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Abstract

This column comes in two parts. In the first, I discuss various ways of defining
distances between distributions. In the second, Jeff Erickson (chair of the SoCG steer-
ing committee) discusses some matters related to the relationship between ACM and
the Symposium on Computational Geometry.

1 Introduction

One of the most basic tests in statistics is the two-sample test: “Using samples drawn from
two distributions, determine if they are the same or not”. If the two distributions come
from recognizable families, then the distribution of the difference in means can usually be
characterized, giving a test with guaranteed confidence bounds (the two-sample ¢-test is
an example of this).

If the distribution families are unknown, this is a tricky problem even if the two dis-
tributions are drawn from the same (finite) domain. In this case, the test statistic, instead
of being a difference between means, is a distance between distributions [10]. In property
testing for example, one might assume that both distributions are defined over [1...n],
and the goal is to determine with few samples whether the ¢; distance (also called the total
variation distance) between the two distributions is small [4].

The problem remains the same even when the domain is a high dimensional space (as
is common in data mining): given samples from distributions defined over some domain,
compute some estimate of the distance between the distributions.

But what distance do we measure ? In this article, I'll explore a few of the ways in
which people commonly try to compare distributions, and point out some surprising ge-
ometric connections between them that have been developed within the machine learning
community and might not be well known to a TCS audience.

I'll also attempt a bolder claim: that we should revisit the default choice for comparing
distributions over metric spaces, because there are other measures that serve the same
purpose but are much easier to work with.
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2 Information Geometry

The general area of building a geometry (and therefore distances) on distributions is called
information geometry. This is a vast area that is covered comprehensively in the book by
Amari and Nagaoka [1]. While it would take a whole other column to describe the ideas
there, the basic concept is to view a parametrized family of distributions as a statisti-
cal manifold and use differential geometry to define distances between two distributions
(points on the manifold). Some of the more popular distances between distributions that
arise this way are the Bregman divergences (and the Kullback-Leibler divergence in par-
ticular), the Hellinger distance, and the so-called a-divergences.

Information geometry yields interesting distances. For example, the space of Gaus-
sian distributions on the line is endowed with the geometry of hyperbolic space (with
coordinates , o), and the space of multinomial distributions yields the Kullback-Leibler
divergence. However, all these distances are defined in terms of parameters of the underly-
ing distributions. Thus, if you only have access to samples from the distributions, you're
forced to estimate the parameters before you can compute the distance. For some families,
this is easy. In the case of Gaussians, one can compute estimates for the mean and vari-
ance from the samples, and use these estimates to compute an estimated distance. With
some work, we can even get confidence bounds on the distance produced in terms of the
number of samples used.

What if we don’t know the underlying distribution ? In that case, all we might possess
are samples from the underlying domain. If the domain is finite, we might still be able
to derive something meaningful. For example, a common technique used to compare
distributions over [1...n] is to compute the normalized frequency counts p; = p(X = i)
and g; = p(Y = i) for each distribution and compute some distance between the vectors
pi and g; such as the Kullback-Leibler divergence or the total variation distance.

But what if the underlying domain is not [1... 7] ? What if it’s the line, or even the in-
terval [0, 1] ? You could always discretize the region into bins, but there are two problems
with this. Firstly, the number of bins needed grows exponentially with the dimension of
the space. Secondly, where does one place the bin boundaries ? As we can see in Figure 2,
merely shifting the grid origin can yield two completely different frequency count vectors
for the same sample !

The problem of course is the binary nature of a bin: points are either in or out. But
a sample indicates some probability mass in a region, and we don’t expect that mass to
be isolated. So what we’d like to do instead is use the geometry of the underlying domain to
determine when two samples might be “close” and therefore similar.
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Figure 1: Inconsistent binning yields different histograms

3 Comparing clouds of objects

Let us now move to a different problem. In the previous section, we started off with the
desire to compare distributions, and ended up trying to incorporate the geometry of the
underlying domain into the calculation. Suppose we needed to do the opposite ?

Let’s say we have a collection of objects that inhabit a metric space (X, d). A very
natural operation is to ask how we might compare distributions over the metric space.
One such example that comes up in practice is comparing two color spectrums. Suppose
I have two images with each pixel representing a point in some color space. I can build
a frequency histogram for each image where each entry is the number of pixels having a
particular color value. The color space itself might have an underlying metric [9]'. How
do I compare these histograms ?

One idea that we might try is to define a metric over distributions by asking for the
expected distance between points sampled from the two distributions. But with this ap-
proach the distance from a distribution to itself would be nonzero !

Once again, we're presented with the problem of defining a distance between two
distributions whose underlying domain is endowed with metric structure.

4 The earthmover distance

The earthmover distance [22] (or EMD) is one solution to this problem. It is a very natural
approach to defining a distance between distributions on a metric, so much so that it’s
been defined over and over again ever since it was first proposed by Monge in 1781 [17,
16]. Possibly a more appropriate name for the distance might be the Monge-Kantorovich-
Wasserstein-Mallows-Gini-D’All Aglio distance [23].

1Mamy thanks to Allison Sekular [25] for providing a wealth of background information and pointers on
color space metrics.
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Figure 2: A rendering of the earthmover distance by the author’s 7 year old son.

Formally, the earthmover distance is defined as follows: given distributions p and g
defined over a metric space (X, d), minimize the quantity

demp(p, ) = min/ W (x, x")d(x, x")
W Jx

with the constraint that the transport function W has marginals p, g:

| Wy = p()

/X W(x,y)dx = q(y)

A physical interpretation of the distance (which also gives it its name?) is that p and g
are like piles of dirt placed at different locations in X, and the goal is to move dirt around
to make p look like g. The effort involved in carrying a pile of dirt of mass W(x, y) from x

to y is W(x,y)d(x,y), and no dirt is created or lost in the process®.

5 Integral Probability Metrics

While the earthmover distance (or more generally the transportation distance) was first
defined and studied in the context of optimal transportation, it turns out that it’s just one

2Rubner et al. attribute [22] the choice of name to a 1994 communication from Jorge Stolfi. It is admittedly
the most picturesque way of describing the distance.

3There are other variants where the total mass of p and g may be different from each other: we do not
consider them here.
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member of a large class of metrics on distributions that have been studied extensively in
statistics. These are called the integral probability metrics [18]*.

One way of thinking about how to compare two distributions is by integrating them.
We can define a class of test functions, and integrate the distributions with respect to each
member of the class, taking the maximum difference between the resulting values. For-
mally, let F be a class of integrable functions. We can then define a distance between
distributions as

dz(p.q) = sup\/fdp - /qu\
feF
If this seems a little mysterious, consider the following geometric analog. Suppose
I want to define a distance between two points in the plane. I decide to use the inner
product on IR? for this purpose. I fix a set of directions S, and then define the distance

ds(p,q) = sup (v, p) — (v,4)]
ves

Choosing different S yields different distances. For example, if S = {(0,1),(1,0)},
thends(p,q) = [|p — gl 1 S = {(1/V2,1/V2),(1/v2,~1/v/2)}, then ds(p,q) = ||p —
q||1. Of course if S is the set of all directions in the plane, then ds(p,q) = ||p — 1|2

Similarly, choosing different function classes F yields different distances between dis-
tributions, and that’s where things start getting interesting. Let ||f|lcc = sup, .y |f(x)]
and let Fry = {f | [|flle < 1}. Thendrv(p,q) = ||p — ql/1 (the total variation distance).
Setting F = {1(_o } instead yields the Kolmogorov distance between distributions, which
is the max norm of the difference between their cumulative distributions.

The earthmover distance can also be written as an integral probability metric. Let
IfllL £ sup{|f(x) — f(y)|/d(x,y),x #y € X} be the Lipschitz semi-norm of a real-valued
f. It is a consequence of a celebrated result by Kantorovich and Rubinstein [14] that the
earthmover distance can be written as d where F = {f | ||f||. < 1}. For finite domains
this relation follows from linear programming duality.

5.1 Kernels

Of the distances described above, the earthmover distance is the only one that actually
incorporates a metric structure on the base space X. Suppose we endow X with a little
more structure, namely a kernel. Kernels have a long and illustrious history in machine
learning, and it would be folly to try and give a complete description of kernels here. I'll
point you to Hal Daumé’s excellent “From Zero to RKHS in twelve steps” [8] for a quick
and yet comprehensive overview of the mathematical foundations of kernels, and will
limit myself to definitions here.

“4Earlier work by Zolotarev [32] had referred to them as probability metrics with a {-structure.
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A (positive definite) kernel K : X x X — R is a bounded function with the property
that for all n and all sequences x1, x2,...,x, € X, the matrix K = {K(x;, x;)} is positive
definite. What makes kernels interesting is that we can associate with K a feature map
dk : X — H from X to a special Hilbert space (called a reproducing kernel Hilbert space)
with the property that

K(x,y) = (Px(x), Px(y))n

where (-, -) is the inner product associated with H.

The geometric significance of this is immense: any space that admits a kernel can be
“straightened out” by lifting into a (potentially infinite-dimensional) space that “looks
Euclidean”.

With that intuition in mind, let us return to integral probability metrics, and define the
class Fi = {f | [|fll» < 1}. Recall that |||/ = [ f(x)f(y)k(x,y)dxdy. Note that instead
of using the Lipschitz semi-norm defined in terms of the underlying metric, we're using
a Hilbert space norm defined in terms of the underlying kernel.

As worked out by Gretton et al. [11], something very interesting happens when we
try to do the maximization. The resulting expression for d is a closed form formula with
no dependence on Fy atall ! Let y, = [ ®(x)dp € Hy. Then

dk(p,q) = u(p) — u(@)|l

There is a simple expression for dx that does not require the feature map ®. Noting

that [[i(p) — (@) 11> = (P> + (@) 1* = 2(u(p), n(q)), we get

dx(p.q) = /K(x,wp(x);?(y)dxdwr/K(x,y)q(xm(y)dxdy—2/K(x,y)P<X>q(y>dxdy

One way to get a handle on the kernel distance is to examine the form it takes for
specific kernels. Let’s take the easiest kernel of all: K(x,y) = 14—,. Note that for any
sequence of points xi,...,x,, the resulting matrix K is the identity matrix, and so this
kernel is positive definite.

Suppose our distributions p, q consist of the uniform distribution over finite sets A, B
respectively. Then p(x) = lﬁf and gq(x) = 1|"B€|B. Substituting the expressions in the above
equation (and squaring both sides for convenience), we get

AAB
d%(p,q) = S
K(p q) ‘AHB|

which is a scaled version of the Jaccard distance between the two sets. The intuition is
that a kernel function K(x,y) blurs the sharp threshold of equality in set intersections.
For more on the kernel distance (and its generalization to distances between geometric
measures) you can look at the article that Jeff Phillips and I wrote [20].
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5.2 A computational perspective

Applying an algorithmic lens to these distances yields a number of interesting questions.
How hard is it to compute the distance given a collection of samples ? What is the geo-
metric nature of the resulting metric (does it embed in nice spaces, for example) ? How
easy is it to approximate or estimate over large data sets ?

It is here that the kernel distance proves to be more effective than the earthmover
distance. I'll discuss these points one by one.

Computing the distance. Computing the earthmover distance is what is called the as-
signment problem, and it can be solved using the standard Hungarian® primal-dual algo-
rithm. If the original matrix of distances is n x 1, the Hungarian algorithm can be imple-
mented to run in time O(n?).

This assumes the underlying metric is a black box accessed only via distance queries.
The more we know about the underlying metric, the easier it gets to compute the EMD.
For example, if the distributions are defined on R with d(x,y) = |x — y|, then the EMD
reduces to computing the ¢; distance between the two distributions and can be computed
in linear time.

Because of the cost of computing the earthmover distance exactly, much effort has
gone into finding fast approximations. These typically work by embedding the distance
approximately into a space like ¢; where distances can be computed cheaply, and I'll say
more about that in what follows. For the case of point sets in a low-dimensional Euclidean
space, Indyk gave a constant-factor approximation running in near-linear time [12].

The kernel distance by its definition is a sum over pairs of points and can be computed
in O(n?) time. This is an “easy” O(n?), in that the individual terms can be computed in-
dependently and added - there just happen to be Q(n?) of them. As with the earthmover
distance, the best approximations of the kernel distance are obtained by using embed-
dings, which I discuss next.

The geometry of the metric. Embedding a distance in a geometry is often more im-
portant than merely computing it. If I can construct a mapping from a metric space to
a vector space endowed with some metric structure, then I can find averages of points,
cluster them, process general near neighbor queries, and so on. It may not always be
possible to do this embedding isometrically, so we often talk about the distortion of an
embedding: the maximum “stretch” or “shrink” incurred by any particular pair of points
when transformed from the source to target metric space.

There’s been a considerable amount of work on embedding the earthmover distance.
In the most general case (when the underlying metric is arbitrary), Charikar [6] showed

50ne wonders when we should start calling it the German algorithm given that Jacobi apparently invented
it [16] well before Kénig and Egervary, who in turn developed it before Harold Kuhn.
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how to use LSH-like methods to embed the EMD into the underlying metric space with
distortion O(log nloglog n). Here n is both the size of the underlying metric space as well
as the size of the support for the distributions. Building on this, Indyk and Thaper showed
how to embed the £,-EMD into ¢4 with distortion O(d). Unfortunately, this turned out to
be the limit of what can be done in general: Khot and Naor [15], using Fourier techniques,
showed that this bound is tight6. In the face of this bound, researchers have looked at
embeddings when the input space is limited [2], as well as embeddings into more general
spaces [31]. While I won’t go into it in detail, sketching has also provided a way to embed
the EMD into a geometry. Formally, sketching maps distributions to a space in which an
estimate of the EMD can be computed easily. The sketches themselves are small and can
often be computed using streaming methods; however, the estimation might not compute
a metric and so this is not a metric embedding. There has also been work on embedding
the EMD into a wavelet-based weighted ¢; space[26, 7]: the resulting distance is within a
constant factor of the EMD and can be computed efficiently using wavelet transforms.

For the kernel distance however, the story is much friendlier. From the definition,
we see that the kernel distance maps isometrically into a (possibly infinite-dimensional)
Hilbert space. This ¢>-like nature of the kernel distance makes estimating it significantly
easier. In particular, as long as we can extract the eigenspace of the kernel function, we
can construct a high-quality embedding into a finite-dimensional ¢, space by projecting
the eigenspace (akin to a singular value decomposition).

For the kernels that are typically used in practice, like the Gaussian kernel k(x,y) =
exp(—||x —y||?/0?), the eigenspace can be characterized using tools from harmonic anal-
ysis. Using a well-known theorem of Bochner [5] characterizing positive definite func-
tions as Fourier transforms of probability measures, Rahimi and Recht [21] showed that
translation-invariant kernels (i.e kernels of the form K(x,y) = k(x — y)) can be embedded
in a finite dimensional ¢, space of dimension 1/ 2 log(l /&) with error € with probability
1-9.

(), £ () — K(x,y) <e

This is of course reminiscent of the Johnson-Lindenstrauss Lemma and is proved using
similar techniques. Intuitively, the feature map lifts the kernel to the appropriate infinite
dimensional Hilbert space on which the “standard” J-L technique can then be applied.

Once the kernel function itself can be approximated (and note that this is stronger than
merely approximating the distance), there are variety of approaches to estimating the dis-
tance, including the use of core sets to compute small-sized sketches of the distributions
that embed linearly in the approximate kernel space [13]. All of this yields near-linear
time 1 + e-approximation algorithms for computing the kernel distance, or constant time
algorithms for estimating the distance after a near-linear amount of preprocessing.

®Naor and Schectman[19] showed later that even for points on the 1 x n grid, there is a lower bound of

/logn.
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5.3 A Statistical Perspective

We’ve looked at integral probability metrics, and the EMD and kernel distance in partic-
ular, from the perspective of computing them. But what does the answer mean ?

These measures are intended to compare distributions, and are estimated from sam-
ples. An estimator for a quantity is consistent if in the limit as the number of samples goes
to infinity, the estimator converges in probability to that quantity. As part of a long inves-
tigation into the statistical properties of integral probability metrics, Sriperumbudur et al.
[27] showed that the EMD, the kernel distance and another IPM called the Dudley metric
were strongly consistent: namely that the convergence happened almost surely, rather than
just in probability. Moreover, they also show that the rate of convergence for the kernel
distance is independent of the dimension, in contrast to the convergence rate for the EMD.

The kernel distance also bears a strong resemblance to another estimate of distance be-
tween distributions that has become popular in recent years. The energy distance[28, 29, 3]
was defined as a high-dimensional test of equality between distributions, and the distance
covariance [30] was defined subsequently as a way to test independence of random vec-
tors. Sejdinovic et al. showed [24] that these distances (appropriately parametrized) are
equivalent to the kernel distance, thus establishing another link between integral proba-
bility metrics and other methods for testing distance between distributions. The fact that
kernels can be defined on many different kinds of structured data allows these measures
to be applied in a variety of settings, instead of just in R?.

6 Conclusions

The choice of distance function when comparing geometric structures is a modeling choice,
guided by the shape of the geometry you want to induce, as well as the kinds of computa-
tion you want to perform. It’s not hard to define a distance function that seems to capture
the shape of the space you're dealing with, but that can’t really be computed very well.
At that point, you have to decide whether your choice is really crucial or not.

The argument presented here is not that the earthmover distance is a bad choice for
comparing distributions: far from it ! It is merely that the use of the earthmover distance is
a choice, and in particular it is the choice of one member of a large family of distances, and
there are other members with equally attractive properties. While one potential limitation
of distances like the kernel distance is that they need more structure on the underlying
space, this is not a real restriction in many settings. For many common kinds of data,
there are well known kernels that can be used as the basis for defining a distance over
distributions.
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7 SoCG News

This section is written by Jeff Erickson, who is the chair of the Symposium on Computational Ge-
ometry (SoCG) steering committee. ACM (and SIGACT) and SoCG have had some “relationship
troubles” in the past few years, and Jeff’s note summarizes the history of the relationship and the
current state of affairs.

Since its inception in 1985, the Symposium on Computational Geometry (SOCG) has
been affiliated with the Association for Computing Machinery, through its special interest
groups SIGACT and SIGGRAPH. Over the past three years, the SOCG community has
been considering leaving ACM and organizing the conference independently. The com-
munity has already voted on this issue twice, both times with a majority of votes favoring
at least partial independence from ACM, but in light of recent developments within ACM,
the steering committee has agreed to hold a third and final vote this fall.

Although there are several interrelated issues driving the vote, the key issue is our
ability to organize SOCG as an “in-cooperation” conference outside the United States,
rather than a “sponsored” conference. In-cooperation conferences are financially indepen-
dent; they do not receive financial backing or conference services from ACM, but they also
avoid the administrative and financial overhead of ACM sponsorship. There is general
agreement that in-cooperation status is both easier and cheaper than ACM sponsorship
when SOCG is organized outside the US.

Unlike most ACM-sponsored conferences, SOCG is regularly held outside North Amer-
ica; the computational geometry community has significant representation on at least five
continents. In the last ten years, the conference has been held five times in the US, and
once each in Italy, Denmark, France, South Korea, and Brazil. SOCG 2014 is being orga-
nized in Kyoto, Japan, and SOCG 2015 will be organized in Eindhoven, in the Nether-
lands.

SOCG has been organized twice as an in-cooperation conference, first in Korea in 2007,
and again in Denmark in 2009. In both cases, the organizers were able to secure enough
local support to keep registration costs low. In 2011, when SOCG was held in Paris, the lo-
cal organizers again applied for “in-cooperation” status, with the approval of the steering
committee. The request was again approved by the SIGACT and SIGGRAPH executive
boards, but denied by ACM, who stated that in-cooperation status was no longer an op-
tion for SOCG. The unexpected requirement of ACM sponsorship created a significant
administrative burden and higher registration fees.

In response, the community held two electronic votes through the computational ge-
ometry community mailing list, which has more than 800 subscribers. The first vote in
November 2011 offered three options; there were 29 votes to stay with ACM, 48 votes
to retain ACM as a publisher but organize independently, and 47 votes to become com-
pletely independent and publish proceedings through LIPIcs. At SOCG 2012, the steering
committee reported that ACM would not consider a publisher-only relationship, so a sec-
ond vote was held in November 2011, again using the community mailing list. In the
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second poll, there were 36 votes to stay with ACM and 50 votes to leave ACM.

When the results of the vote were announced, several prominent ACM members ob-
jected, in part because of the low voter turnout, and in part because ACM representatives
were not given an opportunity to respond to statements provided to voters by the steer-
ing committee. Thanks to the efforts of SIGACT chair Paul Beame, ACM has agreed not
to object to good-faith proposals for in-cooperation status outside the United States; in
particular, SOCG 2014 will be organized in-cooperation.

In light of these legitimate criticisms and policy changes, the steering committee has
agreed to hold a third and final vote, again with two options: stay with ACM, or leave
ACM. The vote itself will take place in October 2013, with the results announced in early
November. All members of the computational geometry community are strongly encour-
aged to participate.

To ensure that everyone has an opportunity to discuss the issues surrounding the vote,
I have set up a discussion blog at http://makingsocg.wordpress.com/. In the weeks
leading up to the vote, I will post summaries of most of the relevant issues, but I hope
that most of the content will come from the research community and other stakehold-
ers. In particular, I will invite posts and comments from past local organizers of SOCG;
representatives of ACM, SIGACT, and SIGGRAPH (hopefully expressing their official po-
sitions); and representatives of other conferences, both with and without ACM affiliation.
If you are interested in contributing, or if you have other questions about the vote, please
send me email at jeffe@cs.uiuc.edu.
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