as well when
taking the inner product. Therefore,

TN > (F.T) =Y ersgn((xr, T) (xr. T) = > erl(xs, T)|

I£X I£X
which completes the proof. O

Corollary 4. For every L' measure T on X, its dual Lipschitz norm ||T||x is equal to

ITNax = erlixr, T)| + Imx T
I#£X

Remark 1. Theorem 2 can be easily derived from the formula for Earth Mover’s Distance
given in [3], using the fact that when T is the difference of two probability measures,
|T||% is equal to the Earth Mover’s Distance between them; this is the content of the
Kantorovich-Rubinstein Theorem [17]. The proof we give here, however, appears to be
new. Furthermore, we will use Theorem 1 in Section 5 to derive equivalent formulas for
the Lipschitz and mixed Lipschitz norms on a special class of trees.

Remark 2. The formula for || 7|’ from Theorem 2 can be computed in cost proportional
to the size of X. To see this, first observe that the number of folders in any partition
tree 7 on a set of size N cannot exceed 2N — 1. Furthermore, to compute each term
(x1,T) that appears on the right side of (1), we need to compute the integral of T
on I; we can do this by simply adding up its integral over each of the children of I.
Consequently, we can compute all the terms (x7,T’) by starting with the N integrals of
T over the singletons, and then recursively computing the integral of T over a folder I
by adding up its integral over the children of I. Each folder is only touched once, in the
computation of its parent’s integral; and so the total cost is linear in N.

4 The mixed Lipschitz space and its dual for general trees

The characterizations of the Lipschitz space and its dual can be extended to character-
izations of the space of mixed Lipschitz functions and its dual. Our setting here is the
product of two spaces, X and Y, each equipped with its own partition tree Tx and Ty
with weights e, e} and corresponding metrics dx (z,2’), dy (y,3'), respectively.

The mixed variation || f||4, 4y of a function f on X x Y is defined by

_ f(x,y) _f(livy/) _f(xlvy)+f(ml’y,)
I llax.ar = x#asc},lglj);éy’ dx(z,z")dy (y,y)




We then define the mixed Lipschitz norm of f to be

[fllaxy = max{[[fllax ay, lmx fllay s my fllax, lmxmy flloo}-

Note that, since my f is a function on X alone and myx f is a function on Y alone,
the notation we use is sensible.

We define the corresponding dual norms. First, we consider the norm dual to the
space of functions of bounded mixed difference quotients and zero marginals:

1T gy ay = sup{{fT) : [ fllax.ay < Lmyf =0,mxf =0}

The dual norm of an L' measure T to the space of mixed Lipschitz functions is
defined as
17|

= sup (f,T).

A*
X,Y
1fllax.y <1

We then have the following lemma:
Lemma 7. For any distribution T on X XY,
ITlay = 1Ty gy + Iy Tllay + ImxT g, + [lmxmy Tl
Proof. For any function f,let fi = f —mxf—myf+mxmyf, fo = (my —mxmy)f,

fa=(mx —mymx)f, and fy = mxmy f. It is easy to see that f = fi + fo + f3 + fa,
and that

1 laxy = max{|[fillay.ay [ f2llax: [ Fallay s [lmxmy falloo}-

Consequently, we can write

sup  (f,T)
Ifllax y <1
= sup (fi,T)+ sup (fo,T)+ sup (fs,T)+ sup  (fs,T)
lfilldy,ay <1 I f2llay <1 I f3llay <1 |mxmy fa|<1

=Tl ay.ay + lmyTlg, +[ImxTlg, + [lmxmyT|:
which is the desired equality. O

From Section 3, we have formulas for |myT'||7 . [lmx T}, and |[mxmyT|; that can
be computed at cost proportional to the size of X x Y. We now turn to the computation
of |T[7 a4, - We give a formula that approximates || T'[|; ; and that can be computed in
linear time as well, and whose distortion is bounded by a universal constant independent
of T or the tree. As in the proof of Theorem 2, which depended on a formula for the
Lipschitz norm of mean zero functions, this formula is derived from a characterization
of mixed Lipschitz functions with zero marginals, which we present now.



Theorem 3. For any function f on X x Y, let Ay denote the collection of the sets of
all coefficients arxy such that

v= > Y anaxi(@)xs).

I1eTx JeTy

Then there is a universal constant C, independent of the trees Tx and Ty and the
function f, such that

|aI><J’
fllax.dy < inf sup < COWfllax,a
£l dy fanea, 1Ly eXer I fllax dy -

Proof. Take any {arx;} € As. Then

f(-’lf,y) - f(x,y') - f(mlay) + f(xlvy,)
=3 anaba@)xs ) = xi@)xs ) = xa@)xs ) + xa@)xs ()

1eTx JETy
> Z ars(x1(@) = x1(2") (xs(y) = xs(¥"))
IESI’I/ JES
arx.J IxJ
< su | X| Z Z ey sup |XXY|dX(x,x/)dy(y,y/).
I;ﬁXJ;éY e[ €J IGS JES I;éXJ;éY €r ey

|IJ|

This proves that || f|lay.dy < mf{aIXJ}GAf SUDILX, /Y o

For the other inequality, we will show that we can extend the function f defined on
X x Y to a function f defined on Tx x Ty, where the mixed variation of f is no more
than C' times || f||ay.dy - In other words, the function f will satisfy

\FU )= f(L,J) = f(I, )+ (', TN < Cll fllax.ay el €f (2)

where I’ denotes the parent of I, and J’ the parent of .J.
If we had such an extension, we would be finished, for after adjusting the marginals
of f (which do not affect the norm || f||4,.4y ), We could expand f in the double telescopic

= > FLJ) = F(, ) + BT, T))xa(2)x ()
I#£X JAY

Taking ZLI><J = f(Ia J)_f(la J,)_f(-[,> J)—l_f(llu J,)a (2) shows |d1><J| < C”f”dx,dyei(e()]/;
consequently,

larx.|
inf sup < O fllue
{CUXJ}E.Af I#£X,J+Y e;(e}; || || x,dy

which is the desired result.

We now show how to prove the existence of such an extension f. First, by adjusting
the marginals of f we can assume without loss of generality that there is a point yg € Y
such that f(x,yp) = 0 for all . We now interpret the function f as a map not from

10



X x Y in to R, but rather from X into the space Lipy(Y') of Lipschitz functions g on
Y that are zero at yp, equipped with the Lipschitz norm ||g||4, . More formally, for any
x € X, define the function f,(y) = f(x,y) and the map

F: X — Lipy(Y), x> fy.

The key observation is that the mixed Lipschitz norm || f||4y 4, of f is an upper bound
on the Lipschitz norm of F, since by definition

(fe = fo )W) = (fo = fo) (V')

1P (2) = F(z")]la, = sup

y#£y’ dY(yu y/)
o Sy) = &) = (f,y) = f(2'y)
= sup

y#£y’ dY(yu y/)

< Hf”dxdydx(x? xl)'

We now quote the result of the result from [13] that any function on a subspace of a
metric tree to a Banach space can be extended to the entire tree without distorting the
Lipschitz constant by more than a universal constant C;. Let F' denote the extension
of F to the entire tree Tyx. Define f(I,y) = F(I)(y) (this notation may be confusing;
F(I) is a function on Y, and F(I)(y) denotes its value at y). Then the mixed Lipschitz
constant of f is no more than Ci||f||ayx .dy -

This gives us the desired extension of f to Tx X Y. Observe that this argument
required only that X be a subspace of a metric tree; we did not exploit anything about
the metric properties of Y. We can therefore repeat the same argument, taking Y in
place of X and Ty in place of Y. This yields an extension f to all of Tx x Ty at the
loss of another factor C;. Consequently, we have found the desired extension f, with
distortion no more than C = C}. ]

We will now use the formula from Theorem 3 to derive a semi-norm equivalent to
the dual semi-norm ||T[[7, ;. -

Theorem 4. Let C' be the same universal constant from Theorem 3. Then for any
distribution T on X XY,

1 * *
Tl ay < DO el loaxs T < T g ay (3)
I£X J£Y

Proof. Take any function f with | f|l4y.4, < 1 and zero marginals (that is, mxf =
my f = 0). By Theorem 3, we can write

Fla,y) =YY anuxi(@)xs(v)
T#£X J#Y
where 1 > || fllay.dy = & SUPrzx sy larxsl/(efe}). Since the marginals of f are all
zero, we can assume without loss of generality that the same is true for 7" when taking

11



the inner product. Therefore, we have

arxJ
LD =| Y. anabaxnD)|< > |XXy’€§(e?]/|<XIXJaT>|
TAX,JAY 12X g2y €167
<C Y eedltaxs T
[£X JAY

and taking the supremum over all f yields [T(]5 ;. < C> .y jzy exeyixixs, T)|.
For the other inequality, define the function f by

fay) = > efelsen((xxs T))xi(@)xs(y) + g(x) + h(y)
I#£X,J4Y

where the functions g and h are taken to ensure that f has zero marginals. Theorem
3 shows that ||f||g = 1. Again, since f has zero marginals, we can assume 7' does too
when taking their inner product. Therefore,

TNy gy = (FT) = D efelsen((xaxs, T)){xixs,T)
I£X,J4Y

> el laxs, T)
I#£X,J£Y

which completes the proof. ]

Corollary 5. Let C be the same universal constant from Theorems & and 4. Then for
any T in the space dual to Lipschitz on X XY,

1 *
AlTy < D0 D e el 10 T) 1+ Y ef (xt,my T)
T£X J£Y I£X

+ ) el (xs,mxT) + [mxmy Tl < Tl -
J£Y

Unfortunately, we cannot take the constant C' from Theorem 4 to be 1. However,
numerical evidence suggests that the constant may not be too much bigger than 1.
Figure 1 shows a scatter plot of ||T']|; , and the approximation from (3) for 1000
random vectors T on the product of two spaces with 8 points each. The trees on each
space are binary trees with all edges equal to 1; that is, ef = e}/ = 1. The largest ratio
of the true norm over its approximation was about 1.203, and the minimum ratio about

1.044. Other experiments have given similar results.

Remark 3. As with the formula (1) from Theorem 4 for the dual norm to Lipschitz, the
formula from (3) that is equivalent to ||T[|5, ,;, can be computed at cost proportional
to the size of X x Y. The argument is the same as for one tree. If X has M points
and Y has N points, then the total number of products I x J € Tx x Ty is of the order
O(M - N). To compute the integral of T" over I x J, we need only add its integral over

12
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Figure 1: The dual norm and its approximation for 1000 random vectors

the folder I’ x J', where I’ ranges over the children of I, and .J’ over the children of
J. Consequently, we can compute all the terms (x;xs,T) by starting with the M - N
integrals of T" over the singletons, and then recursively computing the integral of T over
the product I x J by adding up its integral over the products I’ x J', where I’ is a child of
I and J’ a child of J. Each product of folders is only touched once, in the computation
of the integral over the product of their parents; and so the total cost is linear in M - N.

5 Lipschitz and mixed Lipschitz functions for trees with
geometrically decaying folder weights

In Theorems 2 and 4, we derived simple formulas for the norms dual to the Lipschitz
and mixed Lipschitz spaces. In all cases, the distortion guaranteed by these formulas
does not depend on any features of the tree; the choice of edge weights can be arbitrary.

The characterizations we gave of Lipschitz and mixed Lipschitz functions themselves
in Theorems 1 and 3, however, are not as directly useful, as they cannot be computed
any more rapidly than the original definitions via difference quotients. In this section,
we address this problem for the special class of tree metrics defined by folder weights
w(I), rather than edge weights ey, as defined in Subsection 2.1.

We will assume geometric decay of the folder weights. More precisely, we assume

13



that there is a constant 0 < A < 1 such that for any folders I C J,
w(l) < Aw(J). (4)

Note that this family of trees includes the theory of k-hierarchically well-separated
trees [1]. Note too that our assumptions are far less restrictive than those found in the
papers [7, 8], in which the weights w(I) are taken to be a power of the measure of I, and
the measure is assumed to satisfy a two-sided decay condition, rather than the one-sided
condition (4). These papers find norms equivalent to ||f|lq and || f|lay 4, that use the
coefficients of f in a special orthonormal basis. The formulas we give use the martingale
difference operators in place of the Haar functions.

As in [7, 8], and unlike Theorems 2 and 4 for the dual norms, the constants of
distortion are not universal, but rather depend on the decay constant A from (4).

Proposition 1. Suppose f is any function on X, a set equipped with a tree T . Suppose
the distance on X is defined using folder weights w(I) satisfying the decay condition (4).
Then we can approzimate || f||q as follows:

1AL f[lo

w(I)

where the supremum is over all non-singleton folders I.

1-—A
—5 Iflle < sup <1 lla (5)

Proof. Since diam(I) = w([), the second inequality follows immediately from Corollary
3. For the other direction, recall that the distance d(z,y) can be defined using the edge
weights ey = 5(w(I’) —w(I)), where I’ is the parent of I. Since w(I) < Aw(I’), we have
er > 3(1— A)w(I’), and consequently from Corollary 3

|Ap f(I)] 2 |Ap f(I)] 2 A7 S0
< < .
er —1-AP w@y S1-4a"P )

[flla < sup
I#£X

O]

Remark 4. As with the formula (1) from Theorem 4 for the dual norm to Lipschitz,
the formula from (5) that is equivalent to || f||4 can be computed at cost proportional
to the size of X. In fact, to compute the middle term of (5), one needs to evaluate the
martingale differences of f on every folder; to do this, it is sufficient to evaluate the
average of f on every folder, and by Remark 2 all integrals, and hence averages, can be
computed in linear time.

Theorem 5. Suppose X and Y are two spaces equipped with trees Tx and Ty with folder
weights wx (1), wy (J), respectively, each satisfying the decay condition (4). Let dx and
dy be the metrics induced by these weights. Then for any function f on X XY, we can
characterize its mized Lipschitz semi-norm as follows:

(1714)2 HAxlAYJfHoo
“uw=4 dy < sup sup Yaav
4 Hfde dy 1eTx JETy wx (IHwy (J)

< [ fllax ay (6)

where the supremums are over non-singleton folders only.
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Proof. Fix any point y € Y and any folder J € Ty, and consider the function

AY,Jf($7 y)
wy<J) '

Applying Proposition 1 to this function yields
A A A - A /
sup sup [AxiAvyf@y)l o Avgf(@y) = Ay /@ y)

refx zex  wx(Dwy(J) 7 pra dx (z, 2 )wy (J)

AY,J[f(x7 ) - f(xlv )](y)
Az’ dX (l‘, SCI)U}Y(J) .

X —

Temporarily fix two points z # x’. We apply Proposition 1 to the function
f(l"a y) B f(:l"/ay)

Yy —

dx(x,z")
to obtain the upper bound
AY,J[f(xa ) - f(xla )Ky) < sup f(:l:a y/) - f($/7y/) - f(m,y”) + f(:rl,y”)
dx (z, 2" )wy (J) T Ay dx (z,2")dy (y,y') '

Taking the supremum over all J and y proves the inequality

sup sup |Ax 1Ay, 7 flloo
re7x ety wx(Hwy (J)

< ||f||dx7dy'

To show the other direction, we apply the same method of reducing to Proposition 1,
but going in the other direction. Fix any two points y # 3’ in Y and apply Proposition

1 to the function )
flz,y) — flz,y)

x>
dy (y,v')
This yields the inequality
f(.’E,y)—f(ﬂf,y,)—f(ﬁl,y)+f(l'/,y/) < 2 ‘AX,I[f(xay) _f(l',y/)”
- . < sup sup :
dx (z,z")dy (y,y") 1 — A re7y zex wx (1)dy (y,v')
2 [Axrf(z,y) — Ax1f(z,y)
= sup sup ; )
1 — A re7y zex wx (Idy (y,y)

Fixing any x € X and any I € Tx, we can apply Proposition 1 again to the function
N AX,]f(xay”)

wx (I)
to get the inequality
[Axif(@y) = Axaf(zy) 2 Ay, sAx 1 f(z,y")]
; < sup sup
wX(I)dY(yv y') 1-A JETy yeY wX(I)wY(J)
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Figure 2: The maximum ratio (black, backward arrows) and minimum ratio (blue, for-
ward arrows) of the approximate mixed Lipschitz norm to the truth for different A
It follows immediately that

sup sup |1AXx 1Ay, f |l
IeTx JETy wX(I)wY(J)

| fllax,dy < a9

and the result is proved. ]

To illustrate the result of Theorem 5, we ran the following experiment. We took
the product of two 16-point spaces with binary trees. For each choice of weight decay
parameter A = /10,7 = 1,...,9 from (4), we compared the true value of ||f|ay a,
to the approximation from Theorem 5 for 200 random functions. Figure 2 shows the
minimum and maximum ratios of the approximation divided by the true value, both as
functions of A. As predicted by the theorem, the maximum stays more or less constant
(its value is about .25, which is better than the worst-case value of 1 predicted by the
theorem), while the minimum decays as A gets bigger. In Figure 3, we plot the ratios
of the maximum ratio to the minimum ratio (the distortion) as a function of A. As
expected, the distortion grows with A.

Remark 5. The formula from Theorem 5 that is equivalent to || f||4, .4, can be computed
at cost proportional to the size of X x Y. To compute the middle term of (5), one needs
to evaluate the double martingale differences of Ax Ay, ;f on every pair of folders
I x J. To do this, it is sufficient to evaluate the integral of f on every pair of folders, as
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3.5

Distortion
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Figure 3: The distortion of approximation for the mixed Lipschitz norm for different A

Ax Ay, ;f can be written as a linear combination of such integrals. We have already
seen in Remark 3 that all these integrals can be computed in linear time.

6 Averaging Lipschitz norms and their duals over trees

Partition trees and tree metrics give rise to fast algorithms and simple formulas for the
Lipschitz norm and their duals. However, in many applications from data analysis and
machine learning, tree metrics are not refined enough to adequately capture the true
geometry of the data. It is almost inevitable that any algorithm for constructing trees
will separate points that are quite similar.

A standard way of overcoming this problem is to construct multiple trees on the
same data set and combine the output from each tree. The hope is that the combination
of many trees will “wash away” the artificial boundaries that any one tree will create.
This idea has shown up in various places where trees appear. For instance, tree-based
regression algorithms in statistics are augmented by the use of “random forests” [2], and
in wavelet theory, Coifman and Donoho have proposed “spinning” the dyadic grid on
[0, 1] to smooth out artifacts that would otherwise arise in tasks from signal processing
such as filtering [4].

More relevant to the present work is the problem of approximating an arbitrary
metric by the average of dominating tree metrics. More precisely, given an arbitrary
finite metric space (X, d), the question is how to construct a random family of trees T

17



on X so that the corresponding tree metrics dy(z,y) satisfy
d(z,y) < d7(z,y) (7)
for every tree T, and in expectation we have the reverse inequality
Erdr(z,y) < Kd(z,y) (8)

for some constant K > 0.

The problem dates back to Bartal [1]. In Fakcharoenphol et al [6], a construction is
given of trees for which the expected distortion is K = O(log|X]|); this is the best one
can obtain in general [14]. In [11], it is shown that the same trees constructed in [6] can
be used to approximate the snowflake metric d(x,y)®, where 0 < a < 1, with a constant
dependent only on the dimension of (X, d), and not on the number of points in X.

For the remainder of this Section, we will therefore assume that we have a metric
space (X,d) that can be approximated by the average of dominating tree metrics. In
other words, we assume we have a family of trees T, each with its own metric d(z,y)
that satisfies (7), and a distribution over these trees so that (8) holds as well.

Proposition 2. For any function f on X,

supl|flla; < |[flla < K supl|fllar-
T T

Proof. Since every tree metric dy(z,y) dominates d(z,y), we have

f@) = f(y) < N fllad(z,y) < I flladr(2,y)
which implies that || f|l4, < [|f||4 for all trees T consequently,

sup|[ fllar < [f]la-
7
For the other inequality, observe that for each tree 7, we have
) = 1) = oy (o) < (supl ) r(o.o).

Taking expectations of both sides gives

F@) - fly) < (s;pnfndT) (ETdT<x,y>) < K supl )

implying that || f||¢ < K supy| f|l4, and completing the proof. O

Proposition 3. For any T in the space dual to Lipschitz functions on X,

1

77T e, < ITla < infl|Tla,
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Proof. Since || f|la, < ||f]la, we have

IT||lg = sup (f,T) < sup (f,T) =Tl

Iflla<1 Ifllap<1

which yields the inequality ||T'[|35 < infr{|T'|7 .
For the other direction, fix any € > 0, and for each T, let fr be defined so that
|fllay < 1 and
1T)|g, = (fr.T) +e.

Now, since fr(z) — fr(y) < dy(x,y), taking expectations gives

Erfr(z) — Erfr(y) < Erdr(z,y) < Kd(z,y)

or in other words ||E7 fr|lq < K. Consequently, we have

Er|Tlg, =Er(fr.T) +e=Erfr,T)+e< K ”?Hup (f.T)+e=K|T|z+e
a<1l

Since ¢ is arbitrary, the result follows. O

Proposition 3 can also be deduced trivially from Charikar’s paper [3], since the semi-
norm [|T'[|7, when 7" is the difference of two probability measures, is equal to the Earth
Mover’s Distance between these two measures with respect to the ground distance p(z, y).
However, the proof we have just given, which appears to be new, generalizes to the setting
of mixed Lipschitz functions and their duals. We turn to this now.

For the next two results, we assume that we have two metric spaces (X,dx) and
(Y, dy), each with a family of dominating tree metrics, denoted 7x and Ty, respectively,
that approximate dx and dy in the sense of (7) and (8). We assume too that the trees
on X and Y are constructed independently.

We first show that we can approximate || f{|ay ¢, by the maximum of || f{|a,, a, over
all pairs of dominating trees (Tx, 7y). The proof follows from Proposition 2.

Proposition 4. For any function f on X XY, we have

sup || fllary dr, < Iflax.ay < K> sup || fllar, dr, -
Tx, Ty x,Ty

Proof. For any y # v/, let g, (x) = f(z,y) — f(z,y), and for any x # 2/, let hy o (y) =
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f(z,y) — f(«',y). Using Proposition 2, we then have
[ fllax.dy = sup fl@y) = flay) = f(@ ) + ()
T ey dx (z,2")dy (y,y')
= sup sup hz’w/ (y) - hx,:ﬂ’(y/)
wtat Ax (€, 27) gy dy(y,y)
hay 2 (Y) — hy 2 (Y
S K Sup 7/ Sup Sup T,z (y) (IJ/,ZL‘ (y )
we! X (2,2) Ty oty dry (4, ')
_ A
= K sup sup / 9y (%) gy;y (=)
T vy A (U Y) oar dx(z,x)
1 , _ (!
< K?sup sup —— sup sup Iy () gy,,y (z')
Ty vy A5 (U, V) Tx ara dry (z,2")

= K? sup ||fllar dr, -
Tx, Ty Tty

The other inequality is proved similarly. O

Proposition 5. For any L' measure T on X x Y, we have

1 .
EETXyTYHTHZTX,dTY < ”TH)Cklx,dy < Tjg};.y”THZTX,dTY‘

Proof. We essentially repeat the one-dimensional proof of Proposition 3. Since || f|[4, ,

dr, <
[fllax ay » it follows that |T'(|5 ;. < [ITl3, 4. ,and consequently Y
b X7 Y

Il < 08 1Ty
For the other inequality, fix any € > 0. For any pair of trees (7Tx, 7y ), we can find a
function fr, 7, with mx fry 7 =0, my fri. 7, =0, and || fry. 75 lax .4y < 1, such that
1T ar dr, = (Frxems T) + €
Then for any x,2’ € X and y,y’ € Y, we have
I (@,9) = fren (@9) = fre s (@ 9) + e (20, y) < dos (2,27 ds (3, 9)).

Taking expectations of each side and using the fact that Er, dry (z,2') < Kdx(z,z')
and E7, dr, (v,y') < Kdy(y,y'), we can easily see that

||ETX7TYfTX:TYHdX»dY < K.
Consequently,
E7y 7 HTHZTX Ay — Ere 1 <fTX:TY7T> +e

= <E7~X7TyfTX,Tva> +e
S K2||T”z}x,dy + €.

Since € is arbitrary, we are done.
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